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ABSTRACT 

 
Curcusone C is tricyclic diterpenoid natural product isolated from Jatropha 

curcas that exhibits potent biological activity and features a 2,3,7,8-

tetrahydroazulene-1,4-dione moiety.  Herein, we describe a synthetic approach 

toward ent-curcusone C.  Construction of the tricyclic scaffold of ent-curcusone C is 

achieved from a cyclopentenol boronate and a vinyl bromide, which was synthesized 

from (S)-perillaldehyde.  Suzuki coupling of the two precursors furnished a dieneol, 

which was converted to a diazoester via transesterification followed by diazo transfer 

reaction.  A divinylcyclopropane was synthesized from the diazoester by 

intramolecular cyclopropanation and subsequent Kauffmann olefination.  The 

tricyclic core of ent-curcusone C was accomplished by divinylcyclopropane 

rearrangement, which was initiated by reduction of the lactone moiety. 

We discovered an unexpected rearrangement during the course of our 

investigation toward the synthesis of curcusone C.  Surprisingly, a silyl enol ether 

was converted to a complex tetracyclic compound under mild heating conditions.  

The transformation was elucidated as a unique reaction cascade of [3,3] Cope 

rearrangement, [1,5] silyl migration, Ireland–Claisen rearrangement, retro Claisen 

rearrangement, and [1,5] silyl migration by computational and experimental efforts. 

Additionally, our work on the development of a bis(phosphine) copper catalyst for 

the asymmetric alkylation of 3-Bromooxindoles with α-arylated malonate esters is 

described.  Versatile copper sources and chiral bis(phosphine) ligands were 

investigated. 
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Progress toward the Total Synthesis of Curcusone C 

 

 

1.1 INTRODUCTION AND SYNTHETIC STRATEGY  

1.1.1 INTRODUCTION 

Native to Central America, Jatropha curcas is a species of flowering plant belonging 

to the Euphorbiaceae family that can be found in many parts of the world.  J. curcas has 

been used as a source of soap and lamp oil for hundreds of years, and recently J. curcas 

has attracted attention due to its possible use in biodiesel production.1 

     J. curcas has intrigued natural product chemists as a source of versatile 

diterpenoids.  Diterpenes curcusones A–D (1-4), which possess novel tricyclic skeletons, 

were isolated by Naengchomnong and co-workers in 1986. 2 a  The structures of 

curcusones B (2) and C (3) were confirmed by X-ray diffraction analysis.  Primary NMR 

data indicated that curcusones A (1) and B (2), curcusones C (3) and D (4) were epimers 

at C(2).  Recently, J. curcas has been further investigated and yielded more natural 
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products.   In 2011, Taglialatela-Scafati and co-workers reported curcusone E (5) and 

spirocurcasone (18) as other secondary metabolites isolated from the plant and again 

found curcusones A–E.2b  Furthermore, curcusones F–J (6-10) and 4-epi-curcusone E 

were discovered in 2013.2c  In addition to the curcusones, a number of other diterpenes 

have been isolated from J. curcas (Figure 1.1.1).2,3  

  Figure 1.1.1.  Curcusones A-J, Spirocurcasone and Representative Natural Products from J. curcas 
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Among various natural products from J. curcas, curcusones A–D exhibited versatile 

cytotoxic activity.  For instance, curcusone B showed an anti-invasive effect against 

cholangiocarcinoma cells.4a-c  Furthermore, dose-dependent inhibitory activity of K562 

(human leukemia, IC50 in 6 µg mL-1) and H1299 (human non-small cell lung carcinoma, 

IC50 in 15 µg mL-1) cell lines were discovered.3j  Curcusones C and D, on the other hand, 

showed antifungal and antibacterial activity at low doses (50 µg).4d,e  In addition, 

curcusones A and C show potential for anticancer activity based on their ability to 

enhance hyperthermic oncotherapeutics in V-79 cells (chinese hamster cells).4a   

Inspired by these versatile biological activities, researchers have further investigated 

their anticancer properties.  Among curcusones A–E and spirocurcasone, curcusone C has 

the greatest antiproliferative activity on the L5178 (mouse lymphoma, IC50 in 0.08 µg 

mL-1).2b  Furthermore, curcusone C exhibited considerable potency toward HL-60 (human 

promyelocytic leukemia, IC50 in 1.36 µM), 2c SMMC-7221 (human heptoma, IC50 in 2.17 

µM), 2c A-549 (adenocarcinomic human alveolar basal epithelial, IC50 in 3.88 µM), 2c 

MCF-7 (human breast cancer, IC50 in 1.61 µM), 2c SW480 (human colon adenocarcinoma, 

IC50 in 1.99 µM), 2c and SK-OV3 (human ovarian cancer, IC50 in 0.160 µM)4f cell lines.   

Curcusones A–D (1-4) possess novel tricyclic skeletons featuring a 2,3,7,8-

tetrahydroazulene-1,4-dione moiety with four stereogenic carbon centers.  Since the 

initial isolation in 1986, a completed total synthesis has not been reported, while one 

methodological study for the construction of the 7-membered ring of curcusones A–D 

was reported in 2001 (Scheme 1.1.1).5  These interesting biological properties and 

structural features make the curcusones attractive targets, inspiring us to undertake the 

total synthesis of curcusone C. 
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Scheme 1.1.1.  Previous Study by Young and co-worker 

 

1.1.2 RETROSYNTHETIC ANALYSIS 

Our retrosynthetic analysis of curcusone C 3 is outlined in Scheme 1.1.2.  We 

envisioned that natural product 3 could be synthesized by acid cleavage, and olefin 

migration followed by alpha carbon functionalization of tricyclic core 22.  The tricyclic 

core 22 could be prepared by divinylcyclopropane rearrangement of cyclopropane 23 in a 

stereospecific fashion by an endo-boat transition state.  Construction of cyclopropane 23 

could be achieved via intramolecular cyclopropanation followed by lactone opening of 

diazo ester 24.  Cyclopropanation precursor 24 could be disconnected by 

transesterification followed by diazo transfer reaction of allylic alcohol, which would be 

assembled by cross-coupling of vinyl boronic ester 25 and vinyl triflate 27.  Vinyl 

boronic ester 25 would be prepared from cyclopentenone 26 according to literature 

precedent,6 and vinyl triflate 27 would be prepared from triflation of a known ketone7 

derived from limonene oxide 28. 

O

O Me

H
H
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O HO
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Scheme 1.1.2.  Retrosynthetic Analysis of Curcusone C (3) 

 

1.1.3 DIVINYLCYCLOPROPANE REARRANGEMENT 

For the Cope rearrangement substrate, stereochemistry of the cyclopropane was 

expected to control the newly generated stereocenters by a concerted mechanism through 

an endo boat-like transition state (29) (Scheme 1.1.3).  Thus, we expected that the 

cyclopropane would induce the desired stereochemistry of the ring junction position (C8).  

We envisioned that intramolecular cyclopropanation would be the most efficient to 

assemble a cyclopropane for the divinylcyclopropane rearrangement with the desired 

stereochemistry.  In order to synthesize cyclopropane 23, we decided to prepare diazo 

ester 24, which was tethered to an allylic alcohol on the five-membered ring moiety.  In 

this way, the allylic alcohol would control the stereochemistry of the cyclopropane and 

eventually estabilish the stereocenters of the whole system (Scheme 1.1.3). 
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Scheme 1.1.3.  Proposed Divinylcyclopropane Rearrangement 

 

1.2 MODEL SYSTEM APPROACH 

Due to the complex structure of diazo ester (24), we sought to first examine the 

cyclopropanation and divinylcyclopropane rearrangement sequence using a model 

substrate (36).  Studies on this substrate could later be applied to limonene oxide (28) to 

accomplish the total synthesis. 

1.2.1 PREPARATION OF MODEL CYCLOPROPANE 37 

Investigation started with preparing model cyclopropanation precursor 36.  Diazo 

ester 36 was synthesized from allylic alcohol 33 via esterification with diketene and a 

diazo transfer reaction.  Allylic alcohol 33 was derived by Suzuki coupling of vinyl 

boronate rac-25 with cyclohexanone triflate 32 followed by deprotection.  Vinyl boronate 

31 was synthesized from known vinyl bromide 30,6 which was assembled by 

bromination, followed by Luche reduction and TBS protection from pentenone 26 

(Scheme 1.2.1). 

RHO2C
HO

HO

R

H

O OH

H

R

OH

O
HO

divinylcyclopropane 
rearrangement

23

22

H

endo-boat 29

O

OO

N2

cyclopropanation
&

lactone hydrolysis
24



Chapter 1—Progress toward the Total Synthesis of Curcusone C  7 

Scheme 1.2.1.  Synthesis of Diazo ester 36 

 

Rhodium catalysts have been used for cyclopropanation in versatile situations 

including intramolecular cyclopropanation of diazo esters.8  However, we were unable to 

find any trace of the desired cyclopropane 37 from diazo ester 36, despite all of our 

attempts with various rhodium catalysts.  We were able to isolate diene 38, interestingly 

(Table 1.2.1).  We envisioned that rhodium carbenoid 39 would be too hindered to react 

with the olefin, thus it would rather abstract the allylic hydrogen via a radical mechanism.  

The resulting radical 40 could be cleaved to give oxidized diene 38 and reactive ketene 

41 (Scheme 1.2.2). 
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Table 1.2.1.  Intramolecular Cyclopropanation Screening of Rhodium Catalysts 

 

entry catalysta solvent temperature result 

1 Rh2(OAc)4 (3 mol %) CH2Cl2 23 ºC No Reaction 
2 Rh2(OAc)4 (3 mol %) CH2Cl2 reflux 38 only 

3 Rh2(OTfAc)4 (1 mol %) CH2Cl2 23 ºC No Reaction 

4 Rh2(esp)2 (1 mol %) CH2Cl2 0 ºC – 23 ºC 38 only 

5 Rh2(cap)4 (1 mol %) CH2Cl2 reflux 38 only (trace) 

6 Rh2(oct)4 (1 mol %) CH2Cl2 23 ºC 38 only 

7 Rh2(oct)4 (1 mol %) Hexane 23 ºC 38 only 

8 Rh2(hfbutyrate)4 (1 mol %) CH2Cl2 23 ºC No Reaction 
OTfAc: trifluoroacetate, esp: α,α,α’,α’-tetramethyl-1,3-benzenedipropionic acid, cap: caprolactamate, 

oct: octanoate, hfbutyrate: heptafluorobutyrate 

Scheme 1.2.2.  Possible Mechanism of 38 Formation 

 

In addition to rhodium catalysts, copper9 and ruthenium10 catalysts have been also 

investigated for the intramolecular cyclopropanation of diazo esters by various 

researchers.  A mixture of the desired cyclopropane 37 and the side product 38 was found 

by reaction screening under copper (II) hexafluoroacetylacetonate using µ-waves and 
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finally, we were able to isolate the desired cyclopropanes 37 in good yield by using 

copper (II) bis(salicylidene-tert-butylamine).  We could also isolate side product 38 

although the amount formed was reduced significantly (Table 1.2.2).  The desired 

cyclopropane 37 was easily converted to hydrazone 42 of which we were able to confirm 

the structure by single crystal X-ray diffraction (Scheme 1.2.3). 

Table 1.2.2.  Intramolecular Cyclopropanation Screening of Copper Catalysts 

 

entry catalyst solvent temperature result 

1 Cu(hfacac)2 (10 mol %) CH2Cl2 110 ºC (µ-wave) 1:1 mixture (crude 
NMR) 

2 Cu(TBS)2
 (10 mol %) toluene reflux 37 (65% yield) 

38 (15% yield) 
hfacac: hexafluoroacetylacetonate, Cu(TBS)2: copper(II) bis(salicylidene-tert-butylamine) 

Scheme 1.2.3.  Crystal Structure of Hydrazone 42  
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1.2.2 UNEXPECTED REARRANGEMENT 

With cyclopropane 37 in hand, we directed our attention to the divinyl cyclopropane 

rearrangement in order to construct the tricyclic system.  We first investigated silyl enol 

ethers as the rearrangement precursor and divinylcyclopropanes 43 and 44 were prepared 

by silylation of ketone 37.  Divinylcyclopropanes 43 and 44 possessed a lactone moiety 

and would form two anti-Bredt olefins in 45 as a result of the divinylcyclopropane 

rearrangement.  Thus, silyl enol ethers 43 and 44 were expected to have low reactivity.  

Several nucleophiles (KOH, NaOMe, Morpholine-DIBAL, Weinreb amine) were applied 

to release the lactone in order to initiate the rearrangement reaction; however all of our 

attempts were unsuccessful (Scheme 1.2.4). 

Scheme 1.2.4.  Lactone Opening Screening  

 

Although divinylcyclopropane 44 was expected to show low reactivity due to its 

lactone moiety and potential anti-Bredt outcome (50), surprisingly it transformed to 

another silyl enol ether (47) under mild heating.  Despite significant efforts, structural 

determination of silyl enol ether 47 was exhibited difficult.  Finally, the tetracyclic 
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structure of ß-ketolactone 48, which was furnished by removing the TBS group, was 

confirmed by single crystal X-ray analysis (Scheme 1.2.5).   ß-Ketolactone 48 was 

isolated in mixture of enol forms (49) in NMR solvent.  Mechanistic elucidation is 

discussed in Chapter 2, but the mixture was clearly from a multistep complex 

rearrangement. 

Scheme 1.2.5.  Unexpected Outcome  

 

1.2.3 CONSTRUCTION OF THE TRICYCLIC CORE 

We believed that ring strain from the lactone moiety prevented the formation of the 

desired tricyclic system.  To overcome this obstacle, the lactone moiety must be ruptured.  

Since previous attempts with silyl enol ethers 43 and 44 were not satisfactory, we 

prepared divinylcyclopropane 51 via Wittig-type olefination using Wilkinson’s catalyst 

and trimethylsilyl diazomethane as a methylene source. 11   The resulting 

divinylcyclopropane 51 was treated with DIBAL to reduce the lactone.  Reduction 

(10:1 in CDCl3)
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conditions also triggered the desired rearrangement, affording a tricyclic system 53, 

likely via an unstable bis-aluminum alkoxide intermediate 52 (Scheme 1.2.6). 

Scheme 1.2.6.  Synthesis of Tricyclic Core by Reduction of the Lactone 

 

1.3 TOWARD THE TOTAL SYNTHESIS OF CURCUSONE C 

1.3.1 LIMONENE OXIDE ROUTE 

Based on results from model studies, we directed our attention to the total synthesis 

of the natural product.  We expected that the cross coupling partner for assembly of the 

diene 24 (Scheme 1.1.2) could be synthesized from commercially available limonene 

oxide 28.  The α,β-unsaturated ketone 55, accessible via epoxide opening followed by 

oxidation from limonene oxide 28, is known to undergo a hetero Diels–Alder reaction to 

form dimer 56.  Although we were able to isolate ketone 55 as a major product using 

Dess–Martin periodinane, initial attempts to convert ketone 55 to vinyl triflate 27 resulted 

in formation of undesired dimer 56 as the major (Scheme 1.3.1).  After modifications, 

desired triflate 27 was achieved in good yield by syringe pump addition of a diluted 
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solution of ketone 55 to KHMDS in THF followed by addition of Comins reagent at low 

temperature (Table 1.3.1). 

Scheme 1.3.1.  Undesired Dimerization of Limonene Oxide-Derived Ketone 55 

 

Table 1.3.1.  Triflate Formation Screening  

 

entry base concentrationa triflating reagent addition time yield (%) 

1 KHMDS (0.02 M) 0.02 M Comins dropwise 42 
2 KHMDS (0.01 M) 0.05 M PhNTf2 dropwise 24 

3 KHMDS (0.02 M) 0.01 M Comins 2 h 77 
a: Concentration of ketone 52 in THF. 

 

Vinyl bromide 25, as the other cross-coupling partner, was prepared from bromo 

cyclopentenone 57 via CBS reduction followed by TBS protection.6  Bromide (S)-30 was 

then converted to pinacol boronate 25 for Suzuki coupling with vinyl triflate 27 to 

synthesize diene 59.  Deprotection of the alcohol followed by transesterification with 
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diketene 34 of diene 60 was furnished β-ketoester 61.  Finally, cyclopropanation 

precursor 24 was synthesized by diazo transfer reaction of ester 61 (Scheme 1.3.2). 

Scheme 1.3.2.  Synthesis of Diazo ester 24 

 

With diazo ester 24 in hand, we investigated cyclopropanation conditions.  

Unfortunately, despite screening various rhodium, copper, ruthenium, and palladium 

catalysts, we were not able to observe the desired cyclopropane (62) (Table 1.3.2).   
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Table 1.3.2.  Catalyst Screening for Cyclopropanation  

 

entry catalyst solvent temperature result 

1 Cu(TBS)2 (10 mol %) toluene reflux decomposed 
2 Cu(hfacac)2 (10 mol %) toluene 45 ºC – 75 ºC decomposed 

3 Cu(I) OTf (10 mol %) toluene 45 ºC – 75 ºC decomposed 

4 Cu(I) OTf (10 mol %), pyr (20 mol %) toluene 23 ºC – 80 ºC complex mixture 

5 Cu(I) OTf (10 mol %), bipyr (10 mol %) CH2Cl2 reflux no reaction 

6 [(cymen)2RuCl2)2 (3 mol %) CH2Cl2 23 ºC no reaction 

7 Rh2(OAc)4 (5 mol %) CH2Cl2 23 ºC complex mixture 

8 Rh2(OAc)4 (5 mol %) CH2Cl2 reflux complex mixture 

9 Rh2(cap)4 (5 mol %) CH2Cl2 23 ºC complex mixture 

10 Rh2(TfOAc)4 (5 mol %) CH2Cl2 23 ºC complex mixture 

11 Pd(OAc)2 (5 mol %) Et2O 0 ºC no reaction 
TfOAc: trifluoroacetate, hfacac: hexafluoroacetylacetonate, Cu(TBS)2: copper (II) bis(salicylidene-tert-butyl-amine) 

 
 

1.3.2  PERILLALDEHYDE ROUTE 

Although cyclopropanation was successful with model diene 36, the limonene oxide-

derived diazo ester 24 possessing an exomethylene was not a suitable substrate for the 

desired cyclopropanation.  The major difference between the two molecules is the 

exomethylene in 24 which could alter the conjugated olefins sterically and electronically; 

thus, modification of the limonene oxide part was required in order to synthesize the 

desired cyclopropane.  Diazo ester 63 bearing an α,β-unsaturated carbonyl was proposed 

as an alternative of 24.  We expected that 63 would show better reactivity with the metal 

Me
O

 62 (Not observed)

O

OO
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24
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carbenoid.  Furthermore, the ketone moiety could be olefinated after cyclopropanation 

(Figure 1.3.1). 

Figure 1.3.1.  Intramolecular Cyclopropanation Precursors 

 

We envisioned that diazo ester 63 would be constructed by the coupling reaction of 

vinylboronate 25 and vinyl iodide 64 followed by the β-ketoester installation sequence 

we demonstrated before (Scheme 1.3.3).  Although vinyl iodide 64 could be synthesized 

from (R)-perillaldehyde ((R)-65), we began with the less expensive (S)-perillaldehyde 

(65).  Vinyl iodide ent-64 was easily prepared from ketone 68, which was synthesized 

from (S)-perillaldehyde (65) in a three-step known sequence (Scheme 1.3.4).12   
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Scheme 1.3.3.  Synthetic Plan to Construct Diazo ester 63 

 

Scheme 1.3.4.  Synthesis of Coupling Partner ent-64 

 

The Suzuki coupling of vinyl iodide ent-64 with (R)-25 which was prepared by a 

similar sequence as previously described, furnished diene 69.  The TBS group was 

removed by HF-pyridine complex to prevent deprotonation of the γ-proton of α,β-

unsaturated ketone 70.  Finally, tranesterification with diketene 34 afforded β-ketoester 

71 for cyclopropanation studies (Scheme 1.3.5). 
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Scheme 1.3.5.  Synthesis of β-Ketoester 71 

 

The desired cyclopropane 72 was isolated via diazo transfer reaction followed by 

cyclopropanation using a copper catalyst.  However, cyclopropane 73, which contains a 

fully-conjugated π-system as a result of olefin migration, was also isolated as a side 

product, lowering the yield of the desired cyclopropane was yielded lower than expected 

(17% yield).   In addition, we observed olefin migration13 from the purified product 72 in 

the presence of the copper catalyst (Scheme 1.3.6). 
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Scheme 1.3.6.  Synthesis of Cyclopropane 72 

 

Unfortunately, efforts to doubly olefinate cyclopropane 72 failed.  Attempted 

procedures included Wittig olefination, as well as neutral conditions with Wilkinson’s 

catalyst (Scheme 1.3.7).  Since the desired substituted product (i.e., 74) was not observed 

with this substrate, we did not pursue this route further and instead shifted our focus to an 

alternative approach. 

Scheme 1.3.7.  Efforts toward Olefination of Cyclopropane 72 

 

1.3.3 PROTECTED ALCOHOL ROUTE 

Protected allylic alcohol 75 was proposed as an alternative to ent-63, to circumvent 

the obstacles caused by the acidic γ-proton in 63 (Figure 1.3.2).  The exo methylene 

would be installed by deprotection, oxidation followed by olefination of the resulting 

ketone.  For the preparation of diazo ester 75, we synthesized vinyl bromide 78 from 
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cyclohexenone 68 by α-bromination followed by CBS reduction and TBS protection of 

the resulting alcohol (Scheme 1.3.8).14 

Figure 1.3.2.  Revised Cyclopropanation Precursors 

 

Scheme 1.3.8.  Synthesis of Protected Alcohol 78 

 

Cleavage of the TBS group from pinacol boronate (R)-25 which was prepared 

previously (Scheme 1.3.5), furnished allylic alcohol 79.  Diene 80 was synthesized by 

Suzuki coupling of boronate 79 and bromide 78.  Diazo ester 75 was prepared via 

transesterification followed by a diazo transfer reaction of allylic alcohol 81 (Scheme 

1.3.9). 
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Scheme 1.3.9.  Synthesis of Diazo ester 75 

 

Diazo ester 75 was converted to the desired cyclopropane 82 in synthetically useful 

yield under copper salicylidene catalysis.  Although typical Wittig-type olefination of 

ketone 82 did not provide the desired compound, we were able to synthesize the desired 

divinylcyclopropane 83 in good yield using Kauffmann olefination conditions (Scheme 

1.3.10). 15,16 

Scheme 1.3.10.  Synthesis of Dinivylcyclopropane 83 

 

Divinylcyclopropane 83 was treated with DIBAL to reduce the lactone moiety, which 

was anticipated to initiate the divinylcyclopropane rearrangement.  Gratifyingly, we were 

able to observe the desired cycloheptadiene 83 as a mixture with reduced cyclopropane 

84.  Importantly, cyclopropane 84 could be transformed to the cycloheptadiene 85 in 
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benzene at 23 ºC.  Conveniently, we found that at elevated temperatures, the 

rearrangement could be accelerated (Scheme 1.3.11).   

Scheme 1.3.11.  Divinylcyclopropane Rearrangement 

 

Efforts are ongoing to complete the synthesis of curcusone C by functional group 

modification.  Unfortunately, attempts to oxidize diol 85 to hydroxyl aldehyde 86 have 

been unsuccessful to date, and we have not yet been able to fully elucidate the structure 

of the isolated undesired product of these trials.  When this transformation is 

accomplished, addition of peroxide is expected to afford ketone 87 by oxidative cleavage 

of aldehyde 86 (Scheme 1.3.12). 

Scheme 1.3.12.  Attempts to oxidize diol 85 
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1.4 ENDGAME STRATEGY 

1.4.1 ONE CARBON ELIMINATION 

The remaining challenges to overcome in the synthesis of the curcusone C (3) include 

elimination of the carbon, used as tether for the synthesis of the cyclopropane with the 

desired stereochemistry.  Bose and co-workers reported that oxidation of α,β-unsaturated 

aldehyde 88 using peroxide yielded formate 91 via epoxidation, Baeyer–Villiger 

oxidation, and subsequent rearrangement of epoxyformate 90.  Hydrolysis of formate 91 

provided hydroxyl ketone 92. 17  These transformations could be adapted to our system 

for the elimination of one carbon in order to construct the cycloheptadienone system 

(Scheme 1.4.1). 

Scheme 1.4.1.  Hydroxy Cyclohexanone Synthesis by Bose and co-workers 

 

Although our initial attempts to oxidize primary alcohol 85 to aldehyde 86 for the 

peroxide cleavage have been unsuccessful, we are optimistic that construction of 

aldehyde 86 is within reach since there is an abundance of methodologies in the literature 

for the oxidation of primary alcohols.18  For instance, chemoselective oxidation of a 

primary alcohol in the presence of a secondary alcohol would be achieved by known 

oxidation conditions using zirconocene19 or TEMPO20,21 catalysts (Scheme 1.4.2).22   
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Scheme 1.4.2.  Chemoselective Oxidation of Primary Alcohol 85 

 

Addition of peroxide to prepared aldehyde 86 would afford epoxyformate 93 via 

Baeyer–Villiger oxidation and epoxidation.  Hydroxy ketone 94 could be prepared by 

hydrolysis of formate 93.  Desired cycloheptadienone 96 will be synthesized by oxidation 

of secondary alcohol, followed by dehydroxylation of the α-hydroxyl group (Scheme 

1.4.3). 

Scheme 1.4.3.  Proposed Synthesis of Cycloheptadienone 96 

 

Alternatively, Baeyer–Villiger oxidation (97) or epoxidation (99) products would be 

formed by addition of peroxide to aldehyde 86.  Formate 97 could be converted to silyl 

enol ether 98 for the synthesis of cycloheptadienone 87 by Saegusa–Ito oxidation.  In 

another pathway, epoxide 99 would be transformed to hydroxyl aldehyde 100, which 

could then converted to cycloheptadienone 87 via oxidative cleavage (Scheme 1.4.4). 
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Scheme 1.4.4.  Alternative Routes 

 

1.4.2 COMPLETION STRATEGY 

With hydroxyl ketone 87 or diketone 96 (Scheme 1.4.3 and 1.4.4), total synthesis of 

the natural product could be accomplished in several steps.  Oxidation of allylic alcohol 

87 followed by olefin migration would yield cyclopentenone 101 which could be 

converted to α-hydroxyketone 102 by α-carbon functionalization. 23   Finally, ent-

curcusone C could be synthesized by TBS deprotection of 102 followed by oxidation and 

subsequent olefination (Scheme 1.4.5). 
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Scheme 1.4.5.  Remaining Challenges 

 

1.5 CONCLUSION 

In summary, efforts to synthesize and apply a 1,1-divinylcyclopropane rearrangement 

toward the total synthesis of curcusone C are described.  During the course of model 

studies, we have discovered an unexpected rearrangement of a divinylcyclopropane, 

which yielded a complex tetracyclic structure.  Furthermore, we have synthesized a 

tricyclic precursor to ent-curcusone C (ent-3) via divinylcyclopropane rearrangement of 

83.  Efforts are currently underway to complete the total synthesis by sequential oxidation 

and functional group modifications. 
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1.6 EXPERIMENTAL SECTION 

1.6.1 MATERIALS AND METHODS 

Unless stated otherwise, reactions were performed under an argon or nitrogen 

atmosphere using dry, deoxygenated solvents (distilled or passed over a column of 

activated alumina).24  Et3N, i-Pr2NEt, i-Pr2NH, pyridine, and i-PrOH were distilled from 

calcium hydride immediately prior to use.  Commercially obtained reagents were used as 

received unless otherwise stated.  p-ABSA, 25  Cu(TBS)2, 26  and MoCl3(THF)2
27  were 

prepared by known methods.  Reaction temperatures were controlled by an IKAmag 

temperature modulator.  Microwave reactions were performed with a Biotage Initiator 

Eight 400 W apparatus at 2.45 GHz.  Thin-layer chromatography (TLC) was performed 

using E. Merck silica gel 60 F254 precoated plates (0.25 mm) and visualized by UV 

fluorescence quenching, or potassium permanganate, iodine, or anisaldehyde staining.  

SiliaFlash P60 Academic Silica gel (particle size 0.040-0.063 mm) was used for flash 

chromatography.  1H and 13C NMR spectra were recorded on a Varian Inova 600 (600 

MHz and 151 MHz respectively), Varian Inova 500 (at 500 MHz and 126 MHz 

respectively), Bruker AV III HD spectrometer equipped with a Prodigy liquid nigrogen 

temperature cryoprobe (400 MHz and 101 MHz, respectively) and are reported relative to 

CHCl3 (δ 7.26 & 77.16 respectively), C6H6 (δ 7.16 & 128.06 respectively), CH2Cl2 (δ 

5.32 & 53.84 respectively), CH3OH (δ 3.31 & 49.00 respectively) and (CH3)2SO (δ 2.05 

& 39.52 respectively).  Data for 1H NMR spectra are reported as follows: chemical shift 

(δ ppm) (multiplicity, coupling constant (Hz), integration).  IR spectra were recorded on a 

Perkin Elmer Paragon 1000 Spectrometer and are reported in frequency of absorption 
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(cm–1).  HRMS were acquired 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 (MM) ionization mode.  Optical rotations were 

measured on a Jasco P-2000 polarimeter using a 100 mm path length cell at 589 nm. 



Chapter 1—Progress toward the Total Synthesis of Curcusone C  29 

1.6.2 PREPARATIVE PROCEDURES 

 

Vinylboronate rac-25: To a flame-dried round-bottom flask with a magnetic stir bar 

were added bromide 30 (440 mg, 1.59 mmol) and THF (6 mL).  The flask was cooled to 

−78 ºC and stirred for 10 min.  n-Butyllithium solution (2.1 M in hexanes, 0.95 mL, 2.00 

mmol) was added dropwise.  The reaction mixture was stirred at −78 ºC for 30 min then 

isopropyl pinacolyl borate (0.40 mL, 1.96 mmol) was added.  The reaction mixture was 

stirred at −78 ºC for 30 min then quenched with HCl solution (2 N in Et2O, 1.0 mL, 2.00 

mmol).  Following addition, the reaction mixture was diluted with Et2O (10 mL) and 

warmed up to 23 ºC.  The reaction mixture was filtered and was concentrated under 

reduced pressure.  The residue was purified by flash column chromatography (20:1 

hexanes, EtOAc) to afford vinylboronate rac-25 as a colorless oil (460 mg, 1.42 mmol, 

89% yield); Rf = 0.60; 1H NMR (500 MHz, CDCl3) δ 6.62 (td, J = 2.4, 1.0 Hz, 1H), 5.00 

(dddt, J = 6.1, 3.9, 2.1, 1.1 Hz, 1H), 2.56 (dddt, J = 17.8, 8.9, 4.6, 2.3 Hz, 1H), 2.34−2.20 

(m, 1H), 2.20−2.08 (m, 1H), 1.75−1.65 (m, 1H), 1.25 (d, J = 1.6 Hz, 12H), 0.89 (s, 9H), 

0.11 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 149.3, 83.1, 80.0, 34.7, 33.0, 26.1, 25.1, 

25.0, 18.5, 14.1, −4.6; IR (Neat Film, NaCl) 3040, 2978, 2929, 2856, 2708, 1622, 1472, 

1409, 1372, 1318, 1249, 1214, 1146, 1060, 1005, 964, 952, 936, 875, 855 cm-1; HRMS 

(FAB+) m/z calc’d for C17H32SiO3B [M+H–H2]+: 323.2214, found 323.2222.  

Br

OTBS

O
B Oi-PrO

(89% yield)

30

B

OTBS

O

O

rac-25

n-BuLi, THF, −78 ºC
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Diene 33: To a flame-dried round-bottom flask equipped with a magnetic stir bar 

were added boronate rac-25 (2.25 g, 6.94 mmol), triflate 32 (1.71 g, 7.43 mmol), 

palladium acetate (70 mg, 0.311 mmol), triphenylphosphine (180 mg, 0.686 mmol), and 

potassium phosphate tribasic (4.43 g, 20.87 mmol).  The mixture was evacuated and back 

filled with argon (3x).  The mixture was dissolved in dioxane (35 mL) then added water 

(3.5 mL).  The reaction was immersed in a 60 ºC oil bath.  After 9 h of stirring, the 

reaction was cooled to ambient temperature, diluted with EtOAc (10 mL), and quenched 

with saturated NH4Cl solution (10 mL).  The phases were separated and the aqueous 

phase was extracted with EtOAc (3 x 10 mL).  The combined organic phases were dried 

over MgSO4, filtered, and concentrated under reduced pressure to afford a crude mixture 

of 104.  The residue was used for the next reaction without further purification.  

To a round-bottom flask with a magnetic stir bar were added the crude product from 

former step (1.72 g, 6.18 mmol) and THF (21 mL).  To the mixture was added TBAF (1.0 

M in THF, 5.0 mL, 5.0 mmol) and stirred for 24 h at 23 ºC.  The reaction mixture was 

quenched by saturated aqueous NH4Cl (20 mL).  The phases were separated and the 

aqueous phase was extracted with EtOAc (3 x 20 mL).  The combined organic phases 

were dried over MgSO4, filtered, and concentrated under reduced pressure.  The residue 

was purified by flash column chromatography (4:1 hexanes:EtOAc) to afford diene 

allylic alcohol 33 (714 mg, 4.35 mmol, 63% yield over two steps) as a colorless oil; Rf = 

0.67 (10:1, hexanes:EtOAc) 1H NMR (500 MHz, CDCl3) δ 6.05–5.95 (m, 1H), 5.83–5.75 

OTBS

104

TBAF, THF

(63% yield)
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(m, 1H), 5.01 (dt, J = 7.2, 1.9 Hz, 1H), 2.65–2.53 (m, 1H), 2.35–2.26 (m, 1H), 2.26–2.10 

(m, 3H), 1.87 (ddt, J = 13.9, 8.0, 2.4 Hz, 1H), 1.73–1.53 (m, 5H); 13C NMR (126 MHz, 

CDCl3) δ146.39, 131.82, 127.36, 125.35, 77.16, 76.22, 33.82, 30.48, 26.39, 25.81, 22.81, 

22.43; IR (Neat Film, NaCl) 3339, 3045, 2925, 2855, 1435, 1302, 1044, 986, 941, 823 

cm-1; HRMS (EI+) m/z calc’d for C11H16O [M•]+: 164.1201, found 164.1170. 

 

 

ß-ketoester 35: To a flame-dried round-bottom flask equipped with a magnetic stir 

bar were added allylic alcohol 33 (60 mg, 0.365 mmol), 4-dimethylaminopyridine (0.2 

mg, 0.0016 mmol) and Et2O (1.5 mL).  The flask was cooled to 0 ºC and stirred for 10 

min.  Diketene (0.03 mL, 0.389 mmol) was added dropwise.  The reaction mixture was 

stirred for 15 min at 0 ºC was then quenched by cold water (0 ºC, 1.5 mL).  The mixture 

was extracted with Et2O (3 x 3 mL).  The combined organic layers were washed by brine 

(3 mL), dried over MgSO4, and concentrated under reduced pressure.  The crude oil was 

purified by flash column chromatography (4:1 hexanes, EtOAc) to afford ß-ketoester 35 

(82.7 mg, 0.333 mmol, 91% yield) as a colorless oil; Rf = 0.52 (4:1, hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 6.04 (dt, J = 7.2, 1.8 Hz, 1H), 5.98–5.94 (m, 1H), 5.76–5.72 

(m, 1H), 3.43 (s, 2H), 2.61–2.53 (m, 1H), 2.40–2.24 (m, 2H), 2.22 (s, 3H), 2.21–2.16 (m, 

2H), 2.16–2.07 (m, 2H), 1.96–1.88 (m, 2H), 1.71–1.51 (m, 4H); 13C NMR (126 MHz, 

CDCl3) δ 200.7, 167.3, 142.2, 131.1, 130.7, 125.9, 79.9, 50.7, 31.6, 30.8, 30.2, 26.6, 25.8, 

O

O

DMAP (5 mol %),
 Et2O, 0 ºC 

(91% yield)

OH

33
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22.7, 22.3; IR (Neat Film, NaCl) 2926, 2853, 1718, 1643, 1412, 1358, 1310, 1243, 1147, 

1027, 977, 936, 896, 800  cm-1; HRMS (MM) m/z calc’d for C15H19O3 [M−H]–: 247.1340, 

found 247.1362. 

 

 

Diazo ester 36: To a round-bottom flask equipped with a magnetic stir bar were 

added ß-ketoester 35 (80 mg, 0.322 mmol), CH3CN (3 mL), and   p-ABSA (130 mg, 

0.541 mmol). TEA (0.2 mL, 1.43 mmol) was added dropwise.  The reaction mixture was 

stirred for 2 h at 23 ºC.  The reaction mixture was filtered through a silica gel plug 

(pentanes:Et2O 2:1) was then concentrated under reduced pressure to afford diazo ester 

36 (88.2 mg, 0.322 mmol, 99% yield) as a yellowish oil; Rf = 0.44 (6:1, hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3) δ 6.08 (dt, J = 1.66 Hz, 1.66 Hz, 7.75 Hz, 1H), 5.95 (d, J = 

2.62 Hz, 1H), 5.71 (s, 1H), 2.58−2.55 (m, 1H), 2.44 (s, 3H), 2.31−2.24 (m, 1H), 2.22 (s, 

3H), 2.39-2.26 (m, 2H), 2.18−2.09 (m, 4H), 1.95−1.90 (m, 1H), 1.68−1.52 (m, 4H); 13C 

NMR (126 MHz, CDCl3) δ 190.5, 161.6, 142.1, 131.2, 130. 7, 125.5, 80.3, 31.7, 30.7, 

28.4, 26.3, 25.8, 22.7, 22.3; IR (Neat Film, NaCl) 3298, 3050, 2929, 2856, 2390, 2297, 

2208, 2138, 1712, 1661, 1652, 1447, 1435, 1365, 1312, 1247, 1149, 1061, 1024, 965, 

926, 854, 836, 816, 800, 746 cm-1; HRMS (FAB+) m/z calc’d for C15H19O3N2 [M+H]–: 

275.1396, found 275.1389. 
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General Screening Procedure: To a flame-dried two neck round-bottom flask 

equipped with a magnetic stir bar was added catalyst in a nitrogen-filled glove box.  The 

flask was sealed with rubber septums and removed from the glove box.  One of the 

rubber septum was replaced with a reflux condenser connected to a nitrogen inlet.  A 

solution of diazo ester 36 in solvent was added dropwise via syringe or syringe pump.  

The reaction was set to reaction temperature using oil or water bath.  After reaction time, 

the mixture was set to 23 ºC and stirred for 15 min.  The mixture was concentrated and 

crude NMR was taken. 

 

 

Cyclopropane 37: To a flame-dried two neck round-bottom flask equipped with a 

magnetic stir bar was added copper catalyst (20 mg, 0.0459 mmol) in a nitrogen-filled 

glove box.  The flask was sealed with rubber septums and removed from the glove box.  

One of the rubber septum was replaced with a reflux condenser connected to a nitrogen 

inlet.  A solution of diazo ester 36 (254.8 mg, 0.929 mmol) in toluene (46 mL) was 

added.  The reaction was heated to reflux in a 110 ºC oil bath.  After 2 h of stirring, the 

reaction mixture was cooled to 23 ºC and stirred for 15 min.  The mixture was 
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concentrated and purified by flash column chromatography (15:1 hexanes, EtOAc) to 

afford cyclopropane 37 (148 mg, 0.601 mmol, 65% yield) as a yellowish oil; Rf = 0.36 

(6:1 hexanes:EtOAc eluent); 1H NMR (500 MHz, CDCl3) δ 5.72−5.70 (m, 1H), 4.81 (d, J 

= 1.30 Hz, 1H), 3.10 (d, J = 6.40 Hz, 1H), 2.45 (s, 3H), 2.31−2.24 (m, 1H), 2.15−2.12 (m, 

1H), 2.04−1.98 (m, 3H), 1.91−1.85 (m, 1H), 1.80−1.78 (m, 1H), 1.71−1.49 (m, 5H);  13C 

NMR (126 MHz, CDCl3) δ 197.1, 172.9, 123.0, 128.3, 85.3, 66.7, 51.6, 39.4, 38.1, 30.1, 

28.3, 25.3, 24.0, 22.6, 22.0; IR (Neat Film, NaCl) 2929, 1760, 1699, 1435, 1360, 1311, 

1243, 1159, 1089, 1008, 979, 956, 925, 906, 855, 799, 756 cm-1; HRMS (MM+) m/z 

calc’d for C15H19O3 [M+H]+: 247.1329, found 247.1327, and dienone 38 (22 mg, 0.136 

mmol, 15% yield) as a colorless oil Rf = 0.40 (6:1 hexanes:EtOAc eluent); 1H NMR (500 

MHz, CDCl3) δ 7.39–7.33 (m, 1H), 6.91–6.85 (m, 1H), 2.60–2.54 (m, 2H), 2.51–2.43 (m, 

2H), 2.21–2.15 (m, 4H), 1.74–1.67 (m, 2H), 1.65–1.55 (m, 2H); 13C NMR (126 MHz, 

CDCl3) δ 208.8, 155.2, 128.8, 128.6, 36.3, 26.8, 25.7, 25.7, 22.8, 22.1; IR (Neat Film, 

NaCl) 3386, 3051, 2925, 2857, 2834, 2661, 1703, 1699, 1340, 1589, 1439, 1406, 1385, 

1342, 1318, 1294, 1263, 1208, 1175, 1136, 1113, 1079, 1016, 998, 976, 940, 926, 887, 

840, 832, 803, 785, 762, 724 cm-1; HRMS (FAB+) m/z calc’d for C11H15O [M+H]+: 

163.1123, found 163.1128. 
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Hydrazone 42: To a round-bottom flask equipped with a magnetic stir bar were 

added cyclopropane 37 (54 mg, 0.219 mmol), methanol (1 mL), and p-toluenesulfonyl 

hydrazide (61 mg, 0.328 mmol).  The reaction was stirred for 12 h at 23 ºC.  The reaction 

was concentrated and purified by flash column chromatography (4:1 hexanes, EtOAc) to 

afford hydrazone 42 (90 mg, 0.217 mmol, 99% yield) as a white solid; Rf = 0.50 (2:1 

hexanes:EtOAc);  1H NMR (500 MHz, CDCl3) δ 7.82−7.79 (m, 2H), 7.65 (s, 2H), 

7.32−7.26 (m, 2H), 5.27 (t, J = 1.72 Hz, 1H), 4.91 (d, J = 0.95 Hz, 1H), 2.93 (d, J = 6.36 

Hz, 1H), 2.43 (s, 3H), 2.28−2.22 (m, 1H), 2.04−1.96 (m, 1H), 1.88−1.79 (m, 5H), 

1.76−1.67 (m, 3H), 1.52−1.38 (m, 4H); 13C NMR (126 MHz, CDCl3) δ 173.8, 147.6, 

144.4, 135.4, 129.7, 128.5, 128.2, 127.5, 85.4, 62.2, 50.3, 38.3, 33.4, 28.1, 25.2, 23.7, 

22.7, 22.0, 21.8, 16.0; IR (Neat Film, NaCl) 3214, 2926, 2360, 1748, 1339, 1168, 1094, 

1057, 1002, 906, 814, 754 cm-1; HRMS (MM+) m/z calc’d for C22H27O4N2S [M+H]+: 

415.1686, found 415.1698.   

 

 

TES enol ether 43: To a flame-dried round-bottom flask equipped with a magnetic 

stir bar were added cyclopropane 37 (22.5 mg, 0.0913 mmol), DCM (2 mL), and i-Pr2NEt 

(0.05 mL, 0.287 mmol).  The flask was cooled to 0 ºC and stirred for 10 min.  TESOTf 
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(0.05 mL, 0.210 mmol) was added dropwise.  The reaction mixture was stirred for 30 min 

at 0 ºC.  The reaction mixture was filtered through a silica gel plug (henxanes:EtOAc 

10:1) was then concentrated under reduced pressure to afford TES enol ether 43 (28 mg, 

95% yield) as colorless oil. Rf = 0.60 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6) δ 

5.38 (t, J = 1.79 Hz, 1H), 4.53 (d, J = 1.68 Hz, 1H), 4.45 (dd, J = 0.78 Hz, 1.69, 1H), 4.37 

(d, J = 1.68 Hz, 1H), 2.30−2.28 (m, 1H), 2.13−2.08 (m, 1H), 1.95−1.85 (m, 3H), 

1.70−1.60 (m, 2H), 1.56−1.42 (m, 4H), 1.37−1.30 (m, 2H), 1.02 (t, J = 7.94 Hz, 9H), 0.71 

(ddd, J = 1.34 Hz, 7.94 Hz, 9.90 Hz, 6H); 13C NMR (126 MHz, C6D6) δ 172.8, 151.7, 

131.3, 125.7, 93.7, 84.0, 58.9, 48.7, 38.9, 34.0, 27.7, 25.6, 23.6, 23.1, 22.5, 7.0, 5.2; IR 

(Neat Film, NaCl) 3518, 3119, 2934, 2876, 2836, 2734, 2365, 1769, 1629, 1458, 1437, 

1413, 1334, 1290, 1258, 1196, 1161, 1137, 1075, 1042, 1003, 981, 933, 907, 821, 770, 

747 cm-1; HRMS (EI) m/z calc’d for C21H32O3Si [M•]+: 360.2121, found 360.2117. 

 

 

TBS enol ether 44: To a flame-dried round-bottom flask equipped with a magnetic 

stir bar were added cyclopropane 37 (41 mg, 0.167mmol), DCM (3.4 mL), and i-Pr2NEt 

(0.06 mL, 0.344 mmol).  The flask was cooled to 0 ºC and stirred for 10 min.  TBSOTf 

(0.04 mL, 0.174 mmol) was added dropwise.  The reaction mixture was stirred for 30 min 

at 0 ºC.  The reaction mixture was filtered through a silica gel plug (henxanes:EtOAc 

10:1) was then concentrated under reduced pressure to afford TBS enol ether 44 (45.3 

mg, 75% yield) as colorless oil. Rf = 0.50 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, 
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C6D6) δ 5.39 (dt, J = 3.8, 2.0 Hz, 1H), 4.47 (dt, J = 2.9, 0.8 Hz, 1H), 4.44 (d, J = 1.6 Hz, 

1H), 4.36 (d, J = 1.7 Hz, 1H), 2.26 (ddd, J = 6.7, 1.6, 0.7 Hz, 1H), 2.10 (dddt, J = 14.2, 

6.1, 4.2, 2.0 Hz, 1H), 1.98–1.83 (m, 2H), 1.72–1.60 (m, 2H), 1.56–1.40 (m, 5H), 1.39–

1.28 (m, 2H), 0.96 (s, 9H), 0.28 (s, 3H), 0.19 (s, 3H); 13C NMR (126 MHz, C6D6) δ 167.1, 

161.2, 144.2, 124.9, 113.2, 83.5, 45.5, 40.5, 38.1, 33.2, 32.1, 30.3, 25.9, 25.42, 21.6, 21.5, 

18.9, –3.6, –4.50; IR (Neat Film, NaCl) 3520, 2929, 2857, 1630, 1471, 1463, 1361, 1335, 

1291, 1257, 1196, 1161, 1141, 1175, 1042, 1026, 1002, 938, 907, 892, 830, 782 cm-1; 

HRMS (FAB+) m/z calc’d for C21H33SIO3 [M+Η]+: 361.2199, found 361.2182. 

 

 

Tetracycle 47: To a flame-dried two neck round-bottom flask equipped with a 

magnetic stir bar and a reflux condenser was added TBS enol ether 44 (15.8 mg, 0.0438 

mmol) and hexane (4.4 mL).  The reaction was heated to reflux in a 68 ºC oil bath.  After 

36 h of stirring, the reaction mixture was cooled to 23 ºC and stirred for 15 min.  The 

mixture was concentrated and purified by flash column chromatography (15:1 hexanes, 

EtOAc) to afford tetracycle 47 (8 mg, 0.0222 mmol, 50% yield) as a colorless oil; Rf = 

0.45 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6) δ 5.36–5.17 (m, 1H), 5.17–5.00 

(m, 1H), 2.44 (dd, J = 16.2, 12.1 Hz, 1H), 2.25–2.16 (m, 1H), 2.11–1.99 (m, 2H), 1.96–

1.85 (m, 2H), 1.75–1.61 (m, 2H), 1.45–1.34 (m, 3H), 1.27–1.20 (m, 1H), 1.20–1.11 (m, 

1H), 1.04 (s, 9H), 1.01–0.79 (m, 2H), 0.42 (s, 3H), 0.31 (s, 3H); 13C NMR (126 MHz, 

C6D6) δ 167.11, 161.17, 144.16, 128.06, 124.93, 113.19, 83.49, 45.48, 40.49, 38.06, 

O

O OTBS

44

Hex, 68 ºC

36 h

(50% yield)

O

O OTBS

47
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33.22, 32.11, 30.30, 25.92, 25.42, 21.55, 21.45, 18.87, –3.64, –4.50; IR (Neat Film, 

NaCl) 3409, 3051, 2924, 2854, 1771, 1713, 1606, 1463, 1379, 1362, 1342, 1328, 1304, 

1251, 1222, 1193, 1172, 1157, 1111, 1095, 1064, 1049, 1001, 968, 939, 926, 904, 865, 

839, 790, 721 cm-1; HRMS (FAB+) m/z calc’d for C21H33O3Si [M+Η]+: 361.2199, found 

361.2184. 

 

 

β-Ketolactone 48: To a round-bottom flask with a magnetic stir bar were added 

tetracycle 47 (7.7 mg, 0.0214 mmol) and THF (1 mL).  To the mixture was added TBAF 

(1.0 M in THF, 0.022 mL, 0.022 mmol) and stirred for 5 min at 23 ºC.  The reaction 

mixture was quenched by saturated aqueous NH4Cl (1 mL).  The mixture was extracted 

with Et2O (3 x 1 mL).  Organic layers were combined and dried over MgSO4 and 

concentrated under reduced pressure.  The residue was purified by flash column 

chromatography (2:1 hexanes:EtOAc) provided β-ketolactone 48 (3 mg, 0.0212 mmol, 

57% yield) as a colorless oil; Rf = 0.10 (6:1, hexanes:EtOAc); 1H NMR (500 MHz, 

CDCl3) δ5.25–5.21 (m, 1H), 4.75–4.69 (m, 1H), 2.97 (s, 1H), 2.16 (dd, J = 18.9, 8.3 Hz, 

1H), 2.04–1.93 (m, 1H), 1.90–1.69 (m, 4H), 1.67–1.58 (m, 1H), 1.40–0.71 (m, 8H); 13C 

NMR (126 MHz, CDCl3) δ 208.3, 141.4, 129.1, 126.3, 85.0, 59.0, 47.7, 43.5, 42.5, 42.2, 

37.0, 34.6, 33.8, 31.9, 30.9, 30.7, 30.4, 29.5, 27.7, 25.7, 22.6, 21.1; IR (Neat Film, NaCl) 

3441, 2929, 2857, 1760, 1451, 1407, 1354, 1310, 1241, 1180, 1152, 1089, 1038, 949, 822, 

(10:1 in CDCl3)

O

O O

O

O OH

+

48 (X-ray) 49

O

O OTBS

TBAF

THF, 23 ºC

(57% yield)
47

H
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803, 744 cm-1; HRMS (MM+) m/z calc’d for C15H19O3 [M+Η]+: 247.1329, found 

247.1294.   

 

 

 

Vinyl lactone 51: To a flame-dried round-bottom flask equipped with a magnetic stir 

bar were added Wilkinson’s catalyst (4.3 mg, 0.00465 mmol) and PPh3 (54 mg, 0.206 

mmol) in a nitrogen-filled glove box.  The flask was sealed with a rubber septum, 

removed from the glove box and connected to a nitrogen inlet.  Dioxane (2 mL) was 

added, and the reaction was immersed in a 60 ºC oil bath.  Isopropanol (0.21 mL, 2.75 

mmol) was added, followed by a solution of cyclopropane 37 (46 mg, 0.187 mmol) in 

dioxane (0.5 mL) to give a reddish solution.  A solution of trimethylsilyldiazomethane (2 

M in Et2O, 0.22 mL, 0.44 mmol) was added to the reaction mixture.  The reaction was 

stirred for 5 h at 60 ºC.  The reaction was allowed to cool to ambient temperature and 

concentrated under reduced pressure.  The residue was purified by flash column 

chromatography (15:1, hexanes:EtOAc) to afford vinyl lactone 51 (30 mg, 0.123 mmol, 

65% yield) as a colorless oil.  Rf = 0.40 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, C6D6) 

δ 5.30−5.23 (m, 1H), 4.96 (dd, J = 3.0, 1.5 Hz, 1H), 4.85 (dd, J = 1.5, 0.8 Hz, 1H), 4.53 

(d, J = 1.0 Hz, 1H), 2.06 (dd, J = 4.1, 3.5 Hz, 1H), 1.83−1.77 (m, 5H), 1.75−1.60 (m, 

4H), 1.58−1.45 (m, 1H), 1.46−1.25 (m, 5H); 13C NMR (126 MHz, C6D6) δ 173.5, 138.4, 

O

O

RhCl(PPh3)3, PPh3 

TMSCHN2, i-PrOH,
 Dioxane, 60 ºC

(65% yield)

O

O

O

37 51
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138.4, 125.5, 116.5, 83.9, 58.9, 50.2, 38.9, 33.3, 28.0, 25.5, 23.6, 23.0, 22.3, 22.0; IR 

(Neat Film, NaCl), 3498, 2918, 2850, 1960, 1645, 1539, 1436, 1373, 1335, 1302, 1289, 

1262, 1212, 1161, 1137, 1093, 1077, 1044, 1012, 997, 906, 841, 802, 751 cm-1; HRMS 

(MM+) m/z calc’d for C16H21O2 [M+Η]+: 245.1536, found 245.1555. 

 

 

Diol 53: To a flame-dried round-bottom flask equipped with a magnetic stir bar were 

added vinyl lactone 51 (10 mg, 0.0403 mmol) and DCM (1 mL).  The flask was cooled to 

0 ºC and stirred for 10 min.  A solution of DIBAL (1 M in DCM, 0.4 mL, 0.4 mmol) was 

added dropwise.  The reaction mixture was slowly warmed up to 23 ºC and remained 

stirring for 24 h.  The reaction was quenched by methanol (0.4 mL).  Saturated aqueous 

potassium sodium tartarate solution (1 mL) was added to the mixture.  The phases were 

separated and the aqueous phases were extracted with DCM (5 x 2 mL).  The combined 

organic phases were dried over MgSO4, filtered, and concentrated under reduced 

pressure.  The residue was purified by flash column chromatography (2:1, 

hexanes:EtOAc) to afford diol 53 as a white solid (6 mg, 0.024 mmol, 59% yield); Rf = 

0.08 (2:1 hexanes:EtOAc ); 1H NMR (500 MHz, C6D6) δ 4.61 (d, J = 4.2 Hz, 1H), 4.20 

(d, J = 11.3 Hz, 1H), 3.96 (d, J = 11.3 Hz, 1H), 3.58−3.49 (m, 1H), 3.04 (dd, J = 13.6, 4.1 

Hz, 1H), 2.75 (dd, J = 12.8, 3.5 Hz, 1H), 2.41 (qd, J = 12.4, 6.1 Hz, 1H), 1.95−1.83 (m, 

2H), 1.76−1.67 (m, 5H), 1.64−1.57 (m, 1H), 1.52 (dd, J = 13.6, 3.6 Hz, 1H), 1.43−1.27 

DIBAL, CH2Cl2

0 ºC − 23 ºC
24 hr

(59% yield)

OH

H

OH Me

O

O

51 53

H
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(m, 6H); 13C NMR (126 MHz, C6D6) δ 138.9, 138.7, 138.3, 134.2, 73.2, 60.1, 41.6, 40.5, 

38.5, 34.8, 34.6, 34.2, 30.2, 29.4, 27.6, 26.5, 21.9; IR (Neat Film, NaCl) 3338, 2927, 

2853, 1740, 1447, 1373, 1242, 1177, 1043, 965, 913 cm-1; HRMS (FAB+) m/z calc’d for 

C16H23O2 [M+H−H2]+: 247.1698, found 247.1692. 

 

 

Alcohol 54: To a flame-dried round-bottom flask with a magnetic stir bar were added 

diisopropyl amine (1.75 mL, 13.3 mmol) and Et2O (35 mL).  A solution of n-butyllithium 

(2.12 M in hexane, 6.84 mL, 14.5 mmol) was added dropwise over a period of 30 min.  A 

solution of epoxide 28 (2 mL, 12.1 mmol) in Et2O (7 mL) was added dropwise over a 

period of 30 min.  The resulting mixture was allowed to warm up to 23 ºC and then 

stirred for 7 h.  The reaction mixture was cooled in ice bath and water was added.  The 

organic phase was separated and washed with 2 M aqueous HCl (10 mL), water (10 mL), 

saturated aqueous NaHCO3 (10 mL) and brine (10 mL).  The Et2O extracts are combined, 

dried over MgSO4, and evaporated to afford crude mixture.  The residue was used for the 

next reaction without further purification.  

 

 

 

O

LDA, Et2O
HO

28 54
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Ketone 55: To a round-bottom flask equipped with a magnetic stir bar were added 

alcohol 54 (124 mg, 0.815 mmol) and DCM (10 mL).  Dess-Martin periodinane (440 mg, 

1.06 mmol) was added to the mixture.  The reaction was stirred for 3 h at 23 ºC.  The 

reaction mixture was diluted with Et2O (10 mL) and then a 1:1:1 mixture of saturated 

aqueous Na2S2O3 (10 mL), saturated aqueous NaHCO3 (10 mL), and water (10 mL) was 

added slowly.  The resulting mixture was stirred for 20 min resulting in two clear layers.  

The organic layer was gathered and the aqueous layer was extracted with Et2O (30 mL x 

3).  The organic layers were combined and dried over Na2SO4, and evaporated to afford 

crude mixture (Caution, the solvent was partially removed.  55 can be dimerized easily).  

The mixture was filtered silica gel 8:1 pentanes:Et2O) and used in the next reaction 

without further purification.  The characterization data matched those reported in the 

literature.7 

 

 

Triflate 27: To a flame-dried round-bottom flask equipped with a magnetic stir bar 

was added potassium bis(trimethylsilyl)amide (310 mg, 1.55 mmol) in a nitrogen filled 

glove box.  The flask was sealed with rubber septum and removed from the glove box, 

connected to a nitrogen inlet, and cooled to –78 ºC.  A solution of ketone 55 (150 mg, 1 

HO
DMP, CH2Cl2

O

54 55

O
KHMDS, THF, −78ºC

Comins

(77% yield)

TfO

55 27
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mmol) in THF (10 mL) was added dropwise by syringe pump over 2 h.  After addition of 

ketone 55 was completed, comins’ reagent (652 mg, 1.66 mmol) in THF (10 mL) was 

added dropwisely.  The mixture was stirred for 4 hr at –78 ºC.  The reaction mixture was 

added saturated aqeous NaHCO3 (50 mL), and then allowed to warm up to 23 ºC.  The 

mixture was extracted with Et2O (30 x 3 mL).  The combined organic layers were washed 

by brine (100 mL), dried over MgSO4, and concentrated under reduced pressure.  The 

residue was purified by flash column chromatography (25:1 hexanes:EtOAc) to afford 

triflate 27 (218 mg, 0.77 mmol, 77% yield); Rf = 0.52 (4:1, hexanes:EtOAc);  1H NMR 

(500 MHz, CDCl3) δ 5.82 (dd, J = 4.0, 1.7 Hz, 1H), 5.28 (s, 1H), 5.06–4.99 (m, 1H), 4.88 

(t, J = 1.5 Hz, 1H), 4.77 (dt, J = 1.7, 0.9 Hz, 1H), 3.14–3.06 (m, 1H), 2.63–2.49 (m, 1H), 

2.48–2.37 (m, 1H), 1.95–1.83 (m, 1H), 1.77 (s, 3H), 1.72–1.60 (m, 1H); 13C NMR (126 

MHz, CDCl3) δ 149.5, 147.1, 145.8, 144.0, 139.5, 136.5, 136.0, 126.3, 123.9, 120.7, 

119.9, 117.4, 112.8, 112.0, 111.1, 1102, 43.4, 29.6, 27.0, 21.3; IR (Neat Film, NaCl) 

3084, 2947, 2869, 1648, 1608, 1447, 1436, 1422, 1428, 1373, 1245, 1214, 1143, 1129, 

1066, 1045, 1017, 998, 978, 948, 755, 737 cm-1; HRMS (FAB+) m/z calc’d for 

C11H12F3O3S [M+Η−Η2]+: 281.0459, found 281.0473; [α]D
25.0 61.1° (c 0.25, CHCl3). 

 

 

Diene 59: To a flame-dried round-bottom flask with a magnetic stir bar were added 

bromide (S)-30 (6 g, 21.6 mmol) and THF (70 mL).  The flask was cooled to −78 ºC and 

Br

OTBS

(S)-30

O
B Oi-PrO

n-BuLi, THF, −78 ºC

then HCl in Et2O

Pd(OAc)2, PPh3, 27

 K3PO4, Dioxane, H2O

(64% yield over 27)

TBSO

59

B

OTBS

O

O

25
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stirred for 10 min.  n-Butyllithium solution (2.5 M in hexanes, 13 mL, 32.5 mmol) was 

added dropwise.  The reaction mixture was stirred at −78 ºC for 30 min then isopropyl 

pinacolyl borate (6.9 mL, 33.8 mmol) was added.  The reaction mixture was stirred at 

−78 ºC for 30 min then quenched with HCl solution (2 N in Et2O, 16.3 mL, 32.5 mmol).  

Following addition, the reaction mixture was diluted with Et2O (70 mL) and warmed up 

to 23 ºC.  The reaction mixture was filtered and was concentrated under reduced pressure, 

and the residue was used in the next reaction without further purification. 

To a flame-dried round-bottom flask equipped with a magnetic stir bar were added 

boronate 25 (2.65 g, 7.74 mmol), triflate 27 (1.987 g, 7.04 mmol), palladium acetate (82 

mg, 0.35 mmol), triphenylphosphine (199 mg, 0.70 mmol), potassium phosphate tribasic 

(4.5 g, 21 mmol).  The mixture was evacuated and back filled with argon (3x). The 

mixture was dissolved in dioxane (25 mL) then added water (2.5 mL).  The reaction 

mixture was stirred at 23 ºC for 40 hr.  The resulting mixture was then diluted with 

EtOAc (25 mL), washed by saturated aqueous NH4Cl (25 mL), and then dried over 

MgSO4.  The mixture was filtered and concentrated under reduced pressure to afford 

crude mixture of 25 as a colorless oil.  The residue was purified by flash column 

chromatography (25:1 hexanes:EtOAc) to afford diene 59 (1.5 g, 4.54 mmol, 64% yield 

over triflate 27); Rf = 0.95 (10:1, hexanes:EtOAc); 1H NMR (400 MHz, C6D6) δ 5.88–

5.84 (m, 1H), 5.70–5.68 (m, 1H), 5.02–4.93 (m, 2H), 4.93–4.88 (m, 2H), 4.85–4.81 (m, 

1H), 2.97–2.91 (m, 1H), 2.51–2.30 (m, 4H), 2.16–2.02 (m, 2H), 1.80 (tt, J = 8.3, 4.0 Hz, 

2H), 1.72–1.56 (m, 2H), 1.00 (s, 9H), 0.09 (s, 6H); 13C NMR (101 MHz, C6D6) δ 148.5, 

146.7, 143.4, 135.9, 132.7, 130.9, 111.0, 110.7, 78.7, 45.1, 34.8, 32.1, 29.3, 26.2, 26.0, 

20.9, 18.4, –4.3, –4.5; IR (Neat Film, NaCl) 3435, 3080, 2956, 2929, 2856, 2360, 1725, 
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1645, 1472, 1463, 1362, 1258, 1095, 1020, 947, 865, 836, 801, 776 cm-1; HRMS (FAB+) 

m/z calc’d for C21H33OSi [M+Η−Η2]+: 329.2301, found 329.2297; [α]D
25.0 –38.3° (c 0.150, 

CHCl3). 

 

 

Allylic alcohol 60: To a round-bottom flask with a magnetic stir bar were added 

diene 59 (1.5 g, 4.54 mmol) and THF (23 mL).  To the mixture was added TBAF (1.0 M 

in THF, 7.7 mL, 7.7 mmol) and stirred for 24 h at 23 ºC.  The reaction mixture was 

quenched by saturated aqueous NH4Cl (20 mL).  The mixture was extracted with Et2O (3 

x 10 mL).  Organic layers were combined and dried over MgSO4 and concentrated under 

reduced pressure.  The residue was purified by flash column chromatography (3:1 

hexanes:EtOAc) to afford allylic alcohol 60 (1.23 g, 5.69 mmol, 90% yield) as a colorless 

oil; Rf = 0.10 (10:1, hexanes:EtOAc); 1H NMR (400 MHz, C6D6) δ5.84–5.79 (m, 1H), 

5.76–5.71 (m, 1H), 5.11–5.05 (m, 1H), 4.95–4.86 (m, 3H), 4.85–4.80 (m, 1H), 2.92–2.81 

(m, 1H), 2.43–2.21 (m, 3H), 2.19–1.98 (m, 2H), 1.85–1.68 (m, 2H), 1.66–1.45 (m, 4H), 

1.21 (d, J = 5.8 Hz, 1H); 13C NMR (101 MHz, C6D6) δ 148.6, 146.0, 143.4, 135.1, 132.2, 

131.2, 128.4, 128.3, 128.2, 128.1, 127.9, 127.8, 111.2, 111.1, 78.0, 45.0, 33.9, 32. 5, 30.3, 

29.5, 20.7; IR (Neat Film, NaCl) 3774, 3659, 3078, 3042, 2935, 2852, 2112, 1644, 1442, 

1373, 1311, 1166, 1047, 930, 889, 843 cm-1; HRMS (FAB+) m/z calc’d for C15H19O3 

[M+Η−Η2]+: 215.1436, found 215.1441; [α]D
25.0 –16.2° (c 0.150, CHCl3). 

 

TBSO
TBAF

THF

(90% yield)

OH

59 60
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ß-ketoester 61: To a flame-dried round-bottom flask with a magnetic stir bar were 

added allylic alcohol 60 (1.23 g, 5.69 mmol), 4-dimethylaminopyridine (35 mg, 0.29 

mmol) and Et2O (20 mL).  The flask was cooled to 0 ºC and stirred for 10 min.  Diketene 

(0.5 mL, 6.48 mmol) was added dropwise.  The reaction mixture was stirred 15 min at 0 

ºC was then quenched by cold water (0 ºC, 10 mL).  The mixture was extracted with Et2O 

(3 x 15 mL).  The combined organic layers were washed by brine (15 mL), dried over 

MgSO4, and concentrated under reduced pressure.  The crude oil was purified by flash 

column chromatography (10:1 hexanes, EtOAc) to afford ß-ketoester 61 (1.07 g, 3.56 

mmol, 63% yield) as a colorless oil; Rf = 0.40 (3:1, hexanes:Et2O); 1H NMR (400 MHz, 

C6D6) δ 6.23–6.15 (m, 1H), 5.82–5.80 (m, 1H), 5.80–5.77 (m, 1H), 5.05 (d, J = 2.1 Hz, 

1H), 4.97–4.81 (m, 3H), 2.94 (s, 2H), 2.92–2.83 (m, 1H), 2.43–2.23 (m, 3H), 2.23–2.11 

(m, 1H), 2.08–1.92 (m, 1H), 1.92–1.83 (m, 1H), 1.82–1.73 (m, 1H), 1.68 (s, 3H), 1.65 (s, 

3H), 1.62–1.50 (m, 1H); 13C NMR (101 MHz, C6D6) δ 199.0, 169.0, 166.9, 148.5, 143.2, 

141.6, 134.9, 132.1, 111.2, 111.1, 81.3, 50.1, 45.0, 32.4, 31.1, 30.8, 29.54, 29.47, 20.8; 

IR (Neat Film, NaCl) 3629, 3078, 2935, 2855, 1727, 1644, 1440, 1360, 1315, 1238, 

1149, 1029, 934, 895, 847, 802, 739 cm-1; HRMS (FAB+) m/z calc’d for C19H25O3 

[M+H]+: 301.1804, found 301.1814; [α]D
25.0 –41.8° (c 0.150, CHCl3). 

 

OH
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Diazo ester 24: To a round-bottom flask equipped with a magnetic stir bar were 

added ß-ketoester 61 (1.07 g, 3.56 mmol), CH3CN (36 mL), and   p-ABSA (1.3 g, 5.41 

mmol). TEA (1.5 mL, 10.75 mmol) was added dropwise.  The reaction mixture was 

stirred for 2 h at 23 ºC.  The reaction mixture was filtered through a silica gel plug 

(pentanes:Et2O 2:1) was then concentrated under reduced pressure to afford diazo ester 

24 (1.04 g, 3.19 mmol, 90% yield) as a yellowish oil; Rf = 0.44 (4:1, hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 6.06–5.98 (m, 2H), 5.61 (dd, J = 2.9, 1.5 Hz, 1H), 4.91–4.87 

(m, 2H), 4.76 (dd, J = 2.0, 1.4 Hz, 1H), 4.74–4.69 (m, 1H), 2.93 (ddd, J = 9.1, 5.4, 3.2 

Hz, 1H), 2.65–2.54 (m, 1H), 2.51–2.40 (m, 6H), 2.36–2.27 (m, 1H), 2.00–1.88 (m, 2H), 

1.71 (dd, J = 1.4, 0.8 Hz, 3H), 1.60–1.52 (m, 1H); 13C NMR (126 MHz, CDCl3) δ 190.5, 

161.4, 148.3, 142.9, 140.8, 135.2, 134.1, 132.1, 132.1, 110.9, 110.9, 82.2, 44.6, 31.9, 

31.0, 30.7, 29.1, 28.4, 20.8; IR (Neat Film, NaCl) 3794, 3417, 3301, 3078, 2932, 2855, 

2617, 2486, 2391, 2301, 2210, 2135, 1953, 1713, 1659, 1441, 1361, 1307, 1247, 1151, 

1063, 1025, 965, 895, 847 cm-1; HRMS (FAB+) m/z calc’d for C19H23O3N2 [M+H]+: 

327.1709, found 327.1725; [α]D
25.0 –6.7° (c 0.250, CHCl3). 

 

 

O

OO
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Iodide ent-64: To a round-bottom flask equipped with a magnetic stir bar were added 

ketone 687 (200 mg, 1.47 mmol), DCM (35 mL), and tert-butylhydroquinone (5 mg, 0.03 

mmol).  A solution of iodine (700 mg, 2.76 mmol) in pyridine (1.5 mL, 10.75 mmol) was 

added.  The reaction mixture was stirred for 2 h at 23 ºC.  The reaction was diluted with 

Et2O (20 mL) and water (20 mL) and quenched by saturated aqueous Na2S2O3 (20 mL).  

The phases were separated and the aqueous phases were extracted with DCM (3 x 20 

mL).  The combined organic phases were dried over MgSO4, filtered and concentrated 

under reduced pressure.  The crude product was purified by flash column 

chromatography (15:1, hexanes:EtOAc) to afford iodide ent-64 (300 mg, 1.14 mmol, 

78% yield) as a yellowish oil; Rf = 0.40 (6:1, hexanes:EtOAc); 1H NMR (400 MHz, 

C6D6)) δ 7.17 (d, J = 1.1 Hz, 1H), 4.62–4.55 (m, 1H), 4.47–4.43 (m, 1H), 2.36–2.22 (m, 

2H), 1.92 (ddd, J = 16.2, 11.2, 4.8 Hz, 1H), 1.40–1.31 (m, 1H), 1.31–1.20 (m, 4H); 13C 

NMR (101 MHz, C6D6) δ 190.5, 160.2, 144.5, 128.4, 128.3, 128.1, 127.9, 127.8, 112.8, 

105.1, 47.5, 35.4, 27.7, 20.9; IR (Neat Film, NaCl) 3357, 3077, 2951, 2867, 1683, 1645, 

1585, 1450, 1414, 1376, 1325, 1278, 1217, 1170, 1151, 1128, 1081, 1036, 971, 952, 89, 

805, 713, 644 cm-1; HRMS (FAB+) m/z calc’d for C9H12OI [M+H]+: 262.9933, found 

262.9936; [α]D
25.0 –40.1° (c 0.44, CHCl3). 

O
I2, pyr, TBHQ

CH2Cl2

(78% yield)

O
I

68 ent-64
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Boronate (R)-30: To a round-bottom flask equipped with a magnetic stir bar were 

added bromide (R)-30 (1.04 g, 3.82 mmol) and THF (15 mL).  The flask was cooled to 

−78 ºC and stirred for 10 min.  n-Butyllithium solution (2.5 M in hexanes, 2.3 mL, 5.75 

mmol) was added dropwise.  The reaction mixture was stirred at −78 ºC for 30 min then 

isopropyl pinacolyl borate (1.2 mL, 5.88 mmol) was added.  The reaction mixture was 

stirred at −78 ºC for 30 min then quenched with HCl solution (2 N in Et2O, 2.9 mL, 5.8 

mmol).  Following addition, the reaction mixture was diluted with diethyl ether (15 mL) 

and warmed up to 23 ºC.  The reaction mixture was filtered and was concentrated under 

reduced pressure to afford boronate (R)-25 (1.1 g, 3.39 mmol, 89% yield) as a colorless 

oil.  The characterization data matched those of 25, racemic mixture.  [α]D
25.0 9.8° (c 1.35, 

CHCl3). 

 

 

 To a flame-dried round-bottom flask equipped with a magnetic stir bar were added 

boronate (R)-25 (92 mg, 0.28 mmol), triflate ent-64 (50 mg, 0.19 mmol), silver oxide (70 

mg, 0.30 mmol), triphenylarsine (6 mg, 0.02 mmol).  The mixture was evacuated and 

back filled with argon (3x). The mixture was dissolved in dioxane (25 mL) then added 

Br

OTBS

(R)-30

B

OTBS

O

O

O
B Oi-PrO

n-BuLi, THF, −78 ºC

then HCl in Et2O

(89% yield) (R)-25

Pd(PhCN)2Cl2, Ag2O, ent-64

 Ph3As, THF, H2O

(76% yield)

OTBSO

69

B

OTBS

O

O

(R)-25
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water (2.5 mL).  The mixture was added bis(benzonitrile)palladium chloride (4 mg, 0.01 

mmol).  The reaction was stirred at 23 ºC for 6 hr.  The resulting mixture was filtered 

through celite with EtOAc and the solvent was removed under reduced pressure.  The 

crude product was purified by flash column chromatography (20:1, hexanes:EtOAc) to 

afford diene 69 (48 mg, 0.144 mmol, 76% yield over ent-64) as a white solid; Rf = 0.54 

(6:1, hexanes:EtOAc); 1H NMR (400 MHz, C6D6) δ 6.72 (dd, J = 3.4, 1.3 Hz, 1H), 6.26–

6.17 (m, 1H), 5.33–5.25 (m, 1H), 4.76–4.74 (m, 1H), 4.72–4.70 (m, 1H), 2.72 (dt, J = 

8.5, 4.1 Hz, 1H), 2.51–2.29 (m, 2H), 2.26–1.99 (m, 3H), 1.79–1.62 (m, 2H), 1.62–1.45 

(m, 4H), 0.96 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H); 13C NMR (101 MHz, C6D6) δ 197.0, 

147.9, 146.2, 143.0, 135.7, 132.4, 128.3, 128.2, 128.1, 127.9, 127.8, 112.3, 78.5, 44.4, 

38.1, 34.6, 30.6, 27.9, 26.2, 21.2, 18.3, –3.9, –4.4; IR (Neat Film, NaCl) 3348, 3078, 

3042, 2929, 2893, 2855, 2737, 2708, 1687, 1683, 1649, 1472, 1463, 1451, 1388, 1375, 

1360, 1314, 1287, 1251, 1218, 1189, 1157, 1141, 1064, 1006, 980, 941, 868, 836, 775, 

735, 677 cm-1; HRMS (FAB+) m/z calc’d for C15H19O3N2 [M+H−H2]+: 331.2093, found 

331.2096; [α]D
25.0 –60.8° (c 0.44, CHCl3). 

 

 

Allylic alcohol 70: To a round-bottom plastic coated flask equipped with a magnetic 

stir bar were added diene 69 (30 mg, 0.090 mmol), THF (4 mL), and pyridine (0.05 mL, 

0.62 mmol).  A solution of hydrogen fluoride pyridine (pyridine 30%, hydrogen fluoride 

70%, 0.1 mL) was added dropwise.  The reaction mixture was stirred for 18 h at 23 ºC.  

OTBSO

69

HF•pyr

pyr, THF

(96% yield)

OOH

70
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The reaction was diluted with Et2O (4 mL) and neutralized by saturated aqueous NaHCO3 

(10 mL).  The phases were separated and the aqueous phases were extracted with EtOAc 

(3 x 10 mL).  The combined organic phases were dried over MgSO4, filtered and 

concentrated under reduced pressure.  The crude product was purified by flash column 

chromatography (5:1, hexanes:EtOAc) to afford allylic alcohol 70 (19 mg, 0.087 mmol, 

96% yield) as a colorless oil; Rf = 0.25 (2:1, hexanes:EtOAc); 1H NMR (400 MHz, C6D6) 

δ 6.86–6.76 (m, 1H), 6.44–6.35 (m, 1H), 4.99–4.90 (m, 1H), 4.82–4.74 (m, 1H), 4.74–

4.69 (m, 1H), 2.96 (s, 1H), 2.58 (dt, J = 8.7, 4.2 Hz, 1H), 2.54–2.43 (m, 1H), 2.36 (ddd, J 

= 16.3, 6.2, 4.3 Hz, 1H), 2.14–1.96 (m, 3H), 1.93–1.78 (m, 1H), 1.63–1.42 (m, 5H); 13C 

NMR (101 MHz, C6D6) δ 198.9, 149.3, 146.2, 142.2, 135.2, 134.0, 112.4, 77.5, 44.3, 

37.9, 34.0, 30.9, 27.8, 21.1; IR (Neat Film, NaCl) 3418, 3077, 3040, 2938, 2848, 1674, 

1586, 1451, 1377, 1309, 1086, 1047, 990, 935, 895 cm-1; HRMS (FAB+) m/z calc’d for 

C14H17O2 [M+H−H2]+: 217.1229, found 217.1235; [α]D
25.0 –120.4° (c 0.33, CHCl3). 

 

 

ß-ketoester 71: To a flame-dried round-bottom flask equipped with a magnetic stir 

bar were added allylic alcohol 70 (870 mg, 3.99 mmol), 4-dimethylaminopyridine (50 

mg, 0.41 mmol) and Et2O (20 mL).  The flask was cooled to 0 ºC and stirred for 10 min.  

Diketene 34 (0.36 mL, 4.67 mmol) was added dropwise.  The reaction mixture stirred for 

15 min at 0 ºC was then quenched by cold water (0 ºC, 20 mL).  The mixture was 

OOH

70

O
O

DMAP, Et2O, 0 ºC

(89% yield)

OO

OO

34

71
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extracted with Et2O (3 x 20 mL).  The combined organic layers were washed by brine (15 

mL), dried over MgSO4, and concentrated under reduced pressure.  The crude oil was 

purified by flash column chromatography (4:1 hexanes, EtOAc) to afford ß-ketoester 71 

(1.07 g, 3.54 mmol, 89% yield) as a colorless oil; Rf = 0.40 (2:1, hexanes:Et2O); 1H NMR 

(400 MHz, CD2Cl2) δ 6.74–6.72 (m, 1H), 6.70–6.68 (m, 1H), 6.05 (dt, J = 7.5, 2.4 Hz, 

1H), 4.89 (t, J = 1.5 Hz, 1H), 4.76–4.73 (m, 1H), 3.40–3.33 (m, 2H), 3.15 (dt, J = 8.7, 4.4 

Hz, 1H), 2.65–2.27 (m, 5H), 2.18 (s, 3H), 2.17–2.09 (m, 1H), 1.98–1.81 (m, 2H), 1.79 (t, 

J = 1.2 Hz, 3H); 13C NMR (101 MHz, CD2Cl2) δ 200.7, 198.5, 167.3, 148.8, 146.5, 138.1, 

136.2, 133.1, 112.3, 81.4, 50.6, 44.4, 38.1, 31.7, 30.8, 30.3, 28.0, 21.4; IR (Neat Film, 

NaCl) 3655, 3643, 3080, 2943, 2850, 1726, 1640, 1554, 1450, 1356, 1315, 1256, 1146, 

1088, 1029, 995, 900, 854, 778, 706, 634, 617 cm-1; HRMS (FAB+) m/z calc’d for 

C18H23O4 [M+H]+: 303.1596, found 303.1594; [α]D
25.0 –30.6° (c 0.13, CHCl3).  Enol ether 

form of β-ketoester 71 was existed in CD2Cl2. 

 

 

Cyclopropane 72: To a round-bottom flask equipped with a magnetic stir bar were 

added ß-ketoester 71 (95 mg, 0.314mmol), CH3CN (3 mL), and   p-ABSA (113 mg, 0.47 

mmol). TEA (0.1 mL, 0.717 mmol) was added dropwise.  The reaction mixture was 

remained to stir 2 h at 23 ºC.  The reaction mixture was filtered through a Florisil (2:1, 

OO

OO

71

1) p-ABSA, Et3N, CH3CN

2) Cu(TBS)2, tol, 110 ºC

O

O O

O

72

O

O O

O

+

Cu(TBS)2, Toluene, 110 ºC
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pentanes:Et2O) was then concentrated under reduced pressure.  The residue was used in 

the next reaction without further purification. 

To a flame-dried two neck round-bottom flask equipped with a magnetic stir bar was 

added copper catalyst (8 mg, 0.019 mmol) in a nitrogen-filled glove box.  The flask was 

sealed with rubber septums and removed from the glove box.  One of the rubber septum 

was replaced with a reflux condenser connected to a nitrogen inlet.  A solution of diazo 

ester from the previous step (60mg, 0.198 mmol) in toluene (40 mL) was added.  The 

reaction was heated to reflux in a 110 ºC oil bath.  After 3 h of stirring, the reaction 

mixture was cooled to 23 ºC and stirred for 15 min.  The mixture was concentrated and 

purified by flash column chromatography (10:1 hexanes, EtOAc) to afford cyclopropane 

72 (10 mg, 0.033 mmol, 17% yield) as a colorless oil; Rf = 0.40 (2:1 hexanes:EtOAc); 1H 

NMR (400 MHz, CDCl3) δ 6.79 (dd, J = 3.2, 1.1 Hz, 1H), 4.96–4.89 (m, 1H), 4.75–4.73 

(m, 1H), 4.73–4.71 (m, 1H), 3.13 (dt, J = 8.3, 4.2 Hz, 1H), 2.96 (dd, J = 6.5, 1.0 Hz, 1H), 

2.56 (ddd, J = 16.8, 6.5, 4.4 Hz, 1H), 2.44 (s, 3H), 2.40–2.26 (m, 2H), 2.21–2.00 (m, 2H), 

2.00–1.78 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 198.5, 198.2, 172.3, 153.8, 145.2, 

131.7, 112.9, 85.7, 77.2, 59.2, 50.7, 43.7, 38.9, 38.6, 36.5, 29.9, 27.7, 23.9, 21.7; IR (Neat 

Film, NaCl) 3371, 3077, 2939, 1760, 182, 1651, 1488, 1439, 1362, 1339, 1309, 1242, 

1223, 1190, 1160, 1136, 1085, 1067, 1006, 957, 912, 850, 817, 727, 703, 622, 612 cm-1; 

HRMS (MM+) m/z calc’d for C15H19O3 [M+H]+: 301.1440, found 301.1450; [α]D
25.0 –

56.8° (c 0.30, CHCl3), and side product 73 (15 mg, 0.050 mmol, 25% yield) as a colorless 

oil; Rf = 0.05 (2:1 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.32 (s, 1H), 4.75 (dd, 

J = 2.0, 1.1 Hz, 1H), 3.03 (dt, J = 6.5, 1.1 Hz, 1H), 2.75–2.60 (m, 2H), 2.54–2.35 (m, 

6H), 2.10–2.01 (m, 1H), 2.01–1.96 (m, 3H), 1.96–1.84 (m, 5H); 13C NMR (101 MHz, 
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CDCl3) δ 198.6, 198.2, 172.5, 144.5, 142.3, 126.3, 126.1, 85.8, 77.2, 60.1, 51.5, 38.5, 

38.4, 37.1, 29.8, 25.6, 23.9, 22.2, 21.3; IR (Neat Film, NaCl) 3484, 3369, 3051, 2928, 

2853, 2435, 2305, 2143, 1755, 1679, 1615, 1434, 1361, 1348, 1311, 1297, 1257, 1242, 

1216, 1199, 1164, 1131, 1090, 1064, 1037, 1004, 966, 918, 888, 851, 822, 798, 753, 719, 

667, 655, 633, 614 cm-1; HRMS(FAB+) m/z calc’d for C18H21O4 [M+H]+: 301.1440, 

found 301.1434; [α]D
25.0 53.1° (c 0.10, CHCl3) 

 

 

Bromide 76: To a flame-dried round-bottom flask equipped with a magnetic stir bar 

were added ketone 68 (553 mg, 4.06 mmol) and DCM (35 mL).  The flask was cooled to 

0 ºC and stirred for 10 min.  A solution of bromine (0.24 mL, 4.66 mmol) in DCM (5 

mL) was added dropwise with vigorous stirring at 0 ºC.  After reaction became a reddish-

brown color, TEA (0.6 mL, 4.30 mmol) was added at 0 ºC.  The cooling bath was 

removed and the flask was allowed to warm to 23 ºC.  After 30 min of stirring, the 

reaction was washed with water (40 mL).  The aqueous phase was extracted with DCM 

(3 x 40 mL).  The combined organic phases were dried over MgSO4, filtered and 

concentrated under reduced pressure.  The crude product was purified by flash column 

chromatography (20:1 hexanes, EtOAc) to afford bromide 76 as a colorless oil (500 mg, 

2.32 mmol, 57% yield); Rf = 0.45 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3) δ  

7.29 (dd, J = 3.6, 0.9 Hz, 1H), 4.96–4.88 (m, 1H), 4.87–4.72 (m, 1H), 3.19–3.08 (m, 1H), 

2.70 (ddd, J = 16.6, 7.0, 4.3 Hz, 1H), 2.51 (ddd, J = 16.6, 10.7, 4.5 Hz, 1H), 2.19 (ddtd, J 

Br2, pyr

CH2Cl2

(57% yield)

O
Br

76

O
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= 12.8, 7.0, 4.7, 1.0 Hz, 1H), 1.99 (dddd, J = 13.5, 10.7, 8.2, 4.4 Hz, 1H), 1.79 (dd, J = 

1.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 191.2, 153.1, 144.2, 124.0, 113.4, 46.1, 36.5, 

27.6, 21.4.; IR (Neat Film, NaCl) 3853, 3650, 3371, 3035, 2953, 2869, 2360, 1694, 1646, 

1595, 1451, 1417, 1377, 1327, 1278, 1218, 1172, 1153, 1132, 1085, 1037, 984, 958, 899, 

816, 798, 786, 749, 716, 668, 650, 611 cm-1; HRMS (FAB+) m/z calc’d for C9H12OBr 

[M+H]+: 215.0072, found 215.0071; [α]D
25.0 52.9° (c 0.30, CHCl3). 

 

 

Alcohol 77: To a flame-dried round-bottom flask equipped with a magnetic stir bar 

were added bromide 76 (76 mg, 0.353 mmol) and THF (4 mL).  The flask was cooled to 

0 ºC and stirred for 10 min.  A solution of (S)-(–)-2-Butyl-CBS-oxazaborolidine (0.04 

mL, 1 M in toluene, 0.004 mmol) was added.  A solution of BH3•THF (0.4 mL, 1 M in 

THF, 0.4 mmol) was added dropwise by syringe pump over 2 h at 0 ºC.  The cooling bath 

was removed and the flask was allowed to warm to 23 ºC.  After 2 h of stirring, methanol 

(0.4 mL) and the reaction was stirred for 10 min.  2 M aqueous HCl (5 mL) was added 

and the reaction mixture was stirred for 10 min.  The phases were separated and the 

aqueous phase was extracted with Et2O (3 x 5 mL).  The combined organic phases were 

dried over MgSO4, filtered, and concentrated under reduced pressure.  The crude product 

was purified by flash column chromatography (20:1 hexanes, EtOAc) to afford alcohol 

77 as a white solid (51 mg, 0.235 mmol, 67% yield); Rf = 0.45 (6:1 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 6.12 (dd, J = 3.0, 0.6 Hz, 1H), 4.85–4.80 (m, 1H), 4.76 (dt, J 

O
Br (S)-Bu-CBS, BH3•THF

THF, 0 ºC

(67% yield)

Br
OH

7776
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= 1.7, 0.8 Hz, 1H), 4.19 (ddd, J = 5.0, 4.0, 1.3 Hz, 1H), 2.76 (dddd, J = 7.2, 4.2, 2.9, 1.5 

Hz, 1H), 2.25 (s, 1H), 1.99 (ddt, J = 13.4, 6.2, 3.5 Hz, 1H), 1.90–1.82 (m, 1H), 1.78–1.70 

(m, 5H), 1.65 (dddd, J = 13.4, 11.8, 8.8, 3.1 Hz, 1H); 13C NMR (126 MHz, CDCl3) δ 

146.6, 135.5, 126.2, 111.9, 69.9, 46.4, 30.7, 22.6, 21.0; IR (Neat Film, NaCl) 3392, 3077, 

2943, 2864, 2361, 1648, 1437, 1375, 1260, 1198, 1165, 1121, 1050, 1018, 976, 955, 893, 

800, 759 cm-1; HRMS (FAB+) m/z calc’d for C9H12OBr [M+H–H2]+: 215.0072, found, 

215.0078; [α]D
25.0 2.0° (c 0.10, CHCl3). 

 

 

TBS protected alcohol 78: To a round-bottom flask equipped with a magnetic stir 

bar were added alcohol 77 (84 mg, 0.387 mmol), DCM (10 mL), imidazole (60 mg, 0.881 

mmol) and TBSCl (100 mg, 0.663 mmol).  The reaction mixture stirred for 9 h at 23 ºC.  

The reaction was washed with water (10 mL).  The aqueous phase were extracted with 

DCM (3 x 10 mL).  The combined organic phases were dried over MgSO4, filtered and 

concentrated under reduced pressure.  The crude product was purified by flash column 

chromatography (20:1 hexanes, EtOAc) to afford bromide 78 as a colorless oil (100 mg, 

0.302mmol, 81% yield); Rf = 0.90 (6:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3) δ 

6.03 (dd, J = 2.9, 0.8 Hz, 1H), 4.81–4.75 (m, 2H), 4.18 (td, J = 3.7, 1.2 Hz, 1H), 2.79–

2.70 (m, 1H), 1.88–1.83 (m, 1H), 1.79–1.73 (m, 1H), 1.73–1.71 (m, 4H), 1.68–1.62 (m, 

1H), 0.91 (s, 9H), 0.16 (s, 3H), 0.10 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 147.1, 134.5, 

Br
OH

TBSCl

imid, CH2Cl2

(81% yield)

Br
OTBS
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126.3, 111.5, 70.6, 46.7, 32.7, 26.0, 22.2, 20.6, 18.3, –4.3, –4.5; IR (Neat Film, NaCl) 

3077, 2950, 2929, 2885, 2856, 2738, 2709, 2360, 1918, 1793, 2738, 2709, 2360, 1918, 

1793, 1684, 1648, 1472, 1462, 1448, 1436, 1407, 1388, 1375, 1361, 1300, 1280, 1251, 

1219, 1194, 1171, 1126, 1084, 1064, 1025, 1006, 987, 960, 939, 914, 894, 880, 834, 814, 

775, 729, 669, 639 cm-1; HRMS (MM+) m/z calc’d for C15H19O3 [M+H–H2]+: 331.0916, 

found 331.0902; [α]D
25.0 –22.6° (c 0.30, CHCl3). 

 

 

Allylic alcohol 79: To a round-bottom plastic coated flask equipped with a magnetic 

stir bar were added vinylboronate (R)-25 (1 g, 3.08 mmol), and THF (30 mL).  A solution 

of TBAF (1M in THF, 8 mL, 8 mmol) was added.  The reaction mixture was stirred for 

24 h at 23 ºC.  The reaction was diluted with Et2O (30 mL) and washed with saturated 

aqueous NH4Cl (30 mL).  The phases were separated and the aqueous phases were 

extracted with EtOAc (3 x 30 mL).  The combined organic phases were dried over 

MgSO4, filtered and concentrated under reduced pressure.  The crude product was 

purified by flash column chromatography (4:1, hexanes:EtOAc) to afford allylic alcohol 

79 (600 mg, 2.86 mmol, 93% yield) as a white solid; Rf = 0.10 (6:1, hexanes:EtOAc); 1H 

NMR (400 MHz, CDCl3) δ 6.70–6.63 (m, 1H), 5.05–4.95 (m, 1H), 2.64–2.51 (m, 1H), 

2.41–2.18 (m, 2H), 1.71 (dddd, J = 13.7, 9.1, 5.5, 4.5 Hz, 1H), 1.28 (s, 12H); 13C NMR 

(126 MHz, CDCl3) δ 150.1, 83.6, 79.8, 33.2, 33.0, 26.0, 25.0; IR (Neat Film, NaCl) 3478, 

3038, 2978, 2931, 2731, 2219, 1995, 1887, 1622, 1615, 1372, 1214, 1144, 1111, 1046, 

B
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1020, 964, 925, 854, 832, 759, 710 cm-1; HRMS (FAB+) m/z calc’d for C15H19O3N2 

[M+H–H2]−: 209.1349, found 209.1344; [α]D
25.0 –59.6° (c 0.80, CHCl3). 

 

 

Diene 80: To a two neck round-bottom flask equipped with reflux condenser and a 

magnetic stir bar were added boronate 79 (200 mg, 0.952 mmol), and bromide 78 (200 

mg, 0.605 mmol).  The mixture was evacuated and back filled with argon (3x).  Toluene 

(6 mL), ethanol (1.2 mL) tetrakis(triphenylphosphine)palladium(0) (21 mg, 0.018 mmol), 

and 2 M aqueous Na2CO3 (6 mL)  were added.  The reaction was heated to reflux in a 110 

ºC oil bath.  After 12 h of stirring, the reaction mixture was cooled to 23 ºC and stirred 

for 15 min.  The phases were separated and the aqueous phases were extracted with 

EtOAc (3 x 10 mL).  The combined organic phases were washed with brine (10 mL), 

dried over MgSO4, filtered and concentrated under reduced pressure.  The crude product 

was purified by flash column chromatography (20:1, hexanes:EtOAc) to afford diene 80 

(120 mg, 0.359 mmol, 59.3% yield) as a colorless oil; Rf = 0.40 (6:1, hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 5.85–5.81 (m, 2H), 4.95 (dt, J = 7.2, 2.5 Hz, 1H), 4.80–4.78 

(m, 1H), 4.77 (dd, J = 2.0, 1.4 Hz, 1H), 4.43 (ddd, J = 3.6, 2.8, 1.3 Hz, 1H), 2.85–2.78 

(m, 1H), 2.62–2.50 (m, 1H), 2.38–2.28 (m, 1H), 2.26–2.16 (m, 1H), 1.93–1.80 (m, 2H), 

1.80–1.74 (m, 1H), 1.72 (dd, J = 1.5, 0.8 Hz, 3H), 1.68–1.58 (m, 2H), 0.85 (s, 9H), 0.09 

(s, 3H), 0.05 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 149.0, 145.1, 135.0, 130.7, 128.7, 

110.9, 76.8, 65.1, 44.9, 33.7, 31.8, 30.7, 26.0, 22.4, 20.5, 18.3, –3.9, –4.2; IR (Neat Film, 

B

OH
Pd(PPh3)4, EtOH, 75

tol : Na2CO3(aq) = 1:1
100 ºC

(59% yield)
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NaCl) 3601, 3412, 3072, 2929, 2855, 2737, 2708, 1924, 1647, 1472, 1463, 1436, 1407, 

1389, 1375, 1360, 1334, 1305, 1252, 1218, 1024, 959, 934, 889, 835, 773, 723, 676 cm-1; 

HRMS (MM+) m/z calc’d for C20H34O2NSiNa [M+Na]+: 356.2220, found 357.2237; 

[α]D
25.0 –21.1° (c 0.10, CHCl3). 

 

 

ß-ketoester 81: To a two neck round-bottom flask with a magnetic stir bar and were 

added allylic alcohol 80 (20 mg, 0.060 mmol), 4-dimethylaminopyridine (1 mg, 0.0082 

mmol) and Et2O (1.5 mL).  The flask was cooled to 0 ºC and stirred for 10 min.  Diketene 

(0.07 mL, 0.907 mmol) was added dropwise.  The reaction mixture was stirred for 15 min 

at 0 ºC was then quenched by cold water (0 ºC, 2 mL).  The mixture was extracted with 

Et2O (3 x 3 mL).  The combined organic layers were washed by brine (3 mL), dried over 

MgSO4, and concentrated under reduced pressure.  The crude oil was purified by flash 

column chromatography (4:1 hexanes, EtOAc) to afford ß-ketoester 81 (20 mg, 0.048 

mmol, 80% yield) as a colorless oil; Rf = 0.45 (6:1, hexanes:Et2O); 1H NMR (500 MHz, 

CDCl3) δ 6.18–5.98 (m, 2H), 5.62 (d, J = 2.8 Hz, 1H), 4.85–4.67 (m, 2H), 4.44 (t, J = 3.2 

Hz, 1H), 3.36 (s, 2H), 2.77 (t, J = 8.6 Hz, 1H), 2.62–2.53 (m, 1H), 2.44–2.27 (m, 2H), 

2.22 (s, 3H), 1.96–1.83 (m, 2H), 1.79–1.72 (m, 1H), 1.73–1.54 (m, 5H), 0.84 (s, 9H), 

0.08 (s, 3H), 0.05 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 200.8, 167.3, 148.8, 140.9, 

134.4, 131.8, 130.4, 110.6, 79.8, 64.7, 50.4, 44.7, 31.7, 31.1, 30.8, 30.3, 25.9, 22.3, 20.4, 

HO TBSO

80
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O
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(80% yield)
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18.2, –3.8, –4.4; IR (Neat Film, NaCl) 2976, 2926, 2854, 1876, 1659, 1612, 1584, 1512, 

1464, 1410, 1388, 1379, 1370, 1315, 1246, 1175, 1166, 1145, 1113, 1039, 967, 862, 819, 

750, 688, 671 cm-1; HRMS (MM+) m/z calc’d for C24H38O4SiNa [M+Na]+: 441.2432, 

found 441.2441; [α]D
25.0 4.4° (c 0.34, CHCl3). 

 

 

Diazo ester 75: To a round-bottom flask equipped with a magnetic stir bar were 

added ß-ketoester 81 (20 mg, 0.048 mmol), CH3CN (2.5 mL), and   p-ABSA (40 mg, 

0.167 mmol). TEA (0.03 mL, 0.215 mmol) was added dropwise.  The reaction mixture 

was stirred for 1 h min at 23 ºC.  The reaction mixture was filtered through a silica gel 

plug (pentanes:Et2O 4:1) was then concentrated under reduced pressure to afford diazo 

ester 75 (21 mg, 0.047 mmol, 99% yield) as a yellowish oil; Rf = 0.44 (4:1, 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3) δ 6.08 (dt, J = 1.66 Hz, 1.66 Hz, 7.75 Hz, 

1H; 13C NMR (126 MHz, CDCl3) δ 190.47; IR (Neat Film, NaCl) 3408, 3073, 2929, 

2855, 2362, 2139, 1713, 1661, 1652, 1472, 1464, 1366, 1312, 1250, 1195, 1150, 1086, 

1064, 1025, 1006, 963, 938, 921, 895, 850, 834, 808, 773, 742, 676, 635 cm-1; HRMS 

(MM+) m/z calc’d for C24H36O4N2SiNa [M+Na]+: 467.2337, found 467.2354; [α]D
25.0 –

11.4° (c 0.31, CHCl3). 
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Cyclopropane 82: To a flame-dried two neck round-bottom flask equipped with a 

magnetic stir bar was added copper catalyst (3 mg, 0.0072 mmol) in a nitrogen-filled 

glove box.  The flask was sealed with rubber septums and removed from the glove box.  

One of the rubber septum was replaced with a reflux condenser connected to a nitrogen 

inlet.  A solution of diazo ester 75 (20 mg, 0.045 mmol) in toluene (15 mL) was added.  

The reaction was heated to reflux in a 110 ºC oil bath.  After 3 h of stirring, the reaction 

mixture was cooled to 23 ºC and stirred for 15 min.  The mixture was concentrated and 

purified by flash column chromatography (10:1 hexanes, EtOAc) to afford cyclopropane 

82 (10 mg, 0.024 mmol, 53% yield) as a white solid; Rf = 0.40 (6:1 hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 5.69 (d, J = 3.0 Hz, 1H), 5.09–5.00 (m, 1H), 4.81 (t, J = 1.7 

Hz, 1H), 4.75–4.67 (m, 1H), 3.84–3.74 (m, 1H), 2.96 (dt, J = 6.3, 1.1 Hz, 1H), 2.76 (d, J 

= 7.6 Hz, 1H), 2.55 (s, 3H), 2.36–2.26 (m, 1H), 2.02 (dd, J = 13.0, 5.8 Hz, 1H), 1.96–

1.85 (m, 1H), 1.82–1.70 (m, 5H), 1.69–1.52 (m, 3H), 0.90 (s, 9H), 0.09 (s, 6H); 13C NMR 

(126 MHz, CDCl3) δ198.4, 172.7, 147.7, 136.2, 132.9, 111.5, 86.4, 68.9, 65.1, 50.6, 43.7, 

42.7, 38.3, 31.0, 30.4, 26.1, 23.9, 22.8, 21.0, 18.1, –3.8, –4.3; IR (Neat Film, NaCl) 2930, 

2857, 1760, 1964, 1436, 1360, 1346, 1312, 1259, 1157, 1084, 1055, 1027, 1005, 983, 

935, 896, 863, 832, 802, 774 cm-1; HRMS (EI+) m/z calc’d for C24H36O4Si [M•]+: 

416.2383, found, 416.2379; [α]D
25.0 –68.1° (c 0.10, CHCl3). 
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Vinyl lactone 83: To a flame-dried round-bottom flask equipped with a magnetic stir 

bar was added trichlorobis(THF) molybdenum (III) (750 mg, 2.08 mmol) in a nitrogen-

filled glove box.  The flask was sealed with a rubber septum, removed from the glove box 

and connected to a nitrogen inlet.  THF (3 mL) was added to the flask to generate a bright 

green solution.  The flask was cooled to –78 ºC and stirred for 10 min.  A solution of 

methyllithium (1.6 M in Et2O, 1.2 mL, 1.92 mmol) was added dropwise to the reaction 

transforming the reaction mixture to a dark red solution.  After 1 h of stirring at –78 ºC, a 

solution of cyclopropane 82 (48 mg, 0.115 mmol) in THF (1 mL) was added dropwise.  

The reaction was slowly warm up to ambient temperature and remained to stir for 6 h.  

The reaction was quenched by water (4 mL).  The phases were separated and the aqueous 

phase was extracted with Et2O (3 x 4 mL).  The combined organic phases were dried over 

MgSO4, filtered, and concentrated under reduced pressure.  The residue was purified by 

flash column chromatography (15:1 hexanes, EtOAc) to afford vinyl lactone 83 (30 mg, 

0.0723 mmol, 63% yield) as a colorless oil; Rf = 0.50 (6:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3) δ 5.51 (dd, J = 2.8, 0.9 Hz, 1H), 5.18–5.15 (m, 1H), 5.12–5.07 (m, 

1H), 5.00–4.96 (m, 1H), 4.79 (dd, J = 2.0, 1.4 Hz, 1H), 4.73 (dt, J = 2.0, 0.9 Hz, 1H), 

4.23–4.20 (m, 1H), 2.70 (ddd, J = 9.1, 5.9, 2.7 Hz, 1H), 2.44 (dt, J = 6.7, 1.3 Hz, 1H), 

2.27–2.16 (m, 1H), 2.08–1.97 (m, 1H), 1.93–1.81 (m, 2H), 1.78–1.66 (m, 8H), 1.64–1.58 

(m, 1H), 1.55–1.48 (m, 1H), 0.90 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 174.9, 148.2, 136.5, 133.6, 133.5, 117.0, 111.2, 85.8, 67.5, 58.6, 49.1, 44.3, 

O

O
O

OTBS
O

O
OTBSMoCl3(THF)2

MeLi, THF

–78 ºC – 23 ºC

(63% yield)82 83
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38.9, 34.7, 31.5, 26.1, 23.5, 22.4, 22.3, 20.5, 18.1, –3.6, –4.4; IR (Neat Film, NaCl) 2953, 

2857, 1766, 1645, 1463, 1343, 1254, 1197, 1159, 1079, 1057, 1024, 891, 864, 833, 775, 

673 cm-1; HRMS (MM+) m/z calc’d for C25H39O3Si [M+H]+: 415.2663, found, 415.2697; 

[α]D
25.0 –35.4° (c 0.10, CHCl3). 

 

 

Diol 85: To a flame-dried round-bottom flask equipped with a magnetic stir bar were 

added vinyl lactone 83 (29 mg, 0.0699 mmol) and DCM (14 mL).  The flask was cooled 

to 0 ºC and stirred for 10 min.  A solution of DIBAL (1 M in DCM, 0.35 mL, 0.35 mmol) 

was added dropwise.  The reaction mixture was slowly warmed up to 23 ºC and remained 

to stir for 24 h.  The reaction was quenched by methanol (0.35 mL).  Saturated aqueous 

potassium sodium tartarate solution (3 mL) was added to the mixture.  The phases were 

separated and the aqueous phases were extracted with DCM (5 x 10 mL).  The combined 

organic phases were dried over MgSO4, filtered, and transferred to round-bottom flask.  

The mixture was concentrated under reduced pressure and dissolved in benzene.  The 

flask was immersed in a 50 ºC oil bath.  After 4 h of stirring, the reaction was cooled to 

ambient temperature and concentrated under reduced pressure.  The residue was purified 

by flash column chromatography (1:1, hexanes:EtOAc) to afford diol 85 as a white solid 

(9 mg, 0.215 mmol, 31% yield); Rf = 0.08 (3:1 hexanes:EtOAc ); 1H NMR (600 MHz, 
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C6D6) 5.00 (dd, J = 4.1, 1.9 Hz, 1H), 4.92–4.89 (m, 1H), 4.87 (d, J = 2.2 Hz, 1H), 4.83 

(d, J = 4.2 Hz, 1H), 4.16 (d, J = 11.3 Hz, 1H), 3.91 (d, J = 11.3 Hz, 1H), 3.56–3.49 (m, 

1H), 3.06–3.00 (m, 1H), 2.85 (dd, J = 13.8, 4.5 Hz, 1H), 2.38 (dtd, J = 13.7, 11.8, 6.1 Hz, 

1H), 2.28–2.13 (m, 2H), 2.04 (dd, J = 14.7, 11.4 Hz, 1H), 1.92–1.84 (m, 2H), 1.81 (d, J = 

1.7 Hz, 3H), 1.77 (d, J = 1.2 Hz, 3H), 1.76–1.70 (m, 1H), 1.54 (tdd, J = 13.0, 4.3, 2.0 Hz, 

1H), 1.51–1.37 (m, 2H), 1.01 (s, 9H), 0.08 (s, 3H), 0.08 (s, 3H); δ 13C NMR (101 MHz, 

DMSO-d6) 148.5, 140.1, 138.8, 137.8, 132.4, 111.9, 71. 3, 68.8, 57.9, 49.1, 42.1, 34.4, 

34.0, 33.8, 29.3, 26.7, 26.6, 25.8, 25.7, 21.5, 17.7, –4.5, –4.7; IR (Neat Film, NaCl) 3342, 

2929, 2856, 1645, 1451, 1254, 1163, 1079, 1033, 890, 836, 773, 739, 702 cm-1; HRMS 

(FAB+) m/z calc’d for C25H41O3Si [M+H−H2]+: 417.2825, found 417.2833; [α]D
25.0 –

27.6° (c 0.10, CH3OH). 
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APPENDIX 1 

Additional Studies Related to Chapter 1: 

Progress toward the Total Synthesis of Curcusone C 

  

 

A1.1 INITIAL STUDIES 

A1.1.1 RETROSYNTHETIC ANALYSIS 

Firstly, we expected that curcusone C could be synthesized from tricyclic system 105 

by α-methylation followed by hydroxylation.  In order to synthesize the tertiary alcohol, 

chiral oxaziridine would be applicable for hydroxylation if desired selectivity is not 

observed with substrate controllable.  The tricycle core 105 was then disconnected by a 

(4+3) cycloaddition type reaction from diene 107 and vinyl aldehyde 108.  However, the 

diene 107 and aldehyde 108 do not exhibit the appropriate eletron character for a  normal 

(4+3) cycloaddition reaction; inversion via Stetter reaction or radical cyclization would 

be necessary for tandem umpolung Michael and another Michael reaction.  Diene 107 

could be achieved from cross-coupling of vinyl bromide 109 and vinyl triflate 27.  Vinyl 
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bromide 109 could be synthesized from cyclopentenone 26, which is commercially 

available (Scheme A1.1.1). 

Scheme A1.1.1.  Retrosynthetic Analysis 

 

A1.1.2 SYNTHESIS OF SIMPLIFIED DIENE 

Initial studies on the [4+3] type reaction were performed on a model system 38 

lacking side chains of ring C.  In order to synthesize the model diene 38, we prepared 

cyclohexanone triflate 32 and vinyl bromide 109 by a known procedure.1  Construction of 

model diene 38 was accomplished by Suzuki coupling of vinyl boronate 110, which was 

quantitatively prepared from vinyl bromide 109, and vinyl triflate 32 (Scheme A1.1.2).  
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Scheme A1.1.2.  Synthesis of Simplified Diene 38 

 

A1.1.3 RADICAL APPROACH 

First, we investigated radical conditions to construct the 1,4-dione moiety.  Thiol is 

known to selectively generate radicals on aldehydes, which can attack radical acceptors 

such as α,β-unsaturated carbonyls to initiate intramolecular acyl radical cyclization of 

alkenals.2,3  Although all previous examples are intramolecular reactions, model diene 38 

was thought to act as an appropriate radical acceptor so some intermolecular reactions 

were attempted with isobutyraldehyde and methacrylaldehyde.  However we were not 

able to find the desired product using t-BuSH and AIBN or triethylborane radical initiator 

(Scheme A1.1.3). 

Scheme A1.1.3.  Intermolecula Radical Reaction Approach 
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A1.1.4 UMPOLUNG APPROACH 

Umpolung reactivity of aldehyde or ketone groups can provide access to distinct 

bond disconnections.  One such reaction is the benzoin reaction, which is an addition 

reaction of an aldehyde or imine by a nucleophile catalyzed aldehyde.4  The Stetter 

reaction is an extension of this reaction to give 1,4-dicarbonyl compounds.  A number of 

thiazolium salts have proven to be useful nucleophilic catalysts for this purpose, 

accessing 1,4-dicarbonyl compounds by either intermolecular or intramolecular Stetter 

reaction.5  Unfortunately, we were unable to isolate the desired product 115 by the Stetter 

condition.  Diene 38 was recovered mostly, and only aldehyde was consumed.  We 

concluded that diene 38 was not a good Michael acceptor, and then examined approaches 

using transition metal chemistry (Scheme A1.1.4). 

Scheme A1.1.4.  Stetter Reaction Approach 

 

A1.1.5 ACYL METAL SPECIES  

The acyl metal species [RC(O)M] reacts as an ‘unmasked’ acyl anion donor. The acyl 

metal species with a main group metal (Li, Zn, etc.) has been studied as well as several 

transition metal species (Co, Fe, Ni).6  However, acyl metal species with main group 

metals have limited applications due to their lack of stability and extensive reaction 
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condition.  In addition, starting materials for acyl transition metal species have severe 

limitations due to toxicity of metal carbonyls.  In 2002, Taguchi and co-workers reported 

palladium-catalyzed regioselective acylation of an α,β-unsaturated ketone by 

acylzirconocene chloride, which was conveniently prepared by Schwartz’s reagent 

(Scheme A1.1.5).7  

Scheme A1.1.5.  Regioselective Acylation of α,β-Unsaturated Ketones by Acylzirconocene Chloride 

by Taguchi and co-workers 

 

They were able to selectively construct 1,4-dicarbonyl 119 from cyclopentenone and 

acylzirconocene chloride 117 in 70% yield.  Thus we envisioned that diene 38 could react 

with an acylzirconocene chloride to produce 1,4-dicarbonyl compound 121, which could 

be advanced to tricyclic core 122 via a Michael reaction.  We decided to use 

trimethylsilyl propyne 120 to prepare acylzirconocene chloride which would provide a 3-

carbon insertion to diene 38.  However, the desired diketone 121 was not obtained.  Even 

though we screened a number of different catalyst alternatives to palladium acetate with 

cyclopentenone 26, the desired product 123 was not obserbed.  All of these results led us 

to attempt different acyl metal species altogether (Scheme A1.1.6). 
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Scheme A1.1.6.  Acylation Studies using Acylzirconocene Chloride 

 

Next, we examined the palladium-catalyzed carbonylative Heck reaction.  We 

envisioned that acylpalladium species could be generated by insertion of carbon 

monoxide to a simple triflate 124, which could react with diene 38 to afford a 1,4-

dicarbonyl product 125.  However, we were not able to observe desired product 125 or 

any analogous structure with vinyl triflate 125 (Scheme A1.1.7).  

Scheme A1.1.7.  Carbonylative Heck Reaction 
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A1.1.6 REVISED SYNTHETIC PLAN 

Previously, we had failed to insert a 3-carbon unit into diene by various ways. 

Therefore, we decided to establish the 5-7-6 ring fused system first, followed by 

functional group modification to elaborate the core system 126 later.  We envisioned that 

the desired 5-7-6 fused ring system could be accessed by Diels–Alder reaction followed 

by one carbon insertion sequence on diene 127 (Scheme A1.1.8). 

Scheme A1.1.8.  Revised Retrosynthesis 

   

A1.1.7 DIELS–ALDER REACTION AND RING EXPANSION APPROACH 

A number of ketene derivatives such as nitroethylene and chloroacrylonitrile have 

been applied in the synthesis of cyclohexenone type products for many years. 8  

Furthermore, we expected that cyclohexanones could be expanded to 7-membered rings 

via one-carbon insertion reaction (Scheme A1.1.9).9 

Scheme A1.1.9.  Diels–Alder Reaction and One Carbon Insertion Strategy 
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Initially, we attempted phenyl vinyl sulfone, 2-chloro acrylonitrile and 

nitroethylene as dienophiles.  A number of conditions were attempted, and nitroethylene 

showed reactivity with diene 38, but afforded an inseparable mixture.  Aromatized 

product 132 was isolated as a result of Nef reaction product from the mixture (Scheme 

A1.1.10a).  Since the carbonyl group could cause aromatization under Nef conditions, we 

decided to change diene moiety for the Diels–Alder reaction screening.  Thus, we 

examined protected diene 104 for the Diels–Alder reaction with nitroethylene.  However, 

we were only able to observe complex mixtures from the reaction conditions (Scheme 

A1.1.10b). 

Scheme A1.1.10.  Diels–Alder and Nef Reaction Studies 
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with iodide ent-64 to avoid late stage deprotection, however another olefin migrated 

product 135 was formed (Scheme A1.2.1b).  Thus, we concluded that treatment of base 

would cause olefin migration due to its labile γ-proton.  Since the allylic C-O bond could 

be epimerized by acidic conditions, we applied extra pyridine in addition to hydrogen 

fluoride-pyridine complex, and allowing us to prepare deprotected allylic alcohol 70 

successfully (Scheme A1.2.1c).  

Scheme A1.2.1.  Deprotection Screening of 69 

 

As stated before (Schemes 1.3.5 and 1.3.6) allylic alcohol 70 was transformed to β-
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Scheme A1.2.2.  Cyclopropanation Screening 
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Scheme A1.3.1.  Preparation of Mosher Esters 
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A1.4 EXPERIMENTAL SECTION 

A1.4.1 MATERIALS AND METHODS 

Unless stated otherwise, reactions were performed under an argon or nitrogen 

atmosphere using dry, deoxygenated solvents (distilled or passed over a column of 

activated alumina).11  Et3N was distilled from calcium hydride immediately prior to use.  

Commercially obtained reagents were used as received unless otherwise stated.  Reaction 

temperatures were controlled by an IKAmag temperature modulator.  Thin-layer 

chromatography (TLC) was performed using E. Merck silica gel 60 F254 precoated 

plates (0.25 mm) and visualized by UV fluorescence quenching, or potassium 

permanganate, iodine, or anisaldehyde staining.  SiliaFlash P60 Academic Silica gel 

(particle size 0.040-0.063 mm) was used for flash chromatography.  1H and 13C NMR 

spectra were recorded on a Varian Inova 500 (at 500 MHz and 126 MHz respectively), 

Bruker AV III HD spectrometer equipped with a Prodigy liquid nigrogen temperature 

cryoprobe (400 MHz and 101 MHz, respectively) and are reported relative to CHCl3 (δ 

7.26 & 77.16 respectively) and C6H6 (δ 7.16 & 128.06 respectively.  Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant 

(Hz), integration).   
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A1.4.2 PREPARATIVE PROCEDURES 

 

Boronate 110: To a flame-dried round-bottom flask with a magnetic stir bar were 

added bromide 109 (328 mg, 1.60 mmol) and THF (8 mL).  The flask was cooled to −78 

ºC and stirred for 10 min.  n-Butyllithium solution (2.4 M in hexanes, 0.67 mL, 1.61 

mmol) was added dropwise.  The reaction mixture was stirred at −78 ºC for 30 min then 

isopropyl pinacolyl borate (0.33 mL, 1.62 mmol) was added.  The reaction mixture was 

stirred at −78 ºC for 30 min then quenched with HCl solution (2 N in Et2O, 0.8 mL, 1.60 

mmol).  Following addition, the reaction mixture was diluted with Et2O (10 mL) and 

warmed up to 23 ºC.  The reaction mixture was filtered and was concentrated under 

reduced pressure, and the residue was used in the next reaction without further 

purification. 

 

 

Diene 38: To a flame-dried round-bottom flask equipped with a magnetic stir bar 

were added a crude mixture of boronate 110 from the previous step, triflate 32 (280 mg, 
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mmol), potassium phosphate tribasic (1 g, 4.71 mmol).  The mixture was evacuated 

and back filled with argon (3x). The mixture was dissolved in dioxane (8 mL) then added 

water (0.8 mL).  The reaction mixture was stirred at 23 ºC for 6 hr.  The resulting mixture 

was then diluted with EtOAc (10 mL), washed by saturated aqueous NH4Cl (10 mL), and 

then dried over MgSO4.  The mixture was filtered and concentrated under reduced 

pressure to afford crude mixture of 38 as a colorless oil.  The residue was purified by 

flash column chromatography (20:1 hexanes:EtOAc) to afford diene 38 (148 mg, 0.914 

mmol, 73% yield over triflate 32). 

 

 

Triene 134: To a round-bottom flask with a magnetic stir bar were added diene 69 

(50 mg, 0.15 mmol) and THF (2 mL).  To the mixture was added TBAF (1.0 M in THF, 

0.23 mL, 0.23 mmol) and stirred for 5 min at 23 ºC.  The reaction mixture was diluted 

with Et2O (2 mL) and quenched by saturated aqueous NH4Cl (2 mL).  The phases were 

separated and the aqueous phase was extracted with EtOAc (3 x 2 mL).  The combined 

organic phases were dried over MgSO4, filtered, and concentrated under reduced 

pressure.  The residue was purified by flash column chromatography (4:1 

hexanes:EtOAc) to afford olefin migrated product 134 (24 mg, 0.072 mmol, 48% yield) 

as a colorless oil; Rf = 0.45 (6:1, hexanes:EtOAc) 1H NMR (500 MHz, CDCl3) δ 7.47 (s, 

1H), 6.52 (d, J = 0.8 Hz, 1H), 5.5–5.28 (m, 1H), 2.53–2.30 (m, 4H), 2.27–2.12 (m, 1H), 

2.08 (dddd, J = 13.2, 8.6, 7.2, 4.5 Hz, 1H), 1.78 (dddd, J = 13.1, 9.0, 5.0, 4.0 Hz, 1H), 
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1.63 (s, 3H), 1.43 (s, 3H), 0.97 (s, 9H), 0.15 (s, 3H), 0.12 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 197.6, 143.4, 139.6, 136.8, 133.0, 130.7, 78.5, 38.7, 34.4, 31.0, 26.2, 26.0, 21.5, 

20.6, 18.4, –3.7, –4.3.  

 

 

Alcohol 135: To a two neck round-bottom flask equipped with reflux condenser and a 

magnetic stir bar were added boronate 79 (34 mg, 0.103 mmol), and iodide ent-64 (27 

mg, 0.103 mmol).  The mixture was evacuated and back filled with argon (3x).  Toluene 

(2 mL), ethanol (0.4 mL) tetrakis(triphenylphosphine)palladium(0) (5 mg, 0.0043 mmol), 

and 2 M aqueous Na2CO3 (2 mL)  were added.  The reaction was heated to reflux in a 110 

ºC oil bath.  After 12 h of stirring, the reaction mixture was cooled to 23 ºC and stirred 

for 15 min.  The phases were separated and the aqueous phases were extracted with 

EtOAc (3 x 5 mL).  The combined organic phases were washed with brine (5 mL), dried 

over MgSO4, filtered and concentrated under reduced pressure.  The crude product was 

purified by flash column chromatography (20:1, hexanes:EtOAc) to afford diene 135 (5 

mg, 0.023 mmol, 22.2% yield) as a colorless oil; Rf = 0.10 (6:1, hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3) δ 7.57 (s, 1H), 6.53 (s, 1H), 5.06–4.99 (m, 1H), 2.96 (d, J = 5.1 

Hz, 1H), 2.67–2.43 (m, 1H), 2.33–2.26 (m, 2H), 2.24–2.11 (m, 2H), 2.10–1.99 (m, 1H), 

1.98–1.80 (m, 1H), 1.58 (s, 3H), 1.40 (s, 3H). 
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(S)-Mosher ester 138:  To a flame-dried round-bottom flask with a magnetic stir bar 

were added alcohol 77 (15 mg, 0.069 mmol) and DCM (2 mL).  To a reaction, (S)-

Mosher’s acid (40 mg, 0.171 mmol), DCC (42 mg, 0.204 mmol) and DMAP (1 mg, 

0.0082 mmol) were added sequentially.  The reaction mixture was stirred at 23 ºC for 30 

min.  The reaction mixture was concentrated under reduced pressure.  The mixture was 

purified by preparatory TLC (10:1 hexanes, EtOAc).  A mixture of DCU and the desired 

product 138 was isolated and 1H NMR was taken. 

(R)-Mosher ester 139:  To a flame-dried round-bottom flask with a magnetic stir bar 

were added alcohol 77 (6.5 mg, 0.030 mmol) and DCM (1 mL).  To a reaction, (R)-

Mosher’s acid (14 mg, 0.060 mmol), DCC (15 mg, 0.073 mmol) and DMAP (0.5 mg, 

0.0041 mmol) were added sequentially.  The reaction mixture was stirred at 23 ºC for 30 

min.  The reaction mixture was concentrated under reduced pressure.  The mixture was 

purified by preparatory TLC (10:1 hexanes, EtOAc).  A mixture of DCU and the desired 

product 139 was isolated and 1H NMR was taken. 
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Scheme A2.1. Retrosynthetic analysis of curcusone C (3) 

 

 

Scheme A2.2.  Synthesis of diazo ester 36 for model studies 
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Scheme A2.3.  Syntheses cyclopropane 37 and hydrazone 42 

 

 

Scheme A2.4.  Unexpected rearrangement 

 

 

Scheme A2.5. Synthesis of tricyclic core 53 
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Scheme A2.6.  Synthesis of vinyltriflate 27 

 

 

Scheme A2.7.  Synthesis of diazo ester 24  
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Scheme A2.8.  Synthesis of iodide ent-64 

 

 

Scheme A2.9.  Synthesis of β-ketoester 71 
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Scheme A2.10.  Synthesis of cyclopropane 72 

 

 

Scheme A2.11.  Synthesis of protected alcohol 78 

 

 

Scheme A2.12.  Synthesis of diazo ester 75 
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Scheme A2.13.  Synthesis of divinylcyclopropane 83 

 

 

Scheme A2.14.  Synthesis of tricyclic core 85 

 

Scheme A2.15.  Proposed chemoselective oxidation of diol 85 
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Scheme A2.16.  Proposed synthesis of cycloheptadienone 96 

 

 

Scheme A2.17.  Alternative routes 
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Scheme A2.18.  Proposed synthesis of ent-curcusone C  
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Figure A3.3  13C NMR (126 MHz, CDCl3) of compound rac-25 

Figure A3.2  Infrared spectrum (thin film/NaCl) of compound rac-25 
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Figure A3.6  13C NMR (126 MHz, CDCl3) of compound 104 

Figure A3.5  Infrared spectrum (thin film/NaCl) of compound 104 
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Figure A3.9  13C NMR (126 MHz, CDCl3) of compound 33 

Figure A3.8  Infrared spectrum (thin film/NaCl) of compound 33 
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Figure A3.12  13C NMR (126 MHz, CDCl3) of compound 35 

Figure A3.11  Infrared spectrum (thin film/NaCl) of compound 35 
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Figure A3.15  13C NMR (126 MHz, CDCl3) of compound 36 

Figure A3.14  Infrared spectrum (thin film/NaCl) of compound 36 
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Figure A3.18  13C NMR (126 MHz, CDCl3) of compound 37 
 

Figure A3.17  Infrared spectrum (thin film/NaCl) of compound 37 
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Figure A3.21  13C NMR (126 MHz, CDCl3) of compound 38 
 

Figure A3.20  Infrared spectrum (thin film/NaCl) of compound 38 
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Figure A3.24  13C NMR (126 MHz, CDCl3) of compound 42 
 

Figure A3.23  Infrared spectrum (thin film/NaCl) of compound 42  
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Figure A3.26  Infrared spectrum (thin film/NaCl) of compound 43  
 

Figure A3.27  13C NMR (126 MHz, C6D6) of compound 43  
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Figure A3.30  13C NMR (126 MHz, C6D6) of compound 44 
 

Figure A3.29  Infrared spectrum (thin film/NaCl) of compound 44  
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Figure A3.33  13C NMR (126 MHz, C6D6) of compound 47 

Figure A3.32  Infrared spectrum (thin film/NaCl) of compound 47 
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Figure A3.36  13C NMR (126 MHz, CDCl3) of compound 48 

Figure A3.35  Infrared spectrum (thin film/NaCl) of compound 48 
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Figure A3.39  13C NMR (126 MHz, C6D6) of compound 51 

Figure A3.38  Infrared spectrum (thin film/NaCl) of compound 51 
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Figure A3.42  13C NMR (126 MHz, C6D6) of compound 53  
 

Figure A3.41  Infrared spectrum (thin film/NaCl) of compound 53  
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Figure A3.47  13C NMR (126 MHz, CDCl3) of compound 27  
 

Figure A3.46  Infrared spectrum (thin film/NaCl) of compound 27  
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Figure A3.50  13C NMR (101 MHz, C6D6) of compound 59  
 

Figure A3.49  Infrared spectrum (thin film/NaCl) of compound 59  
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Figure A3.53  13C NMR (101 MHz, C6D63) of compound 60 
 

Figure A3.52  Infrared spectrum (thin film/NaCl) of compound 60  
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Figure A3.56  13C NMR (101 MHz, C6D6) of compound 61  
 

Figure A3.55  Infrared spectrum (thin film/NaCl) of compound 61 
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Figure A3.59  13C NMR (126 MHz, CDCl3) of compound 24 
 

Figure A3.58  Infrared spectrum (thin film/NaCl) of compound 24  
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Figure A3.62  13C NMR (101 MHz, C6D6) of compound ent-64  
 

Figure A3.61  Infrared spectrum (thin film/NaCl) of compound ent-64  
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Figure A3.65  13C NMR (101 MHz, C6D6) of compound 69 

Figure A3.64  Infrared spectrum (thin film/NaCl) of compound 69 
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Figure A3.68  13C NMR (101 MHz, C6D6) of compound 70 

Figure A3.67  Infrared spectrum (thin film/NaCl) of compound 70 
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Figure A3.71  13C NMR (101 MHz, CD2Cl2) of compound 71 

Figure A3.70  Infrared spectrum (thin film/NaCl) of compound 71 
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Figure A3.74  13C NMR (101 MHz, CDCl3) of compound 72 

Figure A3.73  Infrared spectrum (thin film/NaCl) of compound 72 
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Figure A3.77  13C NMR (101 MHz, CDCl3) of compound 73 

Figure A3.76  Infrared spectrum (thin film/NaCl) of compound 73 
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Figure A3.80  13C NMR (126 MHz, CDCl3) of compound 76 

Figure A3.79  Infrared spectrum (thin film/NaCl) of compound 76 
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Figure A3.83  13C NMR (126 MHz, CDCl3) of compound 77 

Figure A3.82  Infrared spectrum (thin film/NaCl) of compound 77 



Appendix 3—Spectra Relevant to Chapter 1   
 

154 

  

Fi
gu

re
 A

3.
84

  1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
78

 

Br
O
TB
S



Appendix 3—Spectra Relevant to Chapter 1   
 

155 

  

Figure A3.86  13C NMR (126 MHz, CDCl3) of compound 78 

Figure A3.85  Infrared spectrum (thin film/NaCl) of compound 78 
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Figure A3.89  13C NMR (101 MHz, CDCl3) of compound 79 

Figure A3.88  Infrared spectrum (thin film/NaCl) of compound 79 
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Figure A3.92  13C NMR (126 MHz, CDCl3) of compound 80 

Figure A3.91  Infrared spectrum (thin film/NaCl) of compound 80 
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Figure A3.95  13C NMR (126 MHz, CDCl3) of compound 81 

Figure A3.94  Infrared spectrum (thin film/NaCl) of compound 81 
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Figure A3.98  13C NMR (126 MHz, CDCl3) of compound 75 

Figure A3.97  Infrared spectrum (thin film/NaCl) of compound 75 



Appendix 3—Spectra Relevant to Chapter 1   
 

164 

O

O
O TB
SO

 
  

Fi
gu

re
 A

3.
99

  1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f c
om

po
un

d 
82

 



Appendix 3—Spectra Relevant to Chapter 1   
 

165 

 
 
  

Figure A3.101  13C NMR (126 MHz, CDCl3) of compound 82 

Figure A3.100  Infrared spectrum (thin film/NaCl) of compound 82 
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Figure A3.104  13C NMR (126 MHz, CDCl3) of compound 83 

Figure A3.103  Infrared spectrum (thin film/NaCl) of compound 83 
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Figure A3.107  13C NMR (101 MHz, DMSO-d6) of compound 85 

Figure A3.106  Infrared spectrum (thin film/NaCl) of compound 85 
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A4.1 CRYSTAL STRUCTURE ANALYSIS OF 42 

 
42 
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Table A4.1.1.  Crystal data and structure refinement for 42. 

Empirical formula  C22H26N2O4S 

Formula weight  414.51 

Temperature  100 K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 19.3346(10) Å α= 90.199(3)° 

 b = 21.5305(11) Å β= 93.729(3)° 

 c = 9.9784(5) Å γ = 90.810(3)° 

Volume 4144.6(4) Å3 

Z 8 

Density (calculated) 1.329 Mg/m3 

Absorption coefficient 0.187 mm-1 

F(000) 1760 

Crystal size 0.35 x 0.33 x 0.10 mm3 

Theta range for data collection 2.045 to 32.962°. 

Index ranges -28<=h<=29, -32<=k<=32, -15<=l<=15 

Reflections collected 272986 

Independent reflections 29250 [R(int) = 0.0867] 

Completeness to theta = 25.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.0000 and 0.8821 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 29250 / 0 / 1054 

Goodness-of-fit on F2 1.037 

Final R indices [I>2sigma(I)] R1 = 0.0907, wR2 = 0.2272 

R indices (all data) R1 = 0.1406, wR2 = 0.2638 
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Extinction coefficient n/a 

Largest diff. peak and hole 3.274 and -1.435 e.Å-3 
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Table A4.1.2.  Atomic coordinates  ( x 105) and equivalent  isotropic displacement 

parameters (Å2x 104) for 42.  U(eq) is defined as one third of  the trace of the 

orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
S(1) 13320(4) 13122(4) 9576(7) 150(2) 

O(1) 49133(12) 21574(12) 19580(20) 194(5) 

O(2) 44907(13) 12484(11) 11420(30) 211(5) 

O(3) 15151(13) 11293(12) -3620(20) 190(5) 

O(4) 8084(12) 9653(12) 15920(20) 212(5) 

N(1) 25759(13) 16229(13) 15610(20) 141(5) 

N(2) 20329(13) 12431(13) 19710(20) 154(5) 

C(1) 37110(16) 20221(14) 18900(30) 131(5) 

C(2) 35319(17) 26494(15) 12570(30) 162(6) 

C(3) 40319(18) 29526(16) 3160(30) 201(6) 

C(4) 46367(19) 31992(17) 12740(30) 220(7) 

C(5) 46470(17) 27472(16) 24340(30) 182(6) 

C(6) 38727(16) 26291(14) 26600(30) 149(5) 

C(7) 43909(16) 17536(15) 16040(30) 150(5) 

C(8) 31453(16) 15936(14) 22810(30) 131(5) 

C(9) 32779(18) 11975(16) 34940(30) 204(6) 

C(10) 11225(16) 21054(16) 9060(30) 162(6) 

C(11) 8810(18) 23791(18) 20540(30) 225(7) 

C(12) 7000(19) 29940(18) 20140(40) 240(7) 

C(13) 7617(17) 33456(17) 8660(40) 217(7) 

C(14) 10150(20) 30670(18) -2540(30) 270(8) 

C(15) 11900(20) 24434(17) -2480(30) 229(7) 

C(16) 5700(20) 40190(19) 8610(40) 289(8) 

C(17) 35745(18) 27620(15) 39590(30) 181(6) 

C(18) 29230(20) 29568(17) 40370(40) 245(7) 

C(19) 25920(20) 30390(20) 53470(40) 324(9) 

C(20) 30980(20) 30028(19) 65620(40) 299(8) 
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C(21) 36180(20) 24935(19) 64100(40) 268(7) 

C(22) 40298(19) 26011(17) 51900(30) 209(6) 

S(1B) 13258(4) 12852(4) 59543(7) 158(2) 

O(1B) 48049(13) 2551(12) 71500(30) 235(5) 

O(2B) 45243(13) 11942(12) 63860(30) 240(5) 

O(3B) 8386(13) 16497(12) 66270(20) 224(5) 

O(4B) 15006(13) 14527(13) 46240(20) 214(5) 

N(1B) 25455(14) 9277(12) 65110(20) 142(5) 

N(2B) 20429(13) 13340(13) 69390(20) 140(5) 

C(1B) 36234(16) 4545(14) 69050(30) 135(5) 

C(2B) 34054(17) -1502(15) 61640(30) 172(6) 

C(3B) 39125(19) -4647(16) 52690(40) 224(7) 

C(4B) 44500(20) -7532(17) 62690(40) 258(7) 

C(5B) 44493(18) -3253(16) 74870(40) 217(7) 

C(6B) 36840(17) -1734(14) 76100(30) 161(6) 

C(7B) 43437(16) 6938(15) 67610(30) 174(6) 

C(8B) 30958(16) 9018(14) 72880(30) 135(5) 

C(9B) 32315(18) 12629(16) 85720(30) 184(6) 

C(10B) 10660(16) 5029(16) 59400(30) 170(6) 

C(11B) 10420(20) 1525(19) 47510(30) 251(7) 

C(12B) 8420(20) -4650(19) 47970(30) 261(7) 

C(13B) 6617(17) -7465(18) 59790(30) 225(7) 

C(14B) 6810(20) -3817(19) 71390(30) 262(7) 

C(15B) 8802(19) 2314(18) 71350(30) 235(7) 

C(16B) 4430(20) -14150(20) 60160(40) 292(8) 

C(17B) 32930(20) -3298(15) 88040(30) 215(7) 

C(18B) 26310(20) -5250(20) 86790(40) 306(8) 

C(19B) 22050(30) -6570(30) 98570(50) 441(11) 

C(20B) 26640(40) -6770(30) 111880(50) 574(17) 

C(21B) 32030(30) -1710(20) 112750(50) 507(14) 

C(22B) 36780(20) -2140(20) 101310(40) 319(9) 

S(1C) 12001(4) 59892(4) 58426(7) 159(2) 

O(1C) 47966(11) 53435(11) 70150(20) 166(4) 

O(2C) 43592(13) 62294(11) 62170(20) 189(5) 

O(3C) 13902(13) 61910(12) 45460(20) 206(5) 

O(4C) 6620(13) 63038(13) 64810(20) 235(5) 
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N(1C) 24509(13) 57423(14) 64920(20) 157(5) 

N(2C) 18921(14) 60905(14) 68850(20) 163(5) 

C(1C) 35919(15) 54088(14) 68830(30) 119(5) 

C(2C) 34398(16) 47727(14) 62260(30) 139(5) 

C(3C) 39586(17) 44999(16) 52950(30) 173(6) 

C(4C) 45639(17) 42921(16) 62630(30) 188(6) 

C(5C) 45393(16) 47354(14) 74430(30) 151(5) 

C(6C) 37624(15) 48043(14) 76390(30) 125(5) 

C(7C) 42663(15) 57166(14) 66440(30) 132(5) 

C(8C) 30100(15) 58024(15) 72500(30) 133(5) 

C(9C) 31215(18) 62083(17) 84720(30) 211(6) 

C(10C) 10190(16) 51853(16) 57500(30) 171(6) 

C(11C) 6450(20) 49013(19) 67320(40) 253(7) 

C(12C) 5370(20) 42627(19) 66860(40) 280(8) 

C(13C) 7957(17) 39030(17) 56930(30) 209(6) 

C(14C) 11720(20) 41909(18) 47140(30) 251(7) 

C(15C) 12810(20) 48307(18) 47320(30) 239(7) 

C(16C) 6650(20) 32119(18) 56590(40) 271(7) 

C(17C) 34480(17) 46447(15) 89070(30) 169(6) 

C(18C) 28090(20) 43981(18) 89350(40) 273(8) 

C(19C) 24650(30) 42670(20) 102160(50) 404(11) 

C(20C) 29590(30) 43440(20) 114700(40) 408(11) 

C(21C) 34510(20) 48930(20) 113750(40) 326(9) 

C(22C) 38780(20) 48217(18) 101720(30) 249(7) 

S(1D) 12549(4) 60151(4) 8655(7) 163(2) 

O(1D) 47108(12) 72046(12) 21250(30) 221(5) 

O(2D) 44078(13) 62556(11) 13520(30) 213(5) 

O(3D) 7684(13) 56290(12) 15030(20) 217(5) 

O(4D) 14494(13) 58580(13) -4550(20) 225(5) 

N(1D) 24626(13) 64383(13) 14950(20) 150(5) 

N(2D) 19606(13) 60038(13) 18830(20) 150(5) 

C(1D) 35252(16) 69711(14) 19390(30) 141(5) 

C(2D) 33047(17) 75661(16) 12120(30) 178(6) 

C(3D) 37996(19) 78934(17) 3020(30) 225(7) 

C(4D) 43560(20) 82021(17) 12880(40) 249(7) 

C(5D) 43667(19) 77748(16) 25010(30) 214(6) 
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C(6D) 35989(18) 76021(15) 26490(30) 174(6) 

C(7D) 42440(17) 67559(15) 17510(30) 171(6) 

C(8D) 30004(16) 64977(15) 23020(30) 136(5) 

C(9D) 31320(18) 61505(17) 35780(30) 203(6) 

C(10D) 9991(16) 67894(15) 8530(30) 152(5) 

C(11D) 10280(20) 71519(19) -2880(30) 272(8) 

C(12D) 8490(20) 77700(20) -2210(40) 292(8) 

C(13D) 6363(17) 80359(18) 9490(30) 216(6) 

C(14D) 5960(20) 76578(19) 20710(40) 255(7) 

C(15D) 7735(19) 70414(18) 20390(30) 232(7) 

C(16D) 4490(20) 87097(19) 10090(40) 282(8) 

C(17D) 32200(20) 77514(16) 38530(30) 229(7) 

C(18D) 25620(20) 79330(20) 37590(40) 348(9) 

C(19D) 21470(30) 80520(30) 49430(50) 526(14) 

C(20D) 25560(60) 79880(60) 62300(70) 1440(60) 

C(21D) 31590(40) 76930(60) 63360(50) 1140(40) 

C(22D) 36090(30) 76440(20) 51850(40) 356(10) 
________________________________________________________________________________ 
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Table A4.1.3.  Bond lengths [Å] and angles [°] for 42. 

_____________________________________________________  

S(1)-O(3)  1.440(2) 

S(1)-O(4)  1.431(2) 

S(1)-N(2)  1.646(3) 

S(1)-C(10)  1.761(3) 

O(1)-C(5)  1.466(4) 

O(1)-C(7)  1.352(4) 

O(2)-C(7)  1.203(4) 

N(1)-N(2)  1.404(4) 

N(1)-C(8)  1.277(4) 

N(2)-H(2)  0.8603 

C(1)-C(2)  1.528(4) 

C(1)-C(6)  1.532(4) 

C(1)-C(7)  1.488(4) 

C(1)-C(8)  1.493(4) 

C(2)-H(2A)  1.0000 

C(2)-C(3)  1.532(4) 

C(2)-C(6)  1.509(4) 

C(3)-H(3A)  0.9900 

C(3)-H(3B)  0.9900 

C(3)-C(4)  1.548(5) 

C(4)-H(4A)  0.9900 

C(4)-H(4B)  0.9900 

C(4)-C(5)  1.513(4) 

C(5)-H(5)  1.0000 

C(5)-C(6)  1.546(4) 

C(6)-C(17)  1.481(4) 

C(8)-C(9)  1.494(4) 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

C(10)-C(11)  1.396(4) 

C(10)-C(15)  1.376(4) 
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C(11)-H(11)  0.9500 

C(11)-C(12)  1.374(5) 

C(12)-H(12)  0.9500 

C(12)-C(13)  1.385(5) 

C(13)-C(14)  1.386(5) 

C(13)-C(16)  1.501(5) 

C(14)-H(14)  0.9500 

C(14)-C(15)  1.389(5) 

C(15)-H(15)  0.9500 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-C(18)  1.340(5) 

C(17)-C(22)  1.509(5) 

C(18)-H(18)  0.9500 

C(18)-C(19)  1.504(5) 

C(19)-H(19A)  0.9900 

C(19)-H(19B)  0.9900 

C(19)-C(20)  1.511(6) 

C(20)-H(20A)  0.9900 

C(20)-H(20B)  0.9900 

C(20)-C(21)  1.512(6) 

C(21)-H(21A)  0.9900 

C(21)-H(21B)  0.9900 

C(21)-C(22)  1.513(5) 

C(22)-H(22A)  0.9900 

C(22)-H(22B)  0.9900 

S(1B)-O(3B)  1.433(2) 

S(1B)-O(4B)  1.437(2) 

S(1B)-N(2B)  1.648(3) 

S(1B)-C(10B)  1.751(4) 

O(1B)-C(5B)  1.468(5) 

O(1B)-C(7B)  1.349(4) 

O(2B)-C(7B)  1.197(4) 

N(1B)-N(2B)  1.403(3) 

N(1B)-C(8B)  1.277(4) 
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N(2B)-H(2B)  0.8596 

C(1B)-C(2B)  1.535(4) 

C(1B)-C(6B)  1.529(4) 

C(1B)-C(7B)  1.494(4) 

C(1B)-C(8B)  1.480(4) 

C(2B)-H(2BA)  1.0000 

C(2B)-C(3B)  1.531(5) 

C(2B)-C(6B)  1.508(4) 

C(3B)-H(3BA)  0.9900 

C(3B)-H(3BB)  0.9900 

C(3B)-C(4B)  1.532(5) 

C(4B)-H(4BA)  0.9900 

C(4B)-H(4BB)  0.9900 

C(4B)-C(5B)  1.522(5) 

C(5B)-H(5B)  1.0000 

C(5B)-C(6B)  1.532(5) 

C(6B)-C(17B)  1.488(5) 

C(8B)-C(9B)  1.502(4) 

C(9B)-H(9BA)  0.9800 

C(9B)-H(9BB)  0.9800 

C(9B)-H(9BC)  0.9800 

C(10B)-C(11B)  1.402(5) 

C(10B)-C(15B)  1.396(4) 

C(11B)-H(11B)  0.9500 

C(11B)-C(12B)  1.381(6) 

C(12B)-H(12B)  0.9500 

C(12B)-C(13B)  1.390(5) 

C(13B)-C(14B)  1.394(5) 

C(13B)-C(16B)  1.495(6) 

C(14B)-H(14B)  0.9500 

C(14B)-C(15B)  1.370(6) 

C(15B)-H(15B)  0.9500 

C(16B)-H(16D)  0.9800 

C(16B)-H(16E)  0.9800 

C(16B)-H(16F)  0.9800 

C(17B)-C(18B)  1.340(6) 
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C(17B)-C(22B)  1.496(5) 

C(18B)-H(18B)  0.9500 

C(18B)-C(19B)  1.504(6) 

C(19B)-H(19C)  0.9900 

C(19B)-H(19D)  0.9900 

C(19B)-C(20B)  1.550(8) 

C(20B)-H(20C)  0.9900 

C(20B)-H(20D)  0.9900 

C(20B)-C(21B)  1.496(9) 

C(21B)-H(21C)  0.9900 

C(21B)-H(21D)  0.9900 

C(21B)-C(22B)  1.514(6) 

C(22B)-H(22C)  0.9900 

C(22B)-H(22D)  0.9900 

S(1C)-O(3C)  1.435(2) 

S(1C)-O(4C)  1.432(2) 

S(1C)-N(2C)  1.652(3) 

S(1C)-C(10C)  1.762(4) 

O(1C)-C(5C)  1.468(4) 

O(1C)-C(7C)  1.345(4) 

O(2C)-C(7C)  1.200(4) 

N(1C)-N(2C)  1.400(4) 

N(1C)-C(8C)  1.283(4) 

N(2C)-H(2C)  0.8602 

C(1C)-C(2C)  1.533(4) 

C(1C)-C(6C)  1.536(4) 

C(1C)-C(7C)  1.488(4) 

C(1C)-C(8C)  1.482(4) 

C(2C)-H(2CA)  1.0000 

C(2C)-C(3C)  1.532(4) 

C(2C)-C(6C)  1.505(4) 

C(3C)-H(3CA)  0.9900 

C(3C)-H(3CB)  0.9900 

C(3C)-C(4C)  1.541(5) 

C(4C)-H(4CA)  0.9900 

C(4C)-H(4CB)  0.9900 
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C(4C)-C(5C)  1.516(4) 

C(5C)-H(5C)  1.0000 

C(5C)-C(6C)  1.537(4) 

C(6C)-C(17C)  1.478(4) 

C(8C)-C(9C)  1.500(4) 

C(9C)-H(9CA)  0.9800 

C(9C)-H(9CB)  0.9800 

C(9C)-H(9CC)  0.9800 

C(10C)-C(11C)  1.393(4) 

C(10C)-C(15C)  1.394(4) 

C(11C)-H(11C)  0.9500 

C(11C)-C(12C)  1.388(6) 

C(12C)-H(12C)  0.9500 

C(12C)-C(13C)  1.379(5) 

C(13C)-C(14C)  1.397(5) 

C(13C)-C(16C)  1.505(5) 

C(14C)-H(14C)  0.9500 

C(14C)-C(15C)  1.390(5) 

C(15C)-H(15C)  0.9500 

C(16C)-H(16G)  0.9800 

C(16C)-H(16H)  0.9800 

C(16C)-H(16I)  0.9800 

C(17C)-C(18C)  1.340(5) 

C(17C)-C(22C)  1.511(5) 

C(18C)-H(18C)  0.9500 

C(18C)-C(19C)  1.505(5) 

C(19C)-H(19E)  0.9900 

C(19C)-H(19F)  0.9900 

C(19C)-C(20C)  1.531(7) 

C(20C)-H(20E)  0.9900 

C(20C)-H(20F)  0.9900 

C(20C)-C(21C)  1.515(7) 

C(21C)-H(21E)  0.9900 

C(21C)-H(21F)  0.9900 

C(21C)-C(22C)  1.508(5) 

C(22C)-H(22E)  0.9900 
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C(22C)-H(22F)  0.9900 

S(1D)-O(3D)  1.428(2) 

S(1D)-O(4D)  1.434(2) 

S(1D)-N(2D)  1.647(3) 

S(1D)-C(10D)  1.746(3) 

O(1D)-C(5D)  1.464(4) 

O(1D)-C(7D)  1.348(4) 

O(2D)-C(7D)  1.201(4) 

N(1D)-N(2D)  1.411(4) 

N(1D)-C(8D)  1.277(4) 

N(2D)-H(2D)  0.8599 

C(1D)-C(2D)  1.527(4) 

C(1D)-C(6D)  1.531(4) 

C(1D)-C(7D)  1.494(4) 

C(1D)-C(8D)  1.490(4) 

C(2D)-H(2DA)  1.0000 

C(2D)-C(3D)  1.528(5) 

C(2D)-C(6D)  1.509(4) 

C(3D)-H(3DA)  0.9900 

C(3D)-H(3DB)  0.9900 

C(3D)-C(4D)  1.551(5) 

C(4D)-H(4DA)  0.9900 

C(4D)-H(4DB)  0.9900 

C(4D)-C(5D)  1.521(5) 

C(5D)-H(5D)  1.0000 

C(5D)-C(6D)  1.542(5) 

C(6D)-C(17D)  1.484(5) 

C(8D)-C(9D)  1.488(4) 

C(9D)-H(9DA)  0.9800 

C(9D)-H(9DB)  0.9800 

C(9D)-H(9DC)  0.9800 

C(10D)-C(11D)  1.387(4) 

C(10D)-C(15D)  1.397(4) 

C(11D)-H(11D)  0.9500 

C(11D)-C(12D)  1.383(6) 

C(12D)-H(12D)  0.9500 
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C(12D)-C(13D)  1.387(5) 

C(13D)-C(14D)  1.392(5) 

C(13D)-C(16D)  1.502(5) 

C(14D)-H(14D)  0.9500 

C(14D)-C(15D)  1.376(5) 

C(15D)-H(15D)  0.9500 

C(16D)-H(16J)  0.9800 

C(16D)-H(16K)  0.9800 

C(16D)-H(16L)  0.9800 

C(17D)-C(18D)  1.333(6) 

C(17D)-C(22D)  1.504(5) 

C(18D)-H(18D)  0.9500 

C(18D)-C(19D)  1.495(6) 

C(19D)-H(19G)  0.9900 

C(19D)-H(19H)  0.9900 

C(19D)-C(20D)  1.472(10) 

C(20D)-H(20G)  0.9900 

C(20D)-H(20H)  0.9900 

C(20D)-C(21D)  1.334(12) 

C(21D)-H(21G)  0.9900 

C(21D)-H(21H)  0.9900 

C(21D)-C(22D)  1.490(8) 

C(22D)-H(22G)  0.9900 

C(22D)-H(22H)  0.9900 

 

O(3)-S(1)-N(2) 106.95(14) 

O(3)-S(1)-C(10) 108.01(15) 

O(4)-S(1)-O(3) 119.12(15) 

O(4)-S(1)-N(2) 104.63(14) 

O(4)-S(1)-C(10) 110.16(15) 

N(2)-S(1)-C(10) 107.33(15) 

C(7)-O(1)-C(5) 111.2(2) 

C(8)-N(1)-N(2) 115.7(2) 

S(1)-N(2)-H(2) 113.2 

N(1)-N(2)-S(1) 111.25(19) 

N(1)-N(2)-H(2) 113.3 
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C(2)-C(1)-C(6) 59.1(2) 

C(7)-C(1)-C(2) 117.1(3) 

C(7)-C(1)-C(6) 106.4(3) 

C(7)-C(1)-C(8) 118.5(3) 

C(8)-C(1)-C(2) 119.9(3) 

C(8)-C(1)-C(6) 120.9(2) 

C(1)-C(2)-H(2A) 117.9 

C(1)-C(2)-C(3) 119.4(3) 

C(3)-C(2)-H(2A) 117.9 

C(6)-C(2)-C(1) 60.6(2) 

C(6)-C(2)-H(2A) 117.9 

C(6)-C(2)-C(3) 109.3(3) 

C(2)-C(3)-H(3A) 111.0 

C(2)-C(3)-H(3B) 111.0 

C(2)-C(3)-C(4) 103.9(2) 

H(3A)-C(3)-H(3B) 109.0 

C(4)-C(3)-H(3A) 111.0 

C(4)-C(3)-H(3B) 111.0 

C(3)-C(4)-H(4A) 111.1 

C(3)-C(4)-H(4B) 111.1 

H(4A)-C(4)-H(4B) 109.1 

C(5)-C(4)-C(3) 103.4(3) 

C(5)-C(4)-H(4A) 111.1 

C(5)-C(4)-H(4B) 111.1 

O(1)-C(5)-C(4) 107.6(3) 

O(1)-C(5)-H(5) 112.8 

O(1)-C(5)-C(6) 106.2(3) 

C(4)-C(5)-H(5) 112.8 

C(4)-C(5)-C(6) 104.2(3) 

C(6)-C(5)-H(5) 112.8 

C(1)-C(6)-C(5) 102.9(2) 

C(2)-C(6)-C(1) 60.3(2) 

C(2)-C(6)-C(5) 103.1(2) 

C(17)-C(6)-C(1) 121.8(3) 

C(17)-C(6)-C(2) 129.3(3) 

C(17)-C(6)-C(5) 122.3(3) 
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O(1)-C(7)-C(1) 110.6(3) 

O(2)-C(7)-O(1) 122.4(3) 

O(2)-C(7)-C(1) 127.0(3) 

N(1)-C(8)-C(1) 115.7(3) 

N(1)-C(8)-C(9) 126.0(3) 

C(1)-C(8)-C(9) 118.2(3) 

C(8)-C(9)-H(9A) 109.5 

C(8)-C(9)-H(9B) 109.5 

C(8)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

C(11)-C(10)-S(1) 118.5(3) 

C(15)-C(10)-S(1) 120.4(2) 

C(15)-C(10)-C(11) 121.1(3) 

C(10)-C(11)-H(11) 120.5 

C(12)-C(11)-C(10) 119.0(3) 

C(12)-C(11)-H(11) 120.5 

C(11)-C(12)-H(12) 119.4 

C(11)-C(12)-C(13) 121.2(3) 

C(13)-C(12)-H(12) 119.4 

C(12)-C(13)-C(14) 118.8(3) 

C(12)-C(13)-C(16) 120.0(3) 

C(14)-C(13)-C(16) 121.2(3) 

C(13)-C(14)-H(14) 119.4 

C(13)-C(14)-C(15) 121.1(3) 

C(15)-C(14)-H(14) 119.4 

C(10)-C(15)-C(14) 118.8(3) 

C(10)-C(15)-H(15) 120.6 

C(14)-C(15)-H(15) 120.6 

C(13)-C(16)-H(16A) 109.5 

C(13)-C(16)-H(16B) 109.5 

C(13)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 
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C(6)-C(17)-C(22) 115.2(3) 

C(18)-C(17)-C(6) 122.4(3) 

C(18)-C(17)-C(22) 122.1(3) 

C(17)-C(18)-H(18) 118.5 

C(17)-C(18)-C(19) 123.0(3) 

C(19)-C(18)-H(18) 118.5 

C(18)-C(19)-H(19A) 108.9 

C(18)-C(19)-H(19B) 108.9 

C(18)-C(19)-C(20) 113.6(3) 

H(19A)-C(19)-H(19B) 107.7 

C(20)-C(19)-H(19A) 108.9 

C(20)-C(19)-H(19B) 108.9 

C(19)-C(20)-H(20A) 109.3 

C(19)-C(20)-H(20B) 109.3 

C(19)-C(20)-C(21) 111.5(3) 

H(20A)-C(20)-H(20B) 108.0 

C(21)-C(20)-H(20A) 109.3 

C(21)-C(20)-H(20B) 109.3 

C(20)-C(21)-H(21A) 109.4 

C(20)-C(21)-H(21B) 109.4 

C(20)-C(21)-C(22) 111.1(3) 

H(21A)-C(21)-H(21B) 108.0 

C(22)-C(21)-H(21A) 109.4 

C(22)-C(21)-H(21B) 109.4 

C(17)-C(22)-C(21) 112.4(3) 

C(17)-C(22)-H(22A) 109.1 

C(17)-C(22)-H(22B) 109.1 

C(21)-C(22)-H(22A) 109.1 

C(21)-C(22)-H(22B) 109.1 

H(22A)-C(22)-H(22B) 107.9 

O(3B)-S(1B)-O(4B) 119.67(15) 

O(3B)-S(1B)-N(2B) 104.24(14) 

O(3B)-S(1B)-C(10B) 109.80(16) 

O(4B)-S(1B)-N(2B) 107.40(14) 

O(4B)-S(1B)-C(10B) 108.51(15) 

N(2B)-S(1B)-C(10B) 106.40(15) 
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C(7B)-O(1B)-C(5B) 110.8(3) 

C(8B)-N(1B)-N(2B) 114.7(3) 

S(1B)-N(2B)-H(2B) 113.6 

N(1B)-N(2B)-S(1B) 111.1(2) 

N(1B)-N(2B)-H(2B) 113.7 

C(6B)-C(1B)-C(2B) 59.0(2) 

C(7B)-C(1B)-C(2B) 117.5(3) 

C(7B)-C(1B)-C(6B) 107.1(3) 

C(8B)-C(1B)-C(2B) 120.5(3) 

C(8B)-C(1B)-C(6B) 120.0(3) 

C(8B)-C(1B)-C(7B) 117.9(3) 

C(1B)-C(2B)-H(2BA) 117.9 

C(3B)-C(2B)-C(1B) 119.6(3) 

C(3B)-C(2B)-H(2BA) 117.9 

C(6B)-C(2B)-C(1B) 60.3(2) 

C(6B)-C(2B)-H(2BA) 117.9 

C(6B)-C(2B)-C(3B) 109.7(3) 

C(2B)-C(3B)-H(3BA) 111.0 

C(2B)-C(3B)-H(3BB) 111.0 

C(2B)-C(3B)-C(4B) 103.9(3) 

H(3BA)-C(3B)-H(3BB) 109.0 

C(4B)-C(3B)-H(3BA) 111.0 

C(4B)-C(3B)-H(3BB) 111.0 

C(3B)-C(4B)-H(4BA) 111.1 

C(3B)-C(4B)-H(4BB) 111.1 

H(4BA)-C(4B)-H(4BB) 109.0 

C(5B)-C(4B)-C(3B) 103.5(3) 

C(5B)-C(4B)-H(4BA) 111.1 

C(5B)-C(4B)-H(4BB) 111.1 

O(1B)-C(5B)-C(4B) 107.6(3) 

O(1B)-C(5B)-H(5B) 112.3 

O(1B)-C(5B)-C(6B) 107.2(3) 

C(4B)-C(5B)-H(5B) 112.3 

C(4B)-C(5B)-C(6B) 104.6(3) 

C(6B)-C(5B)-H(5B) 112.3 

C(1B)-C(6B)-C(5B) 102.1(3) 
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C(2B)-C(6B)-C(1B) 60.7(2) 

C(2B)-C(6B)-C(5B) 102.6(3) 

C(17B)-C(6B)-C(1B) 122.5(3) 

C(17B)-C(6B)-C(2B) 127.3(3) 

C(17B)-C(6B)-C(5B) 123.9(3) 

O(1B)-C(7B)-C(1B) 109.8(3) 

O(2B)-C(7B)-O(1B) 121.8(3) 

O(2B)-C(7B)-C(1B) 128.4(3) 

N(1B)-C(8B)-C(1B) 116.2(3) 

N(1B)-C(8B)-C(9B) 125.5(3) 

C(1B)-C(8B)-C(9B) 118.2(3) 

C(8B)-C(9B)-H(9BA) 109.5 

C(8B)-C(9B)-H(9BB) 109.5 

C(8B)-C(9B)-H(9BC) 109.5 

H(9BA)-C(9B)-H(9BB) 109.5 

H(9BA)-C(9B)-H(9BC) 109.5 

H(9BB)-C(9B)-H(9BC) 109.5 

C(11B)-C(10B)-S(1B) 120.8(3) 

C(15B)-C(10B)-S(1B) 118.9(3) 

C(15B)-C(10B)-C(11B) 120.2(3) 

C(10B)-C(11B)-H(11B) 120.7 

C(12B)-C(11B)-C(10B) 118.6(3) 

C(12B)-C(11B)-H(11B) 120.7 

C(11B)-C(12B)-H(12B) 118.9 

C(11B)-C(12B)-C(13B) 122.1(3) 

C(13B)-C(12B)-H(12B) 118.9 

C(12B)-C(13B)-C(14B) 117.8(4) 

C(12B)-C(13B)-C(16B) 121.7(3) 

C(14B)-C(13B)-C(16B) 120.6(3) 

C(13B)-C(14B)-H(14B) 119.1 

C(15B)-C(14B)-C(13B) 121.8(3) 

C(15B)-C(14B)-H(14B) 119.1 

C(10B)-C(15B)-H(15B) 120.3 

C(14B)-C(15B)-C(10B) 119.4(3) 

C(14B)-C(15B)-H(15B) 120.3 

C(13B)-C(16B)-H(16D) 109.5 
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C(13B)-C(16B)-H(16E) 109.5 

C(13B)-C(16B)-H(16F) 109.5 

H(16D)-C(16B)-H(16E) 109.5 

H(16D)-C(16B)-H(16F) 109.5 

H(16E)-C(16B)-H(16F) 109.5 

C(6B)-C(17B)-C(22B) 115.1(3) 

C(18B)-C(17B)-C(6B) 121.6(3) 

C(18B)-C(17B)-C(22B) 123.2(3) 

C(17B)-C(18B)-H(18B) 118.3 

C(17B)-C(18B)-C(19B) 123.4(4) 

C(19B)-C(18B)-H(18B) 118.3 

C(18B)-C(19B)-H(19C) 109.4 

C(18B)-C(19B)-H(19D) 109.4 

C(18B)-C(19B)-C(20B) 111.4(4) 

H(19C)-C(19B)-H(19D) 108.0 

C(20B)-C(19B)-H(19C) 109.4 

C(20B)-C(19B)-H(19D) 109.4 

C(19B)-C(20B)-H(20C) 109.1 

C(19B)-C(20B)-H(20D) 109.1 

H(20C)-C(20B)-H(20D) 107.9 

C(21B)-C(20B)-C(19B) 112.3(4) 

C(21B)-C(20B)-H(20C) 109.1 

C(21B)-C(20B)-H(20D) 109.1 

C(20B)-C(21B)-H(21C) 109.4 

C(20B)-C(21B)-H(21D) 109.4 

C(20B)-C(21B)-C(22B) 111.2(4) 

H(21C)-C(21B)-H(21D) 108.0 

C(22B)-C(21B)-H(21C) 109.4 

C(22B)-C(21B)-H(21D) 109.4 

C(17B)-C(22B)-C(21B) 112.8(4) 

C(17B)-C(22B)-H(22C) 109.0 

C(17B)-C(22B)-H(22D) 109.0 

C(21B)-C(22B)-H(22C) 109.0 

C(21B)-C(22B)-H(22D) 109.0 

H(22C)-C(22B)-H(22D) 107.8 

O(3C)-S(1C)-N(2C) 106.71(14) 
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O(3C)-S(1C)-C(10C) 108.08(15) 

O(4C)-S(1C)-O(3C) 119.43(15) 

O(4C)-S(1C)-N(2C) 104.18(14) 

O(4C)-S(1C)-C(10C) 110.35(16) 

N(2C)-S(1C)-C(10C) 107.40(15) 

C(7C)-O(1C)-C(5C) 110.7(2) 

C(8C)-N(1C)-N(2C) 115.1(3) 

S(1C)-N(2C)-H(2C) 113.3 

N(1C)-N(2C)-S(1C) 111.5(2) 

N(1C)-N(2C)-H(2C) 113.5 

C(2C)-C(1C)-C(6C) 58.74(19) 

C(7C)-C(1C)-C(2C) 117.6(2) 

C(7C)-C(1C)-C(6C) 106.6(2) 

C(8C)-C(1C)-C(2C) 119.7(3) 

C(8C)-C(1C)-C(6C) 121.1(2) 

C(8C)-C(1C)-C(7C) 118.3(3) 

C(1C)-C(2C)-H(2CA) 117.9 

C(3C)-C(2C)-C(1C) 119.4(3) 

C(3C)-C(2C)-H(2CA) 117.9 

C(6C)-C(2C)-C(1C) 60.72(19) 

C(6C)-C(2C)-H(2CA) 117.9 

C(6C)-C(2C)-C(3C) 109.5(2) 

C(2C)-C(3C)-H(3CA) 111.0 

C(2C)-C(3C)-H(3CB) 111.0 

C(2C)-C(3C)-C(4C) 103.8(2) 

H(3CA)-C(3C)-H(3CB) 109.0 

C(4C)-C(3C)-H(3CA) 111.0 

C(4C)-C(3C)-H(3CB) 111.0 

C(3C)-C(4C)-H(4CA) 111.0 

C(3C)-C(4C)-H(4CB) 111.0 

H(4CA)-C(4C)-H(4CB) 109.0 

C(5C)-C(4C)-C(3C) 103.6(2) 

C(5C)-C(4C)-H(4CA) 111.0 

C(5C)-C(4C)-H(4CB) 111.0 

O(1C)-C(5C)-C(4C) 107.6(2) 

O(1C)-C(5C)-H(5C) 112.4 
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O(1C)-C(5C)-C(6C) 107.0(2) 

C(4C)-C(5C)-H(5C) 112.4 

C(4C)-C(5C)-C(6C) 104.4(3) 

C(6C)-C(5C)-H(5C) 112.4 

C(1C)-C(6C)-C(5C) 102.2(2) 

C(2C)-C(6C)-C(1C) 60.54(19) 

C(2C)-C(6C)-C(5C) 103.0(2) 

C(17C)-C(6C)-C(1C) 121.9(2) 

C(17C)-C(6C)-C(2C) 128.7(3) 

C(17C)-C(6C)-C(5C) 122.9(3) 

O(1C)-C(7C)-C(1C) 110.6(3) 

O(2C)-C(7C)-O(1C) 121.9(3) 

O(2C)-C(7C)-C(1C) 127.5(3) 

N(1C)-C(8C)-C(1C) 115.4(3) 

N(1C)-C(8C)-C(9C) 126.9(3) 

C(1C)-C(8C)-C(9C) 117.7(3) 

C(8C)-C(9C)-H(9CA) 109.5 

C(8C)-C(9C)-H(9CB) 109.5 

C(8C)-C(9C)-H(9CC) 109.5 

H(9CA)-C(9C)-H(9CB) 109.5 

H(9CA)-C(9C)-H(9CC) 109.5 

H(9CB)-C(9C)-H(9CC) 109.5 

C(11C)-C(10C)-S(1C) 119.9(3) 

C(11C)-C(10C)-C(15C) 120.2(3) 

C(15C)-C(10C)-S(1C) 119.8(3) 

C(10C)-C(11C)-H(11C) 120.4 

C(12C)-C(11C)-C(10C) 119.3(3) 

C(12C)-C(11C)-H(11C) 120.4 

C(11C)-C(12C)-H(12C) 119.3 

C(13C)-C(12C)-C(11C) 121.4(3) 

C(13C)-C(12C)-H(12C) 119.3 

C(12C)-C(13C)-C(14C) 119.0(3) 

C(12C)-C(13C)-C(16C) 120.3(3) 

C(14C)-C(13C)-C(16C) 120.7(3) 

C(13C)-C(14C)-H(14C) 119.7 

C(15C)-C(14C)-C(13C) 120.7(3) 



Appendix 4—X-ray Crystallography Reports Relevant to Chapter 1  

  

196 

C(15C)-C(14C)-H(14C) 119.7 

C(10C)-C(15C)-H(15C) 120.3 

C(14C)-C(15C)-C(10C) 119.4(3) 

C(14C)-C(15C)-H(15C) 120.3 

C(13C)-C(16C)-H(16G) 109.5 

C(13C)-C(16C)-H(16H) 109.5 

C(13C)-C(16C)-H(16I) 109.5 

H(16G)-C(16C)-H(16H) 109.5 

H(16G)-C(16C)-H(16I) 109.5 

H(16H)-C(16C)-H(16I) 109.5 

C(6C)-C(17C)-C(22C) 115.2(3) 

C(18C)-C(17C)-C(6C) 122.5(3) 

C(18C)-C(17C)-C(22C) 122.2(3) 

C(17C)-C(18C)-H(18C) 118.4 

C(17C)-C(18C)-C(19C) 123.2(4) 

C(19C)-C(18C)-H(18C) 118.4 

C(18C)-C(19C)-H(19E) 109.0 

C(18C)-C(19C)-H(19F) 109.0 

C(18C)-C(19C)-C(20C) 112.9(4) 

H(19E)-C(19C)-H(19F) 107.8 

C(20C)-C(19C)-H(19E) 109.0 

C(20C)-C(19C)-H(19F) 109.0 

C(19C)-C(20C)-H(20E) 109.1 

C(19C)-C(20C)-H(20F) 109.1 

H(20E)-C(20C)-H(20F) 107.8 

C(21C)-C(20C)-C(19C) 112.6(4) 

C(21C)-C(20C)-H(20E) 109.1 

C(21C)-C(20C)-H(20F) 109.1 

C(20C)-C(21C)-H(21E) 109.6 

C(20C)-C(21C)-H(21F) 109.6 

H(21E)-C(21C)-H(21F) 108.1 

C(22C)-C(21C)-C(20C) 110.2(3) 

C(22C)-C(21C)-H(21E) 109.6 

C(22C)-C(21C)-H(21F) 109.6 

C(17C)-C(22C)-H(22E) 109.0 

C(17C)-C(22C)-H(22F) 109.0 



Appendix 4—X-ray Crystallography Reports Relevant to Chapter 1  

  

197 

C(21C)-C(22C)-C(17C) 113.1(3) 

C(21C)-C(22C)-H(22E) 109.0 

C(21C)-C(22C)-H(22F) 109.0 

H(22E)-C(22C)-H(22F) 107.8 

O(3D)-S(1D)-O(4D) 119.56(16) 

O(3D)-S(1D)-N(2D) 104.59(14) 

O(3D)-S(1D)-C(10D) 111.06(15) 

O(4D)-S(1D)-N(2D) 107.65(14) 

O(4D)-S(1D)-C(10D) 108.15(15) 

N(2D)-S(1D)-C(10D) 104.75(15) 

C(7D)-O(1D)-C(5D) 111.1(3) 

C(8D)-N(1D)-N(2D) 115.5(2) 

S(1D)-N(2D)-H(2D) 113.3 

N(1D)-N(2D)-S(1D) 111.66(19) 

N(1D)-N(2D)-H(2D) 113.2 

C(2D)-C(1D)-C(6D) 59.1(2) 

C(7D)-C(1D)-C(2D) 116.5(3) 

C(7D)-C(1D)-C(6D) 106.5(3) 

C(8D)-C(1D)-C(2D) 120.8(3) 

C(8D)-C(1D)-C(6D) 121.9(3) 

C(8D)-C(1D)-C(7D) 117.8(3) 

C(1D)-C(2D)-H(2DA) 117.7 

C(1D)-C(2D)-C(3D) 120.0(3) 

C(3D)-C(2D)-H(2DA) 117.7 

C(6D)-C(2D)-C(1D) 60.6(2) 

C(6D)-C(2D)-H(2DA) 117.7 

C(6D)-C(2D)-C(3D) 109.5(3) 

C(2D)-C(3D)-H(3DA) 110.9 

C(2D)-C(3D)-H(3DB) 110.9 

C(2D)-C(3D)-C(4D) 104.3(3) 

H(3DA)-C(3D)-H(3DB) 108.9 

C(4D)-C(3D)-H(3DA) 110.9 

C(4D)-C(3D)-H(3DB) 110.9 

C(3D)-C(4D)-H(4DA) 111.2 

C(3D)-C(4D)-H(4DB) 111.2 

H(4DA)-C(4D)-H(4DB) 109.1 
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C(5D)-C(4D)-C(3D) 103.0(3) 

C(5D)-C(4D)-H(4DA) 111.2 

C(5D)-C(4D)-H(4DB) 111.2 

O(1D)-C(5D)-C(4D) 107.0(3) 

O(1D)-C(5D)-H(5D) 112.6 

O(1D)-C(5D)-C(6D) 106.8(3) 

C(4D)-C(5D)-H(5D) 112.6 

C(4D)-C(5D)-C(6D) 104.6(3) 

C(6D)-C(5D)-H(5D) 112.6 

C(1D)-C(6D)-C(5D) 102.6(3) 

C(2D)-C(6D)-C(1D) 60.3(2) 

C(2D)-C(6D)-C(5D) 103.0(3) 

C(17D)-C(6D)-C(1D) 122.3(3) 

C(17D)-C(6D)-C(2D) 127.1(3) 

C(17D)-C(6D)-C(5D) 123.8(3) 

O(1D)-C(7D)-C(1D) 110.4(3) 

O(2D)-C(7D)-O(1D) 122.8(3) 

O(2D)-C(7D)-C(1D) 126.8(3) 

N(1D)-C(8D)-C(1D) 116.4(3) 

N(1D)-C(8D)-C(9D) 125.6(3) 

C(9D)-C(8D)-C(1D) 118.0(3) 

C(8D)-C(9D)-H(9DA) 109.5 

C(8D)-C(9D)-H(9DB) 109.5 

C(8D)-C(9D)-H(9DC) 109.5 

H(9DA)-C(9D)-H(9DB) 109.5 

H(9DA)-C(9D)-H(9DC) 109.5 

H(9DB)-C(9D)-H(9DC) 109.5 

C(11D)-C(10D)-S(1D) 121.4(3) 

C(11D)-C(10D)-C(15D) 120.4(3) 

C(15D)-C(10D)-S(1D) 118.2(2) 

C(10D)-C(11D)-H(11D) 120.6 

C(12D)-C(11D)-C(10D) 118.8(3) 

C(12D)-C(11D)-H(11D) 120.6 

C(11D)-C(12D)-H(12D) 119.0 

C(11D)-C(12D)-C(13D) 121.9(3) 

C(13D)-C(12D)-H(12D) 119.0 
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C(12D)-C(13D)-C(14D) 118.0(4) 

C(12D)-C(13D)-C(16D) 121.3(3) 

C(14D)-C(13D)-C(16D) 120.7(3) 

C(13D)-C(14D)-H(14D) 119.3 

C(15D)-C(14D)-C(13D) 121.4(3) 

C(15D)-C(14D)-H(14D) 119.3 

C(10D)-C(15D)-H(15D) 120.4 

C(14D)-C(15D)-C(10D) 119.3(3) 

C(14D)-C(15D)-H(15D) 120.4 

C(13D)-C(16D)-H(16J) 109.5 

C(13D)-C(16D)-H(16K) 109.5 

C(13D)-C(16D)-H(16L) 109.5 

H(16J)-C(16D)-H(16K) 109.5 

H(16J)-C(16D)-H(16L) 109.5 

H(16K)-C(16D)-H(16L) 109.5 

C(6D)-C(17D)-C(22D) 115.7(3) 

C(18D)-C(17D)-C(6D) 122.0(3) 

C(18D)-C(17D)-C(22D) 122.2(4) 

C(17D)-C(18D)-H(18D) 118.0 

C(17D)-C(18D)-C(19D) 123.9(4) 

C(19D)-C(18D)-H(18D) 118.0 

C(18D)-C(19D)-H(19G) 109.1 

C(18D)-C(19D)-H(19H) 109.1 

H(19G)-C(19D)-H(19H) 107.8 

C(20D)-C(19D)-C(18D) 112.7(5) 

C(20D)-C(19D)-H(19G) 109.1 

C(20D)-C(19D)-H(19H) 109.1 

C(19D)-C(20D)-H(20G) 106.7 

C(19D)-C(20D)-H(20H) 106.7 

H(20G)-C(20D)-H(20H) 106.6 

C(21D)-C(20D)-C(19D) 122.5(6) 

C(21D)-C(20D)-H(20G) 106.7 

C(21D)-C(20D)-H(20H) 106.7 

C(20D)-C(21D)-H(21G) 106.9 

C(20D)-C(21D)-H(21H) 106.9 

C(20D)-C(21D)-C(22D) 121.8(6) 
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H(21G)-C(21D)-H(21H) 106.7 

C(22D)-C(21D)-H(21G) 106.9 

C(22D)-C(21D)-H(21H) 106.9 

C(17D)-C(22D)-H(22G) 109.1 

C(17D)-C(22D)-H(22H) 109.1 

C(21D)-C(22D)-C(17D) 112.7(5) 

C(21D)-C(22D)-H(22G) 109.1 

C(21D)-C(22D)-H(22H) 109.1 

H(22G)-C(22D)-H(22H) 107.8 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Table A4.1.4.  Anisotropic displacement parameters  (Å2x 104) for 42.  The 

anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h 

k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

S(1) 133(3)  254(4) 66(3)  3(3) 22(2)  -17(3) 

O(1) 151(10)  238(12) 190(11)  9(9) 3(8)  -10(9) 

O(2) 222(12)  188(11) 224(12)  -5(9) 21(9)  41(9) 

O(3) 224(11)  294(12) 55(9)  -20(8) 28(8)  -9(9) 

O(4) 185(11)  310(13) 141(10)  45(9) 23(8)  -45(10) 

N(1) 136(11)  208(12) 84(10)  3(9) 40(9)  8(9) 

N(2) 140(11)  239(13) 86(10)  37(9) 19(9)  -9(10) 

C(1) 176(13)  137(13) 78(11)  13(9) 4(10)  1(10) 

C(2) 192(14)  168(14) 124(13)  29(10) 1(10)  13(11) 

C(3) 272(16)  211(15) 122(13)  61(11) 19(12)  -11(13) 

C(4) 280(17)  236(16) 147(14)  57(12) 49(12)  -71(13) 

C(5) 203(15)  211(15) 132(13)  7(11) 8(11)  -42(12) 

C(6) 188(14)  152(13) 107(12)  21(10) 20(10)  -9(11) 

C(7) 167(13)  179(14) 104(12)  55(10) -9(10)  -5(11) 

C(8) 172(13)  148(13) 76(11)  10(10) 23(10)  14(10) 

C(9) 220(15)  229(16) 158(14)  64(12) -35(12)  -28(12) 

C(10) 135(13)  242(15) 110(12)  -11(11) 18(10)  9(11) 

C(11) 231(16)  301(18) 153(14)  -9(13) 99(12)  0(13) 

C(12) 219(16)  311(18) 199(15)  -51(13) 86(13)  11(14) 

C(13) 143(14)  293(17) 209(15)  -45(13) -36(12)  42(12) 

C(14) 400(20)  291(18) 116(14)  14(13) 19(13)  46(16) 

C(15) 335(19)  276(17) 82(13)  7(12) 46(12)  74(14) 

C(16) 253(17)  330(20) 279(18)  -45(15) -47(14)  56(15) 

C(17) 266(16)  146(13) 136(13)  -2(11) 54(11)  -26(12) 

C(18) 317(18)  211(16) 212(16)  10(13) 50(14)  32(14) 

C(19) 290(19)  390(20) 310(20)  -10(17) 151(16)  44(16) 

C(20) 400(20)  299(19) 213(17)  -54(14) 147(15)  -23(16) 
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C(21) 307(19)  342(19) 157(15)  -6(14) 48(13)  -26(15) 

C(22) 275(17)  242(16) 108(13)  -7(11) 14(12)  -20(13) 

S(1B) 152(3)  264(4) 64(3)  30(3) 25(2)  61(3) 

O(1B) 150(11)  249(12) 303(13)  -28(10) -14(9)  44(9) 

O(2B) 212(12)  212(12) 299(13)  -30(10) 54(10)  -37(9) 

O(3B) 216(12)  326(13) 139(10)  10(9) 49(9)  112(10) 

O(4B) 230(12)  362(14) 55(9)  64(9) 37(8)  61(10) 

N(1B) 157(11)  174(12) 101(10)  15(9) 37(9)  45(9) 

N(2B) 141(11)  200(12) 82(10)  8(9) 16(8)  46(9) 

C(1B) 151(13)  144(13) 110(12)  7(10) 2(10)  18(10) 

C(2B) 203(14)  154(13) 158(13)  -29(11) 23(11)  -6(11) 

C(3B) 284(17)  194(15) 200(15)  -36(12) 49(13)  23(13) 

C(4B) 294(18)  209(16) 278(18)  -44(13) 44(14)  98(14) 

C(5B) 205(15)  218(16) 226(16)  -14(12) -23(12)  81(12) 

C(6B) 203(14)  144(13) 136(13)  2(10) -3(11)  33(11) 

C(7B) 150(13)  203(15) 168(14)  -52(11) 10(11)  -3(11) 

C(8B) 155(13)  145(13) 110(12)  3(10) 27(10)  19(10) 

C(9B) 216(15)  221(15) 112(13)  -33(11) -15(11)  26(12) 

C(10B) 144(13)  277(16) 91(12)  18(11) 18(10)  29(12) 

C(11B) 328(19)  342(19) 90(13)  -4(13) 63(12)  25(15) 

C(12B) 304(19)  350(20) 131(14)  -48(13) 19(13)  12(15) 

C(13B) 137(14)  348(19) 188(15)  -16(13) 9(11)  -17(13) 

C(14B) 269(18)  390(20) 133(14)  12(14) 64(13)  -59(15) 

C(15B) 273(17)  340(19) 95(13)  -12(12) 51(12)  -22(14) 

C(16B) 273(18)  350(20) 256(18)  -52(15) 74(14)  -79(15) 

C(17B) 357(19)  154(14) 139(14)  10(11) 53(13)  38(13) 

C(18B) 390(20)  330(20) 219(17)  -4(15) 153(15)  -23(17) 

C(19B) 480(30)  520(30) 350(20)  40(20) 230(20)  0(20) 

C(20B) 980(50)  440(30) 350(20)  160(20) 370(30)  220(30) 

C(21B) 890(40)  430(30) 210(20)  9(18) 100(20)  190(30) 

C(22B) 520(30)  284(19) 156(15)  41(14) -10(16)  79(18) 

S(1C) 139(3)  267(4) 73(3)  28(3) 19(2)  57(3) 

O(1C) 99(9)  207(11) 193(11)  -16(9) 21(8)  -7(8) 

O(2C) 210(11)  191(11) 169(11)  16(8) 36(9)  -34(9) 

O(3C) 224(11)  314(13) 83(9)  45(9) 25(8)  51(10) 

O(4C) 181(11)  369(14) 162(11)  11(10) 26(9)  118(10) 
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N(1C) 124(11)  270(14) 83(10)  12(10) 26(8)  46(10) 

N(2C) 161(12)  249(13) 82(10)  9(9) 19(9)  57(10) 

C(1C) 117(12)  152(13) 87(11)  13(10) 2(9)  -13(10) 

C(2C) 131(12)  179(13) 105(12)  -4(10) 4(10)  -24(10) 

C(3C) 191(14)  212(15) 119(13)  -34(11) 33(11)  9(12) 

C(4C) 195(15)  191(15) 181(14)  -21(11) 36(11)  41(12) 

C(5C) 135(13)  163(13) 154(13)  5(11) 3(10)  21(10) 

C(6C) 137(12)  136(13) 104(12)  -17(10) 21(10)  7(10) 

C(7C) 117(12)  168(13) 111(12)  -30(10) 4(9)  -16(10) 

C(8C) 136(12)  194(14) 72(11)  27(10) 16(9)  15(10) 

C(9C) 220(15)  276(17) 137(13)  -68(12) 13(11)  42(13) 

C(10C) 128(13)  283(16) 106(12)  33(11) 21(10)  49(11) 

C(11C) 263(17)  338(19) 174(15)  40(13) 119(13)  77(14) 

C(12C) 251(17)  370(20) 238(17)  106(15) 132(14)  30(15) 

C(13C) 151(14)  300(17) 172(14)  73(13) -10(11)  -24(12) 

C(14C) 294(18)  317(19) 147(14)  -6(13) 52(13)  12(14) 

C(15C) 294(18)  318(18) 116(13)  15(12) 89(12)  7(14) 

C(16C) 243(17)  306(19) 266(18)  81(15) 25(14)  -13(14) 

C(17C) 231(15)  155(13) 128(13)  4(10) 55(11)  21(11) 

C(18C) 311(19)  276(18) 242(17)  5(14) 119(14)  -65(15) 

C(19C) 410(20)  420(20) 410(20)  36(19) 260(20)  -50(19) 

C(20C) 590(30)  390(20) 270(20)  68(17) 240(20)  60(20) 

C(21C) 450(20)  370(20) 174(16)  16(15) 73(16)  67(18) 

C(22C) 349(19)  272(17) 127(14)  25(12) 7(13)  82(15) 

S(1D) 142(3)  273(4) 75(3)  -2(3) 25(2)  -10(3) 

O(1D) 155(11)  219(12) 284(13)  34(10) -19(9)  -33(9) 

O(2D) 211(11)  179(11) 254(12)  44(9) 45(9)  25(9) 

O(3D) 174(11)  306(13) 172(11)  15(9) 39(9)  -39(10) 

O(4D) 232(12)  362(14) 84(9)  -36(9) 53(8)  -12(10) 

N(1D) 130(11)  235(13) 88(10)  28(9) 38(9)  5(10) 

N(2D) 147(11)  226(13) 78(10)  16(9) 23(8)  -9(10) 

C(1D) 169(13)  152(13) 101(12)  27(10) 3(10)  17(11) 

C(2D) 203(15)  227(15) 106(12)  61(11) 7(11)  47(12) 

C(3D) 286(17)  241(16) 154(14)  73(12) 49(12)  34(13) 

C(4D) 327(19)  214(16) 205(16)  54(13) 11(14)  -26(14) 

C(5D) 241(16)  201(15) 196(15)  34(12) -11(12)  -37(12) 
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C(6D) 236(15)  167(14) 118(13)  32(11) -2(11)  12(12) 

C(7D) 171(14)  182(14) 156(13)  73(11) -10(11)  -9(11) 

C(8D) 146(13)  189(14) 77(11)  6(10) 24(10)  9(11) 

C(9D) 208(15)  271(16) 125(13)  53(12) -28(11)  -12(13) 

C(10D) 138(13)  247(15) 70(11)  22(10) -7(10)  26(11) 

C(11D) 380(20)  360(20) 88(13)  32(13) 60(13)  9(16) 

C(12D) 390(20)  360(20) 130(15)  68(14) 58(14)  16(17) 

C(13D) 154(14)  320(18) 173(14)  25(13) 6(11)  12(13) 

C(14D) 264(17)  350(20) 160(15)  36(13) 84(13)  68(15) 

C(15D) 268(17)  337(19) 99(13)  49(12) 58(12)  61(14) 

C(16D) 265(18)  360(20) 227(17)  82(15) 67(14)  64(15) 

C(17D) 370(19)  170(15) 150(14)  20(11) 46(13)  -1(13) 

C(18D) 450(20)  400(20) 211(17)  42(16) 135(16)  141(19) 

C(19D) 680(40)  590(30) 350(20)  0(20) 280(20)  140(30) 

C(20D) 1780(100)  2350(130) 280(30)  100(50) 410(50)  1470(100) 

C(21D) 790(50)  2530(130) 110(20)  270(40) 50(30)  -420(70) 

C(22D) 570(30)  320(20) 159(16)  -24(14) -60(17)  -61(19) 
______________________________________________________________________________ 
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Table A4.1.5.  Hydrogen coordinates ( x 104) and isotropic  displacement 

parameters (Å2x 10 3) for 42. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(2) 2151 864 2106 19 

H(2A) 3032 2765 1151 19 

H(3A) 3806 3296 -195 24 

H(3B) 4198 2645 -325 24 

H(4A) 5080 3196 832 26 

H(4B) 4548 3627 1581 26 

H(5) 4915 2910 3254 22 

H(9A) 3044 794 3349 31 

H(9B) 3099 1403 4276 31 

H(9C) 3778 1136 3654 31 

H(11) 843 2144 2850 27 

H(12) 529 3181 2787 29 

H(14) 1069 3307 -1038 32 

H(15) 1353 2254 -1026 28 

H(16A) 906 4254 1448 43 

H(16B) 106 4062 1187 43 

H(16C) 574 4180 -56 43 

H(18) 2658 3047 3227 29 

H(19A) 2229 2714 5419 39 

H(19B) 2363 3447 5347 39 

H(20A) 2841 2923 7371 36 

H(20B) 3347 3406 6689 36 

H(21A) 3371 2088 6320 32 

H(21B) 3938 2480 7224 32 

H(22A) 4369 2943 5385 25 

H(22B) 4292 2222 5007 25 

H(2B) 2194 1708 7071 17 

H(2BA) 2899 -233 5965 21 
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H(3BA) 4133 -157 4690 27 

H(3BB) 3674 -788 4694 27 

H(4BA) 4312 -1182 6502 31 

H(4BB) 4913 -760 5901 31 

H(5B) 4663 -522 8318 26 

H(9BA) 3020 1044 9305 28 

H(9BB) 3031 1677 8469 28 

H(9BC) 3733 1304 8779 28 

H(11B) 1162 336 3931 30 

H(12B) 826 -705 3994 31 

H(14B) 553 -563 7954 31 

H(15B) 892 470 7940 28 

H(16D) 831 -1663 6385 44 

H(16E) 304 -1558 5104 44 

H(16F) 51 -1461 6585 44 

H(18B) 2420 -584 7800 37 

H(19C) 1959 -1060 9716 53 

H(19D) 1853 -331 9919 53 

H(20C) 2366 -638 11953 69 

H(20D) 2895 -1084 11261 69 

H(21C) 3481 -201 12141 61 

H(21D) 2974 238 11248 61 

H(22C) 3949 178 10086 38 

H(22D) 4009 -554 10317 38 

H(2C) 1995 6475 7039 20 

H(2CA) 2945 4632 6096 17 

H(3CA) 4115 4817 4661 21 

H(3CB) 3752 4143 4778 21 

H(4CA) 4497 3857 6549 23 

H(4CB) 5011 4330 5839 23 

H(5C) 4802 4580 8267 18 

H(9CA) 2869 6596 8327 32 

H(9CB) 3617 6301 8637 32 

H(9CC) 2951 5992 9250 32 

H(11C) 466 5142 7426 30 

H(12C) 280 4069 7352 34 
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H(14C) 1354 3947 4028 30 

H(15C) 1532 5024 4056 29 

H(16G) 675 3053 6579 41 

H(16H) 1026 3010 5173 41 

H(16I) 210 3123 5203 41 

H(18C) 2561 4301 8105 33 

H(19E) 2276 3837 10184 48 

H(19F) 2071 4552 10284 48 

H(20E) 2684 4398 12264 49 

H(20F) 3232 3961 11602 49 

H(21E) 3184 5282 11293 39 

H(21F) 3762 4922 12202 39 

H(22E) 4229 4499 10366 30 

H(22F) 4126 5218 10021 30 

H(2D) 2123 5637 2009 18 

H(2DA) 2797 7637 1036 21 

H(3DA) 3554 8210 -259 27 

H(3DB) 4013 7591 -292 27 

H(4DA) 4814 8218 898 30 

H(4DB) 4223 8628 1531 30 

H(5D) 4591 7973 3329 26 

H(9DA) 2900 6357 4297 30 

H(9DB) 3632 6141 3812 30 

H(9DC) 2951 5725 3464 30 

H(11D) 1168 6978 -1103 33 

H(12D) 872 8021 -999 35 

H(14D) 442 7829 2877 31 

H(15D) 743 6790 2814 28 

H(16J) 854 8955 1347 42 

H(16K) 73 8761 1612 42 

H(16L) 296 8852 108 42 

H(18D) 2345 7990 2887 42 

H(19G) 1960 8478 4879 63 

H(19H) 1749 7757 4920 63 

H(20G) 2647 8414 6583 173 

H(20H) 2250 7781 6855 173 
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H(21G) 3058 7264 6626 137 

H(21H) 3442 7894 7082 137 

H(22G) 3815 7226 5183 43 

H(22H) 3992 7952 5305 43 

________________________________________________________________________________  
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Table A4.1.6.  Torsion angles [°] for 42. 

________________________________________________________________  

S(1)-C(10)-C(11)-C(12) -178.4(3) 

S(1)-C(10)-C(15)-C(14) 179.5(3) 

O(1)-C(5)-C(6)-C(1) -16.3(3) 

O(1)-C(5)-C(6)-C(2) -78.3(3) 

O(1)-C(5)-C(6)-C(17) 125.3(3) 

O(3)-S(1)-N(2)-N(1) 59.8(2) 

O(3)-S(1)-C(10)-C(11) 175.7(3) 

O(3)-S(1)-C(10)-C(15) -3.7(3) 

O(4)-S(1)-N(2)-N(1) -172.9(2) 

O(4)-S(1)-C(10)-C(11) 44.0(3) 

O(4)-S(1)-C(10)-C(15) -135.3(3) 

N(2)-S(1)-C(10)-C(11) -69.3(3) 

N(2)-S(1)-C(10)-C(15) 111.3(3) 

N(2)-N(1)-C(8)-C(1) -176.8(2) 

N(2)-N(1)-C(8)-C(9) 0.0(4) 

C(1)-C(2)-C(3)-C(4) -74.8(4) 

C(1)-C(2)-C(6)-C(5) 97.5(3) 

C(1)-C(2)-C(6)-C(17) -108.5(4) 

C(1)-C(6)-C(17)-C(18) -78.9(4) 

C(1)-C(6)-C(17)-C(22) 95.2(4) 

C(2)-C(1)-C(6)-C(5) -97.9(3) 

C(2)-C(1)-C(6)-C(17) 120.2(3) 

C(2)-C(1)-C(7)-O(1) 55.8(3) 

C(2)-C(1)-C(7)-O(2) -125.2(3) 

C(2)-C(1)-C(8)-N(1) 31.1(4) 

C(2)-C(1)-C(8)-C(9) -146.0(3) 

C(2)-C(3)-C(4)-C(5) 30.1(3) 

C(2)-C(6)-C(17)-C(18) -3.2(5) 

C(2)-C(6)-C(17)-C(22) 170.9(3) 

C(3)-C(2)-C(6)-C(1) -113.6(3) 

C(3)-C(2)-C(6)-C(5) -16.1(3) 

C(3)-C(2)-C(6)-C(17) 138.0(3) 
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C(3)-C(4)-C(5)-O(1) 71.8(3) 

C(3)-C(4)-C(5)-C(6) -40.7(3) 

C(4)-C(5)-C(6)-C(1) 97.2(3) 

C(4)-C(5)-C(6)-C(2) 35.1(3) 

C(4)-C(5)-C(6)-C(17) -121.2(3) 

C(5)-O(1)-C(7)-O(2) 177.4(3) 

C(5)-O(1)-C(7)-C(1) -3.6(3) 

C(5)-C(6)-C(17)-C(18) 146.5(3) 

C(5)-C(6)-C(17)-C(22) -39.4(4) 

C(6)-C(1)-C(2)-C(3) 96.7(3) 

C(6)-C(1)-C(7)-O(1) -7.4(3) 

C(6)-C(1)-C(7)-O(2) 171.6(3) 

C(6)-C(1)-C(8)-N(1) 100.8(3) 

C(6)-C(1)-C(8)-C(9) -76.3(4) 

C(6)-C(2)-C(3)-C(4) -8.4(3) 

C(6)-C(17)-C(18)-C(19) 174.4(3) 

C(6)-C(17)-C(22)-C(21) -156.5(3) 

C(7)-O(1)-C(5)-C(4) -98.2(3) 

C(7)-O(1)-C(5)-C(6) 12.9(3) 

C(7)-C(1)-C(2)-C(3) 3.1(4) 

C(7)-C(1)-C(2)-C(6) -93.6(3) 

C(7)-C(1)-C(6)-C(2) 112.2(3) 

C(7)-C(1)-C(6)-C(5) 14.3(3) 

C(7)-C(1)-C(6)-C(17) -127.6(3) 

C(7)-C(1)-C(8)-N(1) -124.7(3) 

C(7)-C(1)-C(8)-C(9) 58.2(4) 

C(8)-N(1)-N(2)-S(1) -179.1(2) 

C(8)-C(1)-C(2)-C(3) -153.0(3) 

C(8)-C(1)-C(2)-C(6) 110.3(3) 

C(8)-C(1)-C(6)-C(2) -108.6(3) 

C(8)-C(1)-C(6)-C(5) 153.5(3) 

C(8)-C(1)-C(6)-C(17) 11.7(4) 

C(8)-C(1)-C(7)-O(1) -147.8(3) 

C(8)-C(1)-C(7)-O(2) 31.2(4) 

C(10)-S(1)-N(2)-N(1) -55.9(2) 

C(10)-C(11)-C(12)-C(13) -0.9(6) 



Appendix 4—X-ray Crystallography Reports Relevant to Chapter 1  

  

211 

C(11)-C(10)-C(15)-C(14) 0.2(5) 

C(11)-C(12)-C(13)-C(14) -0.3(6) 

C(11)-C(12)-C(13)-C(16) -179.0(3) 

C(12)-C(13)-C(14)-C(15) 1.5(6) 

C(13)-C(14)-C(15)-C(10) -1.4(6) 

C(15)-C(10)-C(11)-C(12) 0.9(5) 

C(16)-C(13)-C(14)-C(15) -179.8(4) 

C(17)-C(18)-C(19)-C(20) 11.2(6) 

C(18)-C(17)-C(22)-C(21) 17.6(5) 

C(18)-C(19)-C(20)-C(21) -40.8(5) 

C(19)-C(20)-C(21)-C(22) 59.6(4) 

C(20)-C(21)-C(22)-C(17) -47.0(4) 

C(22)-C(17)-C(18)-C(19) 0.7(6) 

S(1B)-C(10B)-C(11B)-C(12B) 179.2(3) 

S(1B)-C(10B)-C(15B)-C(14B) -179.5(3) 

O(1B)-C(5B)-C(6B)-C(1B) 16.8(3) 

O(1B)-C(5B)-C(6B)-C(2B) 79.2(3) 

O(1B)-C(5B)-C(6B)-C(17B) -126.8(3) 

O(3B)-S(1B)-N(2B)-N(1B) 171.6(2) 

O(3B)-S(1B)-C(10B)-C(11B) 131.4(3) 

O(3B)-S(1B)-C(10B)-C(15B) -48.5(3) 

O(4B)-S(1B)-N(2B)-N(1B) -60.4(2) 

O(4B)-S(1B)-C(10B)-C(11B) -1.1(3) 

O(4B)-S(1B)-C(10B)-C(15B) 179.0(3) 

N(2B)-S(1B)-C(10B)-C(11B) -116.4(3) 

N(2B)-S(1B)-C(10B)-C(15B) 63.7(3) 

N(2B)-N(1B)-C(8B)-C(1B) 177.0(2) 

N(2B)-N(1B)-C(8B)-C(9B) 0.0(4) 

C(1B)-C(2B)-C(3B)-C(4B) 73.9(4) 

C(1B)-C(2B)-C(6B)-C(5B) -96.9(3) 

C(1B)-C(2B)-C(6B)-C(17B) 110.3(4) 

C(1B)-C(6B)-C(17B)-C(18B) 81.9(4) 

C(1B)-C(6B)-C(17B)-C(22B) -94.4(4) 

C(2B)-C(1B)-C(6B)-C(5B) 97.8(3) 

C(2B)-C(1B)-C(6B)-C(17B) -117.9(4) 

C(2B)-C(1B)-C(7B)-O(1B) -56.5(4) 
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C(2B)-C(1B)-C(7B)-O(2B) 124.7(4) 

C(2B)-C(1B)-C(8B)-N(1B) -31.3(4) 

C(2B)-C(1B)-C(8B)-C(9B) 146.0(3) 

C(2B)-C(3B)-C(4B)-C(5B) -29.0(4) 

C(2B)-C(6B)-C(17B)-C(18B) 5.9(5) 

C(2B)-C(6B)-C(17B)-C(22B) -170.4(3) 

C(3B)-C(2B)-C(6B)-C(1B) 113.5(3) 

C(3B)-C(2B)-C(6B)-C(5B) 16.6(3) 

C(3B)-C(2B)-C(6B)-C(17B) -136.2(3) 

C(3B)-C(4B)-C(5B)-O(1B) -73.4(3) 

C(3B)-C(4B)-C(5B)-C(6B) 40.3(4) 

C(4B)-C(5B)-C(6B)-C(1B) -97.2(3) 

C(4B)-C(5B)-C(6B)-C(2B) -34.9(3) 

C(4B)-C(5B)-C(6B)-C(17B) 119.2(3) 

C(5B)-O(1B)-C(7B)-O(2B) -176.7(3) 

C(5B)-O(1B)-C(7B)-C(1B) 4.3(4) 

C(5B)-C(6B)-C(17B)-C(18B) -141.5(4) 

C(5B)-C(6B)-C(17B)-C(22B) 42.2(4) 

C(6B)-C(1B)-C(2B)-C(3B) -97.0(3) 

C(6B)-C(1B)-C(7B)-O(1B) 6.9(3) 

C(6B)-C(1B)-C(7B)-O(2B) -171.9(3) 

C(6B)-C(1B)-C(8B)-N(1B) -100.8(3) 

C(6B)-C(1B)-C(8B)-C(9B) 76.5(4) 

C(6B)-C(2B)-C(3B)-C(4B) 7.6(4) 

C(6B)-C(17B)-C(18B)-C(19B) -176.7(4) 

C(6B)-C(17B)-C(22B)-C(21B) 160.8(3) 

C(7B)-O(1B)-C(5B)-C(4B) 98.1(3) 

C(7B)-O(1B)-C(5B)-C(6B) -13.9(4) 

C(7B)-C(1B)-C(2B)-C(3B) -2.7(4) 

C(7B)-C(1B)-C(2B)-C(6B) 94.3(3) 

C(7B)-C(1B)-C(6B)-C(2B) -112.2(3) 

C(7B)-C(1B)-C(6B)-C(5B) -14.4(3) 

C(7B)-C(1B)-C(6B)-C(17B) 129.9(3) 

C(7B)-C(1B)-C(8B)-N(1B) 125.5(3) 

C(7B)-C(1B)-C(8B)-C(9B) -57.2(4) 

C(8B)-N(1B)-N(2B)-S(1B) -174.5(2) 
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C(8B)-C(1B)-C(2B)-C(3B) 154.2(3) 

C(8B)-C(1B)-C(2B)-C(6B) -108.8(3) 

C(8B)-C(1B)-C(6B)-C(2B) 109.7(3) 

C(8B)-C(1B)-C(6B)-C(5B) -152.4(3) 

C(8B)-C(1B)-C(6B)-C(17B) -8.1(5) 

C(8B)-C(1B)-C(7B)-O(1B) 146.0(3) 

C(8B)-C(1B)-C(7B)-O(2B) -32.8(5) 

C(10B)-S(1B)-N(2B)-N(1B) 55.6(2) 

C(10B)-C(11B)-C(12B)-C(13B) 0.2(6) 

C(11B)-C(10B)-C(15B)-C(14B) 0.6(5) 

C(11B)-C(12B)-C(13B)-C(14B) 0.7(6) 

C(11B)-C(12B)-C(13B)-C(16B) 179.8(4) 

C(12B)-C(13B)-C(14B)-C(15B) -1.0(6) 

C(13B)-C(14B)-C(15B)-C(10B) 0.4(6) 

C(15B)-C(10B)-C(11B)-C(12B) -0.9(5) 

C(16B)-C(13B)-C(14B)-C(15B) 179.9(4) 

C(17B)-C(18B)-C(19B)-C(20B) -12.3(7) 

C(18B)-C(17B)-C(22B)-C(21B) -15.5(6) 

C(18B)-C(19B)-C(20B)-C(21B) 42.1(6) 

C(19B)-C(20B)-C(21B)-C(22B) -59.4(6) 

C(20B)-C(21B)-C(22B)-C(17B) 44.9(5) 

C(22B)-C(17B)-C(18B)-C(19B) -0.7(6) 

S(1C)-C(10C)-C(11C)-C(12C) -176.7(3) 

S(1C)-C(10C)-C(15C)-C(14C) 176.1(3) 

O(1C)-C(5C)-C(6C)-C(1C) 16.8(3) 

O(1C)-C(5C)-C(6C)-C(2C) 79.0(3) 

O(1C)-C(5C)-C(6C)-C(17C) -124.9(3) 

O(3C)-S(1C)-N(2C)-N(1C) -60.3(2) 

O(3C)-S(1C)-C(10C)-C(11C) -162.5(3) 

O(3C)-S(1C)-C(10C)-C(15C) 20.8(3) 

O(4C)-S(1C)-N(2C)-N(1C) 172.4(2) 

O(4C)-S(1C)-C(10C)-C(11C) -30.2(3) 

O(4C)-S(1C)-C(10C)-C(15C) 153.0(3) 

N(2C)-S(1C)-C(10C)-C(11C) 82.7(3) 

N(2C)-S(1C)-C(10C)-C(15C) -94.0(3) 

N(2C)-N(1C)-C(8C)-C(1C) 176.7(2) 
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N(2C)-N(1C)-C(8C)-C(9C) -1.1(5) 

C(1C)-C(2C)-C(3C)-C(4C) 74.0(3) 

C(1C)-C(2C)-C(6C)-C(5C) -96.8(2) 

C(1C)-C(2C)-C(6C)-C(17C) 109.0(3) 

C(1C)-C(6C)-C(17C)-C(18C) 80.7(4) 

C(1C)-C(6C)-C(17C)-C(22C) -95.1(4) 

C(2C)-C(1C)-C(6C)-C(5C) 98.2(2) 

C(2C)-C(1C)-C(6C)-C(17C) -119.6(3) 

C(2C)-C(1C)-C(7C)-O(1C) -55.9(3) 

C(2C)-C(1C)-C(7C)-O(2C) 125.9(3) 

C(2C)-C(1C)-C(8C)-N(1C) -31.1(4) 

C(2C)-C(1C)-C(8C)-C(9C) 146.9(3) 

C(2C)-C(3C)-C(4C)-C(5C) -28.9(3) 

C(2C)-C(6C)-C(17C)-C(18C) 4.8(5) 

C(2C)-C(6C)-C(17C)-C(22C) -171.0(3) 

C(3C)-C(2C)-C(6C)-C(1C) 113.5(3) 

C(3C)-C(2C)-C(6C)-C(5C) 16.7(3) 

C(3C)-C(2C)-C(6C)-C(17C) -137.5(3) 

C(3C)-C(4C)-C(5C)-O(1C) -73.4(3) 

C(3C)-C(4C)-C(5C)-C(6C) 40.1(3) 

C(4C)-C(5C)-C(6C)-C(1C) -97.1(3) 

C(4C)-C(5C)-C(6C)-C(2C) -34.9(3) 

C(4C)-C(5C)-C(6C)-C(17C) 121.1(3) 

C(5C)-O(1C)-C(7C)-O(2C) -177.5(3) 

C(5C)-O(1C)-C(7C)-C(1C) 4.3(3) 

C(5C)-C(6C)-C(17C)-C(18C) -144.8(3) 

C(5C)-C(6C)-C(17C)-C(22C) 39.4(4) 

C(6C)-C(1C)-C(2C)-C(3C) -97.1(3) 

C(6C)-C(1C)-C(7C)-O(1C) 7.0(3) 

C(6C)-C(1C)-C(7C)-O(2C) -171.1(3) 

C(6C)-C(1C)-C(8C)-N(1C) -100.4(3) 

C(6C)-C(1C)-C(8C)-C(9C) 77.6(4) 

C(6C)-C(2C)-C(3C)-C(4C) 7.4(3) 

C(6C)-C(17C)-C(18C)-C(19C) -176.3(4) 

C(6C)-C(17C)-C(22C)-C(21C) 156.9(3) 

C(7C)-O(1C)-C(5C)-C(4C) 97.9(3) 
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C(7C)-O(1C)-C(5C)-C(6C) -13.8(3) 

C(7C)-C(1C)-C(2C)-C(3C) -3.6(4) 

C(7C)-C(1C)-C(2C)-C(6C) 93.5(3) 

C(7C)-C(1C)-C(6C)-C(2C) -112.5(3) 

C(7C)-C(1C)-C(6C)-C(5C) -14.3(3) 

C(7C)-C(1C)-C(6C)-C(17C) 127.9(3) 

C(7C)-C(1C)-C(8C)-N(1C) 124.7(3) 

C(7C)-C(1C)-C(8C)-C(9C) -57.2(4) 

C(8C)-N(1C)-N(2C)-S(1C) 179.4(2) 

C(8C)-C(1C)-C(2C)-C(3C) 152.4(3) 

C(8C)-C(1C)-C(2C)-C(6C) -110.5(3) 

C(8C)-C(1C)-C(6C)-C(2C) 108.1(3) 

C(8C)-C(1C)-C(6C)-C(5C) -153.7(3) 

C(8C)-C(1C)-C(6C)-C(17C) -11.5(4) 

C(8C)-C(1C)-C(7C)-O(1C) 147.7(3) 

C(8C)-C(1C)-C(7C)-O(2C) -30.4(4) 

C(10C)-S(1C)-N(2C)-N(1C) 55.4(2) 

C(10C)-C(11C)-C(12C)-C(13C) 0.4(6) 

C(11C)-C(10C)-C(15C)-C(14C) -0.7(5) 

C(11C)-C(12C)-C(13C)-C(14C) -0.2(6) 

C(11C)-C(12C)-C(13C)-C(16C) -179.4(4) 

C(12C)-C(13C)-C(14C)-C(15C) -0.4(6) 

C(13C)-C(14C)-C(15C)-C(10C) 0.8(6) 

C(15C)-C(10C)-C(11C)-C(12C) 0.1(5) 

C(16C)-C(13C)-C(14C)-C(15C) 178.8(3) 

C(17C)-C(18C)-C(19C)-C(20C) -9.4(6) 

C(18C)-C(17C)-C(22C)-C(21C) -18.9(5) 

C(18C)-C(19C)-C(20C)-C(21C) 39.2(5) 

C(19C)-C(20C)-C(21C)-C(22C) -58.8(5) 

C(20C)-C(21C)-C(22C)-C(17C) 47.5(5) 

C(22C)-C(17C)-C(18C)-C(19C) -0.8(6) 

S(1D)-C(10D)-C(11D)-C(12D) -177.0(3) 

S(1D)-C(10D)-C(15D)-C(14D) 177.4(3) 

O(1D)-C(5D)-C(6D)-C(1D) -16.0(3) 

O(1D)-C(5D)-C(6D)-C(2D) -78.0(3) 

O(1D)-C(5D)-C(6D)-C(17D) 128.0(3) 
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O(3D)-S(1D)-N(2D)-N(1D) -171.3(2) 

O(3D)-S(1D)-C(10D)-C(11D) -135.3(3) 

O(3D)-S(1D)-C(10D)-C(15D) 45.8(3) 

O(4D)-S(1D)-N(2D)-N(1D) 60.6(2) 

O(4D)-S(1D)-C(10D)-C(11D) -2.3(3) 

O(4D)-S(1D)-C(10D)-C(15D) 178.8(3) 

N(2D)-S(1D)-C(10D)-C(11D) 112.3(3) 

N(2D)-S(1D)-C(10D)-C(15D) -66.6(3) 

N(2D)-N(1D)-C(8D)-C(1D) -177.8(3) 

N(2D)-N(1D)-C(8D)-C(9D) 0.2(5) 

C(1D)-C(2D)-C(3D)-C(4D) -73.8(4) 

C(1D)-C(2D)-C(6D)-C(5D) 97.3(3) 

C(1D)-C(2D)-C(6D)-C(17D) -109.8(4) 

C(1D)-C(6D)-C(17D)-C(18D) -81.7(5) 

C(1D)-C(6D)-C(17D)-C(22D) 94.4(4) 

C(2D)-C(1D)-C(6D)-C(5D) -97.9(3) 

C(2D)-C(1D)-C(6D)-C(17D) 117.4(4) 

C(2D)-C(1D)-C(7D)-O(1D) 56.8(4) 

C(2D)-C(1D)-C(7D)-O(2D) -124.6(4) 

C(2D)-C(1D)-C(8D)-N(1D) 33.1(4) 

C(2D)-C(1D)-C(8D)-C(9D) -145.1(3) 

C(2D)-C(3D)-C(4D)-C(5D) 28.8(4) 

C(2D)-C(6D)-C(17D)-C(18D) -6.6(6) 

C(2D)-C(6D)-C(17D)-C(22D) 169.5(3) 

C(3D)-C(2D)-C(6D)-C(1D) -114.1(3) 

C(3D)-C(2D)-C(6D)-C(5D) -16.9(3) 

C(3D)-C(2D)-C(6D)-C(17D) 136.0(3) 

C(3D)-C(4D)-C(5D)-O(1D) 73.0(3) 

C(3D)-C(4D)-C(5D)-C(6D) -40.0(3) 

C(4D)-C(5D)-C(6D)-C(1D) 97.2(3) 

C(4D)-C(5D)-C(6D)-C(2D) 35.2(3) 

C(4D)-C(5D)-C(6D)-C(17D) -118.8(3) 

C(5D)-O(1D)-C(7D)-O(2D) 177.0(3) 

C(5D)-O(1D)-C(7D)-C(1D) -4.2(3) 

C(5D)-C(6D)-C(17D)-C(18D) 141.0(4) 

C(5D)-C(6D)-C(17D)-C(22D) -42.8(5) 
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C(6D)-C(1D)-C(2D)-C(3D) 96.7(3) 

C(6D)-C(1D)-C(7D)-O(1D) -6.5(3) 

C(6D)-C(1D)-C(7D)-O(2D) 172.2(3) 

C(6D)-C(1D)-C(8D)-N(1D) 103.7(3) 

C(6D)-C(1D)-C(8D)-C(9D) -74.5(4) 

C(6D)-C(2D)-C(3D)-C(4D) -7.3(4) 

C(6D)-C(17D)-C(18D)-C(19D) 176.3(4) 

C(6D)-C(17D)-C(22D)-C(21D) -169.7(6) 

C(7D)-O(1D)-C(5D)-C(4D) -98.4(3) 

C(7D)-O(1D)-C(5D)-C(6D) 13.2(3) 

C(7D)-C(1D)-C(2D)-C(3D) 2.6(4) 

C(7D)-C(1D)-C(2D)-C(6D) -94.1(3) 

C(7D)-C(1D)-C(6D)-C(2D) 111.4(3) 

C(7D)-C(1D)-C(6D)-C(5D) 13.5(3) 

C(7D)-C(1D)-C(6D)-C(17D) -131.1(3) 

C(7D)-C(1D)-C(8D)-N(1D) -121.3(3) 

C(7D)-C(1D)-C(8D)-C(9D) 60.5(4) 

C(8D)-N(1D)-N(2D)-S(1D) 174.0(2) 

C(8D)-C(1D)-C(2D)-C(3D) -152.1(3) 

C(8D)-C(1D)-C(2D)-C(6D) 111.2(3) 

C(8D)-C(1D)-C(6D)-C(2D) -109.3(3) 

C(8D)-C(1D)-C(6D)-C(5D) 152.8(3) 

C(8D)-C(1D)-C(6D)-C(17D) 8.1(5) 

C(8D)-C(1D)-C(7D)-O(1D) -147.8(3) 

C(8D)-C(1D)-C(7D)-O(2D) 30.9(5) 

C(10D)-S(1D)-N(2D)-N(1D) -54.4(2) 

C(10D)-C(11D)-C(12D)-C(13D) -0.6(6) 

C(11D)-C(10D)-C(15D)-C(14D) -1.5(5) 

C(11D)-C(12D)-C(13D)-C(14D) -1.0(6) 

C(11D)-C(12D)-C(13D)-C(16D) 179.5(4) 

C(12D)-C(13D)-C(14D)-C(15D) 1.3(6) 

C(13D)-C(14D)-C(15D)-C(10D) -0.1(6) 

C(15D)-C(10D)-C(11D)-C(12D) 1.8(6) 

C(16D)-C(13D)-C(14D)-C(15D) -179.2(4) 

C(17D)-C(18D)-C(19D)-C(20D) 3.8(10) 

C(18D)-C(17D)-C(22D)-C(21D) 6.4(8) 
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C(18D)-C(19D)-C(20D)-C(21D) -17.4(16) 

C(19D)-C(20D)-C(21D)-C(22D) 27(2) 

C(20D)-C(21D)-C(22D)-C(17D) -19.8(14) 

C(22D)-C(17D)-C(18D)-C(19D) 0.4(7) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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A4.2 CRYSTAL STRUCTURE ANALYSIS OF 48 

 
48 
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Table A4.2.1.  Crystal data and structure refinement for 48. 

Empirical formula     C15H18O3 

Formula weight     246.29 

Crystallization solvent    Dichloromethane/hexane  

Crystal shape      slab 

Crystal color      colorless  

Crystal size     0.12 x 0.37 x 0.44 mm 

 

Data Collection 

Preliminary photograph(s)    rotation  

Type of diffractometer    Bruker APEX-II CCD 

Wavelength      0.71073 Å MoK 

Data collection temperature    100 K 

Theta range for 9118 reflections used 

in lattice determination    2.42 to 41.03° 

Unit cell dimensions    a = 8.0015(4) Å  α= 90° 

      b = 10.2072(6) Å  β= 90.669(3)° 

      c = 14.8838(8) Å  γ = 90° 

Volume     1215.52(11) Å3 

Z      4 

Crystal system     monoclinic 

Space group      P 1 21/c 1   (# 14) 

Density (calculated)    1.346 g/cm3 

F(000)      528 

Theta range for data collection  2.4 to 41.6° 

Completeness to theta = 25.000°  100.0%  

Index ranges     -14 £ h £ 14, -18 £ k £ 18, -27 £ l £ 27 

Data collection scan type    and scans 

Reflections collected    83376 
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Independent reflections   8050 [Rint= 0.0411] 

Reflections > 2s(I)    6562  

Average s(I)/(net I)    0.0218 

Absorption coefficient   0.09 mm-1 

Absorption correction    Semi-empirical from equivalents 

Max. and min. transmission   1.0000 and 0.9532  

Structure Solution and Refinement 

Primary solution method    dual 

Secondary solution method    ? 

Hydrogen placement     difmap 

Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   8050 / 0 / 235 

Treatment of hydrogen atoms   refall 

Goodness-of-fit on F2    1.76 

Final R indices [I>2s(I), 6562 reflections] R1 = 0.0379, wR2 = 0.1076 

R indices (all data)    R1 = 0.0511, wR2 = 0.1117 

Type of weighting scheme used  calc 

Weighting scheme used   

Max shift/error     0.001 

Average shift/error     0.000 

Extinction coefficient    n/a 

Largest diff. peak and hole   0.73 and -0.25 e·Å-3 

 

Programs Used 
Cell refinement     SAINT V8.27B (Bruker-AXS, 2007) 

Data collection     APEX2 2012.4-3 (Bruker-AXS, 2007) 

Data reduction     SAINT V8.27B (Bruker-AXS, 2007) 

Structure solution     SHELXT (Sheldrick, 2012) 

Structure refinement     SHELXL-2012/7 (Sheldrick, 2012) 

Graphics     DIAMOND 3 (Crystal Impact, 1999) 
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Table A4.2.2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for 48.  U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 

________________________________________________________________________________  
 x y z Ueq 
________________________________________________________________________________   
C(1) 2582(1) 2999(1) 3879(1) 10(1) 
C(2) 2552(1) 1559(1) 4084(1) 11(1) 
C(3) 2217(1) 517(1) 3570(1) 13(1) 
C(4) 2307(1) -752(1) 4089(1) 16(1) 
C(5) 2394(1) -289(1) 5078(1) 15(1) 
C(6) 2960(1) 1140(1) 5028(1) 13(1) 
C(7) 1538(1) 3132(1) 5540(1) 12(1) 
C(8) 1423(1) 3615(1) 4585(1) 10(1) 
C(9) -338(1) 3348(1) 4189(1) 11(1) 
C(10) -176(1) 3116(1) 3187(1) 14(1) 
C(11) 1677(1) 3328(1) 2979(1) 12(1) 
C(12) 1995(1) 4738(1) 2671(1) 17(1) 
C(13) 3846(1) 5080(1) 2663(1) 23(1) 
C(14) 4600(1) 4910(1) 3603(1) 21(1) 
C(15) 4396(1) 3498(1) 3924(1) 16(1) 
O(1) 2128(1) 1920(1) 5713(1) 17(1) 
O(2) 1036(1) 3773(1) 6164(1) 17(1) 
O(3) -1608(1) 3301(1) 4617(1) 17(1) 
________________________________________________________________________________  
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Table A4.2.3.  Bond lengths [Å] and angles [°] for 48 

___________________________________________________________________________________  
C(1)-C(2)  1.5015(7) 
C(1)-C(8)  1.5433(6) 
C(1)-C(11)  1.5520(6) 
C(1)-C(15)  1.5386(6) 
C(2)-C(3)  1.3351(6) 
C(2)-C(6)  1.5009(6) 
C(3)-H(3)  0.986(9) 
C(3)-C(4)  1.5094(7) 
C(4)-H(4A)  1.025(10) 
C(4)-H(4B)  1.012(8) 
C(4)-C(5)  1.5463(7) 
C(5)-H(5A)  0.984(9) 
C(5)-H(5B)  1.011(10) 
C(5)-C(6)  1.5301(7) 
C(6)-H(6)  0.983(8) 
C(6)-O(1)  1.4605(6) 
C(7)-C(8)  1.5062(6) 
C(7)-O(1)  1.3487(6) 
C(7)-O(2)  1.2096(6) 
C(8)-H(8)  0.972(8) 
C(8)-C(9)  1.5450(6) 
C(9)-C(10)  1.5172(7) 
C(9)-O(3)  1.2065(6) 
C(10)-H(10A)  0.999(10) 
C(10)-H(10B)  0.983(9) 
C(10)-C(11)  1.5338(7) 
C(11)-H(11)  0.994(9) 
C(11)-C(12)  1.5322(7) 
C(12)-H(12A)  0.996(11) 
C(12)-H(12B)  1.003(9) 
C(12)-C(13)  1.5221(9) 
C(13)-H(13A)  1.038(10) 
C(13)-H(13B)  0.998(10) 
C(13)-C(14)  1.5271(9) 
C(14)-H(14A)  1.028(10) 
C(14)-H(14B)  0.982(10) 
C(14)-C(15)  1.5271(8) 
C(15)-H(15A)  0.998(8) 
C(15)-H(15B)  1.032(9) 
 
C(2)-C(1)-C(8) 104.44(4) 
C(2)-C(1)-C(11) 112.23(4) 
C(2)-C(1)-C(15) 109.42(4) 
C(8)-C(1)-C(11) 102.78(4) 
C(15)-C(1)-C(8) 114.19(4) 
C(15)-C(1)-C(11) 113.36(4) 
C(3)-C(2)-C(1) 131.88(4) 
C(3)-C(2)-C(6) 110.41(4) 
C(6)-C(2)-C(1) 117.72(4) 
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C(2)-C(3)-H(3) 125.9(5) 
C(2)-C(3)-C(4) 112.54(4) 
C(4)-C(3)-H(3) 121.5(5) 
C(3)-C(4)-H(4A) 109.0(5) 
C(3)-C(4)-H(4B) 112.7(5) 
C(3)-C(4)-C(5) 103.04(4) 
H(4A)-C(4)-H(4B) 108.8(7) 
C(5)-C(4)-H(4A) 112.1(5) 
C(5)-C(4)-H(4B) 111.2(5) 
C(4)-C(5)-H(5A) 110.5(5) 
C(4)-C(5)-H(5B) 114.0(5) 
H(5A)-C(5)-H(5B) 107.3(7) 
C(6)-C(5)-C(4) 104.79(4) 
C(6)-C(5)-H(5A) 107.5(5) 
C(6)-C(5)-H(5B) 112.6(5) 
C(2)-C(6)-C(5) 104.83(4) 
C(2)-C(6)-H(6) 112.5(5) 
C(5)-C(6)-H(6) 111.2(5) 
O(1)-C(6)-C(2) 113.77(4) 
O(1)-C(6)-C(5) 110.34(4) 
O(1)-C(6)-H(6) 104.4(5) 
O(1)-C(7)-C(8) 119.93(4) 
O(2)-C(7)-C(8) 122.09(4) 
O(2)-C(7)-O(1) 117.88(4) 
C(1)-C(8)-H(8) 112.0(5) 
C(1)-C(8)-C(9) 102.82(3) 
C(7)-C(8)-C(1) 118.57(4) 
C(7)-C(8)-H(8) 106.2(5) 
C(7)-C(8)-C(9) 110.30(4) 
C(9)-C(8)-H(8) 106.4(5) 
C(10)-C(9)-C(8) 108.29(4) 
O(3)-C(9)-C(8) 125.18(4) 
O(3)-C(9)-C(10) 126.50(4) 
C(9)-C(10)-H(10A) 107.2(6) 
C(9)-C(10)-H(10B) 108.3(5) 
C(9)-C(10)-C(11) 105.70(4) 
H(10A)-C(10)-H(10B) 107.2(8) 
C(11)-C(10)-H(10A) 115.1(6) 
C(11)-C(10)-H(10B) 113.0(5) 
C(1)-C(11)-H(11) 109.4(5) 
C(10)-C(11)-C(1) 103.75(4) 
C(10)-C(11)-H(11) 112.0(5) 
C(12)-C(11)-C(1) 112.54(4) 
C(12)-C(11)-C(10) 110.90(4) 
C(12)-C(11)-H(11) 108.2(5) 
C(11)-C(12)-H(12A) 107.2(6) 
C(11)-C(12)-H(12B) 108.4(5) 
H(12A)-C(12)-H(12B) 106.6(8) 
C(13)-C(12)-C(11) 112.52(5) 
C(13)-C(12)-H(12A) 111.7(6) 
C(13)-C(12)-H(12B) 110.2(5) 
C(12)-C(13)-H(13A) 109.8(5) 
C(12)-C(13)-H(13B) 108.7(5) 
C(12)-C(13)-C(14) 109.89(4) 
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H(13A)-C(13)-H(13B) 109.2(8) 
C(14)-C(13)-H(13A) 110.4(5) 
C(14)-C(13)-H(13B) 108.9(6) 
C(13)-C(14)-H(14A) 109.3(6) 
C(13)-C(14)-H(14B) 112.7(6) 
H(14A)-C(14)-H(14B) 106.0(8) 
C(15)-C(14)-C(13) 110.59(5) 
C(15)-C(14)-H(14A) 110.5(6) 
C(15)-C(14)-H(14B) 107.8(6) 
C(1)-C(15)-H(15A) 105.7(5) 
C(1)-C(15)-H(15B) 108.2(5) 
C(14)-C(15)-C(1) 113.75(4) 
C(14)-C(15)-H(15A) 113.1(5) 
C(14)-C(15)-H(15B) 105.2(5) 
H(15A)-C(15)-H(15B) 110.9(7) 
C(7)-O(1)-C(6) 121.80(4) 
  ___________________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A4.2.4.  Anisotropic displacement parameters  (Å2x 104 ) for 48.  The 

anisotropic displacement factor exponent takes the form: -2p2 [ h2 a*2U 11  + ... + 

2 h k a* b* U12 ] 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 111(2)  121(2) 78(2)  -12(1) 10(1)  -10(1) 
C(2) 100(2)  129(2) 87(2)  -3(1) 4(1)  9(1) 
C(3) 150(2)  131(2) 109(2)  -10(1) 0(1)  3(1) 
C(4) 193(2)  127(2) 148(2)  0(2) 5(2)  15(2) 
C(5) 181(2)  147(2) 126(2)  23(2) 8(1)  39(2) 
C(6) 134(2)  157(2) 94(2)  -3(1) -7(1)  37(1) 
C(7) 132(2)  141(2) 82(2)  -3(1) 6(1)  5(1) 
C(8) 111(2)  118(2) 73(2)  -2(1) 5(1)  -3(1) 
C(9) 116(2)  104(2) 122(2)  15(1) -10(1)  2(1) 
C(10) 159(2)  146(2) 113(2)  3(1) -42(1)  2(2) 
C(11) 175(2)  123(2) 71(2)  -1(1) 4(1)  -2(1) 
C(12) 253(2)  138(2) 113(2)  18(2) 44(2)  -6(2) 
C(13) 275(3)  202(2) 206(2)  24(2) 108(2)  -53(2) 
C(14) 207(2)  200(2) 236(2)  -28(2) 57(2)  -88(2) 
C(15) 119(2)  193(2) 163(2)  -27(2) 26(1)  -37(2) 
O(1) 266(2)  168(2) 78(1)  4(1) 11(1)  79(1) 
O(2) 242(2)  183(2) 90(1)  -18(1) 31(1)  43(1) 
O(3) 122(1)  192(2) 201(2)  20(1) 28(1)  -7(1) 

______________________________________________________________________________ 
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Table A4.2.5.  Hydrogen coordinates ( x 103) and isotropic  displacement 

parameters (Å2x 103) for 48. 

________________________________________________________________________________  
 x  y  z  Uiso 
________________________________________________________________________________  
  
H(3) 199(1) 53(1) 292(1) 24(2) 
H(4A) 336(1) -125(1) 391(1) 26(2) 
H(4B) 130(1) -133(1) 398(1) 24(2) 
H(5A) 128(1) -30(1) 535(1) 23(2) 
H(5B) 315(1) -84(1) 548(1) 31(2) 
H(6) 416(1) 123(1) 517(1) 18(2) 
H(8) 154(1) 456(1) 461(1) 15(2) 
H(10A) -96(1) 373(1) 288(1) 35(3) 
H(10B) -56(1) 222(1) 305(1) 27(2) 
H(11) 207(1) 273(1) 250(1) 22(2) 
H(12A) 147(1) 484(1) 207(1) 33(2) 
H(12B) 138(1) 535(1) 308(1) 22(2) 
H(13A) 400(1) 604(1) 244(1) 37(3) 
H(13B) 442(1) 447(1) 224(1) 32(2) 
H(14A) 403(1) 555(1) 404(1) 33(2) 
H(14B) 580(1) 512(1) 363(1) 35(3) 
H(15A) 477(1) 337(1) 456(1) 20(2) 
H(15B) 510(1) 294(1) 349(1) 24(2) 

________________________________________________________________________________ 
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Table A4.2.6.  Torsion angles [°] for 48. 

________________________________________________________________  
C(1)-C(2)-C(3)-C(4) -178.62(5) 
C(1)-C(2)-C(6)-C(5) 165.91(4) 
C(1)-C(2)-C(6)-O(1) 45.28(6) 
C(1)-C(8)-C(9)-C(10) -21.53(5) 
C(1)-C(8)-C(9)-O(3) 156.69(5) 
C(1)-C(11)-C(12)-C(13) 51.22(6) 
C(2)-C(1)-C(8)-C(7) 42.15(5) 
C(2)-C(1)-C(8)-C(9) -79.79(4) 
C(2)-C(1)-C(11)-C(10) 71.42(5) 
C(2)-C(1)-C(11)-C(12) -168.64(4) 
C(2)-C(1)-C(15)-C(14) 172.17(4) 
C(2)-C(3)-C(4)-C(5) 11.74(6) 
C(2)-C(6)-O(1)-C(7) -21.18(6) 
C(3)-C(2)-C(6)-C(5) -14.01(5) 
C(3)-C(2)-C(6)-O(1) -134.65(4) 
C(3)-C(4)-C(5)-C(6) -19.35(5) 
C(4)-C(5)-C(6)-C(2) 20.41(5) 
C(4)-C(5)-C(6)-O(1) 143.29(4) 
C(5)-C(6)-O(1)-C(7) -138.67(5) 
C(6)-C(2)-C(3)-C(4) 1.30(6) 
C(7)-C(8)-C(9)-C(10) -148.91(4) 
C(7)-C(8)-C(9)-O(3) 29.31(6) 
C(8)-C(1)-C(2)-C(3) 126.52(5) 
C(8)-C(1)-C(2)-C(6) -53.39(5) 
C(8)-C(1)-C(11)-C(10) -40.24(4) 
C(8)-C(1)-C(11)-C(12) 79.71(5) 
C(8)-C(1)-C(15)-C(14) -71.20(5) 
C(8)-C(7)-O(1)-C(6) 11.90(7) 
C(8)-C(9)-C(10)-C(11) -3.29(5) 
C(9)-C(10)-C(11)-C(1) 26.79(5) 
C(9)-C(10)-C(11)-C(12) -94.27(4) 
C(10)-C(11)-C(12)-C(13) 166.94(4) 
C(11)-C(1)-C(2)-C(3) 15.90(7) 
C(11)-C(1)-C(2)-C(6) -164.01(4) 
C(11)-C(1)-C(8)-C(7) 159.47(4) 
C(11)-C(1)-C(8)-C(9) 37.53(4) 
C(11)-C(1)-C(15)-C(14) 46.07(6) 
C(11)-C(12)-C(13)-C(14) -59.11(6) 
C(12)-C(13)-C(14)-C(15) 59.53(6) 
C(13)-C(14)-C(15)-C(1) -53.81(6) 
C(15)-C(1)-C(2)-C(3) -110.84(6) 
C(15)-C(1)-C(2)-C(6) 69.25(5) 
C(15)-C(1)-C(8)-C(7) -77.33(5) 
C(15)-C(1)-C(8)-C(9) 160.73(4) 
C(15)-C(1)-C(11)-C(10) -163.99(4) 
C(15)-C(1)-C(11)-C(12) -44.05(5) 
O(1)-C(7)-C(8)-C(1) -24.29(6) 
O(1)-C(7)-C(8)-C(9) 93.79(5) 
O(2)-C(7)-C(8)-C(1) 159.53(4) 
O(2)-C(7)-C(8)-C(9) -82.38(6) 
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O(2)-C(7)-O(1)-C(6) -171.76(4) 
O(3)-C(9)-C(10)-C(11) 178.52(5) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Spectra Relevant to Appendix 1: 

Additional Studies Related to Chapter 1 
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Figure A5.2  13C NMR (126 MHz, CDCl3) of compound 134 
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CHAPTER 2 

Mechanistic Elucidation of the Unexpected Rearrangement† 

 

 

2.1 INTRODUCTION  

During the course of the total synthesis of a complex molecule, organic chemists 

sometimes discover unexpected structures that arise from unknown rearrangement 

cascades.  In most cases, it is difficult to determinate correct structure and it requires 

enormous effort to rationalize reaction mechanism.  However, unexpected 

transformations later revealed as general methodology for certain moieties sometimes 

offer new possibilities to access complex structures.  Therefore, it is important to 

investigate an unexpected reaction and elucidate its mechanism to expand its potential. 

 

 

                                                
† This work was performed in collaboration with Buck L. H. Taylor and Ashay Patel in the Houk group 

(University of California, Los Angeles) and Galina P. Petrova in the Morokuma group (Kyoto University, 
Japan). 



Chapter 3—Mechanistic Elucidation of the Unexpected Rearrangement  236 

 

2.1.1 THE UNEXPECTED REARRANGEMENT 

We discovered an unexpected rearrangement of divinylcyclopropane 44 during 

investigations toward the total synthesis of curcusone C (Ch. 1.2.2).  The desired 

divinylcyclopropane rearrangement product was synthesized by reduction of lactone 51 

(Scheme 2.1.1a), however unexpected tetracycle 47 was isolated from silyl enol ether 44 

(Scheme 2.1.1b).   

Scheme 2.1.1.  Unexpected Rearrangement  

 

Rearrangements involving the migration of an allyl group in 1,5-dienes are some of 

the most studied reactions in organic synthesis since 1940.1  However, the transformation 

of 1,5-dienes to tetracyclic compounds such as 47 are completely unknown.  Suspecting 

that this could be another variant of the Cope rearrangement, thus we turned our attention 

to understanding the mechanism of the unexpected rearrangement. 
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2.2 MECHANISTIC ELUCIDATION 

2.2.1 ADDITIONAL REACTION SCREENINGS 

First, we investigated the rearrangement of several silyl enol ethers.  In addition to the 

TBS and TES enol ethers (44 and 43), which were previously synthesized, we also 

prepared the TIPS enol ether 140 for screening.  In a previous chapter (1.2.2), we 

described the rearrangement of TBS enol ether 44 to tetracycle 47, which proceeded in 

50% yield.  In addition, TES enol ether 43 was transformed to desilylated tetracycle 48 

directly in higher yield (57%).  However, TIPS enol ether 140 was observed as a less 

efficient substrate for the rearrangement (Scheme 2.2.1). 

Scheme 2.2.1.  Rearrangements of Silyl Enol Ethers  

 

R result 

TES 48 (57% yield) 

TBS 47 (50% yield) 

TIPS 142 (39% yield), 140 (20% recovered) 

 

In contrast, vinyl lactone 51 did not undergo the rearrangement to afford tetracycle 

143 (Scheme 2.2.2).  Based on these results, we envisioned that the silyl enol ether 

moiety strongly affects or even participates in the transformation. 

O

O O

36

ROTf

i-Pr2NEt, CH2Cl2

O

O OR

Hex, 68 ºC

36 h

O

O O

48

O

O OR
H

+

R = TES (141)
R = TBS (47)
R = TIPS (142)

R = TES (43)
R = TBS (44)
R = TIPS (140)



Chapter 3—Mechanistic Elucidation of the Unexpected Rearrangement  238 

 

Scheme 2.2.2.  Rearrangement Attempt of Vinyl Lactone 51 

 

The rearrangement of TBS enol ether 44 was repeated in toluene-d8 and monitored 

by 1H NMR and 1H-13C HMBC (Scheme 2.2.3). The NMR data showed smooth 

conversion to the rearranged product 48, and no discernible intermediates were 

observed.2  

Scheme 2.2.3.  NMR Study 

 

2.2.2 COMPUTATIONAL STUDIES 

We undertook a computational study of the mechanism of the rearrangement using 

two approaches: standard transition state search algorithms as implemented in Gaussian 

09, and automatic reaction path searches using artificial force induced reaction (AFIR) 

simulations.3  In the latter method, possible reactive atoms are defined and reaction paths 

are explored automatically by applying an artificial force between pairs of reactive atoms.  

Details on this method are given in the Experimental section (2.5.3 and 2.5.4).  Here we 

describe how both methods identified the same mechanism for the rearrangement to form 

47. 
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Density functional theory (DFT) calculations were performed in Gaussian 09. 

Geometries were optimized using B3LYP/6-31G(d) in the gas phase.  Single-point 

energy calculations were performed with both B3LYP-D3 and M06-2X functional using 

the larger 6-311++G(2d,2p) basis set and the IEF-PCM solvation model for n-hexane.  

The M06-2X functional has been shown to give more accurate barriers and 

thermodynamics for pericyclic reactions.4  However, UM06-2X has also been found to 

give unreliable (overestimated) energies for diradical processes, 5  so we emphasize 

UB3LYP-D3 energies for open-shell species. 

Our hypothesis was that the desired Cope rearrangement of 44 occurs, but 

cycloheptadiene 50 is unstable due to the presence of two anti-Bredt (bridgehead) alkenes 

(Scheme 2.2.4).  Further rearrangement occurs to alleviate strain, forming observed 

product 47 (along with desilylation to 48).  This rearrangement is formally a suprafacial 

1,3-shift of the enol silane 50, which is disallowed by Woodward-Hoffmann rules.  We 

therefore expected that a stepwise rearrangement would be the favored pathway, through 

either diradical intermediates or a series of pericyclic reactions.  Although zwitterionic 

intermediates could also be proposed, these should be disfavored in nonpolar solvents.  
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Scheme 2.2.4.  Mechanistic hypothesis 

 

Our computational study began by examining the Cope rearrangement of model 

compound 144, in which the TBS group is replaced by TMS (Figure 2.2.1).  The free-

energy barrier to form 145 is 25.9 kcal/mol, which is reasonable under the reaction 

conditions.  The reaction is endergonic by 7 kcal/mol, despite the release of strain in the 

cyclopropane ring of 144.  A structural analysis of 145 shows the strain incurred by the 

two bridgehead alkenes leading.  The alkenes are bent out of planarity, with C–C=C–C 

dihedral angles of 141 and 150 degrees, to accommodate the bicyclic system.  The 

calculations predict that the Cope rearrangement can occur, but intermediate 145 is 

unstable and will either revert to 144 or undergo further rearrangement. 
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Figure 2.2.1.  Cope Rearrangement of Divinylcyclopropane 144 

 

Experimentally, reduction of the ester in divinylcyclopropane 51 with DIBAL leads 

to spontaneous Cope rearrangement to cycloheptadiene 53.  Our calculations indicate that 

Cope rearrangement of diol 146 is exergonic by about 10 kcal/mol, with a free-energy 

barrier of 26 kcal/mol (Figure 2.2.2).  The stability of cycloheptadiene 53 relative to 145 

highlights the torsional strain incurred by the two anti-Bredt alkenes in 145. Overall, 

these calculations are consistent with the hypothesis that bridging ester must be removed 

in order to forge the tricyclic core via a divinylcyclopropane rearrangement. 
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Figure 2.2.2.  Computed Structures for Cope Rearrangement of 146 

 

We next considered the possibility of a formal [1,3]-shift of the enol silane in 145 to 

form 149, including three limiting cases of concerted, dissociative, and associative 

processes (Scheme 2.2.5).  We could not locate a transition state for the concerted 

process, which would violate Woodward-Hoffmann rules.  The dissociative process 

involves C–C bond homolysis to generate the allylic/vinylic diradical 147, while the 

associative process involves first C–C bond-formation to give the cyclobutylcarbinyl 

diradical 148.  Neither diradical could be located as a minimum using unrestricted DFT 

calculations. 
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Scheme 2.2.5.  Possible Mechanisms for Formal 1,3-Shift. 

 

To conclusively rule out diradical processes, we calculated the potential energy for 

surface breaking of C–C bond a and formation of C–C bond b (Figure 2.2.3).  This 

analysis shows that a 70 kcal/mol barrier separates intermediate 145 from product 149.  

Associative and dissociative processes are also ruled out from this analysis, as the 

diradical intermediates 147 and 148 both appear on the potential energy surface at about 

70 kcal/mol. 

O

O
OSiMe3

H

O

O OSiMe3

O

O
OSiMe3

H
O

O OSiMe3

H

O

O OSiMe3

H

147
>65 kcal/mol

TS145-149
not located

148
>65 kcal/mol

145 149

dissociative

associative



Chapter 3—Mechanistic Elucidation of the Unexpected Rearrangement  244 

 

Figure 2.2.3.  Potential Energy Surface Connecting Intermediates 145 and 149 Calculated with 

UB3LYP/6-31G(d) 

 

2.2.3 IRELAND–CLAISEN/RETRO-CLAISEN SEQUENCE 

While the silyl protecting group remains intact in the observed product 149, we 

considered the possibility that it participates in the rearrangement.  The 1,5-migration of 

silyl groups in protected 1,3-dicarbonyls has been reported to be rapid.  Our calculations 

indicate that 1,5-silyl migration in 145 occurs in a concerted manner via distorted square 
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150 is endergonic with a barrier of 25.7 kcal/mol, making it competitive with the Cope 

rearrangement. 

Figure 2.2.4.  1,5-Silyl Shift of 145 

 

Silyl ketene acetal 150 is poised to undergo an Ireland-Claisen rearrangement to form 

the required C–C bond (b) in observed product 149.  The Claisen rearrangement occurs 

with a relatively low barrier of 21.7 kcal/mol (UB3LYP) to form the alkylidene 

cyclobutane 151 (Figure 2.2.5).  Although the process is concerted, the transition state 

TS150-151 has significant diradical character and is characterized by a long breaking C–

O bond.  We have computed the barrier for this process with several density functionals, 

including UM06 (24.7 kcal/mol) and UM06-2X (34.2 kcal/mol).  We believe the latter 

functional significantly overestimates the energy of this open-shell transition state. 
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Figure 2.2.5.  Formation and Ring-Opening of Alkylidene Cyclobutane 151 

 

While alkylidene cyclobutane 151 is a relatively stable intermediate, it undergoes an 

unusually facile retro-Claisen rearrangement via TS151-152 (14.0 kcal/mol).  The 

formation of 152 is exergonic due to release of the significant strain associated with fused 

bicyclo[3.2.0]heptene system in 151.  Importantly, the Claisen/retro-Claisen sequence 

150→152 represents a formal suprafacial 1,3-shift of the enol silane.  A second 1,5 

migration of the silyl group affords the observed product 149.  The free energy profile for 

the overall rearrangement of divinylcyclopropane 144 to give 149 is shown in Figure 

2.2.6.  The initial Cope rearrangement and 1,5-silyl migration have similar barriers of 

about 26 kcal/mol, while the Claisen/retro-Claisen steps are predicted to be rapid. 
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The alkylidene cyclobutane 151 represents a key intermediate in the Claisen/retro-

Claisen squence predicted by our DFT studies, and we have studied the stability of this 

intermediate in detail.  As shown in Figure 2.2.7, the trisubstituted alkene in 151 (the 

experimental system) is distorted from planarity with a C–C=C–C dihedral angle of 146 

degrees.  Several derivatives are shown in Figure 2.2.7 along with their energy with 

respect to the corresponding cyclopropanes.  While removal of the fused cyclohexane 

portion makes a small impact (153), the intermediate is much more stable when the two 

methylenes of the cyclopentene ring are removed (154 and 155).  This modification 

removes the strain associated with the alkene, allowing C–C=C–C dihedral angles near 

180 degrees. 
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Figure 2.2.7.  Stability of Alkylidene Cyclybutanes 151-155 Respect to the Corresoponding 

Cyclopropanes 

 

We have studied the formation and reaction of the most stable derivative, 155, in 

greater detail (Figure 2.2.8).  The formation of 155 from divinylcyclopropane 156 is 

predicted to be exergonic and irreversible.  This is attributed to release of the strain 

associated with anti-Bredt alkenes in 157 and 158 to form the relatively unstrained alkene 

in 155.  Importantly, 155 is predicted to be unreactive toward retro-Claisen 

rearrangement (TS155-159), with a barrier of over 40 kcal/mol.  Therefore, Cope 

rearrangement of 156, or other derivatives lacking the fused cyclopentane, is predicted to 

give 155 as an observable product.  In fact, as a result of our investigations, we 

uncovered a report of this precise rearrangement by Davies from 1997 (Scheme 2.2.6).6  
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Though the mechanism and the stereochemistry of the rearrangement was not known at 

the time, it was proposed to involve a Cope rearrangement to the desired but unobserved 

[4.3.1]-bicycle 162, followed by further rearrangement.  

Scheme 2.2.6.  Rearrangement Reported by Davies and Co-Workers 
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2.3 FUTURE STUDIES RELATED TO THE REACTION CASCADE 

Based on the computational studies above, the fused cyclobutane without the strained 

exomethylene is predicted to be highly unreactive toward retro-Claisen rearrangement.  

Therefore rearrangement cascade of 161 or other derivatives without a fused carbocycle 

is expected to give a fused cyclobutane as the isolated product.  This reaction cascade 

could be expanded as a general methodology to assemble a fused 5-4 membered ring 

moiety. 

The stereogenic center including the carbons at the ring junction of the product would 

be determined by the transition state of the Cope rearrangement.  Among four possible 

transition states, the exo/endo chair-like and exo/endo boat-like transition states afford 

the trans enol ether olefin (166c and 166d) as the Cope rearrangement products.   The 

1,5-silyl migration is expected to be a concerted process; consequently, this 

transformation is forbidden for those two compounds.  In addition, an endo/exo chair-like 

transition state (167b–168b) would result in a trans fused cyclobutane 168b with a sp2 

carbon center, which is unlikely to exist due to its highly strained linkage. Therefore, the 

only possible reaction cascade for cyclopropane 164 is expected to afford fused 

cyclobutane 168a as a single diastereomer through an endo/endo-boat like transition 

state, with formation of the stereogenic centers controlled by the stereochemistry of 

cyclopropane 164 (Scheme 2.3.1).   
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Scheme 2.3.1.  Proposed Cascade of Divinylcyclopropane 164 
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We expect this reaction cascade can be implemented with R1 and R2 alkyl 

substituents, based on the previous case with cyclohexene ring as R1 and R2 for the 

rearrangement (Scheme 2.1.1b).  In order to expand the substrate scope, 

divinylcyclopropanes with various substituted olefins must be tested.   This reaction 

cascade can be applied to the preparation of a highly functionalized fused cyclopentane 

combined with post modification of the cyclobutane moiety for the total synthesis of 

complex natural products.  For example, following oxidative cleavage of the 

exomethylene, decarbonylation conditions7 would afford cyclopropane 172, and Baeyer–

Villiger oxidation8 would provide lactone 173 from cyclobutanone 169.  In addition, 

various methods9 are known for the preparation of [3.3.0] bicyclic compounds such as 

174 and 175, and several ring expansion methods to afford medium-sized rings10 such as 

171 and 177 can be applied (Scheme 2.3.2). 



Chapter 3—Mechanistic Elucidation of the Unexpected Rearrangement  255 

 

Scheme 2.3.2.  Modification of 168 

 

2.4 CONCLUSION 

In summary, a unique reaction cascade of divinylcyclopropanes containing silyloxy 

groups was elucidated.  Surprisingly, the cascade was found to include a cycloheptadiene 

intermediate with two anti-Bredt olefins via a [3,3]-Cope.  The intermediate was 

converted to the fused cyclobutane intermediate via a [1,5]-silyl migration followed by an 

Ireland–Claisen rearrangement.  Finally, the tetracyclic compound was formed via a retro 

Claisen rearrangement of the cyclobutane intermediate and subsequent [1,5]-silyl 

migration.   Based on the mechanism and free-energy analysis, divinylcyclopropanes 

with a small-sized ring would result in unstable strained cyclobutane intermediates which 
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contrast, the rearrangement cascade of divinylcyclopropanes without fused carbocycles is 

expected to give a fused cyclobutane as an isolated product.  Additional studies are 

required to expand the applications of the reaction cascade. 
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2.5 EXPERIMENTAL SECTION 

2.5.1 MATERIALS AND METHODS 

Unless stated otherwise, reactions were performed under an argon or nitrogen 

atmosphere using dry, deoxygenated solvents (distilled or passed over a column of 

activated alumina).11  i-Pr2NEt was distilled from calcium hydride immediately prior to 

use.  Commercially obtained reagents were used as received unless otherwise stated.  

Reaction temperatures were controlled by an IKAmag temperature modulator.  

Microwave reactions were performed with a Biotage Initiator Eight 400 W apparatus at 

2.45 GHz.  Thin-layer chromatography (TLC) was performed using E. Merck silica gel 

60 F254 precoated plates (0.25 mm) and visualized by UV fluorescence quenching, or 

potassium permanganate, iodine, or anisaldehyde staining.  SiliaFlash P60 Academic 

Silica gel (particle size 0.040-0.063 mm) was used for flash chromatography.  1H and 13C 

NMR spectra were recorded on a Varian Inova 600 (600 MHz and 151 MHz 

respectively), Varian Inova 500 (at 500 MHz and 126 MHz respectively), Bruker AV III 

HD spectrometer equipped with a Prodigy liquid nigrogen temperature cryoprobe (400 

MHz and 101 MHz, respectively) and are reported relative to CHCl3 (δ 7.26 & 77.16 

respectively), C6H6 (δ 7.16 & 128.06 respectively), and toluene (δ 7.98 & 137.48 

respectively).  Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm) 

(multiplicity, coupling constant (Hz), integration).  IR spectra were recorded on a Perkin 

Elmer Paragon 1000 Spectrometer and are reported in frequency of absorption (cm–1).  

HRMS were acquired from the Caltech Mass Spectral Facility using a JEOL JMS-600H 
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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 (MM) ionization mode.   
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2.5.2 PREPARATIVE PROCEDURES 

 

TIPS enol ether 140: To a flame-dried round-bottom flask equipped with a magnetic 

stir bar were added cyclopropane 36 (23 mg, 0.0934 mmol), DCM (2 mL), and i-Pr2NEt 

(0.05 mL, 0.287 mmol).  The flask was cooled to 0 ºC and stirred for 10 min.  TBSOTf 

(0.04 mL, 0.148 mmol) was added dropwise.  The reaction mixture was stirred for 30 min 

at 0 ºC.  The reaction mixture was filtered through a silica gel plug (henxanes:EtOAc 

10:1) was then concentrated under reduced pressure to afford TIPS enol ether 140 (30 

mg, 0.0745 mmol, 80% yield) as colorless oil. Rf = 0.50 (6:1 hexanes:EtOAc); 1H NMR 

(500 MHz, C6D6) δ 5.45–5.37 (m, 1H), 4.52–4.46 (m, 1H), 4.41 (d, J = 1.7 Hz, 1H), 4.37 

(d, J = 1.7 Hz, 1H), 2.28 (dt, J = 6.5, 1.2 Hz, 1H), 2.17–2.08 (m, 1H), 2.01–1.84 (m, 3H), 

1.74–1.61 (m, 2H), 1.61–1.43 (m, 4H), 1.40–1.10 (m, 21H); 13C NMR (126 MHz, C6D6) 

δ 172.7, 151.7, 131.0, 125.8, 93.9, 84.1, 58.9, 49.3, 39.0, 33.6, 27.6, 25.5, 23.5, 23.0, 

22.4, 18.5, 18.4, 13.0; IR (Neat Film, NaCl) 3521, 3121, 2929, 2866, 2717, 2233, 2077, 

1770, 1626, 1463, 1383, 1362, 1335, 1302, 1290, 1258, 1197, 1161, 1138, 1075, 1043, 

1003, 920, 907, 883, 821, 769, 740, 709 cm-1; HRMS (FAB+) m/z calc’d for C24H39SIO3 

[M+Η]+: 403.2669, found 403.2688.  

O

O O

36

TIPSOTf

i-Pr2NEt, CH2Cl2

(80% yield)

O

O OTIPS

140
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Tetracycle 142: To a flame-dried two neck round-bottom flask equipped with a 

magnetic stir bar and a reflux condenser was added TIPS enol ether 140 (28 mg, 0.0695 

mmol) and hexane (8 mL).  The reaction was heated to reflux in a 68 ºC oil bath.  After 

36 h of stirring, the reaction mixture was cooled to 23 ºC and stirred for 15 min.  The 

mixture was concentrated and purified by flash column chromatography (15:1 hexanes, 

EtOAc) to afford tetracycle 142 (10.9 mg, 0.0271 mmol, 39% yield) as a colorless oil; Rf 

= 0.45 (6:1 hexanes:EtOAc); 1H NMR (400 MHz, C6D6) δ 5.25 (dt, J = 3.1, 1.8 Hz, 1H), 

5.12–5.05 (m, 1H), 2.56 (dd, J = 16.1, 12.0 Hz, 1H), 2.28 (ddt, J = 11.9, 7.5, 3.6 Hz, 1H), 

2.15–1.83 (m, 4H), 1.79–1.67 (m, 1H), 1.51–1.11 (m, 28H); 13C NMR (101 MHz, C6D6) 

δ 166.8, 160.9, 144.4, 124.8, 112.8, 83.4, 45.3, 40.7, 38.1, 33.0, 32.2, 30.3, 25.5, 21.7, 

21.5, 18.2, 13.6; IR (Neat Film, NaCl) 3416, 3051, 2928, 2864, 2719, 2243, 1768, 1712, 

1605, 1463, 1450, 1430, 1382, 1363, 1342, 1328, 1304, 1279, 1240, 1223, 1193, 1172, 

1155, 1132, 1112, 1096, 1063, 1048, 1000, 967, 926, 903, 882, 864, 835, 805, 781, 768 

cm-1; HRMS (EI+) m/z calc’d for C24H38O3Si [M•]+: 402.2590, found 402.2602.  TIPS 

enol ether 140 (5.6 mg, 0.0139 mmol, 20% yield) was recovered. 
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O
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ß-ketolactone 48: To a flask equipped with reflux condenser were added TES enol 

ether 43 (70 mg, 0.194 mmol) and hexane (20 mL, 0.01 M).  The reaction was then 

heated to 110 ºC and stirred for 36 h.  The mixture was cooled down to ambient 

temperature, concentrated and purified by flash column chromatography (8:1 hexanes, 

EtOAc) to afford tetracycle 48 (28 mg, 0.114 mmol, 58% yield). 

 

 

NMR Screening:  To a NMR tube was added a solution of silyl enol ether 44 (39.1 

mg, 0.108 mmol) in toluene-d8 (0.5 mL).  The NMR tube was inserted to Varian Inova 

600 and the reaction temperature was set to 80 ºC.  1H NMR and 1H-13C HMBC spectra 

was collected to monitor reaction.  
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2.5.3 COMPUTATIONAL METHODS 

All quantum chemical calculations were performed with Gaussian 09.12 Structural 

representations were generated with CYLview.13 

Geometry optimization and frequency calculations were performed with the B3LYP14 

functional in the gas phase, using the 6-31G(d) basis set. The nature of stationary points 

were confirmed by frequency analysis.  Thermal corrections were calculated from 

unscaled vibrational frequencies at the same level of theory for a standard state of 1 atm 

and 298.15 K.  Entropies were corrected for the breakdown of the harmonic oscillator 

approximation at low frequencies by raising all harmonic frequencies below 100 cm-1 to 

100 cm-1.15  Intrinsic Reaction Coordinate (IRC)16 calculations were performed to confirm 

that transition states properly connected reactants and products.  This was essential for 

the Claisen and retro-Claisen steps, for which both concerted and stepwise diradical 

transition states were located. 

Electronic energies were obtained from single-point energy calculations performed 

with a larger 6-311++G(2d,2p) basis set and the IEF-PCM17 solvation model for n-

hexane.  We tested the following density functionals for single-point energy calculations: 

B3LYP-D3(BJ) [including the Becke–Johnson damping function],18 M06-2X,19 M06L,20 

M11L, 21  and ωB97X-D. 22   We found B3LYP-D3 and M06-2X results to be 

representative, and these are included in the main text. 

Unrestricted calculations (UB3LYP, UM06-2X, etc) were performed for diradical 

intermediates and transition states leading to diradicals.  This involves HOMO-LUMO 

mixing in the initial guess leading to unrestricted wave functions using the keyword 
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guess=(mix,always).  Some diradical intermediates were initially located as 

triplets, followed by re-optimization as an unrestricted singlet. 

2.5.4 AFIR SIMULATION METHODS 

Systematic transition-state searches were performed using artificial force induced 

reaction (AFIR) simulations,3a-c and single-component AFIR for intramolecular paths 

starting from local minima (SC-AFIR).3d,e  The computational procedure included AFIR 

search of reaction pathways, followed by optimization of the reaction pathways by 

applying the locally updated planes (LUP) method.23  Once a TS structure was located 

and optimized, an intrinsic reaction coordinate simulation (IRC)16 was performed to 

locate the corresponding local minima conformations of the reactant and product.  AFIR 

and IRC simulations and the following full optimization of the structures were performed 

at the relatively low HF/3-21G level in gas phase by applying GRRM program24 and 

Gaussian09.12  
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Figure A6.3  13C NMR (126 MHz, C6D6) of compound 140 

Figure A6.2  Infrared spectrum (thin film/NaCl) of compound 140 
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Figure A6.6  13C NMR (101 MHz, C6D6) of compound 142 

Figure A6.5  Infrared spectrum (thin film/NaCl) of compound 142 
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CHAPTER 3 

Stereochemical Evaluation of Bis(phosphine) Copper Catalysts for the 

Alkylation of 3-Bromooxindoles with α-Arylated Malonate Esters† 

 

3.1 INTRODUCTION AND SYNTHETIC STRATEGY 

3.1.1 INTRODUCTION 

3,3-Disubstituted oxindole moieties are present in a wide variety of natural products 

and pharmaceutical agents.1  Accordingly, methods for the asymmetric construction of 

3,3-disubstituted oxindoles have attracted considerable attention from the synthetic 

community, and a number of catalytic stereoselective approaches to provide C3 

quaternary stereocenters on oxindoles have been reported.2,3  In 2007, we discovered that 

3,3-disubstituted oxidoles 180 were furnished efficiently by base-mediated alkylation of 

reactive electrophilic o-azaxylyxene 179, generated from 3-halooxindole 178, with 

nucleophilic malonate esters (Scheme 1a).4  Additionally, we developed a method for the 

                                                
† This work was performed in collaboration with Seo-Jung Han and Scott C. Vilgil.  Additionally, this work 
has been pubilished and adapted with permission from Lee, C. W.; Han, S.-J.; Virgil, S. C.; Stoltz, B. M. 
Tetrahedron 2014 doi:10.1016/j.tet.2014.10.065. Copyright 2014 Elsevier. 
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enantioselective alkylation of racemic 3-bromooxindoles by using a [Cu((R)-Ph-

BOX)(SbF6)2] complex (Scheme 3.1.1).5  

Scheme 3.1.1.  Construction of 3,3-Disubstituted Oxindoles by Alkylation of 3-Halooxindoles 

 

Following our development of these methods, our attention turned to the syntheses of 

the polycyclic alkaloids communesin F and perophoramidine.6,7  We envisioned that the 

stereochemistry at the vicinal quaternary centers on communesin F and perophoramidine 

could be installed utilizing the conditions described in Scheme 1b.  However, attempts to 

produce diesters 185 and 186 via copper(II) bisoxazoline catalyzed enantioselective 

alkylation of 3-bromooxindoles 181 and 182 with α-arylated malonate esters 183 and 184 

were unsuccessful (Scheme 3.1.2).  It was unsurprising since nucleophiles, α-arylated 

malonate esters 183 and 184, were highly stabilized by o-nitrophenyl substituent and 

sterically demanding.  Therefore, we pursued the development of an alternative catalytic 

system. 
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Scheme 3.1.2.   Attempts for Alkylation of 3-Bromooxindoels with α-Arylated Malonate Esters 

 

In our previous studies, we tested a variety of metal catalysts (e.g. CuII, MgII, LaIII, 

and NiII) and discovered that the combination of CuII and a chiral bisoxazoline ligand 

effectively promoted the catalytic reaction.4,5  Chiral Cu(II) bis(phosphine) complexes 

have also found use in stereoselective synthesis.8  Since the catalytic system can be 

formed with a number of different chiral bis(phosphine) ligands, multiple options would 

be available for developing a stereoselective reaction.  Herein, we describe several 

screening studies designed and undertaken to optimize the reaction conditions for the 

alkylation of 3-bromooxindoles with α-arylated malonate esters using a copper(II) 

bis(phosphine) catalyst.  
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3.2 RESULTS AND DISSCUSION 

3.2.1 INITIAL SCREENING 

To develop a stereoselective alkylation method, we chose simple substrates for 

optimization studies; specifically, we used bromooxindole 182 without a substituent on 

the aromatic ring and o-nitrophenyl dimethylmalonate 190 as a coupling partner.  

Bromooxindole 182, easily prepared from indole in four steps by a known sequence,6 was 

added to o-nitrophenyl dimethylmalonate 190 and cesium carbonate in THF solvent to 

afford a racemic product 191 in good yield (Scheme 3.2.1). 

Scheme 3.2.1.  Synthesis of the Racemic Product 

 

Choosing (R)-BINAP as a chiral ligand, we began our research by screening various 

copper sources, bases, and solvents.  For instance we attempted the following variations 

of copper ions: Copper(II) triflate, copper(II) chloride with silver hexafluoroantimonate, 

copper(II) isobutyrate, copper(II) tert-butoxide (generated in situ by adding lithium tert-

butoxide to copper(II) isobutyrate and ligand mixture), copper(II) ethylhexanoate, and 

copper(II) trifluoroacetylacetonate. We explored both organic and inorganic bases, 

including diisopropylethylamine, pyridine, tetramethylethylenediamine (TMEDA), 

triethylamine, diisopropylamine, 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU), sodium 
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carbonate, potassium acetate, sodium ethylhexanoate and cesium carbonate. The 

various reactions combinations were attempted in the following solvents: 

dichloromethane, tetrahydrofuran, benzene, acetonitrile, and dioxane.  Evaluating the 93 

reactions that were explored (Table 3.2.1), we found that copper(II) tert-butoxide and the 

ligand complex generated in THF, which was similar to Fandrick’s conditions for 

asymmetric propargylation,8  exhibited the best conversion without generation of side 

products for the coupling of the arylated malonate 12 and bromooxindole 5 in CH2Cl2 

(high conversion, 20% ee). 

Table 3.2.1.  Initial Screening Results 

 

entry metal solvent additives base temp  eea 

1 Cu(OTf)2 CH2Cl2  Et3N 23 ºC 25% 
2 Cu(OTf)2 CH2Cl2  i-Pr2NEt 23 ºC - 

3 Cu(OTf)2 CH2Cl2  i-Pr2NH 23 ºC - 

4 Cu(OTf)2 CH2Cl2  Pyridine 23 ºC - 

5 Cu(OTf)2 CH2Cl2  DBU 23 ºC 10% 

6 Cu(OTf)2 CH2Cl2  TMEDA 23 ºC - 

7 Cu(OTf)2 CH2Cl2  KOAc 23 ºC Mix 

8 Cu(OTf)2 CH2Cl2  Na2CO3 23 ºC Mix 

9 Cu(OTf)2 CH2Cl2  Cs2CO3 23 ºC Mix 

10 Cu(OTf)2 CH2Cl2  DBU –20 ºC 7% 

11 Cu(OTf)2 CH2Cl2  KOAc –20 ºC Mix 

12 Cu(OTf)2 CH2Cl2  Na2CO3 –20 ºC trace 

13 Cu(OTf)2 CH2Cl2  Cs2CO3 –20 ºC Mix 

14 Cu(OTf)2 C6H6  DBU –20 ºC - 

15 Cu(OTf)2 C6H6  KOAc 23 ºC trace 

16 Cu(OTf)2 C6H6  Na2CO3 23 ºC trace 

MeO
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OMe

O

NO2+

N
H
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Br

TIPSO

N
H
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Table 4.2.1.  Initial Screening Results - Continued 

entry metal solvent additives base temp eea 

17 Cu(OTf)2 C6H6  Cs2CO3 23 ºC 15% 
18 CuCl2 CH2Cl2 AgSbF6 DBU 23 ºC 5% 

19 CuCl2 CH2Cl2 AgSbF6 KOAc 23 ºC mix 

20 CuCl2 CH2Cl2 AgSbF6 Na2CO3 23 ºC mix 

21 CuCl2 CH2Cl2 AgSbF6 Cs2CO3 23 ºC mix 

22 CuCl2 CH2Cl2 AgSbF6 Et3N 23 ºC - 

23 CuCl2 CH2Cl2 AgSbF6 i-Pr2NEt 23 ºC - 

24 CuCl2 CH2Cl2 AgSbF6 i-Pr2NH 23 ºC - 

25 CuCl2 CH2Cl2 AgSbF6 Pyridine 23 ºC trace 

26 CuCl2 CH2Cl2 AgSbF6 DBU -30 ºC - 

27 CuCl2 CH2Cl2 AgSbF6 Cs2CO3 -30 ºC 20% 

28 Cu(OTf)2 CH2Cl2 AgNO3 Et3N 23 ºC trace 

29 Cu(OTf)2 CH2Cl2 AgNO3 i-Pr2NEt 23 ºC 30% 

30 Cu(OTf)2 CH2Cl2  Cs2CO3 –50 ºC trace 

31 Cu(OTf)2 CH2Cl2  DBU –50 ºC - 

32 Cu(OTf)2 THF  Cs2CO3 –50 ºC mix 

33 Cu(OTf)2 CH2Cl2 AgNO3
a Cs2CO3 –50 ºC mix 

34 Cu(OTf)2 CH2Cl2 AgNO3 DBU –50 ºC - 

35 Cu(OTf)2 THF AgNO3 DBU –50 ºC - 

36 Cu(OTf)2 THF AgNO3 Et3N 23 ºC 10% 

37 Cu(OTf)2 THF AgNO3 i-Pr2NEt 23 ºC 10% 

38 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu Et3N 23 ºC 6% 

39 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu i-Pr2NEt 23 ºC 20% 

40 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu Cs2CO3 –30 ºC 25% 

41 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu KOAc 23 ºC trace 

42 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu Na2CO3 23 ºC mix 

43 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu Et3N 23 ºC 10% 

44 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu i-Pr2NEt 23 ºC 7% 

45 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu Et3N –30 ºC 18% 

46 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu i-Pr2NEt –30 ºC 10% 

47 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu i-Pr2NEt –45 ºC 8% 

48 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu Et3N –45 ºC 10% 

49 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu i-Pr2NEt –45 ºC 20% 

50 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu Et3N –45 ºC 20% 

51 Cu(isobutyrate)2 CH2Cl2  i-Pr2NEt 23 ºC - 
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Table 4.2.1.  Initial Screening Results - Continued 

entry metal solvent additives base temp eea 

52 Cu(isobutyrate)2 CH2Cl2 LiOt-Bu Et3N 23 ºC - 
53 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu Cs2CO3 –45 ºC mix 

54 Cu(isobutyrate)2 C6H6 LiOt-Bu Cs2CO3 23 ºC - 

55 Cu(isobutyrate)2 C6H6 LiOt-Bu i-Pr2NEt 23 ºC trace 

56 Cu(isobutyrate)2 C6H6 AgNO3, LiOt-Bu Cs2CO3 23 ºC racemic 

57 Cu(OTf)2 Dioxane AgNO3 i-Pr2NEt 23 ºC 7% 

58 Cu(OTf)2 Dioxane AgNO3 Et3N 23 ºC 15% 

59 Cu(OTf)2 Dioxane  Cs2CO3 -30 ºC mix 

60 Cu(OTf)2 Dioxane  Na2CO3 23 ºC 10% 

61 Cu(OTf)2 Dioxane  KOAc 23 ºC Mix 

62 Cu(OTf)2 CH3CN AgNO3 i-Pr2NEt 23 ºC 15% 

63 Cu(OTf)2 CH3CN AgNO3 Et3N 23 ºC 15% 

64 Cu(OTf)2 CH3CN  Cs2CO3 –30 ºC trace 

65 Cu(OTf)2 CH3CN  Na2CO3 23 ºC mix 

66 Cu(OTf)2 CH3CN  KOAc 23 ºC mix 

67 Cu(isobutyrate)2 THF LiOt-Bu i-Pr2NEt –50 ºC - 

68 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu i-Pr2NEt –50 ºC 20% 

69 Cu(isobutyrate)2 CH2Cl2 AgNO3 Cs2CO3 –50 ºC trace 

70 Cu(isobutyrate)2 CH2Cl2 AgNO3 Cs2CO3 23 ºC trace 

71 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu Cs2CO3 –50 ºC mix 

72 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu (1 mol %) i-Pr2NEt –50 ºC mix 

73 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu (2 mol %) i-Pr2NEt –50 ºC 17% 

74 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu (4 mol %) i-Pr2NEt –50 ºC 19% 

75 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu (8 mol %) i-Pr2NEt –50 ºC 20% 

76 Cu(isobutyrate)2 CH2Cl2 AgNO3, LiOt-Bu, NaEH i-Pr2NEt –50 ºC mix 

77 Cu(isobutyrate)2 CH2Cl2 AgNO3, NaEH (ex)  23 ºC racemic 

78 Cu(isobutyrate)2 CH2Cl2 AgNO3 Cs2CO3 –50 ºC mix 

79 Cu(EH)2 CH2Cl2  i-Pr2NEt –50 ºC 9% 

80 Cu(EH)2 CH2Cl2  Et3N –50 ºC - 

81 Cu(EH)2 CH2Cl2  Cs2CO3 –50 ºC - 

82 Cu(EH)2 CH2Cl2 AgNO3 i-Pr2NEt –50 ºC 20% 

83 Cu(EH)2 CH2Cl2 AgNO3 Et3N –50 ºC 15% 

84 Cu(EH)2 CH2Cl2 AgNO3 Cs2CO3 –50 ºC - 

85 Cu(EH)2 CH2Cl2 AgNO3, LiOt-Bu i-Pr2NEt –50 ºC 10% 

86 Cu(EH)2 CH2Cl2 AgNO3, LiOt-Bu Et3N –50 ºC - 

87 Cu(EH)2 CH2Cl2 LiOt-Bu NaEH 23 ºC - 
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Table 4.2.1.  Initial Screening Results - Continued 

entry metal solvent additives base temp eea 

88 Cu(tfacac)2 CH2Cl2  Et3N –50 ºC - 
89 Cu(tfacac)2 CH2Cl2  i-Pr2NEt –50 ºC - 

90 Cu(tfacac)2 CH2Cl2  Cs2CO3 –50 ºC - 

91 Cu(tfacac)2 CH2Cl2  NaEH –50 ºC - 

92 Cu(tfacac)2 THF  Et3N –50 ºC 7% 

93 Cu(tfacac)2 THF  i-Pr2NEt –50 ºC - 
Cu(hfacac)2: copper(II) hexafluoroacetylacetonate, Cu(EH)2: copper(II) ethylhexanoate, Cu(tfacac)2: copper(II) 
trifluoroacetylacetonate, -: Desired product was not observed. a enantiomeric excess was measured by chiral SFC.  b 44 
mol % of ligand was used. mix: complex mixtures 

 

3.2.2 LIGAND SCREENING AND OPTIMIZATION STUDIES 

Based on previous studies (Table 3.2.1, entries 39 and 68), we selected copper(II) iso-

butyrate, lithium tert-butoxide and THF solvent for generation of the catalytic species 

with chiral ligands, diisopropylamine as the base and CH2Cl2 as solvent.  We have 

screened 69 chiral bis(phosphine) ligands (Figure 3.2.1) under similar condition, finding 

DiazaPHOS (W2, –50% ee) and WALPHOS (N1, N2 27% ee) to give the best 

enantioselectivities (Table 3.2.2). 
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Figure 3.2.1.  Ligand List 
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Figure 3.2.1. Ligand List - Continued 
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Table 3.2.2.  Ligand Screening Results 

 

entry ligand temp eea entry ligand temp eea 

1 A1 0 ºC 10% 36 M12 23 ºC 20% 

2 A2 0 ºC 14% 37 M13 23 ºC mix 

3 A3 0 ºC 20% 38 M14 23 ºC –10% 

4 A4 0 ºC - 39 M15 23 ºC - 

5 B1 0 ºC 11% 40 M16 23 ºC 10% 

6 B2 0 ºC 10% 41 M17 23 ºC racemic 

7 B3 0 ºC 9% 42 N1 23 ºC 27% 

8 B4 0 ºC 12% 43 N2 23 ºC 27% 

9 C1 0 ºC - 44 N3 23 ºC racemic 

10 D1 0 ºC 17% 45 N4 23 ºC trace 

11 D2 0 ºC 10% 46 N5 23 ºC - 

12 D3 0 ºC racemic 47 N6 23 ºC trace 

13 D4 0 ºC 8% 48 N7 23 ºC - 

14 E1 0 ºC NR 49 N8 23 ºC - 

15 F1 0 ºC 10% 50 O1 23 ºC - 

16 G1 0 ºC 16% 51 O2 23 ºC - 

17 G2 0 ºC racemic 52 O3 23 ºC 20% 

18 G3 0 ºC 8% 53 O4 23 ºC 10% 

19 H1 0 ºC 14% 54 O5 23 ºC 20% 

20 H2 0 ºC 10% 55 O6 23 ºC - 

21 H3 23 ºC - 56 P1 23 ºC 10% 

22 J2 23 ºC 27% 57 P2 23 ºC –5% 

23 K1 23 ºC 17% 58 Q1 23 ºC - 

24 K2 23 ºC 22% 59 R1 23 ºC - 

25 K3 23 ºC - 60 S1 23 ºC - 

26 M1 23 ºC - 61 T1 23 ºC - 

27 M2 23 ºC trace 62 V1 23 ºC - 

28 M3 23 ºC mix 63 V2 23 ºC - 
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Table 4.2.2.  Ligand Screening Results - Continued 

entry ligand temp eea entry ligand temp eea 

29 M4 –50 ºC - 64 W1 23 ºC 40% 

30 M5 –50 ºC 6% 65 W2 23 ºC –50% 

31 M6 23 ºC - 66 W3 23 ºC 10% 

32 M7 –50 ºC 16% 67 X1 23 ºC - 

33 M8 23 ºC - 68 Y1 23 ºC - 

34 M10 –50 ºC 14% 69 Z1 23 ºC - 

35 M11 –50 ºC 10%     
-: Desired product was not observed.  a enantiomeric excess was measured by chiral SFC.  b 44 mol % of ligand was used. 
mix: complex mixtures.  

 

Having identified the most effective ligands, we next screened several copper sources 

under lower temperatures.  Although none of these sources exhibited better results than 

the combination of copper(II) isobutyrate and lithium tert-butoxide for WALPHOS (N1 

and N2), we were able to observe better stereoselectivity at low temperature (Table 3.2.3, 

entries 6 and 16).  With DiazaPHOS (W1), copper(II) triflate showed better selectivity at 

0 ºC (Table 3.2.3, entries 22 and 23). 
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Table 3.2.3.  Further Investigations using WALPHOS and DiazaPHOS in the alkylation reaction 

 

entry metal ligand additive temp eea 

1 CuCl2 N1 AgBF4 –45 ºC - 
2 CuCl2 N1 AgNTf2 –45 ºC - 

3 CuCl2 N1 AgPF6 –45 ºC - 

4 CuCl2 N1 AgSbF6 –45 ºC - 

5 CuCl2 N1 LiOt-Bu –45 ºC - 

6 Cu(isobutyrate)2 N1 LiOt-Bu –45 ºC 44% 

7 Cu(isobutyrate)2 N1 AgSbF6 –45 ºC - 

8 Cu(hfacac)2 N1  –45 ºC trace 

9 Cu(OTf)2 N1  –45 ºC trace 

10 Cu(OTf)2 N1 LiOt-Bu –45 ºC 23% 

11 Cu(EH)2 N1  –45 ºC trace 

 12 CuCl2 N2 AgBF4 –45 ºC - 

13 CuCl2 N2 AgNTf2 –45 ºC - 

14 CuCl2 N2 AgPF6 –45 ºC - 

15 CuCl2 N2 AgSbF6 –45 ºC - 

16 Cu(isobutyrate)2 N2 LiOt-Bu –45 ºC 54% 

17 Cu(hfacac)2 N2  –45 ºC 30% 

18 Cu(OTf)2 N2  –45 ºC 45% 

19 Cu(EH)2 N2  –45 ºC trace 

20 Cu(isobutyrate)2 W1 LiOt-Bu –45 ºC trace 

21 Cu(isobutyrate)2 W1b LiOt-Bu –45 ºC trace 

22 Cu(OTf)2 W1  –45 ºC 40% 

23 Cu(OTf)2 W1b  –45 ºC 50% 

Conditions: 0.0049 mmol 182, 0.0145 mmol 190, Cu (20 mol %), Ligand (22 mol %), Additive (20 mol %), i-Pr2NEt (3 
equiv.), 0.1 mL CH2Cl2 (0.049 M).  Metal catalyst, ligand and additives were mixed in THF.  THF was removed in vacuo, 
and the resultant was diluted with the reaction solvent.  The reaction was initiated by addition of  base.  Cu(hfacac)2: 
copper(II) hexafluoroacetylacetonate, Cu(EH)2: copper(II) ethylhexanoate. a enantiomeric excess was measured by chiral 
SFC.  -: Desired product was not observed.  b 44 mol % of ligand was used. 
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With a suitable bis(phosphine) ligand in hand (N1), we tested multiple solvents 

and bases.  However, amine bases weaker than Hünig’s base  (Table 3.2.4, entries 1-12) 

could not initiate the reaction, whereas stronger base (entries 13-18) decreased the 

stereoselectivity.  The copper bis(phosphine) complex demonstrated similar selectivity in 

dichloromethane (entry 19), THF (entry 20), and chloroform (entry 22), however it 

showed worse selectivity in acetonitrile (entry 21) and failed to proceed at all in toluene 

and 1,2-dimethoxyethane (DME). 
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Table 3.2.4.  Investigation of reaction solvents and bases with WALPHOS in the alkylation 

reaction 

 

entry solvent base eea 

1 CH2Cl2 DABCO - 
2 THF DABCO - 

3 CH3CN DABCO - 

4 CHCl3 DABCO - 

5 Toluene DABCO - 

6 DME DABCO - 

7 CH2Cl2 DMAP - 

8 THF DMAP - 

9 CH3CN DMAP - 

10 CHCl3 DMAP - 

11 Toluene DMAP - 

12 DME DMAP - 

13 CH2Cl2 Cs2CO3 35% 

14 THF Cs2CO3 15% 

15 CH3CN Cs2CO3 20% 

16 CHCl3 Cs2CO3 20% 

17 Toluene Cs2CO3 - 

18 DME Cs2CO3 10% 

19 CH2Cl2 i-Pr2NEt 40% 

20 THF i-Pr2NEt 50% 

21 CH3CN i-Pr2NEt 30% 

22 CHCl3 i-Pr2NEt 40% 

23 Toluene i-Pr2NEt - 

24 DME i-Pr2NEt - 

Conditions: 0.0024 mmol 182, 0.0072 mmol 190, Cu (20 mol %), Ligand (22 mol %), LiOt-Bu (20 mol %), Base (3 equiv), 
0.06 mL Solvent (0.04 M).  a enantiomeric excess was measured by chiral SFC.  -: Desired product was not observed. 
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In addition to these studies, we examined the effect of the catalyst and ligand 

loading on the stereoselectivity of our alkylation reaction.  Unsatisfactory results were 

produced with low catalyst or ligand loading (Table 3.2.5, entries 1,2 and 4), but 20 mol 

% of copper(II) isobutyrate and 40 mol % of the ligand gave the product in 56% ee 

(Table 3, entry 3).  Stoichiometric amounts of the copper precursor and ligand produced 

only a slight increase in ee (Table 3.2.5, entry 5).  Additionally, we investigated the 

impact of the equivalents of Hünig’s base on the selectivity of the reaction.  Results 

showed the amount of Hünig’s base had little effect on the stereoselectivity of the product 

(Table 3.2.5, entries 6-13).  Subsequent examination of concentration effects showed 

lowering the concentration of the reaction mixture from 0.05 M to 0.02 M resulted in 

increase stereoselectivity (Table 3.2.6). 
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Table 3.2.5.  Examination of the Amount of Catalyst and Ligand Loading in the Alkylation 

Reaction 

 

entry Cu(isobutyrate)2 ligand i-Pr2NEt eea 

1 10 mol % 10 mol % 3.0 equiv 25% 
2 10 mol % 20 mol % 3.0 equiv 28% 

3 20 mol % 40 mol % 3.0 equiv 56% 

4 20 mol % 10 mol % 3.0 equiv 35% 

5 1 equiv 1 equiv 3.0 equiv 60% 

6 20 mol % 20 mol % 1.0 equiv 33% 

7 20 mol % 20 mol % 1.5 equiv 35% 

8 20 mol % 20 mol % 2.0 equiv 38% 

9 20 mol % 20 mol % 2.5 equiv 37% 

10 20 mol % 20 mol % 4.0 equiv 36% 

11 20 mol % 20 mol % 5.0 equiv 37% 

12 20 mol % 20 mol % 6.0 equiv 36% 

13 20 mol % 20 mol % 20 equiv 36% 

Conditions: 0.0049 mmol 182, 0.0145 mmol 190, LiOt-Bu (10 mol %), 0.1 mL CH2Cl2 (0.049 M).   
a enantiomeric excess was measured by chiral SFC.   
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Table 3.2.6.  Examination of Concentration in the Malonate Addidion Reaction 

 

entry concentration eea 

1 0.005 M 53% 
2 0.01 M 63% 

3 0.02 M 64% 

4 0.05 M 55% 

5 0.25 M 40% 

Conditions: 0.0049 mmol 182, 0.0145 mmol 191, Cu (20 mol %), Ligand (40 mol %), LiOt-Bu (20 mol %), i-Pr2NEt (3 
equiv).  a enantiomeric excess was measured by chiral SFC.   

 

 

Finally, we explored a set of WALPHOS ligands (N1 – N8) under our optimized 

conditions.  Gratifyingly, we observed improved ee by using (Ph,Cy)-WALPHOS (Table 

3.2.7, entry 5), leading to product formation in 70% ee with moderate conversion, 

whereas other ligands showed diminished selectivity.  To date, this is the best result we 

have, which is a great improvement over the starting point. 
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Table 3.2.7.  The Effect of WALPHOS Substituent under Optimized Condition in the Alkylation 

Reaction 

 

entry ligand ee 

1 N1 60% 
2 N2 trace 

3 N3 25% 

4 N4 25% 

5 N5 70% 

6 N6 - 

7 N7 - 

8 N8 - 

Conditions: 0.0049 mmol 182, 0.0145 mmol 190, Cu (20 mol %), Ligand (40 mol %), LiOt-Bu (20 mol %), i-Pr2NEt (3 
equiv), 0.25 mL CH2Cl2 (0.02 M).  -: Desired product was not observed.  a enantiomeric excess was measured by chiral 
SFC.   

 

 

3.3 CONCLUSION 

Asymmetric alkylation of 3-halooxindoles with malonate esters is an effective 

method to construct 3,3,-disubstituted oxindole moieties.  Herein, we have reported that 

copper(II) chiral bis(phosphine) complex demonstrated reactivity with an highly 

stabilized and sterically hindered α-arylated malonate ester, which were unreactive 

substrates in previously developed conditions.  This method could be applied to the 
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installation of vicinal quaternary centers on the communesin F and perophoramidine 

scaffolds and could be useful in the synthesis of a variety of other natural products.  
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3.4 EXPERIMENTAL SECTION 

3.4.1 MATERIALS AND METHODS 

Unless stated otherwise, reactions were performed under an argon or nitrogen 

atmosphere using dry, deoxygenated solvents (distilled or passed over a column of 

activated alumina).9  Commercially obtained reagents were used as received unless 

otherwise stated.  Thin-layer chromatography (TLC) was performed using E. Merck 

silica gel 60 F254 precoated plates (0.25 mm) and visualized by UV fluorescence 

quenching, or potassium permanganate, iodine, or anisaldehyde staining.  SiliaFlash P60 

Academic Silica gel (particle size 0.040-0.063 mm) was used for flash chromatography.  

1H and 13C NMR spectra were recorded on a Varian Inova 500 (at 500 MHz and 126 

MHz respectively), and are reported relative to CHCl3 (δ 7.26 & 77.16 respectively).  

Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm) (multiplicity, 

coupling constant (Hz), integration).  IR spectra were recorded on a Perkin Elmer 

Paragon 1000 Spectrometer and are reported in frequency of absorption (cm–1).  HRMS 

were acquired using an Agilent 6200 Series TOF with an Agilent G1978A Multimode 

source in mixed (MM) ionization mode. 
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3.4.2 PREPARATIVE PROCEDURES 

 

Oxindole rac-191: To a flame-dried round-bottomed flask equipped with a stirbar, 

was added bromooxindole 182 (20 mg, 0.045 mmol), o-nitrophenyl dimethylmalonate 

190 (37 mg, 0.135 mmol) and THF (0.5 mL).  To the mixture was added cesium 

carbonate (47.4 mg, 0.045 mmol) at ambient temperature and the reaction mixture was 

then stirred for 3 hr.  The reaction mixture was then treated with saturated NH4Cl 

aqueous solution, extracted with EtOAc, washed with brine and dried over MgSO4.  After 

concentration in vacuo, the crude product was obtained.  Chromatography (6:1 hexanes : 

ethyl acetate) on silica gel afforded the title compound 191 (23 mg, 80% yield) as 

colorless oil: 1H NMR (500 MHz, CDCl3) δ 8.0 (d, J = 8.1 Hz, 1H), 7.85 (s, 1H), 7.74 

(dd, J = 7.9, 1.7 Hz, 1H), 7.40 (dtd, J = 26.6, 7.4, 1.5 Hz, 2H), 7.30 (d, J = 7.8 Hz, 1H), 

7.14 (td, J = 7.7, 1.3 Hz, 1H), 6.90 (td, J = 7.7, 1.2 Hz ,1H), 6.75 (dd, J = 7.8, 1.1 Hz, 

1H), 3.74 (s, 3H), 3.65 (s, 3H), 3.35 (ddd, J = 9.5, 8.4, 6.9 Hz, 1H), 3.06 (td, J = 9.3, 4.5, 

1H), 2.93 (ddd, J = 12.6, 8.8, 6.7 Hz, 1H), 2.54 (ddd, J = 12.8, 8.4, 4.4 Hz,  1H), 0.89 (s, 

21H). 13C NMR (126 MHz, CDCl3) δ 177.86, 167.63, 167.27, 150.34, 140.67, 132.46, 

131.12, 129.49, 129.23, 128.63, 128.61, 126.73, 125.39, 122.45, 109.98, 109.12, 59.52, 

56.71, 52.81, 52.80, 38.34, 29.70, 17.85, 17,84, 11.80.  IR (Neat Film, NaCl) 2923, 2852, 
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1722, 1617, 1532, 1463, 1353, 1259, 1097, 992, 799, 753 cm-1; HRMS (MM) m/z 

calc’d for C30H40N2O8Si [M+H]+: 585.2627, found 585.2636. 

 

Initial Screening procedure 

To an oven-dried vials equipped with stirbar was charged with copper source (20 mol 

%), BINAP (20 mol %) and 3 Å molecular sieve in THF.  The heterogeneous solution 

was agitated at ambient temperature for 10-20 min until clear homogeneous solution was 

generated.  To the reaction mixture was charged additive (20 mol % unless specified in 

table) Reaction mixture was allowed to stir for 5 min and concentrated under reduced 

pressure. Mixture of bromooxindole 5 (10 mg, 0.024 mmol) and malonate 12 (18.5 mg, 

0.073 mmol) in reaction solvent (0.15 ml, 0.2 M) was added to the mixture and allowed 

to stir for 10 minutes. After setting reaction temperature, base (2 equiv) was added to 

initiate the reaction. Upon completion of the reaction, saturated aqueous ammonium 

chloride solution (0.1 mL) was added, and the mixture was filtered through silica gel.  

Each filtrate was diluted by 1 mL of solvent (ethyl acetate or isopropanol) and analyzed 

by chiral SFC.  The mixture was separated by an AD-H column with 20% isopropanol as 

eluent. 
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Ligand Screening procedure 

Every step was performed in a nitrogen-filled glove box.  Solutions of copper(II) 

isoburtyrate (8 mg, 0.034 mmol) in THF (3.5 mL), lithium tert-butoxide (2.72 mg, 0.034 

mmol) in THF (3.5 mL), bromooxindole 5 (70 mg, 0.17 mmol) and malonate 12 (129 mg, 

0.51 mmol) in CH2Cl2 (1.75 mL), i-Pr2NEt (0.1 ml, 0.57 mmol) in CH2Cl2 (2 mL) were 

prepared in 2 dram vials prior to reaction setup.  To 1 dram vials equipped with stirbars, 

and ligand (1.1 µmol, 22 mol %) were distributed copper(II) isobutyrate in THF (0.1 mL, 

0.97 µmol, 20 mol %).  The heterogeneous solution was agitated at room temperature for 

10-20 min until a clear homogeneous solution was generated.  The reaction mixtures 

were charged with lithium tert-butoxide in THF (0.1 mL, 0.97 µmol, 20 mol %).  

Reaction mixtures were allowed to stir for 5 min and concentrated under reduced 

pressure.  A mixture of bromooxindole 5 and malonate 12 in CH2Cl2 (0.05 mL, 4.85 

µmol, 14.55 µmol) was dispensed to each vial and allowed to stir for 10 min.  After 

setting the reaction temperature, i-Pr2NEt in CH2Cl2 (0.05 mL, 14.55 µmol, 3 equiv) was 

added to the reaction vials and allowed to stir for 48 h.  Upon completion,  sat. aq. 

ammonium chloride solution (0.1 mL) was added, and the mixture was filtered through 

silica gel.  Each filtrate was diluted by 1 mL of solvent (ethyl acetate or isopropanol) and 

analyzed by chiral SFC.  The mixture was separated by an AD-H column with 20% 

isopropanol as eluent.  
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Figure A7.3  13C NMR (126 MHz, CDCl3) of compound rac-191 

Figure A7.2  Infrared spectrum (thin film/NaCl) of compound rac-191 
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Notebook Cross-Reference 

 

 
The following notebook cross-reference has been included to facilitate access to the 

original spectroscopic data obtained for the compounds within this thesis.  The 

information is organized by chapter and electronic characterization folders have been 

created which contain copies of the original 1H NMR, 13C NMM, two-dimensional 

NMR, and IR spectra.   A hard copy of spectra has been provided with this text.  All 

notebooks are stored in the Stoltz group archive.  All electronic data can be found on the 

Stoltz group server.  
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Table 8.1.  Notebook Cross-Reference for Compounds in Chapter 1.2-Continued 
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Table 8.2.  Notebook Cross-Reference for Compounds in Chapter 1.3 
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Table 8.2.  Notebook Cross-Reference for Compounds in Chapter 1.3-Continued 
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Table 8.3.  Notebook Cross-Reference for Compounds in Chapter 2 

 
 
Table 8.4.  Notebook Cross-Reference for Compounds in Chapter 3 
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