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Abstract—A three-component condensation of 5-amino-3-methylpyrazole, tetronic acid, and various aromatic, heteroaromatic, and
aliphatic aldehydes leads to the formation of dihydropyridopyrazole analogues of a cytotoxic lignan podophyllotoxin. This new het-
erocyclic scaffold-based library allows a drastic reduction of the structural complexity of the natural product with the retention of its
potent cytotoxic properties. Similarly to podophyllotoxin, the presented analogues induce apoptosis in Jurkat cells.

© 2006 Elsevier Ltd. All rights reserved.

Podophyllotoxin (1), an antimitotic cyclolignan isolated
from plants of the genus Podophyllum, has served as a

useful lead agent in the development of new anticancer -

OH 0
drugs.! Its semisynthetic derivatives, etoposide (2) and O © Si—g
. . . .. HO
teniposide, are currently used in clinic for the treatment <AO o)
of a variety of cancers. Due to the structural complexity 0 ; \< 0 oH
of podophyllotoxin, arising from the presence of four A 0 ( o]
stereogenic carbons in ring C (Fig. 1), most of the struc- o - \<
ture—activity relationship (SAR) studies have been per- MeO OMe = 0
formed by derivatization of the parent natural product OMe
rather than by de novo chemical synthesis.? In this con- 1 MeO OMe
nection, Itokawa and Takeya made an important contri- OH
bution to the field by demonstrating that greatly RO H 2
simplified 4-aza-2,3-didehydropodophyllotoxins 3a and [ o
3b retain most of the cytotoxicity associated with the RO . R'
parent lignan.? Importantly, removal of the stereocen- : N
ters at C-2 and C-3 solves the problem of epimerization | o
at C-2 that has plagued the clinical development of pod- MeO OMe
OMe o ar ©
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R = Ar, HetAr, Alk
5aR'=H 6
5b R'= Me

Figure 2. Structures of a-peltatin (5a), B-peltatin (Sb), and the library
of analogues 6.

Table 1. Synthesis and cytotoxicity data for compounds 6

ophyllotoxin and its stereochemically complex deriva-
tives, because the rapidly formed in vivo cis-lactone
metabolite is inactive.* Later, Giorgi-Renault and Hus-
son disclosed a multicomponent one-step synthesis of
these promising anticancer drug leads.’> Very recently,
Tu and co-workers reported a multicomponent reaction
leading to the formation of N-substituted dihydropyri-
dines 4, although no biological data for these com-
pounds were provided.®

Inspection of the extensively published SAR data of pod-
ophyllotoxin analogues? reveals that the intact ring A is

Analogue R Synthetic yield % % Cell viability®
HelLa MCF7-AZ Jurkat
1 n/a n/a 19+5 55+3 1845
n/a n/a 91+2 76t 2 755
3a n/a n/a 53%5 58+ 4 35+6
3b n/a n/a 5416 52%3 54%1
6a 3,4,5-1ri-MeO-Ph 80 502 58+ 4 47 %2
6b 3,4-di-MeO-Ph 82 733 95+ 4 88 +2
6¢ 4-MeO-Ph 72 7347 82+3 94 + 4
6d 4-F;CO-Ph 67 972 84 13 9746
6e 4-MeS-Ph 79 45£2 95+ 4 87+ 4
6f 3-F-Ph 63 99+ 1 76 +2 84+2
6g 3-Cl-Ph 78 43+4 54+3 76 * 4
6h 3,4-di-Cl-Ph 75 88+ 1 56+3 71+ 4
6i 3-Br-Ph 76 51%3 63+4 683
6j 2-Br-Ph 58 57+4 100 + 3 90 * 1
6k 4-Br-Ph 83 623 92+2 90 £ 1
6l 3,5-di-Br-4-HO-Ph 52 58+7 60 £ 4 58+3
6m 3-Br-4-Et0-5-MeO-Ph 76 5242 49+ 4 28+5
6n 4-AcO-3-Br-5-MeO-Ph 73 472 46 £ 2 3616
60 3-Br-4-Me,N-Ph 75 553 59%3 34+ 15
6p Ph 83 74+ 4 84+3 87+5
6q 2-O,N-Ph 47 71 £4 99 +2 64 %1
6r 4-HO-3-Me0-5-0,N-Ph 76 783 89+5 90 +2
6s Me 37 70 £ 4 97 £2 78 %5
6t Wg 54 95+ 5 91+4 89+ 6
N=
6u e 61 58+2 100 + 1 94 +2
Ph”
Cl
S
6v ) 84 82+ 4 98 +3 74+ 4
6w D_g 92 98 +2 100 2 82%5
6x N\//:\>—§ 55 94+ 1 100+ 1 92+5
6y Qé 59 69 + 4 96 £ 2 889
e
N
6z L/{/Lg 78 84+ 4 100 £ 3 85+6
N
6aa %g 57 72+6 100 + 4 973
-
6bb g@g 92 56+ 2 99 + 4 96 + 4

%% Remaining cell viability after 48 h of treatment with indicated compounds at the final concentration of 5 uM relative to 100% DMSO control

+SD from two experiments.
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not essential for antimitotic activity. In addition, the
hydroxyl at C-4 can be repositioned to C-5 leading to
the structural type of a- and B-peltatins, also isolated
from Podophyllum plants (5a and 5b in Fig. 2). Although
the latter natural products have potent antitumor activ-

N._NH; o
N>\J/ + RCHO  +
(0]
Et;N EtOH
reflux
H H N
/N N ~ N
N T o T T o
\ N’N
(6] R (0]
6 7

ity, their severe toxicity resulted in unacceptable clinical
trial outcomes.” Furthermore, phenolic hydroxyl com-
monly reduces drug bioavailability by making com-
pounds susceptible to oxidation and glucuronidation,
and this problem is often addressed with bioisosteric
replacement of the phenolic ring with nitrogen-contain-
ing heterocycles, such as pyrazoles and triazoles.® This
line of reasoning, together with the success of a structural
simplification exemplified by dihydropyridines 3a and
3b, has led us to explore dihydropyridopyrazole (6) ana-
logues of podophyllotoxin. This novel heterocyclic scaf-
fold represents a most significant structural departure
from the natural lead compound. Notwithstanding, we
report in this Letter that analogues 6 retain a consider-
able portion of podophyllotoxin’s cytotoxicity. In addi-
tion, we show that, similarly to podophyllotoxin and
etoposide, our compounds induce apoptosis in Jurkat
cells, a model for human T-cell leukemia in vitro (Table 1).

To streamline the preparation of analogues 6, we de-
vised a multicomponent route involving the condensa-
tion of 5-amino-3-methylpyrazole, tetronic acid, and a
desired aldehyde (Fig. 3). Although either (or both)

Figure 4. Detachment and rounding up of MCF7-AZ cells after 48 h of treatment with selected compounds at indicated concentrations. (a) DMSO
control; (b) etoposide (50 uM, 57% cell viability); (c) podophyllotoxin (5 pM, 55% cell viability); (d) inactive analogue 6b (5 uM, 95% cell viability);
(e) moderately potent analogue 6f (5 uM, 76% cell viability); (f) highly potent analogue 6n (5 uM, 46% cell viability).
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dihydropyridine 6 or dihydropyrimidine 7 type products
could be expected, we were encouraged by a number of
literature reports describing related processes that
resulted in the formation of thermodynamically more
stable dihydropyridines.® Indeed, we found that the de-
sired library of analogues can be synthesized in a
straightforward manner by refluxing the three above-
mentioned components with Et;N in ethanol. In all
cases dihydropyridopyrazoles 6 precipitate as the reac-
tion mixtures are allowed to cool to room temperature
without any traces of compounds 7. The yields of recrys-
tallized products are given in Table 1.1°

Analogues 6 were evaluated for cytotoxicity against
three cancer cell lines, HeLa, MCF7-AZ, and Jurkat,
as models for human cervical and breast adenocarcino-
mas and T-cell leukemia, respectively. The correspond-
ing cells were treated with compounds 6 at final
concentrations of 5 and 50 uM for 48 h and cell viability
was assessed through measurements of mitochondrial
dehydrogenase activities using MTT method.!! The
5 uM data, including those of podophyllotoxin, etopo-
side, 3a, and 3b, are shown in Table 1.!2

In addition to the potent cytotoxicity of 6a, whose ring
E is the same as that of podophyllotoxin, 3a, and 3b,
the pronounced effect of m-bromo substituent is note-
worthy. Thus, all of the most potent analogues, namely
6i, 61, 6m, 6n, and 60, have bromine at the meta-posi-
tion of the aromatic ring E. The other notable observa-
tions are marginal toxicity of etoposide in our assays'
and surprising potency of 6s, whose significant structur-
al dissimilarity with podophyllotoxin points to the pos-
sibility of a different mechanism of action for this
analogue. It is generally accepted that cytotoxicity of
podophyllotoxin is attributable to the inhibition of
tubulin polymerization, while etoposide’s target is topo-
isomerase II. Although further mechanistic studies for
analogues 6 are underway in our laboratories, various
observations point to the anti-tubulin mechanism for
these compounds. For example, rounding up of dead
cells, the phenomenon that is commonly observed with
tubulin-binding antimitotic agents that cause disruption
of the cytoskeleton,'* is clearly seen when cells are
treated with podophyllotoxin (Fig. 4c¢), but not
etoposide (Fig. 4b). The extent of this effect correlates
perfectly with the potency of analogues 6 (Fig. 4d, e,
and f).

Lastly, analogues 6a and 6i, together with podophyllo-
toxin and etoposide, were tested for their ability to
induce apoptosis in Jurkat cells in a flow cytometric an-
nexin-V/propidium iodide assay (Fig. 5). For all four
compounds we observed a similar, time-dependent
increase in the proportion of cells undergoing apoptosis
with the maximum of 70-75% occurring after 48 h of
treatment. These data provide an excellent foundation
for further investigation of compounds 6 as promising
anticancer leads.

Investigation of the mechanism of action underlying the
cytotoxicity of the reported dihydropyridopyrazoles and
SAR studies, including substitutions of rings A and B
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Figure 5. Induction of apoptosis in Jurkat cells treated for an indicated
number of hours with DMSO control, podophyllotoxin (5 uM),
etoposide (50 uM), 6a (5 uM), and 6i (5puM) in flow cytometric
annexin-V/propidium iodide assay. [0, 12 h; ", 24 h; [}, 36 h; [, 48 h;
M. 60 h; [, 72 h. Error bars represent data from two experiments.

with other heterocycles, are in progress and will be
reported in due course.
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much more pronounced at 50 uM, the direct compar-
ison of the cytotoxicity data is impeded by limited
solubility of a number of these compounds at this
concentration.

These data are consistent with the fact that average
cytotoxicity of etoposide in the NCI in vitro 60 cell line
screen is between two and three orders of magnitude lower
than that of podophyllotoxin.
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