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The microsomal oxidative dealkylation of 1-benzyi-4-cvano-4-phenylpiperidine has been studied and the source of
oxygen shown to be molecular oxygen. The rate of debenzylation was decreased by substituting deuterium for hydrogen
in the methylene portion of the benzyl group. The isotope effect was measured by comparison of the reaction rates
of the d, and d; compounds 1a and 1b and also of the ds and d- compounds 1¢ and 1d. Determination of the reaction
rates for various mixtures of labeled and unlabeled species allowed the rates for 0 (ky) and 100 mol % (kp) to be
accurately obtained. A primary isotope effect of 1.46 was observed when the methylene hydrogens of benzyl were
replaced by deuterium. No secondary isotope was observed when the aromatic hydrogens of benzyl were replaced
by deuterium. The results of this study are consistent with a mechanism involving direct hydroxylation at the benzyl

methylene position in a rate-determining step.

One of the important reactions mediated by the
membrane-bound oxygenases of liver is the oxidative
N-dealkylation of amines. The products of the conversion,
the dealkylated amine and an aldehyde, are thought to
arise from the spontaneous dissociation of an intermediate
carbinolamine [R;NCHOHR — R,NH + RCHO].!* The
formation of the carbinolamine has been considered to
occur by direct hydroxylation of the a-carbon atom;! i.e.,
oxidative dealkylation is really ancther example of hy-
droxylation at an aliphatic carbon atom. Cytochrome P
450 mediated aliphatic hydroxylation, as typified by the
conversion of ethylbenzene to predominantly (R)-
methylphenylcarbinol, occurs bv direct oxygen insertion
(without inversion). Molecular oxygen serves as a source
of the oxygen atom and a deuterium isotope effect of about
1.8 can be demonstrated.” In an early study, Elison, Elliott,
Look, and Rapoport? found an isctope effect for the de-
methylation of N-(trideuteriomethvl)morphine of 1.4,
consistent with a hydroxylation mechanism. The possi-
bility that microsomal dealkylation might occur via in-
termediate N-oxides has been discussed but is considered
less likely, since the dealkylation of N-oxides by cyto-
chrome P 450 has been shown to involve an initial step in
which N-oxide is reduced to tertiary amine, which in turn
is dealkylated by the hydroxylation mechanism.®> In
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contrast to tertiary amines, dealkylation of secondary
amines may involve more than one mechanism. Prough
and Ziegler® have recently presented data which suggest
that certain secondary amines, such as benzphetamine,
may undergo dealkylation via an N-hydroxy intermediate.

In the present study, the debenzylation of 1-benzyl-
4-cyano-4-phenylpiperidine (la) was investigated with
respect to both source of oxygen and deuterium isotope
effects. The study of deuterium isotope effects has become
of increasing importance not only because of mechanistic
implications but also because of the great increase in the
use of deuterium labeling in biological research. It becomes
important to know when primary and secondary deuterium
isotope effects can be expected and when they would be
unlikely.

The primary isotope effect of the debenzylation of la
would normally be measured by comparison of the reaction
rates of la and 1b, in which deuterium has been substi-
tuted for hydrogen in the methylene portion of the benzyl
group. In order to increase the accuracy of the mea-
surement of the primary isotope effect, it was also de-
termined by a second method, comparing the reaction rates
of 1¢ and 1d, which correspond to 1la and 1b with the
addition of having deuterium substituted for hydrogen in
the aromatic portion of the benzyl moiety. The presence
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or absence of a secondary isotope effect in the debenzy-
lation, possibly caused by the deuteration of the aromatic
part of the benzyl group, was monitored by the comparison
of the reaction rates of la vs. 1¢ and also of 1b vs. 1d.

Chemistry. Benzyl-1,1-d, alcohol prepared by LAD
(99% 2H) reduction of methyl benzoate” had 97% isotopic
purity. Material of higher isotopic incorporation (99% *H)
was obtained by utilizing the Cannizzaro reaction’ from
benzaldehyde-d,, readily prepared by several methods.®
Since the reaction involves an intermolecular hydride
transfer,® the benzyl-1,1-d, alcohol retained all the deu-
terium in the system.

For the preparation of the variously deuterated ana-
logues la-d, the appropriate benzyl bromide (obtained
from the correspondingly labeled benzyl alcohol by
treatment with phosphorus tribromide) was condensed
with 4-cyano-4-phenylpiperidine. The crystalline products
la-d were characterized by their IR, NMR, and EIMS
spectra. Deuterium incorporation was uniformly good,
ranging from 98.0 to 98.5%.

Experimental Section

Unless otherwise indicated, all reactions were performed under
nitrogen and solvents were concentrated on a rotary evaporator
under vacuum. Melting points were taken on a Thomas-Hoover
capillary melting point apparatus and are uncorrected. IR spectra
were measured with a Perkin-Elmer Model 337 spectropho-
tometer. NMR spectra were recorded in a Model A-60A Varian
spectrometer using CDCl; as solvent and tetramethylsilane as an
internal standard (Me,Si = 0.0 ppm; abbreviations used: br, broad,;
s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet). Low-
resolution EI mass spectra were run on an AEI MS12 instrument.
Deuterium analysis by mass spectrometry was performed on the
molecular ions. Literature melting or boiling points refer to the
undeuterated compounds.

Benzyl-1,1-d,; Alcohol. To a solution of sodium hydroxide
(1 g) in water (1 mL) was added benzaldehyde-d, (1.5 g, 14 mmol),
and the mixture was well shaken until a stable emulsion was
formed. A moderate rise in temperature was observed. The flask
was connected to a reflux condenser and heated at 45 °C (bath
temperature) with stirring for 1.5 h. After cooling, the mixture
was diluted with 20 mL of water and extracted with ether (2 X
25 mL). The extract was washed with saturated sodium bisulfite
solution (2 X 15 mL) and dried (MgSQ,), the ether was removed
on a rotatory evaporator, and the residue was distilled, bp 68-70
°C (0.5 mm), lit.” bp 88 °C (10 mm). The product (0.6 g, 82%)
contained 99% deuterium on the « carbon by NMR integration:
IR (neat) 3300 (br, OH), 2200 (C-D), 2080 (C-D) ¢cm™; NMR &
4.09 (s, 1 H, OH), 7.22 (s, 5 H, aromatic); EIMS m/e (relative
intensity) M* 110 (100%), 109 (63%), 81 (64%), 80 (54%).

Benzyl-1,1-d, Bromide. To a solution of freshly distilled
benzyl-1,1-d, alcohol (4 g, 36 mmol) in 80 mL of dry ether
containing 1 mL of dry pyridine were added dropwise 3.3 g (12
mmol) of freshly distilled phosphorus tribromide with stirring.
The reaction mixture was gently refluxed at 50 °C (bath tem-
perature) for 2 h and cooled. The organic layer was washed with
water, a saturated solution of sodium bicarbonate, and water. The
combined extracts were dried (MgSO,) and distilled to give the
pure bromide: yield 4.75 g (76%); bp 65 °C (0.5 mm), lit.” 80-81
°C (14 mm); IR (neat) 2200 cm™ (C-D); NMR 6 7.22 (s, aromatic).

Benzyl-2,3,4,5,6-d; Bromide. This was prepared similarly
from benzyl-2/,3',4"5"6"d5 alcohol (Merck, Sharp & Dohme, 98.5%
’H) in 76% yield: IR (neat) 2950 (C-H), 2260 (C==C-D), 1210
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(C-H) cm™; NMR 4 4.6 (s, CH,).

Benzyl-1,1,2,3,4,5,6-d; Bromide. Obtained from ben-
zyl-1,1,2,3'4"5"6"d, alcohol (Merck, Sharp & Dohme, 98.5% 2H)
in 8’17% yield: IR (neat) 2260 cm™ (C=C-D), 2175 (C-D), 930 (C-D)
cm™,

1-Benzyl-4-cyano-4-phenylpiperidine (1a). To a solution
of 4-cyano-4-phenylpiperidine (6.6 g, 35 mmol) in 100 mL of dry
benzene was added dropwise 3.1 g (18 mmol) of freshly distilled
benzyl bromide with stirring. The hydrobromide salt of 4-
cyano-4-phenylpiperidine separated immediately. The reaction
mixture was refluxed gently for 6 h and cooled. The white
precipitate was filtered off and the filtrate evaporated to dryness.
The residue crystallized on addition of a few drops of ethanol,
and recrystallization from methanol-hexane gave white needles:
yield 4.7 g (94%); mp 74-75 °C. The hydrochloride salt (from
methanol-ethyl acetate) had mp 261-262 °C, lit.19 260-262 °C;
IR (KBr) 2230 cm™ (C==N); NMR 6 2.09 (m, 4 H, CH,CCH,),
2.77 (m, 4 H, CH,NCH,), 3.6 (s, 2 H, NCH,Ph), 7.42 (m, 10 H
aromatic); EIMS m/e (relative intensity) M* 276 (29%), 199
(16%), 185 (31%), 146 (12%), 91 (100%).

1-(Benzyl-1,1-d,)-4-cyano-4-phenylpiperidine (1b).
Prepared similarly from benzyl-1,1-d, bromide in 92% yield, mp
71-72 °C. The hydrochloride had mp 261-262 °C; IR (KBr) 2230
(C==N), 2200 (C-D) cm™}; NMR 5 2.3 (m, 4 H, CH,CCH,), 2.70
(m, 4 H, CH,NCHy,), 7.34 (m, 1 OH, aromatic); EIMS m/e (relative
intensity) M* 278 (35%), 201 (16%), 185 (35%), 148 (15%), 93
(100%). Deuterium incorporation: 98% d, of which 97.5% was
d2 and 2.5% dl'

1-(Benzyl-2,3,4,5',6-d;)-4-cyano-4-phenylpiperidine (lc).
Prepared similarly from benzyl-2',3',4",5,6"~d5 bromide in 94%
vield, mp 74-75 °C. The hydrochloride had mp 260-261 °C; IR
(KBr) 2950 (CH), 2260 (C==C-D), 2230 (C==N), 2260 (C=C-D),
22330 (C==N) cm™}; NMR § 2.1 (m, 4 H, CH,CCH,), 2.7 (m, 4 H,
CH,NCHy), 3.59 (s, 2 H, NCH,Ph), 7.42 (m, 5 H, aromatic); EIMS
m/e (relative intensity) M* 281 (43%), 280 (20%), 199 (19%),
186 (19%), 185 (23%), 97 (23%), 96 (100%). Deuterium in-
corporation: 98.6%, of which 94.1% was d5, 4.9% d,, and 1.0%
ds.
1-(Benzyl-1,1,2',3,4',5,6-d;)-4-cyano-4-phenylpiperidine
(1d) was prepared from benzyl-1,1,2',3,4',5',6"-d, bromide. The
hydrochloride (96%) had mp 261-262 °C; IR (KBr) 2260
(C=C-D), 2230 (C=N), 2175 (C-D) cm™; NMR 6 2.1 (m, 4 H,
CH,CCHy), 2.78 (m, 4 H, CH,NCH,), 7.49 (m, 5 H, aromatic);
EIMS m/e (relative intensity) M* 283 (42%), 282 (17%), 201
(20%), 186 (23%), 185 (23%), 99 (24%), 98 (100%). Deuterium
incorporation: 98.1%, of which 89% was d-, 9% dg, and 2% ds.

Preparation of Enzyme. Livers were removed from albino
rats (200-230 g), weighed, cut into pieces and placed in 3 volumes
of cold 0.1 M phosphate buffer (pH 7.4) containing 0.002 M MgCl,.
The liver was then homogenized in a glass homogenizer with a
Teflon pestle in the usual manner, and the 100000g microsomal
pellet was prepared by differential centrifugation. The microsomal
pellet was then resuspended in 3 volumes of the same buffer and
rehomogenized. This suspension of microsomal enzyme contained
the equivalent of 250 mg of liver (wet wt)/mL. It was stored at
—-20 °C and was stable for at least a week without loss of activity.
Samples were thawed just before use.

Isotopic Oxygen Studies. A reaction mixture containing 10.5
mL of rat liver microsomal fraction (from male rats), equivalent
to 2.6 g of liver; 35 mg of isocitric acid; 1 mg of isocitric acid
dehydrogenase; 21 uM of substrate, 1-benzyl-4-cyano-4-
phenylpiperidine hydrochloride; 42 uL of 0.1 N sodium hydroxide;
and sufficient pH 7.4 buffer to make a final volume of 21 mL was
placed in a round-bottom flask, together with a magnetic stirrer,
frozen in liquid nitrogen, and attached to a vacuum line. The
flask was evacuated (0.01 mmHg) and then thawed under vacuum.
After refreezing in liquid nitrogen, the flask was removed from
the vacuum line and, while still frozen, 7 mg of NADPH and 70
mg of NADH were added. The flask, still frozen, was returned
to the vacuum line and reevacuated. To the evacuated flask was
then added 15 mL of oxygen-18 (91 mol %) and the flask closed
off. The reaction mixture was stirred for 0.5 h at 37 °C to complete
the reaction.

The reaction was terminated by the addition of 1 mL of 10%
deoxycholic acid, and the benzyl alcohol formed in the reaction
was recovered by extraction into dichloromethane and by
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evaporation. The crude yield of benzyl alcohol was about 200
ug (a percent yield of about one-half of that obtained in the
small-scale analytical procedure described immediately below).
This suggests that activity retention during the freeze—thaw
procedure was reasonably good. The extract was brought to a
volume of 500 uL, and 1-uL. samples were used for GC-MS
analysis (LKB model 9000 instrument). A comparison of the ion
distribution of experimentally formed benzyl alcohol with that
of unlabeled benzyl alcohol allowed a direct calculation to be made
of the percentage of benzyl alcohol containing '20.

Deuterium Isotope Effects. Each incubation mixture
contained 1.5 mL of rat liver microsomes, 1 mg of NADP, 5 mg
of isocitric acid, 0.1 mg of isocitric acid dehydrogenase, 10 mg of
NADH, 6 uL of 0.1 N sodium hydroxide, 3 gmol of substrate
(unlabeled and/or labeled), and sufficient pH 7.4 buffer to give
a final volume of 3 mL. Incubations were carried out in air at
37 °C for 30 min, and the reaction was terminated by addition
of 0.3 mL of 10% sodium deoxycholate. The yield of benzyl
alcohol was determined by the following procedure.

Gas Chromatographic Method for Benzyl Alcohol. To
each reaction mixture was added 60 ug of 2-phenethyl alcohol as
an internal standard. The reaction mixtures were then extracted
with 3 mL of dichloromethane and the extract reduced in volume
to about 300 uL.. Analyses were performed on an OV-225 3% GC
column held at 100 °C. Benzyl alcohol content was calculated
from the relative peak heights of benzyl alcohol and of an internal
standard utilizing a previously prepared standard curve.

Results and Discussion

Source of Oxygen. 0 Studies. The reaction being
studied is summarized in Scheme I. The first step, hy-
droxylation, is catalyzed by the cytochrome P 450 enzyme
bound in the endoplasmic reticulum of the liver cell. If
this reaction is indeed a typical aliphatic hydroxylation,
it would be expected that the oxygen atom being trans-
ferred would originate from molecular oxygen rather than
from water.® Preliminary studies!! using 1-benzyl-4-
carbethoxy-4-phenylpiperidine as substrate indicated that
this was so. However, because yields of product were low
and loss of oxygen from benzaldehyde by exchange may
have been substantial, the result was considered to be
provisional.

The work reported in the present paper utilizes com-
pound la as a substrate, since it is a substantially more
active substrate than the ester analogue used earlier.!! In
addition, the loss of 180 from benzaldehyde was minimized
by coupled enzymatic reduction to benzyl alcohol. The
microsomal fraction from rat liver has been shown to
contain a NADH-dependent reductase which will reduce
benzaldehyde to benzyl alcohol.'? This enzyme differs
from the soluble aromatic aldehyde reductase described
earlier’® which was NADPH dependent. It is also distinct
from alcohol dehydrogenase in that it has the opposite
stereospecificity with respect to hydride transfer from
NADH. The reaction mixture used in the present study
contained a very large excess of NADH to ensure rapid and
complete reduction to benzaldehyde as soon as it was
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Table I

mol % yield of benzyl alcohol, ug/30 min, from
labeleg mixtures of:¢
compd? 1la/lb-d, 1a/lb-d, la/led,  la/1d-d,
0 79+ 149 20.5+0.2° 56=11% 55=0.84
24.5 75003 17+04 53 + 1.8 49 + 0.4
49.0 66 = 0.9 16.2 + 0.4 53 = 1.5 45+« 0.6
73.5 61+0.8 145+ 0.2 54+ 0.6 41 + 0.7
98.0 55+ 0.9 14.5 : 0.1 55+ 0.1 38 = 0.2
kylkp® 1.46 1.43 1.01 1.47

¢ For details of the method used, see the Experimental
Section. Three separate determinations were made. The
results represent the median result + 1 SD. ? Mole per-
cent was calculated based on an average purity of each
labeled compound of 98 mol %. ¢ Microsomes for this
experiment were prepared from female rats. ¢ Micro-
somes for these experiments were prepared from male
rats. A different enzyme preparation was used for the 1b
and for the 1c and 1d studies. ¢ The data in each
column were fitted to the best straight line and rates at 0
and 100 mol % were estimated for calculation of ky/kp
ratios.
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Figure 1. N-Debenzylation of mixtures of labeled and unlabeled
1-benzyl-4-cyano-4-phenylpiperidine. See Table I and Experi-
mental Section for details.

formed by spontaneous dissociation of the intermediate
carbinolamine.

Substrate (la) was incubated with rat liver microsomes
in the presence of oxygen containing 91 mol % 120,.
Benzyl alcohol was recovered and its isotopic content
determined by combined GC-MS. The benzyl alcohol was
found to contain 78 mol % (corrected for isotopic purity
of oxygen used) of benzyl alcohol-'80. This result contrasts
with 28 mol % incorporation observed in the earlier study!!
in which exchange of oxygen with water was thought to
be very substantial.

The finding that the source of oxygen in this oxidative
dealkylation derives from molecular oxygen strongly
supports the proposition that the reaction proceeds by
direct hydroxylation; i.e., it is a typical microsomal hy-
droxylation in which the primary metabolite is a carbi-
nolamine, which in turn dissociates nonenzymatically to
the products, the dealkylated amine and an aldehyde.

Deuterium Isotope Effects. The rate of debenzylation
of unlabeled la and of its labeled analogues 1b-d was
determined by measuring the extent of benzyl alcohol
production during a 30-min incubation with rat liver
microsomes. Since preliminary studies indicated that the
reaction was linear over this time period, the reaction rates
found were considered to be initial rates. In addition to
measuring the rates of debenzylation of la-d, the rates of
debenzylation of mixtures of la with each labeled species
were also determined. The data obtained are shown in
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Table I. Data for two compounds (1¢ and 1d) have also
been plotted and are shown in Figure 1. As expected, the
yield of benzyl alcohol declines in linear fashion as the mole
percent of 1d (the d; analogue) increases. The data from
the experiment with 1d were fitted to the best straight line
by least-squares approximation, and rates at 0 (ky) and
at 100 mol % (kp) were estimated. The resulting apparent
isotope effect (ky/kp) found was 1.47. Similar calculations
were made for the other data sets in Table I, and the
isotope effects found are shown in that table.

The primary isotope effects found in the present study
for the two methylene-labeled analogues (1.46 with 1b and
1.47 with 1d) are very close to the figure of 1.4 reported
in 1963 for the oxidative demethylation of deuterio-
morphine. This study* was the first to show an isotope
effect in the microsomal oxygenase system. Since that
time, many other reports have appeared. For example, an
isotope effect of 1.8 was found for the hydroxylation of
ethylbenzene,® 2.0 for the O-demethylation of o-nitro-
anisole,!* 1.23 for the demethylation of ethylmorphine,!?
1.61 and 1.86 for the O-dealkylation of phenacetin,!¢17 1.49
for the N-deethylation of lidocaine,!® 1.45 for the deme-
thylation of dimethylaminophenylpropane,!® and 1.43 for
the 3-hydroxylation of biphenyl.%

An additional observation in the present work was that,
while microsomes from female rats are much lower in
activity, the isotope effect (1.43) is the same as that with
microsomes derived from male rats (Table I). The rela-
tively low values of the primary isotope effect found in
these systems may be the result of a nonlinear or un-
symmetrical transition state. Melander?! and
Westheimer?? first offered an explanation of small isotope
effects based on the fact that an unsymmetrical (e.g.,
3-center) transition state for hydrogen transfer will have
an additional isotopically sensitive zero-point energy which
will offset that of the initial state and thus reduce the
isotope effect. Similar arguments? could be applied to a
possible 4-center transition state for microsomal deal-
kylation, such as can be postulated if molecular oxygen is
activated in the oxygenase complex? to “‘oxene"?® (iso-
electronic with carbenes), which inserts directly into the
C-H bond with concomitant removal of the hydrogen
atom.

The results of the present study are consistent with a
mechanism for N-dealkylation involving direct hy-
droxylation of the methylene « to nitrogen in a reaction
in which a carbon-hydrogen bond is broken in the rate-
determining step. Some years ago the photolytic deal-
kylation of o-nitro-N-alkylanilines was proposed as a
chemical model for microsomal dealkylation.?® Inter-
estingly enough, the isotope effect in that reaction was
found to be 1.59,%” very similar to that seen in the enzy-
matic reaction.

The lack of a significant secondary isotope effect in the
dealkylation of 1¢ (in which only the aromatic ring hy-
drogens of the benzyl were replaced with deuterium) was
not unexpected. Earlier reports indicate no secondary
isotope effect for the O-deethylation of phenacetin!®!” or
for the in vivo metabolism of either (+)- or (-)-prop-
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oxyphene-d;.2 However, since a substantial secondary
isotope effect has been reported for the N-deethylation of
lidocaine,!® further work in this area is indicated.
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