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Abstract: A series of novel combretastatin A-4 analogues was syn-
thesized in 36–64% yields by Negishi cross-coupling reaction under
mild conditions. The prepared compounds exhibit good cytotoxicity
against HBL100 epithelial cell lines (IC50 = 0.022–10.31 µМ).
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Combretastatin A-4 (CA-4, Figure 1), isolated from the
South African tree Combretum caffrum, is one of the most
potent antivascular and antimitotic agents acting at the
colchicine binding site of tubulin, that has shown excel-
lent activity against multidrug-resistant cancer cells.1 The
water-soluble combretastatine derivatives – disodium salt
CA4P and ombrabulin derivative AVE-8062 (Figure 1)
are currently in clinical trials as antitumor agents in USA
and Europe.2 Due to their unique anticancer properties
and simple structures, these (Z)-stilbenes have drawn sig-
nificant attention from medicinal chemists as lead struc-
tures for the design of novel antitumor agents.3

It has been demonstrated that (Z)-combretastatins mani-
fest much higher biological activity than the correspond-
ing E-isomers.4 However, CA-4 and its analogues are
prone to thermal Z/E isomerisation, even during the
course of synthesis. This indicates a strong need for the
development of convenient, mild, and stereoselective
methods for the preparation of such electron-rich (Z)-stil-
benes. 
Reported synthetic routes5 to (Z)-stilbenes are based on
Horner–Wittig reaction,6 alkyne hydroboration,7 selective
reduction of alkynes on the Lindlar catalyst,8 by hydrosi-
lylation–protodesilylation process9 or via titanium(II)–
alkyne complexes,10 the Barbier reaction,11 the Perkin
condensation,12 Suzuki cross-coupling,12a,13 the Kumada–
Corriu cross-coupling14 or Ramberg–Bäcklund reaction.15

Figure 1  Combretastatin A-4 analogues

We report herein a new direct, stereoselective, and mild
approach to (Z)-stilbenes using the palladium-catalyzed
Negishi cross-coupling16 reaction as a key step and newly
developed complex organozinc reagents (Scheme 1).

Scheme 1  New route to (Z)-stilbenes

Since the substituted 3,4,5-trimethoxyaryl fragment can
be considered as an important pharmacophore moiety in
colchicine site-binding antimitotic ligands (such as deriv-
atives of combretastatins, colchicines,17 and 4-
arylcoumarins18), 3,4,5-trimethoxy-β-iodostyrene (2) was
chosen as a key intermediate for the synthesis of the target
(Z)-stilbenes. Compound 2 was readily prepared from
commercially available 3,4,5-trimethoxybenzaldehyde
(1) and Zhao reagent in the presence of NaHMDS19
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(Scheme 2) in 71% yield with excellent stereoselectivity
(Z/E = 15:1). When (Z)-iodostyrene 2 was treated with a
Zn/LiCl/TMSCl system, the desired organozinc reagent
was observed in low yield accompanied with the signifi-
cant loss of stereoselectivity (Z/E = 1:1.4). It is known
that the direct magnesium insertion to alkenyl iodides nor-
mally provides Z/E mixtures of corresponding alkenyl-
magnesium compounds.20 On the other hand, acyclic
alkenyl iodides could be converted to the corresponding
alkenylmagnesium derivatives by the reaction with i-
PrMgCl·LiCl under mild conditions (≤ –20 °C) with high
stereoselectivity.21 Indeed, styrene 222 smoothly under-
goes I–Mg exchange with i-PrMgCl·LiCl in THF at –40 °C
over 15 minutes (Scheme 2). This reaction proceeded with
excellent level of stereocontrol (Z/E = 15:1). The needed
Mg–Zn transmetallation was accomplished by the addi-
tion of 1 M ZnCl2 solution in a THF–NMP mixture at
–40 °C over one minute and took place (as shown by io-
dolysis of an aliquot) with complete retention of the dou-
ble bond geometry. Organozinc reagent 3 was subjected
to in situ Negishi cross-coupling with the corresponding
aryl iodides or bromides in the presence of palladium
catalyst. A number of palladium complexes were tested
during the optimization of this cross-coupling reac-
tion, including DPEphosPd(OAc)2, S-PhosPd(dba)2,
(A-caPhos)2PdCl2, and (A-taPhos)2PdCl2. The highest
yield of the desired product was achieved using 2 mol%
of (A-taPhos)2PdCl2 complex (Scheme 2). This reaction
occurs at room temperature within 0.5–17 hours, afford-
ing the desired (Z)-stilbenes 4a–m in 36–64% yields and
very good stereoselectivity (Z/E > 10:1 for all cases, Table
1), regardless on the substitution pattern of the aryl halide
reagent.
In vitro cytotoxicity of the synthesized combretastatin A-
4 (4a)24 and its analogues 4b–m was investigated toward
HBL100 human mammary cell line. A tetrazolium-based
assay was used for the determination of the drug concen-
tration required to inhibit cell growth by 50% after the in-
cubation in the culture medium for 72 hours. The obtained
values are summarized in Table 1. Several new (Z)-stil-
benes 4c–m exhibited promising antiproliferative activity
(IC50 = 0.022–10.3 μМ).
In conclusion, we have developed a mild and stereoselec-
tive approach to (Z)-stilbenes, using palladium-mediated

Negishi cross-coupling reaction of (Z)-alkenylzinc re-
agents with different arylhalogenides. The proposed
method permits the synthesis of CA-4 analogues bearing
different substitution patterns in good yield and high ste-
reoselectivity via a sequence of three-step one-pot reac-
tions. Newly prepared compounds manifested promising
cytotoxic properties (IC50 = 0.022–10.3 μМ).
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magnetic stirrer and a septum was placed iodomethylene-
triphenylphosphonium iodide (62 g, 117 mmol).19,23 The 
flask was then put under vacuum for 5 min and purged with 
nitrogen. Dry THF (350 mL) was added, and the yellow 

Table 1  Yields and Cytotoxicity of Combretastatin A-4 Analogues

Ar2 Product Yield 
(%)

IC50 
(μM)

4a (CA-4) 55a 0.002

4b 51 0.007

4c 55 0.022

4d 42b 0.040

4e 39b 0.047

4f 37a 0.398

4g 36 5.51

4h 38b 10.3

4i 42 0.462

4g 64 0.489

4k 56 0.085

4l 60b 0.359

4m 56 0.862

a Overall yield for (Z)-stilbene preparation including the stage of 
TBS-group cleavage
b Overall yield for (Z)-stilbene preparation including the stage of Boc-
group cleavage
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suspension was cooled to –20 °C. Then, NaHMDS in THF 
(62 mL of 1.9 M solution, 117 mmol) was added dropwise 
along the flask wall within 30 min. The mixture was stirred 
at –20 °C for 15 min, then cooled to –78 °C, and 3,4,5-
trimethoxybenzaldehyde (17.6 g, 90 mmol) in THF (200 
mL) was added at this temperature within 1 h with good 
stirring. The reaction was stirred in the cooling bath for 2 h 
more, and quenched while still cold with sat. aq NH4Cl. 
Then Et2O was added to the mixture, the layers were 
separated, and the aqueous layer was extracted with Et2O. 
The combined organic layers were filtered to remove Ph3PO, 
dried over Na2SO4, and concentrated in vacuo. The residue 
was purified by flash chromatography on silica gel 
(pentane–EtOAc, 4:1) to give 2 (20.5 g, 64 mmol, 71%, 
Z/E = 15:1) as a yellow oil. 1H NMR (300 MHz, CDCl3): 
δ = 7.20 (d, J = 8.6 Hz, 1 H), 6.91 (s, 2 H), 6.48 (d, J = 8.6 
Hz, 1 H), 3.86 (s, 6 H), 3.85 (s, 3 H). 13C NMR (75 MHz, 
CDCl3): δ = 152.8, 138.2, 138.1, 131.8, 105.8, 78.0, 60.8, 
56.2. MS (EI): m/z (%) = 320 (100) [M]+, 306 (5), 303 (45), 
276 (5), 150 (5). HRMS (EI): m/z calcd for C11H13IO3: 
319.9909; found: 319.9910 [M]+ .

(23) Conway, J. C.; Quayle, P.; Regan, A. C.; Urch, C. J. 
Tetrahedron 2005, 61, 11910.

(24) Typical Procedure for the Preparation of 4a-OTBS
A dry nitrogen-flushed Schlenk flask, equipped with a 
magnetic stirrer and a septum, was charged with a solution 

of alkenyl iodide (320 mg, 1 mmol) in dry THF (3 mL). The 
solution of i-PrMgCl·LiCl (0.92 mL of 1.19 M in THF, 1.1 
mmol) was added slowly at –40 °C, and the reaction mixture 
was stirred at this temperature for 15 min to complete the I–
Mg exchange. A solution of ZnCl2 (0.5 mL of 1 M in THF, 
0.5 mmol) and NMP (0.1 mL) was added dropwise within 1 
min, and the reaction was warmed to r.t. 4-Methoxy-3-(tert-
butyldimethylsilyloxy)iodobenzene (400 mg, 1.1 mmol) and 
(A-taPhos)2PdCl2 (14 mg, 0.02 mmol) were added. The 
reaction mixture was stirred at r.t. for 30 min, poured into 
sat. aq NH4Cl solution, and extracted with EtOAc. The 
organic layer was washed with brine, dried over Na2SO4, 
and concentrated to get brown oil. It was purified by flash 
chromatography on silica gel (pentane–EtOAc, 5:1) to give 
4a-OTBS (267 mg, 0.62 mmol, 62%) as a yellow oil. 1H 
NMR (300 MHz, CDCl3): δ = 6.85 (dd, J = 8.3, 2.1 Hz, 1 H), 
6.79 (d, J = 2.1 Hz, 1 H), 6.73 (d, J = 8.3 Hz, 1 H), 6.50 (s, 
2 H), 6.47 (d, J = 12.1 Hz, 1 H), 6.41 (d, J = 12.1 Hz, 1 H), 
3.83 (s, 3 H), 3.77 (s, 3 H), 3.70 (s, 6 H), 0.93 (s, 9 H), 0.06 
(s, 6 H). 13C NMR (75 MHz, CDCl3): δ = 153.1, 150.4, 
144.7, 137.2, 133.2, 130.2, 129.8, 128.9, 123.0, 121.4, 
111.8, 106.0, 61., 56.0, 55.6, 25.8, 18.5, –4.7. MS (EI): 
m/z (%) = 430 (40) [M]+, 373 (22), 359 (23), 358 (100), 343 
(25). HRMS (EI): m/z calcd for C24H34O5Si: 430.2176; 
found: 430.2180 [M]+ .
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