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Abstract—The first example of an N10-protected (e.g., Psec, 15) pyrrolo[2,1-c][1,4]benzodiazepine (PBD) analogue that retains
significant cytotoxicity in a number of tumour cell lines is reported. This prototype could lead to a new generation of clinically
useful N10-protected PBD prodrugs. # 2002 Published by Elsevier Science Ltd.

The pyrrolo[2,1-c][1,4]benzodiazepine antitumour agents
are a family of biosynthetically derived tricyclic mol-
ecules produced by various Streptomyces species and
include such members as DC-81 and anthramycin.1

They bind selectively in the minor groove of DNA via a
covalent aminal bond between the electrophilic C11-
position of the PBD and the nucleophilic C2-amino
group of a guanine base. This adduct formation is
thought to lead to the observed biological activity.1 The
(S)-configuration at the chiral C11a-position provides
the molecules with the necessary right-hand twist to fit
snugly within the minor groove of DNA, spanning three
base-pairs with a preference for 50-Pu-G-Pu sequences.1

It has been shown previously that N10-protected PBDs
(e.g., 1, Scheme 1) are unable to interact with DNA and

are devoid of cytotoxic activity.2 However, they can act
as prodrugs in that after enzymatic removal of the N10-
protecting group, the free N10–C11 imine, carbinola-
mine or methyl ether forms (e.g., 2) may interact with
DNA and exert significant cytotoxicity against a range
of cancer cell types.2 This concept was exploited recently
by Thurston and co-workers who developed N10-pro-
tected PBD prodrugs suitable for use in ADEPT- and
GDEPT-type therapies.2 These contained N10-[4-
(nitrobenzyl)carbamate] protecting groups which could
be enzymatically removed in the presence of nitro-
reductase and co-factor NADH to produce the parent
cytotoxic PBD molecules.

Encouraged by the success of this general approach, we
have now investigated the use of N10-protecting groups
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Scheme 1. Activation of N10-protected PBDs (R=H or CH3).



that are removable through alternative mechanisms. In
particular, the 2-phenylsulphonylethyloxy (Psec) group
has been used by Nicolaou and co-workers3 as a trig-
gering device for enediyne antitumour agents. Protected
enediyne prodrugs can be converted into cytotoxic
forms by in situ fragmentation of the Psec group
through abstraction of the acidic protons at the a-posi-
tion to the sulphonyl group. Enediynes fitted with the
Psec triggering device display sub-nanomolar activity
against promeocytic and T cell leukemia tumour lines.
Similarly, Satyam and co-workers4 have designed a
phosphorodiamidate mustard analogue containing a
2-sulphonylethyloxycarbonyl linker which was found to
be selectively cytotoxic in cells expressing glutathione
transferase (GST). Molecular modelling studies sug-
gested that a basic tyrosine phenoxide ion located in the
active site of GST may aid deprotonation of the sul-
phonyl group, thus triggering fragmentation of the sul-
phonylethyloxycarbonyl linker to liberate the free
mustard. Based on this approach, we designed the N10-
Psec-protected PBD (15) along with the 2-phenyl-
thioethyloxycarbonyl (Ptec)-protected control (14)

which lacks the acidic sulphonyl protons, to test the
potential of this triggering device in the PBD system.

The first stage of the synthesis was to produce C-ring
acetal 7, which was synthesised5 in four steps from
commercially available N-carbobenzyloxy-l-proline
methyl ester 3 in 67% overall yield (Scheme 2). This
involved reduction of the methyl ester to secondary
alcohol 4 using lithium tetrahydridoborate in THF, fol-
lowed by oxidation to aldehyde 5 using a 3-fold excess
of SO3

.pyridine and triethylamine in DMSO/CH2Cl2
(4:5) at �10 �C. Acetal 6 was obtained by heating 5 with
thionyl chloride and trimethyl orthoformate in metha-
nol, followed by removal of the Cbz carbamate by
hydrogenolysis to give 7. This was joined to 4,5-dime-
thoxy-2-nitrobenzoic acid 8 by a standard coupling pro-
cedure using an equimolar ratio of 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) and diisopropylethylamine (DIPEA) in DMF
to give 9 in 51% yield. Subsequent reduction of the
nitro functionality to give aniline 10 was achieved using
standard hydrogenolysis conditions.

Scheme 2. (a) LiBH4, THF, 0 �C; (b) SO3
.pyridine, Et3N, DMSO/CH2Cl2, �10 �C; (c) SOCl2, HC(OCH3)3, MeOH, 60 �C; (d) (i) Raney nickel,

EtOH or (ii) H2, 10% Pd/C, EtOH; (e) TBTU, DIPEA, DMF; (f) H2, 10% Pd/C, EtOH; (g) 11a/b, triphosgene, pyridine, CH2Cl2, 0 �C; (h) 12a,
pyridine, CH2Cl2, 0 �C; (j) (CH3CN)2PdCl2, Me2CO; (k) 12b, pyridine, CH2Cl2, 0 �C; (l) 14, m-CPBA, CH2Cl2, 0 �C; (m) 15, DBU, C6H6, 5 �C.
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At this stage, an attempt was made to protect the amine
as either the sulphone (13a) or sulphide (13b) carba-
mate, using the corresponding chloroformates (12a,b)
which had been freshly prepared from 2-(phenylsulph-
onyl)ethanol (11a) or 2-(phenylthio)ethanol (11b) and
triphosgene. However, on attempting to prepare the
Ptec-protected PBD (13b) from 10 using this strategy,
spontaneous cyclisation to the PBD sulphide 146 occur-
red during the introduction of the Ptec group, and so
13b could not be isolated. It is likely that HCl liberated
during the protection reaction may have caused pre-
mature hydrolysis of the acetal leading to ring closure.
Interestingly, this was not the case for the related Psec
intermediate (13a), which could be isolated and then
required acetal deprotection by treatment with trans-
bis(acetonitrile)palladium(II) chloride7 in acetone to
give 15.8 Sulphone 15 could also be obtained in 87%
yield by oxidation of sulphide 14 with 3-chloroperoxy-
benzoic acid (m-CPBA)9 in CH2Cl2. The structure of 15
was confirmed by deprotection in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU)9 in benzene to
give PBD 1610 in 77% yield.

The sulphide (14), sulphone (15) and parent PBD (16)
were evaluated for cytotoxicity in five ovarian cell lines,
including the matched pairs A2780/A2780cisR and
CH1/CH1cisR, and also SKOV-3 (Table 1). As antici-
pated, the Ptec-protected PBD (14) was essentially
inactive in this panel (i.e., IC50=>25 mM), as well as in
the NCI’s 60-cell line panel (data not shown). However,
the N10-Psec prodrug 15 possessed significant sub-
micromolar cytotoxicity in all cell lines examined. It had
similar (e.g., A2780cisR and CH1cisR) or better (e.g.,
SKOV-3) activity compared to the parent PBD 16 in

some cell lines, but was approximately 10-fold less
active in A2780 and CH1. Sulphone 15 was also sig-
nificantly active at the sub-micromolar level in a number
of cell lines in the NCI’s 60-panel screen (Table 2).

In conclusion, this study has established that the N10-
sulphone-protected PBD 15 possesses significant cyto-
toxicity in a number of cell lines, comparable or better
in some cases (e.g., A2780cisR, CH1cis R and SKOV-3)
to the parent unprotected PBD 16. This represents the
first example of inherent cytotoxicity in an N10-pro-
tected PBD. Although the precise mechanism of
removal of the N10-Psec protecting group is presently
unproven, the role of glutathione transferase is sup-
ported by the inactivity of the N10-Ptec PBD control
14. Possible explanations for the greater cytotoxicity of
15 compared to 16 in SKOV-3 include favourable cel-
lular penetration properties of 15 in this cell line and a
higher cellular concentration of GST. Given the chemi-
cal interconvertibility of the N10-C11 imine, carbinol-
amine and carbinolamine methyl ether forms of a PBD,
it is possible that the N10-Psec-protecting group may be
useful in producing a single non-interconvertible PBD
species for clinical use. Furthermore, compared to the
PBD 16, the similar activity of 15 in both parent and
cisplatin-resistant cell lines suggests that N10-Psec pro-
tected PBDs may have potential use in drug resistant
disease.
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