Eur

MICROREVIEW

European Journal
of Organic Chemistry

DOI: 10.1002/ejoc.201101840

Biocatalytic Approaches to the Henry (Nitroaldol) Reaction

Sinéad E. Milner,?! Thomas S. Moody,”! and Anita R. Maguire*!l

Keywords: Enzyme catalysis / Biocatalysis / C—C coupling / Nitroaldol reaction / Nitro alcohols

Enantiopure B-nitro alcohols are key chiral building blocks
for the synthesis of bioactive pharmaceutical ingredients.
The preparation of these target compounds in optically pure
form has been the focus of much research and there has been
an emergence of biocatalytic protocols in the past decade.
For the first time, these biotransformations are the focus of
this review. Herein, we describe two principal biocatalytic

approaches to the Henry (nitroaldol) reaction. The first
method is a direct enzyme-catalysed carbon-carbon bond
formation resulting in either an enantio-enriched or enantio-
pure B-nitro alcohol. The second approach describes the
Henry reaction without stereocontrol followed by a biocata-
lytic resolution to yield the enantiopure B-nitro alcohol.

Introduction

The construction of carbon—carbon bonds is an essential
element of synthetic organic chemistry. Among the various
C-C bond forming reactions, the nitroaldol or Henry reac-
tion™! is one of the classical named reactions in organic
synthesis. Essentially, this reaction describes the coupling of
a nucleophilic nitro alkane with an electrophilic aldehyde
or ketone to produce a synthetically useful B-nitro alcohol
(Scheme 1).1>3] Moreover, the Henry reaction facilitates the
joining of two molecular fragments, under mild reaction
conditions with the potential formation of two new ste-
reogenic centres and a new C—C bond. The resulting -nitro
alcohols can undergo a variety of useful chemical transfor-
mations which lead to synthetically useful structural motifs,
e.g. dehydration to conjugated nitro alkenes, reduction to
1,2-amino alcohols, denitration, oxidation to nitro carbonyl
compounds and a-hydroxy carbonyl compounds via the
Nef reaction (Scheme 2).[6-8]
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Scheme 1. Henry reaction.

B-Nitro alkanols have been employed in the synthesis of
many key intermediates to access biologically active com-
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Scheme 2. Synthetic utility of the Henry reaction.

pounds including natural products, insecticides, fungicides
and antibiotics.” ' Furthermore, B-amino alcohols are
constituents of many active pharmaceutical ingredi-
ents!!> 19 e.g. sphingosine and ephedrine, which highlights
the importance of the Henry reaction as a source of chiral
building blocks (Scheme 3).I"]

The Henry reaction is usually performed at room tem-
perature in the presence of typically about 10 mol-% base
to give the desired B-nitro alcohol in good yields. A vast
array of bases have been employed to perform this transfor-
mation; the most popular bases include carbonates, bicarb-
onates, alkali metal hydroxides, alkoxides and organic nitro-
gen bases. Unusual catalysts include the rare earth metal
alkoxides, rare earth hexamethyldisilazides and binaphthol-
rare earth metal complexes.” These reactions are often
complicated by the formation of undesired side products,
due to the ability of these strong bases to catalyse unwanted
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side reactions such as aldol, Cannizzaro and water elimi-
nation reactions.>?°l More recent research has led to the
development of mild reaction conditions which prevent the
formation of unwanted side products, e.g. solvent freel?!-2%]
or in aqueous media.l>’!

Enzymatic Approaches to the Henry Reaction

Principal methods to the catalytic asymmetric Henry
(nitroaldol) reaction include transition metal- and organo-

catalysed methods and these have been reviewed in de-
tail.3-2426] In the past decade however, there has been an
emergence of biocatalytic protocols. There are two biocata-
lytic approaches to enantio-enriched products of the Henry
reaction reported in the literature; direct enzyme-catalysed
nitroaldol reaction or initial chemical formation of the -
nitro alcohol product followed by enzymatic kinetic resolu-
tion of the stereoisomers (Scheme 4).
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Biocatalytic Carbon—Carbon Bond Formation by the Henry
Reaction

Only a few enzyme classes are capable of catalysing car-
bon-—carbon bond forming reactions, among these are the
hydroxy nitrile lyases (HNL also referred to as oxynitril-
ases).’’] These enzymes were originally isolated from
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plants. The most common sources are almonds (Prunus sp.),
rubber trees (H. brasiliensis) and flax (Linum usitassimum).
Hydroxy nitrile lyases are traditionally known to catalyse
the stereoselective addition of hydrocyanic acid to alde-
hydes or ketones to yield enantiomerically pure o-hydroxy
nitriles (Scheme 5).2%2°1 Moreover, these enzymes have
been found to be tolerant of a wide array of electrophiles
including a range of aliphatic, aromatic and heterocyclic
carbonyl compounds. In contrast, until recently®*” the only
accepted nucleophile of hydroxy nitrile lyases was hydro-
cyanic acid.?8-2%]

j)\ HCN

R2 RZ N

R{_(OH

Scheme 5.

In order to extend the applications of hydroxy nitrile
lyases, Griengl et al. examined this enzyme class for nitro-
aldolase activity. The hydroxy nitrile lyase from H. bra-
siliensis (EC 4.1.2.39) was found to catalyse the reaction
between a range of aromatic, heteroaromatic and aliphatic
aldehydes with nitromethane to yield enantiomerically en-
riched B-nitro alcohols (Table 1). However, small amounts
of the alkene elimination product (10-15%) were also ob-
served. Furthermore, the biocatalysed reaction requires
long reaction times and large amounts of enzyme, and also
suffers from low conversions.* The kinetics of the H. bra-
siliensis hydroxy-nitrile-catalysed Henry reaction have been
demonstrated to fit the classical Rapid Equilibrium Ran-
dom Bi Uni model with independent substrate binding and
it was concluded that the bottleneck of this enzymatic
transformation is a very low turnover of the enzyme as op-
posed to substrate binding. The explanation for this has not
yet been established.3!]

Table 1. H. brasiliensis-catalysed Henry reaction.%

Hevea brasiliensis QH
RCHO + CH,—NO, > R NO,
phosphate buffer/TBME

pH7,rt,48h 25-77 % yield
18-92 % ee

R Yield [%)] ee [%0]
Ph 63 92
3-OHC¢Hy 46 18
4-NO,CcHy 77 28
2-Furyl 57 72
CH;—(CH,)s— 25 89

The absolute configuration of the products is S which is
in agreement with the known stereopreference of H. bra-
siliensis in cyanohydrin reactions. The hydroxy nitrile lyase
from Manihot esculenta was also found to catalyse the ni-
troaldol reaction but with reduced activity and stereoselecti-
vity. The R-selective hydroxy nitrile lyase from Prunus
amygdalus was also examined and found to be inactive.[?]

A number of reaction parameters were subsequently ex-
amined by the same research group in order to optimise this
enzymatic transformation. It was found that the optimum
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reaction pH is 5.5 (Table 2). Furthermore, an aqueous/or-
ganic phase ratio of 1:2 was found to improve both the
conversion and enantioselectivity of the reaction. Other ni-
tro alkanes were also investigated; it was found with in-
crease of steric bulk activity was decreased, for example
substitution of nitromethane for (nitromethyl)benzene led
to complete loss of enzymatic activity (Table 3).3?! There-
fore, while oxynitrilases provide an attractive system for the
asymmetric Henry reaction, the narrow substrate range is a
significant limitation of this process. Additionally, although
the oxynitrilase from M. esculenta is commercially available,
the far more active analogue from H. brasiliensis is not cur-
rently available.

Table 2. H. brasiliensis-catalysed Henry reaction; pH investiga-
tion.B32!

H. brasiliensis OH
RCHO + CH3_N02 - R/\/NOZ
phosphate buffer/TBME
rt,48h
pH 7.0 pH 5.5
R Yield [%]  ee [%] Yield [%]  ee [%]
Ph 63 93 32 97
4-NO,CH, 77 28 57 64
n-Hexyl 25 89 34 96
Ph(CH,), 9 66 13 66
2-Furyl 57 72 43 88
Table 3. Henry reaction of other nitro alkanes.[*?)
OH
Ph CH,OH H. brasiliensis /?\'<N02
+ > Ph i
R'(R?)CHzNO, phosphate buffer/TBME r1R
pH7.0,rt,48h

Entry R! R? Yield [%)] ee [%]
1 H H 63 93
2 H CH, 67 95
3 CH, CH, 7 80
4 H Ph 0 0

Recently Asano et al. reported for the first time an R-
selective hydroxy nitrile lyase from Arabidopsis thaliana. As
is evident from Table4 moderate to excellent enantio-
selectivity was achieved. However, a maximum of 30% yield
was achieved and the reaction is highly substrate depend-
ent. The optimum reaction conditions are an aqueous-or-
ganic (n-butyl acetate) mixture (50:50), a large amount of
enzyme (4000 U/mmol) and a pH of 7.3 The hydroxy ni-
trile lyase from H. brasiliensis has also been described to
catalyse the retro-Henry reaction (Scheme 6), however, this
reaction suffered from low enantioselection due to product
inhibition by benzaldehyde.? Liese et al. overcame this
product inhibition by the conversion of benzaldehyde to
(S)-mandelonitrile. Separation of (S)-mandelonitrile from
(R)-2-nitro-1-phenylethanol proved cumbersome, therefore,
a nitrile hydratase (NHase) was employed to catalyse the
hydration and the resultant primary amide was separable by
column chromatography (Scheme 6). Employment of this
3061
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approach led to the formation of (R)-2-nitro-1-phenyl-
ethanol in good conversion and with enantioselectivities of
up to 95% ee and 49% conversion in a one phase system. 34

Table 4. R-selective hydroxy nitrile lyase-catalysed Henry reac-
tion.[33

Hydroxynitrile lyase from

o) A. thaliana OH
+ MeNO =

. 2 AN N
R Time [h] Yield [%] ee [%0]
Ph 2 30 91
Ph 4 26 86
2-MeCgHy 2 12 95
3-MeCgHy 2 12 96
4-MeCgH,y 2 11 94
2-MeOCgHy 2 13 90
3-MeOCeHy 2 17 91
4-MeOC4¢H, 2 2 79
2-CIC¢Hy 2 34 68
3-CIC¢H4 2 17 91
4-CIC¢H4 2 9 87
4-FC4Hy4 2 20 81
4-BrC¢H, 2 9 82
2-Naphthyl 2 7 >99.9
Me(CH,), 2 trace > 80
Me(CH,)g 2 no reaction -

hydroxynitrile lyase
OH 4 31£rom :
O)\/N H. brasiliensis ©)L ©/’\/
— CH3NO,

QH hydroxynitrile lyase from

@A N = H. brasiliensis

HCN
nitrile
hydratase

NH,
(i

Scheme 6.

It should be noted at this point that a number of other
enzyme systems have been reported to be effective catalysts
for the Henry reaction, however, no enantioselectivity data
has been reported thus far.’>371 Zhu et al. examined the
model reaction involving addition of nitromethane to p-ni-
trobenzaldehyde with a range of enzyme systems (Table 5).
The highest level of activity was seen with a transglutamin-
ase from Streptoverticillium griseoverticillatum.®1 There-
fore, to generalise this, the addition of nitro alkanes with
aliphatic, aromatic and heteroaromatic aldehydes was ex-
amined using this transglutaminase enzyme. Moderate to
good vyields were achieved and selected examples are de-
scribed in Table 6. However, as is evident from both
Tables 5 and 6, no enantioselectivity was reported.!
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Table 5. Investigation of the catalytic activities of different enzymes
in effecting the Henry reaction.[*

(e} OH
enzyme NO,
H + CHNOy, ——
cyclohexane,
O,N water, r.t. OoN
Entry Catalyst Time Yield
(h]  [%]
1 Transglutaminase from 32 93
Streptoverticillium griseoverticillatum
2 Immobilized lipase from Thermomyces lanug- 48 64
inosus
3 Pancreatin from porcin pancreas 48 41
4 Papain from fruit jam from chaenomeles 48 15
5 Lysozyme from hen egg white 48 13
6 Chymosin from fruit jam from chaenomeles 48 13
7 Alkaline proteinase from B. licheniformis No. 48 12
2709
8 Nuclease from Penicillium citrinum 48 11
9 Acidic proteinase from Aspergillus usamii No. 48 trace
537
10 Neutral proteinase from Bacillus subtilis 48 trace
A.S.1.398
11 Trypsin from porcin pancreas 48 trace
12 Bromelain from pineapple peduncle 48 trace
13 Cellulase from Trichoderma 48 trace
14 no enzyme 120 10
15 Bovine serum albumin (B.S.A.) 48 16
16 TGase denatured with EDTA 120 0
17 TGase inhibited with NBS 43 12
Table 6. Transglutaminase-mediated Henry reaction.3"
transglutaminase OH
R1CHO Eh R2N02 — R1 NOZ
CHzclz, HQO R3
R! R? Time [h]  Yield [%] antilsyn
Ph H 96 58 -
2-MeOC4H, H 120 51 -
3-MeOCgHy H 120 59 -
4-MeOC4H, H 120 50 -
2-Thienyl H 120 21 -
2-Furyl H 120 12 -
Ethyl H 48 61 -
Isobutyl H 48 74 -
4-MeOC4H, CH3 144 40 1:2.3
4-CH;C¢H, CHj; 144 46 1:1.3
4-NO,CeHy CHj; 72 90 1:1.3
Isobutyl CH; 72 77 1:1

A number of hydrolases have exhibited nitroaldol ac-
tivity, including the hydrolase from bovine serum albumin
which catalysed the addition of both nitromethane and
nitroethane to a range of aromatic and heteroaromatic alde-
hydes. Once again no enantioselectivity data was reported.
Isolated yields were in the range of 46-91%. In this case
negligible anti-selectivity was observed.’”! Other hydrolases
reported to display nitroaldol activity include those from
Candida antarctica [Lipase B (CALB), immobilised], C. cyl-
indracea, hog pancreas, D-aminoacylase from E. coli, acyl-
ase “Amano” from Aspergillus oryzae, penicillin G acylase
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from E. coli (immobilised), Lipozyme immobilised from
Mucor meihei, Lipase AK “Amano” and Amano Lipase M
from Mucor javanicus.!>°)

Lin et al. found p-aminoacylase from E. coli to be the
most effective catalyst for the addition of either nitrometh-
ane or nitroethane to a range of aliphatic, aromatic and
heteroaromatic aldehydes. The authors did comment in this
instance that enantioselectivity was examined, but no
stereoinduction was observed when examined by chiral sta-
tionary phase HPLC.?! A rabbit muscle FDP (fructose 1,6-
diphosphate) aldolase has also been reported to catalyse an
intramolecular nitroaldol reaction in the synthesis of nitro-
cyclitols. Once again, no optical purity data was re-
ported.[8]

Enzymatic Kinetic Resolution of the Products of the Henry
Reaction

Another enzymatic route to enantiopure B-nitro alcohols
is to employ an enzymatic Kkinetic resolution step in con-
junction with the Henry reaction (approach 2, Scheme 4).
Hydrolase-mediated kinetic resolution of secondary
alcohols proceeds with excellent stereoselectivity across a
wide range of substrates.3*4%1 Early examples of biocata-
lytic resolution of nitro alcohols include those published by
Kitayama et al.; this group reported the hydrolase-catalysed
stereoselective preparation of four nitro alcohols. In ad-
dition, the effects of organic solvent over the course of hy-
drolase-mediated transesterification with Amano AK from
P, sp. were examined; an increase in E value was reported
with the use of n-propyl ether as solvent (Table 7).[#!]

Table 7. Effect of solvent on the E value of hydrolase-mediated
acetylation.

OH Amano AK OAc OH
R NO, = NO, * R /\/ NO,
A0
30°C

R E

Dioxane THF Benzene AcOEt Hexane n-Propyl ether
C,Ho 4.8 4.1 5.6 21.9 9.6 20.9
C;H; 1.2 1.1 1.4 1.4 1.0 2.1
i-C3H; 1.3 1.9 24 1.7 6.7 12.5
C4Ho 1.2 1.6 1.6 1.4 2.5 34

Barua et al.[*?l were the first to examine a wide range
of 2-nitro alcohols (12 in total) with a range of hydrolases
including those from Humicola lanuginose, C. antarctica,
Rhizomucor meihei, C. rugosa and P. fluorescens. The hydro-
lase from P. fluorescens was found to be the most effective
for the transesterification of nitro alcohols at 30 °C. The
elimination product was observed in the majority of aro-
matic systems; enantiopurities of the acetates ranged from
66-98% ee. Some examples of the aforementioned systems
studied are depicted in Table 8.4
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Table 8. Hydrolase-mediated kinetic resolution of a range of 2-nitro
alcohols.

hydrolase OH QAC
R1CHO + CH?’_NO2 f—» R1/k/N02 + R1/\/N02
rom

P. fluorescens
vinyl acetate

Substrate Reaction time Alcohol  Acetate E
R! ee [%] ee [%]

Benzaldehyde 48 85 (R) - -
n-Butanal 24 85 (R) 83(S) 51
n-Hexanal 24 94 (R) 84(S) 53
n-Heptanal 24 88 (R) 90(S) 49

Hydrolase-mediated acylation and deacylation have been
employed to gain access to enantio- and diastereomerically
enriched B- and y-nitro alcohols.[*3#1 It is also worth not-
ing that the hydrolysis of 2-nitrocyclohexyl butyrate with C.
cylindracea Lipase (CCL) hydrolase in high enantio-
selectivity was achieved in 1989 by Honig et al. as a route
to cyclic amino alcohol precursors.[® Stereoselective trans-
esterification of (R)-4-nitro-2-butanol and (R)-5-nitro-2-
pentanol has been performed by C. cylindracea hydrolase
immobilised on Celite® (Im CCL) with vinyl acetate as acyl
donor. Only modest enantiomeric purities were achieved for
the transformed acetate (28% ee in the case of the butyl
ester and 49 % ee for the pentyl ester) (Scheme 7).47!

vinyl
acetate

OH mccL  9H
/E\(CHZ),,NO2 = /JfCHJnNoz

1 26 % yield, 95 % ee
2 34 % yield, 97 % ee

QAc

* en,),No,

52 % yield, 28 % ee

n=
n= 66 % yield, 49 % ee

Scheme 7.

Selective acylation of substituted 2-nitropropane-1,3-di-
ols mediated by porcine pancreatic hydrolase has been uti-
lised as a new entry to the asymmetric synthesis of a-substi-
tuted serine analogues with high enantiopurity in some
cases (Scheme 8).[4®]

PPL,
R OH vinyl acetate R OAc R CO,H
O,N “—OH 30°c  ON “—0OH BocHN “—OH
26-93 % yield
<5-95 % ee
Scheme 8.

Use of hydrolases has been identified as a potential
biocatalytic system for the resolution of the products of the
Henry reaction. One of the first reports of hydrolase-medi-
ated resolutions of a nitro aldol adduct describes an enan-
tioselective saponification with pig liver esterase of a meso-
nitroacetate substrate; high enantiopurity with moderate
yields were obtained (Scheme 9).
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NO,

AcO\O/OAc

pig liver
esterase

® o  CHgNO, NaOH

HJ\/\/U\H

ACZO

60-70 % vyield
>97 % ee

Scheme 9.

The first systematic study of a hydrolase-catalysed reso-
lution of nitro aldol adducts in conjunction with the Henry
reaction was reported in 2004.%) The synthesis of a range
of aliphatic B-nitro alcohols via the Henry reaction, fol-
lowed by an enzymatic kinetic resolution was described
(Scheme 10).

OH hydrolase OH OCOR
/\)\/NOZ = /\/'\/NOZ N0
acyl donor,
DIPE

Scheme 10.
A number of hydrolases were examined for the enzymatic

kinetic resolution of 1-nitro-2-pentanol including Novozym

Table 9. Kinetic resolution of 1-nitro-2-pentanol in the presence of
CALB; effect of solvent.

Candida
antarctica
OH Lipase B OH OCOR
/\/K/NOZ /\/k/NO2 s~ NO2
acyl
donor

435®, an immobilised preparation of C. antractica lipase
B (CALB), two cross linked preparations of C. antractica
hydrolase B, C. antractica hydrolase A, Rhizopus meihei, C.
rugosa, C. lipolytica and Burkholderia cepacia in diisopropyl
ether (DIPE) with succinic anhydride as acyl donor. CALB
provided access to the best enantiospecificities. In order to
optimise the process further, use of acyl donors succinic an-
hydride and vinyl acetate were investigated in a range of
solvents as can be seen from Table 9.

Overall, CALB in diisopropyl ether and succinic anhy-
dride led to the highest conversions and selectivities; how-
ever, this system was substrate-dependent (see Table 10).

Vongvilai et al. made two contributions to the biocata-
lytic resolution of B-nitro alcohols. Firstly, a dynamic com-
binatorial biocatalytic resolution process was described,
whereby a range of aromatic aldehydes were reacted in the
presence of triethylamine with 2-nitropropane and sub-
sequently resolved with the hydrolase P. cepacia and p-chlo-
rophenyl acetate as the acyl donor. A variety of substitu-
tions were examined with enantioselectivities up to 99% ee
reported.’% This work was expanded to convert this kinetic
bioresolution process to a one-pot reaction combining a ni-
troaldol Henry reaction and a dynamic kinetic enzyme-me-
diated resolution process. The first step required the investi-
gation of a suitable catalyst for this enzymatic transforma-
tion (Table 11).

Table 11. Effect of hydrolase source on the kinetic bioresolution of
2-methyl-2-nitro-1-(4-nitrophenyl)propan-1-ol.

hydrolase
vinyl
OH acetate (5 equiv.)

NO.
2 toluene O,N i
ON &

Solvent Succinic anhydride Vinyl acetate

% Conv. ee; ee, E % Conv. ee; ee, E Enzyme source Conversion ee [%0] E

(24h) el 1) (24 1) el 1] C. antarctica B 5 78 8
MeNO, <1 0 1 - 3 1 45 3 C. rugosa 0 0 0
ACN 8 2 100 2 - - - - P. cepacia 10 0 1
DME 4 3 76 7 37 38 52 5 P. cepacia C1 11 99 > 200
TBME 42 70 95 100 46 41 35 3 P. cepacia C2 10 90 21
DIPE 54 92 93 82 37 15 25 2 P, fluorescens 7 93 30
Table 10. Effect of substitution on reaction efficiency.

OH Novozym 435 OH OCOR
NO, NO, * A _NO,
R acyl donor R R
DIPE
R Succinic anhydride Vinyl acetate
% Conv. ee ee E % Conv. ee ee E
(24 h) [%0] [%0] 24 h [%6] [%0]

CH3; 39 57 67 28 (R) 30 2 S 1 (R)
C,H; 47 44 43 4 (R) 72 1 - 1 (R)
C;H, 54 92 93 82 (S) 37 15 25 2.(S)
CeHs 4 3 75 7 (S) 13 13 100 20 (S)
(C¢Hs)CH, 0 - - - 53 34 - 2(S)
(CeHs)C,Hy 42 71 97 96 (S) 56 21 100 2(S)
3064 WWW.eurjoc.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2012, 3059-3067
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P, cepacia C1 was the most effective catalyst. Moreover,
in combination with an increase of the amount of enzyme
catalyst and temperature to 40 °C, the conversion was
driven to 46% with conservation of enantiopurity. The next
step examined a one-pot combined nitroaldol reaction with
hydrolase-catalysed transesterification. A range of alde-
hydes were examined; it should be highlighted that the ali-
phatic aldehydes resulted in low enantiospecificities when
compared with the aromatic aldehydes. Furthermore, the
reactions required long reaction times (2-4 days). Some ex-
amples of these transformations are shown in Table 12.51
While this paper clearly demonstrates the feasibility of a
combination of the Henry reaction with enzyme-mediated
dynamic resolution it is clear that there are significant
limitations to the process as developed.

Table 12. Hydrolase-mediated dynamic kinetic resolution of B-nitro
alcohols.

)J\ PS-C1
R”>H EtN | HO p-Cl-CeHs0Ac AcO
S - N02 > / NOZ
R toluene R
NO, 28-90 % yield
46-99 % ee
R Time [d] Yield [%] ee [%]
4-NO,-CgHy 2 90 99
4-CN-CeHy 2 89 91
4-CF5-CgH,y 3 89 97
3-NO,-C¢Hy 3 90 91
4-CH;-C¢Hy 4 35 93
Thiophene-2-yl 4 68 46

The enzyme-catalysed kinetic resolution of 2-nitrocy-
clohexanol was investigated by screening a range of hydro-
lases both for enantioselective transesterification and for
enantioselective hydrolysis of the corresponding acetate. By
appropriate choice of biocatalyst and conditions, both
enantiomers of cis and trans-2-nitrocyclohexanol can be ac-
cessed in enantiopure form (Tables 13 and 14).55%

Table 13. Hydrolase mediated transesterification of (*)-trans-2-ni-
trocyclohexanol in vinyl acetate as solvent and acyl donor.

OH _ OAc OH
«NO, lipase WNO, . A _NO,
vinyl acetate O
20°C,24h
Enzyme % Conv. Acetate  Alcohol E
strain (1R2S)  (1S.2R)
ee [%0] ee [%0]
C. cyclindracea C1 81 > 98 > 98 > 400
C. c¢ylindracea C2 3 - - -
P. cepacia P1 13 > 98 16 232
P stutzeri 53 > 98 > 98 > 400
Rhizopus niveus 0 - - -
Alcaligenes spp. 47 > 98 88 > 400
P. cepacia 14 - - -
Mucor javanicus 0 - - -
Penicillium camem- 0 - - -
bertii
P. fluorescens 50 > 98 > 98 > 400
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Table 14. Hydrolase-mediated transesterification of ()-cis-2-nitro-
cyclohexanol in vinyl acetate as solvent and acyl donor.

OH OAc OH

@,Noz lipase @,NOZ OMNOZ
R — +

vinyl acetate

20°C, 24 h (1R2S) (1S.2R)
Enzyme strain % Conv.  Acetate  Alcohol E

(IR2R) (1529)

ee [%0) ee [%0]

C. cyclindracea C1 45 > 98 80 > 200
C. cylindracea C2 26 - - -
Rhizopus oryzae 0 - - -
Alcaligenes spp. 37 98 53 168
P. cepacia 39 > 98 46 156
P stutzeri 59 69 89 15
Rhizopus spp. 7 - - -
Rhizopus niveus 0 - - -
Aspergillus niger 0 - - -
Alcaligenes spp. 50 > 98 91 > 200
P. cepacia P2 8 > 98 6 105
Mucor javanicus 2 - — -
Penicillium camembertii 0 - - -
P, fluorescens 50 > 98 > 98 > 200
Mucor meihei 17 > 98 32 > 200
C. antarctica 49 > 98 98 > 200
Porcin pancrease 11 trace — — —
Pig liver esterase 0 - - -

The final example describes the employment of both the
direct enzyme-mediated nitroaldol addition and subsequent
kinetic resolution of the nitroaldol products. Initial forma-
tion of a series of racemic B-nitro alcohols was effected with
D-aminoacylase as catalyst with conversions ranging from
50 to 80% yield (Scheme 11).153!

(0] OH
N H D-aminoacylase N NO,
R4— #CHaNO; ———— > Ry
= DMSO, 50 °C =
R=0,m,p-NO, ca.80%
R= o, m, p-Cl ca. 50 %

R =H, p-H, p-CHs, p-OCH;  ca.12-33 %

Scheme 11.

A number of hydrolases were examined for the kinetic
resolution step and it was found immobilised hydrolases
from B. cepacia (PS-IM) showed the highest activity and
enantioselectivtity. A summary of both the enantio-
selectivity and conversion data is shown in Table 15.13

Conclusions

Beyond doubt, the enzyme-catalysed kinetic resolution
of the products of the Henry reaction is well developed and
an efficient method to gain access to enantiopure B-nitro
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Table 15. Kinetic resolution of B-nitro alcohols.>!

(o}
OH B. cepacia Ok OH
N NO,  (PS-M) § NO; | _NO,
R~ o) R R
= = S
)J\O/\
R ees [%0] ee, [%] % Conversion E
p-NO, 97 > 99 48 > 200
m-NO, 95 99 49 > 200
0-NO, - - <1 -
p-Cl 97 98 46 > 200
m-Cl 91 98 47 > 200
0-Cl - - <1 -
H 95 96 47 155
p-CH; 84 99 48 > 200
p-OCH3; 84 98 49 > 200

alcohols, albeit with a maximum of 50% yield. Initial re-
ports of a dynamic biocatalytic resolution process do show
promise, however, the narrow substrate range is a serious
limitation and further investigation is warranted. The en-
zyme-catalysed production of enantiopure -nitro alcohols
is an attractive protocol, however, to date limited research
has been performed in the area. This may be in part attrib-
uted to the absence of commercially available hydroxy ni-
trile lyases, although improvements in this area are being
made. Further investigation into the use of genetic engineer-
ing is warranted to increase the substrate scope, operating
conditions and general applicability of hydroxy nitrile lyase.
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