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Abstract—Substrate specificity and enantioselectivity of nitrile hydratase and amidase from R. rhodochrous IFO 15564 has been
studied by applying a series of a,a-disubstituted malononitriles and related substrates. The amidase preferentially hydrolyzed the
pro-(R) carbamyl group (amide) of the prochiral diamides, an intermediate resulting from the action of nitrile hydratase in a non-
enantiotopic group-selective manner. The introduction of a fluorine atom at the a-position caused an inhibitory effect on amidase.
By a combination of this microbial transformation and the subsequent Hofmann rearrangement, an important precursor of (S)-
methyldopa with 98.4% ee has been prepared. For the enzymatically poor substrate, the action on HO;SONO-H,O on the carbamyl
group was effective, leaving the cyano group intact. This conversion is demonstrated as the key step for the expeditious preparation
of (4)-a-cyano-a-fluoro-a-phenylacetic acid (CFPA) from diethyl a-fluoro-a-phenylmalonate.

© 2004 Elsevier Ltd. All rights reserved.

Since the reaction of microbial nitrile hydratase and
amidase on prochiral a,a-disubstituted malononitrile 1a
was disclosed in 1993, the substrate specificity has been
studied on the structurally related cyanoacetamide and
malonamide. In this reaction, the action of a multi-
enzyme system consisting of nitrile hydratase and ami-
dase on a bifunctional substrate (dinitrile) could
provoke several possible intermediates and reaction
pathways. Moreover, both of the enzymes might show
different substrate specificity and enantioselectivity on
each intermediate. Our initial studies revealed that the
reaction pathway was somewhat complex (Scheme 1).!
The activity of the nitrile hydratase involved in Rhodo-
coccus rhodochrous IFO 15564,% on dinitrile 1a itself as
well as the corresponding primary product, cyanoamide
2a, is very high, and, accordingly, the major intermedi-
ate, diamide 3a, was obtained. The action of amidase on
the prochiral diamide 3a worked in an enantiotopic
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Scheme 1. Reagents and conditions: (a) Nitrile hydratase; (b) amidase;
(c) nitrilase of Rhodococcus.

group-selective manner to give (R)-4a in high enantio-
meric excess.

On the other hand, substrate specificity studies have
been made by Wu and Li* using Rhodococcus sp.
CGMCC 0497. Their results showed a similar ten-
dency in the enantiotopic group-selective hydrolysis
of amidase. In turn, the nitrile hydratase of this spe-
cific microorganism also worked in an enantiotopic
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Table 1. Hydrolysis of disubstituted malononitriles and related substances
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Entry Sub. R X Time (d) Product Yield (%) Ee’ (%) Config.”

1 1c Et Me 0.2 4c 85 12 S

2 1d Pr Me 1 4d 81 75 R

3 le Allyl Me 1 4e 72 95 R

4 la Bu Me 1 4a 92 96 R

5 1f CH,=CH(CH,),— Me 1 4f 76 49 R

6 1g i-Pr Me 4 4g 84 23 —

7 1h Ph Me 7 4h 48 >99 R

8 1b PhCH,— Me 3 4b 90 >99 R

9 1i 3,4-(OCH,0)CsH;CH,— Me 3 4i 95 98 R

10 1 Bu Bu 1 3 74 — —

11 1k Ph F 1 3k 26 — —
4k 16 13 ND
5k 40 10 R

12 1k Ph F 21 3k 58 e S
4k 4 56 ND

13 3k Ph F 5 3k (recov.) 52 — —
4k 4 31 ND

14 2k Ph F 38 2k (recov.) Quant. — —

group-selective manner on dinitrile 1b to give (S)-2b
under certain conditions.

This situation prompted further interest in the selective
reactions of the enzymes; however, the present conclu-
sion has been made based on only a few substrates while
the detailed specificity still remains unknown. While Wu
and Li’s studies were limited to aromatic compounds, in
our work, no substrates with different substituents other
than 1a were investigated. Needless to say, a concise
estimation of the scope and limitations of enzyme-cat-
alyzed reactions plays a crucial role in deciding whether
enzymatic functional transformation or functional
transformation is applied, to realize the goal toward the
a,o-disubstituted carbamylacetic and cyanoacetatic
acids of important use and application. Herein we report
the substrate specificity of R. rhodochrous IFO 15564+
with a series of substrates possessing a wide range of
substituents.

Table 1 summarizes the result on the substrate specificity
with dinitriles 1a-k. Unless otherwise stated, the reac-
tion was worked up when the substrate was consumed.
In most cases, carbamylacetic acids 4 were the major
products. The rate of the hydrolysis was greatly affected
by the steric bulkiness around the susceptible functional
groups. Compared with linear aliphatic substrates (en-
tries 1-5), it took longer reaction times for the comple-
tion of the hydrolysis of aromatic substrates (entries 7—
9). The substrate specificity of the nitrile hydratase was
found to be rather broad, as all the dinitriles were
quickly converted to the corresponding diamides. In the
case of sterically hindered substrates 1g and 1h (entries 6
and 7, respectively), the corresponding diamides 3g and
3h could be clearly detected during the incubation. Ex-
cept for one example where there was a small difference
in bulkiness between the methyl and ethyl groups (1,
entry 1), the pro-(R)-carbamyl group on 3 was prefer-
entially hydrolyzed by the amidase. The highly sterically
hindered compound 1j (entry 10) with two butyl groups
on the malononitrile was a very poor substrate for
amidase to give mainly the diamide (74%). The results

suggest that the amidase may require at least one small
a-substituent (ethyl group being mostly preferred) for its
substrate to be hydrolyzed. The enantiotopic group
selectivity of the amidase is quite understandable, when
taking into account the configuration adjacent to the
carbamyl group into account.

It is also supposed that there exists a certain interaction
between the amidase and the m-electron system of the
side chain on the substrates, as the changes in ee of
products 4 depend upon both the chain length and the
presence or absence of a double bond in the side chain
(1d and 1e, entries 2 and 3; 1a and 1f, entries 4 and 5).
This tendency is consistent with the fact that high ees
were shown by the products with aromatic side chains
(1b,h,i, entries 7-9).

Substitution of the methyl group in 1h by a strong
electron-withdrawing fluorine atom brought about a
rather confusing result. The reaction of 1k (entry 11)
yielded a complex mixture; diamide 3k (26%) and the
desired product 4k (16% yield, 13% ee), along with a
cyanoacetate Sk in 40% yield with low ee [(R); 10%].
This conversion, however, was not reproducible. In
another run (entry 12), the reaction was very slow with
the products being 3k (58%) and 4k (4%, 56% ee). An
independent experiment (entry 13) indicated that di-
amide 3k (entry 13) was indeed a poor substrate for
amidase. A plausible pathway to yield cyanoacetate Sk
from 1k (entry 11) was supposed to be the sequential
action of nitrile hydratase and amidase via an interme-
diate, cyanoamide 2k (Scheme 1). We then submitted it
to the microbial hydrolysis (entry 14),® but to our dis-
appointment, no hydrolysis of the carbamyl group on 2k
was observed, either. Moreover, monoamide 2k and
diamide 3k themselves worked as inhibitors for the
amidase.” A characteristic feature commonly observed
with 2k and 3k was the imino-enol form 2k’ and 3k’
(Fig. 1) to some extent.'® Sharp absorbance at 3415 (2k’)
and 3460 (3k’)cm~! was not observed in the nonfluori-
nated derivative 31. Compounds 2k’ and 3k’ may play
important roles through some unusual interaction
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between the compounds and the amidase at its active
site, although the enol forms are limited in crystalline
states and all three compounds exist as the conventional
amide forms under NMR measurement conditions in
DMSO. The reason for the formation of cyano acid 5k
under microbial treatment could be the participation of
a nitrilase, which has so far not been observed in this
microorganism.'!

Based on this substrate specificity study, we then
embarked upon the preparation of an important pre-
cursor, (S)-7i,2 of (S)-oa-methyldopa 8 as shown in
Scheme 2. Malononitrile 1i was incubated with the
cultured cells of R. rhodochrous while subsequent
methylation of carboxylic acid 4i gave (R)-6i'* with
98.2% ee in 95% yield. A Hofmann rearrangement of the
further recrystallized sample (99.8% ee) followed by
trapping with methanol provided (S)-7i'* with 98.4% ee
in 73% yield.

Another target was CFPA 5k, a useful chiral NMR
derivatizing reagent. As both enantiomers are required
due to the application of CFPA and enantiomeric re-
solution of itself and closely related compounds has so
far been established, a new and expeditious route to its
racemate is of the considerable importance. Due to the
substrate specificity as above, we did not persist in
the enzymatic hydrolysis, but concentrated instead on
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Scheme 2. Reagents and conditions: (a) R. rhodochrous; (b) CH,N»; (c)
Br,, MeONa/MeOH; (d) lig NHj3; (e) Burgess’ reagent; (f) HSO;ONO-
HzO.

the chemical conversion of the carbamyl to a carboxyl
group (from 2k to 5k, Scheme 2). Through a series of
studies on the preparation of the substrates as above, we
established the preparation of (4)-2k as follows. A
known diester 9'® was treated with liquid ammonia to
give the diamide 3k'7 (81%). Subsequently, the dehy-
dration of one of the two carbamyl groups efficiently
proceeded to give (£)-2k (80%).'® Finally, hydrolysis via
activation of the carbamyl group under the treatment
with nitrosylsulfuric acid was quite effective to give (+)-
CFPA 5k" (72%) leaving the cyano group in 2k intact.

In summary, this detailed study on the substrate speci-
ficity of the nitrile hydratase and amidase of R. rho-
dochrous TFO 15564 and the inhibitory effect for the
latter, was informative to provide (S)-7i (98.4% ee) by
enzymatic functional group transformation as well as
desymmetrization and an expeditious chemical synthesis
of (£)-CFPA 5k from 9 (three steps, 47%).
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Compound 3k: Colorless needles, mp 224-225 °C.

To a solution of diamide 3k (1.01 g, 5.15 mmol) dissolved
in anhydrous CH3CN (80mL), methyl N-(triethylammo-
nium-sulfonyl)carbamate (Burgess’ reagent, 760mg,
3.19mmol) was added. At intervals of 30min under
stirring at 60°C, portions of the reagent (517 mg,
2.17mmol, and 490 mg, 2.05 mmol) were added, respec-
tively. Conventional work-up and purification gave 2k
(723 mg, 80%) as colorless needles, mp 111.5-112°C; 3C
NMR (DMSO-ds) 6 89.3 (d, J = 200), 115.2 (d, J = 33),
125.2 (d, J =5, x2), 129.2 (x2), 131.0, 132.0 (d, J = 22),
164.1 (d, J=24). MS (m/z) 179 (M*+1, 5%), 159
M*T—H,0, 6%), 135 (100%), 108 (97%), 77 (5%), 44
(64%).

In a similar manner to the reported procedure,>® to a
solution of 2k (300 mg, 1.68 mmol) in DMF (3mL) was
added HO;SONO (645mg, 5.07mmol) and the mixture
was stirred for 1h at room temp. Conventional work-up
and purification afforded 5k (216 mg, 72%). 'H NMR
(CDCl;) 6 7.49-7.66 (m, 5H), 10.16 (s, 1H); *C NMR
(DMSO-dg) 6 86.8 (d, J =199), 113.4 (d, J = 33), 1254
(d, J =5, x2), 129.3 (x2), 1314, 164.1 (d, J = 30); IR
(film) 3505, 2254, 1768, 1600cm™~'. The 'H NMR and IR
data were in good accordance with those reported
previously.!>®
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