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Abstract—A series of benzil derivatives related to combretastatin A-4 (CA-4) has been synthesized by oxidation of diarylalkynes 

promoted by PdI2 in DMSO. Using this new protocol, 14 benzils were prepared in good to excellent yields and their biological activity 

has been delineated. Several benzils exhibited excellent antiproliferative activity: for example, 4j and 4k bearing the greatest resemblance 

to CA-4 and AVE-8062 respectively were found to inhibit cell growth at the nanomolar level (20-50 nM) on four human tumor cell lines. 

Flow cytometric analysis indicates that these compounds act as antimitotics and arrest the cell cycle in G2/M phase. A cell-based assay 

indicated that compounds 4j and 4k displayed a similar inhibition of tubulin assembly with an IC50 value similar to CA-4. These results 

clearly demonstrated that the Z-double bond of CA-4 can be replaced by a 1,2-diketone unit without significant loss of cytotoxicity and 

inhibition of tubulin assembly potency. 

Microtubules are dynamic structures that play an 

essential role in cellular functions including motility, 

division, shape maintenance and intracellular transport.1 

The discovery of natural and synthetic substances able 

of interfering with the assembly or disassembly of 

microtubules has attracted much attention because 

microtubules are recognized as an attractive 

pharmacological target for anticancer drug discovery.2 

Recently, it was demonstrated that some tubulin binding 

agents also target the vascular system of tumors, 

inducing morphological changes in the endothelial cells 

of the tumor blood vessels so as to occlude flow.3 

Combretastatin A-4 (CA-4, 1a), a natural Z-stilbene 

isolated from the South African willow Combretum 
caffrum,4 has been found to strongly inhibit the tubulin 

assembly by binding to the colchicine site5,6 and to be a 

cytotoxic agent6 against a wide variety of cell lines, 

including multidrug resistant lines. Additionally, the 

disodium phosphate of CA-4 (CA-4P, 1b), a water 

soluble prodrug, as well as AC-7739 (1c) and its amino 

acid derivative 1d (AVE-8062)7 have been 

demonstrated to cause reversible vascular shutdown in 

established tumors in vivo, consistent with an anti-

vascular mechanism of action.8 Currently, CA4-P 

(ZybrestatTM), either as a single agent or in combination 

therapy is worldwide undergoing several advanced 

clinical trials for the treatment of age-related macular 

degeneration (AMD)9 or anaplastic thyroid cancer.10 
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Figure 1. Representative tubulin binding agents and general 

structure of the synthesized benzils 4. 



 

The structural simplicity of CA-4 combined with its 

excellent antitumoral and antivascular activities 

encouraged the scientific community to synthesize 

numerous analogues.11 From these structure-activity 

relationship (SAR) investigations, it has been 

established that the cis-orientation of the two aryl rings 

is crucial for the activity of 1 as well as the 

trimethoxyaryl unit, whereas the hydroxyl group on the 

3’-position is not essential.12 However, during the 

storage and administration cis-combretastatin analogues 

tend to isomerize to trans-forms which show dramatic 

reduction in both anti-tubulin and cytotoxic activities. 

Therefore, many studies have focused on the design of 

analogues by altering the linking group and the B-ring 

of 1 to provide better biological activities. Among these, 

analogues phenstatin13 (2), and chalcone14 3 (Figure 1) 

where the olefinic bridge of CA-4 was replaced by a 

carbonyl group, or an enone function respectively were 

identified as potent inhibitors of tubulin assembly and 

also displayed cytotoxic activities at a nanomolar level 

(IC50 = 0.2 to 30 nM). In an ongoing medicinal 

chemistry program towards the synthesis of CA-4 

analogues,15 we also were interested in exploring the 

alteration of the linker and the B-ring. In the present 

study, introduction of two carbonyl functions between 

the two aromatic rings leading to benzil derivatives 4 

was expected to maintain on one hand, the appropriate 

two carbon-distance between the aromatic rings and on 

the other hand, the crucial sp2 hybridation of the two 

carbon linkers (Figure 1). Furthermore, we envisioned 

that variation of the substituents on the B-ring would 

provide significant SAR informations about these CA-4 

analogues. The potencies of newly synthesized benzils 4 

were evaluated for their capacity to inhibit cancer 

cellular growth and, to act as potential antimitotic 

agents as well as for potential apoptosis induction. 

The oxidation of substituted diarylalkynes, readily 

accessible via Sonogashira-Linstrumelle (S-L) coupling, 

constitutes one of the most versatile processes in 

organic chemistry for the synthesis of benzils. We 

recently reported the oxidation of functionalized 

diarylalkynes with DMSO in the presence of a catalytic 

amount of the environmentally friendly FeBr3 catalyst.16 

However, during this study, we observed that substrates 

containing a heteroaryl nucleus or having a free 

phenolic or aniline function as well as a nitrile group 

were resistant to DMSO-oxidation. Herein, we 

described the use of DMSO-PdI2 (2 mol%) couple as a 

more reliable and chemoselective procedure17 to 

provide functionalized benzils 4 from alkynes 5. The 

synthesis of the alkyne precursors 5 was achieved by S-

L18 cross-coupling and Table 1 summarized the results 

of 5 oxidation with the PdI2-DMSO couple. 

Accordingly, this procedure conveniently provided a 

small library of benzil compounds possessing various 

substituted B-rings even those having a free OH group 

(entries 9-10; 4i, 82%; 4j 86%). However, with 

substrate 5k having a free amino group the use of PdI2 

was ineffective whereas, PdCl2 (10 mol%) promotes 

smoothly the oxidation reaction providing 4k but in low 

yield (31%, entry 11). This problem could be easily 

circumvented by hydrolyzing the acetamido derivative 

4g in alkaline media leading to aniline 4k in a 

satisfactory 78% yield. Finally, under these conditions, 

alkynes 4m and 4n bearing a nitrogen-containing 

heterocycle, as B-rings, were successfully transformed 

into their corresponding benzils (entries 13 and 14) with 

good yields.  

Table 1. Oxidation of diarylalkynes 5 to benzil derivatives 4 with 

the PdI2-DMSO couple. 

ArMeO

MeO

MeO

MeO

OMe

MeO
O

Ar

O

PdI2 (2 mol%)

DMSO, 140 °C

5 4  

Entry Compoundsa Ar Time (h) Yieldb (%) 

1 4a 
 

4 62 

2 4b 
NC  

12 85 

3 4c CN
 

2 100 

4 4d OMe
 

6 93 

5 4e OMe

OMe

 
14 67 

6 4f OMe

OAc

 
3 85 

7 4g OMe

NHAc

 
5 83 

8 4h OMe

F

 
4 84 

9 4i 

OH

 
6 82 

10 4j OMe

OH

 
16 86 

11 4k OMe

NH2

 
5 31c 

12 4l 
 

8 68 

13 4m 
N  

7 70 

14 4n 

N

 
94 93 

a All compounds 419 were unambiguously characterized by 

spectroscopic (IR, 1H and 13C NMR) techniques. b Isolated yield. 
c PdCl2 (10 mol%) was used instead of PdI2. 

In vitro antiproliferative activity of the synthesized 1,2-

diketones 4 was first determined against the human 



 

colon carcinoma cell line (HCT116) using CA-4 as 

reference15b compound, and the results of this study are 

summarized in Table 2. The diketone 4j bearing the 

greatest resemblance to combretastatin A-4 displays a 

high activitiy at the nanomolar level (35 nM). This 

result is very useful and clearly indicates that 

introduction of a 1,2-dicarbonyl unit between the two 

aromatic rings maintain good to excellent 

antiproliferative properties. Interestingly, the 

corresponding acetate 4f and compound 4k related to 

AVE-8062 have been showed to possess similar 

interesting antiproliferative activities, indicating that the 

amino and hydroxyl groups are bioequivalent at the C-3 

position of these analogues. By comparison, compounds 

4d, 4e and 4g possessing only a methoxy, a dimethoxy 

or an acetamido substituent retained much of the 

bioactivity. These results indicate that those 1,2 

diketones shared similar SAR with combretastatins 

reported previously.20 

Table 2. Cytotoxicities of benzils 4 against human colon 

carcinoma cell line (HCT116). 

Compound 4a 4b 4c 4d 4e 4f 4g 4h 

IC50
a (nM) 3000 NAb NA 300 300 40 350 700 

Compound 4i 4j 4k 4l 4m 4n CA-4 

IC50
a (nM) 2000 35 38 3000 NA NA 1.8 

a A sample’s concentration which produces a 50% reduction cell 

growth. Each drug concentration was tested in triplicate. b Non 

active. 

Table 3. Cytotoxicities of 4f, 4j and 4k against different human 

cancer cell lines. 

a A sample’s concentration which produces a 50% reduction cell 

growth. Each drug concentration was tested in triplicate. 

Compounds 4f, 4j and 4k that displayed the better 

cytotoxicity against HCT116 were next evaluated 

against three different cancer cell lines of diverse 

origins. The IC50 (nM) values obtained with selected 

cell lines are summarized in Table 3. Results from the 

cytotoxicity study provide evidence that benzil 

derivatives 4f, 4j and 4k are good structural analogues 

of CA-4. It is noteworthy that all of these compounds 

retained strong cytotoxic activity (about 30 nM) against 

the tested cell lines. 

All benzil derivatives 4 prepared above were next 

evaluated for their ability to inhibit tubulin assembly 

(Table 4). All samples were dissolved in DMSO, 

incubated at 37 °C for 10 min and at 0 °C for 5 min 

before evaluation of the tubulin assembly rate. 

Compounds 4 were tested at 1.3x10-4 M and 1.3x10-5 

M. The IC50 was calculated only for compounds 

inhibiting tubulin assembly by more than 50% at 1.3 10-

5 M. The tubulin assembly assay was realized according 

to a slightly modified Guénard’s protocole21 using CA-4 

as reference compound.  

Table 4. Effects on tubulin assembly of benzils 4  

Entry Compounds 
% inhibition 

at 1.3 10-4 M 

% inhibition 

at 1.3 10-5 M 

IC50
a 

(M) 

1 4a 79 34 - 

2 4b 0 12 - 

3 4c 28 - - 

4 4d 89 58 21 

5 4e 85 52 63 

6 4f 14 - - 

7 4g 45 45 - 

8 4h 73 47 - 

9 4i 69 42 - 

10 4j 73 65 1.5 

11 4k 88 82 5.0 

12 4l 80 23 - 

13 4m 23 - - 

14 4n 58 35 - 

15 CA-4 88 77 1.0 
a Values are means of at least three experiments. b Concentration 

inhibiting 50% of about 2.0 mg/mL microtubular protein 

assembly. 

Compounds 4j and 4k, the most closely resembling CA-

4 and AVE-8062 in structure respectively, displayed 

potent anti-mitotic activities (entries 10 and 11; 1.5 and 

5.0 M respectively). Compound 4d, lacking the 3-OH 

residue, showed a slight loss of activity compared to 4j 

and 4k as inhibitor of tubulin assembly. Similarly, one 

can note that the substitution of the C-3 hydroxy group 

with a methoxy group, to give 4e, had a modest effect 

on activity as compared to CA-4 (1.0 M). 

Unfortunately, acetate 4f which exhibited a significant 

cytotoxicity against the studied cells line (Tables 2 and 

3) was not effective as inhibitor of tubulin assembly. It 

can be assumed that the acetoxy group is hydrolyzed by 

esterases in cell what can’t happen in the tubulin assay. 

The lack of activity displayed by the other benzils 4 

suggests that modifications of the B ring disrupt the 

ligand-protein binding. These variations should prevent 

the two vicinally related aryl units from adopting the 

necessary conformation for binding at the colchicine 

site on tubulin.  

The effect of selected compounds 4j and 4k on the cell 

cycle of HCT116 and H1299 cell lines was then 

investigated by flow cytometry at various 

concentrations. As shown in Table 5, after 24 h of 

Cell line 

 

Compound IC50
a (nM) 

4f 4j 4k CA-4 

Human colon carcinoma 

(HCT116) 
40 30 38 1.8 

Chronic mylogenous 

leukemia (K562) 
25 25 20 3.6 

Non-small lung human 

carcinoma (H1299) 
30 30 50 5.0 

Human breast cancer 

(MDA-MB231) 
40 40 30 3.0 



 

treatment, a net progression in the number of HCT116 

cells arrested at the G2/M growth stage was observed 

with increasing concentration of 4j and 4k. A similar 

trend was observed in H1299 cells. Thus, treatment of 

H1299 cells with 50 nM of 4j for 24 h led to 27.7% of 

cells arrested at the G2/M stage while, at 10 nM only 

11.4% were in this stage.  

Table 5. Flow cytometry analysis of compounds 4j and 4k in 

HCT116 and H1299 cancer cells.a 

Compound Concentration 

(nM) 

HCT116  

(% G2/M) 

H1299  

(% G2/M) 

DMSO - 11.5 8.4 

4j 10 11 11.4 

 20 18.5 15 

 50 22.8 27.7 

4k 10 13 11.7 

 20 15.9 12.2 

 50 28 16.5 

a Data represent percentage of cells in G2/M phase of the cell 

cycle after 24 h of treatment with 4j and 4k. Data are 

representative of three independent experiments. 

It should be noted that in all cells treated with 4j or 4k 

for 24 h, a sub-diploid DNA content was observed (data 

not shown) indicating that cells are undergoing 

apoptosis probably as a result of the cell cycle being 

arrested in the G2/M phase. 

The ability of compounds 4j and 4k to induce apoptosis 

was further characterized by a specific apoptosis assay. 

Cleavage of pro-caspases to active caspases is one of 

the hallmarks of apoptosis. HT1299 and HCT116 cell 

lines were thus treated with 10, 50 and 100 nM of 

compounds 4j and 4k, then caspases 3 and 7 activities 

were evaluated using the standard caspase cleavage 

assays (Figure 2). It was observed after 24 h of 

treatment that 4j and 4k induced apoptosis in the 

investigated cell lines. These results show that treatment 

of cancer cells with compounds 4j and 4k activates 

caspases leading to cellular apoptosis in the same 

manner as that of CA-4 (data not shown, 466% at 10 

nM in H1299 cells). 

In order to expand our studies, the effects of compounds 

4j and 4k on the proliferation of human umbilical vein 

endothelial cells (HUVEC) were determined. The 

results revealed that, after 72 h of incubation, 

compounds 4j and 4k exhibit good growth inhibition 

activity against HUVEC proliferation with an IC50 of 35 

and 40 nM respectively (IC50 2.5 nM for CA-4). 

Additionally, in order to evaluate whether the 

compound 4k affects newly formed blood vessels in 

vitro, the HUVEC tube formation assay was performed. 

As shown in Figure 3, addition of 4k (100 nM) to 

formed cords rapidly disrupted the integrity of the 

network. This effect was visible after 3 h of treatment at 

doses which were not cytotoxic for such incubation time 

(data not shown). Altogether, our results suggest that 

these derivatives 4j and 4k might be lead compounds 

for use as antiangiogenic inhibitors. 

  

Figure 3. Effects of benzil 4k on newly formed vessels. In vitro, 

4k or vehicle was added to cords formed by endothelial cells on 

Matrigel, 24 h after HUVEC seeding; Images were taken 3 h after 

addition of the compound. (A) Control; (B) 4k (100 nM). 

0

100

200

300

400

500

600

700

H1299 HCT116

R
h
o
d
a
m

in
e
 1

1
0
 R

e
la

ti
v
e
 F

lu
o
re

s
c
e
n
c
e
 

In
te

n
s
it
y
 (

%
 o

f 
c
o
n
tr

o
l)

10nM

50nM

100nM

0

100

200

300

400

500

H1299 HCT116

R
h
o
d
a
m

in
e
 1

1
0
 R

e
la

ti
v
e
 F

lu
o
re

s
c
e
n
c
e

 I
n
te

n
s
it
y
 (

%
 o

f 
c
o
n
tr

o
l)

10nM

50nM

100nM

 

Figure 2. Apoptotic effects of benzils 4j and 4k on HCT116 and H1299 cells. Percentage of apoptotic cells induced by different 

concentrations of 4j and 4k (evaluation after 48 h of treatment). 
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In conclusion, we have demonstrated that using a low 

loading of PdI2 (2 mol%) in DMSO proved to be a 

reliable procedure for the oxidation of various 

functionalized diarylalkynes. This new catalytic system 

has proved to be high yielding, easy to handle and gave 

rapidly a small library of the desired benzil analogues of 

CA-4. Next, we have found that many of the 

synthesized benzil derivatives show excellent 

antiproliferative activities at the nanomolar level. The 

most active compounds 4j and 4k were found to be 

almost as potent as CA-4. It is clear from these results 

that the replacement of the Z double bond by a 1,2-

dicarbonyl unit maintained a powerful anticancer 

activity. This study contributes to the knowledge about 

the SAR in the CA-4 series that may allow the design 

and synthesis of other derivatives having a superior 

anticancer activity. To this end, a series of nitrogen 

containing heterocycles such as imidazoles, or 

quinoxalines easily available from benzil derivatives is 

currently under investigation. 
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