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ABSTRACT 

 

 

Chiral 1-arylprop-2-en-1-ols and 1-arylprop-2-yn-1-ols are useful building blocks for 

modern pharmaceuticals. Previous work has found that enzyme catalysis is a potential new 

enantioselective synthetic route to the former.  We found that Candida antarctica lipase is 

also an effective catalyst for kinetic resolution of various substituted 1-arylpropargylic 

acetates and haloacetates, affording the respective (R) -1-arylproargylic alcohols with high 

enantioselectivity (99-100% ee). By varying the substituents on both sides of the ester bond, 

we discovered that the deacylation of lipase is likely the rate-determining step for our 

catalytic system.  A greater challenge is designing a dynamic kinetic resolution (DKR) 

system for such substrates, which combines a resolving catalyst (lipase) with a racemizing 

catalyst, and can potentially lead to quantitative conversion of a racemic substrate into an 
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enantiopure product. We studied the efficacy of various transition-metal complexes for 

substrate racemization and will report our results for In and Cu compounds. 

While kinetic resolution has been performed on the 1-arylallylic acetates with 

excellent yield and enantioselectivity and the DKR regime has been designed, the resulting 

site-isolation system has required further testing and fine tuning.  We have herein 

investigated the utilization of macroscale site-isolation as well as various factors including 

solvent, and acyl donor effects in order to optimize conditions of the system.  
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Part I: Enantioselective Hydrolysis of 1-Arylpropargylic Esters  

By Enzymatic Kinetic Resolution 
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CHAPTER 1 

INTRODUCTION 

1-Arypropargylic alcohols are useful and widely used precursors for drugs and other 

biologically active compounds (Figure 1).
1-4

  As a result, routes to synthesis of enantiopure 

quantities of these compounds and their corresponding amines have been of particular 

research interest.  One of the most efficient ways to produce these alcohols is through 

enantioselective hydrolysis of their corresponding esters.  A particularly promising 

methodology is that of enzymatic kinetic resolution (KR) (Figure 2)
5,6

. 

Kinetic resolution utilizes the principle that certain catalysts will react with one 

enantiomer of a racemic mixture at a much higher rate than with the other.  The most 

commonly used catalysts for these systems tend to either be enzymatic or transition-metal-

based.  Our particular regime uses Candida antarctica lipase B (CaL B), a commercially-

available serine hydrolase, which has previously shown high enantioselectivity for analogous 

1-arylallylic esters.
7
  Lipases are particularly attractive since they do not lose activity in non-

aqueous media, allowing for a great deal of flexibility in solvent choice.  This has led to their 

widespread use in organic synthesis
8
.  This methodology, however, does come with inherent 

restrictions.  Since the enzyme will readily react with only one of the two enantiomers, a 

racemic mixture can only result in a 50% yield at best.  In many cases the yields tend to fall 

short of the 50% mark, due to a large enantiomeric excess (ee) of the slow reacting 

enantiomer.  This depletion of the fast-reacting enantiomer in solution causes a drop in the 

overall rate of reaction.  Depending on the enantioselectivity of the enzyme for a particular 

substrate, it may allow for hydrolysis of the slow reacting enantiomer before all of the fast-

reacting enantiomer has been consumed.   
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Figure 1. 1-Arylpropargyl alcohols as chiral building blocks 

To overcome these restrictions, a dynamic kinetic resolution (DKR) regime must be 

designed.  DKR systems involve a secondary catalyst, which acts to racemize the substrate.  

Provided the rate constant for racemization is faster than the resolution constant of the slow 

enantiomer (preferably faster than either of the resolution rates) then it is possible to fully 

convert a racemic mixture into an enantiopure product.  In the past 15 years the capabilities 

and applications of such regimes have advanced considerably.
9
  While obviously an alluring 

concept, DKR regimes have to be tailored to fit a specific substrate.  Therefore, a number of 

considerations must be taken into account when designing such schemes, including the 

interaction of the catalysts with one another.  In addition racemizing catalysts must only 

racemize the substrate, and not the product, which presents difficulty, since the two would 

inevitably share many structural and electronic properties.   
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Figure 2. Kinetic resolution and dynamic kinetic resolution 

We have herein investigated the effects of varying para-substituents on the aryl group 

of the propargylic substrates and their effect on the reaction rate and the enantioselectivity of 

the enzyme for each particular substrate.  In addition, the nature of the acyl group was also 

varied to investigate its effects on the same parameters.  By varying these two characteristics 

of the substrate we were also able to deduce the rate-determining step of the reaction.  These 

experiments have been in preparation for the design of DKR regimes for these substrates, as 

it is necessary to optimize the KR conditions first.  Finally, we have examined a variety of 

catalysts for use as possible racemizing agents in a DKR regime. 
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CHAPTER 2 

 RESULTS AND DISCUSSION 

2.1 Rationale 

While other research has used CaL B for enantioselective esterifcation of racemic 

alcohols using vinyl acetates as acyl donors
10-12

, our work has focused on the reverse process: 

the enantioselective conversion of racemic acetates to chiral alcohols via lipase-catalyzed 

hydrolysis in organic solvents.  These lipase catalyst systems operate under milder 

conditions, which are ideal for further development of a DKR regime.  We prepared the 

racemic alcohol, which was then acylated to give the racemic ester, which then underwent 

enantioselective hydrolysis using the lipase.  CaL B was specifically selected for our trials 

due to its success with the 1-arylallylic substrates, which exhibited excellent 

enantioselectivities. 

2.2 Kinetic resolution of various propargylic esters by CaL B 

The lipase-catalyzed alcoholysis of the 1-arylpropargylic esters was studied using 

toluene.  Some experiments were also conducted in THF.  Initial studies looked at the effects 

of the acyl group on the reaction (Table 1, entries 2-4 and 11-13).  Both sets of three esters 

(acetate, chloroacetate, and dichloroacetate) yielded the (R)-alcohol with excellent 

enantioselectivies.  In both instances changing from the acetate to chloroacetate yielded 

shortened reaction times, while changing to dichloroacetate lengthened them again. 

The effects of the stereoelectronic properties of the substrate were investigated by 

altering the para-substituent on the phenyl ring.  In addition the ester group was also varied.  

The majority of trials were carried out in toluene instead of THF, as they afforded shorter 

reaction times, possibly as a result of less solvent interaction with the active site due to 
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toluene’s non-polar nature.  Previous study has shown that CaL B displays higher levels of 

enzymatic activity as well as higher equilibrium yields in hydrophobic solvents.
13

  

Experiments showed that the acetates possessing either electron-donating (1D and 1G) or 

electron-withdrawing (1J, 1M, and 1Q) substituents showed no significant change in 

reaction time as compared to the unsubstituted acetate 1A.  When the chloroacetates were 

similarly substituted, a similar increase in reaction rate was observed when compared to the 

unsubstituted chloroacetate, but did not appear to vary with the electronic nature of the 

substituent. 

Our observations correlate with the accepted “bi bi ping-pong” mechanism for C. 

antarctica lipase B (Figure 3).
14,15

  The serine portion (3A) of the catalytic triad attacks the 

ester substrate R′CO2R″ forming a tetrahedral intermediate (3B) before the departure of the 

R″OH to yield the enzyme-acyl complex (3C).    In the following deacylation step the acyl 

complex reacts with an acyl acceptor (isopropanol) leading to its transesterification.  This 

proceeds by way of a second tetrahedral intermediate (3D).  For this particular enzyme either 

the acylation or deacylation step is capable of being the rate-determining step.  This can 

depend on a number of factors including substrate concentration, solvent, and other reaction 

conditions
14

. 

If the acylation step is rate-determining, then an electron-poor alcohol would be a 

better leaving group resulting in faster reaction rates.  In this case the stereoelectronic 

properties of the acyl group (i.e. R″ = CH3, CH2Cl, CHCl2) should not affect the overall rate, 

as their nature would only affect the deacylation step.  On the other hand if the deacylation 

step is rate-determining, then stereoelectronic properties of the acyl group will affect the 

overall reaction rate, instead of those of the departing alcohol. 
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Table 1. Kinetic resolution of racemic propargylic esters 1 

into the corresponding chiral propargylic alcohols 2.
a
 

 

Entry Ar R 1 Solvent Time (h) Yield (%)
 b
 ee (%)

 c
 

1 Ph CH3 A THF 24 49.5 >99 

2 Ph CH3 A toluene 24   48.5 
d
 >99 

3 Ph CH2Cl B toluene 3 50.1 >99 

4 Ph CHCl2 C toluene 12 49.2 >99 

5 p-CH3OC6H4 CH3 D toluene 3 50.7 >99 

6 p-CH3OC6H4 CH2Cl E toluene 0.5 37.1 98.9 

7 p-CH3C6H4 CH3 G THF 24 49.5 >99 

8 p-CH3C6H4 CH3 G toluene 6 48.7 >99 

9 p-CH3C6H4 CH2Cl H toluene 0.5 45.8 99.6 

10 p-ClC6H4 CH3 J THF 24 48.9 >99 

11 p-ClC6H4 CH3 J toluene 3 50.1 >99 

12 p-ClC6H4 CH2Cl K toluene 0.5 50.5 92.7 

13 p-ClC6H4 CHCl2 L toluene 3 45.5 >99 

14 p-CF3C6H4 CH3 M toluene 3 48.8 >99 

15 p-CF3C6H4 CH2Cl N toluene 1 49.7
 

  99
 
 

16 p-O2NC6H4 CH2Cl Q toluene 3 ~ 50
 e 

>99 

a General conditions: 0.25 M (0.2 mmol) substrate, 2.5 M (10 equiv.) isopropanol, CaL as Novozym 435 (0.4 
g catalyst/mmol substrate), room temperature (23 C).  See Experimental Section 4.3 for details on absolute 
configurations 

b Integration error 5-10 % for NMR yields. 
c An ee value listed as “>99” means that the peak for the opposite enantiomer of the product was not 

observed; since the relative GC peak area integration error, as determined from the resolution of racemates, was 
0.5-1.0 %, then >99 % is a conservative estimate. 

d Isolated yield of 2A under these conditions (1A in toluene) was 38.5 %; see section 4.6.3 for details. 
e These yields were estimated by chiral GC-MS, taking into account the ee values for the starting material 

(racemic ester 1), and for the products (chiral (R)-2 and unreacted chiral (S)-1.  Apart from enantiomers of 1 
and 2, only isopropyl acetate, isopropanol, and toluene were detected by chiral GC-MS. 
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For example, our group recently investigated the hydrolysis of 1-arylallylic acetates 

in a water/acetonitrile solvent system.  There, electron-withdrawing groups on the aromatic 

rings significantly sped up the rate of reaction while the electron-donating groups slowed it 

down.  In that system, acylation is the rate-determining step “because the steric bulk of the 

alkoxy part of our esters results in significant decrease in the rate of the attack of the serine 

on the carbonyl group of the ester.”
7
 A similar observation was also made by Kobayashi, 

who showed that in his CaL-based lactone polymerization system acylation was the rate-

determining step, since the increase in the sterical bulk of the alkoxy part of the ester led to 

lower reaction rates.
16

 

However, with propargylic esters the picture is different.  The similar increase in the 

rate of alcoholysis with the introduction of electron-withdrawing group was not observed 

either for the acetates or for the chloroacetates.  It is plausible that the geometrically different 

propargylic substrates bind in a different manner to the active site of CaL B, compared to 

their allylic or aliphatic analogues. 

Finally, the introduction of a chlorine into the acyl group first results in the large rate 

increase from acetate to chloroacetate and then a rate decrease from chloroacetate to 

dichloroacetate (entries 2-4 in Table 1, and R′ = CH3, CH2Cl, CHCl2 in Figure 2).  Since the 

alcohol leaving group is the same for all these substrates, the difference in observed rates of 

hydrolysis can come from difference in the deacylation step or from the difference in binding 

of the substrate to the active site of the enzyme.  The attack of the isopropanol on the 

enzyme-acyl intermediate (3C) in the deacylation step is faster as the carbonyl carbon 

becomes more electrophilic with increasing electron-withdrawing character of the R′ group.  

However, that same attack eventually slows down, with the increasing bulk of the R′ group 
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due to the addition of Cl atoms.  Thus, the tradeoff of steric and electronic properties of R′ 

can be responsible for the observed difference in rates. 

Figure 3.  Mechanism of ester alcoholysis by i-PrOH catalyzed by CaL B.   

2.3 Testing of potential racemization catalysts 

2.3.1 Inspiration 

Upon completion of the testing of our KR system, we were able to move onto the 

testing of possible racemizing catalysts.  The inspiration for our choice of catalysts came 

from those reactions, which used transition metals to catalyze propargylic substitutions that 

either proceeded through a sp
2
 planar intermediate (“SN1-like”)

17,18
, or used a nucleophile 

identical to our leaving group to repeatedly invert the stereochemistry in an “SN2-like” 

fashion
19,20

. 

3A 3B 

3C 3D 
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2.3.2 Indium 

Indium was of particular interest, as the use of both indium metal and indium (III) 

halides has increased in organic chemistry due to their low toxicity and stability in both 

aqueous and mixed-solvent conditions.
21,22

 Indium (III) bromide specifically was shown to 

catalyze the reduction of propargylic acetate by Et3SiH (Figure 4).
23 

It was speculated that the 

reaction proceeded through an indium-organic radical species, which could hopefully 

scramble the chirality of our substrate.   

 

 

 

Figure 4. Reduction of propargylic acetate by Et3SiH catalyzed by InBr3 

Racemization trials were carried out in dichloromethane, THF, and water/acetonitrile 

(1:1) solvent systems using (R)-1-phenylprop-2-yn-1-yl acetate ((R)-1A) as our substrate.  In 

all cases racemization was not observed, however, in some cases bromide displaced the 

acetate group, leading to the generation of (1-bromoprop-2-yn-1-yl)benzene.  Since a 

reactive intermediate was evidently being formed, a switch was made to indium (III) acetate, 

in order to replace the stronger nucleophile with one identical to our acetate leaving group.  

These experiments were carried out in toluene, THF, and acetonitrile at temperatures ranging 

from 20 to 60°C.  No catalytic activity was observed after seven days.  Similar experiments 

were carried out using indium metal powder, but met with negative results. 

2.3.3 Copper 

In recent years copper has been used to catalyze nucleophilic propargylic substitution.  

Specifically it has been used in conjunction with chiral ligands to carry out enantioselective 
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substitution of a variety of propargylic substrates.
24-27

  In most cases the nucleophiles were 

various arylamines, but β-dicarbonyl compounds were also found to be suitable.
18

 The most 

commonly used copper catalysts in these systems were copper (I) iodide and copper (I) 

triflate benzene complex.  These were combined with a variety of chiral ligands,  

 

Figure 5. Proposed catalytic cycle for copper-catalyzed enantioselective propargylic 

amination.
19 

including pybox (pyridine-2,6-bisoxazoline), binap (2,2’-bis(diphenylphosphino)-1,1’-

binaphthyl), and biphep (2,2’-bis(diphenylphosphino)-1,1’-biphenyl).  The proposed catalytic 

cycle for these substitutions had the formation of a π-complex between the copper and 

propargylic substrate (Figure 5)
24

 (5A), followed by deprotonation to give the copper–

acetylide (5B).  It is at this point the acetate was thought to leave generating the planar 
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propargyl cation (5C).  At this point the nucleophile could then come in and attack the cation 

(5D).  Our proposed plan consisted of removing the nucleophile and allowing the acetate to 

reattach to the now planar structure resulting in a 50/50 chance of either configuration 

(Figure 6). 

 

 

Figure 6. Proposed catalytic cycle for copper-catalyzed racemization. 

Both copper (I) iodide and copper (I) triflate benzene complex were tested in 

combination with (±)-binap in methanol.  (R)-1-phenylprop-2-yn-1-yl acetate ((R)-1A) was 

again used as our substrate.  Initial trials with copper (I) iodide yielded no racemization but 

rather led to the hydrolysis of our substrate.  Similar hydrolysis was seen with copper (I) 

triflate benzene complex but a large percentage of substrate was also converted to (1-

methoxyprop-2-yn-1-yl)benzene.  The most likely cause of this was the deprotonation of 

methanol by our base, diisopropylethylamine (DIPEA), to give methoxide, which could then 
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attack our substrate.  The generation of this methyl ether led us to suspect that the propargyl 

cation was indeed forming.  As the most likely cause of hydrolysis of our substrate was 

methanol, a number of other solvents were tried, including isopropanol, toluene, and 

acetonitrile.  All trials yielded no catalytic activity, with neither the alcohol nor methyl ether 

being observed.  Additionally, a 1:1 methanol/acetonitrile solvent system was also tested, but 

yielded similar results to the pure methanol system if somewhat muted.  Therefore, we 

proceeded with methanol as our solvent and proceeded to vary other parts of the system.  To 

investigate whether using a chiral ligand had any effect on our reaction we switched from 

binap to achiral triphenylphosphine.  We once again observed both the alcohol as well as the 

methyl ether, however the ee of the alcohol had dropped from 97.5 % to 75.5 %.  Whether 

this minor amount of racemization occurred before or after hydrolysis, is unknown at this 

time. 
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CHAPTER 3 

CONCLUSION 

In conclusion, C. antarctica lipase B immobilized on acrylamide beads (Novozym®
 

435) catalyzes kinetic resolution of various readily available racemic 1-arylpropargyl acetates 

and haloacetates via alcoholysis (trans-esterification) with isopropanol, affording 

enantiomerically pure (R)-1-arylprop-2-yn-1-ols in high yields and with excellent ee values.  

The rate of the reaction depends on the electronic properties of the ester substrate and is 

faster for chloroacetates compared to that of acetates.  In addition, there appears to be no 

significant correlation between the electronic nature of the aryl substituent and the rate of 

reaction.  However, there is a noticeable increase in reaction rate for substrates that bear any 

substituent at the para- position.  This suggests the interaction between the substrate and the 

corresponding portion of the active site is less dependent on the electronic properties of the 

aryl group but rather on its steric properties. 

 While indium (III) catalysts failed to racemize our substrates, copper (I) triflate 

benzene complex showed promising catalytic activity.  The presence of the methyl ether is 

strong evidence for the formation of the propargyl cation.  The lack of reactivity seen with 

non-polar and polar aprotic solvents implies that the reaction may require a sufficiently protic 

medium to proceed.  Most importantly, the switch from (±)-binap to the achiral 

triphenylphosphine gave us the first real sign of racemization.  Whether this is due to it being 

achiral or monodentate (as opposed to a bidentate) ligand requires further study. 
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CHAPTER 4 

EXPERIMENTAL SECTION 

4.1 Chemicals 

All reagents, catalysts, and solvents were obtained from commercial suppliers and 

were used without further purification, except as noted below.  Anhydrous THF was distilled 

prior to use from sodium benzophenone ketyl, or purchased in an inhibitor-free form.  

Triethylamine was dried over calcium hydride and then distilled.  Candida antarctica lipase 

covalently immobilized on acrylamide beads (Novozym® 435) was obtained from Sigma 

(L4777).  Column chromatography was performed on silica gel (70-230 mesh, 63-200 μm 

particle size). 

4.2 Instrumentation 

1
H NMR spectra were recorded at 400 MHz in CDCl3.  The chemical shifts are 

reported as δ values (ppm) relative to tetramethylsilane, the integration error was less than 5-

10 %.  Baseline separation of enantiomers of propargylic alcohols 2A-Q was achieved on a 

gas chromatograph / mass-spectrometer (GC-MS) instrument with bonded Chiraldex B-PM 

column (Astec, 30 m  0.25 mm), using helium (99.9995 %) as a carrier gas, a split ratio of 

30:1, and an injection volume of 1-3 µL; the relative GC peak area integration error, as 

determined from the resolution of racemates, was 0.5-1 %. 

4.3 Identification of chiral alcohols and side products 

The alcohol products were identified by their 
1
H NMR and mass-spectra and by GC 

retention times, in comparison with racemic authentic samples (2A, same as 2B and 2C) and 

previously published data (2G,
28

 2J,
29

 2N, and 2Q
30

).  The absolute configuration of chiral 1-

phenylprop-2-yn-1-ol (R)-2A was confirmed by comparison with an authentic sample using a 
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chiral GC analysis.  (R)-Configurations of chiral 1-arylpropargylic alcohols 2D-Q were 

assigned because of their structural analogy to (R)-2A.  (1-Bromoprop-2-yn-1-yl)benzene is 

commercially available and was only characterized by GC-MS.  (1-Methoxyprop-2-yn-1-

yl)benzene was previously characterized.
31 

4.4 General procedure for the preparation of propargylic alcohols
7
 

Aldehyde (10.0 mmol) was dissolved in anhydrous diethyl ether (250.0 mL), and the 

resulting clear solution was cooled to 0 °C.  Ethynyl magnesium bromide (0.5 M in THF, 

12.0 mmol) was then added dropwise to the reaction mixture, and the reaction mixture was 

allowed to slowly warm to room temperature (23 °C).  After 24 hours, the reaction mixture 

was diluted with diethyl ether and quenched with a saturated ammonium chloride solution, 

and the layers were separated.  The aqueous layer was extracted twice with methylene 

chloride.  The combined organic layers were washed twice with water, dried over anhydrous 

magnesium sulfate, and concentrated in vacuo.  The residual oil was purified by flash 

chromatography (silica gel, ethyl acetate/hexanes) to yield the corresponding propargylic 

alcohol. 

The following racemic propargylic acetates were previously prepared by the same or 

similar procedure and characterized by at least 
1
H NMR and MS: 1-(4-methylphenyl)prop-2-

yn-1-ol (2G)
28

, 1-(4-chlorophenyl)prop-2-yn-1-ol (2J),
29

 and 1-(4-nitrophenyl)prop-2-yn-1-

ol (2Q).
30

 

4.5 General procedures for the preparation of propargylic esters 

4.5.1 Propargylic acetates 

The propargylic alcohol (2.0 mmol) was mixed with 4-dimethylaminopyridine (1.0 

mmol), triethylamine (4.0 mmol) and methylene chloride (5 mL) at room temperature (23 



17 

 

°C).  Acetic anhydride (4.0 mmol) was added dropwise, and the reaction mixture was stirred 

for 24 h.  After that, the reaction mixture was quenched with water, washed with 2M 

hydrochloric acid, and the aqueous phase was extracted with methylene chloride.  The 

combined organic extracts were washed with saturated aqueous sodium bicarbonate, water, 

and brine, dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo.  The 

residual oil was purified by flash chromatography (silica gel, ethyl acetate/hexanes) to yield 

the corresponding propargylic acetate. 

The following racemic propargylic acetates were previously prepared by the same or 

similar procedure and characterized by at least 
1
H NMR and MS: 1-phenylprop-2-yn-1-yl 

acetate (1A),
25

 1-(4-methylphenyl)prop-2-yn-1-yl acetate (1G),
32

 and 1-(4-

chlorophenyl)prop-2-yn-1-yl acetate (1J).
32

  

4.5.2 Propargylic haloacetates
32 

Alcohol (2.0 mmol), pyridine (4.4 mmol), and 4-dimethylaminopyridine (1 mol %, 20 

mol) were dissolved in anhydrous methylene chloride (2 mL) and cooled to 0 °C. 

Haloacetyl chloride (4.0 mmol) was added dropwise, the mixture was warmed to room 

temperature and stirred for 18 h.  After that, the reaction mixture was quenched with 2M 

aqueous hydrochloric acid, and extracted with ether. The combined organic phases were 

washed with saturated aqueous sodium bicarbonate and brine, dried over anhydrous 

magnesium sulfate, filtered, and concentrated in vacuo.  The residual oil was purified by 

flash chromatography (silica gel, hexanes/ethyl acetate) to yield the corresponding 

propargylic haloacetate. 

The following racemic propargylic haloacetate was previously prepared by the same 

or similar procedure and characterized by at least 
1
H NMR and MS: 1-phenylprop-2-yn-1-yl 
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2-chloroacetate (1B).1
32

  Other racemic haloacetates were never reported before.  The 

identity and purity of these compounds was confirmed by at least 
1
H NMR and chiral GC-

MS (see below). 

1-Phenylprop-2-yn-1-yl 2,2-dichloroacetate (1C): 
1
H NMR: δ 7.56-7.59 (m, 2H), 

7.42-7.44 (m, 3H), 6.50 (d, J = 2.4 Hz, 1H), 5.97 (s, 1H), 2.79 (d, J = 2.4 Hz, 1H).  GC-MS: 

m/z (%) 242 (M
+
, 1.3), 244 (M

+
, 0.9), 207 (M

+
 Cl, 17), 131 (12), 116 (9.4), 115 (100), 114 

(65), 89(10). 

1-(4-Methoxyphenyl)prop-2-yn-1-yl 2-chloroacetate (1E): 
1
H-NMR: δ 7.5 (d, J = 8.6 

Hz, 2H), δ 6.94 (d, J = 8.6 Hz, 2H), δ 6.48 (d, J = 2.3 Hz, 1H), δ 4.06 (ABq, ΔδAB = 0.05, J = 

15.2 Hz, 2H), δ 3.83 (s, 3H), δ 2.7 (d, J = 2.0 Hz, 1H).  GC-MS: m/z (%) 238 (M
+
, 5), 239 

(M
+
, 1), 240 (M

+
, 2), 203 (M

+
-Cl, 27), 146 (12), 145 (100), 144 (85), 102 (17). 

1-(4-Methylphenyl)prop-2-yn-1-yl 2-chloroacetate (1H): 
1
H-NMR: δ 7.45 (d, J = 8.2 

Hz, 2H), δ 7.23 (d, J = 7.9 Hz, 2H), δ 6.49 (d, J = 2.3 Hz, 1H), δ 4.07 (ABq, ΔδAB = 0.04, J = 

15.23 Hz, 2H), δ 2.71 (d, J = 2.05 Hz, 1H), δ 2.38 (s, 3H).  GC-MS: m/z (%) 222 (M
+
, 3), 

224 (M
+
, 1), 187 (M

+
-Cl, 15), 129 (54), 128 (100), 127 (14). 

1-(4-Chlorophenyl)prop-2-yn-1-yl 2-chloroacetate (1K): 
1
H-NMR: δ 7.51 (d, J = 8.20 

Hz, 2H), δ 7.40 (d, J = 8.6 Hz, 2H), δ 6.48 (d, J = 2.3 Hz, 1H), δ 4.08 (ABq, ΔδAB = 0.04, J = 

15.1 Hz, 2H), δ 2.74 (d, J = 2.3 Hz, 1H).  GC-MS: m/z (%) 242 (M
+
, 4), 243 (M

+
, 1), 244 

(M
+
, 3), 207 (M

+
-Cl, 17), 151 (28), 150 (40), 149 (86), 148 (100), 114 (19), 113 (23). 

1-(4-Chlorophenyl)prop-2-yn-1-yl 2,2-dichloroacetate (1L): 
1
H-NMR: δ 7.51 (d, J = 

8.6 Hz, 2H), δ 7.41 (d, J = 8.6 Hz, 2H), δ 6.47 (d, J = 2.3 Hz, 1H), δ 5.97 (s, 1H), δ 2.8 (d, J 

= 2.3 Hz, 1H).  GC-MS: m/z (%) 276 (M
+
, 2), 278 (M

+
, 2), 280 (M

+
, 1), 241 (14), 151 (32), 

150 (32), 149 (100), 148 (68), 114 (17), 113 (16). 
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 1-(4-(Trifluoromethyl)phenyl)prop-2-yn-1-yl 2-chloroacetate (1N): 
1
H-NMR: δ 7.68 

(s, 4H), δ 6.55 (d, J = 2.0 Hz, 1H), δ 4.10 (ABq, ΔδAB = 0.04, J = 15.2 Hz, 2H), δ 2.77 (d, J = 

2.0 Hz, 1H).  GC-MS: m/z (%) 276 (M
+
, 6), 277 (M

+
, 1), 278 (M

+
, 2), 241 (M

+
-Cl, 21), 200 

(12), 199 (18), 184 (10), 183 (89), 182 (100), 133 (17). 

1-(4-Nitrophenyl)prop-2-yn-1-yl 2-chloroacetate (1Q): 
1
H NMR: δ 8.29 (d, J = 8.8 

Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 6.58 (d, J = 2.4 Hz, 1H), δ 4.14 (ABq, ΔδAB = 0.03, J = 

15.0 Hz, 2H), 2.80 (d, J = 2.4 Hz, 1H).  GC-MS: m/z (%) 253 (M
+
, 3.2), 255 (M

+
, 1.8), 218 

(M
+
-Cl, 25), 177 (19), 176 (15), 161 (8.9), 160 (46), 159 (100), 130 (17). 

(1-Bromoprop-2-yn-1-yl)benzene: GC-MS m/z (%) 194 (M
+
, 6), 196 (M

+
, 6), 116 

(11), 115 (M
+
-Br, 100), 89 (8), 63 (6), 58 (5). 

4.6 General procedures for the kinetic resolution experiments 

4.6.1 Isopropanol/THF 

Propargylic ester (0.2 mmol), Candida antarctica lipase B immobilized on acrylic 

resin (Novozym ® 435) (80 mg), THF (1.0 mL), and isopropanol (10 equiv., 2.0 mmol, 

0.160 mL) were mixed in a 15-mL vial and vigorously stirred at room temperature (23 °C).  

The progress of the kinetic resolution was monitored by 
1
H NMR spectroscopy.  A typical 

procedure for NMR sample preparation involved withdrawing a small aliquot (20.0 L) of 

the reaction mixture, dissolving in CDCl3 and separating lipase from liquid phase by 

centrifugation.  The yield was measured by 
1
H NMR spectroscopy (the relative peak area 

error up to 5-10 %), and the enantiomeric excess was determined by chiral GC-MS (the 

relative peak area error up to 0.5-1 %), as described above. 
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4.6.2 Isopropanol/toluene 

The reaction procedure was the same as in 4.6.1. except that toluene (1.0 mL per 0.2 

mmol of substrate) was used as the solvent instead of THF.  Additionally background 

reactions were setup in order to see at what rate normal non-enantioselective hydrolysis 

occurred due to reaction conditions.  The procedure for these experiments was the same as 

above except that the lipase was omitted and sample collections were done over multiple 

weeks.    

4.6.3 Preparatory scale kinetic resolution of 1A 

The procedure for THF system described above (section 4.6.1.) was scaled up 3.65 

times (0.73 mmol (128 mg) of substrate 1A, 293 mg of immobilized lipase, 3.65 mL of THF, 

and 0.58 mL of isopropanol).  After the reaction was allowed to run for 24 h, immobilized 

lipase was filtered off, and the filtrate was concentrated in vacuo.  Column chromatography 

on silica gel (gradient of 4:1 to 2:1 hexanes:ethyl acetate) yielded 37.0 mg (0.280 mmol, 38.5 

%) of the desired chiral 2A ((R)-1-phenylprop-2-yn-1-ol), ee > 99 %) as a colorless oil and 

50.5 mg (0.290 mmol, 39.5 %) of unreacted enantiomer of 1A ((S)-1-phenylprop-2-yn-1-yl 

acetate, ee > 99 %).  Isolated (R)-2A and (S)-1A were > 99.7 % pure (by GC) and were 

identified as described above (section 4.3). 

4.7 General procedure for the racemization experiments 

4.7.1 Indium (III) catalysts 

0.1 mmol of (R)-1-phenylprop-2-en-1-yl acetate and 0.02 mmol of sodium acetate 

were dissolved in 1-1.5 mL of solvent (toluene, THF, or acetonitrile).  To this mixture 0.1 

mmol of indium catalyst was added.  Trials were carried out at 20°C, 40°C, and 60°C.  The 

progress of the reaction was monitored by GC-MS. 
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4.7.2  Copper (I) catalysts 

0.02 mmol of copper catalyst (copper (I) iodide or copper (I) triflate benzene 

complex) and 0.024 mmol of (±)-binap or triphenylphosphine were dissolved in 1 mL of 

solvent and allowed to mix for 20 minutes in an ice bath. 0.1 mmol of (R)-1-phenylprop-2-

en-1-yl acetate and 0.02 mmol of sodium acetate were then dissolved in 0.4 mL of solvent 

and allowed to mix for 20 minutes in an ice bath.  After 20 minutes had elapsed, the first two 

solutions were combined and allowed to mix for an additional 10 minutes.  0.8 mmol of 

DIPEA was then mixed 0.4 mL of solvent and then added dropwise to the main reaction 

mixture. Solvent choices included methanol, isopropanol, toluene, acetonitrile, and 1:1 

methanol/acetonitrile.  Progress of the reaction was monitored by GC-MS.   
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CHAPTER 5 

SUPPORTING SPECTRA 

1
H-NMR of 1-Phenylprop-2-yn-1-yl 2,2-dichloroacetate (1C) 
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1
H-NMR of 1-(4-Methoxyphenyl)prop-2-yn-1-yl 2-chloroacetate (1E) 
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1
H-NMR of 1-(4-Methylphenyl)prop-2-yn-1-yl 2-chloroacetate (1H) 
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1
H-NMR of 1-(4-Chlorophenyl)prop-2-yn-1-yl 2-chloroacetate (1K) 
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1
H-NMR of 1-(4-Chlorophenyl)prop-2-yn-1-yl 2,2-dichloroacetate (1L) 
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1
H-NMR of 1-(4-(Trifluoromethyl)phenyl)prop-2-yn-1-yl 2-chloroacetate (1N) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

1
H-NMR of 1-(4-Nitrophenyl)prop-2-yn-1-yl 2-chloroacetate (1Q) 
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CHAPTER 1 

INTRODUCTION 

As previously described, DKR systems can be designed to overcome the drawbacks 

inherent to KR systems.  In recent years the scope and efficiency of DKR regimes have 

advanced significantly.
1
  The ability to racemize the substrate permits us to exceed the 50 % 

conversion limitation inherent to a KR regime.  In addition, if the rate constant of 

racemization is sufficiently large, the rate of resolution can be largely maintained.  While 

DKR does offer the possibility of resolving the major problems with ordinary KR systems, 

designing these regimes presents several challenges.  Due to the highly specific nature of the 

possible chiral centers, DKR regimes have to be tailored to accommodate a specific set of 

substrates.  This requires selecting a racemizing catalyst, which does not interact with the 

resolving catalyst in an unfavorable manner, or require operating conditions nonconducive to 

either the resolving catalyst or the substrate itself.  In addition, extra consideration must be 

taken when selecting the catalyst, as it must only racemize the substrate and not the product.  

Since the substrate and product will inevitably share many similar structural and electronic 

properties, finding an appropriate catalyst can be a challenge. 

The kinetic resolution of 1-arylallylic acetates was previously carried out by our lab 

and gave the optically pure alcohol in high yields with high ee.
2
 Much like the 

aforementioned 1-arylpropargylic alcohols, 1-arylallylic alcohols have a wide range of 

pharmaceutical applications as chiral building blocks.  With the completion of this came 

design and testign of a suitable DKR system. Other groups have previously achieved 

racemization with allylic acetates using palladium complexes
3,4

.  However, due to the non-

symmetric and sterically-hindered nature of our substrates palladium complexes catalyzed 
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undesired allylic rearrangement and were, therefore, unsuitable.  Iridium complexes were 

then considered as they were also known to catalyze substitution of allylic acetates.
5,6

  It was 

discovered by our lab that [Ir(COD)Cl]2 complex (COD = cycloocta-1,5-diene) actively 

racemized our substrates with no noticeable rearrangement.  However, the complex was 

incompatible with the (optimal) water/acetonitrile solvent system for KR, because it was 

poorly soluble and generated HCl in solution leading to non-enantioselective hydrolysis of 

the substrate.  This was solved by switching to an isopropanol/toluene system, and initial 

kinetic investigations were carried out (Table 1). 

All initial trials reported yields in excess of 60% and ee’s exceeding 95%, with most 

maintaining ee’s of >99%.  Since a normal KR regime cannot produce yields greater than 

50% of enantiomerically pure product from a racemic mixture, this was the proof that our lab 

had achieved a DKR regime!  When initial attempts were made to optimize this system, it 

was discovered that the CaL B and Ir complex mutually inactivate each another.  The current 

theory is that the residues containing nucleophilic side-chains on the enzyme coordinate to 

the iridium.   This blocks available coordination sites and significantly diminishes the 

catalytic activity of both iridium and lipase.  It is this restriction that has encouraged us to 

pursue the site-isolation of these catalysts as a potential solution.  The effect of macroscale 

site-isolation, various solvent systems as well as acyl acceptors are reported herein.  
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CHAPTER 2 

RESULTS AND DISCUSSION 

2.1 Macroscale site-isolation 

While the DKR regime for the 1-arylallylic acetates has been shown to work, its 

efficacy has been hindered by unfavorable interactions between the resolving and racemizing 

catalysts, CaL B and [Ir(COD)Cl]2 respectively.  This led to the idea of using macroscale 

site-isolation, for example by using a semi-permeable membrane, through which the 

substrate could move easily but the catalysts could not.  

 

Table 1.  Dynamic kinetic resolution of allylic acetates into the corresponding chiral 

allylic alcohols.
a
 

 

 

 

entry Ar 1 
time 

(days) 

yield of 2 

(%)
 b
 

ee of 2 

(%)
 c
 

1 Ph a 4        60 (isolated) >99 

2 p-CN-C6H4 b 4        63 (isolated) >99 

3 p-Cl-C6H4 c 4 67 / 66 (isolated) >99 

4 p-Cl-C6H4 c 7 69  95 

5 p-O2N-C6H4 d 6 66      95.3 

6 p-CF3-C6H4 n 4 62 >99 

7 p-F-C6H4 o 4 80 >99 

(a) General conditions: 0.2 M (1 mmol) substrate, 2.0 M (10 equiv.) i-PrOH, CaL as Novozym 435 (0.4 g 

catalyst/mmol substrate), 2 mol % (0.02 mmol) ([Ir(COD)Cl2], room temperature (23 C).   

(b) Integration error is 5-10 % for NMR yields.  Isolated yields are also given for substrates 1a-c.   

(c) An ee value listed as “>99” means that the peak for the opposite enantiomer of the product was not 

observed; since the relative GC peak area integration error, as determined from the resolution of racemates, was 

0.5-1.0 %, then >99 % is a conservative estimate. 
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Bowden  and co-workers
7-9

 came up with a simple way to achieve this by placing each 

catalyst in separate “pots” and immersing one inside the other to form a “pot-in-pot” system 

as can be seen in Figure 1.  The internal reaction vessel was made of polydimethylsiloxane 

(PDMS) and was readily fabricated from commercially available kits.  This allowed for a 

great deal of freedom with shape, size, and thickness of the thimble.  

  

 

Figure 1.  “Pot-in-pot” methodology for macroscale site-isolation. 

This approach allows for small non-ionic molecules to diffuse across the membrane 

while water and other very polar molecules have low flux rates.    A similar form of site-

isolation had also been previously used for the preparation of enantiopure α-hydroxyamides 

from racemic α-bromoamides
9
.  The setup proved fitting, as our substrates could diffuse 

readily back and forth through the barrier, while the immobilized lipase was isolated from the 
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iridium.  In addition, this gave us the option to once again utilize the water/acetonitrile 

solvent system, which was shown to be the best for KR of the allylic acetates
2
.  However, 

there was still the question of whether or not the iridium would have a significant flux 

through the thimble wall.  The flux of iridium through the PDMS barrier was measured by 

ICP-AE using various combinations of internal and external solvents (Table 2).  The changes 

in solvent showed no significant effect on the flux rate of iridium through the PDMS 

membranes, which was less than 0.13 ppm in all cases.  This equated to less than a 10
-5 

% of 

the overall iridium present. 

Table 2. Flux of [Ir(COD)Cl]2 through PDMS thimbles 

Internal solvent External solvent Ir flux (ppm) % Ir leached 

Toluene Toluene/i-PrOH 0.129888 0.000010 

Toluene H2O/Acetonitrile 0.072340 0.000008 

THF Toluene/i-PrOH 0.100643 0.000009 

THF H2O/Acetonitrile 0.091845 0.000009 

 

Charged with this knowledge, we were able to carry out initial trials using this system 

design.  The first trials were carried out using 1-(4-cyanophenyl)prop-2-en-1-yl acetate 

(Table 1, entry 2) as it had one of the fastest resolving times of all the allylic acetates
1
.  

Toluene was used for the internal thimble solvent, while a toluene/isopropanol system was 

used externally, in order maximize flux of the substrate.  For these early experiments the 

lipase and iridium were added concurrently, but this approach afforded minimal results.  

While resolution was achieved within a day, the ee of the (S)-acetate decreased by only 10% 

over the course of the week, and further resolution was not observed.  As a result for future 
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trials the iridium-containing thimbles were inserted after kinetic resolution phase had been 

completed.  This was done to maximize the amount of (S)-acetate available for racemization.  

Figure 2. “Pot-in-pot” system for DKR of aryalallylic acetates 1 to  

chiral arylallylic alcohols 2 

Due to supply limitations, a switch was made to 1-phenylprop-2-en-1-yl acetate 

(Table 1, entry 1) as our primary substrate.  This initially presented a problem, because the 

time it took for resolution to be reached was around a week.  The slow rate was due to the 

solvent system being used, therefore, a switch was made back to the water/acetonitrile 

system (Figure 2).  Using this solvent, kinetic resolution could be achieved within 24 h after 

which the thimble could be added.  While initially thought to be “the best of both worlds,” 

this approach presented an immediate drawback.  Within an hour after thimble insertion the 

entirety of the toluene inside the thimble had diffused through the membrane and led to the 
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formation of a bilayer in the external solvent system.  While it had been previously shown 

that immiscible solvents (e.g. hexanes and water) could be used on opposing sides of the 

membrane without issue,
7,9

 it presented a problem here.  As PDMS permits comparable flux 

for both hexanes and toluene
11

, the most likely explanation for this is the presence of 

acetonitrile.  The miscibility of acetonitrile with toluene likely facilitates the movement of it 

through the membrane.  Additionally, the flux of toluene was unidirectional since no solvent 

was observed returning to the thimble.  In attempt to address this issue acetonitrile was 

explored as a possible co-solvent inside the thimble.  However this did not solve the 

unidirectional flux issue.  Additionally, the rate of racemization decreases sharply with 

increasing amounts of acetonitrile (Table 3).  

Table 3. Racemization of (S)-1-phenylprop-2-en-1-yl acetate 

Solvent MeCN Toluene:MeCN 

1:1 

Toluene:MeCN 

3:1 

Toluene:MeCN 

9:1 

Toluene 

%ee (S)-OAc
a
 80.0 64.7 76.7 29.3 6.9 

(a) Starting %ee of 95.0 

2.2 Acyl acceptor effects  

Due to the flux of toluene across the PDMS membrane the external solvent system 

had to be altered.  Water was no longer a suitable choice, and, therefore, a different acyl 

acceptor had to be chosen.  Isopropanol is miscible with toluene and had been used 

previously, but as an acyl acceptor it demonstrated much slower reaction times.  With this in 

mind, several short chain aliphatic alcohols were tested as possible acyl acceptors (Table 4).  

While there was a small correlation between faster reaction rates and chain size, the most 

notable aspect of these experiments was that the more branched alcohols possessed faster 

reactions rates.   Of particular note was the two-fold increase from n-butyl to t-butyl alcohol 

(Table 4, entries 5 and 6 respectively): the most probable cause of this trend is the 
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hydrophobic effect, the branched chains interact more favorably with the non-polar residues 

of the enzyme. 

Table 4. Kinetic resolution of 1-phenylprop-2-en-1-yl acetate  

using various acyl acceptors 

 

 

 

 

 

Entry R % Yield at 4 days
b 

%ee (S)-OAc at 4 days 

1 H 51 >99 

2 Me 4 2.4 

3 Et 19 30.1 

5 n-Bu 16 26.0 

4 i-Pr 33 64.9 

6 t-Bu 32 68.3 

(a) %ee of  >99 

(b) Conversion estimated by GC-MS 

 

 

 

 

 

 

 

a
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CHAPTER 3 

CONCLUSION 

The “pot-in-pot” system for macroscale site-isolation presents a feasible and 

innovative solution for our tandem enzyme-transition metal catalysis system.  The easily-

fabricated and cost efficient PDMS thimbles effectively separate our incompatible catalysts 

with a barely detectable flux of iridium.  While this setup does allow for the possibility of 

two very different solvent systems, the flux of said solvents through the membrane presented 

an issue.    As the optimal solvent systems for each catalyst were incompatible when put 

together, other options had to be explored. In order to maintain suitable catalytic activity, as 

well as to manage solvent flux, mixed solvent will likely have to be used.   

With the changes in solvent came changes in the acyl acceptor.  Since water was no 

longer suitable, various short chain aliphatic alcohols were tested.  While longer chain length 

demonstrated a slight increase in reaction rate, more highly branched alcohols demonstrated 

significantly faster reaction rates.  Further investigation is needed to determine whether an 

acyl acceptor and solvent combination can be devised, which would retain the previously 

exhibited optimal catalytic activity. 
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CHAPTER 4 

EXPERIMENTAL SECTION 

4.1 Chemicals 

All reagents, catalysts, and solvents were obtained from commercial suppliers and 

were used without further purification, except as noted below.  Anhydrous THF was distilled 

prior to use from sodium benzophenone ketyl, or purchased in an inhibitor-free form.  

Candida antarctica lipase covalently immobilized on acrylamide beads (Novozym® 435) 

was obtained from Sigma (L4777).  Column chromatography was performed on silica gel 

(70-230 mesh, 63-200 μm particle size). 

4.2 Instrumentation 

1
H NMR spectra were recorded at 400 MHz in CDCl3.  The chemical shifts are 

reported as δ values (ppm) relative to tetramethylsilane, the integration error was 5-10 %.  

Baseline separation of enantiomers of allylic alcohols was achieved on a gas chromatograph / 

mass-spectrometer (GC-MS) instrument with bonded Chiraldex B-PM column (Astec, 30 m 

 0.25 mm), using helium (99.9995 %) as a carrier gas, a split ratio of 30:1, and an injection 

volume of 1-3 µL; the relative GC peak area integration error, as determined from the 

resolution of racemates, was 0.5-1 %.  Iridium flux measurements were taken using a Varian 

715-ES ICP-AE.  Calibration curves were constructed using commercially available iridium 

standards of 5, 10, and 20 ppm.  DKR systems were sampled at 24 h without dilution. 

4.3 Thimble fabrication 

Poly(dimethylsiloxane) (PDMS) thimbles were fabricated from commercially 

available kits containing an elastomer base and curing agent.  The two components were 

mixed, degassed, and then dip-cast onto brass rods.  The rods were allowed to cure in an 
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oven for an hour before being recoated and then cured in the oven overnight.  The thimbles 

were then removed from rods by soaking in hexanes and cut to the desired length.  Bases 

were added to thimbles by immersing the ends of the tubes in a mixture of PDMS prepared 

the same as above.  The diameter of the thimbles was 10 mm with lengths between 40 and 50 

mm, and thicknesses between 0.15-0.3 mm (see Figure 3 for typical appearance). 

 

 

 

 

 

 

 

 

Figure 3. Examples of typical thimble fabrication results 

4.4 General procedure for the preparation of allylic alcohols
2 

Aldehyde (10.0 mmol) was dissolved in anhydrous diethyl ether (250.0 mL), and the 

resulting clear solution was cooled to 0 °C.  Vinyl magnesium bromide (0.5 M in THF, 12.0 

mmol) was then added dropwise to the reaction mixture, and the reaction mixture was 

allowed to slowly warm to room temperature (23 °C).  After 24 hours, the reaction mixture 

was diluted with diethyl ether and quenched with a saturated ammonium chloride solution, 

and the layers were separated.  The aqueous layer was extracted twice with methylene 

chloride.  The combined organic layers were washed twice with water, dried over anhydrous 
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magnesium sulfate, and concentrated in vacuo.  The residual oil was purified by flash 

chromatography (silica gel, ethyl acetate/hexanes) to yield the corresponding allylic alcohol. 

4.5 General procedure for the preparation of allylic acetates
2 

The allylic alcohol (2.0 mmol) was mixed with 4-dimethylaminopyridine (1.0 mmol), 

triethylamine (4.0 mmol) and methylene chloride (5 mL) at room temperature (23 °C).  

Acetic anhydride (4.0 mmol) was added dropwise, and the reaction mixture was stirred for 24 

h.  After that, the reaction mixture was quenched with water, washed with 2M hydrochloric 

acid, and the aqueous phase was extracted with methylene chloride.  The combined organic 

extracts were washed with saturated aqueous sodium bicarbonate, water, and brine, dried 

over anhydrous magnesium, filtered, and concentrated in vacuo.  The residual oil was 

purified by flash chromatography (silica gel, ethyl acetate/hexanes) to yield the 

corresponding allylic acetate. 

4.6 General procedure for the kinetic resolution experiments using acetonitrile 

and ROH 

Allylic acetate (0.2 mmol), Candida antarctica lipase B immobilized on acrylic resin 

(Novozym ® 435) (80 mg), acetonitrile (0.5 mL), and the corresponding acyl acceptor 

(ROH) (0.5 mL) were mixed in a 3-mL vial and vigorously stirred at room temperature (23 

°C).  The progress of the kinetic resolution was monitored by GC-MS.   

4.7 General procedure for the dynamic kinetic resolution experiments 

4.7.1 Toluene/isopropanol 

A solution of [Ir(COD)Cl]2 (2 mol%, 0.02 mmol) in 1 ml of toluene was placed on 

the inside of a PDMS thimble. Allylic acetate (1 mmol), toluene (5 ml), isopropanol (0.77 ml, 

10 mmol) and Candida antarctica lipase B immobilized on an acrylic resin (Novozym ® 
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435) (400 mg) were successively added to the outside of a PDMS thimble equipped with a 

stirring bar.  Reaction progress was monitored by GC-MS. 

4.7.2 Acetonitrile/water 

The reaction procedure was the same as in 4.6.1 except that a 1-to-1 ratio of water to 

acetonitrile was used. 
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