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Cytochrome ko (Psso) enzymes are a family of nonspecific heme  Table 1. Product Distribution of Rat Liver Microsomal
monooxygenases that are responsible for the metabolism and detoxiP4so-Catalyzed N-Dealkylation of N-Cyclopropyl-N-alkyl-p-chioro-
L - anilines (A), N-decylopropylation (B), and N-Demethylation or
fication of xenobiotics. These enzymes are shown to catalyze aN.peisopropylation®

variety of monooxygenations, including aliphatic and aromatic

hydroxylations, oxygenation of N, S, and Se compounds, epoxi- - microsomal P4500 - Felll/pyridne -
dation of olefins, and N- and O-dealkylation of substituted amines HA 8 HA B
and etherd.Due to its central role in xenobiotic metabolism, the % tGrgcjé 12 S?g"s?’t 12 gg:%i g:(l) Elafécffo
mechanism of R, has been extensively studiéd Despite these 3 64.6+ 0.7 35.4+ 0.7 100 nd
efforts, some aspects of the mechanism still remain controversial. ‘51 ggcai 0.2 gg@i 0.2 igg ﬂg

For example, the widely accepted early proposal that¢atalyzed 6 84.9+ 0.1 15.1+ 0.1 100 nd

N-dealkylation ofN,N-dlaIkyIamlneS proceeds through .a single- a Percent conversions under standard enzymatic reaction con8lgiens
electron-transfer (SET) mechani$mas later challenged in favor  (1)11.5+ 0.1, @) 8.7+ 1.6, @) 9.8+ 0.3, @) 7.3+ 0.3, ) 10.6+ 0.1,

of the G,—H abstraction mechanisfr-lowever, the importance of  and €) 9.6+ 0.3 (averages of three or more experimerits)d, not detected.
the SET mechanism in,g-catalyzed N-dealkylations has beenre- - \_gecyclopropylation of these derivatives. To test this possibility,
gmphasmed, based on the isotope effects, redox potential cor.rela-We have examineN-(1-deuteriocyclopropylN-isopropyl derivative
tions, and other studiédn the present study, we have used a series g (D content>98% by *H NMR and MS) with the enzyme. As
of N-alkyl-N-cyclopropylp-chloroaniline probég1—6) to examine shown in Table 1, the cyclopropyl,&D substitution resulted in

whether the Rocatalyzed N-dealkylations proceed through.a-€ the inversion of the product distribution, yielding a 36.3940.2
abst_ractlon and/or a SET mechanism, using phenobarbltal-lnducedN_decydopmpwaﬂon and a 63.7%0.2 N-deisopropylation (Table
rat liver microsomal B, enzymes (o as a model systerh. 1). The intrinsic primary deuterium isotope effeki/kp) calculated

from the partition ratios of3 and 5 was 3.2+ 0.1 for the
Me Me Y . . .
i N Me N A N-decyclopropylation. We have also synthesized and examined the
/©/ > /@ \ﬁ /©/ \§ correspondingN-(2-deuterioisopropyl) derivativéé (D content
¢ a 2 a 3 >98%) with the enzyme. Thik/kp calculated from the partition
\KD ratios of3 and6 was 3.1+ 0.1 for the N-deisopropylation under
N Me N identical experimental conditions. These results clearly demonstrate
/@ \ﬁ /©/ \§ /@ > that the Rs-catalyzed N-deisopropylation and N-decyclopropylation
a . “ ¢ 6 reactions proceed through similar mechanisms and that §he C
H'’s of cyclopropyl and isopropyl substituents are removed at similar
HPLC and GC-MS analysis of the aromatic products from the isotopically sensitive steps along the catalytic pathways. In addition,
P4s0 incubations of18 revealed the presence of one major (Table the similar magnitudes oky/kp for the two pathways and the
1) and a second minor produfcThe retention time comparisons  insignificant N-decyclopropylation of the cyclopropyl,EMe

1

Y Y,

and the GEG-MS analysis confirmed that these weXgp-chloro- derivatives2 and4 clearly suggest that,Rrcatalyzed N-decyclo-
phenyl)cyclopropylamine and-(p-chlorophenyl)N-methylaniline, propylation could not be accounted for by the normal isotope-
respectively (Table 1). These results parallel the product distribution insensitive cyclopropyl ring-opening pathway.

of the isosteric acyclic analogul;methyl-N-isopropylp-chloroa- We have also examined the chemistry of SET intermediates of

niline, that also produces-isopropylp-chloroaniline and a small 1-6 that were generated from the well-characterized single-electron
amount ofN-methylp-chloroaniline under similar incubation condi-  oxidant, Fé!(phen}®"(PFs)s%~,2%in CH3CN in the presence of the
tions (data not shown). The-(1-methylcyclopropyl) derivative mild base, pyridine. Under these SET conditiéthbpth 1 and 2
was also a good substrate for the enzyme, with activity comparable preferentially produced the N-decyclopropylated products relative
to that of1, but produced only the N-demethylated product with to N-demethylated products (Table). In addition, fdtisopropyl
no detectable (a trace by G®S) N-decyclopropylated products.  derivatives 8—6) exclusively and readily produced the correspond-
On the other hand, thid-isopropyl derivative3, which was also a ing N-decyclopropylated product without a trace of N-deisopro-
good substrate for the enzyme, partitioned between N-decyclopro-pylated products. Furthermore, the product distribution8-06
pylation (65.4%) and N-deisopropylation (34.6%) under identical were not altered when pyridine was replaced with the stronger base
incubation conditions (Table 1). However, parallel to the product triethylamind? (data not shown). These results, especially the
distribution of2, the N-(1-methylcyclopropyl)N-isopropyl deriva- exclusive formation of the N-decyclopropylated product frdm
tive 4 produced the N-deisopropylated product with only a trace which has no —H on the cyclopropyl ring, and similar partition
of N-decylopropylated product (Table 1). of 1 and its G—Me derivative2 between N-demethylation and
The parallel product distributions & and 4 suggest that the N-decyclopropylation, clearly demonstrate that the cyclopropyl
C,—H of the cyclopropyl ring could play a role in thgspcatalyzed C.—H doesnot play a role in the N-decyclopropylation of these

1844 VOL. 124, NO. 9, 2002 = J. AM. CHEM. SOC. 10.1021/ja011041d CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

derivatives under chemical conditions. Therefore, the N-decyclo-
propylation of these derivatives under chemical conditions must
be exclusively due to the opening of the cyclopropyl ring of the
SET intermediate, the nitrogen cation radical. These results further
suggest that the rates of cyclopropyl ring opening are greater than
the rates of deprotonation of the €Me protons, which are much
greater than the deprotonations of either Msopropyl or the
cyclopropyl G—H'’s of the nitrogen cation radical intermediate
under the experimental conditions. These findings are in excellent
agreement with the abundant literature evidence that the opening
of theN-cyclopropyl ring of the nitrogen cation radical is very fést.

The above results clearly demonstrate that, while the chemical
SET-initiated N-decyclopropylation exclusively proceeds through
the opening of the cyclopropyl ring of the cation radical intermedi-
ate, the Bsgcatalyzed N-decyclopropylation primarily proceeds
through the removal of the cyclopropyl,€EH without (or prior
to) the opening of the cyclopropyl ring. Therefore, if the SET
mechanism is operative indg-catalyzed N-dealkylations of these
derivatives, then the rate of isotope-sensitive deprotonation of the
cyclopropyl and/or isopropyl &-H’s must be much faster than
the rate of cyclopropyl ring opening of the cation radical intermedi-
ate requiring a much stronger base than pyridine or triethyla¥hine
in the active site of the enzyme.

The current SET mechanism foggzcatalyzed N-dealkylations
suggests that the active site{PeOF*+ species rather than a protein-
derived base is responsible for thg d&protonation of the nitrogen
cation radical intermediafeStudies with lignin peroxidase and other
model systems have recently shown that the FROF+ species is
less basic than pyridine (caKp= 7),13 which is in agreement
with the electron-deficient nature of this species. Therefore, even
if the electronic and steric constraints of thedctive site signif-
icantly increase the basicity of fAFeOF", it is highly unlikely
that [P-FeOF"-mediated deprotonation of the cyclopropyl and/or
isopropyl G—H’s could completely obscure the highly favorable
cyclopropyl ring-opening pathwalf. Therefore, the above results
could not simply be explained by the proposed SET mechanism
for Pssg-catalyzed N-dealkylations. On the other hand, all the above
observations, including (a) lack of significant N-decyclopropylated
products from G—Me-cyclopropyl derivativesAand4); (b) similar
kn/kp's with magnitudes consistent with a,€H abstractiof15
for Pssg-catalyzed N-decyclopropylation and N-deisopropylation;
(c) lack of evidence for significant ring opening insRcatalyzed
N-decyclopropylation, although the chemical SET-initiated N-decyclo-
propylation exclusively proceeds through a cyclopropyl ring-open-
ing mechanism; and (d) similarity of the relative product distribu-
tions of the Bsg-catalyzed N-dealkylations ®f-cyclopropyl deriva-
tive 1 and the isosteric acyclic analogheisopropylN-methyl-
aniline, are highly consistent with a,EH abstraction mechanist.

The preference for N-demethylation over N-decylopropylation of
1 and 2 must be due to the preferential H abstraction from Me
over Ge-cyclopropyl, probably due to steric reasons. However,
further experimental evidence may be necessary to completely rule
out the SET mechanism ofyf3-catalyzed N-dealkylations.

Acknowledgment. This work was supported by the National
Institutes of Health, GM 45026. We thank Dr. Paul Hollenberg for
providing us with phenobarbital-induced rat liver microsomes.

References

(1) (a) Ortiz de Montillano, P. R. I€ytochrome P-450; Structure, Mechanism,
and BiochemistryOrtiz de Montillano, P. R., Ed.; Plenum Press: New
York, 1995; p 245. (b) Guengerich F. Brit. Rev. Biochem. Mol. Biol.
199Q 25, 97. (c) Guengerich, F..B. Biol. Chem1991, 266, 10019. (d)
Guengerich, F. P.; Macdonald, L. Rcc. Chem. Resl984 17, 9. (e)
Guengerich, F. P.; Shimada, Them. Res. Toxicol991 4, 391.

(2) (a) Porter, T. D.; Coon, M. JJ. Biol. Chem.1991 266, 13469. (b)
Hollenberg, P. F.FASEB J.1992 6, 686. (c) Guengerich, P. F.;

Macdonald, L. T. InAdvances in Electron-Transfer ChemistiMariano,

P. S., Ed.; JAI Press: Greenwich, CT, 1993; Vol. 3, p 191. (d) Hanzlik,
R. P,; Ling, K.-H. J.J. Am. Chem. S0d.993 115 9363. (e) Newcomb,
M.; Shen, R.; Choi, S.-Y.; Toy, P. H.; Hollenberg, P. F.; Vaz, A. D;
Coon, M. JJ. Am. Chem. So200Q 122 2677. (f) Toy, P. H.; Newcomb,
M.; Hollenberg, P. FJ. Am. Chem. Sod.998 120, 7719.

(3) (a) Macdonald, L. T.; Zirvi, K.; Burka, L. T.; Peyman, P.; Guengerich, F.
P. J. Am. Chem. Socl982 104 2050. (b) Stearns, R. A.; Ortiz de
Montillano, P. R.J. Am. Chem. Sod.985 107, 4081. (c) Augusto, O.;
Beilan, H. S.; Ortiz de Montillano, P. R. Biol. Chem1982 257, 11288.

(d) Shono, T.; Toda, T.; Oshino, N. Am. Chem. S0d.982 104, 2639.
(e) Miwa, G. T.; Walsh, J. S.; Kedderis, G. L.; Hollenberg, PJFBiol.
Chem.199Q 265, 12349. (f) Hall, L. R.; Hanzlik, R. PJ. Biol. Chem.
199Q 265,12349. (b) Guengerich, P. F.; Yun, C.-H.; Macdonald, T. L
J. Biol. Chem1996 271,27321.

(4) (a) Karki, S. B.; Dinnocenzo, J. P.; Jones, J. P.; Korzekwa, K. Rm.
Chem. Soc1995 117, 3657. (b) Dinnocenzo, J. P.; Karki, S. B.; Jones,
J. P;J. Am. Chem. Socl993 115 7111. (c) Manchester, J. |;
Dinnocenzo, J. P.; Higgins, LA.; Jones, . Am. Chem. Sod.997,

119 5069.

(5) (a) Sato, H.; Guengerich, F. P. Am. Chem. So200Q 122,8099. (b)
Guengerich, F. P.; Yun, C.-H.; Macdonald, T. L. Biol. Chem.1996
271,27321. (c) Guengerich, F. P.; Bell, L. C.; Okazaki, Blochimie
1995 77, 573. (d) Guengerich, F. P.; Okazaki, O.; Seto, Y.; MacDonald,
T. L. Xenobiotical1995 689.

(6) Compoundd—6 were synthesized according to the procedure of Chap-
linski and de Meijere using the correspondiNgsopropy! orN-methyl
formanilides or acetanilides in good yields (Chaplinski, V.; de Meijere,
A. Angew. Chem., Int. Ed. Endl996 35, 413). All structures were con-
firmed by standard spectroscopic techniques; the purities were determined
by HPLC and GC-MS analyses and were found to be better than 98%.
To prevent the ring-hydroxylation, thep-chloroderivatives were used.

(7) Phenobarbital-induced rat liver microsomal preparations primarily contain

CYP2B1 and minor amounts of related CYP2B2. The isotopic studies of

the N-dealkylation of substitutetll,N-dimethylanilines show that the

kinetic and mechanistic behavior of phenobarbital-treated rat liver micro-

somal P450 preparation is identical to the purified CYP2B1 (Karki, S.

B.; Dinnocenzo, J. P.; Jones, J. P.; Korzekwa, KJRAmM. Chem. Soc.

1995 117, 3657). Therefore, the conclusions drawn from the partition

ratios should not be significantly affected by the use of rat liver micro-

somes rather than the purified CYP2B1.

Reactions were carried out in a solution containingu80of rat liver

microsomes (protein, 42 mg/mLy43 98 nM/mL), 50 mM KPi buffer,

pH 7.4, 1 mM EDTA, and 75 mM KCI and 4.0 mM substrate in a total

volume of 1.0 mL. The reactions were initiated by adding NADPH (final

concentration 1.2 mM) after preincubation at €7 for 5 min. The reac-
tions were incubated fdl h atroom temperature, quenched with saturated

NaHCGQ;, and extracted with EtOAc. The organic layer was dried over a

stream of N, redissolved in MeOH, and analyzed by HPEQOV at 254

nm and by GE-MS. HPLC separations were carried out ong @lumn

(250 x 4.6 mm, 5um) using 50 mM NaOAc, pH 4.5, G}€N, and MeOH

(30:60:10) as the mobile phase. All the products were analyzed by HPLC

and GC-MS and quantified by HPLC based on the standard curves of

authentic material.
(9) In addition to these two products, smatlZ%) and variable amounts of
ring hydroxylated products were also detected in most incubation mixtures.

(10) (a) Fukuzumi, S.; Kondo, Y.; Tanaka, Them. Lett.1982 1591. (b)
Fukuzumi, S.; Kondo, Y.; Tanaka, J. Chem. Soc., Perkin Trans12884
673. (c) Fukuzumi, S.; Kondo, Y.; Fujita, M. Phys. Chem1992 95,
8413. (d) Fukuzumi, S.; Tokudo, Y.; Kitano, T.; Okamoto, T.; Otera, J.
J. Am. Chem. S0d.993 115, 8960.

(11) Musa, O. M.; Horner, J. H.; Shahin, H.; Newcomb, 8A.Am. Chem.

Soc.1996 118,3862. (b) Shaffer, C. L.; Morton, M. D.; Hanzlik, R. P.

J. Am. Chem. So@001, 123, 349. (c) Loeppky, R. N.; Elomari, S.

Org. Chem.200Q 65, 96. (d) Meada, Y.; Ingold, K. UJ. Am. Chem.

Soc.198Q 102 328. (e) Sutcliffe, R.; Ingold, K. UJ. Am. Chem. Soc.

1982 104, 6071. (f) Qin, X.-Z.; Williams, F.J. Am. Chem. Sod.987,

109 595. (g) Kim, J.-M.; Bogdan, M. A.; Mariano, P. 3. Am. Chem.

Soc.1991, 113 9251. (h) Bouchoux, G.; Alcaraz, C.; Dutuit, O.; Nguyen,

M. T. J. Am. Chem. Socl998 120, 152-160. (i) Wimalasena, K.;

Wickman, H. B.; Mahindaratne, M. P. [Eur. J. Org. Chem2001, 3811.

The K4's of pyridine and triethylamine in C¥CN are 12.3 (Kaljurand,

I.; Rodima, T.; Leito, I.; Kppel, I. A.; Schwesinger,.R. Org. Chem.

200Q 65,6202) and 18.7 [(a) Coetzee, J. F.; Padmanabhan, G.A&n.

Chem. Socl965 87, 5005. (b) Streitwieser, A.; Kim, Y.-J. Am. Chem.

So0c.200Q 122,11783], respectively.

(13) (a) Baciocchi, E.; Gerini, F.; Lanzalunga, O.; Lapi, A.; Piparo, M. G. L;
Mancinelli, S.Eur. J. Org. Chem2001, 2305 (b) Baciocchi, E.; Lapi, A.
Tetrahedron Lett1999 5485 (c) Mayer, J. M. IrBiomimetic Oxidation
Catalyzed by Transition Metal Complexédeunier, B., Ed.; Imperial
College Press: London, 2000; Chapter 1.

(14) The high steric tolerance of thesRactive site toward structurally diverse
N,N-dialkylanilines rules out the possibility that the rate of cyclopropyl
ring opening is significantly affected by the steric constraints of the active
site.

(15) Goto, Y.; Watanabe, Y.; Fukuzumi, S.; Jones, J. P.; DinnocenzoJJ. P.
Am. Chem. Sod998 120, 10762.

(16) Formation of trace amounts of N-decyclopropylated products famd
4 could be due to a minor SET pathway.

JA011041D

(8

~

(12)

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 1845



