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Abstract 

With the advent of well-defined highly active catalysts, olefin metathesis has 

become a powerful tool for the formation of carbon–carbon double bonds in a variety of 

settings. However, these traditional catalysts preferentially form the E-alkene product. 

Recent efforts have yielded several families of Z-selective metathesis catalysts, including 

a family of Ru complexes with cyclometallated NHC ligands developed in our group. 

The work in this thesis describes efforts to develop an improved understanding of the 

catalyst features that govern activity and selectivity in the cyclometallated Ru-based 

catalysts, as well as to expand the scope of reactivity in these systems. 

Chapter 1 provides an outline of the key features that govern selectivity in cross 

metathesis applications. 

Chapter 2 describes the application of cyclometallated Ru-based catalysts in Z-

selective CM of allylic-substituted olefins. Efficient CM is demonstrated in the case of 

acrolein acetals providing a new route to access Z-α,β-unsaturated acetals and aldehydes. 

For a variety of other allylic-substituted olefins, reactivity was lower but could be 

correlated with the structure of the catalyst and substrate. The implications of the 

observed reactivity are discussed and contextualized with regard to reactivity of previous 

metathesis catalysts. 

Chapter 3 describes the development of a series of cyclometallated Z-selective 

metathesis with varying N-aryl groups that allow elucidation of the key catalyst features 

that govern activity and selectivity in these systems. The synthesis of the catalyst series is 

described, including several strategies employed to circumvent unexpected side-

reactions. The second part of the chapter focuses on the dynamic behavior of the catalysts 
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in solution and studies of an unusual C–H····F–C intramolecular interaction observed in 

some of these catalysts. Finally, the reactivity of these catalysts in a variety of CM 

applications are discussed, which allows for development of a refined model of how the 

N-aryl group affects Z-selectivity and activity in these catalysts systems and how this 

varies across different classes of substrate.  
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Chapter 1 
 
 

Introduction to Selectivity in Olefin Metathesis  
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Olefin Metathesis 

Over the past sixty years, olefin metathesis has transformed from an undesirable 

side reaction into a powerful and widely used method for the formation of carbon–carbon 

double bonds.1,2 While early catalysts were ill-defined heterogeneous mixtures, 

mechanistic experiments identified transition metal (TM) carbenes as the active catalysts 

in these systems3, which prompted the development of a wide variety of well-defined TM 

carbene complexes that were competent olefin metathesis catalysts.4,5 Olefin metathesis 

proceeds via a [2+2] cycloaddition between a TM carbene and an alkene to form a 

metallacyclobutane intermediate, which can then collapse to generate a new TM carbene 

and a new alkene product (Scheme 1.1). 

 

By varying the type(s) of alkene starting materials employed in the reaction, a 

wide variety of alkene-containing products can be generated and this is used to define 

various classes of olefin metathesis reaction (Scheme 1.2). 

 

  

Scheme 1.1. General mechanism for olefin metathesis. 
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Selectivity in Cross Metathesis 

Of these reaction classes, initial attention was largely devoted to ring-opening 

metathesis polymerization (ROMP) and ring-closing metathesis (RCM), both of which 

have a strong driving force toward product formation. In ROMP reactions, release of ring 

strain from the cyclic starting material is the driving force for the reaction, whereas for 

RCM there is an entropic driving force due to the production of two molecules from one 

(the product and ethylene). Cross metathesis (CM) lacks either of these driving forces, 

making it a more challenging reaction that also presents several issues with regard to 

selectivity that are not present in other types of metathesis reactions. Typically, if two 

distinct terminal olefins (A + B, Scheme 1.3) undergo CM, multiple products result: the 

homodimers of A and B are formed (A2 + B2, respectively) in addition to the desired 

cross product (AB). Each of these products is also formed as a mixture of the cis and 

trans isomers, generating six different products. 

Scheme 1.2. Types of olefin metathesis reactions. 
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Achieving selectivity for formation of the desired cross product in preference to 

the homodimers in CM applications has been facilitated by the development of a model, 

which classifies olefins based on their reactivity.6 The model divides olefins into four 

categories of decreasing reactivity: Type I olefins, which homodimerize readily and 

whose homodimers can readily undergo further reaction; Type II olefins, which 

homodimerize slowly and whose homodimers are slow to undergo further reactions; 

Type III olefins, which do not homodimerize and only form cross products with Type I or 

II olefins; and Type IV olefins, which are spectators to metathesis. 

If two terminal olefins of Type I undergo CM, a statistical distribution of products 

results. Hence, a 1:1 ratio of A:B is expected to yield 25% of each homodimer in addition 

to 50% of the desired cross product. The yield of the cross product can be increased by 

employing an excess of one terminal olefin, for example using a 4:1 ratio of A:B 

increases the potential yield of cross product (AB) to 80%. When two olefins of different 

types are used, they can undergo selective CM, favoring formation of the cross product 

over formation of homodimers, leading to yields greater than the statistical product 

distribution. 

R1 R2

R1R1 R2R2 R2R1

R1

R1

R2

R2

R2

R1

[Ru]
+

cis

transA B

A2 B2 AB

homodimers cross product

Scheme 1.3. Products formed in cross metathesis of two terminal olefins. 
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The olefin classification type results from a combination of steric and electronic 

factors, with increased steric bulk proximal to the double bond and electron-withdrawing 

substituents generally leading to reduced reactivity. Notably, the “type” is specific to a 

given metathesis catalyst, which often allows for high selectivity to be achieved in the 

reaction of two given olefins, through careful choice of catalyst. The remaining major 

challenge in the field of CM was to achieve precise control over the olefin 

stereochemistry, allowing the generation of cis and trans olefins with high selectivity. 

 

Cis–trans Selectivity in Ru-based Metathesis Catalysts 

Two major families of well-defined TM complexes have enjoyed considerable 

success as olefin metathesis catalysts: those based on Mo and W complexes, pioneered by 

Schrock7-10, and those based on Ru, which have been a major focus of research in our 

group, as well as others11,12 (Figure 1.1). A focus on catalyst development in tandem with 

mechanistic studies has provided significant insight into the features that govern the 

stability and activity in Ru-based olefin metathesis catalysts.13-15 In contrast, the features 

that govern issues of selectivity, in particular cis–trans selectivity, have proved more 

challenging to elucidate. A key factor in understanding the cis–trans selectivity of typical 

Figure 1.1. Key ruthenium-based metathesis catalysts. 
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Ru-based metathesis catalysts (such as 1.1-1.3) is the orientation of the 

metallacyclobutane intermediate with respect to the other ligands on Ru, for which two 

distinct pathways have been proposed (Figure 1.2).  

In the “bottom-bound” pathway, metallacycle formation takes place with an olefin 

bound trans to the L-type ligand (PCy3 in 1.1, NHC in 1.2 and 1.3), leading to a 

metallacycle on the opposite face to the L-type ligand and the two X-type ligands trans to 

each other. In the alternative “side-bound” pathway, metallacycle formation takes place 

with an olefin bound cis to the L-type ligand and the resulting metallacycle is oriented in 

a perpendicular plane to the L-type ligand with the result that the two X-type ligands are 

cis to each other. Indirect experimental16-20 and computational21-23 investigations have 

provided evidence for both side-bound and bottom-bound pathways in the case of 

conventional metathesis catalysts such as 1.1–1.3 The first direct evidence arose when 

14-electron metathesis catalyst 1.4 was demonstrated to react with terminal olefins at low 

temperatures forming metallacycles, which could be studied using low-temperature NMR 

spectroscopy.24-28 These studies have supported the formation of bottom-bound 

metallacycles, in which the metallacycle lies coincident with the span of the NHC ligand 

(1.5), for NHC–Ru complexes, such as 1.2 and 1.3, (Scheme 1.4).  

Figure 1.2. Possible orientations for metallacyclobutanes. 
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The substituents of the bottom-bound metallacycle can be in either a syn 

orientation, which leads to formation of the Z-olefin product, or in an anti orientation, 

which leads to formation of the E-olefin product (Figure 1.3). Steric repulsion between 

substituents in the syn metallacycle is believed to be responsible for the kinetic 

preference for formation of the E-olefin by catalysts such as 1.4 and 1.5.13 

Z-selective Ru-based Metathesis Catalysts 

 Our group has recently developed a series of cyclometallated Ru-based 

metathesis catalysts that show a kinetic preference for formation of Z-olefin products 

(Figure 1.4). 1.6 was the first Ru-based catalyst that demonstrated catalyst-driven Z-

selectivity, which was discovered after a serendipitous C–H activation in the reaction of 

1.3 with silver pivalate.29 Replacement of the cyclometallated substituent by an N-

adamantyl group resulted in catalyst 1.7, which displayed both improved activity and Z-

Figure 1.3. Syn and anti geometries of bottom-bound metallacycles. 
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Scheme 1.4. Formation of metallacyclobutanes from phosphonium alkylidene catalyst 1.4 at low 
temperature. 
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selectivity.29 Replacement of the remaining pivalate ligand by nitrate resulted in catalyst 

1.8, which demonstrated significant improvements in stability.30 In contrast to previous 

Ru-based metathesis catalysts, catalysts 1.6–1.8 are believed to proceed via a side-bound 

pathway, in which the metallacycle lies under the N-aryl group of the catalyst (Figure 

1.5).29-34 Steric repulsion between the metallacyclobutane substituent and the N-aryl 

group destabilizes the anti metallacycle geometry, with the result that the syn 

metallacycle geometry is preferred. 

 

Thesis Research 

While cyclometallated Ru-based complexes have demonstrated promising results 

in a number of metathesis reactions, their known scope of reactivity is rather limited in 

Figure 1.5. Model for Z-selectivity in cyclometallated Ru-based catalysts. 
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Figure 1.4. Cyclometallated Ru catalysts that are Z-selective in metathesis reactions. 
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comparison to more established catalysts, such as 1.1–1.3. The primary focus of this 

thesis is to develop an improved understanding of the factors that govern reactivity and 

selectivity in the cyclometallated Z-selective catalysts. Chapter 2 focuses on the 

application of the cyclometallated catalysts in the Z-selective CM of allylic-substituted 

olefins. These more challenging substrates allow us to probe the boundaries of reactivity 

with the cyclometallated catalysts, providing insights into how the reactivity and Z-

selectivity are influenced by the structure of both the catalyst and the substrate. Chapter 3 

reports the development of a series of cyclometallated catalysts that systematically vary 

the steric and electronic nature of the N-aryl group. Studies of the reactivity of this 

catalyst series in a variety of CM applications have allowed further refinement of our 

understanding of the interplay between catalyst structure, activity and Z-selectivity. In 

addition, studies of an unusual C–H···F–C interaction observed in a number of these 

catalysts are described. 
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Abstract 

This chapter describes the application of cyclometallated Ru-based catalysts 2.1 

and 2.2 in Z-selective cross metathesis of allylic-substituted olefins. The observed 

activity and selectivity of the catalysts are correlated with the catalyst structure by 

developing models for catalyst behavior. 2.2 was demonstrated to be an efficient catalyst 

for CM of acrolein acetals, providing a new synthetic route to Z-α,β-unsaturated acetals 

with excellent stereoselectivity (typically, >95% Z). The reaction conditions were 

compatible with a variety of acrolein acetals and terminal olefin cross partners, varying in 

functionality and steric profile. In addition, methods for the stereoretentive conversion of 

Z-α,β-unsaturated acetals to the corresponding aldehydes are also disclosed. The ability 

of catalyst 2.2 to carry out Z-selective CM of a wide variety of other allylic-substituted 

olefins was also explored. For a number of olefins that displayed poor reactivity with 

catalyst 2.2, significantly improved reactivity was observed with more sterically 

accessible catalyst 2.1 under re-optimized conditions. Finally, the implications of the 

observed reactivity are discussed, allowing for extension of the “model for selectivity in 

CM” to the cyclometallated Z-selective catalysts. 
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Introduction 

Previous work in our group demonstrates the utility of the cyclometallated Ru-

based metathesis catalysts, such as 2.1 and 2.2 (Figure 2.1), in a variety of Z-selective 

metathesis reactions, including CM1-7, ethenolysis8 and macrocyclic RCM5,9,10. These 

classes of reaction differ from ROMP11,12 and ROCM13-15 in that they lack the additional 

driving force from release of ring strain, Without the “spring-loaded” cyclic starting 

material, the other classes of reaction display a higher sensitivity to the steric 

environment of the starting olefin. In the case of CM reactions, the reactivity 

demonstrated to-date had been limited to relatively unhindered terminal and internal Z-

olefins.1-7 Allylic-substituted olefins were identified as an important substrate class to 

explore with the goal of augmenting the scope of reactivity of our Z-selective catalysts. 

Olefins with allylic substitution have been explored as CM substrates with 

previous generations of Ru-based metathesis catalysts, including catalysts 2.3–2.5 

(Figure 2.2).16-18 In these studies, two general trends were noted: allylic-substituted 

olefins are less reactive than unhindered olefins in CM applications and they tend to form 

cross products with improved selectivity for the E-olefin. This enhanced selectivity for 

Figure 2.1. Cyclometallated Ru complexes commonly employed for Z-selective olefin 
metathesis. 
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the E-olefin is attributed to increased steric repulsion between substituents in the syn 

metallacyclobutane, further disfavoring formation of the Z-olefin. In many cases, this 

allows the E-olefin to be generated with high stereoselectivity, lending the products to 

further synthetic applications where the olefin stereochemistry can be exploited. Access 

to the complementary Z-olefins via metathesis would provide a useful synthetic tool, 

extending the utility of these methods. 

In the cyclometallated Z-selective catalysts, 2.1 and 2.2, this increased steric clash 

between substituents in the syn metallacycle is expected to play a similar role. DFT 

calculations suggest that the rate-limiting step for product formation is either formation or 

collapse of the 1,2-disubstituted metallacyclobutane.19-21 The increased steric bulk of the 

alkene substituent is expected to result in a larger steric clash in the syn 

metallacyclobutane, and hence in the rate-limiting step, increasing the energy required to 

form the Z-olefin product (Figure 2.3). 

Figure 2.2. Commonly employed metathesis catalysts. 
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Increased steric bulk of the metallacycle substituent(s) may also affect reactivity 

due to their interactions with other ligands on the catalyst. In the case of the anti 

metallacycle, this may result in a larger steric clash between the substituent and the N-

aryl group. Additionally, there is the possibility for increased steric clashing with either 

the adamantyl group or the X-type ligand, which may play a role in destabilizing either or 

both of these competing pathways. Figure 2.4 presents three possible scenarios for the 

expected reactivity of allylic-substituted olefins compared to non-allylic-substituted 

olefins, which arise from differences in how the increased steric bulk affects the energy 

of the pathways leading to the E-olefin and the Z-olefin. 

syn

anti

R R'

R

R'

Z-olefin

E-olefin

Ru

NN

X R R'

Ru

NN

X

R

R'

(A)

(B)

Figure 2.3. Key steric interactions governing Z-selectivity in CM reactions of allylic-substituted 
olefins. A) Negative steric interaction between metallacycle substituent and N-aryl group in anti 
metallacycle. B) Negative steric interaction between the two metallacycle substituents in the syn 
metallacycle. As R' increases in size, the steric clash in the syn metallacycle will become more 
significant, raising the energy of the pathway to form the Z-olefin. 
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Scenario (I) represents the case of CM of unhindered terminal olefins and 

Scenarios (II-IV) represent different possibilities for the reactivity of allylic-substituted 

olefins relative to Scenario (I). In Scenario (II), both pathways increase in energy by a 

similar but small amount, resulting in lowered reactivity but maintaining high Z-

selectivity. In Scenario (III), the pathway leading to the Z-olefin increases in energy more 

than that of the E-olefin, with the result that the product will still be formed but with 

diminished Z-selectivity compared to the case of unhindered olefins. Scenario (IV) 

represents a third case where the increased steric clash is large, rendering both pathways 

leading to the Z-olefin and the E-olefin high in energy and largely inaccessible, leading to 

  (II) vs. (I) (III) vs. (I) (IV) vs. (I) 
ΔG‡(Z)  small increase moderate increase large increase 

ΔG‡(E) – ΔG‡(Z)  similar reduced similar 
reactivity  good good poor 

Z-selectivity  good reduced good 
 
Figure 2.4. Key scenarios representing the expected spectrum of reactivity for allylic-substituted 
olefins compared to unhindered olefins, based on the differences in energy between the pathways 
for forming the E- and Z-olefin products. 
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minimal product formation. 

A second consideration that may erode the initial Z-selectivity in allylic-

substituted olefins is a difference in the propensity for the E- and Z-olefin products to 

undergo secondary metathesis. In the cyclometallated catalysts, secondary metathesis is 

believed to occur primarily via the “ethenolysis” pathway4,8, which, being the reverse of 

the Z-selective forward CM reaction, will have a lower transition state for secondary 

metathesis of the Z-olefin product compared to the E-olefin product. In addition, 

increased steric bulk of alkene substituents is correlated with a larger energy difference in 

the stability of the E- and Z-olefin products.22 This typically results in the Z-olefin being 

higher in energy than the E-olefin and therefore more likely to undergo side-reactions, 

including secondary metathesis processes. As such, the Z-olefin product is both 

thermodynamically and kinetically more susceptible to secondary metathesis and, 

therefore, will be selectively consumed, leading to erosion of the Z-content of the product 

mixture if significant secondary metathesis occurs. 

 

Z-selective Cross Metathesis of Acrolein Acetals 

We selected acrolein acetals as the initial substrate class with which to begin cross 

metathesis studies of allylic-substituted olefins. Previous studies had demonstrated the 

viability of acrolein acetals as cross metathesis substrates with earlier generations of Ru 

metathesis catalysts, in particular, with catalyst 2.3, which allowed the synthesis of cross 

products with high selectivity for the trans olefin product.17,23 However, Z-selective 

metathesis of acrolein acetals had yet to be demonstrated with either Ru-based catalysts 

or Mo/W-based catalysts prior to these studies. 
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It was envisioned that the Z-α,β-unsaturated acetals formed from Z-selective CM 

of acrolein acetals would serve as useful precursors for the corresponding Z-α,β-

unsaturated aldehydes, which are challenging to access via other methods. This would 

complement the E-α,β-unsaturated aldehydes that can be accessed either directly from 

CM of acrolein or from the corresponding acetals using catalysts 3.2–3.5.17,18,23 Z-α,β-

unsaturated aldehydes have significant interest for industry, due to their uses in 

fragrances24,25 and as semiochemicals for pest control applications.26,27 They are also 

formed as metabolites in various plants and animals and their detection has been used as 

a diagnostic for cancer and in food quality assays.28-31 Z-α,β-unsaturated acetals and 

aldehydes also serve as useful synthetic intermediates, which have been exploited in the 

synthesis of a number of natural products.32-36 In addition, α,β-unsaturated acetals have 

been extensively explored as substrates for a number of base- and metal-promoted 

rearrangements.37 

Despite the significant interest in Z-α,β-unsaturated acetals and aldehydes, 

general, broad methods for their synthesis are rare. Reagents have been developed for the 

two-carbon homologation of aldehydes to the corresponding α,β-unsaturated compounds; 

however, achieving high Z-stereoselectivity is often challenging and unpredictable.38-43 

This results in the employment of less efficient, multi-step methods. For example, the 

Still–Gennari modification of the Horner–Wadsworth–Emmons reaction affords the Z-

α,β-unsaturated ester, which can then be reduced to the allylic alcohol and oxidized to 

afford the aldehyde.44,45 In an alternative strategy, α,β-alkynyl acetals can be accessed 

either by cross-coupling or alkylation and the desired product is then afforded after 
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subsequent semi-hydrogenation (typically with Lindlar’s catalyst) and deprotection.37 Z-

selective metathesis offers an attractive route to α,β-unsaturated acetals and aldehydes 

that avoids several shortcomings associated with the abovementioned strategies. 

Alternative methods require the use of strong bases, sensitive organometallic complexes 

or redox reagents, necessitating the use of protective groups in complex molecules. In 

contrast, Z-selective metathesis is a more direct method with generally good functional 

group tolerance, reducing the need for protecting groups. In addition, both starting 

materials are readily available/accessible: vinyl acetals can be efficiently prepared from 

acrolein46 and cross partners can be sourced from the vast olefin chemical feedstock. 

 

Optimization of Reaction Conditions 

Initial studies began with 2-vinyl-1,3-dioxolane (2.6), which has been explored in 

CM applications with previous generations of Ru metathesis catalyst, allowing the 

generation of cross products with enhanced selectivity for the E-olefin (Scheme 2.1).23 1-

Dodecene (2.7) was selected as a cross partner due to its low volatility and in order to 

avoid any possible effects due to the presence of other functional groups. Catalyst 2.2 

was used, since it had demonstrated improved Z-selectivity over 2.1 in previous CM 

applications.5,6 Initial conditions, which employed 5 mol% 2.2 and 6 equivalents of 1-

9O

O
+

2.6 2.7

9
O

O

2.8

[Ru]

Scheme 2.1. CM of 2-vinyl-1,3-dioxolane and 1-dodecene. 
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a
 Yield and Z-selectivity determined by GC using tridecane as an internal standard; average of two experiments. 

b
 Value at 7 hours. 

dodecene, were highly promising, yielding the desired cross product (2.8) in 84% yield 

and with 93% Z-selectivity at 3 h. (Table 2.1, Entry 1). 

A number of reaction conditions were investigated in order to determine if 

reduced catalyst loading and/or reduced equivalents of 1-dodecene would be tolerated. 

The Z-selectivity was found to be largely independent of catalyst loading, excess of 1-

dodecene or reaction concentration, giving a consistent value of 93–95% Z-selectivity 

across the various conditions investigated. This is suggestive that secondary metathesis of 

2.8 is not occurring to a significant extent under these reactions conditions, the 

implications of which will be discussed further (vide infra). A similar yield was obtained 

Entry 2.2 (mol%) Equiv. of 2.7 Conc. (M) Yield (%)
a Z-selectivity (%)

a 
1 5 6 0.5 84 93 
2 5 4 0.5 87 94 
3 5 2 0.5 80 95 
4 2 2 0.5 80 95 
5 2 2 1.0 66 95 
6 2 2 0.3 82 95 
7 2 4 0.5 83 95 
8 2 4 0.3 92 94 
9 1 2 0.5 74  95 

 

2.2 (1–5 mol%)

THF (0.3–1 M)
35 ˚C, 3 h.

9O

O
+

2.6 2.7

9
O

O

2.8

2–6 equiv.

Table 2.1. Optimization of CM reaction between 2-vinyl-1,3-dioxolane and 1-dodecene. 

a Yield and Z-selectivity determined by GC using tridecane as an internal standard; average of two 
experiments. 
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using a lower catalyst loading of 2 mol% 2.2 and 4 equivalents of 1-dodecene. Reducing 

the concentration of the reaction to 0.3 M in 2.6 led to an increase in yield, allowing the 

product to be generated in 92% yield and 94% Z-selectivity (Entry 8). We then 

employed these optimal conditions to investigate whether the reaction could also be 

carried out efficiently using the allylic-substituted olefin as the reagent in excess (Table 

2.2). A comparable yield of the cross product (2.8) could be achieved using 4 equivalents 

of 2.6 and 1 equivalent of 2.7 and only a small reduction in Z-selectivity was noted (91% 

vs. 94%), although a longer reaction time of 7 h. was required. If only 2 equivalents of 

the olefin in excess were used, regardless of which olefin was used in excess, similar Z-

selectivity was observed but with a reduction in yield of ~10%.  

 

  

Entry Equiv. of 2.6 Equiv. of 2.7 Yield
a
 (%) Z-selectivity

a
 (%) 

1 2 1 63 [84]
b 93 [92]

b 
2 4 1 65 [94]

b 91 [91]
b 

3 1 2 82 95 
4 1 4 92 94 

 

Table 2.2. Varying the olefin in excess in CM of 2-vinyl-1,3-dioxolane and 1-dodecene. 

a Yield and Z-selectivity determined by GC using tridecane as an internal standard; average of two 
experiments. b Value at 7 h. in square brackets. 

2.2 (2 mol%)

THF (0.3 M)
35 ˚C, 3 h.

9O

O
+

2.6 2.7

9
O

O

2.8
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Substrate Scope: Allylic-substituted Olefin 

The substrate scope was then investigated on a preparative scale (~0.8–1.0 mmol), 

where it was found that increasing the reaction concentration to 0.5 M in the allylic-

substituted olefin and extending reaction time to 5 h. led to conditions that were optimal 

for the range of substrates explored (Table 2.3). Under these conditions, cross product 

2.8 was isolated in 82% yield and 96% Z-selectivity. The corresponding vinyl-1,3-

dioxane (2.9) performed similarly, yielding cross product 2.14 in 79% yield and 96% Z-

selectivity. Potentially bulkier vinyl acetals derived from hexylene glycol and pinacol 

(2.10 and 2.11, respectively) yielded products with marginally higher yield and Z-

selectivity. In the case of a di(acrolein acetal) derived from pentaerythritol, 2.12, the 

difunctionalized cross product 2.17 was obtained as a mixture of the Z,Z and E,Z 

diastereomers in an 89:11 ratio and 77% combined yield. This is consistent with the 

statistical outcome of two independent metathesis events occurring with ~94% Z-

selectivity, as would be expected for the two distal alkenes. The two isomers of 2.17 

could be separated by column chromatography on silica gel, allowing the Z,Z isomer to 

be isolated in 69% yield and >98% stereoselectivity. The reaction conditions were also 

found to be tolerant of acrolein diethyl acetal (2.13), which is known to be less stable 

than cyclic acetals.47 The corresponding cross product, 2.18, was obtained with high Z-

selectivity (>98%) but a lower yield (70%) than that observed with the cyclic acetals. 

Overall, CM with 1-dodecene could be achieved for a wide variety of acrolein acetals, 

allowing the desired products to be isolated in 69–85% yield and with Z-selectivity of 

≥96% in all cases. 
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Having had promising results with vinyl acetals, our attention turned to related 

Table 2.3. CM of various acrolein acetals with 1-dodecene. 

OEt

EtO

O

O

O

O

O

O

O

O

O

O O

O

2.6

2.9

2.13

2.10

2.11

2.12

9
O

O

2.8

9
O

O

2.14

9
O

O

9
O

O

O

O O

O
9

9
EtO

OEt

9

2.15

2.16

2.17

2.18

82 96

79 96

85 >98

84 98

77 89 (Z,Z)

70 >98

Starting material Product Yield (%)a Z-selectivity (%)b

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

9
R +

2.7

R
9

4 equiv.

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. 
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types of olefins with tertiary allylic carbons that are also of interest for their synthetic 

utility (Table 2.4). α,β-Unsaturated pinacol boronates are useful substrates in Suzuki 

cross-coupling reactions, where olefin geometry can be efficiently transferred to the 

cross-coupled products.48-50 Previous work has demonstrated that vinyl pinacol boronate 

(2.19) is a useful substrate for accessing E-α,β-unsaturated pinacol boronates using 

catalysts 3.3–3.5.17,18,51 2.19 was found to undergo CM efficiently with catalyst 2.2, 

generating alkenyl boronate 2.21 in comparable yield (81%) to 2.8 and slightly reduced 

Z-selectivity (92%). This is complementary to a recent report by Schrock, Hoveyda and 

co-workers, where they used vinyl pinacol boronate as the reagent in excess.52 In 

addition, 2-vinyl oxirane was investigated as a substrate for Z-selective CM. While 

catalyst 2.3 failed yield the desired cross product for 2-vinyl oxirane (2.20), Z-selective 

Table 2.4. CM of vinyl pinacol boronate and 2-vinyloxirane with 1-dodecene. 

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. c Z-selectivity determined by 
1H-NMR spectroscopy. 

BO

O

O

2.19

2.20

BO
O

9

9
O

2.21

2.22

81 92

40c >98

Starting material Product Yield (%)a Z-selectivity (%)b

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

9
R +

2.7

R
9

4 equiv.
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catalyst 2.2 was able to form the desired cross product, 2.22, with excellent Z-selectivity 

but, though metathesis was carried out at room temperature in order to minimize loss of 

the volatile substrate, only a modest yield of 2.22 was obtained (40%). 

Given the high yields observed in the case of acrolein acetals, we decided to 

investigate related substrates bearing quaternary allylic carbons, including ketal 2.23 and 

orthoester 2.24 (Scheme 2.2). In both cases, negligible formation of the desired cross 

product was observed. Similarly, 2-methyl-2-vinyloxirane 2.25 and vinyl MIDA boronate 

2.26 led to only minimal conversion. For these reactions, lack of formation of homodimer 

from 2.7 (11-docosene) under the reaction conditions can be used as an indicator of 

catalyst sequestration or decomposition. If the hindered olefin is causing either of these 

effects, this is expected to impact formation of 11-docosene under the reaction 

conditions. Indeed, low conversion of 1-dodecene was noted with substrates 2.24 and 

2.25, which is suggestive of either catalyst sequestration or decomposition. In contrast, 

appreciable formation of 11-docosene occurred in CM reactions with 2.23 and 2.26. This 

is consistent with an inherent low reactivity of the starting material limiting product 

formation (cf. Scenario (IV), Figure 2.4) and not catalyst decomposition or sequestration.  

Scheme 2.2. Unreactive CM substrates with tertiary allylic substitution. 

2.2 (2 mol%)

THF (0.3 M)
35 ˚C, 3 h.
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R
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Substrate Scope: Cross Partner 

In order to investigate the compatibility of the reaction with various functional 

groups, a number of cross partners other than 1-dodecene were screened (Table 2.5). 

Table 2.5. Varying the cross partner in CM of 2-vinyl-1,3-dioxolane. 

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. c Reaction stopped at 3h. 

Product Yield (%)a Z-selectivity (%)b

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

R+

2.6

R4 equiv.
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2.28
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2.32
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2.34
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74c 97
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2.31 2.35

83 95O
O Br

8

O

OMe

OH

Br

Starting Material



 28 

Cross products were generated with similar yield and high Z-selectivity for methyl-10-

undecenoate (2.28) and allylbenzene (2.29). In addition, a primary alcohol (2.30) and 

primary alkyl bromide (2.31) were both tolerated under the reaction conditions. Since a 

reaction time of 5 h. was found to result in a lower Z-selectivity of product 2.34, reducing 

the reaction time to 3 h. allowed the product to be isolated in good yield and with 

excellent Z-selectivity. The anomalous degradation of Z-content has been observed in 

previous CM reactions with 2.30 and will be discussed further in Chapter 3. In addition, 

allyl pinacol boronate (2.37) was also tolerated as a cross partner, demonstrating 

excellent Z-selectivity (Scheme 2.3). Due to the instability of cross product 2.38 to 

purification, it was converted in situ to the corresponding Z-allylic alcohol (2.39) with 

excellent retention of stereochemistry and in good yield over the two steps. 

N-allylaniline (2.40) was also investigated as a cross partner and, while cross 

product 2.43 was formed with high Z-selectivity, the yield was low (18%) (Table 2.6). 

Previously, N-allylaniline has been employed successfully as the limiting reagent in CM 

of unhindered olefins with catalyst 2.2.6 Here, when 2.40 is used in excess in combination  

B
O

O OHO
OO

O

63% yield
>98% Z

+ 4 equiv.
O

O

>98% Z
2.38 2.39

xs. NaOH, H2O2

B
O

O

2.6 2.37

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

Scheme 2.3. CM of allyl pinacol boronate with 2-vinyl-1,3-dioxolane and conversion to 
corresponding allylic alcohol. 
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with a less reactive olefin partner, coordination of the free amine to Ru may become a 

significant factor limiting reactivity. Protection of substrate 2.40 as the acetamide 

derivative resulted in an even less reactive substrate, 2.41, with minimal conversion to 

cross product 2.44 noted. In this case, metathesis of the N-allyl acetamide onto Ru would 

produce a species that could form a potentially stable six-membered chelate by 

coordination of the O atom to Ru, thereby sequestering the catalyst (Figure 2.5). 

Consistent with this theory, low formation of 11-docosene (1-dodecene homodimer) was 

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. c Conversion, not yield, determined 
by 1H-NMR spectroscopy. 

Table 2.6. CM of 2-vinyl-1,3-dioxolane and N-allylaniline derivatives. 

Product Yield (%)a Z-selectivity (%)bStarting material

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

N+

2.6

N
4 equiv.

O

O

O
O

R

R

2.40

2.41

2.42

2.44

2.45

18 94

<5c –

72 89
NO

O

Bn

NO
O

O

NHO
O

2.43

H
N

N

N

O

Bn
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noted under the reaction conditions. Reactivity was restored with the installation of an N-

benzyl protecting group (2.42), allowing isolation of the cross product (2.45) in 72% 

yield. The Z-selectivity of the cross product was lower compared to the unprotected 

compound, 2.43, (89% vs. 94%), presumably due to the increased steric bulk of 2.42 

causing increased repulsion in the syn metallacycle.  

 

Deprotection of Z-α ,β-unsaturated Acetals 

Much of the interest in formation of Z-α,β-unsaturated acetals is to use them as 

precursors to the corresponding Z-α,β-unsaturated aldehydes, which are useful substrates 

for a variety of further organic transformations. Methods for the clean deprotection of Z-

α,β-unsaturated acetals without erosion of the olefin stereopurity, however, have been 

limited, due to the ease of isomerization from the Z-enal to E-enal.53-55 The use of oxalic 

acid adsorbed onto silica had previously been demonstrated for successful deprotection of 

Z-vinyl acetals and was found to offer a convenient method for deprotection of products 

2.8 and 2.18 with retention of stereochemistry (Table 2.7).56 The corresponding 

aldehyde, 2.47, could be simply obtained in quantitative yield by filtration and 

[Ru]

O NPh

N N DIPP

2.46

Figure 2.5. Proposed chelated catalyst species responsible for low activity. 



 31 

concentration of the reaction mixture with complete stereoretention. LiBF4 also could 

effect deprotection of the acetal in a 97:3 mixture of MeCN:H2O with excellent 

stereoretention and afforded the desired aldehyde in high yield after work-up.57 This 

offers a mild method for deprotection, which demonstrates good compatibility with 

functional groups that may be sensitive to Brønsted acid.57,58 

 

 

  

Table 2.7. Stereoretentive deprotection of Z-α,β-unsaturated acetals 

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. c SiO2 2.5 g/mmol with 2.8/2.18; 5% 
aq. oxalic acid 10% w/w with SiO2; DCM (0.05 M); r.t., 10 mins. d 1.3 eq. LiBF4; 97:3 MeCN:H2O (0.1 M); 
r.t. 10 mins. 

Entry Substrate Reagent(s) Yield (%)
a 

Z-selectivity (%)
b 

Initial Final 
1 2.8 SiO2, oxalic acid 

c quant. >95 >95 
2 2.8 LiBF4 

d 95 >95 >95 
3 2.18 SiO2, oxalic acid 

c quant. >95 >95 
4 2.18 LiBF4 

d 92 >95 >95 
 

9O
O 9

EtO
OEt

or conditions
9

O
H

2.8 2.18 2.47
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Cross Metathesis of Other Allylic-substituted Olefins 

Our attention then turned to allylic-substituted hydrocarbon substrates. Here, we 

employed methyl-10-undecenoate (2.28) as the cross partner in order to facilitate 

separation of the product from the other olefins in the reaction mixture by column 

chromatography (Table 2.8). Vinyl cyclopentane (2.48) was found to undergo CM with 

good Z-selectivity (94%) but a significantly lower yield of the desired cross product, 

2.17, was obtained than in the case of the corresponding 5-membered cyclic acetal (44% 

vs. 82%). Vinyl cyclohexane (2.49) was also investigated as a CM substrate under 

identical conditions and only minimal cross product formation was noted (<5% conv.). 

This was unexpected given the relatively small variation in cross product yield between 

Table 2.8. CM of allylic-substituted hydrocarbons with methyl-10-undecenoate. 

a Isolated yield. b Z-selectivity determined by 1H-NMR spectroscopy. c Conversion (not yield) 
determined by 1H-NMR spectroscopy 

2.2 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

8
R +

2.28

R
8

2.48

8
OMe

O

2.51

44a 94

OMe

OO

OMe

2.49

8
OMe

O

2.52

<5c  –

2.50

8
OMe

O

2.53

<5c –

Starting material Product Yield (%)a Z-selectivity (%)b

4 equiv.
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5- and 6-membered acrolein acetals (2.8 and 2.14). Low reactivity was also observed for 

the acyclic olefin, 3-methyl-1-hexene (2.50). This is suggestive that acrolein acetals may 

be privileged substrates for CM due an electronic factor, a difference in conformational 

preferences compared to the analogous hydrocarbons or both. 

In addition, secondary allylic alcohol 2.54 was investigated as a substrate for Z-

selective CM with catalyst 2.2 (Table 2.9). Under the standard conditions, minimal 

formation of cross product 2.58 was observed (<5%). Introduction of either a methyl- or 

Table 2.9. CM of allylic-substituted secondary alcohols. 

a Conversion determined by GC and/or 1H-NMR spectroscopy. 

2.2 (2 mol%)

THF (0.3 M)
35 ˚C, 5 h.

9+

2.7

9
4 equiv.

R R
4

4

Product Conversion (%)aStarting Material

2.54

2.55

2.56

2.59

2.60

<5

<5

<5

2.58

OH
4

OMe
4

OAc
4

9
OAc

4

9
OMe

4

9
OH

4

2.57 2.61

<5
Cl

4
9

Cl
4
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acetyl-protecting group (2.55 and 2.56) led to little improvement in CM under the same 

conditions. In the case of the acetyl-protected alcohol, which could potentially form a 

stable six-membered chelate similar to 2.46, low formation of 1-dodecene homodimer 

was again noted. Poor reactivity was also observed in the case of the corresponding 

secondary allylic chloride (2.57). 

 

Differences in Reactivity and Selectivity between Catalysts 

In all of the Z-selective CM reactions discussed thus far, catalyst 2.2 has been 

used due to its higher Z-selectivity compared to 2.1 in CM of unhindered terminal 

olefins.5,6,59 According to our working model, the improved selectivity results from 

increased steric repulsion between the bulkier N-aryl group of 2.2 and the metallacycle 

substituents, which increases the energy of the anti metallacycle. In the case of CM of 

Entry Catalyst Yield (%)
a Z-selectivity (%)

a 
1 2.1 87 76 
2 2.2 92 94 
3 2.3 96 10 
4 2.5 92 5 

 

Table 2.10. Comparison of catalysts in CM of 3-vinyl-1,2-dioxolane and 1-dodecene. 

a Yield and Z-selectivity determined by GC using tridecane as an internal standard; average 
of two experiments. 

[Ru] (2 mol%)

THF (0.3 M)
35 ˚C, 3 h.

9O

O
+

2.6 2.7

9
O

O

2.8

4 equiv.
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unhindered terminal olefins, both 2.1 and 2.2 display relatively high Z-selectivity at low 

conversion, with the difference typically being on the order of a few percent.  

Z-selective catalyst 2.1 and catalysts 2.3 and 2.5 were compared to catalyst 2.2 in 

CM of 2.6 and 2.7 under identical conditions in order to examine how allylic substitution 

affects the Z-selectivity of the catalysts (Table 2.10). Here, the difference in Z-selectivity 

between 2.1 and 2.2 is considerably more pronounced than in previous examples with 

catalyst 2.1 forming cross product 2.8 with 76% Z-selectivity compared to the 94% 

achieved by 2.2. Both Z-selective catalysts demonstrate high yields of cross product 2.8, 

with 2.2 giving a marginally higher yield. Catalysts 2.3 and 2.5 complement the Z-

selective catalysts, yielding 2.8 with 90% and 95% selectivity for the E-isomer. This 

allows both E- and Z-acrolein acetals to be accessed with excellent stereoselectivity and 

in high yield using Ru metathesis catalysts. 

While both catalysts 2.1 and 2.2 were found to be efficient for CM of 2.6, there 

were several examples of substrates for which 2.2 demonstrated extremely low activity. 

The difference in Z-selectivity between catalyst 2.1 and 2.2 is consistent with a more 

significant energy difference between the rate-limiting steps for formation of Z- and E-

olefin products in 2.2 (larger ΔG‡(E)–ΔG‡(Z) in the case of 2.2). This follows directly 

from the larger steric profile of the N-aryl group increasing ΔG‡(E) due to increased 

steric clash in the anti metallacyclobutane. It is less obvious, however, how the N-aryl 

group significantly influences the energy required for formation of the Z-olefin, ΔG‡(Z), 

since the substituents of the syn metallacyclobutane are pointed away from the N-aryl 

group. Two scenarios can be envisaged, which represent two extremes of reactivity 
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(Figure 2.6). If the N-aryl group has little affect on the Z-olefin pathway (ΔG‡(Z) is 

similar for 2.1 and 2.2), then there may be little chance of improved reactivity by 

employing catalyst 2.1 in place of 2.2 (Scenario (II)). If, however, ΔG‡(Z) is significantly 

higher in energy for 2.2 than for the less bulky catalyst, 2.1 (Scenario (III)), then 

improved reactivity may be obtained by employing 2.1. The exact energy differences 

between the two catalysts are expected to vary from substrate to substrate with 

differences in the bulk of the allylic substituent, which suggests that any improvements in 

reactivity may be specific to a given substrate class. 

  (I) vs. (II) (I) vs. (III) 
ΔG‡(E) – ΔG‡(Z)  larger larger 

ΔG‡(Z)  similar / small increase significant increase 

reactivity  slightly lower significantly lower 
Z-selectivity  good good 

 
Figure 2.6. Key scenarios representing reactivity for allylic-substituted olefins with catalyst 2.2 
compared to catalyst 2.1, based on the differences in energy between the pathways for forming 
the E- and Z-olefin products. 



 37 

CM of Allylic-substituted Olefins with Catalyst 2.1 

In order to examine which scenario best fits the observed reactivity, a number of 

substrates that demonstrated sub-optimal reactivity with catalyst 2.2 (Table 2.8) were re-

examined using catalyst 2.1 (Table 2.11). In the CM of vinyl cyclopentane and methyl-

10-undecenoate, cross product 2.51 was obtained with an improved yield of 56% and a 

relatively modest decrease in Z-selectivity from 94% to 86%. Several additional olefins 

that showed negligible conversion with catalyst 2.2 demonstrated improved cross product 

formation with 2.1. Using catalyst 2.1, CM of vinyl cyclohexane and methyl-10-

undecenoate demonstrated some conversion to the desired cross product (2.52), which 

was formed in 10% yield and 73% Z-selectivity. Improved but modest conversions to the 

Table 2.11. CM of allylic-substituted hydrocarbons with methyl-10-undecenoate using catalyst 
2.1. 

a Isolated yield. b Yield and Z-selectivity determined by GC using tridecane as an internal standard. c Z-
selectivity determined by 1H-NMR spectroscopy. 

2.1 (2 mol%)

THF (0.5 M)
35 ˚C, 5 h.

8
R +

2.28

R
8

2.48

8
OMe

O

2.51

56a 86c

OMe

OO

OMe

2.49

8
OMe

O

2.52

10b 73b

Product Yield (%) Z-selectivity (%)

4 equiv.

Starting Material
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cross products were also noted for protected secondary allylic alcohols (2.59 and 2.60). 

We then attempted to re-optimize conditions for the CM reaction using catalyst 

2.1 in order to improve the yield for these more challenging substrates that performed 

poorly under the previous conditions. CM of vinyl cyclohexane (2.49) and methyl-10-

undecenoate (2.28) was selected as the model reaction for optimization, using the 

previous best conditions in CM of acrolein acetals as the starting point (Table 2.12, Entry 

1). Increasing the excess of methyl-10-undecenoate to 6 equivalents or the catalyst 

loading from 2 mol% to 5 mol% did not result in a significant improvement in the yield 

for catalyst 2.2 (Entries 2–3). Unlike in the previous optimization, employing an excess 

of the allylic-substituted olefin (2.49) led to significantly improved yields of 2.52. A 

substantial increase in yield was obtained when doubling the equivalents of 2.49 from 2 

to 4, with a smaller increase on further increasing the equivalents to 6 (Entries 5–7). 

Decreasing the overall concentration of the reaction led to a further increase in yield, 

reaching 40% (Entry 9). Subsequently, replacing THF with diglyme, an ethereal solvent 

with a higher boiling point, further improved the yield of the desired cross product to 

50% (Entry 11). Under identical conditions, 2.2 generated only 16% yield of 2.52 but 

with 93% Z-selectivity, which supports the proposed difference in energy for the Z-olefin 

pathway in the two catalysts (Figure 2.6). The new conditions represent a ca. five-fold 

increase in yield when compared to the former conditions. Similar to the previously 

optimized reaction, the Z-selectivity observed for the cross product was largely 

unchanged across the various reaction conditions screened, giving a relatively consistent 

value of 73–75%. This is consistent with low levels of secondary metathesis occurring 

across these reaction conditions.  
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We then wanted to determine if these new conditions would lead to a similar 

increase in yield for other substrates that demonstrated low reactivity under previous 

conditions (Table 2.13). 4-vinyl-cyclohex-1-ene was also found to be a viable substrate, 

with 38% conversion and 78% Z-selectivity to cross product 2.64 achieved at 6 h. Under 

these reaction conditions, dihydromyrcenol (2.63) was found to undergo CM with 44% 

conversion and 82% Z-selectivity. 

Table 2.13. CM of allylic-substituted hydrocarbons with methyl-10-undecenoate using catalyst 
2.1. 

a Conversion determined by GC using tridecane as an internal standard using [Cross product] = [2 
28]initial–[2.28]t–[2.28 homodimer]t b Z-selectivity determined by GC c Yield of product determined by 
GC using tridecane as an internal standard. 

2.1 (5 mol%)

diglyme (0.22 M)
35 ˚C, 6 h.

8
R +

2.28

R
8 OMe

OO

OMe

2.62

8
OMe

O

2.64

38 78

2.63

8
OMe

O

2.65

44 80

Product Conversion (%)a Z-selectivity (%)b

6 equiv.

Starting Material

OH HO

2.49

8
OMe

O

2.52

50c 74
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In addition, several protected secondary allylic alcohols were examined under the 

new conditions (Table 2.14). For CM of 3-methoxy-1-octene (2.55), an improved 

conversion of 33% and 86% Z-selectivity was observed. However, in the case of the 

corresponding acetoxy-protected alcohol (2.56), no significant improvement was 

observed, with only 11% conversion to the desired cross product noted at 6 h. 2.56 can 

potentially form a stable 6-membered chelating alkylidene similar to that proposed for N-

acetyl-N-allylaniline 2.41. The corresponding benzyl-protected compound (2.67) 

performed similarly to the methyl- protected compounds under the new reaction 

conditions with marginally higher yield and slightly lower Z-selectivity. 

  

Table 2.14. CM of protected secondary allylic alcohols with 1-dodecene using catalyst 2.1. 

a Conversion determined by GC using tridecane as an internal standard using [Cross product] = 
[2 7]initial–[2.7]t–[2.7 homodimer]t b Z-selectivity determined by GC c  

Product Conversion (%)a

2.55

2.56

2.59

2.60

33

11

OMe
4

OAc
4

9
OAc

4

9
OMe

4

2.1 (5 mol%)

diglyme (0.22 M)
35 ˚C, 6 h.

9+

2.7

9
6 equiv.

OR OR
4

4

Z-selectivity (%)b

86

84

2.67 2.68

36
OBn

4
9

OBn
4

84

Starting Material
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Conclusions 

The application of cyclometallated Ru-based catalysts in the Z-selective CM of 

allylic-substituted olefins was explored. CM of acrolein acetals by catalyst 2.2 provided a 

new synthetic method to access Z-α,β-unsaturated acetals and aldehydes with high 

stereoselectivity. While catalyst 2.2 demonstrated efficient CM for a wide variety of 

acrolein acetals, in addition to a number of other substrates, it demonstrated low 

reactivity for CM of other types of allylic-substituted olefins. Notably, 2.2 either 

catalyzed formation of the cross product with high Z-selectivity or it demonstrated low 

reactivity. This is consistent with the pathway for formation of the E-olefin not being low 

enough in energy to be accessible, even in the case of bulky allylic-substituted olefins. 

The reduced steric bulk of the N-aryl group in catalyst 2.1 allowed for improved CM 

reactivity in a number of cases where catalyst 2.2 performed poorly. Here, a lower 

difference in energy between the pathways for formation of the Z-olefin and the E-olefin 

allows formation of the E-olefin to become competitive, resulting in reduced Z-selectivity 

compared to that observed in CM of unhindered olefins. The relationship between the 

steric bulk of the N-aryl group and selectivity and activity in CM of allylic-substituted 

olefins is probed more extensively in Chapter 3, using seven additional catalysts that 

vary in the N-aryl group 

The trends in the reactivity of allylic-substituted olefins allow us to extend the 

previous model for selectivity in CM to include the cyclometallated Z-selective catalysts 

(Table 2.15). This model provides a framework for determining whether CM can be 

rendered selective for formation of the desired cross product over the homodimers of the 

two starting materials. By choosing olefins of different “Type”, selectivity beyond that  
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expected statistically can be achieved, which facilitates application of CM in synthetic 

applications. The model also allows us to directly compare the scope of reactivity of the 

Z-selective catalysts with conventional Ru-based metathesis catalysts. Interestingly, the 

reactivity of the Z-selective catalysts closely parallels that observed for catalyst 2.3 and is 

significantly lower than that of 2.4. 

Overall, the Z-selective CM of allylic-substituted olefins by catalysts 2.1 and 2.2 

has allowed access to several classes of Z-olefins that are challenging to access via other 

methods. In addition, it has identified several areas where continued development of 

improved Z-selective catalysts would be beneficial. 
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Experimental Details 

Materials and Methods 

Unless otherwise stated, solvents and reagents were of reagent quality, obtained 

from commercial sources and used without further purification. Reactions involving 

catalysts 2.1–2.5 were carried out in a nitrogen-filled glovebox. Unless otherwise 

described, liquid substrates for cross metathesis were degassed by sparging with Ar and 

were filtered through a short plug of basic alumina prior to use. 2-vinyloxirane was 

degassed by sparging with Ar prior to use. Dihydromyrcenol and 8-octen-3-ol were 

distilled and degassed by sparging with Ar prior to use. THF was purified by passage 

through solvent purification columns and degassed prior to use.60 Anhydrous diglyme 

was sparged with Ar, stored over 4 Å molecular sieves and filtered over basic alumina 

prior to use. DCM and CDCl3 used for the analysis of CM reactions involving acetals 

were filtered through a plug of basic alumina prior to use. Flash chromatography was 

carried out with silica gel 60 (230-400 mesh). 2-vinyl-1,3-dioxane, 4,4,6-trimethyl-2-

vinyl-1,3-dioxane, and 4,4,5,5-tetramethyl-2-vinyl-1,3-dioxolane61 were all prepared 

according to a previously reported procedure.62 N-allyl-N-benzylaniline was prepared as 

previously described.63  

Gas chromatography data was obtained using an Agilent 6850 FID gas 

chromatograph equipped with a HP-5 (5%-phenyl)-methylpolysiloxane capillary column 

(Agilent). High-resolution mass spectroscopy was completed at the California Institute of 

Technology Mass Spectrometry Facility. NMR spectra were recorded on a Varian Inova 

400 (400 MHz for 1H, 128 MHz for 11B, 101 MHz for 13C), automated Varian Inova 500 

(500 MHz for 1H, 126 MHz for 13C), or Varian Inova 600 (500 MHz for 1H, 151 MHz for 
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13C). 1H and 13C chemical shifts are expressed in ppm downfield from tetramethylsilane 

using the residual protiated solvent as an internal standard (CDCl3 1H: 7.26 ppm and 13C: 

77.2 ppm; DMSO-d6 1H: 2.50 ppm and 13C: 39.5 ppm). 11B chemical shifts are expressed 

in ppm downfield from BF3.OEt2 using the deuterium signal of the solvent as an internal 

standard. 

 

Screening-scale Reactions 

Typical procedure: CM of 2-vinyl-1,3-dioxolane and 1-dodecene 

In a nitrogen-filled glovebox, 2-vinyl-1,3-dioxolane (16 µL, 0.016 mmol, 1 

equiv.) and 1-dodecene (430 µL, 0.064 mmol, 4 equiv.) were combined in a 4 mL vial, to 

which tridecane (20 µL) was added as an internal standard. A solution of 2.2 (2.1 mg, 

0.003 mmol, 2 mol%) in the required amount of THF was added. The reaction was stirred 

open to the atmosphere at 35 °C. 

Samples for GC analysis were obtained by taking a 5 µL reaction aliquot and 

diluting to 1 mL with a 10% v/v solution of ethyl vinyl ether in DCM. Samples were 

shaken vigorously and allowed to stand for 10 minutes before GC analysis. All reactions 

were carried out in duplicate. 

GC response factors were obtained for all starting materials and products using 

tridecane as an internal standard. Data was analyzed as previously described.64  

Instrument conditions: inlet temperature: 250 °C, detector temperature 300 °C, H2 

flow: 30 mL/min, air flow: 400 mL/min, makeup flow: 30 mL/min. 
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GC method: 80 °C for 1.5 minutes, followed by a temperature increase of 40 

°C/min to 230 °C and held at that temperature for 2 minutes, then a temperature increase 

of 5 °C/min to 245 °C, and finally a temperature increase of 40 °C/min to 300 °C and 

held at that temperature for 2.5 minutes. Total run time: 14.1 minutes. 

 

Compound Response Factor Retention Time (min) 

tridecane - 4.43 

2-vinyl-1,3-dioxane 4.00 2.23 

1-dodecene 1.10 4.88 

(Z)-2-(dodec-1-en-1-yl)-1,3-dioxolane 1.07 6.74 

(E)-2-(dodec-1-en-1-yl)-1,3-dioxolane 1.39 6.82 

(Z)-11-docosene 0.56 9.34 

(E)-11-docosene 0.56 9.38 

 

 

Typical procedure: CM of vinylcyclohexane and methyl 10-undecenoate 

In a nitrogen-filled glovebox, vinylcyclohexane (73 µL, 0.53 mmol, 6 equiv.) and 

methyl 10-undecenoate (20 µL, 0.09 mmol, 1 equiv.) were combined in a 4 mL vial, to 

which tridecane (10 µL) was added as an internal standard. A solution  of the appropriate 

catalyst (4.4 mmol, 5 mol%) in diglyme (300 µL) was added and the reaction was stirred 

open to the atmosphere at 35 °C. 

Samples for GC analysis were obtained by taking a 5 µL reaction aliquot and 

diluting to 1 mL with a 10% v/v solution of ethyl vinyl ether in DCM. Samples were 

shaken vigorously and allowed to stand for 10 minutes before GC analysis. 
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GC response factors were obtained for all starting materials and products using 

tridecane as an internal standard. Data was analyzed as previously described.64  

Instrument conditions: inlet temperature: 250 °C, detector temperature 300 °C, H2 

flow: 30 mL/min, air flow: 400 mL/min, makeup flow: 30 mL/min. 

 

GC method: 80 °C for 2 minutes, followed by a temperature increase of 30 

°C/min to 250 °C and held at that temperature for 3 minutes, then a temperature increase 

of 5 °C/min to 270 °C, and finally a temperature increase of 30 °C/min to 300 °C and 

held at that temperature for 3 minutes. Total run time: 18.7 minutes. 

 

General Procedures 

General Procedure 1: CM of allylic-substituted olefins and 1-dodecene 

In a nitrogen-filled glovebox, the allyl-substituted olefin (0.8 mmol, 1 equiv.) and 1-

dodecene (710 mL, 3.2 mmol, 4 equiv.) were combined in a 20 mL vial, to which 

tridecane (50 mL) was added as an internal standard. A solution of 2.2 (10.8 mg, 0.016 

mmol, 2 mol%) in THF (700 mL) was added and the concentration of allyl-substituted 

Compound Response Factor Retention Time (min) 

tridecane - 5.86 

vinylcyclohexane 1.71 2.27 

methyl-10-undecenoate 1.24 6.44 

Methyl (Z)-11-cyclohexylundec-10-enoate 0.79 9.21 

methyl (E)-11-cyclohexylundec-10-enoate 0.79 9.36 

dimethyl (Z)-icos-10-enedioate 0.71 13.90 

dimethyl (E)-icos-10-enedioate 0.71 13.97 
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olefin adjusted to 0.5 M using THF. The reaction was stirred open to the atmosphere at 

35 °C for 5 hours, at which time it was removed from the glovebox. The reaction mixture 

was quenched by addition of ethyl vinyl ether (200 mL) and subjected to silica gel 

chromatography. 

 

General Procedure 2: CM of 2-vinyl-1,3-dioxolane with terminal olefins 

In a nitrogen-filled glovebox, 2-vinyl-1,3-dioxolane (80 mL, 0.8 mmol, 1 equiv.) and 

terminal olefin (3.2 mmol, 4 equiv.) were combined in a 20 mL vial, to which tridecane 

(50 mL) was added as an internal standard. A solution of 2.2 (10.8 mg, 0.016 mmol, 2 

mol%) in THF (700 mL) was added and the concentration of allyl-substituted olefin 

adjusted to 0.5 M using THF. The reaction was stirred open to the atmosphere at 35 °C 

for 5 hours, at which time it was removed from the glovebox. The reaction mixture was 

quenched by addition of ethyl vinyl ether (200 mL) and subjected to silica gel 

chromatography. 

 

General Procedure 3: Deprotection of acetals with SiO2/oxalic acid 

SiO2 (2.5 g/mmol with respect to acetal), 5% aq. oxalic acid (10% w/w with SiO2) and 

DCM (1.1 mL) were stirred at 20 °C for 5 minutes. To this suspension, a solution of Z-

α,β-unsaturated acetal (0.13 mmol) in DCM (1.1 mL) was added and the mixture was 

allowed to stir for a further 10 minutes. The suspension was then filtered through a SiO2 

plug and concentrated to yield the corresponding aldehyde. 
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General Procedure 4: Deprotection of acetals with LiBF4 

To Z-α,β-unsaturated acetal (0.13 mmol, 1 equiv.) in 97:3 MeCN:H2O (1.25 mL), was 

added LiBF4 (0.16 mmol, 1.3 equiv.) and the resultant solution was stirred at 20 °C for 10 

minutes. Upon completion, Et2O (8 mL), sat. aq. NaHCO3 (6 mL) and H2O (2 mL) were 

added to the reaction mixture. The organic layer was separated and the aqueous layer was 

back extracted with Et2O (3 x 8 mL). The combined organic layers were washed with 

brine (5 mL, adjusted to pH 8 with NaHCO3) and concentrated. The resultant residue was 

dissolved in DCM, dried over Na2SO4, and concentrated to yield the corresponding 

aldehyde. 

 

Experimental Data 

(Z)-2-(dodec-1-en-1-yl)-1,3-dioxolane (2.8) 

2-Vinyl-1,3-dioxolane (100 mg, 1.0 mmol) and 1-dodecene (670 mg, 4.0 mmol) were 

reacted according to general procedure 1. After purification by silica gel chromatography 

(pentane, then 92:8 pentane:Et2O), product 2.8 was obtained as a clear, colorless oil (82% 

yield, 200 mg, 96% Z).  

1H NMR (400 MHz, CDCl3) δ 5.77 (dt, J = 11.0, 7.7 Hz, 1H), 5.54 (d, J = 7.3 Hz, 1H), 

5.42 (dd, J = 11.0, 7.3 Hz, 1H), 4.07 – 3.83 (m, 4H), 2.17 (q, J = 7.7 Hz, 2H), 1.47 – 1.15 

(m, 16H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 138.0, 125.8, 99.4, 65.1, 32.1, 29.9, 29.8, 29.7, 29.7, 29.6, 

29.5, 29.3, 28.0, 22.8 ppm. 

HRMS (FAB) calcd. for C15H29O2 [M+H]+ 241.2168; found 241.2168. 
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(Z)-2-(dodec-1-en-1-yl)-1,3-dioxane (2.14) 

2-Vinyl-1,3-dioxane (91 mg, 0.80 mmol) and 1-dodecene (540 mg, 3.2 mmol) were 

reacted according to general procedure 1. After purification by silica gel chromatography 

(pentane, then 90:10 pentane:Et2O), product 2.14 was obtained as a pale yellow oil (79% 

yield, 160 mg, 96% Z).  

1H NMR (600 MHz, CDCl3) δ 5.63 (dt, J = 11.1, 7.5 Hz, 1H), 5.43 (dd, J = 11.1, 6.4 Hz, 

1H), 5.23 (d, J = 6.5 Hz, 1H), 4.13 (dd, J = 10.7, 5.0 Hz, 2H), 3.84 (td, J = 12.3, 2.5 Hz, 

2H), 2.22 – 2.03 (m, 3H), 1.45 – 1.19 (m, 17H), 0.88 (t, J = 7.0 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.9, 126.9, 98.1, 67.0, 32.0, 29.8, 29.7, 29.6, 29.5, 29.5 

29.3, 28.3, 25.8, 22.8, 14.2 ppm. 

HRMS (FAB) calcd. for C16H31O2 [M+H]+ 255.2324; found 255.2318. 

(Z)-2-(dodec-1-en-1-yl)-4,4,6-trimethyl-1,3-dioxane (2.15) 

4,4,6-Trimethyl-2-vinyl-1,3-dioxane (130 mg, 0.80 mmol) and 1-dodecene (540 mg, 3.2 

mmol) were reacted according to general procedure 1. After purification by silica gel 

chromatography (pentane, then 92:8 pentane:Et2O), product 2.15 was obtained as a clear, 

colorless oil (84% yield, 180 mg, >98% Z). 

1H NMR (600 MHz, CDCl3) δ 5.62 (dt, J = 10.8, 7.5 Hz, 1H), 5.49 (d, J = 6.6Hz, 1H), 

5.45 (dd, J = 10.8, 6.6 Hz, 1H), 3.93 (ddh, J = 12.2, 6.1, 2.8 Hz, 1H), 2.11 (qd, J = 7.5, 

1.3 Hz, 2H), 1.48 – 1.34 (m, 4H), 1.34 (s, 3H), 1.32 – 1.22 (m, 17H), 1.21 (d, J = 6.1 Hz, 

3H), 0.87 (t, J = 7.0 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.6, 127.5, 91.2, 72.1, 68.9, 43.5, 32.1, 31.9, 29.8, 29.7, 

29.6, 29.5, 29.5, 29.4, 28.2, 22.8, 22.3, 22.0, 14.3 ppm. 
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HRMS (FAB) calcd. for C19H37O2 [M+H]+ 297.2794; found 297.2792. 

 

(Z)-2-(dodec-1-en-1-yl)-4,4,5,5-tetramethyl-1,3-dioxolane (2.16) 

4,4,5,5-Tetramethyl-2-vinyl-1,3-dioxolane (130 mg, 0.80 mmol) and 1-dodecene (540 

mg, 3.2 mmol) were reacted according to general procedure 1. After purification by silica 

gel chromatography (pentane, then 96:4 pentane:Et2O), product 2.16 was obtained as a 

clear, colorless oil (84% yield, 200 mg, 98% Z). 

1H NMR (600 MHz, CDCl3) δ 5.73 (d, J = 8.0 Hz, 1H), 5.68 (dt, J = 11.0, 7.7 Hz, 1H), 

5.38 (dd, J = 11.0, 8.0 Hz, 1H), 2.16 (q, J = 7.7 Hz, 2H), 1.40 – 1.23 (m, 16H), 1.22 (s, 

12H), 0.87 (t, J = 7.0 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 136.6, 128.4, 95.4, 82.2, 32.1, 29.8, 29.7, 29.6, 29.5, 29.3, 

27.5, 24.2, 22.8, 22.2, 14.3 ppm. 

HRMS (FAB) calcd. for C19H35O2 [(M+H)-H2]+ 295.2637; found 295.2627. 

 

3,9-di((Z)-dodec-1-en-1-yl)-2,4,8,10-tetraoxaspiro[5.5]undecane (2.17) 

3,9-Divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane (85 mg, 0.40 mmol) and 1-dodecene 

(540 mg, 3.2 mmol) were reacted according to general procedure 1. After purification by 

silica gel chromatography (pentane, then 92:8 pentane:Et2O), product 2.17 was obtained 

as a white solid (77% yield, 150 mg, 89% Z,Z). 

1H NMR (600 MHz, CDCl3) δ 5.66 (dt, J = 11.1, 7.6 Hz, 2H), 5.44 (dt, J = 11.1, 6.4 Hz, 

2H), 5.14 (d, J = 6.4 Hz, 2H), 4.63 (dd, J = 11.5, 2.3 Hz, 2H), 3.66 – 3.58 (m, 4H), 3.43 
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(d, J = 11.5 Hz, 2H), 2.11 (q, J = 7.6 Hz, 4H), 1.40 – 1.19 (m, 32H), 0.87 (t, J = 7.1 Hz, 

6H) ppm. 

13C NMR (151 MHz, CDCl3) δ 136.5, 126.3, 98.7, 70.8, 70.3, 32.1, 32.1, 29.8, 29.7, 29.6, 

29.5, 29.4, 29.3, 28.3, 22.8, 14.3 ppm. 

HRMS (FAB) calcd. for C31H57O4 [M+H]+ 493.4257; found 493.4236. 

  

(Z)-1,1-diethoxytridec-2-ene (2.18) 

Acrolein diethyl acetal (130 mg, 1.0 mmol) and 1-dodecene (670 mg, 4.0 mmol) were 

reacted according to general procedure 1. After purification by silica gel chromatography 

(98.5:1.5 pentane:Et3N, then 96.5:1.5:3 pentane:Et3N:Et2O), product 2.18 was obtained as 

a clear, colorless oil (70% yield, 190 mg, >98% Z).  

1H NMR (400 MHz, CDCl3) δ 5.62 (dt, J = 11.2, 7.5 Hz, 1H), 5.46 (dd, J = 11.2, 6.8 Hz, 

1H), 5.20 (d, J = 6.8 Hz, 1H), 3.64 (dq, J = 9.4, 7.1 Hz, 2H), 3.50 (dq, J = 9.4, 7.1 Hz, 

2H), 2.13 (q, J = 7.5z Hz, 2H), 1.45 – 1.24 (m, 16H), 1.21 (t, J = 7.1 Hz, 6H), 0.88 (t, J = 

6.8 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.1, 127.3, 97.8, 60.6, 32.1, 29.8, 29.8, 29.6, 29.6, 29.5, 

29.4, 28.2, 22.8, 15.5, 14.3 ppm. 

HRMS (FAB) calcd. for C17H33O2 [(M+H)-H2]+ 269.2481; found 269.2481. 

  

(Z)-2-(dodec-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.21) 

Vinylboronic acid pinacol ester (120 mg, 0.80 mmol) and 1-dodecene (540 mg, 3.2 

mmol) were reacted according to general procedure 1. After purification by silica gel 
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chromatography (pentane, then 92:8 pentane:Et2O), product 2.21 was obtained as a clear, 

colorless oil (81% yield, 190 mg, 92% Z).  

1H NMR (400 MHz, CDCl3) d 6.43 (dt, J = 14.6, 7.5 Hz, 1H), 5.32 (d, J = 13.5 Hz, 1H), 

2.38 (q, J = 7.5 Hz, 2H), 1.47 – 1.17 (m, 28H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 155.45, 118.04, 82.91, 32.35, 32.08, 29.81, 29.78, 29.62, 

29.60, 29.52, 29.22, 24.99, 22.85, 14.27 ppm. 

11B NMR (128 MHz, CDCl3) δ 29.87 ppm. 

HRMS (FAB) calcd. for C18H36BO2 [M+H]+ 295.2808; found 295.2811. 

 

(Z)-2-(dodec-1-en-1-yl)oxirane (2.22) 

2-Vinyloxirane (70 mg, 1.0 mmol) and 1-dodecene (670 mg, 4.0 mmol) were reacted 

according to general procedure 1, except that the reaction was conducted at 20 °C. After 

purification by silica gel chromatography (98.5:1.5 pentane:Et3N , then 96.5:1.5:2 

pentane:Et3N:Et2O), product 2.22 was obtained as a clear, colorless oil (40% yield, 85 

mg, >98% Z).  

1H NMR (600 MHz, CDCl3) δ 5.74 (dtd, J = 10.9, 7.7, 0.9 Hz, 1H), 5.00 (ddt, J = 10.9, 

9.0, 1.5 Hz, 1H), 3.61 (dddd, J = 9.0, 4.0, 2.7, 0.9 Hz, 1H), 2.98 (dd, J = 5.3, 4.0 Hz, 1H), 

2.64 (dd, J = 5.3, 2.7 Hz, 1H), 2.38 – 2.10 (m, 2H), 1.48 – 1.20 (m, 16H), 0.88 (t, J = 7.1 

Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 137.23, 126.94, 48.68, 48.08, 31.90, 29.61, 29.59, 29.58, 

29.47, 29.33, 29.18, 27.74, 22.68, 14.12 ppm. 

HRMS (FAB) calcd. for C14H27O [M+H]+ 211.2062; found 211.2027. 
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(Z)-methyl 11-(1,3-dioxolan-2-yl)undec-10-enoate (2.32) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and methyl-10-undecenoate (640 mg, 3.2 

mmol) were reacted according to general procedure 2. After purification by silica gel 

chromatography (95:5 pentane:Et2O, then 90:10 pentane:Et2O), product 2.32 was 

obtained as a clear, colorless oil (84% yield, 180 mg, 97% Z). 

1H NMR (600 MHz, CDCl3) δ 5.75 (dt, J = 11.1, 7.7 Hz, 1H), 5.53 (d, J = 7.3 Hz, 2H), 

5.42 (dd, J = 11.1, 7.3 Hz, 1H), 4.07 – 3.81 (m, 4H), 3.66 (s, 3H), 2.29 (t, J = 7.5 Hz, 

2H), 2.16 (q, J = 7.7 Hz, 2H), 1.61 (app. p, J = 7.5 Hz, 2H), 1.43 – 1.24 (m, 10H) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.30, 137.71, 125.72, 99.18, 64.94, 51.43, 34.08, 29.43, 

29.20, 29.13, 29.09, 29.06, 27.76, 24.91 ppm. 

HRMS (FAB) calcd. for C15H27O4 [M+H]+ 271.1909; found 271.1900. 

 

(Z)-2-(3-phenylprop-1-en-1-yl)-1,3-dioxolane (2.33) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and allylbenzene (670 mg, 3.2 mmol) were 

reacted according to general procedure 2. After purification by silica gel chromatography 

(95:5 pentane:Et2O, then 90:10 pentane:Et2O), product 2.33 was obtained as a pale yellow 

oil (88% yield, 130 mg, 97% Z).  

1H NMR (600 MHz, DMSO-d6) δ 7.30 (t, J = 7.5 Hz, 2H), 7.25 – 7.16 (m, 3H), 5.83 (q, J 

= 8.7 Hz, 1H), 5.64 (d, J = 7.5 Hz, 1H), 5.53 – 5.43 (m, 1H), 4.02 – 3.79 (m, 4H), 3.49 

(d, J = 7.9 Hz, 2H) ppm. 

13C NMR (101 MHz, CDCl3) δ 139.7, 135.5, 128.7, 128.6, 126.9, 126.4, 99.4, 65.2, 34.2 

ppm.  
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HRMS (FAB) calcd. for C12H13O2 [(M+H)-H2]+ 189.0916; found 189.0886. 

 

(Z)-5-(1,3-dioxolan-2-yl)pent-4-en-1-ol (2.34) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and 4-penten-1-ol (280 mg, 3.2 mmol) were 

reacted according to general procedure 2, except that the reaction was stopped at 3 h. 

After purification by silica gel chromatography (80:18:2 EtOAc:hexanes:Et3N), product 

2.34 was obtained as a clear colorless oil (74% yield, 94 mg, 97% Z).  

1H NMR (600 MHz, CDCl3) δ 5.72 (dt, J = 10.8, 8.1 Hz, 1H), 5.56 (d, J = 6.6 Hz, 1H), 

5.52 (dd, J = 10.8, 6.6 Hz, 1H), 4.05 – 3.85 (m, 4H), 3.62 (q, J = 5.7 Hz, 2H), 2.34-2.26 

(m, 2H), 2.20 (s, 1H), 1.76-1.59 (m, 2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 136.7, 127.0, 99.5, 65.1, 61.0, 31.6, 24.2 ppm. 

HRMS (FAB) calcd. for C8H15O3 [M+H]+ 159.1021; found 159.1017. 

 

(Z)-2-(5-bromopent-1-en-1-yl)-1,3-dioxolane (2.35) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and 5-bromo-1-pentene (480 mg, 3.2 mmol) 

were reacted according to general procedure 2. After purification by silica gel 

chromatography (90:10 pentane:Et2O, then 80:20 pentane:Et2O), product 2.35 was 

obtained as a pale yellow oil (83% yield, 150 mg, 95% Z).  

1H NMR (600 MHz, CDCl3) δ 5.72 (dt, J = 10.7, 7.8 Hz, 1H), 5.56 (d, J = 7.8 Hz, 1H), 

5.52 (dd, J = 10.7, 7.1 Hz, 1H), 4.05 – 3.86 (m, 4H), 3.42 (t, J = 6.7 Hz, 2H), 2.40 – 2.32 

(m, 2H), 1.96 (dt, J = 13.6, 6.7 Hz, 2H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.2, 127.8, 99.2, 65.1, 33.1, 32.4, 26.4 ppm. 
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HRMS (FAB) calcd. for C8H14BrO2 [M+H]+ 221.0177; found 221.0182. 

 

(Z)-3-(1,3-dioxolan-2-yl)prop-2-en-1-ol (2.39) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and allylboronic acid pinacol ester (540 mg, 

3.2 mmol) were reacted according to general procedure 2. The oxidation was carried out 

according to a modified literature procedure.65 After removal from glovebox, the reaction 

mixture was diluted with additional THF (2 mL) and cooled to 0 °C. NaOH (15 w/w%, 

2.6 mL, 9.6 mmol) and aqueous H2O2 (30 w/w%, 0.96 mL, 9.6 mmol) were added slowly 

and the reaction was allowed to gradually warm to room temperature over 2 h. The 

mixture was then diluted with sat. NaHCO3 (4 mL) and the organic solvent removed 

under reduced pressure. The aqueous layer was extracted into EtOAc (3 x 10 mL), dried 

over Na2SO4, filtered, and concentrated. After purification by silica gel chromatography 

(96.5:2:1.5 DCM:MeOH:Et3N, then 94.5:4:1.5 DCM:MeOH:Et3N), product 2.39 was 

obtained as a pale yellow oil (63% yield, 66 mg, >98% Z).  

1H NMR (400 MHz, CDCl3) δ 5.95 (dt, J = 10.8, 6.3 Hz, 1H), 5.70 – 5.54 (m, 2H), 4.29 

(app. t, J = 6.2 Hz, 2H), 4.12 – 3.85 (m, 4H), 1.84 (t, J = 6.1 Hz, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.4, 128.2, 99.4, 65.1, 59.0 ppm. 

HRMS (EI) calcd. for C6H9O3 [(M+H)-H2]+ 129.0552; found 129.0540. 

  

(Z)-N-(3-(1,3-dioxolan-2-yl)allyl)-N-benzylaniline (2.45) 

2-Vinyl-1,3-dioxolane (80 mg, 0.80 mmol) and N-allyl-N-benzylaniline (720 mg, 3.2 

mmol) were reacted according to general procedure 2. After purification by silica gel 
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chromatography (90:10 pentane:Et2O, then 80:20 pentane:Et2O), product 22 was obtained 

as an off-white solid (72% yield, 170 mg, 89% Z).  

1H NMR (400 MHz, CDCl3) δ 7.36 – 7.16 (m, 7H), 6.78 – 6.68 (m, 3H), 5.87 (dt, J = 

12.3, 6.3 Hz, 1H), 5.65 (dd, J = 11.2, 6.5 Hz, 1H), 5.49 (d, J = 6.5 Hz, 1H), 4.53 (s, 2H), 

4.16 (d, J = 6.3 Hz, 2H), 4.07 – 3.82 (m, 4H) ppm. 

13C NMR (101 MHz, CDCl3) δ 148.9, 139.0, 134.0, 129.4, 128.7, 128.5, 127.0, 126.9, 

117.1, 113.0, 99.2, 65.1, 54.4, 47.9 ppm. 

HRMS (FAB) calcd. for C19H22NO2 [M+H]+ 296.1650; found 296.1654. 

 

(Z)-tridec-2-enal (2.47) 

1. (Table 2.7, entry 1) SiO2 (310 mg), 5% aq. oxalic acid (31 mg) and (Z)-2-(dodec-1-

en-1-yl)-1,3-dioxolane (2.8) (30 mg, 0.13 mmol) were reacted according to general 

procedure 3. The product was obtained in quantitative yield (25 mg). 

2. (Table 2.7, entry 2) (Z)-2-(Dodec-1-en-1-yl)-1,3-dioxolane (2.8) (30 mg, 0.13 mmol) 

and LiBF4 (15 mg, 0.16 mmol) were reacted according to general procedure 4. The 

product was obtained in 95% yield (23 mg). 

3. (Table 2.7, entry 3) SiO2 (280 mg), 5% aq. oxalic acid (28 mg) and (Z)-1,1-

diethoxytridec-2-ene (2.18) (30 mg, 0.11 mmol) were reacted according to general 

procedure 3. The product was obtained in quantitative yield (22 mg). 

4. (Table 2.7, entry 4) (Z)-1,1-Diethoxytridec-2-ene (2.18) (30 mg, 0.11 mmol) and 

LiBF4 (14 mg, 0.14 mmol) were reacted according to general procedure 4. The product 

was obtained in 92% yield (20 mg). 
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1H NMR (400 MHz, CDCl3) δ 10.08 (d, J = 8.2 Hz, 1H), 6.64 (dt, J = 11.2, 8.2 Hz, 1H), 

5.95 (ddt, J = 11.2, 8.2, 1.5 Hz, 1H), 2.65 – 2.55 (m, 2H), 1.56 – 1.44 (m, 2H), 1.41 – 

1.17 (m, 14H), 0.87 (t, J = 7.0, 6.4 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 191.1, 153.7, 130.3, 32.0, 29.7, 29.7, 29.5, 29.5, 29.3, 

29.2, 28.2, 22.8, 14.3 ppm.  

HRMS (FAB) calcd. for C13H25O2 [M+H]+ 197.1905; found 197.1888. 

 

 

(Z)-methyl 11-cyclopentylundec-10-enoate (2.48) 

Vinyl cyclopentane (96 mg, 1.0 mmol) and methyl-10-undecenoate (790 mg, 4.0 mmol) 

were reacted according to general procedure 1, with methyl-10-undecenoate used in place 

of 1-dodecene. After purification by silica gel chromatography (95:5 pentane:Et2O), 

product 17 and unreacted methyl-10-undecenoate were isolated as a mixture. 1H-NMR 

analysis showed the mixture (160 mg) contained 73 mol% of 2.48 (117 mg, 44% yield, 

94% Z). 

1H NMR (600 MHz, CDCl3) δ 5.35 – 5.25 (m, 2H), 3.68 (s, 3H), 2.78 – 2.62 (m, 1H), 

2.32 (t, J = 7.6 Hz, 2H), 2.05 (q, J = 6.8 Hz, 2H), 1.84 – 1.73 (m, 1H), 1.73 – 1.49 (m, 

6H), 1.44 – 1.12 (m, 12H) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.5, 135.5, 128.6, 51.6, 38.3, 34.3, 33.9, 30.1, 29.5, 

29.4, 29.3, 29.3, 27.6, 25.5, 25.1 ppm. 

HRMS (FAB) calcd. for C17H31O2 [M+H]+ 267.2324; found 267.2316. 

  



 60 

2-vinyl-1,3-dioxane (2.14) 

Prepared as previously described.62 1H NMR (500 MHz, CDCl3) δ 5.85 (ddd, J = 17.4, 

10.7, 4.5 Hz, 1H), 5.46 (dt, J = 17.4, 1.3 Hz, 1H), 5.29 (dt, J = 10.7, 1.3 Hz, 1H), 4.96 (d, 

J = 4.5 Hz, 1H), 4.16 (dd, J = 10.7, 5.0 Hz, 2H), 3.88 – 3.81 (m, 2H), 2.13 (dtt, J = 13.5, 

12.4, 5.0 Hz, 1H), 1.37 (dtt, J = 13.5, 2.6, 1.4 Hz, 1H) ppm. 

13C NMR (126 MHz, CDCl3) δ 135.1, 118.6, 100.8, 67.1, 25.9 ppm. 

 

4,4,6-trimethyl-2-vinyl-1,3-dioxane (2.10) 

Prepared as previously described.62 1H NMR (400 MHz, CDCl3) δ 5.86 (ddd, J = 17.4, 

10.5, 5.0 Hz, 1H), 5.45 (d, J = 17.4 Hz, 1H), 5.28 (d, J = 10.5 Hz, 1H), 5.19 (d, J = 5.0 

Hz, 1H), 3.99 – 3.89 (m, 1H), 1.51 – 1.37 (m, 2H), 1.33 (s, 3H), 1.27 (s, 3H), 1.23 (d, J = 

6.2 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.7, 118.6, 94.7, 72.2, 68.8, 43.5, 31.8, 22.4, 21.9 ppm. 
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Synthesis, Characterization and Activity of a Series of Cyclometallated Catalysts 
with Varying N-aryl Group   
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Abstract 

In the family of cyclometallated Z-selective metathesis catalysts recently 

developed in our group, steric repulsion between the N-aryl group and the metallacycle 

substituents is key to determining the Z-selectivity. This chapter outlines studies 

involving a novel series of seven cyclometallated catalysts that differ in the identity of the 

2,6-subsituted N-aryl group of the cyclometallated NHC ligand. Through systematic 

variation of the steric and electronic nature of the N-aryl group, the specific aspects of the 

N-aryl group that affect catalyst behavior are elucidated. The first part of the chapter 

discusses the synthesis of the series of metathesis catalysts from the corresponding 

anilines, including several unexpected synthetic challenges. The second part of the 

chapter focuses on the behavior of the catalyst in solution. The dynamic behavior of the 

catalysts with respect to rotation about the N–C(aryl) bond is studied by NMR 

spectroscopy, revealing the presence of conformational isomers in a number of the 

catalysts. In addition, an unusual C–H····F–C hydrogen-bonding type interaction present 

in several of the catalysts is studied. Finally, the reactivity of the series of catalysts, in 

parallel with previously published catalysts 3.1 and 3.2, is explored in homodimerization 

reactions of unhindered terminal olefins, as well as in CM of allylic-substituted olefins. 

These studies allow development of a more refined model for the influence of the N-aryl 

group on selectivity and activity. Distinct reactivity and selectivity patterns are observed 

in reactions with unhindered terminal olefins and allylic-substituted olefins, supporting 

observations made in the studies detailed in Chapter 2. Finally, improved reactivity is 

observed in CM with an allylic-substituted olefin, surpassing previous catalysts. 
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Introduction 

Catalyst 3.1 (Figure 3.1) emerged as the first Z-selective Ru-based metathesis 

catalyst that demonstrated a good balance of activity, stability, and Z-selectivity, allowing 

it to be applied in a wide variety of metathesis applications.1-11 Replacement of the N-Mes 

group with the more sterically demanding N-DIPP group yielded catalyst 3.2, which 

demonstrated improved Z-selectivity in a number of reactions, including the CM of 

allylic-substituted olefins discussed in Chapter 2.5,8,12-14 In the search for catalysts with 

further improved activity, stability and Z-selectivity, considerable efforts have generated 

a family of catalysts that have variations in the anionic (X-type) ligand(s) 1,9,15, the nature 

of the cyclometallated group4,12,16-18, and replacement of the dihydroimidazolylidene 

ligand by other types of carbenes.19 From these studies, no new catalyst emerged that 

demonstrated significant improvements across a wide scope of metathesis reactions. 

While catalyst 3.2 performed well in the CM of unhindered terminal olefins, results in 

Chapter 2 demonstrated its much poorer activity in the case of allylic substituted olefins, 

where it was surpassed in activity by less sterically bulky catalyst 3.1. In addition, the 

difference in Z-selectivity between 3.1 and 3.2 was much larger in CM of allylic-

Figure 3.1. Cyclometallated Ru complexes commonly employed for Z-selective olefin 
metathesis. 
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substituted olefins. This suggests that alterations in the N-aryl group might have a much 

more significant impact in metathesis reactions involving allylic-substituted olefins and 

may provide an avenue for development of catalysts with an improved balance of activity 

and Z-selectivity. Previously, a limited number of analogues of 3.1 bearing alternative N-

aryl groups have been prepared (3.3–3.6).1,12 

Catalysts 3.3 and 3.4 differ from catalyst 3.1 in the para substituent of the N-aryl 

group (Figure 3.2). As the para substituent of the N-aryl group is distal to the 

metallacycle, it was expected to have little steric influence on the metallacycle and, 

therefore, any changes would be a consequence of altering the electronics of the NHC 

ligand. Catalysts 3.3 and 3.4 were compared to 3.1 in a number of homodimerization 

reactions, where they demonstrated similar activity and Z-selectivity, with only relatively 

minor differences observed between the catalysts.1 Similarly, replacement of the ortho-

Me groups of catalyst 3.1 with ortho-Et groups, giving catalyst 3.5, led to only marginal 

differences in either Z-selectivity or activity.1 In this case, unhindered rotation about the 

methylene of the ethyl substituent likely renders the effective steric bulk of the two N-

aryl groups similar. In addition, catalyst 3.6, which bears an N-(2-isopropyl-6-

Figure 3.2. Previously prepared cyclometallated Ru-based Z-selective catalysts with various N-
aryl groups. 
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methylphenyl) group, has been prepared previously.12 However, 3.6 had poor solubility in 

THF, making direct comparison to previously reported reactivity of other catalysts 

challenging, and it displayed anomalously low reactivity in the homodimerization of one 

substrate. 

More significant variation of the N-aryl group has proved challenging, with 

significant decomposition occurring under the C–H-activation conditions used to prepare 

the cyclometallated catalysts, making it difficult to isolate the desired catalysts.1,20 While 

catalysts bearing N-aryl groups with ortho hydrogens were of particular interest, the 

several catalysts targeted could not be isolated. These catalysts are believed to undergo 

C–H activation of the ortho H of the aryl group, followed by insertion of the resulting 

Ru–C bond into the carbene, forming a metathesis inactive species. A typical example of 

this decomposition route was observed for catalyst 3.7, which upon exposure to AgOPiv 

and subsequent anion exchange was found to form species 3.9, with 3.8 being the 

presumed initially formed species (Scheme 3.1).20 DFT calculations supported the 

viability of the observed decomposition pathway for this catalyst and similar 

decomposition pathways have been observed previously in other Ru metathesis 

Scheme 3.1. Decomposition pathway observed for Z-selective catalysts bearing N-aryl groups 
with ortho hydrogens. 
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catalysts.20 

While differences in the Z-selectivity associated with changes in the N-aryl 

group5,12-14 have been noted in a number of studies, the relationship with activity has 

generally been more tenuous to elucidate, as differences between 3.1 and 3.2 are often 

marginal in CM of unhindered olefins.5,12,14 In addition, given the limited number of 

catalysts available, it has been challenging to make specific correlations between the 

nature of the N-aryl group and the resultant behavior of the catalysts. We sought to 

develop an improved understanding of the relationship between catalyst structure and 

catalytic performance through examining a series of catalysts where the steric and 

electronic profile of N-aryl group was systematically varied. 

Figure 3.3 depicts the series of catalysts targeted in this chapter, all of which have 

one or more fluorine (3.10–3.14) or methoxy substituents (3.14–3.16) in the ortho 

position of the N-aryl group. These catalysts were targeted to complement 3.1 and 3.2, 

providing a range of catalysts that could be used to address which features of the N-aryl 

group play a role in these Z-selective metathesis catalysts. In particular, there were a 

number of specific questions that we hoped to address by employing a systematic series 

of catalysts to separate out steric and electronic influences. We wanted to explore if one 

or both of the ortho substituents play a significant role in governing the Z-selectivity of 

the reaction. In addition, we wanted to examine more extensively the effects of changing 

the electronic nature of the N-aryl group, by introducing more significant changes than in 

3.3 and 3.4. Previous results had demonstrated that substrates containing certain 

functional groups displayed activity and Z-selectivity distinct from other 

substrates.1,5,12,14,21 We wanted to establish if this was related purely to substrate-specific 
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parameters or if improved activity and/or Z-selectivity could be achieved by altering the 

N-aryl group of the catalyst. In addition, certain substrates exhibited enhanced 

degradation of Z-content at high conversions.1 Whether this degradation is affected more 

strongly by the steric or electronic nature of the N-aryl group may indicate if factors other 

than the inherent activity of the catalysts (and, hence, secondary metathesis) are 

influencing reactivity.  

Fluorine was selected as an ortho substituent as it is less sterically demanding than 

a Me group, allowing access to catalysts with a potentially less sterically demanding N-

aryl group than 3.1, but avoiding the decomposition pathway noted for the analogous 

catalysts that contain an ortho C–H bond (Scheme 3.1).20 In comparison to a hydrogen 

substituent, however, fluorine is significantly more electron-withdrawing, changing the 

electronic nature of the N-aryl substituent. In order to complement the fluorinated N-aryl 

groups, a number of N-aryl groups bearing more electron-donating methoxy substituents 

were also targeted. The series of catalysts also allows for comparison of catalysts with an 

identical ortho substituent while varying the size of the other ortho substituent. 

Figure 3.3. Targeted series of Z-selective catalysts with varying N-aryl groups. 
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Synthesis of the Catalyst Series 

Scheme 3.2 outlines the general synthetic route used to access the cyclometallated Z-

selective metathesis catalysts, beginning from the corresponding imidazolinium salt.1,12 

The N-aryl N'-1-admantyl NHC is metallated onto 3.17 by displacement of the phosphine 

ligand. C–H activation is then achieved using NaOPiv12, which allows for milder 

conditions than the initially disclosed method that employs AgOPiv.17 Anion metathesis 

using NH4NO3 then forms the corresponding nitrato complexes. In choosing a method for 

the synthesis of the NHC salts, the primary consideration was to employ a route that 

would be robust for a variety of aryl groups that vary in both their steric and electronic 

profile. 

Scheme 3.2. General synthetic scheme for accessing cyclometallated Z-selective Ru catalysts. 

N N
R

R'
Ru

O
Cl

Cl

N N
R

R'
Ru

O

O
O

N N
R

R'
Ru

O

O
ONO

NN
R

R' X-

PCy3

Ru

O

Cl

Cl

3.17

Base
3.17 NaOPiv

NH4NO3



 72 

The synthetic strategy chosen was developed by Paczal et al. and relies on an α-

haloacetyl halide as the key building block (Scheme 3.3).22 This method has been widely 

employed by our group and others for the synthesis of N-aryl N'-alkyl NHC salts, as it 

allows installation of the two different amines with high chemoselectivity.1,23-25 The 

anilines necessary for synthesizing the catalyst series are either commercially available or 

readily accessible. Condensation of the aniline with the acyl halide is associated with a 

strong driving force, which should help minimize problems with sterically hindered or 

poorly nucleophilic anilines. Alternative synthetic approaches to NHC salts that rely on 

nucleophilic substitution or cross-coupling approaches may perform poorly for these 

substrates.25 Installation of the N'-1-adamantyl group can then be achieved by 

nucleophilic substitution, which has previously been demonstrated to be efficient even for 

this relatively sterically hindered nucleophile.1,24 The amide can then be reduced to the 

corresponding diamine, which can be then be cyclized using triethyl orthoformate to 

generate the desired imidazolinium salt.  

Scheme 3.3. Proposed synthetic scheme for N-aryl, N'-1-adamantyl imidazolinium salts. 
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Seven anilines were employed to generate the targeted catalyst series, four of 

which were obtained from commercial sources. 2-fluoro-6-methoxyaniline (3.18) and 

2,6-dimethoxyaniline (3.19) can be accessed in good yield from the corresponding 

carboxylic acids by employing diphenylphosphoryl azide (DPPA) to perform a modified 

Curtius-type rearrangement (Scheme 3.4).26,27 While the latter aniline was commercially 

available, freshly prepared starting material resulted in improved yield in the subsequent 

step. 2-Fluoro-6-isopropylaniline (3.20) was accessed from 2-bromo-6-fluoroaniline and 

isopropylzinc bromide by Pd-catalyzed Negishi coupling using conditions adapted from 

those developed by Han and Buchwald (Scheme 3.5).28 The aniline was formed in high 

yield and with high selectivity for the branched product (>95:5) and could be used in the 

next step without further purification.  

Scheme 3.4 Preparation of anilines from corresponding carboxylic acids using DPPA. 
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Scheme 3.5. Negishi cross-coupling to prepare 2-fluoro-6-isopropylaniline. 
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Bromoacetyl chloride was chosen over chloroacetyl chloride for the initial amide 

formation step, with the expectation of improved reactivity in the subsequent nucleophilic 

substitution reaction with 1-adamantylamine. The initial amide formation was carried out 

under more dilute conditions (~0.07 M in MeCN) and for shorter reaction time (~3 h.) 

than previously reported.1,24 These conditions were employed after initial experiments 

with 2-fluoro-6-trifluoromethylaniline demonstrated significant formation of the 

undesired 2,5-diketopiperazine under more forcing reaction conditions. 

These milder conditions were found to work well for all seven anilines examined 

and the products could be obtained in good to excellent yields after purification (Table 

3.1). Some substitution of the alkyl bromide by the displaced chloride was noted and the 

Entry Product R R' Yield (%)
a 

1 3.21 F F 82 
2 3.22 F Me 92 
3 3.23 F iPr 62 
4 3.24 F CF3 97 
5 3.25 F OMe 74 
6 3.26 Me OMe 80 
7 3.27 OMe OMe 85  

 

Table 3.1. Condensation of 2,6-substituted anilines and bromoacetyl chloride. 

NH2

R

R'

+
2 equiv. K2CO3

MeCN, 0.07 M
r.t., 3 h.

1 equiv.
Cl

O

Br
NH

R'

R O

Br

3.21–3.27

a Isolated yield. In all cases a small amount of the corresponding chloro product 
was present in 3.21–3.37. The ratio of the two was determined by 1H-NMR 
spectroscopy and the yield was adjusted accordingly. 



 75 

products were isolated as a mixture of the two compounds, with the bromide being the 

major component. The mixture of compounds was used in the subsequent step and the 

reported yield and subsequent reaction stoichiometry were calculated accordingly. 

An excess of 1-adamantylamine was employed in the nucleophilic substitution 

step in order to promote efficient formation of the desired product and to minimize 

potential competitive formation of the 2,5-diketopiperazine or other byproducts. Under 

these conditions, the substitution proceeded with high efficiency across the series of 

compounds, allowing the desired α-aminoamides to be isolated in high yield after 

purification by column chromatography on silica gel (Table 3.2).  

a Isolated yield. In all cases a small amount of the corresponding chloro product 
was present in 3.21–3.37. The ratio of the two was determined by 1H-NMR 
spectroscopy and the reaction stoichiometry and yield were adjusted accordingly. 
 

Entry Product R R' Yield
a
 (%) 

1 3.28 F F 95 
2 3.29 F Me 92 
3 3.30 F iPr 94 
4 3.31 F CF3 96 
5 3.32 F OMe 91 
6 3.33 Me OMe 95 
7 3.34 OMe OMe 97 

 

Table 3.2. Substitution of alkyl bromide with 1-adamantylamine. 

NH2

2 equiv. K2CO3

MeCN
reflux, 16 h.

2 equiv.NH

R'

R O

Br + NH

R'

R O

HN

3.28–3.293.21–3.27
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In previous reports, reduction of the amide to form the corresponding diamine had 

typically been achieved using LiAlH4.1,22-24 In the case of compounds 3.28 and 3.29, the 

reaction proceeded efficiently using previously disclosed conditions to generate the 

desired diamines (3.35 and 3.36) in excellent yield (Table 3.3). 

However, when compound 3.31 was subjected to the same reaction conditions, 

compound 3.36 was again found to be the major product with a small amount of the 

desired product (3.37) and trace amounts of other products present in the reaction mixture 

a Isolated yield. b Ratio determined using 1H- and 19F-NMR spectroscopy. 
 

NH

CF3

F O

HN
3 equiv. LiAlH4

THF
0 °C -> reflux, 36 h.

NH

R

F

HN

3.36
R = Me

3.31 3.37
R = CF3

95% yielda

3.36:3.37 = 97:3b

Scheme 3.6. Attempted reduction of amide 3.31 with LiAlH4. 

a Isolated yield. 

Entry Product R R' Yield (%)
a 

1 3.35 F F 98 
2 3.36 F Me 93 

 

Table 3.3. Reduction of amides with LiAlH4. 

NH

R'

R O

HN
3 equiv. LiAlH4

THF
0 °C -> reflux, 36 h.

NH

R'

R

HN

3.35–3.363.28–3.29
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(Scheme 3.6). While trifluoromethyl groups are typically inert to LiAlH4, the reduction 

of aryl trifluoromethyl groups has been previously reported in the presence of activating 

ortho or para amino groups.29 Borane-based reducing agents have previously been 

employed for reduction of oxalamide intermediates in an alternative synthetic procedure 

for the preparation of imidazolinium salts.30,31 Employing BH3.THF under similar 

conditions effected clean reduction of the amide with no reduction of the trifluoromethyl 

group observed under these reaction conditions (Scheme 3.7). The addition of HCl 

facilitated cleavage of the product–borane adducts in the work-up procedure and hence 

the diamine products were isolated as the dihydrochloride salts. 

In the reduction of amides bearing phenyl groups with ortho-methoxy substituents 

with LiAlH4, a second unexpected side reaction was noted where cleavage of the methyl 

group occurred. This was particularly evident in the reduction of 3.34 bearing the N-2,6-

dimethoxyphenyl group, which, under similar reactions used for 3.28 and 3.29, generated 

the corresponding diamine bearing a 2-hydroxy-6-methoxyphenyl group (3.39) as the 

major product (Scheme 3.8). This indicates that one methyl group had been selectively 

cleaved under the reaction conditions. To a lesser extent, cleavage of the methoxy group 

NH

CF3

F O

HN

3 equiv. BH3.THF
THF
0 °C -> reflux, 8 h.

NH

CF3

F

HN

1.

xs. HCl (Et2O)
MeOH
r.t., 30 min.

2.
.2HCl

3.31 3.38
84% yield

Scheme 3.7. Reduction of amide 3.31 with BH3.THF 
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was also observed when compound 3.33 bearing a 2-methyl-6-methoxyphenyl group was 

subjected to LiAlH4 reduction. 

Reducing the equivalents of LiAlH4 and monitoring the reaction indicated that 

cleavage of the methyl group was competitive with amide reduction. When 3.34 was 

subjected to the conditions used for trifluoromethyl-containing compound 3.31, some 

cleavage of the methoxy group was again noted. By limiting the reaction time to 3 h. 

Scheme 3.8. Attempted reduction of amide 3.34 with LiAlH4. 

NH

OMe

MeO O

HN
3 equiv. LiAlH4

THF
0 °C -> reflux, 36 h.

NH

OH

HN

OMe

3.34 3.39
major product

a Isolated yield. 

Table 3.4. Reduction of amides with BH3.THF. 

Entry Product R R' Yield (%)
a 

1 3.40 F iPr 91 
2 3.41 F CF3 84 
3 3.42 F OMe 89 
4 3.43 Me OMe 85 
5 3.44 OMe OMe 60 

 

NH

R'

R O

HN

3 equiv. BH3.THF
THF
0 °C -> reflux, 3–16 h.

NH

R'

R

HN

1.

xs. HCl (Et2O)
MeOH
r.t., 30 min.

2.
.2HCl

3.30–3.34 3.40–3.44



 79 

appreciable conversion to the desired product could be achieved with minimal cleavage, 

allowing the desired diamine to be isolated in good yield (Table 3.4). In the work-up of 

the borane reduction, acid was added in order to promote complete cleavage of the 

product–borane adducts and the products were isolated as the dihydrochloride salts. This 

method was also efficient for the reduction of the remaining amides. 

For compounds 3.35 and 3.36, the diamines were converted to the 

dihydrochloride salts by addition of HCl in Et2O before being subjected to cyclization 

conditions employing triethyl orthoformate as the carbon source (Table 3.5). The 

addition of one volume equivalent of MeCN (v/v with HC(OEt)3) improved solubility 

during the cyclization step and resulted in higher yields of the desired product. 

 

F 

  

a Isolated yield. 

Table 3.5. Formation of imidazolinium chlorides from corresponding diamines. 

Entry Product R R' Yield (%)
a 

1 3.45 F F 59 
2 3.46 F Me 63 

 

NH

R'

R

HN

xs. HCl (Et2O)
Et2O
r.t., 30 min.

1.

15 equiv. HC(OEt)3
MeCN
reflux, 16 h.

2.
NN

R

R' Cl-

3.35–3.36 3.45–3.46
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Identical cyclization conditions were applied to the diamine dihydrochloride salts 

prepared from the borane reduction, allowing isolation of the corresponding 

imidazolinium salts in good yield (Table 3.6). In the formation of 3.41 and 3.44, 

cyclization was incomplete under these conditions with an intermediate crashing out 

under the reaction conditions, which upon aqueous hydrolysis was identified as the 

corresponding monoformate. Addition of two further equivalents of MeCN (v/v with 

HC(OEt)3) was found to prevent this intermediate from crashing out, allowing cyclization 

to take place more efficiently. The imidazolinium chloride formed from 3.44 was found 

to be hygroscopic and so was converted to the less hygroscopic tetrafluoroborate salt 

before metallation was attempted (Scheme 3.9). 

a Isolated yield. 

Table 3.6. Formation of imidazolinium chlorides from corresponding diamine dihydrochlorides. 

Entry Product R R' Yield
a
 (%) 

1 3.47 F iPr 74 
2 3.48 F CF3 62 
3 3.49 F OMe 72 
4 3.50 Me OMe 76 

 

NH

R'

R

HN

.2HCl

15 equiv. HC(OEt)3

MeCN
reflux, 16 h.

NN
R

R' Cl-

3.40–3.43 3.47–3.50
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Previously, metallation of analogous NHCs, including in the preparation of 3.1 

and 3.2, had employed a method which utilized KOtAm as the base and hexanes as the 

solvent. This method was found to generate 3.53 and 3.54 in moderate yields (Table 3.7). 

Improved yields were obtained using an alternative method, which employed KHMDS as 

the base and benzene as the solvent. 3.53–3.58 were found to be stable to purification on 

the benchtop and could be isolated in good yield using this procedure (Table 3.8). 

 

a Isolated yield. 

Table 3.7.  Metallation of NHCs using KOtAm. 

Entry Product R R' Yield (%)
a 

1 3.52 F F 48 

2 3.53 F Me 67 

 

N N
R

R'
Ru

O
Cl

Cl

1 equiv. 3.52
65 °C, 4 h.

1.1 equiv. KOtAm
hexanes
r.t., 1 h.NN

R

R' Cl-

1.

2.

PCy3

Ru

O

Cl

Cl

3.52

3.45–3.46

3.53–3.54

Scheme 3.9. Cyclization of 3.44 to form imidazolinium salt and conversion to tetrafluoroborate. 

NH

OMe

OMe

HN

.2HCl

NN
OMe

OMe BF4
-

15 equiv. HC(OEt)3
MeCN
reflux, 16 h.

1.

1.6 equiv. NaBF4
acetone / H2O
r.t., 1 h.

2.

3.44 3.51
59% yield
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Attempts to metallate 3.51 using this method resulted in challenging purification 

and poor yield. In comparison to a number of known Ru metathesis catalysts that have 

NHCs bearing aryl groups with ortho-fluorine substituents, only a very limited number of 

catalysts have been reported with an ortho-ether substituent and attempts to metallate 

NHCs bearing ortho-phenols onto common Ru metathesis precursors have thus far been 

unsuccessful. The formation of stable potassium NHC complexes has been demonstrated 

in the case of NHCs bearing a hydroxyl-containing substituent. In order to investigate if 

the potassium counterion was negatively affecting reactivity, 18-crown-6 was added to 

the KHMDS to sequester the potassium before addition of the NHC salt. This resulted in 

improved conversion to the desired complex. Interestingly, a significant improvement 

Table 3.8.  Metallation of NHCs using KHMDS. 

Entry Product R R' Yield (%)
a 

1 3.53 F F 84 

2 3.54 F Me 80 

3 3.55 F iPr 61 

4 3.56 F CF3 77 

5 3.57 F OMe 78 

6 3.58 Me OMe 69 

 

0.71/0.83 equiv. 3.52
35 °C, 3 h.

0.96 equiv. KHMDS
C6H6
r.t., 20 min.

1.

2.
NN

R

R' Cl-

N N
R

R'
Ru

O
Cl

Cl

3.53–3.58

3.44–3.50

a Isolated yield. 
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was also observed when LiHMDS was used in place of KHMDS, allowing isolation of 

the desired catalyst, 3.59, in 64% yield (Scheme 3.10). 

The catalysts were then subjected to C–H activation conditions, using NaOPiv to 

effect the cyclometallation. Previous conditions employed a solvent mixture of 1:1 

THF:MeOH for the anion exchange/cyclometallation step.12 Here, it was found that 

employing a 2:1 mixture of MeOH:THF led to cleaner formation of the desired 

cyclometallated species (Table 3.9). Under these conditions, there was lower solubility of 

the starting catalyst, which may hinder bimolecular decomposition pathways involving 

the starting catalyst. In general, increased steric bulk of the N-aryl group was found to 

correlate with increased reaction time, as predicted based on previous studies. These 

reaction conditions allowed for generally good yields across the scope of the catalysts 

investigated. While the pivalate-containing cyclometallated catalysts could be isolated 

(3.60–3.66), they were found to demonstrate poor stability in solution and limited 

stability as solids at room temperature. Exchange of the pivalate to nitrate resulted in 

catalysts 3.10–3.16, which were found to be significantly more stable and so these were 

employed in further studies. Previously, the anion metathesis was effected using NH4NO3 

in THF, but improved yield was observed when the exchange was conducted in a 2:1 

Scheme 3.10. Metallation of NHC salt 3.44 using LiHMDS. 

0.83 equiv. 3.52
35 °C, 3 h.

0.96 equiv. LiHMDS
C6H6
r.t., 20 min.

NN
OMe

OMe BF4
-

1.

2.

N N
MeO

MeO
Ru

O
Cl

Cl

3.51

3.59
64% yield
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mixture of THF:MeOH, which was associated with increased solubility of NH4NO3 under 

the reaction condtions.1 In all cases, the desired catalysts (3.10–3.16) could be accessed in 

moderate to good yield over the two steps, representing a significant improvement over 

previously reported syntheses of related catalysts.1,12 

 

N N
R

R'
Ru

O

O
O

2:1 MeOH:THF
35 °C, 0.5 - 5 h.

10 equiv. NaOPiv

N N
R

R'
Ru

O
Cl

Cl

3.53–3.59 3.60–3.66

N N
R

R'
Ru

O

O
ONO

30 equiv. NH4NO3

2:1 THF:MeOH
r.t., 2 h.

3.10–3.16

Table 3.9. C–H activation and anion metathesis to form cyclometallated Z-selective catalysts. 

Entry Product R R' Yield (%)
a 

1 3.10 F F 66 

2 3.11 F Me 63 

3 3.12 F iPr 54 

4 3.13 F CF3 48 

5 3.14 F OMe 62 

6 3.15 Me OMe 53 

7 3.16 OMe OMe 54 

 a Isolated yield over two steps. 
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NMR Characterization 

Dynamics 

The 1H-NMR spectra of Ru complexes 3.53–3.59 (pre-C–H activation) were 

relatively unremarkable with each catalyst demonstrating a single sharp benzylidene peak 

and no indication of distinct conformational isomers at room temperature. Compared to 

the parent N-Mes catalyst (δ = 16.90 p.p.m., CDCl3), 3.53, 3.57 and 3.59 showed 

significant downfield shifts (17.25–17.47 p.p.m), whereas the remaining catalysts showed 

a smaller change (16.87–17.01 p.p.m.). No evidence of F–Ru interactions, which had 

been observed previously in catalysts with fluorinated N-aryl groups, such as 3.67, were 

observed in these catalysts (Figure 3.4).32 Previous studies on Ru metathesis catalysts 

bearing N-Ar, N'-Ak NHC have demonstrated that the NHC N-aryl group is typically 

located over the benzylidene1,17,24,33,34, whereas F–Ru interactions have been observed on 

the opposite face of the Ru from the benzylidene.35 

In contrast, several interesting features were noted in the 1H-NMR spectra of the 

C–H-activated catalysts, which are highlighted by examining the benzylidene region of 

the 1H-NMR spectra (Figure 3.5). Firstly, while catalysts 3.10, 3.12, and 3.16 were  

Figure 3.4. Fluoro-aryl catalyst 3.67, which demonstrated the presence of a F–Ru interaction. 

N N
F

F
F

F

Ru

O

Cl

Cl

3.67



 86 

 

Figure 3.5. Benzylidene region of 1H-NMR spectra of catalysts 3.1 and 3.10–3.16 in C6D6. 



 87 

present as a single species by 1H-NMR spectroscopy, catalysts 3.11 and 3.13–3.15 all 

present as a mixture of two isomers at room temperature, as evidenced by two peaks in 

the benzylidene region of the spectrum. The catalysts that are present as a mixture of 

isomers all possess unsymmetrical N-aryl groups, in which the two ortho substituents are 

not identical.  

In previous solid-state structures of cyclometallated Ru-based catalysts, the N-aryl 

group is oriented roughly perpendicular to the Ru=C(benzylidene) bond1,12,17, with the 

result that one of the ortho substituents is pointed towards the benzylidene and the other 

ortho substituent is pointed away from it. A solid-state structure of 3.61 revealed a similar 

 bond length (Å) 

 3.61 3.68 

Ru1-C1 1.929 1.967 

Ru1-C5 2.068 2.054 

Ru1-C21 1.850 1.841 

Ru1-O1 2.342 2.323 

Ru1-O2 2.379 2.387 

Ru1-O3 2.210 2.227 

 

N N

Ru

O

O
O

N N
F

Ru

O

O
O

3.61 3.68

Figure 3.6. Solid-state structure of 3.61, with thermal ellipsoids drawn at 50% probability. 
Selected bond lengths are compared to corresponding N-Mes species 3.68. 



 88 

overall geometry, in which the ortho methyl group was pointed toward the benzylidene 

(Figure 3.6). The bond lengths found in 3.61 were largely consistent with the 

corresponding N-Mes complex (3.68) apart from a slightly shorter Ru–C(NHC) bond, 

which is consistent with a more electron-deficient NHC ligand. 

In the case of catalysts with unsymmetrical N-aryl groups, such as 3.61 or the 

corresponding nitrato analogue 3.11, rotation about the N–C(aryl) bond results in two 

conformers that are chemically distinct and will hence have different properties (Figure 

3.7). Two isomers were observed for all of the nitrato catalysts bearing unsymmetrical N-

aryl groups (as well as the corresponding pivalate complexes) apart from 3.12, which has 

the N-2-fluoro-6-isopropylphenyl group. Here, as in 3.2, it is believed that rotation about 

the N–C(aryl) bond is restricted, due to the steric clash between the iPr substituent and the 

backbone protons, which hence enforces a preferred orientation of the aryl group with 

respect to the benzylidene.  

 

 

 

 

Figure 3.7. Rotation about the N-C(aryl) bond of 3.11 results in two different stereoisomers of 
the catalyst, which have distinct properties. 

N N

F
Ru

O

O
O N O

N N
F

Ru

O

O
O N O
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An Unusual C–H····F–C Interaction 

In addition, a second interesting NMR feature is noted in all of the catalysts 

bearing an ortho F apart from 3.12, where one of the benzylidene signals displays 

evidence of splitting. 1H–1H coupling of the benzylidene proton is generally not observed 

in the case of NHC-containing Ru complexes with an o-isopropoxybenzylidene, as the 

shortest possible coupling would be a 4JHH with the ortho proton of the benzylidene. In 

previous studies of 3.69, designed as a model complex for olefin binding, broadening of 

the benzylidene was also observed and attributed to a through-space 19F–1H coupling 

interaction (Figure 3.8).36 In 3.69 and in the current catalysts (3.10–3.14), seven bonds 

separate the benzylidene proton and the nearest fluorine atom and so a through-bond 

coupling mechanism was deemed unlikely.  

3.10 displays a single peak in the benzylidene region of its 1H-NMR spectrum. 

Selective 1H{19F} decoupling experiments of the two fluorine resonances illustrated that 

the coupling occurs specifically to the downfield fluorine resonance in the 19F-NMR 

spectrum (Figure 3.9). Given that the two fluorine atoms are both seven bonds away 

from the benzylidene, this also supports a through-space coupling mechanism. Catalyst 

N N
F

F

Ru

Cl

Cl

F

F
H

3.69

Figure 3.8. Previously observed through-space 1H–19F coupling to benzylidene proton observed 
in Ru-based metathesis model complex. 
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3.11 displays two peaks in the benzylidene region of its 1H-NMR spectrum: a singlet at 

15.05 p.p.m. and a multiplet at 15.55 p.p.m. with two corresponding resonances in the 

19F-NMR spectrum (Figure 3.10). Selective 1H{19F} decoupling experiments 

demonstrated coupling between the benzylidene signal at 15.55 p.p.m. and the downfield 

19F resonance. Similar coupling was also observed in the case of the corresponding 

pivalate-containing precursors (3.60– 3.61). 

The existence of this fluorine–proton interaction was further supported by an 

interesting observation made with compounds 3.10, 3.11, and 3.13. The chemical shift of 

the benzylidene proton resonance that is coupled to fluorine could be correlated with the 

Figure 3.9. 1H-NMR spectra of 3.10 illustrating spin–spin coupling of the benzylidene proton 
signal with one F signal.  a) Benzylidene region of 1H-NMR spectrum of catalyst 3.10. 
Benzylidene region of 1H{19F}-NMR spectrum acquired with continuous-wave 19F irradiation at 
b) –118.3 p.p.m. and c) –119.8 p.p.m. 
 



 91 

identity of the other ortho substituent of the N-aryl group, which is located meta relative 

to the fluorine (Figure 3.11). A plot of the benzylidene chemical shift against the 

Hammett σmeta parameter for the non-F ortho substituent of the N-aryl group revealed a 

good linear correlation (R2 = 0.97) with a negative slope. Given the remote nature of the 

ortho-substituent (seven bonds away from the benzylidene), the correlation was 

unexpected. A linear correlation (R2 = 0.99) was also observed in the chemical shifts of 

the corresponding pivalate-containing catalysts (3.60, 3.61, and 3.63). No such 

correlations were observed in the non-cyclometallated precursors (3.53–3.59) or the three 

cyclometallated catalysts bearing o-methoxy substituents (3.14-3.16). 

Figure 3.10. 1H-NMR spectra of 3.11 illustrating spin–spin coupling of downfield benzylidene 
proton signal with one F signal.  a) Benzylidene region of 1H-NMR spectrum of catalyst 3.11. 
Benzylidene region of 1H{19F}-NMR spectrum of 3.11 acquired with continuous-wave 19F 
irradiation at b) –121.3 p.p.m. and c) –122.4 p.p.m. 
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The negative slope of the plot in Figure 3.11 is consistent with a weak 

Figure 3.11. Plot of chemical shift of benzylidene peak coupled to 19F for each of catalysts 3.10, 
3.11, and 3.13 against the σmeta value for the other N-aryl substituent. Benzylidene region of 1H-
NMR spectra of the catalysts, indicating the peaks used for the plot. 

R² = 0.97

15.3

15.4

15.5

15.6

-0.2 0 0.2 0.4 0.6
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N N
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F
Ru

O

H

NO3
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R = CF3

3.10
3.11
3.13
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intramolecular hydrogen-bonding-type interaction.37 A decreased σmeta value correlates 

with increased electron density on the fluorine atom, which makes it a better hydrogen-

bond acceptor. The improved acceptor ability of the F atom leads to a stronger hydrogen 

bond, which results in increased deshielding of the H-bond donor (the benzylidene 

hydrogen atom) and a downfield shift of the benzylidene proton signal in the 1H-NMR 

spectrum. Evidence for C–H····F–C interactions has also been observed in a number of 

TM-based α-olefin polymerization catalysts, including group 4 complexes bearing 

fluorinated bis(phenoxyimine) or fluorinated pincer ligands, as well as in group 10 metal 

complexes bearing fluorinated phenoxyimine ligands.38-41 

Figure 3.12. 1H–19F HOESY spectra illustrating almost equal NOE to both aromatic protons 
ortho to F. a) Benzylidene and aromatic region of 1H-NMR spectrum for catalyst 3.10. b) and c) 
Benzylidene and aromatic region of 1H–19F HOESY spectra with relaxation delay = 3.0 s and b) 
irradiation at –118.3 p.p.m. c) –119.2 p.p.m (Gaussian resolution enhanced). 
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While the 1H{19F} selective decoupling experiments illustrated specific coupling 

between the benzylidene and one of the two fluorine atoms for catalyst 3.10, 1H-19F 1D-

HOESY experiments with an irradiation time of 3.0 s demonstrated that excitation of 

either fluorine atom resulted in an almost equal NOE to both N-aryl meta protons (Figure 

3.12). 

In addition, 19F-NMR experiments with continuous wave presaturation of the 

downfield 19F resonance, the intensity of the upfield resonance was found to decrease 

with longer irradiation times (Figure 3.13). These observations are consistent with 

rotation about the N–C(aryl) bond occurring, which results in the two fluorine atoms 

undergoing exchange. A 1H 2D-NOESY/EXSY experiment (mixing time = 400 ms)  

 

 

Figure 3.13. 19F-presaturation experiments for catalyst 3.10, illustrating decrease in intensity of non-
irradiated 19F peak. Presaturation carried out with continuous wave irradiation at –118.3 p.p.m. for 
a) 0.2 s. b) 1.0 s c) 3.0 s (Gaussian resolution enhanced). 
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further supported rotation about the N–C(aryl) bond, as an exchange cross peak is 

observed for the meta protons of the N-aryl group (Figure 3.14). Rotation about the N–

C(aryl) bond of the NHC is expected to be lower for 3.10 than for other catalysts, due to 

reduced steric clashing between the small ortho-F substituents and the NHC backbone 

which is consistent with the small fluorine substituent causing minimal steric clash with 

the NHC backbone.42 

While the limited stability of the catalysts in solution, particularly at higher 

temperatures, has limited our ability to study the behavior of these catalysts, significant 

insight into the dynamic behavior of catalyst 3.10 has been elucidated. In addition, we 

have probed a through-space C–H····F–C interaction that displays characteristics of an 

Figure 3.14.  Partial 1H-ROESY/EXSY spectrum of catalyst 3.10 indicating exchange of meta 
aromatic protons. Mixing time = 400 µs. 
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intramolecular hydrogen-bond, which has not been observed previously for a transition 

metal carbene, to the best of our knowledge. Further studies on the nature of this 

interaction and the dynamic behavior of catalysts 3.10–3.16 are currently being pursued 

via both computational and NMR spectroscopy approaches.  

 

Reactivity 

Homodimerization of Allylbenzene 

We then set out to probe the reactivity of the new series of catalysts, 3.10–3.16, 

and compare them to the previous catalysts 3.1 and 3.2. The homodimerization of 

allylbenzene (3.70) to form (Z)-1,4-diphenylbut-2-ene (3.71) has proved a useful 

benchmark reaction for probing Z-selective metathesis catalysts (Scheme 3.11). 1,12,15,21 

3.70 is a relatively unhindered olefin, which readily undergoes homodimerization and the 

reaction allows for easy monitoring by either GC or NMR spectroscopy. A significant 

decomposition route in the case of the cyclometallated catalysts involves decomposition 

of the catalyst to a Ru hydride species, which are known to effect olefin migration. 3.70 

is particularly susceptible to olefin migration isomerization, as this results in the 

formation of β-methylstyrene (3.72), which is stabilized by conjugation.43 As such, it can 

also serve as a useful measurement of the stability of the catalysts with respect to hydride 

formation. 
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Given the high activity observed with 3.1 and 3.2, a low catalyst loading of 0.1 

mol% was used in the homodimerization of allylbenzene in order to maximize 

observation of differences between the catalysts. The reactions were conducted at 3 M in 

THF and monitored by 1H-NMR spectroscopy. Figure 3.15A is a plot of conversion vs. 

time for the nine catalysts. Initial observations include that 3.1 has a higher conversion 

than 3.2 at 15 minutes, which is consistent with its higher activity in CM of allylic-

substituted olefins (Chapter 2), although by 1 h. the two catalysts have reached high 

conversion. Both catalysts are more active than the catalysts 3.10–3.16, which 

demonstrate lower conversions than either 3.1 or 3.2 at early timepoints. Over the course 

of 7 h., all of the catalysts apart from 3.14 reach a conversion of >95%, demonstrating 

good homodimerization activity. In addition, excellent selectivity for homodimerization 

Scheme 3.11. Homodimerization of allylbenzene at 0.1 mol% catalyst loading. 
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over olefin migration was observed (>30:1 at 7 h.), suggesting little decomposition to Ru 

hydride species. 

Replacement of an ortho-alkyl substituent with either a fluoro or methoxy group 

of 3.1 and 3.2 results in a catalyst that displays lower reactivity (Figure 3.16). In 

addition, 3.10, which has two ortho-F substituents, is less active than 3.11, which has one 

ortho-F substituent. This is suggestive that altering the electronic nature of the N-aryl 

group is having an effect on the reactivity of the catalyst. The C–F····H–C interaction may 
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Figure 3.15. A) Plot of conversion vs. time and B) Z-selectivity vs. conversion in the 
homodimerization of allylbenzene, under conditions outlined in Scheme 3.11. 
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also play a role in the reactivity of the catalysts, as this may stabilize the pre-catalyst, 

adding an additional barrier to be overcome in order to undergo reaction. In complexes 

that have relatively similar electronic characteristics, the one with the smaller ortho 

subsituent displays higher activity (for example, reactivity of 3.1 > 3.2 and 3.11 > 3.12). 

Figure 3.15B is a plot of the Z-selectivity of the allylbenzene homodimer vs. 

conversion for the nine catalysts. In all cases, the Z-selectivity of the homodimer is 

eroded at high conversion, as has previously been observed for other Z-selective 
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Figure 3.16. Plot of conversion vs. time in the homodimerization of allylbenzene, illustrating the 
influence of ortho-fluoro and ortho-methoxy substituents. 
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metathesis catalysts.1,44,45 A closer look at select series of catalysts highlights some key 

observations about the nature of the N-aryl group and the observed Z-selectivity with 

respect to conversion. 

Of the catalysts studied, 3.2 displays the highest initial Z-selectivity and the 

smallest decrease in Z-selectivity with increasing reaction time (Figure 3.17A). 3.12 and 

3.13 outperform the commercially available catalyst, 3.1, demonstrating higher Z-

selectivity at comparable conversion. They display low degradation of Z-content at high 
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Figure 3.17. Plots of Z-selectivity vs. conversion for homodimerization of allylbenzene, 
illustrating A) Catalysts whose larger N-aryl o-substituent is similar behave similarly. B) 
Catalysts with ortho-F or ortho-OMe substituents are less Z-selective.  
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conversion, comparable to 3.2 and distinct from the more significant degradation 

observed with other catalysts. At 7h., both catalysts achieve 96% conversion with a Z-

selectivity of 94% and 96%, respectively. Although catalysts 3.11 and 3.15 display lower 

activity than 3.1, the three catalysts display very similar profiles in the plot of conversion 

vs. Z-selectivity. The common feature of these three catalysts is that they possess one 

ortho-Me substituent on the N-aryl group, while the other ortho substituent varies, being 

F (3.11), OMe (3.15) or Me (3.1). Figure 3.17B demonstrates that catalysts 3.10, 3.14 

and 3.16, which contain only ortho-F and/or ortho-OMe groups display lower Z-

selectivity than the other catalysts in this reaction.  

These trends are consistent with the larger of the two ortho substituents of the N-

aryl group playing a dominant role in determining the Z-selectivity vs. conversion profile 

across the series of catalysts, with the smaller ortho-substituent playing a lesser role in 

affecting catalyst behavior. The effective size of the ortho-substituent in these systems 

follows the trend CF3 ~ iPr > Me > OMe ~ F, which shows some semblance to the order 

predicted by various steric parameters (including A-values, Charton and Taft): CF3 > iPr 

> Me > OMe > F.46-48 The sterically congested nature of the cyclometallated catalyst 

system is likely to impose unique steric constraints that influence the effective size of the 

substituents and so a direct correlation with any of these parameters is not expected or 

observed. The generality of the observed trends was then examined in the 

homodimerization of methyl-10-undecenoate and 4-penten-1-ol.  
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Homodimerizations of Methyl-10-undecenoate and 4-Penten-1-ol 

The catalysts were then examined in the homodimerization of methyl-10-

undecenoate (3.73) (Scheme 3.12). Methyl-10-undecenoate has been demonstrated to be 

a less reactive substrate in CM reactions and so can be used to further discriminate 

between the catalysts. Here, there was a greater difference between catalysts with regard 

to conversion vs. time was observed, although the same trends as observed in the case of 

allylbenzene homodimerization were generally conserved (Figure 3.18). Again, the most 

active catalysts are 3.1 and 3.2, which both reach 95% conversion by 3 h. and the least 

active catalyst is 3.14, which has only reached 68% conversion by 9 h. The other 

catalysts all perform between these two extremes, reaching 85-95% conversion by 9 h. 

While initial levels of Z-selectivity reflect the order observed in the case of allylbenzene 

homodimerization, increased Z-degradation is observed 3.10–3.16 compared to 3.1 and 

3.2. In particular, catalysts 3.12 and 3.13, which showed a low decrease in the Z-

selectivity of 3.71 at high conversion, showed a much more significant decrease in the 

case of 3.74. The catalysts that showed the lowest decrease in Z-selectivity were 3.11 and 

3.12. 

Scheme 3.12. Homodimerization of methyl-10-undecenoate at 0.1 mol% catalyst loading. 
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4-penten-1-ol (3.75) is another substrate that has proved challenging in Z-

selective CM reactions, as it is typically less reactive than other substrates and also tends 

to show enhanced degradation of Z-content in comparison to other substrates (Scheme 

3.13).1,21 In homodimerization of 3.75, the order of activity of the catalysts was 

significantly changed from that for homodimerization of 3.70 or 3.73 (Figure 3.19). 

While 3.1 and 3.2 displayed the highest conversion at 1 h., they were closely followed by 

methoxy-substituted catalysts 3.15 and 3.16, which displayed significantly higher 
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Figure 3.18. A) Plot of conversion vs. time and B) Z-selectivity vs. conversion in the 
homodimerization of methyl-10-undecenoate, under conditions outlined in Scheme 3.12. 
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conversions than the remaining catalysts. In addition, catalyst 3.14, which displayed the 

lowest rate of conversion to 3.70 and 3.73 (and did not reach full conversion in the same 
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Figure 3.19. A) Plot of conversion vs. time and B) Z-selectivity vs. conversion in the 
homodimerization of 4-penten-1-ol, under conditions outlined in Scheme 3.13. 

Scheme 3.13. Homodimerization of 4-penten-1-ol at 0.1 mol% catalyst loading. 
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timeframe as the other catalysts), displayed significantly enhanced activity in 4-penten-1-

ol homodimerization. The enhanced reactivity of catalysts 3.14–3.16, which have an N-

aryl group bearing an ortho-methoxy substituent, may be a consequence of a secondary 

interaction with the alcohol functionality in the substrate. Catalysts 3.12 and 3.13 

displayed the lowest activity for this substrate. 

Significantly higher Z-degradation is observed in the case of 4-penten-1-ol than in 

the case of the other two substrates examined. This is particularly noted in the case of 

catalyst 3.16, where the Z-selectivity drops below 50% at ~7 h. In addition, catalyst 3.2, 

which displays a very limited decrease in Z-selectivity at high conversions in the other 

homodimerization reactions, here demonstrates rapid erosion of Z-content at high 

conversion. The vastly different behavior for Z-degradation in homodimerization of 3.76 

compared to other substrates suggests that there may be another mechanism contributing 

to the Z-degradation in the homodimerization of 4-penten-1-ol. 

 

T.O.N. Experiments 

In order to further probe the activity and stability of these catalysts and to 

investigate their overall stability, we decided to investigate the homodimerization of 

Scheme 3.14. Homodimerization of allylbenzene at 0.01 mol% catalyst loading. 
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allylbenzene at 0.01 mol% catalyst loading (Scheme 3.14). Consistent with previous 

results, catalysts 3.1 and 3.2 demonstrated the highest activity with T.O.N. of 8800 and 

8700, respectively (Figure 3.20). The next most active catalysts were the catalysts 

without an ortho-F, 3.15 and 3.16, which both gave a T.O.N. of 7200, followed closely 

by 3.11 with a T.O.N. of. 6800. Notably, all of the catalysts demonstrated a T.O.N. of 

>5,000 under these conditions, indicating that they are all relatively active for this 

substrate. The Z-selectivity largely reflects the same trends observed at higher catalyst 

loading. Again there is a loose correlation between increasing bulk of the N-aryl ortho 

substituents and decreasing activity, although there also appears to be an electronic 

component, which may be an indirect electronic effect or, in the case of the fluoro-aryl 

Figure 3.20. Yield and Z-selectivity of homodimer 3.71 at 6 h. in the homodimerization of 
allylbenzene (ordered by decreasing Z-selectivity) according to Scheme 3.14. Yield and Z-
selectivity determined by GC, using tridecane as an internal standard. 
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groups, a direct result of the C–F···H–C interaction between the N-aryl group and the 

benzylidene. 

 

CM of Allylic-substituted Olefins 

Given the larger difference observed between catalyst 3.1 and 3.2 in reactions of 

allylic-substituted olefins, we wanted to examine the new catalysts 3.10–3.16 in one of 

these reactions. While CM of vinyl dioxolane or other vinyl acetals could be carried out 

in good yield and high Z-selectivity using catalyst 3.2 (Chapter 2), vinyl cyclohexane 

3.77 proved a much more challenging substrate (Scheme 3.15). Under optimized 

conditions, cross product 3.78 could be formed in 50% yield and with 74% Z-selectivity 

using catalyst 3.1, whereas catalyst 3.2 furnished a significantly lower yield of product 

(16%), albeit with a higher Z-selectivity of 93% (Figure 3.21). The series of catalysts, 

3.10–3.16, were screened under the same conditions and several interesting observations 

about the reactivity were noted. The activity observed across the series of catalysts can be 

correlated with two major features. Firstly, the size of the larger ortho substituent seems 

to have a significant impact on the overall activity, with catalysts 3.2, 3.12, and 3.13 all 

Scheme 3.15. CM of vinyl cyclohexane and methyl-10-undecenoate 
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giving low yields ranging from 16–18%. This seems to be balanced somewhat by an 

electronic effect of the ortho substituents, which was observed in the case of the 

homodimerization reactions discussed previously, in which o-F substituents led to 

reduced reactivity. 3.14, which was the least reactive catalyst in homodimerizations of 

allylbenzene and methyl-10-undecenoate, gives a significantly higher yield of 39%. 

While the relative order of reactivity in homodimerization reactions was 3.1 > 3.11 > 

3.10, the three catalysts all generate a similar yield of cross product 3.78 (50%, 46%, and 

49%, respectively). Unexpectedly, catalyst 3.16 gives the highest yield of 3.78 (64%) in 

this reaction, surpassing the previous best result with 3.1 (50%) and the product is formed 

with similar Z-selectivity (74%).  

Figure 3.21. Yield and Z-selectivity of cross product 3.79 at 6 h. (ordered by increasing yield). 
Reaction conducted according to Scheme 3.15. Yield and Z-selectivity determined by GC, using 
tridecane as an internal standard. 
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While the larger of the two ortho substituents seems to play a dominant role in the 

reactivity of the complexes, both of the ortho substituents seem to be significant in 

governing the Z-selectivity of the catalysts (Figure 3.22). Catalyst 3.2 is the only catalyst 

that exceeds 90% Z-selectivity. Conversely, catalyst 3.10, which bears the least bulky N-

aryl group, displays the lowest Z-selectivity with only a marginal preference for the Z-

isomer (54%). All of the other catalysts fall in a relatively narrow range of 69 to 77% Z-

selectivity despite significant variance in the size of their substituents. While catalysts 

3.12 and 3.13 demonstrated significantly higher Z-selectivity than catalyst 3.1 in 

homodimerization reactions, they were only marginally more Z-selective in the formation 

of 3.78 (76–77% vs. 74%) (Figure 3.23). Catalyst 3.16 displayed identical Z-selectivity 

to 3.1 in this CM reaction, which contrasted with its homodimerization reactivity, where 

Figure 3.22. Yield and Z-selectivity of cross product 3.79 at 6 h. (ordered by descending Z-
selectivity). Reaction conducted according to Scheme 3.15. Yield and Z-selectivity determined 
by GC, using tridecane as an internal standard. 
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it displayed lower Z-selectivity than 3.1. The improved performance of 3.16 in these 

systems may be a result of the steric flexibility of the methoxy group, which may allow 

improved reactivity while still maintaining Z-selectivity comparable to 3.1.  

 

Conclusion 

A series of seven new cyclometallated Ru-based metathesis catalysts that differ in 

the identity of the N-aryl group have been prepared. In these catalysts, the unique 

constraints imposed by the cyclometallated NHC ligand have introduced a number of 

interesting features with respect to their solution-phase behavior. The dynamic behavior 

of the catalysts arising from rotation about the N–C(aryl) bond is studied by NMR 

Figure 3.23. Comparison of Z-selectivity observed in formation of 3.70 (Scheme 3.11) at 1h. 
compared to Z-selectivity observed in formation of 3.78 (Scheme 3.15) at 6 h. (ordered by 
descending Z-selectivity for the latter reaction). Z-selectivity determined by GC, using tridecane 
as an internal standard. 
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spectroscopy. In a number of the catalysts bearing an NHC with an unsymmetrical N-aryl 

group, this results in the presence of two distinct conformational isomers, which differ in 

the orientation of the N-aryl group with respect to the benzylidene. In addition, an 

unusual intramolecular C–H····F–C interaction between the benzylidene hydrogen and the 

ortho-fluorine of the N-aryl group is observed in a number of the catalysts and studied by 

NMR spectroscopy. 

The reactivity of these seven catalysts was compared to previous catalysts 3.1 and 

3.2 in a number of CM applications, which has allowed us to determine which features of 

the N-aryl group are key for determining the activity and selectivity of the 

cyclometallated catalysts. In CM of unhindered terminal olefins, the size of the larger of 

the two ortho substituents of the N-aryl group plays a dominant role in determining the Z-

selectivity, with the second ortho substituent having a less significant effect. The activity 

of the catalysts seems to be largely dominated by electronic effects, with increased size of 

the ortho substituents playing a lesser role in attenuating activity. Distinct patterns are 

observed in CM of an allylic-substituted olefin. Here, the Z-selectivity is found to more 

closely correlate with the size of the smaller ortho-substituent of the N-aryl group. In 

contrast, the activity of the catalyst is most closely correlated with the size of the larger of 

the two ortho substituents, with less bulky N-aryl groups leading to significantly higher 

yields. Newly prepared catalyst 3.16 generated the highest yield of cross product in CM 

of vinyl cyclohexane, outperforming both 3.1 and 3.2, and may find further applications 

in Z-selective CM of hindered substrates. 

The differences in the influence of the N-aryl group on the activity and selectivity 

of the catalyst between these two classes of olefins are significant. For those catalysts 
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bearing unsymmetrical N-aryl groups, the results suggest the possibility that the two 

conformational isomers of the catalyst, differing by rotation about the N–C(aryl) bond, 

may have different reactivity profiles. The conformer that is more active in the metathesis 

of unhindered olefins may not be the same conformer that is more active in the 

metathesis of allylic-substituted olefins. These results suggest that a static picture of 

catalyst structure may not be sufficient to understand these catalysts and further studies 

on the dynamic behavior of Ru metathesis catalysts may lead a better understanding of 

their reactivity. The substrate scope for CM with the cyclometallated Z-selective 

metathesis catalysts, as explored in this thesis, is currently more limited than for previous 

generations of metathesis catalysts. The rigid steric constraints necessary to impose high 

Z-selectivity in these catalysts result in an increased sensitivity to variations in substrate 

structure, which could potentially be exploited for chemoselective metathesis 

applications. An improved understanding of the interplay between substrate and catalyst 

structure in controlling activity and selectivity may result in further improved catalysts 

for challenging Z-selective metathesis applications. 
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Experimental Section 

Materials and Methods 

Unless otherwise stated, solvents and reagents were of reagent quality, obtained 

from commercial sources and used without further purification. Reactions involving 

organometallic catalysts were carried out in a nitrogen-filled glovebox or under Ar using 

standard Schlenk techniques, unless otherwise described. Diglyme was sparged with Ar, 

stored over 4 Å molecular sieves and filtered over basic alumina prior to use. MeOH used 

in the preparation of metathesis catalysts was dried over 3 Å molecular sieves, distilled 

from CaH2 and degassed by sparging with Ar prior to use. Other solvents involved in the 

reaction or preparation of organometallic species were purified by passage through 

solvent purification columns and degassed prior to use.1 C6D6 was purified by passage 

through a solvent purification column and degassed prior to use. Liquid substrates for 

cross metathesis were degassed by sparging with Ar and filtered through a short plug of 

basic alumina prior to use. DCM and CDCl3 used for the analysis of CM reactions were 

filtered through a plug of basic alumina prior to use. Flash chromatography was carried 

out with silica gel 60 (230-400 mesh). 

Gas chromatography data was obtained using an Agilent 6850 FID gas 

chromatograph equipped with a HP-5 (5%-phenyl)-methylpolysiloxane capillary column 

(Agilent). High-resolution mass spectroscopy was completed at the California Institute of 

Technology Mass Spectrometry Facility. NMR spectra were recorded on a Varian Inova 

400 (400 MHz for 1H, 128 MHz for 11B, 101 MHz for 13C), automated Varian Inova 500 

(500 MHz for 1H, 126 MHz for 13C), Varian Inova 600 (500 MHz for 1H, 151 MHz for 

13C) or Bruker Avance III 400 (400 MHz for 1H, 101 MHz for 13C). 1H and 13C chemical 
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shifts are expressed in ppm downfield from tetramethylsilane using the residual protiated 

solvent (for 1H) or the solvent (for 13C) as an internal standard (CDCl3 1H: 7.26 ppm and 

13C: 77.2 ppm; DMSO-d6 1H: 2.50 ppm and 13C: 39.5 ppm; CD3OD 1H: 3.31 ppm and 13C: 

49.0 ppm). 19F chemical shifts are expressed in ppm downfield from CFCl3 using the 

deuterium signal of the solvent as an internal standard. 

 

Screening-scale Reactions 

Typical procedure: CM of vinylcyclohexane and methyl 10-undecenoate 

In a nitrogen-filled glovebox, vinylcyclohexane (73 mL, 0.53 mmol, 6 equiv.) and 

methyl 10-undecenoate (20 mL, 0.09 mmol, 1 equiv.) were combined in a 4 mL vial, to 

which tridecane (10 mL) was added as an internal standard. A solution of the appropriate 

catalyst (4.4 mmol, 5 mol%) in diglyme (300 mL) was added and the reaction was stirred 

open to the atmosphere at 35 °C. 

Samples for GC analysis were obtained by taking a 5 mL reaction aliquot and 

diluting to 1 mL with a 10% v/v solution of ethyl vinyl ether in DCM. Samples were 

shaken vigorously and allowed to stand for 10 minutes before GC analysis. 

GC response factors were obtained for all starting materials and products using 

tridecane as an internal standard. Data was analysed as previously described.5 

Instrument conditions: inlet temperature: 250 °C, detector temperature 300 °C, H2 

flow: 30 mL/min, air flow: 400 mL/min, makeup flow: 30 mL/min. 

GC method: 80 °C for 2 minutes, followed by a temperature increase of 30 

°C/min to 250 °C and held at that temperature for 3 minutes, then a temperature increase 
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of 5 °C/min to 270 °C, and finally a temperature increase of 30 °C/min to 300 °C and 

held at that temperature for 3 minutes. Total run time: 18.7 minutes. 

 

Compound Response Factor Retention Time 
(min) 

tridecane - 5.86 
vinylcyclohexane 1.71 2.27 

methyl-10-undecenoate 1.24 6.44 
methyl (Z)-11-cyclohexylundec-10-enoate 0.79 9.21 
methyl (E)-11-cyclohexylundec-10-enoate 0.79 9.36 

dimethyl (Z)-icos-10-enedioate 0.71 13.90 
dimethyl (E)-icos-10-enedioate 0.71 13.97 

 

Typical procedure: homodimerization of allylbenzene at 0.01 mol% catalyst loading 

In a nitrogen-filled glovebox, allylbenzene (200 mL, 1.51 mmol, 1 equiv.) and 

tridecane (20 mL) were combined in a 4 mL vial, to which a solution of the appropriate 

catalyst (0.15 mmol, 0.01 mol%) in THF (20 mL) was added. The reaction was stirred 

open to the atmosphere at 35 °C. 

Samples for GC analysis were obtained by taking a 5 mL reaction aliquot and 

diluting to 1 mL with a 10% v/v solution of ethyl vinyl ether in DCM. Samples were 

shaken vigorously and allowed to stand for 10 minutes before GC analysis. All reactions 

were carried out in duplicate. 

GC response factors were obtained for all starting materials and products using 

tridecane as an internal standard. Data was analysed as previously described.5 

Instrument conditions: inlet temperature: 250 °C, detector temperature 300 °C, H2 

flow: 30 mL/min, air flow: 400 mL/min, makeup flow: 30 mL/min. 
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GC method: 80 °C for 1.5 minutes, followed by a temperature increase of 40 

°C/min to 230 °C and held at that temperature for 2 minutes, then a temperature increase 

of 40 °C/min to 300 °C and held at that temperature for 2.5 minutes. Total run time: 11.5 

minutes. 

 

Compound Response Factor Retention Time (min) 
tridecane - 4.57 
allylbenzene 1.52 2.96 
(E)-1,4-diphenylbut-2-ene 0.76 6.22 
(Z)-1,4-diphenylbut-2-ene 0.76 6.31 

 

Typical procedures: homodimerization reactions 

In a nitrogen-filled glovebox, allylbenzene (150 mL, 1.1 mmol, 1 equiv.) and 

THF (130 mL) were combined in a 4 mL vial, to which a solution of the appropriate 

catalyst (1.1 mmol, 0.1 mol%) in THF (100 mL) was added. The reaction was stirred 

open to the atmosphere at 35 °C. 

In a nitrogen-filled glovebox, methyl-10-undecenoate (130 mL, 0.57 mmol, 1 

equiv.) and THF (10 mL) were combined in a 4 mL vial, to which a solution of the 

appropriate catalyst (0.57 mmol, 0.1 mol%) in THF (50 mL) was added. The reaction was 

stirred open to the atmosphere at 35 °C. 

In a nitrogen-filled glovebox, 4-penten-1-ol (117 mL, 1.1 mmol, 1 equiv.) and 

THF (160 mL) were combined in a 4 mL vial, to which a solution of the appropriate 

catalyst (1.1 mmol, 0.1 mol%) in THF (100 mL) was added. The reaction was stirred 

open to the atmosphere at 35 °C. 
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Samples for 1H-NMR analysis were obtained by taking a 5 mL reaction aliquot 

and diluting to 0.65 mL with a 5% v/v solution of ethyl vinyl ether in CDCl3. 1H-NMR 

spectra were analysed as previously described to determine conversion and Z-selectivity. 

 

General Procedures – Catalyst Synthesis 

General Procedure 0: 

Adapted from a previously reported procedure. To a solution of the carboxylic 

acid (19.2 mmol, 1 equiv.) in benzene (60 mL, 0.3 M) was added Et3N (20.2 mmol, 1.05 

equiv.) and DPPA (20.2 mmol, 1.05 equiv.). The reaction mixture was then heated to 

reflux for 12 h. and subsequently cooled to r.t. The solution was poured into a mixture of 

NaOH (2M, 40 mL/1 g of RCOOH) and THF (40 mL/1 g of RCOOH) with stirring. The 

organic layer was separated and the aqueous layer extracted with EtOAc (3 x 50 mL). 

The combined organic layer was washed with brine, dried over Na2SO4 and concentrated 

in vacuo. The resultant residue was redissolved in EtOAc, filtered, concentrated in vacuo, 

and purified by flash chromatography on silica gel. 

 

General Procedure 1:  

Anhydrous K2CO3 (32.8 mmol, 2 equiv.) was added to a solution of the aniline 

(16.4 mmol, 1 equiv.) in MeCN (200 mL, 0.07 M). Bromoacetyl chloride (16.4 mmol, 1 

equiv.) was then added dropwise and the reaction mixture allowed to stir at 20 °C for 3 h. 

The mixture was filtered, concentrated under reduced pressure, and the resultant residue 

purified by recrystallization or flash chromatography on silica gel. 
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General Procedure 2a: 

Anhydrous K2CO3 (19.7 mmol, 2 equiv.) was added to a solution of the amido 

bromide (9.8 mmol, 1 equiv.) in MeCN (200 mL, 0.05 M). 1-adamantylamine (14.8 

mmol, 2.5 equiv.) was added to the reaction mixture, which was then heated at reflux for 

12 h. The mixture was then filtered, concentrated, and the resultant residue was purified 

by flash chromatography on silica gel. 

General Procedure 2b: 

Anhydrous K2CO3 (19.7 mmol, 2 equiv.) was added to a solution of the amido 

bromide (9.8 mmol, 1 equiv.) in MeCN (200 mL, 0.05 M). 1-adamantylamine (14.8 

mmol, 2 equiv.) was added to the reaction mixture, which was then heated at reflux for 8 

h. The mixture was then filtered, concentrated, and the resultant residue was purified by 

flash chromatography on silica gel. 

General Procedure 3a:  

THF (100 mL, 0.2 M) was added to a flame-dried, two-neck flask under an 

atmosphere of argon and cooled to 0 °C. LiAlH4 (51.5 mmol, 3 equiv.) was added 

portionwise with stirring.  The amido amine (17.2 mmol, 1 equiv.) was dissolved in THF 

(20 mL) and added to the reaction mixture dropwise. The reaction was then warmed to 

reflux for 36 h. before cooling to room temperature. H2O (2 mL), 15 w/w% NaOH (2 

mL) and H2O (6 mL) were added slowly sequentially to the reaction mixture. THF was 

removed in vacuo and the residue partitioned between EtOAc (125 mL) and H2O (50 

mL). The aqueous layer was extracted with EtOAc (2 x 50 mL) and the combined organic 
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layers were washed with H2O (100 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo. 

General Procedure 3b:  

Amido amine (2.9 mmol, 1 equiv.) was added to a flame-dried, heavy-walled 

Schlenk flask under an atmosphere of argon. BH3.THF in THF (1.0 M, 8.7 mmol, 3 

equiv.) was then added slowly. When gas evolution had ceased, the Schlenk flask was 

sealed and heated to reflux for 8 h. The reaction mixture was then cooled to r.t. and 

MeOH (20 mL) was added slowly and then removed in vacuo. A further portion of 

MeOH (40 mL) was added and then removed in vacuo. The resulting residue was then 

dissolved in MeOH (40 mL) and HCl in Et2O (2.0 M, 14.5 mmol, 5 equiv.) was added 

and stirred at 20 °C for 30 min. The reaction mixture was then concentrated in vacuo and 

the resultant solid triturated with Et2O (40 mL), filtered, washed with Et2O (3 x 20 mL), 

and dried in vacuo. 

General Procedure 4a: 

To a solution of diamine (2.0 mmol, 1 equiv.) in Et2O (10 mL) was added HCl in 

Et2O (2.0 M, 4.0 mmol, 2 equiv.) and the reaction mixture was stirred at 20 °C for 30 

min. The resultant precipitate was filtered, washed with Et2O (2 x 20 mL), and dried in 

vacuo. To the resultant solid was added HC(OEt)3 (30 mmol, 15 equiv.) and MeCN (v/v 

with HC(OEt)3). The reaction mixture was heated to reflux for 12 h. and subsequently 

cooled to r.t. MeCN was removed in vacuo and the resulting residue triturated with Et2O 
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(20 mL). The Et2O was decanted and the resulting solid triturated with two further 

portions of Et2O (2 x 20 mL). The product was dried in vacuo at 35 °C. 

General Procedure 4b: 

To the diamine dihydrochloride salt (1.3 mmol, 1 equiv.) was added HC(OEt)3 

(19.5 mmol, 15 equiv.) and MeCN (v/v with HC(OEt)3). The reaction mixture was heated 

to reflux for 12 h. and subsequently cooled to r.t. MeCN was removed in vacuo and the 

resulting residue triturated with Et2O (20 mL). The Et2O was decanted and the resulting 

solid triturated with two further portions of Et2O (2 x 20 mL). The product was dried in 

vacuo at 35 °C. 

General Procedure 5a: 

In a nitrogen-filled glovebox, the NHC salt (1.15 mmol, 1.0 equiv.) and KHMDS 

(1.11 mmol, 0.96 equiv.) were weighed into a vial, to which benzene (6 mL, 0.2 M) was 

added. The suspension was stirred at 20 °C for 15 mins, at which stage PCy3-Hov (0.82 

mmol, 0.71 equiv.) was added and the reaction stirred at 35 °C for 3 h. The solution was 

then removed from the glovebox and pentane (6 mL, v/v with benzene) was added. The 

green precipitate was filtered and washed with pentane and then 1:1 pentane:Et2O until 

the washings were clear. The residue was purified by silica gel plug using DCM as eluant 

and the product concentrated in vacuo. 

General Procedure 5b: 

The NHC salt (0.66 mmol, 1.0 equiv.) and KHMDS (0.63 mmol, 0.96 equiv.) 

were weighed into a vial, to which benzene (4 mL, 0.2 M) was added. The suspension 
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was stirred at 20 °C for 15 mins, at which stage PCy3-Hov (0.55 mmol, 0.83 equiv.) was 

added and the reaction stirred at 35 °C for 3 h. The solution was then removed from the 

glovebox and pentane (4 mL, v/v with benzene) was added. The green precipitate was 

filtered and washed with 1:1 pentane:Et2O until the washings were colourless. The 

residue was purified by silica gel plug using DCM as eluant.  

General Procedure 6 

In a nitrogen-filled glovebox, to the Ru-complex (0.24 mmol, 1.0 equiv.) and 

NaOPiv (2.4 mmol, 10 equiv.) was added 2:1 MeOH:THF (7.3 mL, 0.03 M). The 

reaction mixture was stirred at 35 °C until the solution became purple in colour and no 

further colour change was noted after 30 min. The solution was concentrated in vacuo 

and the resulting solids triturated with 2:1 pentane:Et2O (10 mL), filtered, and washed 

with 2:1 pentane:Et2O until the washings were colourless. DCM was then added to elute 

the product, which was obtained after concentration in vacuo. To the resulting solid (0.20 

mmol) was added NH4NO3 (5.9 mmol, 30 equiv.) and 2:1 THF:MeOH (4.0 mL, 0.05 M) 

The reaction mixture was stirred at 20 °C for 2 h. and then concentrated in vacuo. The 

resultant solids were triturated with 1:1 pentane:Et2O (5 mL), filtered, and washed with 

1:1 pentane:Et2O (2 x 5 mL). The product was obtained by elution of the solid with DCM 

and concentration of the resultant solution in vacuo. 

 

Experimental Data  
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3.18 

2-fluoro-6-methoxybenzoic acid (2.00 g, 11.8 mmol), TEA (1.72 mL, 1.25 g, 12.3 mmol), 

and DPPA (2.66 mL, 3.40 g, 12.3 mmol) were reacted according to general procedure 0. 

After purification by silica gel chromatography (gradient elution, hexanes to 80:20 

hexanes:EtOAc), product S0.2 was obtained as an off-white solid (81% yield, 1.34 g). 

Analytical data matched that previously reported. 

 

3.19 

2,6-dimethoxybenzoic acid (3.50 g, 19.2 mmol), TEA (2.81 mL, 2.04 g, 20.2 mmol), and 

DPPA (4.34 mL, 5.55 g, 20.2 mmol) were reacted according to general procedure 0. 

After purification by silica gel chromatography (85:15 hexanes:EtOAc), product S0.7 

was obtained as a pale yellow solid (70% yield, 2.06 g). Analytical data matched that 

previously reported. 

 

3.20 

Adapted from a previously reported procedure. 2-fluoro-6-bromoaniline (3.00 g, 15.8 

mmol), Pd(OAc)2 (0.071 g, 0.32 mmol), CPhos (0.276 g, 0.63 mmol), and THF (15.8 

mL) were added to a flame-dried, three-neck flask under an atmosphere of argon. The 

reaction was cooled to 0 °C and iPrZnBr in THF (0.5 M, 47.3 mL, 23.7 mmol) was added 

via cannula. The reaction mixture was then heated to 50 °C and allowed to stir for 3 h. 

After cooling the mixture to r.t., the reaction was quenched by addition of 1M HCl (20 

mL) and extracted with EtOAc (3 x 80 mL). The combined organic layers were washed 

with brine, dried over MgSO4, and concentrated in vacuo. The crude product was 
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obtained as a pale yellow oil (93% yield, 2.05 g), which was consistent with previously 

reported data and used without further purification in the next step. 

 

3.21 

2,6-difluoroaniline (6.00 g, 46.5 mmol), K2CO3 (12.8 g, 92.9 mmol), and bromoacetyl 

chloride (3.87 mL, 7.31 g, 46.5 mmol) were reacted according to general procedure 1. 

After purification by silica gel chromatography (70:30 hexanes:EtOAc), product 3.21 was 

obtained as a white solid (82% yield, 9.37 g as an 89:11 mixture of the Br:Cl products).  

1H NMR (500 MHz, CDCl3) δ 7.82 (br s, 1H), 7.30 – 7.20 (m, 1H), 7.02 – 6.92 (m, 2H), 

4.06 (s, 2H) ppm. 

19F NMR (282 MHz, CDCl3) δ -117.63 – -117.74 (m) ppm. 

13C NMR (126 MHz, CDCl3) δ 164.3, 157.9 (dd, J = 251.9, 4.5 Hz), 128.5 (t, J = 9.6 Hz), 

113.2 (t, J = 16.5 Hz), 112.0 (dd, J = 19.3, 4.2 Hz), 28.6 ppm. 

HRMS (FAB) calcd. for C8H7BrF2NO [M+H]+ 249.9679; found 249.9680. 

 

3.22 

2-fluoro-6-methylaniline (3.25 g, 26.0 mmol), K2CO3 (7.18 g, 51.9 mmol), and 

bromoacetyl chloride (2.16 mL, 4.09 g, 26.0 mmol) were reacted according to general 

procedure 1. After purification by silica gel chromatography (75:25 hexanes:EtOAc), 

product 3.22 was obtained as a white solid (92% yield, 5.77 g as a 92:8 mixture of Br:Cl 

products).  
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1H NMR (400 MHz, CDCl3) δ 7.75 (br s, 1H), 7.24 – 7.14 (m, 1H), 7.03 (d, J = 7.6 Hz, 

1H), 6.98 (t, J = 8.9 Hz, 1H), 4.07 (s, 2H), 2.27 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 7.75 (s, 1H), 7.24 – 7.14 (m, 1H), 7.03 (d, J = 7.6 Hz, 

1H), 6.98 (t, J = 8.9 Hz, 4H), 4.07 (s, 2H), 2.27 (s, 3H) ppm. 

HRMS (FAB) calcd. for C9H10BrFNO [M+H]+ 245.9930; found 245.9918. 

 

3.23 

2-fluoro-6-isopropylaniline (1.20 g, 7.83 mmol), K2CO3 (2.17 g, 15.7 mmol), and 

bromoacetyl chloride (0.65 mL, 1.23 g, 7.83 mmol) were reacted according to general 

procedure 1. After purification by silica gel chromatography (gradient elution, hexanes 

to 60:40 hexanes:EtOAc), product 3.23 was obtained as a white solid (62% yield, 1.31 g 

as a 95:5 mixture of Br:Cl products).  

1H NMR (400 MHz, CDCl3) δ 7.70 (br s, 1H), 7.32 – 7.25 (m, 1H), 7.12 (d, J = 7.9 Hz, 

1H), 6.98 (t, J = 8.8 Hz, 1H), 4.08 (s, 2H), 3.06 (hept, J = 6.9 Hz, 1H), 1.23 (d, J = 6.9 

Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C11H14BrFNO [M+H]+ 274.0243; found 274.0235. 

 

3.24 

2-fluoro-6-trifluoromethylaniline (2.00 g, 11.2 mmol), K2CO3 (3.09 g, 22.3 mmol), and 

bromoacetyl chloride (0.93 mL, 1.76 g, 11.2 mmol) were reacted according to general 
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procedure 1. After purification by silica gel chromatography (75:25 hexanes:EtOAc), 

product 3.24 was obtained as a white solid (97% yield, 3.21 g as a 92:8 mixture of Br:Cl 

products).  

1H NMR (400 MHz, CDCl3) δ 7.96 (br s, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.47 – 7.32 (m, 

2H), 4.06 (s, 2H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C9H7BrF4NO [M+H]+ 299.9647; found 299.9643. 

 

3.25 

2-fluoro-6-methoxyaniline (1.29 g, 9.14 mmol), K2CO3 (2.53 g, 18.3 mmol), and 

bromoacetyl chloride (0.76 mL, 1.44 g, 9.14 mmol) were reacted according to general 

procedure 1. After recrystallization from EtOAc / hexanes, product 3.25 was obtained as 

an off-white solid (74% yield, 1.76 g) as a 96:4 mixture of Br:Cl products.  

1H NMR (400 MHz, CDCl3) δ 7.72 (br s, 1H), 7.21 (td, J = 8.4, 6.4 Hz, 1H), 6.82 – 6.74 

(m, 1H), 6.72 (d, J = 8.4 Hz, 1H), 4.06 (s, 2H), 3.86 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C9H10BrFNO2
+ [M+H]+ 261.9879; found 261.9879. 
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3.26 

2-methoxy-6-methylaniline (2.25 g, 16.4 mmol), K2CO3 (4.54 g, 32.8 mmol), and 

bromoacetyl chloride (1.37 mL, 2.58 g, 16.4 mmol) were reacted according to general 

procedure 1. After purification by silica gel chromatography (60:40 hexanes:EtOAc), 

product 3.26 was obtained as an off-white solid (80% yield, 3.34 g as an 89:11 mixture of 

Br:Cl products).  

1H NMR (400 MHz, CDCl3) d 7.78 (br s, 1H), 7.17 (t, J = 8.1 Hz, 1H), 6.85 (d, J = 7.7 

Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 4.06 (s, 2H), 3.82 (s, 3H), 2.24 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) d 164.2, 154.1, 136.8, 128.0, 123.4, 122.9, 108.6, 55.9, 

29.4, 18.4 ppm. 

HRMS (FAB) calcd. for C10H13BrNO2
+ [M+H]+ 258.0130; found 258.0132. 

 

3.27 

2,6-dimethoxyaniline (3.00 g, 19.6 mmol), K2CO3 (5.41 g, 39.2 mmol), and bromoacetyl 

chloride (1.63 mL, 3.08 g, 19.6 mmol) were reacted according to general procedure 1. 

After trituration of the solid with Et2O and pentane, product 3.27 was obtained as a white 

solid (85% yield, 4.50 g as an 88:12 mixture of Br:Cl products).  

1H NMR (400 MHz, CDCl3) δ 7.56 (br s, 1H), 7.22 (t, J = 8.4 Hz, 1H), 6.60 (d, J = 8.4 

Hz, 2H), 4.04 (br s, 2H), 3.84 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 163.9, 155.5, 128.5, 113.4, 104.4, 56.2, 29.5 ppm. 

HRMS (FAB) calcd. for C10H13BrNO3 [M+H]+ 274.0079; found 274.0073. 
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3.28 

3.21 (1.50 g, 6.18 mmol), K2CO3 (1.66 g, 12.0 mmol), and 1-adamantylamine (2.26 g, 

15.0 mmol) were reacted according to general procedure 2a. After purification by silica 

gel chromatography (96:4 DCM:MeOH), product 3.28 was obtained as a white solid 

(95% yield, 1.98 g).  

1H NMR (500 MHz, CDCl3) δ 9.22 (br s, 1H), 7.21 – 7.13 (m, 1H), 6.99 – 6.91 (m, 2H), 

3.44 (s, 2H), 2.09 (s, 3H), 1.73 – 1.47 (m, 13H) ppm. 

13C NMR (126 MHz, CDCl3) δ 172.0, 157.9 (dd, J = 250.6, 5.1 Hz), 127.2 (t, J = 9.7 Hz), 

114.2 (t, J = 16.5 Hz), 111.8 (dd, J = 19.1, 4.7 Hz), 51.4, 44.4, 42.8, 36.6, 29.6 ppm. 

HRMS (FAB) calcd. for C18H23F2N2O [M+H]+ 321.1779; found 321.1764. 

 

3.29 

3.22 (4.50 g, 18.5 mmol), K2CO3 (5.05 g, 36.6 mmol), and 1-adamantylamine (6.91 g, 

45.7 mmol) were reacted according to general procedure 2a. After purification by silica 

gel chromatography (96:4 DCM:MeOH), product 3.29 was obtained as a white solid 

(92% yield, 5.42 g).  

1H NMR (400 MHz, CDCl3) δ 9.17 (br s, 1H), 7.16 – 7.07 (m, 1H), 7.01 (d, J = 7.6 Hz, 

1H), 6.95 (t, J = 9.0 Hz, 1H), 3.43 (s, 2H), 2.26 (s, 3H), 2.10 (s, 3H), 1.75 – 1.52 (m, 

13H) ppm. 

13C NMR (101 MHz, CDCl3) δ 7.75 (s, 1H), 7.24 – 7.14 (m, 1H), 7.03 (d, J = 7.6 Hz, 

1H), 6.98 (t, J = 8.9 Hz, 4H), 4.07 (s, 2H), 2.27 (s, 3H) ppm. 

HRMS (FAB) calcd. for C19H26FN2O [M+H]+ 317.2029; found 317.2017. 
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3.30 

3.23 (1.16 g, 4.26 mmol), K2CO3 (1.17 g, 8.46 mmol), and 1-adamantylamine (1.28 g, 

8.46 mmol) were reacted according to general procedure 2b. After purification by silica 

gel chromatography (96:4 DCM:MeOH), product 3.30 was obtained as a white solid 

(94% yield, 1.39 g).  

1H NMR (400 MHz, CDCl3) δ 9.11 (br s, 1H), 7.25 – 7.17 (m, 1H), 7.09 (d, J = 7.9 Hz, 

1H), 6.96 (t, J = 8.9 Hz, 1H), 3.44 (s, 2H), 3.06 (hept, J = 6.9 Hz, 1H), 2.10 (s, 3H), 1.78 

– 1.53 (m, 13H), 1.22 (d, J = 6.9 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C21H30FN2O [M+H]+ 345.2342; found 345.2354. 

 

3.31 

3.24 (1.50 g, 5.05 mmol), K2CO3 (1.38 g, 10.0 mmol), and 1-adamantylamine (1.89 g, 

12.5 mmol) were reacted according to general procedure 2a. After purification by silica 

gel chromatography (98:2 DCM:MeOH, then 96:4 DCM:MeOH), product 3.31 was 

obtained as a white solid (96% yield, 1.79 g). 

1H NMR (400 MHz, CDCl3) δ 9.49 (br s, 1H), 7.49 – 7.43 (m, 1H), 7.39 – 7.31 (m, 2H), 

3.43 (s, 2H), 2.10 (s, 3H), 1.72 – 1.58 (m, 12H) 1.55 (br s, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 
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HRMS (FAB) calcd. for C19H23F4N2O [M+H]+ 371.1747; found 371.1738. 

 

3.32 

3.25 (1.76 g, 6.76 mmol), K2CO3 (1.86 g, 13.4 mmol), and 1-adamantylamine (2.03 g, 

13.4 mmol) were reacted according to general procedure 2b. After purification by silica 

gel chromatography (97:3 DCM:MeOH), product 3.32 was obtained as an off-white solid 

(91% yield, 2.05 g).  

1H NMR (400 MHz, CDCl3) δ 9.07 (br s, 1H), 7.19 – 7.09 (m, 1H), 6.77 (t, J = 8.9 Hz, 

1H), 6.70 (d, J = 8.3 Hz, 1H), 3.84 (s, 3H), 3.43 (s, 2H), 2.09 (s, 3H), 1.85 – 1.36 (m, 

12H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C19H26FN2O2 [M+H]+ 333.1978; found 333.1962. 

 

3.33 

3.26 (2.00 g, 7.90 mmol), K2CO3 (2.14 g, 15.5 mmol), and 1-adamantylamine (2.34 g, 

15.5 mmol) were reacted according to general procedure 2b. After purification by silica 

gel chromatography (95:5 DCM:MeOH), product 3.33 was obtained as a white solid 

(95% yield, 2.48 g).  

1H NMR (400 MHz, CDCl3) δ 9.11 (br s, 1H), 7.11 (t, J = 8.0 Hz, 1H), 6.84 (d, J = 7.6 

Hz, 1H), 6.74 (d, J = 8.2 Hz, 1H), 3.79 (s, 3H), 3.41 (s, 2H), 2.24 (s, 3H), 2.09 (s, 3H), 

1.77 – 1.56 (m, 12H), 1.48 (br s, 1H) ppm. 
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13C NMR (101 MHz, CDCl3) δ 171.9, 154.0, 136.5, 127.0, 124.5, 122.8, 108.4, 55.7, 

51.2, 44.5, 42.8, 36.7, 29.6, 18.8 ppm. 

HRMS (FAB) calcd. for C20H29N2O2 [M+H]+ 329.2229; found 329.2213. 

 

3.34 

3.27 (2.40 g, 8.93 mmol), K2CO3 (2.42 g, 17.5 mmol), and 1-adamantylamine (2.65 g, 

17.5 mmol) were reacted according to general procedure 2b. After purification by silica 

gel chromatography (94:6 DCM:MeOH), product 3.34 was obtained as a white solid 

(97% yield, 3.00 g).  

1H NMR (400 MHz, CDCl3) δ 8.82 (br s, 1H), 7.16 (t, J = 8.4 Hz, 1H), 6.59 (d, J = 8.4 

Hz, 2H), 3.82 (s, 6H), 3.41 (s, 2H), 2.09 (s, 3H), 1.80 – 1.48 (m, 13H) ppm. 

13C NMR (101 MHz, CDCl3) δ 172.1, 155.7, 127.5, 114.6, 104.6, 56.2, 51.2, 44.7, 42.8, 

36.8, 29.7 ppm. 

HRMS (FAB) calcd. for C20H29N2O3 [M+H]+ 345.2180; found 345.2178. 

 

3.35 

3.28 (1.25 g, 3.90 mmol) and LiAlH4 (0.444 g, 11.7 mmol) were reacted according to 

general procedure 3a. The product 3.35 was obtained as a pale-yellow solid (98% yield, 

1.19 g), which was used without further purification.  

1H NMR (400 MHz, CDCl3) δ 6.85 – 6.73 (m, 2H), 6.67 – 6.57 (m, 1H), 4.22 (s, 1H), 

3.40 – 3.29 (m, 2H), 2.79 (t, J = 5.8 Hz, 2H), 2.06 (s, 3H), 1.71 – 1.54 (m, 12H), 1.10 (br 

s, 1H) ppm. 
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13C NMR (101 MHz, CDCl3) δ 153.7 (dd, J = 241.0, 7.8 Hz), 126.4 (t, J = 13.9 Hz), 

117.4 (t, J = 9.5 Hz), 111.8 – 111.3 (m), 50.4, 47.4 (t, J = 3.8 Hz), 43.1, 40.4, 36.9, 29.7 

ppm. 

HRMS (FAB) calcd. for C18H25F2N2 [M+H]+ 307.1986; found 307.1974. 

 

3.36 

3.29 (5.00 g, 15.8 mmol) and LiAlH4 (1.79 g, 47.4 mmol) were reacted according to 

general procedure 3a. The product 3.36 was obtained as a pale-yellow solid (93% yield, 

4.43 g), which was used without further purification. 

1H NMR (400 MHz, CDCl3) δ 6.91 – 6.80 (m, 2H), 6.67 (td, J = 7.9, 5.2 Hz, 1H), 4.04 (s, 

1H), 3.33 – 3.21 (m, 2H), 2.79 (t, J = 5.8 Hz, 2H), 2.26 (s, 3H), 2.06 (s, 3H), 1.72 – 1.53 

(m, 12H) 0.92 (br s, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 7.75 (s, 1H), 7.24 – 7.14 (m, 1H), 7.03 (d, J = 7.6 Hz, 

1H), 6.98 (t, J = 8.9 Hz, 4H), 4.07 (s, 2H), 2.27 (s, 3H) ppm. 

HRMS (FAB) calcd. for C19H28FN2 [M+H]+ 303.2236; found 303.2229. 

 

3.40 

3.30 (1.00 g, 2.90 mmol) and BH3.THF (1 M, 8.7 mL, 8.7 mmol) were reacted according 

to general procedure 3b. Product 3.40 was obtained as a white solid (91% yield, 1.06 g).  

1H NMR (400 MHz, CD3OD) δ 7.13 (d, J = 7.4 Hz, 1H), 7.05 (td, J = 7.9, 5.5 Hz, 1H), 

6.98 (ddd, J = 11.7, 8.1, 1.6 Hz, 1H), 3.49 (t, J = 6.4 Hz, 2H), 3.30 – 3.15 (m, 3H), 2.23 

(s, 3H), 1.98 (s, 3H), 1.98 (s, 3H), 1.87 – 1.69 (m, 6H), 1.27 (d, J = 6.8 Hz, 6H) ppm. 
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13C NMR (101 MHz, CD3OD) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C21H32FN2 [M-H]+ 331.2550; found 331.2534. 

 

3.41 

3.31 (2.50 g, 6.75 mmol) and BH3.THF (1 M, 20.3 mL, 20.3 mmol) were reacted 

according to general procedure 3b. Product 3.41 was obtained as a white solid (84% 

yield, 2.44 g).  

1H NMR (400 MHz, CD3OD) δ 7.40 – 7.28 (m, 2H), 6.97 (td, J = 8.2, 5.1 Hz, 1H), 3.60 

(td, J = 6.6, 1.6 Hz, 2H), 3.23 (t, J = 6.6 Hz, 2H), 2.22 (s, 3H), 1.97 (s, 3H), 1.97 (s, 3H), 

1.77 (app q, J = 12.5 Hz, 6H) ppm. 

13C NMR (101 MHz, CD3OD) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C19H25F4N2 [M-H]+ 357.1954; found 357.1954. 

 

3.42 

3.32 (1.55 g, 4.66 mmol) and BH3.THF (1 M, 18.7 mL, 18.7 mmol) were reacted 

according to general procedure 3b. Product 3.42 was obtained as a white solid (89% 

yield, 1.63 g).  

1H NMR (400 MHz, CD3OD) δ 7.33 (td, J = 8.5, 6.7 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 

6.98 – 6.89 (m, 1H), 4.01 (s, 3H), 3.71 (t, J = 6.6 Hz, 2H), 3.35 (t, J = 6.6 Hz, 2H), 2.23 

(s, 3H), 1.99 (s, 3H), 1.99 (s, 3H), 1.77 (app q, J = 12.8 Hz, 6H) ppm. 
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13C NMR (101 MHz, CD3OD) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C19H28FN2O [M-H]+ 319.2186; found 319.2173. 

 

3.43 

3.33 (1.50 g, 4.57 mmol) and BH3.THF (18.3 mL, 18.3 mmol) were reacted according to 

general procedure 3b. Product 3.43 was obtained as a white solid (85% yield, 1.51 g).  

1H NMR (400 MHz, CD3OD) δ 7.41 (t, J = 8.1 Hz, 1H), 7.11 (d, J = 8.3 Hz, 1H), 6.99 (d, 

J = 7.8 Hz, 1H), 4.01 (s, 3H), 3.76 (t, J = 6.6 Hz, 2H), 3.54 (t, J = 6.6 Hz, 2H), 2.57 (s, 

3H), 2.23 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.78 (app q, J = 12.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CD3OD) δ 153.8, 134.3, 132.2, 125.2, 123.5, 111.5, 59.7, 57.2, 

47.9, 39.4, 36.9, 36.5, 30.6, 17.8 ppm. 

HRMS (FAB) calcd. for C20H31N2O [M-H]+ 315.2436; found 315.2440. 

 

3.44 

3.34 (2.00 g, 5.80 mmol) and BH3.THF (17.4 mL, 17.4 mmol) were reacted for 3 h. 

according to general procedure 3b. After work-up the product was recrystallized from 

MeOH / EtOAc to give 3.44 as a white crystalline solid (60% yield, 1.41 g).   

1H NMR (400 MHz, CD3OD) δ 7.49 (t, J = 8.5 Hz, 1H), 6.90 (d, J = 8.5 Hz, 2H), 4.01 (s, 

6H), 3.70 (t, J = 7.0 Hz, 2H), 3.37 (t, J = 7.0 Hz, 2H), 2.23 (s, 3H), 1.99 (s, 3H), 1.99 (s, 

3H), 1.78 (app q, J = 12.5 Hz, 6H) ppm. 
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13C NMR (101 MHz, CD3OD) δ 154.7, 132.9, 112.8, 106.3, 59.6, 57.4, 47.2, 39.4, 36.6, 

36.4, 30.6 ppm. 

HRMS (FAB) calcd. for C20H31N2O2 [M-H]+ 331.2375; found 331.2386. 

 

3.45 

3.35 (1.50 g, 4.90 mmol), HCl in Et2O (2 M, 4.90 mL, 9.79 mmol)  and HC(OEt)3 (12.0 

mL, 73.4 mmol) were reacted according to general procedure 4a. The product 3.45 was 

obtained as a pale-yellow solid (59% yield, 1.02 g).  

1H NMR (400 MHz, CDCl3) δ 10.02 (s, 1H), 7.35 (tt, J = 8.4, 6.2 Hz, 1H), 7.05 (t, J = 8.4 

Hz, 2H), 4.50 – 4.26 (m, 4H), 2.27 (s, 3H), 2.13 (s, 3H), 2.13 (s, 3H), 1.73 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 157.6, 157.3 (dd, J = 253.4, 3.6 Hz), 130.4 (t, J = 9.9 Hz), 

114.0 (t, J = 15.0 Hz), 113.0 – 112.6 (m), 59.1, 50.8 (t, J = 2.7 Hz), 45.3, 41.0, 35.5, 29.2 

ppm. 

HRMS (FAB) calcd. for C19H23F2N2 M+ 317.1829; found 317.1835. 

 

3.46 

3.36 (0.500 g, 1.65 mmol), HCl in Et2O (2 M, 1.65 mL, 3.31 mmol)  and HC(OEt)3 (4.12 

mL, 24.8 mmol) were reacted according to general procedure 4a. The product 3.46 was 

obtained as an off-white solid (63% yield, 361 mg).  

1H NMR (400 MHz, CDCl3) δ 9.31 (s, 1H), 7.24 – 7.16 (m, 1H), 7.00 (d, J = 7.8 Hz, 1H), 

6.93 (t, J = 9.1 Hz, 1H), 4.37 – 4.19 (m, 4H), 2.42 (s, 3H), 2.17 (s, 3H), 2.05 (s, 6H), 1.65 

(s, 6H) ppm. 
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13C NMR (101 MHz, CDCl3) δ 7.75 (s, 1H), 7.24 – 7.14 (m, 1H), 7.03 (d, J = 7.6 Hz, 

1H), 6.98 (t, J = 8.9 Hz, 4H), 4.07 (s, 2H), 2.27 (s, 3H) ppm. 

HRMS (FAB) calcd. for C20H26FN2 M+ 313.2080; found 313.2084. 

 

3.47 

3.40 (0.283 g, 0.70 mmol), and HC(OEt)3 (1.80 mL, 10.8 mmol) were reacted according 

to general procedure 4b. Product 3.47 was obtained as an off-white solid (74% yield, 

196 mg).  

1H NMR (400 MHz, CDCl3) δ 9.24 (s, 1H), 7.42 – 7.32 (m, 1H), 7.18 (d, J = 7.8 Hz, 1H), 

7.00 (t, J = 8.8 Hz, 1H), 4.42 (s, 2H), 4.30 (s, 2H), 3.25 (s, 1H), 2.24 (s, 3H), 2.12 (s, 6H), 

1.72 (s, 6H), 1.29 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C22H30FN2 M+ 341.2393; found 341.2401. 

 

3.48 

3.41 (0.600 g, 1.40 mmol) and HC(OEt)3 (3.50 mL, 21.0 mmol) were reacted in MeCN 

(10.5 mL) according to general procedure 4b, except that 3 equiv. of MeCN (v/v with 

HC(OEt)3) were used. Product 3.48 was obtained as a white solid (62% yield, 350 mg). 

1H NMR (400 MHz, CDCl3) δ 10.00 (s, 1H), 7.65 – 7.56 (m, 1H), 7.53 (d, J = 7.7 Hz, 

1H), 7.46 (t, J = 8.3 Hz, 1H), 4.30 (s, 4H), 2.21 (s, 3H), 2.06 (s, 6H), 1.68 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 
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HRMS (FAB) calcd. for C20H23F4N2 M+ 367.1797; found 367.1781. 

 

3.49 

3.42 (1.00 g, 2.56 mmol) and HC(OEt)3 (6.50 mL, 39.1 mmol) were reacted according to 

general procedure 4b, except that 3 equiv. of MeCN (v/v with HC(OEt)3) were used. 

Product 3.49 was obtained as a white solid (72% yield, 676 mg).  

 1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 7.21 (td, J = 8.5, 6.6 Hz, 1H), 6.74 – 6.63 

(m, 2H), 4.29 (s, 4H), 3.83 (s, 3H), 2.15 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.63 (s, 6H) 

ppm. 

13C NMR (101 MHz, CDCl3) δ 164.25, 157.89 (d, J = 251.9 Hz), 128.52 (t, J = 9.6 Hz), 

113.20 (t, J = 16.5 Hz), 111.99 (dd, J = 19.3, 4.2 Hz), 28.63 ppm. 

HRMS (FAB) calcd. for C20H26FN2O M+ 329.2029; found 329.2021. 

 

3.50 

3.43 (0.600 g, 1.55 mmol) and HC(OEt)3 (3.86 mL, 23.2 mmol) were reacted according to 

general procedure 4. The product 3.50 was obtained as an off-white solid (76% yield, 424 

mg).  

1H NMR (400 MHz, CDCl3) δ 8.79 (s, 1H), 7.20 (t, J = 8.0 Hz, 1H), 6.80 (d, J = 7.6 Hz, 

1H), 6.75 (d, J = 8.3 Hz, 1H), 4.38 – 4.28 (m, 2H), 4.26 – 4.15 (m, 2H), 3.81 (s, 3H), 2.38 

(s, 3H), 2.20 (s, 3H), 2.06 (s, 3H), 2.06 (s, 3H), 1.68 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 157.4, 154.9, 137.4, 130.5, 123.6, 123.3, 109.3, 58.0, 

56.2, 50.7, 45.4, 41.1, 35.5, 29.2, 18.2 ppm. 
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HRMS (FAB) calcd. for C21H29N2O M+ 325.2280; found 325.2276. 

 

3.51 

3.44 (0.350 g, 1.06 mmol) and HC(OEt)3 (2.64 mL, 15.8 mmol) were reacted according to 

general procedure 4. After trituration of the solid with Et2O, it was dissolved in a mixture 

of acetone (4 mL) and H2O (2 mL) and NaBF4 (0.186 g, 1.69 mmol) was added. The 

solution was stirred at room temperature for 1 h, at which stage the acetone was removed 

in vacuo. The product was partitioned between DCM (15 mL) and H2O (5 mL). The 

aqueous layer was extracted a further portion of DCM (15 mL) and the combined organic 

layers were dried over Na2SO4, filtered, concentrated, and dried in vacuo at 35 °C 

overnight.  Product 3.51 was obtained as a white solid (59% yield, 269 mg).  

1H NMR (400 MHz, CDCl3) d 7.90 (s, 1H), 7.30 (t, J = 8.5 Hz, 1H), 6.62 (d, J = 8.5 Hz, 

2H), 4.40 – 4.18 (m, 4H), 3.89 (s, 6H), 2.26 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.80 – 

1.67 (m, 6H) ppm. 

13C NMR (101 MHz, CDCl3) d 155.7, 155.3, 130.8, 113.3, 104.7, 57.9, 56.6, 50.4, 44.9, 

41.1, 35.6, 29.3 ppm. 

HRMS (FAB) calcd. for C21H29N2O2 M+ 341.2229; found 341.2231. 

 

3.53 

3.45 (0.420 g, 1.20 mmol), KHMDS (0.232 g, 1.16 mmol) and 3.52 (0.517 g, 0.860 

mmol) were reacted according to general procedure 5. Product 3.53 was obtained as a 

green solid (72% yield, 394 mg).  
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1H NMR (400 MHz, CDCl3) δ 17.25 (s, 1H), 7.57 (ddd, J = 8.9, 7.2, 1.8 Hz, 1H), 7.48 (tt, 

J = 8.6, 6.0 Hz, 1H), 7.14 – 7.04 (m, 2H), 6.95 (t, J = 7.9 Hz, 1H), 6.95 (d, J = 7.4 Hz, 

1H), 6.89 (t, J = 7.4 Hz, 1H), 5.11 (hept, J = 6.2 Hz, 1H), 4.15 – 3.92 (m, 4H), 2.93 (s, 

6H), 2.41 (s, 3H), 1.93 (d, J = 11.9 Hz, 3H), 1.83 (d, J = 12.3 Hz, 3H), 1.65 (d, J = 6.2 

Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 307.2, 211.8, 160.9 (dd, J = 255.4, 3.8 Hz), 153.0, 145.4, 

130.9, 129.6 (t, J = 9.8 Hz), 123.5, 122.6 (t, J = 15.9 Hz), 122.5, 113.4, 112.8 – 112.4 

(m), 74.5, 57.9, 52.4, 45.0, 41.9, 36.0, 29.9, 22.3 ppm. 

HRMS (FAB) calcd. for C29H34Cl2F2N2ORu M+ 636.1060; found 636.1083. 

 

3.54 

3.45 (0.400 g, 1.15 mmol), KHMDS (0.221 g, 1.11 mmol), and 3.52 (0.492 g, 0.819 

mmol) were reacted according to general procedure 5. Product 3.54 was obtained as a 

green solid (80% yield, 414 mg).  

1H NMR (400 MHz, CDCl3) δ 309.64, 209.53, 160.61 (d, J = 252.8 Hz), 152.62, 145.84, 

141.39, 131.58 (d, J = 12.7 Hz), 130.99, 129.69 (d, J = 8.4 Hz), 126.44 (d, J = 3.4 Hz), 

123.95, 122.72, 114.88 (d, J = 20.1 Hz), 113.47, 74.43, 57.62, 51.93, 44.95, 42.19, 36.20, 

30.05, 22.52 (d, J = 5.1 Hz), 18.19 (d, J = 2.6 Hz) ppm. 

13C NMR (101 MHz, CDCl3) δ 309.6, 209.5, 160.6 (d, J = 252.8 Hz), 152.6, 145.8, 141.4, 

131.6 (d, J = 12.7 Hz), 131.0, 129.7 (d, J = 8.4 Hz), 126.4 (d, J = 3.4 Hz), 124.0, 122.7, 

114.9 (d, J = 20.1 Hz), 113.5, 74.4, 57.6, 51.9, 45.0, 42.2, 36.2, 30.0, 22.5 (d, J = 5.1 Hz), 

18.2 (d, J = 2.6 Hz) ppm. 
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HRMS (FAB) calcd. for C30H37Cl2FN2ORu [(M+H2)2+] 634.1468; found 634.1455. 

 

3.55 

3.46 (146 mg, 0.387 mmol), KHMDS (73.4 mg, 0.368 mmol), and 3.52 (175 mg, 0.290 

mmol) were reacted according to general procedure 5. Product 3.55 was obtained as a 

green solid (61% yield, 116 mg). 

1H NMR (400 MHz, CDCl3) δ 16.88 (s, 1H), 7.61 – 7.51 (m, 2H), 7.36 (d, J = 7.9 Hz, 

1H), 7.13 – 7.05 (m, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.90 – 6.83 (m, 2H), 5.08 (hept, J = 

6.2 Hz, 1H), 4.15 – 3.79 (m, 4H), 3.34 (hept, J = 6.8 Hz, 1H), 3.05 – 2.85 (m, 6H), 2.41 

(s, 3H), 1.93 (d, J = 11.9 Hz, 3H), 1.83 (d, J = 12.2 Hz, 3H), 1.67 (d, J = 6.2 Hz, 3H), 

1.61 (d, J = 6.1 Hz, 3H), 1.21 (d, J = 6.9 Hz, 3H), 1.00 (d, J = 6.7 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 308.5, 210.2, 160.0 (d, J = 252.9 Hz), 152.7, 151.4, 145.5, 

130.8, 130.6 (d, J = 12.5 Hz), 130.1 (d, J = 8.4 Hz), 123.7, 122.6, 122.3 (d, J = 3.5 Hz), 

114.6 (d, J = 20.3 Hz), 113.4, 74.4, 57.6, 53.6 – 53.0 (m), 44.9, 42.2, 36.2, 30.0, 27.6 (d, J 

= 1.7 Hz), 25.1, 23.4, 22.6 (d, J = 28.7 Hz) ppm. 

HRMS (FAB) calcd. for C32H41Cl2FN2ORu M+ 660.1624; found 660.1602. 

 

3.56 

3.47 (315 mg, 0.782 mmol), KHMDS (148 mg, 0.743 mmol), and 3.52 (352 mg, 0.586 

mmol) were reacted according to general procedure 5. Product 3.56 was obtained as a 

green solid (77% yield, 309 mg).  
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1H NMR (400 MHz, CDCl3) δ 16.87 (s, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.68 (td, J = 8.0, 

5.0 Hz, 1H), 7.56 (ddd, J = 8.5, 7.1, 1.9 Hz, 1H), 7.47 – 7.40 (m, 1H), 6.95 (d, J = 8.5 Hz, 

1H), 6.91 – 6.79 (m, 2H), 5.10 (hept, J = 6.1 Hz, 1H), 4.15 – 3.71 (m, 4H), 3.09 – 2.83 

(m, 6H), 2.41 (s, 3H), 1.94 (d, J = 11.9 Hz, 3H), 1.83 (d, J = 12.4 Hz, 3H), 1.68 (d, J = 

6.1 Hz, 3H), 1.62 (d, J = 6.1 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 305.5, 213.5, 161.2 (d, J = 257.3 Hz), 153.1, 145.5, 132.5 

(q, J = 31.1 Hz), 131.9 (d, J = 14.9 Hz), 131.1, 130.3 (d, J = 8.3 Hz), 128.4, 123.7, 122.9 

(qd, J = 274.6, 3.3 Hz), 122.8 (p, J = 4.9 Hz), 122.6, 121.8 (d, J = 20.5 Hz), 113.6, 74.6, 

58.2, 53.7, 45.4, 42.1, 36.1, 30.0, 22.5 (d, J = 13.1 Hz) ppm. 

HRMS (FAB) calcd. for C30H34Cl2F4N2ORu M+ 686.1028; found 686.1006. 

 

3.57 

3.48 (240 mg, 0.66 mmol), KHMDS (126 mg, 0.63 mmol), and 3.52 (329 mg, 0.55 

mmol) were reacted according to general procedure 5. Product 3.57 was obtained as a 

green solid (77% yield, 309 mg).  

1H NMR (400 MHz, CDCl3) δ 17.35 (s, 1H), 7.56 (ddd, J = 8.8, 7.3, 1.7 Hz, 1H), 7.45 

(td, J = 8.5, 6.3 Hz, 1H), 7.00 – 6.91 (m, 2H), 6.91 – 6.79 (m, 3H), 5.08 (hept, J = 6.1 Hz, 

1H), 4.08 – 3.81 (m, 4H), 3.75 (s, 3H), 2.95 (s, 6H), 2.40 (s, 3H), 1.93 (d, J = 11.9 Hz, 

3H), 1.82 (d, J = 12.3 Hz, 3H), 1.64 (dd, J = 6.1, 3.3 Hz, 6H ppm. 

13C NMR (101 MHz, CDCl3) δ 308.6 (d, J = 41.3 Hz), 210.7, 161.0 (d, J = 251.7 Hz), 

159.1 (d, J = 3.9 Hz), 152.8, 145.6 (d, J = 2.1 Hz), 130.7, 129.6 (d, J = 10.0 Hz), 123.5, 
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122.6, 122.4, 113.4, 109.0 (d, J = 20.5 Hz), 107.9 (d, J = 3.1 Hz), 74.3, 57.6, 56.8, 51.8, 

44.9, 42.1, 36.2, 30.0, 22.5 (d, J = 3.3 Hz) ppm. 

HRMS (FAB) calcd. for C30H37Cl2FN2O2Ru M+ 648.1260; found 648.1277. 

 

3.58 

3.49 (250 mg, 0.693 mmol), KHMDS (132 mg, 0.664 mmol), and 3.52 (347 mg, 0.577 

mmol) were reacted according to general procedure 5. Product 3.58 was obtained as a 

green solid (69% yield, 259 mg).  

1H NMR (400 MHz, CDCl3) δ 17.01 (s, 1H), 7.55 (ddd, J = 8.9, 7.2, 1.8 Hz, 1H), 7.44 (t, 

J = 8.0 Hz, 1H), 7.00 (d, J = 7.6 Hz, 1H), 6.96 – 6.84 (m, 4H), 5.07 (hept, J = 6.2 Hz, 

1H), 4.11 – 3.91 (m, 3H), 3.85 – 3.71 (m, 1H), 3.66 (s, 3H), 2.96 (s, 6H), 2.41 (s, 3H), 

2.32 (s, 3H), 1.94 (d, J = 11.9 Hz, 3H), 1.83 (d, J = 12.3 Hz, 3H), 1.63 (d, J = 6.2 Hz, 

3H), 1.62 (d, J = 6.2 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 310.9 (d, J = 18.3 Hz), 208.9, 157.8, 152.4, 145.8, 140.0, 

132.5, 130.6, 129.2, 123.7, 122.7, 122.6, 113.3, 110.2, 74.2, 57.2, 56.4, 51.1, 44.8, 42.2, 

36.3, 30.1, 22.6 (d, J = 5.8 Hz), 18.3 ppm. 

HRMS (FAB) calcd. for C31H40Cl2N2O2Ru M+ 644.1511; found 644.1513. 

 

3.59 

3.51 (150 mg, 0.35 mmol), LiHMDS (56 mg, 0.33 mmol), and 3.52 (168 mg, 0.28 mmol) 

were reacted according to general procedure 5. Product 3.59 was obtained as a green 

solid (64% yield, 117 mg).  
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1H NMR (600 MHz, CDCl3) δ 17.47 (s, 1H), 7.55 (ddd, J = 8.6, 7.4, 1.7 Hz, 1H), 7.44 (t, 

J = 8.4 Hz, 1H), 6.99 (dd, J = 7.5, 1.6 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 6.88 (t, J = 7.4 

Hz, 1H), 6.69 (d, J = 8.4 Hz, 2H), 5.06 (hept, J = 6.1 Hz, 1H), 4.06 – 3.95 (m, 2H), 3.92 – 

3.84 (m, 2H), 3.70 (s, 6H), 2.96 (s, 6H), 2.40 (s, 3H), 1.94 (d, J = 11.9 Hz, 3H), 1.82 (d, J 

= 12.3 Hz, 3H), 1.63 (d, J = 6.2 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 309.8 (d, J = 43.5 Hz), 209.6, 158.7, 152.6, 145.6, 130.4, 

129.4, 123.4, 122.9, 122.6, 113.4, 104.9, 74.1, 57.3, 56.6, 51.4, 44.8, 42.2, 36.3, 30.1, 

22.6 ppm. 

HRMS (FAB) calcd. for C31H40Cl2N2O3Ru M+ 660.1460; found 660.1477. 

 

3.10 

3.53 (200 mg, 0.31 mmol) and NaOPiv (389 mg, 3.1 mmol) were reacted according to 

general procedure 6 to give 3.60 as a purple solid (177 mg). A portion of this material 

(150 mg) and NH4NO3 (540 mg, 6.8 mmol) were then reacted to give product 3.10 as a 

purple solid (66% yield, 110 mg).  

1H NMR (400 MHz, C6D6) δ 15.40 – 15.36 (m, 1H), 7.41 (dd, J = 7.6, 1.4 Hz, 1H), 7.13 

(dd, J = 8.6, 1.2 Hz, 1H), 6.82 – 6.73 (m, 2H), 6.58 (tt, J = 8.6, 6.5 Hz, 1H), 6.47 (d, J = 

8.3 Hz, 1H), 6.42 (t, J = 8.9 Hz, 1H), 4.58 (hept, J = 5.9 Hz, 1H), 4.09 (s, 1H), 3.59 (q, J 

= 10.6 Hz, 1H), 3.33 – 3.25 (m, 1H), 3.17 – 3.00 (m, 2H), 2.23 (s, 1H), 2.06 (s, 1H), 1.96 

(d, J = 11.7 Hz, 1H), 1.84 (s, 2H), 1.73 (d, J = 12.3 Hz, 1H), 1.60 (s, 1H), 1.45 (d, J = 6.4 

Hz, 3H), 1.52 – 1.34 (m, 3H), 1.10 – 1.02 (m, 2H), 0.97 (d, J = 6.2 Hz, 3H), 0.54 (d, J = 

12.7 Hz, 1H) ppm. 
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19F NMR (376 MHz, C6D6) δ -118.1 (dt, J = 9.1, 4.5 Hz), -119.5 – -119.6 (m). 

HRMS (FAB) calcd. for C29H32F2N3O4Ru [(M+H)-H2]+  626.1405; found 626.1419. 

 

3.11 

3.54 (150 mg, 0.24 mmol), NaOPiv (294 mg, 2.4 mmol), and NH4NO3 (471 mg, 5.9 

mmol) were reacted according to general procedure 6 to give product 3.11 as a purple 

solid (76% yield, 93 mg). 

1H NMR (600 MHz, C6D6) δ 15.56 – 15.54 (m, 1H), 15.05 (s, 1H), 7.45 (dd, J = 7.5, 1.7 

Hz, 1H), 7.34 (dd, J = 7.5, 1.7 Hz, 1H), 7.18 (dddd, J = 17.4, 8.4, 7.5, 1.7 Hz, 5H), 7.01 

(t, J = 9.0 Hz, 1H), 6.89 (d, J = 7.7 Hz, 1H), 6.89 – 6.82 (m, 1H), 6.85 – 6.74 (m, 4H), 

6.65 (ddd, J = 8.6, 6.0, 2.8 Hz, 3H), 6.51 (dd, J = 8.3, 1.0 Hz, 1H), 6.48 (dd, J = 8.2, 1.0 

Hz, 1H), 4.59 (dhept, J = 12.6, 6.3 Hz, 2H), 4.18 (s, 1H), 4.09 (s, 1H), 3.62 (ddd, J = 

11.7, 10.7, 9.4 Hz, 1H), 3.44 (dt, J = 10.9, 9.5 Hz, 1H), 3.35 (ddd, J = 11.2, 9.5, 6.1 Hz, 

1H), 3.29 – 3.08 (m, 7H), 2.33 (s, 2H), 2.31 (s, 3H), 2.25 (dp, J = 12.3, 3.3 Hz, 2H), 2.09 

(dp, J = 6.5, 3.2 Hz, 2H), 1.99 (dt, J = 12.1, 2.7 Hz, 2H), 1.93 (tdd, J = 14.6, 3.1, 1.8 Hz, 

2H), 1.90 – 1.87 (m, 1H), 1.87 – 1.82 (m, 1H), 1.80 – 1.73 (m, 2H), 1.65 (s, 3H), 1.51 

(dddt, J = 12.0, 10.7, 3.7, 1.7 Hz, 2H), 1.46 (d, J = 6.4 Hz, 5H), 1.49 – 1.41 (m, 1H), 1.46 

(d, J = 6.3 Hz, 5H), 1.16 – 1.07 (m, 4H), 1.04 (dq, J = 11.2, 2.7 Hz, 1H), 1.00 (d, J = 6.2 

Hz, 3H), 0.96 (d, J = 6.2 Hz, 4H), 0.57 (tt, J = 13.1, 2.6 Hz, 2H) ppm. 

13C NMR (101 MHz, C6D6) δ 267.8 – 267.4 (m), 265.2 – 264.5 (m), 216.2, 215.4, 161.0 

(d, J = 249.0 Hz), 159.8 (d, J = 245.3 Hz), 154.4, 154.32, 143.2, 143.1, 140.7, 138.2, 

128.8 (d, J = 8.9 Hz), 128.8 (d, J = 8.9 Hz), 126.6, 126.5, 126.2 (d, J = 3.2 Hz), 125.6 (d, 

J = 3.2 Hz), 123.1 (d, J = 4.2 Hz), 122.9 (d, J = 6.4 Hz), 114.1 (d, J = 20.4 Hz), 113.3 (d, 
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J = 21.1 Hz), 112.6, 112.4, 74.1, 73.8, 66.4, 66.4, 63.1, 63.0, 53.0, 51.4 (d, J = 2.5 Hz), 

51.0, 42.4, 42.2, 41.8, 41.8, 39.9, 39.8, 37.5, 37.5, 37.4, 37.3, 33.0, 32.9, 30.5, 30.5, 29.4, 

29.4, 21.0, 20.9, 19.9, 17.4 (d, J = 2.6 Hz), 16.5 (d, J = 2.6 Hz) ppm. 

HRMS (FAB) calcd. for C30H36FN3O4Ru M+• 650.1805; found 623.1719. 
 

3.12 

3.55 (150 mg, 0.23 mmol) and NaOPiv (280 mg, 2.3 mmol) were reacted according to 

general procedure 6 to give 3.62 as a purple solid (123 mg). A portion of this material 

(46 mg) and NH4NO3 (160 mg, 2.0 mmol) were then reacted to give product 3.12 as a 

purple solid (54% yield, 30 mg).  

1H NMR (400 MHz, CD2Cl2) δ 14.85 (s, 1H), 7.53 – 7.43 (m, 1H), 7.39 (dd, J = 7.4, 1.3 

Hz, 1H), 7.22 (td, J = 8.0, 5.8 Hz, 1H), 7.06 (d, J = 7.9 Hz, 1H), 7.02 – 6.93 (m, 2H), 

6.88 (ddd, J = 9.6, 8.2, 1.1 Hz, 1H), 5.13 (hept, J = 6.2 Hz, 1H), 4.06 – 3.93 (m, 1H), 

3.93 – 3.68 (m, 5H), 2.27 – 2.14 (m, 2H), 2.08 – 2.01 (m, 2H), 1.93 (d, J = 12.0 Hz, 1H), 

1.77 – 1.63 (m, 2H), 1.60 (s, 1H), 1.55 (s, 2H), 1.50 (d, J = 6.4 Hz, 3H), 1.26 (d, J = 6.9 

Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H), 1.06 – 0.88 (m, 2H), 0.23 (d, 

J = 12.0 Hz, 1H) ppm. 

19F NMR (376 MHz, C6D6) δ -120.30 (dd, J = 9.7, 5.8 Hz) ppm. 

13C NMR (101 MHz, CD2Cl2) δ 265.9 (d, J = 20.1 Hz), 216.4, 160.7 (d, J = 248.0 Hz), 

154.7, 150.1, 142.9, 129.4 (d, J = 8.9 Hz), 127.2, 126.9 (d, J = 12.9 Hz), 123.4, 123.3, 

121.8 (d, J = 3.3 Hz), 113.4 (d, J = 20.6 Hz), 112.9, 74.5, 67.7, 63.8, 53.2 (d, J = 2.3 Hz), 

42.9, 42.6, 40.2, 37.9, 37.8, 37.6, 33.2, 30.9, 29.7, 27.9 (d, J = 2.3 Hz), 25.7, 23.2, 21.4, 

20.6 ppm. 
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HRMS (FAB) calcd. for C32H39FN3O4Ru [(M+H)-H2]+ 650.1969; found 650.1978. 

3.13 

3.56 (200 mg, 0.29 mmol) and NaOPiv (360 mg, 2.9 mmol) were reacted according to 

general procedure 6 to give 3.63 as a purple solid (154 mg). A portion of this material 

(80 mg) and NH4NO3 (270 mg, 3.3 mmol) were then reacted to give product 3.13 as a 

purple solid (48% yield, 49 mg).  

1H NMR (400 MHz, C6D6) δ 15.38 (d, J = 3.9 Hz, 1H), 15.15 (s, 1H), 7.49 (dd, J = 7.4, 

1.4 Hz, 1H), 7.37 (dd, J = 7.4, 1.3 Hz, 1H), 7.26 – 7.21 (m, 1H), 7.16 – 7.07 (m, 3H), 

6.96 (d, J = 8.0 Hz, 1H), 6.81 (t, J = 7.4 Hz, 1H), 6.75 (t, J = 7.4 Hz, 1H), 6.69 – 6.55 (m, 

3H), 6.50 – 6.40 (m, 2H), 4.58 (hept, J = 6.3 Hz, 2H), 4.15 (s, 1H), 4.05 (s, 1H), 3.82 – 

3.72 (m, 1H), 3.53 – 3.31 (m, 3H), 3.27 – 3.00 (m, 4H), 2.21 (s, 2H), 2.05 (s, 2H), 1.98 – 

1.66 (m, 8H), 1.65 – 1.55 (m, 2H), 1.52 – 1.33 (m, 12H), 1.16 – 1.01 (m, 6H), 0.98 (d, J 

= 6.2 Hz, 3H), 0.94 (d, J = 6.2 Hz, 3H), 0.60 – 0.47 (m, 2H) ppm. 

19F NMR (376 MHz, C6D6) δ -58.6 (s), -59.6 (s), -117.7 (dd, J = 9.2, 5.2 Hz), -117.9 – -

118.0 (m) ppm. 

13C NMR (101 MHz, C6D6) δ 268.7, 267.9, 218.5 (d, J = 1.4 Hz), 215.5, 161.9 (d, J = 

251.8 Hz), 160.7 (d, J = 247.7 Hz), 154.8, 154.7, 143.5, 143.1, 131.2 (q, J = 30.6 Hz), 

130.6 (q, J = 29.8 Hz), 130.0 (d, J = 8.8 Hz), 129.8 (d, J = 8.9 Hz), 128.8 – 128.5 (m), 

127.2, 127.0, 125.4 (app. d, J = 3.7 Hz), 125.3, 123.7, 123.5, 123.4, 123.4, 123.3 – 123.1 

(m), 122.8 – 122.4 (m), 120.9 (d, J = 20.9 Hz), 120.2 (d, J = 21.3 Hz), 112.9, 112.8, 74.6, 

74.4, 66.1, 66.0, 63.8, 63.7, 53.0, 52.8, 42.5, 42.5, 42.4, 40.1, 38.2, 37.8, 37.8, 37.7, 37.6, 

33.2, 30.8, 30.8, 29.8, 29.7, 21.2, 21.1, 20.4 ppm. 
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HRMS (FAB) calcd. for C30H34F4N3O4Ru (M+H)+ 678.1529; found 678.1552. 

 

3.14 

3.57 (79 mg, 0.12 mmol), NaOPiv (150 mg, 1.2 mmol), and NH4NO3 (255 mg, 3.2 mmol) 

were reacted according to general procedure 6 to give product 3.14 as a purple solid 

(62% yield, 48 mg).  

1H NMR (600 MHz, C6D6) δ 15.51 (s, 1H), 15.38 (s, 1H), 7.49 – 7.39 (m, 2H), 7.21 (s, 

1H), 7.16 – 7.11 (m, 2H), 6.88 (s, 1H), 6.84 – 6.75 (m, 3H), 6.51 (s, 1H), 6.49 – 6.43 (m, 

2H), 6.41 (d, J = 8.5 Hz, 1H), 6.08 (s, 1H), 4.58 (hept, J = 6.0 Hz, 2H), 4.17 (s, 1H), 4.12 

(s, 1H), 3.93 (q, J = 10.6 Hz, 1H), 3.72 – 3.62 (m, 1H), 3.58 (s, 3H), 3.51 (s, 1H), 3.40 

(td, J = 9.9, 4.1 Hz, 1H), 3.33 – 3.08 (m, 5H), 2.30 – 2.21 (m, 2H), 2.07 (s, 1H), 2.03 (s, 

1H), 2.00 – 1.93 (m, 2H), 1.89 – 1.81 (m, 3H), 1.81 – 1.71 (m, 3H), 1.65 (s, 1H), 1.62 (s, 

1H), 1.51 – 1.38 (m, 13H), 1.15 – 1.04 (m, 3H), 0.99 – 0.91 (m, 6H), 0.63 – 0.53 (m, 2H) 

ppm. 

19F NMR (376 MHz, C6D6) δ -119.82– -119.92 (m), -121.43 – -121.52 (m) ppm. 

13C NMR (101 MHz, CD2Cl2) δ 267.5 – 266.8 (m), 216.4, 215.9, 161.8 (d, J = 247.4 Hz), 

160.5 (d, J = 246.1 Hz), 159.3, 158.2, 154.6, 143.1, 129.2 (d, J = 10.4 Hz), 127.1, 123.4, 

123.1, 118.6 (d, J = 15.0 Hz), 112.7, 108.3 (d, J = 23.3 Hz), 108.0 (d, J = 21.3 Hz), 

107.0, 74.2, 67.7, 63.8, 56.3, 51.9, 51.5, 42.9, 42.8, 40.2, 37.8, 37.7, 37.6, 33.3, 30.9, 

29.7, 21.5, 20.6 ppm. 

HRMS (FAB) calcd. for C30H35FN3O5Ru [(M+H)-H2]+ 638.1605; found 638.1601. 
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3.15 

3.58 (150 mg, 0.23 mmol), NaOPiv (290 mg, 2.3 mmol), and NH4NO3 (260 mg, 3.3 

mmol) were reacted according to general procedure 6 to give product 3.15 as a purple 

solid (53% yield, 79 mg).  

1H NMR (400 MHz, C6D6) δ 15.53 (s, 1H), 15.17 (s, 2H), 7.48 – 7.42 (m, 1H), 7.36 (dd, J 

= 7.4, 1.7 Hz, 2H), 7.26 – 7.17 (m, 3H), 7.05 (t, J = 8.0 Hz, 2H), 6.98 (t, J = 7.9 Hz, 1H), 

6.93 – 6.86 (m, 2H), 6.82 (t, J = 7.4 Hz, 2H), 6.70 – 6.62 (m, 4H), 6.55 – 6.44 (m, 3H), 

6.29 (dd, J = 8.1, 1.4 Hz, 1H), 4.56 (pd, J = 6.3, 2.1 Hz, 3H), 4.19 (s, 2H), 4.16 (s, 1H), 

3.98 – 3.84 (m, 2H), 3.68 (s, 6H), 3.60 – 3.41 (m, 3H), 3.39 (s, 3H), 3.35 – 3.06 (m, 8H), 

2.45 (s, 6H), 2.38 (s, 3H), 2.29 (d, J = 2.7 Hz, 1H), 2.23 (q, J = 2.8 Hz, 2H), 2.15 – 1.84 

(m, 11H), 1.82 – 1.70 (m, 5H), 1.71 – 1.59 (m, 3H), 1.58 – 1.36 (m, 18H), 1.24 – 1.02 

(m, 8H), 0.98 – 0.90 (m, 9H), 0.60 (ddt, J = 20.4, 12.2, 2.6 Hz, 3H) ppm. 

13C NMR (101 MHz, CD2Cl2) δ 267.6 – 267.3 (m), 265.4 – 264.8 (m), 215.9, 214.1, 

157.9, 156.8, 154.6, 154.5, 143.2, 143.1, 140.2, 137.9, 129.0, 128.9, 128.5, 128.5, 127.1, 

126.9, 123.5, 123.4, 123.3, 123.1, 122.5, 122.0, 112.8, 112.7, 108.7, 108.7, 74.3, 74.1, 

68.1, 67.6, 67.6, 63.4, 63.4, 55.6, 55.5, 51.6, 51.3, 43.0, 42.6, 42.6, 40.3, 40.2, 37.8, 37.8, 

37.7, 37.7, 37.6, 33.3, 33.2, 31.0, 30.9, 29.8, 29.8, 26.0, 21.5, 21.4, 20.6, 18.2, 16.7 ppm. 

HRMS (FAB) calcd. for C31H38N3O5Ru [(M+H)-H2]+ 634.1855; found 634.1883. 

 

3.16 

3.59 (75 mg, 0.11 mmol) and NaOPiv (140 mg, 1.1 mmol) were reacted according to 

general procedure 6 to give 3.66 as a purple solid (53 mg). A portion of this material 
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(32 mg) and NH4NO3 (75 mg, 0.94 mmol) were then reacted to give product 3.16 as a 

purple solid (54% yield, 24 mg).  

1H NMR (600 MHz, C6D6) δ 15.53 (s, 1H), 7.46 (d, J = 7.4 Hz, 1H), 7.25 – 7.19 (m, 1H), 

7.01 (t, J = 8.4 Hz, 1H), 6.89 (t, J = 7.4 Hz, 1H), 6.52 (d, J = 8.4 Hz, 1H), 6.47 (d, J = 8.4 

Hz, 1H), 6.14 (d, J = 8.4 Hz, 1H), 4.58 (hept, J = 6.3 Hz, 1H), 4.19 (s, 1H), 3.99 (q, J = 

10.9 Hz, 1H), 3.67 (s, 3H), 3.64 – 3.56 (m, 1H), 3.42 (s, 3H), 3.31 (q, J = 10.9 Hz, 1H), 

3.26 – 3.20 (m, 1H), 2.28 (s, 1H), 2.03 (s, 1H), 2.00 (d, J = 12.1 Hz, 1H), 1.86 (d, J = 

10.9 Hz, 1H), 1.77 (t, J = 11.5 Hz, 2H), 1.66 (s, 1H), 1.50 (t, J = 10.5 Hz, 2H), 1.46 (d, J 

= 6.3 Hz, 3H), 1.41 (d, J = 12.4 Hz, 1H), 1.17 (d, J = 11.2 Hz, 1H), 1.12 (d, J = 12.0 Hz, 

1H), 0.94 (d, J = 6.2 Hz, 3H), 0.61 (d, J = 12.1 Hz, 1H) ppm. 

13C NMR (101 MHz, C6D6) δ 266.4 (d, J = 7.9 Hz), 216.0, 159.2, 157.5, 154.8, 143.7, 

129.1, 126.4, 123.2, 122.8, 118.7, 113.0, 104.5, 104.0, 74.0, 66.9, 63.2, 55.7, 55.1, 51.1, 

42.6, 42.1, 40.4, 37.9, 37.9, 37.8, 33.6, 30.9, 30.0, 21.5, 20.4 ppm. 

HRMS (FAB) calcd. for C31H38N3O6Ru [(M+H)-H2]+ 650.1805; found 650.1816. 
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