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By using podophyllotoxin as a lead compound, eight novel esters of 2-chloropodophyllotoxin were
designed, semisynthesized, and preliminarily evaluated for their insecticidal activity against the pre-
third-instar larvae of Mythimna separata Walker in vivo for the first time. Among all the tested com-
pounds, especially three esters of 2-chloropodophyllotoxin 8a, 8c, and 8g, and one intermediate 6
showed more promising and pronounced insecticidal activity than toosendanin, a commercial insecticide
derived from Melia azedarach.

� 2009 Elsevier Ltd. All rights reserved.
Podophyllotoxin (1, Fig. 1), one of the well-known naturally
occurring aryltetralin lignans, is extracted as the main component
from the roots and rhizomes of Podophyllum species such as Podo-
phyllum hexandrum and Podophyllum peltatum.1 Its derivatives,
such as etoposide (VP-16, 2), teniposide (VM-26, 3), and etopophos
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Figure 1.
(etoposide phosphate, 4), have been used as DNA topoisomerase II
inhibitors in chemotherapy for various types of cancer,2 and they
are also effective in the treatment of human immunodeficiency
ll rights reserved.

.

virus (HIV).3 Recently, we have reported the insecticidal activity
of the podophyllotoxin derivatives and found some compounds
showed more promising insecticidal activity than podophyllo-
toxin.4,5 According to the previous structure–insecticidal activity
relationship, it was found that the trans-lactone and 40-OCH3 moi-
eties of podophyllotoxin were essential to maintain the insecticidal
activity.6 Meanwhile, Durst and co-workers described that 2-chlo-
ropodophyllotoxin had significant anticancer activity.7 Based upon
the above results, we want to further study the insecticidal activity
of 2-chloropodophyllotoxin derivatives being the trans-lactone and
40-OCH3 fragments. Therefore, as an important part of our program
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Figure 2. The X-ray crystallography of compound 8h.
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aimed at the discovery and development of bioactive mole-
cules,4,5,8–12 in this Letter a series of novel esters of 2-chloropodo-
phyllotoxin (8a–8h) were designed, semisynthesized, and
preliminarily evaluated for their insecticidal activity against the
pre-third-instar larvae of Mythimna separata Walker in vivo for
the first time.

A series of novel esters of 2-chloropodophyllotoxin (8a–8h)
were synthesized as shown in Scheme 1. Starting from podophyl-
lotoxin (1), the 4-OH group of 1 was firstly protected by a tetrahy-
dropyranyl (THP) group in the presence of phosphorus oxychloride
and dihydropyran (DHP) to give 4-O-tetrahydropyranylpodo-
phyllotoxin (5).13 Then 2-chloro-4-O-tetrahydropyranylpodo-
phyllotoxin (6) was obtained by treatment of 5 with lithium
diisopropylamide (LDA) at �78 �C in dry THF, and followed by ster-
eoselective reaction with hexachloroethane. Subsequently, hydro-
lysis of the THP group of 6 to afford 2-chloropodophyllotoxin
(7).7 Finally, eight novel esters of 2-chloropodophyllotoxin (8a–
8h) were obtained by reaction of 7 with the corresponding aro-
matic acids in the presence of diisopropylcarbodiimide (DIC) and
4-dimethylaminopyridine (DMAP). The structures of the com-
pounds were well characterized by 1H NMR, HRMS, MS, optical
rotation, and IR.14

In order to obtain precise three-dimensional structural informa-
tion and absolute configuration of 8a–8h, compound 8h was
recrystallized by slow evaporation from methanol and its single-
crystal structure was determined by X-ray crystallography as illus-
trated in Figure 2.15 It was clearly demonstrated that the 2-chloro
and the 4-ester groups of 8h adopted the b- and a-configuration,
respectively.

The insecticidal activity of compounds 5–7 and 8a–8h against
the pre-third-instar larvae of M. separata in vivo was screened by
the leaf-dipping method at the concentration of 1 mg/mL.4 Podo-
phyllotoxin phenylacetate (9),16 and toosendanin, a commercial
insecticide derived from Melia azedarach, were used as positive
controls.

As indicated in Table 1, the corresponding corrected mortality
rates caused by these compounds after 35 d were far higher than
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those after 10 and 20 d. For example, the corrected mortality rate
of 8a against M. separata after 10 d was only 10.7%, after 20 d the
corresponding mortality rate was increased to 32.1%, but after
35 d the corresponding mortality rate was rapidly increased to
70.4%, which was nearly seven times of the mortality rate after
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Table 1
Insecticidal activity of novel esters of 2-chloropodophyllotoxin (8a–8h) against
Mythimna separata Walker in vivo

O

O
O
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H3CO
OCH3

OCH3

OCl

R

O

8a-h

Compounds R Corrected mortality rate (%)

10 d 20 d 35 d

1 / 17.9 (±17.0) 17.9 (±17.0) 44.4 (±12.5)
5 / 10.7 (±9.4) 14.3 (±14.1) 51.9 (±12.5)
6 / 23.3 (±12.5) 33.3 (±4.7) 66.7 (±4.7)
7 / 7.14 (±4.7) 17.9 (±12.5) 37.0 (±9.4)

8a

H2C

10.7 (±12.5) 32.1 (±4.7) 70.4 (±4.7)

8b

O2N

O2N

10.7 (±9.4) 25.0 (±14.1) 44.4 (±16.3)

8c

O2N

28.6 (±12.5) 50.0 (±4.7) 63.0 (±4.7)

8d Me 10.7 (±12.5) 21.4 (±12.5) 40.7 (±9.4)

8e

Me

3.6 (±8.2) 3.6 (±8.2) 40.7 (±17.0)

8f

Cl

10.7 (±4.7) 21.4 (±9.4) 44.4 (±14.1)

8g CH2 28.6 (±9.4) 32.14 (±12.5) 63.0 (±12.5)

8h

Cl

7.1 (±4.7) 14.3 (±8.2) 40.7 (±12.5)

9 / 3.6 (±0) 17.9 (±12.5) 51.9 (±9.4)
Toosendanin / 25.0 (±0) 35.7 (±8.2) 51.9 (±12.5)
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10 d. That is, these compounds, different from those conventional
neurotoxic insecticides, such as organophosphates, carbamates,
and pyrethroids, showed delayed insecticidal activity.4,5 Mean-
while, the symptoms of the tested M. separata were also character-
ized as the same as our previous reports.4,5 For example, the
pupation of the larvae and the adult emergence of M. separata were
inhibited by these compounds, therefore, the stage from the larvae
to adulthood of M. separata was prolonged as compared to the con-
trol group. Moreover, many larvae of the treated groups molted to
abnormal pupae, which could not reach adulthood and died during
the stage of pupation because they were not able to remove their
pupal skin.

Some preliminary structure–insecticidal activity relationships
on the 2-chloropodophyllotoxin derivatives were also investigated.
As shown in Table 1, when a-naphthylacetyl, 3-nitrobenzoyl, or
phenylacetyl group was introduced on the C-4 position of 2-chlorop-
odophyllotoxin, the corresponding esters 8a, 8c, and 8g showed
more potent insecticidal activity than toosendanin. For example,
the final mortality rates of 8a, 8c, and 8g were 70.4%, 63.0%, and
63.0%, respectively, while the final mortality rate of toosendanin
was 51.9%. However, when 3,5-dinitrobenzoyl, 4-methylbenzoyl,
3-methylbenzoyl, 2-chlorobenzoyl, or 3-chlorobenzoyl group was
introduced on the C-4 position of 2-chloropodophyllotoxin, the final
mortality rates of the corresponding esters 8b, 8d, 8e, 8f, and 8h
were 644.4%, which were less potent than toosendanin. Interest-
ingly, 2-chloro-4-O-tetrahydropyranylpodophyllotoxin (6), an
intermediate of 8a–8h, also exhibited more potent insecticidal activ-
ity than toosendanin (66.7% vs 51.9%), and this encouraging result
will prompt us to further study the ether derivatives of 2-chloropod-
ophyllotoxin as the insecticidal agent in future. Meanwhile, it was
also found that the substituents effect on the C-4 position of 2-chlo-
ropodophyllotoxin derivatives was very important for their insecti-
cidal activity: (1) When some substituents were introduced on the
C-4 position of 2-chloropodophyllotoxin, the corresponding com-
pounds usually showed more potent insecticidal activity than the
podophyllotoxin ones. For example, 2-chloro-4-O-tetrahydropyra-
nylpodophyllotoxin (6) exhibited more potent insecticidal activity
than 4-O-tetrahydropyranylpodophyllotoxin (5) (66.7% vs 51.9%),
and 2-chloropodophyllotoxin phenylacetate (8g) showed more po-
tent insecticidal activity than the corresponding podophyllotoxin
phenylacetate (9) (63.0% vs 51.9%). (2) When there was no substitu-
ent introduced on the C-4 position of 2-chloropodophyllotoxin, the
corresponding compound showed less potent insecticidal activity
than podophyllotoxin (37.0% for 7 vs 44.4% for 1). Consequently, in
combination of our previous results that introducing 4b-benzene-
sulfonamide substituents on the C-4 position of podophyllotoxin
could lead to more potent compounds,5 some 4b-benzenesulfon-
amide-2-chloropodophyllotoxin derivatives will be synthesized
and studied in our laboratory.

In conclusion, eight novel esters of 2-chloropodophyllotoxin
(8a–8h) were designed, semisynthesized, and evaluated for their
insecticidal activity against the pre-third-instar larvae of M. separa-
ta in vivo at the concentration of 1 mg/mL. Among all the tested
compounds, especially three esters of 2-chloropodophyllotoxin
8a, 8c, and 8g, and one intermediate 6 exhibited the more promis-
ing and pronounced insecticidal activity than toosendanin, a com-
mercial insecticide derived from M. azedarach.
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