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A dynamic resolution process based on multiple reversible cyanohydrin formation coupled to
lipase-mediated transesterification is demonstrated. The resulting process resulted in the efficient
evaluation of complex lipase performances in asymmetric cyanohydrin acylate synthesis. Dynamic
systems were generated and resolved in situ, and the effects of the reaction conditions could be directly
monitored for the overall system. By this concept, the enzyme activity, chemo- and stereoselectivity for
all involved substrates could be simultaneously evaluated.

Introduction

Constitutional Dynamic Chemistry (CDC) has emerged as a
powerful technique for the synthesis and evaluation of active
compounds acting as substrates, inhibitors and drug leads for
biological systems, formation of synthetic receptors, and fabrica-
tion of adaptive materials.1–3 This concept is generally based on
reversible interconnections between series of molecules, through
either covalent or non-covalent bonds, generating dynamic sys-
tems under thermodynamic control. Under the influence of
external factors, specific constituents can be preferentially selected,
and the dynamic systems forced to re-equilibrate at the benefit of
the selected species.

We have recently proposed an efficient substrate matching
method using bio-catalytic transformation based on CDC. Dy-
namic reversible systems, using covalent bond formation, were
generated and applied to selected target enzymes.4–6,3m The best
enzyme substrates were thermodynamically generated, and selec-
tively transformed in a kinetically irreversible process until the
resolution process reached completion. An absolute advantage
of this approach is the efficient screening of new reactions, and
substrates showing strong preference for the biological target
in one single operation. In these cases, enzymes were employed
as resolving agents, and biocatalysts have been recognized as
especially useful in many research laboratories, and in the
chemical and pharmaceutical industry, for controlled chemical
transformations.7–12 Among all biocatalysts, lipases constitute a
family that is commonly used for syntheses targeting a variety of
structures, including bioactive,9 macrocyclic13 and asymmetric14

compounds. Lipases are often commercially available, stable at
a variety of reaction conditions and can be used in non-aqueous
solution. This family of enzymes has also been extensively studied,
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catalyzing a wide range of substrates with high regio- and
stereospecificity.14–17

The reversible cyanohydrin reaction, a potent carbon-carbon
bond forming reaction, can be generated from the reaction
between an aldehyde or ketone and a cyanide source. The resulting
cyanohydrin building blocks are synthetically very versatile and
can be transformed into a range of functional groups. Further-
more, cyanohydrin derivatives constitute the core structures of
many biologically active compounds.18–20 In these applications, the
demand for optically pure cyanohydrins is especially high. There
are several synthetic pathways to synthesize chiral cyanohydrin
compounds using both synthetic catalysts,20,21 and biocatalysts.22–25

In the biocatalytic reactions, lyases (oxynitrilases),23 and hydro-
lases (lipases)24 have been especially used to produce asymmetric
cyanohydrin compounds. For example, an attractive enzymatic
synthetic method to high conversions and enantiomeric purities
of chiral cynanohydrin esters has been developed by Oda and
coworkers,26–29 where dynamic kinetic resolution was adopted to
resolve cyanohydrin products in a one-pot system. This method
was later developed to increase the product yields and the
optical purities, and to obtain larger structural variety of the
products.24,30 These studies have revealed that lipase-mediated
resolution of cyanohydrin structures is efficient, but requires
careful optimization of all reaction conditions in order to obtain
high yields and high enantiomeric purities. Generally, parameters
such as reaction solvent, temperature, acylating reagent, cyanide
source, additives, enzyme preparation, etc, need to be evaluated
for each structure,31–33 and in many cases one factor can influence
the others.24,30,34 Cross-evaluation of several parameters are thus
often necessary. More efficient methods for reaction optimization
and screening of lipase preferences at different conditions are thus
needed. In the present study, we have addressed this challenge,
and applied a dynamic multisubstrate resolution system for the
rapid evaluation of lipase performances of cyanohydrin structures
(Fig. 1). With this method, a range of potential substrates can be
screened simultaneously in situ at any given condition, resulting in
efficient identification of optimal structures.
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Fig. 1 Dynamic multisubstrate resolution process. A range of substrates
(Sij) is formed through dynamic reactions of individual components Ai

and Bj, and the resulting system directly resolved by the enzyme to
form products Pij. The process yields direct information of the enzyme
performance for specific substrates.

Results and Discussion

The dynamic cyanohydrin reaction was initially evaluated, and dy-
namic cyanohydrin systems were generated according to Scheme 1.
Although the reversible cyanohydrin reactions can be generated
by different cyanide sources,23,24,34 one of the most convenient
and less harmful methods is using acetone cyanohydrin 2 in the
presence of base.28,29 This mildly results in release of cyanide
ion, and the formation of acetone as a by-product. Five dif-
ferent aromatic aldehydes, 2-trifluoromethylbenzaldehyde 1a, 2-
naphthaldehyde 1b, 2-methylbenzaldehyde 1c, benzaldehyde 1d,
and 4-methoxybenzaldehyde 1e, were chosen and investigated in
the reversible cyanohydrin reaction. This system was chosen as a
prototype in order to demonstrate the efficiency of the process,
but can be easily expanded to accommodate a larger collection
of aldehydes. In the present case, aromatic aldehydes were exclu-
sively used, resulting in similar reactivities, corresponding stable
intermediates, and no generation of any side products. However,
aliphatic aldehydes can also be efficiently applied. Different
amine bases (pyridine, triethylamine, N, N-diisopropylethylamine,
4-dimethylaminopyridine) were assessed for generation of the
dynamic system, where triethylamine was selected because of rapid
cyanide release, no formation of side products, and no interference
with the signature signals (a-protons) in the NMR spectra. The
reactions proved sufficiently rapid and when equimolar amounts
of the aldehydes, acetone cyanohydrin 2 and triethylamine were
mixed in chloroform-d at room temperature, dynamic cyanohydrin
systems were rapidly formed that reached equilibrium within
three hours as monitored by 1H-NMR. The amount of base was
also varied in order to increase the equilibration time, where
one equivalent was found adequate for the dynamic system to
equilibrate during the enzymatic reaction.

Scheme 1 Generation of dynamic cyanohydrin system and lipase-medi-
ated asymmetric substrate resolution.

1H-NMR spectroscopy was used to monitor the relative
amounts of all components and constituents in the dynamic
systems formed. At the conditions used, the equilibrium concen-

trations of the cyanohydrin species were high (KA ~ 0.6 M-1 for
the overall cyanohydrin equilibrium). Fig. 2A shows the a-proton
region of the cyanohydrin intermediates (5.40–5.95 ppm) in the
dynamic system at equilibrium. As can be seen, the intermediates
are present at similar levels, where cyanohydrin 3a is the most
favored species and intermediate 3e present at the lowest level.

Fig. 2 1H-NMR spectra (enlarged areas). A. Dynamic cyanohydrin
system at equilibrium; B. Lipase-mediated formation of ester products
(3 mg PS–C–I, CDCl3, 0 ◦C).

The enzyme-mediated resolution of the dynamic cyanohydrin
system was subsequently explored. Several reaction parameters
were addressed including: lipase source and preparation, acy-
lating reagent, reaction solvent, catalyst loading, and reaction
temperature. A series of lipases was initially evaluated using the
basic conditions developed for the dynamic cyanohydrin system
generation. Thus, lipases from porcine pancreas, Pseudomonas
fluorescens, Candida rugosa, Candida antarctica, and Burkholderia
cepacia (previously Pseudomonas cepacia), were all probed for
the resolution process. Of these, the lipase from Burkholderia
cepacia proved superior to all others in terms of activity and
enantioselectivity and was thus chosen. Although many different
lipase preparations are commercially available,7,14,16,35,36 immo-
bilized lipases are commonly used because of their reported
high reactivity, easy handling, and durability at many reaction
conditions. These preparations are generally stable for prolonged
reaction times, and can be easily filtered off and reused after use.9

In the present system, three different commercial preparations of
the lipase from Burkholderia cepacia were tested (Amano PS, PS–
C–I, PS–C-II). The lyophilized enzyme (PS), and the immobilized
preparation PS–C-II proved inadequate due to sluggish reaction
rates, whereas lipase preparation PS–C–I, immobilized on ceramic
beads, proved efficient.

The acylating reagent was next addressed, and isopropenyl
acetate was first chosen as acyl donor in the lipase-catalyzed
resolution. This acylating reagent is commonly used in lipase-
mediated acylations because the released acetone by-product is not
interfering with the enzyme reaction. In addition, both isopropenyl
acetate and acetone can be easily removed after the reactions.34 In
the present case, isopropenyl acetate was applied to the dynamic
cyanohydrin system in the presence of lipase preparation PS–C–
I at room temperature in chloroform. To reduce the quantity of
water in the enzymatic reactions, molecular sieve 4 Å was also
added to the systems. The enzymatic reaction was allowed to
proceed for 11 days, after which time full conversion was attained.
Formation of the resulting ester products 4a–e (6.30-6.75 ppm)
could be easily monitored by 1H-NMR (cf . Fig. 2B).
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Table 1 Dynamic cyanohydrin resolution with different solvents and acyl donors

entry Solvent acyl donor amount of lipase/mg reaction time (days)

1 Chloroform 10 11

2 Chloroform 6 14

3 Chloroform 3 20

4 Chloroform 10 7

5 Chloroform 10 7

6 Toluene 10 11

7 Toluene 3 20

8 TBME 10 >30

Reaction conditions: Solutions of the dynamic cyanohydrin system (1 mL) and acyl donor (5 equivalents) were added to the lipase and 10 mg of MS4 Å.
The resolution reactions were monitored by 1H NMR spectroscopy until complete conversions.

The resulting NMR patterns were used to estimate the lipase
preference factors (FP), representing the selectivities of the enzyme
for the various cyanohydrin substrates. The preference factors
were calculated as the relative ratios between the product and the
corresponding intermediate, respectively (eqn (1) in Experimental
section). The initial resolution systems were performed at ambient
temperature using 10 mg of PS–C–I preparation in chloroform.
Interestingly, the major intermediate 3a in the dynamic system
was disfavored by the lipase. The resulting preference factors are
displayed in Fig. 3A (front row), showing moderate selectivities
for intermediates 4b to 4e (F p = 0.2-0.4), compared to the
unselected cyanohydrin 4a (F p = -0.4). To enhance this selectivity,
a range of acyl donors were evaluated at the same conditions in
addition to isopropenyl acetate 5 (Table 1): 2-naphthyl acetate 6,
phenyl acetate 7 and its derivatives, 4-chlorophenyl acetate and 4-
methoxyphenyl acetate. The results indicate that these acyl donors
enhance the rate of the enzymatic reactions, whereas the lipase
substrate selectivity remained unchanged. Thus, full conversions
were attained within 7 days (Table 1, entries 4 and 5).

Then, a variety of solvents were screened in the enzymatic
reaction in addition to chloroform: toluene, tert-butyl methyl
ether, diethyl ether, acetonitrile, dimethyl sulfoxide and dimethyl
formamide. Table 1 showed rate of reactions from different
solvents providing the fastest lipase resolutions (entries 1, 6 and
8). The reactions using toluene as solvent were completed within
the same reaction time as chloroform, and also showed similar
preference factors. However, when more polar solvents were used
as reaction solvents, the lipase-catalyzed reactions proceeded at

Fig. 3 Substrate preference factors of dynamic cyanohydrin system using
A. 10 mg lipase at RT; B. 6 mg lipase at RT; C. 3 mg lipase at RT and D.
3 mg lipase at 0 ◦C.

a considerably lower rate. For both these parameters, acylating
reagent and solvent, the reaction rates proved however the main
difference whereas the selectivity patterns remained similar.

The catalyst loading in the process was subsequently evaluated.
The enzyme preparation was gradually decreased from 10 mg to
3 mg per sample in order to enhance the enzyme selectivity effects.
As expected, the reactions with lower amounts of enzyme (3–6 mg)
resulted in reduced reaction rates, 20 and 14 days, respectively,
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compared to the higher amount (Table 1, entries 1–3 and 6–7). The
ratios of the formed ester products 4a–e were monitored and the
substrate preference factors calculated (Fig. 3B-C). As can be seen,
the substrate selectivity increased, the ester product 4d emerged as
the most amplified product. The preference factor for product 4d
thus increased from 0.4 to 0.9 with decreasing catalyst loading to
3 mg per sample. In contrast, the reverse trend was observed for
cyanohydrin intermediates 3a (FP value; from -0.4 to -0.6) and
3c (FP value; from 0.2 to 0), which were increasingly disfavored.
These results indicate that careful control of the amount of lipase
in the resolution process influences the resulting selectivities. The
dynamic competition system could however be efficiently used to
reveal the selectivities for the individual cyanohydrin intermediates
at these conditions.

The temperature dependence of enzymatic reactions has been
studied for many biocatalysts. The rigidity of proteins increases
at lower temperature, and this has been used as an advantage
to enhance the lipase specificity at lower temperature.33,37,38 This
effect was also probed in the present systems. The dynamic
cyanohydrin systems based on 3 mg of enzyme per sample
were thus applied to lipase resolution at 0 ◦C. Because of the
lower reaction temperature, the enzymatic resolution was retarded
and preceded to completion within 40 days. For these extended
reaction times, it can be noted that the enzyme preparation is very
stable, and the activity remains essentially unchanged throughout
the process.3l The intermediate ratios of the cyanohydrins 3a–e
were similar to the starting ratios prior to lipase resolution. This
showed that the dynamic cyanohydrin system was in equilibrium
during the entire resolution process also at lower temperature.
The relative amounts of the resulting ester products 4a–e after
completion of the enzymatic reaction is shown in Fig. 2B. The
lipase substrate selectivity was obviously enhanced, resulting in
different product ratios compared to ambient temperature. The
ester product 4d was in this case preferentially selected (FP = 1.2)
and amplified from the dynamic cyanohydrin system, while ester
products 4a and 4c remained deselected by the lipase catalytic
resolution. Interestingly, the lipase also showed lower preference
for cyanohydrin intermediates 3b (FP = 0.7) and 3e (FP = 0.3)
at this temperature. Even lower reaction temperature, at -18 ◦C
was also applied to the dynamic enzymatic resolution system, but
the reaction was in this case extremely slow and was stopped at
<50% conversion. However, the results at this conversion indicated
the same trend, and higher substrate selectivity was recorded.
The preferential factor of ester product 4d was enhanced to 1.7,
where ester products 4a and 4c were disfavored (F p = -0.8 and
-0.36, respectively). The ester product 4b and 4e were slightly
preferred by lipase (F p = 0.8 and 0.5, respectively). For the first
system variations, the specific acyl donor and the reaction solvent,
the selectivities did not change significantly, mainly affecting
the reaction rates. However, decreasing the catalyst loading and
lowering the reaction temperature played crucial role in the lipase
substrate selectivity. These strategies decreased the rate of the
lipase resolution reaction, while simultaneously enhancing the
lipase substrate selectivity. The trend can be easily monitored from
the preference factors, where selection of the intermediate 3d was
gradually improved. At the same time, cyanohydrin intermediates
3a and 3c were increasingly disfavored.

To explore the lipase enantioselectivity, the ester products
from the dynamic resolution process were monitored by chiral

Table 2 Effect of solvents on enantiomeric excess of cyanohydrin ester
products 4a–e

% enantiomeric excessa

entry product toluene chloroform

1 4a 0 2
2 4b 20 30
3 4c 24 36
4 4d 34 54
5 4e 68 83

a The enantiomeric excess of ester products from lipase-mediated resolu-
tion was analyzed by HPLC analysis at 200 nm using combination of CPS
cyano and OD-H chiral columns; eluent: 2-propanol and hexane (1/99;
v/v).

chromatography. Because of the acidity of the a–protons of
the product esters, the enantiomeric purities were sensitive to
the strength and amount of base in the reaction.28–30,34 In the
present systems, one equivalent of triethylamine was used to force
the reversible reactions to reach equilibrium, especially at low
temperature, and this affected the resulting enantiomeric excesses
of the formed product esters 4a–e. It should be noted that this can
be circumvented for singular DKR systems, where the base con-
centration can be reduced. However, although the ester products
were racemized by base in the reaction to some extent, the residual
enantiomeric excesses could still be monitored. Thus, after com-
pletion of the enzymatic resolutions processes, the enantiomeric
excesses of all ester products 4a–e were monitored by chiral
HPLC. Since the ester products and starting aldehydes showed
similar polarities, separation of the crude reaction mixtures proved
however difficult. To overcome this obstacle, aldehydes 1a–e were
converted to their corresponding bisulfite adducts, which were
subsequently filtered off leaving ester products 4a–e well-resolved
(see Supporting Information). The bisulfite reaction per se did not
have any effect on the enantiomeric excesses. The results indicate
strong lipase enantioselectivity of the ester products (Table 2),
and all ester products except the disfavored product 4a were
asymmetrically resolved by the lipase transesterification process.
Interestingly, the highest enantiomeric ratio of the ester products
was recorded for ester product 4e (83% ee). This indicated that the
lipase-catalyzed reaction is a powerful tool to resolve optically
active cyanohydrin ester products. Although not affecting the
overall product ratios, the solvent effect proved important for the
enantioselectivity, and when the systems were evaluated in toluene,
lower enantioselectivities were recorded compared to chloroform.

Conclusion

A dynamic resolution process has been developed, resulting
in efficient evaluation of lipase performances in asymmetric
cyanohydrin synthesis. Prototype dynamic cyanohydrin systems
composed of different cyanohydrin intermediates were generated
under thermodynamic control and successfully resolved to the
corresponding esters under kinetic control. The catalytic lipase
resolution process could be applied to the dynamic system, and
efficiently used to identify small differences in substrate selectivity.
In the present system, one of the ester products (4d was identified
as the preferred substrate for the lipase from Burkholderia cepacia.
This preference could also be enhanced from reducing the catalyst
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loading and the reaction temperature, resulting in significant
amplification compared to the cyanohydrin equilibrium ratio. The
enantioselectivity of the lipase could also be easily monitored,
where all selected cyanohydrins proved enantiomerically enriched,
whereas the deselected species proved less optically resolved.
The developed method can be easily expanded to encompass
considerably larger collections of cyanohydrins, and is particularly
useful for rapid evaluation of lipase selectivities. The dynamic
process also leads to facilitated analysis of complex dependencies
between reaction parameters, where small differences in selectivity
can be easily discerned.

Experimental Section

General

Reagents were purchased from Sigma–Aldrich, Lancaster and
Apollo and used as received. Amano Lipase PS–C–I from
Burkholderia cepacia (Aldrich 534897). 1H and 13C NMR data
were recorded on a Bruker Avance 400 spectrometer at 400
(100) MHz and/or a Bruker Avance DMX 500 at 500 (125) MHz,
respectively. Chemical shifts are reported as d values (ppm) with
CDCl3 (1H NMR d 7.26, 13C NMR d 77.16) as internal standard.
J values are given in Hertz (Hz). ESI-Mass spectra were recorded
on a Thermo Finnigan LCQ Advantage MAX mass spectrometer.
Analytical high performance liquid chromatography (HPLC) with
combinations of cyano and chiral stationary phases was performed
on HP-Agilent 1110 Series controller, using ThermoQuest cyano
(4.6 ¥ 150 mm) and Daicel Chiralpak OD-H (4.6 xd7; 250 mm,
mm) columns, respectively. Solvents for HPLC use were of spec-
trometric grade. Thin layer chromatography (TLC) was performed
on precoated Polygram R© SIL G/UV 254 silica plates (0.20 mm,
Macherey–Nagel), visualized with UV-detection. Flash column
chromatography was performed on silica gel 60, 0.040-0.063 mm
(SDS).

General procedure for dynamic cyanohydrin system generation and
lipase-mediated screening

The specific amount of lipase preparation and ground 4 Å
molecular sieves (10 mg) were weighed in a 2 mL screw-cap vial
and dried under vacuum overnight. The dynamic cyanohydrin
system, generated by five different aromatic aldehydes (1a to 1e,
0.1 mmol each), acetone cyanohydrin (9.2 mL, 0.1 mmol) and
dried triethylamine (14 mL, 0.1 mmol), in the specified dry solvent
(1.0 mL), was generated at room temperature overnight. The
acylating reagent (0.5 mmol) was added, and the resulting solution
added to the reaction vial under N2 atmosphere. The reaction
was performed without stirring at the specific temperature and
monitored by 1H NMR spectroscopy until complete. The reaction
mixture was filtrated and washed with saturated ammonium
chloride solution and saturated sodium chloride solution. The
organic layer was dried over magnesium sulfate and evaporated
in vacuo. For chiral analysis of esters 4a to 4e,39 the resulting
reaction mixture was dissolved in ethanol (2 mL). Then, sodium
metabisulfite solution (5 mL, sodium metabisulfite 1.6 g in water
10 mL) was added and the reaction was kept in refrigerator for
overnight. The precipitate was filtered off and the filtrate extracted
with hexane three times. The combined organic layer was washed

with sodium chloride solution and dried over magnesium sulfate.
The crude reaction was evaporated in vacuo. The mixture of ester
products was analyzed by connection of ThermoQuest cyano and
OD-H chiral HPLC in order to obtain enantiomeric excesses of
individual ester product.

General procedure for synthesis of racemic O-acetylcyanohydrins21

Potassium cyanide (2.5 g, 39.2 mmol), tert-butanol (1.0 mL,
10.3 mmol) and water (0.1 mL, 4.4 mmol) were stirred in
dichloromethane (20 mL) at room temperature. The aldehyde
(9.8 mmol) and acetic anhydride (4.0 g, 39.2 mmol) were added and
the reaction mixture was stirred at room temperature for two days.
The crude reaction was filtered and washed with dichloromethane.
The combined organic layers were evaporated in vacuo. The
residue was purified by column chromatography using the mixture
of ethyl acetate and hexane as eluent (1 : 4, v/v).

Cyano(2-(trifluoromethyl)phenyl)methyl acetate 4a30b

Colorless oil; 1H NMR (500 MHz, CDCl3, 25 ◦C) d 2.18 (s, 3 H,
CH3), 6.68 (s, 1 H, CH), 7.61 (t, J = 7.5 Hz, 1 H, CH), 7.71 (t, J =
7.5 Hz, 1 H, CH), 7.76 (d, J = 8.0 Hz, 1 H, CH), 7.93 (d, J = 8.0 Hz,
1 H, CH); 13C NMR (125 MHz, CDCl3, 25 ◦C) d 20.3, 59.4, 115.6,
123.6 (q, JCF = 274 Hz), 126.9 (q, JCF = 5.7 Hz), 128.5 (q, JCF =
31.6 Hz), 129.9, 130.3, 130.8, 133.0, 168.5. ESI-Mass (positive
mode) m/z: found 243.2; calcd for (M + H)+ 243.0. Chiral HPLC
(cyano and chiralpak OD-H); 0.2 mL min-1, 2-propanol: hexane,
1 : 99, detection 200 nm; tR 57.6 min, 66.1 min.

Cyano(naphthalen-2-yl)methyl acetate 4b26

Yellow oil; 1H NMR (500 MHz, CDCl3, 25 ◦C) d 2.19 (s, 3H,
CH3), 6.59 (s, 1H, CH), 7.54-7.59 (m, 3H, CH), 7.86-7.94 (m, 3H,
CH), 8.02 (s, 1H, CH); 13C NMR (125 MHz, CDCl3, 25 ◦C) d 20.6,
63.2, 116.3, 124.4, 127. 2, 127.7, 127.9, 128.1, 128.5, 129.1, 129.6,
133.0, 134.0, 169.1. ESI-Mass (positive mode) m/z: found 225.1;
calcd for (M + H)+ 225.0. Chiral HPLC (cyano and chiralpak OD-
H); 0.2 mL min-1, 2-propanol: hexane, 1 : 99, detection 200 nm; tR

162.0 min, 176.9 min.

Cyano(o-tolyl)methyl acetate 4c40

Colorless oil; 1H NMR (500 MHz, CDCl3, 25 ◦C) d 2.17 (s, 3H,
CH3), 2.43 (s, 3H, CH3), 6.51 (s, 1H, CH), 7.25 (d, J = 7 Hz,
1H, CH), 7.29 (t, J = 7 Hz, 1H, CH), 7.36 (t, J = 7.5 Hz, 1H,
CH), 7.56 (d, J = 8.5 Hz, 1H, CH); 13C NMR (125 MHz, CDCl3,
25 ◦C) d 19.0, 20.5, 61.1, 116.1, 126.9, 128.6, 130.0, 130.6, 131.4,
136.7, 168.9. ESI-Mass (positive mode) m/z: found 189.0; calcd
for (M + H)+ 189.0. Chiral HPLC (cyano and chiralpak OD-H);
0.2 mL min-1, 2-propanol: hexane, 1 : 99, detection 200 nm; tR

74.8 min, 76.8 min.

Cyano(phenyl)methyl acetate 4d29

Colorless oil; 1H NMR (500 MHz, CDCl3, 25 ◦C) d 2.17 (s,
3H, CH3), 6.41 (s, 1H, CH), 7.42-7.48 (m, 3H, CH), 7.49-7.55
(m, 2H, CH); 13C NMR (125 MHz, CDCl3, 25 ◦C) d 20.6, 63.0,
116.3, 128.0, 129.4, 130.5, 131.9, 169.0. ESI-Mass (positive mode)
m/z: found 175.0; calcd for (M + H)+ 175.0. Chiral HPLC (cyano

1116 | Org. Biomol. Chem., 2011, 9, 1112–1117 This journal is © The Royal Society of Chemistry 2011



and chiralpak OD-H); 0.2 mL min-1, 2-propanol: hexane, 1 : 99,
detection 200 nm; tR 82.3 min, 89.1 min.

Cyano(4-methoxyphenyl)methyl acetate 4e40

Colorless oil; 1H NMR (500 MHz, CDCl3, 25 ◦C) d 2.14 (s, 3H,
CH3), 3.83 (s, 3H, CH3), 6.35 (s, 1H, CH), 6.95 (d, J = 9 Hz, 2H,
CH), 7.45 (d, J = 9 Hz, 2H, CH); 13C NMR (125 MHz, CDCl3,
25 ◦C) d 20.7, 55.6, 62.7, 114.7, 116.5, 124.0, 129.7, 161.3, 169.1.
ESI-Mass (positive mode) m/z: found 205.0; calcd for (M + H)+

205.0. Chiral HPLC (cyano and chiralpak OD-H); 0.2 mL min-1, 2-
propanol: hexane, 1 : 99, detection 200 nm; tR 111.8 min, 125.4 min.

Preference factor (Fp)

The preference factors were estimated according to eqn (1):

Fp = [Cr(ester)-Cr(intermediate)]/Cr(intermediate) (1)

where Cr(intermediate) and Cr(ester) are the relative concentra-
tions of the intermediate cyanohydrin and the product ester,
respectively.
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