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“There are always two choices. Two paths to take. One is easy, and its 

only reward is that it’s easy” 
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ABSTRACT 

The two pillars of synthetic organic chemistry, reaction methodology development 

and total synthesis of complex natural products, has remained the focus of chemical research 

for synthetic chemists since their fundamental inception. In particular, harnessing the 

reactivity of unstable, but useful, chemical intermediates through telescoping reaction 

conditions is emerging as an attractive approach to rapidly access complex molecular 

architecture from readily available building blocks. Herein is described two unique reaction 

methodologies relying on tandem hydrosilylation reaction cascades to synthesis saturated N-

heterocyclic products in a stereoselective manner. We have developed a diastereoselective 

Mannich reaction combining a-substituted-g-lactam pronucleophiles with N-silyl imine 

electrophiles generated in situ via catalytic hydrosilylation of aryl nitriles. Additionally, we 

have developed a tandem hydrosilylation, enantioselective allylic alkylation reaction of 

substituted pyridines to yield chiral tetrahydropyridine products. This serves as the first 

example of using hydrosilylation of pyridines to generate enamine nucleophiles that can 

undergo an asymmetric allylic alkylation reaction.  The final portion of this thesis describes 

the progress toward a total synthesis of (–)-cylindrocyclophane using C–H functionalization 

logic. We were able to access the necessary [7.7]-paracyclophane core in 8 steps from a 

feedstock aryl diazoacetate compound and n-hexene. Through functional group 

manipulations, we were able to advance this paracyclophane core to an intermediate 

possessing the exact stereocenters and carbon framework in (–)-cylindrocyclophane A. We 

are currently modeling the necessary deoxygenation needed to advance this intermediate and 

complete the total synthesis. 
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         Parameters (Å2x 103) for Amine 69dn U(eq) is Defined as One      

           Third of the Orthogonalized Uij Tensor ....................................... 296 

Table A3.1.4   Bond Lengths [A]̊ and angles [°] for Amine 69dn  ...................... 297 

Table A3.1.5   Anisotropic Displacement Parameters (Å2x103) for Amine 69dn.     
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CHAPTER 1 

Diastereoselective Direct Mannich Reaction of a-Substituted-g-lactams 
and aryl N-silyl imines †  

 

 

 

1.1  INTRODUCTION 

The Mannich reaction was first reported in 1912 and has since become an important 

method for C–C bond formation in synthetic organic chemistry.1 It was originally disclosed 

as a three-component reaction between an enolizable ketone, an aldehyde and an amine. 

However, synthetic chemists have since broadened the definition of a Mannich reaction to 

encompass all reactions that involve the addition of an enolizable carbonyl into an imine. 

The resulting characteristic b-amino carbonyl product, known as a Mannich base, has 

immense synthetic utility that can be leveraged for the construction of many nitrogen-

containing natural products2 and biologically relevant molecules.3 Consequently, the 

Mannich reaction has received significant attention since the early 1990’s, particularly 

toward the development of a stereoselective Mannich reaction, to expand the chemical 

space of accessible stereogenic Mannich base products for the construction of 

stereochemically enriched nitrogen-containing molecules.4  
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There are two fundamental variants of the Mannich reaction that have emerged 

throughout its rich, 110-year history: the direct and indirect Mannich reaction.5 The direct 

variant involves a multi-component reaction with an unmodified carbonyl donor (e.g. 

involving in situ enolization) and the indirect variant utilizes preformed enolate equivalents 

to furnish the desired bond between the carbonyl donor and imine acceptor. While the 

original Mannich reaction generates the active imine electrophile in situ, there is no 

nomenclature to distinguish between a protocol that forms the imine electrophile in situ to 

one that uses isolated imine electrophiles. The original, three-component direct Mannich 

reaction invokes the reversable formation of the b-amino carbonyl product from the in situ 

generated enolate nucleophile and imine electrophile. This inherent reversibility involved 

in both the formation of the product and the active species in the direct Mannich reaction 

proved to be a challenge at the outset of developing an asymmetric Mannich reaction. 

As a result, the first reports of an asymmetric Mannich-type reaction were disclosed 

as indirect variants in the early 1990’s. In 1991, the Corey group in 1991 synthesized 

discrete, chiral boron enolates from thioesters, which were then treated with various N-

alkyl imines 3 to perform desired asymmetric transformation (Scheme 1.1.1).6 The 

preformation of the transoid boron enolate 2 in this indirect variant of the Mannich reaction 

proved critical for the reaction to afford Mannich product 4 in good yield and outstanding 

diastereoselectivity (up to >99:1 dr) and enantioselectivity between 90–99% ee. In 1994, 

Ishihara and coworkers developed an indirect asymmetric Mannich using preformed silyl 

ketene acetal nucleophiles 6 and a stoichiometric chiral boron Lewis acid L2 to isolate the 

corresponding chiral b-amino ester products 7 in moderate yield and excellent 

enantioselectivity (between 95–98% ee).7 The use of chiral boron activating groups such 
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as L1 and L2 was excellent at furnishing the desired C–C bond between the preformed 

nucleophile and imine; however, rendered catalysis challenging due to the strong 

interaction between the product and the boron activator. Additionally, imine-chiral Lewis 

acid complexes have several stable conformers partially due to the E/Z-configurations of 

imines, which can render asymmetric catalysis challenging using chiral Lewis acid 

catalysts.4a,8   

Scheme 1.1.1 First Reports of the Asymmetric Mannich Reaction. 
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enantioselectivity, potentially to assist in the dissociation of the catalyst as well as limit the 

non-selective imine-chiral Lewis acid complexes that can be adopted. Through their 

optimization, they discovered the ortho-phenol N-aryl protecting group for the imine 

electrophile 8 was critical to achieve the observed reactivity and enantioselectivity, 

presumably to promote the catalyst association to the imine electrophile. The silyl ketene 

acetal or thioacetal nucleophiles could even be tetra-substituted, resulting in congested 

chiral b-amino ester products in good yield and enantioselectivity up to 98% ee.  

Scheme 1.1.2 First Catalytic Asymmetric Mannich Reaction and Select Examples of 

Kobayashi’s bisbinapthol Zr(IV) Catalyst System 
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This technology using a chiral bisbinaphtol zirconium catalyst has been elaborated 

to accommodate more functionalized classes of silyl ketene acetal nucleophiles to obtain 

various b-amino ester products with a-stereocenters in great yield and selectivity.10 The 

early work reported by Kobayashi and coworkers established a foundation that 

organometallic and transition metal catalysts containing axial chirality are excellent at 

performing both direct and indirect Mannich reaction variants.11  

Shortly after the first asymmetric catalytic indirect Mannich reaction reported by 

Kobayashi and coworkers, the List group in 2000 disclosed the first asymmetric, catalytic 

three-component direct Mannich reaction promoted by proline (Scheme 1.1.3).5 The key 

to this reaction is the generation of the nucleophilic chiral enamine between proline 19 and 

the a-enolizable ketone 16, which reacts with the N-Ar imine generated in situ via the 

condensation of p-anisidine and aldehyde 17. The b-amino ketone products 20 were 

isolated with diastereoselectivity up to 20:1 dr and enantioselectivities between 61–99% 

ee; however, solvent quantities of the ketone pro-nucleophile 16 were needed to obtain the 

product in up to 96% yield.12 A similar catalytic system was employed by Barbas and 

coworkers that uses aldehyde pronucleophiles and privileged N-PMP-protected a-imino 

ethyl glyoxylate (PMP = p-methoxyphenyl) electrophiles 22 to synthesize various chiral 

a- and b- amino acid derivatives in good yield and excellent enantioselectivities between 

93–99% ee.13 In this system, the amount of aldehyde pro-nucleophile 21 could be reduced 

to 1.5 equivalents, which is dramatically lower compared to the solvent quantities of ketone 

pro-nucleophile used in the reports from List.5,12 Shortly after, the Barbas group reported 

the first direct asymmetric catalytic Mannich reaction using a-branched aldehyde pro-

nucleophiles 24 to afford a- and b-amino acid derivatives bearing an all-carbon quaternary 
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center.14 Using this strategy, a-alkyl and a-aryl branched aliphatic aldehydes are 

competent pro-nucleophiles to undergo the proline catalyzed reaction to form the 

corresponding quaternary center containing a-amino ester products in high 

diastereoselectivity up to 96:4 dr and enantioselectivities between 86–99% ee. 

Scheme 1.1.3 Proline catalyzed asymmetric direct Mannich reaction using ketone 

and aldehyde pronucleophiles 
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reports of stereoselective Mannich reactions that form quaternary centers using non-

stabilized enolates as the nucleophilic donor.  A significant number of these reports rely on 

enolate stabilization, categorized as an a-proton with a pKa < 30 in DMSO,16 provided by 

an a-carbonyl17, or an a-aryl18 to achieve in situ enolization and the desired reactivity 

(Scheme 1.1.4). The lower pKa of this a-proton corresponds to more stable metal enolates 

and a more facile generation of the active nucleophile, which allows for a greater accessible 

range of chemical space to promote the asymmetric, catalytic Mannich reaction. As a 

result, the desired asymmetric transformation using these nucleophiles have been 

performed using proline catalysis, organocatalysis and transition metal catalyzed 

processes.18,17 

Scheme 1.1.4 Summary of Pro-nucleophiles Reported in Asymmetric, Catalytic 

Mannich Reactions that Form All-Carbon Quaternary Centers 
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elaborated on by the Trost group in 2018 that expands the electrophile scope beyond highly 

reactive glyoxal-derived N-aryl imines using a transient chiral Zn enolate system (Scheme 

1.1.5).19 The stereodefined metal enolates derived from their reported Zn-ProPhenol 

catalyzed system allowed for control over enolate geometry as well as activation of the N-

carbamate protected imines 32.20   

Scheme 1.1.5 Catalytic Asymmetric Mannich Reactions of a-Substituted Ketones and 

a-Substituted Aldehydes Catalyzed by Trost’s Zn-ProPhenol Catalyst  
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ProPhenol catalyst technology.22 The Trost group has expanded the scope of amenable pro-

nucleophiles to include both cyclic and acyclic a-substituted ketones 37–39 bearing a 

degree of unsaturation at the a’ position of the ketone.22a–c This unsaturation present in the 

a-substituted ketone pro-nucleophiles is presumably to assist in the regioselectivity of in 

situ enolate formation; however, the unsaturation could also favorably increase the 

reactivity of the enolate and stereoselectivity of the quaternary center formed after the 

asymmetric, catalytic direct Mannich reaction.   

Scheme 1.1.6 Catalytic Stereoselective Mannich Reactions of a-Substituted Carbonyl 

Pro-nucleophiles in the Carboxylic Acid Oxidation State  
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aryl stabilization of the in situ generated enolate, are sparse in the literature compared to 

the more acidic pro-nucleophiles.23 This includes asymmetric Mannich reactions to set 

quaternary centers23a,b as well as tertiary centers,23c–e as the increase in pKa of the pro-

nucleophiles in the carboxylic acid oxidation state significantly decrease the range of 

chemical space available to promote asymmetric catalysis. For carboxylic acid 

nucleophiles, the first chemoselective, enantioselective Mannich reaction was reported by 

the Kanai group that shows excellent enantioselectivity for a-tertiary centers, but only one 

example of synthesizing an a-quaternary center diastereoselectively (Scheme 1.1.6).23b To 

render the transformation asymmetric, the Kanai group synthesizes an asymmetric boron 

catalyst from 3,3’-I2-BINOL and BH3•SMe2, which can synthesize the desired chiral b-

amino acid in enantioselectivities of up to 97% ee. An example of an a-substituted lactone  

and a cyclic, a-substituted thioester each have been reported by the Wasa group in 2017 

using a chiral boron Lewis acid using axial chirality to establish the stereocenter.23a 

However, these isolated examples report modest enantioselectivities of 54% ee and 70% 

ee for the lactone and thioester nucleophiles respectively. To date, the research from Wasa 

and coworkers serves as the sole precedent of using a-substituted esters or thioesters as 

nucleophiles in an asymmetric Mannich reaction to form a quaternary center.  

 Using amide as the pro-nucleophile has been a significant challenge in developing 

stereoselective Mannich reactions due to their low acidity24 and instability of the 

corresponding metal enolates.25 To overcome these challenges, amide auxiliaries such as 

7-azaindolines26 or pyrazoleamides27 have been critical to promote the desired 

stereoselective transformation. The additional Lewis basic nitrogen in these N-acyl 

heterocycles assist in the chelation of chiral organometallic catalysts to assist in both the 
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reactivity as well as the stereoselectivity of the in situ generation of the active enolate 

nucleophile. These auxiliaries have proven to be effective; however, they require an 

additional step to remove and are incompatible to synthesize simple b-amino amides.  

Scheme 1.1.7 Summary of Stereoselective Mannich Reactions of Amide Pro-

Nucleophiles  
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preparation and isolation of the unstable silyl ketene aminal, which allowed for the 

synthesis of various simple, unactivated b-amino amides in great yields and 

diastereoselectivity of up to 27:1 dr. The first catalytic, asymmetric Mannich reaction of 

simple, unactivated amide pro-nucleophiles was reported by the Kobayashi group in 2021 

which worked to address enolate stability by designing a chiral potassium salt catalyst L8 

to afford enantioenriched amines with simple, acyclic amides in excellent 

enantioselectivity.29 However, despite the ability of both methods to stereoselectively 

functionalize simple amides catalytically, these systems have not proven accommodating 

to a-substituted unactivated amides.  

 Given our laboratory’s interest in the stereoselective synthesis of all-carbon 

quaternary centers, we sought to develop a catalytic, stereoselective Mannich reaction 

using a simple, a-substituted amide as the pro-nucleophile. Our laboratory has a rich 

history of synthesizing a variety of saturated N-heterocycles bearing an all-carbon 

quaternary center, and we have continued our pursuit of developing general methods to 

synthesize such motifs.30 Considering our interest in saturated N-heterocycles, in 

conjunction with the prevalence of pyrrolidines and other saturated N-heterocycles in 

natural products and pharmaceutically relevant molecules,31 we sought to design a system 

wherein an unactivated a-substituted-g-lactam may function as the enolate donor in a 

stereoselective Mannich reaction. Our efforts resulted in the first stereoselective direct 

Mannich reaction using unactivated a-substituted-g-lactam pro-nucleophiles to synthesize 

an all-carbon quaternary center. This chapter contains a complete account of this research 

toward the development of a diastereoselective and asymmetric Mannich reaction, which 

should serve as a prelude to the development of a catalytic, enantioselective variant. 
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1.2  INITIAL INVESTIGATION INTO THE MANNICH REACTION 

At the outset, we gained inspiration from our previous research toward the Ni 

catalyzed asymmetric acylation of a-substituted-g-lactam nucleophiles using aryl nitriles 

(Scheme 1.2.1).30a Formally, this involves the generation of a lactam enolate that adds into 

the aryl nitrile 57, and the resulting imine undergoes a C–N cross coupling event mediated 

by an aryl Ni(II) species to turn over the catalyst. For this research, the intermediate N-aryl 

imine 58 could be hydrolyzed to the corresponding ketone and result in the acylated g-

lactam products 59 bearing an all-carbon quaternary center in up to 92% yield and 94% ee. 

We were interested in expanding this catalytic system to include alternative classes of 

electrophiles to not only investigate the limits of this synthetic technology, but also to 

access more saturated N-heterocyclic motifs containing quaternary centers.  

Scheme 1.2.1 Stoltz Ni-Catalyzed Asymmetric Acylation of a-Substituted-g-Lactam 

Nucleophiles with Aryl Nitriles  
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In the 2016 report,30a we showed that this N-aryl imine product formed after C–N 

bond formation 58 can be reduced via NaBH4 to afford the b-amino lactam 60 bearing a 

quaternary center in a 70% yield, 92% ee and 2:1 dr favoring the anti-diastereomer. This 

modest diastereoselectivity observed in the Mannich-type product arises from the non-

selective imine reduction from NaBH4. We hypothesized that altering the electrophile from 

an aryl nitrile to an imine would allow us to have greater control over the 

diastereoselectivity due to the chiral Ni species mediating the desired bond formation. 

 Our investigation into the Ni-catalyzed stereoselective Mannich reaction began 

using the N-Bz protected imine32 of benzaldehyde 62 as the electrophile and the N-ortho-

methoxyphenyl (OMP) protected g-lactam 61 as the pro-nucleophile (Scheme 1.2.2). As a 

proof of concept for the transformation, we explored using a pro-nucleophile bearing no a-

substitution since it was unclear how the more electrophilic N-Bz imine 62 would react in 

a system designed for aryl nitrile electrophiles. Treatment of N-OMP lactam 61 with 

LiHMDS in the presence of N-Bz imine 62 led to the isolation of the desired Mannich 

product 63 in a 20% yield with a 4.5:1 dr. With the establishment of a competing, base 

promoted background reaction, we wanted to observe the effect of a Ni-catalyst on the 

Mannich reaction. A small screen of phosphine ligands was performed adopting conditions 

identical to the Ni-catalyzed asymmetric acylation, and we observed that the Ni-catalyst 

complexed with diphenylphospinoethane L10 delivered the desired Mannich product 63 in 

a greater yield of 45% and improved the diastereoselectivity to 10:1 dr compared to the 

background reaction. However, these Ni-catalyzed conditions promoted an undesired 

dimerization of the unsubstituted lactam nucleophile, which discouraged further 

investigation into this system bearing no a-substitution on the lactam.  
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Scheme 1.2.2 Initial Investigation into the Stereoselective Mannich Reaction 
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we believed the presence of the Ni-catalyst only had a minor influence on the desired 

Mannich reaction relative to the base promoted, background reaction.  

Scheme 1.2.3 Investigating the Ni-Catalyzed Mannich Reaction Using an a-Methyl-

g-Substituted Lactam Nucleophile 
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system away from the N-Bz imine electrophile 62 toward a less electrophilic species. With 

the hopes to tune the electrophilicity of the imine in our favor, we opted to investigate the 

stereoselective Mannich reaction using the N-TMS imine of benzaldehyde 65. 

Scheme 1.2.4 Influence of Temperature on the Desired Mannich Reaction 

 

Treatment of a-methyl lactam 56a with LiHMDS in the presence of the N-TMS 

imine electrophile 65 afforded the desired b-amino lactam product 66 in 14% yield as well 
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(Scheme 1.2.6). Allowing the reaction of lactam 56a and imine 65 with LiHMDS to warm 

up to ambient temperatures corresponded with an increase in yield of both amine 66 and 

imine 67 to 25% and 40% respectively with no change to the diastereoselectivity. 

Performing the same reaction in the presence of stoichiometric amounts of Al(Ot-Bu)3 

resulted in the exclusive formation of the imine transfer product 67 in 50% yield and 2:1 

dr with complete consumption of the starting material imine 65.  

Scheme 1.2.6 Influence of Base and Lewis Acid Additives on the Mannich Reaction 
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alteration of the N-Ar protecting group from ortho-methoxyphenyl (OMP) to para-

methoxyphenyl (PMP) afforded the desired amine 69aa in comparably high yields of 90% 

with an increased diastereoselectivity to 20:1 (Scheme 1.2.7).  

Scheme 1.2.7 Discovery of the KOt-Bu Promoted Diastereoselective Mannich 

Reaction 
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Scheme 1.3.1 Screen of Mannich Product Stability with Lewis Acid Additives  
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Scheme 1.3.2 Representative Temperature Screen of the Diastereoselective Mannich 

Reaction and Scale-up Result 

 

 With optimal reaction conditions in hand, we looked to explore the generality of 
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Scheme 1.3.3 Preliminary Scope of a-Substitution of the g-Lactam Pro-Nucleophile 
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greatly influences the outcome of our diastereoselective Mannich reaction. Furthermore, 

these purified N-silyl imines have been reported as extremely moisture-sensitive and are 

often reacted immediately after purification.34  

Scheme 1.4.1 Aza-Peterson Olefination of Benzaldehyde to Access Imine 65 
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synthetic means. The report from Chang and coworkers35 suggests that their reported 

B(C6F5)3 catalyzed hydrosilylation of p-substituted aryl nitriles requires the use bulky, 

trialkyl silanes for efficient reduction to the imine. This is because less substituted mono- 

or bis-alkyl silanes promote the exhaustive reduction of the aryl nitrile to the benzylic 

amine. The cationic Ru-catalyst L15 reported by Nikonov and coworkers efficiently 

promoted the hydrosilylation of both aryl and alkyl nitriles to the corresponding N-

SiMe2Ph protected imines.36 The catalyst selectively reduced the desired aryl nitrile in the 

presence of C=C, C=O and even N=O bonds and delivered the desired imine with both 

electron-rich and electron-poor arenes. However, the reaction times of more electron 

deficient aryl nitriles could be up to 48 h, which was undesirable to initially investigate the 

tandem hydrosilylation, direct Mannich reaction approach. 

Scheme 1.4.2 Catalytic Hydrosilylation of Aryl Nitriles to Access N-Silyl Imines 76 
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hypothesized that the N-SiMe2Ph protected imines would be sterically similar to the 

original N-SiMe3 imine electrophiles since the more sterically bulky phenyl group could 

reside in a conformation away from the C=N p* orbital. As a result, we developed a hybrid 

protocol using PhMe2SiH as our silane source and B(C6F5)3 as the catalyst to synthesize a 

library of N-SiMe2Ph protected aryl imine derivatives to be used as electrophiles in our 

second generation, telescoped approach.  

 

1.5 TELESCOPED HYDROSILYLATION/DIRECT MANNICH REACTION 

 There are a few key considerations that needed to be addressed as we focused on 
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imine electrophile to the undesired benzylic amine and the challenge to introduce precise 

equivalents of electrophile to the reaction mixture. This overreduction in combination with 

the imine transfer adduct that can form from the reaction between the N-Si imine and the 

Mannich product amine suggests that excess imine must be generated to ensure complete 

consumption of the lactam pro-nucleophile. With the imine no longer serving as the 

limiting reagent, there will be reagents and byproducts in excess for our telescoped 

approach that were not present in the original discovery of the diastereoselective Mannich 

reaction. Before investigating the substrate scope (Figure 1.5.1), we sought to directly 

compare this proposed telescoped approach to the First-generation, aza-Peterson mediated 

diastereoselective Mannich reaction.  
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Figure 1.5.1 Description of the numbering system for the Mannich products 69 

 

     The telescoped sequence involves the catalytic hydrosilylation of benzonitrile 74a with 

Me2PhSi–H as the silane source with B(C6F5)3 as the catalyst for 1 h (Scheme 1.5.1). Upon 
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16 h and was quenched with 1N HCl to facilitate the hydrolysis of any imine transfer 

product 70 to the desired b-amino lactam 69. This Second-generation approach proved 

superior to the First-generation approach for all three substrates investigated, as the major 
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substituent and the addition of excess silane and imine were not detrimental to the reactivity 

or selectivity of the desired transformation. 

Scheme 1.5.1 Comparison of Telescoped Diastereoselective Mannich Reaction to the 

First-Generation Approach. 

 

 To show the potential of this telescoped approach, we targeted N-SiMe2Ph imine 

76ab derived from 2-napthonitrile 74b to be used as the electrophile in our telescoped, 
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76ab to evaluate the synthetic potential for our developed, second-generation Mannich 

reaction since the boiling point of N-Si imine 76ab is predicted to be very high, and thus 

synthesis and isolation of this imine would be unfeasible via the aza-Peterson olefination 
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position of the lactam pro-nucleophile 68, with the corresponding a-Me 69ab and a-Et 

69bb Mannich product being isolated in 99% yield and 12:1 dr, and 99% yield and 20:1 dr 

respectively. Allylic substitution was also well tolerated at the a-position of the lactam 

pro-nucleophile 68, as both the a-prenyl, b-amino lactam 69cb and a-allyl, b-amino lactam 

69db were isolated in an excellent yield and diastereoselectivity. We also isolated Mannich 

product 69eb bearing an a-benzyl group in 97% yield, but with a slightly decreased 10:1 

dr.  

Scheme 1.5.2 Scope of Tandem Reaction Using Imine 76ab as the Electrophile 

  

 With optimized reaction conditions in hand, we moved our efforts toward 

establishing the substrate scope with respect to the lactam pro-nucleophile using N-

SiMe2Ph imine 76aa as the electrophile (Scheme 1.5.3). Lactam 68d containing an a-allyl 
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group was a competent pro-nucleophile in the telescoped process affording the 

corresponding a-allyl, b-amino lactam product 69da in a 90% yield and 19:1 dr.  

Scheme 1.5.3 Substrate Scope of a-Substituted-g-Lactam Pro-Nucleophiles 68 
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in the reaction conditions. The addition of ethereal solvents proved beneficial to increase 

the conversion as well as made the reaction outcomes more reproducible with minimal 

changes to the diastereoselectivity of the isolated products. The use of lactam 68h bearing 

an a-cyclopropyl group as the pro- nucleophile resulted in the isolation of the b-amino 

lactam 69ha in a good yield of 86% and diastereoselectivity of 8.5:1 dr.  

Scheme 1.5.4 Diastereoselective Synthesis of Mannich Bases Bearing Stereotriads 
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dr as a ratio of the major diastereomer relative to all other observable diastereomers 

(Scheme 1.5.4). The diminished 40% yield of amine 69ia can be explained by the poor 

solubility of lactam 68i, even with diethyl ether used as a cosolvent. A similar effect was 

observed with substitution at the g-position, as a,g-dimethyl lactam 68j afforded the 

corresponding amine 69ja in a 95% yield and 10:1 dr as a ratio of the major diastereomer 

relative to all other observable diastereomers. Additionally, the use of a,g-dimethyl lactam 

68j and ortho-CF3 substituted imine 76ac delivers the Mannich product 69jc in a modest 

52% yield and high diastereoselectivity of 20:1 dr. 

After establishing the substrate scope with respect to the a-substituted-g-lactam 

pro-nucleophiles, we then focused our efforts on determining the substrate scope with 

respect to the aryl nitrile pro-electrophile (Scheme 1.5.5). Unsubstituted benzonitrile 74a 

and napthonitrile 74b were well tolerated in the reaction, affording the corresponding 

Mannich products 69da and 69db in excellent yield and diastereoselectivity. The 

introduction of substitution on the aryl nitrile corresponded to an observable change in the 

reaction profile of the hydrosilylation stage. The rate of hydrosilylation as well as the 

susceptibility of the imines to undergo a second hydrosilylation event were observed to be 

significantly dependent on the substitution of the aryl nitrile.35 Generally, the use of 

electron-deficient aryl nitriles as pro-electrophiles was shown to be highly effective in our 

telescoped process. Trifluorobenzonitriles 74c-e were shown to be tolerated at the ortho-, 

meta-, and para-positions in our telescoped diastereoselective Mannich reaction. Of note, 

the sterically congested N-SiMe2Ph imine 76ac derived from bulky ortho-trifluoromethyl 

benzonitrile 74c afforded the corresponding b-amino lactam 69dc in a 50% yield with an 

excellent diastereoselectivity of 20:1 dr. This result is particularly exciting because the 
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reaction was successful despite the associated steric profile37 and electron withdrawing 

nature38 of the ortho-CF3 group. The use of meta-trifluoromethyl benzonitrile 74d resulted 

in a decrease in isolated yield of the corresponding Mannich base 69dd to 38% yield as 

well as a diminished 7:1 dr.  

Scheme 1.5.5 Substrate Scope of Aryl Nitrile Pro-Electrophiles 74 
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substitution suggests that electronics of the arene have a more profound influence on the 
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various electron deficient pro-electrophiles. Generally, the fluorobenzonitrile pro-

electrophiles 74f–h were shown to be well tolerated as products fluorobenzene Mannich 

products 69df–69dh in excellent yields. The b-amino lactam products 69dg and 69dh 

bearing fluorine substituted at the meta- and para-position of the arene were isolated in 

great diastereoselectivity of 20:1 dr and 10:1 dr respectively. To our surprise, N-SiMe2Ph 

imine electrophile 76af derived from ortho-fluorobenzonitirle 74f resulted in the isolation 

of amine 69df in an excellent 97% yield, with a significantly diminished 3.5:1 dr. The 

decrease in diastereoselectivity observed with the ortho-fluorobenzene N-SiMe2Ph imine 

electrophile 76af serves as a stark contrast to the high diastereoselectivity observed using 

ortho-trifluoromethyl N-SiMe2Ph imine electrophile 76ac as the more sterically 

encumbered imine resulted in higher diastereoselectivity.37 The positioning of the aryl 

fluoride allows for an interaction between the sp2 C–F bond39 and the silyl iminium to 

promote the formation of the disfavored syn Mannich product.40 The observed decrease in 

selectivity suggests that the silicon species is crucial for the formation of the Mannich base 

with high diastereoselectivity. 

We observed no productive reactivity using ortho-chlorobenzonitrile 74i as the pro-

electrophile, and an unknown side product was exclusively formed after the tandem 

reaction sequence. To our delight, meta- and para-chlorobenzonitriles 74j and 74k were 

shown to be excellent substrates as the corresponding b-amino lactams 69dj and 69dk were 

both isolated in greater than 95% yield and 20:1 dr. Generally, bromobenzonitriles were 

shown to be tolerated as substrates for the telescoped reaction sequence. The imine derived 

from the ortho-bromobenzonitrile 74l resulted in the formation of Mannich product 69dl 

in a modest 40% yield and 7:1 dr. The meta- and para-bromobenzonitriles 74m and 74n 
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were shown to be good substrates as the corresponding b-amino lactams 69dj and 69dk 

were both isolated in excellent diastereoselectivity of 20:1 dr. The use of ortho-

iodobenzonitrile 74o was not amenable to our reaction conditions since no hydrosilylation 

of the aryl nitrile to the N-SiMe2Ph imine was observed due to poor solubility of the aryl 

nitrile 74o in toluene. Gratifyingly, meta- and para-iodobenzonitrile 74p and 74q did 

undergo the hydrosilylation, and the reaction of the corresponding N-SiMe2Ph imine 

delivered the b-amino lactam products 69do and 69dq in moderate yield and good 

diastereoselectivity. Electron-rich arenes were not viable pro-electrophiles for the 

transformation due to their inability to engage in the B(C6F5)3-catalyzed hydrosilylation 

under our optimized reaction conditions. Cheng and co-workers reported diminished 

reactivity with substrates containing Lewis basic heteroatoms,35 which combined with 

solubility issues in toluene led to these substrates being incompetent precursors to the N-

silyl imines. 

1.6 COMPUTATIONAL INVESTIGATION INTO THE MANNICH 

REACTION 

With the scope of our diastereoselective Mannich reaction established, we were 

then interested in determining a model to explain the observed diastereoselectivity for this 

transformation. In collaboration with the Liu group at the University of Pittsburgh, the 

mechanism that controls the diastereoselectivity of the Mannich reaction and the potential 

role of KOt-Bu17,41 were investigated using density functional theory (DFT) calculations.42 

Considering potassium tert-butoxide tetramer can easily dissociate to a dimer,41a and 

binuclear potassium complexes41,43 have been described in previous reports as the active 

species in the potassium-catalyzed a-alkylation of benzyl sulfides,44 dimeric potassium 
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tert-butoxide was used as the base in the calculations, in which one toluene solvent 

molecule was added to bind to each K to account for explicit solvent effects.     

Scheme 1.6.1 Computational Analysis of Transition States Leading to Major and 

Minor Diastereomers of the Mannich Reaction 
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products 69aa and 69aa-epi respectively (Scheme 1.6.1). The computed activation free 

energy for TS1 (ΔG‡ = 14.2 kcal/mol with respect to 68a) is 2.3 kcal/mol lower than that 

for TS2 (ΔG‡ = 16.5 kcal/mol), which is in agreement with the experimentally observed 

diastereoselectivity of 20:1. In TS1 and TS2, both potassium atoms bind to the tert-

butoxide oxygen and the lactam enolate oxygen, forming a rhombus-shaped geometry that 

resembles the M2X2 core of the KOt-Bu dimer. Although this four-atom K2O2 structure 

remains similar in TS1 and TS2, when the different prochiral p-faces of the imine are 

involved in bond formation, different interactions between the imine and K2O2 core are 

observed.  

 In the transition state leading to the favored anti-product (TS1), the imine C=N 

bond in syn-clinal with the enolate oxygen, enabling a stabilizing interaction (2.69 Å) 

between the electron-rich imine nitrogen and one of the potassium atoms. The relatively 

late transition state, evidenced by the shorter forming C–C bond (2.08 Å compared to 2.23 

Å in TS2), increases the negative charge on the imine N (see Figure A2.1.4 for computed 

NPA charges) and thus further promotes the N–K interaction in TS1. In TS2, the Ph group 

on the imine, rather than the imine C=N bond, points toward the enolate oxygen and the K 

atoms. As a result, a cation-p interaction45 (2.95 Å) between a K and the Ph group in TS2 

is observed in place of the N–K interaction in TS1. Because the Ph group is less negatively 

charged and is a worse electron donor than the imine N, this cation-p is expected to be 

weaker than the N–K interactions in TS1.  

 This electron donation difference is observed in the difference between the K–K 

bond distance the K2O2 core between TS1 and TS2. The stronger electron donation from 

the imine nitrogen in TS1 causes an elongation of the K–K bond distance to 3.91 Å 
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compared to 3.71 Å in enolate 68a’. The weaker cation-p interaction observed in TS2 

results in a shortening of the K–K bond distance in the K2O2 core to 3.53 Å, which suggests 

the nitrogen lone pair is a stronger electron donor in TS1.   The imine N–K interaction was 

also observed in a less stable TS conformer (TS3) leading to the minor product 4a-epi. 

However, TS3 is computed to be less stable than both TS1 and TS2 because this 

stereoisomeric transition state has a boat geometry rather than the chair geometry in TS1 

and TS2. Taken together, the DFT calculations indicate that the stabilizing N–K interaction 

in the chair-like imine addition transition state (TS1) controls the diastereoselectivity of 

the Mannich reaction. Furthermore, the electropositive silicon atom increases the electron-

density of the imine nitrogen responsible for the exquisite diastereoselectivity observed in 

the transformation. This suggests that the N-silyl imine electrophiles are more favorable 

compared to the conventional N-carbonyl or N-Ts imine electrophiles due to the more 

electron rich N-center in the N-silyl imines. Additionally, the generally high 

diastereoselectivity observed for electron deficient arenes in the imine electrophile could 

potentially be due to the diminished cation-p interaction between the imine and the K2O2 

core in TS2 leading to the undesired syn-diastereomer (See Figure A2.1.5 for a reaction 

coordinate energy diagram). 

We could also extend this model to explain the observed diastereoselectivity 

achieved in products 69ia and 69ja containing three stereocenters (Scheme 1.6.2). In both 

cases, we believe the substitution present on the lactam pro-nucleophile imparts a bias to 

the facial approach of the imine electrophile, resulting in the diastereoselective synthesis 

of the stereotriad. In the case of product 69ia, we believe the enolate derived from lactam 

68i exists locked in a conformation that minimizes A1,3 strain. This rigid enolate geometry 
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biases the imine electrophile to approach from the face away from the bulky phenyl group 

in 77, resulting in the synthesis of major 69ia containing three contiguous stereocenters in 

good diastereoselectivity. A similar argument regarding biasing facial approach of the 

electrophile can be extended to the enolate derived from a,g-dimethyl lactam 68j. In 78, 

we believe the imine electrophile approaches from the less hindered face away from the 

protruding g-methyl group on the enolate derived from lactam 68j, resulting in the synthesis 

of major 69ja containing three stereocenters in a 10:1 dr.  

Scheme 1.6.2 Extension of the Computed Major Transition State 
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crystal structure of this imine was obtained to confirm the relative stereochemistry as the 

syn,anti-product, which is consistent with the extension of our computational model.  

Scheme 1.6.3 Determination of the Relative Configuration of Mannich Product 69ja  

 

1.7 IDENTIFICATION OF THE KOt-BU CATALYZED 

DIASTEREOSELECTIVE MANNICH REACTION 

 

Mechanistically, we were interested in how potassium tert-butoxide was a 

competent base for this diastereoselective Mannich reaction since the pKa of an a-

substituted amide is approximated to be 17 pKa units higher than potassium tert-butoxide. 

As a result, the active enolate nucleophile is orders of magnitude less concentrated than the 

solvated tert-butoxide M2X2 cluster. The product potassium amide delivered after C–C 

bond formation is a highly basic intermediate that can serve to either regenerate our 

potassium tert-butoxide base or our active enolate nucleophile directly, thus rendering this 

reaction catalytic in base. To test this hypothesis, we performed a reaction screen that 

varied the equivalents of potassium tert-butoxide to probe whether desired reactivity was 

observed at substoichiometric amounts of base (Scheme 1.7.1). Gratifyingly, we obtained 

the desired b-amino lactam product 69da in 92% yield and 15:1 dr using 35 mol% of 
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potassium tert-butoxide, which suggests that there exists a catalytic cycle to regenerate our 

active enolate nucleophile.    

Scheme 1.7.1 Discovery of the KOt-Bu Catalyzed Diastereoselective Mannich 

Reaction 

 

We propose the following mechanism summarizing our computational and 

experimental results during our investigation into the diastereoselective Mannich reaction 

of a-substituted-g-lactam pro-nucleophiles (Scheme 1.7.2). To enter the cycle, we propose 

tert-butoxide dimer46 82 initially deprotonates lactam 68a to generate our active M2X2 

bound enolate 68a’ as well as generates tert-butanol. This complex associates with the 

imine electrophile 65 to form the intermediate 83 which is primed to undergo the anti-

selective Mannich reaction to form potassium amide 84. This intermediate can deprotonate 

the tert-butanol generated from the deprotonation of lactam 68a to form the K2O2 tert-

butoxide dimer 82 to continue the catalytic cycle. The N-silyl amine Mannich product 85 

persists upon protonation via aqueous work-up to yield the desired anti-selective Mannich 

base 69aa. 
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Scheme 1.7.2 Proposed Catalytic Cycle of the Diastereoselective Mannich Reaction 

 

1.8 PRODUCT DERIVATIZATION OF b-AMINO LACTAMS   

With the scope and mechanism of the diastereoselective Mannich reaction 

established, we sought to further elaborate b-amino lactam products to demonstrate the 

synthetic utility of the amines delivered by our reaction. The primary amine 69da 

underwent a facile N-Ts and N-Boc protection to afford the corresponding protected amines 

86a and 88 in 96% and 95% yields, respectively (Scheme 1.8.1). These two protected 

amines smoothly undergo CAN-promoted N-PMP cleavage to afford the secondary amides 

87 and 89 in 88% and 93% yields, respectively. Unfortunately, amide reduction of Mannich 

products 69da, 86a or 88 with LAH was unsuccessful, presumably due to the steric bulk 
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Scheme 1.8.1 Protecting Group Manipulation of the Mannich Products. 

 

After demonstrating that the primary amine in our Mannich base products can be 

easily functionalized, we sought to leverage this reactive functional group handle to access 

various, novel bis-N-heterocyclic spirolactam motifs. The allyl group present in b-amino 

lactam 69da appeared primed to undergo a ring closing metathesis (RCM) reaction with 

an appropriately functionalized amine handle (Scheme 1.8.2). Concerned about selectivity 

issues between mono- and bis-alkylation of the primary amine, we treated the b-amino 

lactam 69da with acryloyl chloride 90 to deliver acrylamide 91 in 88% yield. Subjecting 

acrylamide 91 to Grubbs’ 2nd generation catalyst led to the isolation of the desired 

spirocyclic e-lactam 92 in 84% yield.47 

Scheme 1.8.2 Ring Closing Metathesis Approach to Form Spirocycle 92 

 

We identified b-amino lactam 69da as a suitable substrate to investigate a Pd-

catalyzed spiro-cyclization involving intramolecular C–N bond formation (Scheme 1.8.3). 
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Mannich product 69da to the disclosed Pd-catalyzed conditions.48 This reaction initiates 
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via an intermolecular amino arylation between the primary amine and bromobenzene. The 

newly formed aniline 93 is now a competent reaction partner to undergo the Pd-catalyzed 

intramolecular carboamination to deliver the desired bis-arylated spirocyclic pyrrolidine 

94 in an 82% yield and modest 7:1 dr. We showed that electron-rich aryl bromides were 

tolerated in the one-pot N-arylation, carboamination; however, the resulting spirocycle was 

obtained in lower yield and diastereoselectivity (46% yield and 4:1 dr for spirocycle 94b). 

Electron-neutral aryl bromides were well tolerated, as 3,5-dimethylbromobenzene 

delivered the corresponding spirocycle 94c in good yield and diastereoselectivity. 

Electron-deficient aryl bromides such as 3-bromopyridine were not tolerated in the one-

pot spirocyclization. Additionally, the N-Boc allyl Mannich product 86a was a sufficient 

substrate in the intramolecular carboamination to deliver spirocycles 95 in good yield and 

modest to good diastereoselectivity.  

Scheme 1.8.3 Intramolecular Pd-catalyzed Carboamination to Form Spirocycles 
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of spirocycles to include a spirocyclic tetrahydroquinoline motif (Scheme 1.8.4). To 

achieve this, we identified Mannich base 69fa as a suitable candidate for a Pd-catalyzed 

spirocyclization, as a facile Buchwald-Hartwig type coupling would yield the desired 

spirocycle.49 To our delight, treatment of the b-amino lactam 69fa with BrettPhos Pd G4 

and BrettPhos in a 3:1 mixture of t-BuOH:toluene led to the desired spirocyclic 

tetrahydroquinoline 96 in a 80% yield. However, an unexpected dihydroquinoline product 

97 was observed after column chromatography, presumably due to the acid promoted 

oxidation of the major anti-diastereomer of the desired tetrahydroquinoline 96.  

Scheme 1.8.4 Intramolecular Pd-catalyzed Buchwald-Hartwig Amination to Form 

Spirocycle 96 

 

Motivated by our successful spirocyclization attempts leveraging transition metal 

catalysis, we dedicated our efforts toward chemoselective olefin functionalization of the 

pendant allyl group to facilitate spirocyclization. We envisioned that activation of the olefin 

with an electrophilic halide source would deliver a halonium species, which could be 

trapped by the pendant amine to afford the desired spirocyclized product. In similar 

systems, treatment of a similar olefin with I2 and NaHCO3 led to complete conversion to 

the corresponding azabicyclo[3.1.0]hexane (Scheme 1.8.5).50 In addition to being 

structurally unique, these azabicycles have been shown to undergo a facile ring expansion 

reaction to the corresponding 3-halopiperidine when treated with an alkyl halide.51 We 

PMPN

O

Ph

NH2

69fa

Br

PMPN

O

96

NH

Ph

BrettPhos Pd G4 (5 mol %)
BrettPhos (5 mol %)

K3PO4 (1.6 equiv)
t-BuOH:toluene (3:1)

100 ℃,16 h

80% yield
4:1 dr

+ PMPN

O

97

N

Ph

15% yield5:1 dr



Chapter 1 – Diastereoselective Direct Mannich Reaction of a-Substituted-g-Lactams 
 

 

45 

found that reacting b-amino lactam 69da with I2 in a biphasic mixture of DCM:water 

buffered with NaHCO3 resulted in the formation of the desired azabicycle 103 in an 80% 

NMR yield. It was critical to quench any remaining iodine with copious washings of 

Na2S2O3, as any residual iodine in the crude reaction mixture was able to open the 

azabicycle in vacuo to the undesired pyrrolidine 102. The azabicycle intermediate 103 was 

found to be highly sensitive toward any nucleophilic ring-opening, so purification or 

isolation of this compound using silica gel chromatography proved to be challenging. 

Unfortunately, all efforts to perform the desired ring expansion to the corresponding 3-Br-

piperidine led to a complicated mixture of halogenated and unsaturated piperidine products 

104.  

Scheme 1.8.5 Failed Attempts at Intramolecular Halo-amination of Product 69da 
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toward investigating a chemoselective oxidation of the pendent olefin in the presence of 

the unprotected amine. Oxidation of the olefin in b-amino lactam 69da under ozonolysis 

or Lemiuex-Johnson conditions led to a complex mixture of products. To our delight, 

hydroboration of lactam 69da using 5.0 equivalents of Cy2BH and reflux in THF led to the 

desired amino alcohol 105 in a 96% yield after an oxidative workup with NaBO3 (Scheme 

1.8.6).52 Unfortunately, attempts to convert the alcohol into a sufficient leaving group via 

tosylation or an Appel reaction to promote the intramolecular annulation to the 

corresponding spirocyclic piperidine 106 failed in our hands.  

Scheme 1.8.6 Failed Attempts at Intramolecular Cyclization Following Olefin 

Oxidation of b-Amino Lactam 69da 

 

 Our final product derivatizations centered on developing a Pd-catalyzed cross-

coupling protocol using the aryl halide in our b-amino lactam products 69d as a coupling 

partner directly to form C–C bonds without protection of the Lewis basic primary amine 

(Scheme 1.8.7). There are not many reports of Pd-catalyzed C–C bond formation reactions 

in the presence of an unprotected amine on the coupling partner,53 and we wished to 

investigate the compatibility of our b-amino lactam products directly as the aryl halide 

electrophile. Under standard Suzuki-Miyura arylation conditions, meta- and para-bromo 

substituted b-amino lactams 69dm and 69dn were excellent electrophiles, delivering the 

corresponding biaryl products 107b and 107c in 95% yield and 90% yield respectively. 
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Unfortunately, ortho-bromo substituted Mannich base 69dl was not a suitable coupling 

partner in the Pd-catalyzed arylation, as the reaction resulted in a complex mixture of 

products.  

Scheme 1.8.7 Intermolecular Pd-catalyzed Cross-Coupling Reactions of Aryl Bromide 

Substituted b-Amino-Lactam Products  

 

1.9 CONCLUSION 

Disclosed herein is the full account of our development of a diastereoselective 

Mannich reaction between a-substituted-g-lactam pro-nucleophiles and aryl N-silyl imines. 

Initially, we synthesized the moisture sensitive N-TMS imine electrophile via an Aza-

Peterson olefination and isolated the electrophile via vacuum distillation. However, we 

revealed that our imine electrophiles can be made in situ via a catalytic hydrosilylation 

from a readily available aryl nitriles and used directly without purification to afford a 

variety of b-amino lactam Mannich products in good yield and diastereoselectivity. After 

computational investigation into the transition state of the diastereoselective C–C bond 

formation, we identified that the direct Mannich reaction can be performed with catalytic 

amounts of KOt-Bu successfully while maintaining the high diastereoselectivity and yield 

observed using stoichiometric amounts of base. The b-amino lactam products were shown 
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the first stereoselective Mannich reaction using simple, a-substituted amide pro-

nucleophiles to deliver b-amino lactam Mannich products bearing an all-carbon quaternary 

center. 

1.10 EXPERIMENTAL SECTION 

1.10.1 MATERIALS AND METHODS 

Unless otherwise stated, reactions were performed in flame-dried glassware under 

a nitrogen atmosphere using dry, deoxygenated solvents.  Solvents were dried by passage 

through an activated alumina column under argon.54 Reaction progress was monitored by 

thin-layer chromatography (TLC).  TLC was performed using E. Merck silica gel 60 F254 

precoated glass plates (0.25 mm) and visualized by UV fluorescence quenching, p-

anisaldehyde, or KMnO4 staining.  Silicycle SiliaFlash® P60 Academic Silica gel (particle 

size 40–63 µm) was used for flash chromatography.  1H NMR spectra were recorded on 

Varian Inova 500 MHz and 600 MHz and Bruker 400 MHz spectrometers and are reported 

relative to residual CHCl3 (δ 7.26 ppm), C6D6 (δ 7.16 ppm) or CD3OD (δ 3.31 ppm).  13C 

NMR spectra were recorded on a Varian Inova 500 MHz spectrometer (125 MHz) and 

Bruker 400 MHz spectrometers (100 MHz) and are reported relative to CHCl3 (δ 77.16 

ppm), C6D6 (δ 128.06 ppm) or CD3OD (δ 49.01 ppm). Data for 1H NMR are reported as 

follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration).  

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad doublet.  Data for 

13C NMR are reported in terms of chemical shifts (δ ppm).  IR spectra were obtained by 

use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR spectrometer 

using thin films deposited on NaCl plates and reported in frequency of absorption (cm–1).  
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Optical rotations were measured with a Jasco P-2000 polarimeter operating on the sodium 

D-line (589 nm), using a 100 mm path-length cell. High resolution mass spectra (HRMS) 

were obtained from the Caltech Mass Spectral Facility using a JEOL JMS-600H High 

Resolution Mass Spectrometer in fast atom bombardment (FAB+) or electron ionization 

(EI+) mode or using an Agilent 6200 Series TOF with an Agilent G1978A Multimode 

source in electrospray ionization (ESI+), atmospheric pressure chemical ionization 

(APCI+), or mixed ionization mode (MM: ESI-APCI+).  

1.10.2 EXPERIMENTAL PROCEDURES 

General Procedure 1: Synthesis of N-Substituted-g-Lactam Starting Materials 

 

1-(2-methoxyphenyl)pyrrolidin-2-one (61a):30a To a solution of CuI (1.52 g, 8 mmol, 0.1 

equiv) in toluene (80 mL 1.0 M) was added dimethylethylene diamine SI3 (1.68 mL, 16 

mmol, 0.2 equiv), 2-pyrollidinone SI1 (8.2 g, 96 mmol, 1.2 equiv), 2-bromoanisole SI2 

(10.84 mL, 80 mmol, 1.0 equiv), and K2CO3 (22.1 g, 160 mmol, 2.0 equiv). The resultant 

suspension was heated to 100 ℃ and allowed to stir for 18 hours. The reaction was cooled 

to ambient temperature, diluted with EtOAc (100 mL) and filtered through a plug of silica. 

The filter was concentrated via rotary evaporation. The crude product was the purified by 

flash column chromatography (70% EtOAc in hexanes) to afford the desired N-arylated 

product 61a as a pale-yellow oil (13.6 g, 70.4 mmol, 88% yield); 1H NMR (400 MHz, 

CDCl3) δ 7.32 – 7.23 (m, 2H), 7.02 – 6.93 (m, 2H), 3.84 (s, 3H), 3.76 (dd, J = 7.3, 6.7 Hz, 
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2H), 2.56 (dd, J = 8.6, 7.6 Hz, 2H), 2.30 – 2.12 (m, 2H). All characterization data match 

those reported.30a 

 

1-(4-methoxyphenyl)pyrrolidin-2-one (61b): To a solution of CuI (1.52 g, 8 mmol, 0.1 

equiv) in toluene (80 mL 1.0 M) was added dimethylethylene diamine SI3 (1.68 mL, 16 

mmol, 0.2 equiv), 2-pyrollidinone SI1 (8.2 g, 96 mmol, 1.2 equiv), 4-bromoanisole SI4 

(10.84 mL, 80 mmol, 1.0 equiv),  and K2CO3 (22.1 g, 160 mmol, 2.0 equiv). The resultant 

suspension was heated to 100 ℃ and allowed to stir for 18 hours. The reaction was cooled 

to ambient temperature, diluted with EtOAc (100 mL) and filtered through a plug of silica. 

The filter was concentrated by rotary evaporation. The crude product was the purified by 

flash column chromatography (80% EtOAc in hexanes) to afford the desired N-arylated 

product 61b as a colorless solid (13.1 g, 69 mmol, 86% yield); 1H NMR (400 MHz, CDCl3) 

δ 7.57 – 7.43 (m, 2H), 6.96 – 6.86 (m, 2H), 3.85 – 3.81 (m, 2H), 3.80 (s, 3H), 2.60 (dd, J 

= 8.5, 7.7 Hz, 2H), 2.22 – 2.10 (m, 2H). All characterization data match those reported.30a   

 

1-(4-methoxyphenyl)-5-methylpyrrolidin-2-one (61c): To a solution of CuI (1.52 g, 8 

mmol, 0.1 equiv) in toluene (80 mL 1.0 M) was added dimethylethylene diamine SI3 (1.68 

mL, 16 mmol, 0.2 equiv), 4-bromoanisole SI4 (10.84 mL, 80 mmol, 1.0 equiv), 5-
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methylpyrrolidin-2-one SI5 (9.6 g, 96 mmol, 1.2 equiv), and K2CO3 (22.1 g, 160 mmol, 

2.0 equiv). The resultant suspension was heated to 100 ℃ and allowed to stir for 18 hours. 

The reaction was cooled to ambient temperature, diluted with EtOAc (100 mL) and filtered 

through a plug of silica. The filter was concentrated via rotary evaporation. The crude 

product was the purified by flash column chromatography (90% EtOAc in hexanes) to 

afford the desired N-arylated product 61c as a pale-yellow oil (14.1 g, 68.8 mmol, 86% 

yield); 1H NMR (400 MHz, CDCl3) 1H NMR (400 MHz, CDCl3) δ 7.32 – 7.27 (m, 0.4H)*, 

7.26 – 7.21 (m, 1.6H), 7.02 – 6.95 (m, 0.4H)*, 6.96 – 6.88 (m, 1.6H)*, 4.25 – 4.13 (m, 1H), 

3.83 (s, 0.6H)*, 3.81 (s, 2.4H)*, 2.67 – 2.49 (m, 2H), 2.37 (dddd, J = 13.2, 9.3, 7.4, 6.0 Hz, 

1H), 1.75 (dddd, J = 12.5, 9.5, 7.4, 5.9 Hz, 1H), 1.18 (d, J = 6.3 Hz, 2.4H), 1.08 (d, J = 6.3 

Hz, 0.4H); 13C NMR (101 MHz, CDCl3) δ 175.11,* 174.35, 157.69, 155.30,* 132.23,* 

130.38, 130.19,* 128.88,* 126.12, 120.81,* 114.35, 111.95,* 56.14, 55.86,* 55.64,* 55.46, 

31.17, 30.93,* 27.74,* 26.86, 20.36,* 20.30; IR (Neat Film, NaCl) 2968, 2836, 1693,  1513, 

1462, 1392, 1286, 1248, 1180, 1033, 831 cm–1; (MM:ESI+) m/z calc’d for C12H16NO2 

[M+H]+: 206.1181, found 206.1166. Rotomeric peaks (approx. 4:1) denoted with* 

Synthesis of Mannich Donors: Experimental Procedures and Spectroscopic Data 

General Procedure 2: a-alkylation of N-substituted lactams with alkyl halides. 

 

1-(2-methoxyphenyl)-3-methylpyrrolidin-2-one (56a): To a solution of i-Pr2NH (710 

µL, 5.5 mmol, 1.1 equiv) in THF (15 mL) was added n-BuLi (2.50 M in hexanes, 2 mL, 

5.5 mmol, 1.1 equiv) dropwise at –78 ℃. The resulting mixture was stirred at –78 ℃ for 

20 min. A solution of 1-(4-methoxyphenyl)-3-methylpyrrolidin-2-one 61a (950 mg, 5 

N
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61a

N

O

56a

1) LDA (1.1 equiv),
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mmol, 1.0 equiv) in THF (10 mL) was added dropwise to the reaction mixture at –78 ℃. 

The resulting mixture was stirred for 30 min at –78 ℃, then MeI (345 µL, 5.5 mmol, 1.1 

equiv) was added dropwise. The resulting mixture was stirred for 3 hours at –78 ℃. The 

reaction mixture was allowed to warm to ambient temperature overnight, diluted with 

EtOAc and then quenched with a saturated aqueous NH4Cl solution. The aqueous layer 

was extracted three times with EtOAc, and the resulting organic layers were dried over 

Na2SO4 and concentrated by rotary evaporation. The resulting crude oil was purified from 

column chromatography (55% EtOAc in hexanes) to afford 56a as an off-yellow solid. 

(965 mg, 4.7 mmol, 94% yield); 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.24 (m, 2H), 7.03 

– 6.94 (m, 2H), 3.83 (s, 3H), 3.78 – 3.62 (m, 2H), 2.66 (tq, J = 8.6, 7.1 Hz, 1H), 2.39 (dddd, 

J = 12.2, 8.4, 7.2, 3.6 Hz, 1H), 1.81 (dq, J = 12.4, 8.5 Hz, 1H), 1.31 (d, J = 7.1 Hz, 3H). 

All characterization data match those reported.30a 

 

 

1-(4-methoxyphenyl)-3-methylpyrrolidin-2-one (68a): To a solution of i-Pr2NH (710 

µL, 5.5 mmol, 1.1 equiv) in THF (15 mL) was added n-BuLi (2.50 M in hexanes, 2 mL, 

5.5 mmol, 1.1 equiv) dropwise at –78 ℃. The resulting mixture was stirred at –78 ℃ for 

20 min. A solution of 1-(4-methoxyphenyl)-3-methylpyrrolidin-2-one 61b (950 mg, 5 

mmol, 1.0 equiv) in THF (10 mL) was added dropwise to the reaction mixture at –78 ℃. 

The resulting mixture was stirred for 30 min at –78 ℃, then MeI (345 µL, 5.5 mmol, 1.1 

equiv) was added dropwise. The resulting mixture was stirred for 3 hours at –78 ℃. The 

N

O

61b

N

O

68a

1) LDA (1.1 equiv),
–78 ℃, THF, 1 h

2) MeI (1.1 equiv),
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reaction mixture was allowed to warm to ambient temperature overnight, diluted with 

EtOAc and then quenched with a saturated aqueous NH4Cl solution. The aqueous layer 

was extracted three times with EtOAc, and the resulting organic layers were dried over 

Na2SO4 and concentrated by rotary evaporation. The crude oil was purified by column 

chromatography (50% EtOAc in hexanes) to afford 68a as a colorless solid (970 mg, 4.73 

mmol, 95% yield); 1H NMR 400 MHz, CDCl3) δ 7.53 (d, J = 9.1 Hz, 2H), 6.90 (d, J = 9.1 

Hz, 2H), 3.80 (s, 3H), 3.78 – 3.68 (m, 1H), 2.74 – 2.57 (m, 1H), 2.36 (dddd, J = 12.3, 8.5, 

6.7, 3.6 Hz, 1H), 1.76 (ddt, J = 12.5, 9.4, 8.6 Hz, 1H) 1.30 (d, J = 7.1 Hz, 3H); 13C NMR 

(101 MHz, CDCl3) δ 176.43, 156.51, 133.08, 121.57, 114.11, 55.59, 47.06, 38.17, 27.21, 

16.42; all characterization data match those reported.30a  

 

 

3-ethyl-1-(4-methoxyphenyl)pyrrolidin-2-one (68b): Compound 68b was prepared from 

iodoethane SI6 using General Procedure 2. The resulting crude oil was purified by column 

chromatography (50% EtOAc in hexanes) to afford 68b as a colorless solid (710 mg, 3.3 

mmol, 92% yield); 1H NMR (400 MHz, CDCl3) δ 7.72 – 7.41 (m, 2H), 7.08 – 6.74 (m, 

2H), 3.81 (s, 3H), 3.78 – 3.69 (m, 2H), 2.54 (qd, J = 9.0, 4.3 Hz, 1H), 2.32 (dddd, J = 12.6, 

8.7, 6.9, 3.9 Hz, 1H), 1.98 (dqd, J = 13.7, 7.5, 4.2 Hz, 1H), 1.81 (dq, J = 12.6, 8.7 Hz, 1H), 

1.51 (ddt, J = 13.7, 9.0, 7.3 Hz, 1H), 1.02 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) 

δ 175.80, 156.54, 133.07, 121.66, 114.14, 55.63, 47.31, 44.75, 24.42, 24.38, 11.63. All 

characterization data match those reported.30b 
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1-(4-methoxyphenyl)-3-(3-methylbut-2-en-1-yl)pyrrolidin-2-one (68c): Compound 

68c was prepared from prenyl chloride SI7 using General Procedure 2. The resulting crude 

oil was purified by column chromatography (50% EtOAc in hexanes) to afford 68c as on 

off-brown solid. (1.15 g, 4.5 mmol, 45% yield); 1H NMR (400 MHz, CDCl3) δ 7.68 – 7.43 

(m, 2H), 7.04 – 6.80 (m, 2H), 5.16 (tp, J = 7.2, 1.4 Hz, 1H), 3.80 (s, 3H), 3.73 (ddd, J = 

8.5, 5.5, 2.7 Hz, 2H), 2.66 (td, J = 8.8, 4.3 Hz, 1H), 2.63 – 2.53 (m, 1H), 2.32 – 2.21 (m, 

2H), 1.82 (dq, J = 12.7, 8.5 Hz, 1H), 1.73 (d, J = 1.5 Hz, 3H), 1.66 (d, J = 1.4 Hz, 3H); 13C 

NMR (101 MHz, CDCl3) δ 175.51, 156.53, 134.09, 133.06, 121.61, 121.09, 114.11, 55.60, 

47.31, 43.66, 29.61, 26.00, 24.23, 18.09.; IR (Neat Film, NaCl) 2954, 1680, 1519, 1253, 

1225, 1031, 916, 825, 715 cm–1; (MM:ESI+) m/z calc’d for C16H22NO2 [M+H]+: 260.1651, 

found 260.1660.  

 

 

3-allyl-1-(4-methoxyphenyl)pyrrolidin-2-one (68d): Compound 68d was prepared from 

allyl bromide SI8 using General Procedure 2. The resulting crude oil was purified by 

column chromatography (50% EtOAc in hexanes) to afford 68d as an off-yellow solid. 

(1.18 g, 4.75 mmol, 95% yield); 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.47 (m, 2H), 7.00 
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– 6.84 (m, 2H), 5.91 – 5.79 (m, 1H), 5.18 – 5.12 (m, 1H), 5.09 (ddt, J = 10.1, 2.0, 1.1 Hz, 

1H), 3.81 (s, 3H), 3.80 – 3.62 (m, 2H), 2.77 – 2.63 (m, 2H), 2.35 – 2.22 (m, 2H), 1.87 (dq, 

J = 12.8, 8.6 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 175.1, 156.6, 135.6, 132.9, 121.7, 

117.2, 114.2, 55.6, 47.3, 42.9, 35.6, 24.1; IR (Neat Film, NaCl) 2954, 1680, 1519, 1253, 

1225, 1031, 916, 825, 715 cm–1; (MM:ESI+) m/z calc’d for C14H18NO2 [M+H]+: 232.1338, 

found 232.1358. 

 

 

3-benzyl-1-(4-methoxyphenyl)pyrrolidin-2-one (68e): Compound 68e was prepared 

from benzyl bromide SI9 using General Procedure 2. The resulting crude oil was purified 

by column chromatography (50% EtOAc in hexanes) to afford 68e as a colorless solid 

(1.32 g, 4.75 mmol, 95 % yield); 1H NMR (400 MHz, CDCl3) δ 7.61 – 7.40 (m, 2H), 7.42 

– 7.28 (m, 2H), 7.26 – 7.18 (m, 3H), 7.04 – 6.70 (m, 2H), 3.81 (s, 3H), 3.68 (dt, J = 9.5, 

7.7 Hz, 1H), 3.56 (ddd, J = 9.5, 8.6, 3.5 Hz, 1H), 3.31 (dd, J = 13.6, 4.0 Hz, 1H), 2.92 (dtd, 

J = 9.4, 8.6, 4.0 Hz, 1H), 2.80 (dd, J = 13.6, 9.4 Hz, 1H), 2.17 (dddd, J = 12.7, 8.6, 7.7, 3.5 

Hz, 1H), 1.86 (dtd, J = 12.7, 8.6, 7.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 174.94, 

156.68, 139.46, 132.88, 129.23, 128.64, 126.53, 121.80, 114.16, 55.62, 47.26, 45.06, 

37.24, 24.31. All characterization data match those reported.30b 
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3-(2-bromobenzyl)-1-(4-methoxyphenyl)pyrrolidin-2-one (68f): Compound 68f was 

prepared from 1-bromo-2-(bromomethyl)benzene SI10 using General Procedure 2. The 

resulting crude oil was purified by column chromatography (55% EtOAc in hexanes) to 

afford 68f as a yellow crystalline solid. (1.36 g, 3.73 mmol, 98% yield); 1H NMR (400 

MHz, CDCl3) δ 7.57 (dd, J = 8.0, 1.3 Hz, 1H), 7.56 – 7.51 (m, 2H), 7.35 – 7.30 (m, 1H), 

7.30 – 7.22 (m, 1H), 7.13 – 7.07 (m, 1H), 6.98 – 6.87 (m, 2H), 3.81 (s, 3H), 3.75 – 3.63 

(m, 2H), 3.50 (dd, J = 13.7, 4.4 Hz, 1H), 3.04 (tdd, J = 9.3, 8.3, 4.3 Hz, 1H), 2.93 (dd, J = 

13.7, 9.5 Hz, 1H), 2.16 (dddd, J = 12.7, 8.4, 6.8, 3.6 Hz, 1H), 1.92 (ddt, J = 12.7, 9.5, 8.5 

Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 174.64, 156.65, 139.13, 133.09, 132.91, 131.27, 

128.25, 127.68, 125.03, 121.64, 114.16, 55.62, 47.21, 44.00, 36.82, 24.45; IR (Neat Film, 

NaCl) 2952, 1692, 1512, 1469, 1441, 1397, 1248, 1181, 1025, 830, 751 cm–1; (MM:ESI+) 

m/z calc’d for C18H19BrNO2 [M+H]+: 360.0599, found 360.0613. 

 

 

2-((1-(4-methoxyphenyl)-2-oxopyrrolidin-3-yl)methyl)benzonitrile (68g): Compound 

68g was prepared from 2-(bromomethyl)benzonitrile SI11 using General Procedure 2. The 

resulting crude oil was purified by column chromatography (50% EtOAc in hexanes) to 
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afford 68g as an off-brown solid. (660 mg, 2.13 mmol, 97% yield); 1H NMR (400 MHz, 

CDCl3) δ 7.66 (ddd, J = 7.7, 1.4, 0.6 Hz, 1H), 7.59 – 7.52 (m, 1H), 7.52 – 7.46 (m, 3H), 

7.35 (td, J = 7.5, 1.4 Hz, 1H), 6.95 – 6.85 (m, 2H), 3.81 (s, 3H), 3.78 – 3.61 (m, 2H), 3.47 

(dd, J = 14.0, 5.0 Hz, 1H), 3.14 (dd, J = 14.0, 8.6 Hz, 1H), 3.00 (dtd, J = 9.4, 8.5, 5.0 Hz, 

1H), 2.23 (dddd, J = 12.7, 8.4, 7.1, 3.3 Hz, 1H), 1.93 (ddt, J = 12.7, 9.4, 8.5 Hz, 1H); 13C 

NMR (101 MHz, CDCl3) δ 173.93, 156.80, 143.65, 133.18, 132.93, 132.65, 130.51, 

127.22, 121.81, 118.44, 114.20, 113.25, 55.62, 47.17, 44.96, 35.16, 24.28.; IR (Neat Film, 

NaCl) 2942, 2223, 1692, 1513, 1486, 1397, 1285, 1248, 1181, 1034, 831, 762 cm–1; 

(MM:ESI+) m/z calc’d for C19H19N2O2 [M+H]+: 307.1447, found 307.1453.  

 

 

3-cyclopropyl-1-(4-methoxyphenyl)pyrrolidin-2-one (68h): Compound 68h was 

prepared from bromocyclopropane SI12 using General Procedure 2. The resulting crude 

oil was purified by column chromatography (50% EtOAc in hexanes) to afford 68h as a 

yellow crystalline solid. (150 mg, 0.65 mmol, 30% yield); 1H NMR (400 MHz, CDCl3) δ 

7.58 – 7.53 (m, 2H), 6.94 – 6.88 (m, 2H), 3.80 (s, 3H), 3.78 – 3.71 (m, 2H), 2.32 – 2.15 

(m, 2H), 1.95 – 1.82 (m, 1H), 1.08 – 0.98 (m, 1H), 0.71 – 0.63 (m, 1H), 0.55 – 0.42 (m, 

2H), 0.32 – 0.23 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 175.12, 156.47, 133.06, 121.48, 

114.07, 55.59, 47.09, 46.82, 24.54, 12.48, 3.52, 1.89; IR (Neat Film, NaCl) 3077, 3003, 

2954, 2838, 1681, 1512, 1384, 1286, 1245, 1180, 1032, 824, 704 cm–1; (MM:ESI+) m/z 

calc’d for C14H18NO2 [M+H]+: 232.1338, found 232.1349. 
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Inseparable from lactam dimerization impurity SI13 (20 %); 1H NMR (400 MHz, CDCl3) 

δ 7.29 – 7.24 (m, 2H), 7.21 – 7.15 (m, 2H), 7.11 – 7.03 (m, 2H), 6.92 – 6.86 (m, 2H), 3.83 

(s, 3H), 3.78 (s, 3H), 3.70 – 3.64 (m, 2H), 3.53 (dd, J = 7.8, 6.8 Hz, 2H), 3.36 (tt, J = 7.6, 

1.8 Hz, 2H), 2.13 – 1.99 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 171.26, 157.15, 155.40, 

153.40, 137.99, 136.65, 134.63, 129.15, 128.34, 127.03, 125.41, 120.55, 113.91, 94.96, 

56.86, 46.00, 31.65, 24.26, 22.69, 21.58. (tentative assignment) 

 

 

1-(4-methoxyphenyl)-3-(1-phenylethyl)pyrrolidin-2-one (68i): Compound 68i was 

prepared from (1-bromoethyl)benzene SI14 using General Procedure 2. The resulting 

crude oil was purified by column chromatography (45% EtOAc in hexanes) to afford 68i 

as an off-yellow amorphous solid. (570 mg, 1.93 mmol, 88% yield, 9:1 dr); 1H NMR (400 

MHz, CDCl3) δ 7.35 (d, J = 9.2 Hz, 2H), 7.33 – 7.27 (m, 4H), 7.25 – 7.15 (m, 1H), 6.87 

(d, J = 9.2 Hz, 2H), 3.79 (s, 3H), 3.53 – 3.42 (m, 2H), 3.09 (ddd, J = 9.4, 8.4, 5.4 Hz, 1H), 

2.82 (ddd, J = 9.2, 6.7, 5.5 Hz, 1H), 2.08 (dddd, J = 12.8, 9.1, 8.4, 5.5 Hz, 1H), 1.80 (dddd, 

J = 12.8, 8.4, 6.7, 5.8 Hz, 1H), 1.50 (d, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 
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174.98, 156.71, 143.15, 132.71, 128.38, 128.15, 126.74, 122.16, 114.09, 55.60, 49.75, 

47.39, 39.89, 21.16, 19.53; IR (Neat Film, NaCl) 2959, 1681, 1512, 1452, 1396, 1294, 

1247, 1034, 831, 701 cm–1; (MM:ESI+) m/z calc’d for C19H22NO2 [M+H]+: 296.1651, 

found 296.1667.  

 

 

 

1-(4-methoxyphenyl)-3,5-dimethylpyrrolidin-2-one (68j): Compound 68j was prepared 

from lactam 61c and methyl iodide using General Procedure 2. The resulting crude oil was 

purified by column chromatography (70% EtOAc in hexanes) to afford 68j as an off-brown 

crystalline solid. (1.035 g, 4.7 mmol, 94% yield, 5:1 dr); 1H NMR (400 MHz, CDCl3) δ 

7.36 – 7.28 (m, 2H), 6.96 – 6.87 (m, 2H), 4.17 (pd, J = 6.4, 4.5 Hz, 1H), 3.80 (s, 3H), 2.74 

(ddt, J = 15.7, 8.6, 7.1 Hz, 1H), 2.05 – 1.94 (m, 2H), 1.27 (d, J = 7.2 Hz, 3H), 1.18 (d, J = 

6.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 176.55, 157.38, 131.00, 125.31, 114.36, 55.55, 

54.06, 36.27, 35.32, 19.70, 16.41.; IR (Neat Film, NaCl) 2966, 1693, 1513, 1461, 1392, 

1295, 1247, 1181, 1034, 830 cm–1; (MM:ESI+) m/z calc’d for C13H18NO2 [M+H]+: 

220.1338, found 220.1330. 
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Synthesis of Isolated Mannich Acceptors: Experimental Procedures and 

Spectroscopic Data 

Procedure 3: Synthesis of N-trimethylsilyl  

 

1-phenyl-N-(trimethylsilyl)methanimine (65): N-TMS imine 65 was prepared from a 

previously reported procedure.27 To a solution of benzaldehyde 71 (5.2 mL, 50 mmol, 1.0 

equiv) in THF (50 mL) was added LiHMDS (8.35 g, 50 mmol, 1.0 equiv) at 0 ℃ under a 

positive stream of N2. The reaction mixture was stirred at 0 ℃ for 1 hour. The solvent was 

removed by rotary evaporation and the crude oil was purified by vacuum distillation (77 

℃, 0.8 torr. Boiling point Lit = 45 ℃ at 0.15 torr) to afford imine 65 as a pale-yellow oil 

(5.5 g, 31.0 mmol, 62% yield), which was stored under argon at –20 ℃. All 

characterization data match those reported.27 

Procedure 4: Synthesis of N-Bz benzaldimine   

 

N-benzylidenebenzamide (62): N-Bz imine 62 was prepared from a previously reported 

procedure.27 To a solution of N-TMS imine 65 (177.3 mg, 1.0 mmol, 1.0 equiv) in DCM 

(2 mL) was added benzoyl chloride SI15 in one portion at –78 ℃. Let warm up to ambient 

temperature and stir for 2 hours. The solvent and TMSCl were removed in vacuo to afford 

the N-Bz imine 62. The crude product was used directly without further purification.   

O
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Diastereoselective Mannich Reaction: Experimental Procedures and Spectroscopic 

Data 

 

N-((R*)-((S*)-1-(2-methoxyphenyl)-3-methyl-2-oxopyrrolidin-3-

yl)(phenyl)methyl)benzamide (64): To a solution of N-OMP lactam 56a (42 mg, 0.2 

mmol, 1.0 equiv) in toluene (2 mL) was added LiHMDS (40.2 mg, 0.24 mmol, 1.2 equiv) 

at 25 ℃. A solution of N-benzoyl imine 62 (42.4 mg, 0.2 mmol, 1.0 equiv) in toluene (1 

mL) was added to the reaction mixture, and the reaction was stirred at 25 ℃ for 36 hours. 

The reaction was quenched with saturated NH4Cl (10 mL) and the aqueous layer was 

extracted with ethyl acetate (3 x 15 mL). The combined organic layers were dried over 

Na2SO4, and the solvent was removed via rotary evaporator. The crude mixture was 

purified directly from column chromatography (80% EtOAc in hexanes) to afford Mannich 

product 64 as a pale-yellow oil. (56 mg, 0.14 mmol, 70% yield, 2:1 dr). Major 

diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 5.8 Hz, 1H), 7.88 – 7.79 (m, 2H), 

7.56 – 7.49 (m, 2H), 7.49 – 7.44 (m, 1H), 7.43 – 7.38 (m, 2H), 7.38 – 7.33 (m, 2H), 7.33 – 

7.28 (m, 2H), 7.20 (dd, J = 7.7, 1.7 Hz, 1H), 6.99 (td, J = 7.6, 1.2 Hz, 1H), 6.94 (d, J = 1.2 

Hz, 1H), 5.22 (d, J = 5.8 Hz, 1H), 3.79 – 3.72 (m, 1H), 3.70 (s, 3H), 3.69 – 3.62 (m, 1H), 

2.49 (ddd, J = 13.0, 7.8, 5.2 Hz, 1H), 1.94 (ddd, J = 13.0, 8.1, 6.3 Hz, 1H), 1.25 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 177.75, 167.35, 154.82, 138.75, 134.54, 131.43, 129.26, 

128.69, 128.59, 128.53, 128.39, 128.13, 127.52, 127.17, 120.96, 111.99, 58.73, 55.58, 

47.15, 46.94, 32.08, 19.94; IR (Neat Film, NaCl) 3325, 2930, 1667, 1504, 1416, 1303, 
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1122, 1046, 1026, 914, 782, 728 cm–1; (MM:ESI+) m/z calc’d for C26H27N2O3 [M+H]+: 

415.2016, found 415.2023.  

General Procedure 5: Indirect Mannich Reaction with N-TMS benzaldimine 

Mannich Acceptor 

 

(S*)-3-((R*)-amino(phenyl)methyl)-1-(2-methoxyphenyl)-3-methylpyrrolidin-2-one 

(66): To a solution of N-OMP lactam 56a (42 mg, 0.2 mmol, 1.0 equiv) in toluene (3 mL) 

was added potassium tert-butoxide (27 mg, 0.22 mmol, 1.1 equiv) at –40 ℃. The reaction 

mixture was stirred at –40 ℃ for 2 hours. The reaction was allowed to warm to ambient 

temperature and loaded directly onto a silica gel column. The crude mixture was purified 

directly from column chromatography (80% EtOAc in hexanes, 1% TEA) to afford 

Mannich product 66 as a pale-yellow oil. (56 mg, 0.16 mmol, 80% yield, 8:1 dr).  1H NMR 

(400 MHz, CDCl3) δ 7.57 – 7.47 (m, 2H), 7.42 – 7.28 (m, 5H), 6.94 – 6.88 (m, 2H), 4.29 

(s, 1H), 3.81 (s, 3H), 3.63 (dt, J = 9.4, 7.9 Hz, 1H), 3.47 (td, J = 9.2, 3.1 Hz, 1H), 2.71 

(ddd, J = 12.5, 9.1, 8.1 Hz, 1H), 2.11 – 1.85 (br, 2H, NH2), 1.50 (ddd, J = 12.5, 7.7, 3.1 Hz, 

1H), 1.17 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 177.4, 156.7, 142.1, 132.8, 128.3, 128.0, 

127.7, 121.9, 114.1, 60.6, 55.6, 50.9, 45.9, 26.2, 22.2 (toluene present 137.8); IR (Neat 

Film, NaCl) 3367, 2955, 1681, 1513, 1455, 1402, 1296, 1249, 1088, 833, 707 cm–1; 

(MM:ESI+) m/z calc’d for C19H23N2O2 [M+H]+: 311.1760, found 311.1747.  
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(S*)-3-((R*)-(((E)-benzylidene)amino)(phenyl)methyl)-1-(2-methoxyphenyl)-3-

methylpyrrolidin-2-one (67): An isolable imine transfer product 67 was also observed 

and purified from via column (35% EtOAc in hexanes) 1H NMR (400 MHz, CDCl3) δ 8.37 

(s, 1H), 7.77 – 7.66 (m, 2H), 7.55 (dt, J = 6.7, 1.6 Hz, 2H), 7.40 – 7.33 (m, 5H), 7.33 – 

7.28 (m, 3H), 6.81 – 6.72 (m, 2H), 4.71 (s, 1H), 3.88 – 3.80 (m, 1H), 3.75 (s, 3H), 3.74 – 

3.65 (m, 1H), 3.12 (ddd, J = 12.7, 8.8, 6.0 Hz, 1H), 1.75 – 1.66 (m, 1H), 1.18 (s, 3H).x 

(tentative assignment) 

 

 

(S*)-3-((R*)-amino(phenyl)methyl)-1-(2-methoxyphenyl)-3-methylpyrrolidin-2-one 

(69aa): To a solution of N-OMP lactam 68a (42 mg, 0.2 mmol, 1.0 equiv) in toluene (3 

mL) was added potassium tert-butoxide (27 mg, 0.22 mmol, 1.1 equiv) at –40 ℃. The 

reaction mixture was stirred at –40 ℃ for 3 hours. The reaction was allowed to warm to 

ambient temperature and loaded directly onto a silica gel column. The crude mixture was 

purified directly from column chromatography (80% EtOAc in hexanes, 1% TEA) to afford 

Mannich product 69aa as a pale-yellow oil. (56 mg, 0.18 mmol, 90% yield, >20:1 dr).  1H 

NMR (400 MHz, CDCl3) δ 7.57 – 7.47 (m, 2H), 7.42 – 7.28 (m, 5H), 6.94 – 6.88 (m, 2H), 

4.29 (s, 1H), 3.81 (s, 3H), 3.63 (dt, J = 9.4, 7.9 Hz, 1H), 3.47 (td, J = 9.2, 3.1 Hz, 1H), 2.71 

(ddd, J = 12.5, 9.1, 8.1 Hz, 1H), 2.11 – 1.85 (br, 2H, NH2), 1.50 (ddd, J = 12.5, 7.7, 3.1 Hz, 
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1H), 1.17 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 177.40, 156.72, 142.11, 132.84, 128.25, 

128.01, 127.65, 121.91, 114.12, 60.64, 55.60, 50.89, 45.91, 26.19, 22.24; IR (Neat Film, 

NaCl) 3367, 2955, 1681, 1513, 1455, 1402, 1296, 1249, 1088, 833, 707 cm–1; (MM:ESI+) 

m/z calc’d for C19H23N2O2 [M+H]+: 311.1760, found 311.1747.  

 

(S*)-3-((R*)-(((E)-benzylidene)amino)(phenyl)methyl)-1-(2-methoxyphenyl)-3-

methylpyrrolidin-2-one (70): An isolable imine transfer product 70 was also observed 

and purified from via column (40% EtOAc in hexanes): 1H NMR (400 MHz, CDCl3) δ 

8.37 (s, 1H), 7.77 – 7.66 (m, 2H), 7.55 (dt, J = 6.7, 1.6 Hz, 2H), 7.40 – 7.33 (m, 5H), 7.33 

– 7.28 (m, 3H), 6.81 – 6.72 (m, 2H), 4.71 (s, 1H), 3.88 – 3.80 (m, 1H), 3.75 (s, 3H), 3.74 

– 3.65 (m, 1H), 3.12 (ddd, J = 12.7, 8.8, 6.0 Hz, 1H), 1.75 – 1.66 (m, 1H), 1.18 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 176.95, 161.84, 156.70, 140.85, 136.52, 132.85, 130.70, 

128.80, 128.52, 128.49, 128.18, 127.49, 122.42, 114.01, 78.79, 55.58, 51.71, 46.78, 26.37, 

22.53; IR (Neat Film, NaCl) 2958, 1682, 1512, 1453, 1402, 1289, 1249, 1180, 1089, 1030, 

829, 755, 702, 637 cm–1; (MM:ESI+) m/z calc’d for C26H27N2O2 [M+H]+: 399.2067, found 

399.2074. Structure and relative configuration was confirmed via X-ray crystallography. 

Crystals were obtained from slow evaporation of a solution of 70 in CDCl3. CCDC 

2253012 
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(S*)-3-((R*)-amino(phenyl)methyl)-3-ethyl-1-(4-methoxyphenyl)pyrrolidin-2-one 

(69ba): Compound 69ba was prepared from N-PMP lactam 68b using General procedure 

5. The crude reaction mixture was purified directly from column chromatography (80% 

EtOAc in hexanes, 1% TEA) to afford Mannich product 69ba as a pale-yellow oil (52 mg, 

0.16 mmol, 80% yield, 13:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.43 (m, 2H), 7.40 

– 7.34 (m, 2H), 7.34 – 7.28 (m, 3H), 6.95 – 6.86 (m, 2H), 4.26 (s, 1H), 3.81 (s, 3H), 3.51 

(td, J = 9.1, 6.1 Hz, 1H), 3.24 (td, J = 9.4, 4.7 Hz, 1H), 2.55 (ddd, J = 13.0, 9.5, 6.1 Hz, 

1H), 1.89 – 1.74 (m, 3H, overlap NH2), 1.71 (ddd, J = 13.4, 8.9, 4.7 Hz, 1H), 1.54 (dq, J = 

13.6, 7.5 Hz, 1H), 0.95 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 176.58, 156.84, 

142.61, 132.63, 128.30, 127.99, 127.67, 122.22, 114.14, 60.19, 55.62, 54.63, 46.75, 29.73, 

24.10, 8.92; IR (Neat Film, NaCl) 3314, 2965, 1681, 1513, 1455, 1404, 1296, 1249, 1034, 

833, 721 cm–1; (MM:ESI+) C20H25N2O2 m/z calc’d for [M+H]+: 325.1916, found 325.1931. 

 

 

(S*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-3-(3-methylbut-2-en-1-

yl)pyrrolidin-2-one (69ca): Compound 69ca was prepared from N-PMP lactam 68c using 

General Procedure 5. The crude reaction mixture was purified directly from column 

chromatography (65% EtOAc in hexanes, 1% TEA) to afford Mannich product 69ca as a 
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pale-yellow oil (70 mg, 0.192 mmol, 96% yield, 7:1 dr) 1H NMR (400 MHz, CDCl3) δ 7.43 

– 7.39 (m, 2H), 7.38 – 7.27 (m, 5H), 6.94 – 6.86 (m, 2H), 5.17 (dddd, J = 6.9, 5.4, 2.8, 1.4 

Hz, 1H), 4.24 (s, 1H), 3.81 (s, 3H), 3.43 (td, J = 8.9, 6.2 Hz, 1H), 3.14 (td, J = 9.2, 4.6 Hz, 

1H), 2.54 – 2.41 (m, 2H), 2.25 (dd, J = 14.2, 8.3 Hz, 1H), 2.08 – 1.79 (br, 2H, NH2), 1.77 

– 1.68 (m, 1H)*, 1.68 (s, 3H), 1.57 – 1.56 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 176.45, 

156.80, 142.57, 135.13, 132.68, 128.29, 127.98, 127.64, 122.28, 119.07, 114.11, 60.48, 

55.59, 54.46, 46.71, 35.26, 26.21, 24.50, 18.17; IR (Neat Film, NaCl) 3234, 2930, 1681, 

1513, 1453, 1402, 1293, 1250, 1033, 827, 703 cm–1; (MM:ESI+) C23H29N2O2 m/z calc’d 

for [M+H]+: 365.2229, found 365.2240. 

General Procedure 6: Direct Mannich Reaction Using In-Situ Generated N-SiMe2Ph 

Benzaldimine Mannich Acceptor 

 

(S*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-3-methylpyrrolidin-2-one 

(69aa): B(C6F5)3 (4 mg, 0.009 mmol, 0.06 equiv) was added to a solution of H-SiMe2Ph 

(92 µL, 0.6 mmol, 3.0 equiv) in toluene (1 mL). Benzonitrile 74a (55 µL, 0.6 mmol, 3.0 

equiv) was added to the reaction mixture and stirred at ambient temperature for 45 minutes. 

Meanwhile, N-PMP lactam 68a (42 mg, 0.2 mmol, 1.0 equiv) was added to a solution of 

potassium tert-butoxide (24 mg, 0.2 mmol, 1.0 equiv) in toluene (2 mL) and cooled to –78 

℃.  After 45 minutes, the yellow imine mixture of N-SiMe2Ph imine 76aa was added to 

the cooled reaction mixture at –78 ℃ dropwise. The reaction mixture was stirred at –78 ℃ 
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for 2 hours and allowed to warm to ambient temperature overnight. The reaction was 

quenched with 1 N HCl (4 mL) and diluted with EtOAc (10 mL) and stirred vigorously for 

1 hour at ambient temperature. The aqueous layer was separated and extracted with EtOAc 

(2 x 8 mL) The combined organic layer can be purified to recover any unreacted lactam or 

aryl nitrile. The aqueous layer was basified with a saturated solution of NaHCO3 (10 mL) 

and diluted with EtOAc (10 mL). The biphasic mixture was stirred vigorously for 1 hour 

at ambient temperature. The layers were separated, and the aqueous layer was extracted 

with EtOAc (3 x 10 mL). The organic layers were combined, dried over Na2SO4 and 

concentrated by rotary evaporation. The crude oil was purified by column chromatography 

(3% MeOH in EtOAc, 1% TEA) to afford Mannich product 69aa as a pale-yellow oil (60 

mg, 0.194 mmol, 97% yield, 20:1 dr); the characterization data matches the data acquired 

from the product obtained using General Procedure 5. 

 

(S*)-3-((R*)-amino(phenyl)methyl)-3-ethyl-1-(4-methoxyphenyl)pyrrolidin-2-one 

(69ba): Compound 69ba was prepared from N-PMP lactam 68b using General procedure 

6. The crude oil was purified from column chromatography (3% MeOH in EtOAc, 1% 

TEA) to afford Mannich product 69ba as a pale-yellow oil (55 mg, 0.17 mmol, 85% yield, 

14:1 dr); the characterization data matches the data acquired from the product obtained 

using General Procedure 5. 
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(S*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-3-(3-methylbut-2-en-1-

yl)pyrrolidin-2-one (69ca): Compound 69ca was prepared from N-PMP lactam 69c using 

General Procedure 6. The crude oil was purified from column chromatography (3% MeOH 

in EtOAc, 1% TEA) to afford Mannich product 69ca as a pale-yellow oil (66 mg, 0.18 

mmol, 90% yield, 10:1 dr); the characterization data matches the data acquired from the 

product obtained using General Procedure 5. 

 

 

(S*)-3-allyl-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-2-one 

(69da): Compound 69da was prepared from N-PMP lactam 68d using General Procedure 

6. The crude oil was purified from column chromatography (3% MeOH in EtOAc, 1% 

TEA) to afford Mannich product 69da as a pale-yellow oil (60 mg, 0.18 mmol, 90% yield, 

19:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.40 (m, 2H), 7.39 – 7.34 (m, 2H), 7.34 – 

7.29 (m, 3H), 6.96 – 6.87 (m, 2H), 5.79 (dddd, J = 16.7, 10.1, 8.4, 6.5 Hz, 1H), 5.17 – 5.05 

(m, 2H), 4.25 (s, 1H), 3.81 (s, 3H), 3.47 (td, J = 9.0, 6.2 Hz, 1H), 3.21 (td, J = 9.4, 4.6 Hz, 

1H), 2.63 – 2.47 (m, 2H), 2.19 (ddt, J = 13.5, 8.3, 0.9 Hz, 1H), 2.05-1.80 (br, 2H, NH2) 
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1.77 (ddd, J = 13.2, 8.8, 4.6 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 176.06, 156.89, 

142.34, 133.77, 132.54, 128.37, 128.01, 127.77, 122.31, 118.96, 114.14, 60.53, 55.62, 

54.21, 46.68, 41.47, 24.04; IR (Neat Film, NaCl) 3054, 2917, 1681, 1512, 1454, 1401, 

1295, 1248, 1036, 827, 703 cm–1; (MM:ESI+) C21H25N2O2 m/z calc’d for [M+H]+: 

337.1916, found 337.1930. 

 

(S*)-3-((R*)-amino(phenyl)methyl)-3-benzyl-1-(4-methoxyphenyl)pyrrolidin-2-one 

(69ea): Compound 69ea was prepared from N-PMP lactam 68e using General Procedure 

6. The crude oil was purified from column chromatography (3% MeOH in EtOAc, 1% 

TEA) to afford Mannich product 69ea as a yellow oil (65 mg, 0.172 mmol, 86% yield, 7:1 

dr); 1H NMR (400 MHz, C6D6) δ 7.48 – 7.41 (m, 2H), 7.31 – 7.25 (m, 2H), 7.16 – 7.11 (m, 

3H), 7.10 – 7.05 (m, 2H), 6.98 – 6.94 (m, 3H), 6.80 – 6.73 (m, 2H), 4.38 (s, 1H), 3.28 (s, 

3H), 3.27 – 3.23 (m, 1H), 2.71 – 2.59 (m, 1H), 2.57 – 2.47 (m, 2H), 2.12 (td, J = 8.4, 7.3 

Hz, 1H), 1.43 (ddd, J = 12.5, 8.3, 2.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 175.90, 

156.82, 142.08, 137.28, 132.18, 129.98, 128.33, 128.15, 128.09, 127.75, 126.73, 122.55, 

113.90, 60.74, 55.81, 55.45, 46.35, 42.84, 22.90; IR (Neat Film, NaCl) 3254, 2923, 1676, 

1513, 1405, 1295, 1248, 1035, 823, 702 cm–1; (MM:ESI+) C25H27N2O2 m/z calc’d for 

[M+H]+: 387.2073, found 387.2064.  
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(S*)-3-((R*)-amino(phenyl)methyl)-3-(2-bromobenzyl)-1-(4-

methoxyphenyl)pyrrolidin-2-one (69fa): Compound 69fa was prepared from N-PMP 

lactam 68f using a slightly modified General Procedure 6 that involves adding 0.5 mL of 

Et2O to the reaction mixture to ensure solubility of N-PMP lactam 68f. The crude oil was 

purified from column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich 

product 69fa as a yellow oil (36 mg, 0.077 mmol, 39% yield, 8.5:1 dr); 1H NMR (400 

MHz, CDCl3) δ 7.49 (dd, J = 7.7, 1.6 Hz, 1H), 7.46 – 7.41 (m, 2H), 7.39 – 7.32 (m, 3H), 

7.30 – 7.21 (m, 3H), 7.13 – 6.99 (m, 2H), 6.91 – 6.83 (m, 2H), 4.39 (s, 1H), 3.80 (s, 3H), 

3.29 (d, J = 13.4 Hz, 1H), 3.18 (d, J = 13.4 Hz, 1H), 3.03 – 2.88 (m, 1H), 2.57 – 2.45 (m, 

2H), 2.41 – 2.08 (br, NH2, 2H), 2.08 – 1.87 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 175.99, 

156.95, 141.99, 137.66, 132.95, 132.25, 131.93, 128.48, 128.20, 127.98, 127.53, 125.93, 

122.39, 114.06, 61.57, 56.30, 55.59, 46.69, 40.57, 22.45; IR (Neat Film, NaCl) 3216, 2923, 

1681, 1512, 1295, 1249, 1036, 823, 744 cm–1; (MM:ESI+) C25H26BrN2O2 m/z calc’d for 

[M+H]+: 465.1178, found 465.1179.  
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2-(((S*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-2-oxopyrrolidin-3-

yl)methyl)benzonitrile (69ga): Compound 69ga was prepared from N-PMP lactam 68g 

using a slightly modified General Procedure 6 that involves adding 0.5 mL of Et2O to the 

reaction mixture to ensure solubility of N-PMP lactam 68g. The crude oil was purified from 

column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product  as a 

yellow oil (40 mg, 0.1 mmol, 50% yield, 5:1); 1H NMR (400 MHz, CDCl3) δ 7.64 – 7.57 

(m, 1H), 7.51 (dd, J = 8.0, 1.4 Hz, 2H), 7.47 – 7.29 (m, 6H), 7.24 – 7.15 (m, 2H), 6.90 – 

6.83 (m, 2H), 4.32 (s, 1H), 3.80 (s, 3H), 3.46 (d, J = 13.4 Hz, 1H), 3.11 (d, J = 13.5 Hz, 

1H), 2.92 – 2.82 (m, 1H), 2.63 – 2.48 (m, 2H), 2.02 – 1.86 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ 175.20, 157.03, 142.11, 141.98, 132.84, 132.79, 132.04, 131.41, 128.66, 128.18, 

127.96, 127.49, 122.31, 118.36, 114.10, 61.81, 56.06, 55.59, 46.36, 40.07, 23.40; IR (Neat 

Film, NaCl) 3254, 2923, 2250, 1681, 1512, 1295, 1249, 1034, 823, 701 cm–1; (MM:ESI+) 

C26H26N3O2  m/z calc’d for [M+H]+: 412.2025, found 412.2012.  
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(S*)-3-((R*)-amino(phenyl)methyl)-3-cyclopropyl-1-(4-methoxyphenyl)pyrrolidin-2-

one (69ha): Compound 69ha was prepared from N-PMP lactam 68h using General 

Procedure 6. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69ha as a pale-yellow oil (58 mg, 0.172 

mmol, 86% yield, 8.5:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.56 – 7.43 (m, 4H), 7.40 – 

7.28 (m, 3H), 6.98 – 6.87 (m, 2H), 4.51 (s, 1H), 3.81 (s, 3H), 3.76 – 3.62 (m, 1H), 3.53 (td, 

J = 9.2, 2.1 Hz, 1H), 2.77 (dt, J = 12.4, 9.2 Hz, 1H), 2.09 –1.84 (br, 2H, NH2), 1.51 (ddd, 

J = 12.4, 7.4, 2.1 Hz, 1H), 0.68 (tdd, J = 6.9, 5.2, 2.4 Hz, 2H), 0.49 – 0.38 (m, 2H), 0.05 – 

-0.03 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 174.67, 156.79, 142.22, 132.58, 128.13, 

128.07, 127.54, 122.04, 114.17, 59.81, 55.63, 54.46, 46.38, 24.85, 16.53, 2.26, 0.30; IR 

(Neat Film, NaCl) 3254, 2930, 1681, 1512, 1452, 1401, 1297, 1248, 1180, 1034, 833, 702, 

680 cm–1; (MM:ESI+) C21H25N2O2  m/z calc’d for [M+H]+: 337.1916, found 337.1913. 

 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76aa

N

74a

PMPN

O

68h
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2
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[Si] = SiMe2Ph

MeO
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(3S*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-3-(1-

phenylethyl)pyrrolidin-2-one (69ia): Compound 69ia was prepared from N-PMP lactam 

68i using a slightly modified General Procedure 6 that involves adding 0.5 mL of Et2O to 

the reaction mixture to ensure solubility of N-PMP lactam 68i. The crude oil was purified 

from column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 

69ia as a yellow oil (30 mg, 0.075 mmol, 37% yield, 9:1); 1H NMR (400 MHz, CDCl3) δ 

7.44 – 7.40 (m, 2H), 7.39 – 7.34 (m, 3H), 7.30 – 7.22 (m, 4H), 7.22 – 7.15 (m, 1H), 6.83 

(d, J = 9.3 Hz, 2H), 6.80 – 6.74 (m, 2H), 4.13 (q, J = 7.1 Hz, 1H), 4.04 (s, 1H), 3.76 (s, 

3H), 3.01 – 2.57 (br, NH2, 2H), 2.47 – 2.37 (m, 1H), 2.29 – 2.19 (m, 1H), 2.18 – 2.09 (m, 

1H), 1.79 (ddd, J = 13.5, 9.1, 4.5 Hz, 1H), 1.54 (d, J = 7.1 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 175.45, 157.08, 144.21, 142.93, 131.83, 129.56, 128.44, 128.34, 128.00, 127.61, 

126.69, 123.25, 113.95, 61.54, 56.59, 55.55, 46.16, 40.41, 22.19, 14.53; IR (Neat Film, 

NaCl) 2964, 1673, 1512, 1295, 1248, 1034, 703 cm–1; (MM:ESI+) C26H29N2O2  m/z calc’d 

for [M+H]+: 401.2229, found 401.2209. 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76aa

N

74a

PMPN

O

68i
KOt-Bu (1.2 equiv)

Et2O:toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2

69ia
[Si] = SiMe2Ph

MeO
Me

Me

Ph
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(3S*,5R*)-3-((R*)-amino(phenyl)methyl)-1-(4-methoxyphenyl)-3,5-

dimethylpyrrolidin-2-one (69ja): Compound 69ja was prepared from N-PMP lactam 68j 

using General Procedure 6. The crude oil was purified from column chromatography (3% 

MeOH in EtOAc, 1% TEA) to afford Mannich product 69ja as a yellow oil (70 mg, 0.195 

mmol, 95% yield, 10:1); 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.30 (m, 5H), 7.13 – 7.05 

(m, 2H), 7.00 – 6.87 (m, 2H), 4.09 (s, 1H), 3.82 (s, 3H), 3.40 (dp, J = 8.2, 6.3 Hz, 1H), 

2.69 (dd, J = 13.2, 8.2 Hz, 1H), 1.84 (br, 4H*, NH2), 1.40 (s, 3H), 1.33 (dd, J = 13.2, 6.2 

Hz, 1H), 1.01 (d, J = 6.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 177.31, 157.78, 142.61, 

130.30, 128.39, 127.94, 127.76, 126.03, 114.36, 62.63, 55.61, 52.99, 49.59, 37.26, 25.63, 

21.36; IR (Neat Film, NaCl) 3374, 2967, 2932, 1682, 1514, 1455, 1394, 1296, 1248, 1181, 

1134, 1032, 829, 800, 763, 706 cm–1; (MM:ESI+) C20H25N2O2 m/z calc’d for [M+H]+: 

325.1916, found 325.1909.   

 

 

 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H
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General Procedure 7: Direct Mannich Reaction Using In-Situ Generated N-SiMe2Ph 

Aryl Imine Mannich Acceptor. 

 

(S*)-3-((R*)-amino(naphthalen-2-yl)methyl)-3-ethyl-1-(4-methoxyphenyl)pyrrolidin-

2-one (69bb): Compound 69bb was prepared from 2-naphthonitrile 74b and N-PMP 

lactam 68b using General Procedure 7. The crude oil was purified from column 

chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 69bb as a 

yellow powder (75 mg, 0.194 mmol, 97% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) δ 

7.95 – 7.72 (m, 4H), 7.52 – 7.42 (m, 5H), 6.95 – 6.87 (m, 2H), 4.44 (s, 1H), 3.81 (s, 3H), 

3.51 (td, J = 9.1, 6.2 Hz, 1H), 3.27 (td, J = 9.4, 4.5 Hz, 1H), 2.66 (ddd, J = 13.0, 9.5, 6.2 

Hz, 1H), 1.96 – 1.80 (m, 1H), 1.95–1.65 (br, NH2, 2H), 1.72 (ddd, J = 13.2, 8.9, 4.6 Hz, 

1H), 1.66 – 1.51 (m, 1H), 1.07 – 0.82 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 176.64, 

156.87, 140.20, 133.25, 133.03, 132.61, 128.06, 127.85, 127.73, 126.82, 126.27, 126.15, 

125.99, 122.28, 114.15, 60.35, 55.62, 54.78, 46.85, 29.85, 24.12, 8.93; IR (Neat Film, 

NaCl) 3368, 3052, 2967, 1681, 1513, 1504, 1455, 1403, 1297, 1249, 1181, 1122, 1096, 

1035, 859, 832, 8200, 743 cm–1; (MM:ESI+) C24H27N2O2 m/z calc’d for [M+H]+: 375.2067, 

found 375.2072. 

 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76ab

NC

74b

PMPN

O

68b
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2Et

69bb
[Si] = SiMe2Ph

MeO

Et
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(S*)-3-((R*)-amino(naphthalen-2-yl)methyl)-1-(4-methoxyphenyl)-3-(3-methylbut-2-

en-1-yl)pyrrolidin-2-one (69cb): Compound 69cb was prepared from 2-naphthonitrile 

74b and N-PMP lactam 68c using General Procedure 7. The crude oil was purified from 

column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 69cb 

as a yellow powder (78 mg, 0.194 mmol, 95% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) 

δ 7.89 – 7.74 (m, 4H), 7.59 – 7.44 (m, 3H), 7.44 – 7.33 (m, 2H), 6.96 – 6.83 (m, 2H), 5.20 

(ddp, J = 8.3, 6.8, 1.4 Hz, 1H), 4.43 (s, 1H), 3.81 (s, 3H), 3.43 (td, J = 8.9, 6.4 Hz, 1H), 

3.16 (td, J = 9.3, 4.4 Hz, 1H), 2.69 – 2.48 (m, 2H), 2.30 (dd, J = 14.3, 8.1 Hz, 1H), 1.96 – 

1.77 (br, NH2, 2H), 1.69 (m, overlap, 4H), 1.58 – 1.55 (m, overlap, 3H); 13C NMR (101 

MHz, CDCl3) δ 176.40, 156.73, 140.05, 135.10, 133.16, 132.92, 132.55, 127.95, 127.76, 

127.61, 126.75, 126.12, 126.01, 125.84, 122.23, 118.94, 114.01, 60.46, 55.49, 54.47, 

46.68, 35.22, 26.11, 24.49, 18.12; (EtOAc present in 1H NMR and 13C NMR)  IR (Neat 

Film, NaCl) 3390, 3050, 2929, 1681, 1512, 1442, 1402, 1293, 1248, 1180, 1120, 1103, 

1034 855, 826, 745 cm–1; (MM:ESI+) C27H31N2O2 m/z calc’d for [M+H]+: 415.2380, found 

415.2386. 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76ab

NC

74b

PMPN

O

68c
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2
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MeMe
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(S*)-3-allyl-3-((R*)-amino(naphthalen-2-yl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69db): Compound 69db was prepared from 2-naphthonitrile 74b and N-PMP 

lactam 68d using General Procedure 7. The crude oil was purified from column 

chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 69db as a 

yellow powder (75 mg, 0.194 mmol, 97% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) δ 

7.90 – 7.76 (m, 4H), 7.62 – 7.49 (m, 3H), 7.47 – 7.39 (m, 2H), 6.96 – 6.85 (m, 2H), 5.81 

(dddd, J = 16.7, 10.1, 8.4, 6.4 Hz, 1H), 5.16 – 5.05 (m, 2H), 4.43 (s, 1H), 3.82 (s, 3H), 3.48 

(td, J = 9.0, 6.4 Hz, 1H), 3.25 (qd, J = 9.4, 4.1 Hz, 1H), 2.75 – 2.58 (m, 2H), 2.22 (dd, J = 

13.5, 8.4 Hz, 1H), 1.78 (ddd, J = 13.1, 8.8, 4.4 Hz, 1H) (C6H6 present); 13C NMR (101 

MHz, CDCl3) δ 13C NMR (101 MHz, CDCl3) δ 176.14, 156.93, 139.90, 133.74, 133.27, 

133.09, 128.48, 128.10, 127.97, 127.75, 126.92, 126.32, 126.10, 126.06, 122.38, 119.04, 

114.16, 60.66, 55.64, 54.38, 46.78, 41.58, 24.05; IR (Neat Film, NaCl) 3054, 2923, 1681, 

1512, 1455, 1296, 1249, 1035, 922, 826, 753 cm–1; (MM:ESI+) C25H27N2O2 m/z calc’d for 

[M+H]+: 387.2073, found 387.2070. 
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H–SiMe2Ph (4.0 equiv)

N[Si]
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(S*)-3-((R*)-amino(naphthalen-2-yl)methyl)-3-benzyl-1-(4-

methoxyphenyl)pyrrolidin-2-one (69eb): Compound 69eb was prepared from 2-

naphthonitrile 74b and N-PMP lactam 68e using General Procedure 7. The crude oil was 

purified from column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich 

product 69eb as a yellow amorphous solid (83 mg, 0.191 mmol, 95% yield, 10:1 dr); 1H 

NMR (400 MHz, CDCl3) δ 7.96 – 7.77 (m, 4H), 7.61 – 7.54 (m, 1H), 7.51 (ddt, J = 8.0, 

5.6, 3.6 Hz, 3H), 7.21 – 7.12 (m, 6H), 6.85 (d, J = 9.0 Hz, 2H), 4.59 (s, 1H), 3.80 (s, 3H), 

3.29 (d, J = 12.9 Hz, 1H), 3.03 (td, J = 9.4, 2.7 Hz, 1H), 2.77 (ddd, J = 12.7, 9.6, 7.8 Hz, 

1H), 2.55 (d, J = 13.0 Hz, 1H), 2.39 (dt, J = 9.0, 8.1 Hz, 1H), 1.75 (ddd, J = 12.8, 8.2, 2.7 

Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 176.07, 156.96, 139.90, 137.38, 133.32, 133.15, 

132.32, 130.10, 128.27, 128.20, 128.14, 128.03, 127.77, 127.14, 126.87, 126.35, 126.31, 

126.10, 122.71, 114.03, 60.98, 56.17, 55.58, 46.53, 43.06, 23.09; IR (Neat Film, NaCl) 

3342, 3058, 2950, 1680, 1602, 1512, 1453, 1404, 1294, 1249, 1181, 1119, 1032, 860, 830, 

741, 702 cm–1; (MM:ESI+) C29H29N2O2 m/z calc’d for [M+H]+: 437.2224, found 437.2223. 
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(S*)-3-allyl-3-((R*)-amino(2-(trifluoromethyl)phenyl)methyl)-1-(4-

methoxyphenyl)pyrrolidin-2-one (69dc): Compound 69dc was prepared from 2-

(trifluoromethyl)benzonitrile 74c and N-PMP lactam 68d using General Procedure 7. The 

crude oil was purified by column chromatography (3% MeOH in EtOAc, 1% TEA) to 

afford Mannich product 69dc as a pale-yellow oil (40 mg, 0.10 mmol, 50% yield, 20:1 dr); 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.62 (m, 2H), 7.63 – 7.45 (m, 1H), 7.48 – 7.41 (m, 

2H), 7.41 – 7.32 (m, 1H), 6.96 – 6.86 (m, 2H), 5.81 (dddd, J = 17.0, 10.1, 8.5, 6.3 Hz, 1H), 

5.25 – 5.16 (m, 1H), 5.14 (dddd, J = 10.1, 2.0, 1.2, 0.6 Hz, 1H), 4.67 – 4.54 (m, 1H), 3.82 

(s, 3H), 3.50 – 3.44 (m, 1H), 3.03 (td, J = 9.3, 4.8 Hz, 1H), 2.71 (ddt, J = 13.6, 6.3, 1.4 Hz, 

1H), 2.42 (dd, J = 13.6, 8.6 Hz, 1H), 2.22 (ddd, J = 13.2, 9.2, 6.1 Hz, 1H), 2.04 (ddd, J = 

13.4, 8.8, 4.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 176.33, 156.99, 143.34, 133.32, 

132.43 (d, J = 2.2 Hz), 132.38, 128.57, 128.53 (q, J = 29.3 Hz), 127.46, 126.01 (q, J = 6.0 

Hz), 125.87 (q, J = 274.0 Hz), 122.17, 119.40, 114.20, 55.64, 55.26 (d, J = 2.5 Hz), 53.22, 

46.39, 41.14, 25.08.; 19F NMR (282 MHz, CDCl3) δ –56.68; IR (Neat Film, NaCl) 2924, 

1684, 1511, 1405, 1308, 1249, 1158, 1121, 1036, 772 cm–1; (MM:ESI+) C22H24F3N2O2 m/z 

calc’d for [M+H]+: 405.1790, found 405.1789. 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H
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NC
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O
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KOt-Bu (1.2 equiv)
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(S*)-3-allyl-3-((S*)-amino(3-(trifluoromethyl)phenyl)methyl)-1-(4-

methoxyphenyl)pyrrolidin-2-one (69dd): Compound 69dd was prepared from 3-

(trifluoromethyl)benzonitrile 74d using General Procedure 7. The crude oil was purified 

from column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 

69dd as a pale-yellow oil (30 mg, 0.75 mmol, 38% yield, 7:1 dr); 1H NMR (400 MHz, 

CDCl3) δ 7.67 (s, 1H), 7.63 – 7.50 (m, 3H), 7.46 (d, J = 9.1 Hz, 2H), 6.97 – 6.87 (m, 2H), 

5.93 – 5.71 (m, 1H), 5.22 – 5.06 (m, 2H), 4.36 (s, 1H), 3.82 (s, 3H), 3.55 (ddd, J = 9.4, 8.7, 

6.7 Hz, 1H), 3.32 (td, J = 9.5, 4.0 Hz, 1H), 2.62 – 2.49 (m, 2H), 2.13 (dd, J = 13.6, 8.2 Hz, 

1H), 1.79 – 1.55 (br, NH2, 2H), 1.73 (ddd, J = 12.8, 8.7, 4.0 Hz, 1H); 13C NMR (101 MHz, 

CDCl3) δ 175.63, 157.04, 143.17, 133.30, 132.34, 131.58, 130.97 (q, J = 32.8 Hz), 128.84, 

124.73 (m), 122.30, 119.34, 114.21, 59.96, 55.64, 54.15, 46.66, 41.31, 23.68 (not 

identified, J1C–F carbon) ; 19F NMR (282 MHz, CDCl3) –62.54; IR (Neat Film, NaCl) 2923, 

1681, 1512, 1422, 1328, 1249, 1163, 1122, 1073, 833 cm–1; (MM:ESI+) C22H24F3N2O2 m/z 

calc’d for [M+H]+: 405.1790, found 405.1773. 

 

(S*)-3-allyl-3-((R*)-amino(4-(trifluoromethyl)phenyl)methyl)-1-(4-

methoxyphenyl)pyrrolidin-2-one (69de): Compound 69de was prepared from 4-
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(trifluoromethyl)benzonitrile 74e using General Procedure 7. The crude oil was purified 

from column chromatography (3% MeOH in EtOAc, 1% TEA) to afford Mannich product 

69de as a pale-yellow oil (57 mg, 0.14 mmol, 70% yield, 17:1 dr); 1H NMR (400 MHz, 

CDCl3) δ 7.62 – 7.56 (m, 2H), 7.51 (d, J = 8.0 Hz, 2H), 7.47 – 7.39 (m, 2H), 6.95 – 6.87 

(m, 2H), 5.79 (dddd, J = 16.8, 10.1, 8.3, 6.6 Hz, 1H), 5.19 – 5.07 (m, 2H), 4.35 (s, 1H), 

3.82 (s, 3H), 3.58 – 3.47 (m, 1H), 3.40 – 3.27 (m, 1H), 2.63 – 2.48 (m, 2H), 2.12 (ddt, J = 

13.5, 8.3, 1.0 Hz, 1H), 1.95 – 1.68 (br, NH2, 2H*), 1.73 (ddd, J = 12.8, 8.6, 4.0 Hz, 1H); 

13C NMR (101 MHz, CDCl3) δ 175.66, 157.03, 146.36, 136.18 (d, J = 30.9 Hz), 133.32, 

132.36, 130.43–125.2 (m), 128.46, 125.30 (q, J = 3.9 Hz), 122.28, 119.30, 114.23, 60.02, 

55.64, 54.22, 46.67, 41.38, 23.63; 19F NMR (282 MHz, CDCl3) δ –62.48; IR (Neat Film, 

NaCl) 2923, 1681, 1512, 1405, 1325, 1250, 1165, 1122, 1068, 833 cm–1; (MM:ESI+) 

C22H24F3N2O2 m/z calc’d for [M+H]+: 405.1790, found 405.1790.  

 

(S*)-3-allyl-3-((S*)-amino(2-fluorophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-2-

one (69df): Compound 69df was prepared from 2-fluorobenzonitrile 74f using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69df as a pale-yellow oil (68 mg, 0.194 mmol, 

97% yield, 3.5:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.38 (m, 2.7H), 7.30 – 7.22 (m, 

1.3H), 7.18 – 6.98 (m, 2H), 6.92 – 6.86 (m, 2H), 5.87 – 5.73 (m, 1H), 5.16 (dtd, J = 16.9, 

1.8, 1.0 Hz, 1H), 5.12 – 5.06 (m, 1H), 4.66 (s, 0.78H), 4.62 (s, 0.22H), 3.81 (s, 2.34H), 

toluene, 25 ℃, 1 h
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3.80 (s, 0.66H), 3.55 (dd, J = 7.9, 6.4 Hz, 0.44H), 3.47 (td, J = 9.1, 5.6 Hz, 0.78H), 3.13 

(td, J = 9.3, 5.1 Hz, 0.78H), 2.95 (ddt, J = 13.6, 5.8, 1.5 Hz, 0.22H), 2.69 (ddq, J = 13.5, 

6.3, 1.3 Hz, 0.78H), 2.43 (ddd, J = 13.1, 9.2, 5.7 Hz, 0.78H), 2.31 – 2.15 (m, 1.22H), 2.03 

– 1.93 (m, 0.22H), 1.93 – 1.84 (m, 1H), 1.83 – 1.72 (br, NH2, 2H); 13C NMR (101 MHz, 

CDCl3) δ 175.80,* 175.75, 160.70 (d, J = 244.1 Hz),* 160.30 (d, J = 244.9 Hz), 156.92, 

156.89,* 134.36,* 133.57, 132.54,* 132.39, 130.54 (d, J = 4.0 Hz),* 129.74 (d, J = 13.5 

Hz), 129.08 (d, J = 8.9 Hz),* 129.04 (d, J = 8.5 Hz), 128.90 (d, J = 4.0 Hz), 128.47,* 124.48 

(d, J = 3.5 Hz), 124.20 (d, J = 3.4 Hz),* 122.32,* 122.29, 119.12,** 115.44 (d, J = 23.5 

Hz),** 114.14,** 55.61,** 54.23, 53.86,* 53.47,* 52.49, 46.63, 46.55,* 41.01, 37.11,* 

25.57 (d, J= 2.1 Hz),* 24.09 (d, J = 2.2 Hz)  minor diastereomer denoted with*, overlap** 

19F NMR (282 MHz, CDCl3) δ –115.83 (m)**; IR (Neat Film, NaCl) 2923, 1681, 1512, 

1487, 1455, 1403, 1296, 1249, 1182, 1100, 1035, 923, 826, 761 cm–1; (MM:ESI+) 

C21H24FN2O2 m/z calc’d for [M+H]+: 355.1822, found 355.1812. 

 

(S*)-3-allyl-3-((R*)-amino(3-fluorophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dg): Compound 69dg was prepared from 3-fluorobenzonitrile 74g using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dg as a pale-yellow oil (65 mg, 0.186 

mmol, 93% yield, 20:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.40 (m, 2H), 7.33 – 7.23 

(m, 1H), 7.16 – 7.10 (m, 2H), 6.99 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 6.95 – 6.87 (m, 2H), 5.78 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76ag

NC

74g

PMPN

O

68d
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2

69dg
[Si] = SiMe2Ph

MeO
F FF
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(dddd, J = 16.8, 10.1, 8.3, 6.5 Hz, 1H), 5.18 – 5.06 (m, 2H), 4.28 (s, 1H), 3.81 (s, 3H), 3.53 

(ddd, J = 9.3, 8.7, 6.6 Hz, 1H), 3.34 (td, J = 9.4, 4.1 Hz, 1H), 2.62 – 2.50 (m, 1H), 2.14 

(ddt, J = 13.6, 8.3, 1.0 Hz, 2H), 1.86 – 1.77 (br, NH2, 2H), 1.77 – 1.69 (m, 1H); 13C NMR 

(101 MHz, CDCl3) δ 175.82, 162.85 (d, J = 246.1 Hz), 156.99, 144.90 (d, J = 6.6 Hz), 

133.47, 132.41, 129.77 (d, J = 8.2 Hz), 123.87 (d, J = 2.8 Hz), 122.35, 119.17, 114.88 (d, 

J = 20.92 Hz), 114.67 (d, J = 20.46 Hz), 114.19, 59.96 (d, J = 1.7 Hz), 55.62, 54.20, 46.73, 

41.42, 23.72; 19F NMR (282 MHz, CDCl3) δ –112.81 – –112.94 (m); IR (Neat Film, NaCl) 

2909, 1681, 1613, 1588, 1513, 1487, 1404, 1296, 1249, 1181, 1101, 1036, 922, 834, 793 

cm–1; (MM:ESI+) C21H24FN2O2 m/z calc’d for [M+H]+: 355.1822, found 355.1819. 

 

 (S*)-3-allyl-3-((R*)-amino(4-fluorophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dh): Compound 69dh was prepared from 4-fluorobenzonitrile 74h using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dh as a pale-yellow oil (67 mg, 0.190 

mmol, 95% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.42 (m, 2H), 7.37 – 7.31 

(m, 2H), 7.06 – 6.97 (m, 2H), 6.94 – 6.87 (m, 2H), 5.78 (dddd, J = 16.7, 10.1, 8.3, 6.5 Hz, 

1H), 5.17 – 5.06 (m, 2H), 4.25 (s, 1H), 3.81 (s, 3H), 3.50 (td, J = 8.9, 6.4 Hz, 1H), 3.26 (td, 

J = 9.4, 4.4 Hz, 1H), 2.58 – 2.45 (m, 2H), 2.21 – 2.10 (m, 1H), 2.11 – 1.94 (br, NH2, 2H), 

1.74 (ddd, J = 13.0, 8.8, 4.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 175.91, 162.39 (d, J 

= 245.9 Hz), 156.95, 137.99 (d, J = 3.2 Hz), 133.56, 132.43, 129.49 (d, J = 7.9 Hz), 122.27, 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76ah

NC

74h

PMPN

O

68d
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2

69dh
[Si] = SiMe2Ph

MeO

F F F
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119.09, 115.20 (d, J = 21.1 Hz), 114.18, 59.75, 55.62, 54.19, 46.65, 41.43, 23.85; 19F NMR 

(282 MHz, CDCl3) δ –114.82 (tt, J = 8.5, 5.3 Hz); IR (Neat Film, NaCl) 2909, 1681, 1603, 

1512, 1403, 1295, 1249, 1181, 1035, 833 cm–1; (MM:ESI+) C21H24FN2O2 m/z calc’d for 

[M+H]+: 355.1822, found 355.1829.  

 

(S*)-3-allyl-3-((R*)-amino(3-chlorophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dj): Compound 69dj was prepared from 3-chlorobenzonitrile 74j using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dj as a pale-yellow oil (72 mg, 0.195 mmol, 

97% yield, 20:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.41 (m, 2H), 7.39 (ddd, J = 2.2, 

1.5, 0.9 Hz, 1H), 7.28 – 7.22 (m, 3H), 6.92 – 6.87 (m, 2H), 5.77 (dddd, J = 16.8, 10.1, 8.3, 

6.5 Hz, 1H), 5.18 – 5.05 (m, 2H), 4.23 (s, 1H), 3.80 (s, 3H), 3.56 – 3.47 (m, 1H), 3.29 (td, 

J = 9.4, 4.2 Hz, 1H), 2.52 (ddd, J = 13.0, 9.4, 6.6 Hz, 2H), 2.14 (ddt, J = 13.5, 8.3, 1.0 Hz, 

1H), 1.75 (ddd, J = 13.0, 8.7, 4.2 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 175.75, 156.99, 

144.45, 134.33, 133.44, 132.36, 129.60, 128.06, 127.95, 126.36, 122.39, 119.19, 114.18, 

60.03, 55.61, 54.13, 46.71, 41.37, 23.79; IR (Neat Film, NaCl) 2891, 1681, 1512, 1486, 

1430, 1404, 1296, 1249, 1180, 1100, 1035, 826, 790 cm–1; (MM:ESI+) C21H24ClN2O2 m/z 

calc’d for [M+H]+: 371.1526, found 371.1547. 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76aj

NC

74j

PMPN

O

68d
KOt-Bu (1.2 equiv)

toluene, –78 to 25 ℃, 
16 h, Then 1N HCl

N

O NH2
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[Si] = SiMe2Ph

MeO
Cl ClCl
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(S*)-3-allyl-3-((R*)-amino(4-chlorophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dk): Compound 69dk was prepared from 4-chlorobenzonitrile 74k using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dk as a pale-yellow oil (70 mg, 0.190 

mmol, 95% yield, 20:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.43 (m, 2H), 7.35 – 7.31 

(m, 2H), 7.31 – 7.28 (m, 2H), 6.95 – 6.88 (m, 2H), 5.78 (dddd, J = 16.8, 10.1, 8.3, 6.5 Hz, 

1H), 5.16 – 5.06 (m, 2H), 4.25 (s, 1H), 3.82 (s, 3H), 3.57 – 3.48 (m, 1H), 3.32 (td, J = 9.4, 

4.2 Hz, 1H), 2.52 (ddd, J = 12.9, 9.6, 6.6 Hz, 2H), 2.18 – 2.08 (m, 1H), 1.72 (ddd, J = 12.9, 

8.7, 4.2 Hz, 1H), 1.61 (br, NH2, 2H); 13C NMR (101 MHz, CDCl3) δ 175.85, 156.98, 

140.80, 133.53, 133.50, 132.44, 129.39, 128.52, 122.28, 119.15, 114.21, 59.80, 55.64, 

54.21, 46.69, 41.43, 23.71; IR (Neat Film, NaCl) 2908, 1681, 1512, 1403, 1295, 1249, 

1179, 1090, 1035, 922, 833 cm–1; (MM:ESI+) C21H24ClN2O2 m/z calc’d for [M+H]+: 

371.1526, found 371.1523. 

 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H

76ak

NC
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O
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KOt-Bu (1.2 equiv)
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16 h, Then 1N HCl

N

O NH2
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MeO

Cl Cl Cl
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(S*)-3-allyl-3-((S*)-amino(2-bromophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dl): Compound 69dl was prepared from 2-bromobenzonitrile 74l using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dl as a pale-yellow oil (29 mg, 0.07 mmol, 

35% yield, 7:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.53 (m, 1H), 7.43 (dd, J = 7.8, 

1.8 Hz, 1H), 7.39 – 7.35 (m, 1H), 7.21 (td, J = 7.5, 1.5 Hz, 1H), 7.14 – 7.10 (m, 1H), 6.92 

– 6.87 (m, 2H), 5.92 – 5.78 (m, 1H), 5.25 – 5.18 (m, 1H), 5.18 – 5.13 (m, 1H), 4.79 (s, 1H), 

3.81 (s, 3H), 3.40 (td, J = 9.2, 4.9 Hz, 1H), 2.87 (td, J = 9.1, 6.0 Hz, 1H), 2.77 (ddt, J = 

13.7, 6.2, 1.5 Hz, 1H), 2.52 – 2.38 (m, 1H), 2.04 – 1.95 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ 175.78, 156.92, 142.69, 133.62, 133.05, 132.32, 129.02, 128.96, 127.95, 122.30, 

122.18, 119.23, 114.14, 58.11, 55.62, 53.98, 46.53, 40.88, 24.72; IR (Neat Film, NaCl) 

2923, 1683, 1511, 1296, 1248, 1024, 822, 760 cm–1; (MM:ESI+) C21H24BrN2O2 m/z calc’d 

for [M+H]+: 415.1021, found 415.1027. 

 

 

 

 

toluene, 25 ℃, 1 h

B(C6F5)3 (3 mol %)
H–SiMe2Ph (4.0 equiv)

N[Si]

H
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NC
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N
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(S*)-3-allyl-3-((R*)-amino(3-bromophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dm): Compound 69dm was prepared from 3-bromobenzonitrile 74m using 

General Procedure 7. The crude oil was purified from column chromatography (3% MeOH 

in EtOAc, 1% TEA) to afford Mannich product 69dm as a pale-yellow oil (45 mg, 0.108 

mmol, 55% yield, 20:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.55 (t, J = 1.9 Hz, 1H), 7.50 – 

7.40 (m, 3H), 7.29 (dt, J = 7.8, 1.5 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H), 6.96 – 6.87 (m, 2H), 

5.79 (dddd, J = 16.8, 10.1, 8.3, 6.5 Hz, 1H), 5.19 – 5.06 (m, 2H), 4.22 (s, 1H), 3.81 (s, 3H), 

3.56 – 3.49 (m, 1H), 3.29 (td, J = 9.4, 4.3 Hz, 1H), 2.60 – 2.45 (m, 2H), 2.16 (ddt, J = 13.5, 

8.3, 1.0 Hz, 1H), 1.76 (ddd, J = 13.0, 8.7, 4.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 

175.60, 156.88, 144.63, 133.33, 132.25, 130.84, 130.79, 129.79, 126.71, 122.48, 122.27, 

119.09, 114.07, 59.92, 55.51, 54.00, 46.58, 41.24, 23.71; IR (Neat Film, NaCl)  2950, 1681, 

1512, 1429, 1403, 1295,  1249, 1180, 1101, 1035, 923, 833, 792 cm–1; (MM:ESI+) 

C21H24BrN2O2 m/z calc’d for [M+H]+: 415.1021, found 415.1036. 

 

 

 

 

toluene, 25 ℃, 1 h
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(S*)-3-allyl-3-((R*)-amino(4-bromophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-

2-one (69dn): Compound 69dn was prepared from 4-bromobenzonitrile 74n using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dn as a pale-yellow oil (79 mg, 0.190 

mmol, 95% yield, 20:1 dr 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.43 (m, 4H), 7.36 – 7.23 

(m, 2H), 6.99 – 6.87 (m, 2H), 5.79 (dddd, J = 16.7, 10.1, 8.3, 6.5 Hz, 1H), 5.20 – 5.07 (m, 

2H), 4.26 (s, 1H), 3.83 (s, 3H), 3.54 (ddd, J = 9.3, 8.7, 6.6 Hz, 1H), 3.35 (td, J = 9.4, 4.1 

Hz, 1H), 2.61 – 2.49 (m, 2H), 2.14 (ddt, J = 13.5, 8.3, 1.0 Hz, 1H), 1.74 (td, J = 8.8, 4.4 

Hz, 1H), 1.69 (br, NH2, 2H); 13C NMR (101 MHz, CDCl3) δ 175.81, 156.97, 141.30, 

133.47, 132.42, 131.46, 129.75, 122.27, 121.63, 119.16, 114.20, 59.84, 55.63, 54.16, 

46.68, 41.41, 23.66; IR (Neat Film, NaCl) 2923, 1681, 1512, 1486, 1404, 1295, 1249, 1178, 

1073, 1010, 825 cm–1; (MM:ESI+) C21H24BrN2O2 m/z calc’d for [M+H]+: 415.1021, found 

415.1015. Structure and relative configuration was confirmed via X-ray crystallography. 

Crystals were obtained from slow evaporation of a solution of 69dn in toluene. CCDC 

2253010 
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(S*)-3-allyl-3-((R*)-amino(3-iodophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-2-

one (69dp): Compound 69dp was prepared from 3-iodobenzonitrile 74p using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dp as a pale-yellow oil (30 mg, 0.065 

mmol, 32% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.75 (t, J = 1.8 Hz, 1H), 7.63 

(ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 7.56 – 7.38 (m, 2H), 7.32 (d, J = 1.5 Hz, 1H), 7.05 (t, J = 

7.8 Hz, 1H), 7.01 – 6.78 (m, 2H), 5.79 (dddd, J = 16.8, 10.1, 8.2, 6.5 Hz, 1H), 5.24 – 5.03 

(m, 2H), 4.18 (s, 1H), 3.81 (s, 3H), 3.57 – 3.46 (m, 1H), 3.32 – 3.21 (m, 1H), 2.61 – 2.43 

(m, 2H), 2.17 (ddt, J = 13.5, 8.3, 1.0 Hz, 1H), 1.77 (td, J = 8.7, 4.4 Hz, 1H); 13C NMR (101 

MHz, CDCl3) δ 175.72, 157.01, 144.81, 136.88, 133.46, 132.36, 130.10, 127.44, 122.40, 

119.22, 114.21, 94.47, 59.99, 55.64, 54.07, 46.69, 41.33, 23.91; IR (Neat Film, NaCl) 2932, 

1681, 1563, 1512, 1429, 1403, 1296, 1248, 1180, 1100, 1035, 922, 832, 791, 701 cm–1; 

(MM:ESI+) C21H24IN2O2 m/z calc’d for [M+H]+: 463.0883, found 463.0892. 

 

 

 

toluene, 25 ℃, 1 h
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(S*)-3-allyl-3-((R*)-amino(4-iodophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-2-

one (69dq): Compound 69dq was prepared from 4-iodobenzonitrile 74q using General 

Procedure 7. The crude oil was purified from column chromatography (3% MeOH in 

EtOAc, 1% TEA) to afford Mannich product 69dq as a pale-yellow oil (65 mg, 0.14 mmol, 

70% yield, 9:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.72 – 7.54 (m, 2H), 7.53 – 7.39 (m, 2H), 

7.16 – 7.07 (m, 2H), 6.97 – 6.85 (m, 2H), 5.77 (dddd, J = 16.7, 10.1, 8.3, 6.5 Hz, 1H), 5.17 

– 5.06 (m, 2H), 4.24 (s, 1H), 3.81 (s, 3H), 3.52 (ddd, J = 9.4, 8.7, 6.7 Hz, 1H), 3.32 (dt, J 

= 9.5, 4.7 Hz, 1H), 2.57 – 2.46 (m, 2H), 2.43 – 2.17 (br, NH2, 2H), 2.13 (ddt, J = 13.5, 8.3, 

0.9 Hz, 1H), 1.73 (ddd, J = 12.9, 8.7, 4.1 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 175.77, 

157.01, 141.68, 137.47, 133.39, 132.37, 130.05, 122.32, 119.25, 114.21, 93.30, 59.90, 

55.64, 54.06, 46.71, 41.38, 23.68; IR (Neat Film, NaCl) 2923, 1681, 1511, 1484, 1403, 

1295, 1249, 1180, 1035, 1005, 921, 823 cm–1; (MM:ESI+) C21H24IN2O2 m/z calc’d for 

[M+H]+: 463.0883, found 463.0876. 
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(S*)-3-allyl-3-((R*)-amino(4-iodophenyl)methyl)-1-(4-methoxyphenyl)pyrrolidin-2-

one (69jc): Compound 69jc was prepared from 2-trifluoromethylbenzonitrile 74c using 

General Procedure 7. The crude oil was purified from column chromatography (3% MeOH 

in EtOAc, 1% TEA) to afford Mannich product 69jc as a pale-yellow oil (39 mg, 0.10 

mmol, 52% yield, 20:1 dr);  1H NMR (300 MHz, CDCl3) δ 7.73 – 7.65 (m, 1H), 7.58 – 7.51 

(m, 1H), 7.48 (dd, J = 7.7, 1.6 Hz, 1H), 7.41 (q, J = 7.2 Hz, 1H), 7.15 – 7.06 (m, 2H), 7.00 

– 6.89 (m, 2H), 4.43 (s, 1H), 3.83 (d, J = 0.4 Hz, 3H), 3.17 (dt, J = 8.0, 6.3 Hz, 1H), 2.58 

(dd, J = 13.5, 8.1 Hz, 1H), 1.97 (br, NH2, 2H), 1.52 – 1.46 (m, 4H), 1.01 (d, J = 6.3 Hz, 

3H); IR (Neat Film, NaCl) 2968, 1681, 1607, 1513, 1462, 1453, 1394, 1310, 1249, 1158 

1116, 1035, 833, 772, 744, 653  cm–1; (MM:ESI+) C21H25F3N2O2 m/z calc’d for [M+H]+: 

393.1795, found 393.1791. 
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Product Derivatizations: N-Protection Followed by Lactam N-PMP Deprotection. 

 

tert-butyl-((R*)-((S*)-3-allyl-1-(4-methoxyphenyl)-2-oxopyrrolidin-3-

yl)(phenyl)methyl)carbamate (86a): Allyl Mannich product 69da (23 mg, 0.067 mmol, 

1.0 equiv) was dissolved in DCM (2 mL) and cooled to 0 ℃. Boc2O (15 mg, 0.074 mmol, 

1.1 equiv) was added to the reaction mixture followed by TEA (21 µL, 0.147 mmol, 2.2 

equiv) and stirred at 0 ℃ for 1 h. The reaction mixture was allowed to warm to 25 ℃ over 

the next 15 h. The reaction mixture was diluted with DCM (10 mL) and washed with NH4Cl 

(10 mL). The organic layer was separated, and the aqueous layer was extracted with DCM 

(3 x 10 mL). The organic layers were combined, washed with NaHCO3 (10 mL), dried over 

Na2SO4 and concentrated by rotary evaporation. The crude oil was purified by column 

chromatography (50% EtOAc in Hexanes, 1% TEA) to afford carbamate product 86a as a 

pale-yellow oil (28 mg, 0.64 mmol, 96% yield); 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.17 

(m, 7H), 6.97 – 6.83 (m, 2H), 6.81 (d, J = 8.7 Hz, 1H), 5.91 – 5.79 (m, 1H), 5.32 – 5.18 

(m, 2H), 4.65 (d, J = 8.9 Hz, 1H), 3.80 (s, 3H), 3.20 (td, J = 9.3, 2.9 Hz, 1H), 2.66 (dd, J = 

7.6, 3.5 Hz, 2H), 2.25 (q, J = 8.5 Hz, 1H), 2.13 (ddd, J = 13.5, 9.4, 7.9 Hz, 1H), 1.91 (ddd, 

J = 13.4, 8.3, 2.9 Hz, 1H), 1.38 (s, 9H).; 13C NMR (101 MHz, CDCl3) δ 175.58, 157.15, 

155.40, 140.03, 133.15, 131.82, 128.45, 127.96, 127.88, 122.42, 119.92, 114.12, 79.29, 

59.63, 55.61, 51.34, 46.22, 40.61, 28.53, 26.25; IR (Neat Film, NaCl) 3392, 2978, 1712, 

1670, 1512, 1456, 1366, 1295, 1249, 1169, 1036, 831, 702 cm–1; (MM:ESI+) : C26H33N2O4 

m/z calc’d for [M+H]+: 437.2440, found 437.2453. 

N

O NH2

69da

MeO Boc2O (1.1 equiv)
Et3N (2.2 equiv)

DCM, 0 to 25 ℃, 16 h
N

O NHBoc

86a

MeO
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N-((R*)-((S*)-3-allyl-1-(4-methoxyphenyl)-2-oxopyrrolidin-3-yl)(phenyl)methyl)-4-

methylbenzenesulfonamide (87): Allyl Mannich product 69da (23 mg, 0.067 mmol, 1.0 

equiv) was dissolved in DCM (2 mL) and cooled to 0 ℃. TEA (21 µL, 0.147 mmol, 2.2 

equiv) was added to the reaction mixture followed by DMAP (0.7 mg, 0.006 mmol, 0.1 

equiv) and TsCl (15 mg, 0.08 mmol, 1.2 equivs) and then stirred at 0 ℃ for 1 h. The 

reaction mixture was allowed to warm to 25 ℃ over the next 15 h. The reaction mixture 

was diluted with DCM (10 mL) and washed with NH4Cl (10 mL). The organic layer was 

separated, and the aqueous layer was extracted with DCM (3 x 10 mL). The organic layers 

were combined, washed with NaHCO3 (10 mL), dried over Na2SO4 and concentrated by 

rotary evaporation. The crude oil was purified by column chromatography (60% EtOAc in 

Hexanes, 1% TEA) to afford N-tosylated product 87 as a pale-yellow oil (32 mg, 0.63 

mmol, 95% yield); 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.24 (m, 2H), 7.18 – 7.13 (m, 

2H), 7.10 (ddt, J = 7.7, 6.6, 1.6 Hz, 1H), 7.02 – 6.93 (m, 4H), 6.91 – 6.84 (m, 3H), 6.86 – 

6.81 (m, 2H), 5.97 – 5.82 (m, 1H), 5.35 – 5.20 (m, 2H), 4.52 (d, J = 8.9 Hz, 1H), 3.78 (s, 

3H), 3.23 (td, J = 9.4, 3.8 Hz, 1H), 2.74 (ddd, J = 6.9, 3.6, 2.4 Hz, 2H), 2.40 – 2.32 (m, 

1H), 2.24 (s, 3H), 2.10 (ddd, J = 13.5, 9.3, 6.9 Hz, 1H), 1.81 (ddd, J = 13.5, 8.7, 3.8 Hz, 

1H); 13C NMR (101 MHz, CDCl3) δ 175.42, 157.31, 142.24, 138.49, 137.10, 132.51, 

131.51, 128.93, 128.23, 128.21, 127.79, 126.75, 122.54, 120.40, 114.17, 62.29, 55.61, 

51.51, 46.35, 40.28, 25.80, 21.44; IR (Neat Film, NaCl) 3386, 2923, 1667, 1513, 1404, 

N

O NH2

69da

MeO
TsCl (1.2 equiv)
Et3N (2.2 equiv)

DMAP (0.1 equiv)
DCM, 0 to 25 ℃, 16 h

N

O NHTs

87

MeO
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1323, 1301, 1249, 1160, 1090, 831, 702, 667 cm–1; (MM:ESI+) : C28H31N2O4S m/z calc’d 

for [M+H]+: 491.2005, found 491.1993. 

 

tert-butyl ((R*)-((S*)-3-allyl-2-oxopyrrolidin-3-yl)(phenyl)methyl)carbamate (88): N-

Boc protected allyl Mannich product 86a (20 mg, 0.04 mmol, 1.0 equiv) was dissolved in 

a 5:1 mixture of MeCN:H2O (3.5 mL) and cooled to 0 ℃. CAN (88 mg, 0.18 mmol, 4.5 

equiv) was added to the reaction mixture and stirred at 0 ℃ for 1 h and allowed to warm 

to 25 ℃ overnight. The reaction mixture was diluted with EtOAc (10 mL) and washed with 

sat’d NaHCO3 (10 mL) and brine (10 mL). The aqueous layers were combined and 

extracted with EtOAc (3 x 10mL). The organic layers were combined, dried with Na2SO4, 

concentrated by rotary evaporator, and purified via column chromatography (80% EtOAc 

in hexanes) to afford N-H lactam product 88 as an orange-yellow crystal (11 mg, 0.033 

mmol, 83% yield); 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.20 (m, 5H), 6.78 (d, J = 9.0 Hz, 

1H), 5.93 – 5.72 (m, 1H), 5.50 (s, 1H), 5.25 – 5.16 (m, 2H), 4.62 (d, J = 9.0 Hz, 1H), 3.47 

– 3.23 (m, 1H), 2.92 (td, J = 8.6, 3.5 Hz, 1H), 2.64 – 2.45 (m, 2H), 2.18 – 1.99 (m, 1H), 

1.98 – 1.88 (m, 1H), 1.39 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 180.06, 155.40, 140.00, 

133.08, 128.44, 128.11, 127.78, 119.83, 79.35, 59.13, 49.24, 40.03, 39.18, 28.71, 28.55; 

IR (Neat Film, NaCl) 3264, 2924, 1694, 1494, 1363, 1325, 1248, 1172, 1161, 918, 778, 

703 cm–1; (MM:ESI+) : C19H27N2O3 m/z calc’d for [M+H]+:331.2022, found 331.2015. 

 

N

O NHBoc

86a

MeO
CAN (4.4 equiv)
MeCN:H2O (5:1)
0 to 25 ℃, 16 h

HN

O NHBoc

88
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N-((R*)-((S*)-3-allyl-2-oxopyrrolidin-3-yl)(phenyl)methyl)-4-

methylbenzenesulfonamide (89): N-Ts protected allyl Mannich product 87 (20 mg, 0.04 

mmol, 1.0 equiv) was dissolved in a 5:1 mixture of MeCN:H2O (3.5 mL) and cooled to 0 

℃. CAN (88 mg, 0.18 mmol, 4.5 equiv) was added to the reaction mixture and stirred at 0 

℃ for 1 h and allowed to warm to 25 ℃ overnight. The reaction mixture was diluted with 

EtOAc (10 mL) and washed with sat’d NaHCO3 (10 mL) and brine (10 mL). The aqueous 

layers were combined and extracted with EtOAc (3 x 10mL). The organic layers were 

combined, dried with Na2SO4, concentrated by rotary evaporator, and purified via column 

chromatography (85% EtOAc in hexanes) to afford N-H lactam product 89 as an orange-

yellow amorphous solid (13 mg, 0.034 mmol, 84% yield); 1H NMR (400 MHz, CDCl3) δ 

7.34 – 7.27 (m, 5H), 7.05 – 6.98 (m, 4H), 6.90 (d, J = 8.0 Hz, 1H), 5.94 – 5.80 (m, 1H), 

5.64 (s, 1H), 5.28 – 5.20 (m, 2H), 4.46 (s, 1H), 2.96 (td, J = 9.0, 4.9 Hz, 1H), 2.71 – 2.57 

(m, 2H), 2.26 (s, 3H), 2.17 (td, J = 9.1, 5.6 Hz, 1H), 2.11 – 2.01 (m, H), 1.80 (ddd, J = 

13.6, 8.8, 4.9 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 179.89, 142.26, 138.41, 137.16, 

132.50, 128.94, 128.28, 128.24, 127.67, 126.78, 120.29, 61.93, 49.50, 39.65, 39.27, 28.09, 

21.45; IR (Neat Film, NaCl) 3265, 2923, 2853, 1682, 1513,  1456, 1326, 1249, 1160, 1089, 

924, 801, 723, 703 cm–1; (MM:ESI+) : C21H25N2O3S m/z calc’d for [M+H]+:385.1586, 

found 385.1562.  

 

N

O NHTs

87

MeO
CAN (4.4 equiv)
MeCN:H2O (5:1)
0 to 25 ℃, 16 h

HN

O NHTs

89
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Product Derivatizations: Acrylamide Formation Followed by Ring Closing 

Metathesis  

 

N-((R*)-((S*)-3-allyl-1-(4-methoxyphenyl)-2-oxopyrrolidin-3-

yl)(phenyl)methyl)acrylamide (91): Allyl Mannich product 69da (27 mg, 0.08 mmol, 1.0 

equiv) was dissolved in DCM (5 mL) and cooled to 0 ℃. TEA (21 µL, 0.15 mmol, 2.0 

equiv) and acryloyl chloride 90 (10 µL, 0.11 mmol, 1.4 equiv) were added sequentially to 

the reaction mixture and stirred at 0 ℃ for 1 h and allowed to warm to 25 ℃ overnight. 

The reaction was diluted with DCM (10 mL) and washed with sat’d NaHCO3 (10 mL). The 

layers were separated, and the aqueous layer was extracted with EtOAc (3 x 10 mL). The 

organic layers were combined, dried over Na2SO4, concentrated by rotary evaporator and 

purified via column chromatography (60% EtOAc in hexanes) to afford acrylamide product 

91 as a yellow oil (28 mg, 0.072 mmol, 90% yield); 1H NMR (400 MHz, CDCl3) δ 8.01 

(d, J = 8.5 Hz, 1H), 7.27 – 7.20 (m, 2H), 7.20 – 7.16 (m, 3H), 7.17 – 7.11 (m, 2H), 6.90 – 

6.73 (m, 2H), 6.18 (dd, J = 17.1, 1.9 Hz, 1H), 6.13 – 6.01 (m, 1H), 5.77 (dddd, J = 16.2, 

10.8, 8.2, 6.6 Hz, 1H), 5.55 (dd, J = 9.8, 1.9 Hz, 1H), 5.20 – 5.07 (m, 2H), 5.00 (d, J = 8.6 

Hz, 1H), 3.73 (s, 3H), 3.18 (td, J = 9.5, 3.4 Hz, 1H), 2.66 – 2.56 (m, 1H), 2.52 (ddt, J = 

13.8, 8.2, 1.0 Hz, 1H), 2.33 (ddd, J = 9.5, 8.7, 7.4 Hz, 1H), 2.07 (ddd, J = 13.4, 9.4, 7.4 Hz, 

1H), 1.86 (ddd, J = 13.5, 8.6, 3.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 176.03, 164.75, 

157.42, 139.30, 132.74, 131.55, 131.19, 128.61, 128.13, 126.50, 122.72, 120.24, 114.26, 

58.14, 55.63, 51.07, 46.58, 40.73, 29.85, 25.99; IR (Neat Film, NaCl) 3350, 2922, 1674, 

N

O NH2

69da

MeO

DCM, 0 to –25 ℃, 16 h
N

O HN

91

Cl

O

90 (1.5 equiv)
TEA (1.5 equiv)

MeO

O
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1634, 1513, 1404, 1298, 1249, 1182, 1034, 922, 830, 800, 704 cm–1; (MM:ESI+) : 

C24H27N2O3 m/z calc’d for [M+H]+ 391.2022, found 391.2037. 

 

 

(5S*,6R*)-2-(4-methoxyphenyl)-6-phenyl-2,7-diazaspiro[4.6]undec-9-ene-1,8-dione 

(92): Acrylamide product 91 (15 mg, 0.04 mmol, 1.0 equiv) was dissolved in DCM (8 mL). 

The resulting solution was sparged with argon for 10 minutes. The Grubbs’ second 

generation catalyst (2 mg, 0.002 mmol, 5 mol %) was added to the reaction mixture under 

a positive pressure of argon. The reaction was bubbled with argon for 5 minutes and heated 

to 40 ℃ for 16 h. The crude reaction mixture was concentrated by rotary evaporation and 

purified directly via column chromatography (90% EtOAc in hexanes with 1% Et3N) in 

order afford e-lactam 92 as a brown amorphous solid (11 mg, 0.03 mmol, 75% yield); 1H 

NMR (400 MHz, CDCl3) δ 7.41 – 7.35 (m, 2H), 7.34 – 7.28 (m, 3H), 7.17 – 7.10 (m, 2H), 

6.84 – 6.75 (m, 2H), 6.57 (ddd, J = 11.0, 8.3, 5.8 Hz, 1H), 6.25 – 6.16 (m, 2H), 4.48 (d, J 

= 5.6 Hz, 1H), 3.78 (s, 3H), 3.43 – 3.24 (m, 3H), 2.74 (dt, J = 9.7, 7.9 Hz, 1H), 2.28 (dd, J 

= 14.2, 8.2 Hz, 1H), 2.25 – 2.11 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 173.52, 170.30, 

157.02, 136.78, 136.20, 131.93, 129.16, 129.13, 128.90, 128.29, 122.33, 114.07, 64.64, 

58.77, 45.98, 45.36, 36.29, 30.39; IR (Neat Film, NaCl) cm–1; (MM:ESI+) : C22H23N2O3  

m/z calc’d for [M+H]+ 363.1703, found 363.1710.   

Et3N•HCl Present (1:1 ratio) 

 

N

HN

91

O

O
N

92

DCM, [0.004 M] 
reflux, 16 h

O

NH
O

Grubbs II (5 mol %)

MeO
MeO
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Product Derivatizations: C–N Cross-Coupling Reactions 

 

(5R*,6R*,8R*)-8-benzyl-2-(4-methoxyphenyl)-6,7-diphenyl-2,7-diazaspiro[4.4]nonan-

1-one (94a): Pd(OAc)2 (0.6 mg, 0.0027 mmol, 5 mol %) and rac-BINAP (4 mg, 0.0065 

mmol, 12 mol %) were dissolved in toluene (1.0 mL) and stirred for 10 minutes at 25 ℃. 

Meanwhile, allyl Mannich product 69da (18 mg, 0.054 mmol, 1.0 equiv) was added to a 

solution of bromobenzene (12 µL, 0.12 mmol, 2.2 equiv) and NaOt-Bu (17 mg, 0.18 mmol, 

3.4 equiv) in toluene (1.0 mL). The metal-ligand complex solution was added to the 

reaction mixture. The resulting solution was sparged with argon for 5 minutes, then heated 

to 100 ℃ for 20 h. The reaction mixture was cooled to 25 ℃, diluted with DCM, then 

filtered through a pad of celite. The celite was washed with copious amounts of toluene, 

and the resulting filtrate was concentrated via rotary evaporation and purified via column 

chromatography (50% EtOAc in hexanes) to afford the spirocyclic pyrrolidine product 94a 

as a red-orange amorphous solid (24 mg, 0.049 mmol, 82% yield, 7:1 dr); 1H NMR (400 

MHz, CDCl3) δ 7.44 – 7.36 (m, 7H), 7.26 – 7.20 (m, 5H), 7.12 – 7.05 (m, 2H), 7.02 – 6.96 

(m, 1H) 6.86 (d, J = 9.1 Hz, 2H), 6.75 – 6.70 (m, 2H), 4.66 (s, 1H), 4.12 – 4.05 (m, 1H), 

3.96 (td, J = 10.2, 6.2 Hz, 1H), 3.80 (s, 3H), 3.79 – 3.77 (m, 1H), 3.75 (qd, J = 3.2, 1.7 Hz, 

1H), 2.99 (dd, J = 13.3, 10.0 Hz, 1H), 2.67 (dd, J = 12.9, 9.8 Hz, 1H), 2.17 (dd, J = 12.5, 

6.1 Hz, 1H), 2.05 – 1.97 (m, 1H), 1.93 (dd, J = 13.0, 6.3 Hz, 1H); 13C NMR (101 MHz, 

CDCl3) δ 171.87, 156.46, 147.67, 140.78, 138.93, 132.62, 129.32, 129.15, 128.64, 128.50, 

N

O NH2

69da

N

O

94a

N

rac-BINAP (12 mol %)
Pd(OAc)2 (5 mol %)
NaOt-Bu (3.3 equiv) 

Ph-Br (2.2 equiv)
toluene, 100 ℃, 16 h

MeOMeO
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127.68, 126.56, 121.45, 117.78, 114.03, 113.85, 75.32, 60.14, 56.43, 55.46, 45.43, 40.52, 

39.16, 33.61; IR (Neat Film, NaCl) 2928, 1692, 1602, 1510, 1475, 1445, 1384, 1301, 1249, 

1171, 1115, 1033, 909, 827, 741, 730, 701 cm–1; (MM:ESI+) : C33H33N2O2 m/z calc’d for 

[M+H]+ 489.2542, found 489.2549.  

 

 

 
(5R,6R,8S)-8-(4-methoxybenzyl)-2,7-bis(4-methoxyphenyl)-6-phenyl-2,7-

diazaspiro[4.4]nonan-1-one (94b): Spirocycle 94b was synthesized using General 

Procedure above with 4-bromoanisole (28 µL, 0.22 mmol, 2.2 equiv) and allyl Mannich 

product 69da (33.6 mg, 0.1 mmol, 1.0 equiv). The crude oil was isolated via column 

chromatography (50% EtOAc in hexanes) as a yellow amorphous solid (25 mg, 0.046 

mmol, 46% yield, 4:1 dr). Note: the major diastereomer coelutes with the retro-Mannich 

product 2d after column chromatography as a 2:1 mixture of 94b:68d: 1H NMR (400 MHz, 

CDCl3) δ 7.99 – 7.81 (m, 2H), 7.61 – 7.57 (m, 2H), 7.50 – 7.47 (m, 2H), 7.42 – 7.37 (m, 

3H), 7.32 (ddd, J = 8.7, 5.7, 2.6 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 9.2 Hz, 2H), 

6.88 (d, J = 6.8 Hz, 2H), 4.66 (s, 1H)*, 3.91 – 3.86 (m, 2H), 3.84 (m, 6H), 3.82 (s, 3H), 

N

OMeO
N

H
H

δ = 4.10 ppm

δ = 4.65 ppm

δ = 2.16 ppm

H

NOE

N

O

94b

N
MeO

OMe

MeO
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3.80 – 3.75 (m, 2H), 3.44 (d, J = 16.2 Hz, 1H), 2.85 (d, J = 16.2 Hz, 1H), 2.65 – 2.58 (m, 

1H), 2.16 (ddd, J = 13.3, 6.7, 3.2 Hz, 1H), 2.05 – 1.93 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ 175.10, 174.58, 173.60, 158.76, 158.73, 158.47, 157.00, 156.64, 149.66, 135.62, 

134.57, 133.40, 132.92, 132.84, 132.56, 132.48, 132.34, 131.33, 130.68, 130.39, 129.26, 

128.81, 128.65, 128.61, 126.70, 121.72, 121.63, 121.57, 117.20, 114.33, 114.15, 113.79, 

113.01, 60.98, 55.67, 55.62, 55.58, 55.44, 55.40, 47.30, 46.47, 44.06, 42.85, 35.63, 30.38, 

24.12; IR (Neat Film, NaCl) 2928, 1692, 1602, 1510, 1475, 1445, 1384, 1301, 1249, 1171, 

1115, 1033, 909, 827, 741, 730, 701 cm–1; (MM:ESI+) : C35H37N2O4  m/z calc’d for [M+H]+ 

549.2748, found 549.2749. (Bold is compound 68d) 

 

 

(5R,6R,8S)-8-(3,5-dimethylbenzyl)-7-(3,5-dimethylphenyl)-2-(4-methoxyphenyl)-6-

phenyl-2,7-diazaspiro[4.4]nonan-1-one (94c): Spirocycle 94c was synthesized using 

General Procedure above with 3,5-dimethyl bromobenzene (30 µL, 0.22 mmol, 2.2 equiv) 

and allyl Mannich product 69da (33.6 mg, 0.1 mmol, 1.0 equiv). The crude oil was isolated 

via column chromatography (50% EtOAc in hexanes) as a yellow amorphous solid (43 mg, 

0.079 mmol, 79% yield, 9:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.39 (m, 2H), 7.30 

(ddd, J = 6.1, 3.2, 1.5 Hz, 3H), 7.23 (dd, J = 7.8, 1.7 Hz, 2H), 7.02 (s, 2H), 6.93 (s, 1H), 

6.87 (d, J = 9.2 Hz, 2H), 6.48 (s, 1H), 6.36 (s, 2H), 4.65 (s, 1H), 4.10 – 4.02 (m, 1H), 3.98 

N

O

94c

N
MeO

Me

Me

Me

Me
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(dt, J = 10.1, 5.0 Hz, 1H), 3.80 (d, J = 0.9 Hz, 3H), 3.79 – 3.74 (m, 1H), 3.67 (dd, J = 13.1, 

2.6 Hz, 1H), 2.85 (dd, J = 13.1, 10.0 Hz, 1H), 2.70 – 2.60 (m, 1H), 2.36 (s, 6H), 2.26 (s, 

6H), 2.18 – 2.09 (m, 1H), 2.04 – 1.97 (m, 1H), 1.97 – 1.90 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ 171.96, 156.42, 147.85, 140.95, 139.04, 138.69, 138.12, 132.73, 128.42, 128.14, 

127.56, 127.02, 126.58, 121.36, 119.77, 114.03, 111.77, 74.91, 60.11, 56.50, 55.46, 45.42, 

40.69, 39.25, 33.46, 21.84, 21.38; IR (Neat Film, NaCl) 2928, 1692, 1602, 1510, 1475, 

1445, 1384, 1301, 1249, 1171, 1115, 1033, 909, 827, 741, 730, 701 cm–1; (MM:ESI+) : 

C37H41N2O2  m/z calc’d for [M+H]+ 545.3163, found 545.3173.  

 

 

 

tert-butyl (1R,3S,5R)-3-(4-methoxybenzyl)-7-(4-methoxyphenyl)-6-oxo-1-phenyl-2,7-

diazaspiro[4.4]nonane-2-carboxylate (95a): Pd(OAc)2 (0.6 mg, 0.0027 mmol, 5 mol %) 

and rac-BINAP (4 mg, 0.0065 mmol, 12 mol %) were dissolved in toluene (1.0 mL) and 

stirred for 10 minutes at 25 ℃. Meanwhile, allyl Mannich product 86a (23.5 mg, 0.054 

mmol, 1.0 equiv) was added to a solution of bromobenzene (12 µL, 0.12 mmol, 2.2 equiv) 

and NaOt-Bu (17 mg, 0.18 mmol, 3.4 equiv) in toluene (1.0 mL). The metal-ligand 

complex solution was added to the reaction mixture. The resulting solution was sparged 

with argon for 5 minutes, then heated to 100 ℃ for 20 h. The reaction mixture was cooled 

to 25 ℃, diluted with DCM, then filtered through a pad of celite. The celite was washed 

N

O NHBoc

86a

N

O

95a

N

rac-BINAP (12 mol %)
Pd(OAc)2 (5 mol %)
NaOt-Bu (3.3 equiv) 

4-(OMe)C6H4Br (2.2 equiv)
toluene, 100 ℃, 16 h

MeOMeO

O

O

t-Bu

MeO
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with copious amounts of toluene, and the resulting filtrate was concentrated via rotary 

evaporation and purified via column chromatography (50% EtOAc in hexanes) to afford 

the spirocyclic pyrrolidine product 95a as a yellow amorphous solid (24.1 mg, 0.044 mmol, 

76% yield, 5:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.27 (m, 2H), 7.25 – 7.20 (m, 

5H), 7.09 (d, J = 7.2 Hz, 2H), 6.88 – 6.84 (m, 2H), 6.84 – 6.79 (m, 2H), 4.96 (br, 1H), 4.23 

– 3.98 (m, 1H), 3.84 (dd, J = 6.1, 5.1 Hz, 1H), 3.81 (s, 3H), 3.78 (s, 3H), 3.75 – 3.69 (m, 

2H), 3.11 (br, 1H), 2.49 (dd, J = 13.3, 9.1 Hz, 1H), 2.29 (dd, J = 12.5, 6.1 Hz, 1H), 2.15 – 

1.98 (m, 1H), 1.76 (dd, J = 13.3, 7.0 Hz, 1H), 1.55 – 1.13 (br, 9H); 13C NMR (101 MHz, 

CDCl3) δ 171.96, 158.23, 156.62, 155.18, 139.85, 132.37, 130.99, 130.60, 128.04, 127.41, 

126.44, 121.92, 114.00, 113.88, 80.20, 70.83, 60.24, 55.61, 55.44, 55.27, 45.65, 38.45, 

34.00, 29.72, 28.38; IR (Neat Film, NaCl) 2935, 1693, 1611, 1512, 1454, 1384, 1298, 1248, 

1177, 1144, 1111, 1032, 910, 828, 730, 700 cm–1; (MM:ESI+) : C33H39N2O5  m/z calc’d for 

[M+H]+ 543.2853, found 543.2866. 

 

 

tert-butyl (1R,3S,5R)-3-(3,5-dimethylbenzyl)-7-(4-methoxyphenyl)-6-oxo-1-phenyl-

2,7-diazaspiro[4.4]nonane-2-carboxylate (95b): Spirocycle 95b was synthesized using 

General Procedure above with 3,5-dimethyl bromobenzene (30 µL, 0.22 mmol, 2.2 equiv) 

and allyl Mannich product 86a (23.5 mg, 0.054 mmol, 1.0 equiv). The crude oil was 

16b

N

OMeO
NBoc

Me

Me



Chapter 1 – Diastereoselective Direct Mannich Reaction of a-Substituted-g-Lactams 
 

 

103 

isolated via column chromatography (50% EtOAc in hexanes) as a yellow amorphous solid 

(25.4 mg, 0.047 mmol, 87% yield, 10:1 dr); 1H NMR (400 MHz, CDCl3) δ 7.27 – 7.19 (m, 

5H), 7.11 (d, J = 7.2 Hz, 2H), 6.98 (s, 2H), 6.89 – 6.87 (m, 1H), 6.85 – 6.80 (m, 2H), 4.95 

(s, 1H), 4.08 (d, J = 13.2 Hz, 1H), 4.02 – 3.88 (m, 1H), 3.84 – 3.79 (m, 1H), 3.78 (s, 3H), 

3.76 – 3.70 (m, 2H), 3.04 (s, 1H), 2.51 (dd, J = 13.3, 9.2 Hz, 1H), 2.30 (s, 6H), 2.11 – 2.01 

(m, 1H), 1.78 (dd, J = 13.3, 7.0 Hz, 1H), 1.52 – 1.18 (m, 9H); 13C NMR (101 MHz, CDCl3) 

δ 177.01, 172.04, 156.73, 155.33, 138.93, 138.06, 132.53, 129.85, 128.18, 128.11, 127.54, 

126.58, 122.00, 114.13, 80.34, 71.08, 60.26, 55.76, 55.57, 45.76, 38.59, 34.09, 29.71, 

28.51, 21.40; IR (Neat Film, NaCl) 2927, 1691, 1604, 1511, 1455, 1381, 1248, 1172, 1142, 

1115, 1033, 909, 828, 730, 697 cm–1; (MM:ESI+) : C34H41N2O4  m/z calc’d for [M+H]+ 

541.3061, found 541.3072. 

 

 

 

(2'R*,3S*)-1-(4-methoxyphenyl)-2'-phenyl-1',4'-dihydro-2'H-spiro[pyrrolidine-3,3'-

quinolin]-2-one (96): BrettPhos Pd G4 (2.5 mg, 0.0025 mmol, 5 mol %) was added to a 

flame dried vial charged with BrettPhos (1.5 mg, 0.0025 mmol, 5 mol %) and K3PO4 (15 

mg, 0.07 mmol, 1.4 equiv). The ortho-Br benzyl Mannich product 69fa (23 mg, 0.05 mmol, 

1.0 equiv, 5:1 dr) was dissolved in a mixture of t-BuOH:toluene (0.6 mL:0.2mL) and added 

to the reaction mixture. The reaction was then heated to 100 ℃ for 16 h. After the stirring 

period, the reaction was then cooled to 25 ℃, diluted with DCM and filtered through a pad 

N

O NH2

Br

N

O

NH

BrettPhosPd G4 (5 mol %) 
BrettPhos (5 mol %)

K3PO4 (1.4 equiv)
t-BuOH:toluene, (3:1) 

100 ℃, 16 h

69fa anti-96

MeO MeO
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of celite. The celite pad was washed with copious amounts of DCM. The filtrate was 

concentrated via rotary evaporation and purified via column chromatography (50% EtOAc 

in hexanes) to afford spirocyclic tetrahydroquinoline 96 as a pale-yellow solid (15.5 mg, 

0.04 mmol, 80% yield, 4:1 dr); Note: The major diastereomer was observed to be unstable 

to silica gel chromatography or when dissolved in CDCl3, as there was an identified product 

97 assigned as the dihydroquinoline observed arising from the NMR sample of the trans 

diastereomer; 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.35 (m, 2H), 7.35 – 7.30 (m, 3H), 

7.28 – 7.23 (m, 2H), 7.11 – 7.06 (m, 2H), 6.85 – 6.81 (m, 2H), 6.74 (td, J = 7.4, 1.2 Hz, 

1H), 6.66 – 6.62 (m, 1H), 4.36 (s, 1H), 3.84 (s, 1H), 3.79 (s, 3H), 3.39 (td, J = 9.4, 1.7 Hz, 

1H), 3.18 (d, J = 16.7 Hz, 1H), 2.92 (d, J = 16.6 Hz, 1H), 2.73 (td, J = 9.5, 7.4 Hz, 1H), 

2.22 (ddd, J = 13.3, 7.3, 1.8 Hz, 1H), 2.11 – 1.99 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 

173.56, 156.38, 143.70, 140.25, 132.82, 129.39, 128.60, 128.51, 128.08, 127.10, 121.35, 

117.94, 113.89, 62.61, 55.56, 46.43, 45.00, 36.43, 30.94. 

 

 

(2'S,3S)-1-(4-methoxyphenyl)-2'-phenyl-1',4'-dihydro-2'H-spiro[pyrrolidine-3,3'-

quinolin]-2-one (syn-96): 1H NMR (400 MHz, CDCl3) δ 7.60 – 7.53 (m, 2H), 7.35 – 7.27 

(m, 3H), 7.20 – 7.12 (m, 2H), 7.08 (dd, J = 7.4, 0.9 Hz, 2H), 6.85 – 6.79 (m, 2H), 6.72 (td, 

J = 7.4, 1.2 Hz, 1H), 6.65 (d, J = 1.2 Hz, 1H), 4.77 (s, 1H), 4.18 (s, 1H), 3.78 (s, 3H), 3.66 

(dd, J = 16.6, 8.5 Hz, 1H), 3.35 (td, J = 9.6, 3.0 Hz, 1H), 2.66 (d, J = 16.1 Hz, 1H), 2.63 – 

2.57 (m, 1H), 2.43 (ddd, J = 13.5, 8.6, 3.0 Hz, 1H), 1.79 (ddd, J = 13.6, 9.7, 7.7 Hz, 1H); 

N

O

NH

syn-96

MeO
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13C NMR (101 MHz, CDCl3) δ 175.10, 156.90, 143.71, 139.32, 132.30, 129.94, 128.55, 

128.49, 127.51, 127.32, 122.57, 117.88, 114.04, 114.01, 59.43, 55.57, 48.29, 46.35, 38.73, 

24.70. IR (Neat Film, NaCl) 2931, 1690, 1587, 1559, 1512, 1454, 1427, 1399, 1297, 1250, 

1181, 1120, 1084, 1033, 909, 829, 768, 730, 692 cm–1; (MM:ESI+) : C25H25N2O2  m/z 

calc’d for [M+H]+ 385.1911, found 385.1906. 

 

 

(S)-1-(4-methoxyphenyl)-2'-phenyl-4'H-spiro[pyrrolidine-3,3'-quinolin]-2-one (18): 

13C NMR (101 MHz, CDCl3) δ 174.96, 157.21, 153.58, 146.38, 145.78, 132.17, 128.63, 

128.52, 128.27, 128.08, 127.81, 122.11, 119.84, 114.33, 113.95, 55.65, 45.83, 34.53, 

30.95, 28.41; (MM:ESI+) : C25H23N2O2  m/z calc’d for [M+H]+ 383.1754, found 

383.1763. 

 

 

1H NMR (400 MHz, CD3CN) δ 7.50 – 7.41 (m, 1H), 7.41 – 7.13 (m, 8H), 6.97 – 6.87 (m, 

1H), 4.18 (s, 1H), 3.78 (s, 2H), 3.73 – 3.64 (m, 0H), 3.53 (td, J = 9.2, 5.8 Hz, 0H), 3.47 – 

3.37 (m, 1H), 3.10 (td, J = 9.5, 5.0 Hz, 0H), 2.48 – 2.39 (m, 0H), 1.77 (tdd, J = 13.0, 6.4, 

3.2 Hz, 1H), 1.27 – 1.11 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 181.58, 162.05, 137.99, 

N

O

N

97

MeO

N

O NH2

69da

N

O
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133.38, 133.25, 132.79, 127.62, 119.11, 67.10, 60.37, 51.56, 40.68, 38.19, 32.56, 30.73, 

29.58; IR (Neat Film, NaCl) 3350, 2922, 1674, 1634, 1513, 1404, 1298, 1249, 1182, 1034, 

922, 830, 800, 704 cm–1; (MM:ESI+) : C21H27N2O3 m/z calc’d for [M+H]+ 355.2017, found 

355.2027. 

 

(3S,5R)-3-((R)-(((E)-4-bromobenzylidene)amino)(phenyl)methyl)-1-(4-

methoxyphenyl)-3,5-dimethylpyrrolidin-2-one (80): Dimethyl Mannich product 69ja 

(35 mg, 0.108 mmol, 1.0 equiv) was dissolved in ethanol. Para-bromo benzaldehyde 79 

(20 mg, 0.108 mmol, 1.0 equiv) was added to the reaction mixture and the solution was 

heated to reflux for 16 hours. The reaction was cooled to ambient temperatures and 

concentrated via rotary evaporator. The crude reaction mixture was then purified via 

column chromatography (40% EtOAc in hexanes) to afford the p-Br imine product 80 (48.7 

mg, 0.99 mmol, 92% yield) as a yellow crystalline solid. The diastereomeric mixture could 

not be separated. Crystals suitable for X-ray diffraction were obtained via a vapor diffusion 

of DCM/hexanes to afford clear crystals. CCDC 2253013. 1H NMR (400 MHz, CDCl3) δ 

8.39 (s, 0.29H), 8.20 (s, 0.71H), 7.70 – 7.65 (m, 0.58H), 7.65 – 7.59 (m, 1.52H), 7.58 – 

7.49 (m, 4H)*, 7.42 – 7.34 (m, 2H), 7.34 (s, 1H), 7.01 – 6.94 (m, 0.58H), 6.86 – 6.80 (m, 

2H), 6.76 – 6.69 (m, 1.52H), 4.71 (s, 0.29H), 4.62 (s, 0.71H), 4.25 – 4.15 (m, 0.71H), 4.15 

– 4.05 (m, 0.29H), 3.77 (s, 0.87H), 3.75 (s, 2.12H), 3.20 (dd, J = 13.3, 7.6 Hz, 0.71H), 2.81 

N

O
Me

NMeO

Me

Br

N

O NH2Me

Me

O

H

Br

69ja

79

80
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(dd, J = 12.6, 8.2 Hz, 0.29H), 1.88 (dd, J = 12.6, 7.3 Hz, 0.29H), 1.32 – 1.25 (m, 0.71H)*, 

1.24 (s, 2.21H), 1.19 (d, J = 6.1 Hz, 0.88H), 1.16 (s, 0.88H), 1.09 (d, J = 6.3 Hz, 2.21H). 

(2.5:1 dr);13C NMR (101 MHz, CDCl3) δ 177.63, 177.09,* 160.72,* 160.34, 157.80,* 

140.64,* 140.41, 135.57,* 135.35, 131.91, 131.87,* 130.37,* 130.34, 129.92, 129.85,* 

128.84, 128.64,* 128.25,* 128.17, 127.63, 127.52,* 126.62, 126.46,* 125.25, 125.11,* 

114.29, 114.21,* 79.77, 77.36,* 55.56,* 55.53, 54.02, 52.25,* 51.43, 51.25,* 36.36, 

34.98,* 24.43, 22.38,* 21.59, 21.08.* Carbon signals of the minor diastereomer are denoted 

with an asterisk (*), overlap of both diastereomers are bolded; IR (Neat Film, NaCl) 3264, 

2922, 2853, 1691, 1494, 1454, 1377, 1319, 1242, 1150, 910, 768, 702 cm–1; (MM:ESI+) : 

C27H28BrN2O2  m/z calc’d for [M+H]+: 491.1329, found 491.1329. Crystals suitable for X-

ray diffraction were obtained via a vapor diffusion of DCM/hexanes to afford clear crystals. 

CCDC 2253013. 

 

4-bromo-N-((R)-((3S,5R)-1-(4-methoxyphenyl)-3,5-dimethyl-2-oxopyrrolidin-3-

yl)(phenyl)methyl)benzamide (SI16): Dimethyl Mannich product 69ja (25 mg, 0.077 

mmol, 1.0 equiv) was dissolved in DCM (5 mL) and cooled to 0 ℃. TEA (21 µL, 0.15 

mmol, 2.0 equiv) and para-bromo-benzoyl chloride SI15 (18.5 mg, 0.11 mmol, 1.1 equiv) 

were added sequentially to the reaction mixture and stirred at 0 ℃ for 1 h and allowed to 

warm to 25 ℃ overnight. The reaction was diluted with DCM (10 mL) and washed with 

N

O
Me

HNMeO

Me

N

O NH2Me

Me

O

Cl

Br

69ja

SI15

SI16

DCM, 25 ℃, 16 h

MeO
TEA (1.5 equiv)
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sat’d NaHCO3 (10 mL). The layers were separated, and the aqueous layer was extracted 

with EtOAc (3 x 10 mL). The organic layers were combined, dried over Na2SO4, 

concentrated by rotary evaporator and purified via column chromatography (60% EtOAc 

in hexanes) to afford benzoyl product SI16 as a colorless amorphous solid (37 mg, 0.073 

mmol, 95% yield, 5:1 dr) separable diastereomers. Major diastereomer SI16: 1H NMR (400 

MHz, CDCl3) δ 8.75 (d, J = 8.1 Hz, 1H), 7.77 – 7.71 (m, 2H), 7.57 – 7.49 (m, 2H), 7.41 – 

7.29 (m, 5H), 6.96 – 6.87 (m, 4H), 5.05 (d, J = 8.1 Hz, 1H), 3.82 (s, 3H), 2.57 (ddt, J = 

14.0, 7.8, 6.2 Hz, 1H), 2.45 (dd, J = 13.5, 7.6 Hz, 1H), 1.67 – 1.58 (m, 4H), 0.90 (d, J = 

6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 177.50, 165.22, 158.36, 139.60, 132.95, 

131.82, 129.20, 128.89, 128.71, 128.33, 127.96, 126.34, 126.20, 114.61, 60.94, 55.63, 

53.08, 47.44, 39.82, 25.95, 20.96; IR (Neat Film, NaCl) 3362, 2931, 1666, 1588, 1510, 

1479, 1455, 1327, 1291, 1248, 1180, 1133, 1028, 1010, 828, 751, 705 cm–1; (MM:ESI+) : 

C27H28BrN2O3  m/z calc’d for [M+H]+: 507.1278, found 507.1291. 

 

Minor diastereomer SI16a: 1H NMR (400 MHz, CDCl3) δ 9.50 (d, J = 8.5 Hz, 1H), 7.82 – 

7.76 (m, 2H), 7.57 – 7.50 (m, 2H), 7.50 – 7.43 (m, 2H), 7.43 – 7.33 (m, 2H), 7.33 – 7.28 

(m, 1H), 7.15 – 7.04 (m, 2H), 7.01 – 6.93 (m, 2H), 5.14 (d, J = 8.5 Hz, 1H), 4.08 – 3.99 

(m, 1H), 3.82 (s, 3H), 2.17 – 2.06 (m, 1H), 1.67 – 1.55 (m, 4H), 0.63 (d, J = 6.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 178.68, 165.33, 158.69, 140.02, 133.14, 131.81, 129.28, 

N

O
Me
HNMeO

Me

SI16a

O
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128.95, 128.75, 128.55, 128.13, 126.99, 126.25, 114.74, 60.59, 55.67, 53.32, 47.33, 37.76, 

23.96, 20.20; IR (Neat Film, NaCl) 3362, 2931, 1666, 1588, 1510, 1479, 1455, 1327, 1291, 

1248, 1180, 1133, 1028, 1010, 828, 751, 705 cm–1; (MM:ESI+) : C27H28BrN2O3  m/z calc’d 

for [M+H]+: 507.1278, found 507.1291. 

 

 

4-bromo-N-((1R)-((3S)-1-(4-methoxyphenyl)-2-oxo-3-(1-phenylethyl)pyrrolidin-3-

yl)(phenyl)methyl)benzamide (SI18): Benzyl Mannich product 69ia (8 mg, 0.02 mmol, 

1.0 equiv) was dissolved in DCM (2 mL) and cooled to 0 ℃. TEA (3.2 µL, 0.04 mmol, 2.0 

equiv) and para-bromo-benzoyl chloride SI15 (4.8 mg, 0.022 mmol, 1.1 equiv) were added 

sequentially to the reaction mixture and stirred at 0 ℃ for 1 h and allowed to warm to 25 

℃ overnight. The reaction was diluted with DCM (4 mL) and washed with sat’d NaHCO3 

(4 mL). The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 

5 mL). The organic layers were combined, dried over Na2SO4, concentrated by rotary 

evaporator and purified via column chromatography (60% EtOAc in hexanes) to afford 

benzoyl product SI18 as a colorless amorphous solid (10.7 mg, 0.0184 mmol, 92% yield 

single diastereomer); 1H NMR (400 MHz, CDCl3) δ 9.43 (d, J = 8.6 Hz, 1H), 7.89 – 7.78 

(m, 2H), 7.61 – 7.56 (m, 2H), 7.47 – 7.43 (m, 2H), 7.41 – 7.38 (m, 2H), 7.34 – 7.27 (m, 

5H), 7.26 – 7.21 (m, 1H), 6.82 (s, 4H), 5.42 (d, J = 8.6 Hz, 1H), 3.87 – 3.79 (m, 1H), 3.78 

O

Cl

Br
SI15
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DCM, 25 ℃, 16 h
TEA (1.5 equiv)
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(s, 3H), 2.43 (ddd, J = 7.9, 6.0, 1.6 Hz, 2H), 2.21 (ddd, J = 13.5, 8.1, 6.5 Hz, 1H), 1.91 

(ddd, J = 13.6, 8.6, 6.3 Hz, 1H), 1.51 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

176.57, 164.92, 157.80, 141.84, 139.55, 133.04, 131.92, 130.98, 129.16, 129.00, 128.71, 

128.69, 128.27, 128.19, 127.19, 126.42, 123.87, 114.29, 57.55, 55.85, 55.60, 47.07, 41.55, 

21.42, 14.73; IR (Neat Film, NaCl) 3362, 2958, 1731, 1666, 1589, 1512, 1478, 1409, 1329, 

1292, 1250, 1180, 1151, 1032, 1009, 828, 753, 735, 702 cm–1; (MM:ESI+) : C33H32BrN2O3  

m/z calc’d for [M+H]+: 583.1591, found 583.1617. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.72 (t, J = 6.6 Hz, 1H), 7.61 – 7.48 (m, 2H), 7.32 (tdd, J = 

7.2, 6.1, 2.4 Hz, 1H), 7.23 – 7.13 (m, 2H), 6.83 – 6.74 (m, 2H), 4.56 (q, J = 1.6 Hz, 1H), 

3.75 (s, 2H), 3.70 (td, J = 7.9, 2.3 Hz, 1H), 3.64 – 3.55 (m, 1H), 3.04 (ddd, J = 13.8, 5.5, 

1.4 Hz, 1H), 2.93 (ddt, J = 6.4, 4.6, 2.4 Hz, 1H), 2.39 (ddd, J = 13.0, 7.9, 3.3 Hz, 1H), 2.28 

– 2.19 (m, 2H), 2.05 (dt, J = 5.4, 1.4 Hz, 1H), 1.74 (dd, J = 3.5, 1.3 Hz, 1H). 13C NMR 

(101 MHz, CDCl3) δ 172.86, 156.76, 139.99, 132.49, 131.50, 131.01, 127.31, 126.36 (q, J 

= 283.3 Hz), 125.07 (d, J = 6.0 Hz), 122.39, 122.10 (q, J = 21.5 Hz), 114.25, 74.29 (d, J = 

2.4 Hz), 56.53, 55.53, 45.67, 42.11, 40.39, 37.68, 32.67, 29.85. bold is impurity (Tentative 

assignment) 
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N-((S)-((S)-3-allyl-1-(4-methoxyphenyl)-2-oxopyrrolidin-3-yl)(2-

fluorophenyl)methyl)-4-bromobenzamide (SI17): Ortho-fluoro-Mannich product 69df 

(14 mg, 0.04 mmol, 1.0 equiv) was dissolved in DCM (2 mL) and cooled to 0 ℃. TEA (6.5 

µL, 0.08 mmol, 2.0 equiv) and para-bromo-benzoyl chloride SI15 (9.6 mg, 0.044 mmol, 

1.1 equiv) were added sequentially to the reaction mixture and stirred at 0 ℃ for 1 h and 

allowed to warm to 25 ℃ overnight. The reaction was diluted with DCM (8 mL) and 

washed with sat’d NaHCO3 (8 mL). The layers were separated, and the aqueous layer was 

extracted with EtOAc (3 x 10 mL). The organic layers were combined, dried over Na2SO4, 

concentrated by rotary evaporator and purified via column chromatography (60% EtOAc 

in hexanes) to afford benzoyl product SI17 as a colorless amorphous solid (14.4 mg, 0.0367 

mmol, 67% yield, single diastereomer); 1H NMR (400 MHz, CDCl3) δ 8.90 (d, J = 8.1 Hz, 

1H), 7.75 – 7.66 (m, 2H), 7.51 – 7.43 (m, 2H), 7.26 – 7.12 (m, 1H), 7.06 – 6.98 (m, 4H), 

6.94 (td, J = 7.6, 1.2 Hz, 1H), 6.89 – 6.79 (m, 2H), 5.80 (dddd, J = 16.8, 10.4, 8.3, 6.5 Hz, 

1H), 5.60 (d, J = 8.1 Hz, 1H), 5.22 – 5.12 (m, 2H), 3.74 (s, 3H), 3.33 (td, J = 9.4, 4.0 Hz, 

1H), 2.73 – 2.64 (m, 1H), 2.64 – 2.50 (m, 2H), 2.15 (ddd, J = 13.8, 9.3, 6.9 Hz, 1H), 1.97 

– 1.87 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 176.13, 164.94, 160.55 (d, J = 244.1 Hz), 

157.52, 132.67, 132.23, 131.80, 131.79 (d, J = 23.0 Hz), 131.18, 129.67 (d, J = 8.2 Hz), 

128.78, 128.40, 126.76 (d, J = 13.6 Hz), 126.37, 124.52 (d, J = 3.4 Hz), 122.91, 120.43, 

N

O HNMeO

Br
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115.58 (d, J = 22.6 Hz), 114.27, 55.52, 51.11, 46.95, 40.69, 25.12; IR (Neat Film, NaCl) 

3361, 2922, 1681, 1666, 1512, 1481, 1329, 1292, 1251, 753, 702 cm–1; (MM:ESI+) : 

C28H27BrFN2O3  m/z calc’d for [M+H]+: 537.1184, found 537.1200. 
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 Figure A1.3 13C NMR (100 MHz, CDCl3) of compound 61c. 
 

Figure A1.2 Infrared spectrum (Thin Film, NaCl) of compound 61c. 
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Figure A1.5 Infrared spectrum (Thin Film, NaCl) of compound 68a. 
 

 Figure A1.6 13C NMR (125 MHz, CDCl3) of compound 68a. 
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Figure A1.11 Infrared spectrum (Thin Film, NaCl) of compound 68b. 
 

 Figure A1.12 13C NMR (100 MHz, CDCl3) of compound 68b. 
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Figure A1.14 Infrared spectrum (Thin Film, NaCl) of compound 68c. 
 

 Figure A1.15 13C NMR (100 MHz, CDCl3) of compound 68c. 
s 
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Figure A1.17 Infrared spectrum (Thin Film, NaCl) of compound 68d. 
 

 Figure A1.18 13C NMR (100 MHz, CDCl3) of compound 68d. 
s 
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Figure A1.20 Infrared spectrum (Thin Film, NaCl) of compound 68e. 
 

 Figure A1.21 13C NMR (100 MHz, CDCl3) of compound 68e. 
s 
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 Figure A1.24 13C NMR (100 MHz, CDCl3) of compound 68f. 
s 

 
  

Figure A1.23 Infrared spectrum (Thin Film, NaCl) of compound 68f. 
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 Figure A1.27 13C NMR (100 MHz, CDCl3) of compound 68g. 
s 

 
  

Figure A1.26 Infrared spectrum (Thin Film, NaCl) of compound 68g. 
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 Figure A1.30 13C NMR (100 MHz, CDCl3) of compound compound 68h + SI13 (4:1) 

 
  

Figure A1.29 Infrared spectrum (Thin Film, NaCl) of compound 68h + SI13 (4:1). 
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 Figure A1.33 13C NMR (100 MHz, CDCl3) of compound 68i. 
s 

 
  

Figure A1.32 Infrared spectrum (Thin Film, NaCl) of compound 68i. 
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 Figure A1.36 13C NMR (100 MHz, CDCl3) of compound 68j. 
s 

 
  

Figure A1.35 Infrared spectrum (Thin Film, NaCl) of compound 68j. 
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 Figure A1.39 13C NMR (100 MHz, CDCl3) of compound 64. 
s 

 
  

Figure A1.38 Infrared spectrum (Thin Film, NaCl) of compound 64. 
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 Figure A1.42 13C NMR (100 MHz, CDCl3) of compound 69aa. 
s 

 
  

Figure A1.41 Infrared spectrum (Thin Film, NaCl) of compound 69aa. 
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 Figure A1.45 13C NMR (100 MHz, CDCl3) of compound 70. 
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Figure A1.44 Infrared spectrum (Thin Film, NaCl) of compound 70. 
 

xxx 
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 Figure A1.48 13C NMR (100 MHz, CDCl3) of compound 69ba. 
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Figure A1.47 Infrared spectrum (Thin Film, NaCl) of compound 69ba. 
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 Figure A1.51 13C NMR (100 MHz, CDCl3) of compound 69ca. 
s 

 
  

Figure A1.50 Infrared spectrum (Thin Film, NaCl) of compound 69ca. 
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 Figure A1.54 13C NMR (100 MHz, CDCl3) of compound 69da. 
s 

 
  

Figure A1.53 Infrared spectrum (Thin Film, NaCl) of compound 69da. 
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 Figure A1.57 13C NMR (100 MHz, CDCl3) of compound 69ea. 
s 

 
  

Figure A1.56 Infrared spectrum (Thin Film, NaCl) of compound 69ea. 
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 Figure A1.60 13C NMR (100 MHz, CDCl3) of compound 69fa. 
s 

 
  

Figure A1.59 Infrared spectrum (Thin Film, NaCl) of compound 69fa. 
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 Figure A1.63 13C NMR (100 MHz, CDCl3) of compound 69ga. 
s 

 
  

Figure A1.62 Infrared spectrum (Thin Film, NaCl) of compound 69ga. 
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 Figure A1.66 13C NMR (100 MHz, CDCl3) of compound 69ha. 
s 

 
  

Figure A1.65 Infrared spectrum (Thin Film, NaCl) of compound 69ha. 
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 Figure A1.69 13C NMR (100 MHz, CDCl3) of compound 69ia. 
s 

 
  

Figure A1.68 Infrared spectrum (Thin Film, NaCl) of compound 69ia. 
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 Figure A1.72 13C NMR (100 MHz, CDCl3) of compound 69ja. 
s 

 
 
 
  

Figure A1.71 Infrared spectrum (Thin Film, NaCl) of compound 69ja. 
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 Figure A1.75 13C NMR (100 MHz, CDCl3) of compound 69bb. 
s 

 
  

Figure A1.74 Infrared spectrum (Thin Film, NaCl) of compound 69bb. 
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 Figure A1.78 13C NMR (100 MHz, CDCl3) of compound 69cb. 
 

xxxxx 
s 

 
  

Figure A1.77 Infrared spectrum (Thin Film, NaCl) of compound 69cb. 
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 Figure A1.81 13C NMR (100 MHz, CDCl3) of compound 69db. 
s 

 
  

Figure A1.80 Infrared spectrum (Thin Film, NaCl) of compound 69db. 
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 Figure A1.84 13C NMR (100 MHz, CDCl3) of compound 69eb. 
s 

 
  

Figure A1.83 Infrared spectrum (Thin Film, NaCl) of compound 69eb

, NaCl) of compound 74. 
s 
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 Figure A1.87 13C NMR (100 MHz, CDCl3) of compound 69dc. 
s 

 
  

Figure A1.86 Infrared spectrum (Thin Film, NaCl) of compound 69dc.

, NaCl) of compound 74. 
s 
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Figure A1.88 19F NMR (282 MHz, CDCl3) of compound 69dc. 
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 Figure A1.91 13C NMR (100 MHz, CDCl3) of compound 69dd. 
s 

 
  

Figure A1.90 Infrared spectrum (Thin Film, NaCl) of compound 69dd.

, NaCl) of compound 74. 
s 
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Figure A1.92 19F NMR (282 MHz, CDCl3) of compound 69dd. 
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 Figure A1.95 13C NMR (100 MHz, CDCl3) of compound 69de. 
s 

 
  

Figure A1.94 Infrared spectrum (Thin Film, NaCl) of compound 69de.

, NaCl) of compound 74. 
s 
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Figure A1.96 19F NMR (282 MHz, CDCl3) of compound 69de.

, NaCl) of compound 74. 
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 Figure A1.99 13C NMR (100 MHz, CDCl3) of compound 69df. 
s 

 
  

Figure A1.98 Infrared spectrum (Thin Film, NaCl) of compound 69df.

, NaCl) of compound 74. 
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Figure A1.100 19F NMR (282 MHz, CDCl3) of compound 69df 
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 Figure A1.103 13C NMR (100 MHz, CDCl3) of compound 69dg. 
s 

 
  

Figure A1.102 Infrared spectrum (Thin Film, NaCl) of compound 69dg.

, NaCl) of compound 74. 
s 
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Figure A1.104 19F NMR (282 MHz, CDCl3) of compound 69dg 
 



Appendix 1 – Spectra Relevant to Chapter 1 201 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

 
  

N

O
N
H
2

69
dh

M
eO

F

Fi
gu

re
 A

1.
1 0

5 
1 H

 N
M

R
 (

40
0 

M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
69

dh
. 

 1 



Appendix 1 – Spectra Relevant to Chapter 1 202 

020406080100120140160180200

ppm

 Figure A1.107 13C NMR (100 MHz, CDCl3) of compound 69dh. 
s 

 
 
 
  

Figure A1.106 Infrared spectrum (Thin Film, NaCl) of compound 69dh.

, NaCl) of compound 74. 
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Figure A1.108 19F NMR (282 MHz, CDCl3) of compound 69dh.

, NaCl) of compound 74. 
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 Figure A1.111 13C NMR (100 MHz, CDCl3) of compound 69dj 
s 

 
  

Figure A1.110 Infrared spectrum (Thin Film, NaCl) of compound 69dj 
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 Figure A1.114 13C NMR (100 MHz, CDCl3) of compound 69dk 
 

 
  

Figure A1.113 Infrared spectrum (Thin Film, NaCl) of compound 69dk. 
s 
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 Figure A1.117 13C NMR (100 MHz, CDCl3) of compound 69dl 

  

Figure A1.116 Infrared spectrum (Thin Film, NaCl) of compound 69dl 
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 Figure A1.120 13C NMR (100 MHz, CDCl3) of compound 69dm 
 

 
  

Figure A1.119 Infrared spectrum (Thin Film, NaCl) of compound 69dm. 
s 
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 Figure A1.123 13C NMR (100 MHz, CDCl3) of compound 69dn 
s 

 
  

Figure A1.122 Infrared spectrum (Thin Film, NaCl) of compound 69dn  
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 Figure A1.126 13C NMR (100 MHz, CDCl3) of compound 69dp 

 
  

Figure A1.125 Infrared spectrum (Thin Film, NaCl) of compound 69dp 
s 
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 Figure A1.129 13C NMR (100 MHz, CDCl3) of compound 69dq. 
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Figure A1.128 Infrared spectrum (Thin Film, NaCl) of compound 69dq 
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 Figure A1.132 13C NMR (100 MHz, CDCl3) of compound 86a. 
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Figure A1.131 Infrared spectrum (Thin Film, NaCl) of compound 86a.

, NaCl) of compound 74. 
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 Figure A1.135 13C NMR (100 MHz, CDCl3) of compound 87. 
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Figure A1.134 Infrared spectrum (Thin Film, NaCl) of compound 87.

, NaCl) of compound 74. 
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 Figure A1.138 13C NMR (100 MHz, CDCl3) of compound 88. 
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Figure A1.137 Infrared spectrum (Thin Film, NaCl) of compound 88.

, NaCl) of compound 74. 
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 Figure A1.141 13C NMR (100 MHz, CDCl3) of compound 89. 
 
 
 
 
 
 

 
  

Figure A1.140 Infrared spectrum (Thin Film, NaCl) of compound 89.

, NaCl) of compound 74. 
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 Figure A1.144 13C NMR (100 MHz, CDCl3) of compound 91. 
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Figure A1.143 Infrared spectrum (Thin Film, NaCl) of compound 91.

, NaCl) of compound 74. 
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 Figure A1.147 13C NMR (100 MHz, CDCl3) of compound 92. 
 
 
 
 
 
 

 
  

Figure A1.146 Infrared spectrum (Thin Film, NaCl) of compound 92. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.150 13C NMR (100 MHz, CDCl3) of compound 94a. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.149 Infrared spectrum (Thin Film, NaCl) of compound 94a. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.153 13C NMR (100 MHz, CDCl3) of compound 94b. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.152 Infrared spectrum (Thin Film, NaCl) of compound 94b. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.156 13C NMR (100 MHz, CDCl3) of compound 94c. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.155 Infrared spectrum (Thin Film, NaCl) of compound 94c. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.159 13C NMR (100 MHz, CDCl3) of compound 95a. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.158 Infrared spectrum (Thin Film, NaCl) of compound 95a. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.162 13C NMR (100 MHz, CDCl3) of compound 95b. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.161 Infrared spectrum (Thin Film, NaCl) of compound 95b. 
 

xxxx

, NaCl) of compound 74. 
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 Figure A1.165 13C NMR (100 MHz, CDCl3) of compound syn-96. 
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Figure A1.164 Infrared spectrum (Thin Film, NaCl) of compound syn-96.

, NaCl) of compound 74. 
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 Figure A1.168 13C NMR (100 MHz, CD3CN) of compound anti-96. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.167 Infrared spectrum (Thin Film, NaCl) of compound anti-96.

, NaCl) of compound 74. 
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 Figure A1.171 13C NMR (100 MHz, CD3CN) of compound 104. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.170 Infrared spectrum (Thin Film, NaCl) of compound 104.

, NaCl) of compound 74. 
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 Figure A1.174 13C NMR (100 MHz, CDCl3) of compound 80. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.173 Infrared spectrum (Thin Film, NaCl) of compound 80.

, NaCl) of compound 74. 
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 Figure A1.177 13C NMR (100 MHz, CDCl3) of compound SI17. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.176 Infrared spectrum (Thin Film, NaCl) of compound SI17.

, NaCl) of compound 74. 
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 Figure A1.180 13C NMR (100 MHz, CDCl3) of compound SI16. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.179 Infrared spectrum (Thin Film, NaCl) of compound SI16.

, NaCl) of compound 74. 
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 Figure A1.183 13C NMR (100 MHz, CDCl3) of compound SI16a. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.182 Infrared spectrum (Thin Film, NaCl) of compound SI16a.

, NaCl) of compound 74. 
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 Figure A1.186 13C NMR (100 MHz, CDCl3) of compound SI18. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1.185 Infrared spectrum (Thin Film, NaCl) of compound SI18.

, NaCl) of compound 74. 
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 Figure A1.188 13C NMR (100 MHz, CDCl3) of compound 102b. 
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Figure A1.189 19F NMR (282 MHz, CDCl3) of compound 102b 
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Figure A1.191 Infrared spectrum (Thin Film, NaCl) of compound 69jc.

, NaCl) of compound 74. 
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Computational Reports for Chapter 1: 

Diastereoselective Direct Mannich Reaction of a-Substituted-g-lactams 
and aryl N-silyl imines 
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A2.1   COMPUTATIONAL ANALYSIS OF POTASSIUM TERT-BUTOXIDE 

PROMOTED DIASTEREOSELECTIVE MANNICH REACITON  

Contents 

Table A2.1.1. Computational Details 

Table A2.1.2. Cartesian Coordinates and Energies 

Table A2.1.3. Computed Cartesian Coordinates 

Table A2.1.1. Computational Details for the Diastereoselective Mannich Reaction 
 
 All density functional theory (DFT) calculations were carried out using Gaussian 

161 software on Pitt CRC and the Expanse and Bridges-2 supercomputers through 

allocation from the Advanced Cyberinfrastructure Coordination Ecosystem: Services & 

Support (ACCESS) program. A thorough conformational analysis was carried out for 

transition states TS1 and TS2 using the CREST/xTB2 package. During the TS 

conformational sampling, forming C–C bond distances and distances between oxygen 

atom of the enolate and potassium atoms were constrained. Low-energy conformers from 

CREST conformational search were then fully optimized at the M06-2X/6-31G(d)3 level 

of theory. Vibrational frequency calculations were performed at the M06-2X/6-31G(d) 

level of theory to confirm whether the optimized structure is a local minimum or a 

transition state. Single point energies and natural population analysis (NPA) charges were 

calculated at the M06-2X/6-311G++(d,p) level of theory using SMD4 solvation model and 

toluene as solvent.  
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Figure A2.1.1. Optimized structures of representative low-energy conformers of TS1 
that lead to the major diastereomeric product 69aa. Gibbs free energies are with respect 
to lactam 68a, [KOtBu]2. and imine 65. The three lowest-energy conformers (TS1, TS1-
b, and TS1-c) and two other representative rotamers about the forming C–C bonds (TS1-
rotamer1 and TS1-rotamer2) are shown.  

 
Figure A2.1.2. Optimized structures of representative low-energy conformers of TS2 
that lead to the minor diastereomeric product 69aa-ent. Gibbs free energies are with 
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respect to lactam 68a, [KOtBu]2, and imine 65. The three lowest-energy conformers 
(TS2, TS2-b, and TS2-c) and two other representative rotamers about the formning C–C 
bonds (TS2-rotamer1 and TS2-rotamer2) are shown. 
 

 
 
Figure A2.1.3. Computed Gibbs free energy of the deprotonation of lactam 68a with 
[KOtBu]2 to give potassium enolate 68a'. 
 

 
Figure A2.1.4. Computed NPA charges for TS1, 65, and TS2. The imine N becomes 
more negatively charged in the TS, promoting the N–K interaction in TS1, whereas a 
much smaller increase of negative charge was observed for the Ph group on the imine. 
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Figure A2.1.5. Calculated reaction energy profile of the imine addition pathways 
involving 68a and 65. 
 
 
Table A2.1.2. Cartesian Coordinates and Energies of All Optimized Structures and 
Imaginary Frequencies of Transition States 
 

  

M06-2X/6-31G(d) (gas)  
 M06-2X/6-
311++G(d,p)/SMD(toluene)//M06-2X/6-
31G(d) 

  
Imaginary 
frequency 
(cm−1)  

Compound E (a.u.) H (a.u.) G (a.u.) E (a.u.) H (a.u.) G (a.u.)   

68a -671.23376  -670.9625 -671.0177 -671.4360 -671.1648 -671.2200   

KOt-Bu 
-2208.6855 -2208.1371 -2208.2373 -2209.0839 -2208.5356 -2208.6357 

  

dimer 

 68a’ -2646.3614 -2645.6881 -2645.8074 -2646.8772 -2646.2038 -2646.3231   

t-BuOH -233.5506 -233.4054 -233.4418 -233.6377 -233.4925 -233.5289   

65 -734.1366 -733.8949 -733.9516 -734.2983 -734.0566 -734.1133   

TS1 -3380.5195 -3379.6031 -3379.7511 -3381.1859 -3380.2695 -3380.4175 -258 

TS1-b -3380.5211 -3379.6046 -3379.7503 -3381.1879 -3380.2714 -3380.4170 -265 

TS1-c -3380.5191 -3379.6028 -3379.7503 -3381.1856 -3380.2693 -3380.4168 -260 
TS1-
rotamer1 -3380.5186 -3379.6028 -3379.7478 -3381.1818 -3380.2660 -3380.4110 -178 

 

 68a 

68a’ 

68a 65 

83a 

83b 

84a 84b 

83b 

65 

84a 

83a 

84b 

 

 

68a
’ 
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TS1-
rotamer2 -3380.5069 -3379.5910 -3379.7435 -3381.1758 -3380.2599 -3380.4124 -167 

TS2 -3380.5093 -3379.5937 -3379.7452 -3381.1780 -3380.2624 -3380.4138 -194 

TS2-b -3380.5093 -3379.5936 -3379.7449 -3381.1779 -3380.2623 -3380.4135 -191 

TS2-c  -3380.5090 -3379.5933 -3379.7439 -3381.1780 -3380.2622 -3380.4128 -196 
TS2-
rotamer1 -3380.5099 -3379.5942 -3379.7430 -3381.1780 -3380.2623 -3380.4112 -221 

TS2-
rotamer2 -3380.5001 -3379.5841 -3379.7349 -3381.1715 -3380.2555 -3380.4063 -257 

 
Table A2.1.3. Computed Cartesian Coordinates of Compounds 
 
Compound 68a    
    
C -1.0651 0.9094 -0.0929 
C -0.5310 0.2657 1.1852 
O -1.7034 1.9415 -0.1440 
C 0.5519 -0.6795 0.6651 
H 1.4970 -0.1330 0.5715 
H 0.7208 -1.5482 1.3048 
C 0.0459 -1.0703 -0.7272 
H 0.8568 -1.2766 -1.4316 
H -0.6070 -1.9536 -0.6880 
N -0.7047 0.1071 -1.1556 
C -0.0922 1.3062 2.2032 
H -0.9114 2.0009 2.4025 
H 0.2116 0.8348 3.1420 
H 0.7537 1.8849 1.8181 
C -1.1322 0.2632 -2.4938 
C -1.0584 -0.8275 -3.3723 
C -1.6141 1.4821 -2.9785 
C -1.4533 -0.7015 -4.6939 
H -0.6985 -1.7898 -3.0251 
C -2.0163 1.6054 -4.3065 
H -1.6840 2.3312 -2.3137 
C -1.9374 0.5165 -5.1741 
H -1.3986 -1.5430 -5.3763 
H -2.3864 2.5651 -4.6476 
O -2.3015 0.5402 -6.4856 
C -2.7957 1.7574 -6.9953 
H -2.0456 2.5548 -6.9240 
H -3.0305 1.5748 -8.0439 
H -3.7048 2.0720 -6.4681 
H -1.3644 -0.3228 1.5962 
    
KOt-Bu dimer    
    
K 0.3226 3.3884 0.5853 
K -0.6717 0.3096 -0.8138 
O -1.7717 2.0664 0.6342 
O 1.3808 1.7738 -0.9721 
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Table A2.1.3. Cont.  
C -3.0017 1.7968 1.1859 
C -3.7383 0.7027 0.3764 
H -3.1759 -0.2422 0.4213 
H -4.7496 0.4963 0.7473 
H -3.8165 1.0154 -0.6736 
C -2.8616 1.2996 2.6389 
H -2.3249 2.0513 3.2299 
H -3.8286 1.1054 3.1198 
H -2.2760 0.3735 2.6576 
C -3.8915 3.0561 1.2007 
H -4.0253 3.4314 0.1791 
H -4.8829 2.8725 1.6331 
H -3.3976 3.8370 1.7917 
C 2.2489 1.6155 -2.0256 
C 3.6670 1.2721 -1.5276 
H 4.3946 1.1776 -2.3431 
H 4.0103 2.0566 -0.8426 
H 3.6488 0.3270 -0.9717 
C 2.3286 2.9039 -2.8682 
H 3.0310 2.8281 -3.7077 
H 1.3337 3.1337 -3.2687 
H 2.6398 3.7384 -2.2271 
C 1.7836 0.4744 -2.9623 
H 1.7139 -0.4661 -2.3981 
H 0.7919 0.7126 -3.3738 
H 2.4609 0.3080 -3.8088 
C 0.0848 -1.0463 1.9399 
C 1.3137 -0.9372 1.2827 
C 1.5523 -1.7747 0.1847 
C 0.5863 -2.6783 -0.2538 
C -0.6432 -2.7665 0.4042 
C -0.8872 -1.9505 1.5083 
H -0.1212 -0.4013 2.7897 
H 2.5036 -1.7047 -0.3371 
H 0.7936 -3.3166 -1.1081 
H -1.3958 -3.4731 0.0677 
H -1.8369 -2.0102 2.0326 
C 0.8639 6.2940 -0.9635 
C 0.4463 6.8015 0.2656 
C -0.8457 6.5228 0.7187 
C -1.6987 5.7269 -0.0421 
C -1.2812 5.1880 -1.2668 
C 0.0028 5.4996 -1.7230 
H 1.8614 6.5107 -1.3344 
H 1.1131 7.4203 0.8586 
H -1.1879 6.9254 1.6678 
H -2.6931 5.4917 0.3252 
H 0.3456 5.0922 -2.6691 
C 2.3193 0.1108 1.6743 
H 2.2783 0.9101 0.9192 
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H 2.0993 0.5203 2.6649 
H 3.3366 -0.2930 1.6847 
C -2.1583 4.2045 -1.9956 
H -3.1753 4.5901 -2.1202 
H -1.7525 3.9642 -2.9823 
H -2.2164 3.2882 -1.3887 
    
Compound 68a'    
    
K -0.6232 3.6995 -1.2400 
K 0.9879 0.5343 0.0379 
O 0.3071 1.5704 -2.1180 
C 0.3084 0.9650 -3.3503 
C 1.3650 1.6016 -4.2736 
H 1.4102 1.1317 -5.2639 
H 1.1400 2.6671 -4.4076 
H 2.3526 1.5250 -3.8046 
C -1.0758 1.0964 -4.0204 
H -1.1185 0.6454 -5.0198 
H -1.8311 0.6136 -3.3885 
H -1.3363 2.1603 -4.1167 
C 0.6201 -0.5420 -3.2148 
H 1.6134 -0.6777 -2.7629 
H -0.1260 -1.0027 -2.5541 
H 0.6106 -1.0775 -4.1722 
C -0.9390 1.9015 1.9529 
C -0.4327 1.6019 3.1860 
O -0.4063 2.4755 0.9396 
C -1.4816 0.9323 4.0317 
H -1.3469 -0.1617 4.1261 
H -1.5350 1.3212 5.0560 
C -2.7724 1.2523 3.2566 
H -3.5334 0.4663 3.3138 
H -3.2116 2.1863 3.6480 
N -2.3141 1.4334 1.8858 
C 0.9641 1.8934 3.6199 
H 1.4734 2.4799 2.8455 
H 1.0066 2.4740 4.5525 
H 1.5675 0.9857 3.8016 
C -3.1953 1.7945 0.8707 
C -4.5241 2.1677 1.1469 
C -2.8102 1.7290 -0.4806 
C -5.4020 2.5209 0.1285 
H -4.8791 2.1878 2.1720 
C -3.6803 2.1144 -1.4981 
H -1.8185 1.3773 -0.7574 
C -4.9815 2.5276 -1.2009 
H -6.4249 2.8088 0.3505 
H -3.3332 2.0518 -2.5242 
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O -5.8976 2.9325 -2.1313 
C -5.5114 2.8510 -3.4828 
H -5.2572 1.8221 -3.7671 
H -6.3680 3.1881 -4.0667 
H -4.6501 3.4988 -3.6961 
C -0.6665 -1.5683 1.5935 
C 0.4991 -1.5557 2.3612 
C 1.6889 -2.1085 1.8759 
C 1.6879 -2.6666 0.5904 
C 0.5265 -2.6872 -0.1804 
C -0.6562 -2.1377 0.3202 
H -1.5688 -1.0962 1.9735 
H 0.4854 -1.0930 3.3448 
H 2.6060 -3.0944 0.1941 
H 0.5471 -3.1191 -1.1764 
H -1.5578 -2.1362 -0.2852 
C 2.9335 -2.1286 2.7282 
H 2.9693 -3.0405 3.3343 
H 3.8391 -2.1059 2.1152 
H 2.9585 -1.2768 3.4136 
C -3.0391 5.7940 -1.2717 
C -3.0251 5.2696 0.0218 
C -1.9748 5.5468 0.9030 
C -0.9339 6.3707 0.4522 
C -0.9419 6.8995 -0.8380 
C -1.9963 6.6106 -1.7093 
H -3.8694 5.5559 -1.9316 
H -3.8329 4.6186 0.3449 
H -0.1074 6.5950 1.1227 
H -0.1283 7.5413 -1.1642 
H -2.0059 7.0262 -2.7126 
C -1.9571 4.9685 2.2929 
H -0.9993 4.4855 2.5071 
H -2.1307 5.7499 3.0413 
H -2.7366 4.2085 2.4011 
    
t-BuOH    
    
O 1.0016 1.9025 -1.3929 
C 2.0915 2.0588 -2.2994 
C 3.2821 2.6831 -1.5709 
H 4.1195 2.8573 -2.2541 
H 2.9882 3.6368 -1.1234 
H 3.6346 2.0209 -0.7707 
C 1.5721 2.9938 -3.3843 
H 2.3429 3.1795 -4.1381 
H 0.6993 2.5509 -3.8722 
H 1.2722 3.9481 -2.9422 
C 2.4690 0.7002 -2.8906 
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Table A2.1.3. Cont.  
H 2.8142 0.0196 -2.1027 
H 1.5991 0.2497 -3.3770 
H 3.2740 0.7963 -3.6261 
H 1.2953 1.3123 -0.6833 
 
 
    
Compound 65    
    
C -3.3042 -0.9405 0.6638 
H -3.0568 -1.2307 1.7025 
Si -4.7203 1.1377 1.5926 
N -4.0212 0.0668 0.3818 
C -2.7211 -1.8360 -0.3607 
C -2.9412 -1.6014 -1.7217 
C -1.9443 -2.9255 0.0358 
C -2.3882 -2.4502 -2.6705 
H -3.5489 -0.7474 -2.0044 
C -1.3894 -3.7772 -0.9153 
H -1.7758 -3.1040 1.0956 
C -1.6117 -3.5391 -2.2687 
H -2.5591 -2.2678 -3.7270 
H -0.7860 -4.6235 -0.6021 
H -1.1804 -4.2013 -3.0133 
C -4.2756 0.6134 3.3476 
H -4.6434 -0.3917 3.5801 
H -3.1933 0.6237 3.5160 
H -4.7267 1.3031 4.0693 
C -6.5808 1.0887 1.3589 
H -6.8472 1.3670 0.3348 
H -6.9768 0.0859 1.5477 
H -7.0816 1.7832 2.0419 
C -4.0599 2.8594 1.2491 
H -4.5057 3.5942 1.9279 
H -2.9735 2.8989 1.3759 
H -4.2889 3.1614 0.2227 
    
TS1    
    
C 0.8293 1.1922 1.1914 
C 0.4804 2.1196 2.2225 
C -1.5561 2.1840 1.7838 
H -1.7376 2.6247 2.7800 
O 0.5957 -0.0283 1.1839 
Si -2.7543 -0.0902 2.6198 
N -2.0657 0.9886 1.4830 
C 1.2524 3.3881 1.9252 
H 0.7086 4.3102 2.1582 
H 2.1877 3.4128 2.5070 
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Table A2.1.3. Cont.  
C 1.5533 3.2975 0.4173 
H 0.8417 3.9021 -0.1543 
H 2.5668 3.6248 0.1591 
N 1.3948 1.8731 0.1049 
C 0.4525 1.6156 3.6371 
H -0.0924 0.6681 3.6872 
H 1.4626 1.4453 4.0431 
H -0.0478 2.3286 4.3042 
K -1.3302 -0.9391 -0.4595 
K 1.3925 -2.2538 2.0216 
C -1.5595 3.2390 0.7204 
C -1.5253 2.8973 -0.6342 
C -1.5976 4.5944 1.0625 
C -1.4817 3.8791 -1.6177 
H -1.5198 1.8459 -0.9063 
C -1.5592 5.5831 0.0820 
H -1.6576 4.8728 2.1126 
C -1.4907 5.2288 -1.2638 
H -1.4256 3.5930 -2.6654 
H -1.5879 6.6305 0.3681 
H -1.4575 5.9969 -2.0306 
C 1.4150 1.4037 -1.2213 
C 1.4610 2.3166 -2.2806 
C 1.3891 0.0276 -1.5426 
C 1.4069 1.8983 -3.6111 
H 1.5048 3.3808 -2.0808 
C 1.3251 -0.3833 -2.8647 
H 1.3813 -0.7336 -0.7702 
C 1.3156 0.5426 -3.9109 
H 1.4282 2.6483 -4.3936 
H 1.2790 -1.4428 -3.1000 
C -4.3256 -0.8127 1.8520 
H -5.0204 -0.0189 1.5565 
H -4.0901 -1.3973 0.9528 
H -4.8435 -1.4833 2.5474 
C -3.2061 0.7025 4.2772 
H -3.8998 1.5386 4.1348 
H -3.6945 -0.0278 4.9320 
H -2.3272 1.0870 4.8060 
C -1.6892 -1.6253 3.0056 
H -2.2740 -2.3381 3.6005 
H -1.3628 -2.1493 2.0961 
H -0.8055 -1.3502 3.5946 
O 0.1607 -2.9033 -0.0105 
C 0.2514 -4.1644 -0.5434 
C 1.1632 -5.0648 0.3248 
H 1.2634 -6.0859 -0.0625 
H 2.1712 -4.6268 0.3778 
H 0.7528 -5.1324 1.3426 
C -1.1411 -4.8222 -0.6197 
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Table A2.1.3. Cont.  
H -1.1197 -5.8417 -1.0253 
H -1.5852 -4.8511 0.3824 
H -1.7906 -4.2103 -1.2591 
C 0.8474 -4.1073 -1.9633 
H 0.1926 -3.5004 -2.6018 
H 1.8288 -3.6177 -1.9247 
H 0.9650 -5.0950 -2.4269 
O 1.2005 0.0262 -5.1703 
C 1.1791 0.9440 -6.2393 
H 0.3281 1.6325 -6.1567 
H 2.1079 1.5260 -6.2846 
H 1.0785 0.3518 -7.1486 
C 3.8041 -0.4378 0.9475 
C 3.7289 -0.0062 2.2719 
C 4.0684 -0.8705 3.3121 
C 4.4964 -2.1792 3.0504 
C 4.5559 -2.6038 1.7178 
C 4.2139 -1.7418 0.6734 
H 3.5204 0.2319 0.1418 
H 3.3843 1.0018 2.4892 
H 4.0068 -0.5262 4.3422 
H 4.8757 -3.6194 1.4957 
H 4.2527 -2.0933 -0.3536 
C 4.9156 -3.0951 4.1737 
H 5.9869 -2.9893 4.3762 
H 4.3824 -2.8618 5.0996 
H 4.7310 -4.1438 3.9241 
C -2.4928 -1.9765 -3.3976 
C -3.5835 -2.1769 -2.5495 
C -4.2016 -1.0895 -1.9349 
C -3.7419 0.2181 -2.1423 
C -2.6561 0.4039 -3.0078 
C -2.0362 -0.6800 -3.6342 
H -2.0080 -2.8233 -3.8735 
H -3.9524 -3.1820 -2.3670 
H -5.0529 -1.2513 -1.2781 
H -2.2879 1.4110 -3.1922 
H -1.1931 -0.5144 -4.2997 
C -4.3716 1.3707 -1.4039 
H -5.4499 1.2212 -1.2946 
H -3.9328 1.4552 -0.3995 
H -4.1979 2.3192 -1.9193 
    
TS1-b    
    
C -0.8778 -0.8109 -1.5205 
C -0.9867 -0.6827 -2.9431 
C 0.0624 1.0851 -3.1236 
H 0.1727 0.8972 -4.2069 
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Table A2.1.3. Cont.  
O 0.1310 -1.1564 -0.8805 
Si 2.7133 0.6306 -2.8143 
N 1.1446 1.1272 -2.3464 
C -2.4679 -0.5830 -3.2443 
H -2.7130 0.1026 -4.0621 
H -2.8701 -1.5692 -3.5242 
C -3.0911 -0.0999 -1.9203 
H -3.3094 0.9734 -1.9522 
H -4.0162 -0.6316 -1.6684 
N -2.0644 -0.3839 -0.9123 
C -0.1495 -1.5972 -3.7918 
H 0.8837 -1.6012 -3.4323 
H -0.5175 -2.6345 -3.7788 
H -0.1418 -1.2680 -4.8383 
K 1.4542 0.8944 0.3893 
K 1.5840 -3.0250 -0.0198 
C -1.0384 2.0717 -2.8694 
C -1.2639 2.6102 -1.5981 
C -1.8728 2.4757 -3.9161 
C -2.3247 3.4807 -1.3705 
H -0.6028 2.3265 -0.7840 
C -2.9336 3.3513 -3.6962 
H -1.6837 2.0941 -4.9174 
C -3.1710 3.8487 -2.4176 
H -2.4986 3.8748 -0.3733 
H -3.5704 3.6491 -4.5241 
H -3.9975 4.5298 -2.2392 
C -2.2274 -0.0021 0.4276 
C -3.3946 0.6700 0.8145 
C -1.2749 -0.2856 1.4355 
C -3.6084 1.0698 2.1350 
H -4.1556 0.9047 0.0797 
C -1.4826 0.1337 2.7406 
H -0.3733 -0.8459 1.2155 
C -2.6437 0.8199 3.1061 
H -4.5263 1.5937 2.3760 
H -0.7336 -0.0767 3.4996 
C 3.9485 1.9230 -2.1899 
H 4.9741 1.6760 -2.4882 
H 3.7035 2.9147 -2.5850 
H 3.9383 1.9924 -1.0935 
C 2.9502 0.4402 -4.6821 
H 2.3148 -0.3468 -5.1025 
H 2.7111 1.3740 -5.2030 
H 3.9906 0.1864 -4.9138 
C 3.2968 -0.9913 -1.9972 
H 2.7366 -1.8503 -2.3875 
H 4.3581 -1.1582 -2.2205 
H 3.1915 -0.9636 -0.9029 
O 2.2239 -1.2084 1.5072 
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Table A2.1.3. Cont.  
C 3.0262 -1.3975 2.6045 
C 2.2767 -0.9925 3.8892 
H 1.3654 -1.5973 3.9795 
H 2.8728 -1.1185 4.8021 
H 1.9733 0.0597 3.8119 
C 3.4405 -2.8821 2.7361 
H 4.0805 -3.0801 3.6046 
H 2.5421 -3.5082 2.8293 
H 3.9931 -3.1908 1.8371 
C 4.3142 -0.5571 2.4855 
H 4.8529 -0.8462 1.5752 
H 4.0496 0.5036 2.3929 
H 4.9889 -0.6712 3.3436 
O -2.7223 1.2228 4.4075 
C -3.8883 1.9131 4.7939 
H -4.0037 2.8481 4.2302 
H -4.7839 1.2959 4.6508 
H -3.7714 2.1415 5.8531 
C -0.0196 -4.8987 2.0345 
C -0.8443 -3.7849 1.8619 
C -1.4810 -3.5703 0.6413 
C -1.3081 -4.4570 -0.4285 
C -0.4677 -5.5611 -0.2489 
C 0.1697 -5.7852 0.9740 
H 0.4754 -5.0693 2.9855 
H -0.9803 -3.0710 2.6693 
H -2.1105 -2.6942 0.5071 
H -0.3204 -6.2587 -1.0703 
H 0.8094 -6.6542 1.0983 
C -2.0331 -4.2217 -1.7282 
H -3.0597 -4.6002 -1.6707 
H -2.0863 -3.1514 -1.9527 
H -1.5382 -4.7266 -2.5626 
C 3.1560 3.3600 1.6921 
C 2.3902 3.9685 0.6956 
C 1.0049 4.0494 0.8298 
C 0.3595 3.5197 1.9549 
C 1.1370 2.9087 2.9442 
C 2.5247 2.8339 2.8193 
H 4.2350 3.2933 1.5890 
H 2.8695 4.3706 -0.1918 
H 0.4136 4.5167 0.0453 
H 0.6467 2.4865 3.8186 
H 3.1102 2.3558 3.5988 
C -1.1403 3.5744 2.0763 
H -1.6095 2.8283 1.4225 
H -1.4613 3.3559 3.0988 
H -1.5217 4.5601 1.7907 
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TS1-c    
    
C -0.8452 -1.5780 1.2830 
C -0.5127 -2.7425 2.0412 
C 1.4498 -2.9105 1.3612 
H 1.6731 -3.5755 2.2145 
O -0.4818 -0.4108 1.5117 
Si 3.0215 -1.0078 2.4727 
N 2.0618 -1.7327 1.2568 
C -1.4563 -3.8310 1.5739 
H -1.0085 -4.8303 1.5436 
H -2.3314 -3.8897 2.2395 
C -1.8796 -3.3789 0.1629 
H -1.3069 -3.9116 -0.6032 
H -2.9462 -3.5329 -0.0368 
N -1.5726 -1.9449 0.1412 
C -0.2844 -2.5728 3.5159 
H -1.2184 -2.3766 4.0651 
H 0.1676 -3.4713 3.9540 
H 0.3947 -1.7333 3.6953 
K 1.4119 0.5581 -0.210  
K -0.7911 1.6974 2.8620 
C 1.2213 -3.7013 0.1091 
C 1.0952 -3.0640 -1.1280 
C 1.1343 -5.0958 0.1478 
C 0.8476 -3.7899 -2.2871 
H 1.1743 -1.9835 -1.1638 
C 0.8877 -5.8309 -1.0101 
H 1.2623 -5.6078 1.0993 
C 0.7348 -5.1801 -2.2324 
H 0.7329 -3.2713 -3.2365 
H 0.8216 -6.9139 -0.9591 
H 0.5432 -5.7510 -3.1359 
C -1.7001 -1.1785 -1.0280 
C -1.9890 -1.8069 -2.2454 
C -1.5606 0.2279 -1.0356 
C -2.0935 -1.0850 -3.4362 
H -2.1137 -2.8829 -2.2848 
C -1.6600 0.9400 -2.2201 
H -1.3437 0.7715 -0.1237 
C -1.9146 0.2958 -3.4332 
H -2.3079 -1.6226 -4.3531 
H -1.5304 2.0189 -2.2154 
C 4.5735 -0.3084 1.6442 
H 5.1209 -1.0988 1.1198 
H 4.3187 0.4623 0.9036 
H 5.2487 0.1551 2.3728 
C 3.5556 -2.1904 3.8498 
H 2.6990 -2.5842 4.4081 
H 4.1066 -3.0447 3.4413 
H 4.2117 -1.6808 4.5642 
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Table A2.1.3. Cont. 
C 2.2167 0.5049 3.3065 
H 1.8793 1.2481 2.5696 
H 1.3639 0.1966 3.9246 
H 2.9427 0.9985 3.9647 
O 0.3976 2.5688 0.9168  
C 0.6654 3.8589 0.5385 
C 0.1955 4.8539 1.6225 
H -0.8848 4.7314 1.7847 
H 0.7146 4.6342 2.5650 
H 0.3830 5.9039 1.3659 
C 2.1824 4.0565 0.3297 
H 2.5388 3.3655 -0.4474 
H 2.4526 5.0769 0.0273 
H 2.7116 3.8150 1.2592 
C -0.0647 4.1836 -0.7795 
H 0.1174 5.2017 -1.1482 
H 0.2591 3.4705 -1.5494 
H -1.1448 4.0484 -0.6352 
O -1.9506 1.0930 -4.5418 
C -2.1245 0.4523 -5.7849 
H -1.3192 -0.2691 -5.9756 
H -3.0902 -0.0653 -5.8367 
H -2.0947 1.2373 -6.5403 
C -3.6361 0.2721 3.1144 
C -3.7811 1.3096 4.0357 
C -3.8272 2.6349 3.5969 
C -3.7370 2.9456 2.2347 
C -3.5821 1.8936 1.3228 
C -3.5347 0.5691 1.7543 
H -3.5916 -0.7598 3.4497 
H -3.8619 1.0898 5.0966 
H -3.9465 3.4391 4.3193 
H -3.4849 2.1144 0.2622 
H -3.3954 -0.2304 1.0319 
C -3.8356 4.3707 1.7531 
H -3.5251 5.0772 2.5278 
H -3.2099 4.5338 0.8711 
H -4.8685 4.6107 1.4777 
C 2.8382 -0.5782 -2.7831 
C 1.6379 -0.1093 -3.3165 
C 1.4462 1.2598 -3.5203 
C 2.4435 2.1816 -3.1870 
C 3.6280 1.7006 -2.6118 
C 3.8300 0.3358 -2.4183 
H 2.9925 -1.6413 -2.6253 
H 0.8357 -0.8022 -3.5648 
H 0.5110 1.6121 -3.9507 
H 4.4042 2.4074 -2.3263 
H 4.7570 -0.0187 -1.9774 
C 2.2759 3.6530 -3.4705 
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Table A2.1.3. Cont.  
H 2.4987 4.2581 -2.5859 
H 2.9573 3.9670 -4.2687 
H 1.2551 3.8817 -3.7868 
 
    
TS1-rotamer1    
    
C 1.3014 1.2550 0.0192 
C 1.1234 2.4096 0.8333 
C -0.6491 1.8717 2.0683 
H -0.9925 2.8978 1.8555 
O 1.6308 0.1034 0.3812 
Si -0.1336 2.6065 4.6012 
N -0.2714 1.5068 3.2758 
C 0.8238 3.5786 -0.0855 
H -0.0488 4.1663 0.2353 
H 1.6693 4.2790 -0.1264 
C 0.5870 2.9493 -1.4787 
H -0.4604 3.0424 -1.7887 
H 1.1978 3.4060 -2.2658 
N 0.9643 1.5516 -1.3080 
C 2.0990 2.6413 1.9470 
H 2.1030 1.8161 2.6654 
H 3.1264 2.7747 1.5782 
H 1.8329 3.5418 2.5125 
K 0.4831 -2.1923 -0.2996 
K 1.4046 -0.7790 2.9271 
C -1.3296 0.8520 1.2024 
C -1.5776 -0.4366 1.6906 
C -1.8068 1.1758 -0.0709 
C -2.2366 -1.3873 0.9109 
H -1.2988 -0.6562 2.7170 
C -2.4537 0.2309 -0.8604 
H -1.6792 2.1923 -0.4335 
C -2.6626 -1.0626 -0.3776 
H -2.4254 -2.3809 1.3142 
H -2.8093 0.5023 -1.8504 
H -3.1813 -1.7945 -0.9896 
C 0.8642 0.6108 -2.3393 
C -0.1069 0.7296 -3.3362 
C 1.7662 -0.4670 -2.4220 
C -0.2286 -0.2228 -4.3494 
H -0.7926 1.5706 -3.3267 
C 1.6280 -1.4342 -3.4052 
H 2.5689 -0.5356 -1.6978 
C 0.6178 -1.3295 -4.3690 
H -0.9978 -0.0927 -5.1022 
H 2.3202 -2.2699 -3.4609 
C -1.3995 2.1668 5.9350 
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Table A2.1.3. Cont.  
H -2.4041 2.0885 5.5053 
H -1.1728 1.2165 6.4293 
H -1.4255 2.9408 6.7111 
C -0.4891 4.4044 4.1238 
H -1.5345 4.5243 3.8165 
H -0.3243 5.0626 4.9843 
H 0.1394 4.7674 3.3037 
C 1.5721 2.4896 5.4115 
H 1.5474 2.8941 6.4302 
H 1.8948 1.4428 5.4816 
H 2.3372 3.0354 4.8507 
O 1.8839 -2.9433 1.6380 
C 3.2186 -3.2289 1.4807 
C 4.1010 -2.3336 2.3854 
H 5.1667 -2.5867 2.3280 
H 3.9997 -1.2801 2.0876 
H 3.7846 -2.4422 3.4324 
C 3.5132 -4.6983 1.8402 
H 4.5714 -4.9651 1.7265 
H 3.2155 -4.8886 2.8784 
H 2.9193 -5.3575 1.1955 
C 3.6653 -2.9789 0.0215 
H 3.0771 -3.6132 -0.6571 
H 3.4788 -1.9261 -0.2271 
H 4.7275 -3.1911 -0.1542 
O 0.5429 -2.3453 -5.2775 
C -0.3321 -2.1679 -6.3707 
H -1.3775 -2.1059 -6.0434 
H -0.0780 -1.2627 -6.9349 
H -0.2050 -3.0433 -7.0074 
C 0.4759 -1.1864 6.0305 
C -0.7008 -1.4552 5.3332 
C -0.8031 -2.6110 4.5571 
C 0.2604 -3.5123 4.4491 
C 1.4377 -3.2257 5.1520 
C 1.5461 -2.0797 5.9375 
H 0.5597 -0.2917 6.6404 
H -1.5336 -0.7594 5.3799 
H -1.7281 -2.8166 4.0214 
H 2.2789 -3.9099 5.0727 
H 2.4675 -1.8820 6.4786 
C 0.1819 -4.7078 3.5420 
H -0.8585 -4.9804 3.3371 
H 0.6992 -4.4361 2.6079 
H 0.6860 -5.5746 3.9811 
C 0.2528 -5.3942 -0.4096 
C -1.0679 -5.0519 -0.1259 
C -1.8423 -4.3953 -1.0830 
C -1.3118 -4.0594 -2.3329 
C 0.0129 -4.4195 -2.6126 
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Table A2.1.3. Cont.  
C 0.7866 -5.0852 -1.6618 
H 0.8602 -5.8876 0.3413 
H -1.4944 -5.2957 0.8425 
H -2.8773 -4.1469 -0.8581 
H 0.4302 -4.1726 -3.5867 
H 1.8115 -5.3590 -1.8950 
C -2.1298 -3.3107 -3.3538 
H -1.9292 -3.6864 -4.3615 
H -3.2011 -3.4099 -3.1561 
H -1.8802 -2.2411 -3.3439 
    
TS1-rotamer2    
    
C 0.6643 0.7051 1.5107 
C 0.3573 1.6434 2.5217 
C -1.8131 1.5684 1.8619 
H -1.8461 0.7469 2.6030 
O 0.5269 -0.5451 1.5430 
Si -2.6565 1.8929 -0.8195 
N -1.9611 1.2504 0.6039 
C 0.9599 2.9655 2.1360 
H 0.3203 3.8279 2.3604 
H 1.9135 3.1368 2.6607 
C 1.1951 2.8227 0.6207 
H 0.4478 3.3619 0.0259 
H 2.1855 3.1929 0.3341 
N 1.0731 1.3879 0.3605 
C 0.2915 1.2140 3.9516 
H -0.0132 0.1631 4.0158 
H 1.2652 1.3067 4.4572 
H -0.4211 1.8201 4.5270 
K -1.9356 -1.4467 0.9110 
K 1.7556 -2.6039 0.6206 
C -2.2160 2.8650 2.4776 
C -2.1310 4.0731 1.7755 
C -2.7204 2.8893 3.7828 
C -2.5395 5.2666 2.3593 
H -1.7286 4.0691 0.7658 
C -3.1343 4.0824 4.3699 
H -2.7983 1.9552 4.3353 
C -3.0456 5.2758 3.6591 
H -2.4622 6.1945 1.8002 
H -3.5305 4.0787 5.3811 
H -3.3680 6.2079 4.1128 
C 1.2667 0.8591 -0.9199 
C 2.0057 1.5838 -1.8639 
C 0.7456 -0.3869 -1.3308 
C 2.2444 1.0942 -3.1513 
H 2.4026 2.5603 -1.6124 
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Table A2.1.3. Cont.  
C 0.9996 -0.8814 -2.5990 
H 0.1348 -0.9904 -0.6736 
C 1.7539 -0.1533 -3.5258 
H 2.8134 1.7056 -3.8423 
H 0.5847 -1.8398 -2.8979 
C -4.2776 2.8275 -0.5008 
H -4.8215 2.4033 0.3512 
H -4.1024 3.8834 -0.2712 
H -4.9319 2.7791 -1.3793 
C -3.0257 0.3978 -1.9162 
H -3.6937 -0.3214 -1.4250 
H -3.4932 0.6881 -2.8644 
H -2.0896 -0.1233 -2.1557 
C -1.5589 3.0100 -1.8821 
H -2.0812 3.2273 -2.8221 
H -1.3195 3.9724 -1.4164 
H -0.6179 2.5087 -2.1358 
O -0.4998 -3.2900 -0.0247 
C -1.0242 -4.2527 -0.8520 
C 0.0820 -4.8753 -1.7315 
H -0.2897 -5.6429 -2.4213 
H 0.5692 -4.0895 -2.3221 
H 0.8411 -5.3385 -1.0864 
C -1.6770 -5.3810 -0.0287 
H -2.1150 -6.1710 -0.6518 
H -0.9286 -5.8319 0.6331 
H -2.4681 -4.9573 0.6032 
C -2.0975 -3.6438 -1.7805 
H -2.9363 -3.2594 -1.1808 
H -1.6674 -2.8013 -2.3357 
H -2.5085 -4.3629 -2.5001 
O 1.9363 -0.7315 -4.7462 
C 2.6545 0.0090 -5.7045 
H 2.1577 0.9615 -5.9279 
H 3.6801 0.2105 -5.3688 
H 2.6836 -0.6039 -6.6052 
C 4.1621 -0.9990 -0.6385 
C 3.9925 -0.3683 0.5956 
C 4.3213 -1.0346 1.7751 
C 4.8322 -2.3386 1.7492 
C 4.9945 -2.9623 0.5066 
C 4.6658 -2.2993 -0.6780 
H 3.8823 -0.4861 -1.5548 
H 3.5741 0.6331 0.6390 
H 4.1703 -0.5390 2.7314 
H 5.3887 -3.9753 0.4668 
H 4.7963 -2.8024 -1.6318 
C 5.2250 -3.0374 3.0271 
H 6.2349 -2.7424 3.3320 
H 4.5475 -2.7797 3.8462 
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Table A2.1.3. Cont.  
H 5.2210 -4.1240 2.9057 
C -5.1374 -1.9720 0.7146 
C -4.7189 -2.9603 1.6054 
C -4.2424 -2.6054 2.8683 
C -4.1755 -1.2640 3.2628 
C -4.5988 -0.2817 2.3589 
C -5.0765 -0.6311 1.0968 
H -5.5047 -2.2440 -0.2706 
H -4.7606 -4.0064 1.3176 
H -3.9194 -3.3810 3.5586 
H -4.5410 0.7685 2.6401 
H -5.3908 0.1461 0.4064 
C -3.6352 -0.8808 4.6184 
H -3.6779 -1.7228 5.3144 
H -2.5885 -0.5579 4.5496 
H -4.2056 -0.0519 5.0475 
    
TS2    
    
C -0.4120 -1.1921 1.6241 
C -0.0238 -2.5543 1.6135 
C -0.1427 -3.0419 -0.5600 
H 0.3133 -4.0017 -0.2538 
O 0.2939 -0.1667 1.4303 
Si -2.3401 -4.3566 -1.3734 
N -1.3650 -2.9815 -1.0166 
C -1.1957 -3.3783 2.0846 
H -1.3581 -4.2790 1.4747 
H -1.0643 -3.7129 3.1241 
C -2.3985 -2.4237 1.9617 
H -3.0013 -2.6588 1.0836 
H -3.0475 -2.4322 2.8459 
N -1.7954 -1.1003 1.8091 
C 1.3662 -2.9481 2.0095 
H 2.0993 -2.2010 1.6859 
H 1.4700 -3.0606 3.1003 
H 1.6620 -3.9080 1.5622 
K -0.4534 1.8440 -0.1644 
K 2.6751 0.3488 0.6575 
C 0.8788 -2.0754 -1.0682 
C 0.4763 -0.8726 -1.6635 
C 2.2347 -2.4162 -1.1079 
C 1.3983 -0.0313 -2.2769 
H -0.5901 -0.6579 -1.6745 
C 3.1619 -1.5881 -1.7465 
H 2.5582 -3.3613 -0.6779 
C 2.7490 -0.3923 -2.3322 
H 1.0739 0.9035 -2.7294 
H 4.2050 -1.8889 -1.8044 



Appendix 2 – Computational Reports for Chapter 1 282 
Table A2.1.3. Cont.  
H 3.4636 0.2527 -2.8348 
C -2.5574 0.0576 1.9555 
C -3.9467 0.0020 1.7858 
C -2.0003 1.2890 2.3665 
C -4.7543 1.1244 1.9788 
H -4.4151 -0.9331 1.4974 
C -2.7971 2.4125 2.5183 
H -0.9400 1.3409 2.5836 
C -4.1813 2.3469 2.3208 
H -5.8254 1.0256 1.8417 
H -2.3654 3.3588 2.8315 
C -4.0074 -4.3641 -0.4785 
H -4.5077 -3.3908 -0.5506 
H -4.6664 -5.1065 -0.9435 
H -3.9161 -4.6231 0.5820 
C -1.4811 -6.0051 -1.0093 
H -2.1315 -6.8360 -1.3052 
H -0.5474 -6.1014 -1.5747 
H -1.2422 -6.1373 0.0516 
C -2.7355 -4.3178 -3.2177 
H -1.8164 -4.3426 -3.8122 
H -3.3584 -5.1685 -3.5169 
H -3.2724 -3.3993 -3.4783 
O 1.8953 2.5629 -0.1411 
C 2.5923 3.6297 -0.6448 
C 3.3117 4.3917 0.4860 
H 4.0064 3.7106 0.9950 
H 3.8771 5.2623 0.1304 
H 2.5744 4.7276 1.2235 
C 3.6505 3.1533 -1.6638 
H 3.1515 2.6337 -2.4909 
H 4.2544 3.9700 -2.0793 
H 4.3288 2.4383 -1.1751 
C 1.6411 4.6074 -1.3684 
H 2.1506 5.4851 -1.7857 
H 1.1369 4.0786 -2.1887 
H 0.8740 4.9556 -0.6640 
O -4.8679 3.5125 2.4893 
C -6.2632 3.4673 2.2990 
H -6.5168 3.1603 1.2758 
H -6.7417 2.7805 3.0081 
H -6.6282 4.4793 2.4735 
C 4.7811 -0.0481 3.0660 
C 4.8930 -1.2504 2.3678 
C 5.4175 -1.2625 1.0739 
C 5.8412 -0.0802 0.4571 
C 5.7259 1.1196 1.1711 
C 5.2006 1.1388 2.4623 
H 4.3721 -0.0360 4.0714 
H 4.5701 -2.1795 2.8279 
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Table A2.1.3. Cont.  
H 5.5012 -2.2044 0.5368 
H 6.0458 2.0493 0.7064 
H 5.1139 2.0819 2.9934 
C 6.3851 -0.0810 -0.9489 
H 5.6456 0.3216 -1.6517 
H 7.2793 0.5442 -1.0249 
H 6.6456 -1.0918 -1.2739 
C -1.9544 3.6255 -2.3127 
C -1.4970 2.5681 -3.1031 
C -2.0112 1.2835 -2.9265 
C -2.9903 1.0227 -1.9559 
C -3.4397 2.0930 -1.1742 
C -2.9311 3.3818 -1.3475 
H -1.5490 4.6234 -2.4479 
H -0.7393 2.7473 -3.8610 
H -1.6519 0.4675 -3.5504 
H -4.1934 1.9107 -0.4139 
H -3.2991 4.1902 -0.7212 
C -3.5271 -0.3703 -1.7467 
H -3.7270 -0.8580 -2.7062 
H -2.8084 -1.0107 -1.2137 
H -4.4565 -0.3422 -1.1710 
    
TS2-b    
    
C -0.4262 -1.1684 1.6274 
C -0.0764 -2.5407 1.6168 
C -0.2349 -3.0325 -0.5571 
H 0.1980 -4.0029 -0.2507 
O 0.3050 -0.1637 1.4196 
Si -2.4769 -4.2914 -1.3361 
N -1.4600 -2.9409 -0.9999 
C -1.2650 -3.3304 2.1040 
H -1.4597 -4.2281 1.4991 
H -1.1310 -3.6656 3.1431 
C -2.4420 -2.3429 1.9918 
H -3.0591 -2.5612 1.1192 
H -3.0831 -2.3333 2.8818 
N -1.8036 -1.0373 1.8328 
C 1.3071 -2.9715 1.9965 
H 2.0556 -2.2431 1.6654 
H 1.4200 -3.0877 3.0861 
H 1.5729 -3.9385 1.5456 
K -0.4173 1.8495 -0.1849 
K 2.6860 0.2918 0.6114 
C 0.8069 -2.0962 -1.0797 
C 0.4312 -0.8861 -1.6778 
C 2.1527 -2.4736 -1.1309 
C 1.3693 -0.0733 -2.3052 
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Table A2.1.3. Cont.  
H -0.6288 -0.6418 -1.6793 
C 3.0954 -1.6745 -1.7834 
H 2.4549 -3.4248 -0.6989 
C 2.7091 -0.4712 -2.3720 
H 1.0656 0.8678 -2.7588 
H 4.1294 -2.0038 -1.8499 
H 3.4358 0.1513 -2.8854 
C -2.5327 0.1419 1.9752 
C -3.9245 0.1233 1.8184 
C -1.9381 1.3612 2.3695 
C -4.6988 1.2698 2.0062 
H -4.4215 -0.8013 1.5440 
C -2.7019 2.5080 2.5162 
H -0.8748 1.3858 2.5767 
C -4.0890 2.4793 2.3305 
H -5.7733 1.1996 1.8790 
H -2.2412 3.4450 2.8160 
C -4.1294 -4.2534 -0.4150 
H -4.6064 -3.2682 -0.4831 
H -4.8140 -4.9807 -0.8667 
H -4.0277 -4.5108 0.6449 
C -1.6546 -5.9600 -0.9800 
H -2.3307 -6.7751 -1.2620 
H -0.7331 -6.0819 -1.5603 
H -1.4016 -6.0946 0.0773 
C -2.8994 -4.2457 -3.1741 
H -1.9905 -4.2977 -3.7824 
H -3.5507 -5.0789 -3.4617 
H -3.4138 -3.3126 -3.4285 
O 1.9451 2.5179 -0.1965 
C 2.6710 3.5613 -0.7083 
C 3.4181 4.3068 0.4156 
H 4.0948 3.6078 0.9248 
H 4.0074 5.1585 0.0532 
H 2.6946 4.6679 1.1549 
C 3.7098 3.0492 -1.7299 
H 3.1917 2.5396 -2.5514 
H 4.3348 3.8459 -2.1531 
H 4.3702 2.3178 -1.2408 
C 1.7457 4.5634 -1.4319 
H 2.2789 5.4242 -1.8549 
H 1.2228 4.0462 -2.2478 
H 0.9921 4.9363 -0.7257 
O -4.7415 3.6654 2.4918 
C -6.1390 3.6571 2.3133 
H -6.6304 2.9910 3.0333 
H -6.4744 4.6805 2.4800 
H -6.4096 3.3467 1.2954 
C 4.8013 -0.1509 3.0059 
C 4.8732 -1.3599 2.3141 
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Table A2.1.3. Cont.  
C 5.3858 -1.3943 1.0159 
C 5.8373 -0.2281 0.3883 
C 5.7621 0.9787 1.0960 
C 5.2489 1.0202 2.3915 
H 4.4014 -0.1215 4.0146 
H 4.5281 -2.2769 2.7825 
H 5.4384 -2.3413 0.4837 
H 6.1041 1.8963 0.6230 
H 5.1933 1.9683 2.9177 
C 6.3687 -0.2522 -1.0222 
H 7.2822 0.3430 -1.1084 
H 6.5933 -1.2723 -1.3451 
H 5.6369 0.1716 -1.7205 
C -1.8809 3.6627 -2.3282 
C -1.4631 2.5892 -3.1190 
C -2.0158 1.3219 -2.9347 
C -2.9957 1.0949 -1.9562 
C -3.4040 2.1804 -1.1733 
C -2.8565 3.4522 -1.3542 
H -1.4452 4.6468 -2.4694 
H -0.7058 2.7424 -3.8830 
H -1.6869 0.4932 -3.5585 
H -4.1562 2.0237 -0.4057 
H -3.1933 4.2732 -0.7267 
C -3.5784 -0.2792 -1.7444 
H -2.8578 -0.9620 -1.2695 
H -4.4697 -0.2257 -1.1131 
H -3.8584 -0.7325 -2.7009 
    
TS2-c    
    
C 0.4527 1.0688 1.6733 
C 0.1605 2.4555 1.6732 
C 0.3368 2.9683 -0.4860 
H -0.0691 3.9475 -0.1714 
O -0.3207 0.0977 1.4589 
Si 2.6195 4.1715 -1.2375 
N 1.5607 2.8479 -0.9287 
C 1.3791 3.1892 2.1737 
H 1.6096 4.0883 1.5837 
H 1.2579 3.5116 3.2184 
C 2.5150 2.1571 2.0450 
H 3.1346 2.3592 1.1704 
H 3.1604 2.1127 2.9308 
N 1.8233 0.8798 1.8773 
C -1.2063 2.9305 2.0584 
H -1.9768 2.2396 1.7000 
H -1.3230 3.0189 3.1505 
H -1.4310 3.9196 1.6338 
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Table A2.1.3. Cont.  
K 0.4173 -1.8587 -0.2165 
K -2.7103 -0.3434 0.6486 
C -0.7290 2.0674 -1.0234 
C -0.3793 0.8657 -1.6521 
C -2.0689 2.4666 -1.0530 
C -1.3358 0.0765 -2.2806 
H 0.6776 0.6094 -1.6735 
C -3.0309 1.6928 -1.7081 
H -2.3522 3.4142 -0.6007 
C -2.6710 0.4927 -2.3200 
H -1.0516 -0.8606 -2.7533 
H -4.0594 2.0410 -1.7577 
H -3.4143 -0.1112 -2.8337 
C 2.5076 -0.3290 1.9948 
C 3.8966 -0.3631 1.8176 
C 1.8699 -1.5296 2.3787 
C 4.6264 -1.5430 1.9739 
H 4.4263 0.5454 1.5512 
C 2.5885 -2.7089 2.4935 
H 0.8083 -1.5159 2.5956 
C 3.9728 -2.7325 2.2865 
H 5.7010 -1.5140 1.8317 
H 2.0943 -3.6320 2.7823 
C 4.2619 4.0727 -0.3022 
H 4.1559 4.3071 0.7626 
H 4.7170 3.0787 -0.3894 
H 4.9675 4.7944 -0.7301 
C 1.8443 5.8589 -0.8644 
H 2.5472 6.6576 -1.1270 
H 0.9328 6.0170 -1.4517 
H 1.5844 5.9849 0.1924 
C 3.0584 4.1386 -3.0721 
H 3.5438 3.1924 -3.3350 
H 2.1576 4.2294 -3.6877 
H 3.7399 4.9535 -3.3418 
O -1.9355 -2.5125 -0.3196 
C -2.7329 -3.4749 -0.8812 
C -4.2239 -3.1664 -0.6151 
H -4.4723 -2.1802 -1.0368 
H -4.9095 -3.9035 -1.0519 
H -4.3986 -3.1312 0.4685 
C -2.5225 -3.5349 -2.4087 
H -1.4634 -3.7352 -2.6178 
H -3.1251 -4.3093 -2.9000 
H -2.7771 -2.5650 -2.8541 
C -2.4124 -4.8619 -0.2891 
H -3.0420 -5.6629 -0.6967 
H -1.3629 -5.1085 -0.4954 
H -2.5423 -4.8303 0.7984 
O 4.5791 -3.9462 2.4176 
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Table A2.1.3. Cont.  
C 5.9730 -3.9914 2.2172 
H 6.5020 -3.3590 2.9408 
H 6.2686 -5.0305 2.3608 
H 6.2408 -3.6742 1.2007 
C -4.7208 0.4225 3.1235 
C -4.6658 1.6224 2.4150 
C -5.2147 1.7054 1.1342 
C -5.8341 0.5987 0.5433 
C -5.8901 -0.5976 1.2693 
C -5.3369 -0.6890 2.5454 
H -4.2922 0.3557 4.1185 
H -4.1937 2.4944 2.8572 
H -5.1656 2.6450 0.5887 
H -6.3666 -1.4675 0.8245 
H -5.3882 -1.6282 3.0883 
C -6.4107 0.6709 -0.8480 
H -7.3872 0.1808 -0.8947 
H -6.5322 1.7069 -1.1754 
H -5.7567 0.1637 -1.5680 
C 1.7441 -3.6931 -2.4364 
C 1.3809 -2.5772 -3.1948 
C 2.0003 -1.3469 -2.9769 
C 2.9937 -1.1995 -1.9969 
C 3.3507 -2.3280 -1.2503 
C 2.7358 -3.5636 -1.4644 
H 1.2564 -4.6488 -2.6026 
H 0.6115 -2.6675 -3.9565 
H 1.7109 -0.4838 -3.5731 
H 4.1133 -2.2335 -0.4826 
H 3.0314 -4.4194 -0.8633 
C 3.6396 0.1393 -1.7450 
H 2.9399 0.8476 -1.2758 
H 4.5106 0.0306 -1.0928 
H 3.9671 0.5937 -2.6858 
    
TS2-rotamer1    
    
C -0.4738 -1.3733 1.7620 
C -0.2956 -2.7840 1.6837 
C -0.2561 -2.9151 -0.5237 
H -1.3515 -3.0427 -0.5321 
O 0.3948 -0.4754 1.6923 
Si -0.6240 -0.6482 -1.8897 
N 0.3049 -1.8670 -1.0989 
C -1.6013 -3.4006 2.1407 
H -1.8497 -4.3400 1.6361 
H -1.5843 -3.6159 3.2218 
C -2.6403 -2.3045 1.8368 
H -3.1036 -2.4598 0.8528 
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H -3.4397 -2.2394 2.5818 
N -1.8396 -1.0828 1.8520 
C 0.9988 -3.3469 2.1996 
H 1.8618 -2.9053 1.6865 
H 1.1305 -3.1623 3.2785 
H 1.0566 -4.4287 2.0351 
K 0.7839 2.1324 1.6104 
K 2.5205 -0.7141 0.0826 
C 0.4455 -4.2347 -0.5322 
C 1.8126 -4.3153 -0.8091 
C -0.2534 -5.4229 -0.2947 
C 2.4758 -5.5378 -0.7841 
H 2.3368 -3.4006 -1.0693 
C 0.4053 -6.6488 -0.2696 
H -1.3291 -5.3857 -0.1434 
C 1.7779 -6.7107 -0.5004 
H 3.5412 -5.5835 -1.0000 
H -0.1559 -7.5594 -0.0817 
H 2.2938 -7.6658 -0.4839 
C -2.3838 0.1943 2.0264 
C -3.5726 0.5720 1.4022 
C -1.7669 1.1173 2.8879 
C -4.1110 1.8470 1.5827 
H -4.0832 -0.1315 0.7515 
C -2.2805 2.3936 3.0529 
H -0.8767 0.8097 3.4281 
C -3.4561 2.7741 2.3925 
H -5.0342 2.1025 1.0762 
H -1.8085 3.1071 3.7244 
C -0.4409 1.0623 -1.1033 
H 0.6140 1.3130 -0.9220 
H -0.8625 1.8322 -1.7617 
H -0.9968 1.0781 -0.1569 
C -2.4752 -1.0395 -1.9096 
H -3.0322 -0.2340 -2.4010 
H -2.7001 -1.9742 -2.4345 
H -2.8543 -1.1271 -0.8850 
C -0.0115 -0.4941 -3.6673 
H -0.1265 -1.4431 -4.2012 
H -0.5566 0.2801 -4.2191 
H 1.0527 -0.2317 -3.6845 
O 2.7631 1.7896 0.1760 
C 3.4439 2.6200 -0.6796 
C 4.6999 3.1943 0.0055 
H 5.3437 2.3698 0.3362 
H 5.2859 3.8535 -0.6472 
H 4.4018 3.7644 0.8946 
C 3.8829 1.8477 -1.9417 
H 2.9982 1.4256 -2.4365 
H 4.4235 2.4659 -2.6695 
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H 4.5394 1.0183 -1.6447 
C 2.5521 3.8015 -1.1189 
H 3.0553 4.4907 -1.8085 
H 1.6483 3.4209 -1.6095 
H 2.2470 4.3770 -0.2332 
O -3.8827 4.0453 2.6211 
C -5.0656 4.4563 1.9720 
H -4.9594 4.4054 0.8815 
H -5.9221 3.8444 2.2803 
H -5.2330 5.4903 2.2721 
C 4.7440 -2.2135 1.9902 
C 4.5657 -3.1385 0.9588 
C 5.0152 -2.8426 -0.3262 
C 5.6493 -1.6258 -0.6100 
C 5.8173 -0.7084 0.4313 
C 5.3712 -0.9977 1.7222 
H 4.3949 -2.4437 2.9929 
H 4.0617 -4.0819 1.1499 
H 4.8723 -3.5652 -1.1274 
H 6.3005 0.2434 0.2280 
H 5.5148 -0.2714 2.5174 
C 6.1290 -1.3234 -2.0074 
H 6.6607 -0.3696 -2.0456 
H 6.8037 -2.1073 -2.3655 
H 5.2894 -1.2654 -2.7089 
C 3.3700 1.8559 3.2649 
C 2.6727 0.7150 3.6613 
C 1.5770 0.8206 4.5165 
C 1.1539 2.0659 4.9970 
C 1.8565 3.2056 4.5862 
C 2.9561 3.1035 3.7327 
H 4.1763 1.7838 2.5433 
H 2.9569 -0.2617 3.2783 
H 1.0331 -0.0777 4.8012 
H 1.5420 4.1822 4.9473 
H 3.4818 4.0005 3.4183 
C -0.0033 2.1690 5.9596 
H -0.8444 1.5397 5.6507 
H 0.2983 1.8421 6.9605 
H -0.3612 3.1992 6.0422 
    
TS2-rotamer2    
    
C -0.6077 -1.1404 1.5287 
C -0.2066 -2.4837 1.2500 
C -0.1056 -2.5539 -0.8244 
H 0.4277 -1.5783 -0.8675 
O 0.0557 -0.0810 1.3724 
Si 2.0872 -3.8894 -1.7256 
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N 0.4875 -3.6702 -1.1907 
C -1.3243 -3.3887 1.7202 
H -1.5111 -4.2072 1.0129 
H -1.0812 -3.8433 2.6916 
C -2.5424 -2.4565 1.8487 
H -3.1986 -2.5409 0.9750 
H -3.1383 -2.6349 2.7500 
N -1.9441 -1.1207 1.9143 
C 1.1835 -2.9401 1.5667 
H 1.9553 -2.2863 1.1416 
H 1.3635 -3.0120 2.6493 
H 1.3321 -3.9307 1.1217 
K -0.6169 2.2487 0.2132 
K 2.4031 0.1479 0.2805 
C -1.5622 -2.3849 -1.1393 
C -2.3411 -3.5017 -1.4577 
C -2.1701 -1.1266 -1.1177 
C -3.7071 -3.3686 -1.6862 
H -1.8365 -4.4611 -1.5214 
C -3.5356 -0.9888 -1.3491 
H -1.5577 -0.2532 -0.8951 
C -4.3139 -2.1137 -1.6202 
H -4.3038 -4.2452 -1.9222 
H -3.9945 -0.0042 -1.3046 
H -5.3801 -2.0103 -1.7999 
C -2.7106 0.0304 2.1212 
C -4.0696 0.0501 1.7985 
C -2.1570 1.1721 2.7351 
C -4.8577 1.1761 2.0451 
H -4.5239 -0.8204 1.3373 
C -2.9327 2.2968 2.9639 
H -1.1175 1.1504 3.0424 
C -4.2901 2.3087 2.6217 
H -5.9090 1.1470 1.7824 
H -2.5139 3.1777 3.4422 
C 3.0462 -5.1744 -0.7231 
H 2.4531 -6.0861 -0.5950 
H 3.9769 -5.4501 -1.2328 
H 3.3065 -4.8050 0.2754 
C 3.1523 -2.3007 -1.6923 
H 4.0357 -2.4237 -2.3299 
H 2.6027 -1.4292 -2.0728 
H 3.5198 -2.0916 -0.6785 
C 2.0797 -4.4879 -3.5149 
H 1.6216 -3.7416 -4.1727 
H 3.0915 -4.6929 -3.8832 
H 1.4929 -5.4080 -3.6040 
O 1.6569 2.3292 -0.6761 
C 2.5620 2.9315 -1.5179 
C 3.3572 4.0172 -0.7665 
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H 3.8939 3.5601 0.0749 
H 4.0848 4.5360 -1.4033 
H 2.6611 4.7577 -0.3557 
C 3.5733 1.9071 -2.0893 
H 3.0343 1.0946 -2.5940 
H 4.2689 2.3528 -2.8106 
H 4.1837 1.4757 -1.2815 
C 1.8443 3.5884 -2.7131 
H 2.5348 4.0558 -3.4260 
H 1.2531 2.8304 -3.2413 
H 1.1596 4.3587 -2.3404 
O -4.9593 3.4703 2.8797 
C -6.3224 3.5210 2.5183 
H -6.4516 3.3748 1.4377 
H -6.9053 2.7647 3.0570 
H -6.6737 4.5148 2.7943 
C 3.9659 0.4178 3.1059 
C 4.0680 -0.9422 2.8182 
C 4.8179 -1.3727 1.7214 
C 5.4804 -0.4565 0.8973 
C 5.3738 0.9078 1.2024 
C 4.6239 1.3436 2.2931 
H 3.3773 0.7545 3.9534 
H 3.5556 -1.6710 3.4386 
H 4.8835 -2.4354 1.4980 
H 5.8777 1.6359 0.5706 
H 4.5459 2.4061 2.5026 
C 6.2704 -0.9105 -0.3039 
H 5.8418 -0.5066 -1.2285 
H 7.3073 -0.5656 -0.2422 
H 6.2740 -2.0003 -0.3860 
C -2.2381 5.0709 -0.1813 
C -1.4687 4.9908 -1.3422 
C -1.7374 4.0071 -2.2927 
C -2.7718 3.0823 -2.1037 
C -3.5262 3.1637 -0.9257 
C -3.2696 4.1542 0.0254 
H -2.0425 5.8466 0.5529 
H -0.6602 5.6957 -1.5110 
H -1.1327 3.9526 -3.1938 
H -4.3323 2.4532 -0.7521 
H -3.8754 4.2157 0.9245 
C -3.0462 2.0255 -3.1445 
H -2.8334 2.4049 -4.1475 
H -2.4234 1.1368 -2.9893 
H -4.0896 1.7006 -3.1153 
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A3.1   X-RAY CRYSTAL STRUCTURE ANALYSIS OF AMINE 69dn 
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Table A3.1.1 Experimental Details for X-Ray Structure Determination of Amine 69dn. 

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS 

KAPPA APEX II diffractometer coupled to an PHOTON 100 CMOS detector with 

graphite monochromated Mo Ka radiation (l = 0.71073 Å) for the structure of compound 

D21009. The structure was solved by direct methods using SHELXS and refined against 

F2 on all data by full-matrix least squares with SHELXL-2017 using established refinement 

techniques. All non-hydrogen atoms were refined anisotropically. Unless otherwise noted, 

all hydrogen atoms were included into the model at geometrically calculated positions and 

refined using a riding model. The isotropic displacement parameters of all hydrogen atoms 

were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl 

groups).  

Compound 69dn crystallizes in the monoclinic space group P21/n with one 

molecule in the asymmetric unit. The coordinates for the hydrogen atoms bound to N2 

were located in the difference Fourier synthesis and refined semi-freely with the help of a 

restraint on the N-H distance (0.91(4) Å). 
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Table A3.1.2 Crystal Data and Structure Refinement for Amine 69dn 

Identification code  D21009 

Empirical formula  C21 H23 Br N2 O2 

Formula weight  415.32 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 9.430(3) Å a= 90°. 

 b = 9.489(2) Å b= 93.651(18)°. 

 c = 21.189(5) Å g = 90°. 

Volume 1892.2(9) Å3 

Z 4 

Density (calculated) 1.458 Mg/m3 

Absorption coefficient 2.190 mm-1 

F(000) 856 

Crystal size 0.500 x 0.300 x 0.300 mm3 

Theta range for data collection 1.926 to 36.430°. 

Index ranges -15<=h<=15, -15<=k<=15, -35<=l<=35 

Reflections collected 53031 

Independent reflections 9140 [R(int) = 0.0291] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7471 and 0.5241 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9140 / 2 / 242 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0267, wR2 = 0.0680 

R indices (all data) R1 = 0.0342, wR2 = 0.0710 

Extinction coefficient n/a 

Largest diff. peak and hole 0.656 and -0.498 e.Å-3 
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Table A3.1.3 Atomic Coordinates (x 104) and Equivalent Isotropic Displacement 

Parameters (Å2x 103) for Amine 69dn. U(eq) is Defined as One Third of the 

Orthogonalized Uij Tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
N(1) 8230(1) 6655(1) 5441(1) 14(1) 

C(1) 8442(1) 7918(1) 5154(1) 13(1) 

O(1) 8819(1) 9011(1) 5422(1) 17(1) 

C(2) 8070(1) 7776(1) 4446(1) 12(1) 

C(5) 6679(1) 8602(1) 4295(1) 16(1) 

C(6) 5492(1) 8192(1) 4695(1) 18(1) 

C(7) 4282(1) 7615(1) 4474(1) 22(1) 

C(8) 9294(1) 8437(1) 4089(1) 12(1) 

N(2) 10651(1) 7820(1) 4338(1) 17(1) 

C(3) 7908(1) 6181(1) 4351(1) 16(1) 

C(4) 7639(1) 5576(1) 5003(1) 16(1) 

C(11) 8328(1) 6449(1) 6104(1) 13(1) 

C(12) 7326(1) 5631(1) 6388(1) 16(1) 

C(13) 7406(1) 5413(1) 7040(1) 17(1) 

C(14) 8500(1) 6034(1) 7412(1) 15(1) 

O(2) 8695(1) 5880(1) 8053(1) 19(1) 

C(17) 7799(1) 4889(1) 8345(1) 21(1) 

C(15) 9514(1) 6853(1) 7129(1) 16(1) 

C(16) 9437(1) 7054(1) 6480(1) 16(1) 

C(21) 9093(1) 8247(1) 3379(1) 12(1) 

C(22) 9536(1) 7023(1) 3080(1) 15(1) 

C(23) 9351(1) 6867(1) 2427(1) 15(1) 

C(24) 8731(1) 7954(1) 2070(1) 14(1) 

Br(1) 8522(1) 7739(1) 1178(1) 19(1) 

C(25) 8286(1) 9187(1) 2350(1) 16(1) 

C(26) 8473(1) 9320(1) 3003(1) 15(1) 
________________________________________________________________________________   
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Table A3.1.4 Bond Lengths [Å] and angles [°] for Amine 69dn 

___________________________________________________  

N(1)-C(1)  1.3643(11) 

N(1)-C(11)  1.4161(12) 

N(1)-C(4)  1.4671(12) 

C(1)-O(1)  1.2236(10) 

C(1)-C(2)  1.5262(13) 

C(2)-C(3)  1.5333(12) 

C(2)-C(5)  1.5441(13) 

C(2)-C(8)  1.5522(12) 

C(5)-C(6)  1.4984(13) 

C(5)-H(5A)  0.9900 

C(5)-H(5B)  0.9900 

C(6)-C(7)  1.3239(14) 

C(6)-H(6)  0.9500 

C(7)-H(7A)  0.9500 

C(7)-H(7B)  0.9500 

C(8)-N(2)  1.4736(12) 

C(8)-C(21)  1.5133(12) 

C(8)-H(8)  1.0000 

N(2)-H(2N1)  0.892(13) 

N(2)-H(2N2)  0.909(14) 

C(3)-C(4)  1.5319(13) 

C(3)-H(3A)  0.9900 

C(3)-H(3B)  0.9900 

C(4)-H(4A)  0.9900 

C(4)-H(4B)  0.9900 

C(11)-C(12)  1.3890(12) 

C(11)-C(16)  1.3969(13) 

C(12)-C(13)  1.3948(13) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.3896(14) 

C(13)-H(13)  0.9500 

C(14)-O(2)  1.3658(11) 

C(14)-C(15)  1.3956(13) 
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Table A3.1.4 Cont. 

O(2)-C(17)  1.4311(13) 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(15)-C(16)  1.3860(13) 

C(15)-H(15)  0.9500 

C(16)-H(16)  0.9500 

C(21)-C(26)  1.3978(12) 

C(21)-C(22)  1.4005(12) 

C(22)-C(23)  1.3903(13) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.3864(13) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.3891(12) 

C(24)-Br(1)  1.8983(10) 

C(25)-C(26)  1.3912(13) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

 

C(1)-N(1)-C(11) 124.10(7) 

C(1)-N(1)-C(4) 113.08(7) 

C(11)-N(1)-C(4) 121.98(7) 

O(1)-C(1)-N(1) 125.77(8) 

O(1)-C(1)-C(2) 124.93(8) 

N(1)-C(1)-C(2) 109.24(7) 

C(1)-C(2)-C(3) 103.31(7) 

C(1)-C(2)-C(5) 107.31(7) 

C(3)-C(2)-C(5) 113.44(7) 

C(1)-C(2)-C(8) 108.23(7) 

C(3)-C(2)-C(8) 114.00(7) 

C(5)-C(2)-C(8) 110.02(7) 

C(6)-C(5)-C(2) 113.98(8) 

C(6)-C(5)-H(5A) 108.8 

C(2)-C(5)-H(5A) 108.8 

C(6)-C(5)-H(5B) 108.8 
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Table A3.1.4 Cont. 

C(2)-C(5)-H(5B) 108.8 

H(5A)-C(5)-H(5B) 107.7 

C(7)-C(6)-C(5) 124.43(9) 

C(7)-C(6)-H(6) 117.8 

C(5)-C(6)-H(6) 117.8 

C(6)-C(7)-H(7A) 120.0 

C(6)-C(7)-H(7B) 120.0 

H(7A)-C(7)-H(7B) 120.0 

N(2)-C(8)-C(21) 111.07(7) 

N(2)-C(8)-C(2) 108.67(7) 

C(21)-C(8)-C(2) 112.68(7) 

N(2)-C(8)-H(8) 108.1 

C(21)-C(8)-H(8) 108.1 

C(2)-C(8)-H(8) 108.1 

C(8)-N(2)-H(2N1) 110.0(10) 

C(8)-N(2)-H(2N2) 112.8(11) 

H(2N1)-N(2)-H(2N2) 100.0(14) 

C(4)-C(3)-C(2) 105.86(7) 

C(4)-C(3)-H(3A) 110.6 

C(2)-C(3)-H(3A) 110.6 

C(4)-C(3)-H(3B) 110.6 

C(2)-C(3)-H(3B) 110.6 

H(3A)-C(3)-H(3B) 108.7 

N(1)-C(4)-C(3) 103.35(7) 

N(1)-C(4)-H(4A) 111.1 

C(3)-C(4)-H(4A) 111.1 

N(1)-C(4)-H(4B) 111.1 

C(3)-C(4)-H(4B) 111.1 

H(4A)-C(4)-H(4B) 109.1 

C(12)-C(11)-C(16) 119.25(8) 

C(12)-C(11)-N(1) 120.15(8) 

C(16)-C(11)-N(1) 120.60(8) 

C(11)-C(12)-C(13) 121.04(8) 

C(11)-C(12)-H(12) 119.5 

C(13)-C(12)-H(12) 119.5 
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C(14)-C(13)-C(12) 119.40(8) 

C(14)-C(13)-H(13) 120.3 

C(12)-C(13)-H(13) 120.3 

O(2)-C(14)-C(13) 124.54(8) 

O(2)-C(14)-C(15) 115.67(8) 

C(13)-C(14)-C(15) 119.77(8) 

C(14)-O(2)-C(17) 117.01(8) 

O(2)-C(17)-H(17A) 109.5 

O(2)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

O(2)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(16)-C(15)-C(14) 120.58(8) 

C(16)-C(15)-H(15) 119.7 

C(14)-C(15)-H(15) 119.7 

C(15)-C(16)-C(11) 119.95(8) 

C(15)-C(16)-H(16) 120.0 

C(11)-C(16)-H(16) 120.0 

C(26)-C(21)-C(22) 118.13(8) 

C(26)-C(21)-C(8) 120.03(7) 

C(22)-C(21)-C(8) 121.83(8) 

C(23)-C(22)-C(21) 121.14(8) 

C(23)-C(22)-H(22) 119.4 

C(21)-C(22)-H(22) 119.4 

C(24)-C(23)-C(22) 119.08(8) 

C(24)-C(23)-H(23) 120.5 

C(22)-C(23)-H(23) 120.5 

C(23)-C(24)-C(25) 121.45(8) 

C(23)-C(24)-Br(1) 118.52(6) 

C(25)-C(24)-Br(1) 120.03(7) 

C(24)-C(25)-C(26) 118.61(8) 

C(24)-C(25)-H(25) 120.7 

C(26)-C(25)-H(25) 120.7 

C(25)-C(26)-C(21) 121.58(8) 
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Table A3.1.4 Cont. 

C(25)-C(26)-H(26) 119.2 

C(21)-C(26)-H(26) 119.2 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Table A3.1.5 Anisotropic Displacement Parameters (Å2x103) for Amine 69dn. The 

Anisotropic Displacement Factor Exponent Takes the Form: -2p2[h2a*2U11 + … + 

2hka*b*U12]. 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 19(1)  12(1) 11(1)  0(1) -1(1)  -4(1) 

C(1) 14(1)  12(1) 12(1)  0(1) 1(1)  -3(1) 

O(1) 23(1)  13(1) 15(1)  -3(1) 2(1)  -6(1) 

C(2) 14(1)  11(1) 12(1)  0(1) 1(1)  -3(1) 

C(5) 13(1)  19(1) 16(1)  3(1) 2(1)  -2(1) 

C(6) 14(1)  23(1) 16(1)  3(1) 2(1)  -2(1) 

C(7) 15(1)  27(1) 24(1)  7(1) 0(1)  -4(1) 

C(8) 12(1)  12(1) 13(1)  0(1) 1(1)  -2(1) 

N(2) 14(1)  20(1) 17(1)  0(1) -1(1)  0(1) 

C(3) 24(1)  13(1) 13(1)  -1(1) 1(1)  -6(1) 

C(4) 22(1)  12(1) 14(1)  0(1) -1(1)  -6(1) 

C(11) 15(1)  14(1) 12(1)  1(1) 0(1)  -1(1) 

C(12) 16(1)  19(1) 14(1)  1(1) 0(1)  -5(1) 

C(13) 17(1)  20(1) 14(1)  1(1) 3(1)  -3(1) 

C(14) 16(1)  15(1) 12(1)  1(1) 1(1)  2(1) 

O(2) 25(1)  20(1) 11(1)  1(1) 1(1)  -1(1) 

C(17) 25(1)  24(1) 15(1)  3(1) 7(1)  1(1) 

C(15) 16(1)  18(1) 14(1)  1(1) -2(1)  -2(1) 

C(16) 15(1)  18(1) 14(1)  2(1) -1(1)  -4(1) 

C(21) 12(1)  11(1) 13(1)  0(1) 2(1)  -1(1) 

C(22) 17(1)  12(1) 15(1)  1(1) 3(1)  2(1) 

C(23) 17(1)  13(1) 15(1)  0(1) 4(1)  3(1) 

C(24) 16(1)  14(1) 12(1)  0(1) 3(1)  1(1) 

Br(1) 28(1)  18(1) 12(1)  0(1) 3(1)  4(1) 

C(25) 22(1)  14(1) 14(1)  2(1) 3(1)  4(1) 

C(26) 19(1)  12(1) 14(1)  0(1) 3(1)  2(1) 
______________________________________________________________________________   
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Table A3.1.6 Hydrogen Coordinates (x104) and Isotropic Displacement Parameters 

(Å2x103) for Amine 69dn. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(5A) 6873 9621 4354 19 

H(5B) 6368 8452 3845 19 

H(6) 5616 8357 5137 21 

H(7A) 4123 7435 4034 26 

H(7B) 3573 7380 4755 26 

H(8) 9320 9471 4180 15 

H(2N1) 11033(16) 8353(16) 4651(7) 25 

H(2N2) 11345(16) 7879(17) 4060(8) 25 

H(3A) 7099 5970 4045 20 

H(3B) 8783 5774 4192 20 

H(4A) 6610 5442 5051 19 

H(4B) 8132 4663 5073 19 

H(12) 6573 5214 6133 20 

H(13) 6719 4844 7228 21 

H(17A) 6805 5182 8275 32 

H(17B) 8056 4852 8800 32 

H(17C) 7923 3954 8160 32 

H(15) 10262 7275 7384 19 

H(16) 10139 7602 6291 19 

H(22) 9970 6286 3326 17 

H(23) 9646 6028 2229 18 

H(25) 7863 9925 2100 19 

H(26) 8171 10159 3199 18 
________________________________________________________________________________   
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Table A3.1.7 Torsion Angles [°] for Amine 69dn. 

___________________________________________________________  

C(11)-N(1)-C(1)-O(1) 4.40(14) 

C(4)-N(1)-C(1)-O(1) 174.10(9) 

C(11)-N(1)-C(1)-C(2) -173.11(8) 

C(4)-N(1)-C(1)-C(2) -3.42(10) 

O(1)-C(1)-C(2)-C(3) 171.34(9) 

N(1)-C(1)-C(2)-C(3) -11.12(9) 

O(1)-C(1)-C(2)-C(5) -68.54(11) 

N(1)-C(1)-C(2)-C(5) 109.00(8) 

O(1)-C(1)-C(2)-C(8) 50.15(11) 

N(1)-C(1)-C(2)-C(8) -132.31(7) 

C(1)-C(2)-C(5)-C(6) -53.25(10) 

C(3)-C(2)-C(5)-C(6) 60.20(10) 

C(8)-C(2)-C(5)-C(6) -170.78(8) 

C(2)-C(5)-C(6)-C(7) -116.39(11) 

C(1)-C(2)-C(8)-N(2) 51.73(9) 

C(3)-C(2)-C(8)-N(2) -62.58(9) 

C(5)-C(2)-C(8)-N(2) 168.70(7) 

C(1)-C(2)-C(8)-C(21) 175.27(7) 

C(3)-C(2)-C(8)-C(21) 60.95(10) 

C(5)-C(2)-C(8)-C(21) -67.77(9) 

C(1)-C(2)-C(3)-C(4) 20.57(9) 

C(5)-C(2)-C(3)-C(4) -95.27(9) 

C(8)-C(2)-C(3)-C(4) 137.77(8) 

C(1)-N(1)-C(4)-C(3) 16.44(10) 

C(11)-N(1)-C(4)-C(3) -173.62(8) 

C(2)-C(3)-C(4)-N(1) -22.45(10) 

C(1)-N(1)-C(11)-C(12) 137.17(9) 

C(4)-N(1)-C(11)-C(12) -31.65(13) 

C(1)-N(1)-C(11)-C(16) -43.40(13) 

C(4)-N(1)-C(11)-C(16) 147.79(9) 

C(16)-C(11)-C(12)-C(13) 0.39(14) 

N(1)-C(11)-C(12)-C(13) 179.83(9) 

C(11)-C(12)-C(13)-C(14) 0.55(15) 
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C(12)-C(13)-C(14)-O(2) -179.15(9) 

C(12)-C(13)-C(14)-C(15) -0.80(14) 

C(13)-C(14)-O(2)-C(17) 7.12(13) 

C(15)-C(14)-O(2)-C(17) -171.29(8) 

O(2)-C(14)-C(15)-C(16) 178.62(8) 

C(13)-C(14)-C(15)-C(16) 0.13(14) 

C(14)-C(15)-C(16)-C(11) 0.81(14) 

C(12)-C(11)-C(16)-C(15) -1.06(14) 

N(1)-C(11)-C(16)-C(15) 179.49(9) 

N(2)-C(8)-C(21)-C(26) -141.92(8) 

C(2)-C(8)-C(21)-C(26) 95.89(9) 

N(2)-C(8)-C(21)-C(22) 36.94(11) 

C(2)-C(8)-C(21)-C(22) -85.25(10) 

C(26)-C(21)-C(22)-C(23) -0.73(13) 

C(8)-C(21)-C(22)-C(23) -179.61(8) 

C(21)-C(22)-C(23)-C(24) 0.71(13) 

C(22)-C(23)-C(24)-C(25) -0.30(14) 

C(22)-C(23)-C(24)-Br(1) 178.74(7) 

C(23)-C(24)-C(25)-C(26) -0.06(14) 

Br(1)-C(24)-C(25)-C(26) -179.09(7) 

C(24)-C(25)-C(26)-C(21) 0.03(14) 

C(22)-C(21)-C(26)-C(25) 0.35(13) 

C(8)-C(21)-C(26)-C(25) 179.25(8) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

  

  



Appendix 3 – X-Ray Crystallography Reports Relevant to Chapter 1 306 

Table A3.1.8 Hydrogen Bonds for Amine 69dn [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

C(8)-H(8)...O(1)#1 1.00 2.38 3.1416(12) 132.1 

 N(2)-H(2N1)...O(1)#1 0.892(13) 2.511(16) 3.0855(13) 122.6(13) 

 C(17)-H(17B)...O(1)#2 0.98 2.62 3.2190(14) 119.7 

 C(23)-H(23)...O(2)#3 0.95 2.49 3.3858(13) 157.1 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+2,-z+1    #2 -x+3/2,y-1/2,-z+3/2    #3 -x+2,-y+1,-z+1       
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A3.2   X-RAY CRYSTAL STRUCTURE ANALYSIS OF IMINE 80 
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Table A3.2.1 Experimental Details for X-Ray Structure Determination of Imine 80. 

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS 

D8 VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu 

Ka radiation (l = 1.54178 Å) from an IμS micro-source for the structure of compound 80. 

The structure was solved by direct methods using SHELXS and refined against F2 on all 

data by full-matrix least squares with SHELXL-2017 using established refinement 

techniques. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included into the model at geometrically calculated positions and refined using a 

riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). 

Compound 80 crystallizes in the monoclinic space group P21/c with two molecules 

in the asymmetric unit. The crystal is not stable at lower temperatures and the data was 

collected at 200K. 
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Table A3.2.2 Crystal Data and Structure Refinement for Imine 80. 

Identification code  V20240 

Empirical formula  C27 H27 Br N2 O2 

Formula weight  491.41 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.8500(11) Å a= 90°. 

 b = 49.858(4) Å b= 90.083(7)°. 

 c = 8.0771(10) Å g = 90°. 

Volume 4772.1(8) Å3 

Z 8 

Density (calculated) 1.368 Mg/m3 

Absorption coefficient 2.548 mm-1 

F(000) 2032 

Crystal size 0.300 x 0.250 x 0.050 mm3 

Theta range for data collection 3.546 to 74.545°. 

Index ranges -14<=h<=14, -62<=k<=62, -9<=l<=10 

Reflections collected 75046 

Independent reflections 9652 [R(int) = 0.0709] 

Completeness to theta = 67.679° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7538 and 0.4919 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9652 / 0 / 583 

Goodness-of-fit on F2 1.149 

Final R indices [I>2sigma(I)] R1 = 0.0679, wR2 = 0.1654 

R indices (all data) R1 = 0.0732, wR2 = 0.1686 

Extinction coefficient n/a 

Largest diff. peak and hole 1.211 and -0.757 e.Å-3 
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Table A3.2.3 Atomic Coordinates (x 104) and Equivalent Isotropic Displacement 

Parameters (Å2x 103) for Imine 80. U(eq) is Defined as One Third of the Trace of the 

Orthogonalized Uij Tensor. 

_______________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
N(1) 3314(3) 1358(1) 2404(4) 33(1) 

C(11) 3013(3) 1088(1) 1978(5) 31(1) 

C(12) 2057(3) 1035(1) 1048(5) 34(1) 

C(13) 1748(3) 771(1) 684(5) 34(1) 

C(14) 2413(3) 562(1) 1246(5) 33(1) 

O(2) 2215(2) 295(1) 957(4) 42(1) 

C(17) 1255(5) 225(1) 23(8) 64(2) 

C(15) 3362(3) 617(1) 2186(5) 38(1) 

C(16) 3664(3) 877(1) 2558(5) 37(1) 

C(1) 2622(3) 1522(1) 3282(5) 33(1) 

O(1) 1619(2) 1488(1) 3541(4) 40(1) 

C(2) 3329(3) 1753(1) 3990(5) 34(1) 

C(5) 2701(4) 2018(1) 3839(6) 46(1) 

C(6) 3497(3) 1678(1) 5860(5) 31(1) 

C(21) 4009(3) 1902(1) 6899(5) 32(1) 

C(22) 5144(3) 1968(1) 6879(5) 37(1) 

C(23) 5558(4) 2170(1) 7894(6) 44(1) 

C(24) 4857(4) 2306(1) 8962(5) 48(1) 

C(25) 3728(4) 2240(1) 9013(6) 52(1) 

C(26) 3306(4) 2041(1) 7989(6) 43(1) 

N(2) 4233(3) 1440(1) 5976(4) 30(1) 

C(7) 3812(3) 1236(1) 6687(4) 31(1) 

C(31) 4457(3) 986(1) 6876(4) 30(1) 

C(32) 5529(3) 955(1) 6229(5) 34(1) 

C(33) 6128(3) 719(1) 6433(5) 37(1) 

C(34) 5633(3) 511(1) 7316(5) 33(1) 

Br(1) 6462(1) 190(1) 7684(1) 47(1) 

C(35) 4570(4) 534(1) 7954(5) 39(1) 
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Table A3.2.3 Cont.  

C(36) 3973(4) 771(1) 7725(5) 39(1) 

C(3) 4401(3) 1742(1) 2950(5) 36(1) 

C(4) 4490(3) 1455(1) 2267(5) 34(1) 

C(8) 4896(4) 1443(1) 485(5) 44(1) 

N(201) 9412(3) 1360(1) -2554(4) 35(1) 

C(211) 9711(3) 1091(1) -2970(5) 34(1) 

C(212) 9050(3) 879(1) -2431(5) 38(1) 

C(213) 9334(3) 618(1) -2792(5) 38(1) 

C(214) 10298(3) 566(1) -3726(5) 35(1) 

O(202) 10490(3) 299(1) -4048(4) 45(1) 

C(217) 11414(5) 233(1) -5088(7) 62(1) 

C(215) 10976(3) 774(1) -4267(5) 37(1) 

C(216) 10669(3) 1039(1) -3895(5) 36(1) 

C(201) 10110(3) 1527(1) -1683(5) 33(1) 

O(201) 11119(2) 1493(1) -1448(4) 39(1) 

C(202) 9405(3) 1757(1) -978(5) 34(1) 

C(205) 10040(4) 2023(1) -1132(6) 47(1) 

C(206) 9246(3) 1683(1) 894(5) 32(1) 

C(221) 8727(3) 1907(1) 1943(5) 35(1) 

C(222) 7591(3) 1969(1) 1908(5) 39(1) 

C(223) 7156(4) 2169(1) 2921(6) 46(1) 

C(224) 7863(4) 2308(1) 3990(6) 50(1) 

C(225) 8990(4) 2244(1) 4048(6) 53(1) 

C(226) 9424(4) 2045(1) 3030(6) 46(1) 

N(202) 8528(3) 1444(1) 1018(4) 32(1) 

C(207) 8962(3) 1240(1) 1713(4) 32(1) 

C(231) 8320(3) 989(1) 1888(4) 31(1) 

C(232) 8844(4) 767(1) 2627(5) 42(1) 

C(233) 8246(4) 528(1) 2840(6) 46(1) 

C(234) 7158(4) 511(1) 2269(5) 38(1) 

Br(2) 6311(1) 193(1) 2601(1) 61(1) 

C(235) 6628(4) 726(1) 1500(5) 42(1) 

C(236) 7225(3) 962(1) 1317(5) 39(1) 

C(203) 8322(3) 1744(1) -2017(5) 38(1) 

C(204) 8239(3) 1458(1) -2693(5) 36(1) 
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C(208) 7826(4) 1444(1) -4468(5) 46(1) 
________________________________________________________________________________   
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Table A3.2.4 Bond Lengths [Å] and angles [°] for Imine 80. 

_____________________________________________________  

N(1)-C(1)  1.358(5) 

N(1)-C(11)  1.434(5) 

N(1)-C(4)  1.479(5) 

C(11)-C(12)  1.384(5) 

C(11)-C(16)  1.384(5) 

C(12)-C(13)  1.397(5) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.383(5) 

C(13)-H(13)  0.9500 

C(14)-O(2)  1.375(4) 

C(14)-C(15)  1.382(5) 

O(2)-C(17)  1.406(5) 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(15)-C(16)  1.380(5) 

C(15)-H(15)  0.9500 

C(16)-H(16)  0.9500 

C(1)-O(1)  1.219(5) 

C(1)-C(2)  1.535(5) 

C(2)-C(5)  1.522(5) 

C(2)-C(3)  1.525(6) 

C(2)-C(6)  1.568(5) 

C(5)-H(5A)  0.9800 

C(5)-H(5B)  0.9800 

C(5)-H(5C)  0.9800 

C(6)-N(2)  1.476(4) 

C(6)-C(21)  1.523(5) 

C(6)-H(6)  1.0000 

C(21)-C(22)  1.385(5) 

C(21)-C(26)  1.395(6) 

C(22)-C(23)  1.388(5) 

C(22)-H(22)  0.9500 
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C(23)-C(24)  1.378(7) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.378(7) 

C(24)-H(24)  0.9500 

C(25)-C(26)  1.388(6) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

N(2)-C(7)  1.272(5) 

C(7)-C(31)  1.470(5) 

C(7)-H(7)  0.9500 

C(31)-C(32)  1.383(5) 

C(31)-C(36)  1.394(5) 

C(32)-C(33)  1.385(5) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.388(5) 

C(33)-H(33)  0.9500 

C(34)-C(35)  1.367(6) 

C(34)-Br(1)  1.901(4) 

C(35)-C(36)  1.390(6) 

C(35)-H(35)  0.9500 

C(36)-H(36)  0.9500 

C(3)-C(4)  1.538(5) 

C(3)-H(3A)  0.9900 

C(3)-H(3B)  0.9900 

C(4)-C(8)  1.519(6) 

C(4)-H(4)  1.0000 

C(8)-H(8A)  0.9800 

C(8)-H(8B)  0.9800 

C(8)-H(8C)  0.9800 

N(201)-C(201)  1.368(5) 

N(201)-C(211)  1.425(5) 

N(201)-C(204)  1.476(5) 

C(211)-C(216)  1.384(5) 

C(211)-C(212)  1.387(5) 

C(212)-C(213)  1.377(6) 
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C(212)-H(212)  0.9500 

C(213)-C(214)  1.395(6) 

C(213)-H(213)  0.9500 

C(214)-O(202)  1.376(5) 

C(214)-C(215)  1.385(6) 

O(202)-C(217)  1.419(5) 

C(217)-H(21A)  0.9800 

C(217)-H(21B)  0.9800 

C(217)-H(21C)  0.9800 

C(215)-C(216)  1.403(5) 

C(215)-H(215)  0.9500 

C(216)-H(216)  0.9500 

C(201)-O(201)  1.222(5) 

C(201)-C(202)  1.531(5) 

C(202)-C(205)  1.530(5) 

C(202)-C(203)  1.534(5) 

C(202)-C(206)  1.568(5) 

C(205)-H(20A)  0.9800 

C(205)-H(20B)  0.9800 

C(205)-H(20C)  0.9800 

C(206)-N(202)  1.470(5) 

C(206)-C(221)  1.528(5) 

C(206)-H(206)  1.0000 

C(221)-C(222)  1.382(6) 

C(221)-C(226)  1.387(6) 

C(222)-C(223)  1.389(6) 

C(222)-H(222)  0.9500 

C(223)-C(224)  1.390(7) 

C(223)-H(223)  0.9500 

C(224)-C(225)  1.374(7) 

C(224)-H(224)  0.9500 

C(225)-C(226)  1.389(7) 

C(225)-H(225)  0.9500 

C(226)-H(226)  0.9500 

N(202)-C(207)  1.270(5) 
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C(207)-C(231)  1.472(5) 

C(207)-H(207)  0.9500 

C(231)-C(236)  1.383(5) 

C(231)-C(232)  1.400(5) 

C(232)-C(233)  1.396(6) 

C(232)-H(232)  0.9500 

C(233)-C(234)  1.371(6) 

C(233)-H(233)  0.9500 

C(234)-C(235)  1.385(6) 

C(234)-Br(2)  1.897(4) 

C(235)-C(236)  1.385(6) 

C(235)-H(235)  0.9500 

C(236)-H(236)  0.9500 

C(203)-C(204)  1.533(5) 

C(203)-H(20D)  0.9900 

C(203)-H(20E)  0.9900 

C(204)-C(208)  1.516(6) 

C(204)-H(204)  1.0000 

C(208)-H(20F)  0.9800 

C(208)-H(20G)  0.9800 

C(208)-H(20H)  0.9800 

 

C(1)-N(1)-C(11) 122.7(3) 

C(1)-N(1)-C(4) 114.4(3) 

C(11)-N(1)-C(4) 121.4(3) 

C(12)-C(11)-C(16) 119.6(3) 

C(12)-C(11)-N(1) 120.7(3) 

C(16)-C(11)-N(1) 119.6(3) 

C(11)-C(12)-C(13) 120.5(3) 

C(11)-C(12)-H(12) 119.8 

C(13)-C(12)-H(12) 119.8 

C(14)-C(13)-C(12) 119.5(3) 

C(14)-C(13)-H(13) 120.3 

C(12)-C(13)-H(13) 120.3 

O(2)-C(14)-C(15) 115.0(3) 
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O(2)-C(14)-C(13) 125.3(3) 

C(15)-C(14)-C(13) 119.6(3) 

C(14)-O(2)-C(17) 117.9(3) 

O(2)-C(17)-H(17A) 109.5 

O(2)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

O(2)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(16)-C(15)-C(14) 121.0(3) 

C(16)-C(15)-H(15) 119.5 

C(14)-C(15)-H(15) 119.5 

C(15)-C(16)-C(11) 119.7(3) 

C(15)-C(16)-H(16) 120.1 

C(11)-C(16)-H(16) 120.1 

O(1)-C(1)-N(1) 126.5(3) 

O(1)-C(1)-C(2) 125.0(4) 

N(1)-C(1)-C(2) 108.5(3) 

C(5)-C(2)-C(3) 113.3(3) 

C(5)-C(2)-C(1) 110.8(3) 

C(3)-C(2)-C(1) 102.8(3) 

C(5)-C(2)-C(6) 110.2(3) 

C(3)-C(2)-C(6) 114.7(3) 

C(1)-C(2)-C(6) 104.4(3) 

C(2)-C(5)-H(5A) 109.5 

C(2)-C(5)-H(5B) 109.5 

H(5A)-C(5)-H(5B) 109.5 

C(2)-C(5)-H(5C) 109.5 

H(5A)-C(5)-H(5C) 109.5 

H(5B)-C(5)-H(5C) 109.5 

N(2)-C(6)-C(21) 108.6(3) 

N(2)-C(6)-C(2) 109.1(3) 

C(21)-C(6)-C(2) 114.0(3) 

N(2)-C(6)-H(6) 108.3 

C(21)-C(6)-H(6) 108.3 
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C(2)-C(6)-H(6) 108.3 

C(22)-C(21)-C(26) 118.2(4) 

C(22)-C(21)-C(6) 123.6(3) 

C(26)-C(21)-C(6) 118.2(3) 

C(21)-C(22)-C(23) 120.5(4) 

C(21)-C(22)-H(22) 119.8 

C(23)-C(22)-H(22) 119.8 

C(24)-C(23)-C(22) 121.0(4) 

C(24)-C(23)-H(23) 119.5 

C(22)-C(23)-H(23) 119.5 

C(23)-C(24)-C(25) 119.2(4) 

C(23)-C(24)-H(24) 120.4 

C(25)-C(24)-H(24) 120.4 

C(24)-C(25)-C(26) 120.1(4) 

C(24)-C(25)-H(25) 119.9 

C(26)-C(25)-H(25) 119.9 

C(25)-C(26)-C(21) 121.0(4) 

C(25)-C(26)-H(26) 119.5 

C(21)-C(26)-H(26) 119.5 

C(7)-N(2)-C(6) 116.2(3) 

N(2)-C(7)-C(31) 121.5(3) 

N(2)-C(7)-H(7) 119.2 

C(31)-C(7)-H(7) 119.2 

C(32)-C(31)-C(36) 118.6(3) 

C(32)-C(31)-C(7) 122.1(3) 

C(36)-C(31)-C(7) 119.2(3) 

C(31)-C(32)-C(33) 121.4(3) 

C(31)-C(32)-H(32) 119.3 

C(33)-C(32)-H(32) 119.3 

C(32)-C(33)-C(34) 118.6(4) 

C(32)-C(33)-H(33) 120.7 

C(34)-C(33)-H(33) 120.7 

C(35)-C(34)-C(33) 121.4(3) 

C(35)-C(34)-Br(1) 119.2(3) 

C(33)-C(34)-Br(1) 119.3(3) 
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C(34)-C(35)-C(36) 119.4(3) 

C(34)-C(35)-H(35) 120.3 

C(36)-C(35)-H(35) 120.3 

C(35)-C(36)-C(31) 120.6(4) 

C(35)-C(36)-H(36) 119.7 

C(31)-C(36)-H(36) 119.7 

C(2)-C(3)-C(4) 106.8(3) 

C(2)-C(3)-H(3A) 110.4 

C(4)-C(3)-H(3A) 110.4 

C(2)-C(3)-H(3B) 110.4 

C(4)-C(3)-H(3B) 110.4 

H(3A)-C(3)-H(3B) 108.6 

N(1)-C(4)-C(8) 111.0(3) 

N(1)-C(4)-C(3) 102.2(3) 

C(8)-C(4)-C(3) 113.5(3) 

N(1)-C(4)-H(4) 110.0 

C(8)-C(4)-H(4) 110.0 

C(3)-C(4)-H(4) 110.0 

C(4)-C(8)-H(8A) 109.5 

C(4)-C(8)-H(8B) 109.5 

H(8A)-C(8)-H(8B) 109.5 

C(4)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

C(201)-N(201)-C(211) 122.8(3) 

C(201)-N(201)-C(204) 114.0(3) 

C(211)-N(201)-C(204) 121.8(3) 

C(216)-C(211)-C(212) 119.3(4) 

C(216)-C(211)-N(201) 120.6(3) 

C(212)-C(211)-N(201) 120.1(3) 

C(213)-C(212)-C(211) 121.2(4) 

C(213)-C(212)-H(212) 119.4 

C(211)-C(212)-H(212) 119.4 

C(212)-C(213)-C(214) 119.4(4) 

C(212)-C(213)-H(213) 120.3 
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C(214)-C(213)-H(213) 120.3 

O(202)-C(214)-C(215) 124.8(4) 

O(202)-C(214)-C(213) 114.8(3) 

C(215)-C(214)-C(213) 120.5(4) 

C(214)-O(202)-C(217) 117.6(3) 

O(202)-C(217)-H(21A) 109.5 

O(202)-C(217)-H(21B) 109.5 

H(21A)-C(217)-H(21B) 109.5 

O(202)-C(217)-H(21C) 109.5 

H(21A)-C(217)-H(21C) 109.5 

H(21B)-C(217)-H(21C) 109.5 

C(214)-C(215)-C(216) 119.2(4) 

C(214)-C(215)-H(215) 120.4 

C(216)-C(215)-H(215) 120.4 

C(211)-C(216)-C(215) 120.4(4) 

C(211)-C(216)-H(216) 119.8 

C(215)-C(216)-H(216) 119.8 

O(201)-C(201)-N(201) 126.0(3) 

O(201)-C(201)-C(202) 125.5(3) 

N(201)-C(201)-C(202) 108.5(3) 

C(205)-C(202)-C(201) 110.6(3) 

C(205)-C(202)-C(203) 113.8(3) 

C(201)-C(202)-C(203) 102.8(3) 

C(205)-C(202)-C(206) 110.0(3) 

C(201)-C(202)-C(206) 104.4(3) 

C(203)-C(202)-C(206) 114.5(3) 

C(202)-C(205)-H(20A) 109.5 

C(202)-C(205)-H(20B) 109.5 

H(20A)-C(205)-H(20B) 109.5 

C(202)-C(205)-H(20C) 109.5 

H(20A)-C(205)-H(20C) 109.5 

H(20B)-C(205)-H(20C) 109.5 

N(202)-C(206)-C(221) 108.7(3) 

N(202)-C(206)-C(202) 109.0(3) 

C(221)-C(206)-C(202) 114.4(3) 
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N(202)-C(206)-H(206) 108.2 

C(221)-C(206)-H(206) 108.2 

C(202)-C(206)-H(206) 108.2 

C(222)-C(221)-C(226) 118.7(4) 

C(222)-C(221)-C(206) 123.0(3) 

C(226)-C(221)-C(206) 118.2(4) 

C(221)-C(222)-C(223) 120.8(4) 

C(221)-C(222)-H(222) 119.6 

C(223)-C(222)-H(222) 119.6 

C(222)-C(223)-C(224) 120.1(4) 

C(222)-C(223)-H(223) 120.0 

C(224)-C(223)-H(223) 120.0 

C(225)-C(224)-C(223) 119.3(4) 

C(225)-C(224)-H(224) 120.3 

C(223)-C(224)-H(224) 120.3 

C(224)-C(225)-C(226) 120.5(4) 

C(224)-C(225)-H(225) 119.7 

C(226)-C(225)-H(225) 119.7 

C(221)-C(226)-C(225) 120.6(4) 

C(221)-C(226)-H(226) 119.7 

C(225)-C(226)-H(226) 119.7 

C(207)-N(202)-C(206) 116.6(3) 

N(202)-C(207)-C(231) 121.0(3) 

N(202)-C(207)-H(207) 119.5 

C(231)-C(207)-H(207) 119.5 

C(236)-C(231)-C(232) 118.9(3) 

C(236)-C(231)-C(207) 122.2(3) 

C(232)-C(231)-C(207) 118.9(3) 

C(233)-C(232)-C(231) 120.0(4) 

C(233)-C(232)-H(232) 120.0 

C(231)-C(232)-H(232) 120.0 

C(234)-C(233)-C(232) 119.2(4) 

C(234)-C(233)-H(233) 120.4 

C(232)-C(233)-H(233) 120.4 

C(233)-C(234)-C(235) 122.0(4) 
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C(233)-C(234)-Br(2) 120.1(3) 

C(235)-C(234)-Br(2) 117.9(3) 

C(234)-C(235)-C(236) 118.2(4) 

C(234)-C(235)-H(235) 120.9 

C(236)-C(235)-H(235) 120.9 

C(231)-C(236)-C(235) 121.7(4) 

C(231)-C(236)-H(236) 119.2 

C(235)-C(236)-H(236) 119.2 

C(204)-C(203)-C(202) 106.7(3) 

C(204)-C(203)-H(20D) 110.4 

C(202)-C(203)-H(20D) 110.4 

C(204)-C(203)-H(20E) 110.4 

C(202)-C(203)-H(20E) 110.4 

H(20D)-C(203)-H(20E) 108.6 

N(201)-C(204)-C(208) 111.1(3) 

N(201)-C(204)-C(203) 102.8(3) 

C(208)-C(204)-C(203) 113.6(3) 

N(201)-C(204)-H(204) 109.7 

C(208)-C(204)-H(204) 109.7 

C(203)-C(204)-H(204) 109.7 

C(204)-C(208)-H(20F) 109.5 

C(204)-C(208)-H(20G) 109.5 

H(20F)-C(208)-H(20G) 109.5 

C(204)-C(208)-H(20H) 109.5 

H(20F)-C(208)-H(20H) 109.5 

H(20G)-C(208)-H(20H) 109.5 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 28(2)  30(2) 41(2)  1(1) -4(1)  -3(1) 

C(11) 28(2)  32(2) 34(2)  2(1) -2(1)  -2(1) 

C(12) 31(2)  32(2) 39(2)  0(2) -6(2)  3(1) 

C(13) 28(2)  38(2) 37(2)  -1(2) -7(2)  -5(2) 

C(14) 35(2)  28(2) 36(2)  0(1) 0(2)  -4(1) 

O(2) 48(2)  29(1) 50(2)  -3(1) -13(1)  -4(1) 

C(17) 65(3)  40(2) 87(4)  -14(2) -34(3)  -7(2) 

C(15) 39(2)  31(2) 45(2)  6(2) -11(2)  5(2) 

C(16) 30(2)  38(2) 42(2)  0(2) -13(2)  -2(2) 

C(1) 28(2)  31(2) 40(2)  6(2) -7(2)  -1(1) 

O(1) 28(1)  38(1) 53(2)  -1(1) -5(1)  -1(1) 

C(2) 30(2)  27(2) 45(2)  5(2) -8(2)  -2(1) 

C(5) 48(2)  32(2) 60(3)  6(2) -15(2)  3(2) 

C(6) 24(2)  28(2) 41(2)  1(1) -2(1)  -2(1) 

C(21) 31(2)  27(2) 37(2)  2(1) 0(2)  0(1) 

C(22) 33(2)  34(2) 44(2)  -4(2) -4(2)  1(2) 

C(23) 39(2)  40(2) 51(2)  -4(2) -10(2)  -7(2) 

C(24) 64(3)  36(2) 44(2)  -4(2) -7(2)  -6(2) 

C(25) 65(3)  39(2) 53(3)  -9(2) 10(2)  5(2) 

C(26) 41(2)  38(2) 51(2)  -3(2) 7(2)  2(2) 

N(2) 29(2)  29(1) 33(2)  1(1) -5(1)  0(1) 

C(7) 31(2)  30(2) 31(2)  0(1) -3(1)  -2(1) 

C(31) 31(2)  30(2) 28(2)  2(1) -2(1)  -1(1) 

C(32) 32(2)  34(2) 38(2)  6(2) 1(2)  -2(1) 

C(33) 30(2)  40(2) 40(2)  3(2) 5(2)  2(2) 

C(34) 39(2)  28(2) 32(2)  0(1) -6(2)  3(1) 

Br(1) 49(1)  31(1) 61(1)  4(1) -1(1)  7(1) 

C(35) 47(2)  28(2) 42(2)  6(2) 10(2)  -4(2) 
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C(36) 40(2)  32(2) 47(2)  5(2) 12(2)  -1(2) 

C(3) 39(2)  33(2) 36(2)  4(2) -2(2)  -8(2) 

C(4) 28(2)  36(2) 37(2)  6(2) -5(2)  -4(1) 

C(8) 44(2)  49(2) 39(2)  2(2) -4(2)  -4(2) 

N(201) 28(2)  34(2) 42(2)  -1(1) 3(1)  4(1) 

C(211) 31(2)  33(2) 37(2)  2(2) -2(2)  2(1) 

C(212) 32(2)  42(2) 41(2)  -2(2) 9(2)  1(2) 

C(213) 36(2)  39(2) 40(2)  0(2) 2(2)  -5(2) 

C(214) 35(2)  35(2) 35(2)  -1(2) -2(2)  3(2) 

O(202) 54(2)  33(1) 49(2)  -2(1) 10(1)  1(1) 

C(217) 80(4)  40(2) 65(3)  -4(2) 24(3)  11(2) 

C(215) 31(2)  39(2) 40(2)  -2(2) 3(2)  5(2) 

C(216) 30(2)  36(2) 44(2)  2(2) 2(2)  -1(2) 

C(201) 32(2)  32(2) 35(2)  6(1) 4(2)  2(1) 

O(201) 27(1)  40(1) 51(2)  0(1) 3(1)  4(1) 

C(202) 31(2)  28(2) 43(2)  3(2) 1(2)  3(1) 

C(205) 47(3)  32(2) 63(3)  5(2) 11(2)  -1(2) 

C(206) 24(2)  31(2) 41(2)  -1(1) -2(1)  2(1) 

C(221) 38(2)  29(2) 38(2)  1(1) 0(2)  -1(2) 

C(222) 34(2)  36(2) 48(2)  -4(2) 2(2)  -1(2) 

C(223) 46(2)  39(2) 52(2)  -2(2) 8(2)  8(2) 

C(224) 71(3)  32(2) 47(2)  -5(2) 2(2)  5(2) 

C(225) 69(3)  37(2) 54(3)  -8(2) -15(2)  -5(2) 

C(226) 45(2)  40(2) 54(3)  -2(2) -9(2)  -4(2) 

N(202) 30(2)  30(2) 36(2)  2(1) -1(1)  0(1) 

C(207) 31(2)  33(2) 31(2)  1(1) 0(1)  1(1) 

C(231) 33(2)  32(2) 30(2)  2(1) -2(1)  0(1) 

C(232) 39(2)  42(2) 45(2)  10(2) -13(2)  -3(2) 

C(233) 53(3)  34(2) 51(2)  10(2) -11(2)  -1(2) 

C(234) 43(2)  36(2) 35(2)  -1(2) 2(2)  -11(2) 

Br(2) 68(1)  43(1) 70(1)  5(1) -3(1)  -21(1) 

C(235) 35(2)  46(2) 45(2)  1(2) -3(2)  -7(2) 

C(236) 31(2)  39(2) 47(2)  7(2) -2(2)  4(2) 

C(203) 36(2)  37(2) 40(2)  5(2) 2(2)  8(2) 

C(204) 29(2)  40(2) 38(2)  4(2) 3(2)  5(2) 
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C(208) 43(2)  54(3) 41(2)  1(2) -4(2)  2(2) 
______________________________________________________________________________  
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(Å2x103) for Imine 80. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(12) 1608 1180 654 41 

H(13) 1086 736 56 41 

H(17A) 576 289 588 96 

H(17B) 1218 30 -93 96 

H(17C) 1304 308 -1075 96 

H(15) 3812 473 2581 46 

H(16) 4316 912 3210 44 

H(5A) 2499 2049 2677 69 

H(5B) 3186 2164 4231 69 

H(5C) 2014 2012 4510 69 

H(6) 2744 1631 6336 37 

H(22) 5643 1874 6164 44 

H(23) 6337 2215 7853 52 

H(24) 5148 2444 9656 57 

H(25) 3238 2332 9751 63 

H(26) 2525 1998 8029 52 

H(7) 3064 1245 7104 37 

H(32) 5861 1099 5632 41 

H(33) 6862 699 5978 44 

H(35) 4241 389 8549 47 

H(36) 3229 787 8150 47 

H(3A) 5069 1785 3638 43 

H(3B) 4359 1873 2030 43 

H(4) 4995 1345 2991 41 

H(8A) 4855 1257 86 66 

H(8B) 5678 1506 428 66 

H(8C) 4416 1557 -207 66 

H(212) 8390 915 -1801 46 
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H(213) 8876 474 -2408 46 

H(21A) 11324 323 -6158 92 

H(21B) 11438 38 -5258 92 

H(21C) 12118 292 -4566 92 

H(215) 11641 738 -4882 45 

H(216) 11120 1183 -4281 44 

H(20A) 10261 2051 -2288 71 

H(20B) 10717 2018 -433 71 

H(20C) 9550 2170 -774 71 

H(206) 10003 1639 1367 38 

H(222) 7102 1874 1182 47 

H(223) 6373 2210 2883 55 

H(224) 7570 2447 4675 60 

H(225) 9475 2337 4790 64 

H(226) 10206 2003 3078 55 

H(207) 9711 1250 2127 38 

H(232) 9607 779 2983 51 

H(233) 8589 379 3374 56 

H(235) 5874 710 1107 50 

H(236) 6874 1111 786 47 

H(20D) 7656 1786 -1323 45 

H(20E) 8355 1875 -2938 45 

H(204) 7736 1348 -1966 43 

H(20F) 8316 1553 -5174 69 

H(20G) 7051 1512 -4530 69 

H(20H) 7842 1257 -4848 69 
________________________________________________________________________________   
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Table A3.2.7 Torsion Angles [°] for Imine 80. 

________________________________________________________________  

C(1)-N(1)-C(11)-C(12) 59.0(5) 

C(4)-N(1)-C(11)-C(12) -135.8(4) 

C(1)-N(1)-C(11)-C(16) -118.5(4) 

C(4)-N(1)-C(11)-C(16) 46.7(5) 

C(16)-C(11)-C(12)-C(13) -0.3(6) 

N(1)-C(11)-C(12)-C(13) -177.8(4) 

C(11)-C(12)-C(13)-C(14) -0.7(6) 

C(12)-C(13)-C(14)-O(2) -179.0(4) 

C(12)-C(13)-C(14)-C(15) 1.2(6) 

C(15)-C(14)-O(2)-C(17) 179.3(4) 

C(13)-C(14)-O(2)-C(17) -0.4(6) 

O(2)-C(14)-C(15)-C(16) 179.5(4) 

C(13)-C(14)-C(15)-C(16) -0.7(6) 

C(14)-C(15)-C(16)-C(11) -0.3(7) 

C(12)-C(11)-C(16)-C(15) 0.8(6) 

N(1)-C(11)-C(16)-C(15) 178.4(4) 

C(11)-N(1)-C(1)-O(1) -15.1(6) 

C(4)-N(1)-C(1)-O(1) 178.7(4) 

C(11)-N(1)-C(1)-C(2) 161.8(3) 

C(4)-N(1)-C(1)-C(2) -4.4(4) 

O(1)-C(1)-C(2)-C(5) -44.6(5) 

N(1)-C(1)-C(2)-C(5) 138.5(4) 

O(1)-C(1)-C(2)-C(3) -166.0(4) 

N(1)-C(1)-C(2)-C(3) 17.1(4) 

O(1)-C(1)-C(2)-C(6) 74.0(4) 

N(1)-C(1)-C(2)-C(6) -102.9(3) 

C(5)-C(2)-C(6)-N(2) -172.7(3) 

C(3)-C(2)-C(6)-N(2) -43.4(4) 

C(1)-C(2)-C(6)-N(2) 68.3(3) 

C(5)-C(2)-C(6)-C(21) -51.1(4) 

C(3)-C(2)-C(6)-C(21) 78.2(4) 

C(1)-C(2)-C(6)-C(21) -170.1(3) 

N(2)-C(6)-C(21)-C(22) 44.8(5) 
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C(2)-C(6)-C(21)-C(22) -77.0(4) 

N(2)-C(6)-C(21)-C(26) -132.1(4) 

C(2)-C(6)-C(21)-C(26) 106.0(4) 

C(26)-C(21)-C(22)-C(23) -1.3(6) 

C(6)-C(21)-C(22)-C(23) -178.2(4) 

C(21)-C(22)-C(23)-C(24) 1.1(6) 

C(22)-C(23)-C(24)-C(25) -0.2(7) 

C(23)-C(24)-C(25)-C(26) -0.5(7) 

C(24)-C(25)-C(26)-C(21) 0.3(7) 

C(22)-C(21)-C(26)-C(25) 0.6(6) 

C(6)-C(21)-C(26)-C(25) 177.7(4) 

C(21)-C(6)-N(2)-C(7) 114.6(3) 

C(2)-C(6)-N(2)-C(7) -120.6(3) 

C(6)-N(2)-C(7)-C(31) 179.7(3) 

N(2)-C(7)-C(31)-C(32) -3.1(5) 

N(2)-C(7)-C(31)-C(36) 177.4(4) 

C(36)-C(31)-C(32)-C(33) -1.1(6) 

C(7)-C(31)-C(32)-C(33) 179.4(4) 

C(31)-C(32)-C(33)-C(34) -0.4(6) 

C(32)-C(33)-C(34)-C(35) 1.1(6) 

C(32)-C(33)-C(34)-Br(1) -177.6(3) 

C(33)-C(34)-C(35)-C(36) -0.4(6) 

Br(1)-C(34)-C(35)-C(36) 178.3(3) 

C(34)-C(35)-C(36)-C(31) -1.0(6) 

C(32)-C(31)-C(36)-C(35) 1.8(6) 

C(7)-C(31)-C(36)-C(35) -178.7(4) 

C(5)-C(2)-C(3)-C(4) -142.7(3) 

C(1)-C(2)-C(3)-C(4) -23.0(4) 

C(6)-C(2)-C(3)-C(4) 89.6(4) 

C(1)-N(1)-C(4)-C(8) -131.4(3) 

C(11)-N(1)-C(4)-C(8) 62.2(4) 

C(1)-N(1)-C(4)-C(3) -10.2(4) 

C(11)-N(1)-C(4)-C(3) -176.5(3) 

C(2)-C(3)-C(4)-N(1) 20.5(4) 

C(2)-C(3)-C(4)-C(8) 140.1(3) 
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C(201)-N(201)-C(211)-C(216) -58.4(5) 

C(204)-N(201)-C(211)-C(216) 135.8(4) 

C(201)-N(201)-C(211)-C(212) 120.8(4) 

C(204)-N(201)-C(211)-C(212) -44.9(5) 

C(216)-C(211)-C(212)-C(213) 0.4(6) 

N(201)-C(211)-C(212)-C(213) -178.8(4) 

C(211)-C(212)-C(213)-C(214) -0.5(6) 

C(212)-C(213)-C(214)-O(202) -178.6(4) 

C(212)-C(213)-C(214)-C(215) 0.9(6) 

C(215)-C(214)-O(202)-C(217) -3.7(6) 

C(213)-C(214)-O(202)-C(217) 175.8(4) 

O(202)-C(214)-C(215)-C(216) 178.1(4) 

C(213)-C(214)-C(215)-C(216) -1.4(6) 

C(212)-C(211)-C(216)-C(215) -0.8(6) 

N(201)-C(211)-C(216)-C(215) 178.4(4) 

C(214)-C(215)-C(216)-C(211) 1.3(6) 

C(211)-N(201)-C(201)-O(201) 15.6(6) 

C(204)-N(201)-C(201)-O(201) -177.6(4) 

C(211)-N(201)-C(201)-C(202) -161.7(3) 

C(204)-N(201)-C(201)-C(202) 5.1(4) 

O(201)-C(201)-C(202)-C(205) 43.5(5) 

N(201)-C(201)-C(202)-C(205) -139.1(3) 

O(201)-C(201)-C(202)-C(203) 165.4(4) 

N(201)-C(201)-C(202)-C(203) -17.3(4) 

O(201)-C(201)-C(202)-C(206) -74.8(4) 

N(201)-C(201)-C(202)-C(206) 102.6(3) 

C(205)-C(202)-C(206)-N(202) 173.8(3) 

C(201)-C(202)-C(206)-N(202) -67.5(3) 

C(203)-C(202)-C(206)-N(202) 44.1(4) 

C(205)-C(202)-C(206)-C(221) 51.8(4) 

C(201)-C(202)-C(206)-C(221) 170.5(3) 

C(203)-C(202)-C(206)-C(221) -77.8(4) 

N(202)-C(206)-C(221)-C(222) -45.7(5) 

C(202)-C(206)-C(221)-C(222) 76.5(5) 

N(202)-C(206)-C(221)-C(226) 131.4(4) 
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C(202)-C(206)-C(221)-C(226) -106.4(4) 

C(226)-C(221)-C(222)-C(223) 1.0(6) 

C(206)-C(221)-C(222)-C(223) 178.1(4) 

C(221)-C(222)-C(223)-C(224) -0.2(7) 

C(222)-C(223)-C(224)-C(225) -0.9(7) 

C(223)-C(224)-C(225)-C(226) 1.1(7) 

C(222)-C(221)-C(226)-C(225) -0.8(6) 

C(206)-C(221)-C(226)-C(225) -178.0(4) 

C(224)-C(225)-C(226)-C(221) -0.2(7) 

C(221)-C(206)-N(202)-C(207) -114.9(4) 

C(202)-C(206)-N(202)-C(207) 119.7(3) 

C(206)-N(202)-C(207)-C(231) -179.4(3) 

N(202)-C(207)-C(231)-C(236) -0.3(6) 

N(202)-C(207)-C(231)-C(232) 178.4(4) 

C(236)-C(231)-C(232)-C(233) -2.7(6) 

C(207)-C(231)-C(232)-C(233) 178.6(4) 

C(231)-C(232)-C(233)-C(234) 2.1(7) 

C(232)-C(233)-C(234)-C(235) -0.6(7) 

C(232)-C(233)-C(234)-Br(2) -178.1(3) 

C(233)-C(234)-C(235)-C(236) -0.3(7) 

Br(2)-C(234)-C(235)-C(236) 177.3(3) 

C(232)-C(231)-C(236)-C(235) 1.8(6) 

C(207)-C(231)-C(236)-C(235) -179.5(4) 

C(234)-C(235)-C(236)-C(231) -0.3(6) 

C(205)-C(202)-C(203)-C(204) 142.4(3) 

C(201)-C(202)-C(203)-C(204) 22.7(4) 

C(206)-C(202)-C(203)-C(204) -89.9(4) 

C(201)-N(201)-C(204)-C(208) 131.3(4) 

C(211)-N(201)-C(204)-C(208) -61.8(5) 

C(201)-N(201)-C(204)-C(203) 9.5(4) 

C(211)-N(201)-C(204)-C(203) 176.4(3) 

C(202)-C(203)-C(204)-N(201) -20.0(4) 

C(202)-C(203)-C(204)-C(208) -140.1(3) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:   
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A3.3   X-RAY CRYSTAL STRUCTURE ANALYSIS OF IMINE 70 
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Figure A3.3.1 X-Ray Crystal Structure of Imine 70. 
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Table A3.3.1 Experimental Details for X-Ray Structure Determination of Imine 70. 

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS 

KAPPA APEX II diffractometer coupled to an PHOTON 100 CMOS detector with 

graphite monochromated Mo Ka radiation (l = 0.71073 Å) for the structure of compound 

70. The structure was solved by direct methods using SHELXS and refined against F2 on 

all data by full-matrix least squares with SHELXL-2017 using established refinement 

techniques. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included into the model at geometrically calculated positions and refined using a 

riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).  

Compound 70 crystallizes in the monoclinic space group P21/c with one molecule 

in the asymmetric unit. 
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Table A3.3.2 Crystal Data and Structure Refinement for Imine 70. 

Identification code  D19141 

Empirical formula  C26 H26 N2 O2 

Formula weight  398.49 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 19.640(5) Å a= 90°. 

 b = 6.1440(16) Å b= 94.127(6)°. 

 c = 17.135(5) Å g = 90°. 

Volume 2062.3(9) Å3 

Z 4 

Density (calculated) 1.283 Mg/m3 

Absorption coefficient 0.081 mm-1 

F(000) 848 

Crystal size 0.300 x 0.300 x 0.200 mm3 

Theta range for data collection 2.079 to 35.630°. 

Index ranges -31<=h<=31, -10<=k<=9, -27<=l<=27 

Reflections collected 110686 

Independent reflections 9463 [R(int) = 0.0390] 

Completeness to theta = 25.242° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7471 and 0.7041 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9463 / 0 / 273 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.1106 

R indices (all data) R1 = 0.0501, wR2 = 0.1175 

Extinction coefficient n/a 

Largest diff. peak and hole 0.569 and -0.261 e.Å-3 
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Table A3.3.3 Atomic Coordinates (x 104) and Equivalent Isotropic Displacement 

Parameters (Å2x 103) for Imine 70. U(eq) is Defined as One Third of the Trace of the 

Orthogonalized Uij Tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
N(1) 8328(1) 3132(1) 6113(1) 12(1) 

C(1) 8676(1) 3351(1) 6862(1) 12(1) 

C(2) 9154(1) 1784(1) 7114(1) 15(1) 

C(3) 9517(1) 1929(1) 7843(1) 15(1) 

C(4) 9401(1) 3674(1) 8328(1) 13(1) 

O(1) 9723(1) 3979(1) 9059(1) 17(1) 

C(7) 10207(1) 2372(1) 9326(1) 18(1) 

C(5) 8928(1) 5261(1) 8079(1) 16(1) 

C(6) 8563(1) 5110(1) 7359(1) 15(1) 

C(8) 7960(1) 4706(1) 5707(1) 11(1) 

O(2) 7793(1) 6481(1) 5955(1) 16(1) 

C(9) 7834(1) 3953(1) 4858(1) 11(1) 

C(10) 7920(1) 1487(1) 4926(1) 14(1) 

C(11) 8439(1) 1213(1) 5628(1) 14(1) 

C(12) 8412(1) 4983(1) 4425(1) 16(1) 

C(13) 7134(1) 4755(1) 4502(1) 11(1) 

C(21) 7033(1) 4224(1) 3637(1) 12(1) 

C(22) 6815(1) 2168(1) 3376(1) 15(1) 

C(23) 6738(1) 1711(1) 2578(1) 18(1) 

C(24) 6876(1) 3300(1) 2033(1) 18(1) 

C(25) 7093(1) 5351(1) 2286(1) 18(1) 

C(26) 7169(1) 5804(1) 3086(1) 15(1) 

N(2) 6588(1) 3781(1) 4924(1) 13(1) 

C(14) 6227(1) 5086(1) 5297(1) 14(1) 

C(31) 5657(1) 4350(1) 5743(1) 15(1) 

C(32) 5370(1) 5814(1) 6247(1) 21(1) 

C(33) 4830(1) 5180(2) 6680(1) 26(1) 

C(34) 4574(1) 3086(2) 6606(1) 27(1) 
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C(35) 4854(1) 1613(2) 6101(1) 25(1) 

C(36) 5396(1) 2241(1) 5672(1) 19(1) 
________________________________________________________________________________   
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Table A3.3.4 Bond Lengths [Å] and angles [°] for Imine 70. 

 _____________________________________________________  

N(1)-C(8)  1.3677(9) 

N(1)-C(1)  1.4158(9) 

N(1)-C(11)  1.4682(9) 

C(1)-C(2)  1.3926(9) 

C(1)-C(6)  1.4031(10) 

C(2)-C(3)  1.3955(10) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.3859(10) 

C(3)-H(3)  0.9500 

C(4)-O(1)  1.3737(9) 

C(4)-C(5)  1.3934(10) 

O(1)-C(7)  1.4236(9) 

C(7)-H(7A)  0.9800 

C(7)-H(7B)  0.9800 

C(7)-H(7C)  0.9800 

C(5)-C(6)  1.3859(10) 

C(5)-H(5)  0.9500 

C(6)-H(6)  0.9500 

C(8)-O(2)  1.2236(8) 

C(8)-C(9)  1.5301(9) 

C(9)-C(10)  1.5282(10) 

C(9)-C(12)  1.5363(9) 

C(9)-C(13)  1.5449(9) 

C(10)-C(11)  1.5291(10) 

C(10)-H(10A)  0.9900 

C(10)-H(10B)  0.9900 

C(11)-H(11A)  0.9900 

C(11)-H(11B)  0.9900 

C(12)-H(12A)  0.9800 

C(12)-H(12B)  0.9800 

C(12)-H(12C)  0.9800 

C(13)-N(2)  1.4624(9) 

C(13)-C(21)  1.5160(10) 
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C(13)-H(13)  1.0000 

C(21)-C(26)  1.3939(10) 

C(21)-C(22)  1.3973(10) 

C(22)-C(23)  1.3930(10) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.3919(11) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.3901(11) 

C(24)-H(24)  0.9500 

C(25)-C(26)  1.3945(10) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

N(2)-C(14)  1.2735(9) 

C(14)-C(31)  1.4707(10) 

C(14)-H(14)  0.9500 

C(31)-C(32)  1.3943(10) 

C(31)-C(36)  1.3955(12) 

C(32)-C(33)  1.3922(12) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.3836(15) 

C(33)-H(33)  0.9500 

C(34)-C(35)  1.3917(13) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.3901(11) 

C(35)-H(35)  0.9500 

C(36)-H(36)  0.9500 

 

C(8)-N(1)-C(1) 126.65(6) 

C(8)-N(1)-C(11) 112.01(5) 

C(1)-N(1)-C(11) 120.53(5) 

C(2)-C(1)-C(6) 118.47(6) 

C(2)-C(1)-N(1) 119.08(6) 

C(6)-C(1)-N(1) 122.44(6) 

C(1)-C(2)-C(3) 121.57(6) 

C(1)-C(2)-H(2) 119.2 
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C(3)-C(2)-H(2) 119.2 

C(4)-C(3)-C(2) 119.43(6) 

C(4)-C(3)-H(3) 120.3 

C(2)-C(3)-H(3) 120.3 

O(1)-C(4)-C(3) 124.65(6) 

O(1)-C(4)-C(5) 115.86(6) 

C(3)-C(4)-C(5) 119.49(6) 

C(4)-O(1)-C(7) 116.77(6) 

O(1)-C(7)-H(7A) 109.5 

O(1)-C(7)-H(7B) 109.5 

H(7A)-C(7)-H(7B) 109.5 

O(1)-C(7)-H(7C) 109.5 

H(7A)-C(7)-H(7C) 109.5 

H(7B)-C(7)-H(7C) 109.5 

C(6)-C(5)-C(4) 121.14(6) 

C(6)-C(5)-H(5) 119.4 

C(4)-C(5)-H(5) 119.4 

C(5)-C(6)-C(1) 119.89(6) 

C(5)-C(6)-H(6) 120.1 

C(1)-C(6)-H(6) 120.1 

O(2)-C(8)-N(1) 126.75(6) 

O(2)-C(8)-C(9) 124.83(6) 

N(1)-C(8)-C(9) 108.26(5) 

C(10)-C(9)-C(8) 102.55(5) 

C(10)-C(9)-C(12) 111.35(5) 

C(8)-C(9)-C(12) 105.12(5) 

C(10)-C(9)-C(13) 115.92(5) 

C(8)-C(9)-C(13) 110.89(5) 

C(12)-C(9)-C(13) 110.24(5) 

C(9)-C(10)-C(11) 103.49(5) 

C(9)-C(10)-H(10A) 111.1 

C(11)-C(10)-H(10A) 111.1 

C(9)-C(10)-H(10B) 111.1 

C(11)-C(10)-H(10B) 111.1 

H(10A)-C(10)-H(10B) 109.0 
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N(1)-C(11)-C(10) 103.82(5) 

N(1)-C(11)-H(11A) 111.0 

C(10)-C(11)-H(11A) 111.0 

N(1)-C(11)-H(11B) 111.0 

C(10)-C(11)-H(11B) 111.0 

H(11A)-C(11)-H(11B) 109.0 

C(9)-C(12)-H(12A) 109.5 

C(9)-C(12)-H(12B) 109.5 

H(12A)-C(12)-H(12B) 109.5 

C(9)-C(12)-H(12C) 109.5 

H(12A)-C(12)-H(12C) 109.5 

H(12B)-C(12)-H(12C) 109.5 

N(2)-C(13)-C(21) 110.25(5) 

N(2)-C(13)-C(9) 109.73(5) 

C(21)-C(13)-C(9) 111.51(5) 

N(2)-C(13)-H(13) 108.4 

C(21)-C(13)-H(13) 108.4 

C(9)-C(13)-H(13) 108.4 

C(26)-C(21)-C(22) 118.76(6) 

C(26)-C(21)-C(13) 119.69(6) 

C(22)-C(21)-C(13) 121.54(6) 

C(23)-C(22)-C(21) 120.38(6) 

C(23)-C(22)-H(22) 119.8 

C(21)-C(22)-H(22) 119.8 

C(24)-C(23)-C(22) 120.35(7) 

C(24)-C(23)-H(23) 119.8 

C(22)-C(23)-H(23) 119.8 

C(25)-C(24)-C(23) 119.72(7) 

C(25)-C(24)-H(24) 120.1 

C(23)-C(24)-H(24) 120.1 

C(24)-C(25)-C(26) 119.77(7) 

C(24)-C(25)-H(25) 120.1 

C(26)-C(25)-H(25) 120.1 

C(21)-C(26)-C(25) 121.01(7) 

C(21)-C(26)-H(26) 119.5 



Appendix 3 – X-Ray Crystallography Reports Relevant to Chapter 1 341 

Table A3.3.4 Cont. 

C(25)-C(26)-H(26) 119.5 

C(14)-N(2)-C(13) 116.44(6) 

N(2)-C(14)-C(31) 122.70(7) 

N(2)-C(14)-H(14) 118.6 

C(31)-C(14)-H(14) 118.6 

C(32)-C(31)-C(36) 119.38(7) 

C(32)-C(31)-C(14) 118.70(7) 

C(36)-C(31)-C(14) 121.92(6) 

C(33)-C(32)-C(31) 120.41(8) 

C(33)-C(32)-H(32) 119.8 

C(31)-C(32)-H(32) 119.8 

C(34)-C(33)-C(32) 119.82(8) 

C(34)-C(33)-H(33) 120.1 

C(32)-C(33)-H(33) 120.1 

C(33)-C(34)-C(35) 120.28(8) 

C(33)-C(34)-H(34) 119.9 

C(35)-C(34)-H(34) 119.9 

C(36)-C(35)-C(34) 119.98(9) 

C(36)-C(35)-H(35) 120.0 

C(34)-C(35)-H(35) 120.0 

C(35)-C(36)-C(31) 120.13(7) 

C(35)-C(36)-H(36) 119.9 

C(31)-C(36)-H(36) 119.9 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Table A3.3.5 Anisotropic Displacement Parameters (Å2x103) for Imine 70. The 

Anisotropic Displacement Factor Exponent Takes the Form: -2p2[h2a*2U11 + … + 

2hka*b*U12]. 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 14(1)  10(1) 11(1)  -1(1) 0(1)  2(1) 

C(1) 12(1)  12(1) 11(1)  0(1) 1(1)  1(1) 

C(2) 18(1)  14(1) 14(1)  -2(1) -1(1)  4(1) 

C(3) 17(1)  16(1) 14(1)  0(1) -1(1)  4(1) 

C(4) 14(1)  16(1) 10(1)  1(1) 1(1)  0(1) 

O(1) 20(1)  21(1) 11(1)  0(1) -2(1)  4(1) 

C(7) 18(1)  19(1) 15(1)  5(1) -2(1)  -1(1) 

C(5) 18(1)  18(1) 11(1)  -2(1) 1(1)  5(1) 

C(6) 16(1)  16(1) 12(1)  -2(1) 1(1)  5(1) 

C(8) 12(1)  10(1) 11(1)  0(1) 1(1)  0(1) 

O(2) 22(1)  11(1) 14(1)  -2(1) -1(1)  4(1) 

C(9) 12(1)  11(1) 10(1)  -1(1) 1(1)  0(1) 

C(10) 16(1)  11(1) 14(1)  -3(1) -2(1)  2(1) 

C(11) 16(1)  10(1) 15(1)  -2(1) -1(1)  3(1) 

C(12) 14(1)  19(1) 15(1)  1(1) 3(1)  -2(1) 

C(13) 13(1)  11(1) 11(1)  0(1) 1(1)  0(1) 

C(21) 12(1)  13(1) 11(1)  0(1) 1(1)  0(1) 

C(22) 16(1)  14(1) 14(1)  -1(1) 0(1)  -1(1) 

C(23) 19(1)  19(1) 16(1)  -4(1) -1(1)  -2(1) 

C(24) 16(1)  26(1) 12(1)  -3(1) 0(1)  -1(1) 

C(25) 18(1)  24(1) 12(1)  3(1) 1(1)  -3(1) 

C(26) 17(1)  16(1) 13(1)  2(1) 1(1)  -2(1) 

N(2) 12(1)  15(1) 12(1)  1(1) 2(1)  1(1) 

C(14) 14(1)  16(1) 13(1)  1(1) 1(1)  3(1) 

C(31) 13(1)  21(1) 12(1)  2(1) 1(1)  5(1) 

C(32) 18(1)  28(1) 18(1)  -2(1) 3(1)  8(1) 

C(33) 18(1)  43(1) 18(1)  -1(1) 5(1)  11(1) 

C(34) 16(1)  44(1) 22(1)  10(1) 6(1)  7(1) 
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C(35) 16(1)  30(1) 28(1)  9(1) 6(1)  2(1) 

C(36) 16(1)  22(1) 20(1)  3(1) 4(1)  2(1) 

______________________________________________________________________________   
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Table A3.3.6 Hydrogen Coordinates (x104) and Isotropic Displacement Parameters 

(Å2x103) for Imine 70. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(2) 9236 588 6782 19 

H(3) 9841 842 8004 19 

H(7A) 9986 942 9321 26 

H(7B) 10386 2723 9860 26 

H(7C) 10584 2344 8980 26 

H(5) 8854 6468 8409 19 

H(6) 8237 6196 7201 18 

H(10A) 8095 869 4446 17 

H(10B) 7482 773 5022 17 

H(11A) 8355 -146 5916 17 

H(11B) 8911 1187 5460 17 

H(12A) 8854 4512 4670 24 

H(12B) 8379 6573 4452 24 

H(12C) 8372 4522 3876 24 

H(13) 7113 6372 4565 14 

H(22) 6719 1074 3745 18 

H(23) 6590 307 2406 21 

H(24) 6822 2984 1489 22 

H(25) 7189 6441 1917 22 

H(26) 7315 7209 3256 18 

H(14) 6329 6596 5287 17 

H(32) 5544 7254 6296 25 

H(33) 4638 6181 7024 31 

H(34) 4206 2651 6901 32 

H(35) 4676 179 6050 29 

H(36) 5589 1232 5330 23 
________________________________________________________________________________   
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Table A3.3.7 Torsion Angles [°] for Imine 70. 

________________________________________________________________  

C(8)-N(1)-C(1)-C(2) -165.03(6) 

C(11)-N(1)-C(1)-C(2) 3.74(9) 

C(8)-N(1)-C(1)-C(6) 14.04(10) 

C(11)-N(1)-C(1)-C(6) -177.19(6) 

C(6)-C(1)-C(2)-C(3) 0.16(11) 

N(1)-C(1)-C(2)-C(3) 179.27(6) 

C(1)-C(2)-C(3)-C(4) -0.12(11) 

C(2)-C(3)-C(4)-O(1) 179.43(7) 

C(2)-C(3)-C(4)-C(5) -0.44(10) 

C(3)-C(4)-O(1)-C(7) -0.06(10) 

C(5)-C(4)-O(1)-C(7) 179.81(6) 

O(1)-C(4)-C(5)-C(6) -178.90(6) 

C(3)-C(4)-C(5)-C(6) 0.98(11) 

C(4)-C(5)-C(6)-C(1) -0.94(11) 

C(2)-C(1)-C(6)-C(5) 0.37(10) 

N(1)-C(1)-C(6)-C(5) -178.71(6) 

C(1)-N(1)-C(8)-O(2) -9.85(11) 

C(11)-N(1)-C(8)-O(2) -179.43(6) 

C(1)-N(1)-C(8)-C(9) 165.62(6) 

C(11)-N(1)-C(8)-C(9) -3.95(7) 

O(2)-C(8)-C(9)-C(10) -162.44(6) 

N(1)-C(8)-C(9)-C(10) 21.98(7) 

O(2)-C(8)-C(9)-C(12) 81.04(8) 

N(1)-C(8)-C(9)-C(12) -94.54(6) 

O(2)-C(8)-C(9)-C(13) -38.09(9) 

N(1)-C(8)-C(9)-C(13) 146.33(5) 

C(8)-C(9)-C(10)-C(11) -30.46(6) 

C(12)-C(9)-C(10)-C(11) 81.50(7) 

C(13)-C(9)-C(10)-C(11) -151.42(5) 

C(8)-N(1)-C(11)-C(10) -15.83(7) 

C(1)-N(1)-C(11)-C(10) 173.87(6) 

C(9)-C(10)-C(11)-N(1) 28.62(7) 

C(10)-C(9)-C(13)-N(2) 52.92(7) 
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Table A3.3.7 Cont. 

C(8)-C(9)-C(13)-N(2) -63.45(7) 

C(12)-C(9)-C(13)-N(2) -179.44(5) 

C(10)-C(9)-C(13)-C(21) -69.53(7) 

C(8)-C(9)-C(13)-C(21) 174.11(5) 

C(12)-C(9)-C(13)-C(21) 58.11(7) 

N(2)-C(13)-C(21)-C(26) 140.78(6) 

C(9)-C(13)-C(21)-C(26) -97.07(7) 

N(2)-C(13)-C(21)-C(22) -40.19(8) 

C(9)-C(13)-C(21)-C(22) 81.96(8) 

C(26)-C(21)-C(22)-C(23) 0.15(10) 

C(13)-C(21)-C(22)-C(23) -178.88(6) 

C(21)-C(22)-C(23)-C(24) -0.10(11) 

C(22)-C(23)-C(24)-C(25) 0.13(11) 

C(23)-C(24)-C(25)-C(26) -0.21(11) 

C(22)-C(21)-C(26)-C(25) -0.23(10) 

C(13)-C(21)-C(26)-C(25) 178.82(6) 

C(24)-C(25)-C(26)-C(21) 0.26(11) 

C(21)-C(13)-N(2)-C(14) -121.09(6) 

C(9)-C(13)-N(2)-C(14) 115.72(6) 

C(13)-N(2)-C(14)-C(31) 179.47(6) 

N(2)-C(14)-C(31)-C(32) 168.35(7) 

N(2)-C(14)-C(31)-C(36) -11.84(10) 

C(36)-C(31)-C(32)-C(33) 0.23(11) 

C(14)-C(31)-C(32)-C(33) -179.96(7) 

C(31)-C(32)-C(33)-C(34) -0.27(12) 

C(32)-C(33)-C(34)-C(35) -0.03(12) 

C(33)-C(34)-C(35)-C(36) 0.36(12) 

C(34)-C(35)-C(36)-C(31) -0.40(12) 

C(32)-C(31)-C(36)-C(35) 0.11(11) 

C(14)-C(31)-C(36)-C(35) -179.70(7) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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CHAPTER 2 

Enantioselective Dearomative Allylic Alkylation of Pyridines †  

 

2.1  INTRODUCTION  

Aromatic compounds are stable, feedstock chemicals available with numerous 

substitution patterns that find application in various areas such as materials science1 and 

pharmaceuticals.2 However, there is an increasing demand to develop methods to convert 

these readily available, aromatic chemicals into value-added, enantioenriched saturated 

compounds with increased complexity.3 The development of asymmetric, catalytic 

dearomatization methods of N-heterocycles has garnered significant attention over the past 

twenty years from the synthetic and medicinal chemistry communities since saturated and 

partially saturated N-heterocycles are high demand building blocks.4 This is because these 

stereogenic saturated and partially saturated N-heterocycles, in particular six-membered N-

heterocycles, are among the most common motifs in pharmaceuticals and natural products.5  

The enantioselective, dearomative functionalization of pyridines has emerged as a 

valuable strategy to access the corresponding saturated N-heterocycle building blocks due 

to the high commercial and synthetic availability of various substituted pyridines. These 

methods predominantly require a sequential protocol involving the stoichiometric N-

acylation, N-alkylation or N-oxidation followed by nucleophilic addition into the activated 
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pyridine ring 108b (Scheme 2.1.1).6 As a result, the site-selectivity of the nucleophilic 

addition is predominantly dictated by the stereoelectronic effects from the pyridine 

substituents or directed by the N-acyl or N-alkyl substituent.7 Exploiting this sequential 

dearomative addition protocol of pyridines results in nucleophilic addition at C–2 or C–4 

of the pyridine, depending on the hardness of the incoming nucleophile. Friedel-Crafts-like 

alkylation reactions favor C–3 substitution; however, harsh reaction conditions and 

pyridine substrates bearing electron donating substituents are typically required for the 

reaction to take place.8 Consequently, enantioselective dearomative functionalization 

reactions at C–3 of pyridines remains underexplored in the synthetic chemistry community.  

Scheme 2.1.1 Approaches toward the dearomative functionalization of pyridines 

 

A rising strategy toward the dearomatization of pyridines involves the catalytic 

hydrosilylation as many strategies have been developed with several heterogeneous 

catalysts,9 transition metal catalysts (Ti, Ru, Ir, Zn),10 as well as main group metals (Ca, 
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Mg)11 and organic catalysts (boranes).12 The resulting N-silylated enamines 119 or 120 are 

highly unstable to moisture and cannot be purified via column chromatography; however, 

derivatization can lead to stable saturated, or partially saturated, N-heterocyclic products.13 

We hypothesized that N-silyl dihydropyridines 120, obtained via a dearomative 1,2-

hydrosilylation, can act as enamine C-pronucleophiles at C–3 of the pyridine to undergo 

an asymmetric dearomative C–3 functionalization of readily available pyridine substrates. 

In particular, we envisioned that the N-silyl enamine 120 would be a competent nucleophile 

in a Pd-catalyzed asymmetric allylic alkylation reaction (Scheme 2.1.2). 

Scheme 2.1.2 Proposed transformation featuring a telescoped dearomative 

hydrosilylation, asymmetric allylic alkylation of pyridines 

 
 

Transition metal-catalyzed asymmetric allylic alkylation (AAA) reactions are 

established and reliable transformations to form tertiary and quaternary centers via 

numerous combinations of nucleophiles and electrophiles.14,15 Due to the versatility of this 

transformation, a vibrant area of research has emerged to convert readily available aromatic 

compounds into enantioenriched, saturated substrates via dearomative, transition metal-

catalyzed asymmetric allylic alkylation reactions.16 Trost reported the first enantioselective 

Pd-catalyzed dearomative allylic alkylation at the C–3 position of indoles in 2006 (Scheme 

2.1.3).17 Since then, the reactivity of numerous electron-rich heteroaromatics18 and 

electron-rich benzene derivatives (phenols, anilines) have been explored (Scheme 2.1.3).19  
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Scheme 2.1.3 Dearomative asymmetric allylic alkylation of electron-rich arenes 

 
 

Recently in 2018, You reported the first intramolecular, Ir-catalyzed dearomative 

allylation of simple benzenes, further expanding this field (Scheme 2.1.4).20 This strategy 

requires the highly acidic, benzylic malonate C–H in arene 128 to be present to promote 

the desired spirocyclization in high enantioselectivity. In 2014, You published the 

intramolecular allylic N-alkylation of pyridines to deliver the corresponding bicycles 131 

in high enantioselectivities.21 Despite these advances, the existing dearomative asymmetric 

allylic alkylation technology leverages the intrinsic nucleophilicity of the (hetero)aromatic 

substrates, even installing highly acidic benzylic positions to assist in the transformation. 

The expansion to C-alkylation of electron-poor heterocycles such as pyridines remains 

elusive, primarily due to their poor nucleophilicity at carbon.  
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Scheme 2.1.4 Dearomative asymmetric allylic alkylation using inherent 

nucleophilicity of arenes 

 
 

We hypothesized that 1,2-hydrosilylation of pyridines would result in an N-silyl 

enamine intermediate with sufficient nucleophilicity at the C–3 position to facilitate an 
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iridium catalyzed allylic alkylation to deliver the desired b-allyl substituted aldehyde 

product in high diastereo- and enantioselectivity (Scheme 2.1.5).24 

Scheme 2.1.5 Asymmetric allylic alkylation reaction of enamine nucleophiles 
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(Scheme 2.1.6). Furthermore, we propose the corresponding N-silyl iminium intermediate 

after the C–3 alkylation could be reduced via a second hydrosilylation, resulting in the 

formation of chiral tetrahydropyridine products possessing a stereocenter b-relative to 

nitrogen. This would serve as the first dearomative, asymmetric allylic alkylation protocol 

of pyridines to deliver chiral tetrahydropyridine products bearing a stereocenter at the 

former C–3 position the pyridine.  

Scheme 2.1.6 Proposed transformation to deliver chiral tetrahydropyridine products  
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substitution at C–2 nor the substitution of electron-releasing groups were shown to be well 

tolerated on the pyridine substrates. Consequently, the scope of our pyridine substrates was 

limited to C–3 and C–4 substituted pyridines due to the limitations of the dearomative 

hydrosilylation technology.  

Scheme 2.2.1 Chang et al. Ir-catalyzed 1,2- hydrosilylation of pyridines 142 

 
 

We began our initial investigation into the enantioselective, dearomative allylic 

alkylation of pyridines using 3-fluoropyridine 142a as our pro-nucleophile (Table 2.2.1). 

To test the hydrosilylation, we treated 3-fluoropyridine 142a with 1 mol% of [Ir(coe)Cl]2 

and 5 equivalents of diethyl silane at 50 ℃ for 3 hours. In accordance with Chang’s results, 

we found almost quantitative conversion to the N-silyl dihydropyridine 143a confirmed via 

N

[Ir(coe)2Cl]2 
1.4 mol%

Et2SiH2 5 equiv
neat, 55 °C, 1 h

95% NMR yield
not isolated

O

Cl

NO2

toluene,
 0 °C, 1 h

57% isolated
yield

CF3

N

CF3

SiEt2H

N

CF3

ArO

1 equiv

N
SiEt2H

X

X = Cl, Br, I, Ph

142d 143d

144

145d

143c
83-95% NMR yield

N
SiEt2H

143a
83% NMR yield

N
SiEt2H

143b
85% NMR yield

N
SiEt2H

143e
93% NMR yield

Cl Cl

Electron-withdrawing substituents

N
SiEt2H

OMe

143h
29% NMR yield

N
SiEt2H

143f
52% NMR yield

N
SiEt2H

143g
51% NMR yield

N
SiEt2H

143i
0% NMR yield

Electron-donating substituents
Me NMe2

F Cl

Me
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LC/MS. This mixture was added to a solution of Pd2(dba)3 (2.5 mol%), PPh3 (15 mol %) 

and cinnamyl methyl carbonate 146 (1.5 equiv) in DCM at 40 ℃ for 16 hours.  

Table 2.2.1 Ligand optimization screen of the dearomatization/asymmetric allylic 

alkylation of 3-fluoropyridine 142a 

 
 

N

F

142a
1 equiv

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (5.0 equiv)

neat
50 ℃, 3 h

N

F

143a
[Si]

[Si] = SiHEt2

Ph OCO2Me

146a (1.5 equiv)
Pd2(dba)3 (2.5 mol%)

LX (7 mol %)

CH2Cl2 40 ℃, 16 h

N
H

147a

F
Ph

N
H

149a

F
Ph

N

148a

F
Ph

Ph

2% yield n.d. 11% yield <5% yield

O
P

O
N

Me
Ph

Me
Ph

L17

PAr2

PAr2

L18

O

O

O

O

Ar = 3,5-tBu-4-OMeC6H2

PPh2

PPh2

L19

L15

PPh2

PPh2

L20

O

O

Me
Me

PF3C

CF3

CF3

O

N
t-Bu

L21

NH

PhPh

HN
OO

PPh2 Ph2P

L22

Products

<5% yield 48% ee n.d. <5% yieldL17
<5% yield 42% ee n.d. <5% yieldL18
<5% yield 28% ee 17% yield <5% yieldL19
<5% yield 0% ee n.d. <5% yieldL20
n.d. n.d. n.d. n.d.L21
5% yield 12% yield 7% yieldL15

L22
n.d. n.d. n.d. n.d.L23

L24

PPh3

LigandEntry

2
3
4
5
6
7
8
9

10

1

NH

PhPh

HN
OO

PAr2 Ar2P

L23: Ar = o-Tolyl
L24: Ar = 4-OMeC6H4

34% yield 96% ee 12% yield 7% yield
30% ee

n.d. n.d. n.d. n.d.

NH HN
OO

PPh2Ph2P
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To our delight, we observed the desired dearomative allylic alkylation product 147a 

in trace quantities via LC/MS. However, two side products were also detected. Namely, 

the rearomatized 3-alkylated pyridine 148a was observed as the major product (11%) 

alongside a bisalkylated side product 149a determined to be the double alkylation at C–3 

(Table 2.2.1, entry 1). After this promising hit, we screened a variety of phosphine ligands 

to increase the yield of the desired allylic alkylation product. Initial screening of 

monodentate phosphines revealed that more electron-rich, electron-deficient, or more 

sterically demanding phosphine ligands relative to PPh3 could improve the outcome of this 

reaction. Having established a proof of concept for this reaction pathway, we turned our 

attention toward developing an asymmetric variant of the dearomative allylic alkylation. 

To control the stereochemistry at the C–3-position, several privileged chiral monodentate 

and bidentate phosphine ligands, such as PHOX L21, phosphoramidite L17, BINAP L19, 

DTBM-SegPhos L18, and DIOP L20 were investigated (Table 2.2.1, entries 2–6). 

Unfortunately, less than 5% of the desired product was observed in all reaction. However, 

enantioinduction was observed using the Trost scaffold L15 (Table 2.2.1, entry 7) and 

Feringa’s phosphoramidite L17 (Table 2.2.1, entry 2) in up to 30% ee and 48% ee 

respectively. Employing Trost-DACH ligand L22 (7 mol%) resulted in significantly 

increased conversion of the N-silyl enamine delivering the desired allylic alkylation 

product 147a in an improved 34% yield and an excellent enantioselectivity of 96% (Table 

2.2.1, entry 8). With this promising result using the Trost-DACH ligand L22, we focused 

our efforts toward the derivatization of the scaffold to improve the performance in the 

transformation. Various ligands bearing different phosphine aryl group substitution and 

backbone modifications were synthesized. Unfortunately, modifications on the ligand did 
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not result in an improved performance in the transformation, ultimately leading us to use 

Trost-DACH ligand L22 moving forward (Table 2.2.1, entries 9–10). 

Table 2.2.2 Solvent optimization screen of the dearomatization/asymmetric allylic 

alkylation of 3-fluoropyridine 142a 

 
 

 We performed a solvent screen and determined that CH2Cl2 to be the ideal solvent, 

delivering the desired allylic alkylation product 147a in a modest yield (34% yield), but 

excellent enantioselectivity (96% ee). Other solvents such as benzene, THF and 1,4-

dioxane delivered the mono alkylated product 147a in higher enantioselectivity (98% ee), 

albeit in much lower yields (Table 2.2.2, entries 2–4). Solvents such as MeCN, HFIP and 

DMF completely inhibited the allylic alkylation (Table 2.2.2, entries 5–7). DCE delivered 

the desired alkylation product 147a; however, the yield of the product was lower compared 

to the reaction performed in DCM (Table 2.2.2, entry 8).  

N

F

142a
1 equiv

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (5.0 equiv)

neat
50 ℃, 3 h

N

F

143a
[Si]

[Si] = SiHEt2

Ph OCO2Me

146a (1.5 equiv)
Pd2(dba)3 (2.5 mol%)
L22 (7 mol %)

solvent, 40 ℃, 16 h

N
H

147a

F
Ph

N
H

149a

F
Ph

N

148a

F
Ph

Ph

34% yield 96% ee 12% yield 7% yield

Products

18% yield 98% ee 11% yield <5% yield
15% yield 98% ee 24% yield <5% yield
20% yield 98% ee 15% yield <5% yieldDioxane
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d.

CH2Cl2

Solvent

PhH
THF

MeCN
HFIP

22% yield n.d. 15% yield n.d.DCE
n.d. n.d. n.d. n.d.DMF

Entry

2
3
4
5
6
7
8

1
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 Pd(OAc)2 was found to be the optimal Pd source during our optimization campaign, 

while other precursors such as Pd2dba3•CHCl3 gave similar results (Table 2.2.3, entries 1–

2). Other Pd sources investigated such as Pd2dmba3 or [Pd(cinnamyl)Cl]2 resulted in a 

decreased yield of the desired allylic alkylation product 147a (Table 2.2.3, entries 3–4). 

Table 2.2.3 Pd-catalyst screen of the dearomatization/asymmetric allylic alkylation 

of 3-fluoropyridine 142a 

 
 

 We the focused our efforts toward the investigation of various additives to improve 

the conversion of silyl enamine 143a toward the desired allylic alkylation product 147a 

(Table 2.2.4). Generally, the addition of stoichiometric base additives led toward a decrease 

in the desired allylic alkylation product with an increase in the observed pyridine 

aromatized allyl product 148a (Table 2.2.4, entries 1–4). To our delight, the addition of 

alkali metal fluoride sources such as CsF and NaF led to a general increase in yield of the 

desired allylic alkylation product 147a (Table 2.2.4, entries 5–8). We observed that 

introduction of catalytic amounts of sodium fluoride resulted in an increase conversion to 

the desired allylic alkylation product 147a (49% yield) with no reduction in the 

N

F

142a
1 equiv

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (5.0 equiv)

neat
50 ℃, 3 h

N

F

143a
[Si]

[Si] = SiHEt2

Ph OCO2Me

146a (1.5 equiv)
[Pd] (2.5 mol%)
L22 (7 mol %)

CH2Cl2 40 ℃, 16 h

N
H

147a

F
Ph

N
H

149a

F
Ph

N

148a

F
Ph

Ph

38% yield 96% ee 8% yield 5% yield

Products

38% yield 96% ee 9% yield 10% yield
23% yield n.d. 5% yield <5% yield
28% yield n.d. 12% yield <5% yield[Pd(cinnamyl)Cl]2

Pd(OAc)2 (5 mol%)

Pd Source

Pd2dba3•CHCl3
Pd2dmba3

Entry

2
3
4

1
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enantioselectivity (96% ee). Further exploration of additives for the allylic alkylation step 

had no beneficial effect relative to the results obtained utilizing catalytic amounts of 

sodium fluoride and cinnamyl methyl carbonate 146a as the electrophile.  

Table 2.2.4 Additive screen of the dearomatization/asymmetric allylic alkylation of 

3-fluoropyridine 142a 

 
 

Our final efforts toward optimization was investigating the effects of Ir:Pd-catalyst 

ratio on the desired telescoped transformation (Table 2.2.5). Using 3-chloropyridine 142b 

as the pronucleophile and altering the amount of the iridium dimer to 0.5 or 2.5 mol% 

resulted in significantly decreased amount of the monoalkylated product 147b (Table 2.2.5, 

entries 2 and 3). In the case of 0.5 mol% iridium, the desired product 147b was obtained 

in a diminished 5% yield while both the 3-alkylated pyridine 148b and double alkylation 

N

F

142a
1 equiv

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (5.0 equiv)

neat
50 ℃, 3 h

N

F

143a
[Si]

[Si] = SiHEt2

Ph OCO2Me

146a (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol %)

CH2Cl2 40 ℃, 16 h

N
H

147a

F
Ph

N
H

149a

F
Ph

N

148a

F
Ph

Ph

n.d. n.d. n.d. n.d.

Products

32% yield n.d. 17% yield <5% yield
5% yield n.d. 12% yield <5% yield
38% yield n.d. 12% yield <5% yieldEt3N (1.0 equiv)

LiOt-Bu (1.0 equiv)

Additive

LiOAc (1.0 equiv)
DBU (1.0 equiv)

Additive

44% yield 96% ee 14% yield <5% yield
48% yield n.d. 10% yield <5% yield
49% yield 96% ee 9% yield 8% yield
49% yield 96% ee 8% yield 6% yieldNaF (0.1 equiv)

CsF (1.0 equiv)
CsF (0.2 equiv)
NaF (0.2 equiv)

35% yield n.d. 8% yield n.d.
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d.
11% yield n.d. 20% yield <5% yield

AcOH (0.5 equiv)
ZnOTf2 (0.2 equiv)

PhB (0.2 equiv)
NaBH(OAc)3

Entry

2
3
4
5
6
7
8
9

10

1

11
12
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product 149b were obtained in an increased 34% yield and 45% yield respectively (Table 

2.2.5, entry 2). With high iridium catalyst loadings, the N-silyl enamine 143b undergoes a 

second hydrosilylation event prior to the asymmetric allylic alkylation, resulting in trace 

products observed resulting from enamine alkylation. This suggests that the iridium 

catalyst is critical for the initial generation of the N-silyl enamine nucleophile 143 as well 

as controlling the fate of the imine intermediate formed after the first Pd-catalyzed allylic 

alkylation event. Both catalysts are required for the reaction as no desired product was 

obtained without the presence of either the Ir- or Pd-catalyst.  

Table 2.2.5 Catalyst loading screen of the dearomatization/asymmetric allylic 

alkylation of 3-chloropyridine 142b 

 
 

2.3 SCOPE OF THE DEAROMATIVE ASYMMETRIC ALLYLIC 

ALKYLATION OF PYRIDINES 

In the reaction setting, the iridium-catalyzed hydrosilylation was performed under 

argon. After the indicated time, this reaction mixture was added to a pre-stirred mixture of 

palladium catalyst, L22 and carbonate 146 in CH2Cl2 under argon and heated to 40 ℃ for 

N

Cl

142b
1 equiv

[Ir(coe)2Cl]2 (X mol%)
Et2SiH2 (5.0 equiv)

neat
50 ℃, 3 h

N

Cl

143b
[Si]

[Si] = SiHEt2

Ph OCO2Me

146a (1.5 equiv)
Pd(OAc) (Y mol%)
L22 (7 mol %)

CH2Cl2 40 ℃, 16 h

N
H

147b

Cl
Ph

N
H

149b

Cl
Ph

N

148b

Cl
Ph

Ph

37% yield 93% ee 16% yield 24% yield

Products

14% yield n.d. 34% yield 45% yield
5% yield n.d. <5% yield <5% yield
28% yield n.d. 12% yield <5% yield

X

1 mol%

1 mol%
0.5 mol%
2.5 mol%

10 mol%

5 mol%
5 mol%
5 mol%

YEntry

2
3
4

1
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the indicated time. With the optimized conditions in hand, we investigated the substrate 

scope of the telescoped pyridine hydrosilylation/enantioselective allylic alkylation 

(Scheme 2.3.1). For simplified handling during the purification, the product amines 147 

were protected by N-acylation in an additional step in the same pot to deliver N-Acylated 

product 150.  

Scheme 2.3.1 Pyridine pronucleophile scope of the enantioselective allylic alkylation   

 
 

Various electron-poor pyridines reacted smoothly to the desired products 150a-d 

and 150f-k in moderate yields (between 21–51%), but in most cases with excellent 

N

MeO

R

150a, R = F 
43% yield, 95% ee

150b, R = Cl, 
38% yield, 93% ee
54% yield, 91% ee 

(1 mmol)

N

MeO

R

150c, R = Cl
27% yield, 83% ee
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X
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F

150f, X = Cl
35% yield, 88% ee
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49% yield, 96% ee
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95% ee

150m, 42% yield 
97% ee

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 1-6 h

OCO2MePh
(1.5 equiv)

Pd(OAc)2 (5 mol%)
L22  (7 mol%)
NaF (10 mol%)

N

Ph

142a–m, 0.5 mmol
1 equiv

R R

O Me

AcCl (3 equiv)
pyridine (3 equiv)

CH2Cl2, 
25 ℃, 16 h

Reaction Conditions

Nucleophile Scope

150a–m

150h, R = Ph
21% yield, 93% ee

150i, R = Me
44% yield, 94% ee

150j, R = Me 
47% yield, 93% ee

150k, R = CF3
20% yield 96% ee

Ph Ph Ph Ph

Ph Ph Ph
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R

R = Me, aryl, 
Br, I
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N N

142v–x 142y–z

R

R = Me, 
F, Cl

R
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N

Cl
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R
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Cl, Br

O

CH2Cl2,
40 °C, 16 h
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enantioselectivity (above 90% ee). Substituents are generally tolerated in the 3 and 4 

position of the pyridine (Scheme 2.3.1). Substituents on the 2 or 6 position of the pyridine 

did not yield any desired product. This was expected since no C–2/C–6 substitution was 

shown to be tolerated in the original hydrosilylation report, most likely due to the steric 

hinderance for the first hydrosilylation step. Motifs such as 4-aryl or 4-heteroaryl pyridines 

(150e, 150h and 150l–m) also gave the desired products in moderate yields and excellent 

enantioselectivity. Unfortunately, pyridines pronucleophiles with substitution at C–3 with 

groups such as Br, I, Me or aryl were not tolerated in the reaction. 3,5-disubstitution was 

also not tolerated, even though these substrates were shown to undergo the Ir-catalyzed 

hydrosilylation. Alterative pro-nucleophiles such as pyrimidines, pyrazines, isoquinolines 

and quinolines were also not tolerated in the sequence, presumably due to the inability to 

engage with the optimized Pd-catalyst for the asymmetric allylic alkylation. Additionally 

C–2 substitution or alkyl substitution at C–4 of the pyridine pro-nucleophile was not 

tolerated.  

Scheme 2.3.2 Outcome of the pyridine asymmetric allylic alkylation using electron-

poor pyridine substrates   

 
 

For highly electron deficient pyridines such as 3-chloro,4-trifluoromethylpyridine 

142k, the lower isolated yield of the desired allylic alkylation product 150k was due to the 

significantly slower Pd-catalyzed allylic alkylation. This was suggested by the isolation of 

N
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Et2SiH2 (6 equiv)

neat
50 °C, 1-3 h

OCO2MePh

(1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

N
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142k, 0.5 mmol
1 equiv

O Me

150k

146a

N
[Si]

[Si] = SiHEt2
Complete conversion

CF3

N

O Me

145k

Cl Cl
CF3

CF3

Cl

CF3

Cl

143k
20% yield

96% ee
75% yield

then AcCl (3 equiv)
  pyridine (3 equiv)

25 ℃, 16 h

CH2Cl2,
40 °C, 16 h

+
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the acetylated dihydropyridine product 145k in 75% yield while the desired allylic 

alkylation product 150k was obtained in a 20% yield (Scheme 2.3.2). More electron-rich 

pyridines were challenging in this reaction mainly due to the significantly slower iridium 

catalyzed hydrosilylation reaction previously reported. Residual pyridine in the reaction 

mixture was not completely inhibiting to the palladium catalyzed allylic alkylation; 

however, it decreased the overall yield of the desired allylic alkylation product. Contrary 

to the results observed using 3-fluoropyridine 142a and 3-chloropyridine 142b during the 

optimization of the reaction conditions, there was minimal formation of the undesired 

rearomatization product 148 or double alkylation product 148 for the more electron-rich 

pyridines (150e, 150h–i and 150l–m). 

Scheme 2.3.3 Outcome of the pyridine asymmetric allylic alkylation using electron-

rich pyridine substrates   

 
 

The lower isolated yield was predominantly due to unreacted starting material 

pyridine in the iridium-catalyzed hydrosilylation. For example, 3-fluoro-4-dibenzofuran 

substituted product 150m was obtained in a 42% yield over three steps, but a 71% yield 

based on recovered starting material pyridine 142m (Scheme 2.3.3).  
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F F
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71% yield 
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F
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Ar =
O

+

OCO2MePh

(1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

146a

CH2Cl2,
40 °C, 16 h
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Scheme 2.3.4 Outcome of the pyridine asymmetric allylic alkylation using electron-

rich pyridine substrates using higher catalyst loadings  

 
 

Increasing the iridium catalyst loading increased the overall yield for the more 

electron-rich pyridines 150i–j, 150l–m; however, the desired allylic alkylation products 

were obtained in a decrease in enantioselectivity for each of the four substrates investigated 

(Scheme 2.3.4). We hypothesize that the increased Ir-catalyst loading results in greater 

conversion of the more electron rich pyridine 142 to the corresponding N-silyl enamine 

143. Unfortunately, this increased Ir- and Pd-catalyst loading promotes an undesired 

racemization of the newly formed stereogenic center (potentially via a metal catalyzed 

imine-enamine tautomerization after allylic alkylation) resulting in a decreased observed 

enantioselectivity of the allylic alkylation product 150.  
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Scheme 2.3.5 Carbonate electrophile scope of the enantioselective allylic alkylation   

 
The electrophile scope on the other hand tolerates electron donating as well as 

withdrawing substituents on the arene (Scheme 2.3.5), giving the corresponding products 

in moderate yields and excellent enantioselectivity (150n–150s). Meta-substitution on the 

arene also delivered the desired product (150t), while ortho-substituted cinnamyl 

carbonates showed no conversion in this transformation (146n). The use of para-NO2 

substituted arene electrophile 146m did not deliver any desired product, potentially due to 

the reduction of the nitro group under the hydrosilylation conditions. Fortunately, 

heteroaromatic carbonates could be applied in this reaction as shown by products 150v and 

150w. While simple alkyl substituted allylic carbonates did not afford any product (146o–

p), we found that a conjugated diene precursor delivered the diene product 150x in low 

yield but excellent enantioselectivity.  
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Scheme 2.3.6 Mixed pyridine control experiment 

 

 In control experiments, doping the reaction with an additional equivalent of a 3-

halopyridine during the Pd-catalyzed allylic alkylation step resulted in an increase in yield 

and selectivity of the desired monoalkylation product for both pyridines investigated 

(Scheme 2.3.6). Our hypothesis is that the 3-halopyridine additive buffers the reaction 

mixture during the Pd-catalyzed allylic alkylation to limit the undesired enamine 

tautomerization that leads to the double alkylation product. Since the undesired 

tautomerization is minimized, the yield of the desired alkylation product 150 increases with 

the addition of an excess equivalent of pyridine. Additionally, no allylic alkylation product 
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of the doped pyridine was observed, suggesting the Ir-catalyzed dearomative 

hydrosilylation is not occurring during the Pd-catalyzed allylic alkylation step.  

 
2.4 PRODUCT DERIVITIZATIONS FROM THE ASYMMETRIC ALLYLIC 

ALKYLATION 

 
To unambiguously confirm the structure of the newly formed products (i.e. 150) 

and to identify the absolute stereochemistry of these products, 150a was derivatized with 

4-nitrobenzoyl chloride 144 (Scheme 2.4.1). Slow evaporation of a solution of the 

corresponding amide 151 in methanol delivered crystals suitable for X-ray analysis. By 

analogy, the absolute configuration was adopted for the remaining scope entries.  

Scheme 2.4.1 X-ray crystallization of derivatized tetrahydropyridine product 151   

 
The products 150 bearing a vinyl chloride handle also allowed further derivatization 

via cross-coupling chemistry, as demonstrated for 150b (Scheme 2.4.2). Typical Stille 

conditions with PhSnBu3 delivered the C–C cross coupled products 152 in 82% yield, 

while a Ni-catalyzed Kumada reaction provided the N-deprotected C–C cross coupled 

product 153 with similar yield. (Scheme 2.4.2), showing the synthetic utility of these 

motifs. 

 

 

N

Ph
F

O

O2N

N

MeO

F
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pyridine (2.0 equiv)

Cl
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NO2

144 (2.0 equiv)
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Scheme 2.4.2 Divergent cross coupling methods of vinyl halide product   

 
From a synthetic perspective, the free N–H-products such as 147 and 153 are also 

of high interest. However, the direct purification by column chromatography after the 

second step, the Pd-catalyzed allylic alkylation, proved to be challenging due to the polarity 

of amine product 147 as well as the complex reaction mixture of rearomatized product 148 

and bisalkylated product 140. N-Boc protection of the reaction mixture after allylic 

alkylation and a subsequent purification delivers an inseparable mixture of the N-Boc 

protected desired product 154 as well as bisalkylated N-Boc side product 149. An acidic 

deprotection with TFA allowed the isolation of the pure N–H-product 147a in 22% yield 

over all 4 steps (Schcme 2.4.3). Alternatively, the N-acetylated compounds 150 can be 

treated with PhMgBr to give the free N–H-product 147 in a 85–88% yield (37% yield over 

4 steps for amine 147a, 47% yield over 4 steps for amine 147b). 

Scheme 2.4.3 Synthesis of chiral N–H tetrahydropyridine products   
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2.5 PROPOSED MECHANISM OF THE DEAROMATIVE, ASYMMETRIC 

ALLYLIC ALKYLATION 

Based on these results and our understanding, the proposed reaction sequence 

begins with the iridium-catalyzed 1,2-hydrosilylation of the pyridine substrate 142 leading 

to the N-silyl enamine intermediate 143 (Scheme 2.5.1). The palladium-catalyzed allylic 

alkylation leads to cyclic imine (or N-silyl iminium ion) intermediate 155. There are several 

plausible pathways from this key intermediate 155 to result in the three products obtained 

after the telescoped reaction. The excess of silane in the reaction mixture and the resulting 

overall reductive conditions in the presence of the two transition metals can lead to a 

reduction of the imine, delivering the desired chiral allylic alkylation product 147.  

Scheme 2.5.1 Proposed mechanism for the formation of the observed products   

 
 

Another pathway, which could explain the formation of the bisalkylated product 

149, is the tautomerization of the imine 155 to the enamine 156, resulting in a nucleophile 

that can participate in an additional alkylation event. Reduction of the product imine 157 

N

F

N

F

[Si]

Ph

[Pd]

N

F
Ph

N
H

F
Ph

N
R

F
Ph

N

F

N
H

F
Ph

Ph

Ph

[Ir]/Si-H

[M]/Si–H

[M]/Si–H

142a 143a 155

156157

147a149a

[Pd]

R = H or SiR3

121

121

[O]

N

F
Ph

148a

Imine reduction

Tautomerization

Aromatization

PhPh



Chapter 2 – Enantioselective Dearomative Allylic Alkylation of Pyridines 
 

  

370 

leads to the bisalkylated side product 149. Additionally, the proposed tautomerization 

results in the ablation of the set stereocenter, thus conditions that promote this undesired 

tautomerization result in lower yield as well as lower enantioselectivity of the desired 

allylic alkylation product 147. The observed rearomatized product 148 can potentially form 

at different stages during the proposed sequence, but would require an oxidant (i.e., air). 

 

2.6 SYNTHESIS OF BISALKYLATED TETRAHYDROPYRIDINE PRODUCT 

During the investigation of the reaction scope, we observed the bisalkylated side 

products 149 occur in different ratios based on the substrate. Since the motifs can be of 

synthetic interest as well, the transformation was optimized toward these scaffolds using 

3-chloropyridine 142b as the standard substrate. After screening alkylating reagents with 

leaving groups of various basicity and various additives (LG1–12), it was discovered that 

catalytic loading of benzoic acid (20 mol%) significantly shifts the selectivity toward the 

bisalkylated product 149b (Table 2.6.1).  
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Table 2.6.1 Alkylating reagents screen of the dearomative allylic alkylation  

 
1 ee of product 147b not determined. 

The electronic properties of the alkylating reagent seem to have less of an influence 

on the outcome of the reaction toward the bisalkylated product. The bisalkylated products 

149 enable a potential ring closing metathesis (RCM) to yield spirocyclic compounds. 

Therefore, the N-benzyl product 158 was treated with typical RCM conditions under 

ruthenium catalysis. The spirocyclic compound 159 was successfully formed in good yield 
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of 73%, although as a 6:4 mixture of isomers (159:159’) that is formed by the isomerization 

of the disubstituted olefin (Scheme 2.6.1).  

Scheme 2.6.1 Scope of bisalkylated products and RCM derivatization 

 
 

 

2.7 CONCLUSION 

In conclusion, we have developed the first intermolecular asymmetric allylic 

alkylation (AAA) using electron poor arenes, namely pyridines, as C-pro-nucleophiles. A 

step wise one-pot sequence allows rapid access to interesting molecular scaffolds in 

excellent enantioselectivities, although in moderate yields. The products are valuable 

building blocks for further exploration. In particular, the chlorine-substituted 

tetrahydropyridines are shown to be of particular use for the synthetic community as 

complex building blocks.  
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2.8 EXPERIMENTAL SECTION 

2.8.1 MATERIALS AND METHODS 

Unless otherwise stated, reactions were performed in oven-dried glassware under 

an argon or nitrogen atmosphere using dry, deoxygenated solvents.  Solvents were dried 

by passage through an activated alumina column under argon. Reaction temperatures stated 

in the manuscript, or this document are reported as temperature of the surrounding metal 

heating blocks. TLC was performed using E. Merck silica gel 60 F254 precoated glass 

plates (0.25 mm) and visualized by UV fluorescence quenching or KMnO4 staining.  

Silicycle SiliaFlash® P60 Academic Silica gel (particle size 40–63 µm) was used for flash 

chromatography.  1H NMR spectra were recorded on Varian Inova 500 MHz and Bruker 

400 MHz spectrometers and are reported relative to residual CHCl3 (δ 7.26 ppm) or MeOH 

(δ 4.87 ppm).  13C NMR spectra were recorded on a Varian Inova 500 MHz spectrometer 

(125 MHz) and Bruker 400 MHz spectrometers (101 MHz) and are reported relative to 

CHCl3 (δ 77.16 ppm) or MeOH (δ 49.00 ppm). 19F NMR and 31P NMR Spectra are reported 

without reference. Data for 1H NMR are reported as follows: chemical shift (δ ppm) 

(multiplicity, coupling constant (Hz), integration).  Multiplicities are reported as follows: 

s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sept = septuplet, m = multiplet, 

and br s = broad singlet.  Data for 13C NMR are reported in terms of chemical shifts (δ 

ppm) plus (multiplicity, coupling constant (Hz)) in appropriate cases.  IR spectra were 

obtained by use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR 

spectrometer using thin films deposited on NaCl plates and reported in frequency of 

absorption (cm–1).  Optical rotations were measured with a Jasco P-2000 polarimeter 

operating on the sodium D-line (589 nm), using a 100 mm path-length cell.  Analytical 
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SFC was performed with a Mettler SFC supercritical CO2 analytical chromatography 

system utilizing Chiralpak (AD-H, AS-H or IC) or Chiralcel (OD-H, OJ-H, or OB-H) 

columns (4.6 mm x 25 cm) obtained from Daicel Chemical Industries, Ltd. High resolution 

mass spectra (HRMS) were obtained from Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI+), atmospheric pressure 

chemical ionization (APCI+), or mixed ionization mode (MM: ESI-APCI+).  Absolute 

configuration of 151 was determined by X-ray diffraction, and all other products are 

assigned by analogy. Reagents were purchased from commercial sources and used as 

received unless otherwise stated. 3-Fluoropyridine, 3-chloropyridine, 4-chloropyridine and 

4-(trifluoromethyl)-pyridine were distilled over CaH2 under nitrogen atmosphere prior to 

use. Diethylsilane was used as received. No significant differences in reactivity and yield 

were observed from different commercial sources (SigmaAldrich, Gelest or Alfa Aesar). 

The used Iridium ([Ir(coe)2Cl]2) catalyst was purchased from Strem Chemicals, Inc, 

transferred to the glovebox and used as received. The used Palladium catalyst (Pd(OAc)2) 

was purchased from SigmaAldrich, transferred to the glovebox and used as received.  

2.8.2 EXPERIMENTAL PROCEDURES 

General Procedure 1: Synthesis of carbonate reagents (146) 

All carbonate reagents 146 used in this study have previously been described in the 

literature and were prepared accordingly. The general synthetic route can be seen in 

General Procedure 1. The analytical data agrees with the literature. 
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General Procedure 2: Ligand preparation (L) 

Ligands L22–24 were prepared either according to literature procedure, are commercially 

available or as described below. The detailed procedure for the optimized ligand L22 that 

is used in this study can be seen below in Scheme 2. 

 

N,N'-((1S,2S)-cyclohexane-1,2-diyl)bis(2-(diphenylphosphaneyl)benzamide) (L22): 

DACH-Trost-Ligand  L22 was prepared following the reaction in Scheme 2 according to 

a literature procedure (European Journal of Organic Chemistry 2007, 7, 1145). Therefore, 

commercial 2-(diphenylphosphaneyl)benzoic acid SI18 (15.48 g, 50.6 mmol, 2.2 equiv 

was dissolved in CH2Cl2 (120 mL). DMAP (70 mg, 0.575 mmol, 2.5 mol%) was added, 

followed by EDC*HCl (10.58 g, 55.2 mmol, 2.4 equiv). The mixture was stirred at room 

temperature for 5 min. (1S,2S)-Cyclohexane-1,2-diamine SI19 (2.63 g, 23 mmol, 1.0 

equiv) in CH2Cl2 (30 mL) was added and the resulting mixture was stirred at room 

temperature for 16 hours. The reaction was quenched with saturated NH4Cl solution (~100 

mL). The phases were separated, and the organic phase was dried over magnesium sulfate 

NH HN
O O

PPh2Ph2P

L22

OH
O

Ph2P

SI18 SI19

H2N NH2

EDC•HCl (2.4 equiv)
DMAP (2.5 mol%)

CH2Cl2, 25 ℃, 16 h

(2.2 equiv)

+
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and filtered. The crude reaction mixture was submitted to flash column chromatography 

over silica gel using hexane/EtOAc = 7/3 as the eluent to yield a white solid L22 (11.5 g). 

The white solids were redissolved in boiling MeCN (~350 mL) and slowly cooled to room 

temperature overnight to yield white crystals (9.5 g, 13.75 mmol, 69% yield); 1H NMR 

(300 MHz, CDCl3) δ 7.60 – 7.55 (m, 2H), 7.34 – 7.16 (m, 24H), 6.94 – 6.87 (m, 2H), 6.32 

(d, J = 7.2 Hz, 2H), 3.85 – 3.71 (m, 2H), 1.90 – 1.80 (m, 2H), 1.70 – 1.59 (m, 2H), 1.28 – 

1.15 (m, 2H), 1.05 – 0.90 (m, 2H); 31P NMR (121 MHz, CDCl3): δ -9.75. All 

characterization data match those reported. 

 

 

N,N'-((1S,2S)-cyclohexane-1,2-diyl)bis(2-(di-o-tolylphosphaneyl)benzamide) (L23): 

2-(di-o-tolylphosphaneyl)benzoic acid SI20 (0.97 g, 2.9 mmol, 2.1 equiv) was dissolved 

in CH2Cl2 (10 mL). DMAP (4.3 mg, 0.035 mmol, 2.5 mol%) was added, followed by 

EDC*HCl (0.59 g, 3.08 mmol, 2.2 equiv). The mixture was stirred at room temperature for 

5 min. (1S,2S)-Cyclohexane-1,2-diamine SI19 (160 mg, 1.4 mmol, 1.0 equiv) in CH2Cl2 

(5 mL) was added and the resulting mixture was stirred at room temperature for 16 hours. 

The reaction was quenched with saturated NH4Cl solution (~20 mL). The phases were 

separated, and the organic phase was dried over magnesium sulfate and filtered. The crude 

reaction mixture was submitted to flash column chromatography over silica gel using 

hexane/EtOAc = 7/3 as the eluent to yield a white solid L23 (0.81 g, 1.1 mmol, 79% yield); 

NH HN
O O

P(Ar)2(Ar)2P

L23

CO2HP

SI20 SI19

H2N NH2

EDC•HCl (2.2 equiv)
DMAP (2.5 mol%)

CH2Cl2, 25 ℃, 16 h

(2.1 equiv)

Me

Me

Ar = 2-MeC6H4
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1H NMR (400 MHz, CDCl3) δ 7.60 – 7.55 (m, 2H), 7.30 – 7.15 (m, 12H), 7.08 (t, J = 7.2 

Hz, 2H), 7.02 – 6.96 (m, 2H), 6.87 (ddd, J = 7.5, 3.8, 1.5 Hz, 2H), 6.77 – 6.69 (m, 4H), 

6.44 – 6.32 (bs, 2H), 3.77 – 3.66 (m, 2H), 2.33 (dd, J = 6.8, 1.6 Hz, 12H), 1.84 – 1.76 (m, 

2H), 1.63 – 1.55 (m, 2H), 1.20 – 1.11 (m, 2H), 0.90 – 0.78 (m, 2H); 13C NMR (101 MHz, 

CDCl3) (several signals overlap, see spectra) δ 169.22, 169.21, 142.40, 142.14, 141.96, 

141.68, 135.72, 135.60, 135.38, 135.26, 134.54, 134. 42, 134.35, 132.95, 132.90, 130.20, 

130.18, 130.14, 130.10, 128.90, 128.75, 128.63, 127.80, 127.75, 126.42, 126.06, 53.71, 

31.53, 24.56, 21.33, 21.25, 21.12, 21.04; 31P NMR (121 MHz, CDCl3): δ -24.79; IR (Neat 

Film, NaCl) 3750, 3352, 3287, 3055, 3005, 2936, 2856, 2358, 2242, 1922, 1732, 1696, 

1636, 1586, 1522, 1464, 1453, 1434, 1378, 1328, 1306, 1269, 1202, 1161, 1130, 1033, 

910, 872, 829, 799, 751, 733 cm–1; (MM:ESI+) m/z calc’d for C48H49N2O2P2 [M+H]+: 

747.3269, found 747.3271. 

General Procedure 3: Synthesis of Pyridine substrates 

The pyridines (142) that were used in this study were either prepared according to literature 

procedure, were commercially available or were prepared as described below. 

 

Pd(PPh3)2Cl2 (5 mol%), SPhos (5 mol%) and K2CO3 (2.0 equiv) were added to a 25 mL 

screw vial under air. The solid aryl boronic acid SI22 (1.2 equiv) was added, followed by 

the pyridine SI21 (1.0 equiv), if solid. The vial was sealed with a septum screw cap and 

evacuated using standard Schlenk line technology. The atmosphere was refilled with 

N

Br/I

+ R
B(OH)2

Pd(PPh3)2Cl2 (5 mol%)
SPhos (5 mol%)

K2CO3 (2.0 equiv)

Dioxane/H2O (9/1)
90℃, 16 h

N

R

142SI21 SI22

X X
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nitrogen. Dioxane and water (9/1) were added subsequentially (~0.2 M) and the mixture 

was stirred at room temperature. Pyridine SI21 (1.0 equiv) was added, if liquid. The 

reaction mixture was then heated to 90 °C for 16 hours. The mixture was cooled to room 

temperature and diluted with EtOAc (~100 mL) and brine (~100 mL). The phases were 

separated and the organic phase was dried over magnesium sulfate and filtered. The pure 

aryl pyridines 142 were separated by flash column chromatography over silica gel using 

hexane/EtOAc (typically 9/1 to 8/2) as eluent. 

 

 

4-(benzo[b]thiophen-2-yl)-3-chloropyridine (142l) was synthesized following the 

general procedure using 4-iodo-3-chloropyridine SI23 (1.0 g, 4.2 mmol, 1.0 equiv) and 

benzo[b]thiophen-2-ylboronic acid SI24 (0.90 g, 5.04 mmol, 1.2 equiv). The desired 

product 142l was obtained as white solids (0.72 g, 2.93 mmol, 70% yield); 1H NMR (400 

MHz, CDCl3) δ 8.71 (s, 1H), 8.51 (d, J = 5.1 Hz, 1H), 7.90 – 7.84 (m, 3H), 7.52 (dd, J = 

5.1, 0.6 Hz, 1H), 7.43 – 7.38 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 151.05, 148.00, 

140.45, 140.13, 139.67, 137.18, 129.50, 126.42, 125.71, 124.97, 124.79, 124.58, 122.25; 

IR (Neat Film, NaCl) 3054, 1578, 1473, 1435, 1396, 1239, 1103, 1040, 955, 864, 830, 761, 

744, 722 cm–1; (MM:ESI+) m/z calc’d for C13H9ClNS: 246.0144, found 246.0140. 

N

I

+
B(OH)2

Pd(PPh3)2Cl2 (5 mol%)
SPhos (5 mol%)

K2CO3 (2.0 equiv)

Dioxane/H2O (9/1)
90℃, 16 h

N

142lSI23 SI24

S

S

ClCl
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4-(dibenzo[b,d]furan-4-yl)-3-fluoropyridine (142m): was synthesized following the 

general procedure using 4-iodo-3-fluoropyridine SI25 (1.0 g, 4.5 mmol, 1.0 equiv) and 

dibenzo[b,d]furan-4-ylboronic acid SI26 (1.14 g, 5.4 mmol, 1.2 equiv). The desired 

product 142m was obtained as white solids (0.5 g, 1.9 mmol, 42% yield) after column 

chromatography (Hexane/EtOAc = 9/1): Rf = 0.38); 1H NMR (400 MHz, CDCl3) δ 8.65 (d, 

J = 2.1 Hz, 1H), 8.58 (dd, J = 4.9, 1.0 Hz, 1H), 8.06 (dd, J = 7.7, 1.3 Hz, 1H), 8.01 (ddd, 

J = 7.7, 1.3, 0.7 Hz, 1H), 7.73 (dd, J = 6.3, 4.9 Hz, 1H), 7.63 – 7.57 (m, 2H), 7.52 – 7.44 

(m, 2H), 7.39 (td, J = 7.5, 1.0 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 156.85 (d, J = 258.9 

Hz), 156.30, 153.41, 145.93 (d, J = 5.2 Hz), 139.22 (d, J = 25.3 Hz), 131.78 (d, J = 12.0 

Hz), 128.22 (d, J = 3.7 Hz), 127.81, 125.62, 125.26, 123.95, 123.27, 123.13, 121.92, 

120.95, 117.58, 112.02; 19F NMR (282 MHz, CDCl3) δ -128.92 (d, J = 6.4 Hz); IR (Neat 

Film, NaCl) 3055, 1601, 1470, 1450, 1421, 1406, 1264, 1206, 1188, 1153, 1050, 842, 831, 

793, 743, 620 cm–1; (MM:ESI+) m/z calc’d for C17H13FNO: 264.0825, found 264.0818. 

General Procedure 4: Synthesis of bisalkylated products 
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N

142mSI25 SI26

O O

F F

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (2 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
PhCO2H (20 mol%)

NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

149a

N
H

F

CH2Cl2 (0.2 M)
40 °C, 16 h



Chapter 2 – Enantioselective Dearomative Allylic Alkylation of Pyridines 
 

  

380 

3,3-dicinnamyl-5-fluoro-1,2,3,6-tetrahydropyridine (149a): In a 2 mL screw vial, 

equipped with a magnetic stir bar, pyridine 142a (0.5 mmol, 1.0 equiv) was added and the 

resulting reaction mixture was stirred at 50 °C for 3 hours. A separate 10 mL screw vial 

equipped with a magnetic stir bar was transferred to the glovebox. Ligand L22 (24.2 mg, 

0.035 mmol, 7 mol%), NaF (2.1 mg, 0.05 mmol, 10 mol%), PhCOOH (12.2 mg, 0.1 mmol, 

20 mol%) and palladium(II) acetate (Pd(OAc)2, 5.6 mg, 0.025 mmol, 5 mol%) were added. 

The vial was closed with a septum screw cap and transferred out of the glovebox. 

Dichloromethane (CH2Cl2, 2.5 mL) was added at room temperature under nitrogen. The 

mixture was stirred for 5 minutes. Cinnamyl methyl carbonate 146a (192.2 mg, 1.0 mmol, 

2.0 equiv) was added, followed by the reaction mixture from the 2 mL vial. The resulting 

mixture was then stirred at 40 °C for 24 h. Afterwards, the reaction mixture was cooled to 

room temperature and acetic acid (1 mL) was added and the mixture was stirred at room 

temperature for 2 hours. The mixture was diluted with dichloromethane and an aqueous 

work up with 4 M NaOH solution was performed to neutralize the acetic acid. The aqueous 

phase was extracted with dichloromethane once and ethyl acetate once. The combined 

organic fractions were dried over magnesium sulfate. The solvent was evaporated and the 

residue was submitted to flash column chromatography over silica gel using a solvent 

mixture of hexane/acetone = 7/3 as the eluent. The desired compound 149a was obtained 

as colorless oil (43.7 mg, 0.131 mmol, 26% yield over two steps); 1H NMR (400 MHz, 

CDCl3) δ 7.29 – 7.20 (m, 8H), 7.16 – 7.11 (m, 2H), 6.36 (d, J = 15.7 Hz, 2H), 6.13 (dt, J 

= 15.5, 7.5 Hz, 2H), 5.15 (d, J = 18.3 Hz, 1H), 3.48 (bs, 1H), 3.25 (d, J = 1.5 Hz, 2H), 2. 

68 (s, 2H), 2.28 – 2.17 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 158.98 (d, J = 264.0 Hz), 

137.39, 133.55, 128.72, 127.44, 126.25, 125.71, 108.17 (d, J = 10.2 Hz), 51.98 (d, J = 2.0 
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Hz), 43.70 (d, J = 30.2 Hz), 42.32 (d, J = 2.3 Hz), 39.76 (d, J = 4.7 Hz) 19F NMR (282 

MHz, CDCl3): δ –110.42 (d, J = 18.3 Hz); ; IR (Neat Film, NaCl) 3335, 3058, 3025, 2919, 

2850, 2358, 1698, 1652, 1598, 1576, 1558, 1495, 1448, 1372, 1270, 1159, 1092, 1027, 

967, 922, 853, 745, 694 cm-1; (MM:ESI+) m/z calc’d for C23H25FN [M+H]+: 334.1971, 

found 334.1958. 

 

5-chloro-3,3-dicinnamyl-1,2,3,6-tetrahydropyridine (149b) was synthesized following 

the above general procedure A using 3-chloropyridine 142b (47 µL, 0.5 mmol, 1.0 equiv) 

as substrate. The desired compound 149b was obtained as colorless oil (82.2 mg, 0.235 

mmol, 47% yield over two steps); 1H NMR (400 MHz, CDCl3) δ 7.28 – 7.20 (m, 8H), 7.16 

– 7.11 (m, 2H), 6.36 (d, J = 15.8 Hz, 2H), 6.11 (dt, J =  15.5, 7.5 Hz, 2H), 5.76 – 5.72 (m, 

1H), 3.28 (d, J = 1.7 Hz, 2H), 2.71 (s, 2H), 2.42 (bs, 1H), 2.28 – 2.16 (m, 4H); 13C NMR 

(101 MHz, CDCl3) δ 137.32, 133.68, 132.23, 130.07, 128.71, 127.47, 126.25, 125.41, 

51.48, 50.00, 41.90, 41.58; IR (Neat Film, NaCl) 3336, 3054, 3025, 2916, 2358, 1651, 

1599, 1494, 1448, 1072, 1004, 966, 856, 744, 692 cm-1; (MM:ESI+) m/z calc’d for 

C23H25ClN [M+H]+: 350.1676, found: 350.1671; 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (2 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)

PhCO2H (20 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

149b

N
H

Cl

CH2Cl2 (0.2 M)
40 °C, 16 h
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5-chloro-3,3-bis((E)-3-(p-tolyl)allyl)-1,2,3,6-tetrahydropyridine (149c):  was 

synthesized following the above general procedure 4 using 3-chloropyridine 142b (47.5 

µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(p-tolyl)allyl) carbonate 146e (206 

mg, 1.0 mmol, 2.0 equiv). The desired compound was obtained as colorless oil 149c (40 

mg, 0.106 mmol, 21% yield over two steps); 1H NMR (400 MHz, CDCl3): δ 7.26 (d, J = 

8.1 Hz, 4H), 7.13 (d, J = 7.8 Hz, 4H), 6.42 (d, J = 15.8 Hz, 2H), 6.14 (dt, J = 15.5, 7.5 Hz, 

2H), 5.82 (s, 1H), 3.36 (d, J = 1.7 Hz, 2H), 2.79 (s, 2H), 2.34 (s, 6H), 2.29 (ddd, J = 8.0, 

4.9, 1.3 Hz, 4H), 2.03 (s, 1H); 13C NMR (101 MHz, CDCl3): δ 137.3, 134.6, 133.5, 132.2, 

130.2, 129.4, 126.2, 124.4, 51.5, 49.2, 41.9, 41.6, 21.3; IR (Neat Film, NaCl) 3023, 2920, 

2359, 1747, 1699, 1651, 1512, 1435, 1264, 1108, 968, 795 cm-1; (MM:ESI+) m/z calc’d for 

C23H25ClN [M+H]+: 378.1989, found: 378.2011. 

 

5-chloro-3,3-bis((E)-3-(4-methoxyphenyl)allyl)-1,2,3,6-tetrahydropyridine (149d): 

was synthesized following the above general procedure 4 using 3-chloropyridine 142b 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146e,  (2 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)

PhCO2H (20 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

149c

N
H

Cl

Me

Me

Me

CH2Cl2 (0.2 M)
40 °C, 16 h

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146g,  (2 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)

PhCO2H (20 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

149d

N
H

Cl

MeO

MeO

MeO

CH2Cl2 (0.2 M)
40 °C, 16 h
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(47.5 µL, 0.5 mmol, 1.0 equiv) as the pyridine substrate and (E)-3-(4-methoxyphenyl)allyl 

methyl carbonate 146g (222 mg, 1.0 mmol, 2.0 equiv). The desired compound was 

obtained as colorless oil 149d (57 mg, 0.139 mmol, 28% yield over two steps); 1H NMR 

(400 MHz, CDCl3) δ 7.21 (d, J = 8 Hz, 4H), 6.78 (d, J = 8 Hz, 4H), 6.31 (d, J = 15.8 Hz, 

2H), 5.98 (ddd, J = 15.4, 8.0, 7.1 Hz, 2H), 5.75 (s, 1H), 3.73 (s, 6H), 3.29 (s, 2H), 2.87 (br 

s, 1H), 2.72 (s, 2H), 2.26 – 2.14 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 159.1, 133.0, 

130.3, 130.2, 128.3, 127.4, 123.2, 114.1, 55.4, 51.5, 50.0, 41.9, 41.6; IR (Neat Film, NaCl) 

3029, 3002, 2931, 2834, 1653, 1606, 1576, 1510, 1461, 1441, 1298, 1248, 1174, 1107, 

1034, 1034, 967, 905, 839, 753, 644 cm-1; (MM:ESI+) m/z calc’d for C25H29ClNO2 

[M+H]+: 410.1887, found: 410.1861. 

 

5-chloro-3,3-bis((E)-3-(4-chlorophenyl)allyl)-1,2,3,6-tetrahydropyridine (149e):  was 

synthesized following the above general procedure 4 using 3-chloropyridine 142b (47.5 

µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(4-chlorophenyl)allyl methyl carbonate 

146b (226 mg, 1.0 mmol, 2.0 equiv). The desired compound was obtained as yellowish oil 

149e (63 mg, 0.150 mmol, 30% yield over two steps); 1H NMR (400 MHz, CDCl3): δ 7.27 

(s, 8H), 6.40 (d, J = 15.8 Hz, 2H), 6.25 – 6.03 (m, 2H), 5.81 (s, 1H), 3.37 (d, J = 1.7 Hz, 

2H), 2.79 (s, 2H), 2.35 – 2.27 (m, 4H), 2.21 (br s, 1H); 13C NMR (101 MHz, CDCl3): δ 

135.7, 133.1, 132.5, 132.5, 129.8, 128.9, 127.5, 126.1, 51.5, 49.6, 41.9, 41.6; IR (Neat 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146b,  (2 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)

PhCO2H (20 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

149e

N
H

Cl

Cl

Cl

Cl

CH2Cl2 (0.2 M)
40 °C, 16 h
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Film, NaCl) 3027, 2917, 2839, 2359, 1651, 1489, 1434, 1404, 1264, 1093, 1012, 969, 896, 

846, 736 cm-1; (MM:ESI+) m/z calc’d for C23H22Cl3N [M+H]+: 418.0896, found: 418.0882.  

 

5-chloro-3,3-bis((E)-3-(4-(trifluoromethyl)phenyl)allyl)-1,2,3,6-tetrahydropyridine 

(149f):  was synthesized following the above general procedure 4 using 3-chloropyridine 

142b (47.5 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(4-

(trifluoromethyl)phenyl)allyl) carbonate 146f (260 mg, 1.0 mmol, 2.0 equiv). The desired 

compound was obtained as colorless oil 149f (52 mg, 0.107 mmol, 21% yield over two 

steps); 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.2 Hz, 4H), 7.44 (d, J = 8.3 Hz, 4H), 

6.50 (d, J = 15.8 Hz, 2H), 6.30 (dt, J = 15.6, 7.5 Hz, 2H), 5.83 (s, 1H), 3.40 (s, 2H) 2.82 

(s, 2H), 2.53–2.28 (m, 5H); 13C NMR (101 MHz, CDCl3) δ 140.1, 132.7, 132.4, 129.6, 

129.4 (q, J = 32.3 Hz), 128.1, 126.4, 125.7 (q, J = 3.9 Hz), 124.3 (q, J = 272 Hz), 51.3, 

49.9, 42.0, 41.6; 19F NMR (282 MHz, CDCl3) δ –62.5; IR (Neat Film, NaCl) 2921, 1652, 

1615, 1415, 1326, 1170, 1160, 1123, 1068, 1016, 971, 953, 861 cm–1; (MM:ESI+) m/z 

calc’d for C25H23ClF6N [M+H]+: 486.1423, found: 486.1413. 

General Procedure 5: Synthesis of monoalkylated products (electron poor pyridine 

substrates) 

Some compounds 150 were synthesized as followed (as mentioned in the product 

characterization): In a 2 mL screw vial, equipped with a magnetic stir bar, the 

corresponding pyridine 142 (0.5 mmol, 1.0 equiv) if solid was added to the vial. The vial 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146f,  (2 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)

PhCO2H (20 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

149f

N
H

Cl

CF3

CF3

CF3

CH2Cl2 (0.2 M)
40 °C, 16 h
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was then transferred to an argon filled glovebox. Chlor-bis-(cycloocten)-iridium(I) dimer 

([Ir(coe)2Cl]2, 4.5 mg, 0.005 mmol, 1 mol%) was added to the vial. The vial was closed 

with a septum screw cap. The vial was transferred out of the glovebox. Diethyl silane 

(Et2SiH2, 389 µL, 3.0 mmol, 6.0 equiv) was added and the resulting mixture was stirred at 

room temperature for 4 minutes. Pyridine 142 (0.5 mmol, 1.0 equiv) if liquid was added 

and the resulting reaction mixture was stirred at 50 °C for the appropriate time (0.5 – 3 

hours). A separate 10 mL screw vial equipped with a magnetic stir bar was transferred to 

the glovebox. Ligand L22 (24.2 mg, 0.035 mmol, 7 mol%), NaF (2.1 mg, 0.05 mmol, 10 

mol%) and palladium(II) acetate (Pd(OAc)2, 5.6 mg, 0.025 mmol, 5 mol%) were added. 

The vial was closed with a septum screw cap and transferred out of the glovebox. 

Dichloromethane (CH2Cl2, 2.5 mL) was added at room temperature under nitrogen. The 

mixture was stirred for 5 minutes. Cinnamyl methyl carbonate 146 (144.2 mg, 0.75 mmol, 

1.5 equiv) was added, followed by the reaction mixture from the 2 mL vial. The resulting 

mixture was then stirred at 40 °C for 24 h. The mixture was then cooled to room 

temperature and diluted with additional dichloromethane (2.5 mL). Pyridine (121 µL, 1.5 

mmol, 3.0 equiv) was added as a base, followed by acetyl chloride (107 µL, 1.5 mmol, 3.0 

equiv). The mixture was stirred at room temperature for 16 h. Afterwards, acetic acid (0.5 

mL) was added and the mixture was stirred at room temperature for 2 hours. The mixture 

was diluted with dichloromethane and an aqueous work up with 4 M NaOH solution was 

performed to neutralize the acetic acid. The aqueous phase was extracted with 

dichloromethane once and ethyl acetate once. The combined organic fractions were dried 

over magnesium sulfate. The solvent was evaporated and the residue was submitted to flash 
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column chromatography over silica gel using a solvent mixture of hexane/ethyl acetate 

(typically 7/3 to 1/1) as the eluent.  

General Procedure 6: Synthesis of monoalkylated products (electron neutral or 

electron rich pyridine substrates) 

Some compounds 150 were synthesized as followed (as mentioned in the product 

characterization): In a 2 mL screw vial, equipped with a magnetic stir bar, the 

corresponding pyridine 142 (0.5 mmol, 1.0 equiv) if solid was added to the vial. The vial 

was then transferred to an argon filled glovebox. Chlor-bis-(cycloocten)-iridium(I) dimer 

([Ir(coe)2Cl]2, 2.3 mg, 0.0025 mmol, 0.5 mol%) was added to the vial. Diethyl silane 

(Et2SiH2, 389 µL, 3.0 mmol, 6.0 equiv) was added and the resulting mixture was stirred at 

room temperature for 4 minutes. Pyridine 142 (0.5 mmol, 1.0 equiv) if liquid was added 

and the vial was closed with a screw cap and the resulting reaction mixture was stirred at 

45 °C for 6 h. The mixture was cooled to room temperature and additional [Ir(coe)2Cl]2 

catalyst (2.3 mg, 0.0025 mmol, 0.5 mol%) and Et2SiH2 (195 µL, 1.5 mmol, 3 equiv) were 

added and the mixture was again stirred at 45 °C for 12 hours. The mixture was again 

cooled to room temperature and additional [Ir(coe)2Cl]2 catalyst (2.3 mg, 0.0025 mmol, 0.5 

mol%) and Et2SiH2 (195 µL, 1.5 mmol, 3 equiv) were added for the third time and the 

mixture again stirred at 45 °C for 2 hours. Afterwards, the mixture was transferred out of 

the glovebox. A separate 10 mL screw vial equipped with a magnetic stir bar was 

transferred to the glovebox. Ligand L22 (24.2 mg, 0.035 mmol, 7 mol%), NaF (2.1 mg, 

0.05 mmol, 10 mol%) and palladium(II) acetate (Pd(OAc)2, 5.6 mg, 0.025 mmol, 5 mol%) 

were added. The vial was closed with a septum screw cap and transferred out of the 

glovebox. Dichloromethane (CH2Cl2, 2.5 mL) was added at room temperature under 
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nitrogen. The mixture was stirred for 5 minutes. Cinnamyl methyl carbonate 146 (144.2 

mg, 0.75 mmol, 1.5 equiv) was added, followed by the reaction mixture from the 2 mL 

vial. The resulting mixture was then stirred at 40 °C for 24 h. The mixture was then cooled 

to room temperature and diluted with additional dichloromethane (2.5 mL). Pyridine (121 

µL, 1.5 mmol, 3.0 equiv) was added as a base, followed by acetyl chloride (107 µL, 1.5 

mmol, 3.0 equiv). The mixture was stirred at room temperature for 16 h. Afterwards, acetic 

acid (0.5 mL) was added and the mixture stirred at room temperature for 2 hours. The 

mixture was diluted with dichloromethane and an aqueous work up with 4 M NaOH 

solution was performed to neutralize the acetic acid. The aqueous phase was extracted with 

dichloromethane once and ethyl acetate once. The combined organic fractions were dried 

over magnesium sulfate. The solvent was evaporated and the residue was submitted to flash 

column chromatography over silica gel using a solvent mixture of hexane/ethyl acetate as 

the eluent.  

General Procedure 7: Synthesis of monoalkylated products (electron neutral or 

electron rich pyridine substrates) 

Some compounds 150 were synthesized as followed (as mentioned in the product 

characterization): In a 4 mL screw vial, equipped with a magnetic stir bar, the 

corresponding pyridine 142 (0.5 mmol, 1.0 equiv) if solid was added to the vial. The vial 

was then transferred to an argon filled glovebox. Chlor-bis-(cycloocten)-iridium(I) dimer 

([Ir(coe)2Cl]2, 6.9 mg, 0.0075 mmol, 1.5 mol%) was added to the vial. Diethyl silane 

(Et2SiH2, 518 µL, 4.0 mmol, 8.0 equiv) was added followed by dichloromethane (CH2Cl2, 

1.0 mL), and the resulting mixture was stirred at room temperature for 20 minutes. Pyridine 

142 (0.5 mmol, 1.0 equiv) if liquid was added neat to the reaction mixture and the vial was 
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closed with a screw cap. The resulting reaction mixture was stirred at 45 °C for 6–16 h 

(depending on the pyridine). Afterwards, the mixture was transferred out of the glovebox. 

A separate 10 mL screw vial equipped with a magnetic stir bar was transferred to the 

glovebox. Ligand L22 (24.2 mg, 0.035 mmol, 7 mol%), NaF (2.1 mg, 0.05 mmol, 10 

mol%) and palladium(II) acetate (Pd(OAc)2, 5.6 mg, 0.025 mmol, 5 mol%) were added. 

The vial was closed with a septum screw cap and transferred out of the glovebox. 

Dichloromethane (CH2Cl2, 2.5 mL) was added at room temperature under nitrogen. The 

mixture was stirred for 5 minutes. Cinnamyl methyl carbonate 146 (144.2 mg, 0.75 mmol, 

1.5 equiv) was added, followed by the reaction mixture from the 2 mL vial. The resulting 

mixture was then stirred at 40 °C for 24 h. The mixture was then cooled to room 

temperature and diluted with additional dichloromethane (2.5 mL). Pyridine (121 µL, 1.5 

mmol, 3.0 equiv) was added as a base, followed by acetyl chloride (107 µL, 1.5 mmol, 3.0 

equiv). The mixture was stirred at room temperature for 16 h. Afterwards, acetic acid (0.5 

mL) was added and the mixture stirred at room temperature for 2 hours. The mixture was 

diluted with dichloromethane and an aqueous work up with 4 M NaOH solution was 

performed to neutralize the acetic acid. The aqueous phase was extracted with 

dichloromethane once and ethyl acetate once. The combined organic fractions were dried 

over magnesium sulfate. The solvent was evaporated and the residue was submitted to flash 

column chromatography over silica gel using a solvent mixture of hexane/ethyl acetate 

(typically 7/3 to 2/8) as the eluent.  
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Product characterization for monoalkylated amine products 150 

 

(R)-1-(3-cinnamyl-5-fluoro-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (150a):  was 

synthesized following the general procedure 5. Therefore, 3-fluoropyridine 142a (43 µL, 

0.5 mmol, 1.0 equiv) was used. The desired product 150a was isolated as colorless oil (55.3 

mg, 0.213 mmol, 43% yield over three steps); 1H NMR (400 MHz, CDCl3) (as a mixture 

of E/Z amide bond isomers) δ 7.37 – 7.27 (m, 4H), 7.25 – 7.18 (m, 1H), 6.48 – 6.40 (m, 

1H), 6.20 – 6.10 (m, 1H), 5.47 – 5.40 (m, 0.4H), 5.36 (ddt, J = 16.1, 3.5, 1.5 Hz, 0.6H), 

4.18 – 4.05 (m, 1.4H), 3.97 (dt, J = 4.0, 2.0 Hz, 0.6H), 3.90 (dd, J = 13.1, 4.6 Hz, 0.4H), 

3.53 (dd, J = 13.4, 4.5 Hz, 0.6H), 3.26 (dt, J = 13.4, 6.8 Hz, 1H), 2.56 – 2.44 (m, 1H), 2.34 

– 2.17 (m, 2H), 2.13 – 2.11 (m, 3H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z 

amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ 169.81, 

169.64*, 156.33 (d, J = 255.5 Hz), 154.84 (d J = 255.2 Hz)*, 137.34*, 137.04, 133.01, 

132.75*, 128.75, 128.63*, 127.62, 127.35*, 126.68, 126.24*, 126.19, 106.12 (d, J = 11.0 

Hz)*, 104.49 (d, J = 12.3 Hz), 47.65, 44.84 (d, J = 39.2 Hz)*, 42.99*, 41.16 (d, J = 39.9 

Hz), 36.86 (d J = 2.0 Hz)*, 36.77 (d, J = 2.3 Hz), 34.29 (d, J = 6.3 Hz), 33.37 (d, J = 5.9 

Hz)*, 22.02*, 21.55; 19F NMR (282 MHz, CD3OD) (as a mixture of E/Z amide bond 

isomers, signals of minor isomer are indicated with an asterisk *): δ –114.85 (dd, J = 16.4, 

5.0 Hz), –116.04 (dd, J = 16.4, 5.1 Hz)*; IR (Neat Film, NaCl) 3853, 3745, 3675, 3648, 

3026, 2914, 2362, 2334, 1707, 1652, 1491, 1436, 1380, 1361, 1274, 1230, 1162, 1106, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150a

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me
CH2Cl2 (0.2 M)

40 °C, 16 h
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1070, 1032, 969, 831, 745, 695, 682, 618 cm–1; (MM:ESI+) m/z calc’d for C16H19FNO 

[M+H]+: 260.1451, found: 260.1438; [α]D25: – 42.82 (c 1.0, CHCl3). 

Chiral SFC Separation: 20% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 5.75 (area: 2.74%), major = 7.61 (area: 97.26%), 94.5% enantiomeric excess. 
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(R)-1-(5-chloro-3-cinnamyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (150b):  was 

synthesized following the general procedure 5. Therefore, 3-chloropyridine 142b (48 µL, 

0.5 mmol, 1.0 equiv) was used. The desired product 150b was isolated as colorless oil (38.0 

mg, 0.138 mmol, 38% yield over three steps); 1H NMR (400 MHz, CD3OD) (as a mixture 

of E/Z amide bond isomers): δ 7.40 – 7.35 (m, 2H), 7.32 – 7.25 (m, 2H), 7.23 – 7.16 (m, 

1H), 6.53 – 6.43 (m, 1H), 6.29 – 6.19 (m, 1H), 6.03 (dt, J = 3.8, 1.9 Hz, 0.4H), 5.99 (dt, J 

= 3.7, 1.8 Hz, 0.6H), 4.23 – 4.02 (m, 2H), 3.75 (dd, J = 13.1, 4.7 Hz, 0.4H), 3.69 (dd,  J = 

13.7, 4.7 Hz, 0.6 H), 3.45 (dd,  J = 13.1, 6.3 Hz, 0.4H), 3.37 – 3.32 (m, 0.6H), 2.65 – 2.57 

(m, 0.6H), 2.52 – 2.45 (m,0.4H), 2.34 – 2.18 (m, 2H), 2.13 – 2.11 (m, 3H); 13C NMR (101 

MHz, CD3OD) (as a mixture of E/Z amide bond isomers, signals of minor isomer are 

indicated with an asterisk *): δ 172.01, 172.00*, 138.77*, 138.58, 134.01, 133.86*, 129.59, 

129.52*, 129.22*, 129.07, 128.44*, 128.36, 128.21*, 128.11, 127.72, 127.15, 51.06*, 

48.16, 47.26, 43.15*, 38.22, 37.74*, 37.30*, 37.11, 21.69*, 21.23; IR (Neat Film, NaCl) 

3853, 3745, 3675, 3648, 3026, 2914, 2362, 2334, 1707, 1652, 1491, 1436, 1380, 1361, 

1274, 1230, 1162, 1106, 1070, 1032, 969, 831, 745, 695, 682, 618 cm–1; (MM:ESI+) m/z 

calc’d for C16H19ClNO [M+H]+: 276.1155, found: 276.1174; [α]D25: – 22.17 (c 1.0, CHCl3); 

Chiral SFC Separation: 10% iPrOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

major = 11.94 (area: 96.32%), minor = 13.46 (area: 3.68%), 92.6% enantiomeric excess. 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142b, 0.5 mmol
1 equiv.

Cl

150b

N

Cl

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

CH2Cl2 (0.2 M)
40 °C, 16 h
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(S)-1-(4-chloro-3-cinnamyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (150c): was 

synthesized following the general procedure 5. Therefore, 4-chloropyridine 142c (57 mg, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142c, 0.5 mmol
1 equiv. 150c

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl Cl

CH2Cl2 (0.2 M)
40 °C, 16 h
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0.5 mmol, 1.0 equiv) was used. The desired product 150c was isolated as colorless oil (37.5 

mg, 0.136 mmol, 27% yield over three steps); 1H NMR (400 MHz, CD3OD) (as a mixture 

of E/Z amide bond isomers): δ 7.39 – 7.34 (m, 2H), 7.31 – 7.24 (m, 2H), 7.22 – 7.15 (m, 

1H), 6.57 – 6.45 (m, 1H), 6.29 – 6.19 (m, 1H), 5.94 – 5.89 (m, 1H), 4.41 – 4.34 (m, 1H), 

4.16 (dd, J =  17.7, 3.9 Hz, 0.5H), 3.96 (dt, J = 17.7, 2.6 Hz, 0.5H), 3.81 (dd, J = 13.7, 3.3 

Hz, 0.5H), 3.73 (dt, J = 18.8, 2.6 Hz, 0.5H), 3.54 (dd, J = 13.7, 4.2 Hz, 0.5H), 3.19 (dd, J 

= 13.2, 4.3 Hz, 0.5H), 2.74 – 2.47 (m, 2H), 2.42 – 2.21 (m, 1H), 2.11 (s, 1.5H), 2.06 (s, 

1.5H); 13C NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, approx. 

1/1 mixture): δ 172.49, 172.33, 138.88, 138.56, 135.14, 134.17, 134.10, 134.05, 129.60, 

129.50, 128.40, 128.18, 127.81, 127.39, 127.17, 127.16, 123.17, 122.71, 48.03, 47.05, 

43.74, 43.72, 43.48, 43.14, 35.18, 35.13, 21.61, 21.26; IR (Neat Film, NaCl) 3866, 3733, 

3648, 2922, 2358, 1646, 1425, 1360, 1237, 1032, 1010, 969, 822, 770, 746, 718, 699 cm–

1; (MM:ESI+) m/z calc’d for C16H19ClNO [M+H]+: 276.1155, found: 276.1131; [α]D25: – 

31.97 (c 0.33, CHCl3); 

Chiral SFC Separation: 7% MeOH, 2.5 mL/min, AS-H column, λ = 254 nm, tR (min): major 

= 8.49 (area: 91.60%), minor = 9.43 (area: 8.40%), 83.2% enantiomeric excess. 
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(R)-1-(3-cinnamyl-4-(trifluoromethyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150d): was synthesized following the general procedure 5. Therefore, 4-

(trifluoromethyl)pyridine 142d (58 µL, 0.5 mmol, 1.0 equiv) was used. The desired product 

150d was isolated as colorless oil (47.3 mg, 0.153 mmol, 31% yield over three steps); 1H 

NMR (400 MHz, CD3OD) (as a mixture of E/Z amide bond isomers): δ 7.39 – 7.35 (m, 

2H), 7.32 – 7.25 (m, 2H), 7.23 – 7.16 (m, 1H), 6.55 – 6.42 (m, 2H), 6.28 – 6.19 (m, 1H), 

4.67 (dd, J = 13.2, 1.8 Hz, 0.5H),4.59 (dt, J = 20.7, 3.2 Hz, 0.5H), 4.34 (dt, J = 19.4, 3.3 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142d, 0.5 mmol
1 equiv. 150d

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

CF3 CF3

CH2Cl2 (0.2 M)
40 °C, 16 h
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Hz, 0.5H), 4.08 – 4.00 (m, 0.5H), 3.95 (dd, J = 13.5, 2.2 Hz, 0.5H), 3.75 – 3.66 (m, 0.5H), 

3.30 – 3.18 (m, 0.5H), 2.83 – 2.73 (m, 1H), 2.66 – 2.58 (m, 1H), 2.49 (ddd, J = 13.8, 7.2, 

2.5 Hz, 0.5H), 2.33 – 2.15 (m, 1H), 2.10 (s, 1.5H), 2.08 (s, 1.5H); 13C NMR (101 MHz, 

CD3OD) (as a mixture of E/Z amide bond isomers, approx. 1/1 mixture, § = E/Z signal 

overlapping): δ 172.95, 172.71, 138.84, 138.45, 134.25, 134.16, 131.50 (q, J = 30.1 Hz), 

130.76 (q, J = 30.1 Hz), 130.33 (q, J = 6.1 Hz), 129.99 (q, J = 6.2 Hz), 129.63, 129.51, 

128.48, 128.21, 127.96, 127.41, 127.20, 127.17, 125.03 (q, J = 271.8 Hz), 124.97 (q, J = 

271.6 Hz), 46.89, 45.92, 42.67, 41.88, 36.04§, 35.27§, 21.73, 21.34; 19F NMR (282 MHz, 

CD3OD) (as a mixture of E/Z amide bond isomers, roughly 1/1 mixture): δ –67.86 (q, J = 

2.7 Hz), – 67.98 (q, J = 3.0 Hz); IR (Neat Film, NaCl) 3674, 3310, 3026, 2922, 1734, 1652, 

1490, 1423, 1373, 1337, 1296, 1261, 1241, 1206, 1162, 1115, 1072, 1019, 986, 836, 825, 

742, 695, 676, 658 cm–1; (MM:ESI+) m/z calc’d for C17H19F3NO [M+H]+: 310.1419, found: 

310.1417; [α]D25: – 47.62 (c 1.0, CHCl3); 

Chiral SFC Separation: 5% MeOH, 2.5 mL/min, AS-H column, λ = 210 nm, tR (min): major 

= 4.14 (area: 96.60%), minor = 5.22 (area: 3.40%), 93.2% enantiomeric excess. 
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 (R)-1-(3-cinnamyl-4-phenyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (150e):  was 

synthesized following the general procedure 6 or 7. Therefore, 4-phenylpyridine 142e (78.1 

mg, 0.5 mmol, 1.0 equiv) was used. The desired product 150e was isolated as pale-yellow 

oil (38.3 mg, 0.120 mmol, 24% yield over three steps); 1H NMR (400 MHz, CD3OD) (as 

a mixture of E/Z amide bond isomers): δ 7.45 – 7.40 (m, 2H), 7.38 – 7.32 (m, 2H), 7.30 – 

7.20 (m, 5H), 7.18 – 7.11 (m, 1H), 6.37 (d, J = 15.8 Hz, 0.5H), 6.32 (d, J = 15.8 Hz, 0.5H), 

6.21 – 6.12 (m, 1H), 6.02 (t, J = 3.4 Hz, 0.5H), 5.98 (t, J = 3.3 Hz, 0.5H), 4.62 (d, J = 12.6 

Hz, 0.5H), 4.56 (dd, J = 19.7, 3.6 Hz, 0.5H), 4.27 (dd, J = 18.4, 3.9 Hz, 0.5H), 4.13 – 4.02 

(m, 0.5H), 3.99 – 3.93 (m, 0.5H), 3.80 – 3.72 (m, 0.5H), 3.46 (dd, J = 13.3, 3.4 Hz, 0.5H), 

3.14 – 3.08 (m, 0.5H), 3.06 – 2.95 (m, 1H), 2.40 – 2.14 (m, 2H), 2.12 (s, 1.5H), 2.10 (s, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142e, 0.5 mmol
1 equiv. 150e

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Ph Ph

CH2Cl2 (0.2 M)
40 °C, 16 h
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1.5H); 13C NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, roughly 

1/1 mixture, § = E/Z signal overlapping): δ 172.64, 172.48, 141.71, 141.14, 141.04, 140.93, 

139.03, 138.66, 133.43, 133.24, 129.67§, 129.53, 129.41, 129.12, 128.67, 128.61, 128.57, 

128.23, 127.97, 127.09§, 127.07, 127.01, 121.92, 121.64, 47.82, 47.13, 43.69, 42.94, 38.72, 

38.59, 36.34, 36.28, 21.74, 21.34; IR (Neat Film, NaCl) 3216, 3056, 3027, 2929, 1633, 

1494, 1435, 1370, 1331, 1265, 1075, 1035, 971, 882, 766, 740, 698 cm–1; (MM:ESI+) m/z 

calc’d for C22H23NO [M+H]+: 318.1858, found: 318.1854; [α]D25: – 4.93 (c 0.85, CHCl3); 

Chiral SFC Separation: 20% iPrOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

major = 6.680 (area: 93.0%), minor = 11.213 (area: 7.0%), 86.0% enantiomeric excess. 
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(S)-1-(4,5-dichloro-3-cinnamyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (150f): was 

synthesized following the general procedure 5. Therefore, 3,4-dichloropyridine 142f (74.0 

mg, 0.5 mmol, 1.0 equiv) was used. The desired product 150f was isolated as colorless oil 

(55.0 mg, 0.177 mmol, 35% yield over three steps); 1H NMR (400 MHz, CD3OD) (as a 

mixture of E/Z amide bond isomers): δ 7.39 – 7.35 (m, 2H), 7.32 – 7.26 (m, 2H), 7.24 – 

7.17 (m, 1H), 6.57 – 6.46 (m, 1H), 6.26 – 6.17 (m, 1H), 4.57 – 4.51 (m, 0.5H), 4.42 (dd, J 

= 13.3, 2.0 Hz, 0.5H), 4.32 (dt, J = 17.0, 1.2 Hz, 0.5H), 4.16 (dd, J = 17.0, 1.9 Hz, 0.5H), 

3.92 (dd, J = 17.9, 1.5 Hz, 0.5H), 3.82 (dd, J = 13.9, 3.2 Hz, 0.5H), 3.58 (dd, J =  13.9, 

4.1 Hz, 0.5H), 3.18 (dd, J = 13.3, 4.2 Hz, 0.5H), 2.81 – 2.68 (m, 1H), 2.66 – 2.56 (m, 1H), 

2.39 (dddd, J = 14.6, 9.3, 8.0, 1.1 Hz, 0.5H), 2.31 – 2.21 (m, 0.5H), 2.11 (s, 1.5H), 2.10 (s, 

1.5H); 13C NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, roughly 

1/1 mixture, § = E/Z signal overlapping): δ 172.09, 171.97, 138.73, 138.40, 134.47, 134.46, 

132.13, 131.04, 129.62, 129.52, 128.50, 128.27, 127.32, 127.19§, 127.01, 126.21, 125.45, 

51.77, 48.17, 47.77, 44.88, 44.82, 42.82, 35.22§, 21.61, 21.16; IR (Neat Film, NaCl) 3853, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142f, 0.5 mmol
1 equiv. 150f

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl Cl
Cl Cl

CH2Cl2 (0.2 M)
40 °C, 16 h
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3734, 3648, 3025, 2919, 2339, 2358, 1716, 1654, 1492, 1420, 1363, 1330, 1276, 1234, 

1143, 1032, 985, 884, 825, 749, 695, 682 cm–1; (MM:ESI+) m/z calc’d for C16H18Cl2NO 

[M+H]+: 310.0765, found: 310.0756; [α]D25: – 18.23 (c 1.0, CHCl3); 

Chiral SFC Separation: 10% MeOH, 2.5 mL/min, OD-H column, λ = 254 nm, tR (min): 

major = 10.27 (area: 93.86%), minor = 11.57 (area: 6.14%), 87.7% enantiomeric excess. 
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(S)-1-(4-chloro-3-cinnamyl-5-fluoro-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150g): was synthesized following the general procedure 5. Therefore, 4-chloro-3-

fluoropyridine 142g (65.8 mg, 0.5 mmol, 1.0 equiv) was used. The desired product 150g 

was isolated as colorless oil (72.2 mg, 0.246 mmol, 49% yield over three steps); 1H NMR 

(400 MHz, CD3OD) (as a mixture of E/Z amide bond isomers): δ 7.39 – 7.33 (m, 2H), 7.32 

– 7.24 (m, 2H), 7.23 – 7.15 (m, 1H), 6.57 – 6.44 (m, 1H), 6.27 – 6.16 (m, 1H), 4.49 – 4.41 

(m, 0.6H), 4.34 – 4.24 (m, 0.8H), 4.15 – 4.07 (m, 0.4H), 3.93 – 3.85 (m, 0.6H), 3.74 (dd, J 

= 13.9, 3.3 Hz, 0.6H), 3.54 (dd, J = 13.8, 4.1 Hz, 0.6H), 3.19 (dd, J = 13.4, 4.1, 0.4H), 

2.74 – 2.49 (m, 2H), 2.40 – 2.29 (m, 0.6H), 2.27 – 2.17 (m, 0.4H), 2.13 – 2.06 (m, 3H); 13C 

NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, signals of minor 

isomer are indicated with an asterisk *): δ 172.39, 172.35*, 152.61 (d, J = 257.2 Hz), 

152.00 (d, J = 258.0 Hz)*, 138.73*, 138.42, 134.40*, 134.38, 129.62, 129.52*, 128.47, 

128.25*, 127.40, 127.18§, 127.08*, 113.29 (d, J = 11.2 Hz)*, 112.32 (d, J = 11.8 Hz), 

48.03 46.24 (d, J = 37.0 Hz)*, 43.11*, 42.67 (d, J = 37.5 Hz), 42.04, 41.91*, 34.91, 34.89*, 

21.62*, 21.16; 19F NMR (282 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, 

signals of minor isomer are indicated with an asterisk *): δ –116.04 (d, J = 5.9 Hz), –116.99 

(d, J = 5.8 Hz)*; IR (Neat Film, NaCl) 3363, 2931, 1716, 1652, 1435, 1372, 1236, 1036, 

992, 734, 699 cm–1; (MM:ESI+) m/z calc’d for C16H18ClFNO [M+H]+: 294.1061, found: 

294.1045; [α]D25: – 25.73 (c 1.0, CHCl3); 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

142g, 0.5 mmol
1 equiv. 150g

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl Cl
F F

CH2Cl2 (0.2 M)
40 °C, 16 h
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Chiral SFC Separation: 10% iPrOH, 2.5 mL/min, OD-H column, λ = 210 nm, tR (min): 

major = 12.46 (area: 98.14%), minor = 14.08 (area: 1.86%), 96.3% enantiomeric excess. 

 

 

 

 

 

 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142h, 0.5 mmol
1 equiv. 150h

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Ph Ph
F F

CH2Cl2 (0.2 M)
40 °C, 16 h
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(R)-1-(3-cinnamyl-5-fluoro-4-phenyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150h): was synthesized following the general procedure 6 or 7. Therefore, 3-fluoro-4-

phenylpyridine 142h (86.6 mg, 0.5 mmol, 1.0 equiv) was used. The desired product 150h 

was isolated as colorless oil (34.7 mg, 0.103 mmol, 21% yield over three steps); 1H NMR 

(400 MHz, CD3OD) (as a mixture of E/Z amide bond isomers): δ 7.43 – 7.35 (m, 4H), 7.32 

– 7.21 (m, 5H), 7.19 – 7.12 (m, 1H), 6.42 – 6.29 (m, 1H), 6.16 – 6.07 (m, 1H), 4.62 (d, J 

= 18.1 Hz, 0.6H), 4.51 (dd, J = 13.2, 2.4 Hz, 0.4H), 4.39 (d, J = 17.0 Hz, 0.4H), 4.10 (dt, 

J = 16.9, 1.6 Hz, 0.4H), 3.90 (dd, J = 13.7, 2.8 Hz, 0.6H), 3.80 (d, J = 18.0 Hz, 0.6H), 3.55 

(dd, J = 13.6, 3.8 Hz, 0.6H), 3.14 (dd, J = 13.2, 3.9 Hz, 0.4H), 3.10 – 3.02 (m, 0.6H), 2.97 

– 2.89 (m, 0.4H), 2.37 – 2.29 (m, 0.6H), 2.25 – 2.18 (m, 1H), 2.17 – 2.13 (m, 3H), 2.11 – 

2.05 (m, 0.4H); 13C NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, 

signals of minor isomer are indicated with an asterisk *, § = E/Z signal overlapping): δ 

171.23, 171.16*, 150.92 (d, J = 254.8 Hz), 150.40 (d, J = 255.3 Hz)*, 137.52*, 137.18, 

134.41*, 134.30, 132.32, 132.21*, 128.20*, 128.17, 128.13, 128.10§, 128.03*, 127.25*, 

127.23, 126.89, 126.82*, 126.66§, 125.71*, 125.69, 117.69 (d, J = 5.4 Hz)*, 117.05 (d, J 

= 6.0 Hz), 46.55, 44.44 (d, J = 41.8 Hz)*, 41.62*, 41.00 (d, J = 42.1 Hz), 38.11 (d, J = 

3.7 Hz), 37.78 (d, J = 3.4 Hz)*, 34.80 (d, J = 3.0 Hz)§, 20.36*, 19.92; 19F NMR (282 MHz, 

CD3OD) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

with an asterisk *): δ –119.33 (d, J = 5.6 Hz), –120.31 (d, J = 5.7 Hz)*; IR (Neat Film, 

NaCl) 3024, 2930, 1734, 1652, 1496, 1426, 1373, 1242, 1205, 1180, 1051, 1009, 970, 820, 

749, 698 cm–1; (MM:ESI+) m/z calc’d for C22H23FNO [M+H]+: 336.1764, found: 336.1774; 

[α]D25: – 67.87 (c 1.0, CHCl3); 
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Chiral SFC Separation: 30% MeOH, 2.5 mL/min, OJ-H column, λ = 254 nm, tR (min): 

major = 4.596 (area: 96.3%), minor = 5.677 (area: 3.7%), 92.6.% enantiomeric excess. 

 

 

 

 

 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142i, 0.5 mmol
1 equiv. 150i

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Me Me
F F

CH2Cl2 (0.2 M)
40 °C, 16 h
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(R)-1-(3-cinnamyl-5-fluoro-4-methyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150i): was synthesized following the general procedure 7. Therefore, 3-fluoro-4-

methylpyridine 142i (52 µL, 0.5 mmol, 1.0 equiv) was used. The desired product 150i was 

isolated as pale-yellow oil (60.2 mg, 0.22 mmol, 44% yield over three steps); 1H NMR 

(400 MHz, CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.39 – 7.29 (m, 4H), 7.26 

– 7.17 (m, 1H), 6.46 (ddd, J = 15.8, 3.8, 2.3 Hz, 1H), 6.28 – 6.07 (m, 1H), 4.54 – 4.38 (m, 

0.65H), 4.20 (dd, J = 13.2, 3.3 Hz, 0.35H), 4.00 (dt, J = 15.9, 2.0 Hz, 0.35H), 3.90 (dtd, J 

= 16.1, 2.0, 1.1 Hz, 0.35H), 3.77 – 3.66 (m, 0.65H), 3.62 (dd, J = 13.4, 3.0 Hz, 0.65H), 

3.30 (ddd, J = 13.3, 3.9, 1.0 Hz, 0.65H), 3.11 (dd, J = 13.2, 4.0 Hz, 0.35H), 2.45 – 2.29 (m, 

0.7H), 2.23 – 2.14 (overlap, 2.3H), 2.10 (s, 2H), 2.08 (s, 1H), 1.75 (dd, J = 4.5, 2.3 Hz, 

3H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of 

minor isomer are indicated with an asterisk *) δ 170.2, 169.8*, 150.5 (d, J = 248.7 Hz ), 

149.3 (d, J = 248.7 Hz )*, 137.6*, 137.0, 132.9, 132.6*, 128.8, 128.6*, 127.8, 127.6, 

127.7*, 127.2*, 126.3*, 126.2, 112.7 (d, J = 8.4 Hz)*, 111.1 (d, J = 9.5 Hz), 46.4, 44.8 (d, 

J = 41.0 Hz)*, 41.9*, 41.8 (d, J = 41.8 Hz), 39.5 (d, J = 4.8 Hz), 38.8 (d, J = 4.4 Hz)*, 34.5 

(d, J = 2.7 Hz)*, 34.4 (d, J = 3.1 Hz), 22.0*, 21.5, 12.4 (dd, J = 6.2, 1.8 Hz); 19F NMR (282 

MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are 

indicated with an asterisk *): δ -120.71 – -120.73 (m), -122.01 – -122.04 (m)*; IR (Neat 

Film, NaCl) 3022, 2918, 1728, 1648, 1438, 1387, 1369, 1234, 1158, 1070, 969, 918, 750, 

724, 693 cm–1; (MM:ESI+) m/z calc’d for C17H21FNO [M+H]+: 274.1602, found 274.1605; 

[α]D25: – 8.75 (c 1.0, CHCl3); 
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Chiral SFC Separation: 25% iPrOH, 2.5 mL/min, AD-H column, λ = 254 nm or 280 nm, 

tR (min): major = 2.596 (area: 96.8%), minor = 3.846 (area: 3.2%), 93.5.% enantiomeric 

excess. 

 

 

 

 

 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

142j, 0.5 mmol
1 equiv. 150j

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Me Me
Cl Cl

CH2Cl2 (0.2 M)
40 °C, 16 h
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(R)-1-(5-chloro-3-cinnamyl-4-methyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150j): was synthesized following the general procedure 7. Therefore, 3-chloro-4-

methylpyridine 142j (55 µL, 0.5 mmol, 1.0 equiv) was used. The desired product was 

isolated as pale-yellow oil 150j (68.2 mg, 0.235 mmol, 47% yield over three steps); 1H 

NMR (400 MHz, CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.41 – 7.27 (m, 4H), 

7.27 – 7.13 (m, 1H), 6.46 (dt, J = 15.7, 1.5 Hz, 1H), 6.28 – 6.08 (m, 1H), 4.57 (dt, J = 18.0, 

1.9 Hz, 0.65H), 4.35 (dd, J = 13.2, 2.9 Hz, 0.35H), 4.07 (dt, J = 16.6, 1.9 Hz, 0.35H), 3.96 

(dt, J = 16.6, 2.0 Hz, 0.35H), 3.81 – 3.64 (m, 1.3H), 3.40 – 3.26 (m, 0.65H), 3.04 (dd, J = 

13.2, 4.0 Hz, 0.35H), 2.56 – 2.47 (m, 0.75H), 2.41 – 2.24 (m, 1.35H), 2.23 – 2.15 (m, 1H), 

2.10 (s, 3H), 1.97 – 1.87 (m, 3H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z amide 

bond isomers, signals of minor isomer are indicated with an asterisk *) δ 169.89, 169.43*, 

137.51*, 136.96, 133.05, 132.80*, 132.69*, 130.79, 128.79, 128.59*, 127.67, 127.61, 

127.24*, 127.16*, 126.26*, 126.13, 123.49, 121.87*, 50.54*, 46.89, 46.01, 42.22, 41.94*, 

41.52*, 34.60*, 34.33, 21.94*, 21.43, 18.38*, 18.33; IR (Neat Film, NaCl) 3236, 3027, 

2924, 1644, 1434, 1369, 1241, 1014, 972, 894, 749, 694, 655 cm–1; (MM:ESI+) m/z calc’d 

for C17H21ClNO [M+H]+: 290.1306, found 290.1317; [α]D25: – 9.97 (c 1.0, CHCl3); 

Chiral SFC Separation: 15% iPrOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

major = 6.689 (area: 96.5%), minor = 14.926 (area: 3.5%), 93.0.% enantiomeric excess. 
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(R)-1-(5-chloro-3-cinnamyl-4-(trifluoromethyl)-3,6-dihydropyridin-1(2H)-yl)ethan-

1-one (150k): was synthesized following the general procedure B. Therefore, 3-chloro-4-

(trifluoromethyl)pyridine 142k (90.8 mg, 0.5 mmol, 1.0 equiv) was used. The desired 

product 150k was isolated as colorless oil (33.9 mg, 0.099 mmol, 20% yield over three 

steps); 1H NMR (400 MHz, CD3OD) (as a mixture of E/Z amide bond isomers): δ 7.40 – 

7.35 (m, 2H), 7.32 – 7.26 (m, 2H), 7.24 – 7.16 (m, 1H), 6.55 – 6.43 (m, 1H), 6.27 – 6.18 

(m, 1H), 4.80 – 4.69 (m, 1H), 4.51 – 4.43 (m, 0.5H), 4.25 – 4.16 (m, 0.5H), 4.01 – 3.95 (m, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 1 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142k, 0.5 mmol
1 equiv. 150k

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl Cl
CF3 CF3

CH2Cl2 (0.2 M)
40 °C, 16 h
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0.5H), 3.84 – 3.75 (m, 0.5H), 3.37 – 3.32 (m, 0.5H), 2.95 – 2.89 (m, 0.5H), 2.83 – 2.72 (m, 

1H), 2.57 – 2.49 (m, 0.5H), 2.44 – 2.36 (m, 0.5H), 2.35 – 2.25 (m, 0.5H), 2.21 – 2.15 (m, 

0.5H), 2.13 (s, 1.5H), 2.11 (s, 1.5H);  13C NMR (101 MHz, CD3OD) (as a mixture of E/Z 

amide bond isomers, roughly 1/1 mixture. § denotes overlap of isomers): δ 172.45, 172.23, 

138.71, 138.32, 135.74, (q, J = 3.9 Hz), 135.13 (q, J = 4.0 Hz), 134.64§, 129.65, 129.53, 

129.39, 129.09, 128.58, 128.33, 127.29, 127.22, 127.21, 126.91, 124.04 (q, J = 274.1 Hz), 

123.97 (q, J = 274.0 Hz), 51.72, 48.51, 46.36, 41.26, 38.18, 38.16, 36.19, 36.14, 21.68, 

21.24; 19F NMR (282 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, roughly 

1/1 mixture): δ -62.48, -62.63; IR (Neat Film, NaCl) 3026, 2927, 1735, 1653, 1493, 1423, 

1364, 1287, 1262, 1242, 1210, 1185, 1132, 1052, 985, 887, 772, 744, 694, 649, 610 cm–1; 

(MM:ESI+) m/z calc’d for C17H18ClF3NO [M+H]+: 344.1029, found: 344.1021; [α]D25: – 

7.31 (c 1.0, CHCl3); 

Chiral SFC Separation: 10% MeOH, 2.5 mL/min, OJ-H column, λ = 254 nm, tR (min): 

major = 3.834 (area: 98.0%), minor = 4.990 (area: 2.0%), 96.0.% enantiomeric excess. 
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(R)-1-(4-(benzo[b]thiophen-2-yl)-5-chloro-3-cinnamyl-3,6-dihydropyridin-1(2H)-

yl)ethan-1-one (150l): was synthesized following the general procedure 6 or 7. Therefore, 

4-(benzo[b]thiophen-2-yl)-3-chloropyridine 142l (122.9 mg, 0.5 mmol, 1.0 equiv) was 

used. The desired product 150l was isolated as yellow oil (103.8 mg, 0.255 mmol, 51% 

yield over three steps); 1H NMR (400 MHz, CD3OD) (as a mixture of E/Z amide bond 

isomers signals of minor isomer are indicated with an asterisk *, § = two signals 

overlapping): δ 7.81 – 7.73 (m, 2H), 7.51 (s, 0.4H)*, 7.50 (s, 0.6H), 7.35 – 7.27 (m, 2H), 

7.24 – 7.09 (m, 5H), 6.33 (d, J = 7.6 Hz, 0.4H)*, 6.29 (d, J = 7.6 Hz, 0.6H), 6.16 – 6.04 

(m, 1H), 4.74 (d, J = 19.0 Hz, 0.6H), 4.59 (d, J = 11.8 Hz, 0.4H)*, 4.40 (d, J = 17.9 Hz, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142l, 0.5 mmol
1 equiv. 150l

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl Cl

S S

CH2Cl2 (0.2 M)
40 °C, 16 h
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0.4H)*, 4.11 (dd, J = 17.9, 1.2 Hz, 0.4H)*, 3.86 – 3.75 (m, 1.2H)§, 3.38 (dd, J = 13.5, 3.4, 

0.6H), 3.05 – 2.98 (m, 0.6H), 2.96 – 2.86 (m, 0.8H)*§, 2.40 – 2.12 (m, 2H), 2.08 (s, 1.2H)*, 

2.05 (s, 1.8H); 13C NMR (101 MHz, CD3OD) (as a mixture of E/Z amide bond isomers, 

signals of minor isomer are indicated with an asterisk *, § = E/Z signal overlapping): δ 

172.13, 171.95*, 141.10§, 140.57§, 140.53, 140.49§, 140.34*, 138.76*, 138.37, 133.93, 

133.91*, 132.12*, 131.29, 129.54, 129.43*, 128.36, 128.21, 128.11*, 127.84*, 127.15*, 

127.12, 126.50§, 126.05§, 125.72*, 125.63, 124.94*, 124.92, 122.95§, 52.00*, 48.71, 46.94, 

43.48*, 43.45, 42.06*, 36.32*, 36.27, 21.68*, 21.26; IR (Neat Film, NaCl) 3055, 3025, 

2926, 1652, 1495, 1435, 1359, 1305, 1238, 1157, 1129, 1068, 1030, 968, 922, 860, 832, 

745, 728, 695, 613 cm–1; (MM:ESI+) m/z calc’d for C24H23ClNOS [M+H]+: 408.1189, 

found: 408.1208;  

[α]D25: – 81.02 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, IC column, λ = 254 nm, tR (min): major 

= 12.233 (area: 97.3%), minor = 11.410 (area: 2.7%), 94.6.% enantiomeric excess. 
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(R)-1-(3-cinnamyl-4-(dibenzo[b,d]furan-4-yl)-5-fluoro-3,6-dihydropyridin-1(2H)-

yl)ethan-1-one  (150m): was synthesized following the general procedure 6 or 7. 

Therefore, 4-(dibenzo[b,d]furan-4-yl)-3-fluoropyridine 142m (131.6 mg, 0.5 mmol, 1.0 

equiv) was used. The desired product 150m was isolated as yellow amorphous solid (89.2 

mg, 0.21 mmol, 42% yield over three steps); 1H NMR (400 MHz, CDCl3) (as a mixture of 

E/Z amide bond isomers): δ 8.01 – 7.96 (m, 1H), 7.93 (td, J = 5.2, 3.7 Hz, 1H), 7.61 (dt, J 

= 8.2, 0.9 Hz, 1H), 7.49 (ddd, J = 8.4, 7.3, 1.4 Hz, 1H), 7.43 – 7.32 (m, 3H), 7.28 – 7.12 

(m, 5H), 6.33 (d, J = 15.9 Hz, 0.65H), 6.27 (d, J = 15.8 Hz, 0.35H), 6.10 (t, J = 7.6 Hz, 

0.35H), 6.01 (ddd, J = 15.8, 8.5, 5.8 Hz, 0.65H), 4.80 (dd, J = 18.3, 1.6 Hz, 0.65H), 4.37 – 

4.26 (m, 0.70H), 4.14 (dd, J = 16.8, 2.0 Hz, 0.35H), 3.99 (dd, J = 18.3, 1.8 Hz, 0.65H), 

3.84 (dd, J = 13.4, 3.4 Hz, 0.65H), 3.69 (dd, J = 13.4, 4.0 Hz, 0.65H), 3.58 (dd, J = 13.3, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

DCM
50 °C, 16 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142m, 0.5 mmol
1 equiv. 150m

N

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

F
F

O
O

CH2Cl2 (0.2 M)
40 °C, 16 h
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4.3 Hz, 0.35H), 3.32 – 3.20 (m, 1H), 2.42 – 2.32 (m, 0.70H), 2.32 – 2.23 (m, 1.3H), 2.21 

(d, J = 4.9 Hz, 3H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z amide bond isomers, 

signals of minor isomer are indicated with an asterisk *) δ 170.18, 169.74 (d, J = 1.7 Hz)*, 

156.14*, 156.11, 153.62 (overlap)*, 152.52 (d, J = 258.3 Hz), 151.19 (d, J = 258.2 Hz)*, 

137.41*, 136.91, 132.77, 132.51*, 128.59, 128.41*, 128.03, 128.00, 127.72*, 127.69*, 

127.52*, 127.43, 127.03*, 126.87*, 126.10*, 126.01, 124.76, 124.19, 122.97 (overlap)*, 

122.88 (overlap)*, 120.82, 120.38*, 120.35*, 118.85 (d, J = 1.9 Hz), 114.34 (d, J = 6.7 

Hz)*, 113.02 (d, J = 7.7 Hz), 111.85 (overlap)*, 46.76, 45.24 (d, J = 39.7 Hz)*, 42.33*, 

41.70 (d, J = 40.5 Hz), 38.35 (d, J = 3.0 Hz), 37.54 (d, J = 2.8 Hz)*, 35.26 (d, J = 2.8 Hz)*, 

35.16 (d, J = 3.0 Hz), 22.08*, 21.53; 19F NMR (282 MHz, CDCl3) (as a mixture of E/Z 

amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ -112.15 – 

-112.26 (m), -113.31 (d, J = 4.7 Hz)*; IR (Neat Film, NaCl) 3439, 3027, 2930, 1648, 1450, 

1414, 1378, 1352, 1257, 1233, 1180, 1046, 1012, 983, 922, 843, 798, 752, 737 cm–1; 

(MM:ESI+) m/z calc’d for C24H23ClNOS [M+H]+: 426.1864, found 426.1872; [α]D25: – 

17.72 (c 0.304, CHCl3);  

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

major = 6.303 (area: 98.5%), minor = 5.431 (area: 1.5%), 97.0% enantiomeric excess. 

 



Chapter 2 – Enantioselective Dearomative Allylic Alkylation of Pyridines 
 

  

413 

 

 

 

 

(R,E)-1-(3-(3-(4-chlorophenyl)allyl)-5-fluoro-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150n): was synthesized following the general procedure 6 using 3-fluoropyridine 

142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(4-chlorophenyl)allyl methyl 

carbonate 146b (170 mg, 0.75 mmol, 1.5 equiv). The desired compound 150n was obtained 

as yellowish oil (42 mg, 0.143 mmol, 29% yield over three steps); 1H NMR (400 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.30–7.23 (m, 4H), 6.44–6.34 (m, 

1H), 6.18–6.06 (m, 1H), 5.46–5.30 (m, 1H), 4.18–4.04 (m, 1H), 4.02–3.91 (m, 1H), 3.84 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146b,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150n

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Cl

ClCH2Cl2 (0.2 M)
40 °C, 16 h
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(dd, J = 13.1, 4.7 Hz, 0.4H), 3.53 (dd, J = 13.4, 4.5 Hz, 0.6H), 3.36–3.21 (m, 1H), 2.57–

2.42 (m, 1H), 2.32–2.15 (m, 2H), 2.11 (s, 3H); 13C NMR (101 MHz, CDCl3) (as a mixture 

of E/Z amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ 

169.8, 169.7*, 156.4 (d, J = 257 Hz), 154.9 (d, J = 256 Hz)*, 135.8*, 135.5, 133.2, 132.9*, 

131.8, 131.6*, 128.9, 128.7*, 127.4*, 127.4, 127.4, 106.0 (d, J = 11.0 Hz)*, 104.3 (d, J = 

12.5 Hz), 47.7, 44.8 (d, J = 39 Hz)*, 42.9*, 41.1 (d, J = 40 Hz), 36.8 (d, J = 2.2 Hz)*, 36.7 

(d, J = 2.6 Hz), 34.2 (d, J = 6.2 Hz), 33.3 (d, J = 5.9 Hz)*, 22.0*, 21.5; 19F NMR (282 

MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are 

indicated with an asterisk *): δ –112.2 (dd, J = 15.9, 5.0 Hz), –114.2 (dd, J = 16.1, 5.2 

Hz)*; IR (Neat Film, NaCl) 2913, 2356, 1705, 1645, 1490, 1428, 1231, 1091, 1012, 973, 

828, 729 cm–1; (MM:ESI+) m/z calc’d for C16H18ClFNO [M+H]+: 294.1061, found: 

294.1080; [α]D25: – 33.26 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 7.65 (area: 2.17%), major = 9.41 (area: 97.83%), 95.7% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(4-fluorophenyl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150o): was synthesized following the general procedure 5 using 3-fluoropyridine 

142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(4-fluorophenyl)allyl methyl 

carbonate 146c (158 mg, 0.75 mmol, 1.5 equiv). The desired compound 150o was obtained 

as yellowish oil (47 mg, 0.169 mmol, 34% yield over three steps); 1H NMR (400 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.33–7.27 (m, 2H), 7.03–6.94 (m, 

2H), 6.40 (dd, J = 15.8, 7.2 Hz, 1H), 6.12–6.00 (m, 1H), 5.46–5.30 (m, 1H), 4.18–4.05 (m, 

1H), 4.03–3.91 (m, 1H), 3.86 (dd, J = 13.1, 4.7 Hz, 0.4H), 3.53 (dd, J = 13.6, 4.5 Hz, 0.6H), 

3.33–3.22 (m, 1H), 2.50 (br s, 1H), 2.30–2.15 (m, 2H), 2.12 (s, 3H); 13C NMR (101 MHz, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146c,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150o

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

F

F
CH2Cl2 (0.2 M)

40 °C, 16 h
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CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

with an asterisk *): δ 169.8, 169.7*, 162.3 (d, J = 248 Hz), 162.2 (d, J = 246 Hz)*, 156.4 

(d, J = 257 Hz), 154.9 (d, J = 257 Hz)*, 133.52 (d, J = 3.3 Hz)*, 133.20 (d, J = 3.3 Hz), 

131.8, 131.6*, 127,7 (d, J = 8.1 Hz)*, 127.7 (d, J = 8.1 Hz), 126.4 (d, J = 2.6 Hz)*, 126.4 

(d, J = 2.2 Hz), 115.6 (d, J = 22.2 Hz), 115.5 (d, J = 21.2 Hz)*, 106.1 (d, J = 11 Hz)*, 

104.4 (d, J = 12.5 Hz), 47.7, 44.8 (d, J = 39.2 Hz)*, 42.9*, 41.2 (d, J = 40 Hz), 36.8 (d, J 

= 2.2 Hz)*, 36.7 (d, J = 2.6 Hz), 34.3 (d, J = 6.2 Hz), 33.4 (d, J = 5.9 Hz)*, 22.0*, 21.5; 

19F NMR (282 MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor 

isomer are indicated with an asterisk *): δ –112.35 (dd, J = 16.3, 5.0 Hz), –114.30 (dd, J = 

16.1, 5.7 Hz)*, –114.55 – (–114.70)(m), –115.05 – (–115.20)(m)*; IR (Neat Film, NaCl) 

2922, 2360, 1646, 1508, 1428, 1228, 837, 728 cm–1; (MM:ESI+) m/z calc’d for C16H18F2-

NO [M+H]+: 278.1356, found: 278.1364; [α]D25: – 43.08 (c 1.0, CHCl3); 

Chiral SFC Separation: 10% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 15.73 (area: 3.25%), major = 18.08 (area: 96.75%), 93.5% enantiomeric excess; 
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(R,E)-1-(3-(3-(4-bromophenyl)allyl)-5-fluoro-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150p): was synthesized following the general procedure 5 using 3-fluoropyridine 

142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(4-bromophenyl)allyl methyl 

carbonate 146d (203 mg, 0.75 mmol, 1.5 equiv). The desired compound 150p was obtained 

as yellowish oil (45 mg, 0.133 mmol, 27% yield over three steps); 1H NMR (400 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.45–7.38 (m, 2H), 7.20 (d, J = 7.6 

Hz, 2H), 6.37 (dd, J = 15.9, 6.7 Hz, 1H), 6.20–6.08 (m, 1H), 5.45–5.30 (m, 1H), 4.18–4.04 

(m, 1H), 4.03–3.90 (m, 1H), 3.83 (dd, J = 13.1, 4.7 Hz, 0.4H), 3.53 (dd, J = 13.4, 4.5 Hz, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146d,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150p

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Br

Br
CH2Cl2 (0.2 M)

40 °C, 16 h



Chapter 2 – Enantioselective Dearomative Allylic Alkylation of Pyridines 
 

  

418 

0.6H), 3.34–3.20 (m, 1H), 2.48 (br s, 1H), 2.32–2.16 (m, 2H), 2.11 (s, 3H); 13C NMR (101 

MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are 

indicated with an asterisk *): δ 169.8*, 169.7, 156.4 (d, J = 257 Hz), 154.9 (d, J = 257 

Hz)*, 136.3*, 135.9, 131.9*, 131.8, 131.7, 131.6*, 127.8*, 127.7, 127.6*, 127.5, 121.3, 

121.0*, 106.1 (d, J = 11.4 Hz)*, 104.3 (d, J = 12.5 Hz), 47.7, 44.8 (d, J = 39.2 Hz)*, 42.9*, 

41.1 (d, J = 39.6 Hz), 36.8 (d, J = 2.2 Hz)*, 36.8 (d, J = 2.6 Hz), 34.2 (d, J = 6.6 Hz), 33.3 

(d, J = 5.9 Hz)*, 22.0*, 21.5; 19F NMR (282 MHz, CDCl3) (as a mixture of E/Z amide bond 

isomers, signals of minor isomer are indicated with an asterisk *): δ –112.22 (dd, J = 16.1, 

4.7 Hz), –114.16 (dd, J = 16.3, 5.4 Hz); IR (Neat Film, NaCl) 2917, 2358, 1706, 1648, 

1486, 1426, 1379, 1229, 1164, 1071, 1007, 969, 838 cm–1; (MM:ESI+) m/z calc’d for 

C16H18BrFNO [M+H]+: 338.0556, found: 338.0554; [α]D25: –36.48 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 6.15 (area: 3.17%), major = 8.83 (area: 96.83%), 93.6% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(p-tolyl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150q):  was synthesized following the general procedure 5 using 3-fluoropyridine 142a 

(43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(p-tolyl)allyl) carbonate 146e 

(174 mg, 0.75 mmol, 1.5 equiv). The desired compound 150q was obtained as colorless oil 

(61 mg, 0.223 mmol, 45% yield over three steps); 1H NMR (400 MHz, CDCl3) (as a 

mixture of E/Z amide bond isomers): δ 7.27–7.21 (m, 2H), 7.16–7.08 (m, 2H), 6.40 (dd, J 

= 15.8, 7.6 Hz, 1H), 6.15–6.03 (m, 1H), 5.48–5.30 (m, 1H), 4.19–4.03 (m, 1H), 4.01–3.94 

(m, 1H), 3.91 (dd, J = 13.1, 4.7 Hz, 0.4H), 3.52 (dd, J = 13.5, 4.5 Hz, 0.6H), 3.24 (td, J = 

13.4, 6.5 Hz, 1H), 2.49 (br s, 1H), 2.35–2.30 (m, 3H), 2.30–2.16 (m, 2H), 2.11 (s, 3H); 13C 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146e,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150q

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

Me

MeCH2Cl2 (0.2 M)
40 °C, 16 h
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NMR (101 MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer 

are indicated with an asterisk *): δ 169.8, 169.6*, 156.24 (d, J = 255 Hz), 154.7 (d, J = 256 

Hz)*, 137.4, 137.1*, 134.5*, 134.2, 132.8, 132.5*, 129.4, 129.3*, 126.1*, 126.0, 125.6, 

125.6*, 106.1 (d, J = 11.0 Hz)*, 104.5 (d, J = 12.1 Hz), 47.0, 44.8 (d, J = 39 Hz)*, 43.0*, 

41.1 (d, J = 39 Hz), 36.8 (d, J = 2.2 Hz)*, 36.7 (d, J = 2.6 Hz), 34.3 (d, J = 6.2 Hz), 33.4 

(d, J = 5.9 Hz)*, 22.0*, 21.5, 21.5*, 21.2; 19F NMR (282 MHz, CDCl3): δ–112.55 (dd, J = 

15.9, 5.0 Hz), –114.44 (dd, J = 16.3, 5.4 Hz); IR (Neat Film, NaCl) 3022, 2919, 2357, 

1708, 1652, 1512, 1427, 1380, 1274, 1230, 1161, 1109, 1035, 970, 825, 788 cm–1; 

(MM:ESI+) m/z calc’d for C16H18BrFNO [M+H]+: 274.1607, found: 274.1610; [α]D25: – 

41.25 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 4.34 (area: 3.57%), major = 6.00 (area: 96.43%), 92.86% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(4-(trifluoromethyl)phenyl)allyl)-3,6-dihydropyridin-1(2H)-

yl)ethan-1-one (150r): was synthesized following the general procedure 5 using 3-

fluoropyridine 142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(4-

(trifluoromethyl)phenyl)allyl) carbonate 146f (195 mg, 0.75 mmol, 1.5 equiv). The desired 

compound 150r was obtained as colorless oil (50 mg, 0.153 mmol, 31% yield over three 

steps); 1H NMR (400 MHz, CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.59–7.51 

(m, 2H), 7.47–7.40 (m, 2H), 6.56–6.43 (m, 1H), 6.33–6.20 (m, 1H), 5.48–5.30 (m, 1H), 

4.19–4.06 (m, 1H), 4.04–3.93 (m, 1H), 3.85–3.78 (m, 0.4H), 3.59–3.50 (m, 0.6H), 3.40–

3.22 (m, 1H), 2.60–2.45 (br s, 1H), 2.38–2.19 (m, 2H), 2.12 (s, 3H); 13C NMR (101 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

with an asterisk *): δ 169.8, 169.7*, 156.5 (d, J = 256 Hz), 155.0 (d, J = 256 Hz)*, 140.8*, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146f,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150r

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

F3C

F3C
CH2Cl2 (0.2 M)

40 °C, 16 h
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140.5, 131.8, 131.6*, 129.6*, 129.5, 129.3, 129.0*, 126.4*, 126.4, 125.8 (q, J = 3.7 Hz), 

125.6 (q, J = 4.0 Hz)*, 106.0 (d, J = 11.4 Hz)*, 104.3 (d, J = 12.5 Hz), 47.8, 44.9 (d, J = 

39 Hz), 42.8*, 41.2 (d, J = 40 Hz), 36.9, 36.8*, 34.2 (d, J = 6.2 Hz), 33.3 (d, J = 6.2 Hz)*, 

22.0*, 21.6; The carbon atom for the CF3-group was not detected; 19F NMR (282 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

with an asterisk *): δ –62.44* (s), –62.50 (s), –112.06 (dd, J = 15.9, 5.0 Hz), –114.02 (dd, 

J = 16.3, 5.0 Hz)*; IR (Neat Film, NaCl) 2921, 2357, 1651, 1434, 1326, 1233, 1163, 1121, 

1067, 1016, 839 cm–1; (MM:ESI+) m/z calc’d for C17H18F4NO [M+H]+: 328.1325, found: 

328.1338; [α]D25: – 26.31 (c 1.0, CHCl3); 

Chiral SFC Separation: 7% iPrOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): major 

= 11.26 (area: 97.72%), minor = 12.22 (area: 2.28%), 95.4% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(4-methoxyphenyl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150s): was synthesized following the general procedure 5 using 3-fluoropyridine 142a 

(43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(4-methoxyphenyl)allyl methyl 

carbonate 146g (168 mg, 0.75 mmol, 1.5 equiv). The desired compound 150s was obtained 

as colorless oil (49 mg, 0.169 mmol, 34% yield over three steps); 1H NMR (400 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.31–7.23 (m, 2H), 6.88–6.80 (m, 

2H), 6.44–6.32 (m, 1H), 6.07–5.93 (m, 1H), 5.48–5.30 (m, 1H), 4.18–4.05 (m, 1H), 4.02–

3.93 (s, 1H), 3.93–3.87 (m, 0.4H), 3.81–3.79 (m, 3H), 3.52 (dd, J = 13.6, 4.6 Hz, 0.6H), 

3.33–3.17 (m, 1H), 2.49 (br s, 1H), 2.39–2.13 (m, 2H), 2.11 (s, 3H); 13C NMR (101 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146g,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150s

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

MeO

MeO
CH2Cl2 (0.2 M)

40 °C, 16 h
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with an asterisk *): δ 169.8, 169.6*, 159.2, 159.0*, 156.3 (d, J = 256 Hz), 154.8 (d, J = 256 

Hz)*, 132.4, 132.1*, 130.2*, 129.9, 127.4*, 127.3, 124.4*, 124.4, 114.1, 114.0*, 106.2 (d, 

J = 11.0 Hz)*, 104.6 (d, J = 12.5 Hz), 55.4, 55.4*, 47.6, 44.8 (d, J = 39 Hz)*, 43.0*, 41.2 

(d, J = 40 Hz), 36.8 (d, J = 2.2 Hz)*, 36.8 (d, J = 2.6 Hz), 34.4 (d, J = 6.2 Hz), 33.5 (d, J = 

5.9 Hz)*, 22.0*, 21.5; 19F NMR (282 MHz, CDCl3) (as a mixture of E/Z amide bond 

isomers, signals of minor isomer are indicated with an asterisk *): δ–112.61 (dd, J = 15.9, 

5.0 Hz), –114.52 (dd, J = 16.8, 5.4 Hz)*; IR (Neat Film, NaCl) 2915, 2365, 1647, 1511, 

1456, 1248, 1173, 1159, 1032 cm–1; (MM:ESI+) m/z calc’d for C17H21FNO2 [M+H]+: 

290.1556, found: 290.1563; [α]D25: –35.38 (c 1.0, CHCl3); 

Chiral SFC Separation: 35% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 4.84 (area: 3.52%), major = 7.46 (area: 96.48%), 93.0% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(3-methoxyphenyl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150t): was synthesized following the general procedure 5 using 3-fluoropyridine 142a 

(43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(3-methoxyphenyl)allyl methyl 

carbonate 146h (167 mg, 0.75 mmol, 1.5 equiv). The desired compound 150t was obtained 

as colorless oil (52 mg, 0.180 mmol, 36% yield over three steps); 1H NMR (400 MHz, 

CD2Cl2) (as a mixture of E/Z amide bond isomers): δ 7.26–7.18 (m, 1H), 6.98–6.93 (m, 

1H), 6.91–6.87 (m, 1H), 6.81–6.74 (m, 1H), 6.42 (dd, J = 15.8, 9.7 Hz, 1H), 6.25–6.14 (m, 

1H), 5.48–5.34 (m, 1H), 4.15–3.92 (m, 2H), 3.86–3.77 (m, 3.4H), 3.54 (dd, J = 13.2, 4.9 

Hz, 0.6H), 3.30–3.20 (m, 1H), 2.58–2.42 (m, 1H), 2.32–2.15 (m, 2H), 2.10–2.06 (m, 3H); 

13C NMR (101 MHz, CD2Cl2) (as a mixture of E/Z amide bond isomers, signals of minor 

isomer are indicated with an asterisk *): δ 169.7, 169.6*, 160.3, 160.3*, 156.8 (d, J = 256 

Hz), 155.5 (d, J = 256 Hz)*, 139.2*, 139.0, 132.8, 132.6*, 129.9, 129.8*, 127.7*, 127.7, 

119.0, 119.0*, 113.2, 113.1*, 111.8, 111.7*, 106.2 (d, J = 11.0 Hz)*, 104.9 (d, J = 12.1 

Hz), 55.5, 55.5*, 47.9, 45.0 (d, J = 39 Hz)*, 43.0*, 41.2 (d, J = 40 Hz), 37.1*, 36.9, 34.6 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146h,  (1.5 equiv)
Pd(OAc)2 (5 mol%)

L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150t

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

OMe

OMe
CH2Cl2 (0.2 M)

40 °C, 16 h
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(d, J = 6.2 Hz), 33.7 (d, J = 5.9 Hz)*, 22.1*, 21.6; 19F NMR (282 MHz, CD2Cl2) (as a 

mixture of E/Z amide bond isomers, signals of minor isomer are indicated with an asterisk 

*): δ–113.52 (dd, J = 16.6, 4.7 Hz), –115.27 (dd, J = 16.8, 4.5 Hz); IR (Neat Film, NaCl) 

2922, 2359, 1706, 1651, 1598, 1578, 1431, 1380, 1264, 1233, 1158, 1041, 972, 834, 776, 

689 cm–1; (MM:ESI+) m/z calc’d for C17H21FNO2 [M+H]+: 290.1556, found: 290.1560; 

[α]D25: – 40.94 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 5.22 (area: 2.90%), major = 12.67 (area: 97.10%), 94.2% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(naphthalen-2-yl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150u): was synthesized following the general procedure 5 using 3-fluoropyridine 

142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(naphthalen-2-yl)allyl) 

carbonate 146i (181 mg, 0.75 mmol, 1.5 equiv). The desired compound 150u was obtained 

as colorless oil (39 mg, 0.126 mmol, 25% yield over three steps); 1H NMR (400 MHz, 

CD2Cl2) (as a mixture of E/Z amide bond isomers): δ 7.85–7.77 (m, 3H), 7.72 (s, 1H), 

7.64–7.58 (m, 1H), 7.52–7.40 (m, 2H), 6.67–6.58 (m, 1H), 6.39–6.28 (m, 1H), 5.53–5.37 

(m, 1H), 4.18–3.95 (m, 2H), 3.84 (dd, J = 13.0, 4.7 Hz, 0.4H), 3.56 (dd, J = 13.6, 4.5 Hz, 

0.6H), 3.37–3.23 (m, 1H), 2.60–2.46 (m, 1H), 2.40–2.22 (m, 2H), 2.11–2.07 (m, 3H); 13C 

NMR (101 MHz, CD2Cl2) (as a mixture of E/Z amide bond isomers, signals of minor 

isomer are indicated with an asterisk *, one signal is overlapping): δ169.7, 169.6*, 156.8 

(d, J = 256 Hz), 155.5 (d, J = 256 Hz)*, 135.3*, 135.0, 134.1*, 134.0, 133.3, 133.2*, 133.0, 

132.8*, 128.5, 128.4*, 128.2, 128.0, 128.0*, 127.9*, 126.7, 126.6*, 126.2, 126.1, 126.0*, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146i,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150u

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

CH2Cl2 (0.2 M)
40 °C, 16 h
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126.0*, 123.9*, 123.8, 106.3 (d, J = 11.0 Hz)*, 104.9 (d, J = 12.1 Hz), 47.9, 45.0 (d, J = 

39 Hz)*, 43.6*, 41.2 (d, J = 39 Hz), 37.2 (d, J = 2.2 Hz)*, 37.1 (d, J = 2.6 Hz), 34.6 (d, J 

= 6.2 Hz), 33.8 (d, J = 5.9 Hz)*, 22.1*, 21.6; 19F NMR (282 MHz, CD2Cl2) (as a mixture 

of E/Z amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ–

113.47 (dd, J = 16.8, 5.0 Hz), –115.23 (dd, J = 16.6, 5.2 Hz); IR (Neat Film, NaCl) 2918, 

2359, 2339, 1737, 1712, 1651, 1506, 1428, 1383, 1271, 1229, 1165, 967, 897, 860, 825, 

748, 617 cm–1; (MM:ESI+) m/z calc’d for C20H21FNO [M+H]+: 310.1602, found: 310.1289; 

[α]D25: – 47.73 (c 1.0, CHCl3); 

Chiral SFC Separation: 45% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 6.13 (area: 2.20%), major = 12.21 (area: 97.80%), 95.6% enantiomeric excess. 
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(R,E)-1-(5-fluoro-3-(3-(thiophen-2-yl)allyl)-3,6-dihydropyridin-1(2H)-yl)ethan-1-one 

(150v): was synthesized following the general procedure 5 using 3-fluoropyridine 142a 

(43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-methyl (3-(thiophen-2-yl)allyl) carbonate 

146j (149 mg, 0.75 mmol, 1.5 equiv). The desired compound 150v was obtained as 

colorless oil (34 mg, 0.128 mmol, 26% yield over three steps); 1H NMR (400 MHz, CDCl3) 

(as a mixture of E/Z amide bond isomers): δ 7.12 (dd, J = 11.0, 5.1 Hz, 1H), 6.98–6.92 (m, 

1H), 6.92–6.88 (m, 1H), 6.61–6.52 (m, 1H), 6.04–5.92 (m, 1H), 5.47–5.30 (m, 1H), 4.18–

3.92 (m, 2H), 3.84 (dd, J = 13.1, 4.6 Hz, 0.4H), 3.53 (dd, J = 13.4, 4.5 Hz, 0.6H), 3.33–

3.22 (m, 1H), 2.55–2.40 (s, 1H), 2.30–2.14 (m, 2H), 2.12 (s, 3H); 13C NMR (101 MHz, 

CDCl3) (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

with an asterisk *): δ 169.8, 169.7*, 156.4 (d, J = 256 Hz), 154.9 (d, J = 256 Hz)*, 142.5*, 

142.1, 127.5, 127.4*, 126.5*, 126.4, 126.2, 125.9*, 125.3, 125.1*, 124.0, 123.7*, 106.0 (d, 

J = 11.0 Hz)*, 104.4 (d, J = 12.5 Hz), 47.7, 44.9 (d, J = 39 Hz)*, 42.9*, 41.2 (d, J = 40 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146j,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150v

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

S

S
CH2Cl2 (0.2 M)

40 °C, 16 h
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Hz), 36.7 (d, J = 2.2 Hz)*, 36.63 (d, J = 2.6 Hz), 34.3 (d, J = 6.2 Hz), 33.3 (d, J = 5.9 Hz)*, 

22.0*, 21.6; 19F NMR (282 MHz, CDCl3) (as a mixture of E/Z amide bond isomers, signals 

of minor isomer are indicated with an asterisk *): δ –112.35 (dd, J = 16.3, 5.0 Hz), –114.23 

(dd, J = 16.3, 5.0 Hz)*; IR (Neat Film, NaCl) 2921, 2358, 1732, 1651, 1427, 1378, 1236, 

1159, 1039, 697 cm–1; (MM:ESI+) m/z calc’d for C20H21FNO [M+H]+: 266.1009, found: 

266.1006; [α]D25: – 35.56 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 4.22 (area: 2.98%), major = 5.28 (area: 97.02%), 94.0% enantiomeric excess. 
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(R,E)-1-(3-(3-(benzofuran-2-yl)allyl)-5-fluoro-3,6-dihydropyridin-1(2H)-yl)ethan-1-

one (150w): was synthesized following the general procedure 5 using 3-fluoropyridine 

142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and (E)-3-(benzofuran-2-yl)allyl methyl 

carbonate 146k (174 mg, 0.75 mmol, 1.5 equiv). The desired compound 150w was 

obtained as colorless oil (58 mg, 0.194 mmol, 39% yield over three steps); 1H NMR (400 

MHz, CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.47–7.38 (m, 1H), 7.38–7.32 

(m, 1H), 7.22–7.06 (m, 2H), 6.46–6.40 (m, 1H), 6.35–6.27 (m, 2H), 5.42–5.24 (m, 1H), 

4.12–3.84 (m, 2H), 3.75 (dd, J = 12.7, 4.6 Hz, 0.4H), 3.47 (dd, J = 12.5, 4.5 Hz, 0.6H), 

3.28 (dd, J = 13.1, 6.5 Hz, 0.4H), 3.19 (dd, J = 13.6, 6.1 Hz, 0.6H), 2.52–2.37 (s, 1H), 

2.30–2.11 (m, 2H), 2.07–2.00 (m, 3H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z 

amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ 169.8, 

169.7*, 156.4 (d, J = 257 Hz), 155.0 (d, J = 257 Hz)*, 154.8, 154.7*, 154.5*, 154.2, 129.2, 

129.1*, 129.0, 128.9*, 124.6, 124.4*, 123.0, 122.8*, 121.5, 121.3*, 121.0, 120.9*, 110.9, 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146k,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150w

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

O

O

CH2Cl2 (0.2 M)
40 °C, 16 h
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110.9*, 105.9 (d, J = 11.0 Hz)*, 104.4 (d, J = 12.5 Hz), 104.1, 103.8*, 47.6, 44.8 (d, J = 

39 Hz)*, 42.8*, 41.1 (d, J = 40 Hz), 36.8 (d, J = 2.6 Hz)*, 36.7 (d, J = 2.6 Hz), 34.2 (d, J 

= 6.2 Hz), 33.2 (d, J = 5.9 Hz)*, 22.0*, 21.5; 19F NMR (282 MHz, CDCl3) (as a mixture of 

E/Z amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ–

112.16 (dd, J = 16.1, 4.7 Hz), –114.03 (dd, J = 16.1, 5.2 Hz)*; IR (Neat Film, NaCl) 2917, 

2357, 1711, 1650, 1452, 1380, 1254, 1230, 1163, 1105, 965, 882, 826, 751 cm–1; 

(MM:ESI+) m/z calc’d for C18H19FNO2 [M+H]+: 300.1400, found: 300.1385; [α]D25: – 

34.73 (c 1.0, CHCl3); 

Chiral SFC Separation: 30% MeOH, 2.5 mL/min, AD-H column, λ = 254 nm, tR (min): 

minor = 6.83 (area: 2.62%), major = 10.22 (area: 97.38%), 94.8% enantiomeric excess. 
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1-((R)-5-fluoro-3-((2E,4E)-5-(4-fluorophenyl)penta-2,4-dien-1-yl)-3,6-

dihydropyridin-1(2H)-yl)ethan-1-one (150x): was synthesized following the general 

procedure 5 using 3-fluoropyridine 142a (43 µL, 0.5 mmol, 1.0 equiv) as substrate and 

(2E,4E)-5-(4-fluorophenyl)penta-2,4-dien-1-yl methyl carbonate 146l (236 mg, 0.75 

mmol, 1.5 equiv). The desired compound 150x was obtained as colorless oil (31 mg, 0.102 

mmol, 20% yield over three steps); 1H NMR (400 MHz, CD2Cl2) (as a mixture of E/Z 

amide bond isomers): δ 7.34–7.21 (m, 2H), 6.99–6.85 (m, 2H), 6.69–6.56 (m, 1H), 6.44–

6.30 (m, 1H), 6.24–6.09 (m, 1H), 5.71 (ddd, J = 14.9, 7.5, 7.5 Hz, 1H), 5.37–5.24 (m, 1H), 

4.08–3.83 (m, 2H), 3.72 (dd, J = 13.1, 4.7 Hz, 0.4H), 3.44 (dd, J = 13.5, 4.6 Hz, 0.6H), 

3.20–3.07 (m, 1H), 2.47–2.29 (m, 1H), 2.19–2.05 (m, 2H), 2.04–1.96 (s, 3H); 13C NMR 

(101 MHz, CD2Cl2) (as a mixture of E/Z amide bond isomers, signals of minor isomer are 

indicated with an asterisk *): δ 169.8, 169.7*, 162.6 (d, J = 247 Hz), 162.5 (d, J = 246 

Hz)*, 156.8 (d, J = 255 Hz), 155 (d, J = 256 Hz)*, 134.2 (d, J = 2.9 Hz)*, 134.0 (d, J = 3.3 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146l,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F

150x

N

F

then AcCl (3.0 equiv)
   pyridine (3.0 equiv)

O Me

F

F
CH2Cl2 (0.2 M)

40 °C, 16 h
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Hz), 133.4, 133.2*, 132.1*, 131.8, 130.3, 130.0*, 129.1 (d, J = 2.6 Hz)*, 128.9 (d, J = 2.2 

Hz), 128.1 (d, J = 7.7 Hz), 128.1 (d, J = 8.1 Hz)*, 115.9 (d, J = 21.6 Hz), 115.8 (d, J = 22.0 

Hz)*, 106.3 (d, J = 11 Hz)*, 104.9 (d, J = 12.1 Hz), 47.9, 45.0 (d, J = 39 Hz)*, 42.9*, 41.2 

(d, J = 40 Hz), 36.9 (d, J = 2.2 Hz)*, 36.8 (d, J = 2.2 Hz), 34.6 (d, J = 6.2 Hz), 33.7 (d, J = 

5.9 Hz)*, 22.1*, 21.7; 19F NMR (282 MHz, CD2Cl2) (as a mixture of E/Z amide bond 

isomers, signals of minor isomer are indicated with an asterisk *): δ –113.6 (dd, J = 16.1, 

4.7 Hz, CAlkylF), –115.24 – (–115.43 (m, CAlkylF*, CArylF), –115.48 – (–115.60 (m, 

CArylF*)); )*; IR (Neat Film, NaCl) 2916, 1707, 1650, 1599, 1507, 1428, 1379, 1275, 1228, 

1159, 1095, 1060, 1034, 989, 833 cm–1; (MM:ESI+) m/z calc’d for C18H20F2NO [M+H]+: 

304.1513, found: 304.1500; [α]D25: – 33.48 (c 1.0, CHCl3); 

Chiral SFC Separation: 40% MeOH, 2.5 mL/min, AD-H column, λ = 280 nm, tR (min): 

minor = 6.35 (area: 3.43%), major = 10.95 (area: 96.57%), 93.1% enantiomeric excess. 
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Product Characterization: Rearomatized alkylation product 148a 

 

3-cinnamyl-5-fluoropyridine (148a): was synthesized as followed. In a 2 mL screw vial 

equipped with a magnetic stir bar was then transferred to an argon filled glovebox. Chlor-

bis-(cycloocten)-iridium(I) dimer ([Ir(coe)2Cl]2, 2.3 mg, 0.0025 mmol, 0.5 mol%) was 

added to the vial, closed with a septum screw cap and transferred out of the glovebox. 

Diethyl silane (Et2SiH2, 97 µL, 0.75 mmol, 1.5 equiv) was added and the resulting mixture 

was stirred at room temperature for 4 minutes. 3-fluoropyridine 142a (43 µL, 0.5 mmol, 

1.0 equiv) was added and the resulting reaction mixture was stirred at 50 °C for 5 h. A 

separate 10 mL screw vial equipped with a magnetic stir bar was transferred to the 

glovebox. Ligand L22 (24.2 mg, 0.035 mmol, 7 mol%) and palladium(II) acetate 

(Pd(OAc)2, 5.6 mg, 0.025 mmol, 5 mol%) were added. The vial was closed with a septum 

screw cap and transferred out of the glovebox. Dichloromethane (CH2Cl2, 2.5 mL) was 

added at room temperature under nitrogen. The mixture was stirred for 5 minutes Cinnamyl 

methyl carbonate 146a (192.2 mg, 1.0 mmol, 2.0 equiv) was added, followed by the 

reaction mixture from the 2 mL vial. The resulting mixture was then stirred at 40 °C for 16 

h. Afterwards, the reaction mixture was cooled to room temperature and the solvent was 

N

148a

F
Ph
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evaporated. The residue was submitted to flash column chromatography over silica gel 

using a solvent mixture of hexane/ethyl acetate = 8/2 as the eluent. The desired product 

148a was obtained as colorless oil (30.1 mg, 0.14 mmol, 28% yield); 1H NMR (400 MHz, 

CDCl3): δ 8.36 – 8.33 (m, 2H), 7.38 – 7.34 (m, 2H), 7.34 – 7.27 (m, 3H), 7.26 – 7. 21 (m, 

1H), 6.49 (d, J = 15.8 Hz, 1H), 6.29 (dt, J = 15.8, 6.9 Hz, 1H), 3.58 (d, 6.7 Hz, 2H); 13C 

NMR (101 MHz, CDCl3): δ 159.72 (d, J = 256.8 Hz), 146.00 (d, J = 3.7 Hz), 137.54 (d, J 

= 3.2 Hz), 136.91, 136.22 (d, J = 23.1 Hz), 132.78, 128.76, 127.74, 126.86, 126.34, 123.01 

(d, J = 17.8 Hz), 36.00 (d, J = 1.4 Hz); 19F NMR (282 MHz, CDCl3): δ -127.24 (dd, J = 

9.3, 1.7 Hz); IR (Neat Film, NaCl) 3734, 3029, 2922, 2358, 1599, 1576, 1496, 1448, 1431, 

1259, 1144, 1026, 965, 879, 808, 780, 754, 697, 676 cm–1; (MM:ESI+) m/z calc’d for 

C14H13FN [M+H]+: 214.1032, found: 214.1005;  

General Procedure 8: Isolation of Free NH Amine Product 147 

 

 

(R)-3-cinnamyl-5-fluoro-1,2,3,6-tetrahydropyridine (147a): was synthesized in a 

following the synthetic sequence described as general procedure 8. A 10 mL screw vial 

N

[Ir(coe)2Cl]2 (1 mol%)
Et2SiH2 (6 equiv)

neat
50 °C, 3 h

OCO2Me

146a,  (1.5 equiv)
Pd(OAc)2 (5 mol%)
L22 (7 mol%)
NaF (10 mol%)

142a, 0.5 mmol
1 equiv.

F
154

N

F
Ph

then Boc2O (3.0 equiv)
      pyridine (3.0 equiv)

Boc

154’

N

F

Boc

Ph

Ph

CH2Cl2/TFA (9/1)
(0.11 M), 25 ℃, 16 h

147a

N
H

F
Ph

CH2Cl2 (0.2 M)
40 °C, 16 h
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was transferred to an argon filled glovebox. Chlor-bis-(cycloocten)-iridium(I) dimer 

([Ir(coe)2Cl]2, 22.4 mg, 0.025 mmol, 1 mol%) was added to the vial. The vial was closed 

with a septum screw cap. The vial was transferred out of the glovebox. Diethyl silane 

(Et2SiH2, 1.94 mL, 15.0 mmol, 6.0 equiv) was added and the resulting mixture was stirred 

at room temperature for 4 minutes. 3-fluoropyridine 142a (215 µL, 2.5 mmol, 1.0 equiv) 

was added and the resulting reaction mixture was stirred at 50 °C for 3 hours. A separate 

25 mL screw vial equipped with a magnetic stir bar was transferred to the glovebox. Ligand 

L22 (120.8 mg, 0.175 mmol, 7 mol%), NaF (10.5 mg, 0.25 mmol, 10 mol%) and 

palladium(II) acetate (Pd(OAc)2, 28.1 mg, 0.125 mmol, 5 mol%) were added. The vial was 

closed with a septum screw cap and transferred out of the glovebox. Dichloromethane 

(CH2Cl2, 12.5 mL) was added at room temperature under nitrogen. The mixture was stirred 

for 5 minutes. Cinnamyl methyl carbonate 146a (720.8 mg, 3.75 mmol, 1.5 equiv) was 

added, followed by the reaction mixture from the 10 mL vial. The resulting mixture was 

then stirred at 40 °C for 24 h. The mixture was then cooled to room temperature and diluted 

with additional dichloromethane (10 mL). Pyridine (604 µL, 7.5 mmol, 3.0 equiv) was 

added as a base, followed by di-tert-butyl dicarbonate (Boc2O, 1.72 mL, 7.5 mmol, 3.0 

equiv). The mixture was stirred at room temperature for 16 h and then transferred to a 50 

mL flask and diluted with MeOH (20 mL). Imidazole (510 mg, 7.5 mmol, 3.0 equiv) were 

added and the mixture was stirred for 2 hours to decompose residual Boc2O. The solvent 

was evaporated and the crude subjected to flash column chromatography over silica gel 

using a solvent mixture of hexane/ethyl acetate (20/1) as the eluent. An inseparable mixture 

of the mono-alkylated 154 and bisalkylated 154’ N-Boc compounds were isolated as 

colorless oil and directly used for the deprotection step. The mixture was redissolved in 



Chapter 2 – Enantioselective Dearomative Allylic Alkylation of Pyridines 
 

  

438 

CH2Cl2 (20 mL) at room temperature. TFA (2mL) was added dropwise and the resulting 

solution was stirred at room temperature for 16 hours. An aqueous workup with 4M NaOH 

was performed to neutralize the TFA. The aqueous phase was extracted with EtOAc three 

times and the combined organic phases were dried over magnesium sulfate and filtered. 

The mono-alkylated NH tetrahydropyridine 147a was purified by flash column 

chromatography over silica gel using a solvent mixture of hexane/acetone (7/3 to 1/1) as 

the eluent. The desired compound was isolated as colorless oil (122 mg, 0.56 mmol, 22% 

yield over 4 steps). The absolute configuration was adopted from product 150a. The 

enantioselectivity was not again measured for the free N-H product 147a; 1H NMR (400 

MHz, CDCl3): δ 7.37 – 7.28 (m, 4H), 7.24 – 7.19 (m, 1H), 6.46 – 6.40 (m, 1H), 6.17 (dt, J 

= 15.8, 7.3 Hz, 1H), 5.29 (ddt, J = 17.7, 3.1, 1.5 Hz, 1H), 3.42 – 3.30 (m, 2H), 3.03 (ddd, 

J = 12.9, 4.9, 2.1 Hz, 1H), 2.56 (ddd, J = 12.9, 7.1, 1.0 Hz, 1H), 2.43 (tqt, J = 7.4, 5.1, 2.5 

Hz, 1H), 2.32 – 2.19 (m, 2H), 2.11 (bs, 1H);  13C NMR (101 MHz, CDCl3): δ 159.12 (d, J 

= 261.9 Hz), 137.45, 132.20, 128.67, 127.63, 127.30, 126.16, 104.91 (d, J = 11.0 Hz), 

48.13 (d, J = 1.7 Hz), 44.20 (d, J = 30.1 Hz), 37.54 (d, J = 2.2 Hz), 35.10 (d, J = 4.8 Hz); 

19F NMR (282 MHz, CDCl3): δ -110.91 (dd, J = 17.5, 5.3 Hz); IR (Neat Film, NaCl) 3280, 

3056, 3025, 2914, 2844, 1700, 1598, 1494, 1448, 1367, 1279, 1156, 1108, 1070, 1047, 

1029, 966, 910, 841, 744, 694 cm–1; (MM:ESI+) m/z calc’d for C14H17FN [M+H]+: 

218.1345, found: 218.1343; [α]D25: – 8.24 (c 0.9, CHCl3). 

General Procedure 9: Alternative route to free NH product 147 
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(R)-3-cinnamyl-5-fluoro-1,2,3,6-tetrahydropyridine (147a): was synthesized following 

the synthetic sequence described as general procedure 9. (R)-1-(3-cinnamyl-5-fluoro-3,6-

dihydropyridin-1(2H)-yl)ethan-1-one 150a (26 mg, 0.1 mmol, 1.0 equiv) was dissolved in 

tetrahydrofuran (THF, 180 µL) in a 4 mL screw cap vial equipped with a septum screw 

cap. The reaction mixture was cooled to 0 ℃ and a solution of phenyl magnesium bromide 

(PhMgBr 1 M in THF, 440 µL, 0.44 mmol, 4.4 equiv) was added slowly at 0 ℃. The 

reaction was allowed to warm to ambient temperature and stirred for 24 hours. The reaction 

mixture was then cooled to 0 ℃ and an aqueous workup with 2 M HCl (2.0 mL) was added 

dropwise. The acidic aqueous layer was extracted with EtOAc (3 x 5 mL) to remove any 

organic impurities. The acidic aqueous phase was then basified with NaHCO3 and the 

resulting aqueous phase was then extracted with EtOAc (3 x 5 mL). The resulting organic 

layer was dried with Na2SO4 and filtered and the solvent was evaporated and the mono-

alkylated N–H tetrahydropyridine 147a was purified by flash column chromatography over 

silica gel using a solvent mixture of hexane/acetone (7/3 to 1/1) as the eluent. The desired 

compound was isolated as colorless oil (17.4 mg, 0.08 mmol, 80% yield). The 

enantioselectivity was not again measured for the free N-H product 147a. The spectra 

match the spectra of free amine 147a using the method described in General procedure 8. 

Note: some product was observed in the organic layer prior to basification, product can be 

obtained by flash column chromatography over silica gel using a solvent mixture of 

hexane/acetone (7/3 to 1/1) as the eluent.* 

150a

N

F

O Me

THF, 0 to 25 ℃
24 h

147a

N
H

FPhMgBr (4.4 equiv)
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(R)-5-chloro-3-cinnamyl-1,2,3,6-tetrahydropyridine (147b): was synthesized following 

the general procedure 9. (R)-1-(3-cinnamyl-5-chloro-3,6-dihydropyridin-1(2H)-yl)ethan-

1-one 150b (27.5 mg, 0.1 mmol, 1.0 equiv). The desired compound 147b was obtained as 

colourless oil (20.5 mg, 0.088 mmol, 88% yield). The absolute configuration was adopted 

from product 150b. The enantioselectivity was not again measured for the free N-H product 

147b; 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.28 (m, 4H), 7.25 – 7.20 (m, 1H), 6.44 (d, J 

= 16.0 Hz, 1H), 6.22 – 6.10 (m, 1H), 5.90 (dt, J = 3.5, 1.7 Hz, 1H), 3.50 – 3.34 (m, 2H), 

3.09 (dd, J = 13.1, 5.1 Hz, 1H), 2.61 (dd, J = 13.1, 7.4 Hz, 1H), 2.43 (ddq, J = 10.1, 5.0, 

2.7 Hz, 1H), 2.26 (tdd, J = 7.4, 4.0, 1.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) 137.36, 

132.48, 131.88, 128.71, 127.41, 127.22, 127.05, 126.21, 50.14, 47.43, 37.54, 37.08; ); IR 

(Neat Film, NaCl) 3332, 3026, 2919, 2851, 1654, 1449, 969, 749, 697 cm–1; (MM:ESI+) 

m/z calc’d for C14H17ClN [M+H]+: 234.1044, found 234.1048; [α]D25: – 13.39 (c 0.93, 

CHCl3); 

Product Derivatizations 

General Procedure 10: Stille Cross Coupling of vinyl chloride 150b 
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N

Cl

O Me

THF, 0 to 25 ℃
24 h

147b

N
H

ClPhMgBr (4.4 equiv)

150b

N

Cl

O Me

1,4-dioxane
100 ℃, 20 h
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Pd2(dba)3 (3 mol%)
P(t-Bu)3 (9 mol%)
CsF (2.2 equiv)

PhSnBu3 (1.0 equiv)
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 (R)-1-(3-cinnamyl-5-phenyl-3,6-dihydropyridin-1(2H)-yl)ethan-1-one (152): was 

synthesized following the synthetic sequence described as general procedure 10. A 4 mL 

screw cap vial was transferred to an argon filled glovebox. 

Bis(dibenzylideneacetone)palladium(0) (Pd2dba3, 3 mg, 0.003 mmol, 3 mol%) was added 

to a vial with tri-tert-butylphosphine (P(t-Bu)3, 2 mg, 0.009 mmol, 9 mol%) and cesium 

fluoride (CsF, 33 mg, 0.22 mmol, 2.2 equiv). Dioxane (200 µL) was added to mixture and 

stirred at ambient temperature for 5 minutes. (R)-1-(3-cinnamyl-5-chloro-3,6-

dihydropyridin-1(2H)-yl)ethan-1-one 150b (27.5 mg, 0.1 mmol, 1.0 equiv) was dissolved 

in dioxane (200 µL) and added to the reaction mixture followed by tributylphenylstannane 

(PhSnBu3, 34 µL, 0.1 mmol, 1.0 equiv). The reaction mixture was sealed with a septum 

screw cap and heated to 100 ℃ for 20 hours. The reaction mixture was cooled to room 

temperature, filtered through a plug of silica and washed with copious amounts of ethyl 

acetate. The solvent was evaporated and the crude reaction mixture was purified by flash 

chromatography over silica gel using a solvent mixture of hexane/EtOAc (7/3 to 2/8) as 

the eluent. The desired compound was isolated as a pale-yellow oil 152 (26.1 mg, 0.082 

mmol, 82% yield). The absolute configuration was adopted from product 150b. The 

enantioselectivity was not again measured for the cross-coupled product 152; 1H NMR 

(400 MHz, CDCl3) (as a mixture of E/Z amide bond isomers): δ 7.48 – 7.28 (m, 9H), 7.26 

– 7.19 (m, 1H), 6.55 – 6.44 (m, 1H), 6.32 – 6.23 (m, 1H), 6.23 – 6.14 (m, 1H), 4.54 (dt, J 

= 18.0, 2.2 Hz, 0.65H), 4.39 (dt, J = 18.1, 2.3 Hz, 0.65H), 4.30 (dt, J = 4.8, 2.4 Hz, 0.7H), 

4.14 (dd, J = 12.8, 5.0 Hz, 0.35H), 3.67 (dd, J = 13.2, 4.7 Hz, 0.65H), 3.40 – 3.30 (m, 

0.65H), 3.22 (dd, J = 12.8, 7.5 Hz, 0.35H), 2.68 – 2.55 (m, 1H), 2.46 – 2.29 (m, 2H), 2.18 

(s, 1H), 2.18 (s, 1.1H), 2.17 (s, 1.9H); 13C NMR (101 MHz, CDCl3) (as a mixture of E/Z 
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amide bond isomers, signals of minor isomer are indicated with an asterisk *): δ 169.9, 

169.7*, 138.82*, 138.7, 137.5, 137.2*, 135.2, 133.8*, 132.8, 132.5*, 128.8*, 128.8, 128.7 

(overlap)*, 128.1*, 128.0*, 127.9, 127.6, 127.3*, 127.3 (overlap)*, 127.3, 126.3*, 126.2, 

125.8*, 125.5 (overlap)*, 125.2, 47.6, 47.6*, 43.5, 43.0*, 37.0*, 36.8, 36.4*, 35.5, 29.8, 

22.2*, 21.8; IR (Neat Film, NaCl) 3236, 3027, 2924, 2853, 1625, 1447, 1317, 1269, 1033, 

970, 751, 696, 689, 665 cm–1; (MM:ESI+) m/z calc’d for C22H24N [M+H]+: 318.1852, found 

318.1867; [α]D25: – 5.14 (c 1.0, CHCl3). 

 

General Procedure 11: Kumada Cross Coupling of vinyl chloride 150b 

 

(R)-3-cinnamyl-5-phenyl-1,2,3,6-tetrahydropyridine (153): was synthesized following 

the synthetic sequence described as general procedure 11. A 4 mL screw cap vial was 

charged with nickel(II) acetylacetonate (Ni(acac)2, 1.0 mg, 0.004 mmol, 4 mol%) and 

dissolved in tetrahydrofuran (THF, 100 µL). The reaction mixture was cooled to 0 ℃, and 

phenyl magnesium bromide (PhMgBr 1 M in THF, 400 µL, 0.4 mmol, 4.0 equiv) was 

added to the reaction mixture dropwise. (R)-1-(3-cinnamyl-5-chloro-3,6-dihydropyridin-

1(2H)-yl)ethan-1-one 150b (27.5 mg, 0.1 mmol, 1.0 equiv) was dissolved in 

tetrahydrofuran (THF, 200 µL) and added to the reaction mixture at  0 ℃ and allowed to 

warm to ambient temperature overnight. After 36 hours, the reaction was cooled to 0 ℃ 

and an aqueous workup was performed with saturated NH4Cl (1 mL). The aqueous phase 

150b

N

Cl

O Me

THF, 0 to 25 ℃
36 h

153

N
H

Ni(acac) (4 mol%)
PhMgBr (4 equiv)
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was extracted with EtOAc (3 x 10 mL) and the organic layer was dried over Na2SO4 and 

filtered. The solvent was evaporated and the crude reaction mixture was purified by flash 

chromatography over silica gel using a solvent mixture of methanol/ethyl acetate (1/9) with 

1% triethyl amine as the eluent. The desired compound was isolated as a pale-yellow 

amorphous solid 153 (22.8 mg, 0.083 mmol, 83% yield). The absolute configuration was 

adopted from product 150b. The enantioselectivity was not again measured for the cross-

coupled product 153; 1H NMR (400 MHz, CDCl3) 1H NMR (400 MHz, CDCl3) δ 7.39 – 

7.27 (m, 8H), 7.22 (d, J = 7.0 Hz, 2H), 6.51 (d, J = 15.7 Hz, 1H), 6.21 (s, 1H), 6.15 (dd, J 

= 15.5, 7.5 Hz, 1H), 4.07 (d, J = 16.4 Hz, 1H), 3.98 (d, J = 16.5 Hz, 1H), 3.56 (dd, J = 12.3, 

5.4 Hz, 1H), 3.06 (s, 1H), 2.88 (t, J = 10.9 Hz, 1H), 2.44 (t, J = 6.9 Hz, 2H). Et3N•HCl 

present 1H NMR (400 MHz, CDCl3) δ 3.13 (q, J = 7.3 Hz, 2H) 1.44 – 1.34 (m, 3H). *Note: 

Titration of amine 153 with Et3N resulted in better resolution in peaks due to solubility 

issues of 153 in CDCl3* 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.28 (m, 8H), 7.25 – 7.19 

(m, 2H), 6.48 (d, J = 15.8 Hz, 1H), 6.22 (dt, J = 15.8, 7.2 Hz, 1H), 6.16 (s, 1H), 3.92 – 3.75 

(m, 2H), 3.36 – 3.26 (m, 1H), 2.79 – 2.63 (m, 2H), 2.41 – 2.31 (m, 2H) (without Et3N 

titration); 13C NMR (101 MHz, CDCl3) δ 137.11, 136.92, 133.75, 130.70, 128.93, 128.75, 

128.60, 127.69, 126.48, 126.36, 125.44, 125.30, 44.90, 43.25, 36.66, 32.63, Et3N•HCl 

present 13C NMR (101 MHz, CDCl3) δ 46.07, 8.78 *Note: Titration of amine 9 with Et3N 

resulted in better resolution in peaks due to solubility issues of 9 in CDCl3* 13C NMR (101 

MHz, CDCl3) δ 138.93, 137.36, 134.68,p 132.64, 128.70, 128.69, 127.83, 127.41, 127.16, 

126.84, 126.25, 125.17, 46.98, 45.58, 37.32, 34.65; (without Et3N titration); IR (Neat Film, 

NaCl) 3335, 2924, 1634, 1447, 969, 738, 751, 694 cm–1; (MM:ESI+) m/z calc’d for 

C20H22N [M+H]+: 276.1747, found 276.1755; [α]D25: – 6.80 (c 0.833, CHCl3); 
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General Procedure 12: N-Bn formation of bisalkylated NH product 

 

1-Benzyl-5-chloro-3,3-dicinnamyl-1,2,3,6-tetrahydropyridine (158): Benzyl bromide 

(247 μL, 2.07 mmol, 3.0 equiv) and triethyl amine (96 μL, 0.69 mmol, 1.0 equiv) were 

added to 5-chloro-3,3-bis((E)-3-(phenyl)allyl)-1,2,3,6-tetrahydropyridine 149b (242 mg, 

0.69 mmol, 1.0 equiv) in dichloromethane (4 mL). The resulting reaction mixture was 

stirred at room temperature for 19 h. The reaction was quenched with a saturated aqueous 

ammonium chloride solution (2 mL). The phases were separated and the aqueous phase 

was extracted with dichloromethane (3 x 2 mL). The combined organic phases were 

washed with brine (1 x 2 mL), dried over sodium sulphate, and concentrated under reduced 

pressure. Purification of the residue by flash chromatography on silica gel using n-

hexane/ethyl acetate gave the title compound 158 (260 mg, 0.59 mmol, 86%) as colorless 

oil; 1H NMR (400 MHz, CDCl3): δ 7.38–7.27 (m, 13H), 7.25–7.19 (m, 2H), 6.36 (d, J = 

15.8 Hz, 2H), 6.13 (dt, J = 15.4, 7.4 Hz, 2H), 5.79 (s, 1H), 3.57 (s, 2H), 3.10 (s, 2H), 2.43–

2.25 (m, 6H); 13C NMR (101 MHz, CDCl3) (one carbon signal is overlapping): δ 138.3, 

137.6, 133.2, 130.2, 129.2, 129.1, 128.6, 128.5, 127.4, 127.3, 126.2, 126.0, 62.6, 58.8, 58.0, 

42.8, 41.2; IR (Neat Film, NaCl) 3028, 2922, 2853, 2358, 1681, 1495, 1452, 1265, 1073, 

1028, 970, 826, 738, 699, 676 cm–1; (MM:ESI+) m/z calc’d for C30H31ClN [M+H]+: 

440.2145, found: 440.2150; 

149b

N
H

Cl

DCM, 25 ℃, 19 h

BnBr (3.0 equiv)
Et3N (1.0 equiv)

158

N
Bn

Cl
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General Procedure 13: Ring Closing metathesis of bisalkylated products 

 

1-Benzyl-5-chloro-3,3-dicinnamyl-1,2,3,6-tetrahydropyridine (159): A solution of 1-

benzyl-5-chloro-3,3-dicinnamyl-1,2,3,6-tetrahydropyridine 158 (50 mg, 0.11 mmol, 1.0 

equiv) in toluene (1 mL) was added to a 10-mL screw vial charged with dichloro[1,3-

bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene](benzylidene)-

(tricyclohexylphosphine)ruthenium(II) (Grubbs’ II, 4.8 mg, 5.7 μmol, 5 mol%) under a 

nitrogen atmosphere. The resulting mixture was stirred at 80°C for 24 hours. The reaction 

mixture was cooled to room temperature and filtered through a small plug silica gel. The 

volatiles were remover under reduced pressure. Purification of the residue by flash 

chromatography on silica gel using n-hexane/ethyl acetate (100:0 to 20:1) gave the title 

compound 159 in mixture with the isomer 159’ (21 mg, 0.081 mmol, 73%, ratio 6:4 for 

159:159’) as colorless oil; 1H NMR (400 MHz, CDCl3): δ 7.31 (dd, J = 13.6, 6.6 Hz, 4H), 

7.27 – 7.21 (m, 1H), 5.81 (s, 0.4H), 5.74 (d, J = 5.9 Hz, 0.4H), 5.65 (s, 0.4H), 5.59 – 5.54 

(m, 1.2H), 5.31 – 5.30 (m, 1H), 3.57 (s, 2H), 3.04 (s, 2H), 2.34 (d, J = 45.6 Hz, 5H), 1.85 

– 1.68 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 138.7, 136.5, 132.6, 131.8, 130.6, 129.3, 

129.2, 128.6, 128.1, 128.0, 127.5, 127.5, 62.3, 62.2, 61.3, 59.4, 58.2, 57.9, 53.1, 45.9, 45.0, 

35.5, 31.3; IR (Neat Film, NaCl) 3028, 2917, 2840, 2798, 2358, 1654, 1494, 1457, 1312, 

158

N
Bn

Cl
toluene, 80 ℃, 24 h
Grubbs’ II (5 mol%)

159

N
Bn

Cl

159’

N
Bn

Cl
+

(6 : 4)
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1148, 1064, 967, 848, 741, 698, 680 cm–1; (MM:ESI+) m/z calc’d for C16H19ClN [M+H]+: 

260.1206, found: 260.1226. 

General Procedure 13: Synthesis of N-acyl compounds from free N–H product 147 

 

(R)-(3-cinnamyl-5-fluoro-3,6-dihydropyridin-1(2H)-yl)(4-nitrophenyl)methanone 

(151): was synthesized following the reaction in described as general procedure 13. 

Therefore, (R)-3-cinnamyl-5-fluoro-1,2,3,6-tetrahydropyridine 147a (35.9 mg, 0.165 

mmol, 1.0 equiv) was dissolved in CH2Cl2 (5 mL) under air at room temperature. Pyridine 

(26.6 µL, 0.33 mmol, 2.0 equiv) was added, followed by 4-nitrobenzoyl chloride 144 (61.2 

mg, 0.33 mmol, 2.0 equiv). The resulting mixture was stirred at room temperature for 16 

hours and then quenched with brine. The aqueous phase was extracted with EtOAc. The 

combined organic phases were dried over magnesium sulfate and filtered. The crude was 

subjected to flash column chromatography over silica gel using a solvent mixture of 

hexane/EtOAc (7/3) as the eluent. The desired compound 151 was obtained as white solids 

(60.0 mg, 0.164 mmol, 99%).1H NMR (400 MHz, CD3OD): (as a mixture of E/Z amide 

bond isomers) δ 8.33 – 8.19 (m, 2H), 7.71 – 7.60 (m, 2H), 7.42 – 7.12 (m, 5H), 6.53 (d, J 

= 15.8 Hz, 0.3H), 6.36 – 6.25 (m, 0.3H), 6.20 (d, J = 15.9 Hz, 0.7H), 6.01 – 5.90 (dt, J = 

15.2 Hz, 0.7H), 5.48 (d, J = 16.2 Hz, 1H), 4.38 – 4.24 (m, 1.4H), 4.00 – 3.92 (m, 0.6H), 

3.90 – 3.68 (m, 0.7H), 3.52 (dd, J = 13.6, 4.6 Hz, 0.7H), 3.27 (dd, J = 13.7, 6.1 Hz, 0.6H), 

2.68 – 2.48 (m, 1H), 2.39 –2.21 (m, 1.3H), 2.13 – 2.03 (m, 0.7H); 13C NMR (101 MHz, 

CD3OD): (as a mixture of E/Z amide bond isomers, signals of minor isomer are indicated 

147a

N
H

F

Cl

O

NO2

144

pyridine
(2.0 equiv)

DCM, (0.033 M)
25 ℃, 16 h
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N
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with an asterisk *) δ 170.77, 170.49*, 156.51 (d, J = 253.8 Hz), 156.07 (d, J = 252.8 Hz)*, 

150.05*, 149.83, 142.70, 142.61*, 138.80*, 138.29, 133.89*, 133.67, 129.55*, 129.47, 

129.46, 129.31*, 128.32, 127.77*, 127.61, 127.21*, 126.91, 124.91, 106.76 (d, J = 10.1 

Hz)*, 106.16 (d, J = 12.1 Hz), 47.15 (d, J = 40.3 Hz)*, 44.67, 42.16 (d, J = 40.8 Hz), 

37.98*, 36.95, 35.34 (d, J = 6.3 Hz), 34.65*; 19F NMR (282 MHz, CD3OD): (as a mixture 

of E/Z amide bond isomers, signal of minor isomer is indicated with an asterisk *) δ -

114.94 (dd, J = 16.2, 4.9 Hz), -115.88 – -116.01 (m)*; IR (Neat Film, NaCl) 3027, 2913, 

2856, 1709, 1643, 1601, 1521, 1495, 1434, 1380, 1347, 1380, 1347, 1314, 1286, 1263, 

1179, 1132, 1107, 1030, 1012, 969, 863, 853, 772, 742, 696 cm–1; (MM:ESI+) m/z calc’d 

for C16H19ClN [M+H]+: 367.1458, found: 367.1483. 
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 Figure A4.2 Infrared spectrum (Thin Film, NaCl) of compound L23. 
 

 Figure A4.3 13C NMR (100 MHz, CDCl3) of compound L23. 
 



Appendix 4 – Spectra Relevant to Chapter 2 460 

-40-20020406080100120140160180200

ppm

-26.5-26.0-25.5-25.0-24.5-24.0-23.5-23.0

ppm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure A4.4. 31P NMR (121 MHz, CDCl3) of compound L23. 
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 Figure A4.6 Infrared spectrum (Thin Film, NaCl) of compound 142l. 
 

 Figure A4.7 13C NMR (100 MHz, CDCl3) of compound 142l. 
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 Figure A4.9 Infrared spectrum (Thin Film, NaCl) of compound 142m. 
 

 Figure A4.10 13C NMR (100 MHz, CDCl3) of compound 142m. 
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 Figure A4.11 19F NMR (282 MHz, CDCl3) of compound 142m. 
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 Figure A4.13 Infrared spectrum (Thin Film, NaCl) of compound 149a. 
 

 Figure A4.14 13C NMR (100 MHz, CDCl3) of compound 149a. 
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 Figure A4.15 19F NMR (282 MHz, CDCl3) of compound 149a. 
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 Figure A4.17 Infrared spectrum (Thin Film, NaCl) of compound 149b. 

 Figure A4.18 13C NMR (100 MHz, CDCl3) of compound 149b. 
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 Figure A4.20 Infrared spectrum (Thin Film, NaCl) of compound 149c. 
 

 Figure A4.21 13C NMR (100 MHz, CDCl3) of compound 149c. 
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 Figure A4.23 Infrared spectrum (Thin Film, NaCl) of compound 149d. 
 

 Figure A4.24 13C NMR (100 MHz, CDCl3) of compound 149d. 
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 Figure A4.26 Infrared spectrum (Thin Film, NaCl) of compound 149e. 
 

xxx 
 

 Figure A4.27 13C NMR (100 MHz, CDCl3) of compound 149e. 
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 Figure A4.29 Infrared spectrum (Thin Film, NaCl) of compound 149f. 
 

 Figure A4.30 13C NMR (100 MHz, CDCl3) of compound 149f. 
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 Figure A4.31 19F NMR (282 MHz, CDCl3) of compound 149f. 
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 Figure A4.33 Infrared spectrum (Thin Film, NaCl) of compound 150a. 
 

 Figure A4.34 13C NMR (100 MHz, CDCl3) of compound 150a. 
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 Figure A4.35 19F NMR (282 MHz, CDCl3) of compound 150a. 
 



Appendix 4 – Spectra Relevant to Chapter 2 483 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

 
  

 F
ig

ur
e 

A
4.

36
 1

H
 N

M
R

 (
40

0 
M

H
z,

 C
D

3O
D

) 
of

 c
om

po
un

d 
15

0b
. 

 

15
0b

N

C
l

O
M
e



Appendix 4 – Spectra Relevant to Chapter 2 484 

020406080100120140160180200

ppm

 
  

 Figure A4.37 Infrared spectrum (Thin Film, NaCl) of compound 150b. 
 

 Figure A4.38 13C NMR (100 MHz, CD3OD) of compound 150b. 
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 Figure A4.40 Infrared spectrum (Thin Film, NaCl) of compound 150c. 
 

 Figure A4.41 13C NMR (100 MHz, CD3OD) of compound 150c. 
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 Figure A4.43 Infrared spectrum (Thin Film, NaCl) of compound 150d. 
 

 Figure A4.44 13C NMR (100 MHz, CD3OD) of compound 150d. 
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 Figure A4.45 19F NMR (282 MHz, CD3OD) of compound 150d. 
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 Figure A4.47 Infrared spectrum (Thin Film, NaCl) of compound 150e. 
 

 Figure A4.48 13C NMR (100 MHz, CDCl3) of compound 150e. 
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 Figure A4.50 Infrared spectrum (Thin Film, NaCl) of compound 150f. 

 Figure A4.51 13C NMR (100 MHz, CD3OD) of compound 150f. 
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 Figure A4.53 Infrared spectrum (Thin Film, NaCl) of compound 150g. 
 

 Figure A4.54 13C NMR (100 MHz, CD3OD) of compound 150g. 
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 Figure A4.55 19F NMR (282 MHz, CD3OD) of compound 150g. 
 



Appendix 4 – Spectra Relevant to Chapter 2 497 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

  

 F
ig

ur
e 

A
4.

56
 1

H
 N

M
R

 (
40

0 
M

H
z,

 C
D

3O
D

) 
of

 c
om

po
un

d 
15

0h
. 

 

15
0h

N

O
M
e

Ph
F



Appendix 4 – Spectra Relevant to Chapter 2 498 

 Figure A4.58 13C NMR (100 MHz, CD3OD) of compound 150h. 
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 Figure A4.57 Infrared spectrum (Thin Film, NaCl) of compound 150h. 
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 Figure A4.59 19F NMR (282 MHz, CD3OD) of compound 150h. 
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 Figure A4.62 13C NMR (100 MHz, CDCl3) of compound 150i. 
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 Figure A4.61 Infrared spectrum (Thin Film, NaCl) of compound 150i. 
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 Figure A4.63 19F NMR (282 MHz, CDCl3) of compound 150i. 
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 Figure A4.66 13C NMR (100 MHz, CDCl3) of compound 150j. 
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 Figure A4.65 Infrared spectrum (Thin Film, NaCl) of compound 150j. 
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 Figure A4.69 13C NMR (100 MHz, CD3OD) of compound 150k. 
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 Figure A4.68 Infrared spectrum (Thin Film, NaCl) of compound 150k. 
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 Figure A4.70 19F NMR (282 MHz, CD3OD) of compound 150k. 
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 Figure A4.73 13C NMR (100 MHz, CD3OD) of compound 150l. 
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 Figure A4.72 Infrared spectrum (Thin Film, NaCl) of compound 150l. 
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 Figure A4.76 13C NMR (100 MHz, CDCl3) of compound 150m. 
 

020406080100120140160180200

ppm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure A4.75 Infrared spectrum (Thin Film, NaCl) of compound 150m. 
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 Figure A4.77 19F NMR (282 MHz, CDCl3) of compound 150m. 
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 Figure A4.80 13C NMR (100 MHz, CDCl3) of compound 150n. 
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 Figure A4.79 Infrared spectrum (Thin Film, NaCl) of compound 150n. 
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 Figure A4.81 19F NMR (282 MHz, CDCl3) of compound 150n. 
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 Figure A4.84 13C NMR (100 MHz, CDCl3) of compound 150o. 
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 Figure A4.83 Infrared spectrum (Thin Film, NaCl) of compound 150o. 
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 Figure A4.85 19F NMR (282 MHz, CDCl3) of compound 150o. 
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 Figure A4.88 13C NMR (100 MHz, CDCl3) of compound 150p. 
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 Figure A4.87 Infrared spectrum (Thin Film, NaCl) of compound 150p. 



Appendix 4 – Spectra Relevant to Chapter 2 521 

 Figure A4.89 13C NMR (100 MHz, CDCl3) of compound 150p. 
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 Figure A4.92 13C NMR (100 MHz, CDCl3) of compound 150q. 
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 Figure A4.91 Infrared spectrum (Thin Film, NaCl) of compound 150q. 
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 Figure A4.93 19F NMR (282 MHz, CDCl3) of compound 150q. 
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 Figure A4.96 13C NMR (100 MHz, CDCl3) of compound 150r. 
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 Figure A4.95 Infrared spectrum (Thin Film, NaCl) of compound 150r. 
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 Figure A4.97 19F NMR (282 MHz, CDCl3) of compound 150r. 
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 Figure A4.100 13C NMR (100 MHz, CDCl3) of compound 150s. 
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 Figure A4.99 Infrared spectrum (Thin Film, NaCl) of compound 150s. 
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 Figure A4.101 19F NMR (282 MHz, CDCl3) of compound 150s. 
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 Figure A4.104 13C NMR (100 MHz, CD2Cl2) of compound 150t. 
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 Figure A4.103 Infrared spectrum (Thin Film, NaCl) of compound 150t. 
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 Figure A4.105 19F NMR (282 MHz, CD2Cl2) of compound 150t. 
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 Figure A4.108 13C NMR (100 MHz, CD2Cl2) of compound 150u. 
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 Figure A4.107 Infrared spectrum (Thin Film, NaCl) of compound 150u. 
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 Figure A4.109 19F NMR (282 MHz, CD2Cl2) of compound 150u. 
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 Figure A4.112 13C NMR (100 MHz, CDCl3) of compound 150v. 
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 Figure A4.111 Infrared spectrum (Thin Film, NaCl) of compound 150v. 
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 Figure A4.113 19F NMR (282 MHz, CDCl3) of compound 150v. 
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 Figure A4.116 13C NMR (100 MHz, CDCl3) of compound 150w. 
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 Figure A4.115 Infrared spectrum (Thin Film, NaCl) of compound 150w. 
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 Figure A4.117 19F NMR (282 MHz, CDCl3) of compound 150w. 
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 Figure A4.120 13C NMR (100 MHz, CD2Cl2) of compound 150x. 
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 Figure A4.119 Infrared spectrum (Thin Film, NaCl) of compound 150x. 
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 Figure A4.121 19F NMR (282 MHz, CD2Cl2) of compound 150x. 
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 Figure A4.124 13C NMR (100 MHz, CDCl3) of compound 148a. 
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 Figure A4.123 Infrared spectrum (Thin Film, NaCl) of compound 148a. 
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 Figure A4.125 19F NMR (282 MHz, CDCl3) of compound 148a. 
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 Figure A4.128 13C NMR (100 MHz, CDCl3) of compound 147a. 
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 Figure A4.127 Infrared spectrum (Thin Film, NaCl) of compound 147a. 
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 Figure A4.129 19F NMR (282 MHz, CDCl3) of compound 147a. 
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 Figure A4.132 13C NMR (100 MHz, CDCl3) of compound 147b. 
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 Figure A4.131 Infrared spectrum (Thin Film, NaCl) of compound 147b. 
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 Figure A4.135 13C NMR (100 MHz, CDCl3) of compound 152. 
 

020406080100120140160180200

ppm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure A4.134 Infrared spectrum (Thin Film, NaCl) of compound 152. 
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 Figure A4.138 13C NMR (100 MHz, CDCl3) of compound 153. 
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 Figure A4.137 Infrared spectrum (Thin Film, NaCl) of compound 153. 
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 Figure A4.141 13C NMR (100 MHz, CDCl3) of compound 158. 
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 Figure A4.140 Infrared spectrum (Thin Film, NaCl) of compound 158. 
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 Figure A4.144 13C NMR (100 MHz, CDCl3) of compound 159/159’ 
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 Figure A4.143 Infrared spectrum (Thin Film, NaCl) of compound 159/159’ 
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 Figure A4.147 13C NMR (100 MHz, CD3OD) of compound 151. 
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 Figure A4.146 Infrared spectrum (Thin Film, NaCl) of compound 151. 
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 Figure A4.148 19F NMR (282 MHz, CD3OD) of compound 151. 
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A5.1   X-RAY CRYSTAL STRUCTURE ANALYSIS OF AMIDE 151 

 
Contents 

Table A5.1.1. Experimental Details 

Table A5.1.2. Crystal Data 

Table A5.1.3. Atomic Coordinates  

Table A5.1.4. Full Bond Distances and Angles 

Table A5.1.5. Anisotropic Displacement Parameters 

Table A5.1.6. Hydrogen Atomic Coordinates 

Table A5.1.7. Torsion Angles 

Table A5.1.8. Hydrogen Bond Distances and Angles 

 
Figure A5.1.1 X-Ray Coordinate of compound 151. 
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Table A5.1.1 Experimental Details for X-Ray Structure Determination of Amide 151. 

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS 

D8 VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu 

Ka radiation (l = 1.54178 Å) from an IμS micro-source for the structure of compound 151. 

The structure was solved by direct methods using SHELXS (Sheldrick, G. M. Acta Cryst. 

1990, A46, 467-473.) and refined against F2 on all data by full-matrix least squares with 

SHELXL-2017 (Sheldrick, G. M. Acta Cryst. 2015, C71, 3-8.) using established 

refinement techniques (Müller, P. Crystallography Reviews 2009, 15, 57-83). All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the 

model at geometrically calculated positions and refined using a riding model. The isotropic 

displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the 

atoms they are linked to (1.5 times for methyl groups).  

Compound 151 crystallizes in the triclinic space group P1 with two molecules in 

the asymmetric unit. 
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Table A5.1.2 Crystal data and structure refinement for compound 151. 

Identification code  Compound 151 

Empirical formula  C42 H38 F2 N4 O6 

Formula weight  732.76 

Temperature  106(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 7.5776(5) Å a= 71.507(6)°. 

 b = 9.8771(9) Å b= 76.607(4)°. 

 c = 13.5619(9) Å g = 70.196(8)°. 

Volume 896.88(13) Å3 

Z 1 

Density (calculated) 1.357 Mg/m3 

Absorption coefficient 0.815 mm-1 

F(000) 384 

Crystal size 0.250 x 0.150 x 0.100 mm3 

Theta range for data collection 3.470 to 74.499°. 

Index ranges -9<=h<=9, -12<=k<=12, -16<=l<=16 

Reflections collected 29009 

Independent reflections 7038 [R(int) = 0.0265] 

Completeness to theta = 67.679° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7538 and 0.6794 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7038 / 3 / 487 

Goodness-of-fit on F2 1.039 

Final R indices [I>2sigma(I)] R1 = 0.0251, wR2 = 0.0666 

R indices (all data) R1 = 0.0252, wR2 = 0.0666 

Absolute structure parameter 0.05(2) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.162 and -0.158 e.Å-3 
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Table A5.1.3 Atomic coordinates ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for compound 151. U(eq) is defined as one third of the trace 

of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
N(1) 3744(2) 7545(2) 8229(1) 20(1) 

C(6) 2563(2) 6705(2) 8395(1) 21(1) 

C(11) 3068(2) 5579(2) 7770(1) 20(1) 

C(12) 3195(2) 4099(2) 8322(1) 23(1) 

C(13) 3628(3) 3023(2) 7785(1) 25(1) 

C(14) 3923(2) 3451(2) 6699(1) 23(1) 

N(2) 4425(2) 2302(2) 6126(1) 28(1) 

O(2) 4342(3) 1053(2) 6619(1) 44(1) 

O(3) 4889(2) 2662(2) 5171(1) 39(1) 

C(15) 3771(2) 4915(2) 6128(1) 23(1) 

C(16) 3314(2) 5986(2) 6673(1) 23(1) 

O(1) 1111(2) 6825(2) 9034(1) 29(1) 

C(1) 3228(2) 8677(2) 8808(1) 22(1) 

C(2) 4929(3) 8576(2) 9236(1) 23(1) 

F(1) 4465(2) 9437(1) 9925(1) 31(1) 

C(3) 6683(3) 7789(2) 9022(1) 25(1) 

C(4) 7208(2) 6925(2) 8205(1) 22(1) 

C(7) 7881(3) 5229(2) 8673(1) 25(1) 

C(8) 8587(2) 4410(2) 7829(1) 24(1) 

C(9) 8227(3) 3169(2) 7871(1) 25(1) 

C(21) 8824(2) 2377(2) 7039(1) 25(1) 

C(22) 8998(3) 857(2) 7296(2) 36(1) 

C(23) 9488(3) 111(2) 6514(2) 44(1) 

C(24) 9787(3) 851(3) 5475(2) 39(1) 

C(25) 9631(3) 2360(3) 5206(2) 39(1) 

C(26) 9158(3) 3116(2) 5983(2) 31(1) 

C(5) 5584(2) 7403(2) 7559(1) 20(1) 
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N(101) 6170(2) 2464(2) 1720(1) 21(1) 

C(106) 4459(2) 3365(2) 1472(1) 20(1) 

C(111) 3397(2) 4513(2) 2074(1) 19(1) 

C(112) 2685(2) 5983(2) 1504(1) 23(1) 

C(113) 1732(2) 7092(2) 2015(1) 25(1) 

C(114) 1482(2) 6691(2) 3104(1) 22(1) 

N(102) 589(2) 7862(2) 3668(1) 27(1) 

O(102) -41(2) 9137(2) 3153(1) 37(1) 

O(103) 538(2) 7498(2) 4625(1) 36(1) 

C(115) 2064(2) 5231(2) 3691(1) 21(1) 

C(116) 3030(2) 4138(2) 3167(1) 19(1) 

O(101) 3728(2) 3288(2) 776(1) 31(1) 

C(101) 7173(3) 1327(2) 1147(2) 26(1) 

C(102) 9157(2) 1389(2) 772(1) 24(1) 

F(101) 10032(2) 555(1) 69(1) 31(1) 

C(103) 10047(2) 2107(2) 1049(1) 25(1) 

C(104) 9074(2) 2969(2) 1864(1) 22(1) 

C(107) 8688(2) 4663(2) 1375(1) 23(1) 

C(108) 8056(2) 5529(2) 2185(1) 24(1) 

C(109) 6543(2) 6705(2) 2183(1) 23(1) 

C(121) 5883(2) 7606(2) 2952(1) 23(1) 

C(122) 4483(3) 8971(2) 2726(2) 27(1) 

C(123) 3865(3) 9880(2) 3413(2) 33(1) 

C(124) 4645(3) 9453(2) 4329(2) 35(1) 

C(125) 6019(3) 8099(3) 4568(2) 34(1) 

C(126) 6613(3) 7175(2) 3896(1) 28(1) 

C(105) 7264(2) 2550(2) 2451(1) 21(1) 
________________________________________________________________________________ 
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_____________________________________________________  

N(1)-C(6)  1.353(2) 

N(1)-C(1)  1.4621(19) 

N(1)-C(5)  1.467(2) 

C(6)-O(1)  1.229(2) 

C(6)-C(11)  1.505(2) 

C(11)-C(12)  1.396(2) 

C(11)-C(16)  1.397(2) 

C(12)-C(13)  1.382(2) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.383(2) 

C(13)-H(13)  0.9500 

C(14)-C(15)  1.386(2) 

C(14)-N(2)  1.472(2) 

N(2)-O(2)  1.218(2) 

N(2)-O(3)  1.228(2) 

C(15)-C(16)  1.384(2) 

C(15)-H(15)  0.9500 

C(16)-H(16)  0.9500 

C(1)-C(2)  1.494(2) 

C(1)-H(1A)  0.9900 

C(1)-H(1B)  0.9900 

C(2)-C(3)  1.311(3) 

C(2)-F(1)  1.3670(19) 

C(3)-C(4)  1.510(2) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.532(2) 

C(4)-C(7)  1.538(2) 

C(4)-H(4)  1.0000 

C(7)-C(8)  1.503(2) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.325(3) 

C(8)-H(8)  0.9500 

C(9)-C(21)  1.475(2) 
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C(9)-H(9)  0.9500 

C(21)-C(26)  1.394(3) 

C(21)-C(22)  1.395(3) 

C(22)-C(23)  1.391(3) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.372(3) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.387(3) 

C(24)-H(24)  0.9500 

C(25)-C(26)  1.392(3) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

C(5)-H(5A)  0.9900 

C(5)-H(5B)  0.9900 

N(101)-C(106)  1.348(2) 

N(101)-C(101)  1.464(2) 

N(101)-C(105)  1.470(2) 

C(106)-O(101)  1.232(2) 

C(106)-C(111)  1.505(2) 

C(111)-C(116)  1.394(2) 

C(111)-C(112)  1.395(2) 

C(112)-C(113)  1.385(3) 

C(112)-H(112)  0.9500 

C(113)-C(114)  1.387(3) 

C(113)-H(113)  0.9500 

C(114)-C(115)  1.383(2) 

C(114)-N(102)  1.474(2) 

N(102)-O(102)  1.221(2) 

N(102)-O(103)  1.227(2) 

C(115)-C(116)  1.385(2) 

C(115)-H(115)  0.9500 

C(116)-H(116)  0.9500 

C(101)-C(102)  1.487(2) 

C(101)-H(10A)  0.9900 

C(101)-H(10B)  0.9900 
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C(102)-C(103)  1.307(3) 

C(102)-F(101)  1.3653(18) 

C(103)-C(104)  1.512(2) 

C(103)-H(103)  0.9500 

C(104)-C(105)  1.535(2) 

C(104)-C(107)  1.542(2) 

C(104)-H(104)  1.0000 

C(107)-C(108)  1.497(2) 

C(107)-H(10C)  0.9900 

C(107)-H(10D)  0.9900 

C(108)-C(109)  1.327(3) 

C(108)-H(108)  0.9500 

C(109)-C(121)  1.476(2) 

C(109)-H(109)  0.9500 

C(121)-C(126)  1.395(3) 

C(121)-C(122)  1.399(3) 

C(122)-C(123)  1.392(2) 

C(122)-H(122)  0.9500 

C(123)-C(124)  1.382(3) 

C(123)-H(123)  0.9500 

C(124)-C(125)  1.384(3) 

C(124)-H(124)  0.9500 

C(125)-C(126)  1.387(3) 

C(125)-H(125)  0.9500 

C(126)-H(126)  0.9500 

C(105)-H(10E)  0.9900 

C(105)-H(10F)  0.9900 

 

C(6)-N(1)-C(1) 118.35(13) 

C(6)-N(1)-C(5) 127.02(13) 

C(1)-N(1)-C(5) 114.55(13) 

O(1)-C(6)-N(1) 122.72(15) 

O(1)-C(6)-C(11) 119.18(15) 

N(1)-C(6)-C(11) 118.10(14) 

C(12)-C(11)-C(16) 120.15(15) 
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C(12)-C(11)-C(6) 117.74(14) 

C(16)-C(11)-C(6) 122.03(14) 

C(13)-C(12)-C(11) 120.09(15) 

C(13)-C(12)-H(12) 120.0 

C(11)-C(12)-H(12) 120.0 

C(12)-C(13)-C(14) 118.47(16) 

C(12)-C(13)-H(13) 120.8 

C(14)-C(13)-H(13) 120.8 

C(13)-C(14)-C(15) 122.82(16) 

C(13)-C(14)-N(2) 118.58(15) 

C(15)-C(14)-N(2) 118.60(15) 

O(2)-N(2)-O(3) 123.48(16) 

O(2)-N(2)-C(14) 118.51(15) 

O(3)-N(2)-C(14) 118.01(15) 

C(16)-C(15)-C(14) 118.25(16) 

C(16)-C(15)-H(15) 120.9 

C(14)-C(15)-H(15) 120.9 

C(15)-C(16)-C(11) 120.16(15) 

C(15)-C(16)-H(16) 119.9 

C(11)-C(16)-H(16) 119.9 

N(1)-C(1)-C(2) 108.81(13) 

N(1)-C(1)-H(1A) 109.9 

C(2)-C(1)-H(1A) 109.9 

N(1)-C(1)-H(1B) 109.9 

C(2)-C(1)-H(1B) 109.9 

H(1A)-C(1)-H(1B) 108.3 

C(3)-C(2)-F(1) 120.93(16) 

C(3)-C(2)-C(1) 127.66(16) 

F(1)-C(2)-C(1) 111.40(14) 

C(2)-C(3)-C(4) 120.60(16) 

C(2)-C(3)-H(3) 119.7 

C(4)-C(3)-H(3) 119.7 

C(3)-C(4)-C(5) 110.36(14) 

C(3)-C(4)-C(7) 112.79(14) 

C(5)-C(4)-C(7) 112.91(13) 
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C(3)-C(4)-H(4) 106.8 

C(5)-C(4)-H(4) 106.8 

C(7)-C(4)-H(4) 106.8 

C(8)-C(7)-C(4) 111.51(14) 

C(8)-C(7)-H(7A) 109.3 

C(4)-C(7)-H(7A) 109.3 

C(8)-C(7)-H(7B) 109.3 

C(4)-C(7)-H(7B) 109.3 

H(7A)-C(7)-H(7B) 108.0 

C(9)-C(8)-C(7) 125.00(16) 

C(9)-C(8)-H(8) 117.5 

C(7)-C(8)-H(8) 117.5 

C(8)-C(9)-C(21) 126.33(16) 

C(8)-C(9)-H(9) 116.8 

C(21)-C(9)-H(9) 116.8 

C(26)-C(21)-C(22) 118.15(17) 

C(26)-C(21)-C(9) 121.81(16) 

C(22)-C(21)-C(9) 119.99(17) 

C(23)-C(22)-C(21) 120.51(19) 

C(23)-C(22)-H(22) 119.7 

C(21)-C(22)-H(22) 119.7 

C(24)-C(23)-C(22) 120.96(19) 

C(24)-C(23)-H(23) 119.5 

C(22)-C(23)-H(23) 119.5 

C(23)-C(24)-C(25) 119.29(19) 

C(23)-C(24)-H(24) 120.4 

C(25)-C(24)-H(24) 120.4 

C(24)-C(25)-C(26) 120.3(2) 

C(24)-C(25)-H(25) 119.9 

C(26)-C(25)-H(25) 119.9 

C(25)-C(26)-C(21) 120.82(18) 

C(25)-C(26)-H(26) 119.6 

C(21)-C(26)-H(26) 119.6 

N(1)-C(5)-C(4) 111.53(13) 

N(1)-C(5)-H(5A) 109.3 
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C(4)-C(5)-H(5A) 109.3 

N(1)-C(5)-H(5B) 109.3 

C(4)-C(5)-H(5B) 109.3 

H(5A)-C(5)-H(5B) 108.0 

C(106)-N(101)-C(101) 118.01(14) 

C(106)-N(101)-C(105) 127.73(13) 

C(101)-N(101)-C(105) 114.06(13) 

O(101)-C(106)-N(101) 122.89(15) 

O(101)-C(106)-C(111) 118.73(15) 

N(101)-C(106)-C(111) 118.38(14) 

C(116)-C(111)-C(112) 119.72(15) 

C(116)-C(111)-C(106) 122.18(14) 

C(112)-C(111)-C(106) 118.02(14) 

C(113)-C(112)-C(111) 120.59(15) 

C(113)-C(112)-H(112) 119.7 

C(111)-C(112)-H(112) 119.7 

C(112)-C(113)-C(114) 118.00(15) 

C(112)-C(113)-H(113) 121.0 

C(114)-C(113)-H(113) 121.0 

C(115)-C(114)-C(113) 122.74(15) 

C(115)-C(114)-N(102) 118.05(15) 

C(113)-C(114)-N(102) 119.20(15) 

O(102)-N(102)-O(103) 124.06(16) 

O(102)-N(102)-C(114) 117.96(15) 

O(103)-N(102)-C(114) 117.98(14) 

C(114)-C(115)-C(116) 118.36(15) 

C(114)-C(115)-H(115) 120.8 

C(116)-C(115)-H(115) 120.8 

C(115)-C(116)-C(111) 120.36(15) 

C(115)-C(116)-H(116) 119.8 

C(111)-C(116)-H(116) 119.8 

N(101)-C(101)-C(102) 109.27(14) 

N(101)-C(101)-H(10A) 109.8 

C(102)-C(101)-H(10A) 109.8 

N(101)-C(101)-H(10B) 109.8 
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C(102)-C(101)-H(10B) 109.8 

H(10A)-C(101)-H(10B) 108.3 

C(103)-C(102)-F(101) 121.33(15) 

C(103)-C(102)-C(101) 127.62(15) 

F(101)-C(102)-C(101) 111.05(14) 

C(102)-C(103)-C(104) 120.31(16) 

C(102)-C(103)-H(103) 119.8 

C(104)-C(103)-H(103) 119.8 

C(103)-C(104)-C(105) 110.90(14) 

C(103)-C(104)-C(107) 111.40(14) 

C(105)-C(104)-C(107) 112.08(13) 

C(103)-C(104)-H(104) 107.4 

C(105)-C(104)-H(104) 107.4 

C(107)-C(104)-H(104) 107.4 

C(108)-C(107)-C(104) 112.63(14) 

C(108)-C(107)-H(10C) 109.1 

C(104)-C(107)-H(10C) 109.1 

C(108)-C(107)-H(10D) 109.1 

C(104)-C(107)-H(10D) 109.1 

H(10C)-C(107)-H(10D) 107.8 

C(109)-C(108)-C(107) 124.73(16) 

C(109)-C(108)-H(108) 117.6 

C(107)-C(108)-H(108) 117.6 

C(108)-C(109)-C(121) 126.67(16) 

C(108)-C(109)-H(109) 116.7 

C(121)-C(109)-H(109) 116.7 

C(126)-C(121)-C(122) 117.92(16) 

C(126)-C(121)-C(109) 123.09(16) 

C(122)-C(121)-C(109) 118.98(16) 

C(123)-C(122)-C(121) 120.86(17) 

C(123)-C(122)-H(122) 119.6 

C(121)-C(122)-H(122) 119.6 

C(124)-C(123)-C(122) 120.34(19) 

C(124)-C(123)-H(123) 119.8 

C(122)-C(123)-H(123) 119.8 
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C(123)-C(124)-C(125) 119.35(18) 

C(123)-C(124)-H(124) 120.3 

C(125)-C(124)-H(124) 120.3 

C(124)-C(125)-C(126) 120.56(18) 

C(124)-C(125)-H(125) 119.7 

C(126)-C(125)-H(125) 119.7 

C(125)-C(126)-C(121) 120.91(18) 

C(125)-C(126)-H(126) 119.5 

C(121)-C(126)-H(126) 119.5 

N(101)-C(105)-C(104) 111.07(13) 

N(101)-C(105)-H(10E) 109.4 

C(104)-C(105)-H(10E) 109.4 

N(101)-C(105)-H(10F) 109.4 

C(104)-C(105)-H(10F) 109.4 

H(10E)-C(105)-H(10F) 108.0 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

  

  



Appendix 5 – X-Ray Crystallography Reports Relevant to Chapter 2 579 

 Table A5.1.5  Anisotropic displacement parameters (Å2x 103) for compound 151.  
The anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  
+ 2 h k a* b* U

12
] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 19(1)  20(1) 21(1)  -10(1) -1(1)  -4(1) 

C(6) 20(1)  22(1) 21(1)  -7(1) -5(1)  -3(1) 

C(11) 17(1)  22(1) 23(1)  -9(1) -4(1)  -4(1) 

C(12) 26(1)  26(1) 19(1)  -5(1) -4(1)  -9(1) 

C(13) 31(1)  18(1) 26(1)  -4(1) -8(1)  -7(1) 

C(14) 24(1)  21(1) 25(1)  -9(1) -8(1)  -2(1) 

N(2) 35(1)  21(1) 28(1)  -10(1) -11(1)  -1(1) 

O(2) 72(1)  20(1) 40(1)  -11(1) -5(1)  -11(1) 

O(3) 62(1)  29(1) 24(1)  -12(1) -13(1)  -3(1) 

C(15) 28(1)  24(1) 20(1)  -6(1) -7(1)  -6(1) 

C(16) 26(1)  19(1) 24(1)  -5(1) -7(1)  -5(1) 

O(1) 22(1)  35(1) 34(1)  -19(1) 4(1)  -10(1) 

C(1) 23(1)  20(1) 24(1)  -10(1) -1(1)  -4(1) 

C(2) 29(1)  21(1) 22(1)  -10(1) -2(1)  -9(1) 

F(1) 34(1)  30(1) 34(1)  -21(1) -5(1)  -5(1) 

C(3) 25(1)  26(1) 28(1)  -11(1) -4(1)  -10(1) 

C(4) 19(1)  26(1) 24(1)  -11(1) 2(1)  -8(1) 

C(7) 23(1)  25(1) 24(1)  -10(1) -3(1)  -3(1) 

C(8) 20(1)  25(1) 25(1)  -8(1) -1(1)  -2(1) 

C(9) 24(1)  24(1) 24(1)  -5(1) -3(1)  -4(1) 

C(21) 21(1)  22(1) 31(1)  -9(1) 0(1)  -4(1) 

C(22) 41(1)  24(1) 40(1)  -6(1) 3(1)  -11(1) 

C(23) 46(1)  25(1) 60(1)  -19(1) 9(1)  -14(1) 

C(24) 37(1)  40(1) 48(1)  -29(1) 13(1)  -16(1) 

C(25) 50(1)  39(1) 32(1)  -16(1) 8(1)  -18(1) 

C(26) 38(1)  23(1) 31(1)  -10(1) 3(1)  -10(1) 

C(5) 21(1)  22(1) 19(1)  -8(1) 1(1)  -6(1) 

N(101) 20(1)  20(1) 23(1)  -11(1) -2(1)  -2(1) 

C(106) 20(1)  22(1) 18(1)  -6(1) -1(1)  -6(1) 

C(111) 16(1)  21(1) 23(1)  -8(1) -4(1)  -4(1) 
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C(112) 22(1)  24(1) 21(1)  -3(1) -5(1)  -4(1) 

C(113) 23(1)  18(1) 30(1)  -2(1) -7(1)  -3(1) 

C(114) 18(1)  19(1) 30(1)  -11(1) -4(1)  -2(1) 

N(102) 22(1)  21(1) 38(1)  -14(1) -4(1)  -1(1) 

O(102) 37(1)  18(1) 48(1)  -9(1) -2(1)  0(1) 

O(103) 43(1)  30(1) 36(1)  -20(1) -12(1)  3(1) 

C(115) 19(1)  22(1) 22(1)  -7(1) -3(1)  -5(1) 

C(116) 19(1)  16(1) 22(1)  -4(1) -5(1)  -3(1) 

O(101) 28(1)  38(1) 29(1)  -17(1) -9(1)  -3(1) 

C(101) 27(1)  25(1) 31(1)  -17(1) 0(1)  -5(1) 

C(102) 25(1)  18(1) 24(1)  -9(1) -1(1)  2(1) 

F(101) 30(1)  28(1) 34(1)  -20(1) 4(1)  -1(1) 

C(103) 18(1)  25(1) 28(1)  -8(1) -1(1)  0(1) 

C(104) 18(1)  23(1) 25(1)  -11(1) -6(1)  0(1) 

C(107) 21(1)  26(1) 25(1)  -10(1) -3(1)  -5(1) 

C(108) 22(1)  26(1) 26(1)  -11(1) -5(1)  -7(1) 

C(109) 23(1)  25(1) 24(1)  -9(1) -3(1)  -8(1) 

C(121) 21(1)  24(1) 26(1)  -9(1) 2(1)  -11(1) 

C(122) 29(1)  24(1) 30(1)  -9(1) -2(1)  -9(1) 

C(123) 33(1)  24(1) 42(1)  -15(1) 4(1)  -10(1) 

C(124) 36(1)  39(1) 37(1)  -24(1) 11(1)  -18(1) 

C(125) 35(1)  50(1) 23(1)  -16(1) 4(1)  -18(1) 

C(126) 26(1)  32(1) 25(1)  -10(1) 2(1)  -9(1) 

C(105) 19(1)  22(1) 21(1)  -8(1) -5(1)  -1(1) 
______________________________________________________________________________ 
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Table A5.1.6 Hydrogen coordinates (x 104) and isotropic  displacement 
parameters (Å2x 10 3) for compound 151. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(12) 2983 3831 9068 28 

H(13) 3721 2013 8153 30 

H(15) 3976 5175 5383 28 

H(16) 3167 7002 6300 27 

H(1A) 2196 8511 9390 26 

H(1B) 2774 9681 8336 26 

H(3) 7633 7761 9385 30 

H(4) 8303 7213 7710 27 

H(7A) 8909 4989 9091 29 

H(7B) 6818 4893 9149 29 

H(8) 9351 4812 7219 29 

H(9) 7514 2749 8499 31 

H(22) 8781 328 8011 43 

H(23) 9617 -927 6702 52 

H(24) 10097 336 4946 47 

H(25) 9849 2879 4489 47 

H(26) 9062 4148 5790 37 

H(5A) 5579 8371 7041 25 

H(5B) 5790 6657 7167 25 

H(112) 2856 6224 759 28 

H(113) 1264 8098 1631 30 

H(115) 1806 4984 4436 25 

H(116) 3445 3128 3554 23 

H(10A) 6528 1507 541 32 

H(10B) 7167 328 1613 32 

H(103) 11311 2087 736 30 

H(104) 9959 2673 2390 27 

H(10C) 9858 4866 936 28 

H(10D) 7700 5008 912 28 

H(108) 8792 5214 2740 28 
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Table A5.1.6 Cont. 

H(109) 5810 6996 1630 27 

H(122) 3946 9282 2095 33 

H(123) 2904 10799 3251 39 

H(124) 4241 10083 4791 42 

H(125) 6560 7800 5196 41 

H(126) 7530 6236 4081 33 

H(10E) 7606 1574 2973 25 

H(10F) 6476 3304 2832 25 
________________________________________________________________________________ 
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Table A5.1.7 Torsion angles [°] for compound 151. 
________________________________________________________________  

C(1)-N(1)-C(6)-O(1) -2.3(2) 

C(5)-N(1)-C(6)-O(1) 174.18(16) 

C(1)-N(1)-C(6)-C(11) 177.95(14) 

C(5)-N(1)-C(6)-C(11) -5.6(2) 

O(1)-C(6)-C(11)-C(12) -54.8(2) 

N(1)-C(6)-C(11)-C(12) 124.94(17) 

O(1)-C(6)-C(11)-C(16) 122.02(18) 

N(1)-C(6)-C(11)-C(16) -58.2(2) 

C(16)-C(11)-C(12)-C(13) 2.2(3) 

C(6)-C(11)-C(12)-C(13) 179.10(15) 

C(11)-C(12)-C(13)-C(14) -0.2(3) 

C(12)-C(13)-C(14)-C(15) -1.1(3) 

C(12)-C(13)-C(14)-N(2) 178.69(16) 

C(13)-C(14)-N(2)-O(2) 8.7(2) 

C(15)-C(14)-N(2)-O(2) -171.54(18) 

C(13)-C(14)-N(2)-O(3) -172.07(17) 

C(15)-C(14)-N(2)-O(3) 7.7(2) 

C(13)-C(14)-C(15)-C(16) 0.3(3) 

N(2)-C(14)-C(15)-C(16) -179.48(15) 

C(14)-C(15)-C(16)-C(11) 1.7(2) 

C(12)-C(11)-C(16)-C(15) -3.0(2) 

C(6)-C(11)-C(16)-C(15) -179.77(15) 

C(6)-N(1)-C(1)-C(2) 134.31(15) 

C(5)-N(1)-C(1)-C(2) -42.60(17) 

N(1)-C(1)-C(2)-C(3) 9.7(2) 

N(1)-C(1)-C(2)-F(1) -170.11(13) 

F(1)-C(2)-C(3)-C(4) -175.73(14) 

C(1)-C(2)-C(3)-C(4) 4.5(3) 

C(2)-C(3)-C(4)-C(5) 12.6(2) 

C(2)-C(3)-C(4)-C(7) -114.69(19) 

C(3)-C(4)-C(7)-C(8) -173.93(14) 

C(5)-C(4)-C(7)-C(8) 60.10(18) 

C(4)-C(7)-C(8)-C(9) -138.02(18) 

C(7)-C(8)-C(9)-C(21) 177.01(16) 
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Table A5.1.7 Cont.  

C(8)-C(9)-C(21)-C(26) -26.6(3) 

C(8)-C(9)-C(21)-C(22) 155.9(2) 

C(26)-C(21)-C(22)-C(23) -0.2(3) 

C(9)-C(21)-C(22)-C(23) 177.45(19) 

C(21)-C(22)-C(23)-C(24) -0.8(3) 

C(22)-C(23)-C(24)-C(25) 1.2(4) 

C(23)-C(24)-C(25)-C(26) -0.6(4) 

C(24)-C(25)-C(26)-C(21) -0.3(3) 

C(22)-C(21)-C(26)-C(25) 0.7(3) 

C(9)-C(21)-C(26)-C(25) -176.85(19) 

C(6)-N(1)-C(5)-C(4) -114.51(17) 

C(1)-N(1)-C(5)-C(4) 62.08(17) 

C(3)-C(4)-C(5)-N(1) -43.69(18) 

C(7)-C(4)-C(5)-N(1) 83.57(16) 

C(101)-N(101)-C(106)-O(101) -1.3(2) 

C(105)-N(101)-C(106)-O(101) 173.15(16) 

C(101)-N(101)-C(106)-C(111) 178.58(14) 

C(105)-N(101)-C(106)-C(111) -6.9(2) 

O(101)-C(106)-C(111)-C(116) 126.28(18) 

N(101)-C(106)-C(111)-C(116) -53.6(2) 

O(101)-C(106)-C(111)-C(112) -50.4(2) 

N(101)-C(106)-C(111)-C(112) 129.66(16) 

C(116)-C(111)-C(112)-C(113) 4.6(2) 

C(106)-C(111)-C(112)-C(113) -178.61(15) 

C(111)-C(112)-C(113)-C(114) -1.1(2) 

C(112)-C(113)-C(114)-C(115) -3.1(3) 

C(112)-C(113)-C(114)-N(102) 175.88(15) 

C(115)-C(114)-N(102)-O(102) -175.07(16) 

C(113)-C(114)-N(102)-O(102) 5.9(2) 

C(115)-C(114)-N(102)-O(103) 5.5(2) 

C(113)-C(114)-N(102)-O(103) -173.51(16) 

C(113)-C(114)-C(115)-C(116) 3.7(2) 

N(102)-C(114)-C(115)-C(116) -175.26(14) 

C(114)-C(115)-C(116)-C(111) -0.1(2) 

C(112)-C(111)-C(116)-C(115) -4.0(2) 
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Table A5.1.7 Cont.  

C(106)-C(111)-C(116)-C(115) 179.39(15) 

C(106)-N(101)-C(101)-C(102) 131.28(16) 

C(105)-N(101)-C(101)-C(102) -43.96(19) 

N(101)-C(101)-C(102)-C(103) 12.3(3) 

N(101)-C(101)-C(102)-F(101) -168.29(13) 

F(101)-C(102)-C(103)-C(104) -177.36(14) 

C(101)-C(102)-C(103)-C(104) 2.0(3) 

C(102)-C(103)-C(104)-C(105) 13.8(2) 

C(102)-C(103)-C(104)-C(107) -111.81(19) 

C(103)-C(104)-C(107)-C(108) -169.49(14) 

C(105)-C(104)-C(107)-C(108) 65.58(18) 

C(104)-C(107)-C(108)-C(109) -129.96(18) 

C(107)-C(108)-C(109)-C(121) -178.94(16) 

C(108)-C(109)-C(121)-C(126) -11.1(3) 

C(108)-C(109)-C(121)-C(122) 167.76(18) 

C(126)-C(121)-C(122)-C(123) 1.2(2) 

C(109)-C(121)-C(122)-C(123) -177.79(16) 

C(121)-C(122)-C(123)-C(124) 0.7(3) 

C(122)-C(123)-C(124)-C(125) -1.3(3) 

C(123)-C(124)-C(125)-C(126) 0.0(3) 

C(124)-C(125)-C(126)-C(121) 1.9(3) 

C(122)-C(121)-C(126)-C(125) -2.4(3) 

C(109)-C(121)-C(126)-C(125) 176.48(16) 

C(106)-N(101)-C(105)-C(104) -112.83(18) 

C(101)-N(101)-C(105)-C(104) 61.85(18) 

C(103)-C(104)-C(105)-N(101) -43.68(18) 

C(107)-C(104)-C(105)-N(101) 81.51(17) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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APPENDIX 6 

Progress Toward the Total Synthesis of (–)-Cylindrocyclophane A† 

 

A6.1  INTRODUCTION 

The selective functionalization of unactivated carbon-hydrogen (C–H) bonds has 

been described as the “holy grail” of chemical reactivity and represents one of the biggest 

challenges in the organic chemistry community.1 C–H activation enables access to novel 

chemical space and re-shapes how chemists think about constructing molecules, 

demonstrating the potential to broadly impact scientific research. While significant 

advances have been made in the past three decades, the field of C–H functionalization has 

seen its biggest resurgance from the NSF Center for Selective C–H Functionalization 

(CCHF).2 The ultimate goal of the CCHF was to fundamentally change how chemists think 

about breaking and building molecules. With the collective effort of scientists within the 

framework of the CCHF, the result has been the ability to tackle interdisciplinary 

challenges in the realm of C–H functionalization.3 One such “grand challenge” has been to 

apply new C–H functionalization methods to synthesize a natural product via novel 

disconnections.4 In this chapter, we will describe the development of a route to the complex 

natural product class known as the [7.7]-paracyclophanes, that heavily relies on C–H 

functionalization logic. 
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Figure A6.1.1 Representative examples of the [7.7]paracyclophane natural products 

 
 

Since their first introduction by Cram and Steinberg in 1951, [m.n]paracyclophanes 

have inspired chemists with their macrocyclic structure (Figure A6.1.1).5 It wasn’t until 

1990 that the first [7.7]paracyclophane natural products were isolated by Moore and 

coworkers from two species of terrestrial blue-green algae, Cylindrospermum licheniforme 

Kutzing and Nostoclickia (Roth) Bornet.6 Since this initial report, teams led by Orjala and 

Mundt have isolated dozens of other [7.7]paracyclophane natural products.7 These new 

natural products isolated from this campaign are the ribocyclophanes,7a 

carbamidocyclophanes7b,7c and merocyclophanes.7d,7e These three join the 

cyclindrocyclophanes7f and nostocyclophanes7g as the five subclasses of 

[m.n]paracyclophane natural products. Additionally, some of them display antimicrobial 
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activity against Gram-positive pathogens with minimum inhibitory concentrations (MIC’s) 

in the range of 0.1–0.2 µM toward resistant Gram-positive bacteria, methicillin-resistant 

staphylococcus aureus (MRSA), along with activity against S. pneumoniae with MIC’s 

between 0.2–3 µM (Figure A6.1.2).8 The most promising of the natural products reveal 

antimicrobial activity with MIC’s at around 50-fold lower than their corresponding IC50 

value against non-tumorigenic cell line HaCaT, which demonstrates the possibility for 

selective antimicrobial activity over general cytotoxicity.8  

Figure A6.1.2 Biological activity of select cylindrocyclophanes 

 
 

Led by the team that first isolated (–)-cylindrocyclophane A, Moore and coworkers 

tried to elucidate the biosynthetic pathway by introducing 2H, 13C, and 18O-labeled sodium 

acetates to C. lichenforme cultures.9 While NMR analysis of isolated metabolites resulted 

in a proposed pathway, the team was unable to unravel the key dimerization event to form 

the macrocyclic structure. It would not be until 2012 when Balskus and coworkers 

identified the cylindrocyclophane biosynthetic gene cluster in C. lichenforme.10 

Furthermore, they were able to characterize several components of the polyketide synthase 

(PKS) machinery, and in 2017 proposed the biosynthetic pathway to (–)-
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cylindrocyclophane F.11 While this work focuses on (–)-cylindrocyclophane A, the 

biosynthetic approach to access (–)-cylindrocyclophane F is similar to the approach to (–)- 

cylindrocyclophane A and therefore is relevant to the discussion.  

Scheme A6.1.1 Proposed biosynthesis toward (–)-cylindrocyclophane F (165) 

 
 

The biosynthesis starts with decanoic acid 160 converting the decanoyl-acyl carrier 

protein (ACP) thioester 161 (Scheme A6.1.1).11c From there, the next transformation is the 

key step uncovered by Balskus and coworkers. Decanoyl-CylB thioester 161 undergoes a 

regio- and enantioselective chlorination by halogenase CylC to deliver chlorodecanoyl 

thioester 162. With the chlorinated product 162, CylD–CylH catalyzes enzymatic reactions 

through a type I PKS assembly in the presence of malonyl-CoA to convert 162 into 

intermediate 163. This intermediate is then converted to resorcinol 164 to deliver malonyl-

CoA under type III PKS CyII enzymatic catalysis. Lastly, CylK functions as an alkylating 

enzyme promoting the double SN2 dimerization of resorcinol 164 to form (–)-

cylindrocyclophane F (165).  
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The unique molecule architecture combined with promising biological activity has 

generated considerable synthetic interest in these compounds. To date, (–)-

cylindrocyclophane A (175) has been the target of three total syntheses.12 Historically, the 

approach has been the same, involving the exploitation of the inherent C2 symmetry of the 

natural product via a convergent dimerization approach. The three approaches that will be 

outlined leverage different dimerization techniques to furnish the desired 

[7.7]paracyclophane natural product core. Despite being an elegant way to synthesize (–)-

cylindrocyclophane A (175), this strategy cannot be applied to the numerous known 

unsymmetrical paracyclophanes. Furthermore, none of the strategies are ideally suited for 

the synthesis of analogs since the diversification required for analog synthesis would have 

to occur early in the synthetic sequence of the monomer precursors.  

The first total synthesis was accomplished by Hoye and coworkers in 2000 utilizing 

a key Horner-Wadsworth-Emmons (HWE) coupling of monomer 171 to provide the 

macrocyclic dimer 172 that was further elaborated to (–)-cylindrocyclophane A (175) 

(Scheme A6.1.2).12a The synthesis of the monomer 171 utilizes a commercially available 

lipase enzyme (Amano P-30) to perform a kinetic resolution of alcohol 167. An Ireland-

Claisen rearrangement of alcohol 167 delivered the first benzylic stereocenter in 62% yield 

and 94% ee from the enzymatic resolution. After several functional group manipulations, 

the HWE reaction of monomer 171 provided the macrocycle 172 in 55% yield. The 

necessary benzylic alcohols and adjacent methyl groups were installed via a late-stage 

asymmetric hydroboration of styrene 172 utilizing (+)-ipc-borane. Tetrademethylation of 

the tetramethyl phenyl ether 174 delivered (–)-cylindrocyclophane A (175) in 24 steps 

longest linear sequence (LLS). This strategy of unmasking the resorcinol motif of the 
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natural product as the last step has been exploited by the other two reported total syntheses 

of (–)-cylindrocyclophane A (175).  

Scheme A6.1.2 Hoye’s total synthesis of (–)-cylindrocyclophane A (175) 

 
 

In back-to-back publications, Smith and coworkers disclosed a route that leverages 

a dimeric ring-closing olefin metathesis (RCM) to form the 22-membered macrocycle 

(Scheme A6.1.3).12b,12c Building the monomer subunit needed for the RCM, Smith and 

coworker synthesizes the resorcinol ring 178 through a Danheiser benzannulation of 176 

using alkyne 177. The key RCM macrocyclization of the monomer 180 was achieved using 

a Schrock molybdenum-based catalyst 181 to deliver the desired macrocycle 182 in 77% 

yield. The endgame involved double deprotection and alkene hydrogenation to afford (–)-

cylindrocyclophane A (175). The phenols in 178 were protected as the phenyl methyl 
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ethers due to facile oxidation of the resorcinol to the corresponding quinone and subsequent 

decomposition. Through this strategy, Smith and coworkers were able to access (–)-

cylindrocyclophane A (175) in 16 steps LLS with an 8.1% overall yield, which is the 

shortest synthesis to date.  

Scheme A6.1.3 Smith’s total synthesis of (–)-cylindrocyclophane A (175) 

 
 

The final and most recent total synthesis of (–)-cylindrocyclophane A (175) was 

reported by Nicolaou and coworkers in 2010 (Scheme A6.1.4).12d This approach involved 

a key dimerization via a Ramberg-Bäcklund olefination of monomer 186 that forms the 

desired macrocycle 187 in a 51% yied over two steps. To synthesize the monomer subunit, 

a CBS reduction of enone 184 followed by a directed, diastereoselective olefin 

hydrogenation to set the necessary benzylic stereocenter in compound 185. After the 
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in the Hoye synthesis12a of (–)-cylindrocyclophane A was applied to styrene 189 to set the 
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final stereocenters and oxygenation present in the natural product. A global demethylation 

of the phenyl methyl ethers in macrocycle 190 was performed to complete their total 

synthesis of (–)-cylindrocyclophane A (175) in a 22 step LLS.  

Scheme A6.1.4 Nicolaou’s total synthesis of (–)-cylindrocyclophane A (175)  

 
 

The importance of the inherent symmetry in (–)-cylindrocyclophane A (175) and 

other C2 symmetric paracyclophane natural products can be seen since all the past total 
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that is shared among many members and analogs of the natural product family. Seminal 

research in both the Davies lab13 at Emory University and the Yu lab14 at the Scripps’ 

Research Institute developed during the lifetime of the CCHF inspired a C–H 

functionalization approach toward the total synthesis of (–)-cylindrocyclophane A (175).  

A6.2  PRIOR COLLABORATIVE WORK WITHIN THE CCHF 

Scheme A6.2.1 Summary of strategies and our generalized C–H functionalization 

macrocyclization sequence  

 
 

In 2016, the Davies group developed a chiral dirhodium catalyst, Rh2(3,5-di(p-t-

BuC6H4)TPCP)4 (or Rh2(R-DiBic)4), that is selective to undergo C–H insertion between a 

HO OH

R

R

HO OH

(–)-Cylindrocyclophane

HO OH

HO

OH

HO OH

(–)-Cylindrocyclophane A

Me

Me
OMeMeO

CHO

Me
OMeMeO

P(OMe)2

CO2Me

O

Me
OMeMeO

OMs

AcSSmith et.al.
CM/RCM

16 linear steps

Hoye et.al
Horner-Emmons
24 linear steps

Nicolaou et.al.
Sn2/Ramberg-Bäcklund

22 linear steps

A. Previous Strategies: Late-stage Dimerization/Macrocyclization

All use C2 symmetry as 
a synthetic handle

R

B. Our Approach : Multifold C-H Functionalization Macrocyclization Sequence

Dimerization

Carbene C-H insertion (1o/2o)
Diazo C-H Coupling
C-H acetoxylation

H H

I
H H

Me

H
N2

O

O

H

Me

H
N2O

O

H

I

F3C

CF3

10 C-H Functionalization
 reactions

OH

O

O

OH

H

H

Simple modular fragments from feedstock chemicals

A: R = OH
F: R = H

In collaboration with:
Davies Group (Emory University) – Carbene C-H insertion (1o/2o)
Yu Group (Scripps’ Research Institute) – C-H acetoxylation

175
165

171 186

180

191 192

193193

192 191

(175)



Chapter 3- Progress Toward the Asymmetric Total Synthesis of (–)-
Cylindrocyclophane A 

 

595 

donor-acceptor carbene and the most accessible methylene C(sp3)-H bond in a molecule.13a 

This work inspired a collaboration between the Stoltz group and the Davies group as we 

proposed this methodology could allow for novel retrosynthetic disconnections of the 

cylindrocyclophane core that would provide an efficient, modular and flexible synthesis of 

(–)-cylindrocyclophane A (175). In addition, the use of C–H activation technology to 

generate macrocycles is underexplored in the literautre. The White group has reported a 

strategy to oxidatively activate an allylic C–H bond to form a macrocycle.15 Another recent 

example was reported by Baran and coworkers where two aromatic C–H bonds are coupled 

together through a copper mediated oxidative process to furnish the desired macrocycle.16 

Thus, the success of this research would advance C–H insertion technology as a viable 

strategy for the synthetic community to access macrocyclic cores.  

 Further catalyst development studies in the Davies group identified an ortho-

chlorotriarylcyclopropanecarboxylate (TPCP) ligand for the asymmetric methylene 

C(sp3)–H selective C–H insertion chemsitry.13c Encouraged by the promising new catalyst, 

Rh2(R-2-Cl-5-BrTPCP)4, an ambitious retrosynthetic analysis of (–)-cylindrocyclophane A 

(175) was proposed that incorporated a 10 total C–H functionalization reactions in the 

forward sense (Scheme A6.2.1). This strategy proposed four stereoselective carbene-

induced C–H functionalization reactions to generate six stereocenters,13a,c two palladium-

catalyzed C–H functionalization reactions of diazocarbonyl compounds13d and four 

directed C–H acetoxylation reactions to to arrive back at the simple feedstock trifluoroethyl 

diazoactetate 191, n-hexane 192 and p-iodo phenylacetic acid 193 (Scheme A6.2.1).14 Not 

only would this synthesis provide a more efficient route to the chiral, highly oxygenated 

macrocycle, but this modular strategy could also be applied to access various natural 
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products and analogues to the [m.n]paracyclophane family to probe their structure activity 

relationships (SAR).  

The collaboration began by investigating the validity of the macrocyclization 

strategy utilizing the catalysts developed by the Davies group (Scheme A6.2.2, A).17 The 

aryl iodide 194 was coupled13d with diazocarboxylate 191 to yield the donor-acceptor 

carbene precursor 195 in an 87% yield. This aryl diazocarboxylate 195 was primed to 

undergo a methylene C(sp3)–H selective C–H insertion reaction with aryl iodide 194 to 

yield the insertion product 196 in excellent yield, regio-, diastereo- and 

enantioselectivity.13a An additional Pd-catalyzed C–H cross coupling reaction with 

diazocarbozylate 191 delivered donor-acceptor carbene precursor 197 in 81% yield. The 

macrocyclization with Rh2(R-2-Cl-5-BrTPCP)4 delivered the macrocycle 198 in 68% yield 

and a 5.6:1 dr. Notably, direct dimerization of donor-acceptor carbene precursor 195 could 

be achieved at a significantly reduced 16% yield due to extensive polymerization of the 

substrate under the reaction conditions (Scheme A6.2.2, B). Additionally, the presence of 

2,6-disubstitution on the arene 199 resulted in significnatly reduced yield and 

diastereoselectivity of the key methylene C(sp3)–H selective C–H insertion reaction 

(Scheme A6.2.2, C). Thus, we chose to investigate strategies to introduce the 2,6-

bisoxygenation after the key macrocyclization step in our total synthesis. ‘ 
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Scheme A6.2.2 Validation of Rh-catalyzed selective C–H insertion as a 

macrocyclization strategy using a model system 
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During the course of the CCHF consortium, the Yu group disclosed a Weinreb 

amide directed ortho-C–H acetoxylation of arenes that would be well suited to introduce 

the necessary oxidation after the macrocycle is formed.14 Unfortunately, the presence of 

the Weinreb amide during the C–H insertion chemistry was not amenable since the 

additional activated a-nitrogen and a-oxygen protons intefered with the Rh-catalyzed 

carbene chemsitry. Thus, amidation from the trifluoroethyl carboxylate to the Weinreb 

amide must be explored post macrocycle formation.  

Scheme A6.2.3 Forward synthesis to elaborate phenyl acetic acid derivative 202 to 

chiral macrocycle 208 using various C–H functionalization reactions 
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With our collaborators as Emory, the synthesis began with the primary C–H 

insertion of trans-2-hexene 203 with known aryldiazoacetate 202 (available in 93% yield 

over two steps from 4-iodophenylacetic acid 193).18,19 The optmial dirhodium catalyst was 

shown to be Rh2(R-p-PhTPCP)4, which was developed by the Davies group and shown to 

be selective for primary C(sp3)–H functionalization of activated C–H bonds.19 The use of 

n-hexane afforded the desired C–H insertion product 204 in approximately 20% yield due 

to an unfavorable mixture between the primary C–H and secondary C–H insertion 

products.19 Thus, trans-2-hexene 203 was chosen as the C–H insertion substrate as the 

desired product is afforded in excellent yield (96% yield) and excellent enantioselectivtity 

(97% ee) (Scheme A6.2.3). Notably, this reaction could be scaled up to >25 g scale with 

no loss of efficiency. The desired alkane insertion product 204 could be gained after facile 

olefin hydrogenation with Crabtree’s catalyst with no detected cleavage of the aryl iodide.20 

The aryl iodide can then undergo a Pd-catalyzed cross coupling with diazoacetate 191 to 

deliver the donor/acceptor carbene precursor 205 in 88% yield.13d Treating the aryldiazo 

acetate 205 with aryl iodide 204 as the C–H insertion substrate using Rh2(R-2-Cl-5-

BrTPCP)4 as the catalyst delivered the desired C–H insertion product 206 in good yield 

(68% yield) and excellent stereo- and regiocontrol (>20:1 (1° C–H :2° C–H), 95:5 dr 

(major:all others)). Subjected the corresponding aryl iodide to the Pd-catalyzed C–H cross 

coupling conditions with diazoacetate 191 afforded macrocyclization precursor 207 in a 

77% yield. With the donor/acceptor carbene precursor in hand, we then subjected the diazo 

compound 207 to the key macrocyclization using Rh2(R-2-Cl-5-BrTPCP)4 to generate the 

desired macrocycle 208 in 70% yield and an 8:1 dr. To achieve a successful 

macrocyclization, the reaction must be performed on >2 mmol scale to minimize the 
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background reaction of carbene insertion into advantageous water. Additionally, the diazo 

compound 207 must be freshly prepared and used directly in the subsequent step or it will 

decompose due to trace metals present from the previous transition metal catalyzed 

transformations. We obtained the macrocyclic product 208 in high enantioselectivity due 

to the Horeau principle,21 and the macrocycle 208 can be recrystallized to diastereo- and 

enantiopurity. The absolute stereochemistry was confirmed via X-ray crystallography that 

matches the stereocenters present in (–)-cylindrocyclophane A (175).  

Scheme A6.2.4 Elaboration of macrocycle to key hexa-acetylated intermediate 216   
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deliver the dicarboxylic acid compound 209 in quantitative yield.22 Amide coupling of the 

diacid 209 using HATU and the hydroxylamine 210 delivered the Weinreb amide 211 in 

an 85% yield.23 Hydrolysis of the trifluoroethyl esters delivered the desired dicarboxylic 

acid compound 212 in a 97% yield. With the carboxylic acid in hand, we subjected the 

macrocycle 212 to a Cu-catalyzed oxidative decarboxylation reaction using photocatalyst 

213, which delivered the desired bisacetoxy compound 214 in a 52% yield and a 9:1 dr.24 

To our delight, the radical intermediates involved in the oxidative decarboxylation to yield 

bisacetoxy macrocycle 214 did not entirely ablate the desired stereocenters present in the 

starting diacid 212. The moderate 9:1 dr in 214 could be rationalized by the facial 

selectivity imparted by the adjacent methyl group, or the steric profile of the overall 

macrocycle preferring the desired diastereomer.25  

With the desired benzylic oxygenation installed, we moved our efforts toward 

conducting the final C–H functionalization reaction we proposed in our synthesis (Scheme 

A6.2.4). Key to the success of the directed ortho C–H oxidation was the use of the pyridine 

sulfonic acid ligand 215 developed by Yu and coworkers.14b This pyridine ligand 215 was 

proposed to greatly accelerate the rate-determining step of the transformation by lowering 

the energy barrier for the CMD transition state put forward by the Yu group. This was 

necessary as sequential acetoxylation without the ligand was shown to be slow and produce 

an undesirable mixture of mono:bis:tri:tetra-acetoxylation products. Upon applying the 

acetoxylation conditions with the pyridine ligand 215, we obtained the tetra-acetoxylation 

product 216 in a 60% yield. The tetra C–H acetoxylation of Weinreb amide 214 signified 

the successful application of 12 C–H functionalization reactions to rapidly achieve a 
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functionalized macrocycle 216 that can be elaborated toward (–)-cylindrocyclophane A 

(175).  

 

A6.3  DEVELOPMENT OF MODEL TO ELABORATE KEY MACROCYCLIC 

INTERMEDIATE TO (–)-CYLINDROCYCLOPHANE A  

With the desired hexa-acetate compound 216 in hand, we then focused our efforts 

toward installing the butyl side chain present in the natural product. To achieve this, the 

Weinreb amide in the key intermediate 216 must be converted to the butyl side chain as 

well as a global deprotection of the six acetates with no ablation of the stereocenters. We 

designed a model Weinreb amide substrate 220 possessing the key 2,6-bisacetoxy arene to 

investigate the conversion of the Weinreb amide moiety to the butyl side chain necessary 

to complete our total synthesis (Scheme A6.3.1).  

Scheme A6.3.1 Elaboration of key intermediate 216 toward (–)-cylindrocyclophane 

A (175) and synthesis of truncated model Weinreb amide 220  
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Previous total syntheses of (–)-cylindrocyclophane A (175) unmasked the 

resorcinol motif as the final transformation,11 leading us to believe that carrying through 

the unprotected tetraphenol through multiple synthetic steps would be challenging. Thus, 

we initially explored methods to chemoselectively modify the Weinreb amide in the 

presence of the moderately labile and sterically congesting 2,6-bisacetoxy functional 

groups. Treatment of the model compound 220 with LiOH at 0 ℃ for 15 minutes led to a 

9:1 mixture of mono:bis phenol compounds 221 and 222 with no evidence of hydrolysis 

of the Weinreb amide (Scheme A6.3.2). Allowing the hydrolysis to continue for 15 minutes 

at 25 ℃ resulted in a 1:4 mixture of mono:bis phenol compounds 221 and 222 with no 

Weinreb amide hydrolysis. Hydrolysis of model compound 220 performed at elevated 

temperatures or prolonged reaction times led to non-specified decomposition, presumably 

due to the oxidation of the resorcinol promoted by the aqueous basic conditions.  

Scheme A6.3.2 Outcome of hydrolysis of model Weinreb amide 220  
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imidate, which we would then reduce to the aldehyde in the presence of the phenolic 

acetates (Scheme A6.3.3).26 Unfortunately, treatment of the model Weinreb amide 220 

with a variety of activating agents such as EtOTf, Tf2O, Me3O•BF4, Et3O•BF4 or BF3•OEt2 

led to an unexpected lactone formation to afford the monoacetoxy lactone compound 223. 

Treatment of the Weinreb amide macrocyclic intermediate 216 with BF3•OEt2 led to clean 

formation of the bis lactone compound 225 in an 83% yield. However, in the model system, 

reduction of this lactone with n-PrMgCl led to deacetylated product 224. More forcing 

conditions led nonspecific decomposition, presumably due to the formation of benzofuran 

that can occur after the reduction of the lactone carbonyl.  

Scheme A6.3.3 Unexpected Lewis acid promoted deacetylation/lactone formation 

of model Weinreb amide 220 and macrocycle 216 
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corresponding amine 227. Typically, monoreduction of the amide to the silyl hemiaminal 

is observed which is persistent until aqueous workup to reveal the aldehyde. However, we 

propose the silylated hemiaminal 229 in our model system collapses to form the OMe,Me 

iminium 230 which undergoes a second hydrosilylation to deliver the undesired OMe-

hydroxylamine 227. Modifying the silane source or the iridium catalyst did not result in 

the formation of the desired aldehyde. Using BF3•OEt2 as a Lewis acid in the presence of 

a silane resulted in demethylation and protodeiodination of the Weinreb amide 220, which 

we could not further functionalize to the desired aldehyde.  

Scheme A6.3.4 Undesired transformations of Weinreb amide 220 utilizing Ir-

catalyzed or BF3•OEt2 promoted hydrosilylation strategies 
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Failure to productively functionalize the Weinreb amide in arene 220 selectively in 

the presence of the 2,6-bisacetoxy arene moiety moved us to investigate non-selective 

functionalization methods. Treatment of the model Weinreb amide 220 with 3 equivalents 

of n-PrMgCl 233 led to the formation of the desired ketone product 234 in a 20% yield 

with along with the unexpected protodeiodinated product 235 in a 40% yield (Scheme 

A6.3.5). Surprisingly, a small amount of ketone product 236 containing a tertiary benzylic 

alcohol was observed in a 15% yield. We believe the n-PrMgCl transmetallates onto the 

aryl iodide to form the corresponding aryl magnesium species, which can undergo 

protodemetallation to deliver the observed protodehalogenated major product.28 

Additionally, the Grignard addition into the phenolic acetate liberates an equivalent of 2-

pentanone, which combines with the in situ generated aryl magnesium species to result in 

the benzylic tertiary alcohol observed in ketone product 236. Increasing the amount of n-

PrMgCl 233 to 5 equivalents results in a 55% yield of the protodehalogenated ketone 

product 235 and a 35% yield of the tertiary benzylic alcohol product 236.  

Scheme A6.3.5 Treatment of model Weinreb amide 220 with n-PrMgCl 233 
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A6.4  MODELING THE DEOXYGENATION NECESSARY TO COMPLETE 

THE TOTAL SYNTHESIS OF (–)-CYLINDROCYCLOPHANE A  

With the necessary C–C bond formed in the model system, we focused our efforts 

toward modeling the final ketone deoxygenation necessary to finish the total synthesis in 

the natural product system. Our first proposed sequence involved a Wolff-Kishner type 

diazo decomposition strategy.29 Predicting the proximal phenols in the ketone products 234 

or 235 would negatively impact the transformation, we investigated the methyl protection 

of the phenols to the corresponding aryl methyl ethers in ketone 238 or 239.30 

Scheme A6.4.1 Phenol selective methylation followed by attempted diazo 

decomposition strategy from model ketone 234/235 
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To our delight, the methylation of the mixture of phenols 234 and 235 in the 

presence of an exogenous benzylic alcohol 237 led to the isolation of the desired bismethyl 

ether 238 and 239 in 95% combined yield with no benzylic alcohol methylation observed 

(Scheme A6.4.1). At this stage, the aryl iodide 238 can be separated via column 

chromatography. Treatment of the bismethyl ether ketone 239 with TsNHNH2 240 and 

catalytic amount of p-TsOH led to the formation of the desired hydrazone 241 in 67% yield 

and a 2:1 ratio of E:Z isomers. Reduction of the hydrazone 241 with catechol borane 242 

in the presence of silica led to complete conversion to the desired hydrazine 243 (observed 

via LC/MS). Unfortunately, diazo formation from hydrazine 243 followed by alkyl diazo 

decomposition of diazo 244 did not lead to the desired alkane product 245. Due to the 

inability to convert the borylated hydrazine 243 to the desired alkane 245, we believed any 

deoxygenation conditions invoking an alkyl diazo such as the Wolff-Kishner reduction 

would not be amenable for our system.  

We focused our efforts toward ketone deoxygenation through a metal promoted 

desulfurization strategy (Scheme A6.4.2).31 We proposed converting the ketone to a 

thiocarbonyl or dithiane would prime use for a metal promoted desulfurization to yield the 

desired alkane. Unfortunately, treatment of the bismethyl aryl ether compound 239 with 

Lawesson’s reagent did not yield the desired thiocarbonyl compound 240. To our delight, 

the Lewis acid catalyzed dithiane formation of the model ketone 239 led to the desired 

dithiane 248. However, the isolated yield of the dithiane 248 was found to be highly 

inconsistent due to observed hydrolysis of the crude dithiane to the starting material ketone 

239 during both aqueous workup and column chromatography. Additionally, the Raney Ni 

promoted Mozingo reduction requires aqueous conditions,31b resulting in additional 
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hydrolysis of the dithiane 248 back to the starting material ketone 239 before 

desulfurization can occur. Nevertheless, the two-step sequence can be performed to yield 

the desired alkane 245 in up to 40% yield over the two steps. In our hands, optimization of 

the desulfurization sequence using alternative dithiols or alternative Lewis acids did not 

lead to an increase in the yield of the desired alkane 245 of our model system.  

Scheme A6.4.2 Summary of desulfurization strategies to convert ketone 239 to 

desired alkane 245 
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250 in a 2:1 ratio of separable diastereomers (Scheme A6.4.4). We believed that converting 

the alcohol 250 to the tosylate 251 followed by reduction with LiEt3BH would deliver the 

desired alkane product 245.32 Unfortunately, the desired tosylate formation was never 

observed, presumably due to the large steric hinderance from the 2,6-bismethoxy 

substitution. We then investigated conversion of the alcohol 250 to the corresponding alkyl 

halide, which could undergo a metal promoted protodehalogenation reaction to deliver the 

desired alkane.33  

Scheme A6.4.3 Summary of alcohol deoxygenation strategies to elaborate model 

ketone 239 to desired alkane 245 
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Treatment of the alkene:alkane mixture with Raney Ni led to complete convergence to the 

desired alkane product 245. This model substrate could then be demethylated with BBr3 to 

deliver the resorcinol 249 in a 42% yield (Scheme A6.4.2). 

A6.5  FAILED ATTEMPT TO CARRY KEY MACROCYCLIC INTERMEDIATE 

216 TO (–)-CYLINDROCYCLOPHANE A USING APPEL STRATEGY  

Satisfied with the route established in the model system, we focused our efforts 

toward completing the total synthesis of (–)-cylindrocyclophane A (175) (Scheme A6.5.1). 

Treatment of the bis-Weinreb amide intermediate 216 with n-PrMgCl (20 equiv) resulted 

in the isolation of the desired hexahydroxyl product 254 in a 60% yield. Methylation of the 

phenols with Me–I and K2CO3 led to the formation of the desired tetramethylated product 

255 in 87% yield with no evidence of undesired benzylic alcohol methylation. At this stage, 

we protected with benzylic alcohols with TESOTf and 2,6-lutidine to deliver the bis silyl 

ether 256 in 57% yield. Reduction of the ketones in macrocycle 256 with LAH led to the 

corresponding diol 257 in a 63% yield as a complex mixture of inconsequential 

diastereomers. Devastatingly, multiple attempts at the Appel reaction on the macrocycle 

led to no product formation or any recovery of any discernable macrocyclic products. We 

propose that the C–O s* orbital in macrocycle 259 is shielded by the proximal 2,6-

bismethoxy substitution, and the macrocycle 259 is locked in a conformation in which the 

bromide cannot perform the SN2 displacement reaction. Thus, the activated 

oxyphosphonium intermediate 259 is never displaced by the bromide ion during the 

reaction and decomposes when subjected to column chromatography.  
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Scheme A6.5.1 Failed Appel reaction of diol 257 synthesized from key macrocyclic 

intermediate 216  
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the incomplete Appel reaction product 264. We believe the styrene formation occurs due 

to an unexpected TES deprotection of silyl ether 263 to the corresponding diol 265, which 

can undergo two Appel reactions to yield dibromide 266. The tertiary benzylic bromide in 

266 then spontaneously undergoes an E1 elimination to yield the styrene 263.  

Scheme A6.5.2 Detrimental benzylic silyl ether elimination of 262 promoted via 

Appel reaction conditions   
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observed in the model system dissuaded us from pursuing this Appel mediated alcohol 

deoxygenation method any further. 

Scheme A6.5.3 Formation of styrene 264 from Appel reaction of model diol 266 
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substitution. Furthermore, this alcohol deoxygenation strategy could be used to elaborate 

macrocycle tetramethyl ether 255 to (–)-cylindrocyclophane F (165) in four steps.  

Scheme A6.6.1 Proposed radical deoxygenation sequence to deliver alkane 270 or 

(–)-cylindrocyclophane F (165) from synthesized macrocyclic intermediates   
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Additionally, a recent report by Wickens and coworkers disclosed a benzoyl ester 

photoredox deoxygenation sequence that we wish to explore to provide an alternative, 

ambient temperature radical deoxygenation protocol that does not generate stoichiometric 

tin byproducts.38 Due to limited access to the key Weinreb amide macrocycle 216, we were 

inspired to thoroughly model the endgame strategy and determine a handful of viable 

deoxygenation conditions prior to moving back toward finishing the total synthesis.    

Scheme A6.6.2 Barton-McCombie type deoxygenation of model alcohol 250 to 

alkane 245 
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alkane product 245 (Scheme A6.6.3).39 Direct deprotonation of ketone 239 with LDA 

followed by triflation with Comins’ reagent or PhNTf2 did not deliver the desired enol 

triflate product 276. We hypothesize that the 2,6-bismethoxy substitution prevented the 

enol formation of ketone 239 with the bulky LDA base. However, using smaller bases such 

as KH could potentially deprotonate the benzylic proton a- to the ketone in 239, which 

would ablate the stereocenter present in the natural product system.  

Scheme A6.6.3 Proposed strategy to synthesize alkane 245 through an exhaustive 

reduction of enol triflate 276 or 278 
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40% yield of the desired enone 280 as well as an unexpected 20% yield of ynone product 

281. This most likely occurred due to formation of 1-propynyl-Grignard during the 

magnesium-halogen exchange reaction of 1-bromo-propene to generate 1-propenyl-

Grignard 279. Interestingly, the sp2 or sp Grignard reagents did not show extensive 

transmetallation onto the aryl iodide as observed using the sp3 n-propyl-Grignard reagent. 

However, the mixture of enone 280 and ynone 281 products caused us to reevaluate our 

approach (Scheme A6.6.3).  

To circumvent this undesired mixture, we chose to investigate the addition of 

propynyl magnesium bromide 282 into the model Weinreb amide 220 (Scheme A6.6.4). 

The corresponding ynone 281. From the ynone, we propose that 1,2-reduction of the ynone 

to the propargylic alcohol followed by an AlH3 promoted reductive deoxygenation would 

yield the corresponding allene,43 which could be hydrogenated to deliver the desired alkane 

side chain.44 Treatment of the model Weinreb amide 220 with excess 1-propynyl-MgBr 

282 delivered the desire ynone product 281 in a 65% yield. Bismethylation of the resorcinol 

281 led to the bismethyl aryl ether 283 in 65% yield, which was poised to undergo the 

reductive deoxygenation strategy.  

To our surprise, L-selectride led to predominant 1,2-addition of the ynone to deliver 

the propargylic alcohol 284 in 62% yield and a 9:1 dr of inconsequential diastereomers. 

Treatment of the ynone with LAH led to a 2:1 mixture of diastereomers of the 

corresponding propargylic alcohol 284 in 95% yield. Subjecting the mixture of 

diastereomers with AlH3 delivered the desired allene 285 as an inconsequential mixture of 

allene diastereomers. However, the AlH3 reduction also resulted in protodeiodination 

which led to a complicated mixture of allene diastereomers and proto:iodo isomers. In our 
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hands, reduction of allene 285 with Pd/C and H2 led to trace yield of product and potential 

olefin isomerization. The poor reactivity of Pd/C could be attributed to the H–I generated 

from Pd-mediated oxidative addition of the aryl iodide, which could poison the catalyst or 

cause undesired side reactions. Thus, we wished to explore conditions to reduce the allene 

to the corresponding alkane with a model substrate without any aryl iodide substitution to 

omit any possible Pd-mediated oxidative insertion.  

Scheme A6.6.4 Synthesis of alkane 245 through an AlH3 promoted propargylic 

alcohol deoxygenation/allene reduction sequence 
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the ynone 281 with AlH3 directly led to good conversion to the corresponding allene 286. 

However, we obtained a 25% yield of the allylic alcohol 287 resulting from 1,4-reduction 

of the propargylic alcohol with no aluminum mediate deoxygenation. We are currently 

investigating a more efficient, direct reduction of ynone 281 to allene 286 without the 

protection of the proximal 2,6-hydroxyls. 

 
A6.7  SECOND GENERATION MODEL DESIGN: EVALUATION OF 

FUNCTIONAL GROUP TOLERANCE OF 2°-BENZYLIC ALCOHOL 

Due to the unexpected benzylic alcohol silyl deprotection/elimination observed 

during the Appel reaction, we wish to exhaustively validate the tolerance of a secondary 

benzylic alcohol throughout our two developing model deoxygenation approaches. To 

achieve this, we subjected aryl iodide 219 under Pd-catalyzed Suzuki cross coupling 

conditions with isopropenyl-Bpin 289 to afford trisubstituted styrene 290 in 88% yield 

(Scheme A6.7.1). With the trisubstituted styrene 290 in hand, we could perform the 

hydroboration strategy developed by Hoye and coworkers to deliver the corresponding 

benzylic alcohol 291. However, we discovered a more efficient route through the treatment 

of aryl iodide with n-Bu3MgLi magnesate complex 292 to promote the magnesium-iodide 

exchange reaction. The newly formed aryl Grignard reagent 293 is unable to react with the 

Weinreb amide at –78 ℃, thus addition of aldehyde 294 to the Grignard 293 at –78 ℃ 

delivered the desired benzylic alcohol 291 in a 55% yield. The moderate yield is due to 

incomplete magnesium-iodide exchange of the starting aryl iodide 219; however, the 

conversion was acceptable to move forward with the model studies. To our delight, 

performing the C–H acetoxylation reaction with commercially available pyridine ligand 

294 led to the isolation of the triacetate model Weinreb amide 295 in 72% yield. Treatment 
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of the triacetate 295 with 1-propynyl-MgBr led to very poor conversion to the desired 

ynone 297. However, using alkynyl lithium 296 converted the model triacetate 295 to the 

desired ynone 297 in a 42% yield under unoptimized reaction conditions.  

Scheme A6.7.1 Proposed model substrate for endgame deoxygenation   

 
 

 With model triacetate 295, we can thoroughly investigate the two promising 

deoxygenation routes to probe the tolerance of the secondary benzylic alcohol. The ynone 

297 will be treated with excess AlH3 under reflux in THF to promote the deoxygenative 

allylic reduction to deliver allene 298. If necessary, methyl protection of the resorcinol 

motif can be performed to investigate the allene reduction pathway. Additionally, treatment 

of Weinreb amide 295 with n-PrLi or n-PrMgCl could deliver model ketone 300, which 

we will subject to the Barton-McCombie type radical deoxygenation to rule out benzylic 

alcohol elimination observed during the Appel-mediated alcohol deoxygenation pathway. 
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To our delight, we have shown that we can perform our model deoxygenation sequence to 

elaborate model ketone 300 to the desired alkane 302 with retention of the benzylic alcohol. 

The establishment of deoxygenation conditions in this model will then be used to elaborate 

the key macrocycle 216 to (–)-cylindrocyclophane A (175). 

Scheme A6.7.2 Modeling the endgame deoxygenation from both allene reduction 

and Barton-McCombie type deoxygenation  

 
 

 

 

A6.8  CONCLUSION 
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modular route disclosed here will allow for SAR and MOA analysis to probe the promising 

biological activity and determine if this class of compounds warrants further development 

as potential drug candidates. At the beginning of the project, a model study of the 

[7.7]paracyclophane core was completed where the model [7.7]paracyclophane was 

formed in >99% enantiopurity with an overall yield of 46% from the starting 

aryldiazoacetate. Notably, this macrocyclization is the first example of an enantioselective 

macrocyclization by means of functionalization of an unactivated C(sp3)–H bond, pushing 

the boundaries of not only the C–H functionalization field, but representing a novel entry 

to macrocyclic rings. With the proof of principle validated we conducted several additional 

model studies to determine the best route to the natural product, resulting in the work 

discussed here. With the optimal route unraveled, 14 out of the 15 total steps have been 

achieved, including the four-fold acetoxylation, indicating successful use of all the desired 

C–H functionalization steps. We anticipate that this project will serve as a pinnacle for 

what C–H functionalization can achieve in total synthesis, acting as a model for future total 

syntheses utilizing C–H functionalization logic. 

 

A6.9 EXPERIMENTAL 

A6.9.1  MATERIALS AND METHODS 

Reactions were carried out under nitrogen in flame-dried unless otherwise 

specified. Dichloromethane, diethyl ether, tetrahydrofuran, and toluene were purified using 

a Glass Contour Solvent System. Dichloromethane used for C–H functionalization 

reactions was distilled under nitrogen from calcium hydride onto 4Å molecular sieves and 

stored under nitrogen for 24 h prior to use. Flash column chromatography was performed 
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on Silicycle SiliaFlash P60 silica gel (60 Å pore size, 40–63 μm particle size, 230–400 

mesh) and ACS reagent grade solvents. Reactions were monitored by thin layer 

chromatography (TLC) carried out on with aluminum-sheet or glass-backed silica gel 

plates, visualizing with UV light, and staining with aqueous KMnO4. 

All 1H NMR spectra were recorded at either 400 MHz, 500 MHz, or 600 MHz on 

Varian-400, Varian-500, or Bruker-600 spectrometers. 13C NMR spectra were recorded at 

either 101 MHz, 126 MHz, or 151 MHz on Varian-400, Varian-500, or Bruker-600 

spectrometers. 19F NMR spectra were recorded at 282, 376 or 565 MHz on Varian-300, 

Varian-400 or Bruker-600 spectrometer. NMR spectra were obtained from solutions of 

CDCl3 0.03% TMS, C6D6, MeOD, and AcOD-d4 with residual solvent serving as internal 

standard (7.26 ppm for 1H or 0.00ppm and 77.16 ppm for 13C in CDCl3, 7.16 ppm for 1H 

and 128.06 for 13C in C6D6, 3.31 ppm for 1H and 49.00 for 13C in MeOD, and 2.04 ppm for 

1H and 20.0 for 13C in AcOD-d4). NMR shifts were reported in parts per million (d ppm). 

Abbreviations for signal multiplicity are as follow: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, brs = broad singlet, dd = doublet of doublet, etc. Coupling constants 

(J values) were calculated directly from the spectra.  

All reagents were purchased from commercial sources (Sigma Aldrich, Thermo 

Fisher, TCI Chemicals, AK Scientific, Oakwood Chemical, Acros Organics, Combi- 

Blocks, Strem, Enamine, and Santa Cruz Biotechnology) and used as received without 

purification. IR spectra were collected on a Nicolet iS10 FT-IR spectrometer (cm-1). 

Optical rotations were measured on Jasco P-2000 polarimeters. Mass spectra were taken 

on a Thermo Finnigan LTQ-FTMS spectrometer with APCI, ESI or NSI by the Department 

of Chemistry at Emory University. Racemic standards were generated by performing 
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reactions with the appropriate racemic dirhodium catalyst for the reaction by dissolving an 

equimolar mixture of the R and S catalyst in a minimal amount of dichloromethane and 

concentrating under vacuum. The enantiomeric excess (ee) was determined by High 

performance liquid chromatography analysis was performed on either Varian Prostar chiral 

HPL instrument, Agilent 1100 Technologies HPLC instruments, or Agilent Technologies 

1290 Infinity UHPLC instrument, and the data outlined below varies in presentation based 

on the software used for each system. Chiral HPLC conditions were determined by 

obtaining separation of the racemic products generated using a mixture of the appropriate 

catalysts. The HPLC instruments used isopropanol/hexane gradient and commercial 

ChiralPak/ChiralCel columns from Daicel Chemical Industries, notably ChiralPak AD-H 

(5 μm particle size, 4.6 mm vs. 250 mm), ChiralCel OZ-H (5 μm particle size, 4.6 mm vs. 

250 mm), and ChiralCel OD-H (5 μm particle size, 4.6 mm vs. 250 mm), ChiralCel AS-H 

(5 μm particle size, 4.6 mm vs. 250 mm), and ChiralCel OJ-H (5 μm particle size, 4.6 mm 

vs. 250 mm). 

Substrates and reagents 

The following compounds were prepared according to published procedures: 

2,2,2-trifluoroethyl 2-diazoacetate13d 

Rh2(R-2-Cl-5-BrTPCP)413b 

Rh2[R-tris(p-tBuC6H4)TPCP]419 

Rh2(R-p-ph-TPCP)413c 

5-(trifluoromethyl)-3-pyridinesulfonic acid14c (synthesized by Hojoon Park) 
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A6.9.2  SYNTHETIC PROCEDURES 

 

5-(1-diazo-2-oxo-2-(2,2,2-trifluoroethoxy)ethyl)-2-heptyl-1,3-phenylene diacetate 

(199): The procedure is adapted from the literature13d: A 10-ml round-bottom flask with 

stir bar was flame dried under vacuum. Once cool enough all solids were added first: PPh3 

(6.3 mg, 23.9 µmol, 0.1 equiv), Pd(PPh3)4 (13.8 mg, 12.0 µmol, 0.05 equiv) and Ag2CO3 

(33.0 mg, 0.12 mmol, 0.5 equiv). After solids added, the reaction vessel was purged with 

argon three times. Next the liquids were added: toluene (1.0 ml), Et3N (0.04 m, 0.311 

mmol, 1.3 equiv), 2-heptyl-5-iodo-1,3-phenylene diacetate 200 (100 mg, 0.239 mmol, 1 

equiv), and finally the 2,2,2-trifluoroethyl 2-diazoacetate 191 (52.2 mg, 0.311 mmol, 1.3 

equiv) was added last. The resulted mixture was stirred at 23 oC for 5 h and then, filtered 

through a short silica plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until 

elutes clear. The crude product was concentrated and purified by column chromatography 

(10% ether in pentane) to afford the product 199 as a red oil (77 mg, 0.167 mmol, 70% 

yield); 1H NMR (600 MHz, CDCl3) δ 7.08 (s, 2H), 4.63 (q, J = 8.3 Hz, 2H), 2.40 (t, J = 

7.78 Hz, 2H), 2.32 (s, 6H), 1.46 – 1.41 (m, 2H), 1.32 – 1.23 (m, 8H), 0.88 (t, J = 7.23 Hz, 

3H);13C NMR (151 MHz, CDCl3) δ 168.9, 162.6, 150.3, 125.8, 123.5, 122.7 (q, J = 277.5 

Hz) 115.5, 60.3 (q, J = 37.0 Hz), 31.6, 29.5, 28.9, 28.9, 24.6, 22.6, 20.8, 14.1; IR (Neat 

Film) 2827, 2858, 2099, 1766, 1624, 1577, 1416, 1369, 1283, 1160, 1108, 1041, 1020, 
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975, 893, 840 cm-1; (MM:ESI+) m/z calcd for C21H29F3N3O6 (M+NH4)+ 476.2003 found 

476.2003 

 

 

 

 

2-((6S,7R)-7-(3,5-diacetoxy-4-heptylphenyl)-6-methyl-8-oxo-8-(2,2,2-

trifluoroethoxy)octyl)-5-iodo-1,3-phenylene diacetate (201): A 10-ml flame-dried 

round-bottom flask with condenser was charged with 4 Å MS and Rh2(R-2-Cl-5-BrTPCP)4 

(3.92 mg, 2.05 µmol, 1.0 mol %) and then, purged three times with argon. 2-heptyl-5-iodo-

1,3-phenylene diacetate 200 (257 mg, 0.614 mmol, 3.0 equiv) and distilled CH2Cl2 (0.8 

ml) were added next, then the mixture was heated to 40 oC and refluxed for at least 10 min 

before addition of the diazo compounds. Next, 5-(1-diazo-2-oxo-2-(2,2,2-

trifluoroethoxy)ethyl)-2-heptyl-1,3-phenylene diacetate 199 (94 mg, 0.205 mmol, 1.0 

equiv) was purged under argon in a 20-mL scintillation vial, then diluted with distilled 

CH2Cl2 (0.8 ml). Then, under reflux conditions and argon atmosphere, the diazo solution 

was added to the reaction vessel dropwise via syringe pump over 3 h. The reaction mixture 

was stirred at 40 oC for another 30 min and concentrated under vacuum for crude 1H NMR. 

The crude product was purified by flash column chromatography (5% ether in pentane) to 

Me

201

O

O

F3C

AcO OAc

Me

199

O
N2

O

F3C

AcO OAc

Me

200

AcO OAc

I

Rh2-(R)-(2-Cl-5-BrTPCP)4
(1.0 mol %)

DCM, 40 ℃, 4Å MS

(3.0 equiv)

OAcAcO

I

Me

+



Chapter 3- Progress Toward the Asymmetric Total Synthesis of (–)-
Cylindrocyclophane A 

 

628 

afford the product 201 as an opaque oil (87mg, 0.103 mmol, 51% yield, 1:1.5 dr); 1H NMR 

(400 MHz, CDCl3) δ 7.29 (s, 2H), 6.93 (s, 2H), 4.61 (dq, J = 12.7, 8.5 Hz, 1H), 4.28 (dq, 

J = 12.7, 8.4 Hz, 1H), 3.32 (d, J = 10.1 Hz, 1H), 2.38 (dd, J = 9.1, 6.7 Hz, 2H), 2.30 (s, 

6H), 2.28 (s, 6H), 2.15 – 2.07 (m, 1H), 1.48 – 1.38 (m, 3H), 1.36 – 1.17 (m, 16H), 1.17 – 

1.09 (m, 1H), 0.97 (d, J = 6.5 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, 

CDCl3) δ 171.6, 168.8, 168.7, 149.9, 149.6, 135.5, 129.2, 127.8, 127.0, 122.8 (q, J = 277.3 

Hz), 120.3, 88.4, 60.3 (q, J = 36.6 Hz), 57.2, 36.7, 33.2, 31.6, 29.6, 29.5, 28.9, 28.8 (d, J = 

2.2 Hz), 26.0, 24.7 (d, J = 7.1 Hz), 22.6, 20.8, 20.7, 17.3, 14.0; 19F NMR (376 MHz, CDCl3) 

δ -73.6 (dt, J = 12.9, 8.4 Hz); IR (Neat Film) 2928, 2858, 1768, 1595, 1572, 1464, 1431, 

1402, 1369, 1278, 1190, 1131, 1109, 1041, 1021, 979, 909 cm-1; (MM:ESI+) m/z calcd for 

C38H49F3IO10 (M+H)+ 849.2324 found 849.2342; [α]20D: +1.9o (c = 0.8, CHCl3) 

 

 

2,2,2-trichloroethyl 2-(4-iodophenyl)acetate (SI27): To a 250-ml round bottom flask 

purged with argon was added the 2-(4-iodophenyl)acetic acid 193 (10.0 g, 38.2 mmol, 1 

equiv), DMAP (467 mg, 3.8 mmol, 0.1 equiv), trichloroethanol (4.4 ml, 45.8 mmol, 1.2 

equiv) and 84 ml of DCM. Then the reaction mixture was cooled to 0 oC via ice bath. At 0 

oC, DCC (8.67 g, 42 mmol, 1.1 equiv) was dissolved in 42 ml of DCM and added slowly 

to the reaction over a few minutes. The reaction mixture was then stirred overnight. Then 

the reaction was filtered over celite, washing the solid with ether. The filtrate was 

concentrated and purified by flash column chromatography (hexane/ethyl acetate = 9/1) to 

provide a white solid (14.9, 38.1 mmol, >99% yield). The physical and spectral data were 
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identical to those previously reported for this compound;18 1H NMR (400 MHz, CDCl3) δ 

7.69 – 7.65 (m, 2H), 7.10 – 7.05 (m, 2H), 4.75 (s, 2H), 3.71 (s, 2H). 

 

2,2,2-trichloroethyl 2-diazo-2-(4-iodophenyl)acetate  (202): To a flame-dried 100-ml 

round-bottom flask purged under argon was added 2,2,2-trichloroethyl 2-(4-

iodophenyl)acetate SI27 (5.0 g, 12.7 mmol, 1.0 equiv), 43 ml of acetonitrile and o-NBSA 

SI28 (4.35 g, 19.1 mmol, 1.5 equiv). Then the reaction was cooled to 0 oC via ice bath and 

DBU (4.21 ml, 28 mmol, 2.2 equiv) was added dropwise at 0 oC. The reaction was stirred 

for 1 hr at 0 oC. Then the mixture was quenched with sat. NH4Cl. The layers were separated 

and then extracted with ether (x3). The organic layer was washed with sat. brine, dried with 

MgSO4 and concentrated under reduced pressure. The crude residue was purified by flash 

column chromatography (hexane/diethyl ether = 9/1) to provide an orange solid 202 (93% 

yield). The physical and spectral data were identical to those previously reported for this 

compound;18 1H NMR (600 MHz, CDCl3) δ 7.73 – 7.70 (m, 2H), 7.28 – 7.23 (m, 2H), 4.91 

(s, 2H). 
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2,2,2-trichloroethyl (S,E)-2-(4-iodophenyl)oct-4-enoate (SI29): A 250-ml flame-dried 

round-bottom flask with condenser was charged with 4 Å MS and Rh2(R-p-ph-TPCP)4 (52 

mg, 0.03 mmol, 0.25 mol%) and then, purged three times with nitrogen. Trans-2-hexene 

203 (4.5 ml, 35.8 mmol, 3.0 equiv) and distilled CH2Cl2 (48 ml) were added next, then the 

mixture was heated to 40 oC and refluxed for at least 10 min before addition of the diazo 

compounds. Next, 2,2,2-trichloroethyl 2-diazo-2-(4-iodophenyl)acetate 202 (5.0 g, 11.9 

mmol, 1.0 equiv) was purged under nitrogen in a 100-mL round-bottom flask, then diluted 

with distilled CH2Cl2 (48 ml). Then, under reflux conditions and nitrogen atmosphere, the 

diazo solution was added to the reaction vessel dropwise via syringe pump, or addition 

funnel with larger scales, over 3 h. The reaction mixture was stirred at 40 oC for another 

30 min and concentrated under vacuum for crude 1H NMR. The crude product was purified 

by flash column chromatography (3% ether in petroleum ether) to afford the product as an 

opaque oil SI29 (96% yield, >20:1 rr, 96% ee). This compound is disclosed in a 

publication;4c 1H NMR (600 MHz, CDCl3) δ 7.65 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.3 Hz, 

2H), 5.50 (ddd, J = 15.1, 7.5, 6.0 Hz, 1H), 5.31 (ddd, J = 15.3, 7.7, 6.1 Hz, 1H), 4.73 (d, J 

= 12.0 Hz, 1H), 4.67 (d, J = 12 Hz, 1H), 3.69 (dd, J = 8.4, 7.0 Hz, 1H), 2.80 (dt, J = 15.0, 

7.8 Hz, 1H), 2.50 (dt, J = 13.7, 7.0 Hz, 1H), 1.91 (q, J = 7.2 Hz, 2H), 1.31 (h, J = 7.3 Hz, 

2H), 0.83 (t, J = 7.4 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 171.4, 137.7, 137.3, 134.0, 

130.1, 125.6, 94.7, 93.1, 74.1, 51.5, 36.1, 34.5, 30.3, 29.6, 22.4, 13.5; IR (Neat Film) 2955, 

2923, 2854, 2257, 1751, 1586, 1484, 1436, 1403, 1372, 1336, 1258, 1204, 1138, 1062, 

1006, 968, 819, 801, 751, 718, 517, 498, 438 cm-1; (MM:ESI+) m/z calcd for C16H19Cl3IO2 

(M+H)+ 474.9495 found 474.9489; [α]20D: +23.5° (c = 0.67, CHCl3); HPLC (ADH, 0.5 % 
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i-propanol in hexane, 1 mL min-1, 1 mg mL-1, 30 min, UV 210 nm) retention times of 6.4 

min (major) and 7.2 min (minor) 96% e.e. with Rh2(R-p-PhTPCP)4. 

 

 

2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate (204): To a 500-ml round-bottom 

flask flame-dried and purged under nitrogen was added 2,2,2-trichloroethyl (S,E)-2-(4-

iodophenyl)oct-4-enoate SI29 (5.37 g, 11.3 mmol, 1.0 equiv), crabtree's catalyst (90.9 mg, 

113 µmol, 1.0 mol %)  then  DCM (113 mL). Then the atmosphere was exchanged with 

hydrogen and the reaction was run for 2 h. After 2 h crabtree's catalyst (90.9 mg, 113 µmol, 

1.0 mol %) was added again and the atmosphere was exchanged with hydrogen then let stir 

overnight. The reaction mixture was then concentrated under vacuum and purified by flash 

column chromatography (10% ether in hexane) to afford the product 204 as an opaque oil. 

(>99% yield). 1H NMR (600 MHz, CDCl3) δ 7.65 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.2 Hz, 

2H), 4.74 (d, J = 12 Hz, 1H), 4.67 (d, J = 12.0 Hz, 1H), 3.62 (t, J = 7.7 Hz, 1H), 2.11 (dtt, 

J = 12.8, 8.3, 4.8 Hz, 1H), 1.81 (dtt, J = 12.8, 8.3, 4.8 Hz, 1H), 1.27 (dtt, J = 31.4, 14.0, 

11.5, 5.0 Hz, 8H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 171.9, 137.8, 

137.7, 130.1, 94.8, 93.0, 74.0, 51.1, 33.0, 31.5, 28.9, 27.3, 22.5, 14.0; IR (neat) 2953, 2926, 

2856, 1751, 1484, 1465, 1403, 1372, 1263, 1200, 1140, 1062, 1007, 821, 793, 758, 719, 

572, 500 cm-1; (MM:ESI+) m/z calcd for C16H21Cl3IO2 (M+H)+ 476.9652 found 476.9646. 

[α]20D: +12.8o (c = 1.0, CHCl3) 
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2,2,2-trichloroethyl (S)-2-(4-(1-diazo-2-oxo-2-(2,2,2-

trifluoroethoxy)ethyl)phenyl)octanoate (205): The procedure is adapted from the 

literature13b: A 250-ml round-bottom flask with stir bar was flame dried under vacuum. 

Once cool enough all solids were added first: PPh3 (297 mg, 1.13 mmol, 0.1 equiv), 

Pd(PPh3)4 (653 mg, 0.565 mmol, 0.05 equiv) and Ag2CO3 (1.56 g, 5.65 mmol, 0.5 equiv). 

After solids added, the reaction vessel was purged with nitrogen three times. Next the 

liquids were added: toluene (45 ml), Et3N (2.05 ml, 14.7 mmol, 1.3 equiv), 2,2,2-

trichloroethyl (S)-2-(4-iodophenyl)octanoate 204 (5.40 g, 11.3 mmol, 1.0 equiv), and 

finally the 2,2,2-trifluoroethyl 2-diazoacetate 191 (2.47 g, 14.7 mmol, 1.3 equiv) was added 

last. The resulted mixture was stirred at room temperature (23 oC) for 5 h and then, filtered 

through a short silica plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until 

elutes clear. The crude product was concentrated and purified by flash column 

chromatography (3% ether in hexane) to afford the product 205 as a red oil (88% yield). 

1H NMR (600 MHz, CDCl3) δ 7.45 – 7.37 (m, 4H), 4.75 – 4.67 (m, 2H), 4.65 (q, J = 8.3 

Hz, 2H), 3.68 (t, J = 7.7 Hz, 1H), 2.14 (dt, J = 13.3, 8.5 Hz, 1H), 1.82 (dt, J = 13.3, 8.5 Hz, 

1H), 1.35 – 1.19 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 172.1, 

163.1, 136.4, 128.9, 124.2, 123.6, 122.0 (q, J = 277.2 Hz), 94.8, 74.0, 60.2 (q, J = 36.6 Hz), 
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51.0, 33.0, 31.5, 28.9, 27.3, 22.5, 14.0; 19F NMR (565 MHz, CDCl3) δ -73.9 (t, J = 8.3 Hz); 

IR (Neat Film) 2929, 2858, 2092, 1751, 1716, 1514, 1452, 1411, 1353, 1281, 1241, 1169, 

1139, 1074, 974, 924, 838, 761, 720, 652, 572, 513, 427 cm-1; (MM:ESI+) m/z calcd for 

C20H22Cl3F3N2O4Na (M+Na)+ 539.0495 found 539.0493. [α]20D: +6.4o (c = 1.0, CHCl3). 

 

 

9-(2,2,2-trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,3S,8S)-8-(4-iodophenyl)-3-methyl-

2-(4-((S)-1-oxo-1-(2,2,2-trichloroethoxy)octan-2-yl)phenyl)nonanedioate (206): A 

100-ml flame-dried round-bottom flask with condenser was charged with 4 Å MS and 

Rh2(R-2-Cl-5-BrTPCP)4 (53.6 mg, 0.028 mmol, 1.0 mol %) and then, purged three times 

with nitrogen. 2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate 204 (4.01 g, 8.40 mmol, 

3.0 equiv) and distilled CH2Cl2 (11 ml) were added next, then the mixture was heated to 

40 oC and refluxed for at least 10 min before addition of the diazo compounds. Next, 2,2,2-

trichloroethyl (S)-2-(4-(1-diazo-2-oxo-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)octanoate 

205 (1.45 g, 2.80 mmol, 1.0 equiv) was purged under argon in a 20-mL scintillation vial, 

then diluted with distilled CH2Cl2 (11 ml). Then, under reflux conditions and nitrogen 

atmosphere, the diazo 205 solution was added to the reaction vessel dropwise via syringe 

pump over 3 h. The reaction mixture was stirred at 40 oC for another 30 min and 
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concentrated under vacuum for crude 1H NMR. The crude product was purified by flash 

column chromatography (3% ether in hexane) to afford the product 206 as an opaque oil. 

(68% yield, >20:1 rr, 95:5:< 5:< 5 dr); Note 1: Solvent must be carefully dried (distilled 

over CaH2 and stored on activated 4 Å MS). Note 2: The drawn absolute and relative major 

stereochemistry is drawn based on analogy to the model system. Further confirmation of 

this assignment is achieved for x-ray structure of a later intermediate. Since chiral centers 

are already present in the substrates the asymmetric induction for the two new chiral centers 

formed by the catalyst is reported as diastereoselectivity. The diastereomeric ratio of the 

relative stereochemistry for the two new stereogenic centers was determined by the methyl 

shielding in the crude 1H NMR. The diastereomeric ratio caused by the catalyst was 

determined by chiral HPLC. The product from the racemic catalyst was not cleanly 

sparable by HPLC, however both S and R catalyzed reactions were conducted to distinguish 

between the two peaks. The resolution was not great; thus, the racemic and R-chiral 

reactions were reduced by DIBAL-H to confirm the absolute diastereoselectivity. 

1H NMR (600 MHz, CDCl3) δ 7.64 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.24 (d, 

J = 8.1 Hz, 2H), 7.04 (d, J = 8.2 Hz, 2H), 4.77 – 4.62 (m, 4H), 4.53 (dq, J = 12.8, 8.4 Hz, 

1H), 4.31 (dq, J = 12.8, 8.3 Hz, 1H), 3.66 (t, J = 7.7 Hz, 1H), 3.55 (t, J = 7.7 Hz, 1H), 3.33 

(d, J = 10.5 Hz, 1H), 2.16 (dtq, J = 18.2, 8.9, 4.7, 3.9 Hz, 2H), 2.03 (dtd, J = 14.0, 8.9, 5.5 

Hz, 1H), 1.86 – 1.77 (m, 1H), 1.69 (ddt, J = 19.3, 13.3, 6.1 Hz, 1H), 1.36 – 1.19 (m, 10H), 

1.13 (dtt, J = 25.2, 15.4, 7.1 Hz, 4H), 0.98 (d, J = 6.6 Hz, 3H), 0.87 (h, J = 6.9 Hz, 3H); 

13C NMR (151 MHz, CDCl3) δ 172.3, 172.1, 171.8, 137.7, 137.7, 137.6, 136.1, 130.0, 

128.7, 128.4, 122.8 (q, J = 277.3 Hz), 94.9, 94.7, 93.0, 74.0, 73.9, 60.2 (q, J = 36.6 Hz), 

57.7, 51.2, 50.9, 36.1, 33.0, 32.9, 32.9, 31.5, 28.9, 27.4, 27.3, 25.9, 22.5, 17.5, 14.1; 19F 
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NMR (376 MHz, CDCl3) δ -73.7 (t, J = 8.3 Hz); IR (Neat Film) 2930, 2858, 2361, 1751, 

1510, 1485, 1456, 1404, 1372, 1276, 1166, 1134, 1061, 1006, 979, 821, 753, 718, 572, 

504, 493, 450, 430 cm-1; (MM:ESI+) m/z calcd for C36H46Cl6F3NIO6 (M+NH4)+ 982.0453 

found 982.0482; [α]20D: +3.8o (c = 1.05, CHCl3); HPLC [for better separation, the ester 

product was reduced with DIBAL-H to (2R,3S,8S)-2-(4-((S)-1-hydroxyoctan-2-

yl)phenyl)-8-(4-iodophenyl)-3-methylnonane-1,9-diol SI30] (ODH, 5.0 % i-propanol in 

hexane, 1.0 mL min-1, 1.0 mg mL-1, 90 min, UV 210 nm) retention times of 63.6 min 

(major) and 72.8 min (minor) 91% dr with Rh2(R-2-Cl-5-BrTPCP)4. 

 

9-(2,2,2-trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,3S,8S)-8-(4-(1-diazo-2-oxo-2-

(2,2,2-trifluoroethoxy)ethyl)phenyl)-3-methyl-2-(4-((S)-1-oxo-1-(2,2,2-

trichloroethoxy)octan-2-yl)phenyl)nonanedioate (207): The procedure is adapted from 

the literature13b: A 25-ml round-bottom flask with stir bar was flame dried under vacuum. 

Once cool enough all solids were added first: PPh3 (34.8 mg, 0.133 mmol, 0.1 equiv), 

Pd(PPh3)4 (76.6 mg, 0.066 mmol, 0.05 equiv) and Ag2CO3 (183 mg, 0.663 mmol, 0.5 

equiv). After solids added, the reaction vessel was purged with nitrogen three times. Next 

the liquids were added: toluene (5.3 ml), Et3N (0.240 ml, 1.72 mmol, 1.3 equiv), 9-(2,2,2-

trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,3S,8S)-8-(4-iodophenyl)-3-methyl-2-(4-((S)-1-

oxo-1-(2,2,2-trichloroethoxy)octan-2-yl)phenyl)nonanedioate 206 (1.283 g, 1.33 mmol, 
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1.0 equiv), and finally the 2,2,2-trifluoroethyl 2-diazoacetate 191 (289.8 mg, 1.72 mmol, 

1.3 equiv) was added last. The resulted mixture was stirred at room temperature (23 oC) for 

5 h and then, filtered through a short silica plug (3.5 cm diameter, 5 cm height), eluting 

with ethyl acetate until elutes clear. The crude product was concentrated and purified by 

flash column chromatography (3% ether in hexane) to afford the product 207 as a red oil 

(77% yield). 1H NMR (600 MHz, CDCl3) δ 7.41 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.2 Hz, 

2H), 7.29 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 4.75 – 4.61 (m, 6H), 4.53 (dq, J = 

12.7, 8.3 Hz, 1H), 4.31 (dq, J = 12.7, 8.3 Hz, 1H), 3.66 (t, J = 7.7 Hz, 1H), 3.61 (t, J = 7.7 

Hz, 1H), 3.33 (d, J = 10.5 Hz, 1H), 2.15 (dddd, J = 22.7, 13.3, 9.9, 3.9 Hz, 2H), 2.09 – 2.01 

(m, 1H), 1.86 – 1.77 (m, 1H), 1.77 – 1.66 (m, 1H), 1.36 – 1.20 (m, 10H), 1.19 – 1.07 (m, 

4H), 0.98 (d, J = 6.5 Hz, 3H), 0.86 (t, J = 6.9 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 

172.3, 172.1, 172.0, 163.1, 137.7, 136.2, 136.1, 128.8, 128.7, 128.4, 126.8, 122.9 (qd, J = 

277.3, 3.9 Hz), 94.9, 94.8, 74.0, 73.9, 60.2 (qd, J = 36.7, 10.9 Hz), 57.7, 51.2, 50.9, 36.1, 

33.0, 33.0, 32.9, 31.5, 28.9, 27.4, 27.4, 26.0, 22.5, 17.5, 14.0; 19F NMR (376 MHz, CDCl3) 

δ -73.7 (t, J = 8.4 Hz), -73.9 (t, J = 8.4 Hz); IR (Neat Film) 2930, 2858, 2361, 2093, 1750, 

1718, 1514, 1410, 1353, 1280, 1242, 1166, 1137, 1074, 976, 838, 756, 719, 652, 571, 513, 

484, 450, 435 cm-1; (MM:ESI+) m/z calcd for C40H48Cl6F6N3O8 (M+NH4)+ 1022.1477 

found 1022.1523; [α]20D: +4.3o (c = 0.8, CHCl3) 
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Macrocycle X (208): A 100-ml flame-dried round-bottom flask with condenser were 

charged with 4 Å MS and Rh2(R-2-Cl-5-BrTPCP)4 (34.7 mg, 0.01 mmol, 1.0 mol%), then 

purged three times under nitrogen. Distilled CH2Cl2 (18 ml) was added using oven dried 

syringes, then the mixture was heated to 40 oC and refluxed for at least 10 min before 

addition of the diazo compounds. Next, 9-(2,2,2-trichloroethyl) 1-(2,2,2-trifluoroethyl) 

(2R,3S,8S)-8-(4-(1-diazo-2-oxo-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)-3-methyl-2-(4-

((S)-1-oxo-1-(2,2,2-trichloroethoxy)octan-2-yl)phenyl)nonanedioate 207 (1.83 g, 1.82 

mmol, 1.0 equiv) was used immediately after its synthesis and purged under nitrogen in a 

50-mL round-bottom flask, then diluted with distilled CH2Cl2 (18 ml). Then, under reflux 

conditions and nitrogen atmosphere, the diazo solution was added to the reaction vessel 

dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 oC for another 

30 min and concentrated under vacuum for crude 1H NMR, showing the product was 

formed in 8:1 dr. The crude product was purified by flash column chromatography (10% 

ether in hexane) to afford the product 208 as a white solid and single diastereomer (70% 

yield). Alternatively, the crude mixture can be recrystallized in 20% ether in hexane to 

yield the diastereopure product 208 as a white solid (62% yield). The absolute 

configuration and relative configuration are determined by x-ray crystallography. 

Note 1: Solvent must be carefully dried (distilled over CaH2 and stored on activated 4 Å 

MS). Note 2: The crude material obtained shows two diastereomeric signals in 8:1. The 
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change in dr from the starting material is due to the Horeau principle. Recrystallization 

gave the desired diastereomer in 62% yield and the NMR appears as a signal diastereomer. 

1H NMR (600 MHz, CDCl3) δ 7.21 (s, 8H), 4.73 (dd, J = 12.0, 1.0 Hz, 2H), 4.62 (dd, J = 

12.0, 1.1 Hz, 2H), 4.53 (dq, J = 12.8, 8.4 Hz, 2H), 4.27 (dq, J = 12.7, 8.3 Hz, 2H), 3.52 

(dd, J = 11.4, 4.4 Hz, 2H), 3.19 (d, J = 11.4 Hz, 2H), 2.14 – 2.07 (m, 2H), 1.97 – 1.82 (m, 

4H), 1.49 – 1.39 (m, 2H), 1.00 (d, J = 6.4 Hz, 6H), 0.94 (qt, J = 12.5, 6.3 Hz, 4H), 0.76 (t, 

J = 12.8 Hz, 2H), 0.70 – 0.61 (m, 4H); 13C NMR (151 MHz, CDCl3) δ 172.1, 172.1, 136.8, 

136.4, 128.6, 122.8 (q, J = 277.2 Hz), 94.8, 73.9, 60.2 (q, J = 36.7 Hz), 58.7, 51.4, 37.0, 

33.8, 33.1, 27.9, 27.3, 17.8; 19F NMR (376 MHz, CDCl3) δ -73.7 (t, J = 8.5 Hz); IR (Neat 

Film) 2935, 2860, 1749, 1511, 1466, 1407, 1374, 1276, 1222, 1164, 1128, 1062, 979, 909, 

835, 809, 762, 726, 645, 572, 539, 462, 450, 440, 431 cm-1; (MM:ESI+) m/z calcd for 

C40H44Cl6F6O8 (M+H)+ 977.1150 found 977.1177; [α]20D: -7.6o (c = 0.34, CHCl3). 

 

 

(2S,7S,8R,10S,15S,16R)-7,15-dimethyl-8,16-bis((2,2,2-trifluoroethoxy)carbonyl)-

1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylic acid (209): To a 250-ml 

round-bottom flask was added macrocycle 208 (893 mg, 0.912 mmol, 1.0 equiv) then zinc 

(3.58 g, 54.7 mmol, 60 equiv) and acetic acid (46ml). Stir for 4 days at room temperature. 

The crude mixture was diluted with water then filtered washing with EtOAc. The eluent 

was then further diluted with EtOAc, then washed with water (x2), brine (x8), then dried 
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with MgSO4 and concentrated under reduced pressure. The crude product was clean by 1H 

NMR and carried forward as a white solid 209 (>99% yield); 1H NMR (600 MHz, CDCl3) 

δ 7.20 (d, J = 7.5 Hz, 4H), 7.15 (d, J = 7.8 Hz, 4H), 4.55 (dq, J = 12.7, 8.4 Hz, 2H), 4.23 

(dq, J = 12.8, 8.4 Hz, 2H), 3.39 (dd, J = 11.6, 4.2 Hz, 2H), 3.18 (d, J = 11.3 Hz, 2H), 2.11 

– 2.03  (m, 2H), 1.87 (t, J = 13.0 Hz, 2H), 1.80 (dd, J = 12.3, 7.9 Hz, 2H), 1.46 – 1.37 (m, 

2H), 0.99 (d, J = 6.3 Hz, 6H), 0.89 (q, J = 10.5, 9.7 Hz, 4H), 0.73 (t, J = 12.7 Hz, 2H), 0.68 

– 0.52 (m, 4H); 13C NMR (151 MHz, CDCl3) δ 179.0, 176.5, 172.2, 171.2, 137.1, 136.3, 

128.6, 122.9 (q, J = 277.2 Hz), 60.3 (q, J = 36.5 Hz), 58.7, 51.3, 37.2, 33.9, 33.0, 27.9, 

27.3, 21.0, 20.6, 17.7, 14.2; 19F NMR (376 MHz, CDCl3) δ -73.7 (td, J = 8.5, 5.6 Hz); IR 

(Neat Film) 2933, 2858, 1749, 1705, 1511, 1468, 1407, 1385, 1275, 1225, 1167, 1128, 

1058, 1021, 979, 910, 840, 731, 697, 660 cm-1; (MM:ESI–) m/z calcd for C36H41F6O8 (M–

H)–  715.2706 found 715.2703; [α]20D: +13.9o (c = 0.8, EtOAc). 

 

bis(2,2,2-trifluoroethyl) (2R,3S,8S,10R,11S,16S)-8,16-

bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-

dibenzenacyclohexadecaphane-2,10-dicarboxylate (211): To a 50-ml flame-dried 

round-bottom flask was added (2S,7S,8R,10S,15S,16R)-7,15-dimethyl-8,16-bis((2,2,2-

trifluoroethoxy)carbonyl)-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylic acid 

209 (988 mg, 1.38 mmol, 1.0 equiv) in N,N-dimethylformamide (7 ml). The mixture was 
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then cooled to 0 oC. HATU (1.57 g, 4.14 mmol, 3.0 equiv) and then N-ethyl-N-

isopropylpropan-2-amine  (1.92 mL, 11.0 mmol, 8.0 equiv) was added at 0 oC. The reaction 

was then stirred for 20 min at 0 oC. Then N,O-dimethylhydroxylamine hydrochloride 210 

(403 mg, 4.14 mmol, 3.0 equiv) was added 0 oC, then the reaction was stirred overnight 

and let warm to room temperature. The reaction was dilute with EtOAc and water, then 

separated and washed with brine (x8), dried with MgSO4 and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (25% EtOAc in 

hexane) to afford the product 211 as a white solid (85% yield); 1H NMR (600 MHz, CDCl3) 

δ 7.17 (s, 8H), 4.46 (dq, J = 12.7, 8.5 Hz, 2H), 4.33 (dq, J = 12.7, 8.4 Hz, 2H), 3.79 (s, 2H), 

3.36 (s, 6H), 3.16 (d, J = 11.4 Hz, 2H), 3.10 (s, 6H), 2.09 – 2.03 (m, 2H), 1.89 – 1.80 (m, 

2H), 1.74 – 1.66 (m, 2H), 1.41 (t, J = 12.1 Hz, 2H), 0.99 (d, J = 6.4 Hz, 6H), 0.92 (qt, J = 

11.5, 5.7 Hz, 4H), 0.80 (t, J = 12.9 Hz, 2H), 0.67 – 0.51 (m, 4H); 13C NMR (151 MHz, 

CDCl3) δ 172.2, 138.9, 135.7, 128.7, 128.5, 122.9 (q, J = 277.2 Hz), 61.1, 60.1 (q, J = 36.5 

Hz), 58.8, 47.8, 37.1, 34.0, 33.6, 33.3, 32.2, 28.1, 27.5, 17.8; 19F NMR (376 MHz, CDCl3) 

δ -73.8 (t, J = 8.4 Hz); IR (Neat Film) 2934, 2857, 1751, 1656, 1510, 1409, 1382, 1274, 

1164, 1126, 1056, 1022, 979, 909, 841, 803, 730, 646, 623, 566, 532, 452, 433, 424 cm-1; 

(MM:ESI+) m/z calcd for C40H53F6N2O8 (M+H)+  803.3706 found 803.3702; [α]20D: -2o (c 

= 0.3, CHCl3) 
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bis(2,2,2-trifluoroethyl) (2R,3S,8S,10R,11S,16S)-13,15,92,96-tetraacetoxy-8,16-

bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-

dibenzenacyclohexadecaphane-2,10-dicarboxylate (SI32):  

The procedure is adapted from the literature4c: To a flame-dried 8-ml vial was added 

Pd(OAc)2 (11.7 mg, 51.8 µmol, 20 mol %), PhI(OAc)2 (669 mg, 2.07 mmol, 8.0 equiv), 5-

(trifluoromethyl)-3-pyridinesulfonic acid 215 (11.7 mg, 51.8 µmol, 20 mol %), and 

bis(2,2,2-trifluoroethyl) (2R,3S,8S,10R,11S,16S)-8,16-bis(methoxy(methyl)carbamoyl)-

3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylate 211 (208.0 mg, 

269.1 µmol, 1.0 equiv). Then HFIP (2.6 ml) and Ac2O (0.98 ml, 10.4 mmol, 40 equiv) 

were added and the septum cap was exchanged with a Teflon septum-lined screw cap and 

heated to 80 ℃ for 24 h. The reaction was cooled to room temperature, diluted with EtOAc 

and filtered over celite. The eluent was concentrated under reduced pressured and purified 

by flash column chromatography (30% to 50% EtOAc in hexanes) to deliver the product 

SI32 as a tan solid (77% yield); 1H NMR (400 MHz, CDCl3) δ 7.00 (d, J = 1.7 Hz, 2H), 

6.89 (d, J = 1.7 Hz, 2H), 4.50 – 4.33 (m, 4H), 3.98 (dd, J = 12.0, 4.3 Hz, 2H), 3.16 (d, J = 

11.4 Hz, 2H), 3.00 (s, 6H), 2.91 (s, 6H), 2.32 (s, 6H), 2.21 (s, 6H), 1.94 (qd, J = 12.8, 11.8, 

3.6 Hz, 4H), 1.79 (ddd, J = 13.5, 9.5, 4.1 Hz, 2H), 1.51 – 1.37 (m, 3H),, 0.99 (d, J = 6.4 

Hz, 6H), 0.95 – 0.78 (m, 5H), 0.73 – 0.61 (m, 2H), 0.52 (q, J = 12.3 Hz, 2H); 13C NMR 
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(101 MHz, CDCl3) δ 172.9, 171.5, 168.7, 167.7, 149.3, 148.7, 136.3, 124.3, 122.7 (q, J = 

277.5 Hz) 122.0, 119.1, 60.4, 60.0, 59.7, 58.3, 39.9, 37.7, 34.1, 31.9, 30.2, 28.0, 27.4, 21.2, 

20.6, 17.8; 19F NMR (376 MHz, CDCl3) δ -73.8 (t, J = 8.4 Hz); IR (Neat Film) 2934, 2858, 

1769, 1757, 1659, 1619, 1577, 1431, 1412, 1368, 1285, 1275, 1180, 1131, 1087, 1032, 

979, 906, 842, 804, 730 cm-1; (MM:ESI+) m/z calcd for C48H58F6N2O16Na2 [M+2Na-2H]+ 

1078.3847 found 1078.5087; [α]20D: +38.5o (c = 0.85, CHCl3) 

 

(2R,3S,8S,10R,11S,16S)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-

1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylic acid (212): To a 10-ml 

round-bottom was added bis(2,2,2-trifluoroethyl) (2R,3S,8S,10R,11S,16S)-8,16-

bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-

2,10-dicarboxylate 211 (60.0 mg, 74.7 µmol, 1.0 equiv) then THF (1.5 ml) and water (1.5 

ml) was added. Then lithium hydroxide hydrate (157 mg, 3.74 mmol, 50 equiv) was added 

to the reaction and then let stir at room temperature overnight. The reaction was diluted 

with water and acidify with 2M HCl. The product was extracted with EtOAc (x2), dried 

with MgSO4 and concentrated under reduced pressure. The crude product 212 was clean 

by 1H NMR and carried forward as a white solid (97% yield); 1H NMR (600 MHz, AcOD) 

δ 7.25 (d, J = 7.7 Hz, 4H), 7.18 (d, J = 8.0 Hz, 4H), 3.90 (s, 2H), 3.50 (s, 6H), 3.11 (s, 6H), 

3.04 (d, J = 11.3 Hz, 2H), 2.10 – 2.03 (m, 2H), 1.70 (ddt, J = 18.3, 13.2, 8.5 Hz, 4H), 1.50 
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– 1.41 (m, 2H), 1.03 (d, J = 6.3 Hz, 6H), 0.98 – 0.88 (m, 3H), 0.88 – 0.81 (m, 2H), 0.67 

(dtd, J = 22.7, 11.9, 5.5 Hz, 4H); 13C NMR (151 MHz, AcOD) δ 180.1, 176.1, 139.7, 138.8, 

138.2, 137.9, 129.7, 61.8, 60.2, 52.3, 48.6, 37.4, 34.8, 34.1, 33.7, 32.7, 28.9, 28.0, 18.2, 

14.3; IR (Neat Film) 2918, 2950, 2360, 2106, 1693, 1650, 1383, 1777, 989, 799, 668, 592 

cm-1; (MM:ESI+) m/z calcd for C36H50N2O8Na (M+Na)+ 661.3465 found 661.3452; [α]20D: 

+9.5o (c = 0.5, AcOH) 

 

(2R,3S,8S,10R,11S,16S)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-

1,9(1,4)-dibenzenacyclohexadecaphane-2,10-diyl diacetate (214): The procedure is 

adapted from the literature24: To a flame-dried 8-ml vial purged under nitrogen (x3) was 

added 4 Å MS, Cu(OAc)2 (42.6 mg, 235 µmol, 6.0 equiv), 9-mesityl-2,7-dimethyl-10-

phenyl- acridinium tetrafluoroborate 213 (0.5 mg, 1.0 µmol, 2.5 mol %), and 

(2R,3S,8S,10R,11S,16S)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-

dibenzenacyclohexadecaphane-2,10-dicarboxylic acid 212 (25.0 mg, 39.1 µmol, 1.0 

equiv). Then acetonitrile (1.7 ml) and acetic acid (0.85 ml) was added to the reaction 

mixture. The reaction was then degassed via nitrogen bubbling for 10 min using an 18-

gauge needle and another exit needle. The reaction was then sealed placed and two blue 

lights placed against the vial and wrapped in tin foil. The mixture was stirred under blue 

light for 48 h. The crude mixture was cooled to room temperature and filtered over celite 
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eluting with EtOAc. The eluent was concentrated under vacuum, diluted with EtOAc and 

washed with water, then brine (x4), dried with MgSO4 and concentrated under reduced 

pressure for crude 1H NMR analysis, showing the product was formed in 9:1 dr. The crude 

product was purified by flash column chromatography (30% EtOAc in hexane) to afford 

the product 214 as a white solid and single diastereomer by 1H NMR (52% yield); 1H NMR 

(600 MHz, CDCl3) δ 7.22 – 7.14 (m, 8H), 5.17 (d, J = 10.5 Hz, 2H), 3.83 (s, 2H), 3.40 (s, 

6H), 3.11 (s, 6H), 1.99 (s, 6H), 1.84 – 1.74 (m, 4H), 1.74 – 1.67 (m, 2H), 1.47 – 1.37 (m, 

2H), 0.99 (d, J = 6.4 Hz, 6H), 0.95 – 0.85 (m, 4H), 0.65 (dddd, J = 49.4, 24.7, 12.2, 5.2 Hz, 

6H); 13C NMR (151 MHz, CDCl3) δ 170.4, 138.6, 128.2, 127.6, 81.3, 61.2, 47.6, 38.9, 

33.8, 32.7, 29.7, 28.0, 27.6, 21.2, 16.1; IR (Neat Film) 2934, 2857, 1736, 1660, 1510, 1465, 

1373, 1240, 1019, 991, 970, 916, 801, 730, 600, 565 cm-1; (MM:ESI+) m/z calcd for 

C38H55N2O8 (M+H)+ 667.3958 found 667.3959; [α]20D: +79.8o (c = 0.85, CHCl3) 

 

 

(2S,7S,8R,10S,15S,16R)-2,10-bis(methoxy(methyl)carbamoyl)-7,15-dimethyl-

1,9(1,4)-dibenzenacyclohexadecaphane-12,16,93,95,8,16-hexayl hexaacetate (216):  

The procedure is adapted from the literature4c: To a flame-dried 8-ml vial was added 

Pd(OAc)2 (2.0mg, 9.0 µmol, 20 mol %), PhI(OAc)2 (116 mg, 360 µmol, 8.0 equiv), 5-

(trifluoromethyl)-3-pyridinesulfonic acid 215 (2.0mg, 9.0 µmol, 20 mol %), and 
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(2R,3S,8S,10R,11S,16S)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-

dibenzenacyclohexadecaphane-2,10-diyl diacetate 214 (30.0 mg, 45.0 µmol, 1.0 equiv). 

Then HFIP (1.0ml) and Ac2O (0.17 ml, 1.8 mmol, 40 equiv) were added and the septum 

cap was exchanged with a Teflon septum-lined screw cap and heated to 80 oC for 48 h. The 

reaction was cooled to room temperature, diluted with EtOAc and filtered over celite. The 

eluent was concentrated under reduced pressured and purified by flash column 

chromatography (50% EtOAc in hexanes) to deliver the product 216 as a white solid (60% 

yield); 1H NMR (600 MHz, CDCl3) δ 6.97 (s, 2H), 6.86 (s, 2H), 5.20 (d, J = 10.0 Hz, 2H), 

4.01 – 3.96 (m, 2H), 3.02 (s, 6H), 2.95 (s, 6H), 2.31 (s, 6H), 2.22 (s, 6H), 2.00 (s, 6H), 1.83 

(p, J = 8.1 Hz, 5H), 1.73 – 1.65 (m, 3H), 1.45 (tt, J = 10.1, 5.7 Hz, 2H), 1.04 – 0.96 (m, 

3H), 0.95 (d, J = 6.5 Hz, 6H), 0.82 – 0.77 (m, 3H), 0.66 – 0.57 (m, 2H); 13C NMR (151 

MHz, CDCl3) δ 170.1, 169.0, 167.5, 149.1, 148.4, 139.4, 120.8, 117.8, 80.0, 59.9, 40.0, 

39.2, 32.6, 30.3, 27.9, 27.3, 21.1, 21.1, 20.7, 15.7; IR (neat) 2931, 2360, 1771, 1744, 1663, 

1431, 1370, 1232, 1182, 1035, 900, 516 cm-1; (MM:ESI+) m/z calcd for C46H63N2O16 

(M+H)+ 899.4178 found 899.4181; [α]20D: +64o (c = 0.1, CHCl3) 

 

1,1'-((2S,7S,8R,10S,15S,16R)-12,16,93,95,8,16-hexahydroxy-7,15-dimethyl-1,9(1,4)-

dibenzenacyclohexadecaphane-2,10-diyl)bis(butan-1-one) (254): To a flame-dried 4-

ml vial purged under nitrogen (x3) was added (2S,7S,8R,10S,15S,16R)-2,10-

THF, 0 to 23 ℃, 
16 h
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bis(methoxy(methyl)carbamoyl)-7,15-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-

12,16,93,95,8,16-hexayl hexaacetate 216 (45.0mg, 0.05 mmol, 1 equiv) then THF (3 mL). 

The mixture was then cooled to 0 oC in an ice bath for 10 min. At 0 oC n-propylmagnesium 

chloride (1.0 M in 2-Me-THF, 1.0 ml, 20 equiv, 1 mmol) was added dropwise and the 

reaction was let warmed to room temperature overnight. The mixture was then cooled to 0 

oC and quenched with water, acidified with sat. NH4Cl, then extracted with EtOAc, washed 

with brine, dried with MgSO4 and concentrated under reduced pressure. The crude product 

was purified by prepLC (Agilent 1100 HPLC, 9.4x250 C8 column, 20% ACN/H2O 0.5min 

at 2.5ml/min, 20-70% ACN for 6.5min at 5ml/min, 100% ACN for 1min) to deliver the 

product as a white solid. The product can also be purified via column chromatography 

(80% EtOAc in hexanes with 1% MeOH) to deliver the desired hexa-hydroxy macrocycle 

254 as a white solid (18.5 mg, 0.03 mmol, 60% yield) 

1H NMR (400 MHz, MeOD) δ 6.30 (s, 2H), 6.18 (s, 2H), 3.90 (dd, J = 10.4, 4.8 Hz, 2H), 

3.79 (d, J = 9.7 Hz, 2H), 2.21 (td, J = 7.3, 1.9 Hz, 4H), 1.93 – 1.76 (m, 4H), 1.47 (h, J = 

7.5, 5.2 Hz, 9H), 1.09 (d, J = 6.4 Hz, 6H), 1.04 – 0.96 (m, 2H), 0.77 (t, J = 7.4 Hz, 6H), 

0.66 (dd, J = 11.7, 6.9 Hz, 2H); (MM:ESI–) m/z calcd for C36H52O8 (M-H)- 611.3662 found 

611.3604. 

 

 



Chapter 3- Progress Toward the Asymmetric Total Synthesis of (–)-
Cylindrocyclophane A 

 

647 

 

(S)-2-(4-iodophenyl)octanoic acid (218): To a 100-ml round-bottom flask was 

added 2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate 204 (527 mg, 1.1 mmol, 1.0 

equiv) then zinc (721 mg, 11.0 mmol, 10 equiv) and acetic acid (14ml). Stir for 24 h at 

room temperature. The crude mixture was diluted with water then filtered washing with 

EtOAc. The eluent was then further diluted with EtOAc, then washed with water (x2), brine 

(x8), then dried with MgSO4 and concentrated under reduced pressure. The crude product 

218 was clean by 1H NMR and carried forward as a yellow oil (99% yield); 1H NMR (600 

MHz, CDCl3) δ 7.65 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 8.1 Hz, 2H), 3.48 (t, J = 7.7 Hz, 1H), 

2.04 (tdd, J = 12.3, 8.4, 4.6 Hz, 1H), 1.74 (pd, J = 8.9, 8.3, 5.0 Hz, 1H), 1.34 – 1.16 (m, 

8H), 0.86 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 178.9, 138.1, 137.7, 130.0, 

92.9, 50.9, 32.9, 31.5, 28.9, 27.3, 22.5, 14.0; IR (Neat Film) 3023, 2953, 2924, 2855, 1710, 

1586, 1484, 1416, 1401, 1378, 1275, 1227, 1204, 1182, 1122, 1063, 1006, 936, 815, 745, 

724, 698 cm-1; (MM:ESI–) m/z calcd for C14H18IO2 (M-H)-  345.0351 found 345.0346. 
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(S)-2-(4-iodophenyl)-N-methoxy-N-methyloctanamide (219): To a 50-ml flame-dried 

round-bottom flask was added (S)-2-(4-iodophenyl)octanoic acid 218 (382 mg, 1.1 mmol, 

1.0 equiv) in N,N-dimethylformamide (2.8 ml). The mixture was then cooled to 0 oC. 

HATU (503 mg, 1.32 mmol, 1.2 equiv) and then N-ethyl-N-isopropylpropan-2-amine 

(0.58 mL, 3.31 mmol, 3.0 equiv) was added at 0 oC. The reaction was then stirred for 20min 

at 0 oC. Then N,O-dimethylhydroxylamine hydrochloride 210 (161 mg, 1.66 mmol, 1.5 

equiv) was added 0 oC, then the reaction was stirred overnight and let warm to room 

temperature. The reaction was diluted with EtOAc and water, then separated and washed 

with brine (x8), dried with MgSO4 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (20% ether in hexane) to afford the 

product 219 as an opaque oil (78% yield); 1H NMR (600 MHz, CDCl3) δ 7.62 (d, J = 8.3 

Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 3.92 (s, 1H), 3.51 (s, 3H), 3.15 (s, 3H), 2.07 – 1.97 (m, 

1H), 1.72 – 1.63 (m, 1H), 1.31 – 1.19 (m, 8H), 0.85 (t, J = 6.8 Hz, 3H); 13C NMR (151 

MHz, CDCl3) δ 174.2, 140.0, 137.5, 130.2, 92.1, 61.3, 47.0, 33.9, 32.2, 31.6, 29.1, 27.6, 

22.5, 14.0; IR (Neat Film) 2930, 2853, 1742, 1659, 1483, 1459, 1380, 1177, 1115, 1060, 

1006, 806, 627, 610  cm-1; (MM:ESI+) m/z calcd for C16H25INO2 (M+H)+  390.0852 found 

390.0859. 
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(S)-5-iodo-2-(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)-1,3-phenylene diacetate 

(220): The procedure is adapted from the literature9: To a flame-dried 20-ml vial was added 

Pd(OAc)2 (38.6 mg, 172 µmol, 20 mol %), PhI(OAc)2 (1.11 g, 3.44 mmol, 4.0 equiv), and 

(S)-2-(4-iodophenyl)-N-methoxy-N-methyloctanamide 219 (335 mg, 861 µmol, 1.0 equiv). 

Then HFIP (8.6 ml) and Ac2O (1.63 ml, 117.2 mmol, 20 equiv) were added and the septum 

cap was exchanged with a Teflon septum-lined screw cap and heated to 80 oC for 6 days. 

The reaction was cooled to room temperature, diluted with EtOAc and filtered over celite. 

The eluent was concentrated under reduced pressured and purified by flash column 

chromatography (30% ether in hexanes) to deliver the product 220 as a yellow oil (58% 

yield); 1H NMR (600 MHz, CDCl3) δ 7.33 (s, 2H), 3.93 – 3.88 (m, 1H), 3.13 (s, 3H), 3.06 

(s, 3H), 2.29 (s, 6H), 2.11 (dddd, J = 13.8, 10.5, 7.2, 4.6 Hz, 1H), 1.31 – 1.19 (m, 8H), 1.14 

– 1.07 (m, 1H), 0.86 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 172.6, 168.5, 

149.2, 129.8, 126.6, 89.1, 60.3, 39.9, 32.1, 31.7, 30.0, 29.2, 27.6, 22.6, 20.7, 14.1; IR (Neat 

Film) 2930, 1770, 1665, 1589, 1459, 1368, 1189, 1036, 907 cm-1; (MM:ESI+) m/z calcd 

for C20H28INO6 (M+H)+ 506.1040 found 506.1031. 
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Methyl 2-(4-iodophenyl)acetate (SI33): To a 250 mL round bottom flask was added 

MeOH (100 mL) and 2-(4-iodophenyl)acetic acid 193 (20.2 g, 77.4 mmol, 1.0 equiv).  

Concentrated sulfuric acid (1.65 mL, 30.9 mmol, 0.4 equiv) was added slowly and the 

reaction mixture was heated to reflux for 24 hours. The volatiles were removed via rotary 

evaporation and the crude residue was taken up in EtOAc (100 mL). The organic layer was 

washed with Sat’d NaCl (75 mL), Sat’d NaHCO3 (75 mL) and then the organic layer was 

dried over Na2SO4. The organic layer was then dried via rotary evaporator to afford methyl 

ester SI33 as a brown oil (21.3 g, 77.3 mmol, 99% yield). The crude reaction mixture was 

pure enough to be used directly in the next step. The physical and spectral data were 

identical to those previously reported for this compound; 1H NMR (400 MHz, CDCl3) δ 

7.66 (d, J = 8.3 Hz, 2H), 7.12 – 6.86 (m, 2H), 3.70 (s, 3H), 3.57 (s, 2H); 13C NMR (101 

MHz, CDCl3) δ 171.48, 137.68, 133.58, 131.32, 92.69, 52.20, 40.66. 

 

Methyl 2-(4-iodophenyl)octanoate (SI34): To a flame dried 500 mL round bottom was 

added i-PrNH2 (9.6 mL, 68.5 mmol, 1.05 equiv) and THF (100 mL). The mixture was 

cooled to –78 ℃, then a solution of n-BuLi (2.5M in hexanes, 27.4 mL, 68.5 mmol, 1.05 

equiv) was added slowly and the reaction mixture was stirred at –78 ℃ for 15 minutes. 
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After 15 minutes, a solution of methyl 2-(4-iodophenyl)acetate SI33 (18.0 g, 65 mmol, 1.0 

equiv) was added as a solution in THF slowly at –78 ℃. After the addition, the reaction 

mixture was stirred at –78 ℃ for 15 minutes. After stirring for 15 minutes, 1-bromo-hexane 

217 (9.5 mL, 68.5 mmol, 1.05 equiv) was added slowly. The reaction was stirred at –78 ℃ 

then slowly allowed to warm to ambient temperature overnight. After 16 hours, the reaction 

was quenched with 1N NH4Cl and allowed to stir for 30 minutes. The aqueous layer was 

extracted with EtOAc (3 x 100 mL) and the combined organic layers were dried over 

Na2SO4. The organic layer was dried via rotary evaporator to deliver the alkylated product 

SI34 as a brown oil (23.1 g total, 63 mmol, 97% yield). 1H NMR (400 MHz, CDCl3) δ 7.68 

– 7.61 (m, 2H), 7.10 – 7.02 (m, 2H), 3.66 (s, 3H), 3.42 (t, J = 6.9 Hz, 1H), 2.07 – 1.99 (m, 

1H), 1.86 (dq, J = 8.8, 7.0 Hz, 1H), 1.73 (ddd, J = 11.3, 6.7, 3.8 Hz, 1H), 1.53 – 1.38 (m, 

1H), 1.35 – 1.17 (m, 14H), 0.94 – 0.82 (m, 5H). Note: on larger scale, O-alkylation product 

can occur. The mixture of C-alkylation and O-alkylation can be carried forward to the next 

step without further purification.   

 

2-(4-iodophenyl)octanoic acid (218): To a 500 mL round bottom flask was added methyl 

2-(4-iodophenyl)octanoate SI34 (23.1 g, 63 mmol, 1.0 equiv) and dissolved in EtOH (40 

mL). Deionized water (240 mL) was then added followed by NaOH (8.0 g, 200 mmol, 3.2 

equiv). The reaction mixture was heated to reflux and stirred overnight. After 16 hours, the 

reaction was allowed to cool, diluted with EtOAc and then acidified with 1N HCl. The 

I
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layers were separated and the aqueous layer was extracted with EtOAc (3 x 150 mL). The 

combined organic layers were washed with Sat’d NaCl (150 mL) and then dried over 

Na2SO4. The organic layer was then concentrated via rotary evaporator and columned via 

flash chromatography to afford alkylated carboxylic acid 218 as a black oil (20.3 g, 58.6 

mmol, 93% yield). The physical and spectral data were identical to those previously 

reported for this compound using the enantioselective model approach above.  

Note: starting material acid 193 could be recovered from the O-alkylated isomer present 

from the previous step 

 

2-(4-iodophenyl)-N-methoxy-N-methyloctanamide (219): To a flame dried 250 mL 

round bottom flask was added 2-(4-iodophenyl)octanoic acid 218 (11 g, 31.7 mmol, 1.0 

equiv) in DCM (150 mL). The reaction mixture was cooled to 0 ℃ followed by addition 

of oxalyl chloride (4.1 mL, 47.6 mmol, 1.5 equiv). Bubbles may form. After the addition 

of oxalyl chloride, DMF (2 drops) was added to the reaction mixture and allowed to warm 

to ambient temperature. Once warmed to 25 ℃, bubbles were observed. The reaction was 

stirred for three hours, or until the observation of gas evolution ceased. After the specified 

time, the volatiles were carefully removed via rotary evaporation. Note: the corresponding 

acyl chloride is very pungent and should be concentrated in a hood if possible. Meanwhile, 

N,O-dimethylhydroxylamine hydrochloride 210 (4.6 g, 47.6 mmol, 1.5 equiv) was free 

based in DCM (150 mL) and Et3N (13.3 mL, 95.1 mmol, 3.0 equiv) and stirred until the 

i) SOCl2 (1.5 equiv), 
    DMF (cat.)
ii) TEA (3.0 equiv)

Me
H
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OMe
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DCM, 25 ℃, 24 h
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amine was fully dissolved. After the solution is prepared, it was added slowly to the crude 

acyl chloride obtained from rotary evaporation. The reaction was allowed to stir at ambient 

temperature overnight. After 16 hours, the reaction was quenched with 1N NaOH. The 

layers were separated, and the aqueous layer was extracted with EtOAc (3 x 150 mL). The 

combined organic layers were dried over Na2SO4 and concentrated via rotary evaporator 

to deliver Weinrab amide 219 as an orange-brown oil (11.6 g, 29.8 mmol, 94% yield) 

without need for further purification. The physical and spectral data were identical to those 

previously reported for this compound using the enantioselective model approach above. 

Note: CDI under reflux in DCM can be used instead of the conditions provided to deliver 

the amide product 219 in good yield. 

 

The hydrolysis of model Weinreb amide was performed as follows. The amide 220 (30.4 

mg, 0.06 mmol, 1.0 equiv) was dissolved in THF (0.25 mL) and DI H2O (0.25 mL). The 

reaction mixture was cooled to 0 ℃ and LiOH (7 mg, 0.3 mmol, 5.0 equiv) was added in 

one portion. The reaction was stirred at 0 ℃ for the allotted time (15 minutes), and then 

quenched with Sat’d NH4Cl. The layers were separated, and the aqueous layer was 

extracted with EtOAc (3 x 10 mL) to deliver hydrolyzed model products. Products were 

sufficiently pure for analysis via crude NMR, but not separated via column 

chromatography.  
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3-hydroxy-5-iodo-2-(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)phenyl acetate 

(221): Monophenol 221 was prepared from the procedure reported above. LiOH (7 mg, 0.3 

mmol, 5.0 equiv) was used and the reaction was stirred at 0 ℃ for 15 minutes. Product 221 

was obtained as a 9:1 mixture of mono:bis phenol products (22 mg, 0.048 mmol, 80% 

yield). 1H NMR (400 MHz, CDCl3) δ 10.71 (s, 1H), 7.20 (d, J = 1.7 Hz, 1H), 6.93 (d, J = 

1.8 Hz, 1H), 4.49 (t, J = 7.9 Hz, 1H), 3.74 (s, 3H), 3.25 (s, 3H), 2.32 (d, J = 1.3 Hz, 3H), 

2.10 – 2.00 (m, 1H), 1.90 – 1.80 (m, 1H), 1.25 – 1.10 (m, 8H), 0.93 – 0.81 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ 176.03, 168.74, 158.81, 149.18, 126.08, 123.06, 117.31, 92.07, 

61.98, 37.38, 32.41, 31.67, 30.42, 29.00, 27.79, 22.73, 20.90, 14.17. 

 

2-(2,6-dihydroxy-4-iodophenyl)-N-methoxy-N-methyloctanamide (222): Bisphenol 

222 can be prepared from the procedure reported above. LiOH (7 mg, 0.03 mmol, 5.0 

equiv) was used and the reaction was stirred at 25 ℃ for 15 minutes. Product 222 was 

obtained as a 4:1 mixture of bis:mono phenol products (21 mg, 0.05 mmol, 83% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.36 (dd, J = 1.3, 0.6 Hz, 1H), 7.29 (d, J = 1.3 Hz, 1H), 4.92 (t, 
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J = 7.9 Hz, 1H), 3.76 (s, 3H), 3.25 (s, 3H), 2.11 – 1.99 (m, 1H), 1.91 – 1.80 (m, 1H), 1.22 

– 1.13 (m, 8H), 0.94 – 0.80 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 175.65, 167.84, 

154.87, 147.04, 127.00, 119.57, 117.90, 91.85, 62.18, 43.32, 32.41, 31.75, 31.47, 30.55, 

29.07, 27.62, 25.43, 22.58, 20.84, 14.12. 

 

 

3-hexyl-6-iodo-2-oxo-2,3-dihydrobenzofuran-4-yl acetate (223): A solution of Weinreb 

amide 220 (30 mg, 0.06 mmol, 1.0 equiv) was dissolved in THF (1 mL) followed by 

addition of BF3•OEt2 (37 µL, 0.3 mmol, 5.0 equiv) at 25 ℃. The reaction was heated to 

reflux for 16 hours, then cooled to 25 ℃. Once cool, sat’d NH4Cl (2 mL) was added to the 

reaction mixture. The layers were separated, and the aqueous layer was extracted with 

EtOAc (3 x 5 mL). The combined organic layers were dried over Na2SO4 then concentrated 

via rotary evaporator. The crude oil was purified via column chromatography (35% EtOAc 

in hexanes) to deliver lactone product 223 (18.8 mg, 0.047 mmol, 78% yield); 1H NMR 

(400 MHz, CDCl3) δ 7.37 (dd, J = 1.3, 0.6 Hz, 1H), 7.29 (d, J = 1.3 Hz, 1H), 3.75 (dd, J = 

6.3, 4.4 Hz, 1H), 2.32 (s, 3H), 2.04 (ddt, J = 16.1, 14.1, 5.0 Hz, 1H), 1.93 – 1.81 (m, 1H), 

1.32 – 1.14 (m, 8H), 0.95 – 0.76 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 175.64, 167.83, 

154.89, 147.06, 127.00, 119.58, 117.91, 91.85, 43.33, 31.49, 29.86, 29.09, 25.45, 22.60, 

20.85, 14.13. 
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3-hexyl-4-hydroxy-6-iodobenzofuran-2(3H)-one (224): To a 1-dram vial was added 

lactone 223 (8 mg, 0.02 mmol, 1.0 equiv) dissolved in THF (1.0 mL) and cooled to 0 ℃. 

A solution of n-PrMgCl (1M in 2-Me-THF, 200 µL, 0.2 mmol, 10 equiv) was added in one 

portion to the reaction mixture followed. The reaction was allowed to warm to 25 ℃ and 

stirred 16 hours. After the stir period, the reaction was quenched with MeOH (1.0 mL) and 

stirred for 30 minutes at ambient temperature. Then, 1N NH4Cl (2.0 mL) was added. The 

layers were separated, and the aqueous layer was extracted with EtOAc (3 x 5 mL). The 

combined organic layers were dried over Na2SO4 and concentrated via rotary evaporator 

to afford a crude oil, which was purified via column chromatography (45% acteone in 

hexanes) to deliver phenol 2224 as a yellow oil (6.5 mg, 0.018 mmol, 90% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.08 (d, J = 1.3 Hz, 1H), 6.96 (d, J = 1.3 Hz, 1H), 5.48 (s, 1H), 4.12 

– 3.99 (m, 1H), 3.79 (t, J = 5.3 Hz, 1H), 2.12 – 2.01 (m, 4H), 1.33 – 1.19 (m, 16H), 0.94 – 

0.76 (m, 7H). 
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(3aR,8R,9S,15aR,20R,21S)-8,20-dimethyl-3,15-dioxo-

3,3a,4,5,6,7,8,9,15,15a,16,17,18,19,20,21-hexadecahydro-1,22:10,13-

di(metheno)cyclodocosa[1,2-c:12,13-c']difuran-9,12,21,24-tetrayl tetraacetate (225): 

Macrocycle 216 (2 mg, 2.2 µmol, 1.0 equiv) was dissolved in THF (1 mL). Freshly distilled 

BF3•OEt2 (5.4 µL, 0.044 mmol, 20 equiv) was added in one portion and the reaction 

mixture was heated to reflux. The resulting reaction mixture was stirred for 16 hours. After 

16 hours, the reaction was cooled to ambient temperature and quenched with sat’d NH4Cl 

(1 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3 x 5 

mL). The combined organic layers were dried over Na2SO4 and concentrated via rotary 

evaporator. The crude oil was purified via flash chromatography (45% EtOAc in hexanes) 

to yield macrocycle 225 (1.1 mg, 1.76 µmol, 80% yield) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 6.85 (d, J = 1.2 Hz, 2H), 6.71 (d, J = 1.2 Hz, 2H), 5.26 – 5.15 (m, 2H), 

3.77 (t, J = 4.4 Hz, 2H), 2.26 (s, 6H), 1.96 (overlap, 8H), 1.77 (dd, J = 16.3, 10.7 Hz, 2H), 

1.25 – 1.09 (m, 8H), 0.92 (d, J = 6.6 Hz, 6H), 0.86 – 0.73 (m, 6H). 

 

 

5-iodo-2-(1-(methoxy(methyl)amino)octan-2-yl)-1,3-phenylene diacetate (227): Model 

Weinreb amide 220 (18 mg, 0.036 mmol, 1.0 equiv) and Vaska’s catalyst (1.4 mg, 1.78 

µmol, 2 mol%) was dissolved in toluene (0.5 mL) followed by the addition of 1,1,3,3-
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tetramethyldisiloxane 226 (16 µL, 0.08 mmol, 2.0 equiv). The reaction was stirred at 25 

℃ for 1 hour. The reaction was quenched with sat’d NaHCO3 (1 mL). The layers were 

separated, and the aqueous layer was extracted with EtOAc (3 x 5 mL). The combined 

organic layers were dried over Na2SO4 and concentrated via rotary evaporator. The crude 

oil was purified via column chromatography (45% EtOAc in hexanes) to deliver amine 227 

as a pale-yellow oil (12.4 mg, 0.025 mmol, 70 % yield). 1H NMR (400 MHz, CDCl3) δ 

7.30 (s, 2H), 3.43 (s, 3H), 3.27 – 3.17 (m, 1H), 2.81 (q, J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.30 

(s, 6H), 1.31 – 1.17 (m, 4H), 1.15 – 1.06 (m, 4H), 0.85 (t, J = 6.9 Hz, 4H).  

 

2-(1-(hydroxy(methyl)amino)-1-oxooctan-2-yl)-1,3-phenylene diacetate (231): Model 

Weinreb amide 220 (10 mg, 0.02 mmol, 1.0 equiv) and triethylsilane (3.5 µL, 0.04 mmol, 

2.0 equiv) was dissolved in toluene (0.5 mL) followed by the addition of BF3•OEt2 (5 µL, 

0.04 mmol, 2.0 equiv). The reaction was stirred at 25 ℃ overnight. The reaction was 

quenched with sat’d NaHCO3 (2 mL). The layers were separated, and the aqueous layer 

was extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over 

Na2SO4 and concentrated via rotary evaporator. The crude oil 231 was sufficient for NMR 

analysis (6.8 mg, 0.0186 mmol, 92 % yield); 1H NMR (400 MHz, CDCl3) δ 7.41 (t, J = 8.3 

Hz, 1H), 7.07 (d, J = 8.3 Hz, 1H), 3.93 (t, J = 7.2 Hz, 0H), 3.13 (s, 2H), 2.39 (s, 3H), 2.26 

– 2.15 (m, 0H), 1.79 – 1.66 (m, 0H), 1.32 – 1.17 (m, 8H), 0.92 – 0.82 (m, 2H).  
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The general procedure for the Grignard addition into model Weinreb amide is as follows. 

5-(2,6-dihydroxyphenyl)undecan-4-one (235): To a 20 mL scintillation vial was added 

Weinreb amide (102 mg, 0.2 mmol, 1.0 equiv) in THF (10 mL), and the reaction mixture 

was cooled to 0 ℃. Then, a solution of Grignard reagent 223 (1.0 M in 2-Me-THF, 1 mL, 

1 mmol, 5.0 equiv) was slowly added to the reaction mixture and stir at 0 ℃ for 1 hour. 

After 1 hour, the reaction was allowed to warm to ambient temperature and stirred for 24 

hours. After the stir period, MeOH (1 mL) was added to the reaction mixture. The reaction 

mixture was then diluted with EtOAc (10 mL) and quenched with 1N HCl (4 mL). The 

layers were separated and the aqueous layer was extracted with EtOAc (3 x 15 mL). The 

organic layers were combined, dried over Na2SO4 and concentrated via rotary evaporator. 

The crude oil was purified via column chromatography (50% EtOAc in hexanes) to deliver 

resorcinol product 235 as a pale-yellow oil (31 mg, 0.11 mmol, 55% yield); 1H NMR (400 

MHz, CDCl3) δ 6.97 (t, J = 8.1 Hz, 1H), 6.41 (d, J = 8.1 Hz, 2H), 4.55 (dd, J = 8.4, 7.1 Hz, 

1H), 2.62 (ddd, J = 7.7, 6.7, 5.4 Hz, 2H), 1.99 (ddt, J = 13.5, 9.1, 6.8 Hz, 1H), 1.92 – 1.83 

(m, 1H), 1.67 – 1.57 (m, 2H), 1.47 – 1.18 (m, 8H), 1.00 – 0.74 (m, 6H); 13C NMR (101 

MHz, CDCl3) δ 218.20, 155.89, 128.67, 123.44, 110.84, 109.10, 107.63, 103.92, 72.98, 

47.19, 46.07, 44.28, 31.62, 29.36, 29.09, 27.79, 26.93, 22.58, 17.17, 16.83, 14.71, 14.06, 

13.56. (Can scale up to 1 mmol without dramatic reduction in yield) 
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The Grignard products 234 and 236 could also be based on equivalents of Grignard reagent 

223 used.  

 

5-(2,6-dihydroxy-4-iodophenyl)undecan-4-one (234): was observed when using 3.0 

equivalents of n-PrMgCl. The product 234 was obtained as a pale-yellow oil (16 mg, 0.04 

mmol, 20% yield) after purification via column chromatography (40% EtOAc in hexanes); 

1H NMR (400 MHz, CDCl3) δ 6.79 (s, 2H), 4.49 (dd, J = 8.6, 6.9 Hz, 1H), 2.59 (dtd, J = 

17.6, 7.2, 2.5 Hz, 3H), 1.67 – 1.54 (m, 4H), 1.34 – 1.18 (m, 8H), 0.98 – 0.82 (m, 6H); 13C 

NMR (101 MHz, CDCl3) δ 218.31, 156.34, 118.46, 110.95, 92.01, 60.51, 47.01, 46.15, 

44.25, 31.59, 29.72, 29.32, 29.05, 27.70, 22.58, 17.17, 16.81, 14.71, 14.05, 13.55. 

 

 

5-(2,6-dihydroxy-4-(2-hydroxypentan-2-yl)phenyl)undecan-4-one (236): was observed 

when using 5.0 equivalents of n-PrMgCl. The product 236 was obtained as a pale-yellow 

oil (25 mg, 0.07 mmol, 35% yield) after column chromatography (75% EtOAc in hexanes). 

This product was challenging to purify as the resorcinol 236 and was taken as an 
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approximately 65% pure mixture through the methylation phase. 1H NMR (400 MHz, 

CDCl3) δ 6.50 (d, J = 1.2 Hz, 2H), 4.52 (t, J = 7.7 Hz, 1H), 2.68 – 2.54 (m, 3H), 1.78 – 

1.69 (m, 1H), 1.67 – 1.56 (m, 2H), 1.48 (s, 3H), 1.28 – 1.13 (m, 12H), 0.99 – 0.76 (m, 9H). 

 

5-(2,6-dihydroxy-4-iodophenyl)undec-2-yn-4-one (281): was observed when using 

prop-1-yn-1-ylmagnesium bromide 282 (0.5M sol’n in THF, 6 mL, 3 mmol, 15 equiv). The 

product 281 was obtained as a pale-yellow oil (52 mg, 0.13 mmol, 65% yield) after column 

chromatography (55% EtOAc in hexanes). No protodeiodination observed. 1H NMR (400 

MHz, CDCl3) δ 6.80 (s, 2H), 4.51 (dd, J = 9.1, 6.2 Hz, 1H), 2.04 (s, 3H), 1.33 – 1.16 (m, 

8H), 0.97 – 0.76 (m, 3H). 

 

The general procedure for the hydrazone formation from the model ketone is as follows. 

(E)-N'-(5-(2,6-dimethoxyphenyl)undecan-4-ylidene)-4-

methylbenzenesulfonohydrazide (241):  To a 1 dram scintillation vial was added model 

ketone 239 (25 mg, 0.082 mmol, 1.0 equiv) and dissolved in MeOH (2.5 mL). P-TsOH 

(1.4 mg, 0.008 mmol, 0.1 equiv) was added to the reaction mixture followed by 4-

methylbenzenesulfonohydrazide 240 (33 mg, 0.18 mmol, 2.2 equiv). The reaction mixture 
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was heated to reflux and stirred overnight. After 16 hours, the reaction was cooled to 

ambient temperatures and quenched with Sat’d NaHCO3 (5 mL). The layers were 

separated, and the aqueous layer was extracted with EtOAc (3 x 15 mL). The organic layers 

were combined and dried over Na2SO4, then concentrated via rotary evaporator. The 

corresponding white solid 241 was obtained (26 mg, 0.055 mmol, 67% yield, 2:1 E:Z ratio) 

after column chromatography (35% EtOAc in hexanes) 1H NMR (400 MHz, CD3OD) δ 

7.93 – 7.77 (m, 1.4H), 7.38 – 7.33 (m, 1.4H), 7.30 – 7.23 (m, 1H), 7.19 – 7.13 (m, 0.6H), 

7.12 (t, J = 8.3 Hz, 0.6H), 6.63 (d, J = 8.4 Hz, 0.6H), 6.51 (d, J = 8.4 Hz, 1.4H), 4.04 (dd, 

J = 8.2, 5.8 Hz, 0.7H), 3.99 (dd, J = 10.0, 5.2 Hz, 0.3H), 3.75 (s, 1.8H), 3.51 (s, 4.2H), 2.43 

(s, 2.1H), 2.35 (s, 0.9H), 2.15 (ddd, J = 13.5, 9.8, 6.2 Hz, 0.7H), 2.11 – 1.99 (m, 0.7H), 

1.98 – 1.87 (m, 0.3H), 1.75 (ddt, J = 12.8, 9.7, 5.6 Hz, 0.3H), 1.68 – 1.45 (m, 3H), 1.41 – 

1.06 (m, 8H), 0.95 – 0.68 (m, 6H); 13C NMR (101 MHz, CD3OD) (2:1 mixture of isomers) 

δ 163.25, 162.30,* 158.79, 157.78,* 143.43, 143.33,* 136.37, 135.38,* 128.92, 128.75, 

128.11, 127.72, 127.07, 117.77, 114.68, 104.27, 103.78, 54.78, 54.49, 40.85, 36.25, 35.06, 

31.67, 31.46, 30.41, 29.30, 29.15, 28.78, 27.22, 26.94, 22.36, 22.20, 20.13, 20.05, 19.55, 

18.18, 13.14, 13.04, 12.99, 12.88.  

 
 
The general procedure for the methylation of the resorcinol in the model ketone is as 

follows. 
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5-(2,6-dimethoxyphenyl)undecan-4-one (239): To a 20 mL scintillation vial was added 

resorcinol product 235 (278 mg, 1 mmol, 1.0 equiv) and dissolved in THF (10 mL) and 

DMF (5 mL). Then, K2CO3 (2.07 g, 15 mmol, 15.0 equiv) was added in one portion 

followed by the addition of methyl iodide (0.96 mL, 15 mmol, 15.0 equiv). The reaction 

was stirred at ambient temperature for 24 hours. After the stir period, the reaction was 

quenched with 1N NH4Cl and stirred for 30 minutes at ambient temperature. The layers 

were separated, and the aqueous layer was extracted with EtOAc (3 x 25 mL). The 

combined organic layers were then washed with Sat’d Na2S2O3 until no precipitate was 

observed in the aqueous layer of the wash. Then, the organic layer was washed with 1N 

LiCl (2 x 25 mL) and then dried over Na2SO4. The organic layer was concentrated via 

rotary evaporator to afford a crude oil, which was purified via column chromatography 

(10% EtOAc in hexanes) to deliver methylated product 239 as a pale-yellow oil (265 mg, 

0.87 mmol, 87% yield); 1H NMR (400 MHz, CDCl3) δ 7.21 (t, J = 8.3 Hz, 1H), 6.56 (d, J 

= 8.3 Hz, 2H), 3.94 (dd, J = 8.9, 5.0 Hz, 1H), 3.78 (s, 6H), 2.21 – 2.06 (m, 3H), 1.69 – 1.55 

(m, 1H), 1.54 – 1.40 (m, 2H), 1.34 – 1.12 (m, 9H), 1.03 (tt, J = 10.4, 6.3 Hz, 1H), 0.95 – 

0.89 (m, 2H), 0.89 – 0.75 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 211.58, 158.37, 128.18, 

117.82, 104.04, 55.70, 48.19, 42.00, 31.98, 29.53, 28.44, 27.47, 22.83, 17.65, 14.26, 13.95. 

 

5-(4-iodo-2,6-dimethoxyphenyl)undecan-4-one (238): was prepared from the procedure 

disclosed above using model ketone 234 (25 mg, 0.06 mmol, 1.0 equiv). The bismethyl 

O

Me
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OMe
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ether product 238 was obtained as a pale-yellow oil (23.8 mg, 0.055 mmol, 89% yield) 

after column chromatography (10% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ 

6.88 (s, 2H), 3.89 – 3.84 (m, 1H), 3.76 (s, 3H), 2.11 (t, J = 7.3 Hz, 3H), 1.50 (qd, J = 7.6, 

3.6 Hz, 2H), 1.32 – 1.14 (m, 11H), 0.91 – 0.78 (m, 7H). 

 

(E)-5-(4-iodo-2,6-dimethoxyphenyl)undec-2-en-4-one (SI35): was prepared from the 

procedure disclosed above using model ketone 280. The bismethyl ether product SI35 was 

obtained as a pale-yellow oil (32 mg, 0.074 mmol, 64% yield) after column 

chromatography (10% EtOAc in hexanes). The NMR sample possessed impurities from 

alkylated plasticizer post column chromatography. 1H NMR (400 MHz, CDCl3) δ 6.87 (s, 

2H), 5.91 (dq, J = 15.5, 1.7 Hz, 1H), 5.75 – 5.67 (m, 1H), 4.01 (dd, J = 8.7, 5.1 Hz, 1H), 

3.75 (s, 6H), 2.14 (pd, J = 7.5, 3.4 Hz, 2H), 1.72 (dd, J = 6.9, 1.7 Hz, 3H), 1.31 – 1.17 (m, 

8H), 0.92 – 0.82 (m, 3H). 

 

5-(4-iodo-2,6-dimethoxyphenyl)undec-2-yn-4-one (283): was prepared from the 

procedure disclosed above using model ketone 281 (80 mg, 0.2 mmol, 1.0 equiv). The 

bismethyl ether product 283 was obtained as a pale-yellow oil (75.2 mg, 0.175 mmol, 87% 

I
O

Me

OMe

OMe

Me
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I
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yield) after column chromatography (10% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) 

δ 6.88 (s, 2H), 3.99 (dd, J = 9.1, 4.9 Hz, 1H), 3.77 (s, 6H), 2.21 – 2.09 (m, 1H), 1.85 (s, 

3H), 1.36 – 1.14 (m, 8H), 0.93 – 0.79 (m, 3H). 

 

5-(4-(2-hydroxypentan-2-yl)-2,6-dimethoxyphenyl)undecan-4-one (261): was prepared 

from the procedure disclosed above using model ketone 236 (35 mg, 0.1 mmol, 1.0 equiv). 

The bismethyl ether product 261 was obtained as a pale-yellow oil (27 mg, 0.07 mmol, 

70% yield) after column chromatography (30% EtOAc in hexanes); 1H NMR (400 MHz, 

CDCl3) δ 6.62 (s, 2H), 3.90 (dd, J = 8.7, 5.0 Hz, 1H), 3.78 (s, 6H), 2.13 (t, J = 7.3 Hz, 4H), 

1.90 – 1.72 (m, 4H), 1.60 – 1.47 (m, 3H), 1.37 – 1.13 (m, 8H), 1.03 (ddt, J = 12.3, 7.2, 3.5 

Hz, 2H), 0.95 – 0.77 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 211.62, 157.86, 148.81, 

148.78, 115.70, 100.73, 74.98, 55.55, 47.97, 46.59, 46.56, 41.87, 31.82, 29.93, 29.87, 

29.36, 28.34, 27.34, 22.67, 17.53, 17.32, 17.30, 14.43, 14.11, 13.81. 

 

2-(4-(2,6-dimethoxyphenyl)decan-3-yl)-1,3-dithiane (248): To a 1-dram vial was added 

model ketone 239 (30 mg, 0.1 mmol, 1.0 equiv) dissolved in dioxane (2 mL). BF3•OEt2 
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(24 µL, 0.2 mmol, 2.0 equiv) was added in one portion and the reaction mixture was heated 

to reflux overnight. After 16 hours, the reaction was quenched with DI H2O (2 mL) and 

diluted with EtOAc (5 mL) the layers were separated. The aqueous layer was extracted 

with EtOAc (3 x 10 mL). The organic phase was dried over Na2SO4 and concentrated via 

rotary evaporator and the crude solid was triturated with DCM (3 x 5 mL) and filtrate 

concentrated to deliver crude oil (37 mg, 9:1 ratio 248:239). Subjecting dithiane to column 

chromatography resulted in hydrolysis to the ketone starting material, so the triturated 

crude was carried through the next step with no purification. 1H NMR (500 MHz, CDCl3) 

δ 7.18 (t, J = 8.4 Hz, 1H), 6.54 (d, J = 8.9 Hz, 2H), 4.02 (dd, J = 11.8, 3.9 Hz, 1H), 3.77 (s, 

6H), 2.77 – 2.71 (m, 2H), 2.57 – 2.48 (m, 2H), 2.35 (dt, J = 13.7, 7.4 Hz, 2H), 1.75 (p, J = 

7.0 Hz, 2H), 1.30 – 1.17 (m, 6H), 0.90 – 0.81 (m, 8H). (tentative assignment) 

 

 

1,3-dimethoxy-2-(undecan-5-yl)benzene (245): To a 1 dram via was added dithiane 248 

(20 mg, 0.05 mmol, 1.0 equiv) dissolved in EtOH (1 mL). A slurry of Raney Ni (2 mL of 

suspension) was added to the reaction mixture and was stirred at ambient temperature for 

24 hours. After 24 hours, the reaction was cooled to 0 ℃ and 1N HCl was slowly added to 

quench the remaining Raney Ni. Once the gray suspension turns blue, the aqueous layer 

was extracted with EtOAc (3 x 5 mL) and the combined organic layer was dried over 

Na2SO4. The organic layer was then concentrated via rotary evaporator and purified via 

Me

OMe
Me

S
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column chromatography (5% EtOAc in hexanes) to deliver the desired alkane product 245 

(6 mg, 0.02 mmol, 40% yield) as a pale-yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.10 

(dd, J = 9.2, 7.3 Hz, 1H), 6.53 (dd, J = 8.2, 1.5 Hz, 2H), 3.78 (d, J = 1.4 Hz, 6H), 3.31 (ddq, 

J = 15.5, 9.7, 5.2 Hz, 1H), 1.80 (dtd, J = 13.2, 9.5, 5.3 Hz, 1H), 1.35 – 1.12 (m, 24H), 0.98 

– 0.74 (m, 9H). 

The alkane product was not separable from the hydrolyzed side product ketone 239 and 

was carried through the next step as a mixture of products (2:1).  

 

 

2-(undecan-5-yl)benzene-1,3-diol (249): To a 1 dram vial was added bismethyl ether 245 

(6 mg, 0.02 mmol, 1.0 equiv) in DCM (0.5 mL). The reaction mixture was cooled to –78 

℃. Then, BBr3 (19 µL, 0.2 mmol, 10 equiv) was slowly added to the reaction mixture and 

the resultant solution was stirred at –78 ℃ for 1 hour. After the 1 hour stir period, the 

reaction was allowed to slowly warm up to 25 ℃ and stirred overnight. Then, the reaction 

was quenched with sat’d NaHCO3 (2 mL) and the layers were separated. The aqueous layer 

was extracted with DCM (3 x 5 mL) and the combined organic layers were dried over 

Na2SO4. The organic layer was then concentrated via rotary evaporator and the crude oil 

was purified via column chromatography (25% EtOAc in hexanes) to deliver resorcinol 

249 as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 6.90 (t, J = 8.0 Hz, 1H), 6.33 (d, J = 7.9 

Hz, 2H), 3.11 (tt, J = 9.6, 5.8 Hz, 1H), 1.85 (ddt, J = 14.4, 9.4, 4.4 Hz, 2H), 1.76 – 1.58 (m, 

Me
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OMe

Me

245 249
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22H), 1.39 – 1.18 (m, 48H), 0.94 – 0.81 (m, 11H); (tentative assignment, extraordinarily 

messy from the decomposition of ketone 239 under BBr3 conditions). 

 

 

5-(2,6-dimethoxyphenyl)undecan-4-ol (250): To a 20 mL scintillation vial was added 

LAH (56 mg, 1.5 mmol, 10 equiv). The vial was cooled to 0 ℃ and suspended in THF (5 

mL). In a separate vial, bismethoxy model ketone 239 (45 mg, 0.15 mmol, 1.0 equiv) was 

dissolved in THF (5 mL) and the solution was added to the LAH suspension at 0 ℃. The 

reaction was allowed to warm to 25 ℃ and stirred for 4 hours. The reaction mixture was 

diluted with EtOAc (10 mL) and 3N NaOH (3 mL) was slowly added to quench the 

remaining LAH. The biphasic solution was stirred for 1 hour, the layers were separated 

and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers 

were dried over Na2SO4 and then concentrated via rotary evaporator to deliver the crude 

oil. The crude mixture was purified via column chromatography (25% EtOAc in hexanes) 

to deliver alcohol 250 (41 mg, 0.134 mmol, 89% yield, 1.5:1 dr) as a pale-yellow oil. The 

diastereomers can be separated at this stage.  

Major diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.09 (td, J = 8.3, 0.8 Hz, 1H), 6.51 (dd, 

J = 8.4, 4.7 Hz, 2H), 3.81 (ddd, J = 9.1, 5.9, 3.5 Hz, 1H), 3.75 (d, J = 3.8 Hz, 3H), 3.71 (s, 

4H), 3.45 (dt, J = 9.6, 5.9 Hz, 1H), 1.79 (dtd, J = 14.1, 9.3, 5.0 Hz, 1H), 1.67 – 1.56 (m, 

O
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1H), 1.42 (tdd, J = 10.8, 8.5, 6.2 Hz, 1H), 1.28 (dddd, J = 13.9, 6.7, 5.5, 3.8 Hz, 2H), 1.18 

– 1.06 (m, 21H), 0.98 (td, J = 9.4, 5.4 Hz, 1H), 0.86 – 0.72 (m, 9H). 

Minor diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.07 (t, J = 8.3 Hz, 1H), 6.58 – 6.43 

(m, 2H), 3.90 (ddd, J = 7.5, 5.8, 4.1 Hz, 1H), 3.72 (s, 7H), 3.31 (ddd, J = 10.7, 5.9, 4.2 Hz, 

1H), 1.89 – 1.62 (m, 8H), 1.44 – 1.32 (m, 1H), 1.32 – 1.07 (m, 18H), 1.05 – 0.88 (m, 1H), 

0.85 – 0.62 (m, 8H). 

 

2-(4-bromoundecan-5-yl)-1,3-dimethoxybenzene (252): To a 1-dram vial was added 

model alcohol 250 (9 mg, 0.03 mmol, 1.0 equiv) and PPh3 (16 mg, 0.06 mmol, 2.0 equiv) 

dissolved in DCM (1 mL). The reaction was cooled to 0 ℃. Once cooled, CBr4 (20 mg, 

0.06 mmol, 2.0 equiv) was added in one portion and the reaction mixture was allowed to 

warm to 25 ℃ overnight. After 16 hours, the reaction was quenched with Sat’d NaHCO3 

(5 mL) and the layers were separated. The aqueous layer was extracted with DCM (3 x 5 

mL) and the combined organic layer was washed with sat’d Na2S2O3 (10 mL). The 

combined organic layer was dried over Na2SO4 and concentrated via rotary evaporator. 

The crude oil was purified via column chromatography (10% EtOAc in hexanes) to deliver 

alkyl bromide 252 as a pale-yellow oil (8.5 mg, 0.22 mmol, 77% yield). Similar yield of 

alkyl bromide was obtained using both alcohol diastereomers.  

From major diastereomer 250: 1H NMR (400 MHz, CDCl3) δ 7.22 – 7.08 (m, 1H), 6.55 (d, 

J = 8.3 Hz, 2H), 4.81 (ddt, J = 10.2, 9.3, 2.5 Hz, 1H), 3.81 (dd, J = 2.2, 0.9 Hz, 6H), 3.80 
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– 3.69 (m, 3H), 2.04 (dddt, J = 20.4, 14.9, 8.3, 2.6 Hz, 1H), 1.93 – 1.78 (m, 2H), 1.76 – 

1.42 (m, 6H), 1.23 – 1.00 (m, 2H), 0.97 (t, J = 7.3 Hz, 1H), 0.93 – 0.77 (m, 5H). 

From minor diastereomer 250: 1H NMR (400 MHz, CDCl3) δ 7.15 (td, J = 8.3, 1.3 Hz, 

1H), 6.52 (q, J = 8.1 Hz, 2H), 4.76 (ddd, J = 10.6, 6.3, 1.8 Hz, 1H), 3.80 – 3.76 (m, 8H), 

3.70 (ddd, J = 14.3, 7.2, 3.4 Hz, 1H), 2.15 – 2.01 (m, 1H), 1.91 – 1.78 (m, 1H), 1.53 – 1.39 

(m, 2H), 1.33 – 0.94 (m, 8H), 0.92 – 0.72 (m, 9H). 

 

1,3-dimethoxy-2-(undecan-5-yl)benzene (245): To a 1-dram vial was added model alkyl 

bromide 252 (8 mg, 0.022 mmol, 1.0 equiv) dissolved in Et2O (0.5 mL). The reaction 

mixture was cooled to –78 ℃ and t-BuLi (1.7M in pentane, 2.6 µL, 0.044 mmol, 2.0 equiv) 

was added slowly. The reaction was warmed to 0 ℃ slowly and then quenched with MeOH 

(0.5 mL) to quench to reaction. Sat’d NH4Cl (2 mL) was added and the layers were 

separated. The aqueous layer was extracted with EtOAc (3 x 5 mL) and the combined 

organic layers were dried over Na2SO4 and concentrated via rotary evaporator. The crude 

oil purified via column chromatography (5 % EtOAc in hexanes) to deliver desired alkane 

product 245 (5.2 mg, 0.0176 mmol, 76% yield). 1H NMR (400 MHz, CDCl3) δ 7.10 (dd, J 

= 9.2, 7.3 Hz, 1H), 6.53 (dd, J = 8.2, 1.5 Hz, 2H), 3.78 (d, J = 1.4 Hz, 6H), 3.31 (ddq, J = 

15.5, 9.7, 5.2 Hz, 1H), 1.80 (dtd, J = 13.2, 9.5, 5.3 Hz, 1H), 1.35 – 1.12 (m, 24H), 0.98 – 

0.74 (m, 9H). 

Note: A similar yield was obtained using either bromide diastereomer. 
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(E)-1,3-dimethoxy-2-(undec-3-en-5-yl)benzene (253): Note: an inseparable elimination 

product 253 was obtained (1.3 mg, 0.0044 mmol, 19% yield) and carried through the next 

reaction as a 4:1 mixture of 245:253 product. The ratio of alkane:alkene was identical for 

both alkyl bromide 252 diastereomers. 1H NMR (400 MHz, CDCl3) δ 7.16 (t, J = 8.3 Hz, 

1H), 6.58 – 6.53 (m, 2H), 5.93 – 5.81 (m, 1H), 5.52 – 5.37 (m, 1H), 4.00 – 3.89 (m, 6H), 

2.02 – 1.93 (m, 3H), 1.87 – 1.68 (m, 2H), 1.28 – 1.16 (m, 8H), 0.90 – 0.81 (m, 3H). 

 

 

1,3-dimethoxy-2-(undecan-5-yl)benzene (245): To a 1-dram vial was added mixture of 

245:253 (4:1, 6.5 mg, 1.0 equiv) and dissolved in ethanol. A slurry of Raney Ni (1 mL of 

suspension) was added to the reaction mixture and was stirred at ambient temperature for 

24 hours. After 24 hours, the reaction was cooled to 0 ℃ and 1N HCl was slowly added to 

quench the remaining Raney Ni. Once the gray suspension is turned blue, the aqueous layer 

was extracted with EtOAc (3 x 5 mL) and the combined organic layer was dried over 
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Na2SO4. The organic layer was then concentrated via rotary evaporator and purified via 

column chromatography (5% EtOAc in hexanes) to deliver the desired alkane product 245 

(6.5 mg, 0.022 mmol, 99% yield) as a pale-yellow oil. 

 

1,1'-((2S,7S,8R,10S,15S,16R)-8,16-dihydroxy-12,16,93,95-tetramethoxy-7,15-dimethyl-

1,9(1,4)-dibenzenacyclohexadecaphane-2,10-diyl)bis(butan-1-one) (255): To a 1-dram 

vial was added tetraphenol macrocycle 254 (18 mg, 0.03 mmol, 1.0 equiv) dissolved in 

THF (2 mL) and DMF (2 mL). K2CO3 (600 mg, 4.4 mmol, 150 equiv) was added in one 

portion to the reaction mixture followed by MeI (282 µL, 4.4 mmol, 150 equiv). The 

reaction was stirred at ambient temperature for 36 hours. After the stir period, the reaction 

was quenched with 1N NH4Cl and stirred for 30 minutes at ambient temperature. The layers 

were separated, and the aqueous layer was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were then washed with sat’d Na2S2O3 until no precipitate was 

observed in the aqueous layer of the wash. Then, the organic layer was washed with 1N 

LiCl (2 x 10 mL) and then dried over Na2SO4. The organic layer was concentrated via 

rotary evaporator to afford a crude oil, which was purified via column chromatography 

(35% acteone in hexanes) to deliver tetramethylated macrocycle product 255 as an 

amorphous white solid (18 mg, 0.0285 mmol, 95% yield). 1H NMR (500 MHz, CDCl3) δ 

6.59 (s, 2H), 6.37 (s, 2H), 4.09 (d, J = 9.7 Hz, 2H), 3.93 – 3.85 (m, 4H), 3.83 (s, 6H), 3.71 

HO
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(s, 6H), 2.14 (t, J = 7.3 Hz, 4H), 1.31 (s, 10H), 1.17 (d, J = 6.4 Hz, 8H), 0.84 (t, J = 7.4 Hz, 

8H).  

 

1,1'-((2S,7S,8R,10S,15S,16R)-12,16,93,95-tetramethoxy-7,15-dimethyl-8,16-

bis((triethylsilyl)oxy)-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-diyl)bis(butan-1-

one) (256): To a 1-dram vial was added tetramethylated macrocycle 255 (3.5 mg, 5 µmol, 

1.0 equiv) dissolved in DCM (0.5 mL) and cooled to 0 ℃. 2,6-lutidine (7 µL, 0.6 mmol, 

12.0 equiv) was added to the reaction mixture followed by TESOTf (5 µL, 0.025 mmol, 

4.0 equiv). The reaction was stirred at 0 ℃ for 1.5 hours, then quenched with sat’d NaHCO3 

(2 mL). The layers were separated, and the aqueous layer was extracted with DCM (3 x 5 

mL). The combined organic layers were dried over Na2SO4 and concentrated via rotary 

evaporator to deliver the crude oil, which was purified via column chromatography (15% 

acetone in hexanes) to deliver bis silyl ether macrocycle 256 as a white amorphous solid 

(2.5 mg, 2.85 µmol, 57% yield). 1H NMR (500 MHz, CDCl3) δ 6.61 – 6.46 (m, 1H), 6.26 

(d, J = 8.0 Hz, 1H), 3.91 (d, J = 9.5 Hz, 1H), 3.87 – 3.82 (m, 1H), 3.78 (s, 2H), 3.73 – 3.62 

(m, 4H), 2.10 – 2.01 (m, 2H), 1.27 (s, 15H), 1.07 (q, J = 8.8 Hz, 3H), 1.00 – 0.72 (m, 15H), 

0.61 (t, J = 7.9 Hz, 1H), 0.48 (dp, J = 14.8, 7.3 Hz, 6H). 
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(1S,1'S)-1,1'-((2S,7S,8R,10S,15S,16R)-12,16,93,95-tetramethoxy-7,15-dimethyl-8,16-

bis((triethylsilyl)oxy)-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-diyl)bis(butan-1-

ol) (257): To a 1-dram vial was added LAH (8.2 mg, 0.21 mmol, 75 equiv), which was 

carefully suspended in THF (0.25 mL) at 0 ℃. In a separate vial, bis silyl ether macrocycle 

256 (2.5 mg, 2.85 µmol, 1.0 equiv) was dissolved in THF (0.25 mL) and added to the LAH 

suspension at 0 ℃. The reaction was allowed to warm to 25 ℃ and stirred overnight. After 

16 hours, the reaction was diluted with EtOAc (2 mL) and quenched with 30% NaOH (0.5 

mL) and stirred for 30 minutes. The layers were separated, and the aqueous layer was 

extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over Na2SO4 

and concentrated via rotary evaporator. The crude solid was purified via column 

chromatography (35% acetone in hexanes) to deliver macrocycle diol 257 as a white solid 

(1.6 mg, 1.8 µmol, 63% yield). 1H NMR (500 MHz, CDCl3) δ 6.61 (s, 2H), 6.25 (s, 2H), 

3.93 – 3.85 (m, 2H), 3.80 (s, 6H), 3.77 – 3.70 (m, 6H), 3.66 (s, 4H), 1.05 (d, J = 7.1 Hz, 

6H), 0.94 – 0.76 (m, xxH), 0.61 (t, J = 8.0 Hz, 8H), 0.47 (dq, J = 14.7, 7.8 Hz, xxH). Grease 

impurities and mixture of diastereomers make analysis challenging at this stage.  
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5-(2,6-dimethoxy-4-(2-((triethylsilyl)oxy)pentan-2-yl)phenyl)undecan-4-one (261): 

To a 20 mL vial was added benzylic tertiary alcohol 260 (22 mg, 0.075 mmol, 1.0 equiv) 

dissolved in DCM (5 mL) and cooled to 0 ℃. 2,6-lutidine (105 µL, 0.9 mmol, 12.0 equiv) 

was added to the reaction mixture followed by TESOTf (85 µL, 0.375 mmol, 5.0 equiv). 

The reaction was stirred at 0 ℃ for 1.5 hours, then quenched with sat’d NaHCO3 (5 mL). 

The layers were separated, and the aqueous layer was extracted with DCM (3 x 5 mL). The 

combined organic layers were dried over Na2SO4 and concentrated via rotary evaporator 

to deliver the crude oil, which was purified via column chromatography (20% acetone in 

hexanes) to deliver silyl ether 261 as a yellow oil (23 mg, 0.045 mmol, 60% yield). 1H 

NMR (400 MHz, CDCl3) δ 6.58 (t, J = 5.9 Hz, 1H), 3.90 (dt, J = 9.4, 5.0 Hz, 1H), 3.81 – 

3.73 (m, 3H), 2.48 (d, J = 8.0 Hz, 0H), 2.18 – 2.09 (m, 2H), 1.58 (d, J = 2.0 Hz, 5H), 1.54 

– 1.46 (m, 2H), 1.33 – 1.16 (m, 11H), 1.01 – 0.90 (m, 6H), 0.82 (dtd, J = 13.7, 6.2, 2.0 Hz, 

6H), 0.64 – 0.55 (m, 3H). Some potential styrene formation observed from TESOTf that 

could not be separated. 5.31 (d, J = 1.5 Hz, 0H), 5.07 (d, J = 1.6 Hz, 0H) as diagnostic 

peaks. 

MeO OMe
O

MeMe

HO
Me

Me

260

DCM, 0 ℃, 1.5 h
MeO OMe

O

MeMe
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Me

Me

261

TESOTf
(5.0 equiv)
2,6-lutidine
(12.0 equiv)
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5-(2,6-dimethoxy-4-(2-((triethylsilyl)oxy)pentan-2-yl)phenyl)undecan-4-ol (262): To a 

1-dram vial was added LAH (11.5 mg, 0.3 mmol, 10 equiv), which was carefully suspended 

in THF (2 mL) at 0 ℃. In a separate vial, silyl ether 261 (15 mg, 0.03 mmol, 1.0 equiv) 

was dissolved in THF (1 mL) and added to the LAH suspension at 0 ℃. The reaction was 

allowed to warm to 25 ℃ and stirred overnight. After 16 hours, the reaction was diluted 

with EtOAc (5 mL) and quenched with 30% NaOH (1 mL) and stirred for 30 minutes. The 

layers were separated, and the aqueous layer was extracted with EtOAc (3 x 5 mL). The 

combined organic layers were dried over Na2SO4 and concentrated via rotary evaporator. 

The crude oil was purified via column chromatography (35% acetone in hexanes) to deliver 

alcohol 262 as a pale-yellow oil (11.5 mg, 0.023 mmol, 76% yield, 1.5:1 dr). 1H NMR (400 

MHz, CDCl3) δ 6.65 – 6.55 (m, 1H), 4.01 (d, J = 46.5 Hz, 0H), 3.83 – 3.74 (m, 3H), 3.67 

– 3.59 (m, 0H), 3.55 – 3.30 (m, 0H), 2.52 – 2.42 (m, 0H), 1.94 – 1.80 (m, 0H), 1.78 – 1.61 

(m, 0H), 1.58 (s, 1H), 1.40 – 1.12 (m, 7H), 1.00 – 0.92 (m, 3H), 0.91 – 0.80 (m, 2H), 0.65 

– 0.54 (m, 2H). Mixture of diastereomers was taken to the next step. 

 

MeO OMe
O

MeMe

TESO
Me

Me

261

MeO OMe
OH

MeMe

MeTESO

262
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(10.0 equiv)
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(E)-2-(4-bromoundecan-5-yl)-1,3-dimethoxy-5-(pent-2-en-2-yl)benzene (263): To a 1-

dram vial was added model alcohol 262 (8 mg, 0.015 mmol, 1.0 equiv) and PPh3 (14.4 mg, 

0.053 mmol, 3.5 equiv) dissolved in DCM (1 mL). The reaction was cooled to 0 ℃. Once 

cooled, CBr4 (17.4 mg, 0.0525 mmol, 3.5 equiv) was added in one portion and the reaction 

mixture was allowed to warm to 25 ℃ overnight. After 16 hours, the reaction was quenched 

with sat’d NaHCO3 (2 mL) and the layers were separated. The aqueous layer was extracted 

with DCM (3 x 5 mL) and the combined organic layer was washed with sat’d Na2S2O3 (10 

mL). The combined organic layer was dried over Na2SO4 and concentrated via rotary 

evaporator. The crude oil was purified via column chromatography (10% EtOAc in 

hexanes) to deliver alkyl bromide 263 as a pale-yellow oil (2.8 mg, 0.0063 mmol, 42% 

yield). 1H NMR (400 MHz, CDCl3) δ 6.47 (d, J = 21.5 Hz, 1H), 5.83 – 5.70 (m, 0H), 4.78 

– 4.62 (m, 0H), 4.57 – 4.47 (m, 0H), 3.78 – 3.73 (m, 2H), 3.72 (d, J = 2.9 Hz, 1H), 3.65 – 

3.42 (m, 0H), 2.15 (td, J = 7.5, 3.0 Hz, 1H), 2.02 – 1.88 (m, 2H), 1.83 – 1.71 (m, 0H), 1.69 

– 1.50 (m, 0H), 1.31 – 1.06 (m, 4H), 1.00 (tdd, J = 7.4, 3.7, 1.3 Hz, 2H), 0.91 – 0.67 (m, 

3H). (1.5:1 mixture of alkyl bromide diastereomers). 

PPh3 (3.5 equiv)
CBr4 (3.5 equiv)
DCM, 0 to 25 ℃

MeO OMe
OH

MeMe

MeTESO

262

Me

MeO OMe
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(E)-5-(2,6-dimethoxy-4-(pent-2-en-2-yl)phenyl)undecan-4-ol (264): Was obtained as 

the major side product from the reaction described above. 1H NMR (400 MHz, CDCl3) δ 

6.55 – 6.47 (m, 1H), 5.83 – 5.64 (m, 2H), 3.85 – 3.78 (m, 0H), 3.76 – 3.71 (m, 19H), 3.60 

(d, J = 10.7 Hz, 0H), 3.47 – 3.37 (m, 1H), 2.18 – 2.05 (m, 3H), 1.98 – 1.94 (m, 2H), 1.94 

– 1.88 (m, 1H), 1.30 – 1.08 (m, 49H), 0.99 (dtd, J = 8.7, 7.5, 4.4 Hz, 3H), 0.90 – 0.67 (m, 

8H). (mixture of alcohol diastereomers) 

 

5-(4-(2-hydroxypentan-2-yl)-2,6-dimethoxyphenyl)undecan-4-ol (265): To a 20 mL 

vial was added LAH (30 mg, 0.8 mmol, 4.0 equiv), which was carefully suspended in THF 

(2.5 mL) at 0 ℃. In a separate vial, tertiary benzylic alcohol 261 (80 mg, 0.2 mmol, 1.0 

equiv) was dissolved in THF (2.5 mL) and added to the LAH suspension at 0 ℃. The 

reaction was allowed to warm to 25 ℃ and stirred overnight. After 16 hours, the reaction 

was diluted with EtOAc (10 mL) and quenched with 30% NaOH (3 mL) and stirred for 30 

minutes. The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 

5 mL). The combined organic layers were dried over Na2SO4 and concentrated via rotary 

MeO OMe

MeMe

MeMe

264

OH

MeO OMe
O

MeMe

HO
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evaporator. The crude oil was purified via column chromatography (45% EtOAc in 

hexanes) to deliver diol 265 as a pale-yellow oil (73 mg, 0.182 mmol, 91% yield, 1.5:1 dr). 

The diastereomers can be separated via column chromatography at this stage. 

Major diastereomer: 1H NMR (500 MHz, CDCl3) δ 6.63 (d, J = 2.5 Hz, 1H), 3.90 – 3.85 

(m, 1H), 3.83 (s, 1H), 3.80 (d, J = 3.9 Hz, 2H), 3.47 (dt, J = 9.5, 5.9 Hz, 1H), 3.09 (d, J = 

5.7 Hz, 0H), 1.91 – 1.80 (m, 1H), 1.80 – 1.65 (m, 1H), 1.54 – 1.46 (m, 0H), 1.42 – 1.29 

(m, 1H), 1.29 – 1.14 (m, 5H), 0.95 – 0.82 (m, 5H). 

Minor diastereomer: 1H NMR (500 MHz, CDCl3) δ 6.61 (s, 1H), 3.94 (dt, J = 8.2, 4.6 Hz, 

1H), 3.80 (q, J = 4.2 Hz, 4H), 3.41 – 3.32 (m, 0H), 1.90 (dddd, J = 12.9, 11.0, 9.6, 5.0 Hz, 

0H), 1.76 (ddt, J = 13.6, 9.5, 4.9 Hz, 2H), 1.72 – 1.62 (m, 0H), 1.47 (dt, J = 7.0, 2.0 Hz, 

0H), 1.41 – 1.16 (m, 4H), 0.93 – 0.79 (m, 4H). 

 

(E)-2-(4-bromoundecan-5-yl)-1,3-dimethoxy-5-(pent-2-en-2-yl)benzene (263): To a 1-

dram vial was added model diol 265 (8 mg, 0.0152 mmol, 1.0 equiv) and PPh3 (13.7 mg, 

0.0525 mmol, 3.5 equiv) dissolved in DCM (1 mL). The reaction was cooled to 0 ℃. Once 

cooled, CBr4 (17.4 mg, 0.0525 mmol, 3.5 equiv) was added in one portion and the reaction 

mixture was allowed to warm to 25 ℃ overnight. After 16 hours, the reaction was quenched 

with sat’d NaHCO3 (2 mL) and the layers were separated. The aqueous layer was extracted 

with DCM (3 x 5 mL) and the combined organic layer was washed with sat’d Na2S2O3 (10 

MeO OMe
OH

MeMe

HO
Me

Me

265

PPh3 (3.5 equiv) 
CBr4 (3.5 equiv)
DCM, 0 to 25 ℃

MeO OMe
Br

MeMe
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mL). The combined organic layer was dried over Na2SO4 and concentrated via rotary 

evaporator. The crude oil was purified via column chromatography (10% EtOAc in 

hexanes) to deliver alkyl bromide 264 as a pale-yellow oil (5 mg, 0.0114 mmol, 75% yield).  

From minor diastereomer of alcohol: 1H NMR (500 MHz, CDCl3) δ 6.64 – 6.55 (m, 1H), 

5.86 (qd, J = 7.0, 1.4 Hz, 0H), 4.71 – 4.58 (m, 1H), 3.83 (t, J = 8.6 Hz, 3H), 3.57 (qd, J = 

10.7, 3.6 Hz, 0H), 2.27 (p, J = 7.5 Hz, 1H), 2.16 – 1.99 (m, 2H), 1.95 – 1.80 (m, 1H), 1.58 

– 1.41 (m, 1H), 1.35 – 1.18 (m, 1H), 1.12 (td, J = 7.5, 1.8 Hz, 1H), 1.06 – 0.98 (m, 0H), 

0.94 – 0.75 (m, 3H). 

 

 

1,3-dimethoxy-5-(pentan-2-yl)-2-(undecan-5-yl)benzene (267): To a 1-dram vial was 

added alkyl bromide 264 (5 mg, 0.0114 mmol, 1.0 equiv) dissolved in ethanol (1 mL). A 

slurry of Raney Ni (1 mL of suspension) was added to the reaction mixture and was stirred 

at ambient temperature for 24 hours. After 24 hours, the reaction was cooled to 0 ℃ and 

1N HCl was slowly added to quench the remaining Raney Ni. Once the gray suspension is 

turned blue, the aqueous layer was extracted with EtOAc (3 x 5 mL) and the combined 

organic layer was dried over Na2SO4. The organic layer was then concentrated via rotary 

evaporator and purified via column chromatography (5% EtOAc in hexanes) to deliver the 

desired alkane product 267 (3.4 mg, 0.0114 mmol, 99% yield) as a pale-yellow oil; 1H 

Raney Ni
EtOH:H2O

MeO OMe

MeMe

MeMe

267

MeO OMe
Br

MeMe

MeMe
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NMR (400 MHz, CDCl3) δ 6.34 (s, 1H), 3.76 (s, 3H), 3.22 (dtt, J = 11.8, 9.1, 6.0 Hz, 1H), 

2.68 – 2.54 (m, 1H), 1.76 (dddd, J = 14.9, 9.4, 5.3, 2.5 Hz, 1H), 1.59 – 1.46 (m, 3H), 1.35 

– 1.01 (m, 15H), 0.94 – 0.78 (m, 6H). 

 

O-(5-(2,6-dimethoxyphenyl)undecan-4-yl) O-phenyl carbonothioate (272): Alcohol 

250 (33 mg, 0.107 mmol, 1.0 equiv), O-phenyl carbonochloridothioate (18.5 mg, 0.107 

mmol, 1.0 equiv) and pyridine (34 µL, 0.13 mmol, 1.2 equiv) were dissolved in DCM (0.5 

mL). The reaction was stirred at 25 ℃ for 16 hours, diluted with DCM (5 mL) and washed 

with H2O (2 x 5 mL) followed by 1M HCl (5 mL). The organic layer was then washed with 

NaHCO3 (10 mL) and H2O (10 mL). The combined organic layer was dried over Na2SO4 

and concentrated via rotary evaporator. The crude oil was purified via column 

chromatography (5% EtOAc in hexanes) to deliver thioformate 272 (33.5 mg, 0.076 mmol,  

72% yield); 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.33 (m, 2H), 7.29 – 7.20 (m, 2H), 7.17 

– 7.03 (m, 2H), 6.65 – 6.58 (m, 2H), 6.45 (td, J = 10.8, 7.0 Hz, 2H), 6.13 – 6.05 (m, 0.6H), 

5.93 (ddd, J = 9.8, 8.3, 3.1 Hz, 0.4H), 3.75 – 3.60 (m, 2H), 1.99 – 1.80 (m, 1H), 1.74 – 1.53 

(m, 1H), 1.45 – 1.34 (m, 1H), 1.27 – 1.06 (m, 2H), 1.05 – 0.97 (m, 1H), 0.91 (t, J = 7.3 Hz, 

2H), 0.81 – 0.69 (m, 3H) (mixture of 1.5:1 dr from alcohol 250); 13C NMR (101 MHz, 

CDCl3) δ 194.85, 194.67, 159.52, 153.58, 153.34, 129.68, 129.42, 129.16, 127.56, 126.85, 

126.29, 125.96, 122.19, 121.88, 121.84, 104.10, 88.75, 87.55, 39.58, 39.19, 34.95, 34.81, 

MeO OMe
Me

OH

Me

pyridine (1.2 equiv)
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Cl OPh
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(1.0 equiv)271
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31.85, 31.73, 29.73, 29.39, 29.29, 28.67, 27.66, 27.62, 22.69, 22.66, 18.27, 17.89, 14.36, 

14.18, 14.14, 14.09; (mixture of 1.5:1 dr from alcohol 250). 

 

1,3-dimethoxy-2-(undecan-5-yl)benzene (245): Dissolve thiocarbonate 272 (34 mg, 

0.076 mmol, 1.0 equiv) in benzene (8.7 mL). Heat to reflux. Meanwhile, dissolve AIBN 

(2.5 mg, 0.0152 mmol, 0.2 equiv) and Bu3SnH (29 mg, 0.1 mmol, 1.3 equiv) in benzene 

(1.3 mL) and add to refluxing reaction mixture dropwise over 30 minutes. Reflux for 3 

hours, then cool to 25 ℃ and add KF. Stir for an additional 3 hours at 25 ℃, then filter the 

reaction mixture. Evaporate the volatiles via rotary evaporator and add to silica plug (5% 

EtOAc in hexanes) to afford the alkane 245 (17 mg, 0.06 mmol, 76% yield) yield is 

approximated due to the coelution of tin byproducts. The spectra of alkane 245 matches 

the data reported from the earlier sequences.  

 

 

2-(undeca-2,3-dien-5-yl)benzene-1,3-diol (286): To a stirred solution of aluminum 

chloride (6.1 mg, 0.036 mmol, 1.3 equiv) in THF (0.5 mL) at 0 ℃ was added lithium 

aluminum hydride (1.0M in THF, 0.11 mL, 0.11 mmol, 4.0 equiv). After 15 minutes ynone 
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281 (11.2 mg, 0.028 mmol, 1.0 equiv) in THF (0.2 mL) was added and the reaction was 

allowed to warm to ambient temperature before being heated to reflux for 16 h and then 

allowed to cool to ambient temperature. To the mixture was added EtOAc (1 mL), water 

(1 mL), and sat. aq. Rochelle’s salt (1 mL). The mixture was allowed to stir for 2 h and the 

phases separated. The aqueous phase was extracted with EtOAc (3 × 4 mL) and the 

combined organics were dried over Na2SO4, filtered, and concentrated in vacuo. The crude 

residue analyzed directly via 1H-NMR and observed as a mixture of allene:allylic alcohol 

(286:287) (55% yield, 3:1 H:I ratio, 2:1 allene dr for 286, 25% yield, 3:1 H:I dr for 287) 

 

 

 

N-methoxy-N-methyl-2-(4-(2-methylprop-1-en-1-yl)phenyl)octanamide (290): 

Dissolve Weinreb amide 219 (100 mg, 0.26 mmol, 1.0 equiv) in THF (2.5 mL). Pd(PPh3)4 

(4.0 mg, 0.0052 mmol, 2 mol%) was added followed by borane 289 (70 mg, 0.39 mmol, 

1.5 equiv) and diol (40 mg, 0.39 mmol, 1.5 equiv). The reaction mixture was sparged with 

N2 for 15 minutes, followed by the addition of K3PO4 (106 mg, 0.78 mmol, 3.0 equiv). The 
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reaction was heated to 60 ℃ for 2 hours, the cooled to 25 ℃. The reaction mixture was 

diluted with Et2O (10 mL) and quenched with 1N NH4Cl (10 mL). The layers were 

separated and the aqueous layer was extracted with Et2O (2 x 25 mL). The combined 

organic layers were dried over Na2SO4, concentrated via rotary evaporator and the crude 

oil was purified via column chromatography (10% EtOAc in hexanes) to afford styrene 

290 as a yellow oil. (72 mg, 0.226, 87% yield); 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.26 

(m, 2H), 7.18 (d, J = 8.0 Hz, 2H), 6.24 (t, J = 1.8 Hz, 1H), 3.99 (s, 1H), 3.51 (s, 3H), 3.18 

(d, J = 1.0 Hz, 3H), 2.15 – 2.01 (m, 1H), 1.91 (d, J = 1.5 Hz, 3H), 1.87 (d, J = 1.4 Hz, 3H), 

1.79 – 1.67 (m, 1H), 1.38 – 1.16 (m, 8H), 0.93 – 0.81 (m, 3H); 13C NMR (101 MHz, CDCl3) 

δ 137.85, 137.19, 135.30, 128.82, 127.81, 124.80, 61.29, 47.24, 34.12, 32.28, 31.71, 29.23, 

27.76, 26.95, 22.63, 19.47, 14.09. Note: The reaction can be performed on a 3 gram scale 

with no significant change in yield.  

 

2-(4-(1-hydroxy-2-methylpropyl)phenyl)-N-methoxy-N-methyloctanamide (291): n-

BuMgCl (2 M in THF, 13.2 mL, 26.4 mmol, 1.2 equiv) was cooled to 0 ℃ and diluted with 

THF (30 mL) Add n-BuLi (2.5 M in hexanes, 21.2 mL, 52.8 mmol, 2.4 equiv) to THF (45 

mL) and slowly added to the Grignard solution at –78 ℃. Stir for 10 minutes at –78 ℃. 

Meanwhile, the Weinreb amide 219 (8.6 g, 22 mmol, 1.0 equiv) was dissolved in THF (45 

mL). After the stir period, the solution of Weinreb amide 219 was added to the magnesate 
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reaction mixture. The resulting mixture was stirred at –78 ℃ for 30 minutes. After the stir 

period, the aldehyde 294 (10 mL, 110 mmol, 5.0 equiv) was added to the reaction mixture 

and stirred at –78 ℃ for 1 hour. The reaction mixture was warmed to 25 ℃ and add NH4Cl. 

The layers were separated and the aqueous layer was extracted with EtOAc (3 x 150 mL). 

The organic layers were combined, dried over Na2SO4 and concentrate via rotary 

evaporator. The crude oil was purified via column chromatography (75% EtOAc in 

hexanes) to afford benzylic alcohol 291 (4.0 g, 12.1 mmol, 55% yield). The remaining 

yield of product coeluted with unreacted amide 219. 1H NMR (400 MHz, CDCl3) δ 7.31 

(d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 4.34 (d, J = 6.9 Hz, 1H), 4.00 (s, 1H), 3.50 

(s, 3H), 3.16 (s, 3H), 2.12 – 2.00 (m, 1H), 1.95 (dq, J = 13.5, 7.0 Hz, 2H), 1.78 – 1.64 (m, 

1H), 1.38 – 1.13 (m, 8H), 1.00 (dd, J = 6.6, 1.1 Hz, 3H), 0.92 – 0.83 (m, 2H), 0.79 (d, J = 

6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 174.87, 142.17, 139.57, 127.98, 126.70, 79.83, 

61.28, 47.23, 35.25, 34.13, 31.68, 29.20, 27.73, 22.61, 19.06, 18.32, 18.27,14.08. 

 

 

5-(1-acetoxy-2-methylpropyl)-2-(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)-1,3-

phenylene diacetate (295): The procedure is adapted from the literature9: To a flame-dried 

250 mL flask was added Pd(OAc)2 (440 mg, 2 mmol, 20 mol%), PhI(OAc)2 (12.8 g, 40 

mmol, 4.0 equiv), pyridine-3-sulfonic acid 215b (315 mg, 2 mmol, 20 mol%) and Weinreb 
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amide 291 (3.35 mg, 10 mmol, 1.0 equiv). Then HFIP (83 ml) and Ac2O (19 ml, 200 mmol, 

20 equiv) were added and the septum cap was exchanged with a Teflon septum-lined screw 

cap and heated to 80 oC for 24 h. The reaction was cooled to room temperature, diluted 

with EtOAc and filtered over celite. The eluent was concentrated under reduced pressured 

and purified by flash column chromatography (50% ether in hexanes) to deliver the product 

295 as a yellow oil (3.5g, 7.2 mmol, 72% yield, 1.3:1 dr);1H NMR (400 MHz, CDCl3) δ 

6.94 (s, 0.86H), 6.66 (d, J = 4.7 Hz, 1.14H), 6.24 (dd, J = 4.9, 2.3 Hz, 0.43H), 5.49 (t, J = 

7.0 Hz, 0.57H), 4.02 – 3.85 (m, 0.57H), 3.47 – 3.32 (m, 0.43H), 3.23 – 2.96 (m, 6H), 2.40 

– 2.23 (m, 6H), 2.15 – 2.01 (m, 8H), 1.37 – 1.20 (m, 11H), 1.04 (t, J = 7.2 Hz, 3H), 0.95 

(dd, J = 6.7, 2.3 Hz, 2H), 0.91 – 0.78 (m, 5H); (1.3:1 dr) 13C NMR (101 MHz, CDCl3) δ 

168.81, 168.73, 149.49, 148.74, 119.25, 109.58, 109.42, 97.88, 79.47, 79.42, 60.33, 60.01, 

53.44, 39.94, 39.55, 33.55, 32.55, 31.73, 30.30, 29.30, 27.69, 22.70, 21.15, 20.92, 18.39, 

18.19, 16.66, 16.43, 14.10. 

 

 

5-(2,6-dihydroxy-4-(1-hydroxy-2-methylpropyl)phenyl)undec-2-yn-4-one (297): 

Trans-1-bromo-prop-1-ene (94 mg, 0.77 mmol, 7.0 equiv) was dissolved in THF (0.5 mL) 

and cooled to –78 ℃ followed by the addition of n-BuLi (2.5 M in hexanes, 0.62 mL, 1.54 

mmol, 14 equiv). The reaction mixture was allowed to stir for 2 hours at –78 ℃. After the 

stir period, Weinreb amide 295 (55 mg, 0.11 mmol, 1.0 equiv) was dissolved in THF (0.25 
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mL) and added slowly to the reaction mixture at –78 ℃. The reaction was warmed to 25 

℃ and stirred for 16 h. The reaction was quenched with MeOH (1 mL) and Sat’d NH4Cl 

(3 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL) and the combined 

organic layers were dried over Na2SO4 and concentrated via rotary evaporator. The crude 

oil was purified via column chromatography (2% MeOH in EtOAc) to afford triol 297 as 

a red solid (16 mg, 0.046 mmol, 42% yield); 1H NMR (400 MHz, CDCl3) δ 6.54 (br, 2H), 

6.40 (s, 2H), 4.55 (dd, J = 8.9, 6.4 Hz, 1H), 4.25 – 4.19 (m, 1H), 4.13 (s, 0.35H), 3.78 (t, J 

= 4.1 Hz, 0.65H), 2.43 – 2.32 (m, 2H), 2.17 – 2.07 (m, 0H), 2.03 (d, J = 1.6 Hz, 3H), 1.95 

– 1.81 (m, 10H), 1.79 – 1.68 (m, 2H), 1.38 – 1.11 (m, 14H), 1.03 – 0.93 (m, 4H), 0.89 – 

0.77 (m, 7H) (2:1 dr) 
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Figure A7.4 Infrared spectrum (Thin Film, NaCl) of compound SI29. 
 

Figure A7.5 13C NMR (151 MHz, CDCl3) of compound SI29. 
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Figure A7.7 Infrared spectrum (Thin Film, NaCl) of compound 204. 
 

Figure A7.8 13C NMR (151 MHz, CDCl3) of compound 204. 
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Figure A7.10 13C NMR (151 MHz, CDCl3) of compound 199. 
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Figure A7.12 13C NMR (151 MHz, CDCl3) of compound 201. 
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Figure A7.13 19F NMR (376 MHz, CDCl3) of compound 201. 
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Figure A7.15 Infrared spectrum (Thin Film, NaCl) of compound 205. 
 

Figure A7.16 13C NMR (151 MHz, CDCl3) of compound 205. 
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Figure A7.17 19F NMR (556 MHz, CDCl3) of compound 205. 
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Figure A7.19 Infrared spectrum (Thin Film, NaCl) of compound 206. 
 

Figure A7.20 13C NMR (151 MHz, CDCl3) of compound 206. 
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Figure A7.21 19F NMR (376 MHz, CDCl3) of compound 206. 
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Figure A7.24 Infrared spectrum (Thin Film, NaCl) of compound 207. 
 

Figure A7.25 13C NMR (151 MHz, CDCl3) of compound 207. 
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Figure A7.26 19F NMR (376 MHz, CDCl3) of compound 207. 
 



Appendix 7 – Spectra Relevant to Appendix 6 719 

 F
ig

ur
e 

A
7.

27
 1

H
 N

M
R

 (
60

0 
M

H
z,

 C
D

C
l 3)

 o
f c

om
po

un
d 

20
8.

 
 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

 
 
  

20
8

O

O

F 3
C

M
e

O

O

C
C
l 3

O

O

C
l 3C

O

O

C
F 3

M
e



Appendix 7 – Spectra Relevant to Appendix 6 720 

020406080100120140160180200

ppm

 
 
 
  

Figure A7.28 Infrared spectrum (Thin Film, NaCl) of compound 208. 
 

Figure A7.29 13C NMR (151 MHz, CDCl3) of compound 208. 
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Figure A7.30 19F NMR (376 MHz, CDCl3) of compound 208. 
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Figure A7.32 Infrared spectrum (Thin Film, NaCl) of compound 209. 
 

Figure A7.33 13C NMR (151 MHz, CDCl3) of compound 209. 
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Figure A7.34 19F NMR (376 MHz, CDCl3) of compound 209. 
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Figure A7.36 Infrared spectrum (Thin Film, NaCl) of compound 211. 
 

Figure A7.37 13C NMR (151 MHz, CDCl3) of compound 211. 
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Figure A7.38 19F NMR (376 MHz, CDCl3) of compound 211. 
 



Appendix 7 – Spectra Relevant to Appendix 6 728 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

 F
ig

ur
e 

A
7.

39
 1

H
 N

M
R

 (
4 0

0 
M

H
z,

 C
D

C
l 3)

 o
f c

om
po

un
d 

SI
32

. 
 

 
 
  

SI
32

O

O

F 3
C

M
e

O

N

O

N

O

O

C
F 3

M
e

M
e

M
eO

M
e

O
M
e

A
cO

O
A
cA
cO

O
A
c



Appendix 7 – Spectra Relevant to Appendix 6 729 

020406080100120140160180200

ppm

 

  

Figure A7.40 Infrared spectrum (Thin Film, NaCl) of compound SI32. 
 

Figure A7.41 13C NMR (100 MHz, CDCl3) of compound SI32. 
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Figure A7.42 19F NMR (376 MHz, CDCl3) of compound SI32. 
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Figure A7.44 Infrared spectrum (Thin Film, NaCl) of compound 212. 
 

Figure A7.45 13C NMR (151 MHz, AcOD) of compound 212. 
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Figure A7.47 Infrared spectrum (Thin Film, NaCl) of compound 214. 
 

Figure A7.48 13C NMR (151 MHz, CDCl3) of compound 214. 
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Figure A7.50 Infrared spectrum (Thin Film, NaCl) of compound 216. 
 

Figure A7.51 13C NMR (151 MHz, CDCl3) of compound 216. 
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Figure A7.54 Infrared spectrum (Thin Film, NaCl) of compound 218. 
 

Figure A7.55 13C NMR (100 MHz, CDCl3) of compound 218. 
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Figure A7.57 Infrared spectrum (Thin Film, NaCl) of compound 219. 
 

Figure A7.58 13C NMR (151 MHz, CDCl3) of compound 219. 
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Figure A7.60 Infrared spectrum (Thin Film, NaCl) of compound 220. 
 

Figure A7.61 13C NMR (151 MHz, CDCl3) of compound 220. 
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 Figure A7.63 13C NMR (100 MHz, CDCl3) of compound SI33. 
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 Figure A7.66 13C NMR (100 MHz, CDCl3) of compound 221. 
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Figure A7.68 13C NMR (100 MHz, CDCl3) of compound 223. 
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Figure A7.72 13C NMR (100 MHz, CDCl3) of compound 227. 
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Figure A7.74 13C NMR (100 MHz, CDCl3) of compound 231. 
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Figure A7.77 13C NMR (100 MHz, CDCl3) of compound 235. 
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 Figure A7.80 13C NMR (100 MHz, CDCl3) of compound 239. 

 



Appendix 7 – Spectra Relevant to Appendix 6 763 

0
1

2
3

4
5

6
7

8
9

1
0

p
p
m

 F
ig

ur
e 

A
7.

8 1
 1

H
 N

M
R

 (
40

0 
M

H
z,

 C
D

C
l 3)

 o
f c

om
po

un
d 

23
8.

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O

M
e

O
M
e

O
M
e

M
e

I

23
8



Appendix 7 – Spectra Relevant to Appendix 6 764 

020406080100120140160180200

ppm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A7.82 13C NMR (100 MHz, CDCl3) of compound 238. 
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 Figure A7.86 13C NMR (100 MHz, CDCl3) of compound 261. 
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Figure A7.88 13C NMR (100 MHz, CD3OD) of compound 241. 
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Figure A7.107 13C NMR (100 MHz, CDCl3) of compound 272. 
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 Figure A7.109 13C NMR (100 MHz, CDCl3) of compound 290. 
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Figure A7.111 13C NMR (100 MHz, CDCl3) of compound 291. 
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Figure A7.114 13C NMR (100 MHz, CDCl3) of compound 295. 
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Figure A7.117 13C NMR (100 MHz, CDCl3) of compound 286/287. 
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Figure A7.119 13C NMR (100 MHz, CDCl3) of compound 234. 
 



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 802 
 

 

APPENDIX 8 

X-Ray Crystallography Reports Relevant to Appendix 6: 

The Total Synthesis of (–)-Cylindrocyclophane A



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 803 

A8.1   X-RAY CRYSTAL STRUCTURE ANALYSIS OF MACROCYCLE SI31 
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Figure A8.1.1 X-Ray Crystal Structure of Macrocycle SI31. 
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Table A8.1.1 Experimental Details for X-Ray Structure Determination of Macrocycle 

SI31. 

Single colorless needle-shaped crystals of macrocycle SI31 were recrystallized 

from hexane by slow evaporation. A suitable crystal 0.57×0.06×0.04 mm3 was selected 

and mounted on a loopon a XtaLAB Synergy, Dualflex, HyPix diffractometer. The 

crystal was kept at a steady T = 100(2) K during data collection. The structure was solved 

with the ShelXT (Sheldrick, 2015) structure solution program using the Intrinsic Phasing 

solution method and by using Olex2 (Dolomanov et al., 2009) as the graphical interface. 

The model was refined with version 2018/3 of ShelXL (Sheldrick, 2015) using Least 

Squares minimisation. C34H42F6O4, Mr = 628.67, monoclinic, P2 (No. 3), a = 

25.1525(4) Å, b = 5.53398(4) Å, c = 27.2474(4) Å, b = 117.4652(19)°, a = g = 90°, V = 

3365.19(9) Å3, T = 100(2) K, Z = 4, Z' = 2, µ(CuKa) = 0.866 mm-1, 42058 reflections 

measured, 10947 unique (Rint = 0.0510) which were used in all calculations. The final 

wR2 was 0.0885 (all data) and R1 was 0.0363 (I > 2σ(I)). 
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Table A8.1.2 Crystal Data and Structure Refinement for Macrocycle SI31 

Compound		 Macrocycle	SI31	
		 		
Formula		 C34H42F6O4		
Dcalc./	g	cm-3		 1.241		
µ/mm-1		 0.866		
Formula	Weight		 628.67		
Colour		 colourless		
Shape		 needle		
Size/mm3		 0.57×0.06×0.04		
T/K		 100(2)		
Crystal	System		 monoclinic		
Flack	Parameter		 -0.02(6)		
Hooft	Parameter		 -0.00(5)		
Space	Group		 P2		
a/Å		 25.1525(4)		
b/Å		 5.53398(4)		
c/Å		 27.2474(4)		
a/°		 90		
b/°		 117.4652(19)		
g/°		 90		
V/Å3		 3365.19(9)		
Z		 4		
Z'		 2		
Wavelength/Å		 1.54184		
Radiation	type		 CuKa		
Qmin/°		 1.980		
Qmax/°		 73.814		
Measured	Refl.		 42058		
Independent	Refl.		 10947		
Reflections	with	I	>	
2σ(I)		

9975		

Rint		 0.0510		
Parameters		 797		
Restraints		 1		
Largest	Peak		 0.323		
Deepest	Hole		 -0.205		
GooF		 0.985		
wR2	(all	data)		 0.0885		
wR2		 0.0853		
R1	(all	data)		 0.0412		
R1		 0.0363		
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Structure Quality Indicators 

Reflections:  

Refinement:  

A colourless needle-shaped crystal with dimensions 0.57×0.06×0.04 mm3 was mounted on 

a loop. Data were collected using an XtaLAB Synergy, Dualflex, HyPix diffractometer 

equipped with an Oxford Cryosystems low-temperature device operating at T = 100(2) K. 

Data were measured using w scans with a narrow frame width of 0.5° per frame for 

3.5/3.7/10.0 s using CuKa radiation. The total number of runs and images was based on the 

strategy calculation from the program CrysAlisPro (Rigaku, V1.171.39.43c, 2018). The 

maximum resolution that was achieved was Q = 73.814°. 

The diffraction pattern was indexed using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) and 

the unit cell was refined using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) on 24772 

reflections, 59% of the observed reflections. 

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 

(Rigaku, V1.171.39.43c, 2018). The final completeness is 98.70 % out to 73.814° in Q. A 

numerical absorption correction based on Gaussian integration over a multifaceted crystal 

model was applied using CrysAlisPro 1.171.39.43c (Rigaku Oxford Diffraction, 2018). An 

empirical absorption correction using spherical harmonics as implemented by SCALE3 

ABSPACK algorithm was applied. The absorption coefficient µ of this material is 

0.866 mm-1 at this wavelength (l = 1.54184Å) and the minimum and maximum 

transmissions are 0.487 and 1.000. 

The structure was solved and the space group P2 (# 3) determined by the ShelXT 

(Sheldrick, 2015) structure solution program using Intrinsic Phasing and refined by Least 
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Squares using version 2018/3 of ShelXL-2014 (Sheldrick, 2015). All non-hydrogen atoms 

were refined anisotropically. Hydrogen atom positions were calculated geometrically and 

refined using the riding model. Hydrogen atom positions were calculated geometrically 

and refined using the riding model. 

The value of Z' is 2. This means that there are two independent molecules in the asymmetric 

unit. 

The Flack parameter was refined to -0.02(6). Determination of absolute structure using 

Bayesian statistics on Bijvoet differences using the Olex2 results in -0.00(5). Note: The 

Flack parameter is used to determine chirality of the crystal studied, the value should be 

near 0, a value of 1 means that the stereochemistry is wrong and the model should be 

inverted. A value of 0.5 means that the crystal consists of a racemic mixture of the two 

enantiomers. 

 

 

 

 

 

 

 

 

 

 

 



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 809 

	

Figure A8.1.2 The asymmetric unit contains two molecules of the compound.	
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Table A8.1.3 Reflection Statistics 

Total	reflections	(after	
filtering)		

42062		 Unique	reflections		 10947		

Completeness		 0.804		 Mean	I/s		 16.19		
hklmax	collected		 (30,	6,	33)		 hklmin	collected		 (-30,	-6,	-33)		
hklmax	used		 (27,	6,	33)		 hklmin	used		 (-30,	-6,	0)		
Lim	dmax	collected		 100.0		 Lim	dmin	collected		 0.77		
dmax	used		 22.32		 dmin	used		 0.8		
Friedel	pairs		 5250		 Friedel	pairs	merged		 0		
Inconsistent	equivalents		 10		 Rint		 0.051		
Rsigma		 0.0423		 Intensity	transformed		 0		
Omitted	reflections		 0		 Omitted	by	user	(OMIT	hkl)		 4		
Multiplicity		 (6310,	4911,	3058,	1507,	1006,	

519,	204,	88,	40,	7,	2)		
Maximum	multiplicity		 18		

Removed	systematic	absences		 0		 Filtered	off	(Shel/OMIT)		 0		
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Table A8.1.4 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for Macrocycle SI31. Ueq is defined as 1/3 of the 

trace of the orthogonalised Uij. 

Atom x y z Ueq 

F1 3107.8(7) -1535(3) 3482.8(6) 40.3(4) 
F2 2927.5(7) -699(4) 4163.9(7) 43.1(5) 
F3 3029.6(8) 2168(3) 3682.3(7) 44.3(5) 
F4 6931.1(8) 10422(4) 11116.2(8) 54.0(5) 
F5 6790.1(7) 13309(3) 11567.5(6) 34.1(4) 
F6 7051.5(9) 14083(5) 10937.5(8) 63.2(7) 
O1 4027.6(8) 1790(3) 4704.1(7) 24.9(4) 
O2 4161.9(10) -1186(3) 5309.5(8) 34.6(5) 
O3 6006.0(8) 12270(3) 10110.3(7) 24.8(4) 
O4 5755.0(8) 8401(3) 10163.3(7) 26.6(4) 
C1 3780.7(11) 2906(5) 5830.5(10) 22.6(5) 
C2 4251.8(11) 2953(5) 5616.8(10) 21.2(5) 
C3 4891.6(11) 2815(5) 6079.4(10) 19.9(5) 
C4 5096.8(12) 917(5) 6458.4(10) 23.7(6) 
C5 5675.7(12) 905(5) 6887.6(10) 24.0(6) 
C6 6074.6(11) 2778(5) 6953.4(10) 21.4(5) 
C7 6704.0(11) 2795(5) 7419.2(10) 27.1(6) 
C8 6739.8(12) 2951(5) 7994.2(10) 27.6(6) 
C9 6465.4(12) 5221(5) 8095.4(10) 23.7(6) 
C10 6516.9(12) 5313(5) 8675.3(10) 24.1(5) 
C11 6212.8(12) 7497(5) 8772.7(10) 24.6(6) 
C12 6209.5(11) 7575(5) 9334.4(9) 21.0(5) 
C13 5839.4(11) 9758(5) 9353.0(10) 20.3(5) 
C14 5191.4(11) 9689(5) 8912.1(10) 20.0(5) 
C15 4964.7(12) 11456(5) 8505.7(11) 25.0(6) 
C16 4377.1(12) 11353(5) 8087.6(11) 26.2(6) 
C17 3996.1(11) 9483(5) 8059.1(10) 20.1(5) 
C18 3362.9(11) 9314(5) 7599.5(10) 23.9(6) 
C19 3252.2(12) 7142(5) 7217.6(11) 25.3(6) 
C20 3625.5(12) 7131(5) 6911.5(11) 26.0(6) 
C21 3517.0(12) 4965(5) 6538.5(11) 25.0(6) 
C22 3874.2(12) 5034(5) 6215.9(11) 24.8(6) 
C23 5287.2(11) 4679(5) 6142.9(10) 22.6(5) 
C24 5865.8(12) 4667(5) 6573.4(10) 23.7(5) 
C25 4809.6(11) 7819(5) 8889.4(10) 23.6(5) 
C26 4225.4(11) 7726(5) 8470.6(10) 23.9(5) 
C27 3147.2(12) 2864(6) 5349.5(11) 35.0(7) 
C28 4147.1(11) 936(5) 5211.2(10) 21.4(5) 
C29 3900.7(12) 18(5) 4278.4(10) 26.0(6) 
C30 3240.7(12) -13(6) 3906.9(11) 32.9(7) 
C31 6844.6(11) 7687(6) 9811.7(10) 31.4(6) 
C32 5860.6(11) 9970(5) 9917.2(10) 20.3(5) 
C33 6063.6(11) 12761(5) 10649.8(10) 24.3(5) 
C34 6708.7(12) 12639(5) 11063.1(11) 29.0(6) 
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Atom x y z Ueq 
F1B 1848.2(8) 11712(3) 49.8(7) 39.7(4) 
F2B 2053.5(8) 10844(4) 890.5(7) 53.2(6) 
F3B 1882.0(8) 7990(3) 307.4(7) 43.7(4) 
F4B -2001.3(8) -248(4) 4376.9(8) 50.5(5) 
F5B -1810.7(7) -2763(3) 5035.6(6) 32.3(4) 
F6B -1985.5(8) -4054(4) 4231.7(8) 51.2(5) 
O1B 934.2(8) 8649(3) 534.8(7) 23.6(4) 
O2B 917.9(10) 11669(3) 1080.3(8) 33.4(5) 
O3B -990.6(8) -1732(3) 4282.2(7) 22.4(4) 
O4B -804.5(8) 2223(3) 4505.0(7) 26.6(4) 
C1B 1271.4(11) 7679(5) 1922.1(10) 21.6(5) 
C2B 793.8(11) 7555(5) 1304.6(10) 20.6(5) 
C3B 155.1(11) 7692(5) 1223.3(9) 20.3(5) 
C4B -47.0(12) 9629(5) 1421.8(10) 22.4(5) 
C5B -630.8(12) 9684(5) 1349.5(10) 24.4(6) 
C6B -1030.0(11) 7828(5) 1080.7(9) 22.0(5) 
C7B -1664.2(11) 7860(5) 1009.2(10) 26.5(6) 
C8B -1693.1(11) 7697(5) 1557.4(10) 24.2(5) 
C9B -1433.2(11) 5398(5) 1880.1(10) 22.5(5) 
C10B -1508.1(12) 5231(5) 2401.0(10) 22.6(5) 
C11B -1201.5(12) 3046(5) 2755.0(10) 24.1(5) 
C12B -1242.2(11) 2857(5) 3298.8(10) 20.4(5) 
C13B -849.3(11) 741(5) 3648.3(9) 18.1(5) 
C14B -199.2(11) 914(4) 3765.3(9) 17.7(5) 
C15B 47.6(12) -830(5) 3567.6(10) 22.8(5) 
C16B 638.0(12) -664(5) 3658.9(11) 24.7(6) 
C17B 1001.5(11) 1259(4) 3953.6(10) 19.3(5) 
C18B 1643.5(11) 1494(5) 4061.0(10) 23.3(5) 
C19B 1755.6(11) 3697(5) 3779.4(10) 21.7(5) 
C20B 1415.4(12) 3584(5) 3151.1(10) 23.7(5) 
C21B 1548.4(12) 5680(5) 2863.7(10) 23.4(5) 
C22B 1177.7(12) 5569(5) 2236.1(10) 23.1(5) 
C23B -247.0(11) 5842(5) 950.0(10) 22.5(5) 
C24B -828.8(12) 5903(5) 881.9(10) 24.0(6) 
C25B 163.1(11) 2841(5) 4062.7(10) 23.3(5) 
C26B 749.2(11) 3003(5) 4151.5(10) 23.4(5) 
C27B 1901.1(12) 7665(6) 1970.6(11) 33.0(6) 
C28B 890.5(12) 9560(5) 978.9(10) 21.7(5) 
C29B 1057.3(12) 10354(5) 202.4(10) 25.5(6) 
C30B 1713.3(13) 10234(6) 369.5(11) 33.1(7) 
C31B -1887.4(12) 2491(6) 3189.4(11) 31.1(6) 
C32B -879.9(11) 590(4) 4189.4(10) 19.0(5) 
C33B -1060.2(11) -2166(5) 4766.7(10) 21.9(5) 
C34B -1714.1(12) -2286(5) 4600.9(10) 27.8(6) 
________________________________________________________________________________   
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Table A8.1.5 Bond Lengths [Å] and angles [°] for Macrocycle SI31 

Atom Atom Length/Å 
F1 C30 1.342(3) 
F2 C30 1.328(3) 
F3 C30 1.347(4) 
F4 C34 1.328(3) 
F5 C34 1.345(3) 
F6 C34 1.331(3) 
O1 C28 1.356(3) 
O1 C29 1.438(3) 
O2 C28 1.201(3) 
O3 C32 1.361(3) 
O3 C33 1.435(3) 
O4 C32 1.199(3) 
C1 C2 1.543(3) 
C1 C22 1.522(4) 
C1 C27 1.527(4) 
C2 C3 1.521(3) 
C2 C28 1.506(3) 
C3 C4 1.394(4) 
C3 C23 1.388(4) 
C4 C5 1.385(4) 
C5 C6 1.395(4) 
C6 C7 1.505(4) 
C6 C24 1.393(4) 
C7 C8 1.530(3) 
C8 C9 1.518(4) 
C9 C10 1.525(3) 
C10 C11 1.517(4) 
C11 C12 1.535(3) 
C12 C13 1.540(3) 
C12 C31 1.527(3) 
C13 C14 1.515(3) 
C13 C32 1.518(3) 
C14 C15 1.388(4) 
C14 C25 1.393(4) 
C15 C16 1.390(4) 
C16 C17 1.388(4) 
C17 C18 1.508(4) 
C17 C26 1.392(4) 
C18 C19 1.529(4) 
C19 C20 1.516(3) 
C20 C21 1.513(4) 
C21 C22 1.520(3) 
C23 C24 1.385(4) 
C25 C26 1.385(4) 
C29 C30 1.494(4) 
C33 C34 1.490(4) 
F1B C30B 1.347(3) 
F2B C30B 1.319(3) 
F3B C30B 1.348(4) 
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Atom Atom Length/Å 
F4B C34B 1.326(3) 
F5B C34B 1.341(3) 
F6B C34B 1.342(3) 
O1B C28B 1.361(3) 
O1B C29B 1.437(3) 
O2B C28B 1.194(3) 
O3B C32B 1.363(3) 
O3B C33B 1.430(3) 
O4B C32B 1.201(3) 
C1B C2B 1.554(3) 
C1B C22B 1.528(3) 
C1B C27B 1.527(3) 
C2B C3B 1.519(3) 
C2B C28B 1.509(3) 
C3B C4B 1.398(3) 
C3B C23B 1.390(4) 
C4B C5B 1.389(3) 
C5B C6B 1.386(4) 
C6B C7B 1.515(3) 
C6B C24B 1.392(4) 
C7B C8B 1.531(3) 
C8B C9B 1.513(4) 
C9B C10B 1.518(3) 
C10B C11B 1.517(4) 
C11B C12B 1.535(3) 
C12B C13B 1.545(3) 
C12B C31B 1.522(3) 
C13B C14B 1.518(3) 
C13B C32B 1.514(3) 
C14B C15B 1.384(3) 
C14B C25B 1.394(4) 
C15B C16B 1.391(3) 
C16B C17B 1.391(4) 
C17B C18B 1.508(3) 
C17B C26B 1.393(3) 
C18B C19B 1.534(3) 
C19B C20B 1.522(3) 
C20B C21B 1.520(3) 
C21B C22B 1.525(3) 
C23B C24B 1.388(4) 
C25B C26B 1.382(3) 
C29B C30B 1.497(4) 
C33B C34B 1.493(3) 
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Table A8.1.6 Anisotropic Displacement Parameters (Å2x103) for Macrocycle SI31. 

The Anisotropic Displacement Factor Exponent Takes the Form: -2p2[h2a*2U11 + … + 

2hka*b*U12]. 

Atom U11 U22 U33 U23 U13 U12 
F1 28.1(9) 59.4(12) 28.7(8) -19.7(8) 9.1(7) 0.2(8) 
F2 27.6(9) 68.3(13) 39.7(10) -10.2(9) 21.0(8) -6.9(9) 
F3 40.1(11) 53.9(12) 37.5(10) 7.1(9) 16.6(8) 20.2(9) 
F4 39.0(11) 61.0(13) 43.9(11) -12.8(10) 3.6(9) 25.4(10) 
F5 36.5(9) 41.8(10) 18.0(7) -5.3(7) 7.4(7) 3.0(8) 
F6 46.0(12) 105.8(19) 36.2(10) -6.7(11) 17.7(10) -38.8(12) 
O1 32.9(11) 22.1(9) 22.0(9) 0.3(7) 14.5(8) 0.7(8) 
O2 54.7(14) 16.9(10) 29.3(10) -1.3(8) 16.8(10) -1.8(9) 
O3 33.2(11) 21.3(9) 19.2(9) -2.1(7) 11.6(8) -1.9(8) 
O4 34.1(11) 25.2(10) 23.5(9) 0.3(8) 15.9(8) -5.2(8) 
C1 21.1(13) 24.2(13) 20.9(12) -2.6(11) 8.2(11) -0.1(11) 
C2 21.6(13) 20.5(12) 20.7(12) 0.1(10) 9.2(11) 0.2(11) 
C3 20.2(13) 22.0(12) 18.5(11) -4.1(10) 9.9(10) 1.0(11) 
C4 24.9(15) 22.7(13) 24.7(13) -3.7(11) 12.3(12) -3.6(11) 
C5 31.0(15) 20.8(13) 21.8(12) 3.5(10) 13.6(12) 5.5(11) 
C6 21.6(13) 24.1(13) 20.5(12) -3.5(11) 11.4(11) 2.4(11) 
C7 22.3(14) 34.1(15) 22.5(13) -4.3(12) 8.3(11) 6.3(12) 
C8 27.9(15) 32.6(15) 18.6(12) 1.8(11) 7.7(11) 8.8(12) 
C9 25.7(14) 25.8(14) 19.4(12) 0.3(11) 10.1(11) 4.1(12) 
C10 24.2(14) 29.1(14) 19.3(12) 1.2(11) 10.3(11) 1.7(11) 
C11 25.9(14) 27.7(14) 19.9(12) 1.0(11) 10.4(11) 3.5(12) 
C12 18.4(12) 27.5(13) 17.2(11) 0.0(10) 8.2(10) 1.2(11) 
C13 20.8(13) 23.6(13) 16.1(12) -0.3(10) 8.3(11) -3.1(11) 
C14 20.1(13) 22.8(13) 17.2(12) -4.3(10) 8.7(11) 0.5(10) 
C15 24.9(15) 21.2(13) 26.5(13) 2.5(11) 9.7(12) 0.3(11) 
C16 27.6(15) 24.3(14) 22.7(13) 4.1(11) 8.1(12) 3.2(12) 
C17 19.4(13) 24.8(13) 16.8(12) -3.9(10) 9.0(11) 4.0(11) 
C18 18.1(13) 28.1(14) 24.0(13) -1.3(11) 8.4(11) 3.3(11) 
C19 21.0(14) 29.5(15) 23.8(13) -2.2(11) 9.2(11) -0.6(11) 
C20 22.9(14) 30.3(15) 25.1(13) -3.4(11) 11.4(12) -0.9(11) 
C21 24.1(14) 27.7(14) 21.8(13) -2.1(11) 9.4(12) 1.0(11) 
C22 22.0(14) 26.5(14) 25.8(13) -3.4(11) 11.0(12) 0.3(11) 
C23 24.9(14) 21.1(12) 22.3(13) 2.5(10) 11.4(12) 2.2(11) 
C24 23.1(14) 22.8(13) 26.5(13) -0.6(11) 12.6(12) -1.8(11) 
C25 25.1(14) 24.7(13) 19.3(12) 5.2(11) 8.9(11) 2.4(11) 
C26 20.0(13) 29.3(14) 22.6(12) -2.0(11) 10.0(11) -5.5(12) 
C27 22.9(14) 52.3(19) 28.1(14) -11.8(14) 10.4(12) -3.4(14) 
C28 18.8(13) 23.8(14) 19.3(12) 2.4(10) 7.0(11) 2.7(10) 
C29 28.5(15) 32.3(15) 20.6(13) -7.7(11) 14.2(12) -1.8(12) 
C30 24.8(15) 49.4(19) 26.5(14) -9.8(13) 13.6(13) -0.6(14) 
C31 21.5(14) 48.2(18) 22.0(13) -2.5(13) 7.7(12) 5.9(13) 
C32 16.9(13) 23.8(13) 18.8(12) -1.7(10) 7.0(11) -0.3(11) 
C33 28.6(14) 25.0(13) 18.5(12) -2.4(11) 10.2(11) 2.8(12) 
C34 29.8(15) 34.0(15) 23.7(13) -3.8(12) 12.7(12) -1.1(13) 
F1B 38.2(10) 52.4(11) 34.2(9) 6.0(8) 21.7(8) -8.8(8) 
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Atom U11 U22 U33 U23 U13 U12 
F2B 37.3(11) 92.0(16) 23.4(8) -7.7(10) 8.3(8) -25.9(11) 
F3B 38.2(10) 50.4(11) 49.1(10) 11.1(9) 25.6(9) 12.8(9) 
F4B 39.5(11) 60.0(12) 61.5(12) 34.4(10) 31.4(10) 23.2(9) 
F5B 33.3(9) 40.6(10) 31.5(8) 7.2(7) 22.1(7) 1.0(7) 
F6B 40.4(11) 73.9(14) 41.0(10) -22.3(10) 20.3(9) -26.3(10) 
O1B 30.8(10) 23.9(9) 19.2(8) -2.0(7) 14.1(8) -1.5(8) 
O2B 60.9(14) 17.3(9) 35.3(11) -0.6(8) 33.5(11) -0.6(9) 
O3B 32.1(10) 18.1(9) 21.2(9) 1.5(7) 15.9(8) -1.6(8) 
O4B 35.2(11) 24.0(10) 24.3(9) -5.2(8) 16.8(9) -3.6(8) 
C1B 22.4(13) 20.6(12) 21.2(12) 1.5(10) 9.5(11) 0.0(11) 
C2B 23.0(13) 18.3(12) 20.8(12) 0.7(10) 10.3(11) 0.1(11) 
C3B 24.2(13) 19.8(12) 15.0(11) 5.0(10) 7.4(10) 3.0(11) 
C4B 27.5(15) 18.8(13) 20.4(12) -1.6(10) 10.5(12) -2.2(11) 
C5B 30.8(15) 22.1(13) 23.1(13) 3.8(11) 14.6(12) 5.9(11) 
C6B 22.8(13) 25.5(13) 15.1(11) 8.0(10) 6.7(10) 4.3(11) 
C7B 22.2(13) 34.2(15) 21.2(12) 9.7(12) 8.4(11) 4.6(12) 
C8B 21.1(13) 27.8(14) 22.9(12) 4.8(11) 9.5(11) 4.1(11) 
C9B 22.6(14) 25.2(13) 19.1(12) 2.6(11) 9.0(11) 4.1(11) 
C10B 24.5(14) 22.3(13) 19.8(12) -0.9(10) 9.3(11) 1.4(11) 
C11B 26.1(14) 26.8(14) 20.6(12) 1.0(11) 11.7(11) 4.4(11) 
C12B 20.5(13) 21.6(12) 19.6(12) 2.4(10) 9.7(10) 3.7(11) 
C13B 19.2(13) 18.2(12) 16.9(11) -1.8(10) 8.5(10) -1.4(10) 
C14B 17.3(13) 19.8(12) 15.4(11) 4.7(10) 7.1(10) 1.9(10) 
C15B 23.7(14) 18.3(13) 25.2(13) -1.8(10) 10.2(12) -0.7(10) 
C16B 23.2(14) 22.7(13) 30.8(14) 1.0(11) 14.8(12) 5.8(11) 
C17B 16.8(13) 23.6(13) 16.6(11) 7.1(10) 7.0(11) 3.6(10) 
C18B 18.4(14) 28.9(14) 20.9(12) 4.7(11) 7.6(11) 3.6(11) 
C19B 18.4(13) 24.7(13) 20.9(12) 0.6(10) 8.2(11) 0.8(11) 
C20B 25.2(14) 24.0(13) 20.4(12) 1.3(11) 9.0(11) -2.7(11) 
C21B 23.8(14) 24.0(13) 22.9(13) 1.3(11) 11.3(11) -0.4(11) 
C22B 25.2(14) 21.7(13) 21.0(12) 1.2(11) 9.6(12) -2.2(11) 
C23B 26.9(15) 19.1(12) 19.3(12) -0.2(10) 8.8(11) 2.3(11) 
C24B 24.3(15) 22.2(13) 21.4(13) 0.1(11) 7.1(12) -2.4(11) 
C25B 26.9(14) 24.9(13) 22.3(12) -3.2(11) 15.0(11) 0.0(12) 
C26B 22.4(13) 26.8(13) 21.3(12) -5.6(11) 10.4(11) -5.9(11) 
C27B 23.8(15) 45.9(18) 27.8(14) 6.3(14) 10.4(12) -4.1(14) 
C28B 24.0(14) 20.3(13) 21.7(13) -0.2(10) 11.3(11) 3.1(11) 
C29B 31.3(16) 28.1(14) 19.4(12) 1.3(11) 13.8(12) -1.2(12) 
C30B 31.0(16) 45.9(18) 22.1(14) 1.6(13) 11.9(13) -6.7(14) 
C31B 23.8(14) 42.4(17) 28.2(14) 9.0(13) 12.9(12) 6.4(13) 
C32B 16.8(13) 20.0(12) 19.6(12) 2.1(10) 7.9(10) 1.2(10) 
C33B 26.8(14) 23.0(13) 17.8(12) 3.4(10) 11.7(11) -0.3(11) 
C34B 27.1(14) 34.8(15) 23.0(13) 3.9(12) 12.7(12) -1.9(13) 
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Table A8.1.7 Hydrogen Coordinates (x104) and Isotropic Displacement Parameters 

(Å2x103) for Macrocycle SI31. 

Atom x y z Ueq 
H1 3838.87 1417.26 6044.01 27 
H2 4207.62 4485.31 5421.4 25 
H4 4840.99 -360.14 6422.28 28 
H5 5801.05 -375.76 7136.72 29 
H7A 6916.88 4159.71 7370.2 33 
H7B 6906.2 1334.9 7398.66 33 
H8A 6538.59 1555.85 8047.23 33 
H8B 7157.54 2870.15 8269.03 33 
H9A 6045.69 5298.2 7825.73 28 
H9B 6663.7 6623.82 8041.48 28 
H10A 6340.63 3858.89 8736.64 29 
H10B 6937.65 5329.69 8943.77 29 
H11A 5801.39 7546.94 8483.22 30 
H11B 6410.9 8941.41 8737.19 30 
H12 6017.59 6097.78 9373.73 25 
H13 6022.18 11219.04 9293.16 24 
H15 5209.75 12729.35 8513.21 30 
H16 4236.17 12564.47 7821 31 
H18A 3269.88 10780.41 7380.3 29 
H18B 3091.16 9221.46 7761.05 29 
H19A 3335.86 5676.06 7435.97 30 
H19B 2831.8 7113.21 6948.5 30 
H20A 3539.25 8588.14 6690.01 31 
H20B 4046.03 7171.75 7180.08 31 
H21A 3093.65 4881.95 6279.45 30 
H21B 3620.75 3509.13 6761.73 30 
H22A 4296.5 5121.09 6477.84 30 
H22B 3772.08 6505.72 5998.13 30 
H23 5162.07 5955.91 5892.69 27 
H24 6120.38 5949.12 6609.47 28 
H25 4948.78 6619.38 9158.69 28 
H26 3979.76 6457.4 8463.97 29 
H27A 3082.42 4291.05 5128.85 52 
H27B 2861.64 2813.75 5491.26 52 
H27C 3099.11 1459.46 5125.95 52 
H29A 4033.67 -1564.23 4443.05 31 
H29B 4111.57 420.45 4067.88 31 
H31A 7042.46 9106.84 9774.92 47 
H31B 7063.15 6277.03 9804.09 47 
H31C 6827.48 7745.84 10156.27 47 
H33A 5836.99 11583.49 10740.57 29 
H33B 5905.86 14354.71 10655.57 29 
H1B 1216.17 9191.66 2079.88 26 
H2B 842 6011.03 1153.47 25 
H4B 212.4 10895.87 1604.28 27 
H5B -756.36 10992.28 1484.09 29 
H7BA -1884.57 6514.62 775.82 32 
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Atom x y z Ueq 
H7BB -1859.37 9339.1 821.4 32 
H8BA -1479.64 9064.2 1786.17 29 
H8BB -2108.59 7825.21 1481.74 29 
H9BA -1009.95 5319.97 1980.83 27 
H9BB -1627.82 4021.27 1645.32 27 
H10C -1346.11 6682.04 2619.1 27 
H10D -1932.21 5164.79 2297.27 27 
H11C -781.77 3079.64 2841.42 29 
H11D -1376.03 1600.41 2538.96 29 
H12B -1091.09 4361.57 3506.93 24 
H13B -1015.29 -759.67 3443.49 22 
H15B -185.46 -2136.09 3370.18 27 
H16B 792.41 -1858.43 3520.68 30 
H18C 1755.56 43.85 3930.99 28 
H18D 1899.36 1608.16 4456.72 28 
H19C 1637.8 5146.66 3904.52 26 
H19D 2181.16 3813.56 3892.11 26 
H20C 1515.18 2084.57 3028.49 28 
H20D 989.07 3560.12 3038.74 28 
H21C 1970.68 5661.14 2959.15 28 
H21D 1465.5 7188.06 2996.65 28 
H22C 757.11 5506.24 2145.69 28 
H22D 1272.99 4079.35 2106.12 28 
H23B -124.41 4542.27 810.61 27 
H24B -1088.59 4636.94 700.23 29 
H25B 8.95 4029.39 4202.81 28 
H26B 981.32 4312.22 4348.7 28 
H27D 1963.79 6182.78 1821.78 50 
H27E 2191.46 7799.8 2352.75 50 
H27F 1943.79 9005.6 1767.83 50 
H29C 949.16 11971.7 260.87 31 
H29D 825.95 9956.17 -186.45 31 
H31D -2039.34 1012.82 2988.64 47 
H31E -2127.92 3820.41 2975.5 47 
H31F -1901.78 2409.07 3534.97 47 
H33C -874.84 -872.72 5031.91 26 
H33D -868.03 -3675.15 4937.83 26 
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Table A8.1.8 Bond Angles [°] for Macrocycle SI31. 

Atom Atom Atom Angle/° 
C28 O1 C29 116.5(2) 
C32 O3 C33 117.09(19) 
C22 C1 C2 110.3(2) 
C22 C1 C27 111.9(2) 
C27 C1 C2 110.8(2) 
C3 C2 C1 112.92(19) 
C28 C2 C1 111.1(2) 
C28 C2 C3 109.3(2) 
C4 C3 C2 122.7(2) 
C23 C3 C2 119.3(2) 
C23 C3 C4 117.9(2) 
C5 C4 C3 121.0(2) 
C4 C5 C6 121.2(2) 
C5 C6 C7 121.8(2) 
C24 C6 C5 117.4(2) 
C24 C6 C7 120.8(2) 
C6 C7 C8 114.0(2) 
C9 C8 C7 114.6(2) 
C8 C9 C10 112.8(2) 
C11 C10 C9 113.5(2) 
C10 C11 C12 115.6(2) 
C11 C12 C13 109.6(2) 
C31 C12 C11 111.5(2) 
C31 C12 C13 110.5(2) 
C14 C13 C12 113.5(2) 
C14 C13 C32 109.11(19) 
C32 C13 C12 110.7(2) 
C15 C14 C13 120.7(2) 
C15 C14 C25 117.8(2) 
C25 C14 C13 121.4(2) 
C16 C15 C14 121.0(2) 
C15 C16 C17 121.5(2) 
C16 C17 C18 122.0(2) 
C26 C17 C16 117.2(2) 
C26 C17 C18 120.8(2) 
C17 C18 C19 113.9(2) 
C20 C19 C18 114.4(2) 
C21 C20 C19 114.0(2) 
C20 C21 C22 113.4(2) 
C21 C22 C1 115.8(2) 
C24 C23 C3 121.0(2) 
C23 C24 C6 121.5(2) 
C26 C25 C14 120.8(2) 
C25 C26 C17 121.7(2) 
O1 C28 C2 111.8(2) 
O2 C28 O1 122.5(2) 
O2 C28 C2 125.7(2) 
O1 C29 C30 108.6(2) 
F1 C30 F3 106.4(2) 
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Atom Atom Atom Angle/° 
F1 C30 C29 110.4(2) 
F2 C30 F1 107.6(2) 
F2 C30 F3 106.9(2) 
F2 C30 C29 112.9(2) 
F3 C30 C29 112.3(3) 
O3 C32 C13 110.0(2) 
O4 C32 O3 123.4(2) 
O4 C32 C13 126.7(2) 
O3 C33 C34 109.0(2) 
F4 C34 F5 106.6(2) 
F4 C34 F6 107.0(2) 
F4 C34 C33 112.4(2) 
F5 C34 C33 111.1(2) 
F6 C34 F5 106.6(2) 
F6 C34 C33 112.8(2) 
C28B O1B C29B 116.5(2) 
C32B O3B C33B 116.90(19) 
C22B C1B C2B 109.3(2) 
C27B C1B C2B 110.27(19) 
C27B C1B C22B 111.7(2) 
C3B C2B C1B 113.15(18) 
C28B C2B C1B 110.5(2) 
C28B C2B C3B 108.9(2) 
C4B C3B C2B 122.1(2) 
C23B C3B C2B 120.1(2) 
C23B C3B C4B 117.9(2) 
C5B C4B C3B 120.8(2) 
C6B C5B C4B 121.3(2) 
C5B C6B C7B 121.5(2) 
C5B C6B C24B 117.9(2) 
C24B C6B C7B 120.6(2) 
C6B C7B C8B 113.2(2) 
C9B C8B C7B 114.5(2) 
C8B C9B C10B 112.8(2) 
C11B C10B C9B 113.4(2) 
C10B C11B C12B 115.3(2) 
C11B C12B C13B 109.76(19) 
C31B C12B C11B 111.1(2) 
C31B C12B C13B 109.9(2) 
C14B C13B C12B 113.73(19) 
C32B C13B C12B 109.69(19) 
C32B C13B C14B 109.43(19) 
C15B C14B C13B 120.5(2) 
C15B C14B C25B 118.0(2) 
C25B C14B C13B 121.5(2) 
C14B C15B C16B 121.2(2) 
C15B C16B C17B 121.1(2) 
C16B C17B C18B 122.5(2) 
C16B C17B C26B 117.2(2) 
C26B C17B C18B 120.2(2) 
C17B C18B C19B 113.5(2) 
C20B C19B C18B 113.1(2) 
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Atom Atom Atom Angle/° 
C21B C20B C19B 113.9(2) 
C20B C21B C22B 112.4(2) 
C21B C22B C1B 115.1(2) 
C3B C23B C24B 121.0(2) 
C23B C24B C6B 121.1(2) 
C26B C25B C14B 120.7(2) 
C25B C26B C17B 121.8(2) 
O1B C28B C2B 110.6(2) 
O2B C28B O1B 123.2(2) 
O2B C28B C2B 126.2(2) 
O1B C29B C30B 107.9(2) 
F1B C30B C29B 110.3(2) 
F2B C30B F1B 108.0(2) 
F2B C30B F3B 106.6(3) 
F2B C30B C29B 113.1(2) 
F3B C30B F1B 106.9(2) 
F3B C30B C29B 111.6(2) 
O3B C32B C13B 109.8(2) 
O4B C32B O3B 123.7(2) 
O4B C32B C13B 126.4(2) 
O3B C33B C34B 108.36(19) 
F4B C34B F5B 107.0(2) 
F4B C34B F6B 107.1(2) 
F4B C34B C33B 113.1(2) 
F5B C34B F6B 106.4(2) 
F5B C34B C33B 111.4(2) 
F6B C34B C33B 111.6(2) 
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Table A8.1.9 Torsion Angles [°] for Macrocycle SI31. 

Atom	 Atom	 Atom	 Atom	 Angle/°	
O1	 C29	 C30	 F1	 176.0(2)	
O1	 C29	 C30	 F2	 -63.5(3)	
O1	 C29	 C30	 F3	 57.5(3)	
O3	 C33	 C34	 F4	 -66.4(3)	
O3	 C33	 C34	 F5	 174.3(2)	
O3	 C33	 C34	 F6	 54.6(3)	
C1	 C2	 C3	 C4	 57.5(3)	
C1	 C2	 C3	 C23	 -120.4(2)	
C1	 C2	 C28	 O1	 118.2(2)	
C1	 C2	 C28	 O2	 -61.6(3)	
C2	 C1	 C22	 C21	 -169.3(2)	
C2	 C3	 C4	 C5	 -177.3(2)	
C2	 C3	 C23	 C24	 177.3(2)	
C3	 C2	 C28	 O1	 -116.5(2)	
C3	 C2	 C28	 O2	 63.7(3)	
C3	 C4	 C5	 C6	 -0.5(4)	
C3	 C23	 C24	 C6	 0.8(4)	
C4	 C3	 C23	 C24	 -0.7(3)	
C4	 C5	 C6	 C7	 179.7(2)	
C4	 C5	 C6	 C24	 0.5(3)	
C5	 C6	 C7	 C8	 -63.9(3)	
C5	 C6	 C24	 C23	 -0.7(3)	
C6	 C7	 C8	 C9	 -61.2(3)	
C7	 C6	 C24	 C23	 -179.9(2)	
C7	 C8	 C9	 C10	 -179.4(2)	
C8	 C9	 C10	 C11	 -176.6(2)	
C9	 C10	 C11	 C12	 175.5(2)	
C10	 C11	 C12	 C13	 -175.0(2)	
C10	 C11	 C12	 C31	 62.3(3)	
C11	 C12	 C13	 C14	 60.4(3)	
C11	 C12	 C13	 C32	 -176.5(2)	
C12	 C13	 C14	 C15	 -116.8(3)	
C12	 C13	 C14	 C25	 61.1(3)	
C12	 C13	 C32	 O3	 130.1(2)	
C12	 C13	 C32	 O4	 -51.4(3)	
C13	 C14	 C15	 C16	 177.5(2)	
C13	 C14	 C25	 C26	 -177.3(2)	
C14	 C13	 C32	 O3	 -104.2(2)	
C14	 C13	 C32	 O4	 74.3(3)	
C14	 C15	 C16	 C17	 -0.2(4)	
C14	 C25	 C26	 C17	 -0.2(4)	
C15	 C14	 C25	 C26	 0.6(4)	
C15	 C16	 C17	 C18	 -178.4(2)	
C15	 C16	 C17	 C26	 0.7(4)	
C16	 C17	 C18	 C19	 113.9(3)	
C16	 C17	 C26	 C25	 -0.5(3)	
C17	 C18	 C19	 C20	 -61.7(3)	
C18	 C17	 C26	 C25	 178.6(2)	
C18	 C19	 C20	 C21	 179.5(2)	
C19	 C20	 C21	 C22	 177.5(2)	
C20	 C21	 C22	 C1	 -179.7(2)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C22	 C1	 C2	 C3	 59.7(3)	
C22	 C1	 C2	 C28	 -177.0(2)	
C23	 C3	 C4	 C5	 0.6(3)	
C24	 C6	 C7	 C8	 115.2(3)	
C25	 C14	 C15	 C16	 -0.4(4)	
C26	 C17	 C18	 C19	 -65.1(3)	
C27	 C1	 C2	 C3	 -175.9(2)	
C27	 C1	 C2	 C28	 -52.6(3)	
C27	 C1	 C22	 C21	 66.9(3)	
C28	 O1	 C29	 C30	 103.6(3)	
C28	 C2	 C3	 C4	 -66.7(3)	
C28	 C2	 C3	 C23	 115.4(2)	
C29	 O1	 C28	 O2	 1.7(4)	
C29	 O1	 C28	 C2	 -178.0(2)	
C31	 C12	 C13	 C14	 -176.4(2)	
C31	 C12	 C13	 C32	 -53.2(3)	
C32	 O3	 C33	 C34	 97.2(3)	
C32	 C13	 C14	 C15	 119.2(2)	
C32	 C13	 C14	 C25	 -62.9(3)	
C33	 O3	 C32	 O4	 3.4(4)	
C33	 O3	 C32	 C13	 -178.11(19)	
O1B	 C29B	 C30B	 F1B	 176.8(2)	
O1B	 C29B	 C30B	 F2B	 -62.1(3)	
O1B	 C29B	 C30B	 F3B	 58.1(3)	
O3B	 C33B	 C34B	 F4B	 -61.4(3)	
O3B	 C33B	 C34B	 F5B	 178.1(2)	
O3B	 C33B	 C34B	 F6B	 59.4(3)	
C1B	 C2B	 C3B	 C4B	 57.0(3)	
C1B	 C2B	 C3B	 C23B	 -122.2(2)	
C1B	 C2B	 C28B	 O1B	 126.1(2)	
C1B	 C2B	 C28B	 O2B	 -55.0(4)	
C2B	 C1B	 C22B	 C21B	 -170.6(2)	
C2B	 C3B	 C4B	 C5B	 -178.9(2)	
C2B	 C3B	 C23B	 C24B	 178.6(2)	
C3B	 C2B	 C28B	 O1B	 -109.0(2)	
C3B	 C2B	 C28B	 O2B	 69.9(3)	
C3B	 C4B	 C5B	 C6B	 0.1(4)	
C3B	 C23B	 C24B	 C6B	 0.5(4)	
C4B	 C3B	 C23B	 C24B	 -0.7(4)	
C4B	 C5B	 C6B	 C7B	 179.0(2)	
C4B	 C5B	 C6B	 C24B	 -0.3(3)	
C5B	 C6B	 C7B	 C8B	 -65.2(3)	
C5B	 C6B	 C24B	 C23B	 0.0(3)	
C6B	 C7B	 C8B	 C9B	 -61.8(3)	
C7B	 C6B	 C24B	 C23B	 -179.3(2)	
C7B	 C8B	 C9B	 C10B	 -176.1(2)	
C8B	 C9B	 C10B	 C11B	 -174.9(2)	
C9B	 C10B	 C11B	 C12B	 177.5(2)	
C10B	 C11B	 C12B	 C13B	 -173.2(2)	
C10B	 C11B	 C12B	 C31B	 65.1(3)	
C11B	 C12B	 C13B	 C14B	 55.9(3)	
C11B	 C12B	 C13B	 C32B	 178.8(2)	
C12B	 C13B	 C14B	 C15B	 -117.0(2)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C12B	 C13B	 C14B	 C25B	 61.6(3)	
C12B	 C13B	 C32B	 O3B	 131.5(2)	
C12B	 C13B	 C32B	 O4B	 -50.3(3)	
C13B	 C14B	 C15B	 C16B	 178.3(2)	
C13B	 C14B	 C25B	 C26B	 -178.1(2)	
C14B	 C13B	 C32B	 O3B	 -103.0(2)	
C14B	 C13B	 C32B	 O4B	 75.1(3)	
C14B	 C15B	 C16B	 C17B	 0.2(4)	
C14B	 C25B	 C26B	 C17B	 -0.5(4)	
C15B	 C14B	 C25B	 C26B	 0.6(4)	
C15B	 C16B	 C17B	 C18B	 179.9(2)	
C15B	 C16B	 C17B	 C26B	 -0.1(4)	
C16B	 C17B	 C18B	 C19B	 115.1(3)	
C16B	 C17B	 C26B	 C25B	 0.2(4)	
C17B	 C18B	 C19B	 C20B	 -63.6(3)	
C18B	 C17B	 C26B	 C25B	 -179.7(2)	
C18B	 C19B	 C20B	 C21B	 -176.7(2)	
C19B	 C20B	 C21B	 C22B	 -177.3(2)	
C20B	 C21B	 C22B	 C1B	 177.7(2)	
C22B	 C1B	 C2B	 C3B	 59.8(3)	
C22B	 C1B	 C2B	 C28B	 -177.7(2)	
C23B	 C3B	 C4B	 C5B	 0.4(3)	
C24B	 C6B	 C7B	 C8B	 114.1(3)	
C25B	 C14B	 C15B	 C16B	 -0.4(4)	
C26B	 C17B	 C18B	 C19B	 -64.9(3)	
C27B	 C1B	 C2B	 C3B	 -177.0(2)	
C27B	 C1B	 C2B	 C28B	 -54.6(3)	
C27B	 C1B	 C22B	 C21B	 67.1(3)	
C28B	 O1B	 C29B	 C30B	 99.4(3)	
C28B	 C2B	 C3B	 C4B	 -66.3(3)	
C28B	 C2B	 C3B	 C23B	 114.5(2)	
C29B	 O1B	 C28B	 O2B	 4.0(4)	
C29B	 O1B	 C28B	 C2B	 -177.0(2)	
C31B	 C12B	 C13B	 C14B	 178.4(2)	
C31B	 C12B	 C13B	 C32B	 -58.7(3)	
C32B	 O3B	 C33B	 C34B	 99.1(2)	
C32B	 C13B	 C14B	 C15B	 119.9(2)	
C32B	 C13B	 C14B	 C25B	 -61.4(3)	
C33B	 O3B	 C32B	 O4B	 4.5(3)	
C33B	 O3B	 C32B	 C13B	 -177.24(19)	
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Figure A8.2.1 X-Ray Crystal Structure of Macrocycle 208. 
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Table A8.2.1 Experimental Details for X-Ray Structure Determination of Macrocycle 

208. 

Single colorless prism-shaped crystals of macrocycle 208 were chosen from the 

sample as supplied. A suitable crystal with dimensions 0.28 × 0.21 × 0.17 mm3 was 

selected and mounted on a loop with paratone on a Rigaku Synergy-S diffractometer. The 

crystal was kept at a steady T = 100.0(2) K during data collection. The structure was 

solved with the ShelXT 2018/2 (Sheldrick, 2018) solution program using dual methods 

and by using Olex2 1.3-alpha (Dolomanov et al., 2009) as the graphical interface. The 

model was refined with ShelXL 2018/3 (Sheldrick, 2015) using full matrix least squares 

minimisation on F2. 

Crystal Data.  C40H44Cl6F6O8, Mr = 979.45, monoclinic, P21 (No. 4), a = 

11.00854(7) Å, b = 27.37588(17) Å, c = 15.61807(10) Å, b = 104.1223(7)°, a = g = 90°, 

V = 4564.54(5) Å3, T = 100.0(2) K, Z = 4, Z' = 2, µ(Cu Ka) = 4.074 mm-1, 61888 

reflections measured, 17396 unique (Rint = 0.0415) which were used in all calculations. 

The final wR2 was 0.0911 (all data) and R1 was 0.0343 (I≥2 s(I)). 
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Table A8.2.2 Crystal Data and Structure Refinement for Macrocycle 208 

Compound		 Macrocycle	208		
		 		
Formula		 C40H44Cl6F6O8		
Dcalc./	g	cm-3		 1.425		
µ/mm-1		 4.074		
Formula	Weight		 979.45		
Color		 colorless		
Shape		 prism-shaped		
Size/mm3		 0.28×0.21×0.17		
T/K		 100.0(2)		
Crystal	System		 monoclinic		
Flack	Parameter		 0.005(4)		
Hooft	Parameter		 0.005(4)		
Space	Group		 P21		
a/Å		 11.00854(7)		
b/Å		 27.37588(17)		
c/Å		 15.61807(10)		
a/°		 90		
b/°		 104.1223(7)		
g/°		 90		
V/Å3		 4564.54(5)		
Z		 4		
Z'		 2		
Wavelength/Å		 1.54184		
Radiation	type		 Cu	Ka		
Qmin/°		 2.918		
Qmax/°		 72.888		
Measured	Refl's.		 61888		
Indep't	Refl's		 17396		
Refl's	I≥2	s(I)		 16862		
Rint		 0.0415		
Parameters		 1177		
Restraints		 732		
Largest	Peak		 0.460		
Deepest	Hole		 -0.390		
GooF		 1.045		
wR2	(all	data)		 0.0911		
wR2		 0.0903		
R1	(all	data)		 0.0354		
R1		 0.0343		
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Structure Quality Indicators 

Reflections:	
	

Refinement:	
	

A colorless prism-shaped-shaped crystal with dimensions 0.28 × 0.21 × 0.17 mm3 was 

mounted on a loop with paratone. Data were collected using a XtaLAB Synergy, Dualflex, 

HyPix diffractometer operating at T = 100.0(2) K. 

Data were measured using w scans with Cu Ka radiation. The diffraction pattern was 

indexed and the total number of runs and images was based on the strategy calculation 

from the program CrysAlisPro 1.171.40.53 (Rigaku OD, 2019). The maximum resolution 

that was achieved was Q = 72.888° (0.83 Å). 

The unit cell was refined using CrysAlisPro 1.171.40.53 (Rigaku OD, 2019) on 50795 

reflections, 82% of the observed reflections. 

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 

1.171.40.53 (Rigaku OD, 2019). The final completeness is 99.80 % out to 72.888° in Q. A 

numerical absorption correction based on gaussian integration over a multifaceted crystal 

model was performed using CrysAlisPro 1.171.41.108a (Rigaku Oxford Diffraction, 

2021). An empirical absorption correction using spherical harmonics, implemented in 

SCALE3 ABSPACK scaling algorithm was also applied. The absorption coefficient µ of 

this material is 4.074 mm-1 at this wavelength (l = 1.54184Å) and the minimum and 

maximum transmissions are 0.453 and 1.000. 

The structure was solved and the space group P21 (# 4) determined by the ShelXT 2018/2 

(Sheldrick, 2018) structure solution program and refined by full matrix least squares 

minimisation on F2 using version 2018/3 of ShelXL 2018/3 (Sheldrick, 2015). All non-
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hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated 

geometrically and refined using the riding model.  

The X-ray structure is disordered and the asymmetric unit contains two equivalent forms 

of the trichloro acetate with two major spatial arrangements.  The group pivots about the 

macrocycle with the C of the CCl3 group in an almost fixed position and is readily 

interpreted as 2 conformers. There is less than a 10% contribution from the second 

conformer to the overall structure. 

The Flack parameter was refined to 0.005(4). Determination of absolute structure using 

Bayesian statistics on Bijvoet differences using the Olex2 results in 0.005(4). Note: The 

Flack parameter is used to determine chirality of the crystal studied, the value should be 

near 0, a value of 1 means that the stereochemistry is wrong and the model should be 

inverted. A value of 0.5 means that the crystal consists of a racemic mixture of the two 

enantiomers. 
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Figure A8.2.2 A thermal ellipsoid representation of the asymmetric unit showing the 
orientation of the major substituents. The value of Z' is 2. This means that there are 
two independent molecules in the asymmetric unit. 

 

	

Figure A8.2.3.	The disorder model showing the major (blue) and minor (red) 
substituents. 
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Table A8.2.3 Reflection Statistics 

Total	reflections	(after	
filtering)		

61922		 Unique	reflections		 17396		

Completeness		 0.954		 Mean	I/s		 23.01		
hklmax	collected		 (10,	33,	18)		 hklmin	collected		 (-13,	-32,	-19)		
hklmax	used		 (13,	33,	19)		 hklmin	used		 (-13,	-32,	0)		
Lim	dmax	collected		 100.0		 Lim	dmin	collected		 0.77		
dmax	used		 15.15		 dmin	used		 0.81		
Friedel	pairs		 4597		 Friedel	pairs	merged		 0		
Inconsistent	equivalents		 63		 Rint		 0.0415		
Rsigma		 0.0345		 Intensity	transformed		 0		
Omitted	reflections		 0		 Omitted	by	user	(OMIT	hkl)		 34		
Multiplicity		 (6157,	5992,	3763,	2350,	1471,	

892,	508,	372,	225,	103,	43,	26,	
1)		

Maximum	multiplicity		 13		

Removed	systematic	absences		 0		 Filtered	off	(Shel/OMIT)		 0		
Total	reflections	(after	
filtering)		

42062		 Unique	reflections		 10947		

Completeness		 0.804		 Mean	I/s		 16.19		
hklmax	collected		 (30,	6,	33)		 hklmin	collected		 (-30,	-6,	-33)		
hklmax	used		 (27,	6,	33)		 hklmin	used		 (-30,	-6,	0)		
Lim	dmax	collected		 100.0		 Lim	dmin	collected		 0.77		
dmax	used		 22.32		 dmin	used		 0.8		
Friedel	pairs		 5250		 Friedel	pairs	merged		 0		
Inconsistent	equivalents		 10		 Rint		 0.051		
Rsigma		 0.0423		 Intensity	transformed		 0		
Omitted	reflections		 0		 Omitted	by	user	(OMIT	hkl)		 4		
Multiplicity		 (6310,	4911,	3058,	1507,	1006,	

519,	204,	88,	40,	7,	2)		
Maximum	multiplicity		 18		

Removed	systematic	absences		 0		 Filtered	off	(Shel/OMIT)		 0		
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Table A8.2.4 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for Macrocycle 208. Ueq is defined as 1/3 of the 

trace of the orthogonalised Uij. 

Atom x y z Ueq 
F1 13332(3) -3089.1(11) 10089(2) 58.5(7) 
F2 14008(3) -2533.0(11) 11049.7(15) 59.5(8) 
F3 15263(3) -3097.8(11) 10822.2(18) 65.6(9) 
F4 8045(2) 2937.1(9) 5431.3(16) 39.6(5) 
F5 6399(2) 3160.6(10) 4461(2) 52.6(7) 
F6 6251(3) 2912.7(11) 5740(2) 66.3(9) 
O3 13627(2) -2210.8(10) 9351.1(14) 23.9(5) 
O4 14707(2) -1920.7(10) 8418.6(17) 28.6(5) 
O7 7177(2) 1981.1(9) 5403.4(15) 22.3(5) 
O8 8919(2) 1962.6(9) 4888.4(14) 21.8(4) 
C4 13224(2) 315.6(12) 10022.2(17) 18.2(6) 
C5 13121(3) -185.0(12) 9581.7(18) 16.2(6) 
C6 13925(3) -339.5(13) 9056(2) 20.3(6) 
C7 13773(3) -794.1(12) 8662(2) 19.2(6) 
C8 12832(3) -1111.9(12) 8774.2(19) 16.2(6) 
C9 12612(3) -1612.7(12) 8338.9(19) 17.5(6) 
C10 13766(3) -1922.5(12) 8679.6(19) 17.9(6) 
C11 14699(4) -2497.1(14) 9736(2) 29.8(8) 
C12 14318(5) -2805.0(15) 10425(2) 41.8(10) 
C13 12280(3) -1608.5(12) 7314.7(19) 17.0(6) 
C14 11219(3) -1245.9(12) 6954.6(19) 18.2(6) 
C15 10942(3) -1159.9(11) 5961.4(19) 16.0(6) 
C16 9836(3) -815.5(11) 5660.5(19) 16.6(6) 
C17 9344(3) -768.5(11) 4660.7(19) 17.7(6) 
C18 8104(3) -477.7(12) 4454.7(15) 16.6(6) 
C22 8262(3) 26.1(11) 4866.8(19) 15.3(6) 
C23 9134(3) 356.1(12) 4679.9(19) 17.5(6) 
C24 9287(3) 812.6(12) 5077.3(18) 16.0(6) 
C25 8585(3) 947.0(11) 5677.5(18) 15.5(6) 
C26 8768(3) 1445.1(11) 6124.6(19) 16.2(6) 
C27 8353(3) 1822.2(11) 5405.7(19) 15.7(6) 
C28 6625(3) 2324.7(14) 4728(2) 27.7(7) 
C29 6843(4) 2831.3(14) 5105(3) 36.2(9) 
C30 10122(3) 1534.2(12) 6670(2) 17.8(6) 
C31 10404(3) 1157.2(12) 7414.7(19) 18.6(6) 
C32 11736(3) 1146.8(12) 7990(2) 20.2(6) 
C33 11882(3) 761.8(12) 8710(2) 20.6(6) 
C34 13166(3) 742.0(12) 9349(2) 21.0(6) 
C35 10265(3) 2059.9(13) 7020(2) 27.1(7) 
C36 7717(3) 618.5(12) 5856(2) 18.7(6) 
C37 7552(3) 160.1(12) 5448(2) 18.9(6) 
C38 11899(3) -2126.7(12) 6990(2) 23.7(7) 
C39 12051(3) -959.7(12) 9296(2) 19.9(6) 
C40 12191(3) -504.9(13) 9699(2) 20.2(6) 
Cl1A 14844(14) 1686(3) 12243(12) 45.0(3) 
Cl2A 16877(10) 1106(6) 13266(8) 32.7(2) 
Cl3A 14418(9) 678(4) 12635(7) 28.6(5) 
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Atom x y z Ueq 
O1A 14794(15) 838(5) 10884(6) 22.6(4) 
O2A 15180(20) 30(5) 10930(30) 31.5(7) 
C1A 15514(8) 1097(4) 12378(6) 25.0(6) 
C2A 15863(11) 931(6) 11554(8) 28.6(5) 
C3A 14464(12) 366(5) 10710(11) 23.7(6) 
Cl1B 16332.9(9) 1338.0(6) 11512.5(6) 38.5(2) 
Cl2B 14407.9(10) 1631.0(6) 12361.0(8) 45.0(3) 
Cl3B 16697.1(9) 1198.2(6) 13397.1(6) 32.7(2) 
O1B 14120.6(18) 642.3(9) 11424.9(13) 22.6(4) 
O2B 15364(2) 160.9(11) 10833.2(19) 31.5(7) 
C1B 15579(2) 1184.5(10) 12353.1(14) 25.0(6) 
C2B 15012(2) 685.5(9) 12219.7(13) 28.6(5) 
C3B 14372(2) 352.7(14) 10791.4(17) 23.7(6) 
Cl10 9804.3(10) 1717.8(6) 12236.7(7) 37.7(3) 
Cl11 11830.8(12) 1164.3(8) 13337.2(7) 38.7(3) 
Cl12 9436.2(9) 703.6(6) 12609.2(6) 34.9(2) 
O13A 9962(2) 914.0(9) 10886.1(13) 23.2(5) 
O14A 10427(3) 118.4(15) 10802(2) 25.0(5) 
C59A 10531(2) 1137.9(10) 12405.1(14) 24.1(7) 
C60A 10979(2) 980.4(10) 11612.2(14) 24.4(7) 
C61A 9712(2) 452.8(10) 10582.8(19) 19.5(7) 
Cl4 11260(7) 1317(3) 11524(5) 24.4(7) 
Cl5 11783(11) 1129(6) 13399(5) 38.7(3) 
Cl6 9450(9) 1588(4) 12503(7) 37.7(3) 
O13B 9153(8) 635(4) 11405(11) 23.2(5) 
O14B 10480(30) 149(18) 10906(15) 25.0(5) 
C59B 10592(8) 1146(3) 12399(4) 24.1(7) 
C60B 9981(12) 653(3) 12237(7) 24.4(7) 
C61B 9492(8) 360(3) 10782(6) 19.5(7) 
Cl4B 4794.7(7) -1581.1(5) 2684.3(5) 26.56(18) 
Cl5B 4742.2(7) -1286.3(5) 894.3(5) 27.51(18) 
Cl6B 6965.1(8) -1733.5(6) 1992.6(6) 36.2(2) 
O5B 6847(2) -847.8(8) 3172.4(12) 23.2(4) 
O6B 7589(2) -100.9(9) 2993.6(15) 24.9(5) 
C19B 5687(2) -1336.2(9) 1988.7(13) 20.7(6) 
C20B 6171(2) -836.2(9) 2290.8(13) 24.0(5) 
C21B 7527(3) -441.2(10) 3470.3(15) 19.0(5) 
Cl4A 6940(20) -1732(8) 1230(14) 26.56(18) 
Cl5A 5500(20) -1703(9) 2548(15) 26.56(18) 
Cl6A 5350(20) -904(7) 1313(16) 36.2(2) 
O5A 6948(18) -727(10) 3040(9) 23.2(4) 
O6A 8270(50) -95(14) 3087(11) 24.9(5) 
C19A 6364(15) -1348(5) 1947(11) 20.7(6) 
C20A 7415(14) -1092(8) 2584(17) 24.0(5) 
C21A 7770(30) -387(6) 3464(3) 19.0(5) 
Cl7A -7.3(8) -1204.2(6) 723.1(5) 27.12(15) 
Cl8A -569.5(7) -705.8(6) 2212.1(5) 27.12(15) 
Cl9A 527.8(9) -1670.4(6) 2436.4(6) 33.8(2) 
O1AC 2161(2) -815.8(11) 3013.7(15) 28.2(6) 
O2AC 3584(3) -255.1(11) 2857.4(16) 30.5(6) 
C41A 491(2) -1106.3(9) 1868.3(13) 20.6(7) 
C42A 1781(2) -881.2(10) 2099.9(13) 23.6(7) 
C43A 3066(3) -483.6(12) 3321.1(15) 19.2(6) 
Cl7B 1940(7) -1709(4) 1945(6) 27.12(15) 
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Atom x y z Ueq 
Cl8B -271(8) -1241(4) 882(5) 27.12(15) 
Cl9B -240(8) -1579(4) 2643(6) 33.8(2) 
O1AB 2270(20) -868(4) 2973(17) 28.2(6) 
O2AB 2920(30) -95(7) 2897(13) 30.5(6) 
C41B 679(6) -1315(3) 1971(5) 20.6(7) 
C42B 1141(9) -824(3) 2337(8) 23.6(7) 
C43B 2833(14) -451(4) 3328(3) 19.2(6) 
F7 3005(2) 2918.9(9) 5342.4(16) 39.1(5) 
F8 1406(2) 3152.1(9) 4338.3(18) 45.1(6) 
F9 1176(3) 2907.5(10) 5600(2) 54.9(7) 
F10 8134(3) -3161.8(11) 9753(2) 69.2(9) 
F11 9878(3) -3174.1(12) 10743.5(19) 67.0(9) 
F12 8399(4) -2691.3(12) 10877.7(19) 69.9(10) 
O11 2110.3(19) 1968.3(9) 5289.3(14) 20.4(4) 
O12 3874.9(19) 1945.6(9) 4802.2(14) 20.3(4) 
O15 8484(2) -2190.5(10) 9410.4(16) 31.1(6) 
O16 9699(2) -1860.8(10) 8613.9(18) 32.0(6) 
C44 3328(3) -484.5(12) 4323.8(15) 17.4(6) 
C45 3390(3) 22.1(11) 4715(2) 15.8(6) 
C46 4282(3) 362.8(12) 4600.2(19) 17.0(6) 
C47 4379(3) 814.1(12) 5011.3(19) 16.9(6) 
C48 3587(3) 932.7(11) 5566.7(19) 16.5(6) 
C49 3686(3) 1426.8(11) 6024.5(19) 15.5(6) 
C50 3290(3) 1808.3(11) 5311.2(19) 15.7(6) 
C51 1589(3) 2314.4(13) 4618(2) 25.4(7) 
C52 1805(4) 2818.0(14) 4982(3) 34.4(9) 
C53 5004(3) 1536.3(12) 6614.3(19) 18.1(6) 
C54 5289(3) 1161.7(12) 7370(2) 20.0(6) 
C55 6604(3) 1188.6(12) 7968.4(19) 18.4(6) 
C56 6833(3) 798.3(13) 8685(2) 21.4(6) 
C57 8172(3) 809.7(12) 9266(2) 20.0(6) 
C58 8414(2) 401.8(12) 9965.3(19) 20.9(6) 
C62 8212(3) -109.3(12) 9570.9(19) 18.7(6) 
C63 8902(3) -276.7(12) 8985(2) 20.0(6) 
C64 8709(3) -740.8(12) 8621(2) 18.9(6) 
C65 7810(3) -1052.8(12) 8825(2) 18.1(6) 
C66 7573(3) -1561.9(12) 8440(2) 19.2(6) 
C67 8704(3) -1875.3(12) 8806(2) 19.8(6) 
C68 9512(4) -2494.6(15) 9826(3) 37.0(9) 
C69 8961(5) -2879.7(16) 10296(3) 45.0(11) 
C70 7259(3) -1585.0(12) 7420.1(19) 17.5(6) 
C71 6171(3) -1239.1(12) 7022.2(19) 18.3(6) 
C72 5982(3) -1150.6(12) 6040(2) 17.6(6) 
C73 4879(3) -813.3(11) 5676.9(19) 16.0(6) 
C74 4557(3) -767.8(11) 4669.7(19) 16.8(6) 
C75 6933(3) -2110.8(12) 7120(2) 21.7(6) 
C76 7123(3) -883.8(13) 9403(2) 21.3(6) 
C77 7323(3) -418.7(13) 9772(2) 21.0(6) 
C78 5053(4) 2061.6(12) 6959(2) 26.5(7) 
C79 2695(3) 595.1(12) 5675(2) 19.8(6) 
C80 2597(3) 142.6(12) 5245(2) 19.0(6) 
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Table A8.2.5 Bond Lengths [Å] and angles [°] for Macrocycle 208 

Atom	 Atom	 Length/Å	
F1	 C12	 1.335(6)	
F2	 C12	 1.337(5)	
F3	 C12	 1.339(5)	
F4	 C29	 1.329(5)	
F5	 C29	 1.351(4)	
F6	 C29	 1.332(5)	
O3	 C10	 1.351(4)	
O3	 C11	 1.422(4)	
O4	 C10	 1.202(4)	
O7	 C27	 1.364(4)	
O7	 C28	 1.434(4)	
O8	 C27	 1.198(4)	
C4	 C5	 1.525(4)	
C4	 C34	 1.561(4)	
C4	 C3A	 1.524(3)	
C4	 C3B	 1.520(3)	
C5	 C6	 1.411(4)	
C5	 C40	 1.393(4)	
C6	 C7	 1.381(4)	
C7	 C8	 1.396(4)	
C8	 C9	 1.523(4)	
C8	 C39	 1.386(4)	
C9	 C10	 1.512(4)	
C9	 C13	 1.552(4)	
C11	 C12	 1.504(5)	
C13	 C14	 1.532(4)	
C13	 C38	 1.530(4)	
C14	 C15	 1.524(4)	
C15	 C16	 1.521(4)	
C16	 C17	 1.528(4)	
C17	 C18	 1.545(4)	
C18	 C22	 1.514(4)	
C18	 C21B	 1.517(3)	
C18	 C21A	 1.521(3)	
C22	 C23	 1.400(4)	
C22	 C37	 1.384(4)	
C23	 C24	 1.387(4)	
C24	 C25	 1.402(4)	
C25	 C26	 1.523(4)	
C25	 C36	 1.389(4)	
C26	 C27	 1.512(4)	
C26	 C30	 1.545(4)	
C28	 C29	 1.503(6)	
C30	 C31	 1.529(4)	
C30	 C35	 1.534(4)	
C31	 C32	 1.522(4)	
C32	 C33	 1.521(4)	
C33	 C34	 1.520(4)	
C36	 C37	 1.399(4)	
C39	 C40	 1.387(5)	
Cl1A	 C1A	 1.765(3)	
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Atom	 Atom	 Length/Å	
Cl2A	 C1A	 1.777(3)	
Cl3A	 C1A	 1.780(3)	
O1A	 C2A	 1.394(3)	
O1A	 C3A	 1.352(3)	
O2A	 C3A	 1.202(3)	
C1A	 C2A	 1.502(3)	
Cl1B	 C1B	 1.767(2)	
Cl2B	 C1B	 1.779(2)	
Cl3B	 C1B	 1.788(2)	
O1B	 C2B	 1.387(2)	
O1B	 C3B	 1.348(2)	
O2B	 C3B	 1.199(3)	
C1B	 C2B	 1.495(3)	
Cl10	 C59A	 1.768(2)	
Cl11	 C59A	 1.776(2)	
Cl12	 C59A	 1.776(2)	
O13A	 C60A	 1.397(2)	
O13A	 C61A	 1.353(2)	
O14A	 C61A	 1.202(3)	
C59A	 C60A	 1.503(3)	
C61A	 C58	 1.523(3)	
Cl4	 C59B	 1.765(3)	
Cl5	 C59B	 1.777(3)	
Cl6	 C59B	 1.780(3)	
O13B	 C60B	 1.394(3)	
O13B	 C61B	 1.353(3)	
O14B	 C61B	 1.202(3)	
C59B	 C60B	 1.502(3)	
C61B	 C58	 1.520(3)	
Cl4B	 C19B	 1.765(2)	
Cl5B	 C19B	 1.7761(19)	
Cl6B	 C19B	 1.777(2)	
O5B	 C20B	 1.397(2)	
O5B	 C21B	 1.358(2)	
O6B	 C21B	 1.205(3)	
C19B	 C20B	 1.502(3)	
Cl4A	 C19A	 1.765(3)	
Cl5A	 C19A	 1.777(3)	
Cl6A	 C19A	 1.780(3)	
O5A	 C20A	 1.395(3)	
O5A	 C21A	 1.352(3)	
O6A	 C21A	 1.202(3)	
C19A	 C20A	 1.502(3)	
Cl7A	 C41A	 1.759(2)	
Cl8A	 C41A	 1.777(2)	
Cl9A	 C41A	 1.777(2)	
O1AC	 C42A	 1.397(2)	
O1AC	 C43A	 1.348(2)	
O2AC	 C43A	 1.201(3)	
C41A	 C42A	 1.509(3)	
C43A	 C44	 1.521(3)	
Cl7B	 C41B	 1.765(3)	
Cl8B	 C41B	 1.777(3)	
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Atom	 Atom	 Length/Å	
Cl9B	 C41B	 1.780(3)	
O1AB	 C42B	 1.394(3)	
O1AB	 C43B	 1.353(3)	
O2AB	 C43B	 1.202(3)	
C41B	 C42B	 1.502(3)	
C43B	 C44	 1.520(3)	
F7	 C52	 1.333(5)	
F8	 C52	 1.351(4)	
F9	 C52	 1.341(4)	
F10	 C69	 1.329(6)	
F11	 C69	 1.346(5)	
F12	 C69	 1.323(5)	
O11	 C50	 1.363(4)	
O11	 C51	 1.426(4)	
O12	 C50	 1.199(4)	
O15	 C67	 1.344(4)	
O15	 C68	 1.427(4)	
O16	 C67	 1.205(4)	
C44	 C45	 1.510(4)	
C44	 C74	 1.539(4)	
C45	 C46	 1.397(4)	
C45	 C80	 1.383(4)	
C46	 C47	 1.384(4)	
C47	 C48	 1.410(4)	
C48	 C49	 1.521(4)	
C48	 C79	 1.389(4)	
C49	 C50	 1.512(4)	
C49	 C53	 1.546(4)	
C51	 C52	 1.488(5)	
C53	 C54	 1.537(4)	
C53	 C78	 1.532(4)	
C54	 C55	 1.521(4)	
C55	 C56	 1.523(4)	
C56	 C57	 1.532(4)	
C57	 C58	 1.539(4)	
C58	 C62	 1.523(4)	
C62	 C63	 1.401(4)	
C62	 C77	 1.387(5)	
C63	 C64	 1.387(4)	
C64	 C65	 1.403(4)	
C65	 C66	 1.515(4)	
C65	 C76	 1.390(4)	
C66	 C67	 1.506(4)	
C66	 C70	 1.546(4)	
C68	 C69	 1.495(6)	
C70	 C71	 1.534(4)	
C70	 C75	 1.529(4)	
C71	 C72	 1.517(4)	
C72	 C73	 1.520(4)	
C73	 C74	 1.531(4)	
C76	 C77	 1.393(5)	
C79	 C80	 1.401(4)	
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Table A8.2.6 Anisotropic Displacement Parameters (Å2x103) for Macrocycle 208. 

The Anisotropic Displacement Factor Exponent Takes the Form: -2p2[h2a*2U11 + … + 

2hka*b*U12]. 

Atom	 U11	 U22	 U33	 U23	 U13	 U12	
F1	 96(2)	 33.2(14)	 57.3(16)	 11.0(12)	 41.0(16)	 -3.7(14)	
F2	 115(2)	 45.0(15)	 23.5(11)	 11.7(10)	 27.4(14)	 28.4(15)	
F3	 108(2)	 45.8(16)	 42.9(15)	 26.5(12)	 18.5(15)	 40.5(16)	
F4	 57.6(14)	 17.7(10)	 46.1(13)	 -1.2(9)	 17.4(11)	 0.2(9)	
F5	 57.6(15)	 33.5(13)	 76.9(18)	 34.4(12)	 36.1(14)	 26.3(11)	
F6	 102(2)	 35.7(14)	 89(2)	 20.1(14)	 77(2)	 28.6(14)	
O3	 29.9(12)	 26.0(12)	 13.9(10)	 6.4(9)	 1.7(9)	 2.5(9)	
O4	 17.9(11)	 33.8(13)	 34.9(13)	 14.7(11)	 8.0(10)	 6.0(9)	
O7	 20.7(10)	 18.9(11)	 30.1(12)	 9.9(9)	 11.5(9)	 6.1(8)	
O8	 22.4(11)	 21.4(11)	 22.2(11)	 3.5(9)	 6.9(9)	 2.3(9)	
C4	 17.6(14)	 20.5(15)	 14.2(14)	 -4.9(11)	 -0.3(11)	 4.3(11)	
C5	 18.7(13)	 17.9(14)	 10.0(13)	 -0.7(11)	 -0.6(11)	 5.7(11)	
C6	 16.0(14)	 23.5(16)	 21.5(15)	 -2.0(12)	 5.2(12)	 -1.9(11)	
C7	 17.7(13)	 23.3(16)	 17.4(14)	 -2.6(11)	 5.8(11)	 3.2(11)	
C8	 15.3(13)	 19.5(14)	 12.2(13)	 0.7(11)	 0.4(11)	 -0.2(11)	
C9	 16.5(13)	 18.5(14)	 16.3(14)	 2.2(11)	 1.9(11)	 -1.7(11)	
C10	 20.7(15)	 15.5(14)	 14.9(14)	 3.3(11)	 -0.5(11)	 -1.3(11)	
C11	 42(2)	 21.2(16)	 21.6(16)	 8.1(13)	 -0.5(15)	 10.5(14)	
C12	 79(3)	 27.4(19)	 20.3(17)	 9.0(15)	 14.1(19)	 13(2)	
C13	 17.2(13)	 16.8(14)	 15.7(14)	 -0.2(11)	 1.7(11)	 1.6(11)	
C14	 20.7(14)	 15.7(14)	 16.9(14)	 -1.4(11)	 1.9(11)	 4.3(11)	
C15	 15.9(13)	 14.2(13)	 16.7(14)	 1.0(11)	 1.8(11)	 0.5(11)	
C16	 18.1(13)	 14.3(14)	 15.2(14)	 -2.1(10)	 -0.4(11)	 0.1(11)	
C17	 20.5(14)	 14.1(14)	 17.7(14)	 -2.4(11)	 3.2(11)	 -0.9(11)	
C18	 16.5(13)	 16.6(14)	 14.9(14)	 -0.9(11)	 0.5(11)	 -2.7(11)	
C22	 15.4(13)	 13.0(13)	 14.3(14)	 1.2(10)	 -2.6(11)	 0.4(10)	
C23	 19.6(14)	 17.1(14)	 14.4(14)	 -1.0(11)	 1.4(11)	 -0.7(11)	
C24	 17.1(13)	 16.5(14)	 12.8(13)	 2.0(11)	 0.5(11)	 0.9(11)	
C25	 16.5(13)	 15.7(14)	 11.6(13)	 2.9(10)	 -1.9(11)	 1.9(10)	
C26	 18.7(14)	 15.0(14)	 14.2(13)	 1.6(11)	 2.9(11)	 -0.6(11)	
C27	 15.9(13)	 12.5(13)	 16.7(14)	 0.9(11)	 0.2(11)	 2.9(10)	
C28	 17.2(14)	 28.5(18)	 37.2(19)	 16.8(15)	 6.5(13)	 8.0(12)	
C29	 41(2)	 24.3(19)	 52(2)	 18.7(16)	 28.0(18)	 17.7(15)	
C30	 18.3(14)	 17.6(14)	 15.6(14)	 0.6(11)	 0.5(11)	 -0.4(11)	
C31	 21.7(14)	 16.1(14)	 15.8(14)	 2.0(11)	 0.4(12)	 -2.7(11)	
C32	 22.2(15)	 17.5(14)	 19.8(15)	 3.7(12)	 3.2(12)	 -1.0(11)	
C33	 20.5(14)	 19.1(15)	 19.3(15)	 2.7(12)	 -0.7(12)	 -2.0(11)	
C34	 21.9(14)	 16.4(15)	 22.5(15)	 -0.6(12)	 0.9(12)	 0.5(11)	
C35	 39.0(19)	 17.7(16)	 20.4(16)	 -3.1(12)	 -0.8(14)	 -3.6(13)	
C36	 18.0(14)	 19.1(15)	 19.7(14)	 -2.7(11)	 5.7(11)	 0.6(11)	
C37	 15.6(13)	 17.6(14)	 22.3(15)	 0.9(12)	 2.3(11)	 -0.3(11)	
C38	 32.0(17)	 16.0(15)	 20.7(15)	 1.1(12)	 1.7(13)	 3.7(12)	
C39	 18.4(14)	 24.2(16)	 15.3(14)	 2.3(12)	 0.8(11)	 0.2(12)	
C40	 18.7(14)	 25.5(16)	 16.6(14)	 1.4(12)	 5.0(11)	 5.8(12)	
Cl1A	 30.8(5)	 32.6(5)	 64.4(7)	 -19.5(4)	 -2.3(5)	 10.0(4)	
Cl2A	 30.5(4)	 36.4(6)	 25.2(5)	 -13.6(4)	 -4.6(3)	 0.3(4)	



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 840 

Atom	 U11	 U22	 U33	 U23	 U13	 U12	
Cl3A	 24.3(8)	 37.0(10)	 20.2(9)	 -11.0(8)	 -2.9(7)	 5.2(8)	
O1A	 21.6(8)	 29.0(8)	 15.0(8)	 -4.9(7)	 0.4(7)	 2.7(7)	
O2A	 26.7(11)	 32.1(9)	 28.5(13)	 -10.2(10)	 -7.0(10)	 8.2(9)	
C1A	 19.2(11)	 31.3(14)	 20.7(9)	 -10.9(9)	 -2.4(9)	 1.0(11)	
C2A	 24.3(8)	 37.0(10)	 20.2(9)	 -11.0(8)	 -2.9(7)	 5.2(8)	
C3A	 20.3(10)	 28.7(9)	 19.9(14)	 -5.6(8)	 0.8(9)	 3.7(6)	
Cl1B	 32.8(5)	 44.6(6)	 36.7(5)	 12.0(4)	 6.0(4)	 -9.6(4)	
Cl2B	 30.8(5)	 32.6(5)	 64.4(7)	 -19.5(4)	 -2.3(5)	 10.0(4)	
Cl3B	 30.5(4)	 36.4(6)	 25.2(5)	 -13.6(4)	 -4.6(3)	 0.3(4)	
O1B	 21.6(8)	 29.0(8)	 15.0(8)	 -4.9(7)	 0.4(7)	 2.7(7)	
O2B	 26.7(11)	 32.1(9)	 28.5(13)	 -10.2(10)	 -7.0(10)	 8.2(9)	
C1B	 19.2(11)	 31.3(14)	 20.7(9)	 -10.9(9)	 -2.4(9)	 1.0(11)	
C2B	 24.3(8)	 37.0(10)	 20.2(9)	 -11.0(8)	 -2.9(7)	 5.2(8)	
C3B	 20.3(10)	 28.7(9)	 19.9(14)	 -5.6(8)	 0.8(9)	 3.7(6)	
Cl10	 45.3(6)	 25.7(5)	 38.0(6)	 -5.2(4)	 2.2(4)	 9.5(4)	
Cl11	 39.1(5)	 47.0(6)	 21.2(4)	 -7.6(4)	 -9.6(4)	 3.7(4)	
Cl12	 36.0(5)	 40.2(5)	 30.5(5)	 6.1(4)	 11.8(4)	 -3.8(4)	
O13A	 23.3(12)	 23.1(13)	 20.5(12)	 -1.3(10)	 0.0(10)	 -0.8(9)	
O14A	 22.8(11)	 29.3(14)	 19.6(13)	 -7.9(11)	 -1.1(10)	 4.0(10)	
C59A	 24.9(16)	 24.6(16)	 19.5(15)	 -0.1(12)	 -0.7(13)	 1.2(12)	
C60A	 23.7(16)	 28.4(17)	 17.7(15)	 -0.2(13)	 -1.4(12)	 -3.9(13)	
C61A	 23.9(17)	 20.7(17)	 14.2(15)	 -2.5(12)	 5.1(13)	 -1.7(13)	
Cl4	 23.7(16)	 28.4(17)	 17.7(15)	 -0.2(13)	 -1.4(12)	 -3.9(13)	
Cl5	 39.1(5)	 47.0(6)	 21.2(4)	 -7.6(4)	 -9.6(4)	 3.7(4)	
Cl6	 45.3(6)	 25.7(5)	 38.0(6)	 -5.2(4)	 2.2(4)	 9.5(4)	
O13B	 23.3(12)	 23.1(13)	 20.5(12)	 -1.3(10)	 0.0(10)	 -0.8(9)	
O14B	 22.8(11)	 29.3(14)	 19.6(13)	 -7.9(11)	 -1.1(10)	 4.0(10)	
C59B	 24.9(16)	 24.6(16)	 19.5(15)	 -0.1(12)	 -0.7(13)	 1.2(12)	
C60B	 23.7(16)	 28.4(17)	 17.7(15)	 -0.2(13)	 -1.4(12)	 -3.9(13)	
C61B	 23.9(17)	 20.7(17)	 14.2(15)	 -2.5(12)	 5.1(13)	 -1.7(13)	
Cl4B	 29.9(4)	 25.3(4)	 23.5(4)	 -0.4(3)	 4.7(3)	 -5.9(3)	
Cl5B	 31.1(4)	 29.7(4)	 16.1(3)	 -3.2(3)	 -5.1(3)	 -2.8(3)	
Cl6B	 29.5(4)	 35.2(5)	 41.4(5)	 -6.6(4)	 4.0(4)	 7.7(3)	
O5B	 29.8(9)	 19.0(8)	 16.3(8)	 -0.7(6)	 -3.2(7)	 -6.8(7)	
O6B	 29.5(10)	 21.0(9)	 21.5(10)	 2.4(7)	 1.2(8)	 -4.5(8)	
C19B	 20.9(9)	 21.6(9)	 17.1(9)	 -4.3(7)	 -0.5(7)	 -1.6(8)	
C20B	 28.7(11)	 21.7(9)	 16.7(9)	 -1.5(7)	 -3.8(7)	 -5.1(8)	
C21B	 22.2(10)	 16.2(8)	 16.0(10)	 -1.7(6)	 -0.8(8)	 -2.3(7)	
Cl4A	 29.9(4)	 25.3(4)	 23.5(4)	 -0.4(3)	 4.7(3)	 -5.9(3)	
Cl5A	 29.9(4)	 25.3(4)	 23.5(4)	 -0.4(3)	 4.7(3)	 -5.9(3)	
Cl6A	 29.5(4)	 35.2(5)	 41.4(5)	 -6.6(4)	 4.0(4)	 7.7(3)	
O5A	 29.8(9)	 19.0(8)	 16.3(8)	 -0.7(6)	 -3.2(7)	 -6.8(7)	
O6A	 29.5(10)	 21.0(9)	 21.5(10)	 2.4(7)	 1.2(8)	 -4.5(8)	
C19A	 20.9(9)	 21.6(9)	 17.1(9)	 -4.3(7)	 -0.5(7)	 -1.6(8)	
C20A	 28.7(11)	 21.7(9)	 16.7(9)	 -1.5(7)	 -3.8(7)	 -5.1(8)	
C21A	 22.2(10)	 16.2(8)	 16.0(10)	 -1.7(6)	 -0.8(8)	 -2.3(7)	
Cl7A	 24.1(3)	 35.9(3)	 20.7(3)	 -4.0(2)	 4.0(2)	 -0.3(2)	
Cl8A	 24.1(3)	 35.9(3)	 20.7(3)	 -4.0(2)	 4.0(2)	 -0.3(2)	
Cl9A	 39.4(5)	 25.6(4)	 29.9(5)	 7.2(3)	 -4.2(4)	 -7.8(4)	
O1AC	 29.1(12)	 33.6(13)	 17.8(11)	 -1.9(10)	 -1.9(9)	 -12.4(10)	
O2AC	 41.2(16)	 33.8(14)	 16.8(12)	 -1.6(10)	 7.4(11)	 -13.3(12)	
C41A	 20.0(14)	 20.5(16)	 19.6(15)	 2.5(12)	 1.6(12)	 -1.1(12)	
C42A	 18.4(15)	 33.8(18)	 16.9(15)	 -1.9(13)	 1.0(12)	 -2.3(13)	
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Atom	 U11	 U22	 U33	 U23	 U13	 U12	
C43A	 18.6(14)	 17.4(14)	 18.8(14)	 1.6(11)	 -0.6(11)	 0.3(11)	
Cl7B	 24.1(3)	 35.9(3)	 20.7(3)	 -4.0(2)	 4.0(2)	 -0.3(2)	
Cl8B	 24.1(3)	 35.9(3)	 20.7(3)	 -4.0(2)	 4.0(2)	 -0.3(2)	
Cl9B	 39.4(5)	 25.6(4)	 29.9(5)	 7.2(3)	 -4.2(4)	 -7.8(4)	
O1AB	 29.1(12)	 33.6(13)	 17.8(11)	 -1.9(10)	 -1.9(9)	 -12.4(10)	
O2AB	 41.2(16)	 33.8(14)	 16.8(12)	 -1.6(10)	 7.4(11)	 -13.3(12)	
C41B	 20.0(14)	 20.5(16)	 19.6(15)	 2.5(12)	 1.6(12)	 -1.1(12)	
C42B	 18.4(15)	 33.8(18)	 16.9(15)	 -1.9(13)	 1.0(12)	 -2.3(13)	
C43B	 18.6(14)	 17.4(14)	 18.8(14)	 1.6(11)	 -0.6(11)	 0.3(11)	
F7	 49.4(13)	 18.6(10)	 47.6(13)	 1.1(9)	 8.5(11)	 -0.3(9)	
F8	 50.2(13)	 31.1(12)	 62.8(16)	 28.7(11)	 30.6(12)	 21.3(10)	
F9	 83.9(19)	 32.5(13)	 67.2(17)	 14.4(12)	 54.5(16)	 20.5(12)	
F10	 93(2)	 31.1(14)	 88(2)	 2.2(14)	 29.9(19)	 -9.1(14)	
F11	 109(2)	 45.5(16)	 50.8(16)	 28.5(13)	 27.4(16)	 41.9(16)	
F12	 118(3)	 61.9(19)	 44.4(15)	 27.7(14)	 47.6(17)	 46.5(18)	
O11	 18.5(10)	 19.1(11)	 24.1(11)	 8.2(9)	 6.5(8)	 5.8(8)	
O12	 19.5(10)	 21.6(11)	 20.2(11)	 1.6(9)	 5.8(9)	 2.9(8)	
O15	 30.3(12)	 32.2(13)	 29.4(13)	 16.2(11)	 4.8(10)	 4.0(10)	
O16	 20.2(11)	 32.7(14)	 42.6(15)	 14.3(11)	 6.6(10)	 4.0(9)	
C44	 17.6(13)	 17.7(14)	 15.3(13)	 -2.1(11)	 0.9(11)	 -2.0(11)	
C45	 17.1(13)	 12.8(13)	 14.6(14)	 -0.6(10)	 -1.7(11)	 -0.5(10)	
C46	 15.4(13)	 19.1(14)	 14.9(14)	 -0.7(11)	 0.6(11)	 1.0(11)	
C47	 16.4(13)	 16.8(14)	 14.7(13)	 1.5(11)	 -1.8(11)	 -0.9(11)	
C48	 18.7(14)	 13.8(14)	 14.4(13)	 1.8(11)	 -1.0(11)	 3.0(11)	
C49	 21.2(14)	 12.9(13)	 12.8(13)	 2.0(10)	 4.7(11)	 1.2(11)	
C50	 16.1(13)	 13.1(13)	 15.2(14)	 -2.1(11)	 -1.6(11)	 2.6(10)	
C51	 19.6(14)	 25.8(17)	 30.3(17)	 14.3(14)	 5.0(13)	 4.0(12)	
C52	 35.0(19)	 23.4(18)	 51(2)	 18.2(16)	 22.6(17)	 13.6(14)	
C53	 20.3(14)	 17.3(14)	 14.7(14)	 1.5(11)	 0.4(11)	 -0.9(11)	
C54	 21.4(15)	 19.1(15)	 16.4(14)	 2.6(11)	 -1.2(12)	 -0.7(11)	
C55	 20.5(14)	 18.2(14)	 14.8(14)	 0.0(11)	 1.3(11)	 0.8(11)	
C56	 22.4(15)	 21.2(15)	 18.4(15)	 2.4(12)	 0.6(12)	 0.1(12)	
C57	 16.6(14)	 19.2(15)	 21.1(15)	 0.3(12)	 -1.0(12)	 2.1(11)	
C58	 22.4(15)	 22.0(16)	 16.0(14)	 -2.2(12)	 0.4(12)	 6.2(12)	
C62	 18.0(14)	 22.7(16)	 12.6(14)	 0.1(11)	 -1.7(11)	 4.0(11)	
C63	 14.9(14)	 23.9(16)	 21.6(15)	 -0.7(12)	 5.1(12)	 -0.1(11)	
C64	 16.4(13)	 21.5(15)	 18.6(14)	 -1.7(12)	 3.9(11)	 1.2(11)	
C65	 13.2(13)	 24.1(16)	 15.2(14)	 3.0(11)	 -0.1(11)	 1.1(11)	
C66	 16.0(13)	 20.9(15)	 19.7(15)	 4.9(12)	 2.8(11)	 -2.3(11)	
C67	 20.7(15)	 15.8(14)	 18.2(14)	 1.1(11)	 -4.1(12)	 -1.5(11)	
C68	 47(2)	 23.9(18)	 37(2)	 11.3(15)	 3.0(17)	 13.1(16)	
C69	 77(3)	 31(2)	 32(2)	 9.1(16)	 21(2)	 16(2)	
C70	 17.6(13)	 19.9(15)	 13.3(13)	 1.4(11)	 0.5(11)	 -0.1(11)	
C71	 21.6(14)	 15.5(14)	 16.8(14)	 -1.5(11)	 3.1(11)	 1.9(11)	
C72	 17.7(13)	 17.2(14)	 16.6(14)	 1.4(11)	 1.9(11)	 0.0(11)	
C73	 17.2(13)	 13.1(14)	 16.1(14)	 -0.4(10)	 0.8(11)	 0.2(10)	
C74	 23.0(14)	 12.7(13)	 14.3(13)	 -0.8(10)	 3.7(11)	 -1.8(11)	
C75	 27.2(16)	 16.9(15)	 20.3(15)	 2.5(12)	 4.7(13)	 2.2(12)	
C76	 17.7(14)	 27.4(16)	 17.6(15)	 4.9(12)	 1.6(12)	 -0.3(12)	
C77	 19.0(14)	 28.8(17)	 13.4(14)	 1.8(12)	 0.1(11)	 6.2(12)	
C78	 40.2(19)	 17.6(16)	 18.3(16)	 -2.1(12)	 0.3(14)	 -3.2(13)	
C79	 19.7(14)	 18.6(15)	 20.8(15)	 -2.6(12)	 4.3(12)	 0.9(11)	
C80	 15.4(13)	 19.0(15)	 20.3(15)	 -1.0(12)	 -0.2(11)	 -3.8(11)	
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Table A8.2.7 Hydrogen Coordinates (x104) and Isotropic Displacement Parameters 

(Å2x103) for Macrocycle 208. 

Atom	 x	 y	 z	 Ueq	
H4	 12491.1	 350.96	 10268.84	 22	
H6	 14560.11	 -134.02	 8974.95	 24	
H7	 14307.76	 -890.4	 8314.56	 23	
H9	 11915.42	 -1766.75	 8525.76	 21	
H11A	 15403.89	 -2289.61	 10003.42	 36	
H11B	 14931.76	 -2701.55	 9294.15	 36	
H13	 13021.08	 -1511.64	 7113.5	 20	
H14A	 10462.33	 -1364.57	 7098.93	 22	
H14B	 11430.92	 -935.51	 7253.07	 22	
H15A	 11674.93	 -1021.17	 5812.44	 19	
H15B	 10757.49	 -1469.4	 5654.76	 19	
H16A	 10080.06	 -493.88	 5902.44	 20	
H16B	 9156.88	 -927.88	 5906.69	 20	
H17A	 9204.4	 -1090.56	 4395.88	 21	
H17B	 9957.35	 -601.19	 4413.76	 21	
H18	 7512.74	 -657.01	 4715.91	 20	
H23	 9612.57	 269.05	 4288.41	 21	
H24	 9861.03	 1031.46	 4944.3	 19	
H26	 8208.1	 1465.75	 6524.59	 19	
H28A	 5732.96	 2263.03	 4523.36	 33	
H28B	 7000.1	 2291.76	 4229.78	 33	
H30	 10698.42	 1483.23	 6289.47	 21	
H31A	 9839.77	 1215.7	 7793.58	 22	
H31B	 10211.2	 835.92	 7155.06	 22	
H32A	 12313.19	 1077.17	 7625.54	 24	
H32B	 11945.72	 1465.1	 8258.39	 24	
H33A	 11261.01	 822.85	 9044.52	 25	
H33B	 11701.44	 444.22	 8432.87	 25	
H34A	 13335.18	 1049.34	 9664.88	 25	
H34B	 13801.95	 693.71	 9023.3	 25	
H35A	 11120.22	 2115.97	 7330.61	 33	
H35B	 9729.92	 2108.82	 7414.3	 33	
H35C	 10036.1	 2283.85	 6534.44	 33	
H36	 7241.78	 704.04	 6250.12	 22	
H37	 6962.61	 -55.67	 5568.37	 23	
H38A	 11157.13	 -2219.86	 7169.5	 28	
H38B	 12565.22	 -2349.25	 7239.45	 28	
H38C	 11734.87	 -2136.22	 6357.78	 28	
H39	 11418.69	 -1166.88	 9377.47	 24	
H40	 11659.19	 -412.6	 10050.52	 24	
H2AA	 16361.82	 1180.78	 11361.55	 34	
H2AB	 16365.42	 636.12	 11677.45	 34	
H2BA	 15669.86	 447.32	 12236.36	 34	
H2BB	 14625.72	 612.55	 12700.64	 34	
H60A	 11535.98	 1226.58	 11474.71	 29	
H60B	 11443.23	 677.25	 11742.04	 29	
H60C	 10618.86	 404.04	 12277.75	 29	
H60D	 9530.69	 586.79	 12686.38	 29	
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Atom	 x	 y	 z	 Ueq	
H20A	 6705.77	 -719.54	 1924.44	 29	
H20B	 5472.72	 -611.56	 2226.93	 29	
H20C	 7885.56	 -1326.73	 3000.71	 29	
H20D	 7978.7	 -948.16	 2264.02	 29	
H42A	 2367.51	 -1093.2	 1905.76	 28	
H42B	 1765.98	 -568.92	 1803.97	 28	
H42C	 1259.08	 -614.43	 1862.18	 28	
H42D	 521.02	 -672.75	 2598.94	 28	
H44	 2652.35	 -663.79	 4493.41	 21	
H46	 4818.19	 285.43	 4242.86	 20	
H47	 4968.22	 1039.33	 4921.12	 20	
H49	 3087.6	 1432.64	 6397.29	 19	
H51A	 696.72	 2256.41	 4402.84	 30	
H51B	 1975.76	 2277.81	 4126.04	 30	
H53	 5622.12	 1499.8	 6261.18	 22	
H54A	 4691.46	 1207.17	 7728.41	 24	
H54B	 5160.59	 836.59	 7117.19	 24	
H55A	 6730.09	 1508.42	 8243.18	 22	
H55B	 7209.18	 1149.67	 7614.61	 22	
H56A	 6670.46	 479.38	 8410.43	 26	
H56B	 6249.58	 845.95	 9053.65	 26	
H57A	 8324.11	 1123.92	 9559.37	 24	
H57B	 8757.09	 774.84	 8894.85	 24	
H58	 7805.85	 446.17	 10324.48	 25	
H63	 9497.43	 -73.7	 8838.19	 24	
H64	 9181.38	 -846.13	 8236.89	 23	
H66	 6864.42	 -1701.15	 8633.5	 23	
H68A	 10141.03	 -2307.71	 10240.35	 44	
H68B	 9896.54	 -2639.99	 9390.25	 44	
H70	 7997.8	 -1482.94	 7220.54	 21	
H71A	 5405.75	 -1374.16	 7126.96	 22	
H71B	 6321.16	 -927.95	 7326.77	 22	
H72A	 5839.73	 -1460.62	 5730.59	 21	
H72B	 6735.89	 -1007.33	 5930.91	 21	
H73A	 5070.55	 -491.45	 5934.17	 19	
H73B	 4151.13	 -935.24	 5856.09	 19	
H74A	 4477.42	 -1091.49	 4409.19	 20	
H74B	 5232.68	 -600.43	 4491.9	 20	
H75A	 6217.83	 -2216.41	 7319.96	 26	
H75B	 7632.54	 -2319.58	 7364.1	 26	
H75C	 6744.81	 -2126.46	 6487.06	 26	
H76	 6519.32	 -1084.54	 9545.48	 26	
H77	 6855.27	 -314.29	 10159.53	 25	
H78A	 4839.63	 2283.6	 6469.83	 40	
H78B	 5882.26	 2132.22	 7304.26	 40	
H78C	 4466.49	 2098	 7320.34	 40	
H79	 2160.23	 669.76	 6035.15	 24	
H80	 1990.06	 -79.47	 5317.33	 23	
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Table A8.2.8 Bond Angles [°] for Macrocycle 208. 

Atom	 Atom	 Atom	 Angle/°	
C10	 O3	 C11	 114.3(3)	
C27	 O7	 C28	 116.3(2)	
C5	 C4	 C34	 112.4(2)	
C3A	 C4	 C5	 110.7(8)	
C3A	 C4	 C34	 106.9(5)	
C3B	 C4	 C5	 111.9(2)	
C3B	 C4	 C34	 111.8(3)	
C6	 C5	 C4	 122.9(3)	
C40	 C5	 C4	 118.8(3)	
C40	 C5	 C6	 118.3(3)	
C7	 C6	 C5	 120.4(3)	
C6	 C7	 C8	 121.2(3)	
C7	 C8	 C9	 123.1(3)	
C39	 C8	 C7	 118.2(3)	
C39	 C8	 C9	 118.6(3)	
C8	 C9	 C13	 115.2(2)	
C10	 C9	 C8	 108.6(2)	
C10	 C9	 C13	 109.5(2)	
O3	 C10	 C9	 110.9(3)	
O4	 C10	 O3	 122.4(3)	
O4	 C10	 C9	 126.7(3)	
O3	 C11	 C12	 105.3(3)	
F1	 C12	 F2	 106.4(4)	
F1	 C12	 F3	 107.4(3)	
F1	 C12	 C11	 112.8(3)	
F2	 C12	 F3	 107.6(3)	
F2	 C12	 C11	 112.1(3)	
F3	 C12	 C11	 110.3(4)	
C14	 C13	 C9	 110.5(2)	
C38	 C13	 C9	 108.1(2)	
C38	 C13	 C14	 110.9(2)	
C15	 C14	 C13	 114.8(2)	
C16	 C15	 C14	 110.9(2)	
C15	 C16	 C17	 115.1(2)	
C16	 C17	 C18	 109.3(2)	
C22	 C18	 C17	 112.1(2)	
C22	 C18	 C21B	 110.3(2)	
C22	 C18	 C21A	 105.0(7)	
C21B	 C18	 C17	 112.1(2)	
C21A	 C18	 C17	 106.2(11)	
C23	 C22	 C18	 120.8(3)	
C37	 C22	 C18	 119.7(3)	
C37	 C22	 C23	 119.4(3)	
C24	 C23	 C22	 120.2(3)	
C23	 C24	 C25	 120.6(3)	
C24	 C25	 C26	 120.6(3)	
C36	 C25	 C24	 118.9(3)	
C36	 C25	 C26	 120.5(3)	
C25	 C26	 C30	 113.3(2)	
C27	 C26	 C25	 106.8(2)	
C27	 C26	 C30	 112.2(2)	



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 845 

Atom	 Atom	 Atom	 Angle/°	
O7	 C27	 C26	 109.5(2)	
O8	 C27	 O7	 123.0(3)	
O8	 C27	 C26	 127.4(3)	
O7	 C28	 C29	 108.6(3)	
F4	 C29	 F5	 106.6(3)	
F4	 C29	 F6	 107.5(4)	
F4	 C29	 C28	 113.6(3)	
F5	 C29	 C28	 109.2(4)	
F6	 C29	 F5	 106.8(3)	
F6	 C29	 C28	 112.7(3)	
C31	 C30	 C26	 107.6(2)	
C31	 C30	 C35	 112.2(3)	
C35	 C30	 C26	 110.3(2)	
C32	 C31	 C30	 116.7(3)	
C33	 C32	 C31	 111.2(2)	
C34	 C33	 C32	 115.1(3)	
C33	 C34	 C4	 110.3(2)	
C25	 C36	 C37	 120.6(3)	
C22	 C37	 C36	 120.3(3)	
C8	 C39	 C40	 121.4(3)	
C39	 C40	 C5	 120.6(3)	
C3A	 O1A	 C2A	 117.4(3)	
Cl1A	 C1A	 Cl2A	 109.22(19)	
Cl1A	 C1A	 Cl3A	 109.24(18)	
Cl2A	 C1A	 Cl3A	 108.84(18)	
C2A	 C1A	 Cl1A	 111.2(2)	
C2A	 C1A	 Cl2A	 109.2(2)	
C2A	 C1A	 Cl3A	 109.1(2)	
O1A	 C2A	 C1A	 110.7(3)	
O1A	 C3A	 C4	 112.2(10)	
O2A	 C3A	 C4	 122.9(15)	
O2A	 C3A	 O1A	 123.2(4)	
C3B	 O1B	 C2B	 118.68(18)	
Cl1B	 C1B	 Cl2B	 108.33(14)	
Cl1B	 C1B	 Cl3B	 109.20(12)	
Cl2B	 C1B	 Cl3B	 108.56(12)	
C2B	 C1B	 Cl1B	 111.68(15)	
C2B	 C1B	 Cl2B	 110.51(15)	
C2B	 C1B	 Cl3B	 108.50(15)	
O1B	 C2B	 C1B	 112.50(17)	
O1B	 C3B	 C4	 109.8(2)	
O2B	 C3B	 C4	 125.7(2)	
O2B	 C3B	 O1B	 124.4(2)	
C61A	 O13A	 C60A	 117.38(19)	
Cl10	 C59A	 Cl11	 109.28(13)	
Cl10	 C59A	 Cl12	 108.98(13)	
Cl11	 C59A	 Cl12	 109.05(13)	
C60A	 C59A	 Cl10	 111.24(16)	
C60A	 C59A	 Cl11	 109.06(15)	
C60A	 C59A	 Cl12	 109.21(15)	
O13A	 C60A	 C59A	 110.34(17)	
O13A	 C61A	 C58	 112.7(2)	
O14A	 C61A	 O13A	 123.2(2)	
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Atom	 Atom	 Atom	 Angle/°	
O14A	 C61A	 C58	 124.0(3)	
C61B	 O13B	 C60B	 117.2(3)	
Cl4	 C59B	 Cl5	 109.24(19)	
Cl4	 C59B	 Cl6	 109.18(18)	
Cl5	 C59B	 Cl6	 108.87(18)	
C60B	 C59B	 Cl4	 111.2(2)	
C60B	 C59B	 Cl5	 109.2(2)	
C60B	 C59B	 Cl6	 109.2(2)	
O13B	 C60B	 C59B	 110.7(3)	
O13B	 C61B	 C58	 105.4(9)	
O14B	 C61B	 O13B	 123.2(4)	
O14B	 C61B	 C58	 131.3(10)	
C21B	 O5B	 C20B	 115.82(17)	
Cl4B	 C19B	 Cl5B	 109.77(12)	
Cl4B	 C19B	 Cl6B	 108.93(12)	
Cl5B	 C19B	 Cl6B	 109.13(11)	
C20B	 C19B	 Cl4B	 111.13(15)	
C20B	 C19B	 Cl5B	 108.16(14)	
C20B	 C19B	 Cl6B	 109.70(15)	
O5B	 C20B	 C19B	 110.59(16)	
O5B	 C21B	 C18	 110.6(2)	
O6B	 C21B	 C18	 127.2(2)	
O6B	 C21B	 O5B	 122.1(2)	
C21A	 O5A	 C20A	 117.3(3)	
Cl4A	 C19A	 Cl5A	 109.27(18)	
Cl4A	 C19A	 Cl6A	 109.22(18)	
Cl5A	 C19A	 Cl6A	 108.88(18)	
C20A	 C19A	 Cl4A	 111.1(2)	
C20A	 C19A	 Cl5A	 109.2(2)	
C20A	 C19A	 Cl6A	 109.1(2)	
O5A	 C20A	 C19A	 110.6(3)	
O5A	 C21A	 C18	 110.7(4)	
O6A	 C21A	 C18	 125.4(8)	
O6A	 C21A	 O5A	 123.3(4)	
C43A	 O1AC	 C42A	 117.5(2)	
Cl7A	 C41A	 Cl8A	 109.65(12)	
Cl7A	 C41A	 Cl9A	 109.81(12)	
Cl9A	 C41A	 Cl8A	 108.78(12)	
C42A	 C41A	 Cl7A	 110.35(14)	
C42A	 C41A	 Cl8A	 108.96(15)	
C42A	 C41A	 Cl9A	 109.26(15)	
O1AC	 C42A	 C41A	 109.06(16)	
O1AC	 C43A	 C44	 107.7(2)	
O2AC	 C43A	 O1AC	 123.7(2)	
O2AC	 C43A	 C44	 128.5(2)	
C43B	 O1AB	 C42B	 117.2(3)	
Cl7B	 C41B	 Cl8B	 109.30(18)	
Cl7B	 C41B	 Cl9B	 109.21(18)	
Cl8B	 C41B	 Cl9B	 108.94(18)	
C42B	 C41B	 Cl7B	 111.1(2)	
C42B	 C41B	 Cl8B	 109.1(2)	
C42B	 C41B	 Cl9B	 109.1(2)	
O1AB	 C42B	 C41B	 110.6(3)	
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Atom	 Atom	 Atom	 Angle/°	
O1AB	 C43B	 C44	 112.5(11)	
O2AB	 C43B	 O1AB	 123.1(4)	
O2AB	 C43B	 C44	 124.4(12)	
C50	 O11	 C51	 116.2(2)	
C67	 O15	 C68	 115.8(3)	
C43A	 C44	 C74	 107.0(2)	
C43B	 C44	 C74	 117.1(7)	
C45	 C44	 C43A	 113.2(2)	
C45	 C44	 C43B	 109.1(5)	
C45	 C44	 C74	 111.8(2)	
C46	 C45	 C44	 121.7(3)	
C80	 C45	 C44	 119.2(3)	
C80	 C45	 C46	 118.9(3)	
C47	 C46	 C45	 120.9(3)	
C46	 C47	 C48	 120.1(3)	
C47	 C48	 C49	 120.6(3)	
C79	 C48	 C47	 119.0(3)	
C79	 C48	 C49	 120.4(3)	
C48	 C49	 C53	 113.7(2)	
C50	 C49	 C48	 107.0(2)	
C50	 C49	 C53	 111.4(2)	
O11	 C50	 C49	 110.0(2)	
O12	 C50	 O11	 123.0(3)	
O12	 C50	 C49	 126.9(3)	
O11	 C51	 C52	 109.6(3)	
F7	 C52	 F8	 106.5(3)	
F7	 C52	 F9	 106.9(4)	
F7	 C52	 C51	 113.8(3)	
F8	 C52	 C51	 110.5(3)	
F9	 C52	 F8	 106.3(3)	
F9	 C52	 C51	 112.4(3)	
C54	 C53	 C49	 108.3(2)	
C78	 C53	 C49	 109.8(3)	
C78	 C53	 C54	 111.9(3)	
C55	 C54	 C53	 115.1(3)	
C54	 C55	 C56	 112.3(3)	
C55	 C56	 C57	 112.6(3)	
C56	 C57	 C58	 112.3(2)	
C61A	 C58	 C57	 110.8(2)	
C61B	 C58	 C57	 127.9(3)	
C61B	 C58	 C62	 106.1(4)	
C62	 C58	 C61A	 111.2(2)	
C62	 C58	 C57	 113.4(2)	
C63	 C62	 C58	 121.0(3)	
C77	 C62	 C58	 120.7(3)	
C77	 C62	 C63	 118.2(3)	
C64	 C63	 C62	 121.0(3)	
C63	 C64	 C65	 120.7(3)	
C64	 C65	 C66	 122.1(3)	
C76	 C65	 C64	 118.1(3)	
C76	 C65	 C66	 119.7(3)	
C65	 C66	 C70	 114.9(2)	
C67	 C66	 C65	 109.1(2)	
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Atom	 Atom	 Atom	 Angle/°	
C67	 C66	 C70	 108.9(3)	
O15	 C67	 C66	 111.0(3)	
O16	 C67	 O15	 121.8(3)	
O16	 C67	 C66	 127.2(3)	
O15	 C68	 C69	 105.2(3)	
F10	 C69	 F11	 107.1(4)	
F10	 C69	 C68	 113.2(4)	
F11	 C69	 C68	 109.5(4)	
F12	 C69	 F10	 107.6(4)	
F12	 C69	 F11	 107.1(3)	
F12	 C69	 C68	 112.1(4)	
C71	 C70	 C66	 110.4(2)	
C75	 C70	 C66	 109.3(2)	
C75	 C70	 C71	 110.8(2)	
C72	 C71	 C70	 114.2(2)	
C71	 C72	 C73	 112.0(2)	
C72	 C73	 C74	 113.3(2)	
C73	 C74	 C44	 111.4(2)	
C65	 C76	 C77	 121.1(3)	
C62	 C77	 C76	 120.9(3)	
C48	 C79	 C80	 120.3(3)	
C45	 C80	 C79	 120.8(3)	
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Table A8.2.9 Torsion Angles [°] for Macrocycle 208. 

Atom	 Atom	 Atom	 Atom	 Angle/°	
O3	 C11	 C12	 F1	 58.9(4)	
O3	 C11	 C12	 F2	 -61.2(4)	
O3	 C11	 C12	 F3	 179.0(3)	
O7	 C28	 C29	 F4	 57.2(4)	
O7	 C28	 C29	 F5	 176.0(3)	
O7	 C28	 C29	 F6	 -65.4(4)	
C4	 C5	 C6	 C7	 -178.9(3)	
C4	 C5	 C40	 C39	 178.8(3)	
C5	 C4	 C34	 C33	 66.1(3)	
C5	 C4	 C3A	 O1A	 157.9(15)	
C5	 C4	 C3A	 O2A	 -8(3)	
C5	 C4	 C3B	 O1B	 -146.4(3)	
C5	 C4	 C3B	 O2B	 34.5(5)	
C5	 C6	 C7	 C8	 -0.3(5)	
C6	 C5	 C40	 C39	 -1.0(4)	
C6	 C7	 C8	 C9	 178.8(3)	
C6	 C7	 C8	 C39	 -0.1(4)	
C7	 C8	 C9	 C10	 62.5(4)	
C7	 C8	 C9	 C13	 -60.6(4)	
C7	 C8	 C39	 C40	 0.0(4)	
C8	 C9	 C10	 O3	 96.6(3)	
C8	 C9	 C10	 O4	 -82.5(4)	
C8	 C9	 C13	 C14	 -50.0(3)	
C8	 C9	 C13	 C38	 -171.6(2)	
C8	 C39	 C40	 C5	 0.6(4)	
C9	 C8	 C39	 C40	 -179.0(3)	
C9	 C13	 C14	 C15	 171.8(2)	
C10	 O3	 C11	 C12	 -177.0(3)	
C10	 C9	 C13	 C14	 -172.8(2)	
C10	 C9	 C13	 C38	 65.7(3)	
C11	 O3	 C10	 O4	 1.9(4)	
C11	 O3	 C10	 C9	 -177.2(3)	
C13	 C9	 C10	 O3	 -136.9(3)	
C13	 C9	 C10	 O4	 44.1(4)	
C13	 C14	 C15	 C16	 177.1(2)	
C14	 C15	 C16	 C17	 -170.6(2)	
C15	 C16	 C17	 C18	 170.9(2)	
C16	 C17	 C18	 C22	 58.4(3)	
C16	 C17	 C18	 C21B	 -176.9(2)	
C16	 C17	 C18	 C21A	 172.6(7)	
C17	 C18	 C22	 C23	 56.9(3)	
C17	 C18	 C22	 C37	 -121.9(3)	
C17	 C18	 C21B	 O5B	 83.5(3)	
C17	 C18	 C21B	 O6B	 -99.3(4)	
C17	 C18	 C21A	 O5A	 96.3(13)	
C17	 C18	 C21A	 O6A	 -75(3)	
C18	 C22	 C23	 C24	 -178.6(2)	
C18	 C22	 C37	 C36	 177.9(3)	
C22	 C18	 C21B	 O5B	 -150.8(3)	
C22	 C18	 C21B	 O6B	 26.4(4)	
C22	 C18	 C21A	 O5A	 -144.7(9)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C22	 C18	 C21A	 O6A	 44(3)	
C22	 C23	 C24	 C25	 0.8(4)	
C23	 C22	 C37	 C36	 -0.9(4)	
C23	 C24	 C25	 C26	 179.1(3)	
C23	 C24	 C25	 C36	 -1.1(4)	
C24	 C25	 C26	 C27	 65.0(3)	
C24	 C25	 C26	 C30	 -59.1(3)	
C24	 C25	 C36	 C37	 0.4(4)	
C25	 C26	 C27	 O7	 100.8(3)	
C25	 C26	 C27	 O8	 -77.4(4)	
C25	 C26	 C30	 C31	 -63.1(3)	
C25	 C26	 C30	 C35	 174.2(3)	
C25	 C36	 C37	 C22	 0.6(4)	
C26	 C25	 C36	 C37	 -179.8(3)	
C26	 C30	 C31	 C32	 174.6(3)	
C27	 O7	 C28	 C29	 -96.2(3)	
C27	 C26	 C30	 C31	 175.9(2)	
C27	 C26	 C30	 C35	 53.2(3)	
C28	 O7	 C27	 O8	 1.2(4)	
C28	 O7	 C27	 C26	 -177.1(3)	
C30	 C26	 C27	 O7	 -134.5(3)	
C30	 C26	 C27	 O8	 47.3(4)	
C30	 C31	 C32	 C33	 179.1(3)	
C31	 C32	 C33	 C34	 -177.0(3)	
C32	 C33	 C34	 C4	 -176.8(3)	
C34	 C4	 C5	 C6	 54.9(4)	
C34	 C4	 C5	 C40	 -124.9(3)	
C34	 C4	 C3A	 O1A	 35(2)	
C34	 C4	 C3A	 O2A	 -130(3)	
C34	 C4	 C3B	 O1B	 86.5(3)	
C34	 C4	 C3B	 O2B	 -92.6(4)	
C35	 C30	 C31	 C32	 -63.9(4)	
C36	 C25	 C26	 C27	 -114.9(3)	
C36	 C25	 C26	 C30	 121.1(3)	
C37	 C22	 C23	 C24	 0.2(4)	
C38	 C13	 C14	 C15	 -68.3(3)	
C39	 C8	 C9	 C10	 -118.6(3)	
C39	 C8	 C9	 C13	 118.3(3)	
C40	 C5	 C6	 C7	 0.9(4)	
Cl1A	 C1A	 C2A	 O1A	 -69.7(8)	
Cl2A	 C1A	 C2A	 O1A	 169.7(8)	
Cl3A	 C1A	 C2A	 O1A	 50.8(8)	
C2A	 O1A	 C3A	 C4	 175.1(10)	
C2A	 O1A	 C3A	 O2A	 -19(3)	
C3A	 C4	 C5	 C6	 -64.6(9)	
C3A	 C4	 C5	 C40	 115.6(8)	
C3A	 C4	 C34	 C33	 -172.2(10)	
C3A	 O1A	 C2A	 C1A	 -103.0(16)	
Cl1B	 C1B	 C2B	 O1B	 -60.1(2)	
Cl2B	 C1B	 C2B	 O1B	 60.6(2)	
Cl3B	 C1B	 C2B	 O1B	 179.49(17)	
C2B	 O1B	 C3B	 C4	 173.9(2)	
C2B	 O1B	 C3B	 O2B	 -7.0(5)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C3B	 C4	 C5	 C6	 -72.0(4)	
C3B	 C4	 C5	 C40	 108.3(3)	
C3B	 C4	 C34	 C33	 -167.1(2)	
C3B	 O1B	 C2B	 C1B	 111.9(3)	
Cl10	 C59A	 C60A	 O13A	 -64.7(2)	
Cl11	 C59A	 C60A	 O13A	 174.70(17)	
Cl12	 C59A	 C60A	 O13A	 55.6(2)	
O13A	 C61A	 C58	 C57	 47.6(4)	
O13A	 C61A	 C58	 C62	 174.7(3)	
O14A	 C61A	 C58	 C57	 -134.5(4)	
O14A	 C61A	 C58	 C62	 -7.5(5)	
C60A	 O13A	 C61A	 O14A	 -13.1(5)	
C60A	 O13A	 C61A	 C58	 164.7(2)	
C61A	 O13A	 C60A	 C59A	 -112.3(3)	
C61A	 C58	 C62	 C63	 -66.5(4)	
C61A	 C58	 C62	 C77	 114.5(3)	
Cl4	 C59B	 C60B	 O13B	 -51.9(8)	
Cl5	 C59B	 C60B	 O13B	 -172.5(7)	
Cl6	 C59B	 C60B	 O13B	 68.6(7)	
O13B	 C61B	 C58	 C57	 83.4(5)	
O13B	 C61B	 C58	 C62	 -138.2(5)	
O14B	 C61B	 C58	 C57	 -95(4)	
O14B	 C61B	 C58	 C62	 44(4)	
C60B	 O13B	 C61B	 O14B	 -3(4)	
C60B	 O13B	 C61B	 C58	 178.9(8)	
C61B	 O13B	 C60B	 C59B	 108.9(6)	
C61B	 C58	 C62	 C63	 -86.1(6)	
C61B	 C58	 C62	 C77	 94.9(6)	
Cl4B	 C19B	 C20B	 O5B	 55.1(2)	
Cl5B	 C19B	 C20B	 O5B	 175.70(18)	
Cl6B	 C19B	 C20B	 O5B	 -65.4(2)	
C20B	 O5B	 C21B	 C18	 174.0(2)	
C20B	 O5B	 C21B	 O6B	 -3.4(4)	
C21B	 C18	 C22	 C23	 -68.7(3)	
C21B	 C18	 C22	 C37	 112.5(3)	
C21B	 O5B	 C20B	 C19B	 168.0(2)	
Cl4A	 C19A	 C20A	 O5A	 170(2)	
Cl5A	 C19A	 C20A	 O5A	 -70(2)	
Cl6A	 C19A	 C20A	 O5A	 49(2)	
C20A	 O5A	 C21A	 C18	 -105(2)	
C20A	 O5A	 C21A	 O6A	 67(4)	
C21A	 C18	 C22	 C23	 -57.9(12)	
C21A	 C18	 C22	 C37	 123.3(12)	
C21A	 O5A	 C20A	 C19A	 -163.6(13)	
Cl7A	 C41A	 C42A	 O1AC	 -178.95(19)	
Cl8A	 C41A	 C42A	 O1AC	 60.6(2)	
Cl9A	 C41A	 C42A	 O1AC	 -58.1(2)	
O1AC	 C43A	 C44	 C45	 -133.3(3)	
O1AC	 C43A	 C44	 C74	 103.1(3)	
O2AC	 C43A	 C44	 C45	 50.2(5)	
O2AC	 C43A	 C44	 C74	 -73.4(4)	
C42A	 O1AC	 C43A	 O2AC	 -2.4(5)	
C42A	 O1AC	 C43A	 C44	 -179.2(3)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C43A	 O1AC	 C42A	 C41A	 -158.6(3)	
C43A	 C44	 C45	 C46	 -61.2(4)	
C43A	 C44	 C45	 C80	 122.8(3)	
C43A	 C44	 C74	 C73	 -177.2(2)	
Cl7B	 C41B	 C42B	 O1AB	 -32.8(19)	
Cl8B	 C41B	 C42B	 O1AB	 -153.4(19)	
Cl9B	 C41B	 C42B	 O1AB	 87.7(19)	
O1AB	 C43B	 C44	 C45	 -154.5(12)	
O1AB	 C43B	 C44	 C74	 77.3(12)	
O2AB	 C43B	 C44	 C45	 25.3(13)	
O2AB	 C43B	 C44	 C74	 -102.9(13)	
C42B	 O1AB	 C43B	 O2AB	 -44(3)	
C42B	 O1AB	 C43B	 C44	 136(3)	
C43B	 O1AB	 C42B	 C41B	 176.7(19)	
C43B	 C44	 C45	 C46	 -71.5(7)	
C43B	 C44	 C45	 C80	 112.6(7)	
C43B	 C44	 C74	 C73	 -174.7(4)	
O11	 C51	 C52	 F7	 55.5(4)	
O11	 C51	 C52	 F8	 175.2(3)	
O11	 C51	 C52	 F9	 -66.3(4)	
O15	 C68	 C69	 F10	 63.3(4)	
O15	 C68	 C69	 F11	 -177.3(3)	
O15	 C68	 C69	 F12	 -58.6(5)	
C44	 C45	 C46	 C47	 -175.7(3)	
C44	 C45	 C80	 C79	 174.9(3)	
C45	 C44	 C74	 C73	 58.4(3)	
C45	 C46	 C47	 C48	 1.1(4)	
C46	 C45	 C80	 C79	 -1.1(4)	
C46	 C47	 C48	 C49	 179.8(3)	
C46	 C47	 C48	 C79	 -1.5(4)	
C47	 C48	 C49	 C50	 66.1(3)	
C47	 C48	 C49	 C53	 -57.4(3)	
C47	 C48	 C79	 C80	 0.6(4)	
C48	 C49	 C50	 O11	 103.8(3)	
C48	 C49	 C50	 O12	 -73.2(4)	
C48	 C49	 C53	 C54	 -64.0(3)	
C48	 C49	 C53	 C78	 173.5(3)	
C48	 C79	 C80	 C45	 0.7(5)	
C49	 C48	 C79	 C80	 179.3(3)	
C49	 C53	 C54	 C55	 174.7(3)	
C50	 O11	 C51	 C52	 -95.2(3)	
C50	 C49	 C53	 C54	 174.9(2)	
C50	 C49	 C53	 C78	 52.5(3)	
C51	 O11	 C50	 O12	 0.0(4)	
C51	 O11	 C50	 C49	 -177.2(3)	
C53	 C49	 C50	 O11	 -131.3(3)	
C53	 C49	 C50	 O12	 51.6(4)	
C53	 C54	 C55	 C56	 -178.4(3)	
C54	 C55	 C56	 C57	 177.6(3)	
C55	 C56	 C57	 C58	 -177.7(3)	
C56	 C57	 C58	 C61A	 -174.8(2)	
C56	 C57	 C58	 C61B	 -164.7(8)	
C56	 C57	 C58	 C62	 59.3(3)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C57	 C58	 C62	 C63	 59.1(3)	
C57	 C58	 C62	 C77	 -119.8(3)	
C58	 C62	 C63	 C64	 -179.5(3)	
C58	 C62	 C77	 C76	 179.1(3)	
C62	 C63	 C64	 C65	 0.5(5)	
C63	 C62	 C77	 C76	 0.1(4)	
C63	 C64	 C65	 C66	 180.0(3)	
C63	 C64	 C65	 C76	 -0.2(4)	
C64	 C65	 C66	 C67	 67.6(4)	
C64	 C65	 C66	 C70	 -55.0(4)	
C64	 C65	 C76	 C77	 -0.3(4)	
C65	 C66	 C67	 O15	 105.6(3)	
C65	 C66	 C67	 O16	 -74.0(4)	
C65	 C66	 C70	 C71	 -53.0(3)	
C65	 C66	 C70	 C75	 -175.2(2)	
C65	 C76	 C77	 C62	 0.3(4)	
C66	 C65	 C76	 C77	 179.6(3)	
C66	 C70	 C71	 C72	 167.2(2)	
C67	 O15	 C68	 C69	 -167.3(3)	
C67	 C66	 C70	 C71	 -175.7(2)	
C67	 C66	 C70	 C75	 62.2(3)	
C68	 O15	 C67	 O16	 1.8(5)	
C68	 O15	 C67	 C66	 -177.8(3)	
C70	 C66	 C67	 O15	 -128.3(3)	
C70	 C66	 C67	 O16	 52.1(4)	
C70	 C71	 C72	 C73	 178.9(2)	
C71	 C72	 C73	 C74	 -172.7(2)	
C72	 C73	 C74	 C44	 171.8(2)	
C74	 C44	 C45	 C46	 59.7(3)	
C74	 C44	 C45	 C80	 -116.3(3)	
C75	 C70	 C71	 C72	 -71.6(3)	
C76	 C65	 C66	 C67	 -112.3(3)	
C76	 C65	 C66	 C70	 125.1(3)	
C77	 C62	 C63	 C64	 -0.5(4)	
C78	 C53	 C54	 C55	 -64.1(4)	
C79	 C48	 C49	 C50	 -112.6(3)	
C79	 C48	 C49	 C53	 124.0(3)	
C80	 C45	 C46	 C47	 0.2(4)	
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Table A8.2.10 Atomic Occupancies for all atoms that are not fully occupied in 

Macrocycle 208.	 

Atom	 Occupancy	
Cl1A	 0.0657(18)	
Cl2A	 0.0657(18)	
Cl3A	 0.0657(18)	
O1A	 0.0657(18)	
O2A	 0.0657(18)	
C1A	 0.0657(18)	
C2A	 0.0657(18)	
H2AA	 0.0657(18)	
H2AB	 0.0657(18)	
C3A	 0.0657(18)	
Cl1B	 0.9343(18)	
Cl2B	 0.9343(18)	
Cl3B	 0.9343(18)	
O1B	 0.9343(18)	
O2B	 0.9343(18)	
C1B	 0.9343(18)	
C2B	 0.9343(18)	
H2BA	 0.9343(18)	
H2BB	 0.9343(18)	
C3B	 0.9343(18)	
Cl10	 0.9093(17)	
Cl11	 0.9093(17)	
Cl12	 0.9093(17)	
O13A	 0.9093(17)	
O14A	 0.9093(17)	
C59A	 0.9093(17)	
C60A	 0.9093(17)	
H60A	 0.9093(17)	
H60B	 0.9093(17)	
C61A	 0.9093(17)	
Cl4	 0.0907(17)	
Cl5	 0.0907(17)	
Cl6	 0.0907(17)	
O13B	 0.0907(17)	
O14B	 0.0907(17)	
C59B	 0.0907(17)	
C60B	 0.0907(17)	
H60C	 0.0907(17)	
H60D	 0.0907(17)	
C61B	 0.0907(17)	
Cl4B	 0.9786(12)	
Cl5B	 0.9786(12)	
Cl6B	 0.9786(12)	
O5B	 0.9786(12)	
O6B	 0.9786(12)	
C19B	 0.9786(12)	
C20B	 0.9786(12)	
H20A	 0.9786(12)	
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Atom	 Occupancy	
H20B	 0.9786(12)	
C21B	 0.9786(12)	
Cl4A	 0.0214(12)	
Cl5A	 0.0214(12)	
Cl6A	 0.0214(12)	
O5A	 0.0214(12)	
O6A	 0.0214(12)	
C19A	 0.0214(12)	
C20A	 0.0214(12)	
H20C	 0.0214(12)	
H20D	 0.0214(12)	
C21A	 0.0214(12)	
Cl7A	 0.9262(14)	
Cl8A	 0.9262(14)	
Cl9A	 0.9262(14)	
O1AC	 0.9262(14)	
O2AC	 0.9262(14)	
C41A	 0.9262(14)	
C42A	 0.9262(14)	
H42A	 0.9262(14)	
H42B	 0.9262(14)	
C43A	 0.9262(14)	
Cl7B	 0.0738(14)	
Cl8B	 0.0738(14)	
Cl9B	 0.0738(14)	
O1AB	 0.0738(14)	
O2AB	 0.0738(14)	
C41B	 0.0738(14)	
C42B	 0.0738(14)	
H42C	 0.0738(14)	
H42D	 0.0738(14)	
C43B	 0.0738(14)	
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A8.3   X-RAY CRYSTAL STRUCTURE ANALYSIS OF MACROCYCLE 212 
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Figure A8.3.1 X-Ray Crystal Structure of Macrocycle 212. 
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Table A8.3.1 Experimental Details for X-Ray Structure Determination of Macrocycle 

212. 

Single colorless plate crystals of macrocycle 212 from DMSO by slow evaporation. 

A suitable crystal with dimensions 0.15 × 0.08 × 0.05 mm3 was selected and mounted 

on a loop with paratone on a XtaLAB Synergy-S diffractometer. The crystal was kept at a 

steady T = 100(1) K during data collection. The structure was solved with the ShelXT 

(Sheldrick, 2015) solution program using dual methods and by using Olex2 (Dolomanov 

et al., 2009) as the graphical interface. The model was refined with ShelXL 2018/3 

(Sheldrick, 2015) using full matrix least squares minimisation on F2. 

Crystal Data.  C40H61N2O10S2, Mr = 794.02, triclinic, P1 (No. 1), a = 9.4562(4) Å, 

b = 10.7610(4) Å, c = 11.0648(3) Å, a = 102.582(3)°, b = 91.056(3)°, g = 102.482(4)°, 

V = 1070.38(7) Å3, T = 100(1) K, Z = 1, Z' = 1, µ(Cu Ka) = 1.585 mm-1, 12500 

reflections measured, 5691 unique (Rint = 0.0441) which were used in all calculations. 

The final wR2 was 0.2422 (all data) and R1 was 0.0816 (I≥2 s(I)). 
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Table A8.3.2 Crystal Data and Structure Refinement for Macrocycle 212 

Compound  Macrocycle 212 
    
Formula  C34H42F6O4  
Dcalc./ g cm-3  1.241  
µ/mm-1  0.866  
Formula Weight  628.67  
Colour  colourless  
Shape  needle  
Size/mm3  0.57×0.06×0.04  
T/K  100(2)  
Crystal System  monoclinic  
Flack Parameter  -0.02(6)  
Hooft Parameter  -0.00(5)  
Space Group  P2  
a/Å  25.1525(4)  
b/Å  5.53398(4)  
c/Å  27.2474(4)  
a/°  90  
b/°  117.4652(19)  
g/°  90  
V/Å3  3365.19(9)  
Z  4  
Z'  2  
Wavelength/Å  1.54184  
Radiation type  CuKa  
Qmin/°  1.980  
Qmax/°  73.814  
Measured Refl.  42058  
Independent Refl.  10947  
Reflections with I > 
2σ(I)  

9975  

Rint  0.0510  
Parameters  797  
Restraints  1  
Largest Peak  0.323  
Deepest Hole  -0.205  
GooF  0.985  
wR2 (all data)  0.0885  
wR2  0.0853  
R1 (all data)  0.0412  
R1  0.0363  
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Structure Quality Indicators 

Reflections:	 	

Refinement:	 	

A colorless plate-shaped crystal with dimensions 0.15 × 0.08 × 0.05 mm3 was mounted 

on a loop with paratone. Data were collected using a XtaLAB Synergy, Dualflex, HyPix 

diffractometer equipped with an Oxford Cryosystems low-temperature device operating at 

T = 100(1) K. 

Data were measured using w scans using Cu Ka radiation. The diffraction pattern was 

indexed and the total number of runs and images was based on the strategy calculation 

from the program CrysAlisPro (Rigaku, V1.171.40.84a, 2020). The maximum resolution 

that was achieved was Q = 73.009° (0.81 Å). 

The unit cell was refined using CrysAlisPro (Rigaku, V1.171.40.84a, 2020) on 6641 

reflections, 53% of the observed reflections. 

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 

(Rigaku, V1.171.40.84a, 2020). The final completeness is 98.70 % out to 73.009° in Q. A 

numerical absorption correction based on a Gaussian integration over a multifaceted crystal 

model absorption correction was performed using CrysAlisPro 1.171.40.79a (Rigaku 

Oxford Diffraction, 2020). An empirical absorption correction using spherical harmonics, 

implemented in SCALE3 ABSPACK scaling algorithm was also applied. The absorption 

coefficient µ of this material is 1.585 mm-1 at this wavelength (l = 1.54184Å) and the 

minimum and maximum transmissions are 0.764 and 1.000. 

The structure was solved and the space group P1 (# 1 determined by the ShelXT (Sheldrick, 

2015) structure solution program using dual methods and refined by full matrix least 
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squares minimisation on F2 using version 2018/3 of ShelXL 2018/3 (Sheldrick, 2015). All 

non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were 

calculated geometrically and refined using the riding model. Their distances were refined. 
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Figure A8.3.2 Thermal ellipsoid plot of the asymmetric unit. There are two 

disordered solvent molecules hydrogen bonded to the main molecule. Although the 

structure this type is expected to have two-fold rotational symmetry, there is no 

rotational symmetry in the crystal and the point group of the crystal is C1. 
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Table A8.3.3 Reflection Statistics 

Total	reflections	(after	
filtering)		

12502		 Unique	reflections		 5691		

Completeness		 0.665		 Mean	I/s		 12.1		
hklmax	collected		 (11,	13,	13)		 hklmin	collected		 (-11,	-12,	-11)		
hklmax	used		 (11,	13,	13)		 hklmin	used		 (-11,	-12,	-11)		
Lim	dmax	collected		 100.0		 Lim	dmin	collected		 0.77		
dmax	used		 10.77		 dmin	used		 0.81		
Friedel	pairs		 1681		 Friedel	pairs	merged		 0		
Inconsistent	equivalents		 37		 Rint		 0.0441		
Rsigma		 0.0519		 Intensity	transformed		 0		
Omitted	reflections		 0		 Omitted	by	user	(OMIT	hkl)		 2		
Multiplicity		 (2066,	2064,	801,	377,	166,	80,	

62,	44,	22,	8,	1,	1)		
Maximum	multiplicity		 12		

Removed	systematic	absences		 0		 Filtered	off	(Shel/OMIT)		 0		
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Table A8.3.4 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for Macrocycle 212. Ueq is defined as 1/3 of the 

trace of the orthogonalised Uij. 

Atom	 x	 y	 z	 Ueq	
C1	 3051(8)	 5798(7)	 8750(7)	 40.0(13)	
C2	 3899(7)	 7238(7)	 9191(7)	 35.6(11)	
C3	 5300(7)	 7573(6)	 8564(6)	 31.7(10)	
C4	 6369(7)	 6864(7)	 8553(6)	 34.1(11)	
C5	 7645(7)	 7175(7)	 7979(6)	 33.8(11)	
C6	 7878(7)	 8226(6)	 7371(6)	 28.7(10)	
C7	 9234(7)	 8552(7)	 6700(6)	 33.1(12)	
C8	 9393(7)	 7417(7)	 5656(7)	 36.7(14)	
C9	 8142(8)	 6973(7)	 4688(6)	 36.7(13)	
C10	 8325(8)	 5886(7)	 3617(7)	 38.1(14)	
C11	 7010(8)	 5429(7)	 2675(7)	 36.8(14)	
C12	 7121(8)	 4329(7)	 1570(7)	 37.5(14)	
C13	 5643(8)	 3878(7)	 787(6)	 35.8(13)	
C14	 4408(7)	 3290(6)	 1469(6)	 32.3(12)	
C15	 3192(8)	 3832(7)	 1639(6)	 35.2(13)	
C16	 2058(8)	 3300(7)	 2263(7)	 37.2(14)	
C17	 2090(7)	 2220(6)	 2771(6)	 34.3(13)	
C18	 901(8)	 1694(7)	 3544(7)	 39.8(15)	
C19	 1360(9)	 2100(8)	 4938(7)	 45.1(16)	
C20	 1802(9)	 3567(8)	 5429(7)	 46.6(16)	
C21	 2151(9)	 3961(8)	 6827(7)	 48.5(17)	
C22	 2729(8)	 5420(8)	 7337(7)	 40.7(15)	
C23	 5556(7)	 8634(7)	 8012(6)	 34.2(11)	
C24	 6803(8)	 8947(7)	 7421(6)	 35.3(12)	
C25	 4431(8)	 2177(7)	 1929(7)	 39.0(14)	
C26	 3287(8)	 1673(7)	 2589(7)	 36.3(14)	
C27	 1642(8)	 5610(8)	 9405(7)	 44.5(15)	
C28	 4280(8)	 7559(7)	 10596(7)	 35.1(13)	
C29	 10536(8)	 8946(7)	 7636(7)	 38.5(15)	
C30	 8356(9)	 4768(8)	 781(8)	 47.8(17)	
C31	 5826(8)	 2884(8)	 -407(7)	 42.2(15)	
C32	 473(9)	 193(8)	 3120(8)	 46.2(16)	
C33	 12280(9)	 10739(10)	 9071(9)	 66(2)	
C34	 9479(11)	 11696(10)	 8754(10)	 70(3)	
C35	 -416(15)	 -1655(9)	 1284(11)	 85(4)	
C36	 -2272(11)	 332(13)	 1330(14)	 94(4)	
N7	 10972(7)	 10203(6)	 8237(7)	 47.5(15)	
N8	 -336(9)	 -320(7)	 2040(7)	 57.3(18)	
O1	 5517(8)	 3281(7)	 -1413(6)	 62.3(15)	
O4	 4781(7)	 6852(6)	 11122(5)	 49.7(12)	
O2	 6151(7)	 1877(6)	 -438(6)	 56.6(14)	
O3	 11185(7)	 8140(6)	 7871(6)	 56.7(14)	
O5	 4040(7)	 8698(6)	 11176(5)	 50.5(13)	
O6	 914(7)	 -528(6)	 3682(6)	 56.1(14)	
O7	 -706(7)	 512(6)	 1371(7)	 63.6(16)	
O9	 10355(8)	 11129(6)	 7842(6)	 60.2(15)	
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Atom	 x	 y	 z	 Ueq	
C1S_3	 6140(19)	 3997(9)	 -4235(14)	 70(4)	
C2S_3	 7202(14)	 2078(15)	 -5555(13)	 65(3)	
O1S_3	 6047(14)	 1794(11)	 -3499(8)	 62.8(19)	
S1S_3	 5742(5)	 2272(5)	 -4628(4)	 58.8(9)	
C1S_4	 4310(40)	 7180(30)	 14370(40)	 62.2(17)	
C2S_4	 3130(50)	 9060(30)	 15600(20)	 52.4(18)	
O1S_4	 4360(30)	 9340(20)	 13571(19)	 57.7(15)	
S1S_4	 3338(14)	 8315(14)	 14054(12)	 57.6(6)	
C1S_5	 5710(20)	 3420(30)	 -4620(30)	 74(6)	
C2S_5	 8270(20)	 4050(18)	 -3360(20)	 58(5)	
O1S_5	 6530(30)	 1818(14)	 -3382(15)	 62.8(19)	
S1S_5	 7090(10)	 2657(9)	 -4266(8)	 58.8(9)	
C1S_1	 3485(10)	 9218(10)	 15606(8)	 52.4(18)	
C2S_1	 3082(10)	 7156(10)	 13719(9)	 62.2(17)	
O1S_1	 4889(7)	 9299(7)	 13570(5)	 57.7(15)	
S1S_1	 4506(4)	 8446(4)	 14477(3)	 57.6(6)	
C1S_2	 7830(30)	 950(20)	 -5330(20)	 65(3)	
C2S_2	 6250(30)	 2700(30)	 -5340(20)	 60(5)	
O1S_2	 6320(30)	 1703(19)	 -3418(17)	 62.8(19)	
S1S_2	 7343(11)	 2257(9)	 -4287(9)	 58.8(9)	
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Table A8.3.5 Bond Lengths [Å] and angles [°] for Macrocycle 212 

Atom	 Atom	 Length/Å	
C1	 C2	 1.549(9)	
C1	 C22	 1.535(9)	
C1	 C27	 1.524(10)	
C2	 C3	 1.517(9)	
C2	 C28	 1.535(9)	
C3	 C4	 1.391(8)	
C3	 C23	 1.388(8)	
C4	 C5	 1.384(9)	
C5	 C6	 1.417(8)	
C6	 C7	 1.508(8)	
C6	 C24	 1.400(8)	
C7	 C8	 1.523(9)	
C7	 C29	 1.518(9)	
C8	 C9	 1.504(9)	
C9	 C10	 1.514(9)	
C10	 C11	 1.529(8)	
C11	 C12	 1.528(9)	
C12	 C13	 1.555(9)	
C12	 C30	 1.527(9)	
C13	 C14	 1.501(8)	
C13	 C31	 1.546(10)	
C14	 C15	 1.396(9)	
C14	 C25	 1.404(9)	
C15	 C16	 1.375(9)	
C16	 C17	 1.402(8)	
C17	 C18	 1.512(9)	
C17	 C26	 1.383(10)	
C18	 C19	 1.536(9)	
C18	 C32	 1.540(10)	
C19	 C20	 1.515(10)	
C20	 C21	 1.522(10)	
C21	 C22	 1.522(10)	
C23	 C24	 1.373(9)	
C25	 C26	 1.395(9)	
C28	 O4	 1.216(8)	
C28	 O5	 1.323(8)	
C29	 N7	 1.341(8)	
C29	 O3	 1.233(8)	
C31	 O1	 1.325(9)	
C31	 O2	 1.182(9)	
C32	 N8	 1.347(9)	
C32	 O6	 1.226(9)	
C33	 N7	 1.460(9)	
C34	 O9	 1.435(11)	
C35	 N8	 1.482(12)	
C36	 O7	 1.449(12)	
N7	 O9	 1.398(8)	
N8	 O7	 1.374(8)	
C1S_3	 S1S_3	 1.765(8)	
C2S_3	 S1S_3	 1.756(9)	
O1S_3	 S1S_3	 1.498(6)	



Appendix 8 – X-Ray Crystallography Reports Relevant to Appendix 6 868 
Atom	 Atom	 Length/Å	
C1S_4	 S1S_4	 1.766(8)	
C2S_4	 S1S_4	 1.757(9)	
O1S_4	 S1S_4	 1.499(6)	
C1S_5	 S1S_5	 1.766(8)	
C2S_5	 S1S_5	 1.756(9)	
O1S_5	 S1S_5	 1.498(6)	
C1S_1	 S1S_1	 1.767(8)	
C2S_1	 S1S_1	 1.757(9)	
O1S_1	 S1S_1	 1.501(5)	
C1S_2	 S1S_2	 1.766(8)	
C2S_2	 S1S_2	 1.756(9)	
O1S_2	 S1S_2	 1.499(6)	
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Table A8.3.6 Anisotropic Displacement Parameters (Å2x103) for Macrocycle 212. 

The Anisotropic Displacement Factor Exponent Takes the Form: -2p2[h2a*2U11 + … + 

2hka*b*U12]. 

Atom	 U11	 U22	 U33	 U23	 U13	 U12	
C1	 38(3)	 47(2)	 31(3)	 7(2)	 7(2)	 4.8(19)	
C2	 31(2)	 44(2)	 33(2)	 9.2(18)	 3.3(16)	 9.9(17)	
C3	 30(2)	 37(2)	 26(2)	 4.4(18)	 0.3(17)	 7.7(16)	
C4	 33(2)	 38(3)	 33(3)	 10(2)	 4.9(18)	 9.3(18)	
C5	 33(2)	 37(2)	 33(3)	 9(2)	 4(2)	 8.0(18)	
C6	 28(2)	 30(2)	 23(2)	 1.5(17)	 -3.8(16)	 1.2(15)	
C7	 30(2)	 37(3)	 29(3)	 5(2)	 0(2)	 3(2)	
C8	 27(3)	 42(3)	 34(3)	 3(3)	 2(2)	 -3(2)	
C9	 33(3)	 44(3)	 28(3)	 4(3)	 1(2)	 3(3)	
C10	 35(3)	 41(3)	 34(3)	 8(3)	 1(3)	 -1(3)	
C11	 28(3)	 41(3)	 36(3)	 2(3)	 -1(3)	 1(2)	
C12	 35(3)	 35(3)	 37(3)	 4(3)	 2(3)	 0(2)	
C13	 38(3)	 39(3)	 27(3)	 7(3)	 -1(3)	 3(3)	
C14	 35(3)	 29(3)	 27(3)	 1(2)	 -2(2)	 -1(2)	
C15	 39(3)	 35(3)	 32(3)	 10(2)	 4(3)	 6(3)	
C16	 34(3)	 36(3)	 42(4)	 10(3)	 2(3)	 7(2)	
C17	 34(3)	 32(3)	 31(3)	 6(2)	 -2(2)	 -2(2)	
C18	 31(3)	 49(4)	 33(3)	 8(3)	 1(3)	 -2(3)	
C19	 44(4)	 51(4)	 32(3)	 10(3)	 3(3)	 -6(3)	
C20	 50(4)	 52(4)	 34(4)	 9(3)	 5(3)	 5(3)	
C21	 49(4)	 55(4)	 33(4)	 6(3)	 7(3)	 -2(3)	
C22	 35(3)	 54(4)	 32(3)	 10(3)	 4(3)	 10(3)	
C23	 35(2)	 39(2)	 29(3)	 7(2)	 2(2)	 9.6(18)	
C24	 35(2)	 39(3)	 33(3)	 10(2)	 2.8(18)	 9.1(18)	
C25	 37(3)	 39(3)	 40(4)	 10(3)	 2(3)	 5(3)	
C26	 37(3)	 32(3)	 39(3)	 13(3)	 2(3)	 2(2)	
C27	 40(3)	 54(4)	 37(3)	 9(3)	 9(2)	 4(3)	
C28	 33(3)	 38(3)	 33(2)	 7(2)	 2(2)	 5(2)	
C29	 32(3)	 44(3)	 34(3)	 0(3)	 1(3)	 5(3)	
C30	 39(4)	 55(4)	 44(4)	 3(3)	 11(3)	 4(3)	
C31	 41(4)	 46(4)	 36(4)	 11(3)	 4(3)	 0(3)	
C32	 41(4)	 51(4)	 41(4)	 13(3)	 -2(3)	 -2(3)	
C33	 37(4)	 70(5)	 66(6)	 -18(4)	 -13(4)	 -5(4)	
C34	 61(6)	 63(5)	 74(6)	 -13(4)	 3(5)	 17(4)	
C35	 124(10)	 44(4)	 77(7)	 4(4)	 -46(7)	 9(5)	
C36	 50(6)	 111(9)	 133(11)	 58(8)	 -9(6)	 14(6)	
N7	 40(3)	 37(3)	 54(4)	 -3(3)	 -12(3)	 0(2)	
N8	 67(4)	 47(3)	 49(4)	 11(3)	 -30(3)	 -2(3)	
O1	 79(4)	 67(3)	 38(3)	 13(3)	 10(3)	 9(3)	
O4	 64(3)	 59(3)	 31(2)	 10(2)	 4(2)	 25(3)	
O2	 65(4)	 51(3)	 49(3)	 -2(2)	 1(3)	 17(3)	
O3	 49(3)	 55(3)	 59(3)	 -2(3)	 -21(3)	 16(2)	
O5	 68(3)	 45(3)	 38(3)	 2(2)	 6(2)	 17(2)	
O6	 66(3)	 48(3)	 50(3)	 21(2)	 -12(3)	 -6(2)	
O7	 53(3)	 56(3)	 79(4)	 25(3)	 -19(3)	 -3(2)	
O9	 70(4)	 45(3)	 58(3)	 1(2)	 5(3)	 7(3)	
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Atom	 U11	 U22	 U33	 U23	 U13	 U12	
C1S_3	 80(11)	 66(6)	 65(9)	 14(3)	 21(7)	 14(3)	
C2S_3	 57(5)	 70(4)	 64(4)	 11(3)	 11(4)	 10(4)	
O1S_3	 64(3)	 65(3)	 56(2)	 7(2)	 5.8(19)	 13(2)	
S1S_3	 54.7(17)	 67.3(19)	 54.5(16)	 14.1(15)	 6.9(13)	 13.6(14)	
C1S_4	 62(3)	 82(3)	 44(3)	 13(2)	 11(3)	 19(2)	
C2S_4	 38(4)	 74(4)	 44(3)	 14(2)	 4(2)	 11(3)	
O1S_4	 58(3)	 76(2)	 37(2)	 7(2)	 5(2)	 17(2)	
S1S_4	 53.0(11)	 79.7(13)	 44.1(11)	 16.4(9)	 7.7(8)	 21.0(10)	
C1S_5	 60(7)	 82(13)	 83(18)	 27(11)	 6(7)	 17(10)	
C2S_5	 58(9)	 74(5)	 47(9)	 24(8)	 17(8)	 18(6)	
O1S_5	 64(3)	 65(3)	 56(2)	 7(2)	 5.8(19)	 13(2)	
S1S_5	 54.7(17)	 67.3(19)	 54.5(16)	 14.1(15)	 6.9(13)	 13.6(14)	
C1S_1	 38(4)	 74(4)	 44(3)	 14(2)	 4(2)	 11(3)	
C2S_1	 62(3)	 82(3)	 44(3)	 13(2)	 11(3)	 19(2)	
O1S_1	 58(3)	 76(2)	 37(2)	 7(2)	 5(2)	 17(2)	
S1S_1	 53.0(11)	 79.7(13)	 44.1(11)	 16.4(9)	 7.7(8)	 21.0(10)	
C1S_2	 57(5)	 70(4)	 64(4)	 11(3)	 11(4)	 10(4)	
C2S_2	 52(7)	 57(13)	 67(6)	 16(7)	 11(7)	 -1(9)	
O1S_2	 64(3)	 65(3)	 56(2)	 7(2)	 5.8(19)	 13(2)	
S1S_2	 54.7(17)	 67.3(19)	 54.5(16)	 14.1(15)	 6.9(13)	 13.6(14)	
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Table A8.3.7 Hydrogen Coordinates (x104) and Isotropic Displacement Parameters 

(Å2x103) for Macrocycle 212. 

Atom	 x	 y	 z	 Ueq	
H2	 3227(19)	 7841(17)	 9011(8)	 43	
H4	 6223(8)	 6160(16)	 8943(10)	 41	
H5	 8355(16)	 6690(12)	 7992(6)	 41	
H7	 9182(8)	 9350(20)	 6317(12)	 40	
H8A	 10269(17)	 7674(8)	 5264(9)	 44	
H8B	 9484(8)	 6696(14)	 6005(9)	 44	
H9A	 8022(8)	 7704(14)	 4368(8)	 44	
H9B	 7273(17)	 6679(9)	 5074(9)	 44	
H10A	 8472(8)	 5161(14)	 3934(9)	 46	
H10B	 9171(16)	 6187(9)	 3207(9)	 46	
H11A	 6168(16)	 5141(9)	 3096(10)	 44	
H11B	 6867(8)	 6162(14)	 2367(9)	 44	
H12	 7322(9)	 3540(20)	 1905(11)	 45	
H13	 5392(19)	 4710(60)	 525(19)	 43	
H15	 3148(8)	 4565(16)	 1324(9)	 42	
H16	 1243(18)	 3668(10)	 2352(7)	 45	
H18	 -10(20)	 2065(12)	 3390(8)	 48	
H19A	 570(16)	 1751(10)	 5385(10)	 54	
H19B	 2158(16)	 1726(10)	 5091(7)	 54	
H20A	 1030(16)	 3950(11)	 5225(8)	 56	
H20B	 2636(17)	 3910(10)	 5026(10)	 56	
H21A	 1289(17)	 3682(9)	 7228(10)	 58	
H21B	 2855(15)	 3509(11)	 7035(8)	 58	
H22A	 2033(14)	 5876(11)	 7120(8)	 49	
H22B	 3602(17)	 5699(9)	 6949(10)	 49	
H23	 4866(16)	 9146(12)	 8044(6)	 41	
H24	 6939(8)	 9659(16)	 7042(10)	 42	
H25	 5216(18)	 1772(11)	 1793(8)	 47	
H26	 3331(8)	 948(16)	 2917(9)	 44	
H27A	 1035(11)	 6193(10)	 9184(8)	 67	
H27B	 1870(9)	 5836(8)	 10324(13)	 67	
H27C	 1097(11)	 4678(13)	 9137(8)	 67	
H30A	 8424(9)	 4020(12)	 83(11)	 72	
H30B	 9292(14)	 5067(9)	 1306(10)	 72	
H30C	 8163(9)	 5505(12)	 435(9)	 72	
H33A	 12217(9)	 10290(11)	 9776(13)	 99	
H33B	 12368(9)	 11697(15)	 9401(10)	 99	
H33C	 13150(14)	 10598(10)	 8606(11)	 99	
H34A	 8650(15)	 11910(10)	 8329(11)	 105	
H34B	 10082(13)	 12514(14)	 9298(12)	 105	
H34C	 9094(12)	 11060(12)	 9273(12)	 105	
H35A	 -1427(19)	 -2040(10)	 902(12)	 128	
H35B	 -151(15)	 -2214(11)	 1825(13)	 128	
H35C	 276(17)	 -1612(9)	 613(14)	 128	
H36A	 -2672(12)	 80(14)	 446(18)	 141	
H36B	 -2529(12)	 1167(16)	 1754(15)	 141	
H36C	 -2695(12)	 -374(16)	 1763(15)	 141	
H1	 5753(18)	 2810(30)	 -2030(40)	 93	
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Atom	 x	 y	 z	 Ueq	
H5A	 4320(20)	 8851(12)	 11910(50)	 76	
H1SA_3	 5940(20)	 4330(10)	 -4982(16)	 106	
H1SB_3	 5520(20)	 4302(10)	 -3562(16)	 106	
H1SC_3	 7190(20)	 4335(10)	 -3937(14)	 106	
H2SA_3	 7066(14)	 2382(15)	 -6332(16)	 97	
H2SB_3	 8129(18)	 2607(16)	 -5087(14)	 97	
H2SC_3	 7243(14)	 1135(18)	 -5773(13)	 97	
H1SA_4	 3640(40)	 6490(30)	 14700(40)	 93	
H1SB_4	 4700(40)	 6770(30)	 13590(50)	 93	
H1SC_4	 5120(50)	 7640(30)	 15010(50)	 93	
H2SA_4	 2450(50)	 8430(30)	 15980(20)	 79	
H2SB_4	 4090(60)	 9330(30)	 16080(20)	 79	
H2SC_4	 2720(50)	 9850(40)	 15610(20)	 79	
H1SA_5	 6060(20)	 3990(30)	 -5210(30)	 111	
H1SB_5	 4830(20)	 2740(30)	 -5010(30)	 111	
H1SC_5	 5460(20)	 3970(30)	 -3840(30)	 111	
H2SA_5	 8680(20)	 4655(19)	 -3900(20)	 86	
H2SB_5	 7720(20)	 4504(19)	 -2700(20)	 86	
H2SC_5	 9080(30)	 3783(18)	 -2950(20)	 86	
H1SA_1	 3214(11)	 8669(12)	 16224(11)	 79	
H1SB_1	 4079(12)	 10095(14)	 16039(10)	 79	
H1SC_1	 2584(15)	 9327(10)	 15193(9)	 79	
H2SA_1	 2773(11)	 6546(12)	 14278(11)	 93	
H2SB_1	 2242(14)	 7515(10)	 13506(9)	 93	
H2SC_1	 3420(11)	 6673(11)	 12941(13)	 93	
H1SA_2	 8510(30)	 1300(20)	 -5920(20)	 97	
H1SB_2	 8310(30)	 440(20)	 -4860(20)	 97	
H1SC_2	 6930(30)	 360(20)	 -5810(20)	 97	
H2SA_2	 6870(30)	 3080(30)	 -5950(20)	 91	
H2SB_2	 5510(30)	 1910(30)	 -5790(20)	 91	
H2SC_2	 5740(30)	 3370(30)	 -4880(20)	 91	
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Table A8.3.8 Bond Angles [°] for Macrocycle 212. 

Atom	 Atom	 Atom	 Angle/°	
C22	 C1	 C2	 111.4(5)	
C27	 C1	 C2	 109.0(6)	
C27	 C1	 C22	 110.4(6)	
C3	 C2	 C1	 114.4(5)	
C3	 C2	 C28	 107.7(5)	
C28	 C2	 C1	 110.0(5)	
C4	 C3	 C2	 121.8(5)	
C23	 C3	 C2	 119.9(5)	
C23	 C3	 C4	 118.3(6)	
C5	 C4	 C3	 121.5(6)	
C4	 C5	 C6	 120.1(6)	
C5	 C6	 C7	 121.1(5)	
C24	 C6	 C5	 117.5(6)	
C24	 C6	 C7	 121.5(5)	
C6	 C7	 C8	 112.3(5)	
C6	 C7	 C29	 108.6(5)	
C29	 C7	 C8	 110.5(5)	
C9	 C8	 C7	 113.6(5)	
C8	 C9	 C10	 113.9(6)	
C9	 C10	 C11	 112.4(6)	
C12	 C11	 C10	 115.1(5)	
C11	 C12	 C13	 108.6(5)	
C30	 C12	 C11	 111.3(5)	
C30	 C12	 C13	 110.9(5)	
C14	 C13	 C12	 113.5(5)	
C14	 C13	 C31	 110.3(5)	
C31	 C13	 C12	 108.1(5)	
C15	 C14	 C13	 120.2(5)	
C15	 C14	 C25	 118.4(6)	
C25	 C14	 C13	 121.3(6)	
C16	 C15	 C14	 120.6(6)	
C15	 C16	 C17	 121.6(6)	
C16	 C17	 C18	 121.9(6)	
C26	 C17	 C16	 117.8(6)	
C26	 C17	 C18	 120.3(6)	
C17	 C18	 C19	 112.2(5)	
C17	 C18	 C32	 109.2(6)	
C19	 C18	 C32	 110.1(6)	
C20	 C19	 C18	 113.4(6)	
C19	 C20	 C21	 112.9(6)	
C22	 C21	 C20	 114.4(6)	
C21	 C22	 C1	 113.5(6)	
C24	 C23	 C3	 121.1(6)	
C23	 C24	 C6	 121.5(6)	
C26	 C25	 C14	 120.1(6)	
C17	 C26	 C25	 121.4(6)	
O4	 C28	 C2	 123.5(6)	
O4	 C28	 O5	 123.2(6)	
O5	 C28	 C2	 113.2(5)	
N7	 C29	 C7	 118.9(6)	
O3	 C29	 C7	 121.8(6)	
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Atom	 Atom	 Atom	 Angle/°	
O3	 C29	 N7	 119.3(6)	
O1	 C31	 C13	 111.2(6)	
O2	 C31	 C13	 125.3(7)	
O2	 C31	 O1	 123.5(7)	
N8	 C32	 C18	 117.4(6)	
O6	 C32	 C18	 122.6(6)	
O6	 C32	 N8	 119.8(7)	
C29	 N7	 C33	 124.7(7)	
C29	 N7	 O9	 118.4(5)	
O9	 N7	 C33	 115.2(6)	
C32	 N8	 C35	 124.0(7)	
C32	 N8	 O7	 118.8(6)	
O7	 N8	 C35	 113.4(6)	
N8	 O7	 C36	 107.7(7)	
N7	 O9	 C34	 111.9(7)	
C2S_3	 S1S_3	 C1S_3	 97.8(5)	
O1S_3	 S1S_3	 C1S_3	 108.6(5)	
O1S_3	 S1S_3	 C2S_3	 105.3(5)	
C2S_4	 S1S_4	 C1S_4	 97.6(5)	
O1S_4	 S1S_4	 C1S_4	 108.3(5)	
O1S_4	 S1S_4	 C2S_4	 105.2(5)	
C2S_5	 S1S_5	 C1S_5	 97.6(5)	
O1S_5	 S1S_5	 C1S_5	 108.4(5)	
O1S_5	 S1S_5	 C2S_5	 105.4(5)	
C2S_1	 S1S_1	 C1S_1	 97.5(4)	
O1S_1	 S1S_1	 C1S_1	 107.7(4)	
O1S_1	 S1S_1	 C2S_1	 105.4(4)	
C2S_2	 S1S_2	 C1S_2	 97.6(5)	
O1S_2	 S1S_2	 C1S_2	 108.3(5)	
O1S_2	 S1S_2	 C2S_2	 105.4(5)	
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Table A8.3.9 Torsion Angles [°] for Macrocycle 212. 

Atom	 Atom	 Atom	 Atom	 Angle/°	
C1	 C2	 C3	 C4	 -54.3(8)	
C1	 C2	 C3	 C23	 127.6(6)	
C1	 C2	 C28	 O4	 45.9(8)	
C1	 C2	 C28	 O5	 -135.5(6)	
C2	 C1	 C22	 C21	 169.3(6)	
C2	 C3	 C4	 C5	 180.0(6)	
C2	 C3	 C23	 C24	 -178.9(6)	
C3	 C2	 C28	 O4	 -79.4(8)	
C3	 C2	 C28	 O5	 99.2(6)	
C3	 C4	 C5	 C6	 -0.8(9)	
C3	 C23	 C24	 C6	 -1.3(9)	
C4	 C3	 C23	 C24	 2.9(9)	
C4	 C5	 C6	 C7	 -177.8(5)	
C4	 C5	 C6	 C24	 2.3(9)	
C5	 C6	 C7	 C8	 59.8(7)	
C5	 C6	 C7	 C29	 -62.7(7)	
C5	 C6	 C24	 C23	 -1.3(9)	
C6	 C7	 C8	 C9	 58.8(7)	
C6	 C7	 C29	 N7	 -88.3(7)	
C6	 C7	 C29	 O3	 90.5(8)	
C7	 C6	 C24	 C23	 178.7(5)	
C7	 C8	 C9	 C10	 177.3(5)	
C7	 C29	 N7	 C33	 -174.0(8)	
C7	 C29	 N7	 O9	 -9.7(10)	
C8	 C7	 C29	 N7	 148.2(6)	
C8	 C7	 C29	 O3	 -33.0(9)	
C8	 C9	 C10	 C11	 178.0(5)	
C9	 C10	 C11	 C12	 -179.8(6)	
C10	 C11	 C12	 C13	 173.8(5)	
C10	 C11	 C12	 C30	 -63.8(8)	
C11	 C12	 C13	 C14	 -64.0(7)	
C11	 C12	 C13	 C31	 173.4(5)	
C12	 C13	 C14	 C15	 121.4(6)	
C12	 C13	 C14	 C25	 -59.7(7)	
C12	 C13	 C31	 O1	 -121.8(6)	
C12	 C13	 C31	 O2	 60.5(9)	
C13	 C14	 C15	 C16	 -179.9(5)	
C13	 C14	 C25	 C26	 178.2(6)	
C14	 C13	 C31	 O1	 113.6(6)	
C14	 C13	 C31	 O2	 -64.1(9)	
C14	 C15	 C16	 C17	 1.3(9)	
C14	 C25	 C26	 C17	 2.2(10)	
C15	 C14	 C25	 C26	 -2.9(9)	
C15	 C16	 C17	 C18	 175.2(6)	
C15	 C16	 C17	 C26	 -2.1(9)	
C16	 C17	 C18	 C19	 -103.0(7)	
C16	 C17	 C18	 C32	 134.7(6)	
C16	 C17	 C26	 C25	 0.3(9)	
C17	 C18	 C19	 C20	 58.1(8)	
C17	 C18	 C32	 N8	 -75.0(9)	
C17	 C18	 C32	 O6	 100.2(8)	
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Atom	 Atom	 Atom	 Atom	 Angle/°	
C18	 C17	 C26	 C25	 -177.0(6)	
C18	 C19	 C20	 C21	 175.9(6)	
C18	 C32	 N8	 C35	 157.8(9)	
C18	 C32	 N8	 O7	 1.3(11)	
C19	 C18	 C32	 N8	 161.4(7)	
C19	 C18	 C32	 O6	 -23.3(10)	
C19	 C20	 C21	 C22	 174.7(6)	
C20	 C21	 C22	 C1	 179.1(6)	
C22	 C1	 C2	 C3	 -55.3(7)	
C22	 C1	 C2	 C28	 -176.7(5)	
C23	 C3	 C4	 C5	 -1.8(9)	
C24	 C6	 C7	 C8	 -120.3(6)	
C24	 C6	 C7	 C29	 117.3(6)	
C25	 C14	 C15	 C16	 1.2(9)	
C26	 C17	 C18	 C19	 74.2(8)	
C26	 C17	 C18	 C32	 -48.1(8)	
C27	 C1	 C2	 C3	 -177.4(6)	
C27	 C1	 C2	 C28	 61.2(7)	
C27	 C1	 C22	 C21	 -69.4(8)	
C28	 C2	 C3	 C4	 68.4(7)	
C28	 C2	 C3	 C23	 -109.7(6)	
C29	 C7	 C8	 C9	 -179.9(5)	
C29	 N7	 O9	 C34	 113.2(8)	
C30	 C12	 C13	 C14	 173.4(5)	
C30	 C12	 C13	 C31	 50.7(7)	
C31	 C13	 C14	 C15	 -117.2(6)	
C31	 C13	 C14	 C25	 61.7(8)	
C32	 C18	 C19	 C20	 179.9(6)	
C32	 N8	 O7	 C36	 -115.8(10)	
C33	 N7	 O9	 C34	 -81.1(9)	
C35	 N8	 O7	 C36	 85.4(11)	
O3	 C29	 N7	 C33	 7.2(12)	
O3	 C29	 N7	 O9	 171.4(7)	
O6	 C32	 N8	 C35	 -17.6(14)	
O6	 C32	 N8	 O7	 -174.1(7)	
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Table A8.3.10 Hydrogen Bond information for Macrocycle 212. 

D		 H		 A		 d(D-H)/Å		 d(H-A)/Å		 d(D-A)/Å		 D-H-A/deg		
O1	 H1	 O1S_3	 0.82	 1.81	 2.630(12)	 171.8	
O1	 H1	 O1S_5	 0.82	 1.90	 2.718(17)	 173.1	
O1	 H1	 O1S_2	 0.82	 1.89	 2.714(17)	 178.6	
O5	 H5A	 O1S_4	 0.82	 1.79	 2.58(2)	 161.0	
O5	 H5A	 O1S_1	 0.82	 1.83	 2.651(8)	 175.8	
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Table A8.3.11 Atomic Occupancies for all atoms that are not fully occupied in 

Macrocycle 212. 

Atom	 Occupancy	
C1S_3	 0.516(3)	
H1SA_3	 0.516(3)	
H1SB_3	 0.516(3)	
H1SC_3	 0.516(3)	
C2S_3	 0.516(3)	
H2SA_3	 0.516(3)	
H2SB_3	 0.516(3)	
H2SC_3	 0.516(3)	
O1S_3	 0.516(3)	
S1S_3	 0.516(3)	
C1S_4	 0.129(4)	
H1SA_4	 0.129(4)	
H1SB_4	 0.129(4)	
H1SC_4	 0.129(4)	
C2S_4	 0.129(4)	
H2SA_4	 0.129(4)	
H2SB_4	 0.129(4)	
H2SC_4	 0.129(4)	
O1S_4	 0.129(4)	
S1S_4	 0.129(4)	
C1S_5	 0.258(3)	
H1SA_5	 0.258(3)	
H1SB_5	 0.258(3)	
H1SC_5	 0.258(3)	
C2S_5	 0.258(3)	
H2SA_5	 0.258(3)	
H2SB_5	 0.258(3)	
H2SC_5	 0.258(3)	
O1S_5	 0.258(3)	
S1S_5	 0.258(3)	
C1S_1	 0.871(4)	
H1SA_1	 0.871(4)	
H1SB_1	 0.871(4)	
H1SC_1	 0.871(4)	
C2S_1	 0.871(4)	
H2SA_1	 0.871(4)	
H2SB_1	 0.871(4)	
H2SC_1	 0.871(4)	
O1S_1	 0.871(4)	
S1S_1	 0.871(4)	
C1S_2	 0.225(3)	
H1SA_2	 0.225(3)	
H1SB_2	 0.225(3)	
H1SC_2	 0.225(3)	
C2S_2	 0.225(3)	
H2SA_2	 0.225(3)	
H2SB_2	 0.225(3)	
H2SC_2	 0.225(3)	
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Atom	 Occupancy	
O1S_2	 0.225(3)	
S1S_2	 0.225(3)	
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