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The biochemical basis for S9-dependent mutagenic response of the 5-HT2C receptor agonist and diazinyl-
piperazine derivative 1 in the Salmonella Ames assay involves P450-mediated bioactivation to DNA-reac-
tive quinone-methide, aldehyde and nitrone intermediates. Mechanistic information pertaining to the
metabolism of 1 was used in the design of diazinylpiperazine 5 to eliminate the safety liability. While
5 was negative in the Ames assay, the compound retained the ability of 1 to form certain electrophilic
intermediates. Plausible hypotheses that can collectively account for the differences in mutagenic
response of the two piperazine analogs are discussed.

� 2009 Elsevier Ltd. All rights reserved.
The Salmonella Ames assay is an integral part of drug safety
evaluation and is required by regulatory agencies for drug approv-
als worldwide. Since positive findings in this assay have a good
correlation with the outcome of rodent carcinogenicity studies, a
positive result generally leads to the discontinuation of develop-
ment of drugs particularly those intended for non-life threatening
indications.1,2 An example of such a situation was highlighted in
our recent studies on the 5-hydroxytryptamine2C (5-HT2C) receptor
agonist and potential anti-obesity agent 1 (Scheme 1).3 Compound
1 demonstrated a serious genetic safety liability that manifested as
a positive finding in the Salmonella reverse mutation assay in a S-9/
NADPH-dependent fashion. Consequently, 1 was discontinued
from preclinical development despite exhibiting attractive in vivo
pharmacology in animal models of food intake and obesity.3 The
irreversible incorporation of radioactivity in calf thymus DNA fol-
lowing incubations with [14C]-1 in the presence of rat S-9/NADPH
indicated that 1 was bioactivated to a reactive intermediate(s) that
covalently bound to DNA.3

Reactive metabolite trapping studies in S-9/NADPH incubations
led to the detection of glutathione (GSH), methoxylamine and cya-
nide conjugates of 1 and/or its downstream metabolites(s). Mass
spectral characterization of the conjugates provided indirect infor-
ll rights reserved.
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mation on the structures of the DNA-reactive intermediates and
the oxidative pathways leading to their formation (Scheme 1).3

Elucidation of the structure of the GSH conjugate was consistent
with a bioactivation pathway involving initial aromatic ring
hydroxylation on the 3-chlorobenzyl motif in 1 followed by
b-elimination to a quinone-methide that reacted with GSH. In con-
trast, structural characterization of the methoxylamine and cya-
nide conjugates indicated metabolism had occurred on the
piperazine ring in 1 to yield reactive aldehyde and nitrone interme-
diates as shown in Scheme 1. The observation that methoxylamine
and GSH reduced mutagenicity in the Salmonella assay suggested
that the trapping agents competed with DNA towards reaction
with electrophilic intermediates. Overall, this exercise provided a
rationale on which to base a subsequent chemical intervention
strategy to design 5-HT2C agonists devoid of the safety hurdles.

SAR studies for the diazinylpiperazine class of 5-HT2C agonists
revealed that 3-chlorobenzyloxy region in 1 was liberal in terms
of the substituents tolerated; consequently, quinone-methide for-
mation could be prevented through the introduction of functional
groups that would be incapable of undergoing b-elimination chem-
istry after potential phenyl ring hydroxylation. While standard tac-
tics for blocking reactive metabolite formation usually involves
removal of the ‘‘offending” functionality or incorporation of meta-
bolic ‘‘soft-spots” in the vicinity of the bioactivation site,4 we knew,
early on, that SAR around the piperazine ring was fairly tight. For
instance, incorporation of a piperidine ring instead of the pipera-
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Scheme 1. Proposed P450-catalyzed bioactivation pathways of 5-HT2C agonist 1 in NADPH-supplemented aroclor 1254-induced rat S9.
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zine or insertion of methyl groups a to the secondary piperazine
nitrogen in 1 resulted in pharmacologically inactive compounds.
A breakthrough was achieved when the methyl group was incorpo-
rated a to the tertiary piperazine nitrogen. Not only were
compounds containing the structural change devoid of metabo-
lism-dependent mutagenicity but some (e.g., diazinylpiperazine
5) also retained the primary pharmacology and pharmacokinetic
attributes of 1.5,6 Interestingly, incorporation of an additional
methyl group on the C-5 carbon in 5 and related compounds
resulted in pharmacologically inactive compounds.

Of much interest were the findings that absence of S9/NADPH-

dependent mutagenicity of 5 did not correlate with complete elim-
ination of reactive metabolite formation. The results of the metab-
Scheme 2. Synthesis of the
olism studies and plausible hypotheses for the disconnect is
discussed herein.

The synthesis of compound 5 is shown in Scheme 2.7 Grignard
reaction of 3-fluorophenylmagnesium bromide with (R)-(+)-pro-
pylene oxide afforded the chiral primary alcohol derivative 2,
which was reacted with 2,4-dichloro-5-fluoropyrimidine in the
presence of strong base yielding 3 in 95% ee. The tert-BOC-pro-
tected-piperazine 4 was prepared from 3 via base-catalyzed
reaction with (R)-tert-butyl-3-methylpiperazine-1-carboxylate.
Deprotection of the tert-BOC group in 4 with mild acid followed
by treatment with ethanolic hydrochloric acid furnished the corre-
sponding HCl salt of 5.

The genetic safety of 5 was evaluated using the Salmonella re-
verse mutation assay.8 To simulate the effect of drug metabolizing
enzymes, the assay also included a segment where cells were ex-
posed to aroclor 1254-induced rat liver S-9. To cover a broad spec-
trum of mutagenic mechanisms, a set of 4 commonly used tester
strains TA98, TA100, TA1535 and TA1537 were utilized to evaluate
mutagenicity of 5.9 The exposure of Salmonella cells with 5 in the
absence or presence of S9 and NADPH co-factor did not result in
a statistically significant increase of reverse mutations in any of
hydrochloride salt of 5.
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the strains examined (a maximum 1.34-fold increase in reverse
mutations in strain TA100 was discerned in the 5 mg/plate segment).
Under identical experimental conditions, 1 displayed statistically
significant 3- to 6-fold increases in reverse mutations in strains
TA100 and TA1537 at 0.63 mg/plate in a S9/NADPH-dependent
fashion.3

Qualitative studies into the ability of 5 to form reactive metab-
olites were conducted.10 Unlike 1, 5 does not possess the 3-chlo-
robenzyloxy motif and therefore cannot form the reactive
quinone-methide observed with 1. Indeed, liquid-chromatography
tandem mass spectrometry (LC–MS/MS) analysis of an incubation
mixture comprising of NADPH- and GSH-supplemented aroclor
1254-induced rat S9 and 5 did not reveal the formation of GSH
conjugates. In contrast, LC–MS/MS analysis of S9 incubations con-
taining 5, NADPH and methoxylamine or KCN led to the detection
of a single conjugate (methoxylamine conjugate 6: MH+ = 394 Da;
cyanide conjugate 7: MH+ = 390 Da) in each case (Figures 1 and
2, panel A). The formation of 6 and 7 was abolished when NADPH
and/or trapping agents were omitted from the incubations.

The molecular weight of 6 was consistent with the addition of
one molecule of amine to 5, whereas, the molecular ion observed
for 7 suggested addition of one molecule of cyanide to a mono-
hydroxylated metabolite of 5. The collision-induced dissociation
(CID) spectra of 6 and 7 are shown in Figures 1 and 2, panel B.
For purposes of comparison, the CID spectrum of 5 is depicted in
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Figure 1. Extracted ion chromatogram of the methoxylamine conjugate 6 of 5
(panel A) following incubation with aroclor 1254-induced rat liver S-9, NADPH, 5
(20 lM), and methoxylamine (1 mM). Panel B shows the product ion spectra
obtained by CID of the MH+ ion (m/z 394) of 6. The origins of the diagnostic ions are
as indicated.
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Figure 2. Extracted ion chromatogram of the cyanide conjugate 7 of 5 (panel A)
following incubation with aroclor 1254-induced rat liver S-9, NADPH, 5 (20 lM),
and KCN (1 mM). Panel B shows the product ion spectra obtained by CID of the MH+

ion (m/z 390) of 7. The origins of characteristic diagnostic ions are as indicated.
Figure 3. The presence of the common fragment ion at m/z 109 in
the mass spectra of 5, 6 and 7 established that the structural integ-
rity of the 3-fluorophenylpropyl group in the conjugates was main-
tained. Based on the additional fragment ions, a proposed
structure11 for 6 that is consistent with the observed mass spec-
trum is shown in Figure 1, panel A. The fragment ion in the CID
spectrum of 7 (Figure 2, panel B) at m/z 254 suggested that hydrox-
ylation and subsequent cyanide addition had occurred on the pyri-
midinylpiperazine motif. A proposed structure for 7 that is
consistent with the observed mass spectrum are shown in Figure
2, panel A.

Overall, the amine and cyanide conjugates of 5 are analogous to
the ones observed with 1 suggesting that the piperazine ring in the
two compounds undergoes identical bioactivation pathways as
shown in Scheme 1 with 1. Thus, P450-mediated hydroxylation
on a carbon a to a secondary piperazine nitrogen atom in 5 would
afford the unstable carbinolamine intermediate (in equilibrium
with the ring-opened aldehyde intermediate12), condensation of
which, with methoxylamine would give rise to Schiff base 6. For
7, initial oxidation of the secondary piperazine nitrogen in 5 would
furnish the hydroxylamine intermediate, which, upon a two-elec-
tron oxidation on the a-carbon-nitrogen bond would lead to the
nitrone derivative capable of reacting with cyanide ion and gener-
ating cyanide conjugate 7 in a manner similar to that observed for
related acyclic analogs.13,14

These studies present an interesting conundrum in that both 1
and 5 form DNA-reactive metabolites, but only 1 exhibits metabo-
lism-based genotoxic response. The likelihood that lower aqueous
solubility of 5 (compared with 1) results in precipitation in the
Ames assay leading to a false negative result can be excluded be-
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cause the fumarate and HCl salt forms of 1 and 5, respectively, used
in genotoxicity testing, possessed comparable solubility.15

There are several other biochemical hypotheses which can indi-
vidually or collectively account for the disconnect in mutagenicity
between the two compounds. For instance, it is possible that statis-
tically significant increases in reverse mutations via DNA adduc-
tion to electrophilic intermediates is dependent upon the
formation of aldehyde, nitrone and quinone-methide reactive
metabolites; a scenario only likely with 1. While S9/NADPH-
dependent covalent modification of DNA by [14C-1] (radiolabeled
on the pyrazine carbons) and the decrease in mutagenicity in the
Salmonella assay upon co-incubation with methoxylamine
strengthens the role of the aldehyde and nitrone as a DNA-reactive
intermediates3, the contribution of the liberated quinone-methide
derivative in the mutagenic response of 1 cannot be ruled out,
especially since addition of GSH in the Salmonella assay did result
in attenuation of the mutagenic response of 1.3

Apart from changes in bioactivation profile, other suitable
explanations for mutagenicity differences of 1 and 5 include: (a)
differences in rates of substrate consumption in S9 and/or (b) sub-
strate inhibition of P450 enzymes responsible for reactive metabo-
lite formation.16,17 The likelihood that greater metabolic resistance
of 5 (compared with 1) in S9 significantly decreases reactive alde-
hyde and nitrone formation and therefore abrogates mutagenicity
was explored by comparing half-lives of 1 and 5 in the metabolic
activation system.18 As shown in Figure 4, 5 was �3-fold more
resistant towards metabolism in NADPH-supplemented S9 when
compared with 1 (T1/2 for 5 �13–19 min; T1/2 for 1 �4–7 min). Fur-
thermore, LC–MS/MS analysis of the peak height ratios of meth-
oxylamine conjugate / parent compound with both 1 and 5
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Figure 4. Differences in metabolic half-lives of 1 (open bars) and 5 (filled bars) in
NADPH-supplemented ariclor 1254-induced rat S9.
revealed �5-fold lower conversion of 5 to 6 when compared with
methoxylamine conjugate formation with 1.

Next, the possibility that lack of mutagenicity of 5 can occur via
substrate inhibition of the cytochrome P450’s responsible for reac-
tive metabolite formation was examined. In human liver micro-
somes (HLM), the half-lives of 1 (T1/2 = 8 min) and 5 (T1/2 =
20 min) were only increased when incubations were conducted
in the presence of the P4503A4 and P4501A2-selective inhibitors,
ketoconazole and furafylline, respectively, (T1/2 for 1 and 5 were
>90 min and 40–45 min with ketoconazole and furafylline, respec-
tively). This observation suggests that P4503A4 and P4501A2 are
principally involved in the metabolism of 1 and 5.19 Based on this
information, P4501A2 and 3A4 inhibition by 1 and 5 was evaluated
in HLM.20 Compound 5 inhibited P4501A2 and P4503A4 with IC50

values of 0.4 lM and 4.9 lM, respectively. In contrast, 1 was a
weak inhibitor of P4503A4 (IC50 of 14 lM) and had virtually had
no inhibitory effect on P4501A2 activity (IC50 > 50 lM). Consider-
ing that ariclor 1254 induction in the rat results in marked in-
creases in activities of P450 isozymes (especially those
responsible for metabolism/bioactivation of 1 and 5: >35-fold
induction of P4501A and >2-fold induction of P4503A)17, it is quite
possible that at the high substrate concentrations used for the
Ames test 5 inhibits its own metabolism in the S9 segment result-
ing in reduction of reactive intermediates and consequently lack of
mutagenicity.

In summary, insights into the mechanisms of reactive metabo-
lite formation with the 5-HT2C receptor agonist 1 assisted us in the
design of follow-on compounds to eliminate genotoxic response.
Diazinylpiperazine 5 retained the attractive primary pharmacology
and pharmacokinetic properties of 1 and was devoid of in vitro
mutagenicity in the Salmonella assay. Despite the negative result
in the genotoxicity assay, the compound retained the ability of 1
in forming DNA-reactive metabolites derived from piperazine ring
bioactivation. Lack of mutagenicity with 5 despite forming reactive
metabolites may be rationalized on the basis of occurrence of sev-
eral events in tandem such as: (a) absence of quinone methide for-
mation (the formation of this metabolite may be essential along
with formation of the aldehyde and nitrone intermediates for
mutagenicity to occur), (b) slower rates of metabolism of 5 (when
compared with 1) and (c) self-catalyzed inhibition of its own
metabolism. The latter two phenomenon could potentially reduce
the ‘‘critical mass” of reactive metabolites required for DNA adduc-
tion leading to mutagenicity.
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