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ABSTRACT 

 This dissertation focuses on studies of silylation-based kinetic resolution 

methodology developed by the Wiskur group, which is a powerful method for the 

separation of a single enantiomer from a mixture of racemic secondary alcohols. Chapter 

1 introduces the background of our silylation-based kinetic resolution.  

Chapter 2 involves mechanistic studies of electrostatic interactions in controlling 

enantioselectivities of our silylation-based kinetic resolution. Electrostatic interactions 

between a silylated isothiourea intermediate and an ester π system is determined via linear 

free energy relationship study. To be specific, how variations in sterics and electronics 

affect the selectivity of a silylation-based kinetic resolution.  

Chapter 3 is the following research of chapter 2 on the electrostatic interaction in 

controlling the enantioselectivities. Similar research approaches such as linear free energy 

relationship study is applied. Computation data on the proposed intermediate and transition 

state in silylation-based kinetic resolution our will be discussed. 

Chapter 4 introduce an optimization of polystyrene-supported triphenylsilyl 

chlorides that were developed in our group in obtaining enantioenriched secondary 

alcohols via a chromatography-free isolation. Second generation’s polystyrene-supported 

triphenylsilyl chloride is proposed by incorporating polar methyl methacrylate to the 

adjacent position of active site, promoting a more polar microenvironment. Effect of 

variations in polarity and percentage of incorporating monomer will be discussed.   
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CHAPTER 1 

BACKGROUND AND INTRODUCTION OF ASYMMETRIC SILYLATION 

 

1.1 Chirality 

Chirality is an important property of natural substances that influences their 

biological activities. A compound is chiral if it is non-superimposable onto its mirror image, 

producing a pair of enantiomers with opposite stereochemistry (Figure 1.1).1-2 A ubiquitous 

example to explain chirality is our hands. Our left hand is the mirror image to our right 

hand, and since they are not superimposable on each other suggests our hands are chiral. 

Chiral molecules usually contain at least one carbon atom with four nonidentical 

substituents, which is labeled a chiral center. Any molecule that contains a chiral center 

will be chiral except for a meso compound. Since one chiral center can produce 

enantiomers, it is necessary to label the orientation of the chiral center. A convenient way 

to define the configuration of a chiral center is through the designation of R/S.3 An 

enantiomer can also be named by the direction in which it rotates the plane of polarized 

light. If it rotates the light clockwise (as seen by a viewer towards whom the light is 

traveling), that enantiomer is labeled (+). Its mirror-image is labeled (−). 
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Figure 1.1 Example of a Pair of Enantiomers 

 

Enantiomers, pairs of chiral compounds, rotate the direction of plane polarized light 

to equal, but opposite angles and share identical chemical and physical properties in a 

nonchiral environment.4 Interest in chiral compounds increased in the 1950s, when 

numerous medical disasters occurred. The reason for the occurrence of medical disasters 

were mostly related to the different physiological effects of pairs of enantiomers in chiral 

environments. One enantiomer could be beneficial to health, while the other enantiomer 

could have serious negative side effects. One of the most far-reaching cases is thalidomide 

(Figure 1.2), which was used to treat cancers (multiple myeloma), leprosy and morning 

sickness in pregnant women. Thalidomide was an over-the-counter drug first sold in West 

Germany in 1957.5 Between 5,000 and 7,000 infants were born with malformation of the 

limbs resulting from the consumption of thalidomide by their mothers and only 40% of 

these children survived. Studies showed that thalidomide was first sold as a racemic 

mixture (50:50 mixture of two enantiomers) of (R)-thalidomide which had sedative effects 

and (S)-thalidomide, which led to malformation of the limbs to the infants that were passed 

from their mothers (Figure 1.2).6  
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Figure 1.2 Enantiomers of Thialidomide and their Physiological Effects 

 

% ee = 
| 𝑅 − 𝑆 |

| 𝑅 + 𝑆 |
 × 100%                 

Equation 1.1 

 

Since any new chiral drug must be enantiopure based on FDA’s regulations if it is 

sold as a single enantiomer, increased attention was paid to develop access to enantiopure 

compounds. As a matter of fact, “chiral pool” (enantiopure compounds directly from nature) 

was the main source of enantiomerically pure compounds by 1980s.10 These natural 

compounds obtained from nature have some advantageous properties: their ee is normally 

close to 100% and many of them are inexpensive. Even though most of the pharmaceutical 

target compounds are not found in the “chiral pool”, it was discovered that some of the 

pharmaceutical target compounds are structurally similar to some of the natural compounds. 

This discovery provides an alternative for obtaining chiral compounds through synthetic 

transformations from an enantiomerically pure starting compound.11 Preparations of α-

amino acids, hydroxyacids, carbohydrates and terpenes greatly benefited from this strategy. 

The drug oseltamivir, more commonly known as Tamiflu, a World Health Organization's 

List of Essential Medicines, is one of the most effective antiviral medicines to treat 

influenza A and influenza B. Oseltamivir can be commercially synthesized through several 
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chemical reactions starting with shikimic acid (Scheme 1.1), which is a natural compound 

isolated from Chinese star anise.12 The basic core structure of oseltamivir is the same as 

the shikimic acid starting material, and the desired stereochemistry of the target product 

was easily achieved by several steps via inversion of stereochemistry. In this way, target 

product with certain requirement of stereochemistry could be obtained handily using a 

natural starting material. 

 

 
 

Scheme 1.1 Preparation of Oseltamivir from Shikimic Acid 

 

1.2 Asymmetric Catalysis  

Asymmetric catalysis is a type of catalysis in which a chiral catalyst directs the 

yield of an enantiomerically enriched product from an achiral compound.13 One of the most 

influential asymmetric catalysis is the selective reduction of a ketone using chiral BINAP-

Ru(II) catalyst which was developed by Ryoji Noyori, who shared the Nobel Prize with 

William S. Knowles for the study of chirality catalyzed hydrogenations in 2001 (Figure 

1.3). With the help of this catalyst, acetophenone and its derivatives are selectively reduced 

to chiral alcohols with an ee up to 99% while the catalyst loading in this reaction is as low 
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as 0.001%, leading to remarkable efficient asymmetric catalysis (Scheme 1.2).14-16 Loading 

of catalyst is important parameter for the industrious application. 

 

 
 

Figure 1.3 Noyori’s BINAP-Ru(II) Catalyst 

 

 
 

Scheme 1.2 Asymmetric Hydrogenation of Ketone using  

BINAP-Ru(II) Catalyst 

 

Chiral products can be generated with high ee and decent yields through 

asymmetric catalysis when the chiral catalysts and achiral starting materials are perfectly 

matched. However, not every asymmetric catalyst has such an amazing performance as 

Noyori’s BINAP-Ru(II) catalyst on ketones. In most cases, products with only a moderate 

ee (50 – 80%) are generated when an optimized catalyst is utilized in another system. 

Whenever the performance of an asymmetric catalyst is not ideal, the main disadvantage 

of asymmetric catalysis occurs, which is the independence of ee on conversion. The ee of 
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the product does not change over the course of a reaction, which means that the ee cannot 

be adjusted by pushing the reaction to higher yield. An increase in selectivity of asymmetric 

catalysis can only be achieved by strengthening the interaction between the chiral catalyst 

and the prochiral starting material, which is done by adjusting the structure of the chiral 

catalyst. Redesigning a chiral catalyst takes time and energy and may not work. Due to this 

drawback of asymmetric catalysis, it is important for us to have alternative approaches to 

obtain enantiomerically enriched products.   

 

1.3 Classical Resolution 

An alternative approach to produce enantiomerically enriched products is 

resolution, a sorting process of enantiomers by chemical or physical means.17 Classical 

resolution was one of the earliest forms of resolution and is still applied today.18-19 A 

classical resolution involves the use of an achiral resolving agent that covalently or non-

covalently associates to the substrate being resolved, resulting in a pair of diastereomers. 

The generated diastereomers can then be isolated from each other through crystallization 

of one of the diastereomers. The separation of 1-phenylethylamine enantiomers using 

tartaric acid demonstrates this principle.20 To be more specific, (S)-1-phenylethylamine and 

(R)-1-phenylethylamine are separated using (R,R)-tartaric acid as the resolving agent 

(Scheme 1.3).  The carboxylic acids of tartaric acid protonates both enantiomers of 1-

phenylethylamine, forming two diastereomeric salts. The two salts formed are now 

diastereomers and are therefore no longer enantiomers. The (S)-1-phenylethylammonium-

(R,R)-tartrate salt crystallizes faster than the (R)-1-phenylethylammonium-(R,R)-tartrate 

salt under controlled conditions, making the (S)-1-phenylethylammonium-(R,R)-tartrate 
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salt the only compound to be crystalized. Afterwards, corresponding enantiomers of 1-

phenylethylamine can be recovered after an easy basic work up to deprotonate the amine. 

The main advantage of a classic resolution is its relatively cheaper cost, making it a popular 

technique widely used in industry.21 The main limitation of classic resolution is the 

stoichiometric amount of chiral resolving agent used and only a 50% theoretical yield can 

be achieved.  

 

 
 

Scheme 1.3 Classical Resolution of Phenylethylamine using Tartaric Acid 

 

1.4 Kinetic Resolution 

Later, an updated method of resolution called a kinetic resolution emerged and 

became a popular approach to isolate chiral products.22 This also involves a sorting process 

of enantiomerically enriched compounds, but this time depends on the difference in 

reaction rates between starting materials and chiral catalysts. Specifically, one enantiomer 

of the racemic starting material reacts faster with the chiral catalyst while the other 

enantiomer reacts slower with the chiral catalyst (Scheme 1.4). In the end, the remaining 

starting material becomes highly enriched with increasing conversion to product.  Ideally, 

the slower enantiomer doesn’t react at all, thereby converting all of the faster enantiomer 
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to the product while the slower enantiomer remains as unreacted starting material. Since 

the newly formed product is now a completely different compound than the recovered 

starting material it has different physical properties and can be separated through common 

separation procedures like chromatography, extractions or distillation ultimately separating 

the enantiomers.  

 

 
 

Scheme 1.4 General Strategy of Kinetic Resolution  

 

The selectivity factor, s, is a way to describe this difference in reaction rates. The 

selectivity factor equals the reaction rate of the faster enantiomer divided by the reaction 

rate of the slower enantiomer (Equation 1.1). This means that for a reaction with a 

selectivity factor of 10, one enantiomer reacts 10 times faster than the other enantiomer. 

The higher the selectivity factor, the more selective a kinetic resolution is. A selectivity 

factor of 10 suggests a decent performance of a kinetic resolution, which means the 

unreacted substrate can be recovered in high ee (>99%) with a conversion of 70%. In terms 

of energy, the selectivity factor also tells the difference in energy between the 

diastereomeric transition states of the enantiomers (Equation 1.2).  

 

 

Equation 1.2 
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It was previously mentioned that one disadvantage of asymmetric catalysis is that 

the ee never changes throughout the reaction.  In a kinetic resolution the ee is constantly 

changing, which is the main advantage of a kinetic resolution and makes it a 

complementary technique to asymmetric catalysis. As the kinetic resolution goes on, the 

ee of the slow enantiomer increases as more and more of the fast enantiomer converts. 

When all of the fast reacting enantiomer has converted to product, the slow reacting 

enantiomer will be enantiomerically pure.  The amount of starting material you have 

remaining in the end depends on how selective the reaction is, or in other words how much 

material needed to be converted to product to have only one enantiomer left.  This process 

demonstrates how the ee of the starting material and the product changes over time and the 

relationship between ee and conversion. This relationship is described in Equation 1.3.22  

 

 

Equation 1.3 

 

Since the ee of the product and starting material are constantly changing over the 

course of the reaction, the best way to evaluate a kinetic resolution is through its selectivity 

factor which should be a constant.  Selectivity factors for a kinetic resolution can be 

calculated from the conversion and the ee of the starting material (Equation 1.4) or the 

conversion and the ee of the product (Equation 1.5). With the selectivity factor in hand, 

one could determine the extent of conversion needed to obtain the recovered starting 

material enantiomerically pure.  
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Equation 1.4 

 

                    

 Equation 1.5 

 

Kinetic resolutions can be catalyzed by enzymes23 and chiral organocatalysts.24. 

Among all the potential chiral catalysts, enzymes are usually the most effective and 

efficient catalysts for the kinetic resolution of a wide variety of different functional groups. 

For example, nitrilase, a commercially available enzyme, is utilized to activate an 

enantioselective hydrolysis of a racemic nitrile compound (Scheme 1.5), affording 95% of 

the S enantioenriched product.25 To be specific, only one enantiomer is obtained because 

three-dimensional structure of enzyme is very specific, catalyzing starting material with 

certain three-dimensional structure. 

 

 
 

Scheme 1.5 Kinetic Resolution Catalyzed by Nitrilase 

 

As for the kinetic resolutions using organometallic catalysts, the Sharpless 

epoxidation of allylic alcohols was a major contribution due to the high selectivity of this 
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reaction. With the aid of a tartrate titanium complex, the alkene on the S enantiomer reacts 

over a hundred times faster to form an epoxide while the alkene on the R enantiomer 

remains unreacted (Scheme 1.6).26 The selectivity factor for this kinetic resolution is as 

high as 104 for the best substrate of allylic alcohol, and good selectivity factors were also 

obtained on derivatives of it. Inspired by Sharpless’s research, many research groups 

started exploring other means to obtain enantiopure alcohols and amines.27  

 

 
 

Scheme 1.6 Sharpless Epoxidation of Allylic Alcohol 

 

1.5 Kinetic resolutions of secondary alcohol 

Many effective and efficient approaches to resolve secondary alcohols have been 

developed in the past 20 years. Among these approaches, the most well-known methods 

are through acylation28-35 and silylation36-41. The main strategy to perform enantioselective 

acylation on secondary alcohols is based on chiral nucleophilic catalysts (Scheme 1.7). The 

chiral catalyst normally activates the acyl compound such as an anhydride to form a 

complex, which is then selectively attacked by the one enantiomer of the secondary alcohol 

over the other enantiomer because of the favorable orientation to the complex.   
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Scheme 1.7 General Strategy of Enantioselective Acylation 

 

In 1996, the first effective enantioselective formation of a carbonate using 

secondary alcohols was reported by Vedejs.28 DMAP derivative 1.1 with a chiral center 

was synthesized from commercially available materials and employed as an acyl transfer 

complex on a naphthyl secondary alcohol (Scheme 1.8). As the kinetic resolution began, 

the magnesium bromide served as a Lewis acid to activate the carbonyl group of 4-

dimethylaminopyridine derivative 1.1. The activated 1.1 was then easily attacked by the 

faster reacting enantiomer of the naphthyl secondary alcohol. The kinetic resolution 

showed high selectivity on aromatic derivatives of these secondary alcohols, with a 

selectivity factor as high as 48 obtained. Vedejs’s work demonstrated the potential of chiral 

4-dimethylaminopyridine derivatives as nucleophilic catalysts to obtain high selectivity 

factors.  
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Scheme 1.8 Enantioselective Acylation Reported by Vedejs 

 

Another highlighted application of DMAP based catalysts is in the kinetic 

resolutions of various substrates with the planar chiral DMAP ferrocene catalysts 

developed by Fu.42 A planar-chiral π-complex of heterocycles with Fe serve as effective 

nucleophilic catalysts (1.2) for the acylation of secondary alcohols, especially secondary 

aryl alcohols, generating selectivity factors over 50 (Scheme 1.9). This three-dimensional 

chiral catalyst proved to be very efficient for various types of secondary alcohols.43-44 Other 

than the versatility of the ferrocene catalyst, its main selling point is the efficiency. Unlike 

the stoichiometric DMAP based catalyst 1.1 developed by Vedejs, catalyst loading was as 

low as 2 mol % when 1.2 was applied.   

 

 
 

Scheme 1.9 Kinetic Resolution using Fu’s Planar Chiral DMAP Catalyst 



www.manaraa.com

14 
 

Numerous nucleophilic catalysts had been developed and employed to resolve 

secondary alcohols, including diamine-based catalysts by Oriyama,45 PPY derivative 

catalysts by Fuji,46 peptide catalysts by Miller,47 and isothiourea based catalysts by 

Birman.48 The isothiourea based catalysts developed by Birman are remarkable 

enantioselective acyl transfer catalysts. Two of the isothiourea catalysts, (-)-tetramisole 

(1.3) and (-)-benzotetramisole (1.4) (Figure 1.4), have been applied in our silylation-based 

kinetic resolutions which will be discussed in the following chapter of this dissertation. 

With the use of isothiourea based catalysts in acylation-based kinetic resolutions, 

incredible selectivities (up to 300) were obtained for the enantioselective acylation of 

various alcohols employing an anhydride (Scheme 1.10). Latter studies suggested an 

involvement of a certain intermolecular electrostatic interaction between the acylated 

catalyst intermediate and the substrate molecule.32-33 The proposed intermolecular 

electrostatic interaction plays an essential role in drawing in the substrate to perform the 

reaction.  Since the catalyst is chiral, one enantiomer of alcohol preferentially binds to the 

acylated catalyst over the other enantiomer, leading to the control of enantioselectivity.  

 

 
 

Figure 1.4 Levamisole (1.3) and (-)-Benzotetramisole (1.4) 
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Scheme 1.10 Birman’s Kinetic Resolution of Secondary Alcohols  

 

Silylation is a common strategy to protect alcohols and the silyl ether formed in the 

protection is stable and easy to be deprotected. Since it is easy to put on and take off, 

researchers starting looking at employing silyl groups kinetic resolutions and asymmetric 

silylations. A novel silylation-based kinetic resolution was reported by Ishikawa in 2001.36 

Chiral guanidine 1.5 was ultilized as the catalyst to afford a selective silylation of 

secondary alcohols (Scheme 1.11). It used stoichiometric amount of catalyst and took 6 

days to reach a moderate conversion. Although the selectivity factor was low (s = 2.2), it 

initiated a unique approach towards the kinetic resolution of secondary alcohols. Many 

other enantioselective silylations have been developed in light of Ishikawa’s work, 

supporting silylation as an alternative approach to resolve secondary alcohols. 

 

 
 

Scheme 1.11 First Silylation-Based Kinetic Resolution by Ishikawa 

 



www.manaraa.com

16 
 

As we know from undergraduate chemistry, the silylation of an alcohol is a 

common method to protect alcohols. The resulting silyl ether has a high tolerance to many 

highly reactive reagents, such as Grignard reagents, and the deprotection of silyl ethers is 

easily achieved in one step.49 A general silylation-based kinetic resolution involves the 

selective protection of one enantiomer, which is controlled by the chiral catalyst, followed 

by the isolation of enantioenriched silyl ether from enantioenriched unreacted starting 

material (Scheme 1.12). Enantioenriched silyl ethers can be easily restored to alcohols after 

desilylation.  

  
 

Scheme 1.12 General Strategy of Silylation 

 

A few successful silylation-based resolutions have been developed in the recent 

years including Oestreich37, 50-53, Hoveyda38, 54-55 Tan,56-58 List,59 Song,60 Nakata61 and 

Wiskur.39-41 In 2005, a remarkable kinetic resolution of secondary alcohols using silicon-

stereogenic silane 1.6 as the chiral reagent was reported by Oestreich. He introduced a 

unique enantioselective silylation via a diastereoselective rhodium-catalyzed 

dehydrogenative Si-O coupling (Scheme 1.13).37 An N-heterocyclic carbene ligand (1,3-

bis(2,6-diisopropylphenyl)imidazol-2-ylidene) was used with a rhodium catalyst to form a 

reactive complex. The resulting complex was employed in the kinetic resolution of donor-
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functionalized alcohols. The kinetic resolution is incredibly selective. Selectivity factors 

above 50 were obtained on most alcohols and one alcohol had a selectivity factor of about 

900. Since the initial work, Oestreich has found conditions that eliminate need for the 

pyridyl group adjacent to alcohol and has found that copper also works as a catalyst.50-53  

 

 
 

Scheme 1.13 Ostreich’s Silylation-Based Kinetic Resolution 

 using Silicon-Stereogenic Silanes  

 

Other silylation-based kinetic resolutions were also developed that employed 

nucleophilic catalysts. Hoveyda and Snapper developed a chiral imidazole-based catalyst 

1.7 which could be used to resolve syn-1-2 diols (Scheme 1.14).54 The interesting part of 

this kinetic resolution is the duo function of the catalyst 1.7, which serves as a Lewis base 

and a hydrogen bonding site at the same time. During the reaction, secondary amines 

interact with the alcohol through hydrogen bonding to locate the catalyst while the 

imidazole moiety activates the silyl chloride nearby. Chirality of the catalyst is controlled 
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by the chiral centers adjacent to the amines. Due to this special design of catalyst, one 

hydroxyl group of the diol was more likely to silylate while the other hydroxyl group 

remained unreacted (yield difference = 98:2). Other than the significant site selectivity of 

hydroxyl silylation, the ee of the silyl ether and unreacted starting material are very high 

(eePR of the best diol is above 98%). Beside the kinetic resolution of diol, Hoveyda and 

Snapper also reported the enantioselective silylation of triols and the mechanistic study of 

the kinetic resolution of diols and triols.38,55   

 

 
 

Scheme 1.14 Silylation-Based Kinetic Resolution of  

syn-1,2-Diol by Hoveyda and Snapper 

 

During the same period to Hoveyda and Snapper’s report on kinetic resolution of 

diols, Tan proposed an alternative approach to desymmetrize diols. Tan developed an 

electrophilic-transfer catalyst that could be used to resolve diols. The most interesting part 

is the design of the catalyst.56 The methoxy on the catalyst can undergoe reversible covalent 

bonding to a hydroxyl group.  Therefore, when introduced to a diol, the chiral catalyst 

binds to one hydroxyl group while the imidazole-based end catalyzes the asymmetric 
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silylation of the other hydroxyl group for the enantioselective silylation of diols (Scheme 

1.15). Enantioselectivity of the product was controlled by the chiral center on the catalyst. 

Once the kinetic resolution is completed, methanol is added to the reaction to break the 

reversible covalent bond and free the product. Afterwards, Tan also reported the 

desymmetrization of nonsymmetric diols and triols.57-58   

 

 
 

Scheme 1.15 Catalytic Procedure for Silylation using Tan’s Catalyst 

 

In 2011, the Wiskur’s group reported a successful silylation-based kinetic 

resolution of cyclic secondary alcohols that employed isothiourea catalysts32-33 originally 

developed by Birman (Scheme 1.16).39 Selective silylation of cyclic secondary alcohols 

using (-)-tetramisole 1.3 as the chiral catalyst and triphenylsilyl chloride 1.8 as the silyl 

source was accomplished. Further substrate expansions were explored after the success of 

the cyclic secondary alcohols. The silylation-based kinetic resolution was applied to α-

hydroxy lactones and lactams with the (-)-benzotetramisole 1.4 chiral catalyst performing 
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better with these substrates (Scheme 1.17).40 The optimized methodology resolved the α-

hydroxy lactones and lactams with high selectivity, ranging up to 100.  

 

 
 

 Scheme 1.16 Wiskur’s Silylation-Based Kinetic  

Resolution of Cyclic Secondary Alcohols  

 

 
 

Scheme 1.17 Wiskur’s Silylation-Based Kinetic 

 Resolution of α-Hydroxy Lactones and Lactams 
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After we finished the last substrate expansion on trans-2-aryl cyclohexanol 

(Scheme 1.18), the mechanistic studies on the methodology were performed 

simultaneously. In 2014, a linear free-energy relationship study was applied to explore the 

substituent effect of different p-substituted triarylsilyl chlorides in the system, proposing a 

pentavalent SN2-like transition state with the catalyst as the leaving group and the alcohol 

as the incoming nucleophile.62 The insight of how the chirality is transmitted from the 

chiral catalyst to the product through the triphenylsilyl chloride was also discovered and 

reported.63   

 

 
 

Scheme 1.18 Wiskur’s Silylation-Based Kinetic Resolution of trans 2-

Arylcyclohexanols 

 

The next focus on the mechanistic study of our silylation-based kinetic resolution 

is exploring the interactions that control the selectivity. In general, asymmetric catalysis 

selectivity is obtained with the employment of chiral catalysts. To be specific, the origin of 
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enantioselectivity is the attractive, noncovalent interactions between a chiral catalyst and a 

substrate.64 These noncovalent interactions involve hydrogen bonding, ion pairing, π-π 

stacking and cation-π interactions. Specifically, this dissertation will focus on a potential 

cation- π interaction as a controlling factor in silylation-based kinetic resolutions.   

A cation–π interaction is a covalent attractive force between an electron rich π-

system and a proximal cation. Since cation-π interactions were discovered in the 1980s, it 

has become a mainstay of catalyst design since it is comparable in strength to a hydrogen 

bond. In a kinetic resolution where selectivity is controlled by a cation-π interaction, many 

times the catalyst is cationic and the substrate that is being resolved has a π system adjacent 

to the reactive functional group.  Since the catalyst is chiral, one enantiomer of the 

substrate forms a lower energy cation-pi complex than the other.  This difference in 

association energies leads to the complexed enantiomer undergoing the reaction faster than 

the unfavorable enantiomer.   

Cation-π interactions have been hypothesized to play an important role in 

controlling the selectivity of kinetic resolutions catalyzed by isothiourea catalysts.32-33 As 

we discussed early in this chapter, Birman’s acylation-based kinetic resolution employes 

isothiourea catalysts to control the enantioselectivity. Based on the experimental data, 

Birman discovered that π-containing functionality on the acyl acceptor is the key factor in 

deciding enantioselectivity.32-34 Figure 1.5 shows the transition state of acylation using one 

of the isothiourea catalysts. Isothiourea catalyst is nucleophilic and became cationic after 

acylation of the catalyst, resulting in attraction of the incoming alcohol via cation-π 

interaction. Ultimately the enantioselectivity was controlled. Birman also conducted a 

computational study to provide further evidence for this hypothesis, ultimately 
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corroborating the significance of a cation-π interaction.65 As our silylation-based kinetic 

resolutions also utilize isothiourea catalysts to obtain selectivity, it is natural to hypothesize 

that a cation-π interaction is involved in our kinetic resolution. Therefore, the 2nd and 3rd 

chapter will focus on the exploration of the cation-π interaction within our kinetic 

resolution.  

 
 

Figure 1.5 TS of Birman’s Acylation 

 

1.6 Conclusions 

 The silylation-based kinetic resolution developed by the Wiskur group had shown 

great promise in resolving secondary alcohols and providing decent selectivities to resolve 

a variety of substrates. In recent years, the Wiskur group has focused on the mechanistic 

studies of these kinetic resolutions. Understanding the mechanism would enlighten the way 

to further substrate expansion as well as the development of kinetic resolutions using the 

isothiourea based catalysts or the catalysts with similar structures.  

In chapter two, a mechanistic study on the interaction between the isothiourea based 

catalyst and the alcohol are discussed.66 To be more specific, how the interactions between 

(-)-benzotetramisole (1.4) and a variety of alkyl 2-hydroxycyclohexanecarboxylates 
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control enantioselective silylation to achieve selectivity. In chapter 3, another mechanistic 

study employing a kinetic resolution is introduced. This mechanistic study eliminates the 

effect of the non-related functional groups and solely focuses on the potential cation-π 

interactions between the phenyl ring of 2-phenylcyclohexanol and the cationic (-)-

benzotetramisole intermediate. The study employs linear free energy relationship studies67 

and computational studies in an effort to understand how selectivity is achieved.68 The final 

chapter is an optimization of our previously developed polystyrene-supported 

triphenylsilyl chloride for the chromatography free separation of enantiomers.  The 

previous work provided facile separation, but selectivity was lost by incorporating the silyl 

chloride into a polymer.  By incorporating a polar monomer into the polymer backbone 

we were able to obtain better selectivity factors.  
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CHAPTER 2 

INVESTIGATION OF ELECTROSTATIC INTERACTIONS TOWARDS 

CONTROLLING SILYLATION-BASED KINETIC RESOLUTIONS 

 

2.1 Introduction 

In chapter 1, the silylation-based kinetic resolution of secondary alcohols 

developed by the Wiskur group was introduced. The methodology aiming to isolate 

enantioenriched secondary alcohols was successfully applied to the substrate classes of 

monofunctional secondary alcohols1, 2-aryl cyclohexanols2, and α-hydroxy lactones and 

lactams3 with selectivity factors up to 100 (Scheme 2.1).  

 

 
 

Scheme 2.1 Silylation-Based Kinetic Resolutions  

from the Wiskur Group 
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Having proved the effectiveness and efficiency of our kinetic resolution system, 

our next objective was to unveil the mechanism of our silylation-based kinetic resolution, 

which is crucial to the optimization of our methodology. This information could lead to the 

discovery of applicable substrate classes and could help in the design of novel catalysts for 

asymmetric reactions. The Wiskur group has put forth effort in a series of mechanistic 

studies on these kinetic resolutions, including a linear-free energy relationship study to 

investigate the electronic and steric effects of the substituents on the triphenylsilyl chloride 

(Scheme 2.2), and a study of chiral transmission from point chirality to helical chirality of 

a triphenylsilyl group (Scheme 2.3).4-5 The results of these studies helped to elucidate the 

underlying mechanism for the above-mentioned kinetic resolution, as well as, how 

enantioselectivity is obtained. In these kinetic resolutions the employment of isothiourea 

catalysts tetramisole (1.3) and benzotetramisole (1.4) is important to the success of the 

kinetic resolution. The electrostatic interactions between the isothiourea catalysts and 

secondary alcohols are the key to the enantioselectivity. As isothiourea catalysts tend to 

undergo nucleophilic attack in a reaction and covert to cation complexes, cation-π 

interactions are commonly proposed as an interaction that aids in controlling selectivity.  

As discussed in chapter 1, a cation-pi interaction is a noncovalent interaction between the 

face of an electron-rich π system (e.g. benzene, ethylene, acetylene) and an adjacent cation.  

One could imagine an interaction betweencationic isothiourea catalysts and substrates with 

π systems to aid in orienting substrates to obtain selective reactions. This chapter will focus 

on understanding the electrostatic interactions (potentially cation-π interaction) between 

isothiourea catalysts and secondary alcohols.  
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Scheme 2.2 Kinetic Resolution Using Different para-Substituted 

Triphenylsilyl Chlorides 
 

In the previous study,4 a mechanistic cycle was proposed, that simply suggested a 

formation of a cationic intermediate (2.1) between (-)-tetramisole (1.3) and triphenylsilyl 

chloride when the silyl chloride is nucleophilicly attacked by (-)-tetramisole (1.3).  The 

newly formed cationic intermediate (2.1) would in turn be attacked by the secondary 

alcohol to form the final silyl ether product (Scheme 2.3). The trick to achieve the 

enantioselectivity is through the cation-π intermolecular interaction between the π system 

of secondary alcohol and cationic intermediate (2.1).  Since the cationic intermediate (2.1) 

is chiral, the binding of one alcohol enantiomer to the cationic intermediate would be lower 

in energy versus the other enantiomer. The stronger intermolecular interaction between one 

of the secondary alcohol enantiomers and the cationic intermediate (2.1) would lead to one 

enantiomer reacting preferentially over the other, eventually leading to a kinetic resolution 

or a separation of enantiomers. 
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Scheme 2.3 Proposed Mechanism of Silylation-Based Kinetic Resolution 

 

Since kinetic resolutions have emerged as a powerful approach to isolate 

enantiopure compounds, a great number of studies have been done to explore the 

intermolecular interactions controlling the selectivities. Intermolecular interactions such as 

hydrogen bonding, π-π stacking, and ionic forces have been shown to play a large role in 

controlling the selectivity and reactivity of organocatalyzed reactions, in many cases 

working cooperatively to obtain a favorable outcome.6-8 Electrostatic interactions such as 

π-π interactions and cation-π interactions9-11 have been shown to aid in controlling the 

selectivity of asymmetric reactions through an electrostatic interaction between a substrate 

and a catalyst.12-16  A good example to show how these electrostatic interactions work is 

the asymmetric addition of chiral boronate complexes to quinolinium reported by 

Aggarwal (Scheme 2.4).17 Under the aid of Troc-Cl, quinolinic amide 2.2 was treated with 

chiral boronate complex 2.3, and an enantioselective addition proceeded to prepare 1,4-

dihydroquinoline 2.4 with an enantiomeric excess over 99%. Such great enantioselectivity 

was obtained through an important transition state 2.5. During the transition state 2.5, a 

cation−π interaction was generated between the cationic complex formed by the treatment 

Troc-Cl on quinolinic amide 2.2 and chiral boronate complex 2.3. The cation−π interaction 
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helps orientate the chiral boronate complex to approach only one reaction face of the 

quinolinic amide 2.2.  

 

 
 

Scheme 2.4 Addition of a Chiral Boronate Complex to Quinolinic Amide 

 

A cation-π interaction is an electrostatic interaction that is applied in the design of 

asymmetric reactions where the substrates contain aromatic groups as the π donors. 

However, there are also a number of asymmetric reactions where enantioselectivity was 

achieved by a cation-π interaction with a non-aromatic π system. Takahashi reported an 

efficient stereoselective intramolecular cyclization from N-acyliminium 2.6 to N,N-acetal 

2.7 via an intramolecular addition of an N-sulfonylamino group (Scheme 2.5).18 A 

diastereoselectivity over 99% was obtained through the intermediate iminium ion 2.8. The 

intramolecular cation−π interaction between the iminium and the sulfonyl group selectively 

controls cyclization to occur on one face over the other. Inspired by the significant role 

cation-π interactions play in asymmetric reactions, we have theorized that these type of 
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electrostatic interactions are also controlling the selectivity of our silylation-based kinetic 

resolutions, given that our substrates need to have a π system within the structure to obtain 

any selectivity.2 We presume the existence of a cation-π interaction between cationic 

catalyst intermediate 2.1 and the π systems on our secondary alcohols.  

 

 
 

Scheme 2.5 Intramolecular Addition of an N-Sulfonylamino  

Group to an N-Acyliminium Ion 

 

We wanted to explore this potential electrostatic interaction between cationic 

catalysts and alcohols by employing substrates that vary in sterics and electronics to alter 

the strength of the asymmetric controlling interaction as the substrate changes.  

Ultimately, we can explore what type of linear free energy relationship exists to understand 

the nature of the interaction. Therefore, an appropriate substrate class is needed for the 

investigation. Not only does the chosen substrate class have to perform well in our 
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silylation-based kinetic resolution, but it also needs to possess a structure that could be 

easily derivatized. In our previous study, we concluded that a successful substrate class 

consists of a relatively planar π system on one side of the secondary alcohol and sterics on 

the other side of the alcohol (Figure 2.1).2 Notice that substrates that lack a pi system in 

Figure 2.1 lack any selectivity in the kinetic resolution.  In most cases, a cyclohexyl ring 

is a decent source of steric effects. Therefore, our models were designed based on 

cyclohexanol with the addition of a π system at the beta position. This led us to choose 

trans-alkyl-2-hydroxycyclohexanecarboxlateas, an ideal model for our silylation-based 

kinetic resolution. Since the preparation of an ester is easily achieved through the reaction 

between a carboxylic acid and an alcohol, various esters could be synthesized by utilizing 

different alcohols that varied in sterics and electronics. This will allow us to explore linear 

free energy relationship studies to explore the correlation of selectivity with both the size 

of the ester substituent and the electronics of the aryl group on the ester, potentially 

indicating how sterics and electronics affect the strength of this interaction.    

 

 
 

Figure 2.1 Ideal Substrate Class of Silylation-Based Kinetic Resolution 



www.manaraa.com

40 
 

2.2 Synthesis of trans-alkyl-2-hydroxycyclohexanecarboxylates 

trans-Alkyl-2-hydroxycyclohexanecarboxylates (2.12) are not commercially 

available and were prepared from a three-step synthesis based on existing literature 

(Scheme 2.6).19-21 The synthesis started with commercially available cyclohexanone (2.9). 

One-pot synthesis of 2-oxocyclohexane-1-carboxylic acid (2.10) was the most challenging 

step and it was optimized based on the equipment of our lab. This step began with a 

preparation of lithium diisopropylamide simply by dropwise addition of n-BuLi to 

diisopropylamine. Then 2.9 was added dropwise to the newly formed lithium 

diisopropylamide, forming the enolate of 2.9. Deprotonation of the α-carbon was normally 

achieved in less than an hour. The last step to synthesize 2.10 involved pumping CO2 into 

the reaction. Since we did not have a tank of CO2 in our lab, we just simply generated the 

CO2 by letting dry ice sublimate in a Schlenk round-bottom flask at room temperature. The 

CO2 coming from the round-bottom flask was passed through a drying tube before it 

reached the reaction flask. Fresh CO2 was constantly flowing into the reaction. Compound 

2.10 could be synthesized in a large scale but must be stored in the freezer to prevent 

decomposition. With 2.10 in hand, the rest of the steps were simple. We tried many 

different methods to form the ester 2.11 and found that the easiest method was the DCC 

coupling of 2.10 with respective alcohols (Table 2.2 substrates from entry 2-8 synthesized 

in this approach). The last step to synthesizing trans-alkyl-2-

hydroxycyclohexanecarboxylates (2.12) was the reduction of ketone. Milder reducing 

reagents than NaBH4 needed to be used since we observed a reduction of the ester when 

NaBH4 was used for the reduction. We found sodium cyanoborohydride to be a perfect 
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reducing agent for the reduction of 2.11, which provided a full reduction of the ketone and 

no reduction of ester. 

 

 
 

Scheme 2.6 Synthesis of trans-Alkyl-2-hydroxycyclohexanecarboxylates 
 

2.3 Initial Investigations and Optimizations 

With trans-alkyl-2-hydroxycyclohexanecarboxlateas in hand, our next focus was 

optimization of reaction conditions. The results are shown in Table 2.1. Chiral catalysts 

(1.3 and 1.4) were employed to activate a silyl chloride to preferentially silylate one alcohol 

enantiomer over the other, generating silyl ethers (2.12a-b) and recovering 

enantiomerically enriched alcohol ((+)-2.9).  Similar to our previous work, the catalyst 

with the fused aromatic ring, (-)-benzotetramisole (1.4),22 gave higher selectivity than the 

less conjugated version ((-)-tetramisole, 1.3) (Table 2.1, Entry 1 vs 2, Entry 3 vs. 4).  In a 

previous study, we noted that three phenyl groups on the silyl chloride are needed in order 

to obtain useful levels of selectivity,1 and electron-donating isopropyl groups in the para 

position also resulted in improved selectivity.4 These factors were also important in 

obtaining good selectivity with this substrate.  When tris(4-isopropylphenyl)silyl chloride 
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(1.9) was utilized, selectivity increased versus employing the unsubstituted triphenylsilyl 

chloride (1.8) (entry 2 versus 4).  Electron donating groups on the silyl group are 

hypothesized to stabilize the reactive silicon/catalyst intermediate.4  

Absolute stereochemistry (+/-) of recovered starting material of 2.9 was determined 

by testing the optical rotation of recovered starting material and compared the data to the 

existing literature (for details please check section 2.6). Absolute stereochemistry (+/-) of 

recovered starting material of other derivatives were determined by reducing the ester with 

LiAlH4 in diethyl ether to give the diol 2-(hydroxymethyl)cyclohexan-1-ol. The optical 

rotation of that compound was compared to literature values, suggesting that we obtained 

the same major enantiomers. 

 

Table 2.1 Optimization of Reaction Conditions for Resolution of trans-Ethyl-2-

hydroxycyclohexanecarboxylate 

 

 
 

[a]Conversions and selectivity factors are based on the ee of the recovered starting materials 

and products. See ref [23]. [b]Selectivity factors are an average of two runs. Conversions 

are from a single run. [c]Conversion and selectivity factor is based on the ee of the recovered 

starting material and 1H NMR conversion. 
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2.4 Kinetic Resolution of Various trans-Alkyl 2-

hydroxycyclohexanecarboxylates 

With the optimized reaction conditions obtained, the effect of altering the sterics 

on the ester group was explored (Table 2.2). When the ethyl group of trans ethyl 2-

hydroxycyclohexanecarboxylate (2.9) was changed to an isopropyl group, a decrease in the 

selectivity factor was observed (from s = 14 to 10) presumably from an increase in steric 

hindrance of the ester (Table 2.2, entry 2). In order to provide evidence that sterics on the 

ester correlate to the selectivity factor, multiple 2-ester cyclohexanol derivatives were 

synthesized through the esterification of 2-hydroxycyclohexanecarboxylate and tested 

under the optimized conditions. As predicted, substrates with cyclohexyl and t-butyl groups 

also followed the same trend of decreasing selectivity as the alkyl group on the ester 

increased in size (Table 2.2, entry 3 and 4). The sensitivity of these selectivity factors 

(Table 2.2, entries 1-4) to steric hindrance was then investigated using Charton (υ) values 

in a linear free energy relationship24-26 to establish if there is a correlation between the 

steric effect and selectivity. Charton values are substituent parameters that use the van der 

Waals radius of the substituent to study sterics.27-29 The log of the selectivity factors for the 

different substrates were plotted against the Charton values associated with each alkyl 

group (Figure 2.2). Indeed, there is a strong linear correlation between the steric effect near 

the π-system and the selectivity factors (Ψ = -0.7), showing that as sterics increase 

selectivity decreases.  The sterics obviously have a negative impact regarding how the 

substrate and the reactive intermediate organize in the transition state to obtain selectivity.  

The sterics also play a negative effect on reactivity, with the conversion of the reaction 
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decreasing as sterics increase.  In fact, the t-butyl substrate has very little conversion over 

a 24-hour period (Table 2.2, entry 4). 

 

Table 2.2 Substrate Scope of the Silylation-Based kinetic 

Resolution of trans-Alkyl-2-hydroxycyclohexanecarboxylate 
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[a]Conversions and selectivity factors are based on the ee of the recovered  

starting materials and products. See ref [23].  Selectivity factors are an average of  

two runs. Conversions are from a single run.  [b]Reactions were run for 48 h  

at a concentration of 0.42 M with respect to alcohol on a 0.4 mmol scale.  
[c]Conversion and selectivity factor is based on the ee of the recovered starting  

material and 1H NMR conversion. 
 

 
 

Figure 2.2 LFER Employing Charton Values to  

Selectivity for the Sterics of the Ester Substituent 

 

In order to modulate the electronics of the ester with the intention of altering the 

strength of the electrostatic interaction controlling selectivity, phenyl esters were 

synthesized with either a hydrogen or an electron withdrawing group in the para position 

on the phenyl ring (Table 2.2, Entries 5-8).  It is known that the phenyl group on a phenyl 

ester is not in resonance with the ester group, but is rotated such that the plane of the phenyl 
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group is perpendicular to the plane of the s-trans ester.30  Since Neuvonen and coworkers 

have shown that electron donating and withdrawing substitutents on these phenyl groups 

affect the polarity of the carbonyl,31-32 we hypothesized that the selectivity of the kinetic 

resolution would also be affected with different substituents.  When just a phenyl group 

was employed, the selectivity was pretty low (Table 2.2, Entry 5).  By adding a methoxy 

group, which is inductively a mild electron withdrawing group, the selectivity slightly 

increased to s = 4.4 (Table 2.2, Entry 6), therefore only weakly enhancing the electrostatic 

interaction.  When the para position was substituted with stronger electron withdrawing 

groups such as a chloro or a trifluoromethyl group, the selectivity significantly increased 

to s = 27 and 34 respectively (Table 2.2, Entries 7 and 8).  While stronger electron 

withdrawing groups increase the electron density on the carbonyl carbon which would help 

promote a cation- π interaction, methoxy is considered an electron donating group 

regarding polarization of the carbonyl and decreases the electron density on the carbonyl 

carbon which would ultimately decrease the strength of the interaction with the cationic 

catalyst which does not support the data. 

A linear free energy relationship (LFER) was found for the four substrates when 

sigma meta (σm) substituent parameters33 were plotted against the log of the selectivity 

factor showing that as electron withdrawing groups become stronger selectivity increased, 

resulting in a significant sensitivity constant (ρ) of 2.6 (Figure 2.3). Edge to face π-π 

interactions are enhanced when one π system is electron deficient,34 suggesting that the 

selectivity defining interaction for the phenyl esters is a π interaction with one of the aryl 

groups on the catalyst or silicon.   
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Figure 2.3 LFER Employing σm to Selectivity 

     for the Induction of the Ester Substituent 

 

In order to provide more evidence that the substituents are contributing to the 

interaction through induction, not resonance the Swain-Lupton dual parameter approach 

was used to determine the percent contribution of each effect, by using substituent 

constants for both field effects and resonance.35-36  The log of the selectivity factor is set 

equal to the sum of the substituent constants for field effects (F) and resonance (R), with 

sensitivity factors for each (ƒ and r respectively) (Equation 2.1). The experimental data is 

plotted against the predicted data and the sensitivity factors are solved for, ultimately 

looking for a slope of one. As expected, the sensitivity factor for field effects was about 

2.5 times higher than the sensitivity factor for resonance, indicating that the field effects 

contribute more significantly towards controlling selectivity (Figure 2.4). 

 

 log(s) = ƒF + rR    

Equation 2.1 
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Figure 2.4 Comparison of Experimental  

log(s) Using Selectivity Factors from  

Table 2.2 vs Predicted log(s)  

 

The last two entries in Table 2.2 highlight the importance of ring size and 

positioning of the π system.  A six membered ring is needed in order to obtain selectivity, 

as seen in Table 2.2 entry 10 (vs. Table 2.2, entry 1) where the selectivity factor dropped 

to 2 when a cyclopentanol substrate was employed.  When the orientation of the ester on 

the cyclohexanol was reversed, the selectivity of the reaction was very low (Table 2.2, 

entry 9, s = 3).  We hypothesize that the intramolecular hydrogen bonding between the 

ester carbonyl and hydroxyl group of 2.9 forms a stable six-membered ring which aids in 

controlling selectivity, by favoring a chair conformation with both the hydroxyl and ester 

group in an equatorial position and prevents free rotation of the ester.  When the 

orientation of the ester is switched in Table 2.2, entry 9, the intramolecular hydrogen bond 

forms a less energetically favorable seven membered ring, weakening that interaction 

(Figure 2.5).  Ultimately, the π system is moved further from the reacting alcohol, and the 
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ester is more likely to be freely rotating.  This prevents optimal electrostatic interactions, 

reducing the selectivity of the kinetic resolution. 

 

 
 

Figure 2.5 Comparison between 6- and 7-Membered Rings  

Formed from Intramolecular Hydrogen Bonding 

 

2.5 Conclusions and Outlook 

In conclusion, we have investigated potential electrostatic interactions between the 

proposed, reactive catalytic species and trans 2-ester substituted cyclohexanols by varying 

sterics and electronics on the ester π system. The electrostatic attraction helps align the 

substrate to the catalyst in an orientation that allows for increased selectivity. An increase 

in sterics adjacent to the π-system affects the ability to orient favorable, resulting in a 

decrease in selectivity which correlates well with Charton substituent constants.  

Substituting the ester with aryl groups affects the selectivity, mainly through field effects 

deduced from a Swain-Lupton analysis.  The data suggests that an edge to face π-π 

interaction is dominating given that electron withdrawing groups dramatically increase the 

selectivity of the reaction.  Finally, the ability of the hydroxyl group to form a favorable 
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hydrogen bond to the carbonyl of the ester (6- vs 7-membered rings) is an aspect that 

promotes an increase in selectivity.  Future work will focus on computational modelling 

of these and similar systems and looking at other systems to see if similar trends are 

followed. 

 

2.6 Experimental 

General Information 

All the reactions were carried out under a nitrogen atmosphere using oven-dried 

glassware. Molecular sieves were activated in an oven at 170 C before use. 

Tetrahydrofuran (THF), diethyl ether, methanol and dichloromethane (CH2Cl2) were dried 

by passing through a column of activated alumina before use and stored over molecular 

sieves. Carbon tetrachloride (CCl4) was distilled and degassed prior to use. Sulfuryl 

chloride (SO2Cl2) was distilled before use. n-BuLi was titrated prior to use.34 Unless 

otherwise stated, all the other chemicals were obtained from major commercial sources and 

used without further purification. High resolution mass spectrometry (HRMS) was 

conducted by the mass spectrometry facility in the Department of Chemistry and 

Biochemistry at the University of South Carolina. Infrared spectroscopy (IR) was 

conducted using a Perkin Elmer Spectrum 100 FT-IR ATR spectrophotometer, max in cm-

1. 1H NMR was taken on a Bruker Avance (400 or 300 MHz). Chemical shifts were reported 

in ppm with TMS or chloroform as an internal standard (TMS: 0.00 ppm for 1H and 13C; 

CHCl3: 7.26 ppm and 77.16 for 1H and 13C respectively). 13C NMR spectra were taken on 

a Bruker Avance (101 or 75 MHz) with complete proton decoupling. Enantiometic ratios 

were determined via HPLC using an Agilent 1200 series employing the following chiral 
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stationary phases, Daicel Chiralcel OD-H, OJ-H, AD, AD-H or Daicel Chiralpak IC 

columns, monitored by a diode array detector in comparison with the racemic materials. 

Optical rotations were obtained utilizing a JASCO P-1010 polarimeter.  

 

 

2-Oxocyclohexane-1-carboxylic acid 

The compound 2-oxocyclohexane-1-carboxylic acid was prepared optimized based on a 

literature procedure.19 A solution of diisopropylamine in 210 mL of dry THF in three-neck 

round bottom flask was cooled to -78 oC under a N2 atmosphere. Then n-BuLi (29.7 mmol) 

was added drop wise to the three-neck round bottom flask. After the addition was 

completed, the solution was stirred at -78 oC for an hour. Then a solution of cyclohexanone 

(27 mmol) in 45 mL of THF was added drop wise to the mixture. The reaction mixture was 

stirred at -78 oC for an hour and warmed to 0 oC for another hour. Ultimately, the reaction 

was cooled back to -78 oC and pumped in fresh CO2 (CO2 was generated from the 

sublimation of dry ice) through a drying tube. The conversion of final product is highly 

depended on the reaction time, normally a yield around 50% could be obtained in 4 hours 

of reaction time. Once the desired conversion was reached, the three-neck round bottom 

flask was moved to the room temperature and quenched with 100 mL of deionized water. 

100 mL of diethyl ether was then added to the mixture and extraction of aqueous layer was 

applied. Once the aqueous layer was isolated, It was treated with 1 M HCl solution until 

the pH value is below 2. At the end, the mixture was extracted with 100 mL of diethyl ether 



www.manaraa.com

52 
 

for three times. The organic layers were combined, dried with magnesium sulfate and 

concentrated, affording a white solid. (1.86g, 13.1 mmol, yield 48.5%)  

 

 

Trans-ethyl-2-hydroxycyclohexane-1-carboxylate 

To a 50 ml round bottom flask was added the ethyl 2-oxocyclohexanecarboxylate (3.19 g, 

18.8 mmol) and dried methanol (30 ml). The solution was treated with NaBH4 (0.2 g, 5.3 

mmol) and stirred at room temperature for 3 hours. After quenching with saturated NH4Cl, 

the aqueous layer was extracted with diethyl ether (3 x 10 ml), and the organic dried over 

anhydrous Na2SO4, filtered and concentrated. The crude was purified via silica gel 

chromatography (starting at 5% EtOAc in hexanes to 25% EtOAc) giving a colorless 

transparent oil (808 mg, 4.7 mmol, yield 25%).   1H NMR (400 MHz, CDCl3) δ ppm 

4.18 (q, J = 7.1 Hz, 2H), 3.77 (dd, J = 10.1, 5.4 Hz, 1H), 2.90 (s, 1H), 2.25 (ddd, J = 12.4, 

9.9, 3.8 Hz, 1H), 2.11 – 1.93 (m, 2H), 1.83 – 1.62 (m, 2H), 1.39 – 1.17 (m, 7H). 13C NMR 

(101 MHz, CDCl3) δ ppm 175.3, 70.9, 60.6, 51.3, 33.6, 28.1, 25.1, 24.3, 14.2. 

 

 

Trans-ethyl-2-hydroxycyclopentane-1-carboxylate 

To a 50 ml round bottom flask fitted with a Teflon coated stir-bar was added the 

commercially available ethyl 2-oxocyclopentanecarboxylate (2.93 g, 18.8 mmol) and dried 
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methanol (30 ml). The solution was treated with NaBH4 (0.2 g, 5.3 mmol) and stirred at 

room temperature for 3 hours. The reaction was then quenched with saturated NH4Cl, the 

aqueous layer was extracted with diethyl ether (3 x 10 ml) and the organic layers were then 

combined, dried over anhydrous Na2SO4, filtered and concentrated. The crude was purified 

via silica gel chromatography (starting at 5% EtOAc in hexanes and gradually increasing 

to 10% and 25% EtOAc) giving a transparent oil, 822 mg, 5.2 mmol, yield 28%.  1H 

NMR (400 MHz, CDCl3) δ 4.38 (q, J = 6.4 Hz, 1H), 4.16 (q, J = 7.1 Hz, 2H), 2.81 – 2.52 

(m, 1H), 2.32 (s, 1H), 2.14 – 1.91 (m, 2H), 1.89 – 1.49 (m, 4H), 1.27 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ ppm 175.0, 76.3, 60.6, 52.7, 34.1, 27.2, 22.0, 14.3. 

 

General Procedure for the Preparation of trans-alkyl 2-

hydroxycyclohexanecarboxylates20-21 (GP1) 

The starting carboxylic acid, 2-oxocyclohexane-1-carboxylic acid (1.0 equiv.) and CH2Cl2 

(0.5 M) were added to a 25 mL round bottom flask equipped with a stir bar. Next, 4-

dimethylaminopyridine (0.1 equiv.) was added, followed by the alcohol (3.0 equiv.) to be 

coupled. The solution was stirred and cooled in an ice bath at 0 °C. Then the solid 

dicyclohexylcarbodiimide (1.1 equiv.) was slowly added to the mixture. The reaction 

mixture was stirred for 3 hours at room temperature. The reaction was then quenched with 

water, extracted with diethyl ether three times, and dried over anhydrous MgSO4. 

Concentration of the reaction mixture via reduced pressure afforded an oil, which was 

taken on without further purification. This oil was dissolved in diethyl ether to prepare a 

1.25 M solution and was added to a suspended solution of sodium cyanoborohydride (1 

equiv.) and zinc chloride (0.5 equiv.) in diethyl ether (0.04 M) at room temperature. The 
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reaction was stirred at room temperature for 4 hours. It was then diluted with the same 

volume of diethyl ether that was used to make the original solution and quenched with a 

0.1 M potassium iodate solution. The aqueous layer was extracted with diethyl ether three 

times, then the ether layers were combined, washed with water and brine, and dried over 

anhydrous MgSO4. The trans isomer was purified via silica gel chromatography (5% 

EtOAc in hexanes increasing to 5% EtOAc in hexanes, then to 25% EtOAc in hexanes).  

 

 

Trans-isopropyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from 2-propanol (11 mmol) according to GP1. The desired 

product was obtained as a transparent colorless oil, 242 mg, 1.3 mmol, 35.5 % yield. 1H 

NMR (400 MHz, CDCl3) δ 5.06 (hept, J = 6.2 Hz, 1H), 3.76 (td, J = 10.0, 4.6 Hz, 1H), 

2.88 (s, 1H), 2.21 (ddd, J = 13.1, 10.3, 4.2 Hz, 1H), 2.10 – 1.93 (m, 2H), 1.82 – 1.65 (m, 

2H), 1.46 – 1.11 (m, 10H).  13C NMR (101 MHz, CDCl3) δ ppm 174.8, 71.0, 68.0, 51.4, 

33.6, 78.0, 25.1, 24.4, 21.8. 

 

 

Trans-cyclohexyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from cyclohexanol (42 mmol) according to GP1.The desired 

product was obtained as a transparent colorless oil, 980 mg, 4.3 mmol, 31.1 % yield. 1H 
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NMR (400 MHz, CDCl3) δ ppm 4.85-4.79 (m, 1 H), 3,79-3.72 (m, 1 H), 2,95-2.94 (m, 1 

H), 2.08-2.01 (m, 2 H), 1.85-1.71 (m, 6 H), 1.56-1.19 (m, 10 H). 13C NMR (101 MHz, 

CDCl3) δ ppm 174.7, 77.2, 72.8, 71.0, 51.4, 33.6, 31.6, 31.5, 28.1, 25.4, 25.2, 24.4, 23.6. 

In order to prove that product is trans isomer instead of cis isomer, crystal structure analysis 

could be done. The absolute stereochemistry of the isomer can be obtained through a test 

of optical rotation.  

 

 

Trans-tert-butyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from t-butyl alcohol (25.3 mmol) according to GP1. The desired 

product was obtained as a transparent colorless oil, 780 mg, 3.9 mmol, 46.2 % yield.1H 

NMR (400 MHz, CDCl3) δ ppm 3.80 – 3.62 (m, 1H), 3.05 – 2.90 (m, 1H), 2.23 – 2.07 (m, 

1H), 2.06 – 1.93 (m, 2H), 1.81 – 1.62 (m, 2H), 1.46 (s, 9H), 1.33 – 1.13 (m, 4H).13C NMR 

(101 MHz, CDCl3) δ ppm 174.7, 81.0, 77.2, 71.0, 52.0, 33.5, 28.1, 25.2, 24.4. 

 

 

Trans-phenyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from phenol (21.6 mmol) according to GP1. The desired product 

was obtained as a transparent colorless oil, 704 mg, 3.2 mmol, 44.4 % yield. 1H NMR (400 

MHz, CDCl3) δ ppm 7.38 (dd, J = 11.0, 4.6 Hz, 2H), 7.25 (d, J = 7.0 Hz, 1H), 7.14 – 6.95 
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(m, 2H), 3.98 – 3.76 (m, 1H), 2.68 (d, J = 3.8 Hz, 1H), 2.62 – 2.43 (m, 1H), 2.26 (dd, J = 

9.5, 5.9 Hz, 1H), 2.14 – 2.00 (m, 1H), 1.93 – 1.69 (m, 2H), 1.50 – 1.12 (m, 4H).13C NMR 

(101 MHz, CDCl3) δ ppm 173.9, 150.6, 129.5, 126.0, 121.5, 71.0, 51.6, 33.7, 28.2, 25.1, 

24.3.  

 

 

Trans-4-methoxyphenyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from 4-methoxyphenol (23.2 mmol) according to GP1. The 

desired product was obtained as a transparent colorless oil, 900 mg, 3.6 mmol, 46.6 % yield. 

1H NMR (400 MHz, CDCl3) δ ppm 7.00 (d, J = 9.1 Hz, 2H), 6.89 (d, J = 9.1 Hz, 2H), 3.87 

(td, J = 10.1, 4.9 Hz, 1H), 3.80 (s, 3H), 2.67 (d, J = 3.8 Hz, 1H), 2.57 – 2.42 (m, 1H), 2.25 

(dd, J = 20.6, 5.1 Hz, 1H), 2.11 – 2.01 (m, 1H), 1.86 – 1.72 (m, 2H), 1.46 – 1.21 (m, 3H).13C 

NMR (101 MHz, CDCl3) δ ppm 174.3, 157.3, 144.0, 122.3, 114.5, 100.0, 71.0, 55.6, 51.5, 

33.7, 28.2, 25.1, 24.3. 

 

 

Trans-4-chlorophenyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from 4-chlorophenol (27.5 mmol) according to GP1. The 

desired product was obtained as a transparent colorless oil, 1.042 g, 4.1 mmol, 44.7 % yield. 
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1H NMR (400 MHz, CDCl3) δ ppm 7.38 – 7.30 (m, 2H), 7.08 – 6.98 (m, 2H), 3.88 (s, 1H), 

2.59 (s, 1H), 2.56 – 2.45 (m, 1H), 2.21 (dd, J = 13.2, 3.0 Hz, 1H), 2.12 – 2.01 (m, 1H), 1.89 

– 1.71 (m, 2H), 1.53 (dd, J = 12.8, 3.3 Hz, 1H), 1.39 – 1.23 (m, 3H). 13C NMR (101 MHz, 

CDCl3) δ ppm 173.7, 149.1, 131.3, 129.5, 122.9, 71.0, 51.6, 33.9, 28.3, 25.0, 24.3. 

 

 

Trans-4-(trifluoromethyl)phenyl-2-hydroxycyclohexane-1-carboxylate 

The product was prepared from 4-(trifluoromethyl)phenol (30.6 mmol) according to GP1. 

The desired product was obtained as a transparent colorless oil, 1.284 g, 4.5 mmol, 44.1 % 

yield. 1H NMR (400 MHz, CDCl3) δ ppm 7.59 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.4 Hz, 

2H), 3.90 – 3.76 (m, 1H), 2.48 (ddd, J = 12.5, 9.9, 3.8 Hz, 1H), 2.39 (d, J = 4.2 Hz, 1H), 

2.22 – 2.09 (m, 1H), 2.06 – 1.93 (m, 1H), 1.81 – 1.71 (m, 2H), 1.34 – 1.16 (m, 4H). 13C 

NMR (101 MHz, CDCl3) δ ppm 173.4, 153.1, 128.4, 128.1, 126.9, 122.1, 71.0, 51.7, 33.9, 

28.3, 24.9, 24.3. 

 

  

Trans-2-hydroxycyclohexyl propionate 

The compound trans-2-hydroxycyclohexyl propionate was prepared following a literature 

procedure.38 The product was prepared from trans-cyclohexane-1,2-diol (10 mmol). The 

desired product was obtained as a transparent colorless oil, 1.308 g, 7.6 mmol, 76.0 % yield. 
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1H NMR (400 MHz, CDCl3) δ ppm 4.58 (td, J = 9.0, 4.7 Hz, 1H), 3.56 (td, J = 9.8, 4.4 Hz, 

1H), 2.45 – 2.25 (m, 2H), 2.08 – 1.99 (m, 2H), 1.80 – 1.62 (m, 2H), 1.33 (qt, J = 12.6, 5.0 

Hz, 4H), 1.16 (t, J = 7.6 Hz, 3H).13C NMR (101 MHz, CDCl3) δ ppm 174.8, 78.1, 72.9, 

33.1, 30.0, 27.9, 23.9, 23.8, 9.2. 

 

General procedure for the kinetic resolution of trans-alkyl-2-

hydroxycyclohexanecarboxylate (GP2) 

To an oven dried 1-dram vial with an oven dried Teflon coated stir bar and activated 4Å 

molecular sieves, the racemic alcohol substrate (0.4 mmol) and catalyst (0.1 mmol) were 

added. The vial was then purged with argon and sealed with a septa. N, N-

diisopropylethylamine (0.24 mmol) was added via syringe and the resulting mixture was 

dissolved in 0.55 ml of THF to make a 0.72 M concentration solution with respect to the 

alcohol. The vial was then cooled to -78 oC for 30 mins. The cooled mixture was then 

treated with a 0.65 M solution of silyl chloride in THF (0.4 ml, 0.26 mmol) and was left to 

react for 48 h at -78 oC.  The resulting solution was 0.42 M with respect to the alcohol.  

After 48 hours, the reaction was quenched with 0.3 ml of methanol.  The solution was 

allowed to warm to room temperature and the crude contents were diluted with diethyl 

ether and transferred to a 4-dram vial. Solvent was removed by rotary evaporator and the 

crude mixture was purified via silica gel chromatography (5% EtOAc in hexanes increasing 

to 10% and 25% EtOAc in hexanes). The silylated alcohol was concentrated and saved for 

analysis and the unreacted alcohol could either be analyzed directly by HPLC or be 

converted to the benzoate ester for HPLC analysis. 
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General procedure for deprotection of silyl ether products (GP3) 

The silyl-protected alcohol (0.1 mmol) was weighed into a 4-dram vial. The vial was then 

equipped with a stir bar and a septa, and the solid was dissolved in 1 mL of THF with 

stirring. To this solution TBAF (1 mL) was added. The reaction was monitored via TLC 

(25% EtOAc in hexanes). The reaction was generally complete in less than 2 h. The 

reaction was then quenched with 2 mL of brine, extracted with 3 mL of diethyl ether three 

times, dried through a pad of silica gel in a pipet. The reaction was concentrated via rotary 

evaporator which afforded an oil. Subsequent purification via silica gel column 

chromatography (10% EtOAc in hexanes gradient to 50% EtOAc in hexanes) afforded the 

deprotected products suitable for conversion to the benzoate ester or direct separation on 

chiral stationary phase HPLC. 

 

General procedure for benzoylation of alcohols for HPLC analysis (GP4) 

A 4-dram vial containing the alcohol (1 equiv) was fitted with a stir bar and a septa. The 

catalyst, 4-dimethylaminopyridine (DMAP, 0.1 equiv.) was added, followed by the 

addition of triethylamine (2.0 equiv) via syringe. The mixture was then dissolved in 

dichloromethane to make a 0.06 M solution. The vial was cooled to 0 C in an ice bath and 

benzoyl chloride (1.4 equiv.) was added to the mixture through a syringe. The reaction was 

allowed to stir for 2 h and quenched with sat. sodium bicarbonate and extracted three time 

with dichloromethane. The crude mixture was then concentrated via rotary evaporator and 

purified by silica gel chromatography (5% EtOAc in hexanes) to obtain the desired 

benzoylated alcohols. The benzoate esters could then be analyzed by HPLC.  
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Analytical Data and HPLC Traces for Kinetic Resolutions 

 

Table 2.2, Entry 1. Recovered starting material:  41 mg, 60 %, colorless oil. 1H NMR 

(400 MHz, CDCl3) δ ppm 4.18 (q, J = 7.1 Hz, 2H), 3.77 (dd, J = 10.1, 5.4 Hz, 1H), 2.90 (s, 

1H), 2.25 (ddd, J = 12.4, 9.9, 3.8 Hz, 1H), 2.11 – 1.93 (m, 2H), 1.83 – 1.62 (m, 2H), 1.39 

– 1.17 (m, 7H). 13C NMR (101 MHz, CDCl3) δ ppm 175.3, 70.9, 60.6, 51.3, 33.6, 28.1, 

25.1, 24.3, 14.2. Optical Rotation [α]25D: +14.4 (c = 0.04) CHCl3. Absolute 

stereochemistry of (+)-(1S,2S)-ethyl-2-hydroxycyclohexane-1-carboxylate was 

determined by comparing to a literature reference39-40 [α]25D: +43° (c = 1.0, CHCl3) for 

(1S,2S)-ethyl-2-hydroxycyclohexane-1-carboxylate). HPLC separation for the starting 

material was as follows using the corresponding benzoate ester of the starting material 

through GP4. 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

The desired product was isolated after column chromatography (10% EtOAc in hexane) as 

a colorless oil, 11 mg, 80 % yield. 1H NMR (400 MHz, CDCl3) δ ppm 8.01 (d, J = 7.2 Hz, 

2H), 7.54 (t, J = 7.3 Hz, 1H), 7.42 (t, J = 7.6 Hz, 2H), 5.22 (td, J = 10.1, 4.4 Hz, 1H), 4.21 

– 3.90 (m, 2H), 2.79 – 2.56 (m, 1H), 2.22 (dd, J = 10.5, 5.6 Hz, 1H), 2.11 – 1.96 (m, 1H), 

1.77 – 1.22 (m, 6H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 173.5, 
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165.6, 132.8, 129.6, 128.9, 128.3, 73.9, 60.5, 48.9, 30.9, 28.4, 24.5, 23.9, 14.1. HPLC 

condition41 Chiralpak OD-H Column 5% isopropyl alcohol in hexane, flow rate: 1 mL/min, 

25 °C ts 6.4 min for (S)-enantiomer (major) and tR 7.8 min for (R)-enantiomer (minor). (er 

= 71.6:28.4) In order to prove that product is trans isomer instead of cis isomer, crystal 

structure analysis could be done. The absolute stereochemistry of the isomer can be 

obtained through a test of optical rotation.  

 

 
 

Figure 2.6 HPLC Data of SM of Table 2.2 Entry 1  

 

 

Recovered Product: 67 mg, 30 %, colorless oil.  1H NMR (400 MHz, CDCl3) δ ppm 7.52 

(d, J = 8.0 Hz, 6H), 7.20 (d, J = 7.9 Hz, 6H), 4.10 – 3.75 (m, 3H), 2.89 (dt, J = 13.8, 6.9 

Hz, 3H), 2.50 (ddd, J = 13.3, 9.6, 3.8 Hz, 1H), 1.93 – 1.76 (m, 2H), 1.62 – 1.38 (m, 4H), 

1.35 – 1.14 (m, 18H), 1.13 – 1.06 (m, 3H), 1.03 – 0.68 (m, 2H).13C NMR (101 MHz, 

CDCl3) δ ppm 175.0, 150.3, 135.6, 132.2, 125.8, 73.1, 60.2, 52.5, 35.0, 34.1, 28.4, 24.5, 

24.1, 23.9, 14.1. Optical Rotation [α]25D: -7.2 (c = 0.023) CHCl3. IR (neat, cm-1) 2960, 

2931, 2868, 1728, 1599, 1462, 1394, 1181, 1117, 1049, 879, 771. Calculated for 

(C27H33O3Si) (M-iPrPh): 437.2512 Observed: 437.2509. The same conditions as the 
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benzoate ester of the starting material were utilized. The same conditions as the recovered 

starting materials were utilized. (er = 90.2: 9.8) 

 

 
 

Figure 2.7 HPLC Data of PR of Table 2.2 Entry 1  

 

Table 2.3 Kinetic Resolution Data for Table 2.2, Entry 1 

 

 erSM erPR % conv  s s average  

1 71.6: 28.4 90.2:9.8 35.5 13.8 14.0 

2 67.0: 33.0 8.9: 91.1  29.3 14.1 

 

  

Table 2.2, Entry 2. Recovered starting material: 36 mg, 52 %, colorless oil. 1H NMR (400 

MHz, CDCl3) δ ppm 5.06 (s, 1H), 3.76 (td, J = 10.0, 4.6 Hz, 1H), 2.21 (ddd, J = 13.1, 10.3, 

4.2 Hz, 1H), 2.08 – 1.96 (m, 2H), 1.83 – 1.66 (m, 2H), 1.38 – 1.19 (m, 9H).13C NMR (101 

MHz, CDCl3) δ ppm 174.8, 71.0, 68.0, 51.4, 33.6, 78.0, 25.1, 24.4, 21.8. Absolute 

stereochemistry of (+)-(1S,2S)-isopropyl-2-hydroxycyclohexane-1-carboxylate was 

determined by reducing the ester with LiAlH4 in diethyl ether to give the diol 2-

(hydroxymethyl)cyclohexan-1-ol.  The optical rotation of that compound was compared 

to literature values, which confirmed the stereochemistry (+)-(1S,2R)-2-
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(hydroxymethyl)cyclohexan-1-ol. (synthetic, [α]25D: + 8.4 (c = 0.01) CHCl3; lit 
42 [α]25D: 

+ 27.2. EtOH) 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

12 mg, 80 % yield. 1H NMR (400 MHz, CDCl3) δ ppm  8.05 – 7.98 (m, 2H), 7.54 (t, J = 

7.4 Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 5.22 (td, J = 10.3, 4.3 Hz, 1H), 4.95 (dt, J = 12.5, 6.3 

Hz, 1H), 2.70 – 2.57 (m, 1H), 2.28 – 2.16 (m, 1H), 2.05 (dd, J = 8.8, 6.3 Hz, 1H), 1.86 – 

1.71 (m, 2H), 1.60 (dd, J = 12.7, 9.1 Hz, 2H), 1.50 – 1.39 (m, 2H), 1.13 (d, J = 6.3 Hz, 3H), 

1.09 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 173.0, 165.5, 132.8, 130.4, 

129.6, 128.3, 74.0, 67.7, 49.2, 30.9, 28.4, 24.5, 23.9, 21.6. HPLC condition: Chiralpak IC 

Column pure hexane, flow rate: 1 mL/min, 25 °C; tR 14.8 min for (R)-enantiomer (minor) 

and tS 15.4 min for (S)-enantiomer (major). (er =82.5:17.5)  

 

 

 
 

Figure 2.8 HPLC Data of SM of Table 2.2 Entry 2  
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Recovered Product: 68 mg, 30 %, colorless oil.  1H NMR (400 MHz, CDCl3) δ ppm 7.53 

(d, J = 7.9 Hz, 6H), 7.20 (d, J = 7.9 Hz, 6H), 4.87 (dt, J = 12.5, 6.2 Hz, 1H), 4.03 (td, J = 

10.0, 4.3 Hz, 1H), 2.89 (hept, J = 6.9 Hz, 3H), 2.47 (ddd, J = 11.8, 9.4, 3.8 Hz, 1H), 1.83 

(ddd, J = 12.6, 10.0, 4.7 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.43 – 1.34 (m, 2H), 1.24 (d, J = 6.9 

Hz, 18H), 1.17 – 0.99 (m, 8H).13C NMR (101 MHz, CDCl3) δ ppm 174.5, 150.2, 135.6, 

132.3, 125.8, 72.8, 67.4, 52.5, 34.9, 34.1, 28.4, 24.5, 23.6, 21.9, 21.6. IR (neat, cm-1) 2959, 

2930, 1731, 1600, 1554, 1460, 1394, 1264, 1182, 1118, 1050, 822. HRMS (EI+) Calculated 

for (C28H39O3Si) (M-iPrPh): 451.2668. Observed: 451.2676. The same separation 

conditions as the benzoate ester of the starting material were utilized (er = 85.0:15.0) 

 

 
 

Figure 2.9 HPLC Data of PR of Table 2.2 Entry 2  

 

Table 2.4 Kinetic Resolution Data for Table 2.2, Entry 2 

 

 erSM erPR % conv  s s average  

1 82.5: 17.5 85.0:15.0 47.8 10.8 10 

2 66.4: 33.6 13.0: 87.0 30.7 9.2 
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Table 2.2, Entry 3. Recovered starting material: 59 mg, 65 %, 1H NMR (400 MHz, CDCl3) 

δ ppm 4.85-4.79 (m, 1 H), 3,79-3.72 (m, 1 H), 2,95-2.94 (m, 1 H), 2.08-2.01 (m, 2 H), 

1.85-1.71 (m, 6 H), 1.56-1.19 (m, 10 H).13C NMR (101 MHz, CDCl3) δ ppm 174.7, 77.2, 

72.8, 71.0, 51.4, 33.6, 31.6, 31.5, 28.1, 25.4, 25.2, 24.4,23.6. Optical Rotation [α]25D: 

+18.0 (c = 0.037) CHCl3. IR (neat, cm-1) 3443, 2930, 2858, 1726, 1450, 1250, 1122, 1038, 

1017, 913, 892, 742. HRMS (EI+) Calculated for (C13H22O3) (M+): 226.1569 Observed: 

226.1570. HPLC separation for the starting material was achieved by converting the 

alcohol into a benzoate ester through GP4 in order to provide a chromophore. 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

The desired product was isolated as a colorless oil, 13 mg, 80 % yield. 1H NMR (400 MHz, 

CDCl3) δ ppm 8.00 (d, J = 7.1 Hz, 2H), 7.47 (dt, J = 37.6, 7.5 Hz, 3H), 5.22 (td, J = 10.2, 

4.3 Hz, 1H), 4.72 (tt, J = 9.0, 4.4 Hz, 1H), 2.73 – 2.53 (m, 1H), 2.31 – 2.14 (m, 1H), 2.12 

– 1.94 (m, 1H), 1.72 – 1.19 (m, 16H). 13C NMR (101 MHz, CDCl3) δ ppm 172.9, 165.6, 

132.8, 130.0, 128.8, 128.3, 74.0, 72.6, 49.3, 31.5, 31.4, 30.9, 30.4, 28.9, 28.5, 25.3, 24.5, 

23.9. Optical Rotation [α]25D: +20.0 (c = 0.031) CHCl3. IR (neat, cm-1) 2936, 1722, 1451, 

1316, 1266, 1181, 1109, 1070, 1029, 711. HRMS (EI+) Calculated for: 330.1831 Observed: 
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330.1835. HPLC condition: IC Column pure hexane, flow rate: 1 mL/min, 25 °C; tR 12.9 

min for (R)-enantiomer (minor) and tS 15.9 min for (S)-enantiomer (major). (er = 65.9:34.1)  

 

 

 
 

Figure 2.10 HPLC Data of SM of Table 2.2 Entry 3  

 

 

Recovered Product: 68 mg, 28 %, colorless oil.  1H NMR (400 MHz, CDCl3) δ ppm 7.58-

7.50 (m, 8H), 7.23-7.18 (m, 4H), 4.68-4.61 (m, 1H), 4.07-4.00 (m, 1H), 2.95-2.85 (m, 3 

H), 2.53-2.45 (m, 1 H), 1.98-1.60 (m, 9H), 1.41-1.33 (m, 6H), 1.27-1.24 (t, 18H), 1.22-

0.92 (m, 3H).13C NMR (101 MHz, CDCl3) δ ppm 150.4, 135.6, 129.2, 126.0, 123.1, 77.2, 

52.6, 38.7, 35.0, 34.1, 30.4, 28.9, 28.5, 24.5, 24.0, 23.9, 23.0, 14.1, 11.0. Optical Rotation 

[α]25D: -22.0 (c = 0.014) CHCl3. IR (neat, cm-1) 2934, 2858, 1717, 1648, 1448, 1122, 1057, 

984, 903, 864, 831, 771. HRMS (EI+) Calculated for (C40H54O3Si) (M+): 610.3842 

Observed: 610.3852.  
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Table 2.5 Kinetic Resolution Data for Table 2.2, Entry 3 

 

 erSM % conv (1H NMR) s s average  

1 65.9: 34.1 30.0 9.0 8.0 

2 64.2: 35.8 29.2 7.1 

 

 

Table 2.2, Entry 4. Recovered starting material:  72 mg, 90%, colorless oil. 1H NMR 

(400 MHz, CDCl3) δ ppm 3.80 – 3.62 (m, 1H), 3.05 – 2.90 (m, 1H), 2.23 – 2.07 (m, 1H), 

2.06 – 1.93 (m, 2H), 1.81 – 1.62 (m, 2H), 1.46 (s, 9H), 1.33 – 1.13 (m, 4H).13C NMR (101 

MHz, CDCl3) δ ppm 174.7, 81.0, 77.2, 71.0, 52.0, 33.5, 28.1, 25.2, 24.4.  HPLC separation 

for the starting material was achieved by converting the alcohol into a benzoate ester 

through GP4 in order to provide a chromophore. 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

The desired product was isolated after column chromatography (10% EtOAc in hexane) as 

a colorless oil, 12 mg, 78 % yield. 1H NMR (400 MHz, CDCl3) δ ppm 8.05 (d, J = 7.0 Hz, 

2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 2.64 – 2.48 (m, 1H), 2.28 – 2.13 (m, 

1H), 2.08 (dd, J = 7.3, 5.4 Hz, 1H), 1.87 – 1.62 (m, 3H), 1.53 – 1.37 (m, 4H), 1.35 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ ppm 132.8, 130.9, 130.5, 129.6, 128.8, 128.3, 50.2, 38.7, 
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30.9, 28.5, 27.9, 24.6, 24.0, 23.0. Optical Rotation [α]25D: +11.0 (c = 0.031) CHCl3. IR 

(neat, cm-1) 2860, 1718, 1602, 1458, 1388, 1316, 1181, 1108, 1070, 983, 804, 711. HRMS 

(EI+) Calculated for (C18H24O4) (M+): 304.1675 Observed: 304.1679. HPLC condition: 

Chiralpak AD Column 3% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; tR 5.1 

min for (R)-enantiomer (minor) and tS 6.5 min for (S)-enantiomer (major). (er = 51.6:48.4) 

 

 

 
 

Figure 2.11 HPLC Data of SM of Table 2.2 Entry 4  

 

 

Recovered Product:  9 mg, 4%, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.57 (d, 

J = 8.0 Hz, 6H), 7.23 (d, J = 7.9 Hz, 6H), 4.06 (td, J = 9.9, 4.2 Hz, 1H), 2.92 (dt, J = 13.8, 

6.9 Hz, 3H), 2.42 (ddd, J = 11.4, 9.2, 3.9 Hz, 1H), 1.87 (ddd, J = 16.5, 13.7, 3.4 Hz, 2H), 

1.64 – 1.54 (m, 2H), 1.43 (dd, J = 16.9, 7.5 Hz, 2H), 1.35 (s, 9H), 1.27 (d, J = 6.9 Hz, 18H), 

1.22 – 1.11 (m, 2H).13C NMR (101 MHz, CDCl3) δ ppm 174.3, 150.2, 135.7, 132.4, 125.8, 

79.8, 72.8, 53.2, 34.8, 34.1, 28.4, 28.0, 24.5, 24.0, 23.9. Optical Rotation [α]25D: -4.6 (c 

= 0.018) CHCl3. IR (neat, cm-1) 2935, 2863, 1720, 1602, 1451, 1367, 1270, 1155, 1108, 

1026, 978, 847, 864, 742.  
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Table 2.6 Kinetic Resolution Data for Table 2.2, Entry 4 

 

 erSM % conv (1H NMR) s s average  

1 52.0:48.0 6.2 4.2 4.4 

2 51.6:48:4 4.8 4.6 

 

 

Table 2.2, Entry 5. Recovered starting material:  44 mg, 50 %. 1H NMR (400 MHz, 

CDCl3) δ ppm 7.38 (dd, J = 11.0, 4.6 Hz, 2H), 7.25 (d, J = 7.0 Hz, 1H), 7.14 – 6.95 (m, 

2H), 3.98 – 3.76 (m, 1H), 2.68 (d, J = 3.8 Hz, 1H), 2.62 – 2.43 (m, 1H), 2.26 (dd, J = 9.5, 

5.9 Hz, 1H), 2.14 – 2.00 (m, 1H), 1.93 – 1.69 (m, 2H), 1.50 – 1.12 (m, 4H).13C NMR (101 

MHz, CDCl3) δ ppm 173.9, 150.6, 129.5, 126.0, 121.5, 71.0, 51.6, 33.7, 28.2, 25.1, 24.3. 

Optical Rotation [α]25D: +42.0 (c = 0.034) CHCl3. IR (neat, cm-1) 3377, 2928, 1743, 1487, 

1365, 1289, 1219, 1161, 1046, 970, 922, 798. HPLC conditions: Chiralpak AD-H Column 

5% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; tR 18.6 min for (R)-

enantiomer (minor) and 24.1 min for (S)-enantiomer (major). (er = 62.9:37.1) 

 

 

 
 

Figure 2.12 HPLC Data of SM of Table 2.2 Entry 5  
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Recovered Product: 85 mg, 35%, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm  7.55 

(d, J = 7.7 Hz, 6H), 7.30 – 7.15 (m, 8H), 6.84 (dd, J = 8.3, 1.0 Hz, 1H), 4.29 – 4.04 (m, 

1H), 2.91 (dt, J = 13.4, 6.8 Hz, 3H), 2.78 (ddd, J = 11.4, 9.4, 8.5 Hz, 1H), 2.18 – 1.87 (m, 

2H), 1.71 – 1.52 (m, 2H), 1.49 – 1.31 (m, 2H), 1.25 (dd, J = 6.9, 3.6 Hz, 18H), 1.15 – 0.88 

(m, 2H).13C NMR (101 MHz, CDCl3) δ ppm 172.1, 150.8, 150.4, 135.7, 132.0, 129.1, 

126.1, 125.3, 121.7, 69.8, 48.5, 34.1, 32.9, 24.5, 23.9, 22.8, 20.2. Optical Rotation [α]25D: 

-32.2 (c = 0.014) CHCl3. IR (neat, cm-1) 3375, 2864, 1593, 1448, 1416, 1251, 1143, 1070, 

952, 906, 887, 743. HRMS (EI+) Calculated for (C40H48O3Si) (M+): 604.3373 Observed: 

604.3385. The selectivity factor of the kinetic resolution was obtained using the er of the 

recovered starting material and 1H NMR conversion. 

 

Table 2.7 Kinetic Resolution Data for Table 2.2, Entry 5 

 

 erSM % conv (1H NMR) s s average  

1 62.9:37.1 41.0 2.8 3.0 

2 64.2:35.8 41.2 3.1 

 

 

Table 2.2, Entry 6. Recovered starting material: 70 mg, 70%. 1H NMR (400 MHz, CDCl3) 

δ ppm  7.00 (d, J = 9.1 Hz, 2H), 6.89 (d, J = 9.1 Hz, 2H), 3.87 (td, J = 10.1, 4.9 Hz, 1H), 

3.80 (s, 3H), 2.67 (d, J = 3.8 Hz, 1H), 2.57 – 2.42 (m, 1H), 2.25 (dd, J = 20.6, 5.1 Hz, 1H), 
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2.11 – 2.01 (m, 1H), 1.86 – 1.72 (m, 2H), 1.46 – 1.21 (m, 3H).13C NMR (101 MHz, CDCl3) 

δ ppm 174.3, 157.3, 122.3, 114.5, 100.0, 71.0, 55.6, 51.5, 33.7, 28.2, 25.1, 24.3. Optical 

Rotation [α]25D: +12.0 (c = 0.033) CHCl3. IR (neat, cm-1) 2938, 2861, 1760, 1713, 1656, 

1608, 1444, 1358, 1296, 1247, 1214, 1140, 1038, 898, 822, 793, 735. HRMS (EI+) 

Calculated for (C14H18O4) (M+): 250.1205 Observed: 254.1209. HPLC conditions for the 

starting material was as follows directly using the starting material: Chiralpak OD-H 

Column 5% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; tR 4.4 min for (R)-

enantiomer (minor) and 4.8 min for (S)-enantiomer (major). (er = 57.5:42.5) 

 

 

 
 

Figure 2.13 HPLC Data of SM of Table 2.2 Entry 6 

 

 

Recovered Product: 38 mg, 15%, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.56-

7.54 (m, 6H), 7.21-7.18 (m, 6H), 6.79-6.71 (m, 4H), 4.16-4.08 (m, 1H), 3.78 (s, 3H), 2.94-

2.85 (m, 3H), 2.75-2.71 (m, 1H), 2.10-2.04 (m, 1H), 1.93-1.87 (m, 1H), 1.68-1.64 (m, 2H), 

1.49-1.38 (m, 2H), 1.25 (dd, J = 6.9, 3.6 Hz, 18H), 0.97-0.86 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ ppm 173.8, 157.0, 150.3, 144.3, 135.7, 132.1, 125.9, 122.5, 114.2, 73.0, 55.5, 
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52.5, 35.0, 34.1, 31.6, 28.6, 24.5, 23.9. Optical Rotation [α]25D: -8.6 (c = 0.013) CHCl3. 

IR (neat, cm-1) 3440, 2935, 1748, 1722, 1448, 1296, 1247, 1147, 1065, 1030, 999, 972, 

911, 868, 839, 819, 763. HRMS (EI+) Calculated for (C41H50O4Si) (M+): 634.3478 

Observed: 634.3494.  

 

Table 2.8 Kinetic Resolution Data for Table 2.2, Entry 6 

 

 erSM % conv (1H NMR) s s average  

1 57.5:42.5 20.4 4.7 4.4 

2 56.1:43.9 18.0 3.9 

 

 

Table 2.2, Entry 7. Recovered starting material: 50 mg, 49 %. 1H NMR (400 MHz, CDCl3) 

δ ppm 7.38 – 7.30 (m, 2H), 7.08 – 6.98 (m, 2H), 3.88 (s, 1H), 2.59 (s, 1H), 2.56 – 2.45 (m, 

1H), 2.21 (dd, J = 13.2, 3.0 Hz, 1H), 2.12 – 2.01 (m, 1H), 1.89 – 1.71 (m, 2H), 1.53 (dd, J 

= 12.8, 3.3 Hz, 1H), 1.39 – 1.23 (m, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 173.7, 149.1, 

131.3, 129.5, 122.9, 71.0, 51.6, 33.9, 28.3, 25.0, 24.3. Optical Rotation [α]25D: +22.0 (c 

= 0.033) CHCl3. IR (neat, cm-1) 2936, 1728, 1601, 1486, 1463, 1325, 1263, 1124, 1081, 

1024, 960, 853, 778. HRMS (EI+) Calculated for (C15H15ClO3) (M+): 254.0710 

Observed: 254.0716. The optical rotation of that compound was compared to literature 

values, which confirmed the stereochemistry (+)-(1S,2R)-2-(hydroxymethyl)cyclohexan-

1-ol. (synthetic, [α]25D: + 6.2 (c = 0.01) CHCl3; lit 42 [α]25D: + 27.2. EtOH) HPLC 

conditions for the starting material were as follows directly using the starting material: 
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Chiralpak OJ-H Column 10% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; tR 

25.7 min for (R)-enantiomer (minor) and 27.1 min for (S)-enantiomer (major). (er = 

17.5:82.5) 

 

 

 
 

Figure 2.14 HPLC Data of SM of Table 2.2 Entry 7 

 

 

Recovered Product: 77 mg, 30 %, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm  7.54 

(t, J = 7.4 Hz, 8H), 7.23 – 7.17 (m, 8H), 6.73 (d, J = 8.8 Hz, 1H), 4.10 (td, J = 10.2, 4.2 Hz, 

1H), 2.95 – 2.88 (m, 3H), 2.83 – 2.70 (m, 1H), 2.12 – 1.84 (m, 2H), 1.65 (t, J = 12.8 Hz, 

2H), 1.26 – 1.22 (m, 19H), 1.04 – 0.83 (m, 2H).13C NMR (101 MHz, CDCl3) δ ppm 173.3, 

150.4, 149.3, 135.6, 132.0, 129.2, 129.6, 125.9, 123.1, 73.1, 52.6, 35.0, 34.1, 28.5, 24.5, 

24.0, 23.9. Optical Rotation [α]25D: -42.0 (c = 0.013) CHCl3. IR (neat, cm-1) 2859, 1601, 

1584, 1450, 1371, 1352, 1286, 1068, 1044, 960, 913, 850, 752, 698. HRMS (EI) 

Calculated for (C40H47ClO3Si) (M-H): 637.2905 Observed: 637.2870.  
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Table 2.9 Kinetic Resolution Data for Table 2.2, Entry 7 

 

 erSM % conv  s s average  

1 82.5:17.5 42.8 27.8 27 

2 81.0:19.0 41.7 26.4 

 

 

Table 2.2, Entry 8. Recovered starting material: 31 mg, 62 %. 1H NMR (400 MHz, CDCl3) 

δ ppm 7.59 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 3.90 – 3.76 (m, 1H), 2.48 (ddd, J 

= 12.5, 9.9, 3.8 Hz, 1H), 2.39 (d, J = 4.2 Hz, 1H), 2.22 – 2.09 (m, 1H), 2.06 – 1.93 (m, 1H), 

1.81 – 1.71 (m, 2H), 1.34 – 1.16 (m, 4H). 13C NMR (101 MHz, CDCl3) δ ppm 173.4, 153.1, 

128.4, 128.1, 126.9, 122.1, 71.0, 51.7, 33.9, 28.3, 24.9, 24.3. Optical Rotation [α]25D: 

+16.0 (c = 0.032) CHCl3. IR (neat, cm-1) 3503, 3080, 2939, 2863, 1733, 1610, 1514, 1451, 

1415, 1322, 1248, 1204, 1106, 1017, 994, 979, 852, 745, 706. HRMS (EI+) Calculated for 

(C14H15F3O3) (M+): 288.0973 Observed: 288.0978. The optical rotation of that 

compound was compared to literature values, that matched the reference. (synthetic, [α]25D: 

+ 10.0 (c = 0.01) CHCl3; lit 
42 [α]25D: + 27.2. EtOH) HPLC conditions for the starting 

material was as follows directly using the starting material: Chiralpak OD-H Column 8 % 

isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; tR 12.4 min for (R)-enantiomer 

(minor) and 13.3 min for (S)-enantiomer (major). (er = 68.8:31.2) 
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Figure 2.15 HPLC Data of SM of Table 2.2 Entry 8 

 

 

Recovered Product: 34 mg, 29 %, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.53 

(d, J = 8.0 Hz, 8H), 7.20 (m, 6H), 6.90 (d, J = 8.4 Hz, 2H), 4.11 (td, J = 10.1, 4.4 Hz, 1H), 

2.90 (d, J = 6.9 Hz, 3H), 2.77 (ddd, J = 11.2, 8.6, 2.6 Hz, 1H), 2.08 (dd, J = 13.1, 4.8 Hz, 

1H), 1.92 (dd, J = 14.0, 2.8 Hz, 2H), 1.68 (dd, J = 12.3, 3.0 Hz, 2H), 1.52 – 1.36 (m, 3H), 

1.25 (d, 18H). 13C NMR (101 MHz, CDCl3) δ ppm 173.0, 153.3, 150.5, 150.3, 135.6, 133.2, 

131.9, 126.5, 125.9, 122.2, 73.2, 60.2, 52.7, 35.0, 34.1, 28.5, 24.5, 23.8. IR (neat, cm-1) 

2960, 2954, 1763, 1734, 1600, 1460, 1395, 1324, 1167, 1093, 1050, 1018, 879, 822, 770. 

HRMS (EI+) Calculated for (C32H36F3O3Si) (M-iPrPh): 553.2386 Observed: 553.2381. 

  

Table 2.10 Kinetic Resolution Data for Table 2.2, Entry 8 

 

 erSM % conv (1H NMR) s s average  

1 69.6:30.4 30.0 33 35 

2 68.9:31.2 29.0 37 
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Table 2.2, Entry 9. Recovered starting material: 37 mg, 54%.  1H NMR (400 MHz, 

CDCl3) δ ppm 4.58 (td, J = 9.0, 4.7 Hz, 1H), 3.56 (td, J = 9.8, 4.4 Hz, 1H), 2.45 – 2.25 (m, 

2H), 2.08 – 1.99 (m, 2H), 1.80 – 1.62 (m, 2H), 1.33 (qt, J = 12.6, 5.0 Hz, 4H), 1.16 (t, J = 

7.6 Hz, 3H).13C NMR (101 MHz, CDCl3) δ ppm 174.8, 78.1, 72.9, 33.1, 30.0, 27.9, 23.9, 

23.8, 9.2. HPLC separation for the starting material was achieved by converting the alcohol 

into a benzoate ester through GP4 in order to provide a chromophore. 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

The desired product was isolated after column chromatography (10% EtOAc in hexane) as 

a colorless oil, 11 mg, 83 % yield. 1H NMR (400 MHz, CDCl3) δ ppm 8.04 – 7.97 (m, 2H), 

7.55 (s, 1H), 7.43 (t, J = 7.6 Hz, 2H), 5.04 (dd, J = 5.7, 3.7 Hz, 2H), 2.35 – 1.89 (m, 4H), 

1.78 (d, J = 6.5 Hz, 2H), 1.43 (d, J = 10.3 Hz, 4H), 1.00 (t, J = 7.6 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ ppm 174.0, 166.0, 133.0, 130.0, 129.6, 128.4, 74.7, 73.3, 30.3, 30.2, 27.8, 

23.6, 23.5, 9.2. HPLC conditions: Chiralpak AD-H Column 2% isopropyl alcohol in 

hexane, flow rate: 1 mL/min, 25 °C; tR 10.6 min for (R)-enantiomer (minor) and tS 11.3 

min for (S)-enantiomer (major). (er = 60.3:39.7) 
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Figure 2.16 HPLC Data of SM of Table 2.2 Entry 9 

 

 

Recovered Product: 62 mg, 28%, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.51 

(d, 6H), 7.21 (d, 6H), 4.80 (td , 1H), 3.76 (td, 1H), 3.00 – 2.79 (m, 3H), 2.12 – 1.83 (m, 

3H), 1.77 – 1.30 (m, 7H), 1.25 (d, 18H), 0.90 (d, 3H).  13C NMR (101 MHz, CDCl3) δ 

ppm 174.0, 150.3, 135.6, 132.2, 128.8, 125.9, 76.9, 73.4, 34.1, 33.9, 29.9, 27.4, 23.9, 23.5, 

8.9. Optical Rotation [α]25D: -14.0 (c = 0.015) CHCl3. IR (neat, cm-1) 2957, 2870, 1736, 

1599, 1459, 1394, 1263, 1191, 1097, 1049, 1019, 939, 914, 881, 872, 811, 770. HRMS 

(EI+) Calculated for (C36H48O3Si) (M+): 556.3373 Observed: 556.3383. The same 

separation conditions as the benzoate ester of the SM were utilized. (er = 66.7:33.3)  

 

 
 

Figure 2.17 HPLC Data of PR of Table 2.2 Entry 9 
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Table 2.11 Kinetic Resolution Data for Table 2.2, Entry 9 

 

 erSM erPR % conv  s s average  

1 60.3:39.7 66.7:33.3 38.1 2.4 3.0 

2 61.0:39.0 73.8:26.2 31.5 3.5 

 

 

Table 2.2, Entry 10. Recovered starting material: 30 mg, 48%.  1H NMR (400 MHz, 

CDCl3) δ ppm 7.53 (d, J = 7.9 Hz, 6H), 7.22 (d, J = 7.8 Hz, 6H), 4.61 (dd, J = 10.0, 5.0 Hz, 

1H), 4.05 – 3.78 (m, 2H), 2.89 (td, J = 13.5, 6.7 Hz, 4H), 2.13 – 1.94 (m, 1H), 1.83 – 1.58 

(m, 5H), 1.25 (d, J = 6.9 Hz, 18H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ ppm 175.0, 60.6, 52.7, 34.1, 27.2, 22.0, 14.3. HPLC separation for the starting material 

was achieved by converting the alcohol into a benzoate ester through GP4 in order to 

provide a chromophore.39 

 

 

The product was prepared from recovered starting material (0.05 mmol) according to GP4. 

The desired product was isolated after column chromatography (10% EtOAc in hexane) as 

a colorless oil, 12 mg, 90 % yield. 1H NMR (400 MHz, CDCl3) δ ppm  8.02 (d, J = 7.1 

Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.5 Hz, 2H), 5.58 (dt, J = 8.3, 4.1 Hz, 1H), 

4.35 – 4.00 (m, 2H), 3.12 – 2.84 (m, 1H), 2.29 – 2.02 (m, 2H), 2.00 – 1.70 (m, 4H), 1.26 

(t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 174.1, 166.0, 132.9, 130.4, 129.6, 
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128.3, 79.0, 60.8, 50.6, 32.7, 28.9, 23.7, 14.2.  HPLC condition: Chiralpak OD-H Column 

5% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 °C; ts 6.4 min for (S)-enantiomer 

(major) and tR 7.8 min for (R)-enantiomer (minor). (er = 60.6:39.4)  

 

 
 

Figure 2.18 HPLC Data of SM of Table 2.2 Entry 10 

 

 

Recovered Product: 85 mg, 39 %, colorless oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.53 

(d, J = 7.9 Hz, 6H), 7.22 (d, 6H), 4.61 (dd, J = 10.0, 5.0 Hz, 1H), 4.05 – 3.78 (m, 2H), 2.89 

(td, 4H), 2.13 – 1.94 (m, 1H), 1.83 – 1.58 (m, 5H), 1.25 (d, 18H), 1.12 (t, 3H).13C NMR 

(101 MHz, CDCl3) δ ppm 175.3, 150.0, 135.6, 131.8, 125.9, 78.0, 60.2, 53.3, 35.5, 34.2, 

28.3, 23.9, 23.1, 14.1. Optical Rotation [α]25D: -31.0 (c = 0.015) CHCl3. As the product 

is not known compound, infrared spectrum and high-resolution mass spectrum had to be 

taken. IR (neat, cm-1) 2960, 2871, 1731, 1600, 1394, 1188, 1092, 1018, 860, 821, 769. 

HRMS (EI+) Calculated for (C35H46O3Si) (M+): 542.3216 Observed: 542.3199. The 

infrared spectrum and high-resolution mass spectrum proved the product was the target 

product. HPLC data is of the desilylated products via GP3 followed by conversion to the 

corresponding benzoate ester. The same separation conditions as the benzoate ester of the 



www.manaraa.com

80 
 

starting material were utilized. (er = 63.2:36.8) In order to prove that product is trans 

isomer instead of cis isomer, crystal structure analysis could be done. The absolute 

stereochemistry of the isomer can be obtained through a test of optical rotation.  

 

 
 

Figure 2.19 HPLC Data of PR of Table 2.2 Entry 10 

 

Table 2.12 Kinetic Resolution Data for Table 2.2, Entry 10 

 

 erSM erPR % conv  s s average  

1 60.6:39.4 63.2:36.8 44.5 2.0 2.7 

2 65.6:34.4 70.2:29.8 43.6 3.1 
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CHAPTER 3 

INVESTIGATION OF CATION-Π INTERACTION BETWEEN 

ISOTHIOUREA CATALYST AND trans-2-

PHENYLCYCLOHEXANOL 

 

3.1 Introduction 

Isothiourea catalysts1 have successfully shown excellent selectivities in our 

silylation-based kinetic resolution system. Selectivity factors up to 100 were obtained when 

(-)-benzotetramisole 1.4 was used to resolve α-hydroxy lactones (Scheme 3.1).2-4 An 

investigation on how isothiourea catalysts dictate the enantioselectivity in our system 

directed the progression of our research. Our group has performed mechanistic research to 

explore the mechanism of our silylation-based kinetic resolution system and to understand 

the intermediate formed when the isothiourea catalyst reacts with the silyl chloride.5-6 This 

work suggested the isothiourea catalysts would serve as a nucleophile to attack the silyl 

chloride and a cationic intermediate is formed on the isothiourea. This provides the 

possibility of a cation-π7-8 interaction between the cationic catalyst and a π system in the 

substrate which has been suggested to be a key factor to control the selectivity in other 

asymmetric reactions.9-11 We wondered if that same electronic interaction between our 

cationic intermediate and a pi system around the alcohols control the selectivity of our 

kinetic resolution. Understanding the potential cation-π interaction in our system would 
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provide an efficient path to discover more substrate candidates without a time-consuming 

screen of substrates. This chapter will focus on exploration of cation-π interaction between 

trans-2-phenylcyclohexanol and (-)-benzotetramisole (1.4) (most suitable isothiourea 

catalyst for trans-2-phenylcyclohexanol) in our silylation-based kinetic resolution system. 

 

 
 

Scheme 3.1 Silylation-Based Kinetic Resolutions of Wiskur Group 

 

In Chapter 2, trans alkyl-2-hydroxycyclohexanecarboxylate substrates were used 

to explore the electrostatic interactions between a π system adjacent to the resolving alcohol 

and an isothiourea catalyst (Scheme 3.2). It was discovered that electrostatic interactions 

between the π system of an ester group adjacent to the resolving alcohol and a cationic 

catalyst complex aid in controlling the selectivity. When the ester is derivatized with alkyl 

groups, an electrostatic attraction between the esters and the catalyst seem to dominate 

selectivity control. Electrostatic interactions are hypothesized to be controlled by a cation-

π interaction between the ester and the cationic catalyst intermediate (Figure 3.1).  

However, when the ester is derivatized with phenyl groups, edge to face π-π interactions 

between the phenyl group on the ester and one of the aromatic groups on the catalyst 

intermediate predominant in controlling stereochemistry (Figure 3.2). In this case, we have 
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determined that depending on the nature of the substrate, different interactions aid in 

controlling the selectivity.  We were interested in exploring whether the selectivity of our 

kinetic resolution with a different alcohol substrate would show control through a cation-

pi interaction or if another interaction would again dominate controlling the selectivity. 

Our previous LFER study had too many pi systems (the phenyl group and the ester it was 

attached to) allowing for multiple interactions, therefore we decided to simplify the 

substrate to include only one π system, an aryl group.  Since aromatic systems have been 

shown to provide a decent selectivity factor and the electronics on the phenyl system affect 

the selectivity, we decided to investigate the potential cation-π interaction between the 

phenyl ring of 2-aryl cyclohexanols and the cationic catalyst intermediate.4 In this chapter, 

we will strive to understand this cation-π interaction through a linear free energy 

relationship.  

 

 
 

Scheme 3.2 Kinetic Resolution of trans-Alkyl-2-hydroxycyclohexanecarboxylate 
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Figure 3.1 Cation-π Interaction 

 

 
 

Figure 3.2 Edge to Face π-π Interaction  

 

In order to investigate the cation-π interaction between the phenyl ring of the 

alcohol and the cationic catalyst intermediate, an appropriate alcohol model is needed. The 

alcohol must possess a phenyl ring near the hydroxyl group and this substrate class should 

be suitable for an easy synthesis of its derivatives. Ultimately, 2-phenyl cyclohexanol and 

its derivatives were picked as the substrate models for the investigation as the phenyl group 

is the only π system present in the substrate and the electronics of the phenyl ring could be 

controlled by various substituents on the meta position of the phenyl group (Figure 3.3). 

Previous studies4 showed higher selectivity factors are achieved in the meta position, 

therefore our efforts were focused on designing meta substituted derivatives.4 Linear free 
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energy relationship (LFER) studies were employed to explore what intermolecular 

interactions control selectivity. 

 

 
 

Figure 3.3 Potential Cation- π Interaction 

 

Isothiourea catalysts were developed by Birman as an enantioselective acyl transfer 

catalyst and were successfully employed in a number of kinetic resolution reactions.12-14 

Even at room temperature, 2-phenyl cyclohexanol could be resolved via acylation with a 

selectivity factor of 25 and conversion of 48 percent in 6 hours (Scheme 3.3) under catalysis 

by (-)-benzotetramisole 1.4. 14   

 

 
 

Scheme 3.3 Birman’s Kinetic Resolution of trans-2-Arylcyclohexanol 
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Considering the excellent performance of the isothiourea catalysts in 

enantioselective acylation, Birman carried out computational studies on the origin of the 

enantioselectivity in benzotetramisole-catalyzed kinetic resolutions.11, 14 It was observed 

that all of the substrates studied in Birman’s kinetic resolution system share the same 

general patterns of having a π-system located adjacent to a nucleophilic atom and displayed 

the same absolute sense of chirality in the fast reacting enantiomers. A transition state was 

proposed to demonstrate how the enantioselectivity was obtained based on the kinetic 

resolution of secondary benzylic alcohols catalyzed by CF3-PIP (3.1), his first generation 

of isothiourea catalysts (Scheme 3.4). The proposed transition state indicates how the faster 

enantiomer is more favorably attracted by strong cation-π interactions to the cationic 

catalyst, affording a selective acylation. The slower enantiomer has a weaker cation-π 

interaction to the cationic catalyst due to the unfavorable chiral recognition.  

 

 
 

Scheme 3.4 BTM-Catalyzed Kinetic Resolution of Benzylic Alcohols 
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Density function theory (DFT) computations were performed to analyze if the 

origin of selectivity is the proposed transition state structure in Scheme 3.4. To start with, 

Birman succeeded in obtaining the crystal structure of the N-acetylated catalyst.  Then 

computation studies of the intermediate associated with the R and S enantiomer of benzylic 

alcohol were conducted at the B3LYP/6-31G* level of theory. The distance between the 

center of the phenyl ring of the alcohol to the center cationic aromatic ring of the catalyst 

is different in the transition states of the two enantiomers. It is obvious that the faster 

enantiomer is closer to the cationic catalyst, suggesting strong cation-π interactions. In 

addition, the overall energy in the transition state of the faster enantiomer is lower than that 

of the slower enantiomer, suggesting a stabilization of the transition state by the cation-π 

interactions.  

We use benzotetramisole as our catalyst and share the same general pattern of 

requiring a π-system at an adjacent position to the hydroxyl group. Our approach to 

exploring the interactions controlling the selectivity is twofold.  First, we plan to apply a 

linear free energy relationship study employing 2-aryl cyclohexanols substituted with 

different electron donating and withdrawing groups to study how these groups affect the 

selectivity as a result of changing the strength of the potential cation-π interaction. Second, 

we would carry out a computational study on our proposed transition state to check for the 

existence of a cation-π interaction by recording the distance between the phenyl ring of 

tetralol and the aromatic moiety of (-)-benzotetramisole 1.4. To be specific, spartan 

computation program would be used. A single point computation on the geometry 

optimization of cationic intermediate would be run plus a energy profile computation on 

the whole nucleophilic attack process. 
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3.2 Synthesis of trans-2-Arylcyclohexanol 

The synthesis of trans 2-aryl cyclohexanols with different groups (X = H, CH3, 

OCH3, F) in the meta position share a general procedure (Scheme 3.5) and start with a 

substituted bromo benzene 3.2.15 Magnesium turnings were crushed overnight under 

vacuum then treated with a solution of 3.2 in THF. Temperature was carefully increased to 

60 oC to afford a complete conversion to the Grignard reagent 3.3. The temperature needs 

to be carefully controlled due to the vulnerability of the radical to temperature.16 If the 

temperature is too low, no radical will be generated, while high temperature will kill 

radicals. The Grignard reaction of 3.2 is normally finished in 2 hours. Afterwards the 

resulting mixture was transferred to another round bottom flask containing a slurry mixture 

of copper oxide and cyclohexene oxide in THF. Copper oxide serves as the Lewis acid to 

activate the epoxide towards nucleophilic ring opening with the Grignard reagent. Since it 

is an SN2 reaction, only trans 2-phenyl cyclohexanol is generated.  

 

 
 

Scheme 3.5 Synthesis of trans-2-Arylcyclohexanol  

 

Our plan was to synthesize a number of trans-2-arylcyclohexanols, that are 

substituted with groups that span a range of sigma meta (σm) constants.17  However, when 

we analyzed the kinetic resolution data we obtained on the trans-2-arylcyclohexanol (X = 

H, CH3, OCH3, F) with a sigma meta linear free energy relationship (LFER) analysis, no 
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correlation was observed (discussed in more detail below). However, when asigma 

resonance (σR) constant was employed, a strong correlation was observed. Unfortunately, 

the trans-2-arylcyclohexanols we synthesized all share a negative σR constant. In order to 

have more convincible LFER plot, synthesis of a trans-2-arylcyclohexanol with a positive 

σR constant was required. Our next target was a trans-2-arylcyclohexanol with an ethyl 

ester in the meta position.  Since a Grignard reagent, which is used to open the epoxide 

would attack and destroy an ester substituent, we needed to protect the electrophilic during 

the Grignard reaction. Initial attempt utilized a super “silyl group” to derivatize the 3-

bromo benzoic acid 3.4 to the silyl ester 3.5 (Scheme 3.6).18 The resulting ester 3.5 is 

tolerable to the Grignard reaction but would not need a series of oxidation and protection 

steps after the epoxide opening. However, the super “silyl” reagent is very expensive and 

low yields were obtained in preparing 3.5. An alternative compound was then targeted. 

 

 
 

Scheme 3.6 Protection of Carboxylic Acid with Super “Silyl” Group 

 

We then changed our target compound to 3.8, which has an aldehyde in the meta 

position (Scheme 3.7). Inspired by undergraduate organic chemistry, we picked 2-(3-

bromophenyl)-1,3-dioxolane 3.6 as starting material. The acetal protected aldehyde 3.6 is 

commercially available and with the protecting group, the substrate is tolerant to Grignard 

reagents. A similar synthesis procedure to the derivatives in Scheme 3.6 was applied. 
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Substantial amounts of trans 2-aryl cyclohexanol with the acetal on the meta position of 

phenyl group (3.7) was prepared. The reaction was low yielding (25 %) presumably due to 

the negative effect of an electron withdrawing group on the preparation of the Grignard 

reagent. The target product, 2-hydroxycyclohexyl benzaldehyde 3.8, can be synthesized 

after a simple deprotection of the acetal protecting group. This is where we are currently at 

with this substrate.  

 

 

 

Scheme 3.7 Synthesis of 2-Hydroxycyclohexyl Benzaldehyde 

 

3.3 Kinetic Resolution of trans-2-Arylcyclohexanol and LFER Studies  

With some of the synthesized derivatives of trans 2-aryl cyclohexanol in hand, our 

next objective was the investigation of potential cation-π interactions between the phenyl 

ring of the alcohol and the cationic catalyst. Our experimental design used these substrates 

in our silylation-based kinetic resolution as well as Birman’s acylation-based kinetic 

resolution.  Since it is suggested in the literature that the acylation selectivity is dependent 

on a cation-π interaction,11 we wanted to be able to compare our LFER data with data that 

supposedly comes from a similar interaction. The resulting kinetic resolutions would be 

used to explore a linear free energy relationship (LFER) using the log of the selectivity 

factors versus a substituent parameter that shows a linear relationship. The sigma parameter 
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that is usually identified with cation-π interactions is sigma meta. Correlation of the plots 

supportive of a cation-π interaction would involve more electron donating groups providing 

a stronger interaction.  

Silylation-based kinetic resolutions of trans 2-aryl cyclohexanols were conducted 

by Dr. Wang from the Wiskur group for his substrate expansion study (Table 3.1).4 The 

more selective (-)-benzotetramisole (1.4) was used as the chiral catalyst and an electron 

donating tris(4-isopropylphenyl) silyl chloride was used as the silyl source. When there is 

no substituent on the phenyl ring, a moderate selectivity (s = 10) was obtained (Table 3.1, 

Entry 1). When the phenyl ring was attached with substituents, higher selectivity factors 

were obtained (Table 3.1, Entry 2-4 vs Entry 1). In the presence of methoxy substituent 

which is strongly electron donating by resonance, but electron withdrawing by induction, 

the selectivity increased significantly (s = 53). The log of the selectivity factors of various 

trans 2-aryl cyclohexanols were plotted in Table 3.1 versus sigma meta (σm) parameters, 

but there was no linear correlation (Figure 3.4).19 Interestingly, when we plotted our data 

vs sigma resonance (σR) parameters, a linear plot was observed with good correlation 

(Figure 3.5, R2 = 0.98). With sigma resonance, all the substituents that we incorporated are 

all electron donating when just looking purely at resonance.  A change in the electron 

density of the conjugated π system is highly relevant towards developing a strong cation-π 

interaction. Our data suggests that the resonance of a substituent with the π system is 

important in controlling the electrostatic interaction between the π system and the catalyst. 

We expect that compound 3.8 will show a decrease in selectivity, given the electron 

withdrawing nature of the aldehyde.  However, we still couldn’t conclude that this 

electrostatic interaction is a cation-π interaction. If employment of trans-2-
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arylcyclohexanols in Birman’s acylation-based system provided a similar LFER outcomes, 

we could probably draw an analogy of his explanation of mechanism into our silyl-based 

system. 

 

Table 3.1 Silylation-Based Kinetic Resolution of trans-2-Arylcyclohexanols 

 

 
 

aReactions were run for 48 hours at a concentration of 0.42 M with  

respect to alcohol on a 0.4 mmol scale. bSee Ref20 
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Figure 3.4 LFER Employing σm to log of Selectivity Factors 

 

 
 

Figure 3.5 LFER Employing σR to log of Selectivity Factors 

 

Acylation-based kinetic resolutions of trans 2-aryl cyclohexanol followed the 

procedure developed Birman with an exception of changing solvent from CDCl3 to THF 

(Birman suggested replacement of solvent to THF has no significant effect on the 

selectivity factor) (Table 3.2).14 The same 2-aryl cyclohexanols were resolved with 

Birman’s system and moderate to high selectivity factors were obtained for all substrates. 

The log of the selectivity factors in Table 3.2 were plotted versus sigma meta (σm) 
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parameters and again, no correlation was obtained.  However, no correlation (Figure 3.6, 

R2 = 0.09) was obtained when a Hammett plot was generated sigma resonance (σR) 

substituent constants either, suggesting that not the induction nor resonance is predominant 

in controlling enantioselectivity. 

 

      Table 3.2 Acylation-Based Resolution of trans-2-Arylcyclohexanols 

 

 

 
aReactions were run for 48 hours at a concentration of 0.42 M 

 with respect to alcohol on a 0.4 mmol scale. bSee Ref20 
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Figure 3.6 LFER Employing σR to log of Selectivity Factors 

 

Future work will focus on finishing the kinetic resolution of 3.8 in silylation-based 

and acylation-based kinetic resolutions. Further research will focus on the computational 

study of the electrostatic interaction, especially the role it plays in the transition state. 

 

3.4 Computation Study of Transition State 

Based on the previous mechanistic study, we hypothesized that a cation-π 

interaction plays an important role in stabilizing and directing the alcohol in its approach 

to reacting with the activated silicon (Figure 3.7). In order to explore the possibility that a 

cation-π interaction makes a contribution towards controlling selectivity, Shelby Dickerson 

from our group conducted a series of computational studies of the transition state using 

Spartan’s program.21  The computation study started with a single point energy 

calculation followed by a geometry optimization of the potential intermediate 2.1 using 

Hartree Fock (HF) level of theory with the 6-31G* basis set in vacuum (Figure 3.8). We 

could easily observe a π-π stacking interaction between one phenyl ring on the silicon and 
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the phenyl ring of the catalyst. We hypothesize an occurrence of chirality transmission is 

controlled by this π-π stacking interaction.  

 

 
 

Figure 3.7 Tetralol Attacks Intermediate 

 

 
 

Figure 3.8 Single Point Energy Calculation 

 

Once the structure of the intermediate 2.1 was determined, an energy profile 

computation of the nucleophilic attack to the cationic complex of intermediate was 
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conducted (Figure 3.9). Figure 3.9 shows the energy coordination diagram of the process 

highlighted in Figure 3.7 when the fast reacting enantiomer of the alcohol tetralol, serving 

as the replacement of trans-2-phenyl cyclohexanol to ease the complication of 

calculation ,attacks the cationic intermediate (2.1) to form the silyl ether.  The peak of the 

energy coordination diagram suggests the structure of the transition state. We observed a 

close distance between the aromatic ring of alcohol and fused ring of cationic catalyst 

intermediate, suggesting a cation-π interaction between the π system of the alcohol and the 

cationic catalyst intermediate. 

 

 
 

Figure 3.9 Energy Profile Computation of the Cationic Complex 

 

3.5 Conclusion and Outlook 

In conclusion, the mechanistic investigations on cation-π interactions in controlling 

enantioselectivity were carried out by performing LFER studies on trans 2-phenyl 
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cyclohexanol and its derivatives in our silylation-based kinetic resolution system and in 

Birman’s acylation system. Linear free energy relationship (LEFR) plots suggest a different 

decisive electrostatic interaction in controlling the selectivity factors between the two 

systems even though the same catalyst was utilized. The importance of cation-π 

interactions in our system was suggested by strong correlation of log s to sigma resonance 

(σR). Kinetic resolutions under the same reaction conditions will be performed on 2-

hydroxycyclohexyl benzaldehyde 3.8. An additional data point with a negative σR is 

expected to perform worse by negatively impacted the hypothesized cation-π interaction.     

Geometry optimization study of cationic intermediate 2.1 displayed a pi-pi stacking 

interaction between one phenyl ring on the silicon and the fused aromatic ring of the 

catalyst. We hypothesized that transmission of chirality is promoted by this interaction. 

More evidence will be collected to support our hypothesis. The energy profile computation 

was carried out to simulate the whole process of pseudo SN2 attack of an alcohol onto the 

cationic catalyst intermediate resulting in silylation. A potential transition state was 

obtained according to the energy coordination diagram. The distance between the center of 

cationic catalyst to the phenyl ring of alcohol suggests a strong cation-π interaction. Our 

future work will continue the computational study of the transition state. We have explored 

one enantiomer attacking the silicon, but we also need to show the path of the slow reacting 

enantiomer to show that it does have a higher transition state.  We also have performed 

these calculations lacking the presence of the chloride, but we know that may make a 

difference, therefore we are going to look at these calculations again in the presence of the 

chloride anion The structure will then undergo a transition state geometry calculation using 

DFT level of theory with the 6-31G* basis set in vacuum. Our long-term goal in the future 
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is the investigation of the whole mechanistic cycle of our silylation-based kinetic resolution, 

including computation study and kinetic study.  

 

3.6 Experimental  

General Information 

All the reactions were carried out under a nitrogen atmosphere using oven-dried glassware. 

Molecular sieves were activated in an oven at 170 C before use. Tetrahydrofuran (THF), 

diethyl ether and dichloromethane (CH2Cl2) were dried by passing through a column of 

activated alumina before use and stored over molecular sieves. Carbon tetrachloride (CCl4) 

was distilled and degassed prior to use. Sulfuryl chloride (SO2Cl2) and 

tetramethylethylenediamine (TMDEA) were distilled before use. n-Butyl lithium was 

titrated prior to use. Unless otherwise stated, all the other chemicals were obtained from 

major commercial sources and used without further purification. High resolution mass 

spectrometry (HRMS) was submitted to and conducted by the Department of Chemistry 

and Biochemistry’s mass spectrometry facility at the University of South Carolina. Infrared 

spectroscopy (IR) was conducted using a Perkin Elmer Spectrum 100 FT-IR ATR 

spectrophotometer, max in cm-1. 1H NMR was taken on a Bruker Avance (300 or 400 

MHz). Chemical shifts were reported in ppm with TMS or Chloroform as an internal 

standard (TMS 0.00 ppm for 1H and 13C or CHCl3 7.26 ppm and 77.16 for 1H and 13C 

respectively). 13C NMR spectra were taken on a Bruker Avance (101 or 75 MHz) with 

complete proton decoupling. Enantiomeric ratios were determined via HPLC using an 

Agilent 1200 series.  The chiral stationary phases were Daicel Chiralcel OD-H, OJ-H, AD, 

AD-H or Daicel Chiralpak IC columns, and the enantiomers were measured by a diode 
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array detector in comparison with the racemic materials. Optical Rotations were obtained 

utilizing a JASCO P-1010 polarimeter. Uncorrected melting points (mp) were taken with 

a Laboratory Devices Mel-Temp. 

 

General procedure to prepare racemic substituted 2-aryl cyclohexanols (GP1) 

Procedure was adapted from reported literature.15 A 250 mL Schlenk flask was equipped 

with stir bar and charged with Mg turnings (1.8 equiv.). The flask was then flame dried 

fitted with septa. The apparatus was then purged with argon and fitted with an argon 

balloon. The turnings were crushed under vacuum overnight before use. Before activation 

of Grignard reagent started, 5 mL of THF was added to the Schlenk tube via syringe. The 

mixture was warmed to 60 °C in oil bath and a few drops of meta-substituted bromo 

benzene was added and allowed to stir for 5 min. The remaining solution of meta-

substituted bromo benzene (1.5 equiv.) in THF (5 mL) was added slowly (10 min in total) 

and the mixture was allowed to react for 1 hour. The mixture was then cooled to room 

temperature. A mixture of cyclohexene oxide (1.0 equiv.) and copper iodide (0.15 equiv.) 

was prepared THF (2mL / 1mmol cyclohexene oxide) under argon. The mixture was added 

slowly to the Grignard solution producing an exothermic reaction and allowed to react at 

room temperature overnight. Once the reaction was done, it was quenched with saturated 

NH4Cl (20 mL). Organic layer was washed with water (20 mL, 2 times) and Brine (20 mL). 

Then organic layer was dried with sodium sulfate anhydrous concentrated by Rotary 

Evaporator. The residue was purified through a silica gel chromatography with 5% ethyl 

acetate in hexane to 25% ethyl acetate in hexane to yield white soild. 
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trans-2-(3-Phenyl)cyclohexan-1-ol 

The product was prepared from bromobenzene (15.6 mmol) according to GP1. The desired 

product was obtained as white solid, 1.972 g, 11.2 mmol, 71.8 % yield. 1H NMR (400 

MHz, CDCl3):  ppm 7.38 – 7.29 (m, 2H), 7.29 – 7.21 (m, 3H), 3.67 (ddd, J = 10.1, 6.3, 

2.5 Hz, 1H), 2.43 (ddd, J = 13.2, 10.0, 3.5 Hz, 1H), 2.16 – 2.06 (m, 1H), 1.85 (dt, J = 12.5, 

6.6 Hz, 2H), 1.80 – 1.71 (m, 1H), 1.62 – 1.28 (m, 4H). 13C NMR (101 MHz, CDCl3)  

ppm 143.2, 128.8, 127.9, 126.8, 74.4, 53.2, 34.4, 33.3, 26.1, 25.1.  

 

 

trans-2-(3-Fluorophenyl)cyclohexan-1-ol 

The product was prepared from 1-bromo-3-fluorobenzene (14.0 mmol) according to GP1. 

The desired product was obtained as white solid, 1.999 g, 10.3 mmol, 73.6 % yield. 1H 

NMR (400 MHz, CDCl3):  ppm 7.33 – 7.27 (m, 1H), 7.03 (d, J = 7.7 Hz, 1H), 6.99 – 6.90 

(m, 2H), 3.68 – 3.59 (m, 1H), 2.50 – 2.38 (m, 1H), 2.15 – 2.06 (m, 1H), 1.92 – 1.72 (m, 

3H), 1.55 – 1.26 (m, 4H), 13C NMR (101 MHz, CDCl3)  ppm 164.4, 161.9, 146.2, 146.2, 

130.2, 130.1, 123.7, 123.6, 114.7, 114.5, 113.8, 113.6. 74.3, 53.0, 34.6, 33.2, 25.9, 25.0. 
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trans-2-(3-Methylphenyl)cyclohexan-1-ol 

The product was prepared from 1-bromo-3-methylbenzene (17.0 mmol) according to GP1. 

The desired product was obtained as white solid, 2.359 g, 12.4 mmol, 72.9 % yield. 1H 

NMR (400 MHz, CDCl3):  ppm 7.22 (t, J = 7.5 Hz, 1H), 7.06 (d, J = 7.9 Hz, 3H), 3.70 – 

3.61 (m, 1H), 2.44 – 2.36 (m, 1H), 2.35 (s, 3H), 2.15 – 2.07 (m, 1H), 1.89 – 1.71 (m, 3H), 

1.60 – 1.27 (m, 4H), 13C NMR (101 MHz, CDCl3)  ppm 143.2, 138.8, 128.7, 128.6, 127.6, 

124.9, 74.4, 53.2, 34.4, 33.3, 26.1, 25.1, 21.5.   

 

 

trans-2-(3-Methoxyphenyl)cyclohexan-1-ol 

The product was prepared from 1-bromo-3-methoxybenzene (15.8 mmol) according to 

GP1. The desired product was obtained as white solid, 1.979 g, 9.6 mmol, 60.8 % yield. 

1H NMR (400 MHz, CDCl3):  ppm 7.30 – 7.22 (m, 1H), 6.88 – 6.76 (m, 3H), 3.81 (s, 3H), 

3.70 – 3.60 (m, 1H), 2.48 – 2.35 (m, 1H), 2.18 – 2.07 (m, 1H), 1.94 – 1.19 (m, 7H). 13C 

NMR (101 MHz, CDCl3)  ppm 159.6, 144.8, 129.5, 120.0, 113.5, 111.8, 74.2, 55.1, 53.2, 

34.3, 33.2, 26.0, 25.0. 
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General procedure for the silylation-based kinetic resolution of the alcohols (GP2) 

To a 1-dram vial with an oven dried Teflon coated stir bar and activated 4Å molecular 

sieves, the racemic substrate (0.4 mmol) and catalyst (0.1 mmol) were added. The vial was 

then purged with argon and sealed with a septa. The N,N-diisopropylethylamine (0.26 

mmol) was added via syringe and the starting materials were dissolved in 0.55 mL of THF 

to make a 0.42 M concentration solution. The vial was then cooled to -78 C for 30 min. 

The cooled mixture was then treated with a 0.65 M solution of silyl chloride in THF (0.4 

mL, 0.26 mmol) and was left to react for a set amount of time at -78 C, then quenched 

with 0.3 mL of methanol.  The solution was left to warm to room temperature and then 

the crude contents were extracted with diethyl ether and the organic layer was transferred 

to a 4-dram vial. The solvent was removed under vacuum and the residue was purified via 

silica gel chromatography (gradient of 5% to 10% to 25% EtOAc in hexanes). The silylated 

alcohol was concentrated under vacuum and saved for analysis and the unreacted alcohol 

could either be analyzed by HPLC. 

 

General procedure for deprotection of silylated alcohols (GP3) 

To a 4-dram vial with stir bar and a septum was added the silyl protected alcohol. The solid 

was then dissolved in 2 mL of THF with stirring. To this solution of tetra-n-

butylammonium fluoride (TBAF) (1 mL) was added and stir for 2 h for full deprotection. 

The reaction was then quenched with brine and extracted with diethyl ether three times. 

The crude organic layers were combined, then concentrated under vacuum, and purified by 

silica gel chromatography (gradient of 10 to 25% EtOAc in hexanes). The isolated, 

deprotected alcohol was then analyzed by HPLC. 
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General procedure for the acylation-based kinetic resolution of the alcohols (GP4) 

To a 1-dram vial with an oven dried Teflon coated stir bar and activated 4Å molecular 

sieves, the racemic substrate (0.4 mmol) and catalyst (0.032 mmol) were added. The vial 

was then purged with argon and sealed with a septa. The N,N-diisopropylethylamine (0.3 

mmol) was added via syringe and the starting materials were dissolved in 1.6 mL of THF 

to make a 0.25 M concentration solution.  The mixture was then treated with a 0.3 M 

solution of propionic anhydride in THF (1.0 mL, 0.3 mmol) and was left to react for 6 hours 

at room temperature, then quenched with 0.3 mL of methanol.  The solution was left to 

warm to room temperature and then the crude contents were diluted with DCM (2 mL), 

washed with 1 M HCl (1 mL, 2 times) and saturated NaHCO3 (1 mL, 2 times). After dying 

with anhydrous sodium sulfate, the solvent was removed under vacuum and the residue 

was purified via silica gel chromatography (gradient of 5% to 10% to 25% EtOAc in 

hexanes). The silylated alcohol was concentrated under vacuum and saved for analysis and 

the unreacted alcohol could either be analyzed by HPLC. 

 

General procedure for deprotection of acylated alcohols (GP5) 

To a 4-dram vial with stir bar and a septum was added the silyl protected alcohol. The solid 

was then dissolved in 3 mL of MeOH and 0.5 mL of water with stirring. Potassium 

carbonate (4 equiv.) was then added to the vial and stir for 1 h at room temperature for full 

deprotection. The reaction was extracted with diethyl ether three times. The crude organic 

layers were combined, then concentrated under vacuum, and purified by silica gel 
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chromatography (gradient of 10 to 25% EtOAc in hexanes). The isolated, deprotected 

alcohol was then analyzed by HPLC. 

 

General Procedure Making a p-Substituted Triphenylsilane. (GP6) 

In an oven-dried 250 mL three-neck round-bottom flask, p-substituted bromo/iodobenzene 

(1 equiv) was dissolved using diethyl ether (28 mL) under nitrogen at room temperature. 

To the stirred solution was slowly added n-BuLi (1.025 equiv) at room temperature. After 

addition of nBuLi, the resulting mixture formed a precipitate which was then allowed to 

stir for 1−1.5 h. After 1−1.5 h, a solution of HSiCl3 (0.4 M in diethyl ether, 0.3 equiv) was 

added dropwise to the three-neck flask at -40 C using dry ice/acetonitrile bath. The 

reaction mixture was then allowed to stir for another 2 h. After 2 h, the resulting suspension 

was then quenched with water and extracted with diethyl ether. Organic layer was dried 

with anhydrous Na2SO4 and concentrated under vacuum to yield the crude product. In most 

cases, purification of silane was done by recrystallization or silica gel chromatography 

using hexane.  

 

General Procedure Making a p-Substituted Triphenylsilyl chloride. (GP7) 

An oven-dried 50 mL three-neck round-bottom flask was charged with p-substituted 

triphenylsilane and the mixture dissolved using dry degassed carbon tetrachloride (CCl4) 

under a nitrogen atmosphere. The mixture was allowed to stir for 10−15 min. Sulfuryl 

chloride (SO2Cl2) (2−6 equiv) was then added to the flask. The resulting mixture was then 

allowed to reflux for 2−10 h (conversion was monitored by disappearance of the silane 
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peak using 1 H NMR). After full conversion, the mixture was concentrated using vacuum. 

The final product was then recrystallized using pentane at -78 C. 

 

Analytical data and HPLC traces for kinetic resolutions  

Data of silylation-based kinetic resolution (Table 3.1) see ref4. 

 

 

Table 3.2, Entry 1: GP4. Recovered starting material: 39 mg, 56%. 1H NMR (400 MHz, 

CDCl3):  ppm 7.38 – 7.29 (m, 2H), 7.29 – 7.21 (m, 3H), 3.67 (ddd, J = 10.1, 6.3, 2.5 Hz, 

1H), 2.43 (ddd, J = 13.2, 10.0, 3.5 Hz, 1H), 2.16 – 2.06 (m, 1H), 1.85 (dt, J = 12.5, 6.6 Hz, 

2H), 1.80 – 1.71 (m, 1H), 1.62 – 1.28 (m, 4H). 13C NMR (101 MHz, CDCl3)  ppm 143.2, 

128.8, 127.9, 126.8, 74.4, 53.2, 34.4, 33.3, 26.1, 25.1. HPLC separation conditions: 

Chiralpak OD-H Column 2% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 

17.6 min for (R)-enantiomer (minor) and 18.9 min for (S)-enantiomer (major). (er = 76:24) 

 

 

 
 

Figure 3.10 HPLC Data of the SM of Table 3.2 Entry 1 
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Table 3.2, Entry 1: GP5. Recovered product: 26 mg, 28%, white solid.1H NMR (400 

MHz, CDCl3): 7.32 – 7.11 (m, 5H), 4.97 (td, J = 10.5, 4.4 Hz, 1H), 2.73 – 2.56 (m, 1H), 

2.22 – 1.70 (m, 6H), 1.61 – 1.28 (m, 4H), 0.84 (t, J = 7.6 Hz, 3H);  13C NMR (101 MHz, 

CDCl3)  ppm 173.9, 143.3, 128.4, 127.7, 126.5, 75.9, 50.1, 34.0, 32.6, 27.9, 26.0, 25.0, 

9.2 Same HPLC separation conditions as the starting materials were used. (er= 92:8) 

 

 
 

Figure 3.11 HPLC Data of the PR of Table 3.2 Entry 1 

 

Table 3.3 Kinetic Resolution Data for Table 3.2, Entry 1 

 

 erSM erPR % conv  s s average  

1 75.9:24.1 92.0:8.0 38.1 19.4 20.7 

2 77.2:22.8 92.8:7.2 38.9 21.9 

 

 

Table 3.2, Entry 2: GP4. Recovered starting material: 53 mg, 68 %. 1H NMR (400 MHz, 

CDCl3):  ppm 7.33 – 7.27 (m, 1H), 7.03 (d, J = 7.7 Hz, 1H), 6.99 – 6.90 (m, 2H), 3.68 – 
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3.59 (m, 1H), 2.50 – 2.38 (m, 1H), 2.15 – 2.06 (m, 1H), 1.92 – 1.72 (m, 3H), 1.55 – 1.26 

(m, 4H), 13C NMR (101 MHz, CDCl3)  ppm 164.4, 161.9, 146.2, 146.2, 130.2, 130.1, 

123.7, 123.6, 114.7, 114.5, 113.8, 113.6. 74.3, 53.0, 34.6, 33.2, 25.9, 25.0. 

HPLC separation conditions: Chiralpak OD-H Column 2% isopropyl alcohol in hexane, 

flow rate: 1 mL/min, 25 C; tR 16.5 min for (R)-enantiomer (minor) and 19.0 min for (S)-

enantiomer (major). (er = 59:41) 

 

 

 
 

Figure 3.12 HPLC Data of the SM of Table 3.2 Entry 2 

 

 

Table 3.2, Entry 2: GP5. Recovered product: 10 mg, 10 %, white solid. 1H NMR (400 

MHz, CDCl3):  ppm  7.24 – 7.16 (m, 1H), 6.91 (dt, J = 17.6, 8.0 Hz, 3H), 4.92 (td, J = 

10.5, 4.3 Hz, 1H), 2.66 (td, J = 11.6, 3.7 Hz, 1H), 2.22 – 1.65 (m, 6H), 1.50 – 1.25 (m, 4H), 

0.87 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3)  ppm 173.7, 161.1, 145.9, 129.7, 

123.1, 114.7, 113.4, 75.5, 49.6, 33.6, 32.3, 30.9, 27.2, 25.7, 24.7, 9.1. HPLC data is of the 

desilylated product formed by following GP5. The same HPLC separation conditions as 

the recovered starting materials were utilized.  (er= 86:14) 
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Figure 3.13 HPLC Data of the PR of Table 3.2 Entry 2 

 

Table 3.4 Kinetic Resolution Data for Table 3.2, Entry 2 

 

 erSM erPR % conv  s s average  

1 58.8:41.2 86.2:13.8 19.6 7.3 8.8 

2 83.6:16.4 83.8:16.2 49.9 10.2 

 

 

Table 3.2, Entry 3: GP4. Recovered starting material: 37 mg, 48 %.  1H NMR (400 MHz, 

CDCl3):  ppm 7.22 (t, J = 7.5 Hz, 1H), 7.06 (d, J = 7.9 Hz, 3H), 3.70 – 3.61 (m, 1H), 2.44 

– 2.36 (m, 1H), 2.35 (s, 3H), 2.15 – 2.07 (m, 1H), 1.89 – 1.71 (m, 3H), 1.60 – 1.27 (m, 4H), 

13C NMR (101 MHz, CDCl3)  ppm 143.2, 138.8, 128.7, 128.6, 127.6, 124.9, 74.4, 53.2, 

34.4, 33.3, 26.1, 25.1, 21.5. HPLC separation conditions: Chiralpak OD-H Column 2% 

isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 11.3 min for (R)-enantiomer 

(minor) and 12.5 min for (S)-enantiomer (major). (er = 87:13) Absolute stereochemistry 

was obtained using optical rotation and the result of optical rotation matched the other 

substrate, indicating right major enantiomer was obtained. 
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Figure 3.14 HPLC Data of the SM of Table 3.2 Entry 3 

 

 

Table 3.2, Entry 3: GP5. Recovered product: 39 mg, 40 %, white solid.1H NMR (400 

MHz, CDCl3):  ppm  7.22 – 7.13 (m, 1H), 7.01 (d, J = 7.1 Hz, 3H), 4.97 (td, J = 10.5, 

4.4 Hz, 1H), 2.71 – 2.58 (m, 1H), 2.33 (s, 3H), 2.21 – 1.70 (m, 6H), 1.54 – 1.22 (m, 4H), 

0.88 (t, J = 7.6 Hz, 3H).  13C NMR (101 MHz, CDCl3)  ppm 173.1, 144.4, 138.1, 128.4, 

128.3, 126.2, 123.5, 77.2, 40.7, 32.7, 32.4, 27.9, 25.4, 24.4, 21.6, 9.4. HPLC data is of the 

desilylated product formed by following GP5. The same HPLC separation conditions as 

the recovered starting materials were utilized.  (er= 88:12) 

 

 
 

Figure 3.15 HPLC Data of the PR of Table 3.2 Entry 3 
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Table 3.5 Kinetic Resolution Data for Table 3.2, Entry 3 

 

 erSM erPR % conv  s s average  

1 87.1:22.9 88.5:11.5 49.1 16.9 16.3 

2 77.4:22.6 90.1:9.9 40.6 15.7 

 

 

Table 3.2, Entry 4: GP4. Recovered starting material: 31 mg, 38 %. 1H NMR (400 MHz, 

CDCl3):  ppm 7.30 – 7.22 (m, 1H), 6.88 – 6.76 (m, 3H), 3.81 (s, 3H), 3.70 – 3.60 (m, 1H), 

2.48 – 2.35 (m, 1H), 2.18 – 2.07 (m, 1H), 1.94 – 1.19 (m, 7H). 13C NMR (101 MHz, CDCl3) 

 ppm 159.6, 144.8, 129.5, 120.0, 113.5, 111.8, 74.2, 55.1, 53.2, 34.3, 33.2, 26.0, 25.0. 

HPLC separation conditions: Chiralpak AD-H Column 7% isopropyl alcohol in hexane, 

flow rate: 1 mL/min, 25 C; tR 22.4 min for (S)-enantiomer (major) and 26.9 min for (R)-

enantiomer (minor). (er = 95:5) 

 

 

 
 

Figure 3.16 HPLC Data of the SM of Table 3.2 Entry 4 
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Table 3.2, Entry 4: GP5. Recovered product: 49 mg, 47 %, white solid.1H NMR (400 

MHz, CDCl3):  ppm 7.17 (t, J = 7.9 Hz, 1H), 6.90 – 6.58 (m, 3H), 4.96 (td, J = 10.5, 4.3 

Hz, 1H), 3.78 (s, 3H), 2.81 – 2.46 (m, 1H), 2.22 – 1.63 (m, 6H), 1.53 – 1.20 (m, 4H), 0.87 

(dd, J = 10.3, 4.8 Hz, 3H).13C NMR (101 MHz, CDCl3)  ppm 1173.8, 159.5, 144.9, 129.2, 

119.9, 113.3,111.7, 75.6, 55.2, 49.9, 33.9, 32.4, 27.8, 25.8, 24.8, 9.1. HPLC data is of the 

desilylated product formed by following GP5. The same HPLC separation conditions as 

the recovered starting materials were utilized.  (er= 87:13) Absolute stereochemistry was 

obtained using optical rotation and the result of optical rotation matched the other substrate, 

indicating right major enantiomer was obtained. 

 

 

Figure 3.17 HPLC Data of the PR of Table 3.2 Entry 4 

 

Table 3.6 Kinetic Resolution Data for Table 3.2, Entry 4 

 

 erSM erPR % conv  s s average  

1 94.9:5.1 86.6:13.4 55.1 19.3 19.6 

2 97.6:2.4 84.6:15.4 57.9 19.9 
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Transition State Geometry  

                    Coordinates (Angstroms) 

ATOM    X        Y         Z

1 Si -1.866264   -0.833701    0.228148  

2 C -2.487263    0.035142   -1.338721 

3 C -3.643725    1.267034   -3.611898 

4 C -3.832039    0.460738   -1.339992 

5 C -1.743916    0.259147   -2.504941 

6 C -2.311460    0.853563   -3.634195 

7 C -4.399880    1.080392   -2.453802 

8 H -4.455677    0.301988   -0.462858 

9 H -0.695933   -0.001677   -2.509104 

10 H -1.710385    0.998190   -4.529278 

11 H -5.436954    1.404584   -2.420295 

12 H -4.088808    1.732694   -4.487626 

13 C -3.229811   -2.083522    0.674686 

14 C -5.228540   -3.978795    1.309713 

15 C -3.740742   -2.193843    1.979212 

16 C -3.758320   -2.945475   -0.306465 

17 C -4.740794   -3.885869    0.004703 

18 C -4.729108   -3.128534    2.295473 

19 H -3.359125   -1.547895    2.764592 

20 H -3.410720   -2.877646   -1.335431  

21 H -5.130161   -4.541376   -0.770565 

22 H -5.104071   -3.194175    3.313754 

23 H -5.995784   -4.709063    1.554545 

24 C -1.626249    0.393908    1.639252 

25 C -1.535646    2.273700    3.751417 

26 C -0.998922    0.087753    2.861282 

27 C -2.199859    1.673536    1.505157 

28 C -2.163708    2.598344    2.548634 

29 C -0.948344    1.018001    3.901325 

30 H -0.544900   -0.883283    3.016646 

31 H -2.667585   1.965407    0.570238 

32 H -2.613329   3.577959    2.411945 

33 H -0.449432   0.754592    4.830631 

34 H -1.501247   2.995121    4.564360 

35 N 0.682153    1.344158   -0.536340 

36 C 0.856554    2.519820   -1.445014 

37 H 0.568477    2.217594   -2.456542 

38 C 1.805174    1.223116    0.068758 

39 N 2.830921    2.091205   -0.276717 

40 C 2.393004    2.874608   -1.422475 
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41 H 2.580047    3.943214   -1.283084 

42 H 2.904140    2.538957   -2.334624 

43 C -0.034881    3.680619   -1.032644 

44 C -1.678959    5.850322   -0.325313 

45 C -1.048536    4.119657   -1.890580 

46 C 0.139732    4.338542    0.193284 

47 C -0.672180    5.417316    0.541474 

48 C -1.869250    5.194165   -1.541126 

49 H -1.206975    3.605490   -2.835454 

50 H 0.902753    4.000898    0.890174 

51 H -0.522407   5.917413    1.495012 

52 H -2.654261    5.517238   -2.220142 

53 H -2.311039    6.691290   -0.051776 

54 S 2.341437    0.112002    1.339066 

55 C 4.048306    1.878414    0.338562 

56 C 3.973377    0.829600    1.281501 

57 C 5.085354    0.468003    2.029649 

58 H 5.024009   -0.338292    2.754975 

59 C 6.287536    1.159063    1.829985 

60 H 7.164105    0.885926    2.409951 

61 C 6.362736    2.191677    0.893215 

62 H 7.300958    2.719550    0.746014 

63 C 5.246399    2.563863    0.137493 

64 H 5.306158    3.370684   -0.586960 

65 O -0.442767   -1.790114    0.014249 

66 H -0.303380   -2.617866    1.274928 

67 C -0.132089   -2.561536   -1.212909 

68 C 2.357519   -2.979524   -1.140886 

69 C 0.865992   -4.849738   -0.386002 

70 C 2.074951   -3.959495   -0.034268 

71 C -0.340754   -4.074876   -0.988867 

72 C 1.275232   -2.287914   -1.718867 

73 H 1.194384   -5.604954   -1.109884 

74 H 1.877633   -3.418897    0.897179 

75 H -1.240175   -4.221619   -0.383980 

76 H -0.848370   -2.226400   -1.967492 

77 H 0.548374   -5.385167    0.512449 

78 H 2.955095   -4.585427    0.153234 

79 H -0.568160   -4.489474   -1.978511 

80 C 1.516122   -1.464706   -2.824989 

81 H 0.686374   -0.992016   -3.338172 

82 C 2.807292   -1.268813   -3.315846 

83 H 2.968027   -0.625929   -4.177448 

84 C 3.882039   -1.915884   -2.707437 

85 H 4.892891   -1.772457   -3.080480 

86 C 3.648790   -2.777705   -1.636065 
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87 H 4.478039   -3.316056   -1.182599 88 Cl -0.277473   -3.340583   2.460657 

Point Group: c1    Number of degrees of freedom: 258 

Energy is -2994.725626613 

 

Starting Material Ring Rotation Energy Profile 

Constraint (X-axis): 
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CHAPTER 4 

EXPLORING THE EFFECT OF THE POLYMER BACKBONE ON SILYLATION-

BASED KINETIC RESOLUTIONS EMPLOYING A POLYMER-SUPPORTED 

TRIPHENYLSILYL CHLORIDE 

 

4.1 Introduction 

The preparation of enantiopure compounds is an important task in both industry 

and academia. Among a variety of methods1 to obtain enantiopure compounds, kinetic 

resolutions2-6 are commonly employed to provide highly enriched compounds by taking a 

racemic mixture or an enantioenriched mixture, and selectively reacting one enantiomer 

over the other based on a difference in reaction rates with a chiral catalyst. After the 

reaction is complete, the derivatized compound needs to be separated from the unreacted 

starting material, which commonly involves chromatography separation if the product or 

starting material isn’t crystalline.   

In order to solve this problem and to promote the application of our silylation-based 

kinetic resolution, we previously developed a polymer supported silyl chloride reagent that 

is soluble in our system but can be isolated by precipitation during the workup.7 To be more 

specific, we incorporated the silyl chloride used to protect the alcohol into a polystyrene 

polymer. By controlling the molecular weight of the polymer supported silyl chloride, it is 

soluble in THF at -78 ºC and therefore able to undergo the reaction to selectively protect 
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one enantiomer of secondary alcohol over the other.  The polymer is not soluble 

in methanol and can be “crashed out” at the end of the reaction when methanol is added to 

quench the reaction. Enantioenriched unreacted starting material can be isolated from the 

enantioenriched polymer product via filtration. This allows for facile separation of the 

unreacted starting material from the silyl ether polymer product.  With this method, the 

need for chromatography is eliminated. However, the polymer supported silyl chloride was 

less selective and less reactive than just the small molecule silyl chloride, presumably due 

to the nonpolar microenvironment of the polymer backbone and steric crowding. In this 

chapter, we report a new silyl chloride copolymer that incorporates polarity into the 

polymer backbone, and spaces out the silyl chloride, providing a polar microenvironment 

and eliminating overcrowding of the reactive silyl chlorides.  The polymers were able to 

resolve a variety of different substrates with selectivity factors and conversions that were 

comparable to the small molecule silyl chloride, thereby improving the selectivity and 

reactivity over our first-generation polymer.   

 

4.2 Background 

One of the main hurdles of application of transferring synthesis developed in the 

lab into industrial scale is the efficiency of product purification from the crude material. 

Many well-established syntheses in industry involve the isolation of target products by 

crystallization or distillation since these isolation methods are more economic than the 

costly and time-consuming chromatography. Scientists have developed another approach 

of isolating the target products by introducing polymers or solid support reagents to achieve 

a chromatography-free isolation of products.8-11 Studies have been reported on the 
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application of polymer-supported or solid-supported reagents and catalysts in asymmetric 

reactions12-19 and kinetic resolutions.20-28  There is some research that involves the use of 

polymers for the selective removal of one enantiomer.  In general, there are three main 

strategies that involve polymer-supported or solid-supported materials as a method to 

isolate enantioenriched products or starting materials in kinetic resolutions. These include 

selective polymerization of one enantiomer from a racemic mixture (Scheme 4.1a), 

selective removal of one enantiomer from a polymer derivatized with a racemic mixture 

(Scheme 4.1b), and derivatization of one enantiomer onto a polymer support from a 

racemic mixture (Scheme 4.1c). 29  

 

 
 

Scheme 4.1 Approaches to Kinetic Resolutions on Polymer Supports 

 

A good example of polymer-formation kinetic resolution is the kinetic resolution 

of chiral α-olefins using an ansa-zirconocene polymerization catalyst (Scheme 4.2).30 With 

the aid of the doubly bridged ansa-zirconocene 4.1 as catalyst and methylaluminoxane as 

activator, one enantiomer of a methylsubstituted olefin polymerized as an isotactic polymer 

while the other enantiomer remained unreacted in the solvent. The monomer polymerized 
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with high selectivity, resulting in a selectivity factor of almost 18.  A facile isolation of 

the enantioenriched R-olefin can be achieved through a simple filtration and removal of the 

polymer. The main drawback of this method is the narrow scope of the catalysts and 

involvement of expensive and toxic transition metals.  

 

 
 

Scheme 4.2 Kinetic Resolutions of Chiral Methylsubstituted R-olefins  

Using an Ansa-Zirconocene Catalyst 

 

The second approach to apply polymer-supported material in kinetic resolutions is 

the selective removal of one enantiomer from a polymer derivatized with a racemic mixture. 

As the kinetic resolution proceeds, one enantiomer is selectively cleaved from the polymer 

backbone and concentrated in the solvent while the other enantiomer remains attached to 

the polymer backbone. One example to demonstrate this strategy is Matsumoto’s work 

utilizing an enzyme to selectively resolve secondary alcohols via a polymer-supported 

carbonate made from the alcohols (Scheme 4.3).26 The polymer-supported carbonates 4.2 

were prepared from a commercially available polymer MPEG5000 through a four-step 
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synthesis. The MPEG5000-supported carbonates 4.2 were then treated with porcine 

pancreas lipase (PPL) which is a hydrolytic enzyme that undergoes selective hydrolysis on 

the carbonate. When 1-phenylethanol was the target alcohol, one carbonate enantiomer was 

hydrolyzed, cleaving the alcohol from the polymer with an ee of 89%. The drawback of 

this approach is that the polymer needs to be derivatized with the racemic substrate, just to 

remove one enantiomer. A resolution where the small molecule is asymmetrically 

derivatized onto the polymer eliminates the first step which is more economical. 

  

 
 

Scheme 4.3 Enantioselective Hydrolysis of MPEG5000-Supported Carbonates 

 

The last approach to enantioenriched compounds through the use of polymer-

supports is the derivatization of one enantiomer onto a polymer support. This strategy 

involves developing a polymer bound derivatizing reagent that reacts with the functional 

group being resolved to trap the product on the polymer.  When employed in a kinetic 

resolution, one enantiomer will be bound to the polymer for facile removal. Actually, there 
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were only two non-enzymatic kinetic resolutions involving this technique. One developed 

by Vedejs and Rozners,31 the other developed by our group.7  

Vedejs and Rozners developed a parallel kinetic resolution for the separation of a 

racemic mixture of alcohols where one enantiomer was derivatized onto a solid support.  

A parallel kinetic resolution is when both enantiomers undergo different reactions at the 

same rate in the presence of a chiral catalyst, producing two different products.  In Vedejs' 

work, one enantiomer becomes acylated, while the other enantiomer is benzoylated onto a 

polymer.  To be specific, one enantiomer of the secondary alcohol reacted with vinyl 

acetate that was selectively catalyzed by the enzyme CALB, affording enantioenriched 

acylated product (ee = 98%). While the other enantiomer of alcohol interacted with a solid 

supported benzoyl chloride, leading to a chromatography-free isolation of the two 

enantiomers of alcohol. This method possesses advantages over the first two approaches. 

Compared to the first approach where one enantiomer is polymerized, neither enantiomer 

is polymerized and both enantiomers can be recovered. Compared to the second approach, 

this strategy only requires the derivatization of one enantiomer during the reaction instead 

of having to do an extra step to preform the racemic derivatized polymer. Ideally, an 

enantiopure unreacted starting material can be isolated directly after a simple filtration of 

the polymer-supported material which has covalently trapped the other enantiomer. In this 

enantioenriched unreacted starting material stays in the solution while the enantioenriched 

product attaches to the polymer backbone. Afterwards, selective deprotection could be 

applied to recover the enantioenriched deprotecting product from the polymer backbone 

handily. 
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Scheme 4.4 Parallel Kinetic Resolution developed by Vedejs and Rozners 

 

Since the ultimate goals of methodology development are their applications in the 

real world, Wiskur’s group also reported an application of silylation-based kinetic 

resolution. One of the main drawbacks that restrained the application of an effective 

reaction was the large amount of chromatography associated with the isolation of the target 

product from the crude mixture. Recently, the Wiskur group proposed a chromatography-

free polystyrene-supported triphenylsilyl chloride (4.4) to selectively silylate the secondary 

alcohol (Scheme 4.5).7 The homogenous polymer selectively silylated the secondary 

alcohols in the solvent and could easily crash out after addition of methanol, affording an 

enantioenriched alcohol starting material in the solvent and enantioenriched silyl ether 

product as a precipitate. Successful kinetic resolutions on several substrates were achieved.  

While the polymer eliminated the need for chromatography, the reaction suffered from 

lower selectivity compared to triphenylsilyl chloride.  The selectivity of the kinetic 

resolution is sensitive to the polarity of the solvent, with better selectivity being obtained 

in polar THF.  The polystyrene backbone of 4.4 provided a very nonpolar 

microenvironment around the silyl chloride,32 which we hypothesized was the reason for 

the decrease in selectivity. Therefore, our next objective was increasing the selectivity 

factor of the kinetic resolution by using a resin as the solid support as spacers of the resin 

provides a solvent-like microenvironment around the ending silylation active site. 
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Scheme 4.5 Polystyrene-Supported Triphenylsilyl Chloride  

for the Silylation-Based Kinetic Resolution  

 

4.3 Resin-Supported Triphenylsilyl Chloride  

One of the most famous examples is the kinetic resolution of secondary alcohols 

using a resin supported proline-based catalyst developed by Janda (Scheme 4.6).10 This 

kinetic resolution is based on a traditional kinetic resolution of secondary alcohol using a 

proline-based catalyst. One enantiomer of secondary alcohol converts to its benzoyl ester 

while the other enantiomer remains unreacted. Chromatography isolation is then applied to 

separate two enantiomers. Janda attached this proline-based catalyst to a resin though a few 

steps of synthesis. The distance between proline-based catalyst and resin backbone 

increases when a spacer is introduced, promoting a better conversion as active sites are 

away from the resin backbone. The same reaction condition was performed with 2-phenyl 
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cyclohexanol using this resin-supported diamine catalyst, affording an enantioselective 

benzoylation of the one enantiomer of alcohol over the other.  

 

 
 

Scheme 4.6 Kinetic Resolution of Secondary Alcohols  

using a Polymer-Supported Proline-Based Catalyst 

 

Research performed by Janda and coworkers has already proven the idea of 

introducing polarity to the reactive ending site by incorporating PEF spacers which provide 

similar microenvironment to THF between ending site and the resin backbone. We were 

wondering if we could connect triphenylsilyl chloride to the resin backbone through PEG 

spacers, affording a more polar microenvironment for the triphenylsilyl chloride attached 

to the resin. To be specific, triphenylsilyl chloride is connected to the resin through polar 

arms that isolate it from the non-polar resin backbone, obtaining a polar microenvironment 

as if it is surrounded by the solvent. We hypothesized that selectivity and conversion would 

increase with this change. Out of the different types of resin, we chose Tentagel as the solid 

support because it is commercially available and it possesses a polar spacer, leading to a 

microenvironment that is same as the solvent for the reaction. (Scheme 4.7). The goal of 
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the preliminary research is trying to synthesize the resin supported triphenylsilyl chloride 

and test its performance in our kinetic resolution. 

 

 
 

Scheme 4.7 Structure of Tentagel  

 

The design of the resin supported silyl chloride is based on previous studies where 

we determined that three phenyl groups need to be attached to the silyl chloride to achieve 

high selectivity. Therefore, the final resin supported silyl chloride should also possess three 

phenyl groups.33 Compound 4.10 shows the target resin supported silyl chloride, and 

Scheme 4.8 demonstrates the initial proposed synthetic route. In order to incorporate a silyl 

chloride onto the resin, a silane that could be coupled to the resin needed to be synthesized.  

A para substituted diiodobenzene (4.6) was reacted with chlorodiphenyl benzene (4.7) by 

performing a lithium halogen exchange on one of the iodo groups on 4.6, followed by 

addition of the silyl chloride.  Careful addition of only one equivalent of n-BuLi and 

reaction temperature needed to be optimized to avoid n-butyl substituted silicon or di-

substituted side products which are very hard to separate from the product due to their 

similar polarity. Similar reaction conditions to the first step were followed to couple the 

silane to the resin to synthesize 4.8. A lithium-halogen exchange reaction was performed 

on iodo substituted silane 4.8 and upon addition of the Tentagel-Br resin, a nucleophilic 

displacement took place with the primary alkyl halide to achieve the resin supported 
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triphenylsilane 4.9. As the composition of Tentagel-Br resin was known, the composition 

of 4.9 could be obtained with the aid of 13C solid-state NMR. Conversion from Tentagel-

Br to Tentagel-silane can be calculated based on the integration of 13C solid state NMR 

spectrum. Scheme 4.9 showed the solid state 13C NMR for Tentagel-Br. The assignment is 

as follows: the chemical shift of 120 ppm-150 ppm indicates the aromatic carbons of 

polystyrene, 60 ppm-80 ppm indicates the aliphatic carbons of polyethylene glycol and 30 

ppm-50 ppm shows the aliphatic backbone carbons of polystyrene. Comparing that spectra 

to the 13C solid state NMR spectrum of Tentagel-Silane (Scheme 4.10), we found a broad 

peak at 135 ppm for the triphenylsilane carbons and the integration of polystyrene’s 

aromatic and aliphatic stayed almost the same, which means the Tentagel resin was 

relatively stable under these conditions. The integration of the polyethylene glycol portion 

of the spectra did show some decrease indicating that some PEG may cleave. We could use 

the integration of aliphatic backbone carbons (30 ppm-50 ppm) to calculate the integration 

of aromatic backbone carbons (120 ppm-150 ppm). Then we can figure out how much 

triphenyl silane attached to the resin through the difference in the integration of the 

aromatic carbons (integration difference is aromatic carbon of phenyl groups on silicon). 

Then we consider if any spacers we lost based on the difference in PEG carbons (60 ppm-

80 ppm) of 4.9 versus Tentagel-Br. We always used integration of aliphatic and aromatic 

carbons of the resin backbone as the calibration. Actually, it was always easy to prove the 

stability of resin backbone comparing the ration of aliphatic to aromatic carbons of resin 

backbone. In most cases, we wound obtain a same ratio of two types of carbons, suggesting 

the resin backbone was not destroyed. However, PEG spacers were not that stable, we may 

observe loss of PEG spacers up to 40%. Associating the number of PEG spacers per gram 
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of resin provided by the chemical company, we can figure out numbers of bromo active 

site per mole of resin. Number of bromo groups converted could be obtained through the 

calculation. Ultimately conversion of silane incorporation could be obtained.    

 

 
 

Scheme 4.8 Synthetic of Resin-Supported Material 
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Scheme 4.9 Solid State 13C NMR for Tentagel-Br 

 

 
 

Scheme. 4.10 Solid State 13C NMR for Tentagel-Silane 

 

After obtaining 4.9, different methods of chlorination were attempted. We started 

with the classic method of silane chlorination. Pure sulfuryl chloride was applied as both 

solvent and chlorine source to achieve a neat chlorination.34-35 However, chlorination was 

too intense which caused decomposition of the resin.  Solid state 13C NMR showed the 
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inexistence of the spacers, suggesting that the structure of 4.9 was destroyed. Then we 

turned our attention to the mild chlorination routes due to how fragile the resin was. We 

applied trichloroisocyanuric acid (TCCA),36 a mild chlorination reagent, as the source of 

chlorine. We tried to perfrom the chlorination at various temperatures (lower than boiling 

point of CCl4, which is a typical solvent of the previous intense chlorination), we have used 

different solvents, and even attempted microwave chlorination. Unfortunately, the 

chlorination was not strong enough to afford any conversion, which was observed by 

comparing the 13C solid state NMR of the starting material and product. After numerous 

attempts, the synthesis of resin-supported triphenylsilyl chloride 4.10 using TCCA was 

abandoned due to no conversion. In order to continue this project employing a resin, a 

different resin would need to be employed that can withstand more intense chlorination or 

can be chlorinated with TCCA. 

 

4.4 2nd Generation of Polystyrene-Supported Triphenylsilyl Chloride 

Since we failed to synthesize the resin-supported triphenylsilyl chloride, we turned 

our attention to an alternative approach to adjust polarity of the microenvironment of a 

solid-supported silyl chloride. Our design focuses on increasing the polarity of the 

microenvironment while simultaneously increasing the spacing between the silyl chlorides 

in the polymer.  This was accomplished by copolymerizing our styrene silane monomer 

with the polar monomer methyl methacrylate. Since methyl methacrylate has a similar rate 

constant37 compared to polystyrene, random copolymers could be prepared, efficiently 

spacing out the silicon reactive sites. This strategy has two advantages over the resin-

supported triphenylsilyl chloride. The main strategy is the ease of characterization of the 
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material as the polymer-supported silane and silyl chloride has an appropriate Mn (3500-

7000 g/mol) and are soluble in general solvents like THF or chloroform. The other 

advantage is the tolerance of the polystyrene backbone to simple chlorination conditions.  

In order to explore the effects of polarity and spacing on the performance of the 

polymer-supported triphenylsilyl chloride in the kinetic resolution, copolymers with 

various compositions of methyl methacrylate were synthesized and their reactivity and 

selectivity were analyzed by employing them in a kinetic resolution.  

Synthesis of the copolymers started with the preparation of silane monomer (4.12) 

from commercially available 4-bromo styrene (4.11). The synthesis started with a lithium-

halogen exchange on commercially available 4-bromo styrene (4.11) using n-BuLi, the aryl 

lithium was then reacted with diphenylchlorosilane to prepare the silane monomer 4.12 

(Scheme 4.11).38 Next, three different polymers were synthesized with different amounts 

of methyl methacrylate incorporated into the copolymer.  This was done via RAFT 

polymerization using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid （CTP） as the 

initiator,39 to generate silane polymers 4.13a, 4.13b, and 4.13c which have 30, 50, and 70% 

acrylate incorporation, respectively, as related to monomer unit.  The polymers had 

decent dispersity (Ð) ranging from 1.1-1.5, and the number average molecular weights 

(Mn) were between 5600 and 8300 g/mol. Our previous work suggested that polymer 

supported silyl chlorides within this molecular weight range are homogeneous in THF but 

are easily precipitated after the kinetic resolution.7 Finally, copolymers (4.13a-4.13c) were 

chlorinated through a radical chlorination with sulfuryl chloride to generate polymer 

supported silyl chlorides (4.14a-4.14c).34-35 
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Scheme 4.11 Synthesis of Polymer Supported Silyl Chloride as a Styrene-

Methacrylate Copolymer 

 

Kinetic resolutions of alcohol ()-4.15 were performed using 1.3 as the catalyst and 

polymers 4.14a-4.14c as the silyl source to explore the effect of increasing acrylate 

incorporation into the polymer backbone on the selectivity factors (Table 4.1, entries 1-3). 

All the polymers were homogeneous under the reaction conditions.  Once the selective 

silylation was completed, enantioriched product 4.16 was precipitated out as a white solid 

after addition of methanol and removed from the reaction via filtration leading to an 

efficient chromatography-free separation of the alcohol enantiomers. Polymer 4.14a, 

which contained the least amount of acrylate incorporation (31%), did not show an 

improvement over our first-generation polystyrene backbone polymer (Table 4.1, entry 1 

vs entry 4).  Upon increasing the acrylate incorporation to 50% and 70%, the selectivity 

factors increased to 12 and 13 respectively (Table 4.1, entries 2 and 3), which shows 

improvement over polymer silyl chloride 4.10 (Table 4.1, entry 4) and is competitive to the 

selectivity obtained when using triphenylsilyl chloride (Table 4.1, entry 5).  Since 
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polymer 4.14c was comprised of such a large percentage of acrylate, more polymer needed 

to be added to maintain the same concentration of silyl chloride resulting in a slurry like 

consistency and hurting conversion due to inefficient mixing of the reaction.  Further 

studies were carried out with polymer 4.14b, which had the best selectivity and conversion.  

 

Table 4.1 Polymer-Supported Silylation-Based Kinetic  

Resolution Varying the Polar Composition 

 

 

 

Representative substrates that were previously resolved using our silylation-based 

kinetic resolution were chosen to test the versatility of polymer 4.14b (Table 4.2), 

compared with resolutions employing the styrene backbone polymer 4.10 and 

triphenylsilyl chloride.  The resolution of the secondary alcohols (Table 4.2, entries 1 and 

2) and the lactone (Table 4.2, entry 3) with 4.14b as the silyl chloride all had higher 

selectivities in the presence of the acrylate/styrene backbone versus using the silyl chloride 
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polymer 4.10 with just a styrene backbone. Specifically, the pantolactone (Table 4.2, entry 

3) has a dramatic increase in selectivity from s = 11 with polymer 4.10 to s = 28 for 4.14b. 

Excitingly all the selectivities were comparable to selectivities obtained when 

triphenylsilyl chloride is employed (Table 2, last column), showing that the polymer is 

behaving similarly to a small molecule silyl chloride.  The last entry shows the resolution 

of an α-hydroxy lactam, with a selectivity factor of 12 when using 4.14b compared with 

the 20 obtained when employing triphenylsilyl chloride.  Ultimately, the sterically 

hindered lactam has trouble converting past 16%, even after 94 hours, and we presume the 

sterics on the substrate are also affecting the selectivity. To understand whether spacing 

out the silyl chlorides or incorporating polarity into the polymer was more important to 

obtain high selectivity, polymer 4.17 was synthesized.  The polymer is synthesized with 

equal parts styrene and silane monomer 4.12, providing it with the same ratio of silyl 

chloride to spacer as polymer 4.14b.  Since both monomers are styrene, they should have 

the same rate constant, again providing a random copolymer. When the polymer was 

employed in a kinetic resolution to resolve the alcohol chromanol (Scheme 4.12), it 

essentially performed the same as polymer 4.14b giving the same selectivity factor, but 

lower conversion. The difference in selectivity arose when the α-hydroxy lactone was 

resolved. The polymer with the pure polystyrene backbone resulted in a much lower 

selectivity factor and lower conversion as compared to using the more polar 4.14b silyl 

chloride.  These results show that spacing out the silyl chlorides in the polymer improves 

selectivity, but it is still essential to incorporate polarity into the backbone to get higher 

selectivity and to get higher conversion. 
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Table 4.2 Substrate Scope for the Polymer-Supported  

Silylation-Based Kinetic Resolution 

 

 
 

aReactions were run at a concentration with respect to alcohol of: 0.2 M (entries  

1 and 2) for 48h and 0.4 M (entries 3 and 4) for 94 h. Conversions and  

selectivity factors are calculated from the ee of the recovered starting materials  

and products. See ref [38] bSee ref [7]. cData for entry 1 was taken from ref. [41]  

and data for entries 3 and 4 was taken from ref. [42]. See references  

for full experimental details. 

 

To understand whether spacing out the silyl chlorides or incorporating polarity into 

the polymer was more important to obtain high selectivity, polymer 4.17 was synthesized.  

The polymer is synthesized with equal parts styrene and silane monomer 4.12, providing it 

with the same ratio of silyl chloride to spacer as polymer 4.14b.  Since both monomers 



www.manaraa.com

143 
 

are styrene, they should have the same rate constant, again providing a random copolymer. 

When the polymer was employed in a kinetic resolution to resolve the alcohol chromanol 

(Scheme 4.12), it essentially performed the same as polymer 4.14b giving the same 

selectivity factor, but lower conversion. The difference in selectivity arose when the α-

hydroxy lactone was resolved. The polymer with the pure polystyrene backbone resulted 

in a much lower selectivity factor and lower conversion as compared to using the more 

polar 4.14b silyl chloride.  These results show that spacing out the silyl chlorides in the 

polymer improves selectivity, but it is still essential to incorporate polarity into the 

backbone to get higher selectivity and to get higher conversion.   

 

 
 

Scheme 4.12 Polymer-Supported Silylation-Based Kinetic  

Resolution with a Polystyrene Backbone 

 

To further explore the importance of spacing and polarity, a copolymer was 

synthesized from butyl acrylate and the silane monomer 4.12 (Scheme 4.13), where the 

silane monomers polymerize faster than butyl acrylate causing the silane monomers to be 

grouped together. The silyl chloride polymer 4.18 was employed in the kinetic resolution 
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of chromanol resulting in a slightly lower selectivity factor (s = 10 versus 12 with 4.14b) 

with dramatically decreased conversion. These last two polymers show the importance of 

spacing and the positioning of the polar groups to obtain the best selectivity and reactivity.   

 

 
 

Scheme 4.13 Polymer-Supported Silylation-Based Kinetic 

 Resolution with Butyl Acrylate as Monomer 

 

4.5 Conclusions and Outlook 

Our second-generation polymer-supported silyl chlorides were optimized by 

incorporating polar monomers to the backbone of the polymer adjacent to the silyl 

chlorides through a random copolymerization. Comparable selectivity factors and 

conversions to our small molecule silyl chloride were achieved by applying these novel 

copolymers. A favourable microenvironment around the active site can be obtained by 

spacing out the silyl chloride and introducing polarity around the silyl chloride. We have 

shown polarity contributes more to facilitate the selectivity factor over spacing in our 

system.  

Future endeavours will focus on two directions. First, continue to optimize the silyl 

chloride polymer towards increased selectivity and conversion. Kinetic resolutions using 
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2nd generation polymer provided a performance closer to the monomer. However, there is 

still room to improve and push the reactivity same as the monomer. We will try to 

incorporate monomer which has similar polymerization to the methyl methacrylate but 

higher polarity. We also need to expand the substrate scope. The second direction is the 

recoverability of the polymer. In order to regenerate the silly ether derivatized polymer, the 

alcohol is cleaved through an LiAlH4 reduction, to generate the polymer-supported silane 

followed by rechlorination. Since methyl methacrylate is comprised of an ester group 

which is vulnerable to LiAlH4 reduction. Therefore, we need to find a polar monomer that 

has a similar polymerization rate to methyl methacrylate but lacks a functional group that 

can be reduced. The last optimization of our polymer-supported triphenylsilyl chloride is 

the ease of precipitation and filtration, we will focus on increase the molecular weight of 

polymer chain without hurting its performance in kinetic resolution. Ultimately, we can 

combine the above two future works in one project by replacing the methyl methacrylate 

to a more polar monomer with similar polymerization rate and without carbonyl groups. 

Since polymerization rates of two monomers depends on temperature and pressure, we can 

try to optimize the polymerization condition to find a potential replacement of methyl 

methacrylate if we cannot directly find a suitable monomer for the replacement.    

 

4.6 Experimental 

General Information 

All reactions were carried out under a N2 atmosphere using oven dried glassware. 

Molecular sieves were activated for 48 h at 130 °C in an oven. Tetrahydrofuran (THF), 

toluene and dichloromethane were dried by passing through a column of activated alumina 
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before use and stored over molecular sieves. Carbon tetrachloride was distilled, degassed 

and stored over molecular sieves under argon. Sulfuryl chloride was distilled prior to use. 

4,4-Diethyl-3-hydroxy-1-phenylpyrrolidin-2-one1 was prepared according to known 

procedures. Methyl methacrylate (MMA, 99%, Aldrich), tert-butyl acrylate (tBA, 97%, 

Aldrich), and styrene (St, 99%, Aldrich) were passed through a basic alumina column 

before use.  2,2-Azobis (isobutyronitrile) (AIBN) was recrystallized from methanol. All 

other chemicals were obtained from commercial sources and used without further 

purification. 1H NMR was taken on a Bruker Avance III (400 or 300 MHz). Chemical shifts 

are reported in ppm with TMS or chloroform as an internal standard. 13C NMR spectra 

were taken on a Bruker Avance III (101 or 75 MHz) with complete proton decoupling. 

Enantiomeric ratios were determined via HPLC using an Agilent 1200 series using chiral 

stationary phases Daicel Chiralcel OD-H or chiral stationary phases Daicel Chiralcel AD-

H (4.6 x 250 mm x 5 µm) columns, monitored by a diode array detector in comparison to 

racemic materials. Molecular weights and dispersity (Mw/Mn, Ð) were determined by GPC 

conducted on a Varian 390-LC system.  

 

Synthesis of Resin-Supported Silane and Silyl Chlorides 

 

(4-iodophenyl)diphenylsilane (4.8)  

A solution of 4.6 (990 mg, 3 mmol) in 6 mL THF was prepared in a four-dram vial with 

Teflon stir bar. The vial was put in -40 ℃ bath for 10 minutes until the starting material 
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fully cooled down for the following lithium halogen exchange reaction. After titration, an 

accurate 1.1 equivalent amounts of n-BuLi (2050 μL) was added into the vial drop by drop. 

After adding all the n-BuLi, reaction was arranged under nitrogen balloon and reacted for 

3 hours. Then transferred the vial to –78 ℃ bath. A solution of 4.7 (656 mg, 3 mmol) in 3 

mL THF was added drop by drop to the vail. After reacting under 78 oC for 0.5 hour, the 

vial was transferred to room temperature for another 2 hours reaction. Reaction was then 

quenched with Deionized water (6 mL). Diethyl ether (6*3ml) was used for extraction and 

the organic layer was dried with sodium sulfate. Solvent was removed and the residue was 

purified by silica gel chromatography (pure Hexane) to give transparent oil (618 mg, 53% 

yield). 1H NMR (400 MHz, CDCl3, 25℃) δ 5.42 (s, 1H), 7.27-7.31 (d,2H), 7.35-7.46 

(m,6H), 7.53-7.56 (d,2H), 7.70-7.74 (d,2H); 13C NMR (75.46 MHz, CDCl3, 25℃) δ 128.2, 

130.0, 132.6, 135.7, 137.2, 137.4. 

 

 

Tentagel-supported triphenyl silane (4.10) 

A solution of 4.8 (268 mg, 0.7 mmol) in 3ml THF was prepared in a 4-dram vial with 

Teflon stir bar. The vial was put in 40 oC baths until the starting materials fully cooled 

down. 1.1 equivalent of n-BuLi (475 μL) was added drop by drop to the vial. After adding 

all the n-BuLi. The reaction was arranged under nitrogen balloon and react for 45 minutes. 

In the meanwhile, 4.9 (276 mg, 0.07 mmol) in 9mL THF was prepared in a 25 mL round 
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bottom flask. The round bottom flask was set under room temperature for 20 minutes until 

resin was fully swollen then transferred to -78℃ bath. Once the lithium halogen exchange 

reaction was ready, the mixture was added drop by drop to the round bottom flask. It was 

transferred to shaker under room temperature for additional 2 hours followed by quenching 

with deionized water (6 mL). Crude product was obtained though the filtration, THF 

(2*6mL) was used to wash the crude product until the color turned white from yellow.  

 

Synthesis of monomer 1-diphenylsilyl-4-ethenylbenzene (4.12) 

In an oven dry 250 mL round bottom flask was charged with a magnetic stirring bar and 4-

bromostyrene (4.11) (1.8 g, 10 mmol) in 45 mL THF was added to the flask at room 

temperature under N2 and allow to cool at -78 °C. After 20 minutes, 6.75 mL (1.63 M, 11 

mmol) n-BuLi was added to the flask and allow to stir for 2 hours.  Then the lithium 

mixture was added dropwise to another 250 mL round bottom flask which was equipped 

with the solution of diphenylchlorosilane (2.2 g, 10 mmol) in THF (15 mL) via cannula at 

-78 °C.  Resulting mixture was warmed to room temperature and stirred for 4 hours. After 

quenching with 20 mL of saturated NH4Cl, the mixture was extracted with diethyl ether 

(20 mL, 3 times). The organic layer was washed with 20 mL of water, dried over anhydrous 

MgSO4, filtered and concentrated using vacuum. Column chromatography was performed 

using hexane as a solvent. Colorless liquid was obtained as a final product. (2.2 g, 7.8 mmol, 

Yield = 78%).  1H NMR (400 MHz, CDCl3) δ ppm 7.57 (m, 6H), 7.39 (m, 8H), 6.75 (m, 

1H), 5.79 (d, J = 18 Hz, 1H), 5.47 (s, 1 H), 5.28 (d, J = 9 Hz, 1 H). 13C NMR (101 MHz, 

CDCl3) δ ppm 139.0, 136.8, 136.1, 135.8, 133.3, 132.9, 129.9, 128.1, 125.9, 114.8. 
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Scheme 4.14 Copolymerization of 4.12 and Methyl Methacrylate  

 

 

Synthesis of Polymer-Supported Silane and Silyl Chlorides 

poly(1-diphenylsilyl-4-ethenylbenzene-co-methyl methacrylate)   (4.13a) 

Monomer 1-diphenylsilyl-4-ethenylbenzene (1.24 g, 4.33 mmol), methyl methacrylate 

(186.1 mg, 1.86 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (30.5 mg, 

0.11 mmol), and AIBN (5.1 mg, 0.031 mmol) were dissolved in 2.2 mL of toluene in a 10 

mL Schlenk flask and then degassed with three cycles of freeze−pump−thaw. The reaction 

was heated under 75 °C for 24 h. The reaction mixture was precipitated in methanol for 

three times and vacuum dried. Yield: 1.1 g, 71.6%. The GPC traces of copolymers were 

showed in below (Figure 4.1) and dispersity (Ð) of copolymers were showed in Table 4.3. 
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Figure 4.1 GPC Trace of 4.13a 

 

 

poly(1-diphenylsilyl-4-ethenylbenzene-co-methyl methacrylate)   (4.13b) 

Monomer 1-diphenylsilyl-4-ethenylbenzene (1.4 g, 4.89 mmol), methyl methacrylate 

(489.6 mg, 4.89 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (44.1 mg, 

0.16 mmol), and AIBN (7.8 mg, 0.047 mmol) were dissolved in 3.5 mL of toluene in a 10 

mL Schlenk flask and then degassed with three cycles of freeze−pump−thaw. The reaction 

was heated under 75 °C for 24 h. The reaction mixture was precipitated in methanol for 

three times and vacuum dried. Yield: 1.5 g, 75.9%.  1H NMR spectrum of the polymer 

product is given in Figure 4.6 as an example. The GPC traces of copolymers were showed 

in below (Figure 4.2) and dispersity (Ð) of copolymers were showed in Table 4.3. 
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Figure 4.2 GPC Trace of 4.13b 

 

 

poly(1-diphenylsilyl-4-ethenylbenzene-co-methyl methacrylate)  (4.13c) 

Monomer 1-diphenylsilyl-4-ethenylbenzene (1.1 g, 3.84 mmol), methyl methacrylate 

(898.2 mg, 8.97 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (42.6 mg, 

0.15 mmol), and AIBN (10.5 mg, 0.064 mmol) were dissolved in 4.5 mL of toluene in a 

25 mL Schlenk flask and then degassed with three cycles of freeze−pump−thaw. The 

reaction was heated under 75 °C for 24 h. The reaction mixture was precipitated in 

methanol for three times and vacuum dried. Yield: 1.7 g, 78.5%. The GPC traces of 

copolymers were showed in below (Figure 4.3) and dispersity (Ð) of copolymers were 

showed in Table 4.3.  
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Figure 4.3 GPC Trace of 4.13c 

 

 

poly(1-diphenylsilyl-4-ethenylbenzene-co-n-butyl acrylate) (4.17) 

Monomer 1-diphenylsilyl-4-ethenylbenzene (1.4 g, 4.79 mmol), n-butyl acrylate (614 mg, 

4.79 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (43.2 mg, 0.16 mmol), 

and AIBN (7.6 mg, 0.046 mmol) were dissolved in 3.4 mL of toluene in a 25 mL Schlenk 

flask and then degassed with three cycles of freeze−pump−thaw. The reaction was heated 

under 75 °C for 24 h. The reaction mixture was precipitated in methanol for three times 

and vacuum dried. Yield: 1.4 g, 69.5%.  1H NMR spectrum of the polymer product is 

given in Figure 4.7 as an example. The GPC traces of copolymers were showed in below 

(Figure 4.4) and dispersity (Ð) of copolymers were showed in Table 4.3. 



www.manaraa.com

153 
 

10 15 20 25 30

Elution time (min)

 
 

Figure 4.4 GPC Trace of 4.17 
 

 

poly(1-diphenylsilyl-4-ethenylbenzene-co-styrene) (4.18) 

Monomer 1-diphenylsilyl-4-ethenylbenzene (2.2 g, 7.73 mmol), styrene (805 mg, 7.73 

mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (69.7 mg, 0.25 mmol), and 

AIBN (12.3 mg, 0.075 mmol) were dissolved in 5.6 mL of toluene in a 25 mL Schlenk 

flask and then degassed with three cycles of freeze−pump−thaw. The reaction was heated 

under 75 °C for 24 h. The reaction mixture was precipitated in methanol for three times 

and vacuum dried. Yield: 1.9 g, 63.3%. 1H NMR spectrum of the polymer product is given 

in Figure 4.8 as an example. The GPC traces of copolymers were showed in below (Figure 

4.5) and dispersity (Ð) of copolymers were showed in Table 4.3. 
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Figure 4.5 GPC Trace of 4.18 
 

Table 4.3 Molecular Weight Parameters of Polymers Characterized from GPC 

 

Polymer n m Mn (GPC) Ð 

4.13a 24 11 8266 1.5 

4.13b 13 13 5628 1.1 

4.13c 13 29 6969 1.3 

 4.17 14 14 5828 1.1 

4.18 17 17 7444 1.4 

 

 
 

Figure 4.6 1H NMR (CD2Cl2) Spectrum of the Polymer 4.13b 



www.manaraa.com

155 
 

 
 

Figure 4.7 1H NMR (CD2Cl2) Spectrum of the Polymer 4.17 

 

 
 

Figure 4.8 1H NMR (CD2Cl2) Spectrum of the Polymer 4.18 
 

Example Procedure for the Chlorination of Polymer-Bound Triphenyl Silane  

A 50 mL three neck round bottom flask was equipped with a stir bar. polymer 4.13b 

(900 mg, 1.63 mmol, based on silane) in 15 mL of CCl4 was added into the vessel. The 

flask was then equipped with a reflux condenser and purged with argon. The solution was 

warmed to reflux then SO2Cl2 (0.39 mL, 4.89 mmol) was added via syringe drop wise. The 

mixture was allowed to reflux for 3 h at which point complete conversion was achieved as 

determined by 1H NMR. The solvent was removed under vacuum to yield the chlorinated 
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polymer 4.14b ready for use in a kinetic resolution, 1.21 g, pale yellow solid, quantitative 

yield. For 1H NMR spectra of the chlorinated polymer see the spectroscopic data of select 

compounds. 

 

General Procedure for the Polymer Supported Silylation-Based Kinetic Resolution of 

Secondary Alcohols (GP1) 

Into a 1-dram vial equipped with a stir bar and activated 4Å molecular sieves, 

racemic substrate (0.4 mmol) and catalyst (1.3 or 1.4) (0.1 mmol) was added. The vial was 

then purged with argon and sealed with a septum. The starting materials were then 

dissolved in 1.4 mL of THF.  Base, (iPr2NEt, 0.32 mmol), was added via syringe and the 

vial was cooled to -78 C in a cryocool for 30 mins. The cooled mixture was then treated 

with 0.64 mL of a freshly prepared 0.5 M polymer-bound silyl chloride solution in THF. 

The reaction was left to stir a set amount of time at -78 C then quenched with 0.3 mL of 

methanol. The solution was left to warm to room temperature then the contents of the vial 

were extracted into a 4-dram vial with EtOAc. The solution was concentrated to give an 

oil, which was diluted with 20 mL of EtOAc. The resulting solution was washed with 5% 

HCl followed by sat. aq. NaHCO3. The organic layer was then dried over sodium sulfate, 

filtered and concentrated. The polymer was precipitated from the unreacted starting 

material by addition of methanol (10 mL). The polymer was filtered away and the 

supernatant concentrated. The precipitation process was repeated three times. Removal of 

the methanol afforded the starting material. Further purification on column 

chromatography was needed (EtOAc /hexanes mixtures) to provide starting material 

suitable for chiral stationary HPLC.  
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General Procedure for the Deprotection of Polymer-Bound Products (GP2) 

The polymer-bound product obtained by filtration was weighed into a 4-dram vial 

equipped with a stir bar and septum. The polymer was then dissolved in 1 mL of THF with 

stirring and treated with 1 mL of TBAF (1 M in THF). The reaction was monitored via 

TLC (1:3 EtOAc: hexanes). The reactions were generally complete in less than 2 h. The 

reaction was then quenched with brine, extracted with diethyl ether (2 mL, three times) and 

dried over anhydrous MgSO4 and filtered. Concentration under vacuum afforded an oil. 

Subsequent purification on silica gel column chromatography (EtOAc/hexanes mixture) 

afforded the deprotected products suitable for conversion to the benzoate ester or separation 

on chiral stationary phase HPLC.  

 

General Procedure for the Benzoylation of Pentolactone (GP3) 

A 4-dram vial containing the lactone was fitted with a stir bar and a septum. DMAP 

(0.1 equiv) was added to the vial. The mixture was then dissolved in 2 mL of 

dichloromethane with stirring. Triethyl amine (2.0 equiv) was added via syringe and the 

vessel was cooled to 0 C in an ice bath. Benzoyl chloride (1.4 equiv) was then added drop 

wise via syringe and the reaction was left to stir for 30 mins at which point TLC of the 

crude indicated reaction was complete. The reaction was quenched with sat. sodium 

bicarbonate and extracted three times with dichloromethane. The combined organic layers 

were then dried over sodium sulfate. After concentration, the crude was then purified via 

silica gel column chromatography to obtain the desired benzoylated lactone.  
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Table 4.4 Kinetic Resolution Data for Table 4.1 

 

 

 

Table 4.1, Entry 1: 30 mg, 49 % recovered. 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 

7.6, 1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, 1H), 6.85 (dd, J = 8.2, 0.9 Hz, 1H), 4.80 (q, 

J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 4.9 Hz, 1H). 13C 

NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 63.3, 61.9, 30.8. 

HPLC condition: OD-H Column 8% isopropyl alcohol in hexane, flow rate: 1.0 mL/min; 

tR 17.9 min for (S)-enantiomer and 22.2 min for (R)-enantiomer (er = 79:21) 

 

 

 
 

Figure 4.9 HPLC Data of the SM of Table 4.1 Entry 1 
 

Entry n m er SM er PR Conv (%) s Avg s 

Table 4.1 

entry 1 

24 11 78.6:21.4 82.6:17.4 46.7 8.4 9.4 

80.3:19.7 85.0:15.0 46.4 10.4 

Table 4.1 

entry 2 

13 13 79.0:21.0 87.7:12.3 43.5 12.7 11.9 

82.5:17.5 85.1:14.9 48.1 11.0 

Table 4.1 

entry 3 

13 29 68.6:31.4 89.8:10.2 31.8 12.8 12.7 

67.6:32.4 89.8:10.2 30.5 12.5 
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Table 4.1, Entry 1: 52 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC 

data is of the desilylated product following GP2, 12 mg, 23 % yield. The same conditions 

as the recovered starting materials were utilized. (er = 83:17) 

 

 
 

     Figure 4.10 HPLC Data of the PR of Table 4.1 Entry 1 
   

 

Table 4.1, Entry 2: 31 mg, 51 % recovered. 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 

7.6, 1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.85 (dd, J = 8.2, 0.9 

Hz, 1H), 4.80 (q, J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 

4.9 Hz, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 

63.3, 61.9, 30.8.  HPLC separation was achieved on Chiralpak OD-H Column 8% 

isopropyl alcohol in hexane, flow rate: 1.0 mL/min, 25 C; tR 19.1 min for (S)-enantiomer 

(major) and 23.7 min for (R)-enantiomer (minor). (er = 79:21) 
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Figure 4.11 HPLC Data of the SM of Table 4.1 Entry 2 
 

 

Table 4.1, Entry 2: 53 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data 

is of the desilylated product following GP2, 13 mg, 25 % yield. The same conditions as the 

recovered starting materials were utilized. (er = 88:12) 

 

 
 

Figure 4.12 HPLC Data of the PR of Table 4.1 Entry 2 
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Table 4.1, Entry 3: 33 mg, 54 % recovered. 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 

7.6, 1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.85 (dd, J = 8.2, 0.9 

Hz, 1H), 4.80 (q, J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 

4.9 Hz, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 

63.3, 61.9, 30.8. HPLC condition OD-H Column 8% IPA in hexane, flow rate: 1.0 mL/min; 

tR 18.7 min for (S)-enantiomer (major) and 23.2 min for (R)-enantiomer (minor). (er = 69:31) 

 

 

 
 

Figure 4.13 HPLC Data of the SM of Table 4.1 Entry 3 
 

 

Table 4.1, Entry 3: 43 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data 

is of the desilylated product following GP2, 10 mg, 23 % yield. The same conditions as the 

recovered starting materials were utilized. (er = 90:10) 
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Figure 4.14 HPLC Data of the PR of Table 4.1 Entry 3 

 

Analytical Data and HPLC Data for Kinetic Resolutions 

 

Table 4.2, Entry 1: 31 mg, 51 % recovered. 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 

7.6, 1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.85 (dd, J = 8.2, 0.9 

Hz, 1H), 4.80 (q, J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 

4.9 Hz, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 

63.3, 61.9, 30.8.  HPLC separation was achieved on Chiralpak OD-H Column 8% 

isopropyl alcohol in hexane, flow rate: 1.0 mL/min, 25 C; tR 19.1 min for (S)-enantiomer 

(major) and 23.7 min for (R)-enantiomer (minor). (er = 79:21) 

 

 

 
 

Figure 4.15 HPLC Data of the SM of Table 4.2 Entry 1 
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Table 4.2, Entry 1: 53 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data 

is of the desilylated product following GP2, 13 mg, 25 % yield. The same conditions as the 

recovered starting materials were utilized. (er = 88:12) 

 

 
 

Figure 4.16 HPLC Data of the PR of Table 4.2 Entry 1 
 

Table 4.5 Kinetic Resolution Data for Table 4.2, Entry 1 

 

Entry er SM er PR Conv (%) s Avg s 

1 79.0:21.0 87.7:12.3 43.5 12.7 11.9 

2 82.5:17.5 85.1:14.9 48.1 11.0 

 

 

Table 4.2, Entry 2:  33 mg, 50 % recovered. 1H NMR: (400 MHz, CDCl3) δ ppm 7.33 

(d, J = Hz, 1 H), 7.19 – 7.12 (m, 2H), 7.10 – 7.04 (m, 1H), 4.83 (dd, J = 4.7, 3.2 Hz, 1 H), 
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3.33 (td, J = 12.3, 3.0 Hz, 1H), 2.93 – 2.78 (m, 1H), 2.36 (dtd, J = 13.7, 5.3, 3.0 Hz, 1H), 

2.06 (ddt, J = 14.0, 11.9, 3.3 Hz, 1H), 1.77 (s, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 

134.6, 133.3, 130.4, 128.5, 126.8, 124.3, 66.6, 30.0, 21.5.  HPLC separation was achieved 

on Chiralpak OD-H Column 10 % isopropyl alcohol in hexane, flow rate: 1.0 mL/min, 25 

C; tR 18.4 min for (S)-enantiomer (major) and 24.2 min for (R)-enantiomer (minor). (er = 

84:16) As this material is a known compound, no IR spectrum nor high resolution mass 

spectrum was required.  

 

 

 
 

Figure 4.17 HPLC Data of the SM of Table 4.2 Entry 2 
 

 

Table 4.2, Entry 2: 63 mg. For 1H NMR (400 MHz) data see selected spectra. CD2Cl2 

was applied as the NMR solvent because the reference peak blocks no other peaks. HPLC 
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data is of the desilylated product following GP2, 18 mg, 29 % yield. The same conditions 

as the recovered starting materials were utilized. (er = 87:13)  

 

 
 

Figure 4.18 HPLC Data of the PR of Table 4.2 Entry 2 
 

Table 4.6 Kinetic Resolution Data for Table 4.2, Entry 2 

 

Entry er SM er PR Conv (%) s Avg s 

1 83.6:16.4 87.1:12.9 47.5 13.5 15.1 

2 82.8:17.2 89.5:10.5 45.4 16.6 

 

 

Table 4.2, Entry 3: 27 mg, 51 % recovered. 1H NMR: (400 MHz, CDCl3) δ ppm 4.11 (s, 

1H), 4.00 (d, J = 8.9 Hz，1H), 3.95 (d, J = 8.9 Hz，1H), 1.24 (s, 3H), 1.08 (s, 3H). 13C 

NMR: (101 MHz, CDCl3) δ ppm 177.7, 76.4, 75.8, 41.0, 22.9, 18.8.  

 

 

1H NMR: (400 MHz, CDCl3) δ ppm 8.12 (d, J = 7.7 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.49 

(t, J = 7.7 Hz, 2H), 5.64 (s, 1H), 4.23 – 4.05 (m, 2H), 1.29 (s, 3H), 1.25 (s, 3H). 13C NMR: 
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(101 MHz, CDCl3) δ ppm 172.4, 165.4, 133.8, 130.0, 128.8, 128.6, 76.3, 75.5, 40.6, 23.1, 

20.1. The recovered starting material was converted to the benzoylated ester according to 

GP3 for HPLC analysis. HPLC separation was achieved on Chiralpak OD-H Column 6 % 

isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 17.4 min for (R)-enantiomer 

(minor) and 20.0 min for (S)-enantiomer (major). (er = 80:20) 

 

 

 
 

Figure 4.19 HPLC Data of the SM of Table 4.2 Entry 2 
 

 

Table 4.2, Entry 3: 58 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data 

is of the desilylated product following GP2, 12 mg, 21 % yield. The desilylated alcohol 

was then benzoylated according to GP3 for HPLC analysis. The same conditions as the 

benzoylated starting materials were utilized. (er = 94:6) CD2Cl2 was applied as the NMR 

solvent because the reference peak blocks no other peaks. 
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Figure 4.20 HPLC Data of the PR of Table 4.2 Entry 3 

 

Table 4.7 Kinetic Resolution Data for Table 4.2, Entry 3 

 

Entry er SM er PR Conv (%) s Avg s 

1 80.2:19.8 94.0:6.0 40.7 28.9 28.2 

2 82.1:17.9 93.5:6.5 42.5 27.5 

 

 

Table 4.2, Entry 4:  66 mg, 71 % recovered. 1H NMR: (400 MHz, CDCl3) 1H NMR 

(400 MHz, CDCl3) δ 7.64 (d, J = 7.7 Hz, 2H), 7.37 (t, J = 7.7 Hz, 2 H), 7.17 (t, J = 7.4 Hz, 

1H), 4.22 (s, 1H), 3.51 (dd, J = 40.3, 9.9 Hz, 2H), 2.84 (s, 1H), 1.76 – 1.62 (m, 3H), 1.51 

(dq, J = 14.7, 7.4 Hz, 1H), 1.04 (t, J = 7.5 Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H). 13C NMR: 

(101 MHz, CDCl3) ppm 174.1, 139.0, 129.0, 124.9, 119.5, 77.6, 54.0, 44.2, 29.8, 22.6, 8.9, 

8.4. HPLC separation was achieved on Chiralpak AD-H column 15 % isopropyl alcohol in 

hexane, flow rate: 1 mL/min, 25 C; tR 30.5 min for (S)-enantiomer (major) and 39.8 min 

for (R)-enantiomer (minor). (er = 57:43) Absolute stereochemistry was obtained via optical 

rotation. 
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Figure 4.21 HPLC Data of the SM of Table 4.2 Entry 4 
 

 

Table 4.2, Entry 4: 101 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC 

data is of the desilylated product following GP2, 18 g, 18% yield. (er = 91:9) 

 

 
 

Figure 4.22 HPLC Data of the PR of Table 4.2 Entry 4 
 

Table 4.8 Kinetic Resolution Data for Table 4.2, Entry 4 

 

Entry er SM er PR Conv (%) s Avg s 

1 57.5:42.5 90.9:9.1 15.5 11.5 11.8 

2 57.5:42.5 91.3:8.7 15.4 12.0 
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29 mg, 48 % recovered. (Scheme 4.9) 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 7.6, 

1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.85 (dd, J = 8.2, 0.9 Hz, 

1H), 4.80 (q, J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 4.9 

Hz, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 

63.3, 61.9, 30.8.  HPLC separation was achieved on Chiralpak OD-H Column 7% 

isopropyl alcohol in hexane, flow rate: 1.0 mL/min, 25 C; tR 20.0 min for (S)-enantiomer 

(major) and 25.3 min for (R)-enantiomer (minor). (er = 71:29) 

 

 

 
 

Figure 4.23 HPLC Data of the SM of 4-Chromanol in Scheme 4.9  
 

 

64 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data is of the desilylated 

product following GP2, 17 mg, 27 % yield. The same conditions as the recovered starting 

materials were utilized. (er = 91:9) 
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Figure 4.24 HPLC Data of the PR of 4-Chromanol in Scheme 4.9  

 

Table 4.9 Kinetic Resolution Data of 4-Chromanol in Scheme 4.9 

 

Entry er SM er PR Conv (%) s Avg s 

1 71.5:28.5 90.9:9.1 34.5 15.1 13.4 

2 70.1:29.9 88.6:11.4 34.2 11.6 

 

 

26 mg, 50 % recovered. 1H NMR: (400 MHz, CDCl3) δ ppm 4.11 (s, 1H), 4.00 (d, J = 8.9 

Hz，1H), 3.95 (d, J = 8.9 Hz，1H), 1.24 (s, 3H), 1.08 (s, 3H).  13C NMR: (101 MHz, 

CDCl3) δ ppm 177.7, 76.4, 75.8, 41.0, 22.9, 18.8.  

 

 

1H NMR: (400 MHz, CDCl3) δ ppm 8.12 (d, J = 7.7 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.49 

(t, J = 7.7 Hz, 2H), 5.64 (s, 1H), 4.23 – 4.05 (m, 2H), 1.29 (s, 3H), 1.25 (s, 3H). 13C NMR: 

(101 MHz, CDCl3) δ ppm 172.4, 165.4, 133.8, 130.0, 128.8, 128.6, 76.3, 75.5, 40.6, 23.1, 

20.1. The recovered starting material was converted to the benzoylated ester according to 

GP3 for HPLC analysis. HPLC separation was achieved on Chiralpak OD-H Column 6 % 
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isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 16.2 min for (R)-enantiomer 

(minor) and 19.9 min for (S)-enantiomer (major). (er = 70:30)  

 

 

 
 

Figure 4.25 HPLC Data of the SM of Pentolactone in Scheme 4.9  
 

 

68 mg. HPLC data is of the desilylated product following GP2, 16 mg, 24 % yield. The 

desilylated alcohol was then benzoylated according to GP3 for HPLC analysis. The same 

conditions as the benzoylated starting materials were utilized. (er = 91:9) 

 

 
 

Figure 4.26 HPLC Data of the PR of Pentolactone in Scheme 4.9  
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Table 4.10 Kinetic Resolution Data of Pentolactone in Scheme 4.9 

 

Entry er SM er PR Conv (%) s Avg s 

1 70.1:29.9 91.3:8.7 32.7 15.7 15.4 

2 70.4:29.6 91.0:9.0 33.2 15.1 

 

 

43 mg, 71 % recovered. (Scheme 4.10) 1H NMR: (400 MHz, CDCl3) δ 7.32 (dd, J = 7.6, 

1.6 Hz, 1H), 7.24 – 7.18 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.85 (dd, J = 8.2, 0.9 Hz, 

1H), 4.80 (q, J = 4.2 Hz, 1H), 4.35 – 4.19 (m, 2H), 2.21 – 1.96 (m, 2H), 1.82 (d, J = 4.9 

Hz, 1H). 13C NMR: (101 MHz, CDCl3) δ ppm 154.6, 129.8, 129.7, 124.3, 120.6, 117.1, 

63.3, 61.9, 30.8. It is a known compound, so IR and high resolution mass spectrum is not 

required. HPLC separation2 was achieved on Chiralpak OD-H Column 8% isopropyl 

alcohol in hexane, flow rate: 1.0 mL/min, 25 C; tR 15.9 min for (S)-enantiomer (major) 

and 19.4 min for (R)-enantiomer (minor). (er = 57:43) 

 

 

 
 

Figure 4.27 HPLC Data of the SM of 4-Chromanol in Scheme 4.10  
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24 mg. For 1H NMR (400 MHz) data see selected spectra. HPLC data is of the desilylated 

product following GP2, 6 mg, 25 % yield. The same conditions as the recovered starting 

materials were utilized. (er = 89:11) 

 

 
 

Figure 4.28 HPLC Data of the PR of 4-Chromanol in Scheme 4.10  

 

Table 4.11 Kinetic Resolution Data of 4-Chromanol in Scheme 4.10 

 

Entry er SM er PR Conv (%) s Avg s 

1 57.4:42.6 89.2:10.8 16.2 9.7 9.6 

2 57.4:42.6 89.0:11.0 16.3 9.4 
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