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A rabbit liver enzyme preparation oxidised racemic iminium ions 1 and 2 to opti-
cally active lactams 3 and 4 with enantiomer ratios Egs = 5.5 and 0.14, respec-

tively.

The use of enzymatic reactions in the preparation
of organic compounds in optically active form is a
technique under rapid development and some
types of enzymes have been used extensively.'™
On the other hand, the group of molybdenum-
containing enzymes*’ has, to the best of our
knowledge, not been studied with respect to chi-
rality of substrates or products. We present here
the first study of this kind.

Rabbit liver aldehyde oxidase (E.C. 1.2.3.1),
in disagreement with its name, shows its highest
affinity for unsaturated N-heterocycles,®’ includ-
ing iminium ions.'*!! Dioxygen is an efficient re-
oxidant for the enzyme. We used a crude rabbit
liver enzyme preparation for the oxidation of ra-
cemic iminium ions 1 and 2 and obtained the lac-
tams 3 and 4, respectively, in optically active
form (Fig.1). The enantiomeric compositions
were determined by chiral column GLC using
(5)-4 and optically impure (R)-4 as references.
The latter was prepared from (—)-4-amino-2-
methylbutanoic acid,”? the optical rotation of
which indicated the presence of a 62:38 mixture
of R and § forms. N-Benzylation and ring closure
gave 4, which on chiral column GLC showed two
peaks in the ratio 61:39 which should be due to
the R and § forms, respectively.

In the oxidation of (+)-1 to 3, which is a kinetic
resolution, the enantiomeric excess of (R)-3 var-
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ied with the extent of conversion, in agreement
with a general equation given by Sih et al."’ Cal-
culation of Ey" (Fig.2) gave the value 5.5 for
the low-conversion points and possibly a some-
what lower value for the high-conversion points.
Thus, in this competition between R and S forms,
the “unnatural” reaction (R)-1 - (R)-3 is 5.5
times faster than the reaction (S)-1— (5)-3,
which is the final step' in the metabolism of natu-
ral (S)-nicotine to (S)-cotinine [(S)-3]. This result
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Fig. 1. Major enantiomers formed in the oxidation of
racemic iminium ions 1 and 2 with the rabbit liver
enzyme preparation.
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Fig. 2. Evaluation of the kinetic resolution 1—3
mediated by the rabbit liver preparation. An
enantiomer ratio {Eqs') of 5.5 is obtained from the
combined use of the plot and the equation Egs=In
(1-2¢x,)/In (1-2c¢x,), in which ¢ is % conversion/100
and x, and x, are the mole fractions of (R)-3 and
(S)-3, respectively. This equation is derived from the
somewhat more complex eqn.5 in Ref. 13 by using
the relations eeg = 2x,—1 and x; = 1—x,. The figures
in the plot are the chemical yields of 3.

is remarkable but, in view of the broad substrate
specificity of rabbit liver aldehyde oxidase,
hardly surprising.

The enzymatic oxidation of (+)-2 to 4 was per-
formed at pH 8.1 in order to favour continuous
base-catalyzed racemisation of the substrate via
the achiral enamine 5. Due to the low rate of oxi-
dation and the instability of the enzyme, it was
difficult to achieve a high conversion of 2; our
best yield of 4 was 46 %. Seven values of the ratio
(R)-4/(S)-4 were determined, corresponding to
yields between 2 and 46 %, and were found to be
randomly distributed within the range 0.14+0.04.
Eys must therefore equal this value.

ENZYMATIC OXIDATION OF IMINIUM IONS

Finally, it may be noted that the question of fa-
voured/disfavoured side of substitution of the
five-membered ring iminium ion varies with the
position in the ring. To obtain the fastest re-
action, the methyl group in the 4-position must
be on the si side of the iminium carbon (C-5),
whereas the pyridyl group in the 2-position must
be on the opposite (re) side, as shown in Fig. 1.

Experimental

NMR spectra and pH values were recorded as de-
scribed previously.'* A Hewlett-Packard 5830A
gas chromatograph equipped with a25 m OV-101
fused silica capillary column and a 18850 A GC
terminal ws used for the quantification of 3 and 4
using diphenylamine as internal standard (N, as
carrier gas). A GLC-MS-SIR technique was also
used for the quantification of 3 (6 as internal stan-
dard). Enantiomeric compositions were deter-

.mined using Chirasil-Val-D and Chirasil-Val-L

columns (26 m, Chrompack) using helium as car-
rier gas; two samples of 3 were checked by meas-
uring optical rotation (Perkin-Elmer 241 polar-
imeter).

Enzyme preparation. Frozen rabbit livers (ca.
200 g) were homogenized. Subsequent heat
treatment, centrifugation and precipitation with
ammonium sulfate were performed as described
previously.’® The precipitate was dissolved in
phosphate buffer (pH 7.8, 100 ml, 0.05 M) con-
taining EDTA (0.2 mM) and the solution was di-
alyzed against 10 1 of the buffer. A typical en-
zyme activity determined by the standard assay'
using 3-(aminocarbonyl)-1-methylpyridinium
chloride was 1x107®* mol sec™ ml™".

Typical enzymatic oxidation. A solution of (+)-1
(25 mg) in water (1 ml) and 6 ml of enzyme prep-
aration were mixed with phosphate buffer
(pH 7.4, 60 ml) containing EDTA (0.2 mM) and
the mixture was stirred for 30 min (22 °C). An ad-
ditional 6 ml aliquot of enzyme preparation was
added and the stirring continued for 1 h. Sodium
borohydride (1.0 g) in water (10 ml) and (+)-6
picrate (2.50 mg) were added. After 30 min the
mixture was acidified with 4 M hydrochloric acid,
saturated with ammonium carbonate and extrac-
ted three times with ethyl acetate/light petroleum
(9:1). The combined organic phases were back-
extracted twice with 0.1 M hydrochloric acid, the
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extracts made alkaline (pH 10), saturated with
sodium chloride and extracted with methylene
chloride. After drying (Na,SO,), GLC-MS-SIR
analysis showed a yield of 17 %. If two more ali-
quots of enzyme preparation were added at 30
min intervals, the yield was 71 %.

Oxidations of 2 (0.3-10 mg) were carried out
at pH 8.1 using cysteine as additive (10 mM).
The two compounds which appeared at the reten-
tion times of authentic (R, S)-4 on the chiral GLC
column gave rise to mass spectra which were in-
distinguishable from those of (R)- and (S)-4, re-
spectively.

3,4-Dihydro-1-methyl-2-(R,S)-[3-pyridinyl]-2H-

pyrrolium perchlorate hydroperchlorate [(£)-1}
was prepared from (Z)-nicotine'® via (+)-3, as
described for the optically pure compound;!
m.p. 231-235°C (sealed tube).

1-([2H;]-methyl)-5-(R,S)-[3-pyridinyl]-2-pyrroli-
dinone (6) was prepared from nicotine-d;"’ by the
method used for the unlabelled compound
[(S)-3]." The compound was purified and admin-
istered as its picrate, m.p. 123-125°C.

1-Phenylmethyl-2-pyrrolidinone. A solution of
2-pyrrolidinone (10.0 g. 0.12 mol) in toluene
(175 ml) was treated (30 °C, 30 min) with sodium
hydride (0.12 mol) in the form of 55% suspen-
sion (5.1 g) in mineral oil, and benzyl bromide
(20.1 g, 0.12 mol) was then added. After heating
at 90°C (2 h), the mixture was cooled and water
was added. Separation of the phases, extraction
of the aqueous phase with methylene chloride,
combination of the organic phases, drying
(Na,S0O,) and distillation (117-119°C, 70 Pa)
gave the title compound in 61 % yield; lit.”® b.p.
122-123°C (270 Pa); 'H NMR: 3 7.23 (s, SH),
4.40 (s, 2H), 3.20 (t, 2H), 2.6-1.6 (m, 4H).

(R,S)-3-Methyl-1-phenylmethyl-2-pyrrolidinone

[(R,S)-4]. The above lactam (10.2 g, 67.5 mmol)
was added to the stirred reaction mixture
(=50°C) obtained by dissolving sodium (1.55 g,
67.4 mmol) and Fe(NO,); - 9H,0 (20 mg) in lig-
uid ammonia (100 ml). After stirring for 30 min,
methyl iodide (19.0 g, 13.5 mmol) was added
and, after 1 h, 50 ml of ether. The cooling bath
was removed and after 16 h water was added. Ex-
traction with ethyl acetate, drying (Na,SO,) and
evaporation gave a crude mixture (10.0 g) which
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was separated on silica gel (10X 15 cm) using light
petroleum/ethyl acetate (3:1) as eluant. The di-
methylated lactam was eluted first, then (R, S)-4
(3.6 g, 33%) and finally the starting lactam.
'HNMR: 8 7.28 (s, 5H), 4.45 (s,2H), 3.17
(dd, 2H, J 8.3 and 5.4 Hz), 2.5-1.5 (m, 3H),
1.24 (d, 3H, J 6.9 Hz). MS [m/z (relative abun-
dance)]: 189 (56 %, M*), 160 (11), 132 (13), 118
(11), 106 (19), 98 (31), 92 (14), 91 (100), 65
(25), 56 (11) and 55 (13).

(R,S)-3,5-Dihydro-4-methyl-1-phenylmethyl-2H-
pyrrolium perchlorate [(R,S)-2] was prepared by
the technique described" for (§)-1. On addition
of perchloric acid in methylene chloride to the
N, S-acetal, little or no crystalline iminium salt
was obtained; the material was therefore purified
on an alumina column, eluting first with ether
and then (to give the salt) with ethanol. Repeated
co-distillation with toluene and crystallization
from ether/ethanol (3:2) containing anhydrous
perchloric acid gave 2.0 g (43 %) of (R, S)-2; m.p.
45-47°C (sealed tube); 'H NMR: & 8.58 (broad
s, 1H), 7.42 (s, SH), 5.16 (s, 2H), 4.16 (broad
t, 2H), 3.9-3.7 (m, 1H), 2.8-1.6 (m, 2H), 1.44
(d, 3H), J 7.4 Hz).

Optically active 4 [(R)/(S) = 62/38]. 4-Amino-2-
methylbutanoic acid showing [a]3 — 1.60° (¢ 7.8,
water) was prepared.”? Based on the literature
value for the maximum rotation’ of [a]3 —6.7°
(c 2.8, water), our material was 62 % R, 38 % S.
A solution of the above acid (0.20 g, 1.7 mmol)
and benzaldehyde (0.19 g, 1.8 mmol) in metha-
nol (20 ml) was stirred with 4A molecular sieves
(22°C, 2 h). Sodium cyanoborohydride (0.27 g,
4.3 mmol) in methanol (5 ml) was added in por-
tions over a period of 3 h; after 16 h, dilute hy-
drochloric acid was added to give pH circa 3. Fil-
tration and evaporation of the solvent gave a resi-
due which was dissolved in 10ml of a 1M
solution of hydrogen chloride in methanol. Mole-
cular sieves (4A, 60 mg) were added and the mix-
ture was heated under reflux (4 h). After fil-
tration, hydrochloric acid (2M, 10 ml) was
added, the methanol was removed by evapor-
ation and the remaining solution was washed with
ether. Aqueous sodium hydroxide was added to
give pH 10 and the solution was extracted three
times with ether. Drying (Na,SO,) and evapor-
ation of the solvent led to a mixture of amino es-
ter and pyrrolidone. Heating the mixture under



reflux with methanol (16 h) gave a product
(0.15 g), the purity of which was ca. 80%
(*H NMR). Chromatography on a column of sili-
ca gel (1x15 cm), using ether/light petroleum
(1:1) as eluant, afforded 90 mg (28 %) of pure 4;
[a]¥ +3.7° (¢ 7.2, CDCl;). Gas chromatography
on the Chirasil-Val-D column (120°C) gave al-
most base line separation of the enantiomers,
which were eluted after 23.76 min (61 % of the
area) and 24.11 min (39% of the area), re-
spectively.
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