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CHAPTE RR 2 

THEE APPLICATION OF NITRILE HYDROLYZING ENZYMES IN ORGANIC SYNTHESIS 

2.11 Introductio n 

Fromm a synthetic point of view, nitriles constitute a versatile class of compounds, due to the 

easee of cyanide introduction, and subsequent transformation into various other functional 

groups,, e.g. amines, amides or acids. One of the most common transformations is the 

chemicall  hydrolysis of nitriles, which usually requires harsh conditions such as concentrated 

basee or acid at elevated temperatures. Furthermore, generally no chemoselectivity is 

observedd in these types of reactions. These drawbacks have amongst others stimulated 

organicc chemists to investigate the application of nitrile hydrolyzing enzymes which would 

alloww the hydrolysis to be carried out at neutral pH and ambient temperatures. More 

importantly,, as an additional benefit one may profit from the fact that enzymes often display 

highh levels of chemoselectivity and enantioselectivity. The application of nitrile hydrolyzing 

enzymess in organic synthesis1 and industrial processes2 has been extensively reviewed; some 

highlightss wil l be presented in this chapter. 

Threee different enzyme classes can be involved in nitrile hydrolysis (scheme 1): 

1.. nitrilases convert nitriles directly into the corresponding acids without the amide as an 

intermediate e 
2.. nitrile hydratases (NHases) convert nitriles into the corresponding amides 

3.. amidases convert amides into the corresponding acids 

Schemee 1 
nitrilasee O 

R-C=NN  1 
RR OH 

nitrile e 
hvdratasee O amidase O 

R-CSNN — ~ X X 
RR NH2 R OH 

Thee three enzymes can coexist in the same organism and even multiple variants of the 

differentt types of enzymes may be present. The environment during the growth of the 

organismm determines which of these enzymes are expressed. Nitrilases are induced by and 

thuss hydrolyze aromatic nitriles to the acids,3 although a few nitrilases have been reported 

thatt are capable of hydrolyzing aliphatic nitriles.4 NHases on the other hand demonstrate a 

primaryy preference for aliphatic nitriles,5 but again, some examples are known where nitrile 

hydratasess efficiently hydrolyze aromatic nitriles.2'-6 Nitril e hydratases and amidases are 

geneticallyy coupled and the genes coding for these enzymes are usually in close proximity of 

eachh other. The nitrilase and NHase enzymes wil l be discussed in more detail in the 

followingg sections. 
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VieVie Application ofNitrile Hydrolyzing Enzymes in Organic Synthesis 

2.1.11 Nitrilases 

Nitrilasess do not contain any metal or prosthetic group and possess a conserved GIu-Lys-Cys 

sequencee in the active site.7 The proposed mechanism by which these enzymes operate 

involvess the covalent binding of the nitrile to the cysteine (scheme 2).1 Several nitrilases have 

beenn found to be inhibited by reagents which bind to thiols, confirming that the thiol group 

iss essential for the catalytic activity of these enzymes. 

Schemee 2 

Originally,, nitrilases were linked to the conversion of indole-3-acetonitrile into indole-3-

aceticc acid (see also chapter l),8 which is a plant growth regulator with a strong influence on 

plantt development. Since then, nitrilase activity has been detected in numerous plants and 

microorganisms. . 

2.1.22 Nitril e Hydratases 

Nitril ee hydrolysis can also be performed by a nitrile hydratase (NHase).9 This enzyme acts 

mainlyy on aliphatic nitriles and produces the corresponding amides. Consequently, an 

amidasee is required to generate the carboxylic acid. Sometimes the nitrile hydratase/amidase 

systemm is erroneously referred to as a nitrilase system. 

NHasess are metalloenzymes that are built up from heterodimers containing an a- and a p-

subunit.. The metal may be either an iron(III) or a cobalt(lll) ion. Some ferric NHases have 

shownn to be induced by light.10 This phenomenon involves the release of one molecule of NO 

thatt is bound to the non-heme iron center in the enzyme. The active site of the NHase from 

RhodococcusRhodococcus R31211 was shown to have all the protein ligands of the metal ion within the a-

subunit.. Several mechanisms have been proposed for the NHase catalyzed nitrile hydrolysis 

(schemee 3).91112 Still, no conclusive evidence has been provided to assign the correct 

mechanism. . 
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ChapterChapter 2 

Schemee 3 
Mechanismm I 

M3** M3* 

R-CNN N-J >NH 
NH; ; 

HH r^ H-O-PR X 
H200 R

 B©W
Mechanismm II 

M3++ M 3 +
 M3+ 

R-CNN ^ - B e « t N H R " % H 2 

Mechanismm III 

M3 ++ M3+ M3* 

rÓSHH . H'% .. H^H 
H^HH OH O 

R-CNN R ^ N H R Nl-

2.1.33 Applications of Nitril e Hydrolyzin g Enzymes 

Onee of the most impressive examples of the application of nitrile hydrolyzing enzymes in 

chemicall  industry is the multi-ton preparation of acrylamide from acrylonitrile by an NHase 

containingg bacterium (Rhodococcus rhodochrous Jl).2a Another industrial application of this 

enzymee is the preparation of nicotinamide.̂ Nitril e hydrolyzing enzymes are also used in 

thee removal of nitriles from waste streams and in the production of paper, antibiotics and 

anti-inflammatoryy agents. A fascinating feature of nitrile hydrolyzing enzymes is that, in 

general,, in polynitriles only one cyano group is hydrolyzed.13 Using whole cells of the 

bacteriumm Rhodococcus rhodochrous NCIB 11216, 1,3-dicyanobenzene was converted into 3-

cyanobenzoicc acid. Several similar conversions have been published,6"^ where in each case 

ann aromatic dinitrile was converted into a cyano carboxylic acid. Obviously, none of these 

exampless involved any enantioselective transformations. 

Thee first example of an asymmetric conversion was provided in the hydrolysis of 2-alkyl 

arylacetonitriless by immobilized whole cells of a Rhodococcus sp. (scheme 4).14 

Schem ee 4 

R1 1 

/ ^ A „ , , II 1 

R2AJ J 
5aR11 = Me, R 2 = H 
5bR 11 = Et, R2 = H 
5cc  R1 = Me, R2 = ABu 

R2' ' 

R1 1 

rT < : ! Y V CONH 2 2 

KJ KJ 
6a,b b 

e.e.. 20-90% 

+ + 

H' H' 

R1 1 

ff
<y^co2H H 

Kj Kj 
7a,b b 

e.e.. 45-98% 

or r 

R' ' 

(f^V^ c 2H H 

; - B U ^ ^ 

7c c 
e.e.. 32-35% 
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TheThe Application ofNitrile Hydrolyzing Enzymes in Organic Synthesis 

Thiss enzyme system was commercially available as SP 361 and contained an NHase and an 

amidase,, but no nitrilase.1415 The enantioselectivity of this enzyme preparation proved to be 

dependentt on the aryl substituent. Hydrolysis of substrates 5a and 5b yielded the 

correspondingg (R)-amide and (S)-acid, while conversion of 5c afforded the (K)-acid as the 

exclusivee product. Other a-substituted arylacetonitriles were hydrolyzed by using 

RhodococcusRhodococcus sp. AJ27016 - which also contained only an NHase and an amidase - and a 

nitrilasee from the plant Ardbidopsis thalianaP Although in several of these instances excellent 

enantioselectivityy was obtained, a drawback of this type of resolution is that a maximum 

conversionn of 50% can be obtained, since higher conversions would compromise the 

enantiopurityy of the product. 

Onee way to reach a conversion of 100%, and still retain high levels of enantioselectivity, is by 

desymmetrizationn of prochiral substrates. It had already been shown that glutaronitrile 

couldd be selectively converted into 4-cyanobutyric acid by nitrile hydrolyzing enzymes,18 

andd several groups have extended this to the preparation of optically active cyano acids by 

desymmetrizationn of 3-substituted glutaronitriles.4d-19 An overview of the used enzyme 

systemss and the results is presented in table 1. 

Tablee 1 
R R 

N C ^ J \ \ 
referenc e e 
bacteriu m m 

^ C N N 

entr y y R R 

R R 

yiel d d 

^ C 0 2 H H 

e.e.. (config. ) 

Kakeyaeta/ .1 9" " 
RhodococcusRhodococcus butanica 

ATCC21197 7 

Bergerr ef a/.19b 

SP409 9 

Crosbyy efa/.1 9 c 'd 

RhodococcusRhodococcus sp. 
(SP361) ) 

Kerridgee efa/.1 9 e 

BrevibacteriumBrevibacterium sp. 
R312 2 

Wangefa/ .1 9 1 1 

RhodococcusRhodococcus sp. 
AJ270 0 

Effenbergerr era/.199 

nitrilasee from 
ArabidopsisArabidopsis Thaliana 

DeSantiss ef a/.4d 

genomicc libraries 

1 1 
2 2 
3 3 

4 4 

5 5 
6 6 
7 7 
8 8 
9 9 

10 0 

11 1 
12 2 

13 3 
14 4 
15 5 
16 6 

17 7 
18 8 
19 9 
20 0 
21 1 

22 2 
23 3 

Bn n 
OBn n 
OBz z 

OCO'Bu u 

OBn n 
OBz z 
OH H 

OMEM M 
OAc c 

OTBDMS S 

OBz z 
OBn n 

Ph h 
p-Me-C6H4 4 

p-CI-C6H4 4 

p-F-C6H4 4 

Me e 
OH H 

OMe e 
OAc c 
Ph h 

OH H 
OH H 

59% % 
68% % 
7 1 % % 

29%% (S) 
90%% (S) 

>99%% (S) 

50%% amide + 16% acid 
e.e.. not determined 

73% % 
25% % 
52% % 
19% % 
45% % 

70% % 
70% % 

48-88% % 
25-42% % 
25-37% % 
16-81% % 

53% % 
4 1 % % 
29% % 

98% % 
nott reported 

83%% (S) 
84%% {SI 
22%% (S) 
6 1 %% (S) 

0% % 

>99%% (S) 
>99%% (S) 

39-88%% (S) 
64-95%% (S) 
26-63%% (S) 
25-76%% (S) 

nott reported 

95%% (R) 
90-98%% (S) 
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Mostt enzyme systems from table 1 are known to contain an NHase and an amidase. 

However,, in most cases, no amide intermediate was detected. The products predominantly 

possessedd the (S)-configuration and Crosby et al. and Kerridge et al. proposed a pathway in 

whichh the NHase step is enantioselective and rate determining, while the amidase pathway 

iss non-selective and fast.18c-de By screening genomic libraries consisting of 200 genetically 

diversee nitrilase genes using ultrahigh-throughput methods, DeSantis et al.40 identified both 

(S)-- and (R)-selective nitrilases for the conversion of 3-hydroxyglutaronitrile. 

Surprisingly,, the hydrolysis of a,a-disubstituted malononitrile 8 (scheme 5) with whole cells 

off  R. rhodochrous ATCC 2119720 did not lead to the expected cyano amide or cyano acid, but 

yieldedd after one day exclusively amide acid 10. 

Schemee 5 

MeOf f 
NCC CN 

8 8 

R.R. rhodochrous 
ATCCC 21197 

Me,, , 
Bu u 

H2NOCC CONH2 

.,, Bu 

'X X 
H2NOCC C0 2 H 

10 0 

AA time dependent analysis of the reaction showed the formation of diamide 9 as an 

intermediate.. This result proved that the hydrolysis in this case proceeded through a non-

selectivee NHase and an (R)-selective amidase. 

Differentt results in the hydrolysis of malononitrile 11a (scheme 6) by Rhodococcus sp CGMCC 

04977 were recently reported.21 

Schemee 6 

RhodococcusRhodococcussp. sp. 
CGMCCC 0497 

244 h 

666 h 

900 h 

112h h 

Me, , ! ! 

H2NOCC "CN 

(S)-12a a 

70%,, 48% e.e. 

56%,, 93% e.e. 

22%,, 99% e.e. 

M e ,s L L 
H02CC CN 

(R)-13a a 

19%,, 72% e.e. 

33%,, 52% e.e. 

35%,, 6% e.e. 

44%,, 1.2% e.e. 

Me^ ^ 
HH22NOC^COK;, NOC^COK;, 

14a a 

3% % 

8% % 

Me,,. . 

H 2 NOC' '' "C0 2H 

(R)-15a a 

41%,, 88% e.e. 

52%,, 95% e.e. 

Inn this case, mixtures of products were isolated after incubation of the substrate with the 

bacterium.. For the first time, cyano amide 12a and cyano acid 13a were also isolated, along 

withh diamide 14a. Prolongation of the reaction time to 112 h resulted in formation of only 

twoo products, of which amide acid 15a was isolated with high enantiomeric excess. 

Hydrolysiss of various other malononitriles l lb- i (scheme 7) with the same enzyme system 

forr 6-7 days afforded only amide acids 15b-i with excellent e.e. values.22 
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TheThe Application ofNitrile Hydrolyzing Enzymes in Organic Synthesis 

Schemee 7 

RhodococcusRhodococcussp. sp. 
CGMCCC 0497 

111 b-h n = 1, R = p-Me, p-F, p-CI, p-Br, 
p-MeO,, m-CI, o-CI 

11inn = 2,R = H 

H2NOCC CONH2 

14b-i i 

Me,;l l 
H2NOCC C02H 

ffl)-15b-i i 
yield:: 30-96% 

e.e.:: 97 to >99% 

Additionally,, when racemates of diamides 14a-i were subjected to the whole cells of the 

bacteriumm for one day, again only products 15a-i were isolated.21 Conversely, incubation of 

racemicc 13a with the bacterium gave no conversion at all, indicating that formation of amide 

acidd 15a proceeded exclusively via diamide 14a. 

2.2.11 Investigating Nitril e Hydrolyzin g Enzymes of R. erythropolis NCIM B 11540: 
Desymmetrizationn of Glutaronitrile s 

Thee bacterium strain Rhodococcus erythropolis NCIMB 1154023 has been used for the mild 

hydrolysiss of (Rj-amino acid amides to the corresponding amino acids.24 In our group, this 

enzymee preparation was used for the synthesis of linear unsaturated amino acids.25 The 

strainn was also known to contain nitrile hydrolyzing enzymes.26 However, not much was 

knownn about the substrate specificity and enantioselectivity of the latter enzyme systems. 

Wee decided to study the properties of this bacterium in the well-studied hydrolytic 

desymmetrizationn of 3-O-substituted glutaronitriles, which we envisioned would give rise to 

particularlyy versatile and useful starting materials for enantiopure multifunctional N-

heterocycles.. To this end, dinitriles 17a-c were prepared (scheme 8). 

Schemee 8 

00 KCN, MgS04 

"" H20,43% 

16 6 

BzCI,, Et3N, 96% or: 

BnBr,, Ag20, CaS04, 80% 

17a a 

3-HydroxygIutaronitrilee (17a) was prepared on large scale in one step from epichlorohydrin 

(16)) following a literature procedure.27 Protection of the hydroxyl group with benzoyl 

chloridee afforded compound 17b in excellent yield. On the other hand, benzyl protection 

provedd to be more difficult , and various methods were tried. Under basic conditions, 

eliminationn of the oxygen substituent occurred, while under acid catalyzed benzylation with 

benzyll  trichloroacetimidate only traces of the desired product were obtained. Finally, the use 

14 4 
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off  benzyl bromide in combination with a stoichiometric amount of silver oxide28 afforded 
compoundd 17c in a satisfactory yield. 

Tablee 2 

OR R 
N C \ ^ \ / C N N 

17aa R = H 
17bb  R = Bz 
17cc  R = Bn 

entr y y 

1 1 

2 2 
3 3 

RhodococcusRhodococcus erythropolis 
NCIMBB 11540 

0.11 M phosphate buffer 
300 , 150 rpm 

substrat ee R 

17aa H 
17bb  Bz 
17cc  Bn 

OR R 

N C ^ A ^ C 0 2 H H 

18aa R - H 
18bb  R = Bz 
18cc  R = Bn 

1)CH 2N 2 2 

2)) BzCI 
(forr 18a) 

tim ee produc t 

722 h 18a 
500 h 18a 
244 h 18c 

OR R 

N C x ^ > x v ^ C 0 2 M e e 

19bb  R = Bz 
19bb  R = Bz 
19cc  R = Bn 

yiel dd e.e.c 

30%aa 13% (S) 
2 1 % aa 63% (S) 
70%bb 96% (S) 

aisolatedd yield over 3 steps, "isolated yield over 2 steps cE.e. values of esters 19b,c were determined with 
chirall HPLC (Chiralcel OD column, heptane/isopropanol 9:1, flow 1 mL/min) 

Thee substrates were incubated with the whole cell preparation23 at 30 °C and the results are 

presentedd in table 2. Al l enzymatic reactions provided the mono-hydrolyzed cyano acids. 

Interestingly,, no trace of the cyano amide intermediate could be detected in any of the 

conversions.. The obtained acids were immediately esterified using diazomethane to facilitate 

theirr isolation. The hydroxyl moiety in product 18a was protected with a benzoyl group for 

HPLCC analysis, which showed an e.e. of 13%. The absolute configuration of the products was 

determinedd by comparison of their optical rotations with the ones reported in literature.193 

Surprisingly,, incubation of substrate 17b provided only product 18a in which the benzoate 

hadd been hydrolyzed. HPLC analysis of the re-benzoylated ester revealed an e.e. of 63%, 

significantlyy higher than the result in entry 1. This large increase in enantioselectivity implies 

thatt the hydrolysis of the benzoate occurred after conversion of the nitrile. We were very 

pleasedd to find that with the benzyl protected substrate 17c, an enantiomeric excess of 96% 

wass obtained. Unfortunately, this result was difficul t to reproduce. In later experiments with 

neww enzyme preparations, the e.e. of the product of this conversion lingered between 70 and 

80%. . 

Thee promising result with substrate 17c prompted us to explore in more detail the substrate 

tolerancee of the bacterium, and we turned our attention to 3-alkylglutaronitriles (viz. 23, 

schemee 9). 

Schemee 9 
1)) LiAIH4 

NaH,, BnBr Bn 2) TsCI B n NaCN 
Me02C^C02Mee - J^ 

54%% Me02C' "C02Me T s O - ^ ^ ^ u i s g l % 

200 21 22 (3 steps) 23 
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TlieTlie Application of Nitrite Hydrolyzing Enzymes in Organic Synthesis 

Alkylationn of dimethyl malonate (20) with benzyl bromide afforded diester 21. Reduction of 

thee ester functions and subsequent tosylation of the resulting diol afforded product 22. 

Finally,, substitution of the tosylates with sodium cyanide in DMSO gave 3-

benzylglutaronitrilee (23) in excellent yield over three steps. Obviously, this method could be 

appliedd for the preparation of various 3-alkyl substituted glutaronirriles, simply by varying 

thee alkyl halide in the first step of the sequence. 

Muchh to our surprise, incubation of substrate 23 with the whole cells of the bacterium gave 

ann unexpected result. After 24 hours, primarily cyano amide 24a was isolated and only 13% 

off  the acid (scheme 10). 

Schemee 10 

CQ2H H 

RhodococcusRhodococcus erylhropolis 
NCIMBB  11540 

0.11 M phosphate buffer 
300 , 150 rpm, 24 h 

HPLCC analysis of the amide showed an e.e. of over 98% and even more intriguingly, the 

configurationn of both the amide and the acid proved to be R. This absolute configuration was 

determinedd by comparison of the optical rotation of acid 24b with the one reported in 

literature.1933 In addition, 24b was chemically converted into amide 24a, in order to assign the 

absolutee configuration of the major product formed in the enzyme catalyzed reaction after 24 

h.. When substrate 23 was incubated with the whole cells for six days, only acid 24b was 

isolated.. After esterification, HPLC analysis showed that the acid had an e.e. of merely 10%. 

Additionally,, when optically pure amide 24a was subjected to the bacterium, after four days 

acidd 24b was the only product, again with low e.e. However, when optically pure amide 24a 

wass subjected to the buffered solution in the absence of the cells, no change in enantiomeric 

purityy was observed. This indicates that racemization occurs in an enzyme catalyzed process, 

forr which we proposed the following mechanism (scheme 11). 

Schemee 11 
Bnn R. erythropolis Bn R. erythropolis Bn 

NCIMBB 11540 JL NCIMB 11540 

(•IIII CT^NH2 HN^O NH H2N^O III 

(R)-24aa V B (S)-24a 

Evidencee for this mechanism should be accessible by preparing racemic cyano amide 24a 

withh the nitrile carbon isotopically labeled (scheme 12). If racemization occurs via the 

suggestedd mechanism, the acid eventually should bear the isotope at both the nitrile and the 

carboxylate.. Unfortunately, we were unable to prepare BC5-24a, and incubation of the 

16 6 
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analogouss 13C5-3-hydroxyglutaronitrile with the bacterium did not show any scrambling of 

thee labeled in the "C-NMR. 

Schemee 12 
Bn n 

Bnn J. Bn 
H02C^Aj?CNN "*  13C5-24a r J]  13C1-24a *" NC^kj?C02H 

13C5-24bb  H N ' ^ N H ,3C1-24b 

However,, the latter result could not be used to rule out the suggested mechanism, since the 

enzymaticc results with the 3-alkyl substrates were already completely different from those 

withh the 3-hydroxydinitriles. Furthermore, the fact that the hydrolysis of substrate 23 

affordedd the amide in high e.e. instead of the acid, and especially that the configuration 

provedd to be opposite to that reported by Ohta et al.,19a made us believe that our R. 

erythropoliserythropolis system contained at least one different NHase. Unfortunately, formation of cyano 

amidee 24a was only observed once. We therefore set out to identify and isolate the NHases 

andd study these purified enzymes in the hydrolysis of nitrile containing compounds. 

2.2.22 Investigating Nitril e Hydrolyzin g Enzymes of R. erythropolis NCIM B 11540: 
Application ss of Nitril e Hydratases 

Thee research in this section was carried out in collaboration with prof. dr. H. Griengl, prof, 

dr.. H. Schwab and dr. C. Reisinger of the Technical University of Graz, Graz, Austria. 

Severall  NHase genes were amplified and expressed in E. coli BL21. This resulted in NHase 

cloness 7.3, 8 and 929 of which the NHase gene showed to have the same sequence as that of 

thee NHase gene Rhodococcus N-771. These three clones were tested for the hydrolysis of 

dinitriless 17c and 23 (table 3). 

Tablee 3. Glutaronitriles 

N C ^ ^ 

entr y y 

1 1 

2 2 
3 3 
4 4 

5 5 

R R 
A^,CN N 

substrat e e 

17c c 
17c c 
17c c 
23 3 
23 3 

R R 

OBn n 

OBn n 
OBn n 

Bn n 

Bn n 

NHase e 

tim e e 

677 h 

244 h 
244 h 
244 h 

244 h 

NHase e 

7.3 3 
8 8 
9 9 
8 8 
9 9 

R R 

N C ^ ^ s ^ ^ 

conversio n n 

--
50% % 

95% % 

35% % 

X O N H 2 2 

e.e. . 

--
72% % 

75% % 

--
10% % 

Itt is clear from these results that NHase 9 showed the highest activity towards both 

substrates.. However, the preparations were highly unstable and rapidly lost activity over 

17 17 



WieWie Application of Nitrite Hydrolyzing Enzymes in Organic Synthesis 

time.. In addition, we have been unable to identify the NHase responsible for the high 

selectivityy in the hydrolysis of 3-benzylglutaronitrile (23). 

Thee clone 7.3 (full plasmid name: pMS470Nhase7.3) has three mutations in the activator gene 

comparedd to the Rhodococcus sequence. The structural genes of the NHase alpha and beta 

subunitt were correct. Consequently, NHase 7.3 was further grown and used as a cell-free 

extractt in addition to the whole cells of R. erythropolis NCIMB 11540. 

Severall  (di)nitriles were incubated with these systems in order to determine their substrate 

selectivityy (table 4). 

Tablee 4 

entr y y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

substrat e e 

a C N N 

Q - C N N 

NC C 

NC—<?? V - C N 

HO—(( \— OH 

NOO ON 

N C ^ C N N 

N C ^ ^ C N N 

Phh Ph 

N C ^ ™ ™ 

a C N N 

Q ^ C N N 

a a 
k N ^ C N N 

^ C N N 

P h ^ ^ ^ C N N 

^ ^ C N N 

00 N-CN 

HCIH2NN CN 
Bu u 

HCIH2NN CN 

-- not performed 

whol ee cell s 
R.R. erythropolis  NCIMB 11540 

--

--

NC—{{ Y -C0 2 H 

• • 

N C ^ C O , H H 

--
Phh Ph 

N C > ^ C O N H 2 2 

--

acid d 

--

acid d 

acidd + amide 

--

--

xx no reaction 

NC C 

NC--

NC' ' 

NHase e 

X X 

'' V - CONH2 

-f-f V - CONH2 

X X 

--
^ ^ ^ ^ C O N H 2 2 

--

X X 

amide e 

amide e 

amide e 

--
--

amide e 

amide e 

X X 

Ass can be seen from the table, substrates bearing two vicinal cyano groups (entries 1, 4, 8) 

weree not tolerated by the enzyme, and no reaction took place. Remarkably, both aromatic 

(entriess 2, 3, 9), heteroaromatic (entries 10, 11) and aliphatic (entries 6, 13, 15) nitriles were 

18 8 
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hydrolyzedd by the NHase, indicating a broad substrate selectivity for this enzyme. Al l of the 

dinitriless were exclusively mono-hydrolyzed and the whole cells produced mainly the cyano 

acids,, except for the substrates in entries 7 and 13. 

Sincee none of the dinitriles afforded dihydrolyzed product, we now turned our attention to 

mono-- and disubstituted malononitriles in order to examine their conversion by the R. 

erythropoliserythropolis NCIMB 11540. Several previous reports have shown that such malononitriles are 

notoriouslyy prone to "over-hydrolysis", resulting mainly in dihydrolyzed products or in 

complexx mixtures of mono- and dihydrolyzed products {vide supra).20'21'22 Therefore, it would 

bee interesting to see how our organism would handle these substrates. 

Schemee 13 

NH2 2 

RCHOO ^ R PhCHO s" NaH.Mel R R 

NCC CN 
tf"tf" PhCHO s NaH.Mel s' 

II  "  1 * *H 
piperidineorr NC CN NC CN NC CN 

255 D,L-alanine 
26aa R = Ph, quant. 27a 8 1 % 28a 64% 
26bb  R = n-Pr, 43% 27b 96% 28b 4 1 % 

Malononitrilee (25) was condensed with two aldehydes to form adducts 26a,b (scheme 13). 

Reductionn of the double bond was achieved with 1,2-phenylenediamine and benzaldehyde 

andd an additional methyl group was introduced using NaH and methyl iodide, affording 

dialkylmalonatess 28a,b. 

Schemee 14 
NaH,, RX R R base, Mel 

ROO * I ~ M < \ NC^CNN - R ^ + X " X 
THF,, C NC CN NC CN THF NC CN 

28cc  R = allyl, 32% 27c R = allyl, 23% 
27dd  R = C7H,5 , 50% 28d 46% (2 steps) 
27ee A _ - ^ _ ^ 28e69% 

25 5 

Substratess 28c-e were prepared via alkylation of malononitrile with an alkyl iodide or alkyl 

bromidee (scheme 14).30 During the preparation of compound 27c, a considerable amount of 

thee double allylated product (28c) was formed besides the expected product. In addition to 

usingg this 'side product' as a substrate for the enzymes, we performed a ring-closing 

metathesiss reaction to obtain cyclopentene substrate 28f. 

Schemee 15 
PCy, , 

C ll L, Ph 
PCy, , Q. Q. CH2CI2,rtt N C ^ ^ C N 

N CC C N 5 days, 46% 
28cc 28f 
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Preparationn of methylphenylmalononilrile (28g, scheme 16) was achieved by treatment of 

malononitrilee with phenyl iodide and copper bromide,31 followed by methylation. 

Schemee 16 

N C ^ C N N 

25 5 

Phi,, CuBr 
K2CQ3 3 

DMSO,, 160 C 
16h,, 70% 

NaH,, Mel 

THF,, 16 h 
92% % 

Thesee substrates were incubated with the whole cells of R. erythropolis NCIMB 11540 and the 

resultss are depicted in table 5. 

Tablee 5 

entr y y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

NCC CN 

27a a 
28a-g g 

substrat e e 

27a a 

28a a 

28b b 

28c c 

28d d 

28e e 

28f f 

28g g 

R' ' 

H H 

Me e 

Me e 

allyl l 

Me e 

Me e 

Me e 

R.R. erythropolis 
NCIMBB 11540 

R2 2 

Bn n 

Bn n 

Bu u 

allyl l 

heptyl l 

y^^y y^^y 

Q Q 
NCC CN Ph h 

R R 

NC C 

produc t t 

29a a 

30a a 

30b b 

30c c 

30d d 

30e e 

30f f 

30g g 

29s s 
30a a 

CONH2 2 

9 9 

yiel d d 

94% % 

65% % 

95% % 

85% % 

7 1 % % 

94% % 

90% % 

e.e." " 

23% % 

58% % 

--
98% % 

<5% % 

--

15% % 

E.e.. values were determined by chiral HPLC. 

Gratifyingly,, in all cases where hydrolysis occurred, the cyano amide was formed as the only 

product.. This clearly indicates that the R. erythropolis NCIMB 11540 contains a different 

enzymee system than the ones previously reported, which is impeded by the presence of an 

amidee function in the substrate. We were pleasantly surprised to find an e.e. of 98% for the 

heptylmethyll  cyano amide (entry 5). In the process of replacing the heptyl for shorter (R2 = 

Bu,, entry 3), or more sterically demanding substituents (R2 = Bn, Ph, entries 2 and 8), the e.e. 

graduallyy decreased to less than five percent for a branched substituent (R2 = prenyl, entry 

5). . 
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2.33 Conclusions 

Thee Rhodococcus erythropolis NCIMB 11540 contains a versatile nitrile hydrolyzing system 

thatt has shown activity toward both aliphatic and aromatic nitriles. Dinitriles are exclusively 

monohydrolyzed,, including malononitriles that have been reported to undergo dihydrolysis 

byy other enzyme systems. For both glutaronitriles and malononitriles, very high 

enantioselectivityy can be obtained, although good desymmetrization of the substrates seems 

too be rather dependent on the substitution of the substrate and quality of the enzyme 

preparation.. The difference in results with known cyanide hydrolyzing systems indicates 

thatt our enzyme system hosts a nitrile hydratase with unprecedented activity. However, 

furtherr research is required to identify and characterize the NHase gene encoding for this 

interestingg enzyme activity. 
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2.55 Experimental 

Al ll  reactions in dry solvents were carried out under an inert atmosphere of dry nitrogen. 

Standardd syringe techniques were applied for transfer of reagents and dry solvents. Infrared 

(IR)) spectra were recorded on a Perkin Elmer 298 spectrophotometer or on a FTIR 

spectrophotometerr of ATI Mattson (Genesis Series) and wavelengths (v) are reported in cm1. 

Protonn nuclear magnetic resonance (]H-NMR) spectra were obtained from CDCI3, unless 

indicatedd otherwise, using a Bruker AC 100 (100 MHz), Bruker AC 200 (200 MHz) or a 

Brukerr AC 300 (300 MHz) spectrometer. Carbon nuclear magnetic resonance (13C-NMR) 

spectraa were obtained from CDCI3, unless indicated otherwise, using a Bruker AC 300 (75 

MHz).. Chemical shifts (8) are given in ppm downfield from tetramethylsilane. Mass spectra 
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andd accurate mass measurements were carried out using a double focussing VG 7070E 

instrument.. Rf values were obtained using thin layer chromatography (TLC) on silica gel-

coatedd glass plates (Merck 60 F254) with the indicated solvent (mixture). Flash 

chromatographyy was performed with Acros Organics silica gel (0.035-0.070 mm). Melting 

pointss were determined with a Büchi melting point B-545 apparatus. The enzyme catalyzed 

hydrolysiss of nitriles was performed with lyophylized whole cells of RJiodococcus erythropolis 

NCIMBB 11540 or cell-free extracts of Escherichia coli BL21 pMS470Nhase7.3. 

3-Hydroxypentanedinitril ee (17a):27 A solution of MgS04-7H20 (98.6 g, 0.40 mmol) in H2O 

rjHH (140 mL) was stirred for 5 minutes and cooled to 10 °C. KCN (28.6 g, 0.44 

'CNN mmol) was added and the milky-white solution was stirred for 45 minutes. 

Epichlorohydrinn (20.4 g, 220 mmol) was added drop wise and the reaction was stirred at rt 

forr 24. The dark red solution was continuously extracted with EtOAc (1 L) for 4 days. The 

extractt was dried over MgS04 for 18 h, after which it was filtered and concentrated in vacuo. 

Thee dark red-brown oil was distilled (bp 140-150 °C, 0.4 mm Hg) to afford the product as a 

palee yellow oil (10.3 g, 93.5 mmol, 43%). iH-NMR: 4.42-4.30 (m, 1H), 2.96 (d, ƒ = 5.5 Hz,, 1H), 

2.722 (d, ƒ = 6.1 Hz, 1H). "C-NMR: 118.4, 64.2, 25.6. IR: 3683, 2617, 3406, 3019, 2976, 2896, 2421, 

2400,, 2251. 

Benzoicc acid 2-cyano-l-cyanomethylethyl ester  (17b): To a stirred solution of 17a (550 mg, 

OBzz 5.00 mmol) in THF (10 mL) was added Et3N (2.0 mL, 14 mmol), DMAP (61 mg, 

NC^A^CNN 0 5 0 m m oi ) a n ci  B Z Q (1.0 mL, 8.6 mmol) at 0 °C. After stirring for 3 h the 

reactionn was quenched with satd aq NaHCO}  (10 mL). The water layer was extracted with 

EtOAcc (3 x 10 mL) and the combined organic layers were washed with brine, dried over 

MgSC>44 and concentrated in vacuo. Flash chromatography (PE/EtOAc 2:1, Rf 0.17) afforded 

thee product as a pale yellow solid (1.03 g, 4.8 mmol, 96%). 'H-NMR: 8.09-7.45 (m, 5H), 5.48 

(quint,, ƒ = 5.7 Hz, 1H), 3.02 (d, ƒ = 5.7 Hz, 1H). "C-NMR: 164.8, 133.9, 129.7, 128.5, 128.0, 

114.9,, 64.5, 22.2. IR: 3684, 3617, 3444, 3019, 2976, 2895, 2400, 2258,1728. 

3-Benzyloxypentanedinitrilee (17c): To a stirred solution of 3-hydroxyglutaronitrile (1.1 g, 10 

OBnn mmol) in benzene (150 mL) in an in aluminum foil wrapped flask, Ag20 (7.9 g, 

'CNN 34 mmol), CaS04 (31.7 g, 233 mmol) and benzyl bromide (10.7 g, 62 mmol) 

weree added. The reaction mixture was stirred overnight at rt. The reaction was monitored on 

TLC.. The reaction mixture was diluted with DCM (150 mL), filtered and evaporated under 

reducedd pressure. The crude product was purified by flash chromatography 

(heptane/EtOAcc 2:1, Rf 0.16). The product (1.58 g, 80%) was obtained as a colorless oil. 1H-

NMR:: 7.41-7.33 (m, 5H), 4.68 (s, 2H), 4.00 (quint, ƒ = 5.7 Hz, 1H), 2.70 (d, ƒ = 5.7 Hz, 4H). "C-

NMR:: 135.8, 128.5, 128.3, 127.8, 115.6, 72.5, 70.1, 23.1 IR: 3683, 2617, 3406, 3019, 2976, 2896, 

2421,, 2400, 2251. 
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Generall  procedure for  the enzyme-catalyzed hydrolysis of glutaronitriles : Lyophilized 

wholee cells of Rhodococcus erythropolis NCIMB 11540 were incubated with the substrate in 100 

mMM KH2PO4/K2HPO4 or NaH2P04/Na2HP04 buffer (pH 7) at 30 °C. The reaction was 

quenchedd by adding 2 M HC1 until the reaction mixture reached pH 1. The aqueous layer 

wass extracted with EtOAc and the combined organic layers were dried over MgSQj and 

evaporatedd in vacuo. 

Enzymee catalyzed hydrolysis of 17a: According to the general procedure of the enzyme 

catalyzedd hydrolysis of glutaronitriles, 17a (100 mg, 0.91 mmol) was incubated with the 

bacteriumm (50 mg) in a KH2PO4/K2HPO4 buffer (20 mL) for 72 h. The crude product was 

immediatelyy methylated with diazomethane and the hydroxyl was benzoylated for HPLC 

analysis.. After purification by flash chromatography (PE/EtOAc 3:1, Rf 0.16), 19b (63.0 mg, 

0.277 mmol, 30% over three steps) was obtained as a red-brown oil. [(X]D = +5.9 (CHCb, c = 

1.0),, e.e. = 13% (heptane/i'-PrOH 9:1, flow: 1.0 mL min-i, RT(R) = 15.1 min, RT(S) = 20.2 min). 

mm NMR: 8.04-7.41 (mr 5H), 5.56 (quint, ƒ = 5.8 Hz, 1H), 3.71 (s, 3H), 3.05-2.83 (m, 4H). " C 

NMRR (CD3OD): 169.5,165.2,133.6,130.0,129.71,128.9,128.4,128.3,115.8, 65.7, 52.1, 37.2, 22.6. 

IR:: 3683, 3620, 3443,3020,2976, 2895, 2400,2252,1732. 

Enzymee catalyzed hydrolysis of 17b: According to the general procedure of the enzyme 

catalyzedd hydrolysis of glutaronitriles, 17b (50 mg, 0.25 mmol) was incubated with the 

bacteriumm (50 mg) in a KH2PO4/K2HPO4 buffer (20 mL) for 50 h. The crude product was 

immediatelyy methylated with diazomethane and the hydroxyl function (due to hydrolysis of 

thee benzoyl ester) was benzoylated for HPLC analysis. After purification by flash 

chromatographyy (PE/EtOAc 3:1, Rf 0.61), 19b) (12 mg, 0.052 mmol, 21% over two steps) was 

obtainedd as a red-brown oil. [a]D = +26.7 (CHCI3, c = 0.39), e.e. = 63% (heptane/z'-PrOH 9:1, 

flow:flow:  1.0 mL min-i, RT(R) = 15.0 min, RT(S) = 19.1 min). *H-NMR: 8.04-7.41 (m, 5H), 5.56 

(quint,, ƒ = 5.8 Hz, 1H), 3.71 (s, 3H), 3.05-2.83 (m, 4H). 13C NMR: 169.5, 165.2, 133.6, 130.0, 

129.7,, 128.9, 128.4, 128.3, 115.8, 65.7, 52.1, 37.2, 22.6. IR: 3683, 3620, 3443, 3020, 2976, 2895, 

2252,1732. . 

Enzymee catalyzed hydrolysis of 17c: According to the general procedure of the enzyme 

catalyzedd hydrolysis of glutaronitriles, 17c (1.0 g, 5.0 mmol) was incubated with the 

bacteriumm (2.0 g) in a KH2PO4/K2HPO4 buffer (400 mL) for 24 h. The crude product was 

immediatelyy methylated with diazomethane and after purification by flash chromatography 

(PE/EtOAcc 2:1, Rf 0.26), 19c (766 mg, 2.8 mmol, 70% over two steps) was obtained as a red-

brownn oil. [a]D = +12.1 (CHCI3, c = 1.0). e.e. = 96% (heptane//-PrOH 9:1, flow: 1.0 mL min1, 

RT(R)) = 17.2 min, RT(S) = 23.4 min). iH NMR: 7.37-7.28 (m, 5H), 4.63 (d, ƒ = 11.5 Hz, 1H), 4.59 

(d,, ƒ = 11.5 Hz, IH), 4.11 (quint, ƒ = 5.9 Hz, IH), 3.68 (s, 3H), 2.77-2.59 (m, 4H). " C NMR: 

170.3,, 137.0, 128.3, 127.8, 127.6, 116.8, 72.0, 71.0, 51.7, 38.5, 22.8. IR: 3546, 3024, 3012, 2952, 

2254,1735. . 
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2-Benzylmalonicc acid dimethyl ester  (21): Dimethyl malonate (5.0 mL, 44 mmol) was added 

Bnn dropwise to a suspension of NaH (1.75 g, 44 mmol) in THF (100 mL) at 0 °C. 

Me02CC C02Me After 30 min, BnBr (5.2 mL, 44 mmol) was added and the reaction was 

warmedd to rt. After 18 h, the solvent was evaporated under reduced pressure and the 

residuee was dissolved in H2O (25 mL) that was extracted with EtOAc (3 x 25 mL). The 

combinedd organic layers were washed with brine (25 mL), dried over MgSC>4 and 

concentratedd in vacuo. After distillation (bp 105-110 °C, 0.4 mm Hg) the product was obtained 

ass a colorless oil (5.23 g, 24 mmol, 54%). ^ -NMR: 7.30-7.18 (m, 5H), 3.70 (s, 6H), 3.67 (d, ƒ = 

7.88 Hz, 1H), 3.22 (d, ƒ = 7.8 Hz, 2H). 

3-Benzylpentanedinitrilee (23): A solution of 21 (5.23 g, 23.5 mmol) in THF (20 mL) was 

Bnn added dropwise to a grey suspension of LiAlH i (3.58 g, 94.2 mmol) in THF (50 
N C ^ / ^ ^ C NN mL) at 0 °C. The reaction was warmed to 50 °C and after 1 h cooled to rt. H2O 

(177 mL) was added and the white precipitate that formed was filtrated over Celite®. The 

filtratee was dried over MgSC>4 and concentrated in vacuo. The crude product was dissolved in 

CH2CI22 (50 mL) and Et3N (11.7 mL, 86 mmol) and TsCl (9.9 g, 51 mmol) were added at 0 °C. 

Thee reaction mixture was warmed to rt and stirred for 2 h, after which the reaction was 

quenchedd with satd aq NH4CI (25 mL) and the organic layer was consecutively washed with 

satdd aq NaHCOs (25 mL), brine (25 mL), 2 M KOH (25 mL), 2 M HC1 (25 mL) and brine (25 

mL).. The organic layer was dried over MgSCX and concentrated in vacuo, to yield the crude 

productt 21 (10.2 g). 21 (3.8 g) was added to a slurry of NaCN (858 mg, 17.5 mmol) in DMSO 

(88 mL). The reaction was warmed to 95 °C and stirred for 18 h, after which it was cooled to rt, 

quenchedd with satd aq NaHC03 (25 mL) and extracted with EtOAc (3 x 25 mL). The 

combinedd organic layers were washed with brine (3 x 25 mL), dried over MgSC>4 and 

concentratedd under reduced pressure. Flash chromatography (PE/EtOAc 3:1, Rf 0.20) 

affordedd the product as a red-brown oil (1.48 g, 8.0 mmol, 91% over three steps). 'H-NMR: 

7.38-7.188 (m, 5H), 2.85 (d, ƒ = 7.0 Hz, 2H), 2.57-2.39 (m, 5H). ' 'C NMR: 136.5, 129.0, 128.9, 

128.8,, 127.4, 116.9, 38.9, 34.7, 21.1. IR: 3683, 3620, 3456, 3020, 2976, 2895, 2400, 2252. HRMS 

(EI)) calculated for Ci2H]0N2 182.0844, found 184.0998. 

3-Benzyl-4-cyanobutyramidee : H2O2 (18.5 mg 35 wt-% in H20,190 umol) was added 

too a solution of 23 (10 mg, 54 umol) in a mixture of 10% NaOH (5.2 uL) and EtOH (29 uL). 

Afterr 1 h the reaction was acidified to pH 7 with 2 M HC1 and extracted with EtOAc (3><5 

mL).. The combined organic layers were washed with brine (10 mL), dried over MgSC>4 and 

concentratedd in vacuo. Preparative TLC afforded a (5 mg, 23 umol, 43%) that was used 

ass a reference for HPLC analysis; RT = 23.4 and 25.2 min. 

Enzymee catalyzed hydrolysis of 23: According to the general procedure of the enzyme 

catalyzedd hydrolysis of glutaronitriles, 23 (1.0 g, 5.4 mmol) was incubated with the bacterium 
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(2.00 g) in a NaH2P04/Na2HP04 buffer (400 mL) for 24 h. Purification by flash 

chromatographyy (EtOAc, Rt 0.29) afforded 24a (735 mg, 3.6 mmol, 67%) as a red-brown oil. 

[a]DD = -10.7 (CHC13/ c = 1.1). e.e. >98% (heptane/;-PrOH 8:2, flow: 0.5 mL min1, RT = 23.5 

min),, m NMR: 7.33-7.18 (m, 5H), 6.72 (br s, 1H), 5.91 (br s, 1H), 2.84 (ddAB, ƒ = 13.6, 6.5 Hz, 

1H),, 2.71 (ddAB, ƒ = 13.6, 8.4 Hz, 1H), 2.62-2.31 (m, 5H). »C NMR: 175.3, 138.0,129.0,128.6, 

126.7,118.2,, 39.2, 33.8, 20.8. IR: 3620,3447, 3020,1681,1592,1425,1229. 

Accordingg to the general procedure of the enzyme-catalyzed hydrolysis of glutaronitriles, 23 
(2000 mg, 1.09 mmol) was incubated with the bacterium (400 mg) in a NaH2P04/Na2HP04 

bufferr (80 mL). After incubation for six days, the crude product was immediately methylated 

withh diazomethane and after purification by flash chromatography (PE/EtOAc 3:1, Rf 0.26) 

24bb (187 mg, 0.86 mmol, 79% over two steps) was obtained as a pale yellow oil. [<X]D = -2.3 

(CHC13,, c = 1.9)32. i H NMR: 7.34-7.18 (m, 5H), 3.69 (s, 3H), 2.80 (ddAB, ƒ = 13.8, 5.6 Hz, 1H), 

2.712.71 (ddAB, ƒ = 13.8, 7.2 Hz, IH), 2.53-2.35 (m, 5H). »C NMR: 171.8, 137.7, 128.9,128.6,126.7, 

117.8,, 51.6, 39.2, 36.9, 33.7, 20.9. IR: 3021,2930, 2250,1715,1423,1250,1213,1045. 

Generall  procedure for  the enzyme catalyzed hydrolysis of (di)nitriles . 
Lyophylizedd whole cells of Rhodococcus erythropolis NCIMB 11540 or cell-free extracts of 

EscherichiaEscherichia coli BL21 pMS470Nhase7.3 were added to a mixture of substrate in a 100 mM 

KH 2P04/K 2HP044 or NaH2P04/Na2HP04 buffer of pH 7. The reaction was incubated at 28 °C 

andd 125 rpm. The reaction was monitored on TLC. After complete conversion of the 

substratee the reaction mixture was acidified to pH 2 with concentrated HC1 or phosphoric 

acidd (85%). The mixture was filtered over Celite and the filtrate was extracted with EtOAc (3 

xx 15 mL). The organic layers were combined and dried over MgS04. After filtration and 

evaporationn the crude product was obtained and purified with flash column 

chromatography. . 

Enzymee catalyzed hydrolysis of isophthalonitril e to 3-cyanobenzamide:15 Following the 

IT~\^IT~\  ̂ general procedure, isophthalonitrile (25 mg) was hydrolyzed by cells of E. 

) = // C 0 N h2 coli (500 uL) in a NaH2P04/Na2HP04 buffer (50 mL) to give the product as a 
NCC white solid. 'H NMR: 8.12-8.03 (m, 2H), 7.90-7.81 (m, IH), 7.65-7.57 (m, IH). 

IR:: 3415, 3151, 2960, 2229,1699. 

Enzymee catalyzed hydrolysis of terephthalonitril e to 4-cyanobenzoic acid:33 Following the 

,, /T~ .̂ general procedure, terephthalonitrile (25 mg) was hydrolyzed by R. 

\ = // 2' erythropolis (50 mg) in a NaH2P04/Na2HP04 buffer (50 mL) to give the 

productt as a white solid. 'H NMR (CD3OD): 7.89 (dd, ƒ = 8.2 Hz, 4H). IR: 2960, 2358, 2229, 

1693. . 

Enzymee catalyzed hydrolysis of terephthalonitril e to 4-cyanobenzamide:34 Following the 

ftft \̂ general procedure, terephthalonitrile (25 mg) was hydrolyzed by cells of 
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E.E. coli (500 pL) in a NaH2P04/Na2HPQi buffer (50 mL) to give the product as a white solid. 

'HH NMR (CD3OD): 7.92 (dd, ƒ = 8.5 Hz, 4H). IR: 3440, 3170, 2229,1697,1617,1560,1412,1394. 

Enzymee catalyzed hydrolysis of succinonitrile to 3-cyanopropionic acid:19s Following the 

N C ^ \ / c o 2 HH general procedure, succinonitrile (5 mg) was hydrolyzed by cells of R. 

erythropoliserythropolis (10 mg) in a KH2PO4/K2HPO4 buffer (2 mL). ] H NMR: 2.83-2.62 (m, 4H). IR: 3024, 

2252,1723,1419,1040. . 

Enzymee catalyzed hydrolysis of hexanedinitrile to 5-cyanopentanoic acid amide: 

N C ^ ^ ^ ^ ^ C 0 N H22 Following the general procedure, hexanedinitrile (25 mg) was hydrolyzed 

byy cells of E. coli (500 pL) in a NaH2P04/Na2HPO4 buffer (50 mL). 'H NMR: 5.64 (broad s, 

1H),, 5.49 (broad s, 1H), 2.34 (dt, ƒ = 6.9,13.8 Hz, 4H), 1.82-1.74 (m, 4H). 

Enzymee catalyzed hydrolysis of 2,2-diphenylsuccinonitrile35 to 3-cyano-3,3-
Phh Ph diphenylpropionamide:36 Following the general procedure, 2,2-

\ // CONH 

N C ^ ^ ^^ 2 diphenylsuccinonitrile (50 mg) was hydrolyzed by cells of R. erythropolis (10 

mg)) in a KH 2P04/K 2HP04 buffer (10 mL). ^H NMR: 7.47-7.38 (m, 10H), 3.42 (s, 2H). IR: 3375, 

2942,, 2222,1689,1597,1548,1494,1448. 

Hexahydrophthalimide:377 A mixture of hexahydrophthalic anhydride (30.8 g, 0.20 mol) and 

ureaa (1.83 g, 0.11 mol) was heated to 160 °C for 3 h. Under vigorous stirring the 

NHH reaction mixture was poured into an ice/water mixture (180 g). The white 

oo crystals were filtered off, washed with water and dried under reduced pressure. 

Hexahydrophthalimidee was obtained as white crystals (23.9 g, 78%). ]H NMR: 7.65 (br s, 1H), 

2.95-2.899 (m, 2H), 1.86-1.77 (m, 4H), 1.50-1.44 (m, 4H). IR: 3618, 2939, 2860,1855,1784. 

cis-Cyclohexane-l,2-dicarboxylicc acid diamide:37 Hexahydrophthalimide (23.8 g, 0.16 mol) 

a 22 was added to ammonia (75 mL, 25% solution in H20) and stirred for 13 days at 

CONH22 4 °C. The white crystalline precipitate was filtered off. The product was 

obtainedd as white crystals (14.8 g, 56%). ] H NMR (CD3OD): 2.71-2.68 (m, 2H), 2.17-2.07 (m, 

2H),, 1.75-1.62 (m, 4H), 1.47-1.40 (m, 2H). " C NMR (CD3OD): 179.4, 44.6, 28.4, 24.7. IR: 3436, 

3301,, 3153, 2943,2857,1661,1615. 

cis-Cyclohexane-l,2-dicarbonitrile:377 A mixture of «s-cyclohexane-l,2-dicarboxyIic acid 

aCNN diamide (5 g, 0.03 mol), SOCl2 (50 mL) and some drops of DMF was refluxed for 26 

CNN h- SOCl2 was distilled off and the remaining oil was neutralized with an aqueous 

solutionn of K2CO3 (30 mL) and extracted with DCM (100 mL). The organic solvent was 

evaporatedd under reduced pressure. The crude product was purified by flash 

chromatographyy (heptane/EtOAc 4:1, Rf 0.09). Cyclohexane-l,2-dicarbonitrile was obtained 
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ass a white solid (2.8 g, 70%). ] H NMR: 2.99-2.96 (m, 2H), 2.08-1.96 (m, 2H), 1.87-1.74 (m, 4H), 

1.56-1.500 (m, 2H). " C NMR: 118.3,31.0,27.3,22.6. IR: 2939, 2865,2246,1446. 

Enzymee catalyzed hydrolysis of benzonitrile to benzoic acid:33 Following the general 

/ = \\ procedure, benzonitrile (100 mg) was hydrolyzed by cells of R. erythropolis (10 

V _ // 2h mg) in a KH2PO4/K2HPO4 buffer (20 mL) to give the product as a white solid. 

iHH NMR: 8.15-7.49 (m, 5H). IR: 3029, 2671, 2548,1693,1416,1288. 

Enzymee catalyzed hydrolysis of benzonitrile to benzamide:33 Following the general 

/ = \\ procedure, benzonitrile (25 mg) was hydrolyzed by cells of E. coli (500 uL) in a 

<^j>-CONH22 N a H 2p o4 / N a2H P 04 buffer (50 mL) to give the product as a white solid. *H 

NMR:: 7.84-7.81 (m, 2H), 7.56-7.41 (m, 3H), 6.27 (broad s, 2H). IR: 3365, 3168, 2360, 2341,1655, 

1624,1577. . 

Enzymee catalyzed hydrolysis of pyridine-2-carbonitril e to pyridine-2-carboxylic acid 
(1^11 amide:33 Following the general procedure, pyridine-2-carbonitrile (25 mg) was 

^ N ^ C O N H22 hydrolyzed by cells of E. coli (500 pL) in a NaH2P04/Na2HP04 buffer (50 mL) to 

givee the product as a white solid. W NMR: 8.60-8.58 (m, IH), 8.23-8.19 (m, IH), 7.89-7.83 (m, 

IH) ,, 7.46-7.44 (m, IH), 5.95 (broad s, 2H). IR: 3411, 3188,2920, 2359,1660,1587,1390. 

Enzymee catalyzed hydrolysis of thiophene-2-carbonitrile to thiophene-2-carboxylic acid:33 

iï~~ï\iï~~ï\ Following the general procedure, thiophene-2-carbonitrile (25 mg) was 

S^~C°2HH hydrolyzed by R. erythropolis (50 mg) in a NaH2P04/Na2HP04 buffer (50 mL) to 

givee the product as a white solid. JH NMR: 11.79 (br s, IH) , 7.92-7.89 (m, IH), 7.67-7.64 (m, 

IH) ,, 7.16-7.12 (m, IH). »C NMR: 167.1, 134.8, 133.8,132.6, 127.9. IR: 3097, 2851, 2624, 2553, 

1663.. mp 126.8 °C. 

Enzymee catalyzed hydrolysis of thiophene-2-carbonitrile to thiophene-2-carboxylic acid 
fl~~ftfl~~ft  amide:33 Following the general procedure, thiophene-2-carbonitrile (25 mg) was 

S>~CONH22 hydrolyzed by cells of E. coli (500 uL) in a NaH2P04/Na2HP04 buffer (50 mL) to 

givee the product as a white solid. iH NMR: 7.50-7.49 (m, 2H), 7.08-7.07 (s, IH), 5.68 (br s, 2H). 

" CC NMR: 164.5,137.4,130.5,129.1,127.3. IR: 3356,3166,1649,1601. mp: 180.2 °C. 

Enzymee catalyzed hydrolysis of 4-phenyIbutyronitril e to 4-phenylbutyric acid:33 

Ph^^\^C02HH Following the general procedure, 4-phenylbutyronitrile (9 mg) was 
hydrolyzedd by cells of R. erythropolis (10 mg) in a KH 2P04/K 2HP04 buffer (2 mL). W NMR: 

11.88 (br s, 1 H), 7.35-7.22 (m, 5H), 2.72 (t, ƒ = 7.5 Hz, 2H), 2.42 (t, ƒ = 7.5 Hz, 2H), 2.02 (quint, ƒ 

== 7.5 Hz, 2H). «C-NMR: 180.2,141.1,128.4,128.4,126.0, 34.9, 33.3, 26.1. IR: 3020, 2897, 2400, 

1706. . 
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Enzymee catalyzed hydrolysis of (E,Z)-crotononitril e to (E,Z)-crotonamide38 (E,Z)-crotonic 
^r*% ĈONH 22 rr r^ /C02H acid:33 Following the general procedure, crotononitrile (100 mg) was 

hydrolyzedd by cells of R. erythropolis (10 mg) in a KH2PO4/K2HPO4 buffer (2 mL). ^H NMR: 

7.17-6.999 (m, 1H), 6.99-6.81 (m, 1H), 6.53-6.35 (m, 1H), 6.30-6.13 (m, 1H), 5.91-5.74 (m, 4 x 1H). 

IR:: 3498, 3334, 3189, 3009, 2592,1698,1588,1446,1295. 

Enzymee catalyzed hydrolysis of morpholine-4-carbonitril e to morpholine-4-carboxylic 

,(XX acid amide:39 Following the general procedure, morpholine-4-carbonitrile (25 mg) 

LL J was hydrolyzed by cells of E. coli (500 pL) in a NaH2P04/Na2HP04 buffer (50 mL). 

CONH22 'H NMR: 4.67 (broad s, 2H), 3.70-3.67 (m, 4H), 3.38-3.35 (m, 4H). 

Enzymee catalyzed hydrolysis of aminophenylacetonitrile to 2-(benzylideneamino)-2-
pp

ff
hh phenylacetamide:40 Following the general procedure, aminophenylacetonitrile 

H 2N^CONH22 (25 mg) was hydrolyzed by cells of E. coli (500 pL) in a NaH2P04/Na2HP04 

bufferr (50 mL). The product was isolated as the Schiff base. ] H NMR: 8.32 (s, 1H), 7.49-7.26 

(m,, 10H), 7.08 (broad s, 1H), 6.18 (broad s, 1H), 4.99 (s, 1H). 

Generall  procedure A for  the Knoevenagel condensation of malononitrile . 
AA solution of malononitrile (78 pmol), aldehyde (90 pmol) and piperidine (7.8 mmol) in 

EtOHH (150 mL) was stirred for 24 h at rt. The reaction mixture was diluted with H2O (250 

mL)) and followed by extraction with EtOAc (3 x 50 mL). The combined organic layers were 

driedd over MgSC>4 and evaporated under reduced pressure. The crude compound was 

purifiedd by flash chromatography. 

Generall  procedure B for  the alkylation of malononitrile . 
AA solution of malononitrile (15 pmol) in THF (5 mL) was slowly added to a suspension of 

NaHH (17 pmol) in THF (10 mL) at 0 °C. The reaction mixture was stirred for 30 min at rt. At 0 

°CC a solution of alkylation agent (8.0 pmol) in THF (5 mL) was added to the reaction mixture. 

Afterr the addition was complete, the reaction mixture was allowed to warm up to rt and 

monitoredd on TLC. After 2.0 h the reaction mixture was quenched by adding H2O (5 mL). 

THFF was evaporated under reduced pressure and the resulting water layer was extracted 

withh EtOAc (3 x 15 mL). The combined organic layers were dried over MgSC>4 and after 

filtrationn the solvent was evaporated under reduced pressure. The crude product was 

purifiedd by flash chromatography. 

Generall  procedure C for  the methylation of monosubstituted malononitriles. 
AA solution of a substitued malononitrile (2.5 mmol) in THF (10 mL) was slowly added to a 

suspensionn of NaH (60 wt-% dispersion in mineral oil, 2.8 mmol) in THF (10 mL) at 0 °C. The 

reactionn mixture was stirred for 30 min at rt. At 0 °C a solution of Mel (2.8 mmol) in THF (10 

mL)) was added to the reaction mixture. After the addition was complete, the reaction 
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mixturee was allowed to warm up to rt and monitored on TLC. The reaction mixture was 

quenchedd by adding H2O (5 mL) and the waterlayer was extracted with EtOAc (3 * 25 mL). 

Thee combined organic layers were washed with brine (40 mL), dried over MgSC>4 and after 

filtrationn the solvent was evaporated under reduced pressure. The crude product was 

purifiedd by flash chromatography. 

Generall  procedure D for  the methylation of monosubstituted malononitriles. 
Att -78 °C BuLi (1.6 M in hexanes, 1.34 mmol) was added to a solution of DIPA (1.34 mmol) 

inn THF (5 mL). The mixture was stirred for 1 h at -78 °C. A solution of a monosubstituted 

malononitrilee (1.22 mmol) in THF (10 mL) was slowly added at -78 °C. After addition, the 

reactionn was warmed to rt and stirred for 0.5 h. At 0 °C a solution of Mel (6.10 mmol) in THF 

(55 mL) was added. The reaction was stirred for 1 h at rt. The reaction was quenched by 

addingg H2O (5 mL). THF was evaporated under reduced pressure and the resulting water 

layerr was extracted with EtOAc. The combined organic layers were dried over MgSOé and 

afterr filtration the solvent was evaporated under reduced pressure. The crude product was 

purifiedd by flash chromatography. 

2-Benzylidenemalononitrilee (26a): Following general procedure A for Knoevenagel 

ssphph condensation, malononitrile (5.18 g, 0.08 mol), benzaldehyde (9.66 g, 0.09 mol) and 

NCC CN piperidine (0.66 g, 7.8 mmol) were stirred at rt in EtOH. The product was isolated 

ass a white solid (12.0 g, quant.). Rf 0.42 (heptane/EtOAc 2:1). 'H NMR: 7.97-7.87 (m, 2H), 7.78 

(s,, 1H), 7.65-7.26 (m, 3H). 

2-Benzylmalononitrilee (27a): To a solution of 26a (1.08 g, 7.0 mmol) and benzaldehyde (0.71 

Bnn g, 6.7 mmol) in EtOH (65 mL), benzene-l,2-diamine (0.72 g, 6.7 mmol) was added. 

NCC CN The reaction mixture was stirred at rt for 16 h. EtOH was evaporated under 

reducedd pressure. 50 mL of DCM was added to the remaining yellow solid. After filtration 

thee DCM was evaporated under reduced pressure. The crude solid was purified by flash 

chromatographyy (heptane/ EtOAc 4:1) to afford the product as white crystals (0.89 g, 81%). 

Rff 0.38 (heptane/ EtOAc 2:1). W NMR: 7.41-7.26 (m, 5H), 3.84 (t, ƒ = 13.9 Hz, 1H), 3.23 (d, ƒ = 

6.99 Hz, 2H). 

2-Benzyl-2-methylmalononitrilee (28a): Following general procedure C, 27a (1.01 g, 6.5 

MM Bn mmol) was methylated. The crude yellow solid was purified by flash 

NCC CN chromatography (heptane/EtOAc 4:1). The product was obtained as white needles 

(0.77 g, 64%). Rf 0.41 (heptane/EtOAc 2:1). iH NMR : 7.37-7.32 (m, 5H), 3.19 (s, 2H), 1.80 (s, 

3H).. »C NMR: 131.7,130.0,128.8,128.7,128.6,115.7,44.6, 33.3, 24.6. IR: 3066, 3031, 2988, 2245, 

1657.. mp 94.5 °C. 

29 9 



TheThe Application of Nitrite Hydrolyzing Enzymes in Organic Synthesis 

2-ButylidenemaIononitril ee (26b): A solution of malononitrile (8.25 g, 125 mmol), 

s-s-pp'' butyraldehyde (10.0 mL, 113 mmol), D,L-alanine (332 mg, 11 mmol) and acetic acid 

NCC CN (6.7 mL , 117 mmol) in toluene (350 mL) was, under continuous removal of water, 

refluxedd for 3 h. The reaction mixture was washed with 350 mL water and dried with 

Na2SC>4.. After filtration and evaporation of the solvent, the crude product was purified by 

flashh chromatography (heptane/EtOAc 4:1). The product was obtained as a liquid (5.77 g, 

43%).. 'H NMR: 1.01 (t, ƒ = 7.4 Hz, 3H), 1.50-1.70 (m, 2H), 2.57 (q, ƒ = 7.7 Hz, 2H), 7.34 (t, ƒ = 

8.00 Hz, 1H). 

2-Butylmalononitril ee (27b): 26b (900 mg, 7.50 mmol), benzene-l,2-diamine (893 mg, 8.75 
Buu mmol) and benzaldehyde (0.850 mL, 8.37 mmol) were stirred in EtOH (70 ml) at rt 

NCC CN for 18 h. The solvent was evaporated and the obtained crude product was purified 

byy flash chromatography (heptane/EtO Ac 6:1). The product was obtained as a yellow oil 

(8788 mg, 96%). iH NMR: 0.95 (t, ƒ = 7.2 Hz, 3H), 1.32-1.52 (m, 2H), 1.53-1.69 (m, 2H), 3.73 (t, ƒ 

== 6.9 Hz, IH). 

2-Butyl-2-methylmalononitril ee (28b): Following general procedure C, 27b (1.87g, 15.3 

Buu mmol) was methylated. The crude yellow oil was purified by flash 

NCC CN chromatography (heptane/EtOAc 8:1). The product was obtained as a yellow oil 

(8488 mg, 41%). iH NMR: 1.95-1.90 (m, 2H), 1.79 (s, 3H), 1.70-1.59 (m, 2H), 1.51-1.38 (m, 2H), 

0.977 (t, ƒ = 7.2 Hz, 3H). «C NMR: 116.1, 38.9, 31.8, 27.6, 24.8, 22.0, 13.7. IR: 2958, 2933, 2868, 

2245,1458. . 

2,2-Diallylmalononitril ee (28c): Following general procedure B, malononitrile (3.0 g, 0.045 

ZZ mol) was alkylated with allyl bromide (2.0 mL, 0.023 mol). The crude 

productt was purified by flash chromatography (heptane/EtO Ac 4:1). 

NC'' "CN NC' "CN Two products were isolated: 2-allylmalononitril e was obtained as a 

colorlesss oil (850 mg, 35%). »H NMR: 5.99-5.76 (m, IH), 5.40-5.37 (m, 2H), 3.78 (t, / = 6.7 Hz, 

IH) ,, 2.77 (t, ƒ = 6.8 Hz, 2H). The diallylated product 28c was obtained as a white solid (1.1 g, 

32%).. Rf 0.35 (heptane/EtOAc 4:1). iH NMR: 6.01-5.80 (m, 2H), 5.47-5.37 (m, 4H), 2.69 (d, ƒ = 

7.22 Hz, 4H). IR: 2984, 2893, 2249,1877,1648,1454,1415,1306. mp 32.7 °C. 

2-Heptylmalononitril ee (27d): Following general procedure B, malononitrile (3.005 g, 0.045 

(rt^^ mol) was alkylated with 1-iodoheptane (3.75 mL, 0.023 mol). The crude oil was 

NCC CN purified by flash chromatography (heptane/ EtO Ac 4:1, Rf 0.39). The product was 

obtainedd as a colorless oil (1.88 g, 50%). !H NMR: 3.72-3.67 (t, / = 6.6 Hz, IH), 2.03-1.98 (m, 

2H),, 1.64-1.59 (m, 2H), 1.37-1.29 (m, 8H), 0.91-0.89 (t, ƒ = 3.3 Hz, 3H). 

2-Heptyl-2-methylmalononitril ee (28d): Following general procedure D, 27d (199 mg, 1.22 

M ee (rTe mmol) was methylated. The residual oil was purified by flash chromatography 

NCC CN 
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(heptane/EtOAcc 4:1, Rf 0.43). The product was obtained as a colorless oil (150 mg, 69%). 'H 

NMR:: 1.94-1.89 (m, 2H), 1.79 (s, 3H), 1.68-1.63 (m, 2H), 1.41-1.30 (m, 8H), 0.89 (t, ƒ = 6.9 Hz, 

3H).. «C NMR: 116.1, 39.4, 32.0, 31.7, 29.0, 28.9, 25.8, 25.0, 22.7,14.2. IR: 2954, 2930, 2857, 2245, 

1461.. HRMS (EI) calculated for CnHi8N2 178.147, found 178.14700. 

2-Methyl-2-(3-methylbut-2-enyl)malononitril ee (28e): Following general procedure B, 

\ ss malononitrile (1.0 g, 15 umol) was alkylated with prenyl bromide (870 pL, 8 mmol. 

I)) The crude product was directly used for the next step without purification. Rf 0.47 

Mee J' (heptane/EtO Ac 2:1). Following general procedure C 27e (341 mg, 2.54 mmol) was 

methylated.. The crude product was purified by flash chromatography 

(heptane// EtO Ac 4:1). The product was obtained as an oil (174 mg, 46%). Rf 0.51 

(heptane/EtOAcc 2:1). iH NMR: 5.31-5.24 (m, 1H), 2.67 (d, ƒ = 7.8 Hz, 2H), 1.82 (s, 3H), 1.77 (s, 

3H),, 1.73 (s, 3H). »C NMR: 140.6,116.1,114.4, 37.7, 32.1, 26.2, 24.1,18.5. IR: 2967, 2930, 2910, 

2251,1673,1454.. HRMS (EI) calculated for C9H12N2148.1001, found 148.1000. 

Cyclopent-3-ene-l,l-dicarbonitrilee (28f): Under a nitrogen atmosphere the first generation 

Q Grubbss catalyst was added to a solution of 28c (500 mg, 3.42 mmol) in dry DCM (15 

CNN mL). The reaction was stirred at rt and monitored on TLC. After 6 h the reaction 

wass completed. The solvent was evaporated under reduced pressure and the remaining solid 

wass purified by flash chromatography (heptane/EtO Ac 4:1, Rf 0.29). The product was 

obtainedd as an oil (193 mg, 48%). W NMR: 5.79 (s, 2H), 3.22 (s, 4H). 13C NMR: 127.1, 116.5, 

45.3,31.7.. IR: 3854,3662,3081, 2966, 2924, 2859, 2250,1710,1622. 

2-Phenylmalononitrilee (27g): A mixture of iodobenzene (7.11 g, 34.8 mmol), malononitrile 

Phh (4.61 g, 69.7 mmol), potassium carbonate (19.45 g, 140.7 mmol) and CuBr (1.01 g, 

N C ^ CNN 3.5 mmol) in DMSO (150 mL) was stirred at 120 °C for 20 h under argon. The 

resultingg mixture was poured into 200 mL 2 M hydrochloric acid solution, extracted with 

Et20,, washed with water and dried over Na2S04. After filtration and evaporation of the 

solvent,, the crude product was purified by flash chromatography (heptane/ EtO Ac 7:1) to 

obtainn the product as a yellow liquid (3.46 g, 70%). R, 0.69 (heptane/EtOAc 1:1). m NMR: 

7.51-7.500 (m, 5H), 5.07 (s, IH). 

2-MethyI-2-phenylmalononitriI ee (28g): Following general procedure C, 27g (330 mg, 2.3 

M ee Ph mmol) was methylated. The crude product was purified by flash chromatography 

NCC CN (heptane/EtO Ac 4:1) to obtain the product as a yellow oil (334 mg, 92%). Rf 0.52 

(heptane/EtOAcc 1:1). m NMR: 7.55-7.43 (m, 5H), 2.10 (s, 3H). «C NMR: 132.8, 129.7, 129.5, 

129.5,125.0,115.4,, 36.5, 29.4. IR: 3067, 3006, 2941, 2245. 

Racematess of the cyano amides were prepared analogous to the substrates, using methyl 

cyanoacetate.411 The methyl ester was subsequently transformed into the corresponding 

amidee with NH3 in MeOH. 
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Generall  procedure E for  the transformation of methyl esters into the corresponding 
amides.. A methyl ester (2.9 mmol) was stirred in a 7 N solution of NH3 in MeOH for 16 h at 

rt.. The reaction was monitored on TLC. The ammonia and MeOH were evaporated under 

reducedd pressure. The crude amide was purified by flash chromatography. 

2-Cyano-3-phenylacrylicc acid methyl ester: Following general procedure A, for 

rj"Phh Knoevenagel condensation, methyl cyanoacetate (5.05 g, 0.05 mol), 

NCC co2Me benzaldehyde (6.46 g, 0.06 mol) and piperidine (0.44 g, 5 mmol) were stirred in 

EtOHH (70 mL). The crude product was purified by flash chromatography (heptane/EtOAc 

4:1).. The product was obtained as a yellow solid (8.6 g, 90%) and one isomer. Rf 0.41 

(heptane/EtOO Ac 2:1). 'H NMR: 8.27 (s, 1H), 8.05-7.96 (m, 2H), 7.60-7.49 (m, 3H), 3.95 (s, 3H). 

2-Cyano-3-phenylpropionicc acid methyl ester: Mg (12.9 g, 0.54 mol) was added to a solution 

Bnn of 2-cyano-3-phenylacry l ic ac id methyl ester  (2.50 g, 0.013 mol) i n M e OH (130 

NCC co2Me mL). The reaction mixture was stirred at rt for 10 min. The reaction mixture was 

cooledd to 0 °C. Then a 6 N hydrochloric acid solution (250 mL) was dropwise added over 2 

hourss to the reaction mixture (temperature stays around 50 °C). After addition of the HC1 

solutionn the reaction mixture was stirred at rt over night. The water layer was extracted with 

Et2ÜÜ (3 x 100 mL). The combined organic layers were washed with brine (50 mL), dried over 

MgS044 and after filtration evaporated under reduced pressure. The product was obtained as 

aa yellow solid (2.1 g, 83%). Rf 0.37 (heptane/EtO Ac 2:1). *H NMR: 7.35-7.25 (m, 5H), 3.79 (s, 

3H),, 3.78-3.71 (m, 1H), 3.27-3.19 (m, 2H). 

2-Cyano-2-methyl-3-phenylpropionicc acid methyl ester: Following general procedure C 2-

Mee ?n cyano-3-phenylpropionic acid methyl ester  (1.01 g, 6.5 mmol) was methylated. 

NCC C02Me The crude yellow solid was purified by flash chromatography (heptane/EtO Ac 

4:1).. The product was obtained as a pale yellow oil (0.7 g, 64%). R( 0.35 (heptane/EtO Ac 2:1). 

1HH NMR: 7.38-7.26 (m, 5H), 3.75 (s, 3H), 3.24 (dAB, ƒ = 13.6 Hz, 1H), 3.04 (dAB, ƒ = 13.6 Hz, 1H), 

1.622 (s, 3H). 

2-Cyano-2-methyl-3-phenylpropionamidee : Following general procedure E 2-

M ee
 Bn cyano-2-methyl-3-phenylpropionic acid methyl ester  (350 mg, 1.7 mmol) was 

NCC CONH, transformed into the amide. The crude brown solid was purified by flash 

chromatographyy (heptane/ EtO Ac 1:1, Rf 0.22). The product was obtained as a white solid 

(2655 mg, 82%). iH NMR: 7.42-7.30 (m, 5H), 6.06 (br s, 1H), 5.74 (br s, 1H), 3.27-2.93 (m, 2H), 

1.644 (s, 3H). " C NMR: 169.3, 134.3, 129.8, 128.4, 127.6, 121.2, 45.7, 43.7, 23.9. IR: 3339, 3188, 

2245,1748,1662.. mp: 109.3 °C. HRMS (EI) calculated for G1H12N20188.095, found 188.09499. 
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2-Cyanohex-2-enoicc acid methyl ester: A solution of methyl cyanoacetate (5.50 mL, 62.4 

Prr mmol), butyraldehyde (5.0 mL, 56.2 mmol), piperidine (0.2 mL, 2.0 mmol) and 

fll  acetic acid (7.5 mL, 131 mmol) in toluene (300 mL) was, under continuous 
22 removal of water, refluxed for 3 h. The reaction mixture was washed with 150 

mLL water and dried with Na2SC>4. After filtration and evaporation of the solvent, the crude 

productt was purified by destination to obtain a yellow oil (5.8 g, 67%) and a mixture of 

isomers.. JH NMR: 7.72-7.37 (m, 1H), 3.86 (s, 3H), 1.73-1.19 (m, 4H), 0.95 (t, J = 7.5 Hz, 3H). 

2-Cyanohexanoicc acid methyl ester: A solution of 2-cyanohex-2-enoic acid methyl ester 
Buu (1.33 g, 8.7 mmol), benzene-l,2-diamine (905 mg, 8.4 mmol) and benzaldehyde 

NCC co2Me (40 mg, 8.9 mmol) in EtOH (80 mL) was stirred at rt for 92 h. The solvent was 

evaporatedd and the crude mixture was purified by flash chromatography (heptane/EtOAc 

8:1).. The product was obtained as a brown oil (315 mg, 24%). m NMR: 3.80 (s, 3H), 3.50 (t, ƒ = 

6.77 Hz, 1H), 2.00-1.87 (m, 2H), 1.56-1.23 (m, 4H), 0.92 (t, ƒ = 6.9 Hz, 3H). 

2-Cyano-2-methylhexanoicc acid methyl ester: Following general procedure C 2-

Mee
 Bu cyanohexanoic acid methyl ester  (1.02 g, 6.6 mmol) was methylated. The 

NCC C02Me residual product was purified by flash chromatography (heptane/EtO Ac 8:1). 

Thee product was obtained as a liquid (423 mg, 38%). W NMR: 3.82 (s, 3H), 2.01-1.66 (m, 2H,), 

1.599 (s, 3H), 1.56-1.25 (m, 4H), 0.91 (t, ƒ = 7.2 Hz, 3H). 

2-Cyano-2-methyIhexanoicc acid amide : Following general procedure E 2-cyano-2-

Mee
 Bu methylhexanoic acid methyl ester  (118 mg, 0.70 mmol) was transformed into 

NCC CONH2 the amide. The crude compound was purified by flash chromatography 

(heptane/EtOO Ac 1:1, Rf 0.25). The product was obtained as a white solid (82.7 mg, 77%). W 

NMR:: 6.25 (br s, 1H), 5.55 (br s, 1H), 2.04-1.90 (m, 2H), 1.58 (s, 3H), 1.44-1.33 (m, 4H), 0.93 (t, ƒ 

== 7.1 Hz, 3H). »C NMR: 170.4,121.7, 43.9, 37.9, 27.7, 23.8, 22.5,13.9. IR: 3399, 3188, 2928, 2241, 

1697,1666,1610.. mp 86.0 °C. 

2-Allyl-2-cyanopent-4-enoicc acid methyl ester: Following general procedure B methyl 

/f/f cyanoacetate (4.0 mL, 0.045 mol) was alkylated with allyl bromide 

(2.00 mL, 0.023 mol). The crude product was purified by flash 

NC'' ""C02Me NC" "~C02Me chromatography (heptane/EtO Ac 4:1). Two products were isolated: 

thee mono-allylated product was obtained as a colorless oil (310 mg, 10%). ^H NMR: 5.87-5.73 

(m,, 2H), 5.28-5.21 (m, 4H), 3.81 (s, 3H), 3.58 (dd, ƒ = 7.2, 6.3 Hz, 1H), 2.71-2.66 (m, 2H). The 

diallylatedd product was obtained as white solid (1.07 g, 26%). Rf 0.53 (heptane/EtO Ac 2:1). 

iHH NMR: 5.86-5.72 (m, 2H), 5.25-5.19 (m, 4H), 3.78 (s, 3), 2.68-2.61 (dd, ƒ = 13.7, 7.3 Hz, 2H), 

2.58-2.511 (dd, ƒ = 13.8, 7.2 Hz, 2H). 
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2-Allyl-2-cyanopent-4-enoicc acid amide : Following the general procedure E 2-allyl-
<\\ /? 2-cyanopent-4-enoic acid methyl ester  (160 mg, 0.90 mmol) was transformed 

II  J into the amide. The product was obtained as a white solid (150 mg, 97%). Rf 0.19 

NCX CONH22 (heptane/EtOAc 2:1). 'H NMR: 6.20 (br s, 1H), 5.89-5.73 (m, 2H), 5.67 (br s, 1H), 

5.29-5.233 (m, 4H), 2.68 (dd, ƒ = 13.7, 7.1 Hz, 2H), 2.47 (dd, ƒ = 13.5, 7.5 Hz, 2H). IR: 3390, 3165, 

2240,1696,1627. . 

2-Cyanononanoicc acid methyl ester: Following general procedure B methyl cyanoacetate 

(fis(fis (3.0 g, 0.030 mol) was alkylated with 1-iodoheptane (2.5 mL, 0.015 mol). The 

NCC COjMe residue was purified by flash chromatography (heptane/EtOAc 4:1). The 

productt was obtained as a colorless oil (632 mg, 21%). Rf 0.53 (heptane/EtO Ac 2:1). 1H NMR: 

3.811 (s, 3H), 3.49 (t, ƒ = 6.9 Hz, 1H), 1.94 (q, / = 7.5 Hz, 2H), 1.50-1.47 (m, 2H), 1.35-1.28 (m, 
8H),, 0.88 (t, ƒ = 6.8 Hz, 3H). 

2-Cyano-2-methylnonanoicc acid methyl ester: Following general procedure D, 2-

MM (ffe cyanononanoic acid methyl ester  (297 mg, 1.5 mmol) was methylated. The 

NCC C02Me crude product was purified by flash chromatography (heptane/ EtO Ac 4:1, Rf 

0.47).. The product was obtained as a colorless oil (160 mg, 50%). ^H NMR: 3.81 (s, 3H), 1.97-

1.888 (m, 1H), 1.81-1.70 (m, 1H), 1.59 (s, 3H), 1.31-1.26 (m, 10H), 0.88 (t, ƒ = 6.8 Hz, 3H). 

2-Cyano-2-methylnonanoicc acid amide : Following general procedure E 2-cyano-2-

(rle""  methylnonanoic acid methyl ester  (160 mg, 0.8 mmol) was transformed into the 

NCC CONH2 amide. The product was obtained as a white solid (160 mg, 0.8 mmol). Rf 0.1 

(heptane/EtOO Ac 4:1). ]H NMR: 6.28 (br s, 1H), 5.87 (br s, 1H), 1.99-1.89 (m, 1H), 1.72-1.64 (m, 

1H),, 1.57 (s, 3H), 1.53-1.51 (m, 10H), 0.88 (t, 3H, ƒ = 6.6 Hz). «C NMR: 107.2,121.7, 44.0, 38.2, 

31.8,, 29.3, 29.1, 25.7, 24.0, 22.7, 14.2. IR: 3403, 3178, 2975, 2923, 2854, 2232, 1687,1631. HRMS 

(EI)) calculated for C11H21N20197.1654, found 197.16522. mp 78.1 °C. 

2-Cyano-5-methylhex-4-enoicc acid methyl ester: Following general procedure B, methyl 

cyanoacetatee (0.2 g, 2.0 mmol) was alkylated with prenyl bromide (116 pL, 1.0 

mol).. The crude oil was purified by flash chromatography (heptane/EtO Ac 4:1, 

Rff 0.36). The product was obtained as a colorless oil (73 mg, 44%). iH NMR: 5.17-
NC'' ĉOpMe 5 1 2 (m, I H ) , 3.82 (s, 3H), 3.48-3.43 (m, 1H), 2.65 (t, ƒ = 7.2 Hz, 2H), 1.74 (s, 3H), 

1.677 (s, 3H). 

2-Cyano-2,5-dimethylhex-4-enoicc acid methyl ester: Following general procedure C 2-
cyano-5-methylhex-4-enoicc acid methyl ester  (70 mg, 0.42 mmol) was 

methylated.. The residual oil was purified by flash chromatography 

MeMe J (heptane/EtO Ac 4:1, Rf 0.42). The product was obtained as a colorless oil (45 mg, 

NCC co2Me 59o/o) 1 H N M R . 5.18.5.12 (m, IH), 3.80 (s, 3H), 2.63 (dd, ƒ = 14.3, 7.3 Hz, IH), 2.49 
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(dd,, ƒ = 14.1, 7.5 Hz, 1H), 1.75 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H). 

2-Cyano-2,5-dimethylhex-4-enoicc acid amide : Following general procedure E 2-
cyano-2,5-dimethylhex-4-enoicc acid methyl ester  (45 mg, 0.25 mmol) was 

transformedd into the amide. The product was obtained as a slightly yellow solid 

MeJJ (40 mg, 97%). Rf 0.19 (heptane/EtOAc 2:1). iH NMR: 6.26 (br s, 1H), 6.01 (br s, 
NCC CONH, 1 H ^ 5 l g ^ j = ? 5 H z 1 H ^ 2 6 1 ^ j = 1 4 1 7 2 i HZ/ 1H)/ 2 4 5 ^ d d< j = u x 8 1 

Hz,, IH), 1.76 (s, 3H), 1.67 (s, 3H), 1.56 (s, 3H). " C NMR: 170.3,137.9,121.5,116.5, 44.1, 36.6, 

26.1,, 23.1, 18.3. IR: 3386, 3183, 2971, 2937, 2881, 2250, 1692, 1627. HRMS (EI) calculated for 

C9H14N20166.11095,, found 166.1106. mp 63.7 °C. 

l-Cyanocyclopent-3-enecarboxylicc acid amide : Under a nitrogen atmosphere the 

(~\(~\ first generation Grubbs catalyst was added to a solution of c (100 mg, 0.61 

NCC CONH2 mmol) in dry DCM (15 mL). The reaction was stirred at rt and monitored on 

TLC.. After 6 h the reactions was completed. The solvent was evaporated under reduced 

pressuree and the remaining crude solid was purified by flash chromatography 

(heptane/EtOO Ac 4:1). The product was obtained as a white solid (38.5 mg, 46%). Rf 0.24 

(heptane/EtOO Ac 1:1). ] H NMR: 6.23 (br s, IH), 5.70 (s, 2H), 5.52 (br s, IH), 3.19-2.98 (m, 4H). 
13CC NMR: 170.4,127.4, 122.4, 45.7, 44.5. IR: 3408, 3157, 2967, 2915, 2240,1683,1618, 1376. mp 

96.66 °C. 

Cyanophenylaceticc acid methyl ester: To a mixture of iodobenzene (2.68 g, 0.013 mol), 

Phh methyl cyanoacetate (2.56 g, 0.026 mol), po tass ium carbonate (7.12 g, 0.052 mol) 

NcAco2M ee and Cul (0.48 g, 0.003 mol) in DMSO (50 mL) was st irred at 120 °C for 20 h 

underr argon. The resul t ing mix ture was poured into 100 mL 2 M hydrochlor ic acid, extracted 

wi t hh Et20, washed wi t h water a nd dr ied over Na2SO,t. After f i l tration and evaporat ion of the 

solvent,, the c rude p roduct was purif ied by flash ch romatography (hep tane /E tO Ac 4:1). The 

productt (1.49 g, 33%) was obta ined as a slightly yel low oil . Rf 0.39 (hep tane /E tO Ac 2:1). i H 

NMR:: 7.46-7.41 (m, 5H), 4.74 (s, I H ) , 3.81 (s, 3H). 

Cyanomethylphenylacet icc acid methyl ester: Fol lowing general p rocedure C, 

Phh cyanophenylacet ic acid methyl ester  (785 mg, 4.5 mmol) was methy lated. The 

NCC C02Me crude p roduct was purif ied by flash ch romatography (hep tane /E tO Ac 6:1). The 

productt was obta ined as a yel low oil (509 mg, 60 %). Rf 0.41 (hep tane /E tO Ac 2:1). i H NMR: 

7.55-7.377 (m, 5H), 3.80 (s, 3H), 1.97 (s, 3H). 

2-Cyano-2-methy l -2-pheny lacetamidee : Fol lowing general p rocedure E 

Mee fh cyanomethylphenylacet ic acid methyl ester  (509 mg, 2.9 mmol) was 

NCC CONH2 t ransformed into the amide. The product was obta ined as a slightly yel low solid 

(4200 mg, 90%). Rf 0.19 (hep tane /E tO Ac 2:1). ^H NMR: 7.57-7.37 (m, 5H), 6.06 (br s, 2H), 1.94 
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(s,, 3H). 13C NMR: 168.4,136.0,129.1,128.9,128.8,126.5,125.6,120.6, 48.4, 25.0. IR: 3395, 3175, 

2241,1709,1688,1623.. mp 97.3 °C. 

Generall  procedure for  the enzyme catalyzed hydrolysis of substituted malononitriles. 
Wholee cells of Rhodococcus erythropolis NCIMB 11540 (50 mg) were added to a mixture of 

substratee (25 mg (solid) or 25 uL (liquid)) in 100 mM NaH2P04/Na2HP04 buffer of pH 7 (50 

mL).. The reaction was incubated at 28 °C and 125 rpm. The reaction was monitored on TLC. 

Afterr complete conversion of the substrate the reaction mixture was acidified to pH 2 with 

phosphoricc acid (85%). The mixture was filtered over Celite and the filtrate was extracted 

withh EtOAc (3 * 15 mL). The organic layers were combined and dried over MgSCU. After 

filtrationn and evaporation the crude product was obtained and purified with flash column 

chromatography. . 

Enzymee catalyzed hydrolysis of 28a: Following the general procedure, 28a (50 mg) was 

hydrolyzedd by R. erythropolis to give 2-cyano-2-methyl-3-phenylpropionamide (52 mg, 94%, 

23%% e.e.). Data were in accordance with the synthesized reference compound. The 

enantiomericc excess was determined by LCMS (Column: Chiralpak AD, Eluent: n-hexane/2-

propanoll  (75/25% v/v), Flow: 1 mL min1, Detection: UV 254 nm/MS, RT = 9 and 12 min). 

Enzymee catalyzed hydrolysis of 28b: Following the general procedure, 28b (20 mg) was 

hydrolyzedd by R. erythropolis to give 2-cyano-2-methylhexanoic acid amide (15 mg, 65%, 58% 

e.e.).. Data were in accordance with the synthesized reference compound. The enantiomeric 

excesss was determined by LCMS (Column: Chiralpak AS, Eluent: n-hexane/2-propanol 

(75/25%% v/v), Flow: 1 mL min1, Detection: UV 210 nm/MS. RT = 1.5 and 1.7 min). 

Enzymee catalyzed hydrolysis of 28c: Following the general procedure, 28c (25 mg) was 

hydrolyzedd by R. erythropolis NCIMB 11540 to give 2-allyl-2-cyanopent-4-enoic acid amide 

(277 mg, 95%). Data were in accordance with the synthesized reference compound. 

Enzymee catalyzed hydrolysis of 28d: Following the general procedure, 28d (25 mg) was 

hydrolyzedd by R. erythropolis to give 2-cyano-2-methylnonanoic acid amide (24 mg, 85%, 98% 

e.e.).. Data were in accordance with the synthesized reference compound. The enantiomeric 

excesss was determined by HPLC (Column: Kromasil-5CHI-TBB, Eluent: n-hexane/2-

propanoll  (95/5% v/v), Flow: 1 mL min1, Detection: UV 210 nm. RT = 6.8 (major) and 8.6 min 

(minor)). . 

Enzymee catalyzed hydrolysis of 28e: Following the general procedure, 28e (25 mg) was 

hydrolyzedd by R. erythropolis to give 2-cyano-2,5-dimethylhex-4-enoic acid amide (20 mg, 

71%,, <5% e.e.). Data were in accordance with the synthesized reference compound. The 

36 6 



ChapterChapter 2 

enantiomericc excess was determined by HPLC (Column: Chiralpak AS, Eluent: n-hexane/2-

propanoll  (90/10% v/v), Flow: 1 mL min1, Detection: UV 210 nm. RT = 2.4 and 3.9 min). 

Enzymee catalyzed hydrolysis of 28f: Following the general procedure, 28f (25 mg) was 

hydrolyzedd by R. erythropolis to give l-cyanocyclopent-3-enecarboxylic acid amide (27 mg, 

94%).. Data were in accordance with the synthesized reference compound. 

Enzymee catalyzed hydrolysis of 28g: Following the general procedure, 28g (50 mg) was 

hydrolyzedd by R. erythropolis to give 2-cyano-2-methyI-2-phenyIacetamide (50 mg, 90%, 15% 

e.e.).. Data were in accordance with the synthesized reference compound. The enantiomeric 

excesss was determined by LCMS (Column: Chiralcel OD, Eluent: n-hexane/2-propanol 

(75/25%% v/v), Flow: 1 mL min-i, Detection: UV 254 nm/MS. RT = 1.4 and 2.0 min). 
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