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ABSTRACT 

 This dissertation represents our preliminary mechanistic investigations on 

the silylation-based kinetic resolution of secondary alcohols, and how we use that 

knowledge for further expansion of this methodology.  Chapter 2 describes how we came 

up with a preliminary mechanism of our silylation-based methodology using a linear free 

energy relationship and a rate study. In this chapter, several para substituted triphenylsilyl 

chlorides were prepared that varied electronically and sterically in order to understand the 

substituent effects on the rate and the selectivity of the reaction. Selectivity factors and 

initial rates were experimentally determined for the kinetic resolution reactions with the 

newly designed silyl chlorides. Linear free energy relationships were found to correlate 

both selectivity factors and initial rates.  

Chapter 3 covers our 29Si NMR studies in order to understand if a complex is 

forming between the catalyst (-)-tetramisole and Ph3SiCl. A variety of different techniques 

were used including 1H NMR titrations, 29Si NMR experiments, and 1H-29Si gHSQC 2D 

experiments. Finally, three different mechanisms were proposed for future study.  

Chapter 4 discusses our efforts to apply the silylation-based methodology 

developed by the Wiskur lab to allylic alcohols, homoallylic alcohols, and 2-

arylcyclohexanols. No enantiodiscrimination was obtained with allylic alcohols and 

homoallylic alcohols while a moderate level of selectivity was achieved with  
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2-arylcyclohexanols. Employing Ph3SiCl substituted in the para position with an isopropyl 

group in the kinetic resolution reaction of 2-arylcyclohexanol resulted in a doubling of the 

selectivity factor. The synthesis of various substrates and employing them in our kinetic 

resolution is discussed. 

Chapter 5 describes the use of a polymer supported triphenylsilyl chloride in our 

kinetic resolution reaction. Different molecular weight polymers containing triphenylsilyl 

chloride were prepared and tested in the kinetic resolution of 4-chromanol. Similar 

selectivity factors were reported in all cases. Reaction optimization along with future work 

for this project is discussed.  

Finally, Chapter 6 explores our attempt toward the development of a kinetic 

resolution of amines by transforming them into imines and employing them in an 

asymmetric aza-Diels-Alder reaction. Various chiral Lewis acids were attempted to 

achieve selectivity in the aza-Diels-Alder reaction.  
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CHAPTER 1 

BACKGROUND AND INTRODUCTION TO SILYLATION-BASED KINETIC 

RESOLUTIONS 

 

1.1 Introduction 

Chirality is one of the most important concepts in organic chemistry. A molecule 

with a non-superimposable mirror image is a chiral compound, and the mirror image of 

this chiral compound is known as an enantiomer. A 50:50 mixture of two enantiomers is 

called a racemic mixture.1  In general, enantiomers display the identical physical and 

chemical properties but can display different biological properties.  Two enantiomers of 

the same molecule can have completely different biological properties. This fundamental 

difference can be illustrated by using the naturally occurring enantiomers of limonene 

(Figure 1.1). The R enantiomer of limonene smells like oranges while its mirror image (S)-

limonene smell like lemons.2 

 

Figure 1.1 Enantiomers of limonene 
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Due to this difference in biological activity of enantiomers, enatiomerically pure 

compound has gained more attention within the pharmaceutical industry. Thalidomide is 

an example that shows the importance of enantiomerically pure drugs in pharmaceuticals.3  

In this case, (R)-thalidomide acts as a potential drug for morning sickness in pregnant 

woman while (S)-thalidomide causes severe birth defects (Figure 1.2(A)).  Another 

example is naproxen4; the (S)-enantiomer of naproxen is used as an anti-inflammatory 

agent while its (R)-enantiomer of naproxen can be toxic to the liver (Figure 1.2(B)).  

Therefore, the sale of chiral drugs in their single enantiomer form has grown dramatically 

in the pharmaceutical industry over the past several years. Using a drug in its single 

enantiomeric form will allow it to utilize its maximum potential of effectiveness and avoid 

any dangers associated with a racemic mixture. 

 

Figure 1.2 The enantiomers of thalidomide and naproxen 

According to the US Food and Drug Administration, pharmaceutical companies are 

required to have an enantiomeric purity of 99% or more in order to be sold as a compound 
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in single enantiomer form. If a drug’s purity is less than 99%, or it is used as a racemic 

mixture, the biological activity of both enantiomers must be analyzed before selling as a 

drug.5  In both cases, a drug manufacturer must synthesize and analyze the biological 

activity of both enantiomers. As a result, the demand for enantiomerically pure compounds 

has increased dramatically. Thus, an accurate method to obtain enantiomerically enriched 

compounds has become an essential tool. Chiral technology is expected to reach a value of 

$5.1 billion (US) market globally by 2017, according to a Global Industry Analyst, Inc 

report.6 It is really important to understand enantiomeric purity, which can be measured in 

terms of enantiomeric excess (ee). The percentage difference between the major and minor 

enantiomers is known as enantiomeric excess (Equation 1.1).  A higher ee value represents 

higher purity of one enantiomer.  

 

               % ee = 100 * ([R] - [S])/ ([R] + [S])     Equation 1.1 

 

An ee value over 95% or more can be classified as an enantiomerically pure compound and 

ee can be determined by using chiral HPLC or GC. There are several ways to obtained 

enantiomerically pure compounds. 

1.2 Methods to obtain enantiomerically pure compounds 

1.2.1 Nature (As a chiral pool) 

 Nature is a source of enantiomerically pure compounds. It is considered one of the 

best sources because the requisite starting material or target itself is produced by nature 

and laboratory syntheses are very expensive. Nature has a limitations, nature offers a 

limited scope of compounds and often as a single enantiomer.  In that case, if one is 
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interested in the other form of the enantiomer, a laboratory synthesis becomes mandatory.  

Examples of enantiomerically pure compounds obtained from nature are shown in Figure 

1.3.   

 

Figure 1.3 Enantiomerically pure compounds obtained from nature 

1.2.2 Asymmetric catalysis  

Asymmetric catalysis is one of the most widely used synthetic ways to obtain 

enantiomerically enriched compounds. In this method, chirality is introduced to a prochiral 

substrate using chiral auxiliaries or chiral catalysts (Scheme 1.1).7  The main advantage of 

this method involves the possibility to achieve up to ˃ 99% yield with ˃ 99% ee.   

 

Scheme 1.1 General scheme showing an asymmetric reaction 

Numerous examples of asymmetric catalysis are reported in the literature.8-11 

Asymmetric hydrogenation is one of them.  A breakthrough in asymmetric hydrogenation 

was reported in 1968 when Knowles12 at Monsanto Company in St. Louis reported the 

conversion of a prochiral substrate to a chiral product with an excess of one enantiomer 

using a chiral transition metal (Rh) catalyst.  In order to verify this, Knowles used prochiral 

styrene and converted that into (+)-hydratropic acid with 15% ee using enantiomerically 

pure methypropylphenylphosphine (69% ee) (Scheme 1.2(A)).  Knowles’ success was 
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commercialized in 1974 to synthesis L-DOPA, a drug use in the treatment of Parkinson 

disease (Scheme 1.2 (B)).13 

 

 

Scheme 1.2 (A) Asymmetric hydrogenation reported by Knowles and (B) a synthesis L-

DOPA at commercial scale using Knowles’s catalytic asymmetric hydrogenation  

 

Another important discovery in asymmetric catalysis involves the BINAP-Ru (II) 

chiral catalyst for asymmetric hydrogenation that was reported by Noyori. A variety of 

functionalized ketones and olefins can be hydrogenated using Noyori’s catalyst.14-17  The 

synthesis of (S)-naproxen from an α,β-unsaturated carboxylic acid represents a great 

example of Noyori’s asymmetric hydrogenation of double bond. In this reaction, (S)-

naproxen was obtained in 92% yield with 97% ee (Scheme 1.3).18    
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Scheme 1.3 Synthesis of (S)-naproxen via Noyori’s asymmetric hydrogenation 

In the 1980, Barry Sharpless invented an important asymmetric oxidation reaction 

known as the Sharpless epoxidation reaction.19,20 This reaction represents an important 

transformation to convert allylic alcohols into epoxy alcohols with excellent 

enantioselectivities (Scheme 1.4). All reagents used in this system are commercially 

available which includes ((+) or (-)-diethyl tartrate (DET), titanium tetraisopropoxide and 

tert-butyl hydroperoxide). In this method, the epoxide oxygen is delivered with high chiral 

induction by using titanium bound enantiomerically pure tartrate. In the epoxidation, 

delivery of oxygen occurs from the top side of the olefin when (-)-DET used as a ligand 

while delivery of oxygen occurs from the bottom side of the olefin when (+)-DET used as 

a ligand. Several structurally diverse allylic alcohols were reported with yields ranging 

from 77-87% with enantiomeric excess ≥90%.  For this exceptional work in asymmetric 

catalysis Knowles, Noyori and Sharpless were awarded the Nobel Prize in 2001.  



7 
 

 

Scheme 1.4 Sharpless asymmetric epoxidation  

Even though numerous reactions are reported in the literature using asymmetric 

catalysis, it still has certain limitations. One of the major drawbacks of asymmetric 

catalysis is that the enantiomeric excess of the product generally remains the same 

throughout the reaction. In asymmetric catalysis, different substrates will result in different 

ee’s, which means that substrates with lower ee’s require further optimization to get highly 

enriched products.  Therefore, using asymmetric catalysis at industrial scale can sometimes 

be limiting, which may require adoption of completely different systems which can 

untimely increase the overall cost. Due to this limitations, it is really important to look at 

alternative methods to obtain enantiomerically pure compounds.  

1.2.3 Resolutions 

A resolutions is the selective separation of one enantiomer from a mixture of an 

enantiomers.7 Resolutions have several advantages in contrast to the previously discussed 

two methods. Resolutions can be classified into three classes which include classical 

resolution, chiral chromatography, and kinetic resolutions. A classical resolution21 is a 

technique where an equimolar mixture of enantiomers, known as a racemic mixture, is 
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separated by simply converting them into diastereomers. A stoichiometric amount of an 

enantiomerically pure chiral resolving reagent is used to convert enantiomers into a pair of 

diastereomers through a salt formation. The diastereomers are then simply separated by 

selective crystallization from each other followed by cleavage of the chiral resolving 

reagent to obtain an enantiomerically pure compound. A variety of amines and carboxylic 

acids can be separated through classical resolutions. The main limitation of this technique 

is the use of a chiral reagent in stoichiometric amounts. Another method of resolutions 

involves the use of chiral chromatography. In this technique, a preparative scale 

chromatography is employed using a chiral stationary phase.  One enantiomer interacts 

with the chiral stationary phase while the other enantiomer remains in the mobile phase. 

This technique often comes with the limitations of long retention times, large volumes of 

solvents, high cost of chiral columns, and limited chiral stationary phase availability. 

Finally, the last technique and the major focus of this dissertation is kinetic resolution. A 

kinetic resolution is a technique to separate a racemic mixture by the selective 

derivatization of one enantiomer over the other (Scheme 1.5).7 In this technique, 

enantioselectivity is the result of the difference in the reactivity of the two enantiomers 

towards a derivatization where one enantiomer reacts faster than the other enantiomer. In 

the kinetic resolution, most desired product is the unreacted starting material. There are 

several ways to do the kinetic resolution including epoxidation, reduction and 

carbonylations etc.  
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Scheme 1.5 General reaction scheme of a kinetic resolution reaction 

The most attractive aspect of the kinetic resolution method over asymmetric 

catalysis is that ee changes over the course of the reaction. Therefore in kinetic resolutions, 

an achievement of an ee over 99% for the unreacted starting material can be possible for a 

variety of different substrates using the same methodology without any further 

optimization. Also, due to the wide range of availability of compounds found as racemic 

mixtures, it is viable option to use a kinetic resolution as a separation technique. In kinetic 

resolutions, since ee changes over the course of the reaction, it is hard to compare one 

reaction to other just by comparing ee’s. To measure the efficiency of the kinetic resolution, 

the selectivity factor (s) is used as a measuring parameter.22 

 

s = kfast/kslow = 𝑒∆∆𝐺
‡/𝑅𝑇 Equation 1.2 

 

 Selectivity factor is the ratio of the rate of the fast reacting enantiomer over the rate of the 

slow reacting enantiomer. In other words, the selectivity factor is the measurement of the 

energy difference in the diastereomeric transition state of the selectivity determining step 

((Equation 1.2). If one enantiomer reacts 50 times faster than the other one, then the 

selectivity factor is 50. The higher the selectivity factor the more selective the reaction is 

at derivatizing one enantiomer over the other. A selectivity factor ≥ 10 is considered as a 

benchmark for any kinetic resolution reaction considered to be practical.  Selectivity can 
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be calculated (equation 1.3) using conversion (obtained form HPLC) and the ee of starting 

material or product. The most common way of calculating the conversion is to use both the 

ee of the starting material and ee of the product as shown in Eq. 1.3 

 

   

In a kinetic resolution, it is easy to obtain the recovered starting material in over 

99% ee, even for a kinetic resolution with a low selectivity factor by allowing the reaction 

to proceed higher conversion.  Table 1.1 shows the percent conversion required in order to 

achieve 80%, 90%, or 99% ee with different selectivity factors. Even with a selectivity 

factor of 2, one can always achieve over 99% ee just by simply pushing the conversion 

close to completion (Table 1, entry 1).  The major drawback of the kinetic resolution is its 

yield. One cannot achieve more than a 50% yield. One way to overcome the limitation of 

the kinetic resolution is to use the Mitsunobu23 reaction which allows to convert 

stereochemistry of enantiomer to its other enantiomer or through the racemization of 

enantiomer.  
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Table 1.1 Comparison of the conversion required to obtain 80%, 90% and 99% ee of the 

unreacted starting material for kinetic resolution with different selectivity factors 

 

 

 

There are several ways to do kinetic resolution reactions, including enzymatic, 

metal catalysis, and organocatalysis. Each type of kinetic resolution has its own advantages 

and disadvantages. Amongst all of the above, organocatalyzed kinetic resolutions are 

getting more attention in academia as well as in industry because of the simple catalyst 

preparation on large scale, the air and moisture stability of the catalysts, no metal 

involvement, and comparable selectivities to enzyme and metal catalysis.24  Chiral 

secondary alcohols are the most common class of functional group subjected to kinetic 

resolutions with numerous potential applications as chiral building blocks in the fine 

chemical and in pharmaceutical industries.25  Acylation is the most common way to obtain 

enantioenriched alcohols through kinetic resolutions. Figure 1.4 shows some important 

chiral secondary alcohol moieties in pharmaceutical drugs.  



12 
 

 

Figure 1.4 Secondary chiral alcohol moieties in pharmaceutical drugs25  

1.3. Acylation 

Acylation is the most studied organocatalyzed reaction for the kinetic resolution of 

secondary alcohols, reported in the literature compared to any other reaction.26 Several 

classes of organocatalysts have been developed to enantioenrich alcohols via an acylation 

reaction. Amongst all classes of catalysts, a chiral DMAP (4-dimethylaminopyridine) was 

proven to be one of the most successful organocatalysts.27 The first example using chiral a 

DMAP as a catalyst for an acylation reaction to selectively resolve secondary alcohols was 

reported by Vedejs and Chen in 1996 (Scheme 1.6)28.  In this method, an acylpyridinium 

salt was generated by treating DMAP 1.1 with 2,2,2-trichloro-1,1-dimethylethyl 

chloroformate 1.2. A stoichiometric amount of the acylpyridinum salt 1.3 was used in the 

kinetic resolution of alcohol 1.4 along with a Lewis acid (ZnCl2 or MgBr2) and a tertiary 

amine as a base to achieve the desired conversion. Selectivity factors of 11-53 were 

reported for a variety of secondary alcohols and a selectivity factor of 14 for one allylic 

alcohol. Besides decent selectivity factors, this method still suffers from a major drawback, 

i.e. the use of a catalyst in stoichiometric amount. Again, one should keep in mind it was 

one of the first examples showing the application of a chiral DMAP in acylation reactions.  
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Scheme 1.6 First chiral DMAP catalyzed acylation-based kinetic resolution reaction of 

secondary alcohols developed by Vedej’s and Chen 

In the same year, Gregory Fu and his co-worker developed a “planar-chiral DMAP” 

as a catalyst.  Since DMAP is not chiral and possess two planes of symmetry, DMAP 

needed to be derivatized to make it chiral.29-31 In Fu’s planar-chiral DMAP catalyst, the 

symmetry in DMAP was broken by 1) coordinating metal to the π system of pyridine ring 

and 2) substituting the 2-position of pyridine ring.  A more stable version of this catalyst 

1.5 was developed using a five membered ring fused to the pyridine and this was bound to 

the FeCp in η2 fashion. This catalyst is still considered as an organocatalyst since the metal 

is not involved in the catalytic activity of the reaction. Numerous versions of Fu’s planar 

chiral DMAP derivatives have been reported in the literature.31 Catalyst 1.5 (Scheme 1.7) 

was found to be one of the most effective catalysts for the kinetic resolution of various 

structurally different secondary alcohols including arylalkylcarbinol (s up to 95)32, allylic 

alcohols (s up to 80)33 and propargylic alcohols (s up to 20)34.   
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Scheme 1.7 Kinetic resolution of secondary alcohols using Fu’s chiral DMAP derivatized 

catalyst 
 

The following are several other example of “chiral DMAP and PPY (pyrrolidino)” based 

catalysts reported in literature for the kinetic resolution of secondary alcohols via acylation 

(Figure 1.5).    
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Figure 1.5 Examples of kinetic resolution of secondary alcohols reported in literature using 

chiral DMAP & PPY derivatives as a catalyst35-39   

 

 In addition to DMAP, chiral phosphines are another class of chiral catalysts for the 

acylation of secondary alcohols. In 1996, Vedejs et al reported a successful kinetic 

resolution using a phosphine based catalyst.40  One of the interesting aspects of phosphine 

catalysts is that it forms similar P-acylphosphine salts as observed with DMAP.41 Among 

several phosphine based catalysts, the bicyclic phosphine 1.11 reported by Vedejs was 

found to be the most efficient catalyst in the kinetic resolution of aryl alkyl carbinols 

(Scheme 1.8). Selectivity factors up to almost 400 were reported for sterically hindered 

secondary alcohols.42 This is the best selectivity factor so far reported in the literature using 

a phosphine-based organocatalyzed system. 
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Scheme 1.8 Kinetic resolution of secondary alcohols using Vedejs’ bicyclic phosphine 

catalyst 1.11 

 

Recently, amidine-based catalysts (ABCs) are becoming another successful class 

of catalyst for enantioselective acylation reactions.43 In 2004, Birman’s group introduced 

the first example showing the potential of an amidine based catalyst in the kinetic 

resolution of secondary alcohols.44 In this system, the addition of N,N-diisopropylethyl 

amine was found to be useful to increase the rate of the acylation reaction which made it 

possible to run the reaction with a lower catalyst loading (2 mol%) at 0 °C. Scheme 1.9 

shows the kinetic resolution of (±)-phenylethylcarbinol using first generation 1.12 amidine 

based catalyst with a selectivity factor 36.   Selectivity factors up to 85 were reported using 

propanoic anhydride 1.16 as an acylating reagent.  The selectivity was explained by the 

formation of, a π-π or π-cation interaction in the transition state (1.17) between π system 

of substrate (benzene ring) and pyridinium ring of the N-acylated catalyst. Based on the 

proposed transition state, the fast reacting enantiomer was predicted to be the one with less 

or minimize steric repulsion.   Soon after that, a second generation catalyst 1.13 was 
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reported by Birman group where the pyridine moiety was replaced by a quinoline moiety.45  

An increased in selectivity factor was reported compared to first generation catalyst (1.12) 

which demonstrate significant role of π system in the selectivity determination.  

Furthermore, this extended π system of the catalyst allowed to achieve better selectivity 

factor with trans-cinnamyl alcohols due to better π interaction with quinolone moiety. 

 

Scheme 1.9 Kinetic resolution of secondary alcohols using various amidine-based catalyst 

In 2006, a major breakthrough was achieved when the Birman group used 

tetramisole (1.14) and benzotetramisole (1.15) as acylation catalysts.46 Enormous increases 

in selectivity factors were reported using benzotetramisole as a catalyst in the kinetic 

resolution of benzylic alcohols (s = 100-355) with isobutyric anhydride as the acylation 
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source in some cases.  Benzotetramisole 1.15 was also proven to be the best catalyst to 

resolve propargylic acohols.47 In 2008, the Birman group also introduced an extended                

version of the amidine-based catalysts called homotetramisole and                                                       

homobenzotetramisole.48,49 This version of catalyst was employed to resolve aryl 

cycloalkanols.  

More recently, the Shinna group has reported a system to resolve a variety of 

different classes of alcohols using the amidine-based catalysts 1.14 and 1.15 and a free 

carboxylic acid coupled with an anhydride as the acylating source.50,51 In this method, 

mixed anhydrides were generated through transacylation, which was further catalytically 

activated by a nucleophilic catalyst (Scheme 1.10). Finally, a selective reaction with 

racemic alcohols generated an optically active carboxylic ester and an enantioenriched 

alcohol. Using this methodology, the kinetic resolution of benzylic alcohols (s up to 88), 

2-hydroxyalakanoates (s up to 202)52, 2-hydroxy-γ-butyrolactones (s up to over 1000)53 

were achieved.  More recently, another planar chiral acylation catalyst (1.18, Fc-PIP) was 

introduced by the Deng and Fossey group for enantioselective acylation.54 Selectivity 

factors close to 2000 were reported for the kinetic resolution of secondary alcohols 

(arylalkyl carbinols).  
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Scheme 1.10 Additional kinetic resolutions of secondary alcohols via acylation with 

amidine-based catalysts 

 

1.4 Silylation  

A silylation-based kinetic resolution is an alternative reaction to acylation to obtain 

enantiomerically enriched alcohols. Silylation has many advantages over acylation 

including tunable reactivity, orthogonality to other protecting groups and tolerance to a 

wide range of other functional groups.55 Due to these advantages, silylation has become an 

active area of research over the past several years.  In 2001, the first silylation based kinetic 

resolution was introduced by Ishikawa.56 In this kinetic resolution, a secondary alcohol 

1.20 (Scheme 1.11(A)) was used as a substrate, a guanidine catalyst 1.19 was employed 

and triisopropylsilyl chloride (TIPSCl) as a silicon source. A stoichiometric amount of 

chiral catalyst and TIPSCl was used in the reaction and a 40% conversion was reported 
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after 6 days. This report was a significant contribution to asymmetric silyation since it was 

the first example of using silicon as a means of separation in a kinetic resolution process. 

Lower conversion and stoichiometric amounts of catalyst were found to be a major 

drawbacks in Ishikaw’s silylation based kinetic resolution. This issue of stoichiometric 

amount of catalyst in silylation was resolved when Hoveyda and Snapper reported the  

enantioselective silyation of meso diols 1.23 (Scheme 1.11(B)) using the imidazole based 

peptide like chiral catalyst 1.21.57 A number of substrates were successfully resolved using 

this methodology, including racemic 1,2-diols58, meso diols59 and triols60. However, a high 

catalyst loading and long reaction times were required to obtain higher conversion.  

Recently, this problem was eliminated with the addition of the structurally similar, achiral 

co-catalyst 1.22 which can act as a nucleophilic promoter along with imidazole peptide like 

chiral catalyst or as a Brønsted base.61  

In 2005, the Oestreich group reported the first successful copper(I)-catalyzed 

silylation-based kinetic resolution using distereoselective dehydrogenative coupling of 

racemic alcohol and chiral silanes.62  This methodology requires a two-point binding of the 

substrate (alcohol and pyridine nitrogen) to get better stereoselectivity which was 

demonstrated by using 2-pyridyl-substituted benzylic secondary alcohols 1.25 (s ≈ 10) 

(Scheme 1.11(C)). Substantially improved selectivity factor was obtained after 

optimization of same methodology using Rh(I) metal instead of Cu(I) metal for the nitrogen 

donor functionalized secondary alcohols.63 The major drawbacks of this methodology is 

the use of a metal catalyst, the synthesis of the chiral silane 1.24 and the substrate scope.  

Despite all these developments, there is still plenty of room for further advancement of 

enantioselective silylation reactions to deliver a more robust methodology. 
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Scheme 1.11 Recent developments in asymmetric silylation 

With this enticement of further development, the Wiskur group reported its first 

example of an enantioselective silylation (Scheme 1.12) by carrying out a Mukaiyama aldol 

reaction between a silyl ketene acetal and benzaldehyde in the presence of the chiral 

ammonium salt 1.26.64 This transformation was a combination of two separate reactions 

where the first step involves the formation of a carbon-carbon bond and the second step is 

a protection step.   



22 
 

Scheme 1.12 First enantioselective silylation developed by the Wiskur group 

In this methodology, it is noteworthy to report that the enantioselectivity was 

arising from the second step which is the protection step instead of first step carbon-carbon 

bond forming step. After careful mechanistic analysis, the reaction was discovered to be a 

kinetic resolution where the selectivity was a result of different reactivities of the 

diasteromeric salts (racemic alkoxide with chiral cinchonidine cation) with the silyl source 

which could be the silyl ketene acetal or the silyl acetate. Selectivity factors for this system 

were low in the 2-4 range. This informative report lead the Wiskur group to discover a 

more direct silylation-based kinetic resolution reaction.  In 2011, the Wiskur group 

reported an organocatalyzed silylation-based kinetic resolution of monofunctional 

secondary alcohols.65 In this system, commercially available (-)-tetramisole 1.14 was used 

as a small molecule nucleophilic catalyst and triphenylsilyl chloride as a silicon source.  

The substrates targeted in this report were monofunctional secondary alcohols 1.27, 

challenging substrates to resolve due to the complete elimination of two point binding as 

required by the previous silylation methodologies for better selectivity. This report is the 

first example of a silylation based kinetic resolution of monofunctional secondary alcohols 

(Scheme 1.13). A variety of different secondary alcohols were investigated, ranging from 



23 
 

moderate to good selectivity. Good selectivity was reported with indanol (s = 8.6), since it 

is one of the most challenging substrates to resolve using a small molecule catalyst. Higher 

selectivity factors were obtained with tetralol (s = 14), chromanol (s = 22) and thio-

chromanol (s = 25). Overall, this methodology displays a significant contribution in the 

field of silylation. 

 

Scheme 1.13 Silylation based kinetic resolution of monofunctional secondary alcohols  

Soon after this discovery, the Wiskur group showed an application of our silylation-

based kinetic resolution system in an ee polishing reaction.66 In this report, an asymmetric 

enantioselective reaction and a silylation-based kinetic resolution was combined to 

generate (˃95%) ee with (˃50%) yield. The main advantage of combining these two 

reactions is to circumvent the limitation of a kinetic resolution reaction (maximum yield 

50%) and an asymmetric catalysis (ee remains unchanged). To demonstrate this idea, α-

tetralone (1.29) and thio-chromanone (1.30) were reduce first by using a Corey-Bakshi-

Shibata reduction which produced the product in good yield and moderate ee. Then a 
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silylation based kinetic resolution, developed by our lab, was utilized to polish the 

enantioselectivity of the reaction further to obtain higher enantiomeric excess.    

 

X A B yield of B 

CH2 85 96 68 

S 85 95 81 

 

Scheme 1.14 One-pot reaction linking asymmetric catalysis and a kinetic resolution 

Recently, substrate expansion was taken as an initiative to show the potential of the 

silylation method developed by the Wiskur group. After a careful analysis of substrates, α-

hydroxyl lactones and lactams were found to be the logical substrates to explore due to the 

common structural features compare to monofunctional secondary alcohols (Scheme 1.15).  

Using commercially available pantolactone, a similar optimized conditions to the 

previously screened monofunctional secondary alcohols were found after a little 

modification to the catalyst and the concentration of the substrate. Better selectivity factors 

were reported when (-)-tetramisole was replaced with (-)-benzotetramisole (1.31). A 

decrease in selectivity was observed when steric effects were removed from the β position 
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of pantolactone. As a result, several lactones with increased steric effects in the β position 

of pantolactone were investigated. A huge jump in selectivity was observed by changing 

the β position of pantolactone from dimethyl (s = 36) to diethyl (s =100). Spiro cyclic 

lactones and a bicyclic lactone were also investigated with selectivity factors ranging from 

8-48. Good to moderate levels of selectivity were reported when α-hydroxy lactams, 

amides and esters were used as a substrate class (s = 3-24). In conclusion, this report is the 

first example of non-enzymatic based kinetic resolution of α-hydroxyl lactones and 

lactams.67  

 

Scheme 1.15 Kinetic resolution of α-hydroxy lactones and lactams  

 

1.5 Conclusions  

As we have discussed, chirality plays a crucial role in the pharmaceutical industry. 

Development of a more efficient method to obtain enantiomerically enriched compounds 

is quickly becoming a priority in both academia and industry. Among all the methods 

discussed, kinetic resolution is a valuable technique to meet the demand of structurally 

diverse chiral compounds. Among the several types of catalyst, organocatalyzed kinetic 
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resolutions show more practicality and economic viability towards large scale reactions. 

Due to the wide range of applications, more attention has been given to chiral secondary 

alcohols. Acylation was reported to be the most common way of obtaining chiral secondary 

alcohols via kinetic resolutions. On the other hand, silylation has many advantages over 

acylation, although enantioenriching alcohols through silylation remains underdeveloped. 

Therefore, the Wiskur group initiated research efforts towards development of silylation-

based kinetic resolution methodology. A major breakthrough occurred in 2011, when our 

group reported our first successful organocatalyzed kinetic resolution of monofunctional 

secondary alcohols using silylation as a way of separation. Moderate to good selectivity 

factors were observed for various alcohols (s up to 25).  Recently, expansion of this 

methodology was done using lactones and lactams as a substrates.   

 To expand the substrate class more efficiently, a detailed understanding of the 

mechanism becomes essential in order to make this system more applicable to a wide range 

of substrates.  Several mechanistic studies were taken under consideration to learn about 

our system.  The main focus of this dissertation was a preliminary investigation of silylation 

based kinetic resolutions using linear free energy relationships of substituted triphenylsilyl 

chlorides. The results and discussion of this dissertation will include the role of 

triphenylsilyl chloride in chirality determination, charge development in the transition 

state, and the influence of altering the steric and electronic of triphenylsilyl chloride on 

selectivity. In the third chapter, our efforts to understand a formation of the reactive 

intermediate in our silylation-based kinetic resolution using 1H-29Si NMR will be 

discussed.  In the fourth chapter, the newly obtained mechanistic information was 

employed to find a new substrate class with improved selectivity. In the fifth chapter, the 
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development of a kinetic resolution of secondary alcohols using a polymer supported 

triphenylsilyl chloride will be discussed.  Finally, the last chapter will represent our prior 

attempt to develop amine-based kinetic resolutions using a Diels-Alder reaction.  
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CHAPTER 2   

 

MECHANISTIC INVESTIGATION OF SILYLATION-BASED KINETIC RESOLUTION 

USING LINEAR FREE ENERGY REALTIONSHIPS AND RATE STUDY 

 

2.1 Introduction 

The silylation-based kinetic resolution methodology developed by the Wiskur group 

has shown a promise to become a highly selective and versatile method for the kinetic 

resolution of alcohols, as demonstrated in Chapter 1.1  While the mechanism of acylation 

reactions in relationship to kinetic resolutions has been highly explored,2-5 there has been 

little work accomplished regarding the mechanism of silylation-based kinetic resolutions.6  

Therefore, in order to efficiently improve upon the selectivity and expand the substrate 

class, a detailed understanding of the mechanism is crucial.  In our system, triphenylsilyl 

chloride 2.13a is used as a silicon source and (-)-tetramisole 1.14 as a nucleophilic catalyst 

(Scheme 2.1).  
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Scheme 2.1 Previously reported silylation-based kinetic resolution of monofunctional 

secondary alcohols 

 

Based on literature reports, silyl chlorides can be activated through nucleophilic 

attack. In this regard, we believed that a complex could form between the catalyst and the 

triphenylsilyl chloride during the reaction. Therefore, we felt it was essential to understand 

involvement of triphenylsilyl chloride in our methodology, especially silyl chlorides role 

in chirality transfer and its role in the overall mechanism. To accomplish this goal, two 

different investigations were taken under consideration. First, a linear free energy 

relationship study was undertaken to understand the steric and electronic effects of 

substituted triphenylsilyl chlorides.  Second, a 29Si NMR study was performed to determine 

the coordination number of silicon in the potential activated intermediate. This chapter 

mainly focuses on the linear free energy relationship study towards understanding the 

mechanism and origin of selectivity in our silylation-based kinetic resolution, while the 

29Si NMR study will be discussed in following chapter 3.   
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2.2 Background: Nucleophilic assisted silylation and linear free energy relationships 

2.2.1 Nucleophilic assisted silylation  

 The mechanistic work on nucleophilic assisted silylation that has been done in the 

past resulted in two proposed mechanisms. The first type of mechanism was proposed by 

Corriu.7 This mechanism proceeds through a pentavalent intermediate 2.1 when a 

nucleophile interacts with a silyl chloride (Scheme 2.2). The nucleophile and the chloride 

are in the axial positions on the silicon, and the reacting alcohol presumably approaches 

the silicon adjacent to the chloride to form a hexavalent transition state 2.2, before 

extruding the nucleophile and chloride to form the silylated alcohol. To support this 

mechanism a kinetic study and a conductometric titration were performed.8  A negative 

entropy of activation (∆S≠ = -56) was observed in the case of Ph3SiCl and HMPT 

(hexamethylphosphortriamide) which suggested a highly organized transition state. This 

highly organized transition state was explained as a result of a reversible formation between 

the silicon and a nucleophile resulting in a hypervalent, pentacoordinated intermediate 

(2.1).  The second step involves attack of the molecule being silylated, generating a 

hexavalent transition state (2.2) during the rate determining step.  This hypothesis was 

further supported when low conductivity was observed in the case of Ph3SiCl and HMPT, 

which which provides evidence against formation of an ionic species. 

 

Scheme 2.2 Nucleophilic assisted silylation mechanism proposed by Corriu 
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The second proposed mechanism by Chojnowski9, Bassindale10,11 and Frye12 involves 

essentially two SN2 reactions (Scheme 2.3).  The activating nucleophile attacks the silyl 

chloride, kicking out the chloride and forming a reactive ionic tetravalent intermediate 

(2.3).  The alcohol then does a backside attack on this intermediate to form the silylated 

alcohol, regenerating the nucleophilic catalyst.  To support the tetravalent intermediate 

theory, Bassindale reported several 29Si NMR chemical shifts of Me3SiX (X = Br, Cl, I, 

OSO2 and CF3) reacted with DMF in d-dichloromethane and compared them with prepared 

pentacoordinated complexes (Figure 2.1).11 Downfield 29Si chemical shifts (10.6 to 44.0 

ppm) were observed for all silyl chlorides reacted with DMF compared to the upfield 

frequency of 29Si chemical shifts for the pentavalent complex (Figure 2.1) (-29.4 ppm).  

 

Figure 2.1 Five coordinated silicon species reported by Yoder13 

This difference in 29Si NMR frequency is a strong indication of a tetravalent complex over 

pentavalent. Ultimately, it has been stated that both mechanisms have been observed, and 

the path is affected by the nucleophile, leaving group, solvent, and substituents on silicon.14  

 

Scheme 2.3 Nucleophilic-assisted silylation mechanism proposed by Chojnowski, 

Bassindale, and Frye 
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2.2.2 Linear Free Energy Relationships (LFERs)  

 Linear free energy relationships15,16 are a very powerful empirical method in physical 

organic chemistry to systematically evaluate a relationship between a rate or equilibrium 

constant and the effect different substituents have on a reaction compared to a reference 

reaction. LFER has also been referred as a structure-reactivity relationship.  It is a great 

way to gain insight into the mechanism of a reaction, particularly information regarding 

the transition state can be obtained. In a LFER study, a systematic change is made to one 

variable (for example: substrate or catalyst) while everything else remains constant. 

Therefore, the variable has to be the one which displays a substantial effect on the reaction 

and does not create any new interactions during the reaction.  Electronic and steric effects 

are the most commonly studied substitution effects with LFERs.  The original LFER 

analysis, which studied the electronic effect of substituents and is still widely employed 

today, was proposed by Hammett.15  

2.2.2.1 Hammett Parameter (electronic effect parameter)  

In 1930, Professor L. P. Hammett of Columbia University analyzed the electronic effect 

of substituents on the acidity of benzoic acid (Scheme 2.4).17  

 

Scheme 2.4 Ionization of substituted benzoic acids in water at 25 °C 
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To test this, several meta and para substituted benzoic acids were prepared and compared 

to benzoic acid itself. Ortho substituents were avoided due to the steric hinderance to the 

carboxylic acid.   

Hammett defined substituent parameters for each substituent as the difference 

between the acid dissociation constant of the substituted benzoic acid and benzoic acid, 

where the substituent parameter for hydrogen would be defined as σH = 0.  The position of 

the substituent (meta or para) on the benzoic acid gives different sets of substituent 

parameters (σmeta or σpara).  If the substituent is an EWG then the ionization of benzoic acid 

increases which results into the positive value of σ while an opposite effect can observed 

with EDG which make σ negative.    In other word, a positive value of σ means the 

substituted benzoic acid is more acidic compared to benzoic acid, while a negative value 

of σ means the substituted benzoic acid is less acidic than benzoic acid.   

Table 2.1 Hammett substituent constants18 
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Hammett used this scale of substituent parameters to correlate the substituent’s effect on 

the acidity of benzoic acid.  This acid/base reaction was then used as a reference reaction 

to compare the sensitivity of other reactions to the same substituents. The following table 

shows Hammett values for different substituents. (Table 2.1). 

To analyze the substituent effect for other reactions the way benzoic acid does 

Hammett introduced an equation which is known as the Hammett equation.  

log (Kx/KH) = ρσx         Eq. 2.1 

log (kx/kH) = ρσx        Eq. 2.2 

Where, Kx or kx = Equilibrium constant or rate constant for the substituted benzoic acid 

and KH or kH = Equilibrium constant or rate constant for the Benzoic acid 

In the above equation, rho () is a sensitivity constant for the reaction under study. 

In the ionization of benzoic acid rho was defined as one. Rho basically provides a 

magnitude of the substituent sensitivity of the reaction. The value of ρ provides a guideline 

to the amount and type of charge developing in the reaction being studied. If ρ is greater 

than 1, it suggests negative charge is building during the reaction. If ρ is between zero and 

1, it suggests negative charge is still building during the reaction, but the reaction is less 

sensitive to the substituents than benzoic acid. If ρ is negative it suggests that positive 

charge is building during the reaction. Finally, if ρ is very close to zero or zero, it means 

the reaction shows no substituent effects. 
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2.2.2.2 Steric Parameter 

Another important effect that frequently affects the outcome of reactions is the 

steric effect, which can be investigated through a steric parameter. Steric effects in LFER 

can be mainly explained through Taft19,20 and Charton21-23 type steric parameters. In order 

to investigate the effect of sterics, Taft measured a relative rate of a methyl ester hydrolysis 

(Figure 2.2). In the Taft parameter, reaction conditions played a vital role,15 especially in 

the base-catalyzed hydrolysis.  

Figure 2.2 Taft’s correlation for the development of steric parameter 

In base catalyzed hydrolysis, the transition state was affected by both polar effects and 

steric effects due to the conversion of a neutral species into a negatively charged transition 

state. In the acid-catalyzed hydrolysis, a protonated reactant was converted into a 

protonated transition state, therefore it was assumed that substitution effects were purely 

steric effects. 
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Similar steric effects were observed for both the acid and base-catalyzed hydrolysis 

reactions, therefore the Taft steric parameter was mainly determined from the acid 

catalyzed hydrolysis. The Taft relationship for steric effects is shown in Eq. 2.3, which 

correlates the size of the substituent and the rate of hydrolysis.  

                                         Eq. 2.3 

ks / kCH3 is the ratio of the rate of the substituted reaction over reference reaction 

In this parameter, Es is similar to σ in the Hammett equation and δ is the sensitivity constant 

similar to ρ in the Hammett equation. The steric parameter developed by Taft was the 

subject of debate during the 1960’s and 70’s due to the presence of the polar effect. To 

develop a parameter which is purely based on sterics and avoids the polar effect 

completely, Charton used the van der Waals radii of the substituents to form a parameter.  

Charton developed the relationship in Eq. 2.4, where υ is an adjusted Es value and ψ is the 

sensitivity constant similar to δ in Taft.  If ψ is positive, than larger steric substituent 

increases the reaction rate and if ψ is negative than smaller steric substituent increase the 

reaction rate. 

     Eq. 2.4 
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Table 2.2 Charton steric parameter for various substituents  

 

2.2.2.3 Swain-Lupton parameter 

Since electronic effects in many cases are a combination of inductive and resonance 

effects, isolation of these contribution from each other can provide a more detailed 

understanding of the transition state. In order to separate those effect from each other Swain 

and Lupton derived a separate parameter (Eq. 2.5) based on field effects and resonance 

effects with sensitivity constants f and r.24 In this equation, fF + rR is similar to the 

Hammett ρσ, which gives us a power to separate the overall contribution of field effect 

form resonance effect 

rRfF
k

k

H

x 









log           Eq. 2.5  

Where F = field or inductive and R = Resonance, f & r = sensitivity factor 

Following table shows Swain-Lupton parameter values for the different substituents 

(Table 2.3) 
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Table 2.3 Swain-Lupton parameter for various substituents  

 

2.3 LFER in asymmetric catalysis 

In asymmetric catalysis, it has been reported that minor energy differences in a 

diastereomeric transition state could lead to high levels of enantioselectivity. Therefore, 

understanding asymmetric induction through a mechanistic point should allow for a 

systematic modification to catalyst or any other part of the reaction rather than spending a 

lot of time screening different catalyst or optimizing a reaction conditions to obtain high 

enantiomeric ratio.  LFERs have shown great potential in asymmetric catalysis, by 

correlating observed enantioselectivity of a reaction with its catalyst or ligand substituent 

effect using variety of different substituent parameters, ultimately providing detailed 

mechanistic information regarding asymmetric induction.25-36  
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PS and PR = Product of S and R enantiomers respectively. [S▪C]pro-S/R = Diastereomeric 

substrate (S)/Catalyst (C) complexes. [S▪C]‡pro-S/R = Diastereomeric substrate 

(S)/Catalyst (C) complexes in transition state  

Figure 2.3 Asymmetric catalysis explained through Curtis-Hammett principle  

The correlation of enantioselectivity with different parameters was recently 

explained by the Sigman group using the Curtin-Hammett principal (Figure 2.3).25  

According to Curtin-Hammett principal, in a reaction where a product ratio is expected 

from two different interconverting forms or pathways, then the final product ratio is 

dependent on the energy difference between the diastereomeric transition states (∆∆G‡), 

not the energy of the intermediates. This principle, in relationship to asymmetric catalysis, 

is directly proportional to the final enantiomeric ratio of the asymmetric reaction.  In an 

asymmetric reaction, the enantiomeric ratio is determined by ∆∆G‡ = -RT ln(krel) where krel 

is the ratio of the fast reacting enantiomer rate over the slow reacting enantiomer rate.  

Therefore, when a series of catalysts or substrates are found to have a LFER the correlation 
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suggests that the the mechanism of the reaction is not altered, but the diastereomeric 

transition state energy is the only thing perturbed.   

2.4 Example of LFER in asymmetric catalysis 

 Several asymmetric reactions have been studied over the years using LFERs 

involving different parameters. In 1991, Jacobsen and his co-workers reported a direct 

correlation of the enantioselectivity, of the epoxidations of cis-alkenes, with the electronic 

properties of a substituted (salen)Mn catalyst (Figure 2.4).35 This report was one of the first 

examples of an asymmetric reaction mechanistic investigation using a LFER.  To 

accomplished this goal, a variety of electronically different (salen)Mn complexes were 

synthesized from a diamine and different substituted salicyl aldehydes.  This electronically 

modified catalyst was tested using three different substrates including 2,2-

dimethylchromene (2.5), cis-β-methylstyrene (2.6) and dimethyl-3-hexene (2.7). For all 

three substrates examined, an increase in enantioselectivity was observed with electron 

donating groups on the catalyst while enantioselectivity decreased with electron 

withdrawing groups on the catalyst. To analyze this trend in enantioselectivity, a 

correlation was observed using Hammett σp parameters and enantiomeric ratio. All three 

substrates had similar linear correlations with a negative sensitivity constant (ρ). To explain 

this result, the Hammond postulate was invoked.  When an electron donating group was 

introduced on the catalyst, it stabilized the Mn(V) oxo intermediate and generated a milder 

oxidant. Due to this milder oxidant, the transition states appears to be more product like (a 

late transition state) with significant involvement of the alkene with the catalyst.  This 

provides a close catalyst/substrate interaction. This increased participation of the substrate 

with the catalyst leads to higher enantioselectivity. When electron withdrawing groups 
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were introduced on the catalyst, it destabilized the Mn(V) oxo intermediate and generated 

a reactive oxidant. Due to this reactive oxidant, involvement of alkene with catalyst occurs 

in an early transition state with little involvement of the alkene substrate. Due to the, limited 

involvement of substrate with catalyst leads to a decrease in enantioselectivity. To support 

this hypothesis, Jacobsen reported several other experiments including a kinetic isotope 

effect, a temperature profile of the epoxidation reaction using electronically different 

substituted catalysts, and an Eyring analysis. All of these experiments supported the 

Hammond postulate hypothesis.  

 

Figure 2.4 Correlation of electronic effect and enantioselectivity in Mn(III)-catalyzed 

epoxidation reaction. 

 

 More recently, the Sigman group reported a systematic evaluation of the steric 

effects on ligand substituent size and its correlation in asymmetric catalysis using LFERs.27 

The proline module of an oxozoline ligand (2.8) was modified and used in an 
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enantioselective Nozaki-Hiyama-Kishsi reaction of allylic halides with both aldehydes and 

ketones (Figure 2.5).  Different proline carbamates ligands (2.8) were synthesized by 

incorporating a small to large group as the carbamate substituent. Three different 

substrates, benzaldehyde, hydrocinnamaldehyde and acetophenone were investigated. In 

all three substrates, enatioselectivity increased with increase in ligand size. A linear free 

energy relationship was observed using Charton parameters. A positive slope in all three 

substrates indicated that the larger carbamate directly affected enantioselectivity (i.e. the 

diastereomeric transition state).  The understanding of the steric effect of the ligand will 

direct future modifications of the system in a more efficient manner. This report is a great 

example of the evaluation of steric effects in asymmetric catalysis using a LFER. 
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Figure 2.5 Correlation of the steric effect of the ligand and enantioselectivity in Nozaki-

Hiyama-Kishsi reaction of an allylic halide with both aldehydes and ketones. 

 

In 2011, the Sigman group has also reported a simultaneous evaluation of steric 

(Charton) and electronic (Hammett) effects in a NHK propargylation of acetophenone 

(Scheme 2.6).31 In this reaction, ketone and propargyl bromide reacted enantioselectively 

in the presence of catalyst to form homopropargylic tertiary alcohol. The quinoline-proline 

based ligand was found to be the effective ligand to test both effects in a systematic way. 

Using different electronic and steric substituent combinations, a library of nine different 

ligand were created through synthesis and screened in the propargylation of acetophenone.  

One ligand was found to be the optimal ligand. Using this obtained ∆∆G‡ value, an equation 

was developed to correlate experimentally measured enantioselectivity with the calculated 

value.  

∆∆G‡ = -1.20 + 1.22E + 2.84S – 0.85 S2 – 3.79 ES + 1.25 ES2      Eq. 2.6 

E =  electronics and S = sterics  

A good correlation was observed between the measured value and the predicated 

value of ∆∆G‡. From this result, it was established which ligand would be the optimal 
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ligand. Various aryl and aliphatic ketones were employed in the propargylation reaction 

using the optimal ligand with modest to excellent enantioselctivity and yield. 

 

Figure 2.6 3D surface evaluation of steric and electronic effect vs measured 

enantioselectivity  “From [Harper, K. C.; Sigman, M. S. Three-Dimensional Correlation of Steric and Electronic Free Energy 

Relationships Guides Asymmetric Propargylation. Science. 2011, 333, 1875-1878.]. Reprinted with permission from AAAS.” 

Inspired by the work done in LFERs and asymmetric catalysis, we decide to utilize this 

powerful tool in our system to study the mechanism of our silylation-based kinetic 

resolution. 

2.5 Understanding the mechanism of our silylation-based kinetic resolution through 

      linear free energy relationships using selectivity factors and a rate study37 

“Reprinted with permission from (Akhani, R. K.; Moore, M. I; Pribyl, J. G.; Wiskur, S. L. Linear Free-Energy Relationship and Rate 

Study on a Silylation-Based Kinetic Resolution: Mechanistic Insights. J. Org. Chem., 2014, 79, 2384-2396). Copyright (2014) American 

Chemical Society.” 

Previously we have shown that the selectivity of our kinetic resolution was dependent 

on the structure of the silyl chloride.  Specifically, it was determined that three phenyl 
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groups were strategic in obtaining selectivity.  For example, when diphenylmethyl and 

phenyldimethylsilyl chlorides were employed, the selectivity dramatically decreased as 

compared to triphenylsilyl chloride (Scheme 2.5).  The same decrease in selectivity was 

obtained when all of the phenyl groups were replaced with alkyl groups (Scheme 2.5).  This 

same effect on selectivity was seen with a second substrate class, α-hydroxy lactones with 

a much larger impact. Since the triphenylsilyl chloride is strategically involved in the 

enantio-discriminating step, it can be used as a valuable tool for exploring the mechanism.  

We therefore examined the steric and electronic effects on the silyl chloride to understand 

more about the reactivity of the silyl chloride and its role in enantioselective discrimination 

through the use of a linear free energy relationship (LFER).  Ultimately, the knowledge 

gained from this study will be used to improve future resolutions and expand our substrate 

scope.   

 

Scheme 2.5 Previously reported importance of triphenylsilyl chloride 

Linear free energy relationship analysis is a powerful tool for investigating reaction 

mechanisms. As discussed earlier, there is an increase interest in employing this technique 

to evaluate asymmetric reactions. We wanted to use this tool to investigate the steric and 

electronic effects on the rate and selectivity of our silylation-based kinetic resolution in 
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Scheme 2.1.  In triphenylsilyl chloride, three different positions (ortho, meta or para) could 

be utilized in the substitution study.  In order to identify the effect of substituents in these 

three positions, three methyl substituted triphenylsilyl chlorides were used in the kinetic 

resolution of 4-chromanol (Table 2.4, Entries 1-3). As expected, no conversion was 

observed with the substitution (methyl group) on the ortho position of triphenylsilyl 

chloride (Table 2.4, Entry 1). This result suggests that substitution on the ortho position is 

too sterically hindered and therefore it is not a choice for our substitution study. 

Surprisingly, similar selectivity was observed with substitution on para position of 

triphenylsilyl chloride and meta position of triphenylsilyl chloride (Table 2.4, Entry 2 & 

3). In the previous study (Scheme 2.5), a drop in the selectivity was observed by replacing 

one of the pheny groups with a methyl group.  In order to test the importance of the phenyl 

groups in our system, we exchanged the phenyl groups with benzyl groups and employed 

it in a kinetic resolution (Table 2.3, Entry 4). A racemic mixture was obtained which shows 

triphenylsilyl chloride is very important in obtaining selectivity. Since substituting the para 

position of tripheylsilyl chloride allows us to use a large substituent for our LFER study 

without any sterics hindrance, we decided to proceed with para position of triphenylsilyl 

chloride as our choice of substitution study. 
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Table 2.4 Effect of substitution on different position (ortho, meta and para) of 

triphenylsilyl chloride in kinetic resolution of 4-chromanol 

 

 

 

 

2.6 Synthesis of p-substituted triphenylsilyl chlorides 

For this analysis, a series of para substituted triphenylsilyl chlorides (2.13b-l) 

(Scheme 2.6) were synthesized to employ in the kinetic resolution shown in Scheme 1.  

The substituents include halides (2.13b-d), trifluoromethyl (2.13e), methoxy (2.13f), 

various alkyl groups (2.13g-k), and phenyl (2.13l).  The synthesis of the silyl chlorides was 

accomplished by a three-step process starting with a lithium halogen exchange38 or 

Grignard formation39 with para substituted phenyl bromides or iodides (2.12b-l). The 

resultant organometallic compound was reacted with trichlorosilane to make the triaryl 
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substituted silanes (2.14b-l).  The silanes were then converted into the silyl chlorides 

(2.13b-l) by a radical chlorination with sulfuryl chloride.40,41  The silanes and silyl 

chlorides were prepared in moderate to good yields (see experimental). 

 

 

a0 °C to rt was used for (2.12e), -40 °C for (2.12h-j) and -78 °C for (2.12l). See 

experimental for exact procedures and yields. 

Scheme 2.6 Synthesis of p-Substituted triphenylsilyl chlorides 

 

2.7 Rate study using fast reacting enantiomer with different para substituted 

triphenylsilyl chlorides 

 

A rate study of the substituted silyl chlorides was done to explore the charge developing 

in the transition state and provide information on the mechanism of the reaction.  Since 

kinetic resolutions consist of two substrates competitively reacting (the two enantiomers), 

the rate needed to be measured on one enantiomer at a time. Insitu IR was employed to 

measure the rate of silylation on the fast reacting (R) enantiomer of tetralol (2.15), 

employing silyl groups substituted with hydrogen, halides, methoxy, and alkyl groups 

(2.13a-d,f-j).  The reaction conditions were nearly identical to the conditions in Scheme 
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2.1, except for the use of Hünig’s base due to the lack of availability of the previously 

employed tertiary amine, diisopropyl-3-pentyl amine.  The initial rate, up to 10% 

conversion (8 mmol), was observed in all cases, and the results are shown in Table 2.5.  

Silyl groups substituted with electron withdrawing groups (entries 2-4) were up to five 

times faster than triphenylsilyl chloride (entry 1) and electron donating groups (entries 5-

9) significantly decreased the rate as much as two orders of magnitude versus 2.13a.  

Table 2.5 Rate study employing the fast reacting enantiomer (R) using different para 

substituted triphenylsilyl chloridesa 

 

 

aReactions were carried out at a substrate concentration of 0.08 M on a 0.3 mmol scale. 

Each entry is an average of two runs. bRate was obtained via in situ IR measurements. 1H 

NMR conversion was used to monitor conversion of alcohol to silylated product.  
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The increase in rate when the silyl chloride is substituted with electron withdrawing groups 

is logical since those substituents would remove electron density from the silicon, making 

it more reactive.  The same argument applies to electron donating groups increasing 

electron density on the silicon, slowing down the silylation.   

A Hammett plot was generated from the log of the (R)-2.15 rates in Table 1 versus para 

substituent constants42
 (Figure 2.7), which shows a linear relationship with a slope or 

sensitivity constant of  = 5.8 (R2 = 0.94).  The fact that a correlation exists signifies that 

the mechanism does not change upon altering the silyl chloride.  The considerable 

magnitude of the slope (ρ) indicates that the silylation reaction is very sensitive to electron 

withdrawing and donating groups on the silyl chloride, signifying a significant 

redistribution of charges in the transition state.  Finally, the positive slope is suggestive of 

a decrease in positive charge in the transition state.15 This decrease in positive charge and 

significant redistribution of charge is consistent with the silylation mechanism proposed 

by Chojnowski9, Bassindale10,11 and Frye,12 while the mechanisms proposed by Corriu and 

Hoveyda and Snapper cannot be ruled out entirely.  The mechanism is essentially two SN2 

reactions (Scheme 2.7), where the first SN2 reaction involves the nucleophilic catalyst (1 

in our system) attacking the silyl chloride, displacing the chloride to form the reactive 

tetravalent intermediate A.  An alcohol then does a backside attack on this intermediate to 

form the silylated alcohol, regenerating the nucleophilic catalyst.  The proposed transition 

state for this last step is similar to the classical SN2 transition state with the nucleophilic 

catalyst (1) departing as the alcohol is attacking.  This involves a redistribution of the 

positive charge from a full positive charge on intermediate A to partial positive charges on 

the incoming alcohol oxygen and the departing catalyst 1.14, displaying an overall decrease 
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in positive charge in the transition state.  This proposed transition state can be employed in 

an effort to understand the origin of enantioselectivity.   

 

 

Figure 2.7 Hammett plot employing the parameter para
18 versus the log of rates for the 

kinetic resolution of the fast reacting enantiomer (R) of alcohol 2.15 (average of two runs).  

 

 

 

Scheme 2.7 Proposed mechanism of the silylation reaction 

Since the para parameter incorporates both inductive and resonance contributions, the 

linear correlation of the rate data indicates that the substituents in the para position can 

contribute to the reactivity of the silicon through some degree of resonance.  The degree of 

inductive versus resonance contribution was determined using the Swain-Lupton dual 

parameter approach24 (Eq. 2.5).  The method separates the Hammett parameter into two 
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parameters, induction/field effects (F) and resonance (R), with sensitivity factors of r and 

f respectively.  Employing F and R parameters recalculated by Hansch, the rate data from 

Table 1 was fit with a least squares regression analysis to solve for the two sensitivity 

constants.  The similarity of f and r (f = 5.4, r = 5.9) indicates that induction and resonance 

contribute equally to the rate of the reaction.  Figure 2.8 shows the good correlation 

between experimentally determined log of rate ratios versus those predicted by Eq. 2.5.   

 

 

Figure 2.8 Comparison of the experimental log(kx/kH) using the rate data from Table 2.5 

versus the predicted log(kx/kH) calculated from Eq. 2.5 

 

As was stated earlier, LFERs have been employed to study asymmetric reactions, and 

provide information about the source of enantioselectivity.  While these LFER studies 

mainly employ enantiomeric ratios as a way of measuring the change in the free energy of 

activation, traditionally, a ratio of pure rates is employed in the analysis as seen in the study 

above.  Recently it was suggested that selectivity factors from kinetic resolutions could be 

employed in a LFER analysis43 since selectivity factors are a ratio of rates.  
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2.8 Kinetic resolution of tetralol and chromanol using different para substituted 

triphenylsilyl chlorides 

 

Two alcohols were chosen for the kinetic resolution reactions (Eq. 3) employing the p-

substituted silyl chlorides: tetralol (2.15) and 4-chromanol (2.10).  These alcohols were 

chosen since they displayed moderate selectivity under the reaction conditions, allowing 

us to see subtle differences in selectivity as the substituents are altered on the silyl 

chlorides.  These subtle changes would be missed if highly selective substrates were 

employed.  The same reaction conditions as the rate study were employed, and the 

selectivity factors for the reactions are shown in Table 2.5.  Entry 1 and 13 show the small 

detrimental effect of switching the base from diisopropyl-3-pentyl amine to Hünig’s base 

when we compare the originally published selectivity factors of 13 and 21 for 2.15 and 

2.10, respectively, versus the new selectivity factors of 11 and 15.  Employing the silyl 

chlorides with substituents in the para position proved satisfactory at affecting the 

selectivity of the kinetic resolution reactions of 2.15 and 2.10.  The use of halide substituted 

silyl chlorides (2.13b-d) reduced the selectivity factors (entries 2-4, 14-16) for both 

alcohols.  The selectivity of the kinetic resolution employing para bromide substituted silyl 

chloride (2.13b) was nearly half compared with the selectivity of employing 2.13a.  Both 

electron withdrawing and electron donating groups on the silyl chloride, trifluoromethyl 

(2e) (entry 5 & 17) and methoxy (2.13f) (entry 6 & 18) respectively, caused a reduction in 

selectivity when compared to 2.13a.  Silyl chlorides substituted with alkyl groups (2.13g-

k) resulted in an increase in selectivity, with the bulkier groups resulting in the best 

selectivity (entries 7-11 & 19-23). 
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Table 2.6 Kinetic resolution using different para substituted triphenylsilyl chloridesa 

 

aReactions were carried out at a substrate concentration of 0.16 M on a 0.22 mmol scale. 

bSee ref 49. %Conversion = ees/(ees+eep) x 100% & s = ln[(1-C)(1-ees)]/ln[(1-C)(1+ees)], 

where ees = ee of recovered starting material and eep = ee of product 
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Hammett plots were generated (Figure 2.9) by plotting para parameters versus the log 

of the selectivity factors from Table 2.6 for alcohols 2.15 and 2.10.  This explores the 

electronic contribution of silyl chlorides 2.13a-l and how electronic effects affect 

selectivity.  A correlation was observed with the silylation-based kinetic resolution 

showing that it is sensitive to the electronic effects of the triphenylsilyl chlorides.  For both 

alcohols 2.15 and 2.10 the same trend was observed, a negative slope in both, suggesting a 

decrease in selectivity factors when electron withdrawing groups are employed.  The 

selectivity improved when electron donating groups were employed, but only up to a point.  

When the strongest electron donating group in the series was used, methoxy, it did not 

follow the linear trend, and instead decreased in selectivity.  The sensitivity for both 

substrates was nearly the same with  = -0.73 (R2 = 0.95) and -0.68 (R2 = 0.80) for 2.15 

and 2.10 respectively not including methoxy. 
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Figure 2.9 Hammett plots employing the parameter para
18 versus the log of the selectivity 

factors for the kinetic resolution of alcohols () 2.15 and () 2.10.  (para values not listed 

in Figure 1.  CF3 = 0.54, Ph = -0.01, C6H11 = -0.15) 

 

The sensitivity of the reaction to electronic changes on the silyl chloride can be 

explained by the Hammond postulate, proposed by Jacobsen in his own linear free energy 

relationship study.35,44 In our study, when electron withdrawing groups are on the silyl 

chloride (2.13b-e), the silyl chloride/catalyst intermediate is more reactive and higher in 
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energy versus a hydrogen substituent.  Therefore the transition state would resemble the 

silyl chloride/catalyst intermediate with very little involvement of the attacking chiral 

alcohol (Figure 2.10A).  With little alcohol participation in the transition state, the 

difference between the diastereomeric transition state energies for both enantiomers is 

small, therefore, the chiral catalyst intermediate cannot easily distinguish between the 

enantiomers, leading to low selectivity.  When electron donating groups are employed, the 

transition state shifts to contain more product-like character with more participation of the 

attacking alcohol (Figure 2.10B).  Therefore, there is a larger energy difference between 

the transition states of the two enantiomers, leading to higher selectivity. 

 

Figure 2.10 Hammond postulate diagram explaining electronic effect on selectivity 

factors.  (A.) Early transition state with electron withdrawing substituents on silyl chloride.  

(B.) Late transition state with electron donating substituents on silyl chloride 

 

Many asymmetric reactions have exhibited a relationship between enantioselectivity 

and steric effects on the catalyst or reactant.43,45   The sensitivity of the reaction presented 

herein to steric effects was investigated to establish if a correlation between steric effects 
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and selectivity exists, since selectivity factors for the kinetic resolution of 2.15 and 2.10 in 

Eq. 3 do increase as the alkyl substituents on 2.13 increase in size (entries 7-11 & 19-23).  

For example, by substituting a t-butyl group for a hydrogen, the selectivity factor increases 

from 16 to 28 when employing 7.  The log of the selectivity factors for all the silyl chlorides 

(2.13a-l) and the two alcohols were plotted against the Charton () parameters (Figure 2.11 

A & B).  Charton values21-23 are steric parameters that are based on the van der Waals 

radius of the substituent, and have been employed to show correlations between 

enantioselectivity and steric effects in a variety of asymmetric systems43,46-48  When all of 

the substituents are plotted on the same graph, there is no observable correlation to the size 

of the substituent.   

Upon removing the substituents that have a more pronounced electronic effect, and just 

alkyl substituents (methyl, ethyl, isopropyl, t-butyl, and cyclohexyl) are plotted (Figure 

2.11C), there appears to be a small correlation to steric effects in the para position of 

triphenylsilyl chloride (ᴪ = 0.13 and 0.23 for 2.15 and 2.10, respectively).  The small 

magnitude of the slope suggests that the correlation is minor and the lack of a correlation 

when all of the substituents are plotted together (Figure 2.11A & 2.11B) indicate that 

electronic effects play a more significant role. 
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Figure 2.11 Charton analysis of alcohols (A.) 2.15 (), (B.) 2.10 (), and (C.) selected 

alkyl substituted silyl chlorides (2.13a-l) in the silylation-based kinetic resolution 
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In order to determine the contribution of steric effects to the overall selectivity, a dual 

parameter approach was undertaken involving para and Charton () parameters.  Least 

squares regression analysis was performed on Eq. 4 using the selectivity data for 2.15 

(Table 2.6) to determine the sensitivity constants  and ᴪ, for the electronic and steric effect 

contributions respectively.  The sensitivity constant related to electronic effects was an 

order of magnitude larger than the sensitivity constant for steric effects.  This indicates that 

steric effects do not play a significant role in the selectivity of the reaction.  Figure 2.12 

shows the good correlation between the experimental log(s) versus that predicted by Eq. 

2.7 

    para log s   Eq. 2.7 

 

 

Figure 2.12 Comparison of the experimental log(s) using the selectivity data for 2.15 from 

Table 2.6 versus the predicted log(s) calculated from Eq. 2.6  
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With selectivity factors and the rate of the fast reacting enantiomer in hand for alcohol 

2.15, the rate of the slow reacting enantiomer ((S)-2.15) (Eq. 5) was calculated based on 

the selectivity factor definition.49 These calculated rates are shown in Table 2.7.  For three 

substituted silyl chlorides and 2.13a, we also experimentally measured the rate of silylation 

of (S)-2.16 to verify the calculated rates were correct.  The experimental rates are shown 

in parentheses and show good correlation to the calculated rates.  Electron donating groups 

again slow down the silylation (entries 5-9) while electron withdrawing groups speed up 

the silylation (entries 2-4) when compared to hydrogen in the para position (entry 1).  The 

Hammett plot for the calculated rates is shown in Figure 2.15, again employing para 

substituent constants.  The calculated rates have a linear relationship, with a sensitivity 

constant (ρ) of 6.4, which is slightly higher than the sensitivity constant of the fast reacting 

enantiomer (ρ = 5.8).  This shows that the substituted silyl chlorides essentially have the 

same effect on both the fast and slow reacting enantiomers (i.e. same sign of the slope 

therefore same transition state), with the sensitivity of the slow reacting enantiomer to the 

substituents being modestly higher.  This suggests substituting the silyl chloride with 

electron donating groups improves the selectivity of the reaction by affecting the rate of 

the slow reacting enantiomer more than the fast reacting enantiomer since the selectivity 

factor is a ratio of these rates.  Therefore, the slow reacting enantiomer is slightly more 

sensitive to changes in electronic effects.  
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Table 2.7 Rate of slow reacting enantiomer (S)-2.15 for different para substituted 

triphenylsilyl chlorides 

 

 

aCalculated rate based on selectivity factor and fast reacting enantiomer. Rate in 

parenthesis was experimentally measured on a 0.3 mmol scale at 0.08 M. Each data point 

is a single run 

 



  

69 

 

 

Figure 2.13  Hammett plot employing the parameter para
18 versus the log of the calculated 

rates for the kinetic resolution of the slow reacting enantiomer (S)-2.15 

 

2.9 Conclusions  

In conclusion, we determined that mainly electronic effects around the triphenylsilyl 

chloride affect both the rate and the selectivity of the silylation-based kinetic resolution 

presented herein.  Substituting the triphenylsilyl chlorides in the para position with a 

variety of electron withdrawing and donating groups allowed us to investigate the 

mechanism of our silylation-based kinetic resolution.  The rates of the silylation reaction 

were measured employing the fast reacting enantiomer with different para substituted 

triphenylsilyl chlorides and a linear free energy relationship was discovered employing 

para parameters.  The sign and magnitude of the slope indicate that positive charge is 

decreasing in the transition state and there is a significant redistribution of the charge.  From 

this data, we were able to postulate a pentavalent SN2 like transition state with the 

tetramisole catalyst as the leaving group and the alcohol as the incoming nucleophile.  By 

employing the substituted triphenylsilyl chlorides in kinetic resolutions, selectivity factors 

were obtained that indicate electronic effects on the silyl group play a more significant role 
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than steric effects in affecting the selectivity of the reaction.  Ultimately, electron donating 

groups result in a late transition state according to the Hammond postulate, where the 

incoming alcohol is more involved in the rate determining step, and therefore the 

diastereomeric transition states between the two enantiomers have a larger energy 

difference as compared to electron withdrawing substituted triphenylsilyl chlorides.  

Ultimately, with this linear free energy relationship study we have been able to postulate 

the transition state and obtain some understanding on the enantioselective step, which can 

aid in future substrate expansion.  Future studies will include employing a chiral silyl 

chloride for further evidence of a double inversion mechanism and an NMR and kinetic 

study to get a complete picture of the overall mechanism.   

2.10 Experimental  

General Information: 

All kinetic resolution reactions and the synthesis of different silanes and silyl chlorides 

were carried out under a N2 atmosphere using oven dried glassware. All solvents including 

THF, diethyl ether, and hexanes were dried by passing through a column of activated 

alumina before use and stored over molecular sieves. Pentane and carbon tetrachloride 

were distilled and stored over molecular sieves. CCl4 was degassed before chlorination. 

Sulfuryl chloride was distilled prior to use. n-BuLi was titrated prior to use.  All other 

chemicals were purchased from a commercial source and used without further purification. 

Molecular sieves were activated for 48 h at 130 °C in an oven.  Flash column 

chromatography was performed with silica gel (32-63 μm). High resolution mass 

spectrometry (HRMS) was obtained using a magnetic sector mass spectrometer. IR data 
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(νmax) is reported in cm-1. Rate data was collected using an FTIR spectrophotometer with a 

silicon probe.  All enantiomeric ratios were determined by HPLC using the chiral stationary 

phase Chiralcel OD-H (4.6 × 250 mm × 5 μm) column, and monitored using a photodiode 

array detector in comparison with authentic racemic materials. Melting points (mp) are 

uncorrected. Optical rotations were obtained using a polarimeter. Microwave assisted 

transformation were carried out using a chemical synthesis microwave. NMR spectra were 

obtained at room temperature using 400 MHz (1H), 101 MHz (13C), 80 MHz (29Si), and  

377 MHz (19F).  Chemical shifts for 1H, 13C, 19F and 29Si was recorded in part per million 

with either TMS (0.00 ppm), or CDCl3 (7.26 ppm for 1H or 77.0 ppm for 13C) as a reference. 

TMS was used as a reference (0.00 ppm) to obtain 29Si NMR. Data reported in 1H NMR 

are as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

dd = doublet of doublet, dt =doublet of triplet, sept = septet, m = multiplet) and coupling 

constant (Hz).  

General Procedure Making a p-Substituted Triphenyl Silane 

General Procedure 1 (GP1):38 (Written for a 10 mmol scale with regards to aryl bromide 

or iodide) Important note regarding silane synthesis: Extreme caution should be 

undertaken while centrifuging and washing the lithium salts.50 These salts are highly 

flammable and any contact with air or water should be avoided, especially when para 

substituted is an electron withdrawing group. In an oven dried 250 ml three-neck round 

bottom flask, p-substituted bromo/iodo benzene (1 equiv) was dissolved using previously 

distilled pentane (28 mL) under nitrogen at room temperature. To the stirred solution, n-

BuLi (1.025 equiv.) was added slowly at room temperature. After addition of n-BuLi, the 

resulting mixture formed a precipitate which was then allowed to stir for 1-1.5 h.  After 1-
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1.5 h, the white precipitate containing solution was carefully transferred to a test tube and 

centrifuged for 5 minutes (4 test tubes were used). The supernatant was carefully removed 

using a syringe (done under N2 atmosphere). The white precipitate was washed 2-3 times 

using dry pentane and transferred to another three neck round bottom flask using 

approximately 22 mL of fresh pentane under nitrogen. A solution of HSiCl3 (0.4 M in 

pentane, 0.3 equiv.) was added dropwise to the three neck flask (Caution: exothermic 

reaction). The reaction mixture was then allowed to stir for another 2 h. After 2 h, the 

resulting suspension (white precipitate) was centrifuged (4 test tubes were used). The 

supernatants were collected under nitrogen in a separate round bottom flask (liquid was 

collected using a syringe and transferred to another flask carefully). The remaining solid 

was washed 2-3 times with pentane, centrifuged and the supernatants were combined with 

the previously collected supernatants. Finally, the combined supernatants were quenched 

by chlorotrimethyl silane and the resulting solution was concentrated under vacuum to 

yield the crude triphenyl silane product. In most cases, purification of silane was done by 

recrystallization using an appropriate solvent. 

General Procedure 2 (GP2): (Written for a 10 mmol scale with regards to aryl bromide 

or iodide)  In an oven dried 250 mL three-neck round bottom flask, p-substituted 

bromo/iodo benzene (1 equiv) was dissolved using previously dried diethyl ether (30 mL) 

under nitrogen at room temperature. To the stirred solution, n-BuLi (1.025 equiv.) was 

added and the resulting mixture was allowed to stir for 1-1.5 h at room temp.  The reaction 

was then cooled to -40 °C using a dry ice-acetonitrile bath.  A solution of HSiCl3 (0.4 M in 

ether, 0.3 equiv) was added dropwise to the three neck flask. The reaction mixture was 

allowed to stir for another 2 h at -40 °C, then the reaction was quenched using 10 mL of 
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water at -40 °C and allowed to warm to room temp. Extraction was done using diethyl 

ether. The organic layer was collected and dried over anhydrous sodium sulfate.  The 

excess solvent was removed via a rotary evaporator and the crude was purified using 

recrystallization or a trituration method.  

General Procedure Making a p-Substituted Triphenyl Silyl Chloride 

General Procedure 3 (GP3):  In an oven dried 25-50 mL three-neck round bottom flask 

was charged with p-substituted triphenylsilane and dissolved using dry degassed carbon 

tetrachloride (CCl4) under a nitrogen atmosphere. The mixture was allowed to stir for 10-

15 minutes. Sulfuryl chloride (SO2Cl2) (2-6 equiv) was then added to the flask. The 

resulting mixture was then allowed to reflux for 4-28 h (Conversion was monitored by 

disappearance of the silane peak using 1H NMR). Hydrochloric acid generated during the 

reaction was removed from the reaction mixture via a bubbler. The excess solvent and other 

reagents were evaporated under vacuum (dry ice cooled cold trap). The final product was 

then recrystallized or triturated using an appropriate solvent under a N2 atmosphere. 

Synthesis of p-Substituted Triphenyl Silane and Silyl chlorides. 

Tris(4-bromophenyl)silane (2.14b)38  

The product was synthesized employing 1-bromo-4-iodobenzene (98%) (2.88 g, 10 mmol) 

according to GP1. The final colorless solid product was obtained by recrystallization at -

40 °C using pentane (1.16 g, yield = 78%). 1H NMR: (400 MHz, CDCl3): δ 7.54 (d, J = 8.0 

Hz, 6 H), 7.39 (d, J = 8.0 Hz, 6 H), 5.39 (s, 1H).  13C NMR: (101 MHz, CDCl3, 25 °C): δ 

137.1, 131.5, 131.0,125.4. 
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Tris(4-bromophenyl)chlorosilane (2.13b)38 

Chlorination was done employing 2.14b (1.1 g, 2.21 mmol) according to GP3.  Silane was 

dissolved using 12 mL degassed carbon tetrachloride followed by addition of sulfuryl 

chloride (895 µL, 11 mmol) under nitrogen. The resulting mixture was allowed to reflux 

for 10-12 h.  The final solid product was obtained by recrystallization using pentane at -40 

°C. (430 mg, yield = 37%).  1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 8.2 Hz, 6H), 7.46 

(d, J = 8.2 Hz, 6H). 13C NMR: (101 MHz, CDCl3): δ 136.5, 131.6, 130.6, 126.4.  

Tris(4-chlorophenyl)silane (2.14c)  

The product was synthesized employing 1-chloro-4-iodobenzene (98%) (2.43 g, 10 mmol) 

according to GP1.  The final product was obtained by recrystallization from pentane at -40 

°C to yield colorless crystals (680 mg, yield = 62%). MP range = 74-76 °C. 1H NMR (400 

MHz, CDCl3): δ 7.46 (d, J = 8.3 Hz, 6H), 7.38 (d, J = 8.3 Hz, 6H), 5.43 (s, 1H). 13C NMR 

(101 MHz, CDCl3): δ 136.9, 136.8, 130.6, 128.6. 29Si NMR (80 MHz, CDCl3): δ -18.6. 

HRMS (EI) (M+) Calculated for (C18H13Cl3Si+): 361.9846 Observed: 361.9858. IR (neat, 

cm-1): 3042, 2142, 1578, 1481, 1380, 1080, 1013, 821, 798, 778, 740, 733, 698. 

Chlorotris(4-chlorophenyl)silane (2.13c)   

The product was obtained using 2.14c (650 mg, 1.78 mmol) according to GP3.  The silane 

was dissolved in 10 mL of degassed carbon tetrachloride under N2. Excess sulfuryl chloride 

(750 µL, 9.26 mmol) was added over the course of the reaction. The reaction took 28 h to 

go to completion, monitored by 1H NMR. The crude was triturated with pentane at -78 °C 

using a dry ice/acetone bath to yield a colorless solid. (295 mg, yield = 40%). MP range = 

58-60 °C. 1H NMR (400 MHz, CDCl3): δ 7.52 (d, J = 8.4 Hz, 6H), 7.41 (d, J = 8.4 Hz, 
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6H). 13C NMR (101 MHz, CDCl3): 137.8, 136.4, 130.3, 128.7. 29Si NMR (80 MHz, 

CDCl3): δ +1.1. HRMS (EI) (M+) Calculated for (C18H12Cl4Si+): 395.9456. Observed: 

395.9460. IR (neat, cm-1): 3041, 3020, 1915, 1575, 1482, 1381, 1186, 1119, 1083, 1014, 

952, 813, 789, 735, 708. 

Tris(4-fluorophenyl)silane (2.14d)51  

Compound 2.14d was synthesized using 1-fluoro-4-iodo benzene (2.22 g, 10 mmol) 

according to GP1. The product was obtained as an oily liquid. After leaving for almost two 

days in the freezer at -20 °C, it became a colorless solid. The compound was used for the 

next step without any further purification. (730 mg, yield = 77%). 1H NMR (400 MHz, 

CDCl3): δ 7.56 – 7.47 (m, 6H), 7.15 – 7.05 (m, 6H), 5.46 (s, 1H). 13C NMR (101 MHz, 

CDCl3): δ 164.4 (d), 137.7 (d), 128.4 (d), 115.5 (d). 

Chlorotris(4-fluorophenyl)silane(2.13d)52  

Chlorination was done using 2.14d (1.3 g, 4.13 mmol) according to GP3.  The silane was 

dissolved using 12 mL carbon tetrachloride under nitrogen.  Sulfuryl chloride (670 µL, 

9.90 mmol) was added to the reaction flask and allowed to reflux for 4 h resulting in an oil 

liquid after workup. Pentane was added to the oily liquid which solubilized the final 

product, while impurities remained undissolved. The pentane was carefully separated from 

impurities and transferred to another vial under nitrogen. The product was obtained through 

trituration at -78 °C using pentane to yield a colorless solid. (500 mg, yield = 35%). 1H 

NMR (400 MHz, CDCl3): δ 7.62 – 7.53 (m, 6H), 7.16 – 7.07 (m, 6H). 13C NMR (101 MHz, 

CDCl3): δ 164.8 (d), 137.4 (d), 128.1 (d), 115.6 (d).  
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Tris(4-(trifluoromethyl)phenyl)silane (2.14e)39 

The product was synthesized using a Grignard method on a 30 mmol scale. Magnesium 

metal was pre-activated by leaving it in the oven for 24 h before use.  In a three-neck round 

bottom flask, 750 mg of magnesium metal was added and allowed to stir for 2 h under 

vacuum in order to activate. After 2 h, 1-iodo-4(trifluoromethyl)benzene (4.4 mL, 30 

mmol) along with 4.4 mL of ether were added to the flask. The resulting mixture became 

a brown colored liquid which was allowed to stir for 10-15 min. After 15 minute, 25 mL 

of ether was added to the flask and the mixture was allowed to reflux for 30 minutes. After 

30 minutes, the mixture was allowed to cool to 0 °C and HSiCl3 (910 µl, 9 mmol, neat) was 

added to the reaction mixture. The resulting mixture was allowed to stir for another 3 hr 

(first 30 min at 0 °C and then at room temp). After the reaction was complete, the mixture 

was poured into a beaker containing dry ice and dilute HCl. The reaction mixture was 

extracted with ether and dried over anhydrous sodium sulfate. Excess ether was removed 

under vacuum. A dark orange-brown colored oil was obtained. The final product was 

obtained by vacuum distillation at 175-178 °C and 3 mm Hg.  A dark yellow liquid was 

obtained which was left under vacuum to yield a colorless solid as the final product.  (1.1 

g, yield = 26%). MP range = 74-76 °C. 1H NMR (400 MHz, CDCl3): δ 7.68 (s, 12H), 5.58 

(s, 1H). 13C NMR (101 MHz, CDCl3): δ 136.2, 136.0, 132.5 (q, JCF = 33 Hz), 125 (q, J = 

3.8 Hz), 123.9 (q, JCF = 273 Hz). 19F NMR (377 MHz, CDCl3): δ -111.9. 29Si NMR (80 

MHz): -18.7 HRMS (EI) (M-H)+ Calculated for (C21H12F9Si+): 463.0559 Observed: 

463.0574. IR (neat, cm-1): 2929, 2155, 1931, 1610, 1505, 1393, 1322, 1273, 1161, 1114, 

1017, 844, 830, 793, 771, 722, 700.  
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Chlorotris(4-(trifluoromethyl)phenyl)silane (2.13e) 

Chlorination was done employing 2.14e (820 mg, 1.77 mmol) according to GP3.  The 

silane was dissolved in 8 mL of carbon tetrachloride followed by addition of sulfuryl 

chloride (350 µL, 4.32 mmol). After 4 h, only 20% conversion was observed from 1H 

NMR. Excess sulfuryl chloride was added over the course of the reaction, but no further 

improvement in conversion was observed after 48 h. Finally, the reaction mixture was 

transferred to a microwave vessel equipped with a stir bar under an argon atmosphere. The 

reaction vessel was then purged with argon and sealed with a septa. The mixture was then 

microwaved for 40 minutes at 120 °C employing 70 W. The mixture was allowed to cool 

to ambient temperature and transferred to a 4 dram vial under an argon atmosphere. The 

crude was concentrated under vacuum. The final product was a yellowish solid (492 mg, 

yield = 56%), which was used directly without any purification for the kinetic resolution. 

No characterization was reported due to moisture sensitivity. 

Tris(4-methoxyphenyl)silane (2.14f)51 

The product was synthesized using 4-iodo anisole (98%) (2.34 g, 10 mmol) according to 

GP1. A colorless solid was obtained as the crude product. Silane was further purified by 

carefully washing crude 2 times with distilled pentane. (780 mg, yield = 74%).  1H NMR 

(400 MHz, CDCl3) δ 7.53 (d, J = 8.6 Hz, 6H), 6.96 (d, J = 8.4 Hz, 6H), 5.46 (s, 1H), 3.85 

(s, 9H). 13C NMR (101 MHz, CDCl3): δ 160.9, 137.2, 124.8, 113.8, 55.0.  

Chlorotris(4-methoxyphenyl)silane (2.13f) 

Chlorination was done using 2.14f (300 mg, 0.86 mmol) according to GP3. The silane was 

dissolved in 6 mL of carbon tetrachloride followed by addition of sulfuryl chloride (139 
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µL, 1.72 mmol).  Complete conversion was achieved in 7-8 h.  An oily liquid was obtained 

which became a light yellow solid after scratching for almost an hour under nitrogen.  This 

solid was carefully washed with pentane to obtain the final product.  (200 mg, yield = 60%).  

MP range = 67-69 °C 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 8.7 Hz, 6H), 6.95 (d, J 

= 8.7 Hz, 6H), 3.84 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 161.5, 136.8, 124.4, 113.8, 

55.1. 29Si NMR (80 MHz, CDCl3): +1.2.  HRMS (EI) (M+) Calculated for 

(C21H21ClO3Si+): 384.0943. Observed: 384.0952. IR (neat, cm-1): 3020, 2919, 2841, 1591, 

1563, 1503, 1457, 1442, 1400, 1276, 1248, 1181, 1116, 1107, 1022, 817, 797, 659. 

Tri-p-tolylsilane (2.15g)51 

The product was synthesized using 4-iodotoluene (2.18 g, 10 mmol) according to GP1.  A 

colorless solid was formed which was further recrystallized using pentane at -40 °C. (770 

mg, yield = 85%).  1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 7.8 Hz, 6H), 7.18 (d, J = 

7.6 Hz, 7H), 5.43 (s, 1H), 2.35 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 139.6, 135.8, 130.1, 

128.8, 21.5. 

Chlorotri-p-tolylsilane (2.13g)    

Chlorination was done using tri-p-tolylsilane (1.03 g, 3.4 mmol) according to GP3.  The 

silane was dissolved in 17 mL of carbon tetrachloride followed by addition of sulfuryl 

chloride (550 µL, 6.8 mmol).  It took 7-8 h to achieve complete conversion.  The final 

product was obtained through recrystallization from hexanes at -40 °C to obtain a colorless 

solid. (590 mg, yield = 51%).  MP range = 110 – 112 °C. 1H NMR (400 MHz, CDCl3): δ 

7.52 (d, J = 7.6 Hz, 6H), 7.22 (d, J = 7.6 Hz, 6H), 2.38 (s, 9H). 13C NMR (101 MHz, 

CDCl3): δ 140.7, 135.2, 129.7, 128.9, 21.6. 29Si NMR (80 MHz, CDCl3): +1.8. HRMS (EI) 
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(M+) Calculated for (C21H21ClSi+): 336.1095 Observed: 336.1096. IR (neat, cm-1): 3019, 

2921, 2862, 1924, 1598, 1501, 1393, 1312, 1190, 1114, 1021, 712. 

Tris(4-ethylphenyl)silane (2.14h) 

Compound 2.14h was synthesized using 1-ethyl-4-iodobenzene (98%) (1.48 mL, 10 mmol) 

according to GP2. After reaction completion, the solvent was removed under vacuum. The 

crude product was obtained as an oil. Further purification was done using column 

chromatography to yield an oil as the final product. (800 mg, yield = 77%). 1H NMR (400 

MHz, CDCl3):  δ 7.67 (d, J = 7.9 Hz, 6H), 7.36 (d, J = 7.7 Hz, 6H), 5.60 (s, 1H), 2.80 (q, J 

= 7.6 Hz, 6H), 1.39 (t, J = 7.6 Hz, 9H). 13C NMR (101 MHz, CDCl3): δ 145.8, 135.9, 130.5, 

127.6, 28.9, 15.4. 29Si NMR (80 MHz, CDCl3): -18.9. HRMS (EI) (M+) Calculated for 

(C24H28Si+): 344.1954 Observed: 344.1960. IR (neat, cm-1): 3012, 2964, 2930, 2116, 1600, 

1456, 1398, 1111, 1062, 967, 801, 772. 

Chlorotris(4-ethylphenyl)silane (2.13h)  

Chlorination was done using tris(4-ethylphenyl)silane (782 mg, 2.27 mmol) according to 

GP3.  Excess sulfuryl chloride (550 µL, 6.78 mmol) was used to achieve full conversion 

in 4 h using 10 mL of carbon tetrachloride. The crude oily liquid was further purified by 

trituration with hexanes at -40 °C under a N2 atmosphere which resulted in a yellowish 

solid.  (455 mg, yield = 53%). MP range = 54-56 °C. 1H NMR (400 MHz, CDCl3): δ 7.56 

(d, J = 8.1 Hz, 6H), 7.24 (d, J = 8.2 Hz, 6H), 2.67 (q, J = 7.6 Hz, 6H), 1.24 (t, J = 7.6 Hz, 

9H). 13C NMR (101 MHz, CDCl3): δ 146.9, 135.3, 130.0, 127.7, 28.9, 15.3. 29Si NMR (80 

MHz, CDCl3): +1.6. HRMS (EI) (M+) Calculated for (C24H27ClSi+): 378.1565 Observed: 
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378.1573. IR (neat, cm-1): 3012, 2967, 2933, 2873, 1600, 1456, 1397, 1272, 1190, 1115, 

1062, 1020, 968, 796, 782.  

Tris(4-isopropylphenyl)silane (2.14i)  

Compound 2.14i was synthesized using 4-bromo-isopropyl benzene(95%)  (1.63 mL, 10 

mmol) according to GP2.  A colorless solid was obtained and purified further by trituration 

at -40 °C with hexanes under a N2 atmosphere to get a colorless powder. (770 mg, yield = 

66%). MP range = 58-60 °C 1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.0 Hz, 6H), 7.23 

(d, J = 7.9 Hz, 6H), 5.41 (s, 1H), 2.90 (m,3H), 1.25 (d, J = 6.9 Hz, 18H). 13C NMR (101 

MHz, CDCl3): δ 150.4, 135.9, 130.7, 126.2, 34.1, 23.8. 29Si NMR (80 MHz, CDCl3):-18.8. 

HRMS (EI) (M+) Calculated for (C27H34Si+): 386.2424 Observed: 386.2428. IR (neat, cm-

1): 2961, 2928, 2110, 1924, 1598, 1458, 1392, 1297, 1265, 1117, 1094, 1049, 1019, 822, 

794, 760, 725.  

Chlorotris(4-isopropylphenyl)silane (2.13i)53 

Chlorination was done by using tris(4-isopropylphenyl)silane (875 mg, 2.26 mmol) 

according to GP3. The silane was dissolved in 11 mL of carbon tetrachloride followed by 

addition of sulfuryl chloride (550 µL, 6.78 mmol) under a N2 atmosphere. The resulting 

mixture was allowed to reflux for 4 h to achieve complete chlorination. After the reaction 

was complete, the excess reagents were removed under vacuum. The crude product was 

purify by trituration with hexanes at -40 °C under N2. A colorless solid product was 

obtained. (747 mg, yield = 78%). 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 8.1 Hz, 6H), 

7.27 (d, J = 7.4 Hz, 6H), 2.92 (septet, 3H), 1.26 (d, J = 6.9 Hz, 18H). 13C NMR (101 MHz, 

CDCl3): δ 151.4, 135.3, 130.2, 126.2, 34.2, 23.8. 
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Tris (4-(tert-butyl) phenyl)silane (2.14j) 

Compound 2.14j was synthesized using 1-bromo-4-tert-butylbenzene (98%) (1.76 mL, 10 

mmol) according to GP2. A colorless solid was obtained, after washing the crude solid 

with hexanes. (1.27 g, yield = 99%). MP range = 169-171 °C. 1H NMR (400 MHz, CDCl3): 

δ 7.54 (d, J = 8.2 Hz, 6H), 7.40 (d, J = 8.2 Hz, 6H), 5.42 (s, 1H), 1.32 (s, 27H). 13C NMR 

(101 MHz, CDCl3): δ 152.6, 135.7, 130.2, 124.9, 34.7, 31.2.  29Si NMR (80 MHz, CDCl3): 

-18.9.  HRMS (EI) (M+) Calculated for (C30H40Si+): 428.2893 Observed: 428.2894. IR 

(neat, cm-1): 2960, 2868, 2108, 1596, 1463, 1387, 1362, 1267, 1137, 1085, 822, 788, 724. 

Tris(4-(tert-butyl)phenyl)chlorosilane (2.13j)53  

Chlorination was done using tris(4-(tert-butyl)phenyl)silane (1.26 g, 2.93 mmol) according 

to GP3. The silane was dissolved in 12 mL of carbon tetrachloride followed by addition of 

sulfuryl chloride (710 µL,8.79 mmol). The crude solid was purified by washing 2-3 times 

with hexanes to obtain a colorless solid. (850 mg, yield = 63%).  1H NMR (400 MHz, 

CDCl3): δ 7.59 (d, J = 8.3 Hz, 6H), 7.43 (d, J = 8.3 Hz, 6H), 1.32 (s, 27H). 13C NMR (101 

MHz, CDCl3): δ 153.6, 135.1, 129.8, 125.0, 34.8, 31.2.  

Tris(4-cyclohexylphenyl)silane (2.14k) 

Compound 2.14k was synthesized using 1-bromo-4-cyclohexylbenzene (98%) (1.89 mL, 

10 mmol) according to GP2.  The crude solid was recrystallized from pentane at -40 °C to 

yield a colorless solid ( 1.30 g, yield = 86%). MP range = 79-81 °C. 1H NMR (400 MHz, 

CDCl3) 7.52 (d, J = 8.0 Hz, 6H), 7.22 (d, J =8.0 Hz, 6H), 5.41 (s, 1H), 2.53-247 (m, 3H), 

1.91-1.82 (m, 12H), 1.77-1.73 (m, 3H), 1.45-1.34 (m, 12H), 1.31-1.24 (m, 3H).  13C NMR 

(101 MHz, CDCl3): δ 149.6, 135.8, 130.7, 126.6, 44.6, 34.3, 26.9, 26.1. 29Si NMR (80 
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MHz, CDCl3): -18.8. HRMS (EI) (M+) Calculated for (C36H46Si+): 506.3363 Observed: 

506.3352. IR (neat, cm-1): 3011, 2922, 2850, 2122, 1598, 1447, 1400, 1263, 1111, 998, 

891, 866, 772, 727, 687, 671. 

Chlorotris(4-cyclohexylphenyl)silane (2.13k) 

Chlorination was done using tris(4-cyclohexylphenyl)silane (1.26 g, 2.49 mmol) according 

to GP3.  The silane was dissolved in 6 mL of carbon tetrachloride followed by the addition 

of sulfuryl chloride (602 µL, 7.47 mmol). Product formation was complete in 4 h. The 

crude oil was triturated with pentane at -78 °C under N2 resulting in a colorless solid.  (500 

mg, yield = 37%). MP range = 123-124 °C. 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 8.2 

Hz, 6H), 7.24 (d, J = 7.9 Hz, 6H), 2.53-2.51 (m, 3H), 1.90-1.83 (m, 12H), 1.77-1.73(m, 

3H), 1.47-1.34(m, 12H), 1.30-1.23(m, 3H).  13C NMR (101 MHz, CDCl3): δ 150.6, 135.3, 

130.2, 126.6, 44.6, 34.2, 26.8, 26.1.  29Si NMR (80 MHz, CDCl3): +1.5. HRMS (EI) (M+) 

Calculated for (C36H45ClSi+): 540.2973. Observed: 540.2971. IR (neat, cm-1): 3014, 2923, 

2850, 1599, 1447, 1400, 1263, 1116, 998, 817, 673. 

Tris([1,1’-biphenyl]-4-yl)silane (2.14l)   

Compound 2.14l was synthesized using 4-iodobiphenyl (97%) (2.89 g, mmol) according 

to GP2.  Addition of SiHCl3 after lithiation was done at -78 °C instead of -40 °C and 

allowed to stir for 2 h.  The crude white solid was carefully filtered and used without further 

purification. (1.35 g, yield = 92 %). MP range = 192-193 °C 1H NMR (400 MHz, CDCl3):  

δ 7.73 (d, J = 8.3 Hz, 6H), 7.67 – 7.61 (m, 12H), 7.46 (t, J = 7.3 Hz, 6H), 7.37 (t, J = 7.4 

Hz, 3H), 5.60 (s, 1H). 13C NMR (101 MHz, CDCl3): δ 142.6, 140.9, 136.3, 132.0, 128.8, 

127.6, 127.2, 126.9. 29Si NMR (80 MHz, CDCl3): -18.4. HRMS (EI) (M+) Calculated for 
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(C36H28Si+): 488.1954 Observed: 488.1959. IR (neat, cm-1): 3011, 2106, 1595, 1542, 1481, 

1384, 1182, 1115, 1007, 845, 835, 763, 755, 660. 

Tris([1,1’- biphenyl]-4-yl)chlorosilane (2.13l) 

Chlorination was done using tris([1,1’-biphenyl])4-yl)silane (2.14l) (1.43 g ,2.92 mmol) 

according to GP3. Carbon tetrachloride (14 mL) was added and the solution was heated in 

order to dissolve the compound. Sulfuryl chloride (708 µL, 8.76 mmol) was added and 

refluxed for 4 h. The crude solid was washed with hexanes 2-3 times resulting in a light 

pink product. (800 mg, yield = 52%). MP range = 215-217 °C. 1H NMR (400 MHz, 

CDCl3): δ 7.79 (d, J = 8.3 Hz, 6H), 7.68 (d, J = 8.3 Hz, 6H), 7.63 (d, J = 8.2 Hz, 6H), 7.47 

(t, J = 7.2 Hz, 6H), 7.40-7.36 (m, 3H). 13C NMR (101 MHz, CDCl3): δ 143.5, 140.6, 135.7, 

131.5, 128.9, 127.8, 127.2, 126.9.  HRMS (EI) (M+) Calculated for (C36H27ClSi+): 

522.1565 Observed: 522.1580. 

General Procedure of Rate Study Using In Situ React IR: All reactions were carried 

out at 0.08 M concentration with regard to the alcohol.  A three-neck 50 mL Schlenk tube 

with a 24/40 ground glass joint for probe insertion with two side arms was used as a 

reaction vessel.  A probe was inserted into the Schlenk tube equipped with a stir bar under 

N2 atmosphere. After calibrating the instrument an air background was taken first.  THF 

(2.10 mL) was added to the Schlenk tube and the solvent was allowed to cool to -78 °C for 

approximately 20 minutes using a dry ice/acetone bath.  The solvent background was 

recorded for each experiment at -78 °C, then IR data collection was started.  A solution of 

(R)-2.15 or (S)-2.15 (55.3 mg), 1.14 (38 mg) and Hünig’s base (64 µL) was prepared in a 

1 mL volumetric flask.  From the above prepared solution, 810 µL was carefully added to 
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the Schlenk tube via a syringe.  The resulting mixture was allowed to stir for 10-15 minutes.  

Meanwhile a solution of 2.13 (0.357 M) was prepared using a volumetric flask, and 840 

µL of this was added to the reaction mixture at -78 °C.  The time of the silyl chloride 

addition was recorded for reference and IR data was collected for 30 min -10 h. Rapid 

collect was used for data collection in the case of electron withdrawing p-substituted 

triphenylsilyl chloride rate experiments. The absorbance was obtained using ConcIRT.  

Reaction conversion was obtained at different time points by taking reaction aliquots at 

these time points, quenching them, and determining the conversion by 1H NMR.  The 

geminal proton of the product and the starting material were used for integration.  The 

relationship between concentration and absorbance was constructed by calculating the 

product concentration from the NMR conversions and plotting it against the absorbance at 

each of those time points.  Once the Beer’s Law relationship was determined, the 

concentration at each data point was calculated from the absorbance and plotted against 

time to determine the rate. Initial rate was determined by using the data up to 10% 

conversion.  The accuracy of the peak obtained from ConcIRT was confirmed by 

comparing the NMR conversion with the calculated conversion from the absorbance.   

General Procedure for the Silylation-Based Kinetic Resolution of Secondary Alcohols 

and Desilylation of the Isolated Products. 

An oven dried 1 dram vial was charged with 4 Å molecular sieves (10-15 mg) and a Teflon 

coated stir bar. The racemic alcohol (2.10 or 2.15) (0.22 mmol), catalyst 1.14 (11.2 mg, 

0.055 mmol) and N,N–diisopropylethylamine (Hünig’s Base) (23 μL, 0.132 mmol) were 

added to a vial and then quickly sealed under a nitrogen atmosphere.  Dry THF (1.0 mL) 

was added and the reaction mixture was allowed to stir at -78 °C for 15-20 minutes.  
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Meanwhile a solution of (pY-Ph)3SiCl (0.357 M) was prepared using a volumetric flask 

(under N2).  The solution of (pY-Ph)3SiCl 2.13 (370 μL, 0.6 mmol ) was added to the 

reaction vial and the resulting mixture was allowed to react for the specified amount of 

time at -78 °C. The reaction mixture was then quenched using 300 μL of MeOH at -78 °C.  

The mixture was allowed to warm to room temperature followed by addition of 1.0 mL of 

saturated aqueous NH4Cl. The reaction mixture was transferred to a 4 dram vial and 

extracted using diethyl ether (3 x 2 mL).  The ether layer was then passed through a pad of 

silica gel. After filtration, it was concentrated and the crude mixture was purified using 

silica gel chromatography (100% CH2Cl2 followed by 2% MeOH in CH2Cl2).  The analysis 

of the unreacted recovered alcohol was done by a chiral HPLC using a hexanes/i-PrOH 

solvent system. Desilylation: The silylated product was transferred to a 4 dram vial with a 

stir bar and dissolved in 3 mL of THF.  The solution was treated with a 1M solution of 

TBAF in THF (500 μL - 1.0 mL) and allowed to stir for 3-10 h at room temperature 

(conversion was monitored by TLC).  The reaction was quenched with brine and extracted 

with diethyl ether. The crude mixture was purified via silica gel column chromatography 

(CH2Cl2 to 2% MeOH in CH2Cl2). HPLC analysis was done for the desilylated product 

(alcohol). The absolute stereochemistry was confirmed by comparing the HPLC data with 

previously published data.1   

HPLC conditions for 1,2,3,4-tetrahydronaphthalen-1-ol (2.15)1: Chiralpack OD-H 

column was used with 4% iPrOH in hexanes. Flow rate was 0.5 mL/min, 25 °C. tR 25.2 

min for (S)-enantiomer and tR 28.7 min for (R)-enantiomer. 
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HPLC conditions for 4-Chromanol (2.10)1: Chiralpack OD-H column was used with 2% 

iPrOH in hexanes. Flow rate was 1.3 mL/min, 25 °C. tR 28.6 min for (S)-enantiomer and tR 

37.3 min for (R)-enantiomer. 

1,2,3,4-tetrahydronaphthalen-1-ol (2.15): 1H NMR (400 MHz, CDCl3) δ ppm  7-44-7.23 

(m, 1 H), 7.22-7.20 (m, 2 H), 7.12-7.10 (m, 1H) 4.79 (t, 5.0 Hz, 1H), 2.87-2.81 (m, 1 H), 

2.77-2.69 (m, 1H), 2.01-1.88 (m, 3 H), 1.83-1.75(m, 2H).  13C NMR (101 MHz, CDCl3) δ 

ppm 138.7, 137.1, 129.0, 128.6, 127.5, 126.1, 68.1, 32.2, 29.2, 18.7.  

Triphenyl((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16a)1:  

33.5 mg (yield = 37%), White solid. 1H NMR (400 MHz, CDCl3 ): δ 

7.68 (d, J = 6.0 Hz, 6H), 7.47-7.36 (m, 9H), 7.28(d, J = 6.8 Hz, 1H), 

7.18-7.06 (m, 3H), 4.97 (t, J = 5.6 Hz, 1H), 2.88-2.81 (m, 1H), 2.72-

2.64 (m, 1H), 2.10-2.03 (m, 1H), 1.96-1.82 (m, 2H),  1.72-1.63 (m, 

1H). 13C NMR (101 MHz, CDCl3): δ  138.9, 137.0, 135.6, 134.8, 

129.9, 128.7, 128.6, 127.8, 127.1, 125.7, 70.2, 32.5, 29.0, 19.2.  

(R)-tris(4-bromophenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16b): 

 55 mg (yield = 39%), white solid. MP range: 88-89 °C. 1H NMR 

(400 MHz, CDCl3) δ  7.54 (d, J = 8.2 Hz, 6H), 7.46 (d, J = 8.1 Hz, 

6H), 7.21 – 7.14 (m, 2H), 7.13 – 7.06 (m, 2H), 4.94 (t, J = 5.0 Hz, 

1H), 2.88-2.81 (m, 1H), 2.74-2.66 (m, 1H), 2.14 – 2.01 (m, 1H), 

1.97 – 1.79 (m, 2H), 1.77 – 1.64 (m, 1H).  13C NMR (101 MHz, 

CDCl3): δ 138.1, 137.1, 136.9, 132.6, 131.3, 128.9, 128.5, 127.5, 125.7, 125.5, 70.6, 32.5, 

28.9, 18.9. Optical Rotation [α]25
 D = + 19.0 (c = 0.75, CHCl3). HRMS (EI) (M+) Calculated 
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for (C28H23Br3OSi+): 641.9043. Observed: 641.9034.  IR (neat, cm-1): 3069, 2937, 2866, 

1739, 1572, 1550, 1478, 1454, 1377, 1350, 1208, 1185, 1115, 1066, 1009, 988, 906, 807, 

757.  

(R)-tris(4-chlorophenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16c):  

34.9 mg (yield = 31%), colorless oil with minor amounts of tris(4-

chlorophenyl)silanol present. 1H NMR (400 MHz, CDCl3) : δ
 7.52  

(d, J = 8.4 Hz, 6H), 7.38 (d, J = 8.4 Hz, 6H), 7.21 – 7.13 (m, 2H), 

7.13 – 7.06 (m, 2H), 4.94 (m, 1H), 2.88-2.80 (m, 1H), 2.73-

2.65(m, 1H), 2.12-2.02 (m, 1H), 1.95 – 1.78 (m, 2H), 1.75 – 1.65 

(m, 1H).13C NMR (101 MHz, CDCl3) : δ 138.2, 137.1, 136.8, 136.7, 132.3, 128.9, 128.6, 

128.4, 127.4, 125.7, 70.6, 32.5, 28.9, 18.9. Optical Rotation [α]25
 D = + 22.6. (c = 0.88, 

CHCl3). HRMS (EI) (M+) Calculated for( C28H23Cl3OSi+): 508.0578. Observed: 508.0558. 

IR (neat, cm-1): 3072, 2936, 1913, 1578, 1556, 1482, 1455, 1381, 1349, 1257, 1184, 1118, 

1082, 1014, 989, 877, 812, 711. 

(R)-tris(4-fluorophenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16d):  

38.0 mg (yield = 38%), colorless oil.  1H NMR (400 MHz, CDCl3) 

: δ 7.64 – 7.59 (m, 6H), 7.21 – 7.17 (m, 2H), 7.14 – 7.08 (m, 8H), 

4.96 (t, J = 5.6 Hz, 1H), 2.89 – 2.82 (m, 1H), 2.74 - 2.67 (m, 1H), 

2.14 - 2.04 (m, 1H), 1.96 – 1.81 (m, 2H), 1.76 – 1.66 (m, 1H). 13C 

NMR (101 MHz, CDCl3): δ 165.6-163.1(d), 138.4, 137.6-137.5 

(d), 137.1, 130.0(d), 128.9, 128.6, 127.4, 125.7, 115.4-115.2 (d), 70.4, 32.5, 28.9, 19.0. 

Optical Rotation [α]25
 D =  + 18.0   (c = 0.91, CHCl3). HRMS (EI) (M+) Calculated for 
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(C28H23F3OSi+): 460.1464. Observed: 460.1454. IR (neat, cm-1): 3025, 2937, 1910, 1588, 

1498, 1388, 1350, 1225, 1161, 1110, 1070, 1014, 989, 878, 755, 738, 715. 

(R)-((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)tris(4-(trifluoromethyl)phenyl)silane 

(2.16e):  

33.1 mg (yield = 25%), colorless oil with minor amounts of 

tris(4-(trifluoromethyl)phenyl)silanol present. 1H NMR (400 

MHz, CDCl3) : δ 7.73 (d, J = 8.2 Hz , 6H), 7.66 (d, J = 8.2 Hz , 

6H),  7.21-7.17 (m, 1H), 7.14-7.08 (m, 3H), 5.00 (t, J = 5.1, 1H), 

2.88-2.81 (m, 1H), 2.75-2.67 (m, 1H), 2.16-2.06 (m, 1H), 1.97-

1.83 (m, 2 H), 1.78-1.69 (m, 1H). 13C NMR (101 MHz, CDCl3) : δ 138.1, 137.7, 137.2, 

135.7,, 132.5 (q, JCF = 32.4 Hz), 129.1, 128.6, 127.7, 125.8 , 124.8 (q, JCF = 3.8 Hz ), 124.0 

(q, J = 272.5 Hz), 71.1, 32.5, 28.8, 18.8. 19F NMR (377 MHz, CDCl3) : δ -63.1. Optical 

Rotation [α]25
 D = + 9.7  (c = 0.67, CHCl3). HRMS (EI) (M+) Calculated 

for:(C31H23F9OSi+): 610.1368. Observed: 610.1372. IR (neat, cm-1): 3031, 2939, 1610, 

1393, 1318, 1164, 1121, 1017, 990, 829, 739, 704. 

(R)-tris(4-methoxyphenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16f):  

21.3 mg (yield = 20%), colorless oil. 1H NMR (400 MHz, 

CDCl3) δ 1H 7.58 (d, J = 8.7 Hz, 6H), 7.27 (m, 1H), 7.17 – 

7.11 (m, 2H), 7.09 – 7.05 (m, 1H), 6.93(d, J = 8.7 Hz, 6H), 

4.94 (t, J = 6.0 Hz, 1H), 3.83 (s, 9H), 2.87-2.80 (m, 1H), 

2.71-2.64 (m,1H), 2.09 – 2.01 (m, 1H), 1.92 – 1.82 (m, 2H), 

1.71 – 1.62 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 160.9, 139.3, 137.1, 137.0, 128.7, 
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128.6, 127.0, 126.4, 125.6, 113.5, 69.9, 55.0, 32.6, 29.1, 19.3. Optical Rotation [α]25
 D = 

+13.1 (c = 0.95, CHCl3). HRMS (EI) (M+) Calculated for (C31H32O4Si+): 496.2064. 

Observed: 496.2053. IR (neat, cm-1): 3062, 2934, 2836, 1903, 1592, 1563, 1501, 1456, 

1441, 1277, 1246, 1179, 1070, 1028, 987, 909, 814, 798, 733.    

(R)-((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)tri-p-tolylsilane (2.16g): 

 43.4 mg (yield = 44%), colorless oil. 1H NMR (400 MHz, CDCl3) 

δ 7.55 (d, J = 8.0 Hz, 6H), 7.30 (d, J = 8.5 Hz, 1H), 7.18 (d, J = 8.0 

Hz, 6H), 7.14 – 7.09 (m, 2H), 7.08 – 7.04 (m, 1H), 4.93 (t, J = 5.6 

Hz, 1H), 2.85-2.79 (m, 1H), 2.69-2.62 (m, 1H), 2.35 (s, 9H), 2.08-

1.99 (m,1H), 1.92-1.82 (m,  2H), 1.69-1.60 (m, 1H). 13C NMR (101 

MHz, CDCl3) δ 139.7, 139.3, 137.0, 135.6, 135.4, 131.6, 128.8, 128.6, 126.9, 125.6, 70.0, 

32.6, 29.1, 21.6, 19.3. Optical Rotation [α]25
 D = +16.2  (c = 0.98, CHCl3). HRMS (EI) 

(M+) Calculated for: 448.2216 (C31H32OSi+). Observed: 448.2217. IR (neat, cm-1): 3066, 

2936, 2864, 1920, 1739, 1599, 1501, 1451, 1393, 1350, 1261, 1208, 1188, 1111, 1071, 

1016, 988, 876, 738, 715. 

(R)-tris(4-ethylphenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16h):  

33.3 mg  (yield = 31%), colorless oil. 1H NMR (400 MHz, CDCl3) 

: δ 7.59 (d, J = 8.1 Hz, 6H), 7.29 (d, J = 7.4 Hz, 1H), 7.20 (d, J = 

8.2 Hz, 6H), 7.15 – 7.09 (m, 2H), 7.07 – 7.03 (m, 1H), 4.93 (t, J = 

6.1 Hz, 1H), 2.86-2.79 (m, 1H), 2.63-2.70 (m, 7H), 2.09 – 2.00 

(m, 1H), 1.94 – 1.81 (m, 2H), 1.70 – 1.60 (m, 1H), 1.24 (t, J = 7.6 

Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 145.9, 139.3, 137.0, 135.7, 132.0, 128.7, 128.6, 
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127.4, 126.9, 125.6, 70.0, 32.6, 29.1, 28.9, 19.3, 15.3. Optical Rotation [α]25
 D = + 18.0 (c 

= 0.70, CHCl3). HRMS (EI) (M+) Calculated for (C34H38OSi+): 490.2686. Observed: 

490.2691. IR (neat, cm-1): 3066, 2964, 2932, 2872, 1601, 1553, 1455, 1398, 1190, 1072, 

1039, 1017, 988, 821, 783, 739.  

(R)-tris(4-isopropylphenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16i):  

40.7 mg (yield = 35%), colorless oil.  1H NMR (400 MHz, 

CDCl3) δ 7.60 (d, J = 8.2 Hz, 6H), 7.28 (d, J = 7.0 Hz, 1H), 7.22 

(d, J = 7.8 Hz, 6H),  7.15 – 7.08 (m, 2H), 7.05-7.03 (m, 1H), 

4.93 (t, J = 6.2 Hz, 1H), 2.93 – 2.79 (m, 4H), 2.70-2.62(m, 1H), 

2.10-2.00 (m, 1H), 1.95 – 1.82 (m, 2H), 1.70 – 1.59 (m, 1H), 

1.25 (d, J = 8.0 Hz, 18H).13C NMR (101 MHz, CDCl3) δ 150.4 , 139.3 , 137.0 , 135.7 , 

132.2 , 128.7, 128.6, 126.9, 125.9, 125.6, 70.0 , 34.1, 32.6 , 29.1, 23.9, 19.3. Optical 

Rotation [α]25
 D = +16.8 (c = 0.95, CHCl3). HRMS (EI) (M+) Calculated for (C37H44OSi+): 

532.3155. Observed: 532.3139. IR (neat, cm-1): 3067, 2959, 2869, 1920, 1600, 1491, 1458, 

1394, 1362, 1263, 1119, 1072, 1050, 1018, 988, 849, 769, 739, 710.    

(R)-tris(4-(tert-butyl)phenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16j):  

48.5 mg (yield = 38%), white solid. MP range: 137-139 °C.  1H 

NMR (400 MHz, CDCl3) : δ 7.62 (d, J = 8.4 Hz, 6H), 7.39(d, J 

= 8.4 Hz, 6H), 7.29 (d, J = 7.4 Hz , 1H), 7.17 – 7.10 (m, 2H), 

7.08 – 7.05 (m, 1H), 4.95 (t, J = 6.2 Hz, 1H), 2.88 - 2.81 (m, 

1H), 2.71 - 2.68 (m,1H), 2.11-2.02 (m, 1H), 1.98 – 1.84 (m, 2H), 

1.72 – 1.63 (m, 1H), 1.33 (s, 27H).13C NMR (101 MHz, CDCl3) δ 152.6, 139.4, 137.0, 
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135.5, 131.7, 128.7, 128.6, 126.9, 125.6, 124.6, 69.9, 34.7, 32.6, 31.2, 29.1, 19.3.Optical 

Rotation [α]25
 D = +19.4 (c = 1.1, CHCl3). HRMS (EI) (M+) Calculated for (C40H50OSi+): 

574.3625 Observed: 574.3633. IR (neat, cm-1): 2961, 2867, 1984, 1599, 1459, 1388, 1362, 

1268, 1203, 1138, 1017, 988, 926, 876, 824, 750.4. 

(R)-tris(4-cyclohexylphenyl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16k):  

37.2 mg (yield = 26%), colorless oil. 1H NMR (400 MHz, CDCl3) 

: δ 7.58( d, J = 8.0 Hz, 6H), 7.26 (d, J = 7.5 Hz , 1H), 7.19 (d, J = 

7.9 Hz , 6H), 7.15-7.03 (m, 3H), 4.92 (t, J = 6.0 Hz, 1 H), 2.86-

2.78 (m, 1H), 2.69-2.62 (m, 1H), 2.52-2.46 (m, 3H), 2.09-1.99 

(m, 1H), 1.93-1.81 (m, 14H), 1.75-1.72 (m, 3 H), 1.69-1.63 (m, 1 

H), 1.51-1.33 (m, 12H), 1.28-1.20 (m, 3 H).  13C NMR (101 MHz, CDCl3): δ 149.6, 139.4, 

137.0, 135.7, 132.2, 128.7, 128.6, 126.9 , 126.3, 125.6, 69.9, 44.6, 34.3, 32.6, 29.1, 26.9, 

26.2, 19.3. Optical Rotation [α]25
 D = +14.3 (c = 1.04, CHCl3). HRMS (EI) (M+) Calculated 

for (C46H56OSi+): 652.4094.Observed: 652.4094. IR (neat, cm-1): 3066, 2923, 2851, 1923, 

1600, 1448, 1397, 1350, 1263, 1115, 1072, 999, 1016, 988, 815, 755, 738, 668. 

(R)-tri([1,1'-biphenyl]-4-yl)((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)silane (2.16l): 

27.2 mg (yield = 19%), white solid. MP range: 44-46 °C.  1H 

NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.2 Hz, 6H), 7.65 – 7.62 

(m, 12H), 7.45 – 7.43 (m, 6H), 7.37 – 7.33 (m, 4H), 7.19 – 7.13 

(m, 2H), 7.11-7.07 (m, 1H), 5.07 (t,  J = 6.2 Hz, 1H), 2.91- 2.83 

(m, 1H), 2.74 - 2.66 (m, 1H), 2.17- 2.07 (m, 1H), 2.04 – 1.88 (m, 

2H), 1.76 – 1.65 (m, 1H).  13C NMR (101 MHz, CDCl3) δ 142.6, 140.9, 138.9, 137.1, 136.1, 
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135.9, 133.5, 128.9, 128.8, 128.7, 127.5, 127.2, 126.6, 125.7, 70.4, 32.6, 29.1, 19.2. Optical 

Rotation [α]25
 D = +23.3 (c = 0.94, CHCl3). HRMS (EI) (M+) Calculated for 

(C46H38OSi+):634.2686 Observed: 634.2673. IR (neat, cm-1): 3059, 3024, 2934, 1809, 

1597, 1544, 1483, 1446, 1386, 1255, 1117, 1071, 1006, 988, 829, 756, 695. 

Chroman-4-ol (2.10): 1H NMR (400 MHz, CDCl3) : δ 7.31(d, J = 7.6 Hz , 1H), 7.23-7.19 

(m, 1H), 6.95-6.91 (m,1H), 6.85 (d, J = 8.2 Hz , 1H),4.79 (t, J = 3.9 Hz, 1H), 4.32-2.25 (m, 

2H),  2.17-2.09 (m, 1H), 2.07-2.01 (m, 1H), 1.86 (s,1H). 13C NMR (101 MHz, CDCl3): δ 

154.5, 129.7, 129.6, 124.3, 120.6, 117.0, 63.2, 61.9, 30.8.  

(chroman-4-yloxy)triphenylsilane (2.11a)1: 

 White solid. 35.5 mg (yield = 40% ).1H NMR (400 MHz, CDCl3) : 

δ  7.66 (d, J = 6.5 Hz, 6H), 7.48-7.37(m, 9H), 7.18-7.14 (m, 1H), 6.99 

(d, J = 7.2 Hz, 1H), 6.83-6.76 (m, 2H), 4.97 (t, J = 4.0 Hz , 1H), 4.51-

4.45 (m, 1H), 4.24-4.19 (m, 1H), 2.02-1.96 (m, 2H).  13C NMR (101 

MHz, CDCl3): δ 154.5, 135.5, 134.3, 130.1, 130.0, 129.2, 127.8, 124.2, 120.0, 116.7, 65.0, 

62.2, 31.4.   

(R)-tris(4-bromophenyl)(chroman-4-yloxy)silane (2.11b):  

49.3 mg (yield = 35%), white solid. MP range: 109-110 ºC , 1H 

NMR (400 MHz, CDCl3) : δ 7.52 (d, J = 8.1 Hz, 6H), 7.43 (d, J = 

8.2 Hz, 6H), 7.20 – 7.16 (m, 1H), 6.89 (d, J = 7.6 Hz, 1H), 6.83 – 

6.76 (m, 2H), 4.92 (t, J = 4.0 Hz, 1H), 4.47- 4.40(m, 1H), 4.26 - 

4.21 (m, 1H), 2.01-1.97 (m, 2H).  13C NMR (101 MHz, CDCl3,): 

δ 154.5, 136.8, 132.2, 131.4, 129.8, 129.6, 125.7, 123.3, 120.1, 116.9, 65.4, 61.9, 31.3. 
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Optical Rotation [α]25
 D = + 38.3 (c = 0.84, CHCl3). HRMS (EI) (M+) Calculated for 

(C27H21Br3O2Si+): 643.8836 Observed: 643.8859. IR (neat, cm-1): 3071, 2926, 1915, 1610, 

1572, 1478, 1377, 1224, 1116, 1063, 1008, 906, 806, 753.  

(R)-tris(4-chlorophenyl)(chroman-4-yloxy)silane (2.11c):  

46.6 mg (yield = 41%), yellowish color oil. 1H NMR (400 MHz, 

CDCl3) : δ 7.51 (d, J = 8.3 Hz, 6H), 7.41 (d, J = 8.3 Hz, 6H), 7.20 

– 7.16 (m, 1H), 6.91- 6.89 (m,1H), 6.84 – 6.76 (m, 2H), 4.94 (t, J 

= 4.4 Hz, 1H), 4.48 - 4.42 (m, 1H), 4.27 - 4.22 (m, 1H), 2.01 – 

1.97 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 153.5, 136.1, 135.7, 

130.9, 128.9, 128.6, 127.5, 122.4, 119.1, 116.0, 64.4, 60.9, 30.4. Optical Rotation [α]25
 D = 

+ 49.9  (c = 1.17, CHCl3). HRMS (EI) (M+) Calculated for (C27H21Cl3O2Si+): 510.0370 

Observed: 510.0363. IR (neat, cm-1): 3072, 2927, 1912, 1609, 1578, 1482, 1381, 1224, 

1118, 1082, 1014, 924, 809, 711. 

(R)-(chroman-4-yloxy)tris(4-fluorophenyl)silane(2.11d):  

37 mg (yield = 36%), colorless oil. 1H NMR (400 MHz, CDCl3) δ 

7.60 – 7.56 (m, 6H), 7.20 – 7.15 (m, 1H), 7.13 – 7.08 (m, 6H), 6.89 

(d, J = 7.6 Hz, 1H), 6.83 – 6.76 (m, 2H), 4.94 (t, J = 4.0 Hz, 1H), 

4.49 – 4.42 (m, 1H), 4.27 – 4.21 (m, 1H), 2.01 – 1.97 (m, 2H).  13C 

NMR (101 MHz, CDCl3): δ 165.7-163.2 (d), 154.5, 137.5 (d), 

129.8, 129.6(d), 129.5, 123.6, 120.0, 116.9, 115.5-115.3(d), 65.2, 62.0, 31.4. Optical 

Rotation [α]25
 D = + 47.4 (c = 0.98, CHCl3). HRMS (EI) (M+) Calculated for 
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(C27H21F3O2Si+): 462.1257. Observed: 462.1266.  IR (neat, cm-1): 3065, 2928, 2888, 1909, 

1610, 1498, 1489, 1388, 1269, 1223, 1161, 1110, 1092, 1064, 1003, 924, 821, 754, 715.  

(R)-(chroman-4-yloxy)tris(4-(trifluoromethyl)phenyl)silane (2.11e):  

22.8 mg (yield = 17%),   colorless oil with minor amounts of 

tris(4-(trifluoromethyl)phenyl)silanol present. 1H NMR (400 

MHz, CDCl3) : δ 7.71 (d, J = 8.0 Hz , 6H), 7.66 (d, J = 8.1 Hz, 

6H), 7.21-7.16 (m, 1H), 6.86-6.81 (m, 2H), 6.78-6.74 (m, 1H), 

4.98 (t, J = 3.9 Hz , 1H), 4.50-4.44 (m, 1H), 4.30-4.25 (m, 1H), 

2.05-2.02 (m, 2H). 13C NMR (101 MHz, CDCl3) : δ 154.5, 137.6, 135.6, 132.7 (q, JCF = 

32.3 Hz), 129.9, 129.8, 124.8 (q, JCF = 3.71 Hz), 123.9 (q, JCF =272.5 Hz), 122.9, 120.1, 

117.1, 65.9, 61.7, 31.3. 19F NMR  (377 MHz, CDCl3) : δ -63.2. Optical Rotation [α]25
 D = 

+ 23.3 (c = 0.88, CHCl3). HRMS (EI) (M+) Calculated for (C30H21F9O2Si+): 612.1161. 

Observed: 612.1171.  IR (neat, cm-1): 3034, 2929, 1611, 1585, 1490, 1393, 1318, 1269, 

1164, 1120, 1017, 1005, 829, 755, 705. 

(R)-(chroman-4-yloxy)tris(4-methoxyphenyl)silane (2.11f):  

25.1 mg (yield = 23%), colorless oil. 1H NMR (400 MHz, 

CDCl3): δ 7.57 (d, J =8.2 Hz, 6H), 7.18- 7.13 (m, 1H), 7.02 

(d, J = 7.7 Hz, 1H), 6.93 (d, J =8.6 Hz, 6H), 6.82 – 6.78 (m, 

2H), 4.94 (t, J = 4.3 Hz, 1H), 4.48 – 4.42 (m, 1H), 4.22 – 

4.17 (m, 1H), 3.83 (s, 9H), 2.02 – 1.92 (m, 2H).  13C NMR 

(101 MHz, CDCl3): δ 161.1, 154.5, 137.1, 130.0, 129.1, 126.0, 124.5, 120.0, 116.6, 113.6, 

64.7, 62.3, 55.0, 31.5. Optical Rotation [α]25
 D = + 41.5 (c = 0.89, CHCl3). HRMS (EI) 
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(M+) Calculated for (C30H30O5Si+): 498.1857. Observed: 498.1869. IR (neat, cm-1):3018, 

2837, 1902, 1592, 1501, 1489, 1276, 1179, 1090, 1065, 1001, 922, 810, 798, 753, 722. 

(R)-(chroman-4-yloxy)tri-p-tolylsilane (2.11g):  

30.4 mg (yield = 31%), colorless oil. 1H NMR (400 MHz, CDCl3): 

δ 7.53 (d, J = 7.8 Hz, 6H), 7.19 (d, J =7.8 Hz, 6H), 7.15 – 7.11 (m, 

1H), 7.03 – 7.01 (m, 1H), 6.80 – 6.75 (m, 2H), 4.93 (t, J = 4.2 Hz, 

1H), 4.47 – 4.41 (m, 1H), 4.20 – 4.15 (m, 1H), 2.36 (s, 9H), 2.02 – 

1.89 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 154.5, 139.9, 135.6, 

131.2, 130.0, 129.1, 128.7, 124.5, 120.0, 116.6, 64.8, 62.3, 31.5, 21.6. Optical Rotation 

[α]25
 D = +42.0  (c = 1.08, CHCl3). HRMS (EI) (M+) Calculated for 

(C30H30O2Si+):450.2009. Observed: 450.2008. IR (neat, cm-1): 3066, 2921, 1917, 1599, 

1584, 1488, 1454, 1393, 1225, 1111, 1065, 1003, 922, 837, 753, 716.  

(R)-(chroman-4-yloxy)tris(4-ethylphenyl)silane (2.11h):  

39.2 mg (yield = 36%), colorless oil. 1H NMR (400 MHz, CDCl3): 

δ 7.59 (d, J = 8.0 Hz, 6H), 7.21 (d, J = 8.0 Hz, 6H), 7.15 – 7.11 

(m, 1H), 7.01 – 6.99 (m, 1H), 6.80 – 6.75 (m, 2H), 4.93 (t, J = 4.0 

Hz, 1H), 4.48 – 4.42 (m, 1H), 4.21 – 4.16 (m, 1H), 2.66 (q, J = 8.0 

Hz, 6H), 2.04 – 1.90 (m, 2H), 1.24 (t, J = 8.0 Hz, 9H). 13C NMR 

(101 MHz, CDCl3): δ 154.5, 146.1, 135.6, 131.5, 130.0, 129.1, 127.5, 124.5, 120.0, 116.6, 

64.8, 62.3, 31.5, 28.9, 15.3.Optical Rotation [α]25
 D = +46.0 (c = 1.13, CHCl3). HRMS (EI) 

(M+) Calculated for (C33H36O2Si+): 492.2479. Observed: 492.2475. IR (neat, cm-1):3067, 
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2964, 2873, 1916, 1601, 1585, 1489, 1455, 1398, 1268, 1226, 1112, 1091, 1003, 922, 822, 

809, 753, 719. 

(R)-(chroman-4-yloxy)tris(4-isopropylphenyl)silane (2.11i):  

41.2 mg (yield = 35% ) , white solid. MP range: 90-92 °C. 1H 

NMR (400 MHz, CDCl3) : δ 7.58 (d, J = 7.8 Hz, 6H), 7.23 (d, J 

= 7.9 Hz, 6H), 7.13 (t, J = 8.1 Hz, 1H), 6.94 (d, J = 7.3 Hz, 1H), 

6.79 – 6.73 (m, 2H), 4.93 (t, J = 4.2 Hz, 1H), 4.49 – 4.43 (m, 

1H), 4.19 (dt, J = 6.3, 4.2 Hz, 1H), 2.91 (hept, J = 6.9 Hz, 3H), 

2.05 – 1.90 (m, 2H), 1.25 (d, J = 6.9 Hz, 18H). 13C NMR (101 

MHz, CDCl3): δ 154.5, 150.6, 135.6, 131.7, 130.1, 129.0, 126.0, 124.5, 119.9, 116.6, 64.7, 

62.3, 34.1, 31.5, 23.8. Optical Rotation [α]25
 D = + 50.8 (c = 0.90, CHCl3). HRMS (EI) 

(M+) Calculated for (C36H42O2Si+): 534.2948. Observed: 534.2942.    IR (neat, cm-1): 3067, 

2960, 2870, 1738, 1600, 1585, 1489, 1456, 1394, 1268, 1226, 1118, 1092, 1051, 1004, 

922, 822, 809, 770, 754, 720. 

(R)-tris(4-(tert-butyl)phenyl)(chroman-4-yloxy)silane (2.11j):  

47.5 mg (yield = 37%), white solid. MP range: 112-114 °C. 1H 

NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.1 Hz, 6H), 7.40 (d, J 

= 8.1 Hz, 6H), 7.14 (t, J = 7.6 Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 

6.81 – 6.74 (m, 2H), 4.94 (t, J = 4.0 Hz, 1H), 4.50 – 4.44 (m, 

1H), 4.23 – 4.18 (m, 1H), 2.07 – 1.92 (m, 2H), 1.33 (s, 27H). 13C 

NMR (101 MHz, CDCl3): δ154.5, 152.8, 135.4, 131.3, 130.1, 129.0, 124.8, 124.6, 119.9, 

116.6, 64.7, 62.3, 34.8, 31.5, 31.2. Optical Rotation [α]25
 D = +49.5   (c = 1.13, CHCl3). 
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HRMS (EI) (M+) Calculated for (C39H48O2Si+): 576.3418. Observed: 576.3429. IR (neat, 

cm-1): 3073, 2963, 2868, 1927, 1600, 1583, 1487, 1453, 1388, 1268, 1252, 1140, 1125, 

1065, 1004, 918, 824, 809, 751. 

(R)-(chroman-4-yloxy)tris(4-cyclohexylphenyl)silane (2.11k)  

52.2 mg (yield = 36%), white solid. MP range: 47-49 °C , 1H 

NMR (400 MHz, CDCl3): δ 7.57( d, J = 8.0 Hz, 6H), 7.22 (d, J = 

8.0 Hz, 6H), 7.15-7.11(m, 1H), 6.95-9.92 (m, 1H), 6.80-6.73 (m, 

2H), 4.92 (t, J = 4.3 Hz, 1 H), 4.49- 4.43 (m, 1 H), 4.22-4.17 (m, 

1H), 2.53-2.48 (m, 3H), 2.05-1.93 (m, 2H), 1.90-1.48(m, 12H), 

1.76-1.73(m, 3H), 1.48-1.34(m, 12H), 1.30-1.23(m, 3H).  13C NMR (101 MHz, CDCl3): δ 

154.5, 149.8, 135.6, 131.7, 130.1, 129.0, 126.4, 124.5, 119.9, 116.5, 64.7, 62.3, 44.6, 34.2, 

31.5, 26.9, 26.1.Optical Rotation [α]25
 D = + 44.0 (c = 0.94, CHCl3). HRMS (EI) (M+) 

Calculated for (C45H54O2Si+): 654.3887. Observed: 654.3884.  IR (neat, cm-1): 3067, 2922, 

2850, 1968, 1600, 1585, 1489, 1448, 1348, 1268, 1253, 1192, 1115, 1091, 1067, 999, 922, 

816, 752, 629. 

(R)-tri([1,1'-biphenyl]-4-yl)(chroman-4-yloxy)silane (2.11l)  

26.5 mg (yield = 19%), white solid. MP range: 48-49 °C.  1H 

NMR (400 MHz, CDCl3) δ
 7.80 (d, J = 8.3 Hz, 6H), 7.69 - 7.64 

(m, 12H), 7.49 – 7.45 (m, 8H), 7.40 – 7.36 (m, 3H), 7.21 – 7.17 

(m, 1H), 7.11 -7.09 (m, 1H), 6.85 – 6.80 (m, 2H), 5.08 (t, J = 4.2 

Hz, 1H), 4.58 – 4.52 (m, 1H), 4.30 – 4.25 (m, 1H), 2.16 – 2.02 

(m, 2H). 13C NMR (101 MHz, CDCl3): δ 154.5, 142.8, 140.8, 136.0, 133.1, 130.1, 129.3, 
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128.8, 127.6, 127.2, 126.7, 124.2, 120.1, 116.7, 65.1, 62.2, 31.5. Optical Rotation [α]25
 D = 

+49.7   (c = 0.58, CHCl3). HRMS (EI) (M+) Calculated for (C45H36O2Si+): 636.2479. 

Observed: 636.2485. IR (neat, cm-1): 3025, 2882, 2056, 1597, 1484, 1455, 1386, 1268, 

1252, 1225, 1117, 1065, 1005, 923, 830, 727, 695, 663. 

 

HPLC data for Silylated Tetralol product 

Kinetic Resolution for Table 2.6, Entry 1:  

 

# erSM% erPR% C% S SAvg 

1 85:15 15:85 50.1 11.9  

11 
2 91:9 19:81 57 10.9 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 2:  

 

erPR% is of deprotected and purified product. 

 

 

 

# erSM% erPR% C% S SAvg 

1 75:25 21:79 46.3 6.1  

6.0 
2 77:23 21:79 48 6.4 
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Kinetic Resolution for Table 2.6, Entry 3: 

 

# erSM% erPR% C% S SAvg 

1 66:34 18:82 33.7 6.4  

7.0 
2 67:33 16:84 32.3 8.1 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 4: 

  

# erSM% erPR% C% S SAvg 

1 85:15 18:82 52.1 9.4  

9.0 
2 85:15 20:80 53.4 8.2 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 5: 

  

# erSM% erPR% C% S SAvg 

1 65:35 22:78 35 4.8  

5.0 
2 56:44 18:82 14.9 5.1 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Table 2.6, Entry 6: 

  

# erSM% erPR% C% S SAvg 

1 77:23 15:85 42.8 9.6  

10 
2 73:27 13:87 37.9 10.4 

erPR% is of deprotected and purified product. 

 

 

Kinetic Resolution for Table 2.6, Entry 7: 

  

# erSM% erPR% C% S SAvg 

1 86:14 13:87 49 14.1  

14 
2 84:16 13:87 47.7 13.4 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 8: 

  

# erSM% erPR% C% S SAvg 

1 72:29 11:89 35.5 12.3  

13 
2 76:24 11:89 40.4 13.0 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Table 2.6, Entry 9: 

 

# erSM% erPR% C% S SAvg 

1 88:12 14:86 50.9 14.1  

14 
2 84:16 12:88 47.5 14.3 

erPR% is of deprotected and purified product. 

 

 

Kinetic Resolution for Table 2.6, Entry 10: 

 

 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 11: 

  

# erSM% erPR% C% S SAvg 

1 71:29 9:91 34.1 15.6  

15 
2 70:30 9:91 32.8 15.2 

erPR% is of deprotected and purified product. 

 

# erSM% erPR% C% S SAvg 

1 79:21 10:90 42.2 16.1  

16 
2 78:22 10:90 41.3 15.6 
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Kinetic Resolution for Table 2.6, Entry 12: 

  

erPR% is of deprotected and purified product.  

 

 

HPLC of Silylated 4-Chromanol product 

Kinetic Resolution for Table 2.6, Entry 13: 

# erSM% erPR% C% S SAvg 

1 85:15 13:87 48.6 14.2  

15 
2 89:11 12:88 50.5 16.6 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 14: 

 

# erSM% erPR% C% S SAvg 

1 73:27 18:82 41.3 7.2  

8.0 

 

2 72:28 15.5:84.5 38.8 8.4 

erPR% is of deprotected and purified product. 

 

# erSM% erPR% C% S SAvg 

1 62:38 10:90 22.4 11  

11 
2 59:41 11:89 18.8 10 
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Kinetic Resolution for Table 2.6, Entry 15: 

 

# erSM% erPR% C% S SAvg 

1 86:14 14:86 49.9 12.6  

11 2 73:27 15:85 39.7 8.8 

erPR% is of deprotected and purified product. 

 

 

Kinetic Resolution for Table 2.6, Entry 16: 

  

# erSM% erPR% C% S SAvg 

1 85:15 13:87 48.2 14  

13 
2 79:21 13:87 43.9 12.1 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 17: 

 

# erSM% erPR% C% S SAvg 

1 59.5:40.5 15:85 21.4 6.8  

7.0 

 

2 59:41 14:86 19.6 7.1 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Table 2.6, Entry 18: 

 

# erSM% erPR% C% S SAvg 

1 81:19 14:86 46.4 11.8  

11 
2* 80:20 16:84 47.4 9.3 

 * 40 h reaction erPR% is of deprotected and purified product. 

 

 

Kinetic Resolution for Table 2.6, Entry 19: 

 

# erSM% erPR% C% S SAvg 

1 94:6 16:84 56 14.8  

14 

 

2 77:23 11:89 40.9 14 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 20: 

  

# erSM% erPR% C% S SAvg 

1 83:17 10:90 44.8 17.8  

17 

 

2 81:19 10:90 43.9 16.4 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Table 2.6, Entry 21: 

  

# erSM% erPR% C% S SAvg 

1 87:13 10:90 48.1 19.9  

20 

 

2 87.5:12.5 10:90 48.4 19.7 

erPR% is of deprotected and purified product. 

 

 

Kinetic Resolution for Table 2.6, Entry 22: 

 

# erSM% erPR% C% S SAvg 

1 88:12 7:93 46.6 32.3  

28 

 

2 76:24 6:94 37.4 23.4 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Table 2.6, Entry 23: 

  

# erSM% erPR% C% S SAvg 

1 83:17 8:92 43.7 22.4  

21 

 

2 78:22 8:92 40.3 20 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Table 2.6, Entry 24: 

 

# erSM% erPR% C% S SAvg 

1 59:41 8:92 17 13.5  

13 

 

2 59:41 7:93 17.9 12.4 

erPR% is of deprotected and purified product. 
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CHAPTER 3  

       

COMPLEX FORMATION STUDY OF TRIPHENYLSILYL CHLORIDE AND (-)-

TETRAMISOLE USING 
1H/29SI NMR FOR THE ENANTIOSELECTIVE SILYLATION 

REACTION 

 

3.1 Introduction 

One of the main goals of the Wiskur lab is to understand the mechanism of our 

silylation-based kinetic resolution system (Scheme 3.1).1-3  Several silylation 

methodologies that have been reported in the literature displays the nucleophilic activation 

of silicon.4-10 As explained in chapter 2 (section 2.2.1.), a two fundamental mechanism was 

proposed and in both mechanism, a different mechanistic pathway was discussed. 

Ultimately, it has been stated that both mechanisms have been observed, and the path is 

affected by the nucleophile, leaving group, solvent, and substituents on silicon.  Therefore, 

in order to efficiently expand our system to other substrate classes, an understanding of our 

mechanism is necessary. In past several years, various methodology have been developed 

on enantioselective silylations, but none of them have reported detailed mechanistic 

investigation.11-16 
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Therefore, understanding the mechanism of our system would not only allow us to 

understand our mechanism but also contribute significantly to the field of enantioselective 

silylation. 

 

Scheme 3.1 Previously reported silylation-based kinetic resolution by the Wiskur lab 

 Over past couple years, our lab has taken different approaches to gain insight about 

the mechanism of our silylation reaction through a linear free energy relationship study and 

a rate study.  In our mechanism,1.14 serves as the catalyst.  Traditionally, tetramisole17 has 

been used as a nucleophilic catalyst in other types of reactions, therefore we hypothesized 

that tetramisole nucleophilically activates the Ph3SiCl in our system followed by attack of 

the substrate. From our recent linear free energy relationship study (Chapter 2)18 we found 

a good correlation between the absolute rate of the silylation and Hammett parameters19 

for different para substituted Ph3SiCl.  This slope was positive, which indicates the buildup 

of a negative charge or a decrease in positive charge at the transition state.20  Using this 

information from the LFER study and the two previously proposed mechanism by 

Chojnowski7, Bassindale6,21 and Frye5 as well as by Corriu4,   a mechanism was proposed 

for our silylation reaction (Figure 3.1). In both pathways presented in Figure 3.1 (A and 

B), tetramisole is presumed to activate Ph3SiCl followed by nucleophilic attack of the 
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alcohol. In one possibility, the catalyst and silyl source may form a pentavalent 

intermediate for the alcohol to attack (A, Figure 3.1), while the second possibility is that 

they may form a tetravalent intermediate (B, Figure 3.1). Therefore, to test our hypothesis 

of a complex formation (pentavalent vs tetravalent) and identify the coordination number 

of silicon, many proton and silicon NMR experiments were carried out.  Various attempt 

to form a complex between 1.14 and Ph3SiCl chlorides followed by the determination of 

coordination number of silicon in our mechanism will be discussed. This report represents 

our efforts in the Wiskur lab to study the silylation mechanism through 1H-29Si NMR and 

its overall outcome including future directions. 

Figure 3.1 Two possible mechanistic pathways for our enantioselective silylation 

3.2 Background:  

3.2.1 Summary of the previous study of a complex formation in the Wiskur lab 

In the past couple of years, the Wiskur group has used several different approaches 

to form the complex between Ph3SiCl (2.13a) and (-)-tetramisole (1.14). This section is a 

review of our past work that has been done in our lab to form a complex and the conclusions 

that were made from that data.22  



115 
 

 

Scheme 3.2 Plausible tetravalent or pentavalent silicon complex formations between (-)-

tetramisole and Ph3SiCl in our enantioselective silylation 

 Scheme 3.2 shows the possibility of two different intermediates, a tetravalent 

silicon (3.1) versus a pentavalent silicon (3.2). To identify the actual intermediate (3.1 or 

3.2), several NMR experiments were carried out. To synthesize the intermediate a 1:1 

mixture of both catalyst (1.14) and Ph3SiCl (2.13a) were mixed together in a glovebox.  A  

1 M solution of Ph3SiCl in dry THF was made and added to 1.0 equivalent of (-)-tetramisole 

(1.14). A white precipitate formed instantaneously.  Since the precipitate was soluble in 

dichloromethane, the solvent was removed from the solution under vacuum to leave the 

dried precipitate, and then dissolved in CD2Cl2 to obtain 29Si and 1H NMR spectra.  From 

the 1H NMR spectra (Figure 3.2) of the mixture, a downfield shift was observed compared 

to 1.14 itself, and no unreacted Ph3SiCl and 1.14 was observed. These results displayed 

potential of a complex formation between Ph3SiCl/1.14. 
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Figure 3.2 Comparison of the bicyclic ring protons of the catalyst and the precipitate which 

formed from 1.14 and 2.13a (Spectra was taken directly from Cody Sheppard’s 

dissertation) 

To get further evidence of complex formation between Ph3SiCl/1.14, a 1D NOE 

(Nuclear Overhauser Effect)-experiment was also performed. A methine proton of (-)-

tetramisole was irradiated and a positive nOe was observed (Figure 3.3) between an ortho 

ring proton of Ph3SiCl (Ha) and the methine proton (Hb) of 1.14. This suggests that the 

ortho proton on the phenyl ring of Ph3SiCl was very close to the methine proton on 1.14. 

From these experiments, a silicon-catalyst complex formation was concluded to be 

occurring.  
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Figure 3.3: An nOe-difference experiment spectrum of precipitate obtained from 1.14 and 

Ph3SiCl in THF (Spectra was directly taken from Cody Sheppard’s dissertation) 

After confirmation of a complex formation, the silicon coordination number was 

determined through experiment to identify if the intermediate was tetravalent (3.1) or 

pentavalent (3.2). Solid-state 29Si NMR was used to determine the coordination number of 

silicon in the the mixture of 1.14 and Ph3SiCl. A single peak at -16.6 ppm was observed 

compared to unbound Ph3SiCl (+2.5 ppm).  A 29Si NMR was also taken of the hydrolyzed 

products triphenylsilanol (Ph3SiOH) and hexaphenyl-di-siloxane (HPDS). The 

triphenylsilanol showed a peak at -11 ppm, while HPDS was at -18.5 ppm. To identify the 

valency, these results were compared to the report published by the Wagler group23 (Figure 

3.4) where a pentavalent species (29Si)was obtained for a pseudo isothiourea/TMSCl 

complex formation at-34.7 ppm SSNMR) (TMSCl = +31.0 ppm, Which results the Si NMR 

difference of an overall upfield shift of 60 ppm).  
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Figure 3.4. Pentavalent silicon reported by the Wagler group 

These results suggested the absence of a hypervalent silicon intermediate. 

Therefore, we concluded that our system was more likely to form the tetravalent 

intermediate. To support this tetravalent intermediate theory we wanted to observe its 

presence in solution.  For this 1H-29Si gradient heteronuclear multiple quantum coherence 

spectroscopy (gHSQC) was utilized. The main advantage of this technique is that the 

proton nuclei which are 2-3 bonds away from 29Si nuclei will be also observable instead of 

simply looking at proton nuclei directly attached to 29Si. This means that using this method, 

additional information is obtained such as the 1H NMR spectra which can help to identify 

other side products.  Also, this technique has higher resolution than using the traditional 

method of multiple bond correlation HMBC.  To compare results, several pentavalent 

silicon compounds were found from the literature as listed below (Figure 3.5).  

 

Figure 3.5 Pentavalent silicon reported in the literature24-26 

In all the pentavalent species, the 29Si peak was higher upfield than any of the 

tetravalent peaks. The complex was formed in the same way as mentioned earlier and the 

experiment was done at -78 °C using gHSQC 1H-29Si NMR. Similar results to the solid 
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state NMR were observed (Table 3.1). In this technique, associated error in terms of 29Si 

was reported around +1.5 ppm.  Unfortunately, in the 29Si NMR the silanol peak (-13.4 

ppm)(Table 3.1, Entry 5) was observed very close to the complex peak (-11.3 ppm) (Table 

3.1, Entry 1), but in 1H spectra the signal had almost a 0.4 ppm upfield difference that was 

seen compared to complex. Based on the differences in the 1H NMR spectra, a peak 

obtained very close to Ph3SiOH was identified as the complex peak. In this experiment 

HPDS (Ph3Si-O-Ph3Si) was found at -20.1 ppm. The same experiment was also performed 

with excess catalyst but similar results were found. Finally, the experiment was also 

repeated at room temperature (Table 3.1, Entry 3) in which two peaks at -13.9 and -18.8 

ppm were reported. Both peaks were found in very close proximity to Ph3SiOH and HPDS. 

The only difference was seen in the 1H NMR. Based on all the data reported above, 

enantioselective silylation was assumed to be going through a tetravalent intermediate 

rather than a pentavalent intermediate.  

Table 3.1  Previous data of 1H-29Si gHSQC NMR of complex 1.14/Ph3SiX  
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3.3 Re-examination of complex formation 

From the above data, we can see that all the 29Si peaks mentioned in Table 3.1 are 

very close to the 29Si peaks for the hydrolyzed products (TPSOH and HPDS) with very 

minor differences in the 1H NMR. Therefore, we thought more definitive data was required 

to claim the intermediate was tetravalent. In this regard, we decided to rerun the complex 

formation experiment using a different approach and try to avoid possible hydrolyzed 

products, to confirm the peak is from the complex formation. The integration of a complex 

(1H NMR) was also a problem in the previous study, therefore we begin our study by 

repeating the same complex formation experiment. In the previous studies, complex 

formation was confirmed based on two experiments (i.e. 1H NMR study of complex 

Ph3SiCl/1.14 and nOe experiment). To our surprise, when we repeated these experiments, 

very different results were obtained. No complex formation was seen as reported 

previously and no nOe was observed. These experiments were repeated several times but 

we were unable to reproduce the earlier results. One of the reasons may include the 

moisture sensitivity of complex. To avoid this issue, we also tried forming the complex in 

a glove box but still no successful results were obtained. We therefore decided to use a 

more systematic approach.   

3.3.1 Analysis of 1.14/Ph3SiCl complex at different concentration 

 In the previous study, the concentration of the complex was not accurately 

measured. Therefore, we thought it could be a concentration issue. We decided to try 

forming the complex at different concentrations, specifically higher concentrations, which 

might favor complex formation.  In the previous study, Ph3SiCl and 1.14 were initially 

mixed in THF and once a precipitate formed, precipitate was then dried on the vacuum 
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pump and dissolved in CD2Cl2 to take the NMR. Therefore, to use the vacuum pump, the 

compound had to be taken out of the glove box which could be another possible reasons 

for hydrolysis.  One way to avoid any hydrolyzed products was to eliminate the use of the 

vacuum pump. With this in our mind, a variety of different concentration based complexes 

were made in a glove box by just mixing solids of 1.14 and Ph3SiCl in 1:1 ratio followed 

by the addition of CD2Cl2. Several different concentration based solutions were formed 

(1.0 M, 0.8 M, 0.55 M, 0.5 M, 0.275 M). 1H NMR spectra were taken of these different 

solutions. Surprisingly, there was negligible change in the bicyclic ring proton region (2.85 

ppm to 3.85 ppm) for the catalyst (Figure 3.6), and we were unable to achieve the 

previously reported results.  

 

Figure 3.6 1H NMR of a solution of 1.14 and Ph3SiCl (1:1 ratio) at different 

concentrations 

Ph3SiCl/1.14  1.0 M 

Ph3SiCl/1.14   0.8 M 

Ph3SiCl/1.14  0.55 M 

Ph3SiCl/1.14   0.5 M 

Ph3SiCl/1.14   0.275 M 

1.14 
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Now forming the complex became the main challenge for us before moving further 

in this study. We thought, one possible issue for not forming the complex could be the way 

we were undertaking the previous experiment, was the way we were preparing the samples.  

In our experiment, two solids were mixed together, then dissolved in a solvent which 

results in an instantaneous precipitate formation.  As a result, there was always a solid at 

the end of this experiment, and we could not tell if it was a precipitate from the two reagents 

interacting or undissolved reagents.  To avoid this problem, we decided to repeat the same 

experiment but with a new method. Instead of mixing 1.14 and Ph3SiCl (as a solid) directly 

followed by CD2Cl2 addition, we made separate known molar solutions of both 1.14 as 

well as Ph3SiCl using CD2Cl2 and then mixed the two at different concentrations. As 

expected, no precipitate formed when 1.14 and Ph3SiCl were mixed together, and the 

solution remained clear. Several samples with different concentrations were made (0.05 M, 

0.066 M, 0.076 M, 0.083 M, 0.1 M, 0.125 M, 0.25 M and 0.5 M) and the 1H NMR data 

collected.  We started the 1H NMR study from a 0.5 M concentration of each reagent 

followed by dilution using CD2Cl2 to make 0.25 M, 0.125 M and the other mentioned 

concentrations down to a 0.05 M solution. A noticeable change in the 1H NMR of the 

bicyclic region of the catalyst 1.14 was observed, resulting in a down field shift in the 1H 

NMR (Figure 3.7), when the sample was more concentrated (0.5 M and 0.25 M). There 

was not a significant change when the sample was diluted more, especially going from 

0.125 M to 0.05 M. This experiment suggested that some sort of change was happening 

when the sample concentration was high. To investigate, 1H NMR shifting in detail, a 

sample with 0.5 M concentration was prepared. 1H-29Si gHSQC analysis was performed, 

to study the resulting silicon peak. To our surprise, only one peak at -18.5 ppm (29Si) was 
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observed, which is very close to the 29Si NMR peak of HPDS (-20 ppm).  Since the gHSQC 

experiment has an error of 1.5 ppm, we could not assume the peak was a new silicon peak. 

The corresponding 1H signal in gHSQC was also found < 0.3 ppm upfield which made it 

difficult for us to claim it as a possible complex peak. Since higher concentrations seemed 

promising (0.5 M, as discussed above), we attempted to make a 1.5 M solution of the two 

reagents (made separate 1.5 M solutions first using CD2Cl2 and then mixed), but 

unfortunately precipitation was seen after a couple minutes. Finally we decided to use 0.8 

M concentration for our study. A sample was prepared similar way as mentioned earlier, 

by mixing a 1.14/Ph3SiCl and 1H-29Si gHSQC was taken. Similar results as seen for 0.5 M 

were obtained but this time unreacted Ph3SiCl was also observed (+1.4 ppm) along with -

18.5 ppm peak, unable to make any conclusion. 

 

 

Figure 3.7 1H NMR study of 1.14/Ph3SiCl at different concentrations 

1.14 

Ph3SiCl/1.14   0.5 M  

Ph3SiCl/1.14 0.25 M  

Ph3SiCl/1.14  0.125 M  

Ph3SiCl/1.14   0.1 M  

Ph3SiCl/1.14   0.083 M  

Ph3SiCl/1.14  0.076 M  

Ph3SiCl/1.14  0.066 M  

Ph3SiCl/1.14  0.05 M  
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3.3.2 1H NMR titration and 1H-29Si gHSQC experiments    

From the above data, it was still unclear whether the observed 29Si peak in the 

previous studies could be assigned as the complex, therefore, a more detailed investigation 

was needed.  We thought it would be interesting to see proton shift changes in the 1H NMR 

spectra, if we used one of the species in excess in an attempt to make the complex.  A 1H 

NMR titration was employed for further analysis. Using this technique, we can potentially 

force the complex to form with excess Ph3SiCl or 1.14, by shifting the equilibrium towards 

complex formation. Using an excess amount of one of the species either Ph3SiCl or 1.14, 

we would not miss any possible silicon peaks in 1H-29Si NMR through gHSQC.  

Table 3.2 1H-29Si gHSQC NMR analysis after saturation of 1H NMR titration of 

Ph3SiCl/1.14 complex 

 

 

The 1H NMR titration was carried out by keeping one of the species (either 1.14 or 

Ph3SiCl) at really low concentrations while the other was at a very high concentration.  The 

titrations were carried out using two separate approaches (Table 3.2, Entries 1 & 2). In the 

first approach, a higher concentration of 1.7 M catalyst (1.14) in CD2Cl2 was titrated into 

a much solution of Ph3SiCl (0.0015 M in CD2Cl2) at a much lower concentration.  In the 
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second approach it was just the opposite, Ph3SiCl was at a higher concentration and was 

titrated into the lower concentration solution containing 1.14 (0.0015 M in CD2Cl2).  In 

both cases, similar results were obtained. When excess catalyst (1.14) was titrated into 

Ph3SiCl, after 500 equivalents, a saturation (no further proton shifting) in the 1H NMR was 

observed (no further shifting of peak, Entry 1, Table 3.2). At this point a 1H-29Si NMR 

(gHSQC) was taken and only one 29Si peak at -18.5 ppm was observed. With excess 

Ph3SiCl, after 200 equivalent, a saturation in 1H NMR was observed (no further shifting of 

peak) and two different 1H-29Si peaks were observed, one at -18.5 and a second at -13.0 

ppm (Table 3.2, Entry 2). The peak at -13.0 ppm seems to be the Ph3SiOH peak. Since the 

-18.5 ppm was a common 29Si peak in both titrations, we decided to investigate that peak 

further.  

To identify if we are forming the complex and if so, how many equivalents of 

Ph3SiCl and 1.14 were needed to form a complex, we wanted to investigate the 1H-29Si 

gHSQC NMR early in the titration (to observe at what equivalent 29Si peak (-18.5) 

appears). Two different experiments were set up.  Using excess Ph3SiCl, there is a higher 

chance of forming hydrolyzed product (as we saw in the previous experiment, Table 3.2, 

Entry 2), therefore to avoid this we used an excess of 1.14 for the titration instead of 

Ph3SiCl. In the first experiment, we stopped our titration after adding 10 equivalents of 

1.14 into a solution of Ph3SiCl (0.015 M).   A 1H-29Si gHSQC NMR was taken and a 29Si 

peak at -16.8 ppm was observed (Table 3.2, Entry 3). This result was really exciting 

because it showed a peak similar to what we had observed previously in section 3.2.1, 

which was thought to be a complex peak. To claim this peak as a complex peak, we decided 

to do a control experiment by adding water into the same NMR sample. If the silicon NMR 
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peak is a result of the Ph3SiCl/1.14 complex then after adding water that peak should 

disappear. Unfortunately, the peak remained the same with no observable change in the 

1H-29Si NMR.  With this result, we became suspicious that our peak at -16.8 (± 1.5 ppm) 

and all previously reported peaks at -18 ppm were not originating from the complex.  In 

another experiment, we stopped adding 1.14 (0.85 M) into a solution of Ph3SiCl (0.015 M) 

after 1 equivalent. Two peaks were observed, one at -13.0 ppm and one at +1.2 ppm instead 

of one at -16.8 ppm. The two peaks, -13.0 and +1.2 ppm, belong to Ph3SiOH and Ph3SiCl, 

respectively, showing that somehow water was introduced into our sample.  

We decided to repeat both experiments, again with more caution to avoid the 

hydrolysis of the silyl chloride. All solvents and reagents were carefully distilled and dried 

before the experiment. A similar titration as discussed earlier were carried out using 0.85 

M 1.14 and adding in to 0.015 M Ph3SiCl. After adding 36 equivalents of 1.14, the 1H-29Si 

HSQC NMR was taken. Two different 29Si peaks were observed at -18.0 ppm and a very 

small one at -18.5 ppm. To confirm the complex peak, water was added to the sample. 

Surprisingly, the small silicon peak at -18.5 ppm disappeared while the peak at -18.0 ppm 

remained (shown in Figure 3.8). It is difficult for us to confirm if the small peak at -18.5 

was real or not. No peak at -18.5 ppm was observed when a repetition of the above 

experiment using the same stock solutions was done. From the above experiment, it seems 

complex formation is very difficult at least at room temperature and even if it is forming, 

it seems highly unstable and difficult to capture.’' 
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(A) 1H-29Si gHSQC after adding 36 equiv of 1.14 in 0.015 M Ph3SiCl at -18.5 ppm (B) 1H-
29Si gHSQC after adding water to see disappearance of 29Si peak at -18.5 ppm 

Figure 3.8 1H-29Si gHSQC possible complex formation at -18.5 ppm 

As our data always showed a peak at -18.0 ppm, very similar to the HPDS and 

therefore to identify that peak, we synthesized HPDS. 29Si NMR for HPDS was taken and 

showed a peak at -18.0 ppm as well, however we observed different in corresponding 1H 

NMR peak. it is a very difficult to come to any conclusion regarding the peak observed in 

A 

B 
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past at -18 ppm (± 1.5 ppm). As we have seen -13 ppm peak (Ph3SiOH) in our early titration 

study (table 3.2, Entry 4), which makes us skeptical about our peak at -18 ppm. We took 

commercially available Ph3SiOH and did NMR titration using 1.14. To our surprise, a 

similar shift in 1H NMR was observed as we saw when titration was carried out using 

Ph3SiCl and 1.14.  Also, to our surprise, the same 29Si peak at -17.6 ppm was observed 

from gHSQC experiment.  We thought, this shift in 1H NMR (Figure 3.9) could be the 

result of hydrogen bonding of Ph3SiOH to 1.14.  This result suggests that as we do not have 

any evidence regarding the complex formation mechanism between 1.14/Ph3SiCl and 

therefore other mechanisms need to be taken under consideration. As we saw, a similar 

results in both a 1H NMR as well as in 29Si peak  (1H-29Si  gHSQC)  of  Ph3SiCl/1.14 and 

Ph3SiOH/1.14, therefore we thought, looking into a mechanism involving some kind of 

hydrogen bonding also needs to be consider at this point. In other word, one cannot rule 

out, the general base catalysis mechanism, as it could be one of the possibility in our 

system. In general base catalysis, base should involve during the rate determining step.   
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Figure 3.9 1H-29Si HSQC NMR of Ph3SiOH-1.14 at room temperature 

A peak shifting was reported in 1H NMR with 1.14/Ph3SiOH. Therefore, in our 

system, one possible general catalysis mechanism could be the involvement of 1.14 as a 

Brønsted base. Hypothesis of general base catalysis is shown in Scheme 3.3. In this 

mechanism, catalyst (as a Brønsted base) will pull the proton from racemic alcohol 

(substrate) followed by attack on Ph3SiCl.  
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Scheme 3.3 Plausible general base catalysis mechanism in our silylation-based 

methodology 

Therefore to test a possibility of the general base catalysis mechanism in our 

system, we decided to perform the rate study.  In general base catalysis, base should 

participate during the rate determining step and therefore, if our mechanism is going 

through general base catalysis path then using duetarted substrate should have a great 

impact on a rate compare to regular alcohol substrate.  

Table 3.3 Rate study comparison of deuterated versus non-deuterated tetralol 

 

 Making duetarted tetralol was found to be the difficult for us. Duetarted 

tetralol (racemic) was synthesized using duetarted methanol through azeotrope. Due to the 

sensitivity of deuterium being exchanged back to the proton, the compound was directly 

used for study without any characterization. Using React IR, rate study was performed and 

rate was compared between the duetarted tetralol and regular substrate (racemic). A similar 
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rate was observed compare to tetralol (Table 3.3).which makes really complicated to 

conclude any mechanism at this point.  

After unsatisfactory results from all the presented studies, we looked back into our 

earlier discussed LFER data. A large slope was reported using the Hammett plot employing 

the parameter para
27 versus the log of rates for the kinetic resolution of the fast reacting 

enantiomer (R) of alcohol 2.15. This suggested a strong negative charge or decrease in 

positive charge in the transition state. In all mechanisms mentioned above, we have either 

an increase in negative charge or decrease in positive charge. Therefore, a careful 

investigation is required to distinguish the operative mechanism from the three possible 

mechanisms (Scheme 3.4). Making a chiral silane and using that in our silylation reaction 

will give us more definitive answer to our actual mechanism for our silylation-based kinetic 

resolution.  One way to quickly test our mechanism to separate complex formation 

(tetravalent and pentavalent) as well as the general base catalysis mechanism is to use chiral 

silane in our experiment (Scheme 3.4). If the mechanism involves a complex formation 

between 1.14/Ph3SiCl, then two pathways are possible via either through a pentavalent 

intermediate which can give a racemization at the end or a tetravalent intermediate which 

could give a retention of stereochemistry. If the mechanism is proceeding through general 

base catalysis then, inversion will be expected in chiral silane. 
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Scheme 3.4 Three potential mechanisms for our silylation-based kinetic resolution 

3.4 Conclusions 

A mechanistic study to identify reactive intermediate was presented. In our silylation, a 

complex formation between 1.14 and Ph3SiCl was anticipated based on literature reports. 

Two separate pathway was proposed from previous mechanistic data, tetravalent 

intermediate (3.1) and pentavalent intermediate (3.2). Data from the previous NMR study, 

shows a complex formation between 1.14 and Ph3SiCl based on 1H NMR shift between 

1.14/Ph3SiCl and 1.14. Finally, NOE experiment was performed to further confirm 

complex formation between 1.14/Ph3SiCl. With the help of 1H-29Si gHSQC experiment, 
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upfield shift was observed. To identify the intermediate, the observed 29Si was compared 

to literature data. Finally, the valency of our reactive intermediate was concluded to be the 

tetravalent rather than pentavalent. Unfortunately, a result reported in previous study had 

an integration issue (complex formation through 1H NMR) and also 29Si NMR peak was 

very close to the hydrolyzed product (Ph3SiOH and HPDS). To get a better integration and 

to avoid any hydrolyzed 29Si peak from our complex. A complex formation study was 

repeated. Surprisingly, a completely different result was obtained and we were unable to 

reproduce previously reported data. Numerous attempts were made to reproduce previous 

data but no successful results were obtained. Further analysis was then taken under 

investigation. Various method were used to form a complex and then analyzed using 1H 

and 1H-29Si gHSQC. We begin to troubleshoot our experiments by avoiding any contact 

with moisture (moisture sensitivity of complex). The instantaneous precipitate formation 

after adding 1.14 into the 1 M Ph3SiCl makes difficult to judge two reagent interaction.  

Therefore, a different approach was used where 1.14/Ph3SiCl samples at different 

concentrations were directly prepared in CD2Cl2 using separately made stock solution of 

Ph3SiCl and 1.14. Minor change in 1H NMR at higher concentration (0.25 M and 0.5 M) 

was observed while other sample has same 1H NMR spectra as 1.14. We thought, complex 

might be forming in small quantities and therefore 1H NMR titration was used for further 

investigation. Excess 1.14 (higher concentration) was found to be the useful for the titration 

and titrated in Ph3SiCl (lower concentration). 1H NMR was recorded at different 

equivalences of 1.14 added. At saturation, 1H-29Si gHSQC was recorded with  29Si peak 

observed at -18.5 ppm. Repetition of same experiment was done (cautiously made sample) 

with different concentration of 1.14 and 1H-29Si gHSQC was taken after adding 10 equiv 
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and 1 equiv of 1.14 to 0.015 M of Ph3SiCl. With 10 equiv. of 1.14 only one 29Si peak at -

16.8 ppm was observed. This peak seems very promising to us as a complex peak as it was 

very close to claim as a complex peak in our earlier study. To further confirm, water was 

introduced to our sample as complex is very moisture sensitive and disappearance of peak 

was expected. Surprisingly, peak didn’t disappear and remained as it is. Also with 1 equiv. 

two different 29Si peak -13.0 and +1.2 ppm was observed, a very similar to Ph3SiOH and 

Ph3SiCl. It was assumed that compound was hydrolyzed somehow during sample 

preparation. Same experiment was repeated with extra caution. 29Si peak at -18.5, -18.0 

ppm and +1.2 ppm were observed.  To confirm complex formation, water was introduced 

to our sample and peak at -18.5 disappeared. It appears peak at -18.5 could be the complex 

peak and but very close to the HPDS peak.  However, we were unable to reproduce the 

result.  As in all experiments, hydrolyzed product was found to be the major problem in 

our complex formation. To further address this problem, we simply titrated 1.14 in 

Ph3SiOH and 1H-29Si gHSQC were recorded. A 1H NMR peak shifting was observed in 

1.14 region of spectra.  Also, from gHSQC, 29Si peak at -17.6 ppm was observed. This data 

was very confusing due to the similar silicon peak as complex. Other mechanism like 

general base catalysis was taken under consideration where 1.14 was assumed to be acting 

as Brønsted base to substrate followed by attack on Ph3SiCl. To test this hypothesis, an 

absolute rate study of deuterated substrate was done and compared to regular substrate. 

Almost no difference in rate was observed.  From all this data, we were unable to come to 

any conclusion at this point and therefor in future, further investigation is required. This 

study still provides very useful information which needs to be consider for future analysis 

which include sensitivity of complex formation, use of different approach to make sample 
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of 1.14/Ph3SiCl (specially solvent and 1H NMR titration) and possibility of other 

mechanism which would have been missed without this investigation.  

3.5 Experimental 

NMR Spectra: 1H-29Si gHSQC NMR at 0.5 M 1:1 Ph3SiCl/1.14 
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1H-29Si gHSQC NMR at 0.8 M 1:1 Ph3SiCl/1.14 

 

1H-29Si gHSQC 500 eq. of excess 1.14 (1.7 M) in 0.015 M Ph3SiCl (Table 3.2, Entry 1) 
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1H-29Si gHSQC 200 eq. of excess Ph3SiCl (1.7 M)in 0.015 M 1.14 (Table 3.2, Entry 2) 

 

1H-29Si gHSQC 10 equiv. of excess 1.14 (0.85 M) in 0.015 M Ph3SiCl 
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1H-29Si gHSQC 1 equiv. of 1.14 (0.85 M) in 0.015 M Ph3SiCl 

 

1H NMR titration of Ph3SiOH/1.14 (germinal proton shifting of catalyst) 
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CHAPTER 4   

    

SUBSTRATE EXPANSION: KINETIC RESOLUTION OF ALLYLIC ALCOHOLS, HOMO 

ALLYLIC ALCOHOLS AND 2-ARYLCYCLOHEXANOLS USING OUR SILYLATION 

BASED METHODOLOGY 

 

4.1 Introduction  

As discussed in chapter 1, a silylation based kinetic resolution methodology 

developed in the Wiskur lab was successfully applied to monofunctional secondary 

alcohols.1  To apply this methodology for further expansion of the substrate class, several 

allylic alcohols and homoallylic alcohols were analyzed. Unfortunately no selectivity was 

observed with allylic alcohols except with one substrate ((-)-carveol). Meanwhile, α-

hydroxyl lactones and lactams were found to be the selective substrate class by other 

graduate student in the Wiskur lab.2 After careful analysis of the selective substrates, a 

common structural pattern was discovered. Using this information, a new substrate class, 

2-substituted cycloalkanols, was found to be the most logical substrate class to explore. 

Commercially available (±)-trans-2-phenylcyclohexanol was used for the preliminary 

investigation. Similar reaction conditions to previous kinetic resolutions were employed. 

Moderate levels of selectivity (s = 5.9) were observed using Ph3SiCl and (-)-BTM (1.31) 

as the catalyst.  
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To further improve the selectivity, the information obtained from our previous mechanistic 

study (as discussed in chapter 2) was utilized.3 Electron donating para substituted tris(4-

isopropylphenyl)silyl chloride was employed as the silyl source in the kinetic  resolution 

of (±)-trans-2-phenylcyclohexanol with (-)-BTM as the catalyst.  The selectivity factor 

improved from 5.9 to 10.  This chapter will highlight our preliminary efforts to identify a 

new substrate class, the reaction optimization to improve the selectivity, and the substrate 

synthesis.  

 

4.2 Background 

 The silylation based kinetic resolution developed in the Wiskur lab was 

successfully applied to the monofunctional seconday alcohols.1 To extend this 

methodology to other substrate classes, allylic alcohols were taken under investigation due 

to their biological importance.4,5,6 The most discussed non enzymatic kinetic resolution of 

allylic alcohol was reported by Barry Sharpless (Discussed in Chapter 1).7 In this system, 

various allylic alcohols were reported with selectivity factors8 ranging from 15 to 140.  The 

major drawback of this methodology is the long reaction times. In some cases a reaction 

was required to run for 4-12 days, which can limit its practicality. With regards to 

organocatalyzed kinetic resolutions of allylic alcohols there are only limited examples 
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reported in the literature.9-11 In 2000, the Fu group reported a method to successfully 

resolve allylic alcohols.10 In this reaction, a derivative of the planar chiral DMAP (1.5) was   

used as a catalyst.          

 

Scheme 4.1 Kinetic resolution of allylic alcohols developed by the Fu group and its 

application to the synthesis of (-) baclofen and epothilone A 
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 Several structurally diverse allylic alcohols were resolved using this methodology 

with selectivity factors ranging 5-80. To demonstrate the applicability of this system, Fu 

showed the kinetic resolution of two allylic alcohols which are key intermediates for the 

synthesis of (-) baclofen12 and epothilone A13 (Scheme 4.1).   

 In 2001, the Vedejs group also reported the kinetic resolution of allylic alcohols 

using a chiral phosphine as a catalyst (1.11).9 In this methodology, a reaction was 

performed at -40 °C using 2.5 equivalents of isobutyric anhydride in toluene with 

selectivities ranging from 25-82 (Scheme 4.2 (A)).  More recently, the Birman group has 

also used an amidine based catalyst (ABC) to resolve various allylic alcohols with 

moderate to good (2-22) selectivity (Scheme 4.2 (B)).11 All of the examples discussed 

above employ acylation as a means of derivatization. Since silyl groups are one of the most 

common protecting groups in organic chemistry, it makes sense to employ them as a means 

of separating enantiomers in kinetic resolutions. The advantages of silyl groups include 

tunable reactivity, orthogonality to other protecting groups, and tolerance of many other 

functional groups.14 To the best of our knowledge, not a single report published in the 

literature for the kinetic resolution of allylic alcohols that employs silylation.  In this 

regards, we decided to investigate several allylic alcohols as shown in Table 4.1.  
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Scheme 4.2 Kinetic resolution of allylic alcohols reported by the Vedejs group and the 

Birman group 

 

4.3 Silylation based kinetic resolution of allylic and homoallylic alcohols 

 Several commercially available allylic alcohols were purchased. Similar reaction 

conditions were employed in the kinetic resolution of allylic alcohols as utilized for 

previous substrates (monofunctional secondary alcohols).1 Commercially available (-)-

tetramisole (1.14) was used as the catalyst and triphenylsilyl chloride as the silicon source. 
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THF was used as a solvent and all reactions were carried out at -78 °C.  We began our 

kinetic resolution reaction study using 2-cyclohexen-1-ol as a substrate. To our surprise, 

the recovered starting material was racemic after 24 h with a 32% conversion. To improve 

the selectivity factor and to understand this substrate class, we turned our attention towards 

various structurally modified 2-cyclohexen-1-ol (Table 4.1, entry 2-4). A similar result was 

obtained when the substrate containing a methyl group at the C3 position was investigated. 

To make the substrate more sterically hindered both C3 and C5 substituted 2-cyclohexene-

1-ol was used in the kinetic resolution (entry 3). No improvement in selectivity factor was 

observed. Finally a slight improvement in the selectivity factor was observed when the C2 

position of cyclohex-2-enol was substituted with a pentyl group (entry 4). Due to the lack 

of significant change in the selectivity factors for the allylic alcohols, we next tried 

homoallylic alcohols. Various homoallylic alcohols were investigated but no successful 

selectivity was observed (Table 4.1, entry 5-7).  It was really surprising for us that none of 

the allylic alcohols as well as homoallylic alcohols were selective.  
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Table 4.1. Kinetic resolution of structurally different allylic & homoallylic alcohols 
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From the Table 4.1 data only one result (entry 4) showed some level of selectivity.  

Therefore, we thought using the structurally similar and available (-)-carveol (4.1) 

(monocyclic monoterpenoid) would be interesting for our kinetic resolution reaction.15  

Moreover, carveol has a wide range of applications in organic synthesis as a chiral 

template.16-18 A kinetic resolution was done using a diastereomeric mixture (55:45) of 4.1. 

Therefore, after kinetic resolution of (-)- carveol, selectivity factor was calculated using 

diastereomeric ratio of the product and starting material. Both catalyst 1.14 and 1.31 were 

tested. In the case of (-)-tetramisole, a selectivity factor greater than 70 was obtained while 

surprisingly (-)-benzotetramisole gave a selectivity factor of 6-7 (Scheme 4.3). There is a 

huge difference in selectivity factors betweed (-)-carveol (4.1) and the previously screened 

allylic alcohol (Table 4.1, entry 4).  A major difference between two structures is the extra 

stereocenters, which could be the reason for the higher selectivity factor in (-)-carveol. The 

higher selectivity in (-)-carveol seems to be very promising for further expansion of similar 

substrates containing set mixture of diastereomers.  In future various structurally similar to 

(-)-carveol type diastereomeric mixture will be tested, as it promise better selectivity factor. 

At this point, the goal for us was to find a substrate without any set stereocenter (purely 

based on enantiomers) and therefore we carried our further search of an appropriate 

substrate class. 
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Scheme 4.3 Silylation based kinetic resolution of (-)-carveol  

Since most of the allylic alcohols were not selective, we decided move to another 

substrate class. During the same time, other members of the Wiskur group reported α-

hydroxy lactones as selective substrates (another biologically important substrate)19-22 

using our silylation based methodology with a slight modification in the catalyst compared 

to the monofunctional secondary alcohols. In this substrate, (-)-BTM (1.31) was found to 

be the most selective catalyst compared to 1.14, along with triphenylsilyl chloride as a 

silicon source. Several structurally modified α-hydroxyl lactones were found to be the 

selective with s up to 100.2  With this information in hand, we thought it would be very 

important for us to identify common structural features of selective substrates before 

screening any other substrate classes.  Interestingly, we found both substrate classes, 

monofunctional secondary alcohols and α-hydroxyl lactones, have the same types of 

topology (as shown in Scheme 4.4) To achieve a better selectivity factor, two fundamental 

structural feature were found common in both substrate class, a π system adjacent to the 
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chiral center and sterics on the opposite side of the π system. In both substrate classes, we 

observed that the removal of either sterics or the π system dramatically diminished the 

selectivity.1,2  

Scheme 4.4 Common structural topology in previously studied kinetic resolutions  

Since the combination of the π-system and the sterics were promising in our 

previously investigated substrates, we decided to explore a substrate class containing a 

similar topology. The goal was to find a substrate class which will be either simple to 

synthesize or commercially available. Fortunately, commercially available 2-

arylcyclohexanols were found to align closely with the above mentioned substrate 

requirements. This substrate has a very similar topology, except the π system is one carbon 

further away from the alcohol instead of adjacent to it. We thought this would be a good 

way to check the role of the π system when it is a one carbon away.  Besides topology, 
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another reason we became interested in this particular substrate class was the presence of 

this moiety in many biologically important compounds (Figure 4.1) which includes 

lycorine,23,24 (+)-catechin, PF-998,42525 and several other compounds.26 

 

Figure 4.1 2-Arylcycloalkanols moiety in bioactive compounds 

There are limited examples of non-enzymatic kinetic resolutions of 2-

arylcycloalkanols that have been reported in the literature.27-29  In 2009, the Birman group 

successfully resolved this substrate class 4.4 ((±)trans 2-arylcycloalkanols) using 

homobenzotetramisole (4.3) as a catalyst through acylation.30 Several structurally different 

2-arylcycloalkanols including trans-aryl and hetero-aryl groups at the C2 position of 

cyclohexanols were found to be very selective. The highest selectivity factor was achieved 

at -40 °C using t-amyl alcohol as the solvent. This methodology reports selectivity factors 

ranging from 3-107 (Scheme 4.5).  Scheme 4.2 shows the kinetic resolution of 4.4 using 

(4.3) as a catalyst with a selectivity factor of 107. 
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Scheme 4.5 Non-enzymatic kinetic resolutions reported in literature for 2-

arylcycloalkanols  

More recently, the Yamada and Takasu groups have also reported a non-enzymatic 

kinetic resolution with a similar substrate class using a Brønsted acid activated acylation.31 

In contrast to the Birman report, this methodology has resolved various (±)cis- 2-

arylcycloalkanols (4.6) with selectivity factors up to 215.  In this report, a chiral Brønsted 



154 
 

acid was used to activate the acylating reagent. Chiral phosphoric acid (4.5) was used as a 

catalyst and isobutyric anhydride as an acylating reagent. The transition state 4.7 was 

proposed using B3LYP/6-31G** molecular modeling.  Hydrogen bonding of the catalyst 

to the alcohol and the anhydride was found as a source of chirality determination (Scheme 

4.5).  

Due to this limited literature report and the interesting application of 2-

arylcycloalkanols class, we (including graduate student Li Wang and undergraduate 

student Julia Pribyl in the Wiskur group) started to investigate this substrate class using our 

silylation based kinetic resolution methodology. To begin our investigating, commercially 

available (±)-trans-2-phenylcyclohexanol was purchased. Since the reaction conditions 

were very similar between our previous substrates, the same reaction conditions were used 

for the investigating of this substrate. In the previous substrate classes, switching the 

catalysts from (-)-TM (1.14) to (-)-BTM (1.31) had shown a dramatic effect on the 

selectivity factor. Specifically, 1.14 was found to be more selective in the case of 

monofunctional secondary alcohols, while 1.31 was more selective with α-hydroxyl 

lactones. In this regard, we decided to test both 1.14 as well as 1.31 as our catalyst with 

triphenylsilyl chloride as the silicon source.  To test both catalysts, reactions were run for 

24 h using substrate 4.4 at a concentration of 0.42 M. Almost racemic mixture of recovered 

starting material was obtained when 1.14 was used as the catalyst, while 1.31 produced a 

moderate level of selectivity (5.9)32 (Scheme 4.6). This difference between selectivity 

factors shows that 1.31 is the better catalyst compared to 1.14 in this substrate class. This 

moderate selectivity factor was still promising for us to do a further investigation.  
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Scheme 4.6 Investigation of a catalyst using (±)-trans-2-phenycyclohexanol 

Next, we turned our attention towards improvement of the selectivity factor. We 

decided to test our silyl source. Since we had observed an effect on selectivity in 

substituting the triphenylsilyl chloride in the para position in a silylation based kinetic 

resolution (as discussed in Chapter 2),3 we thought this would be interesting to apply to our 

reaction to improve the selectivity of our newly discovered substrate ((±)-trans-2-

phenycyclohexanol). One of the major advantages for examining para substituted 

triphenylsilyl chloride is that we have a good understanding on how these reagents affect 

the selectivity. In the previous mechanistic study using a LFER, the selectivity factor was 

found to be improved by using a sterically hindered electron donating group (EDG) at the 

p-position of triphenylsilyl chlorides. Therefore, using a sterically hindered EDG at the p-

position of triphenylsilyl chloride was used in the kinetic resolution of 4.4. In the past, we 

reported a better selectivity factor with chlorotris(4-tertbutylphenyl)silane, but this silyl 

chloride was quite insoluble.  Since these reactions were being to run at much higher 

concentrations, we decided not to employ chlorotris(4-tertbutylphenyl)silane since the 

solubility of silyl chloride was big concern for our study. To get a better solubility of our 
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silyl chloride and also to get an improved selectivity factor, a very similar chlorotris(4-

isopropylphenyl)silane (2.13i) was synthesized (Scheme 4.7) (discussed in chapter 2).  

 

 

Scheme 4.7 Synthesis of chlorotris(4-isopropylphenyl)silane 

Using the same reaction conditions as α-hydroxyl lactone, chlorotris(4-

isopropylphenyl)silane was used in the kinetic resolution of  4.4. To our surprise, a jump 

in selectivity from 5.9 to 11 (Scheme 4.5 (A), entry 1) was observed by switching the silyl 

source from triphenylsilyl chloride to chlorotris(4-isopropylphenyl)silane. It is important 

to note that in the previous mechanistic study, only 20% improvement in the selectivity 

factor was observed when tetralol and 4-chromanol were subjected to chlorotris(4-

isopropylphenyl)silane (2.13i) compared to triphenylsilyl chloride.  However, in this 

substrate class, the selectivity factor is almost doubled. Conversion was found to be little 

low after 48 h (Scheme 4.8). To improve conversion, a little excess (0.72 equiv instead of 

0.6 equiv) of p-iPr-TPSCl (2.13i) were decided to used. Almost 54% conversion was 

achieved after 48h with selectivity factor 12.1. The selectivity factor was found to be 

changing slightly in all three entry, the difference in selectivity arises due to conversion. 

At higher conversion, selectivity factor is more accurate.33 This improvement in selectivity 

factor shows that an electron donating substituent at the para position of triphenylsilyl 

chloride has significant effect in chirality determination. One of the possibilities is the back 
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side attack of alcohol on para substituted triphenylsilyl chloride, as discussed in our 

previous mechanistic study.3 Kinetic resolution reaction was also performed using 1.14 as 

a catalyst with chlorotris(4-isopropylphenyl)silane. A drop in selectivity factor from 12.1 

to 3.6 was reported (Scheme 4.8 (B)). This is the same selectivity difference between 1.14 

and 1.31, as observed with triphenylsilyl chloride. Finally from these results, its show that 

an extended π system of the catalyst plays a key role in selectivity determination.  

 

Scheme 4.8 Kinetic resolution reaction using 1.31 and 1.14 catalysts with chlorotris(4-

isopropylphenyl)silane 

 

As results presented in Scheme 4.8 (A) shows good selectivity factor and therefore 

no further optimization was done. Next, we turned our attention to substrate expansion. 
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The major problem with this substrate class was that the commercially available substrates 

were very expensive and had a limited commercial availability. Therefore, we turn our 

attention towards the synthesis of structurally different 2-arylcycloalkanols. To accomplish 

the main goal of this project, a quick literature search was carried out on available synthesis 

reports of 2-arylcyclohexanols. Fortunately, a synthesis of trans-2-(1H-indol-3-yl)-

cyclohexanol (4.12) was found in the literature (reported by Birman group), and the same 

procedure was adopted for synthesis (Scheme 4.9).30  In this synthesis, nBuLi was added 

to the solution of commercially available indole (4.11) in THF at -78 °C under N2 

atmosphere followed by boron trifluoride etherate and cyclohexene oxide.  After the 

workup, the crude mixture was purified using column chromatography. Unfortunately, 

only 16% yield was obtained. HPLC for this substrate was run using the published 

separation method and nice HPLC separation was achieved using OD-H column.  It was 

difficult for us to identify the problem of the lower yield. We found unreacted indole along 

with other side products in our crude TLC. As we have been using all old reagents, all new 

reagents were ordered to avoid any yield problems. Even after repeating the reaction with 

new materials, the same problem of low yield was encountered. Currently, we are trying to 

optimize reaction condition of this substrate.  
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Scheme 4.9 Synthesis of 2-arylcycloalkanols 

Meanwhile, another substrate (trans-2-(2-thienyl)-cyclohexanol) (4.14) was also 

synthesized using same procedure but instead of using the indole, a thiophene was used. 

This substrate was found to be very difficult to separate using column chromatography. 

Various solvent systems were used for separation but coelution of the desired product with 

few unidentified side product was observed. 

Finally, successful synthesis of substrate was done when electron rich, 3-

methoxyphenyl containing cyclohexanol (4.15) at the C2 position was synthesized by 

simple reduction using NaBH4 in CH3OH from the commercially available 2-(3-

methoxyphenyl)cyclohexanon (Scheme 4.10).31 This procedure was adopted from the 

literature and it resulted into two separate substrates (4.16 & 4.17); cis and trans-2-(3-

methoxyphenyl)cyclohexanol. Both were prepared in good yield and separated using 

column chromatography.  
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Scheme 4.10 NaBH4 reduction of 2-(3-methoxyphenyl)cyclohexanon 

The kinetic resolution reaction was run using both substrates.  Interestingly, no 

conversion was seen in the case of (±)-cis-2-(3-methoxy)cyclohexanol (4.16).  With (±)-

trans-2-(3 methoxy)cyclohexanol (4.17) an average selectivity factor of 53 was measured 

(Figure 4.2). This is the highest reported selectivity factor so far using silylation based 

kinetic resolution of 2-arylcycloalkanols.  This difference in reactivity and selectivity of 

both cis and trans prompted us analyze system in more detailed.  

 

Figure 4.2 Data from kinetic resolution of cis and trans (±)-2-(3-methoxy)cyclohexanol 

See reference 32 

To understand system in detail, (±)-cis-2-phenylcyclohexanol was synthesized and used in 

the kinetic resolution reaction. Similar results (no conversion) were obtained compared to 

the previous run. This result excite us to look in a new direction for this project where 

mixture of cis and trans can be used in kinetic resolution reaction to separate one 

enantiomer out of four. After all this interesting results, Wiskur group is trying to build a 

project where several cis, trans and mixture of both can be analyzed using our optimized 
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silylation based kinetic resolutions. Due to the lack of commercially available substrates, 

a synthesis of several 2-arylcycloalkanol will be our next goal.  After a great selectivity 

factor was reported for 2-(3-methoxyphenyl)cyclohexanol, we became interested to test 

ortho and para position of 2-(2 or 4-methoxyphenyl). Following two substrate will be 

synthesized/purchased (if commercially available) for our preliminary screening (Figure 

4.3). Once we obtain the selectivity factor for those two substrates, then we will get idea 

which position on the “aryl ring” can be beneficial for us to test different substrate to 

achieve highest possible selectivity. 

 

Figure 4.3 Commercially available 2-arylcycloalkanols  

After literature search, we found a way to synthesize various 2-arylcycloalkanone 

(Scheme 4.11).34,35  In this experiment, all reagent are commercially available including 

the TMS protected silyl enol ether, Pd2(dba)3, Bu3SnF and t-PBu3 and aryl bromide.  
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Scheme 4.11 Two-step synthesis of 2-arylcycloalkanols  

To perform this reaction all reagents excluding t-PBu3 will be dissolved in toluene. A 

solution of t-Bu3P (1.0 M n toluene) will be added under N2 atmosphere at room 

temperature. The resulting mixture then will be allowed to reflux for 24 h.  After 24 h, 

mixture will be allowed to cool at room temperature followed by addition of ether to 

precipitate tin. This precipitate will be removed and mixture will washed with 1 N aqueous 

NaOH and then brine. Dry over sodium sulfate and solution will be concentrated. The crude 

mixture can be purified using column chromatography. After getting 2-arylcycloalkanone, 

next step can be reduction which could be achieve the  same way as shown previously 

using NaBH4. Finally after reduction both cis and trans can be separated by column 

chromatography. 

4.4 Conclusion 

A silylation based methodology was applied to several allylic as well as 

homoallylic alcohols. Almost all substrate had selectivity factor between 1-3.4. 
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Surprisingly, a big jump in selectivity factor was observed when commercially available (-

)-carveol were subjected to our silylation based kinetic resolution. After careful analysis of 

all previously screened (including monofunctional secondary alcohols and α-hydroxyl 

lactone) selective substrate, common structural topology was discovered.  In this regard, 

commercially available 2-arylcycloaryl alcohols was chosen for further investigation. 

Initial screening was done by using trans-2-phenylcyclohexanol. Kinetic resolution was 

done using both 1.14 and 1.31 as a catalyst and triphenylsilyl chloride as a silicon source. 

Selectivity factor of 5.9 was observed with 1.31 while almost racemic mixture was obtained 

with 1.14. To improve this selectivity factor, further optimization was taken under 

consideration. Using previous mechanistic data, triphenylsilyl chloride was replaced with 

electron donating para substituted triphenylsilyl chloride. Almost, double selectivity factor 

(s = 11 vs 5.9) was observed when chlorotris(4-isopropylphenyl)silane used in kinetic 

resolution. For further expansion, several substrate synthesis were carried out. After 

successful synthesis of both (±)-cis-2-(3-methoxy)cyclohexanol and (±)-trans-2-(3 

methoxy)cyclohexanol, kinetic resolution reaction were done using optimized reaction 

condition. To our surprise, no conversion was observed with (±)-cis-2-(3-

methoxy)cyclohexanol while selectivity factor 53 was observed (±)-trans-2-(3 

methoxy)cyclohexanol. Similar result (no conversion) was obtained with (±)-cis-2-

penylcyclohexanol. With this result, we became interested to screen mixture of cis and 

trans isomer and selectively separate one enantiomer. With this goal in our mind, we are 

currently synthesizing several cis, trans and mixture of 2-arylcycloalcohols. In near future, 

several substrate will be prepare and analyzed using our silylation based system. This work 

highlights our contribution towards our intial goal of substrate expansion.  
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4.5 Experimental 

General procedure for the kinetic resolution of allylic & homoallylic alcohols (Table 

1.31) : 

An oven dried 1 dram vial was charged with 4 Å molecular sieves (10-15 mg) and a Teflon 

coated stir bar. The racemic allylic or homoallylic alcohol (0.22 mmol), catalyst 1.14  or 

1.31 (11.2 mg, 0.055 mmol) and N,N–diisopropylethylamine (Hünig’s Base) (23 μL, 0.132 

mmol) were added to a vial and then quickly sealed under a nitrogen atmosphere.  Dry THF 

(1.0 mL) was added and the reaction mixture was allowed to stir at -78 °C for 15-20 

minutes.  Meanwhile a solution of Ph3SiCl (0.357 M) was prepared using a volumetric 

flask (under N2).  The solution of Ph3SiCl (370 μL, 0.6 mmol ) was added to the reaction 

vial and the resulting mixture was allowed to react for the specified amount of time at -78 

°C. The reaction mixture was then quenched using 300 μL of MeOH at -78 °C.  The mixture 

was allowed to warm to room temperature followed by addition of 1.0 mL of saturated 

aqueous NH4Cl. The reaction mixture was transferred to a 4 dram vial and extracted using 

diethyl ether (3 x 2 mL).  The ether layer was then passed through a pad of silica gel. After 

filtration, it was concentrated and the crude mixture was purified using silica gel 

chromatography (100% CH2Cl2 followed by 2% MeOH in CH2Cl2).  The analysis of the 

unreacted recovered alcohol was done by a chiral HPLC using a hexanes/i-PrOH solvent 

system. Desilylation: The silylated product was transferred to a 4 dram vial with a stir bar 

and dissolved in 3 mL of THF.  The solution was treated with a 1M solution of TBAF in 

THF (500 μL - 1.0 mL) and allowed to stir for 3-10 h at room temperature (conversion was 

monitored by TLC).  The reaction was quenched with brine and extracted with diethyl 

ether. The crude mixture was purified via silica gel column chromatography (CH2Cl2 to 
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2% MeOH in CH2Cl2). HPLC analysis was done for the desilylated product (alcohol). The 

absolute stereochemistry was confirmed by comparing the HPLC data with previously 

published data. 

Procedure to make Tris(4-isopropylphenyl)silane  

In an oven dried 250 mL three-neck round bottom flask, 4-bromo-

isopropyl benzene(95%)  (1.63 mL, 10 mmol) was dissolved using previously dried diethyl 

ether (30 mL) under nitrogen at room temperature. To the stirred solution, n-BuLi (1.025 

equiv.) was added and the resulting mixture was allowed to stir for 1-1.5 h at room temp.  

The reaction was then cooled to -40 °C using a dry ice-acetonitrile bath.  A solution of 

HSiCl3 (0.4 M in ether, 0.3 equiv) was added dropwise to the three neck flask. The reaction 

mixture was allowed to stir for another 2 h at -40 °C, then the reaction was quenched using 

10 mL of water at -40 °C and allowed to warm to room temp. Extraction was done using 

diethyl ether. The organic layer was collected and dried over anhydrous sodium sulfate.  

The excess solvent was removed via a rotary evaporator and the crude was purified using 

recrystallization or a trituration method.  MP range = 58-60 °C 1H NMR (400 MHz, 

CDCl3): δ 7.51 (d, J = 8.0 Hz, 6H), 7.23 (d, J = 7.9 Hz, 6H), 5.41 (s, 1H), 2.90 (m,3H), 

1.25 (d, J = 6.9 Hz, 18H). 13C NMR (101 MHz, CDCl3): δ 150.4, 135.9, 130.7, 126.2, 34.1, 

23.8. 29Si NMR (80 MHz, CDCl3):-18.8. HRMS (EI) (M+) Calculated for (C27H34Si+): 

386.2424 Observed: 386.2428. IR (neat, cm-1): 2961, 2928, 2110, 1924, 1598, 1458, 1392, 

1297, 1265, 1117, 1094, 1049, 1019, 822, 794, 760, 725.  
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Procedure making a Chlorotris(4-isopropylphenyl)silane (2.13i) 

In an oven dried 25-50 mL three-neck round bottom flask was charged 

with p-substituted triphenylsilane and dissolved using dry degassed carbon tetrachloride 

(CCl4) under a nitrogen atmosphere. The mixture was allowed to stir for 10-15 minutes. 

Sulfuryl chloride (SO2Cl2) (2-6 equiv) was then added to the flask. The resulting mixture 

was then allowed to reflux for 4-28 h (Conversion was monitored by disappearance of the 

silane peak using 1H NMR). Hydrochloric acid generated during the reaction was removed 

from the reaction mixture via a bubbler. The excess solvent and other reagents were 

evaporated under vacuum (dry ice cooled cold trap). The final product was then 

recrystallized or triturated using an appropriate solvent under a N2 atmosphere. 1H NMR 

(400 MHz, CDCl3): δ 7.57 (d, J = 8.1 Hz, 6H), 7.27 (d, J = 7.4 Hz, 6H), 2.92 (septet, 3H), 

1.26 (d, J = 6.9 Hz, 18H). 13C NMR (101 MHz, CDCl3): δ 151.4, 135.3, 130.2, 126.2, 34.2, 

23.8. 

General procedure for the kinetic Resolution of 2-cycloalkanol (Scheme 4.6 & Scheme 

4.8): An oven dried 1 dram vial was charged with 4 Å molecular sieves (10-15 mg) and a 

Teflon coated stir bar. The racemic alcohol (0.4 mmol), catalyst 1.14/ 1.31 (0.1 mmol) and 

N,N–diisopropylethylamine (Hünig’s Base) (41.8 μL, 0.24 mmol) were added to a vial and 

then quickly sealed under a nitrogen atmosphere.  Dry THF (1.0 mL) was added and the 

reaction mixture was allowed to stir at -78 °C for 15-20 minutes.  Meanwhile a solution of 

(piPr-Ph)3SiCl (0.65 M) was prepared using a volumetric flask (under N2).  The solution 

of (piPr-Ph)3SiCl 4.9 (400 μL, 0.26 mmol, 0.65 equiv or as mentioned equiv) was added 
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to the reaction vial and the resulting mixture was allowed to react for the specified amount 

of time at -78 °C. The reaction mixture was then quenched using 300 μL of MeOH at -78 

°C.  The mixture was allowed to warm to room temperature followed by addition of 1.0 

mL of saturated aqueous NH4Cl. The reaction mixture was transferred to a 4 dram vial and 

extracted using diethyl ether (3 x 2 mL).  The ether layer was then passed through a pad of 

silica gel. After filtration, it was concentrated and the crude mixture was purified using 

silica gel chromatography (5-25% EtOAc/Hexane).  The analysis of the unreacted 

recovered alcohol was done by a chiral HPLC using a hexanes/i-PrOH solvent system. 

 Desilylation: The silylated product was transferred to a 4 dram vial with a stir bar and 

dissolved in 3 mL of THF.  The solution was treated with a 1M solution of TBAF in THF 

(500 μL - 1.0 mL) and allowed to stir for 3-10 h at room temperature (conversion was 

monitored by TLC).  The reaction was quenched with brine and extracted with diethyl 

ether. The crude mixture was purified via silica gel column chromatography (5-25% 

EtOAc/Hexane). HPLC analysis was done for the desilylated product (alcohol). The 

absolute stereochemistry was confirmed by comparing the HPLC data with previously 

published data.           

Tris(4-isopropylphenyl)(((1R,2S)-2-phenylcyclohexyl)oxy)silane:  

1H NMR (400 MHz, CDCl3): δ 7.55 (d, J = 8.0 Hz, 2 H), 7.24-

7.18 (m, 7 H), 7.10 (d, J = 8.0 Hz, 6 H), 7.05-7.03 (m, 2 H), 3.85-3.79 (m , 1 H), 2.93-2.83 

(hept, 3 H), 2.69-2.63 ( m, 1 H), 2.00-1.36 (m, 8 H), 1.23 (d, J = 6.8 Hz  , 18H) 13C NMR 
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(101 MHz, CDCl3) δ 150.6, 150.0, 145.0, 135.7, 135.6, 132.1, 128.2, 126.0, 125.9, 125.6, 

76.0, 53.2, 36.5, 34.2, 34.1, 26.0, 25.1, 23.9.  

Synthesis of trans-2-(1H-indol-3-yl)-cyclohexanol (4.12): In 50 ml, three neck round 

bottom flask was charged with 352 mg indol (3 mmol) in 5 ml THF under N2 atmosphere. 

Reaction mixture was cooled to -78 °C using dry ice/acetone bath. nBuLi (3.2 ml, 1.26 M, 

4.05 mmol)) was added drop wise to the solution. Resulting mixture was allow to stir for 

30 minutes at -78 °C. Solution of BF3OEt2 (500 μl ,4.05 mmol) was added to the mixture 

and stir for another 15 minutes. Finally, cyclohexene oxide (364 , 3.6 mmol) was slowly 

added to the reaction mixture and reaction was allowed to stir for 2.5-3 h. Reaction was 

quenched with NH4Cl. Extraction was done using diethyl ether and organic layer dried 

over MgSO4. Reaction mixture was concentrated using rotary vapor. Crude was purified 

using column chromatograpohy using (30% EtOAc in hexane).  

Yield = 16% (105 mg).  1H NMR (400 MHz, CDCl3) : δ 8.08 (br, 1H), 7.73 (d, J =8.0 Hz, 

1H), 7.38 (d, J = 8.0 Hz, 1H), 7.21 (t, J = 7.2 Hz , 1H), 7.14-7.09 (m, 2H), 3.81-3.75 (m, 

1H), 2.79-2.73 (m, 1H), 2.18-1.66 (m, 7H), 1.47-1.39 (m, 1H). 13C NMR (101 MHz, 

CDCl3) δ 135.0, 127.0, 122.3, 121.3, 119.6, 119.5, 111.3, 74.7, 44.5, 34.2, 32.6, 26.3, 25.1.  

Synthesis of trans-2-(2-thienyl)-cyclohexanol (4.14): In 50 ml, three neck round bottom 

flask was charged with  474 μL thiophene (6 mmol) in 10 ml THF under N2 atmosphere. 

Reaction mixture was cooled to -78 °C using dry ice/acetone bath. nBuLi (6.4 ml, 1.26 M, 

8.1 mmol)) was added drop wise to the solution. Resulting mixture was allow to stir for 30 

minutes at -78 °C. Solution of BF3OEt2 (1.00 ml, 8.1 mmol) was added to the mixture and 

stir for another 15 minutes. Finally, cyclohexene oxide (728 μL , 7.2  mmol) was slowly 

added to the reaction mixture and reaction was allowed to stir for 2.5-3 h. Reaction was 
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quenched with NH4Cl. Extraction was done using diethyl ether and organic layer dried 

over MgSO4. Reaction mixture was concentrated using rotary vapor. Crude was purified 

using column chromatograpohy using (30% EtOAc in hexane).  Co-elution was observed 

along with product and it was very difficult separate impurities. Several solvent system 

was tried to separate product but no successful separation was achieved. In future, prep 

TLC will be performed to separate product.  

Synthesis of cis & trans 2-(3-methoxyphenyl)cyclohexanol : To an oven dried 100 mL 

round bottom flask, 2-(3-methoxyphenyl)cyclohexanone (900 mg, 4.4 mmol) was 

dissolved using 20 mL of MeOH. Color of the solution became light orange to yellowish 

after stirring for 5 minutes. 454 mg of NaBH4 (12 mmol) was added to the stirred solution 

in small portions. Resulting mixture was allowed to stir for 1-1.5 h. After 1-1.5 h, work up 

was done using water (10 mL) and toluene (30 mL). Extraction was done using 10% HCl, 

water and sodium bicarbonate. Finally, organic layer was separated and dried over Na2SO4. 

Solution was concentrated and column chromatography was performed (5% to 15% EtOAc 

in Hexane). Colorless oil product was obtained.   

 Yield = 20% (178 mg). 1H NMR (400 MHz, CDCl3) : δ 7.25-7.22 

(m, 1H), 6.85 (d, J = 7.6 Hz , 1H), 6.81 (s, 1H), 6.78-6.75 (m, 1H), 4.01 (m, 1H), 3.80 (s, 

3H), 2.74-2.69 (m, 1H), 2.08-1.95 (m, 2H), 1.90-1.85 (m, 1H), 1.67-1.35 (m, 5H). 13C 

NMR (101 MHz, CDCl3) δ 159.7, 145.6, 129.5, 120.0, 113.6, 111.6, 70.5, 55.1, 48.0, 32.8, 

26.1, 24.3, 19.5. 
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 Yield = 27% (248 mg). 1H NMR (400 MHz, CDCl3): δ 7.26-7.22 (m, 

1H), 6.84 (d, J = 7.6 Hz, 1H), 6.80-6.76 (m, 2H), 3.80 (s, 3H), 3.63 (m, 1 H), 2.42-2.36 (m, 

1H), 2.15-2.08 (m, 1H), 2.11-1.27 (m, 8H). 13C NMR (101 MHz, CDCl3) δ 159.8, 144.9, 

129.7, 120.1, 113.7, 111.9, 74.3, 55.1, 53.2, 34.3, 33.2, 26.0, 25.0 
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CHAPTER 5  

     

A SILYLATION BASED KINETIC RESOLUTION OF SECONDARY ALCOHOLS USING 

POLYMER SUPPORTED TRIPHENYLSILYL CHLORIDE 

 

5.1 Introduction  

Our previous mechanistic study of a silylation based kinetic resolution of a 

monofunctional secondary alcohols (Chapter 2 ) demonstrated that substitution at the para 

position of triphenylsilyl chloride affected the selectivity factor of our substrates in a 

dramatic way.1 The selectivity factor improved with EDGs at the para position of 

triphenylsilyl chloride while it decreased with EWGs.  The kinetic resolution of 2-

arylcyclohexanols is a good example to demonstrate the practicality of enhanced selectivity 

from the para substitution of triphenylsilyl chloride.  A big improvement in the selectivity 

factor was obtained when triphenylsilyl chloride was simply replaced by chlorotris(4-

isopropylphenyl)silane (Chapter 4). This kinetic resolution of 2-arylcyclohexanol further 

confirmed the importance of substitution at the para position of triphenylsilyl chloride in 

our kinetic resolution system. With respect to this, we thought that it would be very 

interesting if we could take further advantage of the para position of triphenylsilyl chloride 

by incorporating a polymer at the para position instead of a substituent. The main goal of 

any kinetic resolution system is the ease of enantiomeric separation. In our kinetic 

resolution system, one enantiomer was silylated while the other remained unreacted.2
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Therefore, having a polymer attached to thetriphenylsilyl chloride in our system would 

allow us to use a “crash out method” for separation. In this way, one enantiomer will 

remains in the solution while other enantiomer crash out with polymer supported 

triphenylsilyl chlorides (Figure 5.1). In our system, a reaction is quenched using methanol 

and therefore designing a polymer in such a way that it can crash it out by methanol after 

the reaction is completed. These would allow us to take advantage of crash out method of 

enantiomers.  Using simple filtration method both enantiomers can be separated.  With this 

in our mind, we decided to start working toward the development of our system. In this 

chapter, our research design, preliminary results and future direction of this new project is 

discussed. 

 

Figure 5.1 Graphical presentation of the kinetic resolution using polymer supported 

chlorosilane 

5.2 Background 

Polymers have been known to have a great role in organic reactions to manipulate 

reaction conditions and product isolation.3 Particularly in asymmetric catalysis, polymers 

have shown tremendous level of applications in catalyst recovery. Use of solid support 

system in kinetic resolutions/asymmetric catalysis often comes with advantages and 
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disadvantages.4 The main advantages of solid supported systems include, ease of workup, 

ease of separation, and solid supported reagent recovery. While on the other hand, 

disadvantages of solid supported systems include longer reaction times compared to their 

homogenous counterpart, involvement of a multistep synthesis to attach reagent to a solid 

support and tuning of reaction conditions to achieve compatible results with a 

homogeneous system. Therefore, in order to perform a kinetic resolution using a solid 

supported system, one should always consider the above mentioned issues. Several 

examples have been reported in the literature using polymer supported catalysts or chiral 

auxiliaries to perform asymmetric reactions5-12 as well as kinetic resolutions.13-21 The main 

goal of this dissertation is to develop an efficient non-enzymatic kinetic resolution system 

and therefore only examples of polymer supported kinetic resolutions will be discussed.   

In 2001, Janda et al. carried out a kinetic resolution of secondary alcohols using a 

polymer supported proline-based diamine catalyst (Scheme 5.1).22 In this system, the 

catalyst (5.1) was attached to the resin (JandaJel ) using trans-4-hydroxyproline. A short 

spacer was introduced between the diamine chiral catalyst and the resin. Using this 

polymer, the reaction conditions were optimized.  To make the work up simple and 

efficient, and to isolate the products free from any byproduct, a workup procedure was also 

developed (as shown in Scheme 5.1). In this method, after the reaction, the resulting 

mixture was filtered from a small cartridge which was made using ion-exchange resin in a 

plastic syringe. This plastic syringe was then fitted with polyethylene frit and an additional 

frit on top of it. Using this procedure, the polymer supported catalyst was separated from 

the reaction and the resulting mixture was purified by column chromatography. Various 

secondary alcohols were analyzed using this polymer supported chiral catalyst with 
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selectivities ranging from 1-200.  Very similar selectivity factors were observed compared 

to the solution based system. In this system, the polymer supported catalyst was reported 

to be recycled and reused up to five times without losing catalytic activity and selectivity. 

 

Scheme 5.1 Kinetic resolution of secondary alcohols using a polymer supported proline-

based catalyst by Janda et al. 

  In 2005, the Wagner and Mioskowski group published a report where the kinetic 

resolution of racemic amines was achieved at room temperature using a polymer supported 

chiral acetylating reagent 5.4 (Scheme 5.2).23 To prepare the polymer supported reagent, a 

four step synthesis was carried out using commercially available Merrifield resin (5.2) and 

catalyst (5.3). Finally, a Catalyst (5.3) was reacted with preformed diazonium salt to to get 

the desired polymer (5.4). Using this polymer at 0.2 molar equiv, a solvent study was 

carried out through the kinetic resolution of (±)-1-phenylethylamine (5.5). Benzene was 

reported as the optimal solvent to achieve high enantioselectivity. Finally, using this 
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polymer four different substrates were screened. A moderate to good selectivity factors 

ranging from 6.4-12.3 were reported. The recyclability of this polymer supported reagent 

was tested. Up to four times, the polymer was found to be recycled without any noticeable 

loss of selectivity. Moreover, in this report, a better selectivity was observed with the 

polymer supported chiral acetylating reagent compared to the catalyst used in solution 

phase.  

 

Scheme 5.2 Kinetic resolution of amines using a polymer supported enantioselective N-

acetylation  

 

Bode and his group used a polymer supported enantioselective acylating reagent 

for the kinetic resolution of N-heterocycles.24  In this system, chiral O-acyl hydroxamic 
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acid (5.7) was attached to the reusable amino methyl polystyrene (5.8) to get the desired 

polymer (5.10) and was used in the kinetic resolution of racemic amines (Scheme 5.3). The 

product can be simply separated from the unreacted amine through an aqueous workup or 

column chromatography. After the reaction, using a simple filtration method, the precursor 

of the polymer supported acylating reagent was recovered and (5.9) regenerated by 

treatment with 3-phenylpropionic anhydride. The polymeric supported acylating reagent 

(5.10) was reused several times without any compromise in the selectivity.  Various 

structurally diverse N-heterocycles were resolved with high selectivity using this solid 

supported kinetic resolution system which including derivatives like piperidines, 

piperazines, morpholines, tetrahydroisoquinolines and diazaoenones.  

Scheme 5.3 Polymer supported kinetic resolution of N-heterocycles reported by the Bode 

group 
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Most recently, Dagorne and Laponnaz developed a kinetic resolution of secondary 

alcohols based on a polymeric silane (Scheme 5.4).25 In this system, to show the practical 

approach of the kinetic resolution a system similar to Oestreich’s26-30 was taken under 

investigation. The kinetic resolution was carried out using a CuCl/NaOtBu/chiral 

phosphine catalytic system and a chiral polymethylhydrosiloxane (5.11, PMHS) polymer 

as a hydride source to perform a dehydrogenative silylation coupling reaction. Various 

phosphine based ligands were screened in this system using chiral PMHS with selectivity 

factors between1.5-2.5. Even with moderate to low selectivity, this method shows the 

potential of silicon based polymers (PMHS) to perform the kinetic resolution of secondary 

alcohols.  

Scheme 5.4 Kinetic resolution of secondary alcohols using polymeric silane 
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Inspired from the above polymer-based kinetic resolutions and particularly the one 

with PMHS (Scheme 5.4) where silicon can be utilized  to do the kinetic resolution, we 

thought it would be interesting if we could attach our silicon source to a polymer to create 

a solid supported kinetic resolution system. A silyl group is one of the most common 

protecting groups with several advantages like tunable reactivity, orthogonality to other 

protecting groups and tolerance of many other functional groups.31 To the best of our 

knowledge, no other examples have been reported in the literature where silylation-based 

kinetic resolutions was achieved through a solid support system.  

5.3 Research Design 

The focus of this project is to make the separation of enantiomers easy and more 

efficient. We are interested in crashing out one enantiomer with a polymer while the other 

remains in solution. To accomplish this goal, a careful synthesis of polymer supported silyl 

chloride is required. In our previous study, we showed that the selectivity of our kinetic 

resolution was dependent on the structure of the silyl chloride.  Specifically, it was 

determined that three phenyl groups were strategic in obtaining selectivity. Therefore, the 

final polymer supported silyl chloride should possess  three phenyl groups to get optimal 

selectivity.  Also, the final polymer needs to be soluble in THF during the reaction and 

crash out upon addition of methanol after the reaction for its recovery. Two separate 

approaches are possible for polymer synthesis. In the first approach (Approach 1), a 

styrene based pendant type polymer (5.12) can be synthesized from the monomer 4-

bromostyrene (Scheme 5.5). This polymer can be functionalized, a halogen source in 

polymer will allow us to do a lithium halogen exchange followed by the addition of a 

commercially available diphenylchlorosilane to achieve the polymer supported triphenyl 
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silane (5.13).  This silane based polymer can then be converted into the chlorosilane (5.14) 

using SO2Cl2 in CCl4.  

 

Scheme 5.5 Synthesis of polymer supported triphenylsilyl chloride from pendant type 

polymer  

 

In the second approach (Approach 2), polymerization can be directly done using a 

silane monomer (5.15). In the first step, a monomer of interest will be synthesized and then 

polymerized to get 5.16.  In the second step it will be converted into a chlorosilane polymer 

(5.17) using sulfuryl chloride in CCl4 (Scheme 5.6). The only limitation in this approach 

is that a special monomer is needed and if the monomer is not commercially available than 

it needs to be synthesized. 

 

Scheme 5.6 Synthesis of polymer supported triphenylsilyl chloride using a silane monomer 

polymerization  

 

Overall using either method, a polymer supported chlorosilane can be achieved. 

Once we have a polymer supported chlorosilane, optimization of the kinetic resolution 
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reaction can be done using various modified versions of polymer in terms of their 

molecular weight and grafting patterns. After identifying the right polymer supported 

chlorosilane, several kinetic resolutions can be accomplished to resolve various substrates. 

5.4 Result and discussion 

In the beginning of our study, the polymer functionalization approach (approach 1) 

seemed to be a very promising way to attach the silane to the polymer.  We begin our study 

with the synthesis of the polymer.  To synthesize the polymers, a collaboration was 

undertaken with Dr. Tang’s research group at the University of South Carolina.  Liang 

Yuan, a graduate student in Dr. Tang’s lab synthesized two different polymers, one a 

homopolymer and the other a random copolymer. In both polymers, 4-bromostyrene was 

used as the starting material to provide an attachment site for the silane through a lithium 

halogen exchange. Homo-polymer and random copolymer were synthesized using 4-

bromostyrene and styrene (Scheme 5.7).  A controlled radical polymerization was used to 

synthesis both homo and random polymers. A TEMPO (2,2,6,6-Tetramethylpiperidin-1-

yl)oxy , BPO (benzoyl peroxide), 4-bromostyrene and styrene (in the case of random 

copolymer) were mixed together in a schlenk tube.  The sealed system was degassed with 

three freeze-pump-thaw cycles and refilled with N2. The flask was then put into an oil bath 

at 125oC and stirred for 20 h. After the polymerization, the cooled product was dissolved 

in CH2Cl2 and precipitated from cold methanol. The product was filtrated and dried under 

vacuum overnight. To analyze the molecular weight of the homopolymer and the random 

copolymer, GPC was used.  For the homopolymer a Mw of 10.5 k was found with a PDI 

of 1.1, while for the random copolymer a Mw of 9.3 k was founr with a PDI of 1.1.  The 

functionalization of both polymers was attempted by performing the lithium halogen 
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exchange using nBuLi followed by the addition of commercially available diphenylsilyl 

chloride (Ph2SiHCl) for the silane formation. Unfortunately, in both polymers, a solid crude 

was obtained after each reaction which was found to be extremely difficult to solubilize in 

any solvent. We were unable to characterize the compounds through 1H NMR due to 

solubility issues.  (One possible problem could be the cross linking of the polymer after 

adding nBuLi, which resulted in the high molecular weight polymer, making it difficult to 

dissolve the crude product. To characterize the polymer product and make the polymer 

soluble, different techniques were tried where diphenylsiyl chloride was added first along 

with the polymer before adding nBuLi.  A similar problem was encountered and therefore 

we decided to use another approach towards polymer supported silane synthesis.   

 

Scheme 5.7 Attempted synthesis of triphenylsilane based polymer from homo and random 

co-polymer  

 In this approach (Approach 2), a monomer containing silane was synthesized first 

followed by the polymerization.  During the synthesis of monomer, three key features were 
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taken under consideration.  In our system, the phenyl rings play a key role for selectivity 

and therefore the monomer must contain three phenyl rings. Second, the monomer should 

have an active site to carry out polymerization (double bond like styrene group).  Third, 

the monomer should not react with other reagents during polymerization. With these three 

things in mind, we envisioned compound (5.21) as our choice of monomer. A Scifinder 

search was done to find any literature precedence. Fortunately, we found a synthesis of the 

compound in the literature32, which was very close to our requirement. Using the literature 

procedure, the monomer was synthesized (Scheme 5.8).  

 

Scheme 5.8 Synthesis of  p-Diphenylsilane styrene as a monomer 

In this synthesis, a commercially available 4-bromostyrene (5.20) was purchased 

and dissolved in diethyl ether at -78 °C. Lithiation was done using 2 equivalent of tBuLi. 

After lithiation, one equivalent of diphenylchlorosilane was added at -78 °C and the 

resulting mixture was allowed to warm slowly to room temperature. The reaction was kept 

at room temperature for two hours before quenching.  The monomer was purified using 

column chromatography with hexane as the eluent and utilized for the polymerization. The 

polymerization was carried out using the monomer and a successful polymer synthesis was 

achieved (Scheme 5.9). As mentioned earlier, Liang a graduate student from Dr. 

Chuanbing Tang lab synthesized the polymer similar way as mentioned in Scheme 5.7. 

GPC was used to find the molecular weight of the polymer and it was found to be 11.4 k 
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with a PDI of 1.6. After, getting polymer 5.22 from Dr. Tang’s lab, it was converted into 

the chlorosilane polymer (5.23) using sulfuryl chloride in CCl4.  A colorless solid was 

obtained as a final product. To use this polymer in our kinetic resolution system, two key 

features were tested. First, the solubility of the polymer in THF and second whether it 

would crash out upon addition of methanol.  Both solubility and recovery of polymer in 

THF as well as in methanol worked well.  

 

Scheme 5.9 Synthesis of polymer supported triphenylsilyl chloride using monomer 

polymerization method 

With this polymer in our hand, we started our preliminary investigation (Scheme 

5.10).  Similar reaction conditions were used as the solution based system. Due to the high 

selectivity in the solution based system, commercial availability, 4-chromanol (2.10) was 

used as the substrate of choice for kinetic resolution. 
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Scheme 5.10 Preliminary study using polymer supported chlorosilane in the kinetic 

resolution reaction 

Duplicate reactions were set up using the polymer 5.23. Similar reaction conditions 

were kept, as it was used in the solution based system for the silyaltion based kinetic 

resolution of monofunctional secondary alcohols. Nice solubility of the polymer was 

observed when a 0.357 M solution of 5.23 was prepared for the kinetic resolution. After 48 

h, reaction was quenched with methanol and the polymer crashed out of the reaction. As 

expected one enantiomer covalently linked with the polymer and it was obtained simply 

by filtration while everything else remained in solution. Purification of the remaining 

enantiomer was done using column chromatography. To obtain the other enantiomer, the 

recovered polymer 5.23 was reacted with TBAF to desilylate the other alcohol enantiomer. 

Using chiral HPLC, the enantiomeric excess of both enantiomers were recorded. In both 

runs, similar conversions and selectivity factors were obtained. The average selectivity 

factor of 8.0 was obtained for 4-chromanol with conversion below 20% using the polymer 

supported silyl chloride. This selectivity factor was almost half that of the solution based 

system.  To get a more accurate selectivity factor, higher conversion is required and 

therefore we decided to repeat the reaction with a slight modification to the reaction 
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conditions. Another batch of 5.23 was synthesized and used in the kinetic resolution of 4-

chromanol. Surprisingly, instead of getting a similar selectivity factor, a big drop in the 

selectivity factor was observed from 8 to 3.  Also from the crude TLC, a lot of side products 

could be seen. To analyze this difference in selectivity factor, we looked back at our 

polymer. In both polymers, we found similar molecular weights but the only difference 

was the PDI.  The previous polymer had a molecular weight of 11.4 k with a PDI of 1.61 

while the second one had a molecular weight of 12.6 k with a PDI of 1.75. We thought, 

this higher PDI could be the major issue for the drop in selectivity factor and therefore we 

looked for a different method to synthesize the triphenylsilane based polymer to achieve a 

better PDI.  

 

Scheme 5.11 Synthesis of polymer supported chlorosilane using different method 

A lower molecular weight silane based polymer with a better PDI was synthesized 

(Scheme 5.11) using previously mentioned method but with using different initiator. A 

series of P(SiHSt) were prepared through this method and converted into the chlorosilane. 

The monomer and calculated amount of initiator were charged into a 10 ml Schlenk flask 

and dissolved using 2.0 mL dry toluene. The sealed system was degassed with three freeze-

pump-thaw cycles and refilled with N2. The flask was then put into an oil bath at 123 oC 
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and stirred for 24 h. After the polymerization, the cooled product was dissolved in CH2Cl2 

and precipitated from cold methanol. The product was filtrated and dried under vacuum 

overnight. For all the polymerizations here, the conversion were driven to 100% as checked 

by 1H NMR.  The main difference between this methods of polymer synthesis form 

previous method Scheme 5.9 is the initiator. A better PDI was obtained due to the change 

in initiator. Since lower conversion was the major issue (Scheme 5.10) with polymer 5.23, 

the overall reaction concentration was changed from 0.16 M to 0.2 M with excess polymer 

supported tripheynylsilyl chloride (5.24) and Hünig’s base (0.6 equiv. to 0.8 equiv.) being 

added to force the reaction to achieve higher conversion.  Since both (-)-tetramisole (1.14) 

and (-)-benzotetramisole (1.31) have shown dramatic effects on the selectivity factors in 

our solution based systems, both were used in the kinetic resolution of 4-chromanol.  Using 

these reaction conditions, the kinetic resolution was set up using both 1.14 and 1.31 to see 

which catalyst will work better with this system (Scheme 5.12).  Better conversion was 

observed in both cases as compared to the previous system. A selectivity factor of 5.2 was 

observed with 1.31 while a selectivity factor of 9.4 was observed with 1.14.  In this regard, 

(-)-tetramisole was used as the catalyst in further reactions    
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Scheme 5.12 Screening of catalyst in the polymer supported kinetic resolution of 4-

chromanol33 

 

 

Scheme 5.13 Screening of different molecular weight polymers in the kinetic resolution of 

4-chromanol18 
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 Now, we have our system working and therefore we turn our attention towards 

whether the molecular weight of the polymer affects the selectivity of the reaction.  To test 

this, three different molecular weight polymers (5.24) were synthesized ranging from 3950-

7575 and used in the kinetic resolution (Scheme 5.13). An average selectivity factor of 9.4 

with conversion around 46% was obtained when higher molecular weight polymer 

supported triphenylchloro silane were used in our kinetic resolution of 4-chromanol (entry 

1, Scheme 5.13). Two lower molecular weight polymer were also screened in our kinetic 

resolution system (entry 2 & 3, Scheme 5.13)  but a very similar selectivity factor was 

observed with  both polymers. From all three different molecular weight polymer, it is clear 

that change in molecular weight of polymer supported triphenylchloro silane have 

negligible effect on the selectivity factor. From the above result, polymer supported 

silylation based kinetic resolution systems have a promising future. A lot of work has been 

already done in this project.  The next step for this project is to test several substrates to 

show the applicability towards various substrate classes using the best polymer from the 

above preliminary studies.  Also, in a polymer supported system, the recyclability of the 

polymer is always a key concern. To show this, a large scale polymer supported kinetic 

resolution will be set up and after quenching each reaction, the polymer will be reused 

using a DIBAL-H (diisobutylaluminiam hydride) reduction followed by the chlorination  

for multiple times to check selectivity factor.  

5.5 Future Direction  

 Several modifications can be done to improve the selectivity factor in the future for 

the polymer supported silylation based kinetic resolution.  A one important change can be 

the introduction of a spacer between the polymer or the attachment of Ph3SiCl to a polymer 
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resin. Several commercially available resins can be used to attach Ph3SiCl through a linker. 

A spacer between the polymer and Ph3SiCl may allow us to improve the selectivity factor.  

Several examples have been reported where the introduction of a spacer improves both 

reactivity and selectivity.  

Another important modification can be done through the catalyst. As catalyst 

recovery is a big concern in asymmetric reactions, incorporation of the catalyst on the 

polymer instead of the silyl source would allow to recover catalyst. Also, catalyst and 

Ph3SiCl can be incorporated on a separate polymer to create a biphasic system where using 

one solvent, the catalyst can be crashed out while using another solvent would cause the 

silylated polymer to crash out. Using this dual approach, both catalyst and silyl chloride 

can be recovered and recycle.  

5.6 Conclusions  

In conclusion, substituents at the para position of Ph3SiCl have shown promising effects 

in the selectivity improvement of monofunctional secondary alcohols during the 

mechanistic investigation through a LFER. The more definitive evidence of the selectivity 

improvement using substituent at para position of Ph3SiCl was seen in the kinetic 

resolution of 2-arylcyclohexanol (Chapter 4).  Therefore, to take the advantage of this para 

position and to develop a more practical kinetic resolution system, polymer was 

incorporated to the Ph3SiCl in our system. The advantage of using polymer supported 

Ph3SiCl would include the easy separation of enantiomer and recovery of polymer for 

further recyclability. A synthesis of polymer supported Ph3SiCl was the major challenge in 

our project and to achieve that two separate approach was envisioned. In first approach, 

using a 4-bromostyrene polymer was synthesized followed by Ph2SiHCl grafting to it. 
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Unfortunately, no desired polymer product was obtained due to crosslinking of polymer. 

Finally, using a second approach a successful synthesis of polymer supported Ph3SiCl was 

achieved through pre-synthesized monomer and using it for polymerization. To achieve 

polymer supported Ph3SiCl, chlorination was done using SO2Cl2 in CCl4. Using a similar 

reaction condition as reported in a solution based kinetic resolution reaction, duplicate 

reaction was set up. A selectivity factor of 8.0 was obtained for 4-chromanol with 

conversion lower than 20%. To achieve, higher conversion and test the various polymer 

molecular weight effect on selectivity factor, three different molecular weight containing 

polymer supported Ph3SiCl was synthesized using better polymerization technique 

followed by chlorination. Using this polymers, kinetic resolution of 4-chromanol was 

carried out. Very similar selectivity factor was observed in all three cases. In future, one 

higher molecular weight Ph3SiCl base polymer will be tested. Using the best result, best 

molecular weight polymer will be utilized for substrate screening. Finally to show 

practicality of our system, large scale polymer supported kinetic resolution will be set up 

and polymer recyclability will be tested. 

5.7 Experimental 

General Information 

All kinetic resolution reactions and the synthesis of different silanes and silyl chloride 

based polymers including monomer were carried out under a N2 atmosphere using oven 

dried glassware. THF and diethyl ether were dried by passing through a column of activated 

alumina before use and stored over molecular sieves. Carbon tetrachloride were distilled 

and stored over molecular sieves. CCl4 was degassed before chlorination. Sulfuryl chloride 

was distilled prior to use. All other chemicals were purchased from a commercial source 
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and used without further purification. Molecular sieves were activated for 48 h at 130 °C 

in an oven.  Flash column chromatography was performed with silica gel (32-63 μm).  All 

enantiomeric ratios were determined by HPLC using the chiral stationary phase Chiralcel 

OD-H (4.6 × 250 mm × 5 μm) column, and monitored using a photodiode array detector 

in comparison with authentic racemic materials. NMR spectra were obtained at room 

temperature using 400 MHz (1H), 101 MHz (13C), 80 MHz (29Si), and 377 MHz (19F).  

Chemical shifts for 1H, 13C, 19F and 29Si was recorded in part per million with either TMS 

(0.00 ppm), or CDCl3 (7.26 ppm for 1H or 77.0 ppm for 13C) as a reference. TMS was used 

as a reference (0.00 ppm) to obtain 29Si NMR. Data reported in 1H NMR are as follows: 

Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet 

of doublet, dt =doublet of triplet, sept = septet, m = multiplet) and coupling constant (Hz).  

General Procedure for the polymer supported Silylation-Based Kinetic Resolution of 

Secondary Alcohols and Desilylation of the Isolated Products. 

An oven dried 1 dram vial was charged with 4 Å molecular sieves (10-15 mg) and a Teflon 

coated stir bar. The racemic alcohol (2.10) (0.22 mmol), catalyst 1.14 or 1.31 (11.2 mg, 

0.055 mmol) and N,N–diisopropylethylamine (Hünig’s Base) (31 μL, 0.176 mmol) were 

added to a vial and then quickly sealed under a nitrogen atmosphere.  Dry THF (1.0 mL) 

was added and the reaction mixture was allowed to stir at -78 °C for 15-20 minutes.  

Meanwhile a solution of (Poly-Ph)3SiCl (0.5 M) was prepared using a volumetric flask 

(under N2).  The solution of (Poly-Ph)3SiCl 5.24 (352 μL, 0.8 mmol ) was added to the 

reaction vial and the resulting mixture was allowed to react for the specified amount of 

time at -78 °C. The reaction mixture was then quenched using 300 μL of MeOH at -78 °C.  

The mixture was allowed to warm to room temperature.  The reaction mixture was 
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transferred to a 4 dram vial and excess methanol was added.  One enantiomer with polymer 

crash out in solution. Mixture was filtered and filtrate was rotavap it down. Filtrate was 

washed 2-3 times to avoid any polymer ppt. Filtrate was collected into separate vial. While 

solid collected during filtration was transfer to another vial. Column chromatography was 

performed on filtrate collected vial, as it’s a unreacted enantiomer. (5% EtOAc in hexane 

to 25% EtOAc in hexane).  The analysis of the unreacted recovered alcohol was done by a 

chiral HPLC using a hexanes/i-PrOH solvent system.  

Desilylation: The silylated product (solid collected in vial) was added a stir bar and 

dissolved in 3 mL of THF.  The solution was treated with a 1M solution of TBAF in THF 

(500 μL - 1.0 mL) and allowed to stir for 10-12 h at room temperature (conversion was 

monitored by TLC).  The reaction was quenched with brine and extracted with diethyl 

ether. The crude mixture was purified via silica gel column chromatography (CH2Cl2 to 

2% MeOH in CH2Cl2). HPLC analysis was done for the desilylated product (alcohol). The 

absolute stereochemistry was confirmed by comparing the HPLC data with previously 

published data. 

Synthesis of Monomer (p-Diphenylsilane styrene) (5.21): 

In an oven dry three neck 250 mL rbf was charged with stir bar und N2. 70 mL diethyl ether 

was added to the flask at room temperature under N2 and allow to cool at -78 °C. After 15-

20 minutes later, 17.6 ml (1.7 M, 30 mmol) tBuLi was added to the flask and allow to stir 

for 5-10 minutes. 4-bromostyrene (1.96 ml ,15 mmol) was added slowly to reaction flask. 

A color change from light yellow to dark red to  deep orange was observed. A reaction was 

allow to stir for 30 minutes at -78 °C. Finally, after 30 minute, diphenylchloro silane (3.24 

mL, 15 mmol) was added drop wise and bath was removed from -78 °C. Resulting mixture 
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was allowed to stir at room temp for 2 h. After 2 h, reaction mixture was quenched using 

15 mL of water. Extraction was done using hexane and washed with brine. Reaction 

mixture was concentrated using vacuum and column chromatography was performed using 

hexane as a solvent. Colorless liquid was obtained as a final product. (2.6 g, 9.1 mmol, 

Yield = 61%).  1H NMR (300 MHz, CDCl3) : 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 (75 MHz, CDCl3): 

139.0, 136.8, 136.1, 135.8, 133.3, 132.9, 129.9, 128.1, 125.9, 114.8. 

Materials for polymer synthesis: Styrene (Alfa Aesar) was passed through a basic Al2O3 

column before use. TEMPO (Alfa Aesar), 4-Bromostyrene (Alfa Aesar), BPO (Fisher 

Scientific), and N-tert-Butyl-N-(2-methyl-1-phenylpropyl)-O-(1-phenylethyl) 

hydroxylamine (NMP universal initiator, Sigma Aldrich) were purchased and used as 

received.  

Schemes 5.7: Synthesis of 4-bromostyrene containing polymers (5.18 & 5.19). 

 

Synthesis of homopolymer from 4-bromostyrene (PBrSt) 

TEMPO 15.6 mg (0.1 mmol), BPO 12.1 mg (0.05 mmol) and 4-bromostyrene 1.83 g (10.0 

mmol) were charged into a 10 ml Schlenk flask. The sealed system was degassed with three 

freeze-pump-thaw cycles and refilled with N2. The flask was then put into an oil bath at 

125oC and stirred for 20 h. After the polymerization, the cooled product was dissolved in 



198 

CH2Cl2 and precipitated from cold methanol. The product was filtrated and dried under 

vacuum overnight.  

Synthesis of random copolymer P(St-co-BrSt) (5.19): 

TEMPO 31.2 mg (0.2 mmol), BPO 24.2 mg (0.1 mmol), styrene 1.04 g (10.0 mmol) and 

4-bromostyrene 1.83 g (10.0 mmol) were charged into a 10 ml Schlenk flask. The sealed 

system was degassed with three freeze-pump-thaw cycles and refilled with N2. The flask 

was then put into an oil bath at 125oC and stirred for 20 h. After the polymerization, the 

cooled product was dissolved in CH2Cl2 and precipitated from cold methanol. The product 

was filtrated and dried under vacuum overnight.                  

Synthesis of homopolymers of 4-diphenylhydrosilylstyrene (PSiHSt) (5.23) 

 

 

 



199 

Synthesis of P(SiHSt) by BPO/TEMPO (Route 1): 

TEMPO 9.15 mg (0.05 mmol), BPO 6.05 mg (0.025 mmol), and SiHSt 0.58 g (2.0 mmol) 

were charged into a 10 ml Schlenk flask and dissolved 2.0 mL dry toluene. The sealed 

system was degassed with three freeze-pump-thaw cycles and refilled with N2. The flask 

was then put into an oil bath at 125oC and stirred for 24 h. After the polymerization, the 

cooled product was dissolved in CH2Cl2 and precipitated from cold methanol. The product 

was filtrated and dried under vacuum overnight. 

Synthesis of P(SiHSt) by NMP universal initiator (5.24)(Route 2): 

A series of P(SiHSt) were prepared through this method. The monomer and calculated 

amount of initiator were charged into a 10 ml Schlenk flask and dissolved 2.0 mL dry 

toluene. The sealed system was degassed with three freeze-pump-thaw cycles and refilled 

with N2. The flask was then put into an oil bath at 123oC and stirred for 24 h. After the 

polymerization, the cooled product was dissolved in CH2Cl2 and precipitated from cold 

methanol. The product was filtrated and dried under vacuum overnight. For all the 

polymerizations here, the conversion were driven to 100% as checked by 1H NMR. 

HPLC data for Silylated Chromanol product 

Kinetic Resolution for Scheme 5.13, Entry 1:  

# erSM% erPR% C% S SAvg 

1 78:22 15:85 44.9 9.70  

9.4 

 
2 79:21 16:84 46 9.03 

erPR% is of deprotected and purified product. 
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Kinetic Resolution for Scheme 5.13, Entry 2:  

# erSM% erPR% C% S SAvg 

1 73:27 21:79 44.2 5.91  

 

5.5 

 
2 71:29 23:77 44 5.00 

erPR% is of deprotected and purified product. 

 

Kinetic Resolution for Scheme 5.13, Entry 3:  

# erSM% erPR% C% S SAvg 

1 72:28 16:84 39.8 7.91  

7.5 

2 73:27 18:82 42.1 7.07 

erPR% is of deprotected and purified product 
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CHAPTER 6 

KINETIC RESOLUTIONS OF AMINES VIA IMINES USING AN AZA DIELS-ALDER 

REACTION 

 

 6.1 Introduction  

The aim of this project was to develop a method to enantioselectively resolve chiral 

amines.  The resolution of amines is an important task in organic methodology due to 

frequent use as building blocks in the pharmaceutical industry.  In this project, the main 

challenge to overcome was how to circumvent the inherent nucleophilicity of amines.  In 

order to achieve this, amines was converted into imines where a chiral aza-Diels-Alder 

reaction can be utilized to achieve the resolution of amines via imines.  By converting 

amines into imines it provides a different mechanism for resolving amines, circumventing 

the problem of the amines intrinsic nucleophilicity and provides an efficient route for the 

preparation of enantiomerically pure amines.  Additionally, the kinetic resolution provides 

the optically active piperidine heterocycles, itself a useful building block.  In this research, 

we present out attempt to develop the successful kinetic resolution of amines by means of 

a chiral Lewis acid. The recovered imine was simply hydrolyzed to recover amine starting 

material (Scheme 6.1).  
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Here, the imine acts as a dienophile towards Danishefsky’s diene to facilitate the 

reaction. Several chiral Lewis acid were tested to achieve better selectivity factor. 

Unfortunately, no meaningful selectivity was observed in any cases.  This work 

represents our initial efforts towards the kinetic resolution of amines via imines.  

 

Scheme 6.1 Basic protocol for the kinetic resolution of amines via imines 

6.2 Background  

Enantiomerically enriched chiral amines are the most valuable building blocks due 

to their use as resolving agents, chiral auxiliaries and synthetic building blocks for 

pharmaceuticals as well as agrochemicals.1 Chiral amines play a key role in 

pharmaceuticals due to its hydrogen bonding ability. Figure 6.1 displays a few examples 

of the use of chiral amines in drugs and therefore the importance of their enantiomeric 

synthesis in the pharmaceutical industry.2 
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Figure 6.1 Chiral amines in pharmaceutical drugs 

A variety of methodolo1gies have been proposed for the generation of 

enantiomerically pure amines, but we wanted to obtained them enantiomerically pure 

through kinetic resolutions.3 As discussed in chapter 1, kinetic resolutions have several 

advantages associated with it, including cheap starting material (racemic mixture) and 

control over conversion to achieve highest enantiomeric ratio even with lower selectivity 

factor.  Several enzymatic kinetic resolutions have been reported in the past to resolve 

amines.4,5  However, enzymes can have a limited substrate scope and might only work 

under certain reaction conditions.  Alternatively, non-enzymatic kinetic resolutions (in 

which our group is interested) can be more widely applicable with regards to conditions 

and substrates.  Several small molecule catalyzed kinetic resolution were reported in the 

past to resolve amines. Most examples of non-enzymatic kinetic resolutions of amines 

employ a stoichiometric chiral acylating reagent.6-11   
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In 2000, the Fu group reported the first successful non enzymatic kinetic resolution 

of amines.8 Several acylating reagents were examined in this methodology using the 

catalyst (-)-PPY* with no selectivity. Interestingly, bulky O-acylated azalactone 6.1 

(Scheme 6.2 (A)) was found to be an effective acylating reagent. Numerous benzylic 

amines were resolved with good selectivity ranging from 11-27.12,13   

In 2009, the Seidel group reported a dual catalysis approach14 to selectively resolve 

racemic amines using a chiral hydrogen-bond donor catalyst along with an achiral 

nucleophilic cocatalyst.15 In this methodology, bisthiourea 6.2 (Scheme 6.2 (B)) was used 

as a chiral catalyst and DMAP (6.3) (Scheme 6.2) as a cocatalyst. Using an equimolar 

mixture of chiral catalyst and cocatalyst, benzylic amines were resolved with selectivity 

factors ranging from 7.1 to 24.15,16 Using the same dual catalyst principal, this methodology 

was further extended to other classes of amines including the kinetic resolution of 

propargylic amines (s = 12 to 56),17 allylic amines (s = 3.5-20)18, and 1,2-diarylethane-1,2-

diamines (s = 4-30).19  

More recently, Bode and his group reported a kinetic resolution reaction of 

secondary amines (Scheme 6.2 (C)).20,21 A dual-catalysis redox approach was used to 

resolve several structurally modified amines. The major reason for the limited progress of 

catalytic kinetic resolutions of amines could be the nucleophilicity of amines.  In most 

cases, amines can become acylated without the aid of a catalyst. It is for this reason that 

the kinetic resolution of amines remains under explored.  
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Scheme 6.2 Catalytic non-enzymatic kinetic resolution of amines 
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To avoid the problem of amine nucleophilicity, several groups have tried to 

overcome this issue by derivatizing the amine and then using it in kinetic resolutions.  

 

Scheme 6.3 Kinetic resolution of amine derivatives 

In 2006, the Birman group reported the kinetic resolution of 2-oxazolidinones (6.4) 

(Scheme 6.3), where the best selectivity factor (up to 520) was reported using 

benzotetramisole (BTM, 1.15) as the catalyst and isobutyric anhydride as the acylating 
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reagent.22 The Miller group has also reported the kinetic resolution of formamides and 

thioformamides as a way to avoid the background reaction caused by amine 

nucleophilicity.23 In this system, the kinetic resolution of thioformamide (6.7) was 

performed at room temperature using the peptide based catalyst 6.5 (Scheme 6.3) along 

with di-tert-butyldicabonate (6.6) (Scheme 6.3) as the acylating reagent. Selectivity factors 

ranging from 6-44 were reported for various thioformamides. Finally, enantiomerically 

enriched amine derivative such as formamide 6.9 can be achieved by oxidative hydrolysis 

of the newly resolved boc-protected thioformamides 6.8 (Scheme 6.3). 

Even with all the progress made to achieve kinetic resolution of amines, one major 

challenge still remains which is substrate limitation. Developing a methodology for the 

kinetic resolution of amines would allow us to provide a valuable contribution to the field 

of organic chemistry .We proposed a way to solve the nucleophilicity issue was to convert 

chiral amines into imines and resolve the imine functionality.  After the kinetic resolution, 

the enantioenriched imine can be simply converted back into the amine.  To date, only a 

few scattered examples of the kinetic resolution of imines has been reported. 

An example of the kinetic resolution of imines, reported by Fu and his coworker, 

is based on a copper catalyzed [3+2] cycloaddition (Scheme 6.4a) of an azomethine imine 

(6.10) with an alkyne (6.11).24 The product of this reaction is the bicyclic pyrazolidinone 

derivative 6.12, a biologically important compound. With this system, they achieved up to 

99% ee and selectivity factors ranging from 15-96 for various azomethine imines. The 

highest selectivity factor was reported using electron withdrawing alkynes.  Some 

disadvantages include the imines need to be azomethine imines, and C4-substituted 

azomethine imines like cyclohexyl do not undergo the kinetic resolution, which limits their 
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access to certain substrates.  Another example reported by Lensink and Vries is based on a 

rhodium/diphosphine catalyst (Scheme 6.4b), where the kinetic resolution of amines is 

achieved by h  ydrogenation of one enantiomer of the corresponding imine.25  However, 

most of the selectivity factors ranged between 1.1-5.7, with their highest selectivity factor 

8 with only one substrate. 

 

Scheme 6.4 (a) Copper catalyzed [3+2] kinetic resolution of imines (b) Kinetic resolution 

of Imines using Rhodium/diphosphine catalyzed hydrogenation 

Other report of kinetic resolution of imines includes Buchwald, asymmetric hydrosilylation 

of imines of 3-substituted indanones and 4-substituted tetralones26  as well as more recently  
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reported kinetic resolution of azomethine imines using N-heterocyclic carbene by the Chi 

group have.27  

6.3 Research Design 

Our approach to the kinetic resolution of amines is to perform an enantioselective 

aza-Diels-Alder reaction between a chiral imine and a diene.  As mentioned in the 

beginning, resolving amines will be first reacted with an appropriate aldehyde and 

converted into the imines using the Dean Stark apparatus. Once amines will be converted 

into the imines then the aza-Diels-Alder reaction can be performed to accomplish the 

kinetic resolution reaction. In, the aza-Diels-Alder reaction, the diene reacts with the one 

enantiomer of imine (racemic) functionality of the substrate to provide a functionlized 

piperdine product (as shown in Scheme 6.5)28,29 While other enantiomer remains as imine. 

Enantiomerically enriched, recovered imine will be then converted back into amine 

through hydrolysis (Scheme 6.1). The use of the imine in a Diels-Alder reaction avoids the 

issues associated with the nucleophilicity of amines. 

 

 

Scheme 6.5 Aza-Diels-Alder reaction 

The use of electron rich dienes in the reaction will help to facilitate the reaction 

even with less electrophilic imines.   So far there has been only one report in the literature 

(Scheme 6.6) by the Yamamoto group where the kinetic resolution of imines was 

accomplished by using a Diels-Alder reaction.30,31 In this account, a stoichiometric amount 

of a boron-based BINOL catalyst 6.13 was used to facilitate the reaction between a racemic 

imine 6.14 and Danishefsky’s diene 6.15 (Scheme 6.6).  They only reported one reaction 
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where they obtained 50% conversion with an ee of 44% in the product 6.16.  This works 

out to a selectivity factor of four. 

 

 

Scheme 6.6 Kinetic Resolution of an Imine using an aza-Diels-Alder reaction reported by 

Yamamoto and his co-worker 

 

Thus the original problem of finding an efficient chiral system for the kinetic 

resolution of amines via an aza-Diels-Alder reaction of imines still persists.  Further 

research is required to develop a catalyst system that will distinguish between two 

enantiomers.  In this research plan, a method was proposed for the kinetic resolution of 

amines by using an aza-Diels -Alder reaction of imines with commercially available 

Danishefsky’s diene.  We began our study by screening different chiral Lewis acid systems 

with the aza-Diels-Alder reaction. Different metal and boron compounds with BINOL as a 

Boron/Metal-BINOL complex will try for activation of imines.  Also other commericially 

available chiral catalysts including MeCBS and (+)-Ipc2B(allyl)borane will be screened. 

Once an efficient chiral catalyst has been found, the next step will involve the future study 

of using different imines, dienes, solvent, and temperature to see what role, if any, these 

have on the reaction.   Once these conditions are optimized, mechanistic studies will be 

performed for detailed understanding of the reaction. 
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6.4 Result and Discussion  

In order to develop a system for the kinetic resolution of amines, our initial focused 

was to convert the amines into imines.  The imines were prepared by mixing (1:1) racemic 

amines and aldehydes in ethanol, and water was removed using a Dean Stark apparatus for 

8-9 h.  This was used as a general procedure for the conversion of amines into imines.  We 

chose to start our studies with imine 6.14 made from 1-phenylethylamine and benzaldehyde 

because of the literature precedence of Yamamoto’s work.16  Danishefsky’s diene 6.15 was 

selected due to its high electron density, its commercially availability and again the 

precedence mentioned above.  We began our study by reacting imine 6.14 with 

Danishefsky’ diene (6.15) in dichloromethane at room temperature for 3-4 hours in the 

presence of  different Lewis acids like ZnCl2, BF3OEt2 and B(OPh)3 to understand the 

nature of the reaction in more detail (Table 6.1).  Low conversion was found with ZnCl2 

(Table 1, entry 1), conversion was improved when B(OPh)3 used as a Lewis acid (Table 

6.1, entry 3). A control reaction was also run without a Lewis acid present where no 

reaction took place.  A lack of product indicates that the activation of the imine is required 

in order to initiate the reaction. 

 

Scheme 6.7 Imine formation from amines using a Dean-Stark procedure 
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Table 6.1 Reaction of phenyl imine and Danishefsky’s Diene in the presence of different 

Lewis acids 

 

 

 

After, making sure that the reaction was working with different Lewis acids, 

particularly with boron, we turned our attention to finding a chiral Lewis acid system for 

the kinetic resolution process.  A variety of different chiral Lewis acids were examined as 

probable catalysts.  The initial conditions involve a stoichiometric amount of the chiral 

Lewis acid and excess Danishefsky’s diene using dichloromethane as the solvent at -78 ˚C.  

Since the product contained two stereocenters, there was a potential to form four different 

products, two diastereomers and their enantiomers.  The enantiomeric excess of the imine 

and the product was determined using chiral HPLC.  The stereochemistry was assigned by 

forming each individual imine enantiomer and the four products with Danishefsky’s diene 

and determining their elution times on the HPLC.  The selectivity factor was calculated by 

using the ee of the recovered starting material and the conversion. Separation of all four 

products was very difficult using various chiral HPLC columns and therefore conversion 
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was reported from the crude 1H NMR.  We started our investigation of the chiral Lewis 

acids by using the published literature procedure from the Yamamoto group, where a 

B(OPh)3 and (S)-BINOL complex was used as the chiral Lewis acid. 

Table 6.2 (s)-BINOL-B(OPh)3 at different tempratures 

 

The chiral Lewis acid complex was prepared in situ by mixing a 1:1 ratio of 

B(OPh)3 and (S)-BINOL in dichloromethane at room temperature for 1 h.  When we tried 

to replicate the same reaction performed in the Yamamoto paper (dichloromethane, -78 

°C), we were unable to reproduce the reported selectivity factor of 4.1 (Table 6.2, entry 1).  

A repetition of the same experiment was done several times but the highest selectivity 

factor we could achieve was 1.2.  The same reaction was repeated at 0, -40, and 25 ˚C but 

a successful result was not obtained (entries 2-4).  Even when we used 2 equivalents of (S)-

BINOL with B(OPh)3, we did not observe a change in the selectivity factor (Table 6.2, 

entry 5). 
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Even though we could not reproduce the literature results, we started to explore 

conditions that would result in a successful kinetic resolution.  The first change we decided 

to make to our system was the use of different Lewis acids which included different boron 

starting materials and metals with (S)-BINOL (Table 6.3).  We employed a number of 

metals with (S)-BINOL including ZnCl2, Eu(NO3)3, Sc(OTf)3 and CoCl2 (entries 1-4), but 

there was no selectivity generated.  After experimenting with these metal sources we 

started to explore different boron compounds with (S)-BINOL.  As shown in Table 6.2, a 

selectivity factor of 1.5 was achieved when phenyl boronic acid (Table 6.3, entry 5) was 

used as a boron source. Substituted boronic acids like 2-tolylboronic acid and 3-

tolylboronic acid (Table 6.3, entries 6 & 7) were also tried which gave no selectivity for 

either chiral system.  Boronic acid containing electron withdrawing groups still resulted in 

no selectivity (entries 8 & 9).  The sterically hindered compound 2,4,6 trimethyl 

phenylboronic (entry 10) did not help with the selectivity (s= 1.1) but the 

anthracenylboronic acid catalyst gave a little bit of selectivity with a selectivity factor of 

1.5 (entry 11). 
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Table 6.3 Reaction of phenyl imine with different (S)-BINOL-boron/metal complex 

 

Figure 6.2 Other chiral Lewis acid catalysts 

Other chiral ligands were also screened as either boron or other Lewis acid based 

catalysts (Figure 6.2).   Diisopropyl-L-tartrate 6.18 with B(OPh)3 was investigated, but it 
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gave no selectivity  (s = 1).  Catalysts like MeCBS 6.17 and the BISOX-Zn 6.19 complex 

gave no conversion.  Surprisingly the commercially available catalyst, (+)-

Ipc2B(allyl)borane (6.20, 1 M solution in dioxane) gave a selectivity factor of 1.3 but only 

20% conversion was achieved even after 78-80 h. 

Table 6.4 Reaction of imine 6.21 with Danishefsky’s diene in the presence of different 

chiral Lewis acids 

 

 

Laking a successful selectivity factor from imine 6.15, we decided to change our 

substrate to the imine (6.21, a two point binding sites substrate) , synthesized from 1-

phenylethylamine and 2-formylpyridine.  Imine 6.21 was selected as a substrate due to 

improved separation of both the imine and the four diastereomeric products on HPLC.  This 

allowed us to more readily measure enantiomeric excess of the product 6.22, which allowed 

us to calculate a more accurate conversion.  It was also chosen since it had two Lewis basic 

binding sites in which to interact with the Lewis acid.  We wanted to investigate whether 

this would aid in improving selectivity.  A similar experiment to Table 6.2, Entry 1 was 
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performed by taking (S)-BINOL and B(OPh)3 using imine 6.22 as the substrate, but 

disappointingly produced similar selectivity factors to imine 6.14 (s = 1.3) (Table 6.4, Entry 

1).  To our surprise, metals like ZnCl2, and CoCl2 did not give any product formation even 

after 22-24 h.  This indicated a strong binding of the metal between the two nitrogens on 

the imine which prevented further reactivity with Danishefsky’s diene.  We have also tried 

catalysts with hydrogen bonding capabilities, such as the two thioureas catalysts shown in 

Figure 6.3, but the highest selectivity factor achieved was 1.1. Diisopropyl-L-tartrate was 

also tried but it gave almost no selectivity. 

 

 

Figure 6.3 Catalyst with Hydrogen bonding capability 

 

After examining several chiral Lewis acid systems and other catalysts with imines 

6.15 and 6.21 and obtaining little to no selectivity, we decided to investigate the efficiency 

of our in situ catalyst formations.  We were worried that the boron catalyst complexes were 

not forming since we could not reproduce Yamamoto’s work.  Several different methods 

were performed to synthesize the BINOL-B(OPh)3 complex and the boronate ester from 

BINOL and phenyl boronic acid, but 1H NMR spectra was inconclusive regarding complex 
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formation.   Finally, we decided to use the BINOL/B(OPh)3 system with a published 

reaction in order to test for complex formation.  A benzyl imine 6.26 was made and reacted 

with Danishefsky’s diene 6.15 using B(OPh)3 -BINOL 6.13 complex, where product 6.27 

with a 67% ee was obtained compared to the reported ee of 85% (Scheme 6.8 ).18  These 

results show that the BINOL/B(OPh)3 complex seems to be forming, but it is not an 

efficient catalyst for the kinetic resolution.    

 

 

Scheme 6.8 Asymmetric reaction of benzyl imine and Danishefsky’s diene 

 

In conclusion, different chiral Lewis acids and other catalysts were screened for the 

kinetic resolution of amines via imines. No improvement in selectivity factor was observed. 

In the future, different chiral Lewis acid systems including various boron and metal sources 

like substituted boronic acids as well as different substituted BINOL like ligands can be 

investigated to achieve selectivity.  It was known from experiments and modeling studies 

that the substituent on the 3,3’-position of the BINOL influences enantioselectivity in a 

strong way, when used in conjunction with boron/metal compounds. These as well as other 

chiral sources can also be tested to determine their selectivity in these reactions. 
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6.5 Experimental 

All reactions were carried out in oven dried glassware under nitrogen.  Air sensitive 

and moisture sensitive liquids and solutions were transferred using syringe.  Aza-Diels-

Alder reactions were carried out at -78 ˚C using a cryocool.  All thin layer chromatography 

plates were observed under uv lamp (254 nm or 365 nm).  All Solvents including THF, 

dichloromethane, and toluene were dried by passing through a column of activated alumina 

before use and stored over molecular seives. All reagents were purchased and used as is, 

unless otherwise noted. Premium grade silica gel 32-63 μm was used. Column 

chromatography was performed using silica gel as a stationary phase. Enantiomeric excess 

was determined by using chiral HPLC technology. 1H NMR was obtained using a 300 MHz 

NMR and 13C was obtained using a 75.46 MHz NMR.  Samples were prepared using CDCl3
 

and spectra were obtained with reference to the solvent peak 7.26 ppm for 1H and 77.0 ppm 

for 13C at 25 C. Data for 1H NMR spectra was reported as follows: chemical shift (δ, ppm), 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of 

doublets) and coupling constant in (Hz). Data for 13C was reported in terms of chemical 

shifts and number of carbons.  

 

General Procedure for Calculation of Conversion and Selectivity Factor:  

Conversion was calculated by using ee of recovered starting material (ees) and product 

(eep) by using the following equation. 
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Selectivity factor (s = kfast/ kslow) determined by using the following equation. 

S = ln[ (1-C) (1-ee(ees)] / ln[ (1+C) (1+ee(ees)] 

6.5 Experimental Procedure: 

General method for the preparation of imines (Scheme 6.7) :  

 

All imines were prepared using the following general protocol and spectral data matched 

for those published in the literature.  An oven dried 50 mL round bottom flask was charged 

with a stir bar and 35 mL of ethanol under nitrogen.  Racemic amine (20 mmol, 1.0 equiv) 

and aldehyde (20 mmol, 1.0 equiv) was added to the round bottom flask and the resulting 

mixture was allowed to reflux at 60-70 C and water was removed using a Dean-Stark 

apparatus.  The reaction mixtures were allowed to reflux for 7-8 h. At the end of the 

reaction, solvent was removed under reduced pressure. The resulting oil was used without 

further purification.  

Preparation of (E)-N-benzylidene-1-phenylethanamine (6.14) :  

 

Imine 6.14 was made using the above general protocol by mixing phenylethyl amine (2.57 

mL, 20 mmol) and benzaldehyde (2.03 mL, 20 mmol). Spectral data for 6.14: 1H NMR 
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(CDCl3) δ 1.60 (3H, d, J=6.6 Hz), 4.57 (1H, q, J=6.6 Hz ). 7.7-7.82 (2H, m), 8.39 (1H, s); 

13C NMR (CDCl3) δ 22.9, 67.9, 124.8, 124.9, 126.4, 126.6, 126.7, 128.7, 134.5, 143.3, 

157.6 HPLC condition to separate racemic mixture was 10% IPA in 90% hexane using 

OD-H Column. tR 6.58 and 7.73   

Preparation of (E)-1-phenyl-N-(pyridine-2-ylmethylene) ethanamine (6.21):  

 

Imine 6.21 was made using the above general protocol by mixing 1-phenylethylamine 

(2.57 mL, 20 mmol) and pyridine 2-benzaldehyde (1.90 mL, 20 mmol). Spectral data for 

6.21: 1H NMR (CDCl3) δ 1.61 (d, 3H, J = 6.9Hz), 4.64 (q, 1H, , J = 6.6 Hz), 7.2-7.7 (m, 

6H), 7.73 (t, 1H), 8.10 ( d, 1H, J = 7.8 Hz), 8.46(s, 1H), 8.63 (d, 1H, J = 6.6 Hz); 13C NMR 

(CDCl3): δ 24.5, 69.6, 121.5, 124.7, 126.7, 127.0, 128.5, 136.5, 144.6, 149.3, 154.8, 160.4. 

Preparation of (E)-N-benzylidene-1-phenylmethanamine (6.26):  

 

Imine 6.26 was made using the above general protocol by mixing benzyl amine (2.17 mL, 

20 mmol) and benzaldehyde (2.03 mL, 20 mmol). Spectral data for 6.26: 1H NMR (CDCl3) 

δ 4.86 (s, 2H), 7.28-7.47(m, 2H), 7.80-7.84 (m, 2H), 8.42(s,1H ). 13C NMR (CDCl3): δ 

64.8, 126.7, 127.7, 128.0, 128.2, 128.3, 130.5, 135.9, 139.1, 161.7. 
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Control experiments for aza-Diels-Alder reaction of imine 6.15 with B(OPh)3 

compound:   

 

To an oven dried four dram vial, 4Ǻ powdered molecular sieves were added followed by 

10 mL dichloromethane under a nitrogen atmosphere and an addition of B(OPh)3 (51 mg, 

0.35 mmol). After stirring at room temperature for 1 h, thr resulting mixture was cooled to 

0 C, then a solution of imine 6.14 (73 mg, 0.35 mmol) in CH2Cl2 (1 mL) was added. After 

stirring for 10 minutes at 0 C, the mixture was cooled to -78 C, and a solution of 

Danishefsky’s diene (0.084 mL, 0.42 mmol or 0.042 mL, 0.21 mmol) in 1 mL CH2Cl2 was 

added dropwise.  The mixture was allowed to stir at -78 C for 18-20 h. The solution was 

washed with water and a sat. NaHCO3 solution, and then dried over Na2SO4. Solvent was 

removed and a conversion of 43% and a dr of 20:80 was determined by 1H NMR. 

Control experiment for aza-Diels-Alder reaction of imine 6.14 with phenyl boronic 

acid compound: 
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To an oven dried four dram vial, 4Ǻ powder molecular sieves were added followed by 10 

mL dichloromethane under nitrogen atmosphere and a phenylboronic acid (43 mg, 0.35 

mmol). After stirring at room temperature for 1 h, the resulting mixture was cooled to 0 

C, then a solution of  imine 6.14 (73 mg, 0.35 mmol) in CH2Cl2 (1 mL) was added. After 

stirring for 10 minutes at 0 C, a solution of Danishefsky’s diene (0.084 mL, 0.42mmol) in 

1 mL CH2Cl2 was added dropwise.  The mixture was allowed to stir at 0 C for several 

hours, the solution was then washed with water and sat. NaHCO3 solution, and then dried 

over Na2SO4.  Solvent was removed and a conversion of 35% and a dr of 35:65 was 

determined via 1H NMR. 

Aza-Diels-Alder reaction of imine 6.14 with chiral boron/metal compound: 

 

To an oven dried four dram vial, 4Ǻ powder molecular sieves were added using 10 mL 

dichloromethane under nitrogen atmosphere followed by addition of B(OPh)3 or a metal 

compound (0.175 mmol) and (S)-BINOL (0.175 mmol, 1 equiv). After stirring at room 

temperature for 1 h, the resulting mixture was cooled to 0 C, then a solution of imine 6.14 

(73 mg, 0.35 mmol) in CH2Cl2 (1 mL) was added. After stirring for 10 minutes at 0 C, the 

mixture was cooled to -78 C, and a solution of Danishefsky’s diene (0.084 mL, 0.42 

mmol) in 1 mL CH2Cl2 was added dropwise.  The mixture was allowed to stir at -78 C for 

several hours.  The solution was washed with water and a sat. NaHCO3 solution, and then 

dried over Na2SO4. The solvent was removed and purification was done by silica gel 
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column chromatography with the eluent 70% EtOAc in hexane. The enantiomeric excess 

of the product was determined by using a CHIRALPAK OD-H column using a (80:20) 

hexane/isopropanol solvent with a flow rate of 0.600 ml/min.  All four diastereomers did 

not separate on the chiral HPLC, but the individual products were identified by making the 

products from the pure S-imine and R-imine. (Enantiomer tR 18.9 (S enantiomer product), 

21.3 (S and R enantiomer product), 30.1 (R enantiomer product) 

Spectral data:  1H NMR (CDCl3) : δ 1.46 (d, 3H, J = 7.2 Hz), 2.55-2.88 (m, 2H), 4.43 (q, 

1H, J = 6.9 Hz), 4.68 (dd, 1H, J = 6.6, 9.0 Hz), 5.02 (d, 1H, J = 7.8 Hz), 7.05 (d, 1H, J = 

7.8 Hz), 7.09-7.42 (m, 10H).  

Aza-Diels-Alder reaction of imine 6.21 with chiral boron/metal compound: 

 

To an oven dried four dram vial, 4Ǻ powder molecular sieves were added using 10 mL 

dichloromethane under nitrogen atmosphere followed by addition of B(OPh)3 or a metal 

compound (0.175 mmol) and (S)-BINOL (0.175 mmol, 1 equiv). After stirring at room 

temperature for 1 h, the resulting mixture was cooled to 0 C, then a solution of  imine 6.21 

(74 mg, 0.35 mmol) in CH2Cl2 (1 mL) was added. After stirring for 10 minutes at 0 C, the 

mixture was cooled to -78 C, and a solution of Danishefsky’s diene (0.042 mL, 0.21 

mmol) in 1 mL CH2Cl2 was added dropwise.  The mixture was allowed to stir at -78 C for 

several hours.  The solution was washed with water and a sat. NaHCO3 solution, and then 
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dried over Na2SO4. Solvent was removed and purification was done by silica gel column 

chromatography using 60% EtOAc in hexane. The enantiomeric excess was determined by 

using CHIRALPAK OD-H column using an 80:20 hexane/isopropapol solvent with a flow 

rate of 0.600 ml/min. The products in the HPLC were identified by making the individual 

products from pure S-imine and R-imine. 22.7 (product of S enantiomer), 25.2 (product of 

S enantiomer), 30.6 (Product of R enantiomer mixture), 31.9 (product of R enantiomer)  

Spectral data: 1H NMR (CDCl3)  δ 1.44 (d, 3H, J = 6.6 Hz), 2.64-2.88 (m, 2H), 4.43 (q, 

1H, J = 6.9 Hz), 4.77 (dd, 1H, J = 5.1, 5.4 Hz), 4.91 (d, 1H, J = 7.8 Hz), 7.05 (d, 1H, J = 

7.8 Hz), 7.10-7.32 (m, 7H), 7.32-7.59 (m,1H ), 8.50(d, J= 3.6Hz, 1H); MS: M+ = 278. tR 

22.7  

aza-Diels-Alder reaction of imine 6.26 with Chiral Boron-(S)-BINOL (6.13) 

compound:    

 

To an oven dried four dram vial, 4Ǻ powder molecular sieves were added using 10 mL 

dichloromethane under nitrogen atmosphere followed by addition of B(OPh)3 (101 mg, 

0.35 mmol) and (S)-BINOL (100 mg, 0.35 mmol). After stirring at room temperature for 1 

h, the resulting mixture was cooled to 0 C, then a solution of  imine (68 mg, 0.35 mmol) 

in CH2Cl2 (1 mL) was added. After stirring for 10 minutes at 0 C, the mixture was cooled 

to -78 C, and a solution of Danishefsky’s diene (0.084 mL, 0.42mmol) in 1 mL CH2Cl2 

was added dropwise.  The mixture was allowed to stir at -78 C for several hours.  The 
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solution was washed with water and a sat. NaHCO3 solution, and then dried over Na2SO4. 

Solvent was removed and purification was done by silica gel column chromatography to 

afford pure product (22% yield). The enantiomeric excess of the product was determined 

by using a CHIRALPAK AD-H column using a (90:10) hexane/isopropanol solvent with 

the flow rate of 1.0 ml/min. Spectral data: 1H NMR (CDCl3)  δ 2.68 (dd, 1H, J=7.8, 16.5 

Hz ), 2.87 (dd, 1H, J= 6.9,16.5 Hz ), 4.13 (d,1H, J=15.0 Hz,), 4.36(d, 1H, J=15.3 Hz), 4.52 

(t, 1H, J=7.5 Hz,), 5.09 (d, 1H, J=7.5 Hz,), 7.11-7.39 (m, 1H). 
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