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Summary. A novel cyclic dipeptide - cyclo[(5)-His-(S)-NorArg] — has been
prepared which catalyzes an enantioselective version of the Strecker amino
acid synthesis. The catalyst, when present in 2mol % quantity in methanol
solution, catalyzes the addition of hydrogen cyanide to N-alkylimines to af-
ford a-amino nitriles in high yield and high enantiomeric excess. Furthermore,
acid hydrolysis of N-benzhydryl-a-amino nitriles afforded the corresponding
a-amino acids directly. This methodology affords a variety of arylglycines in
exceptionally high enantiomeric excess, but aliphatic amino acids were ob-
tained with low enantioselectivity. Current efforts are underway to expand
the scope of this reaction, as well as to elucidate the mechanism of cataly-
sis and the roles played by substrate and catalyst in determining the
stereochemical outcome of the reaction.
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Introduction

In recent years, the use of unnatural a-amino acids has grown rapidly, due to
their importance in site-directed mutagenesis (Ellman et al., 1991), peptide
synthesis (Wallace et al., 1989) and the use of conformationally constrained
peptides and peptide analogues (Hruby and Sharma, 1991). As the use of
unnatural a-amino acids has grown, so too has the need for general method-
ology concerning their enantioselective synthesis. The last 20 years have seen
an explosion of activity in this area, covered extensively in the reviews of
Williams (1989) and Duthaler (1994). Nonetheless, at present there is

* A preliminary communication on this work has recently appeared in: Iyer MS, Gigstad
KM, Namdev ND, Lipton MA (1996) J Am Chem Soc 118: 4910—-4911.
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no single methodology capable of producing any a-amino acid in high
enantiomeric purity.

In 1850, Strecker (1850) reported that, upon condensation with ammo-
nium cyanide, carbonyl compounds such as aldehydes and ketones were con-
verted to a-amino nitriles (the “Strecker synthesis”); subsequent hydrolysis of
the nitrile functionality afforded a-amino acids (Scheme 1). This discovery
represented the first de novo synthesis of a-amino acids and, nearly 150 years
later, still finds frequent application in the synthesis of unnatural amino acids
owing to its attractive generality, simplicity and low cost. It has proved espe-
cially useful in the synthesis of arylglycines, a class of a-amino acids difficult
to synthesize by many other asymmetric methods (Williams, 1992). Although
the mechanism of the Strecker synthesis has never been unambiguously
proved, it is generally believed to proceed in two steps: condensation of the
amine with carbonyl compound to form an imine, followed by nucleophilic
addition of HCN to the imine (Walia et al., 1974).

The major limitation to the classic Strecker synthesis is its production of
racemic products; obtaining chiral a-amino acids through the Strecker synthe-
sis has traditionally been accomplished by resolving the racemic product.
Beginning with the studies of Harada (1963), several researchers have at-
tempted to render the Strecker synthesis enantioselective by substituting
optically active amines for ammonia, thereby affording diastereoselective
addition of HCN to the imine. In his studies, Harada formed an a-amino
nitrile from (—)-a-methylbenzylamine, sodium cyanide and acetaldehyde and
converted it to L-alanine by acid hydrolysis of the nitrile and hydrogenolysis
of the benzylic amine (Scheme 2). This procedure has been modified to use
pre-formed imines and HCN (Patel and Worsley, 1969) or BrCN (Phadtare et
al., 1985), with largely similar results.
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Scheme 1. The Strecker synthesis of a-amino acids
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Scheme 2. Asymmetric synthesis of L-alanine using (—)-a-methylbenzylamine as a chiral
auxiliary
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More recently, other chiral auxiliaries have been used in the Strecker
synthesis. Weinges (1980) has used S5-amino-4-phenyl-1,3-dioxanes, Kunz
(1991) has used 2,3,4,6-tetra-O-pivaloyl-8-D-galactopyranosylamine, Inaba et
al., (1992) and Chakraborty et al., (1991, 1995) have used phenylglycinol and
Davis (1994, 1996) has used a chiral sulfinamine to obtain a-amino nitriles in
diastereomeric excess (Scheme 3). Although several of these methods afford
a-amino acids in high enantiomeric purity, the cost of using stoichiometric
chiral auxiliaries, especially those which cannot be recovered, has hindered
the adoption of these methods for large-scale synthesis of a-amino acids.

To avoid chiral auxiliaries one must instead use a chiral catalyst. Although
chiral catalysts have been developed for a number of reactions, catalysis of
the Strecker synthesis has been achieved in only a trivial sense. Ogata and
Kawasaki (1971) demonstrated that protic solvents serve as catalysts in the
addition of HCN to imines by studying the rate of addition of HCN to a
preformed imine as a function of solvent composition. They found that the
rate varied linearly with methanol concentration and that the kinetics were
third-order, implying a termolecular transition state which they proposed to
be cyclic (Fig. 1). While these observations are not easily incorporated into a
model for a chiral catalyst, they do lead to the conclusion that any catalyst for
the Strecker synthesis must be compatible with a protic solvent.

Though no catalysts for the Strecker synthesis had been developed,
several were known for a closely related reaction, the formation of
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Scheme 3. Other chiral auxiliaries employed in the Strecker synthesis
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Fig. 1. Proposed termolecular transition state for the Strecker synthesis

OH

H
CHO HCN, a, N OHN A
1 (2 mol%) [ j “CN ©/i :/r
———5-» N
©/ PhCH;, -20 . m ooy )§/

7%, 97% e.e.)

Scheme 4. Asymmetric catalysis of cyanohydrin formation by cyclo[(S)-histidyl-(S)-
phenylalanyl]

cyanohydrins. Although aldehydes and aliphatic ketones will react spontane-
ously with hydrogen cyanide, Lapworth (1903) demonstrated that addition of
a base to the reaction led to a rate acceleration. In addition, an enzyme — D-
oxynitrilase — catalyzes the enantioselective formation of (R)-mandelonitrile
from benzaldehyde in vivo, as shown by Becker et al. (1965) and Effenberger
(1994). In an effort to develop synthetic analogues of oxynitrilase, Inoue and
co-workers (Oku and Inoue, 1981) synthesized and evaluated a series of
dipeptides, resulting in the remarkable discovery that the diketopiperazine
cyclo[(S)-His-(S5)-Phe] (1, Scheme 4) catalyzed the enantioselective formation
of (R)-mandelonitrile from benzaldehyde and hydrogen cyanide in high yield
and enantiomeric excess (Tanaka et al., 1990; North, 1993).

The presumed mechanistic similarity between cyanohydrin formation and
the Strecker synthesis leads to the expectation that 1 may also catalyze the
Strecker synthesis, but two problems preclude its use in such a capacity. First,
the Strecker synthesis requires the use of a protic solvent, whereas Inoue has
shown that 1 affords enantioselectivity in cyanohydrin synthesis only when
used in relatively nonpolar solvents such as toluene and diethyl ether (Tanaka
et al., 1990).

A second, more subtle problem with the Inoue catalyst involves its mode
of catalysis. Although the origin of enantioselectivity is not well understood,
one might expect that 1 catalyzes cyanohydrin formation in much the same
way as other bases. Prelog and Wilhelm (1954) have studied the mechanism of
catalysis of cyanohydrin formation in detail, and concluded that protonated
bases function both as general acid catalysts and as the counterion for cyanide
anion. Applying this same reasoning to 1 suggests that its complex with
hydrogen cyanide serves as a general acid to protonate benzaldehyde in the
transition state of cyanohydrin formation. Consideration of acidity functions
would imply that, while an imidazolium ion (pK, = 6.7) is fully capable of
protonating benzaldehyde (pK, = ~3.9), it will be unable to serve as a general
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acid catalyst in the presence of the more basic benzaldimine (pK, ~ 8) and thus
may not be able to catalyze the Strecker synthesis.

Materials and methods

All solvents were commercial grade and were distilled and dried as follows:
tetrahydrofuran and toluene from sodium benzophenone ketyl; dichloromethane and
acetonitrile from calcium hydride. Flash chromatography was performed with silica gel
grade 60 (230-400 mesh). High pressure liquid chromatography was performed using
Vydac C; and C;4 reverse phase columns and a Daicel ChiralPak AD™ chiral stationary
phase column.

Results and discussion

In the event, treatment of a variety of imines with hydrogen cyanide in the
presence of catalytic 1 in methanol afforded only racemic a-amino nitriles. It
was therefore decided to install a more basic sidechain in place of the
imidazole of 1. A guanidine was chosen for the low acidity of its conjugate acid
(pK, = 13.4). Because it was unknown whether the proximity of the imidazole
to the diketopiperazine ring in 1 was important, it was decided to keep
the nearest nitrogen of the guanidine two carbons removed from the
diketopiperazine, just as the nearest nitrogen of the imidazole ring is in
histidine. Therefore, a new diketopiperazine (2, Fig. 2) was synthesized,
containing (S)-phenylalanine and the non-proteinogenic a-amino acid (S)-
norarginine, the lower homologue of arginine.

The synthesis of 2 begins with benzyloxycarbonyl-(S)-glutamic acid (3,
Scheme 5), which upon protection as the oxazolidinone 4 and subsequent
Curtius rearrangement (Scholtz and Bartlett, 1989) is converted to the
carbamate 5 in 81% yield. Hydrolysis of the oxazolidinone using KOH/
MeOH and coupling with (S)-phenylalanine methyl ester using 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide/1-hydroxybenztriazole afforded
the dipeptide 7 (79% yield). This coupling step was also used to verify that
hydrolysis had occured without racemization. Catalytic hydrogenolysis of the
benzyloxycarbonyl group of 7 followed by cyclization in refluxing methanol
afforded the diketopiperazine 8 in quantitative yield. Deprotection of the Boc
group in 8 using HCl in ethyl acetate was followed by guanidylation with 3,5-
dimethylpyrazole-1-carboxamidine nitrate (Scott et al., 1953) to afford the
catalyst 2. Reverse phase HPLC purification of 2 produced the catalyst in 45%
yield from 8.
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2

Fig. 2. Cyclo[(S)-norarginyl-(S)-phenylalanyl], a catalyst for the Strecker synthesis
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Scheme 5. Synthesis of the diketopiperazine cyclo[(S)-norarginyl-(S)-phenylalanyl] (2)

Initial experiments involved treatment of benzaldehyde with ammonia
and hydrogen cyanide in the presence of 2mol% of catalyst 2 under a variety
of reaction conditions (Table 1). The enantiomeric purity of the resultant a-
amino nitrile was determined by derivatization with (+)-MTPA chloride
(Dale et al., 1969) and comparison of the YF-NMR spectrum of the crude
product with that of an authentic racemate derivatized in identical fashion.
The configuration of the products was established by conversion of
underivatized a-amino nitriles to phenylglycine and determination of the
sign of its optical rotation. Initial experiments showed low to moderate
enantioselectivity and moderate to good yield. After reaction conditions
were varied with unpredictable results, it was found that the product (2-
aminophenylacetonitrile) was configurationally unstable: a purified sample in
methanol solution racemized with an approximate half-life of 4 hours.

While the discovery of the configurational instability explained the erratic
and disappointing results shown in Table 1, it raised an interesting question:
why did the a-amino nitriles obtained from optically active imines not suffer
the same problems? Since the only apparent difference was the presence of an
alkyl group (e.g., a-methylbenzyl) on nitrogen in those early examples, it was
decided to examine the reactions of N-substituted imines using catalyst 2
(Table 2). In this version of the reaction, a solution of a pre-formed imine and
2 (2 mol%) in methanol was treated at —25° with hydrogen cyanide (2 equiv.).
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Table 1. Asymmetric catalysis of the Strecker synthesis

NHy
HCN, NH;3 :

CHO -
2 (2 mol%) - CN
base,

4 A mol sieve

.25°

solvent base (eq)  time,h  yield* %  ee’ %,S
CH,OH PVP 19 20 40
CH,OH PVP 32 65 -
CH,OH NEt, 40 68 33
CH,OH NEt, (2) 96 73 13
CH,OH®c  NEt, 17 83 28
CH;OH Py 35 29 23
CH,OH Py (2) 40 95 2
CH,OH none 52 24 22

2Based on 'H-NMR of crude produce. ®Determined by F-
NMR of (+)-MTPA derivatives. <147 eq of NH, and 11 eq of
HCN.

Table 2. Conversion of substituted Imines to a-amino nitriles

R

N~ NHR
! HCN H
2 (2 mol%) _ CN
—25° -

R solvent yield,® % ee® %, S
4-OMe-PhCH, CH,OH a7 >99
3,4,5-(OMe),PhCH, CH,OH 98 >08
Ph,CH CH,OH 95 >099
t-BuOCO i-PrOH 88 75

sBased on 'H-NMR of crude product. ®*Determined by “F-
NMR of (+)-MTPA derivatives.

Intriguingly, the presence of alkyl groups on the imine nitrogen resulted in
the formation of (S)-a-amino nitriles in high yield and exceptionally high
enantiomeric excess. Moreover, all the N-substituted a-amino nitriles ap-
peared to be configurationally stable at room temperature, in marked contrast
to the parent 2-aminophenylacetonitrile and in accord with literature
precedent.

The various N-alkyl a-amino nitriles were hydrolyzed according to litera-
ture conditions (6 N HCI, 60°, 6hr) (Marvell, 1920) to attempt simultaneous
hydrolysis of the nitrile and deprotection of the amino functionality. Of the
derivatives examined, only the benzhydryl-protected a-amino nitrile proved
satisfactory in this regard. When the optically active N-benzhydryl-a-amino
nitrile was subjected to these conditions (Scheme 6), (5)-phenylglycine was



266 M. S. Iyer et al.

BzhNH,,

6N HCI, 60°

Scheme 6. Hydrolysis of (S)-N-benzhydyryl-2-aminophenylacetonitrile to L-
phenylglycine

Table 3. Conversion of N-benzhydryl imines to ¢-amino nitriles

CHPh HCN
|N/ ? 2 (2 mol%) -_-NHCHPh2
R) MeOH R NeN
R temp, C yield,* % ee” %, S
Ph -25 97 >99
4-Cl-Ph -25 97 83
4-C1-P -75 o4 >99
4-OMe-Ph -25 96 64
4-OMe-Ph =75 90 96
3-Cl-Ph =75 80 >99
3-OMe-Ph —75 82 80
2-furyl -25 83 19
2-furyl —~75 94 32
i-Pr -75 81 <10
t-Bu =75 80 17

2Based on 'H-NMR of crude product. "Determined by chiral
HPLC chromatography using a Daicel ChiralPak AD column.

obtained without loss of optical activity as determined by optical rotation.
Benzaldehyde can thus be converted to (S)-phenylglycine in 3 steps, in 92%
yield and >99% e.e.

The generality of this methodology was explored by subjecting various
N-benzhydryl imines derived from aromatic and aliphatic aldehydes to the
reaction conditions described above (Table 3). Enantiomeric purity of the
product a-amino nitriles was determined by chiral HPLC chromatography
and absolute configuration was assigned by hydrolysis of the o-amino nitriles
and comparison of the optical rotations of the a-amino acids to literature
values.

The products derived from aromatic aldehydes were obtained in high
enantiomeric excess but those derived from aliphatic aldehydes were ob-
tained only with low enantiomeric excess. In all cases, the enantioselectivity
could be improved by lowering the reaction temperature, but preliminary
studies indicate that increasing the amount of catalyst did not improve
the enantioselectivities of any of the problematic substrates. In all cases
examined, the (S)-isomer was the major product.

Thus, it would appear that catalyst 2 will be most useful in the synthesis of
phenylgycine derivatives. Obtaining this subclass of a-amino acids in optically
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pure form represents a formidable synthetic challenge owing to their relative
inaccessibility (Williams and Hendrix, 1992). It is therefore envisaged that
catalyst 2 will find application in the large-scale production of a wide variety
of important arylglycines.

Despite the structural similarities between 1 and 2 and the mechanistic
similarities between the reactions they catalyze, several important differences
exist which belie the apparent similarity. First, whereas 1 operates as a hetero-
geneous catalyst, 2 is fully soluble under the conditions of the Strecker synthe-
sis. Second, although both 2 and 1 are composed of (S)-amino acids, they
catalyze formation of products of opposite configuration. Additionally, studies
conducted on 1 have also demonstrated a dependence of the enantio-
selectivity on the method of crystallization of the catalyst (Tanaka, 1990),
solvent viscosity (Danada, 1991) and on enantioselective autocatalysis by the
product itself (Danda, et al., 1991). Studies are ongoing in our laboratories to
investigate the effects of these and other factors on the enantioselectivity of
the Strecker synthesis using catalyst 2.
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