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Abstract—Based on the 4-hydroxy-1-azabicyclo[3.1.0]hexane structure of azinomycin, a 3,4-epoxypiperidine structure was designed
as a novel and simple alkylating molecular unit, and some 3,4-epoxypiperidine derivatives were found to show DNA-cleavage
activity, the structural requirements for which were revealed. # 2002 Elsevier Science Ltd. All rights reserved.

An alkylating agent is an attractive group of biologi-
cally active compounds such as an anticancer agent or
as an enzyme inhibitor. Although a number of mol-
ecules causing alkylation of nucleophiles in a biological
system have been evaluated, it is still required to create
a molecular unit having a more potent alkylating
ability.1

In order to design a novel molecule having DNA-alky-
lating ability, we focused on azinomycins (Fig. 1) which
are an antitumor antibiotic isolated from Streptomyces
sp.2 and are known to work as a DNA cross-linking
agent. As is easily expected from the structure, 1-azabi-
cyclo[3.1.0]hexane and oxirane ring units are respon-
sible for the activity and were found to alkylate a
guanosine and/or an adenosine residue of a genomic
DNA duplex.3 Because of its important biological
activity and its characteristic structure, a number of
synthetic studies on azinomycin and its analogues have
been conducted,4 and the first total synthesis of azino-
mycin has been achieved recently by Coleman’s group.5

Through these studies, it has become known that the 4-
hydroxy-1-azabicyclo[3.1.0]hexane ring system is highly
unstable: the hydroxyl protected compounds are stable
enough to isolate, but deprotection of the hydroxyl
group greatly lowers the stability.6 However, no infor-
mation regarding the decomposition mechanism and the
decomposition product has ever been reported.

As some examples of ring contraction from a piperidine
ring system having a leaving group at C-3 to a 1-azabi-
cyclo[3.1.0]hexane ring system via an intramolecular
substitution reaction have been reported,7 it occurred to
us that the neighboring hydroxyl group of the aziridine
ring of 1 might promote the ring opening to transform
into an epoxypiperidine as shown in Figure 2. We
assumed, if such promotion occurs, the 3,4-epoxypiper-
idine could also work as an alkylating agent. Based on
this hypothesis, we synthesized 3,4-epoxypiperidine
derivatives 2 and studied their DNA-cleavage activity.

The epoxides cis- and trans-2 were synthesized as shown
in Scheme 1. Unsaturated alcohol 38 was epoxidized
with m-CPBA to give cis-epoxide exclusively, sub-
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Figure 2. Design concept for 3,4-epoxypiperidine.

Figure 1. Structures of azinomycins A and B.
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sequent benzylation of which afforded cis-4. On the other
hand, 3 was benzylated, then oxidized with m-CPBA to
give an isomeric epoxide trans-4 as a main product. The
ethoxycarbonyl group of cis- and trans-4 was removed
by treatment with methyllithium to afford cis- and trans-
2,9 respectively, in almost quantitative yield.10 In order
to investigate the role of the epoxide structure, olefinic
compound 6 was also prepared similarly.

At first, the activity of cis-2, trans-2 and 6 with respect
to DNA was examined by a relaxation assay of super-
coiled plasmid DNA.11 As shown in Figure 3, relaxation
was observed with trans-2 at the concentration of 100
mM (lane 1), while weak activity was observed on treat-
ment with cis-2 at the same concentration (lane 3). In
contrast, the olefinic compound 6 was inactive (lanes 5
and 6). These results clearly show that the 3,4-epoxy-
piperidine structure has DNA-cleavage activity as
expected, and also indicate the important role of the
epoxide structure and the stereochemistry.

The optically active compounds, (S)-trans-2 and (R)-
trans-2, were also obtained by optical resolution of the
corresponding mandelate ester 7 as shown in Scheme 1.
The resulting (R)- and (S)-312 were transformed to (S)-
and (R)-trans-2, respectively. The (S)-isomer was found
to be more active than the (R)-isomer (lanes 7 and 8
versus lanes 9 and 10) (Fig. 4).

Focusing on the other two functional groups, the amino
group and the benzyloxy group, in the molecule of
trans-2, we further examined the DNA-cleavage activity
of other racemic trans-derivatives, trans-4 and 8–12,13 to
investigate the structure–activity relationship (Fig. 5).

The amino group was found to be essentially important,
because ethoxycarbonyl derivative trans-4 and cyclo-

hexane derivative 8 did not show the activity at all
(lanes 3–6). In contrast, the activity of N-methyl deri-
vative 9 was lower than that of trans-2, but remained
(lanes 7 and 8). N,N-Dimethylammonium derivative 10
also showed faint activity (lanes 9 and 10), suggesting
that, on DNA-cleavage, the amino group could be
transformed to the corresponding ammonium form to
interact with a phosphate linkage. Taking account of
the fact that the ammonium derivative 10 has the activ-
ity, it is obvious that the alkylation of the DNA takes
place via a nucleophilic cleavage of the epoxide form,14

but the possibility still remains that the alkylation
involves two pathways, via an epoxide form and an
aziridine form, as the activity of 10 was much weaker
than that of trans-2.

Compound 11 in which the benzyl group of trans-2 was
replaced with a cyclohexylmethyl group completely lost
the activity (lanes 11 and 12), while 12 having a 2-
naphthylmethyl group showed greatly increased activity
(lanes 13 and 14). These results strongly suggest that the
aromatic ring works as an intercalator.

In conclusion, although details of the mechanism for the
DNA cleavage of the 3,4-epoxypiperidines are still
unclear, the present results showed that 3,4-epoxypiper-
idines can work as a novel and potent DNA-cleavage
unit, and also revealed the structural requirements for
the activity. As is obvious from the results, the free
amino group and the aromatic group play an important
role in the DNA-cleavage. As the urethane derivative
trans-4 was inactive, a trigger function, activating the

Scheme 1. Reagents and conditions: (i) m-CPBA, CH2Cl2 (88%); (ii)
BnBr, NaH, THF (91%); (iii) MeLi, THF then H2O (quant); (iv)
BnBr, NaH, THF (95%); (v) m-CPBA, CH2Cl2 (trans/cis=ca. 4:1,
trans-4, 78%); (vi) MeLi, THF then H2O (quant); (vii) MeLi, THF
then H2O (quant); (viii) O-tert-butyldimethylsilyl-(S)-mandelic acid,
EDC.HCl, DMAP, THF (81%); (ix) silica gel chromatography; (x)
0.2M NaOH–EtOH (90%).

Figure 3. DNA cleavage activity for trans-2, cis-2, 6, (S)-trans-2, and
(R)-trans-2.11 Form I: supercoiled pBR 322 DNA; Form II: relaxed
DNA, lanes 1 and 2: trans-2; lanes 3 and 4: cis-2; lanes 5 and 6: 6; lanes
7 and 8: (S)-trans-2; lanes 9 and 10: (R)-trans-2; lane 11: control.
Concentrations of the compounds are 100 and 10 mM, respectively.

Figure 5. DNA cleavage activity for trans-2, 4 and 8–12.11 Form I: supercoiled pBR 322 DNA; Form II: relaxed DNA, lanes 1 and 2: trans-2; lanes
3 and 4: 4; lanes 5 and 6: 8; lanes 7 and 8: 9; lanes 9 and 10: 10; lanes 11 and 12: 11; lanes 13 and 14: 12; lane 15: control. Concentrations of the
compounds are 100 and 10 mM, respectively.

Figure 4. Structures of racemic trans-derivatives 8–12.
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molecule under particular conditions, would be easily
introduced by choosing a proper N-protecting group.
Although the DNA cleavage activity of the present
compounds are not high compared with that of clini-
cally employed DNA cleavage agents, it is also antici-
pated to increase the activity by combination with a
proper target recognition site because of the simple
structure. Further studies on the mechanism and on its
application are in progress in our laboratory.
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Figure 6. NOE correlation observed in 13 and trans-2.
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