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Abstract—1,2,3-Triazole based molecules are useful pharmacophores for several DNA-alkylating and cross-linking agents. A series
of A/C8, C/C2 and A/C8-C/C2-linked 1,2,3-triazole-PBD conjugates have been synthesized by employing ‘click’ chemistry. These
molecules have exhibited promising DNA-binding affinity and anticancer activity in selected human cancer cell lines.

© 2007 Elsevier Ltd. All rights reserved.

Triazoles are an important class of heterocycles, which
display an ample spectrum of biological activities and
are widely employed as pharmaceuticals and agrochem-
icals. These molecules have been reported to possess
significant antibacterial, antifungal and antihelmintic
activities.! They have been regarded as an interesting
unit in terms of biological activity? and some of them
have also shown significant anticancer activity in many
of the human cell lines. In recent years, alkylating
agents have been extensively studied with regard to
cancer chemotherapy, this has led to the development
of many new and more selective alkylating agents like
some molecules based on triazole moiety as anticancer
drugs.? The conventional route to triazoles is the Huis-
gen dipolar cycloaddition of alkynes with organic
azides. This procedure involved the 1,3-dipolar cyclo-
addition of azides with organic alkynes possessing an
electron-withdrawing substituent* to provide 1,2,3-
triazoles>.

The naturally occurring pyrrolo[2,1-c][1,4]benzodiaze-
pines (PBDs) usually interact covalently with DNA
in a sequence-selective manner and have generated
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immense interest as potential anticancer and gene-tar-
geting agents.® These include anthramycin (1), tomay-
mycin (2) and DC-81 (3), that are known to
monoalkylate by covalent binding to the N, of a guan-
ine base in the DNA minor groove through their electro-
philic imine functionality with preference for Pu-G-Pu
sequence (Fig. 1).” The development of new practical
synthetic strategies has allowed the exploration of sev-
eral analogues based on PBD ring system including
the joining of two PBD units through various spacers
and PBD unit linked to certain known antitumour
agents. Further extensive studies have been carried out
in both the solution® and solid-phase® synthesis of
PBDs, and a sound understanding of structure—activity
relationships within the family has been developed.'”
In continuation of these efforts we have designed and
synthesized some conjugates of 1,2,3-triazoles tethered
to the PBD moiety employing ‘click’ chemistry.!! The
DNA binding ability and in vitro anticancer activity
for these novel conjugates have also been investigated.

In view of the biological importance of 1,2,3-triazoles
and PBDs, it was of considerable interest to develop
novel conjugates incorporating both the ring systems,
such a combination could provide two types of DNA-
alkylating moieties in a single molecule. In this context
1,2,3-triazole has been linked to A/C8, C/C2 and A/
C8-C/C2-positions of the PBD moiety. Interestingly, it
has been observed that solubility of 1,2,3-triazole-PBD
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Figure 1. Chemical structures of anthramycin (1), tomaymycin (2), DC-81 (3) and 1,2,3-triazole-PBD conjugates (4a—c, 5a—c and 6a—c).

conjugates is enhanced in most of the organic solvents;
this may be attributed to the ester functionalities that
are present in the 1,2,3-triazole moiety.

Synthesis of (2S)-N-[4-(bromoalkoxy)-5-methoxy-2-nitro-
benzoyl]pyrrolidine-2-carboxaldehyde diethylthioacetals
(7a—c) has been accomplished by employing the reported
method.!? These upon azidation with NaN; followed by
cycloaddition with dimethyl acetylenedicarboxylate pro-
duces the corresponding 9a—c!3 through a ‘click’ reac-

tion. This process provides the biologically diverse
molecules in a single step. These triazole linked nitro-
thioacetal intermediates 9a—¢ upon reduction with
SnCl,. 2H,O and deprotection followed by cyclization
with HgCl,/CaCOj; affords the desired A/C8-linked tria-
zole-PBD conjugates (4a—c) '* as shown in Scheme 1.

Synthesis of (2S,4S5)-N-[2-nitrobenzoyl]-4-azidopyrroli-
dine-2-carboxaldehyde diethylthioacetals (10a—c¢) has
been carried out by the reported method.!> These com-
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Scheme 1. Reagents and conditions: (i) NaN3 (0.5 M) in DMSO, 80 °C, 6 h, 85-88%; (ii) dimethyl acetylenedicarboxylate, dry benzene, reflux, 6 h,
87-92%; (iii) SnCl,'2H,0, MeOH, reflux, 5 h, 75-83%; (iv) HgCl,-CaCO;, CH3;CN-H,0 (4:1), rt, 12 h, 58-62%.
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Scheme 2. Reagents and conditions: (i) dimethylacetylene dicarboxylate, dry benzene, reflux, 6 h, 88-90%; (ii) SnCl,-2H,0, MeOH, reflux, 5 h, 80—
85%; (iii) HgCl,—CaCO3, CH3CN-H,0 (4:1), rt, 12 h, 58-61%.
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Scheme 3. Reagents and conditions: (i) BF5-OEt,, EtSH, CH,Cl,, rt, 12 h, 75%; (ii) dibromoalkane spacers, K,CO3, dry DMF, 12 h, rt, 78-80%; (iii)
NaNj3; (0.5 M) in DMSO, 80 °C, 6 h, 89-92%; (iv) dimethyl acetylene dicarboxylate, dry benzene, reflux, 6 h, 88-90%; (v) SnCl,-2H,0O, MeOH, reflux,
5h, 78-85%; (vi) HgCl,-CaCO3, CH3;CN-H,O0 (4:1), rt, 12 h, 58-62%.
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Table 1. Thermal denaturation data for 1,2,3-triazole-linked PBD
conjugates (4a—c, 5a—c and 6a—c) with calf thymus CT-DNA

Compound [PBDJ/[DNA] ATm® (°C) After incubation
Molar ratio® at 37 °C
Oh 18h
4a 1:5 1.5 3.1
4b L:5 0.0 0.0
4c 1:5 2.2 3.6
5a 1:5 1.0 2.3
5b 1:5 1.1 2.8
5¢ 1:5 0.9 2.2
6a 1:5 2.6 4.5
6b L:5 0.0 0.0
6¢ 1:5 3.1 5.9
DC-81 1:5 0.3 0.7

#For CT-DNA alone at pH 7.00 £ 0.01, T, = 69.6 °C £ 0.01 (mean
value from 10 separate determinations), all AT, values are +0.1-
0.2°C.

°®For a 1:5 molar ratio of [PBDJ/[DNA], where CT-DNA concentra-
tion = 100 uM and ligand concentration = 20 uM in aqueous sodium
phosphate buffer [10 mM sodium phosphate + 1 mM EDTA, pH
7.00 £ 0.01].

pounds 10a—c¢ upon cycloaddition with dimethyl acety-
lenedicarboxylate afford the corresponding 11a—c. Fur-
ther steps are similar to that which have been
described in the previous method to afford the desired
C/C2-linked triazole-PBD conjugates 5a—c'4 as shown
in Scheme 2.

In continuation of our later efforts to explore the diver-
sity in both 4/C8 and C/C2-positions of the PBD ring
system, synthesis of such 1,2,3-triazole-PBD conjugates
(6a—c) has been carried out accordingly. Compound 11¢
has been prepared by employing the similar procedure
as described in the previous protocol of Scheme 2. Com-
pound 11c¢ upon debenzylation with BF; - OEt,/EtSH
affords the corresponding debenzylated product 12. This
upon etherification with different dibromoalkanes, azi-
dation followed by cycloaddition with dimethyl acety-
lenedicarboxylate, provides the precursors 13a-c.
Further steps are also similar to that which have been

described in the above procedure to yield the desired
A/C8 and C/C2-linked 1,2,3-triazole-PBD conjugates
6a—c as illustrated in Scheme 3.

The DNA-binding ability for these 1,2,3-triazole linked
PBD conjugates has been determined by thermal dena-
turation studies using calf thymus (CT)-DNA. These
studies have been carried out at PBD/DNA molar ratio
of 1:5. Interestingly, most of the compounds (4a, 4c; Sa—
¢ and 6a, 6¢) clevate the helix melting temperature of
CT-DNA in the range of 2.2-5.9 °C after 18 h incuba-
tion at 37 °C. It is observed that in compounds 4a—c
to 6a—c, when the linker spacer comprises of odd num-
ber of carbons the DNA-binding ability is good. How-
ever, the DNA-binding ability is completely absent in
the compounds when there are even number of carbons
in the linker spacer (4b and 6b). Interestingly, further in
compounds 6a and 6¢ the DNA-binding affinity is sig-
nificant, when the triazole moiety is present at both C8
as well as C2-positions. In case of compounds Sa—c there
is not much difference in their AT}, values, wherein the
triazole moiety is linked at C2-position of the PBD ring
without an alkane spacer. Compound 6¢ has shown the
highest AT, value of 5.9 °C upon 18 h of incubation at
37°C. Whereas, the naturally occurring DC-81 (3)
exhibits a AT, of 0.7 °C after 18 h of incubation under
similar conditions (Table 1).

Compounds 4a—c, 5b, 5¢ and 6a—c have been evaluated
for their in vitro anticancer activity in selected human
cancer cell lines of breast, oral, ovary, colon, lung,
prostate and cervix by using sulforhodamine B (SRB)
method.'®!7 The compounds exhibiting Gls, < 107> M
(10 uM) are considered to be active on the respective cell
lines. Table 2 reveals that compound 6¢ exhibits broad-
spectrum activity in the cell lines used. However, com-
pound 6b is found to be inactive and 5a has not been
evaluated. The activity of the compounds ranged from
Glso 0.12 to 30.50 uM. The positive control compound
adriamycin demonstrated highly significant activity with
the Glsg in the range from 0.10 to 7.25 uM and for DC-
81 the Glso ranged from 0.10 to 2.37 uM. The efficacy of

Table 2. Gls, values (uM) for compounds 4a—c, 5b, 5¢ and 6a—c in selected human cancer cell lines

Compound Zr-75-1* MCF7* KB® Gurav® DWD" A2780° Colo205¢ A549° PC3f SiHa®
4a 2.53 —n 26.60 25.10 25.50 2.48 2.09 24.70 28.70 2.12
4b 2.12 30.50 2.36 2.39 2.24 0.13 0.21 28.71 25.40 2.04
4c 1.93 —n 7.19 26.83 26.01 26.01 2.17 6.12 29.14 2.15
5b 247 2.17 26.40 2.39 2.26 0.914 1.09 _h 2.23 0.21
5¢ _h 27.55 _h _h 29.71 25.81 27.90 _h h 2.04
6a _h 2.12 1.05 242 h 0.19 2.01 7.12 _h 2.17
6b _h _h _h _h _h _h _h _h _h _h
6c 5.51 2.05 1.92 1.82 0.15 0.16 1.92 241 0.17 0.12
ADR 1.79 0.18 0.17 0.17 0.10 0.17 0.15 7.25 1.81 0.18
DC-81 2.37 0.17 0.17 0.16 1.49 0.14 0.11 0.16 0.20 0.17

 Breast cancer.
®Oral cancer.
¢Ovary cancer.

4 Colon cancer.

¢ Lung cancer.
fProstate cancer.
€ Cervix cancer.

" Gls, value not attained at the concentrations used in the assay; ADR (adriamycin); DC-81.
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the compounds is as shown here in the descending order
6¢ > 4b > 6a > 5b > 4c and 4a > Sc. In terms of sensitiv-
ity for the cell lines it is observed that SiHa cell line is the
most sensitive followed by A2780 > DWD > MCF7 >
Colo205 > PC3 > A549 > Gurav and KB > Zr-75-1
(GIso 0.12-30.50 uM). Overall, the in vitro anticancer
activity exhibited by these new 1,2,3-triazole-linked
PBD conjugates is promising.

In conclusion, some new 1,23-triazole-linked pyr-
rolobenzodiazepine conjugates have been synthesized
by utilizing the ‘click’ process (1,3-dipolar cycloaddi-
tion). Some of the synthesized compounds have shown
noticeable DNA-binding affinity and potential antican-
cer activity in selected human cancer cell lines with in-
creased solubility. Further, detailed mechanistic and
molecular modelling studies for these compounds are
in progress.
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