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was collected and the radioactivity determined with 1 mL of eluate 
mixed with 10 mL of scintillation cocktail (3a70, Research 
Products International) in a scintillation counter. Data obtained 
for the methylene nucleoside analogues are presented in Table Ix. 

Determination of Kinetic Constants for Inactivation of 
AdoHcy Hydrolase. The inactivation constanta, KI and ks were 
determined by the method previously For these 
determinations, AdoHcy hydrolase was preincubatd with varioue 
concentrations of inhibitors for various amounts of time and the 
reaidual enzyme activity was measured. The enzyme activity was 
determined in the direction of synthesis of AdoHcy from adenosine 
and homocysteine by incubating 20 nM bovine liver AdoHcy 
hydrolase with 0.2 mM adenoshie and 5 mM homocysteine for 
5 min at 37 “C in 150 mM potassium phosphate buffer (pH 7.6) 
containing 1 mM EDTA (total reaction volume 0.5 mL). The 
amount of AdoHcy formed was measured by HPLC after the 
reaction was stopped by addition of perchloric acid (final con- 
centration 0.25 M). An aliquot (100 rL) of the supernatant 
obtained by centrifugation of the reaction mixture was injected 
into an HPLC column ((3-18 reverse phase column, Econosphere, 
Alltech, 25 cm X 4.6 mm) and analyzed with a gradient program 
at a flow rate of 1 mL/min [solvent A, acetonitrile; solvent B, 50 
mM sodium phosphate buffer (pH 3.2) containing 10 mM hep- 
taneaulfonic aci4 program, 8-15% A for 10 min, 50% A for 5 min]. 
The peak area was monitored at 254 nm to qwt i ta te  the AdoHcy. 

(32) Wolfe, M. S.; Lee, Y.; Bartlett, W. J.; Borcherding, D. R.; 
Borchardt, R. T. 4’-Modif‘ied Analogs of Aristeromycin and 
Neplanocins: Synthesis and Inhibitory Activity toward S- 
Adenwyl-L-homocysteine Hydrolaee. J. Med. Chem., in press. 

The pseudcAr&order rate of inactivation ( k d  was determined 
from a plot of the residual activity versus preincubation time. KI 
and k2 were obtained from a plot of l /k0b versus l/[inhibitor] 
([I]) wing the equation 

1 KI 1 
-3- 

hobs kdI1 + k, 
The data for 2’-deoxy2’-methyleneadenosine (44) are shown 

in Figures 3 and 4. For 44, KI and kz values of 13.1 r M  and 0.195 
min-l, respectively, were calculated. 
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(Z)-l-(4-Methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene as Potential Cytotoxic 
and Antimitotic Agents 
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A series of stilbenea has been prepared and taatad for cytotoxicity in the five human cancer cell linea A-549 non-small 
cell lung, MCF-7 breast, HT-29 colon, SKMEL-5 melanoma, and MLM melanoma. The cis stilbenes 6a-f proved 
to be cytotorc in all five cell linea, with potencies comparable to that of combretastatin A-4. Theee cytotoxic compounds 
were all potent inhibitors of tubulin polymerization. The Corresponding tram stilbenes 7b-f were inactive as tubulin 
polymerization inhibitors and were significantly less cytotoxic in the five cancer cell lines. In the dihydro series, 
8b, &, and 8f were inactive as t ubu l i  polymerization inhibitors, while 8a, 8d, and 88 were less active than the 
corresponding cis compounds 6a, 6d, and 6e. The lack of tubulin polymerization inhibitory activity and cytotoxicity 
displayed by the phenanthrene 23b, which was synthesized as a conformationally rigid analogue of the lead compound 
1, indicates that the activity of the stilbenes is not due to a totally planar conformation. Similarly, inactivity of 
the conformationally reatrided analogue 26 suggests that the biologically active conformation of la resembles that 
of the cis alkene 1. Additional inactive compounds prepared include the benzylisoquinoline series 28-32 as well 
as the protoberberinea 38 and 39. Shortening the twoarbon bridge of la to a one-carbon bridge in the diphenylmetbane 
20 reaultd in a decrease in cytoto.icity and tubulin polymerization inhibitory activity. Although the corresponding 
benzophenone 18 was as active as la as a tubulin polymerization inhibitor, it was lese cytotoxic than la, and the 
benzhydroll9 was eseentially inactive. With the exception of the amide 16c, which displayed low antitubulin activity, 
all of the phenylcinnamic acid derivatives 14a-c and 16a-f were inactive in the tubulin polymerization inhibition 
assay. The acid lab and the ester 16a were cytotoXic in several of the cancer cell cultures in spite of their inactivity 
as tubulin polymerization inhibitors. 

The design of inhibitors of tubulin polymerization is an 
attractive strategy for the development of compounds 
useful in cancer chemotherapy. Ligands binding in the 

t Purdue University. 
t NIH. 
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colchicine binding site of tubulin represent an array of 
antimitotic agenta that inhibit cancer cell proliferation. 
Such compounds, including colchicine,’* podophyllo- 

(1) Capraro, H. G.; Broesi, A. Tropolonic Colchicum Alkaloids. In 
The Alkaloids; Brossi, A,, Ed.: Academic Press: New York, 
1984; Vol. 23, pp 1-70. 

Q 1992 American Chemical Society 
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to~in,~-lO steganacin,8J1J2 and their synthetic analogues, 
inhibit tubulin polymerization. Structurally related bi- 
phenyl~,'~ diphenylmethane~,'~ benzopyran~,'~ and chal- 
coned6 have also been prepared and found to possess 
similar activities. Recently, a new series of natural prod- 
ucts termed combretastatins has been isolated and added 
to the list of substances which interact with the colchicine 
binding site of tubulin.17 The most potent of these is 

Cuehman et al. 

(2) Kerekes, P.; Sharma, P. N.; Brossi, A.; Chignell, C. F.; Quinn, 
F. R. Synthesis and Biological Effects of Novel Thio- 
colchicines. 3. Evaluation of N-Acyldeacetylthiocolchicines, 
N-(Alkoxycarbonyl)deacetylthiocolchicines, and O-Ethylde- 
methylthiocolchicines. New SynLesis of Thiodemecoline and 
Antileukemic Effects of 2-Demethyl- and 3-Demethylthio- 
colchicine. J.  Med. Chem. 1985, 28, 1204-1208. 

(3) Dumont, R.; Broesi, A.; Chignell, C. F.; Quinn, F. R.; Suffneas, 
M. A Novel Synthesis of Colchicide and Analogues from 
Thiocolchicine and Congeners: Reevaluation of Colchicide as 
a Potential Antitumor Agent. J. Med. Chem. 1987, 30, 
732-735. 
Hamel, E.; Ho, H. H.; Kang, G.-J.; Lin, C. M. Comigerine, a 
Potent Antimitotic Colchicum Alkaloid of Unusual Structure. 
Biochem. Pharmacol. 1988,37, 2445-2449. 
Kang, G.-J.; Getahun, 2.; Muzaffar, A.; Brossi, A.; Hamel, E. 
N-Acetylcolchinol 0-Methyl Ether and Thiocolchicine, Potent 
Analogs of Colchicine Modified in the C Ring. J. Biol. Chem. 
1990,265,10255-10259. 
M d f a r ,  A.; Brossi, A.; Lin, C. M.; Hamel, E. Antitubulin 
Effects of Derivatives of 3-Demethylthiocolchicine, Methylthio 
Ethers of Natural Colchicinoids, and Thioketones Derived 
from Thiocolchicine. Comparison with Colchicinoids. J. Med. 
Chem. 1990,33,567-571. 
Jardine, I. Podophyllotoxins. In Anticancer Agents Based on 
Natural Product Models; Cassady, J. M., Douros, J., Eds.; 
Academic Press: New York, 1980, pp 319-351. 
Zavala, F.; Guenard, D.; Robin, J.-P.; Brown, E. Structure- 
Antitubulin Activity Relationships of Steganacin and Ana- 
logues. Inhibition of Tubul i  Polymerization in Vitro by 
(&)-Isodeoxypodophyllotoxin. J. Med. Chem. 1980, 23, 
546-549. 
Van der Eycken, J.; Bosmans, J.-P.; Van Haver, D.; Vande- 
walle, M.; Hulkenberg, A,; Veerman, W.; Nieuwenhuizen, R. 
The Synthesis of 4-Desoxy-2-azapodophyllotoxins. Tetrahe- 
dron Lett. 1989,30, 3873-3876. 
Klein, L. L.; Yeung, C. M.; Chu, D. T.; McDonald, E. J.; Cle- 
ment, J. J.; Plattner, J. J. Synthesis and Antitumor Activity 
of Structural Analogues of the Epipodophyllotoxins. J. Med. 
Chem. 1991,34,9&34-992. 

Antitubulin Activity of the Tumor Inhibitor Steganacin. 
Cancer Res. 1977,37,3071-3079. 
Tomioka, K.; Ishiguro, T.; Mizuguchi, H.; Komeshima, N.; 
Koga, K.; Tsukagoshi, S.; Tsuruo, T.; Taehiro, T.; Tanida, S.; 
Kishi, T. Absolute Structure-Cytotoxic Activity Relationships 
of Steganacin Congeners and Analogues. J. Med. Chem. 1991, 
34,54757. 
Itoh, Y.; Brossi, A.; Hamel, E.; Lin, C. M. Colchicine Models: 
Synthesis and Binding to Tubulin of Tetramethoxybiphenyls. 
Helv. Chim. Acta 1988, 71,1199-1209. 
Batra, J. K.; Jurd, L.; Hamel, E. Structure-Function Studies 
with Derivatives of 6-Benzyl-1,3-benzodioxole, a New Class of 
Synthetic Compounds Which Inhibit Tubulin Polymerization. 
Mol. Pharmacol. 1985,27,94-102. 
Batra, J. K.; Kang, G. J.; Jurd, L.; Hamel, E. Methylenedi- 
oxy-Benzopyran Analogs of Podophyllotoxin, a New Synthetic 
Claw of Antimitotic Agents that Inhibit Tubulin Polymeriza- 
tion. Biochem. Pharmacol. 1988,37,2595-2602. 
Edwards, M. L.; Stemerick, D. M.; Sunkara, P. S. Chalcones: 
A New Claes of Antimitotic Agents. J. Med. Chem. 1990,33, 
1948-1964. 
Lin, C. M.; Singh, S. B.; Chu, P. S.; Dempcy, R. 0.; Schmidt, 
J. M.; Pettit, G. R.; Hamel, E. Interactions of Tubulin with 
Potent Natural and Synthetic Analogs of the Antimitotic 
Agent Combretaetatin: a Structure-Activity Study. Mol. 
Pharmacol. 1988,34,200-208. 

W q ,  R. W.-J.; Rebhun, L. I.; K U P I ~ ~ ,  S. M. Antimitotic and 
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combretastatin A-4 (21, which has been found to be a po- 
tent cytotoxic agent that is active against multidrug-re- 
sistant cancer cells.l8 These interesting features recently 
motivated us to prepare and evaluate an array of stilbene 
derivatives structurally related to the combretastatins.lB 
This resulted in the identification of (2))-1-(4-methoxy- 
phenyl)-2-(3,4,5tdmethoxyphenyl)ethene (1) as a cytotoxic 
tubulin polymerization inhibitor with potency comparable 
to that of combretastatin A-4 (2, Table I). The dihydro 
derivative la (Table 111) was also found to be a potent 
cytotoxic tubulin polymerization inhibitor. 

These results have encouraged the preparation of con- 
geners of 1 and la in an effort to probe the structural 
features associated with their antitubulin and anticancer 
activities. As detailed in the present study, this has in- 
volved the synthesis of conformationally restricted ana- 
logues of la, the replacement of the methoxyl group on 
the B-ring of 1 and la with a variety of other substituents, 
and the determination of the effect of double bond isom- 
erization on activity in this series. A variety of Substituents 
were also intduced on the double bond of 1 in an attempt 
to prepare compounds having enhanced aqueous solubil- 
ities that could be more readily formulated. These stil- 
benes were tested for cytotoxicity in a variety of human 

(18) McGown, A. T.; Fox, B. W. Differential Cytotoxicity of Com- 
bretaetatins A1 and A4 in Two Daunorubicin-Resistant P388 
Cell Lines. Cancer Chemother. Pharmacol. 1990,26,7+81. 

(19) CluhmAn, M.; Nagarathnam, D.; Gopal, D.; Ciykraborti, A K.; 
Lin, C. M.; Hamel, E. Synthesis and Evaluation of Stilbene 
and Dihydrostilbene Derivatives as Potential Anticancer 
Agenta That Inhibit Tubulin Polymerization. J.  Med. Chem. 
1991,34,257+2588. 
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1 R = H  la 

2 R = OH (Cunbmtastah A-4) 

cell lines, including A-549 lung carcinoma, MCF-7 breast 
carcinoma, HT-29 colon adenocarcinoma, SKMEL-5 me- 
lanoma, and MLM melanoma. We confirmed that the 
most active new agents caused the accumulation of cells 
arrested in mitosis. All compounds were also analyzed for 
their inhibitory effects on tubulin polymerization, with a 
direct comparison to compounds 1 and 2. 
Chemistry 
4-(Benzyloxy)-3,5-dimethoxybenzaldehyde (4jI2O was 

prepared by the reaction of syringaldehyde (3) with benzyl 
chloride in the presence of K2C03 in boiling acetone. 
Similarly, reaction of tert-butyldimethylsilyl chloride with 
syringaldehyde (3) in DMF in the presence of NJV-diiso- 
propylethylamine gave 44 (tert-butyldimethylsilyl)oxy]- 
3,5-dimethoxybenzaldehyde (4k) (Scheme I). Wittig re- 
a c t i ~ n ' ~ ~ ~ ~  of phosphonium bromides Sa,b with benz- 
aldehydes 4a-k in THF in the presence of sodium hydride 
followed by preparative thin-layer chromatographic sep- 
aration of the crude products afforded the cis stilbenes 
6a-k and trans stilbenes 7a-k (Scheme 11, Tables I and 
11). Reaction of compounds 6k and 7k with tetra-n-bu- 
tylammonium fluoride and in situ acetylation of the 
phenols with acetic anhydride gave the acetoxy compounds 
61 and 71 (Tables I and II). The cis and trans geometries 
of the stilbenes were assigned by the characteristic 'H 

(20) Kametani, T.; Kauo, S.; Kikuchi, T. Corpaverine and Related 
Compounds. 11. Synthesis of l-@-Methoxybenzyl)-2- 
methyl-6,8-dimethoxy-1,2,3,4-tetrahydroieoquinoline-7-ol. 
(Studiea on the Synthesis of Heterocyclic Compounds. CXL). 
Yakugaka Zaeehi 1966,86,423-426. 

(21) Asakawa, Y.; Tanikawa, K.; Aratani, T. New Substituted Bi- 
benzyls of Frullania brittoniae subsp. truncatifolia. Phyto- 
chemistry 1976, 15, 1067-1069. 

Scheme IV 

16 17 

- 

18: R ' , R 2 = 0  
19 R' = H. R2 = OH 
20: R * = R ~ = H  

NMR coupling constants of the olefinic protons. Catalytic 
hydrogenation of stilbenes 6 and 7 at about 40 psi in the 
presence of 10% palladium on charcoal gave the di- 
hydroefdbenes 8a-e (Scheme TI and Table m). The amino 
ethers 8f,g (Table 111) were prepared by the reaction of 
1-(4-hydroxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane 
(9)lQ with (diakylamino)ethyl chlorides 10a,b in refluxing 
acetone in the presence of K2C03. Compounds 8h and 8i 
(Table 111) were prepared by the alkylation of 3,4,5tri- 
methoxyphenylacetonitrile (1 la) and 4-methoxyphenyl- 
acetonitrile (llb) with Cmethoxybenzyl bromide (12a) and 
3,4,5-trimethoxybemyl bromide (12b), respectively, using 
LDA as the base. Similarly, alkylation of methyl 4- 
methoxyphenylacetate (1 IC) with 3,4,5-trimethoxybenzyl 
bromide 12b gave product 8j (Table 111). 
- 

Mco 

c1cH2cH21sHR2 
Cl- 

9 10s: R - M e  
lob: R = E t  

X yH2Br I 

11a.c 12a-b 

118: R'= 3,4,5-(OMe)3, X = CN 
llb: R= 4-OMe. X = CN 
llc: R'=4OMe;X=COOMe 
128: R'r 4-OMe - 12b: R =  3.4.5-(OMe)3 

Several derivatives containing acidic and basic functional 
groups, including the previously mentioned amines 8f,g, 
were prepared in an attempt to make compounds that were 
more soluble in water and could therefore be formulated 
more easily. Base-catalyzed condensation of phenylacetic 
acids 13a,b with aryl aldehyde 4n in the presence of tri- 
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Scheme V 
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21a: R = 3'-OMe 
1: R=4'-OMe 

21b: R=?'-OMe 

23a: R=S-OMe 
23 b: R = 6-OMe 
23c: R=7-OMe 
23d: R =  8-OMe 

Scheme VI 

22a: R=3'-OMe 
22b: R=4'-OMe 
22c: R-T-OMe 

Sj: R = CH, 25: R', R2 =O 
24: R = H  26: R'= R2=H 

ethylamine gave the carboxylic acids 14a,b (Scheme 111, 
Table IV).22 Esterification of compounds 14a,b with 
methanol using a catalytic amount of H$04 gave products 
15a,b (Table IV). Reaction of thionyl chloride with the 
carboxylic acids 14a,b in refluxing benzene gave the cor- 
responding acid chlorides, which on subsequent reaction 
with appropriate amines, and (dialky1amino)ethanol gave 
compounds 15c-f (Scheme 111, Table IV). 

The effect of shortening the distance between the two 
aromatic rings was investigated by preparing compound 
20, having a methylene unit separating the rings. Frie- 
del-Crafta acylation of anisole with 3,4,5-trimethoxy- 
benzoyl chloride gave 3,4,4',5-tetramethoxybenzophenone 
(18, Scheme IV). Sodium borohydride reduction of com- 
pound 18 in ethanol afforded (Cmethoxypheny1)(3,4,5- 
trimethoxypheny1)methanol (19), which on catalytic hy- 
drogenolysis in the presence of 10% palladium on charcoal 
gave (4-methoxyphenyl)(3,4,5trimethoxyphenyl)methane 
(20) (Scheme IV). 

Several conformationally rigid analogues of the lead 
compound 1 were synthesized in an attempt to gain evi- 
dence concerning the biologically active conformation of 
this substance. Different conformations are available to 
1 through rotation about the two bonds connecting the 
aromatic rings to the alkene unit. This question was in- 
vestigated by forming a covalent bond between the two 
aromatic rings of several stilbenes, resulting in the phen- 
anthrenes 23a-d (Scheme V). Photocyclization of the 
cis-trans mixtures of stilbenes 1, 21a,b, and 22a-c1B923124 

(22) Cook, J. W.; Engel, L. L. Colchicine and Related Compounds. 
Part 11. Synthesis of a Simple Analogue of N-Acetylcolchinol 
Methyl Ether. J.  Chem. SOC. 1940, 198-200. 

(23) Cohen, A.; Cook, J. W.; Roe, E. M. F. Colchicine and Related 
Compounds. Part I. Some Observations on the Structure of 
Colchicine. J.  Chem. SOC. 1940, 194-197. 
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in the presence of iodine afforded the desired phenan- 
threnes 23a-d. 

Conformationally restricted analogues of the active di- 
hydroetilbene la were also prepared. Synthesis of one such 
compound based on the indane system is detailed in 
Scheme VI. Hydrolysis of the methyl ester 8j (Table 111) 
under basic conditions gave the acid 24. The indanone 25 
was then prepared by an intramolecular Friedel-Crafta 

(24) Carroll, J. F.; Kulkowit, S.; McKervy, M. A. Reactions of 
Lithium Aluminum Hydride in Hydrocarbon Solventa. Se- 
lective Demethylation of Some Substituted Methyl Phenyl 
Ethers. J .  Chem. SOC., Chem. Commun. 1980,607-608. 
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Table I. Cis Stilbenes 
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6 

inhibn of 
tubulin 

POW 1% 
no. R' R" A-549 MCF-7 HT-29 SKMEL-5 MLM mp, "C (pM) (+SD) 
6a 3,4,5-(OI~ie)~ 4-OEt 1.6 X 9.6 X 1.8 X 2.5 X 10" 2.9 X oil 2.7 (hO.2) 
6b 3,4,5-(OMe)3 4-OPr" 3.9 X 6.6 X 10-1 2.8 X 1.4 X 6.5 X oil 6.0 (i0.8) 
6c 3,4,5-(OMe)3 4-SMe 1.9 X 5.4 X 1.8 X 4.0 X 10" 3.3 X oil 6.2 (a0.5) 
6d 3,4,5-(OMe)3 4-Me 9.4 X lo4 2.4 X 2.3 X 8.3 X lo-' 6.6 X 10" oil 2.0 (i0.2) 
6e 3,4,5-(OMe), 4-Et 1.2 X 7.2 x 2.7 x 8.6 X lo-' 7.5 X oil 3.4 (a0.3) 
6f 3,4,5-(OMe)3 4-Pi 6.6 X 10" 1.4 X 2.4 X 4.7 X lo-' 7.0 X oil 12 (h2) 
6% 3,4,5-(OMe)3 4-Bu' 1.02 1.57 8.8 X lo-' 2.1 X lo-' 4.32 oil >40 
6h 3,4-(OMe)z 4-OMe >25 >25 >25 >25 >25 oil 18 (k0.6) 
61 3,5-(OMe)z 4-OMe 1.3 X 10-1 1.6 X 10-1 3.4 X lo-' 4.2 X lo-' 9.8 X oil 3.8 (h0.3) 
6 j  3,5-(OMe)z; 4-OBn 4-OMe 1.04 1.92 9.5 X lo-' 6.1 X lo-' >25 oil >40 

61 3,5-(OMe)z; 4-OAc 4-OMe 21.5 >25 8.7 0.6 >25 oil 24 (+5) 
1 3,4,5-(OMe)3 4-OMe 3.7 X lo4 6.2 X lo-' 2.6 X lo4 2.6 X lo-' 1.6 X oil 2.5 (iO.l) 

2.0 (h0.3) 2 (combretastatin A-4) 3.2 X lo-' 5.6 X 1.0 X 1.4 X lo-' 4.3 X lo4 
adriamycin 2.9 X 3.1 x 5.5 x 3.2 X 1.3 X 10-1 

cytotoxicity (EDw in pM) 

6k 3,&(OMe)2; I-OSi(t-Bu)Mez 4-OMe >25 >25 9.0 >25 >25 oil >40 

Table 11. Trans Stilbenes 

7 

no. R' 
7a 
7b 
7c 
7d 
7e 
71 
7% 
7h 
7i 
7j 
7k 
71 

inhibn of 
tubulin 

POlYm ICKI cytotoxicity (EDw in pM) 
R" A-549 MCF-7 HT-29 SKMEL-5 MLM mD. "C (uM) (iSD) 

4-OEt 
4-OPr" 
4-SMe 
4-Me 
4-Et 
4-Pi 
4-Bd 
4-OMe 
4-OMe 
4-OMe 
4-OMe 
4-OMe 

1.7 X lo-' 
9.2 
4.7 x 10-1 
1.1 
1.3 X lo-' 
9.8 
>25 
11.7 
7.5 
>25 
>25 
16.4 

7.5 x 10-1 
12.5 
5.9 x 10-2 
1.9 
1.2 
18.4 
>25 
>25 
9.7 
>25 
>25 
19.4 

1.49 
>25 
8.3 X 
9.0 x 10-1 
1.1 x 10-1 
6.8 
>25 
>25 
6.9 
17.8 
>25 
11.7 

1.17 2.2 x 10-1 
>25 >25 
2.8 X lo-' 7.3 
8.0 X lo-' 6.3 
1.7 X lo-' 
11.1 >25 
>25 >25 
>25 >25 
8.8 X lo-' >25 
>25 >25 
>25 >25 
10.2 21 

2.2 X lo-' 

_ .  
87-88 
82-83 
109-111 
125-127 
98-100 
74-75 
127-128 
135-137 
55-56 
104-105 
118-120 
129-131 

. . . .  ~ 

>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 

acylation reaction using the acid chloride derived from 24. 
The desired indane 26 was obtained by treatment of 25 
with hydrogen in the presence of palladium on charcoal. 

Several conformationally restricted congeners of the 
dihydrostilbene la were prepared based on the l-benzyl- 
iaoquinoline ring system. In theae compounds, the rotation 
about the bond connecting the trimethoq4x-"e ring and 
the attached carbon of the dihydrostilbene moiety is re- 
stricted. Compounds 27-29 and 32 (Scheme VII) are 
known compounds that were resynthesized by a modifi- 
cation of the route originaUy published by Kupchan et al.= 
Treatment of 27 with DDQ gave derivative 30, which was 
methylated using methyl iodide to afford compound 31. 

A conformationally rigid tetrahydroprotoberberine 
analogue of la  was also synthesized as shown in Scheme 
VIII. Acylation of the primary amino group of 33 with 
acetyl chloride gave the acetamide derivative 34. A Bis- 
chler-Napieralski reaction involving the treatment of 34 

(25) Kubota, S.; Maeui, T.; Fujita, E.; Kupchan, S. M. The Struc- 
ture and Total Synthesis of Takatonine. J. Org. Chem. 1966, 
31. 516520. 

with phosphorus oxychloride afforded the dihydroiso- 
quinoline 35. Reaction of 35 with the acid chloride 36 
yielded 37, which underwent the enamide photocyclization 
reaction to give the substituted protoberberine 38.26 
Reduction of 38 by sequential treatment with lithium 
aluminum hydride and sodium borohydride yielded the 
desired tetrahydroprotoberberine 39. In this compound, 
each of the three C-C bonds connecting the two aromatic 
rings of the 1,2-diphenylmethane moiety is conforma- 
tionally restricted. 
Biological Results and Discussion 

The effects on cell growth and tubulin polymerization 
of 43 new stilbene analogues are summarized in Tables 
I-V. This group of compounds includes twelve cis stil- 
benes (6a-1), the corresponding 12 trans stilbenes (7a-1), 

(26) Nmomiya, I.; Naito, T.; T h u g i ,  H. Studies on the Synthesis 
of Heterocyclic Compounds. Part 698. An Alternative Pro- 
toberberine Synthesis; Total Synthesis of (+)-Xylopinine, 
(i)-Schefferine, (A)-Nandanine, (A)-Corydaline, and (A)- 
Thalictricavine. J. Chem. SOC., Perkin Trans. 1 1977, 
1151-1155. 
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Table 111. Dihydrostilbenes 

Cwrhman et 41. 

R" 

8 

inhibn of 
tubulin 

POlP 1% cytotoxicity (EDm in pM) 
no. R' Y Z  R" A-549 MCF-7 HT-29 SKMEL-5 MLM mD, "C (rtM) (hSD) 

H 
H 
H 
H 

4-OEt 
4-OPr" 
4-SMe 
4-Me 

H 4-O(CH2)2NMe2 

H 4-OMe 
CN 4-OMe 
COOMe 4-OMe 
H 4-OMe 

H 4-Et 

H 4-O(CH2)2NEh 

1.9 X lo-' 1.9 X lo-' 1.8 X lo-' 1.7 X lo-' 
7.2 3.9 6.4 6.7 
1.5 X lo-' 2.0 X lo-' 4.0 X lo-' 2.4 X lo-' 
1.8 X lo-' 2.2 X lo-' 1.0 X lo-' 2.7 X lo-' 
8.8 X 1.6 X lo-' 1.6 X 4.7 X 
>25 10.3 9.8 11.4 
6.8 4.3 5.2 8.5 

11.5 14.3 9.4 6.4 
>25 >25 >25 >25 

9.6 x 10-3 1.4 x 10-2 7.5 x 10-3 4.1 x 10-3 

1.8 x 10-4 1.6 x 10-4 2.5 x 10-4 1.4 x 104 
a Previously published value.lg A different tubulin preparation was used in the earlier study. 

2.7 X lo-' oil 
15.0 oil 
1.3 52-54 
1.4 51-52 
2.7 X lo-* oil 
>25 oil 
>25 oil 
1.6 X lo-' 82-83 
21.1 
> 25 84-85 
1.8 X lo4 73-75 

102-103 

10 (h1) 
>40 
>40 
21 (h3) 
18 (hl) 
>40 
>40 
11 (h0.4) 
>40 
>40 
7.9 (h0.8)" 

Table IV. Compounds 14a-c and 15a-f 
Y 

R' " "5% M e \  

14, 15  
inhibn of 

no. Y 

tubulin 
POlP IC60 cytotoxicity (EDw in pM) 

Z R' A-549 MCF-7 HT-29 SKMEL-5 MLM mD, OC (MM) (hSD) - -  . 
14a COOH H 4-OMe 13.9 12.8 8.4 9.1 >25 187-189 >40 
lab COOH H 3-OMe 2.5 X lo-' >25 1.2 X lo-' 5.0 X >25 178-180 >40 
14c 
15a 
15b 
15c 
15d 
150 
15f 
1 

H COOH 
COOMe H 
COOMe H 
CONHMe H 
CONHEt H 
COO(CH2)2NEh H 
COO(CH2)2NEh H 
H H 

4-OMe 
4-OMe 
3-OMe 
4-OMe 
4-OMe 
4-OMe 
3-OMe 
4-OMe 

5.2 
1.1 x 10-2 
1.3 
2.4 X 
3.4 
1.8 
7.7 
3.7 x 10-4 

1.9 
2.0 x 10-2 
1.3 
5.0 X 
3.7 
2.1 
10.4 
6.2 x 10-4 

5.9 

7.0 X lo-' 
2.6 X 
1.8 
2.8 
>25 
2.6 X lo4 

9.5 x 10-3 

Table V. Compounds 18-20 
X 

bMe 
18-20 

2.3 >25 
6.4 X 9.6 
1.5 15.5 
2.4 X 10-2 9.3 
7.05 >25 
2.7 >25 
6.7 >25 
2.6 X lo4 1.6 X 

206-207 
74-75 
87-88 
172-174 
152-154 
oil 
oil 
oil 

>40 
>40 
>40 
35 (h2) 
>40 
>40 
>40 
2.5 (h0.l) 

inhibn of 
tubulin 

POlP ICW cytotoxicity (EDw in pM) 
no. X A-549 MCF-7 HT-29 SKMEL-5 MLM mD. "C (vM) (hSD) 
18 0 1.1 X lo-' 1.5 X 1.3 X lo-' 1.2 X 10-2 1.3 X lo-' 72-73 7.4 (h0.4) 
19 H, OH 1.5 1.9 1.2 1.5 16.8 104-105 >40 
20 Hz 1.5 X lo-' 1.9 X 1.3 X 1.2 X 1.3 X lo-' 66-67 15 (h0.5) 

10 dihydrostilbenes (Sa-j), nine cis stilbene derivatives 
with substitution on the bridge connecting the two phenyl 
rings (compounds 14a-c and 1Sa-f), and three analogues 
of compound la with a one-carbon bridge between the two 
phenyl rings (compounds 18-20). In addition to these 
stilbenes, the activities of the conformationally restricted 
phenanthrenes 23a-d, indanes 25 and 26, 1-benzyliso- 

quinolines 28-32, and protoberberines 38 and 39 were 
determined and are detailed in Table VI. 

In an earlier study, modifications were performed on 
(Z)-1-(4methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene 
(1) by rotating the four methoxy groups of both A- and 
B-rings to different positions, and it was established that 
their exact locations as in compound 1 were essential for 
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Table VI. Conformationally Restricted Analogues 
inhibn of 
tubulin 

POlym I C W  
no. A-549 MCF-7 HT-29 SKMEL-5 MLM mp, OC (rM) &SD) 
23a 5.7 1.8 1.9 1.3 21.4 - >40 

cytotoxicity (EDM in pM) 

23b 
23c 
23d 
24 
25 
26 
28 
29 
30 
31 
32 
38 
39 

>25 
>25 
>25 
14.3 
>25 
>25 
19.5 
19.3 
>25 
>25 
11.4 
>25 
>25 

>25 
>25 
14.6 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
22.7 
>25 
>25 

1.1 
>25 
9.3 
9.4 
>25 
12.8 
20.5 
20.2 
>25 
>25 
9.7 
>25 
>25 

12.5 
>25 
12.0 
7.4 
>25 
19.5 
2.1 
>25 
>25 
>25 
8.8 
>25 
>25 

>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 
>25 

68-70 
142-4 
80-2 

104-6 

180-2 

- 
- 

- 
- 
- 
- 
196-8 
104-6 

>40 
>40 
> 40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
>40 
> 40 
>40 

the pronounced cytotoxicity and antitubulin activity of l.19 
As an extension of that investigation, two more cis stilbene 
derivatives were synthesized in which the 5OMe or 4-OMe 
substituents were removed (compounds 6h and 6i, re- 
spectively) and theae changes resulted in complete loss (6h: 
EDso > 25 p M  in all cell lines) or significant reduction (6i 
EDso in the lo-' pM range) of cytotoxic activity. The 
ability of 6i to inhibit tubulin polymerization (ICso 3.8 pM) 
was not greatly reduced relative to that of 1 (ICw 2.5 pM), 
while the activity of 6h (ICm 18 pM) was about 1 order of 
magnitude less than that of 1. 

Next, we studied replacement of the 40Me group of the 
B-ring. Seven cis stilbenes were prepared with the 
methoxy group replaced by OEt, OPr", SMe, Me, Et, Pi, 
or But groups (compounds 6a, 6b, 6c, 6d, 6e, 6f, and 6g, 
respectively). Substitution with the large But group on 6g 
resulted in the reduction of cytotoxicity by approximately 
3-4 orders of magnitude, and this modification greatly 
diminished ability to inhibit tubulin polymerization (ICso 
> 40 pM). However, compounds 6a-f were highly cyto- 
toxic towards all five cancer cell lines, with potencies 
ranging from 100 times less to 100 times greater than that 
of combretastatin A-4. Replacement of the OMe of the 
B-ring with an SMe group (compound 6c) resulted in a 
compound which was as cytotoxic as the parent compound 
1 in the A-549 and MLM cell cultures. However, the 
thiomethyl compound was about 1 order of magnitude less 
cytotoxic than 1 in the MCF cell culture, while being about 
1 order of magnitude more potent than 1 in HT-29 cells 
and 2 orders of magnitude more potent in SKMEL-5 cells. 
The thiomethyl compound 6c is an analogue of thio- 
colchicine, which is more potent as a tubulin polymeriza- 
tion inhibitor and is more cyt~toxic in certain cell cultures 
than colchi~ine.~,~*~ Substitution with Pi (compound 6 0  
decreased cytotoxicity somewhat (EDm 7.0 X to 4.7 
X lo4 pM range), as did substitution with an OPr" group 
(compound 6b). In addition to cytotoxicity, compounds 
6a-f retained significant activity as inhibitors of tubulin 
polymerization relative to 1. The decreased antitubulin 
activity of the 4-isopropyl compound 6f and the lack of 
activity of the Ctert-butyl compound 6g demonstrates that 
an increase in steric bulk at  this position results in a de- 
crease in activity. Of particular interest is the enhance- 
ment of antitubulin activity which occurred with a re- 
duction in size of the Csubstituent in the B-ring. The only 
new compound more effective than the parent compound 
1 as an inhibitor of tubulin polymerization was 6d, in which 
a methyl group replaced the 4-methoxy group of 1. The 
potency of this agent as a tubulin polymerization inhibitor 
was equivalent to combretastatin A-4 (2), the natural 

product, even though it lacks the adjacent hydroxyl group 
in the B-ring. 

The potent cytotoxicities displayed by compound 1 and 
the related substances 6a-f in Table I are of interest in 
relation to a recent QSAR study of combretastatins pub- 
lished by Lien and co-~orkers .~~ According to their 
analysis, the optimal Hansch-Fujita T constant Z T ~ ,  which 
is an estimation of the optimal lipophilicity of ring B, for 
cytotoxicity should be in the range of -0.69 to -0.71. This 
corresponds to the ring B substitution pattern found in 
combretastatin A-4 (2). The Z T ~  value of ring B in com- 
pound 1 is only -0.02.% In spite of this, the cytotoxicity 
of 1 is not less than that of 2 in the cell cultures utilized 
in the present study. A wider diversity of structures would 
be useful in the QSAR analysis. 

Consistent with earlier obser~ations,'~J~ all the trans 
stilbenes (compounds 7a-1) were less potent than their 
corresponding cis isomers. Compounds 7a, 7c and 7f 
showed moderate cytotoxicity (in 1.0 X lo-' pM range) in 
at least three cell lines, and the other compounds were less 
potent. None of these trans isomers significantly inhibited 
tubulin polymerization at  concentrations up to 40 pM. 

Turning to the cis stilbenes with substitution on the 
olefinic bridge (Table IV), introduction of substitutions 
on either the 1 or 2 position of the olefin reduced the 
cytotoxicity by from 1 to at  least 5 orders of magnitude. 
In separate experiments, a COOH group was introduced 
on position 1 or 2 of the olefinic linkage, and this resulted 
in the formation of compounds 14a and 14c (EDm 1.9 to 
> 25 pM). However, when the COOH group of compound 
14a was converted to the methyl ester (compound 15a) or 
the N-methylamide (compound 15c), the cytotoxicity in- 
creased 2-3 orders of magnitude in at least four cell cul- 
tures (as compared to 14a). Compounds 15a and 15c had 
E D W  values of 5.0 X 1C2 to 6.4 X lC3 pM in A-549, MCF-7, 
HT-29, and SKMEL-5 cell cultures. However, the (di- 
ethy1amino)ethyl esters (compounds 158 and 1Sf) or the 
N-ethylamide (compound 15d) of compound 14a were 
minimally cytotoxic. Transfer of the B-ring methoxy group 
in compound 14a to the 3-position (compound 14b) re- 
sulted in about 10-100-fold increase in the cytotoxicity in 
three cell lines, and similar movement in compound 15a 

(27) Nandy, P.; Banerjee, S.; Gao, H.; Hui, M. B. V.; Lien, E. J. 
Quantitative Structure-Activity Relationahip Analysis of Com- 
bretastatim: A Class of Novel Antimitotic Agents. Pharm. 
Res. 1991,8, 776-781. 

(28) Lien, E. J. Molecular Structure, Properties and States of 
Matter. In Remington's Pharmaceutical Sciences, 18th ed.; 
Mack Easton, PA, 1990, pp 158-181. 
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(compound 15b) reduced the cytotoxicity by 100-1oOO-fold. 
With the exception of 15c, which inhibited tubulin po- 
lymerization with an IC, of 35 pM, none of the cis stil- 
benes substituted on the olefin inhibited tubulin polym- 
erization at concentrations up to 40 pM. 

Among the dihydrostilbene analogues of la (Table 1111, 
five compounds (8a, &e, and 8h) had EDw values of less 
than 1 pM in at least four cell lines, with 344-methoxy- 
pheny1)-2-(3,4,5-trimethoxyphenyl)propanenitrile (8h) 
being the most potent, both as a cytotoxic agent and as 
a tubulin polymerization inhibitor. However, this com- 
pound was about 10-100-fold less cytotoxic than 144- 
methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethane (la), 
although its activity as a tubulin polymerization inhibitor 
(IC, 11 pM) differed little from that of la (ICw 7.9 pM). 
While in the cis stilbene series, substitution of the B-ring 
methoxy with ethoxy, methyl, or ethyl reduced cytotoxicity 
by a maximum of 2 orders of magnitude, similar changes 
in the dihydrostilbene derivatives (compounds 8a, 8d, and 
8e) reduced cytotoxicity about 100-1000-fold. These di- 
hydro compounds were also less potent as tubulin polym- 
erization inhibitom. In the absence of the 3-hydroxyl group 
in the B-ring of combretastatin A-4 we have routinely 
observed a much larger loss of antitubulin activity upon 
reduction of the cis stilbene to the dihydrostilbene than 
the approximately 50% loss of activity that occurred when 
combretastatin A 4  was reduced.17 Similarly, substitution 
with OPr", SMe, O(CH2)2NMe2, or O(CH2I2NE& groups 
(compounds 8b, &, Sf, and 8g) also decreased cytotoxicity. 

Introduction of a CN group adjacent to the A-ring of la 
(compound 8h) merits further discussion. As noted above, 
this modification reduced cytotoxicity by 10-100-fold, 
while a similar introduction of a CN group adjacent to the 
B-ring (compound 8i) reduced cytotoxicity by 1OOOO-fold. 
Consistent with these cytotoxicity data, 8i did not inhibit 
tubulin polymerization (IC, > 40 pM). This relationship 
of 8h and Si is identical to that observed when hydroxyl 
groups were introduced into corresponding positions in 
dhydrmmbretastatin A-4.17 Moreover, the data with the 
dihydrocombretastatin derivatives indicate that only one 
of the two stereoisomers with the hydroxyl at the bridge 
carbon adjacent to the A-ring is highly active." If this is 
also the case when a nitrile group is placed at this position, 
then the active stereoisomer of Sh would be nearly as active 
as l a  as an inhibitor of in vitro tubulin polymerization. 
The active stereoisomer of 8h would not, however, be more 
potent than the cis stilbene 1. 

Conversion of the cyano group in compound 8i to a 
COOMe did not restore activity. This modification re- 
sulted in the formation of the inactive compound 8j, (ED, 
> 25 pM in all cell cultures, IC, > 40 pM in the tubulin 
polymerization assay). 

Several stilbenes and dihydratilbenes containing acidic 
and basic groups were synthesized in an effort to obtain 
substances that could be more readily formulated. Ex- 
amples of such compounds are 8f,g, 14a-c, and 15e,f. 
None of these compounds inhibited tubulin polymeriza- 
tion, nor were they very cytotoxic. 

In another set of modifications, the two-carbon bridge 
in 1-(4methoxyphenyl)-2-(3,4,5trimethoxyphenyl)ethane 
(la) was reduced to a one-carbon bridge (compounds 18, 
19, and 20, Table VI. All of these compounds were less 
potent than la. 3,4,4',5-Tetramethoxybenzophenone (18) 
was about 100 times less cytotoxic than la, although ita 
inhibitory effect on tubulin polymerization (ICw 7.4 pM) 
was essentially identical to that of l a  (IC, 7.9 pM). 
Conversion of 18 to the alcohol 19 further reduced cyto- 
toxicity 100 times and resulted in logs of inhibitory effect 

Cuehman et al. 

on tubulin polymerization (IC, > 40 pM). Hydrogenolysis 
of alcohol 19 to 4-methoxyphenyl-(3,4,5-trimethoxy- 
phenyllmethane (20) restored cytotoxic activity in the 
MCF-7, HT-29, and SKMEL-5 systems to levels compa- 
rable to those obtained with 18, and also increased activity 
in the A-549 and MLM cell cultures. These enhanced 
effects on cytotoxicity were reflected in increased activity 
of 20 as an inhibitor (ICw 15 pM) of tubulin polymeriza- 
tion. 

The antitubulin activities of conformationally restrided 
analogues of the stilbene 1 and the dihydroatilbene la are 
included in Table VI. These compounds, without excep- 
tion, were not inhibitors of tubulin polymerization. Par- 
ticularly striking is the inactivity of the phenanthrene 23b 
(IC, > 40 pM) in comparison to the antitubulin activity 
of the stilbene 1 (IC, 2.5 pM). The data indicate that the 
active conformation of the stilbene 1 is not planar. In this 
context, it should be pointed out that the planar confor- 
mation of 1 is a high-energy species due to a nonbonded 
interaction between the protons of the two aromatic rings 
that are ortho to the bridge. Consequently, a totally planar 
conformation of 1 is not expected to exist to any appre- 
ciable extent. The X-ray structure of combretastatin A-1 
reveals that the normals to the least squares planes of the 
two phenyl rings are inclined 66' to each other.28 This 
likely represents a low energy conformation which may be 
involved in binding at the receptor site. Consistent with 
this hypothe& is the well-documented and recognized fact 
that the planes of the trimethoxybenzene ring and the 
other oxygen-substituted ring in podophylloto~in,3*~~ 
colchicine,*36 ~teganacin,8~~ and combretastatin A-429 exist 
in similar dihedral relationships, so that these natural 
products presumably resemble each other structurally to 
some extent when bound at the receptor site. 

The resulta also imply that in the active conformation 
of la the dihedral angle between the two bridge bonds 
c o n n d  to the aromatic rings approaches Oo, 80 that the 
conformation would resemble the structure of the cis al- 
kene l .  This might explain the inactivity of the indane 
derivative 26, since in this case the dihedral angle between 
the relevant bonds would be closer to 120O. The inactivity 

(29) Pettit, G. R.; Singh, S. B.; Niven, M. L.; Hamel, E.; Schmidt, 
J. M. Isolation, Structure, and Synthesis of Combretastatins 
A-1 and B-1, Potent New Inhibitors of Microtubule Assembly, 
Derived from Combretum caffrum. J.  Nat. Prod. 1987, 50, 
119-131. 

(30) Bates, R. B.; Wood, J. B., 111. The Crystal and Molecular 
Structure of 5'-Demethoxy-@-peltatin A Methyl Ether. J. Org. 
Chem. 1972,37,562-565. 

(31) Brewer, C. F.; Loike, J. D.; Horwitz, S. B.; Sternlicht, H.; 
Gensler, W. J. Conformational Analysis of Podophyllotoxin 
and Ite Congeners. Structure-Activity Relationship in Micro- 
tubule Assembly. J. Med. Chem. 1979,22, 215-221. 

(32) Rithner, C. D.; Bushweller, C. H.; Gensler, W. J.; Hoogasian, 
S. Dynamic Nuclear Magnetic h n a n c e  and Empirical Force 
Field Studies of Podophyllotoxin. J.  Org. Chem. 1983, 48, 
1491-1495. 

(33) Margulis, T. N. Structure of the Mitotic Spindle Inhibitor 
Colcemid. N-Desacetyl-N-methylcolchicine. J.  Am. Chem. 
SOC. 1974,96,89+902. 

(34) Margulis, T. N. X-ray Analysis of Microtubule Inhibitors. In 
Microtubules and Microtubule Inhibitors; Borgem, M., de 
Brabander, M., Eds.; North-Holland Publishing Co.: Am- 
sterdam, 1976; pp 67-78. 

(35) Margulis, T. N. Structure of the 180 Form of Colchicine. De- 
methylisothiocolchicine. Biochem. Biophys. Res. Commun. 

(36) McGown, A. T.; Fox, B. W. Structural and biochemical com- 
parison of the anti-mitotic agents colchicine, combretastatin 
A4 and amphethinile. Anti-Cancer Drug Des. 1989, 3, 
249-254. 

1977, 76, 1293-1299. 
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of the benzylisoquinolines in Scheme VI1 is more difficult 
to rationalize on conformational grounds because the 
benzyl group is more conformationally mobile. However, 
the tetrahydroprotoberberine system 39 is more confor- 
mationally restricted, with a dihedral angle between the 
relevant bonds labeled "a" and "b" in structure 39 of about 
165". 

The lack of activity of the compounds in Table VI as 
inhibitors of tubulin polymerization was reflected in their 
low cytotoxicities. None of these compounds had EDW 
values of less than 1 pM in any of the cell lines. 

In summary, only limited modifications can be made in 
the structures of combretastatin A-4 (2) and ita tetra- 
methoxy analogue (1) without substantially compromising 
cytotoxic and antitubulin activity. The cis-stilbene con- 
figuration confers optimal activity, and all bridge sub- 
stituents that have been tried to date reduce activity. The 
methoxy groups at positions 3,4, and 5 in the A-ring and 
at position 4 in the B-ring are all required, although a 
number of sterically small alternatives for the B-ring 
substituent yield compounds with good activity. In one 
case, with a methyl (compound 6d) instead of a methoxy 
(compound 1) substituent in the B-ring, a compound with 
enhanced antitubulin activity was obtained. It will be 
interesting to determine whether similar alterations in the 
A-ring substituents wil l  enhance activity of combretastatin 
A-4 analogues. 
Experimental Section 

Melting points were determined in capillary tubes on a Mel- 
Temp apparatus and are uncorrected. Spectra were obtained as 
follows: CI masa spectra on a Finnegan 4000 spectrometer; FAB 
mass spectra and EI mass spectra on a Kra- MS50 Spectrometer; 
lH NMR spectra on Chemagnetica A-200, Nicolet QE300, Varian 
vxR-5oos, or Gemini 200 spectrometers with TMS as the internal 
standard in CDC1,; 13C NMR on a Gemini 200 spectrometer; IR 
spectra on a Beckman IR-33 spectrometer or on a Perkin-Elmer 
1600 series FTIR. Microanalyses were performed at the Purdue 
Microanalysis Laboratory, and all values were within &0.4% of 
the calculated compositions. 4-tert-Butylbenzaldehyde (4g) was 
prepared from tert-butylbenzene as reported in the literat~re.~' 
4-( Benzylo~)-3P-dimethoxybenzaldehyde (4j). A mixture 

of syringaldehyde (3.64 g, 20 mmol), benzyl chloride (2.52 g, 20 
mmol), N d  (2 g), and potassium carbonate (2.76 g, 20 m o l )  in 
anhydrous acetone (60 mL) was refluxed for 5 h and cooled to 
room temperature. The solid materials were removed by filtration, 
the filtrate was concentrated, and the residue was purified by 
chromatography on silica gel (230-400 mesh, 50 g) using 5% 
M A C  in hexane as the eluent to obtain 4j (4.3 g, 79%): mp 62+33 
"C (lit.2o mp 63 "C). 
4 4  (tert -Butyldimethylsilyl)oxy]-3,S-dimethoxybenz- 

aldehyde (4k). To a well-stirred solution of syringaldehyde (3.64 
g, 20 mmol) and N,N-diisopropylethylamine (4.87 g, 30 mmol) 
in dry DMF (30 mL) at 0 OC, tert-butyldimethylsilyl chloride (3 
g, 20 mmol) was added, and stirring was continued for 2 h at 0 
OC and at room temperature for 10 h. The mixture was poured 
into icewater (500 mL), and the product was extracted with 
hexane (3 X 70 mL). The combined hexane extracts were washed 
with water (4 X 70 mL) and dried (Na2S04). Evaporation of 
solvents gave compound 4k as a white crystalline solid (5.17 g, 
87%). An analytical sample was prepared by recrystallization 
from anhydrous ethanol: mp 70-71 "C; 'H NMR (CDC13, 200 
MHz) 6 9.81 (8, 1 H), 7.09 (s,2 H), 3.85 (s,6 H), 0.99 (s,9 H), 0.14 
(e, 6 H). Anal. (C15Ha04Si) C, H. 

General Procedure for the Preparation of Stilbenes 6a-k. 
Sodium hydride (0.2 g) was added to a well-stirred suspension 
of the phosphonium bromide 5a,b (2 mmol) and the aldehyde 
4a-k (2 mmol) in THF (30 mL), and the mixture was stirred at 
room temperature for 24 h. The mixture was cooled to 0 OC, and 

(37) Smith, W. E. Formylation of Aromatic Compounds with Hex- 
amethylene Tetramine and Trifluoroacetic Acid. J. Org. 
Chem. 1972,37,3972-3973. 
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the excess sodium hydride was quenched by careful addition of 
methanol (5 mL). Solvents were removed at reduced pressure, 
and the residue was subjected to preparative thin-layer chro- 
matography on silica gel using 20% EtOAc in hexane as the eluent 
to yield the Z and E isomers in pure form. 
(Z)- 1- (4-Et hosyphenyl)-2-( 3,4,S-trimethoxyphenyl)et hene 

(sa): 313 mg, 44%, oil; 'H NMR (CDC13, 200 MHz) 6 7.23 (d, 
J=8.8Hz,2H),6.78(d,J=8.8Hz,2H),6.52(d,J=12.1Hz, 
1 H), 6.51 (8, 2 H), 6.41 (d, J = 12.1 Hz, 1 H), 4.01 (q, J = 7.0 
Hz, 2 H), 3.84 (8, 3 H), 3.69 (8,  6 H), 1.39 (t, J = 7.0 Hz, 3 H); 
CIMS (isobutane) m/e 315 (MH', 100). Anal. (Cl&I=O4) C, H. 
(2)- 1 -( 4-m -Propoxyphenyl)-2-(3,4,S-trimet hoxypheny1)- 

ethene (6b): 346 mg, 53%, oil; 'H NMR (CDC13, 200 MHz) 6 
7.23 (d, J = 8.8 Hz, 2 H), 6.78 (d, J = 8.8 Hz, 2 H), 6.52 (e, 2 H), 
6.52 (d, J = 12.2 Hz, 1 H), 6.41 (d, J = 12.2 Hz, 1 H), 3.88 (t, J 
= 6.6 Hz, 2 H), 3.84 (e, 3 H), 3.69 (8, 6 H), 1.79 (sextet, J = 6.6 
Hz, 2 H), 1.02 (t, J = 6.6 Hz, 3 H); CIMS (isobutane) m/e 329 

(Z )- 1-[ 4-( Methy1thio)phenyll-2-( 3,4,6-trimethoxy- 
pheny1)ethene (6c): 319 mg, 51%, oil; 'H NMR (CDC13, 200 
MHz) 6 7.23 (d, J = 8.4 Hz, 2 H), 7.13 (d, J = 8.4 Hz, 2 H), 6.50 
(bs, 2 H), 6.49 (s,2 H), 3.84 (8,  3 HI, 3.69 (s,6 H), 2.46 (8, 3 H); 
CIMS (isobutane) m/e 317 (MH', 100). Anal. (C18Hzo03S) C, 
H. 
(2)-1-(4-Methylphenyl)-2-(3,4~trimethoxyphenyl)ethene 

(6d): 294 mg, 50%, oil; 'H NMR (CDCl3,200 MHz) 6 7.20 (d, 
J = 8.0 Hz, 2 H), 7.07 (d, J = 8.0 Hz, 2 H), 6.56 (d, J = 12.2 Hz, 
1 H), 6.49 (s,2 H), 6.45 (d, J = 12.2 Hz, 1 HI, 3.83 (s,3 H), 3.67 

137.30,134.77,133.14,130.35,129.82,129.22,106.31,61.09,55.99, 
21.27; CIMS (isobutane) m/e 285 (MH', 100). Anal. (Cl&mO,) 
C, H. 
(2)- 1 -( 4-Et hylphenyl)-2- (3,4,S-t rimet hoxypheny1)et hene 

(6e): 321 mg, 54%, oil; 'H NMR (CDC13, 200 MHz) 6 7.21 (d, 
J=8 .1Hz ,2H) ,7 .00 (d ,J=8 .1Hz ,2H) ,6 .57 (d ,J=  12.1Hz, 
1 H), 6.48 (s,2 H), 6.46 (d, J = 12.1 Hz, 1 HI, 3.84 (s,3 H), 3.66 
(s,6 H), 2.61 (9, J = 7.4 Hz, 2 H), 1.20 (t, J = 7.4 Hz, 3 H); CIMS 
(isobutane) m/e 299 (MH', 100). Anal. (C19H2203) C, H. 
(Z)-1-[ 4-(2-Propyl)phenyl]-2-(3,4,S-trimethoxyphenyl)- 

ethene (6f): 340 mg, 55%, oil; 'H NMR (CDC13, 200 MHz)  6 7.23 
(d, J = 8.2 Hz, 2 H), 7.13 (d, J = 8.2 Hz, 2 H), 6.60 (d, J = 12.2 
Hz, 1 H), 6.46 (8,  2 H), 6.46 (d, J = 12.2 Hz, 1 H), 3.83 (e, 3 H), 
3.65 (s,6 H), 2.88 (septet, J = 7.0 Hz, 1 H), 1.27 (d, J = 7.0 Hz, 
6 H); CIMS (isobutane) m/e 313 (MH', 100). Anal. (C&Iu03) 
C, H. 
(2)-1-(4-tert -Butylphenyl)-2-(3,4,5-trimethoxyphenyl)- 

ethene (6g): 192 mg, 31%, oil; 'H NMR (CDC13,200 MHz) 6 
7.29 (d, J = 8.4 Hz, 2 H), 7.23 (d, J = 8.4 Hz, 2 H), 6.60 (d, J = 
12.2 Hz, 1 H), 6.46 (d, J = 12.2 Hz, 1 H), 6.45 (e, 2 H), 3.83 (s, 
3 H), 3.64 (s,6 H), 1.29 (s,9 H); CIMS (ibutane) m/e 327 (MH', 
100%). Anal. (C21HBO3) C, H. 
(Z )- 1- (4-Methoxyphenyl)-2- (3,4-dimet hoxypheny1)ethene 

(6h): 280 mg, 46%, oil; 'H NMR (CDC13, 200 MHz) 6 7.23 (d, 
J = 8.8 Hz, 2 H), 6.83-6.75 (m, 5 H), 6.46 (a, 2 H), 3.87 (8, 3 H), 
3.79 (e, 3 H), 3.65 (s,3 H); CIMS (isobutane) m/e 271 (MH', 100). 
Anal. (Ci7Hi803) C, H. 
(2)- 1- (3,S-Dimet hoxypheny1)d- (4-methoxypheny1)et hene 

(69: 241 mg, 45%, oil; 'H NMR (CDC13,200 MHz) 6 7.22 (d, J 
= 8.8 Hz, 2 H), 6.77 (d, J = 8.8 Hz, 2 H), 6.54 (d, J = 12.2 Hz, 
1 H), 6.46 (d, J = 2.3 Hz, 2 H), 6.44 (d, J = 12.2 Hz, 1 H), 6.32 
(t, J = 2.3 Hz, 1 H), 3.79 (s,3 H), 3.67 (s,6 H); CIMS (isobutane) 
m/e 271 (MH', 100). Anal. (C17HleO3) C, H. 
(2)-1-[4-(Benzyloxy)-3,S-dimethoxyphenyl]-2-(4-meth- 

oxypheny1)ethene (6j): 249 mg, 33%, oil; 'H NMR (CDC13, 200 
MHz) 6 7.52-7.45 (m, 2 H), 7.41-7.26 (m, 3 H), 7.21 (d, J = 8.7 
Hz, 2 H), 6.78 (d, J = 8.75 Hz, 2 H), 6.52 (d, J = 12.1 Hz, 1 H), 
6.49 (8, 2 H), 6.42 (d, J = 12.1 Hz, 1 H), 5.01 (8, 2 H), 3.79 (8,  3 
H), 3.66 (e, 6 H); CIMS (isobutane) m/e 377 (MH', 100). Anal. 
(CuHuO4) C, H. 
(2)-1-[4-[ (tert -Butyldimethylsilyl)oxy]-3,S-dimethoxy- 

phenyl]-2-(4-methoxyphenyl)ethene (6k): 277 mg, 35%, oil; 
'H NMR (CDC13, 200 MHz) 6 7.23 (d, J = 8.8 Hz, 2 H), 6.76 (d, 
J = 8.8 Hz, 2 H), 6.49 (8, 2 H), 6.45 (8,  2 H), 3.78 (8, 3 H), 3.63 

6 159.21,151.90,134.04,129.63,129.21,113.95,106.47,55.86,55.51, 
26.06, 18.96, -4.49. Anal. (C23H3201Si) C, H. 

(MH', 100). Anal. (CmHNOd) C, H. 

(8,6 H), 2.31 ( ~ , 3  H); '3C NMR (CDC13,50 MHz) 6 153.28,137.56, 

(8, 6 H), 1.02 (8, 9 H), 0.14 (8,  6 H); "C NMR (CDC13, 50 MHz) 
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(E)-l-(4-Ethoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene 
(la): 127 mg, 20%; mp 87-88 "C; 'H NMR (CDC13, 200 MHz) 
6 7.44 (d, J = 8.7 Hz, 2 H), 6.97 (d, J = 16.2 Hz, 1 H), 6.90-6.80 
(m, 3 H), 6.72 (8,  2 H), 4.34 (9, J = 7.2 Hz, 2 H), 3.91 (e, 6 H), 
3.88 (8 ,  3 H), 1.38 (t, J = 7.2 Hz, 3 H); CIMS (isobutane) m/e 

(E)-1-(4-n -Propoxyphenyl)-2-(3,4,S-trimethoxyphenyl)- 
ethene (7b): 187 mg, 28%; mp 82-83 "C; 'H NMR (CDC13,200 
MHz) 6 7.44 (d, J = 8.8 Hz, 2 H), 6.95-6.87 (m, 4 H), 6.72 (8, 2 
H), 3.93 (t, J = 6.6 Hz, 2 H), 3.91 (s,6 H), 3.89 (s,3 H), 1.82 (sextet, 
J = 6.6 Hz, 2 H), 1.04 (t, J = 6.6 Hz, 3 H); CIMS (isobutane) m/e 

(E)-1-[4-(Methylthio)phenyl]-2-(3,4,5-trimethoxy- 
pheny1)ethene (7c): 178 mg, 28%; mp 109-111 "C; 'H NMR 

Hz, 2 H), 6.99 (8, 2 H), 6.73 (8,  2 H), 3.92 (s,6 H), 3.87 (8,  3 H), 
2.51 (8,  3 H); CIMS (isobutane) m/e 317 (MH', 100). Anal. 

315 (MH+, 100). Anal. (ClgHzzO4) C, H. 

329 (MH+, 100). Anal. (C&IuO,) C, H. 

(CDClS, 200 MHz) 6 7.44 (d, J = 8.5 Hz, 2 H), 7.24 (d, J = 8.5 

Cushmun et al. 

X 25 mL), and the ether solution was washed with water (2 X 100 
mL). Evaporation of the solvents and purification of the crude 
product by preparative TLC using 40% EtOAc in hexane as the 
eluent afforded the desired products. 
(Z)-1-(4-Acetoxy-3,~-dimethoxyphenyl)-2-(4-methos~ 

pheny1)ethene (61): 111 mg, 33%, oil; 'H NMR (CDC13, 200 
MHz) 6 7.24 (d, J = 8.6 Hz, 2 H), 6.78 (d, J = 8.6 Hz, 2 H), 6.56 
(d, J = 12.1 Hz, 1 H), 6.53 (8,  2 H), 6.43 (d, J = 12.1 Hz, 1 H), 
3.77 (s,3 H), 3.64 (s,6 H), 2.32 (s,3 H); '% NMR (CDCl,, 50 MHz) 
6 169.27, 159.27, 152.24, 136.00, 130.66, 130.53, 129.79, 128.84, 
127.93,113.91,105.85,56.11,55.37,20.51; CIMS (ieobutane) m/e 

(E)- 1-( 4-Acetoxy-3,S-dimet hoxypheny1)-2- (4-met hoxy- 
pheny1)ethene (71): 137 mg, 41%; mp 129-131 "C; 'H NMR 
(CDCh, 200 MHz)  6 7.45 (d, J = 8.8 Hz, 2 H), 6.976.88 (m, 4 H), 
6.73 (a, 2 H), 3.87 (8, 6 H), 3.83 (s,3 H), 2.35 (8, 3 H); 13C NMR 

128.13,126.73,114.48,103.16,56.28,55.48,20.55; CIMS (ieobutane) 
m/e 329 (MH+, 100). Anal. (ClgHm05) C, H. 

General Procedure for the Preparation of Dihydro- 
stilbenes 8a-e. A mixture of E-stilbenes (7) and the corre- 
sponding 2-stilbenes (6) (1 mmol) in EtOAc was hydrogenated 
at  40 psi in the presence of 10% palladium on charcoal (50 mg) 
for 4 h. The catalyst was removed by filtration, and the filtrate 
was concentrated, yielding the dihydrostilbene derivatives &-e. 
Analytical samples were prepared by preparative thin-layer 
chromatography on silica gel using 20% EtOAc in hexane as the 
eluent. 

1-( kEthoxyphenyl)-2-( 3,4,5-trimet hoxypheny1)ethane (Sa): 

Hz, 2 H), 6.80 (d, J = 8.5 Hz, 2 H), 6.34 (s,2 H), 4.32 (9, J = 7.3 
Hz, 2 H), 3.81 (e, 3 H), 3.80 (8, 6 H), 2.82 (8,  4 H), 1.40 (t, J = 
7.3 Hz, 3 H); CIMS (isobutane) m/e 317 (MH+, 100). Anal. 
(ci&uo4) C, Ha 

1-( kn -Propoxyphenyl)d- (3,4,5trimethoxyphenyl)ethane 
(8b): 284 mg, 86%, oil; 'H NMR (CDC13, 200 MHz) 6 7.09 (d, 
J = 8.6 Hz, 2 H), 6.83 (d, J = 8.6 Hz, 2 H), 6.37 (8,  2 H), 3.90 (t, 
J = 6.6 Hz, 2 H), 3.82 (8,  9 H), 2.84 (8, 4 H), 1.80 (m, 2 H), 1.03 
(t, J = 7.4 Hz, 3 H); CIMS (ieobutane) m/e 331 (MH+, 100). Anal. 

329 (MH', 100). Anal. (CigHmOa) C, H. 

(CDCl3, 50 MHZ) 6 169.35,159.87, 152.70,136.55, 130.18,128.95, 

250 mg, 80%, oil; 'H NMR (CDC13,200 MHz) 6 7.06 (d, J 8.5 

(CieHm03S) C, H. 
(E)-1-(4-Methylpheny1)-2-(3,4,5-trimethoxyphenyl)ethene 

(7d): 121 mg, 21%; mp 125-127 "C; 'H NMR (CDC13, 200 MHz) 
6 7.40 (d, J = 8.1 Hz, 2 H), 7.16 (d, J = 8.1 Hz, 2 H), 6.98 (8,  2 
H), 6.73 (s,2 H), 3.91 (s,6 H), 3.87 (s,3 H), 2.35 (s,3 H); '% NMR 
ICDCl.. 200 MHz)  6 153.84.138.19.137.90.134.81.133.68.129.80, 
i28.5oFi~.oo, i26.7i,io3.74,6i.i2,'~.25,ii.30; chu (&butane) 
m/e 285 (MH+, 100). Anal. (ClBHmO3) C, H. 
(E)-1-(4-Ethylphenyl)-2-(3,4,5-trimethoxyphenyl)ethene 

(7e): 182 mg, 30%; mp 98-100 "C; 'H NMR (CDC13, 200 MHz) 
6 7.44 (d, J = 8.1 Hz, 2 H), 7.20 (d, J = 8.1 Hz, 2 H), 7.00 (8, 2 
H), 6.74 (8,  2 H), 3.92 (s,6 H), 3.87 (8,  3 H), 2.66 (9, J = 7.4 Hz, 
2 H), 1.26 (t, J = 7.4 Hz, 3 H); CIMS (isobutane) m/e 299 (MI-€+, 

(E)-l-[4-(2-Propyl)phenyl]-2-(3,4,5-trimethoxyphenyl)- 
ethene (7f): 151 mg, 24%; mp 74-75 "C; 'H NMR (CDCl3,200 
MHz) 6 7.45 (d, J = 8.2 Hz, 2 H), 7.23 (d, J = 8.2 Hz, 2 H), 7.00 
(8,  2 H), 6.74 (8,  2 H), 3.93 (8,  6 H), 3.87 (8, 3 H), 2.92 (septet, J 
= 7.0 Hz, 1 H), 1.27 (d, J = 7.0 Hz, 6 H); CIMS (isobutane) m/e 
313 (MH+, 100). Anal. (C&IZrO3) C, H. 
(E)-l-(4-tert-Butylphenyl)-2-(3,4,5-trimethoxyphenyl)- 

ethene (le): 143 mg, 23%; mp 127-128 "C; 'H NMR (CDC13, 
200 MHz) 6 7.46 (d, J = 8.7 Hz, 2 H), 7.38 (d, J = 8.7 Hz, 2 H), 
7.0 (8, 2 H), 6.74 (8,  2 H), 3.92 (8,  6 H), 3.87 (8, 3 H), 1.34 (8, 9 
H); CIMS (isobutane) m/e 327 (MH+, 100%). Anal. (CzlHB03) 
C, H. 

(E)-  1 - (4-Met hoxyphenyl)-2- (3,kdimet hoxypheny1)et hene 
(7h): 110 mg, 20%; mp 135-137 "C (lit.% 133-135 "C). 

(E)-  1-( 3,5-Dimet hoxyphenyl)-2-( 4-met hoxypheny1)et hene 
(7i): 123 mg, 23%; mp 55-56 "C (lit.39 55-56 "C). 

(E)-1-[ 4-(Benzyloxy)-3,S-dimethoxyphenyl]-2-(4-meth- 
oxypheny1)ethene (7j): 207 mg, 28%; mp 104-105 "C; 'H NMR 
(CDC13, 200 MHz) 6 7.55-7.48 (m, 2 H), 7.45 (d, J = 8.8 Hz, 2 H), 
7.40-7.25 (m, 3 H), 6.98 (d, J = 16.1 Hz, 1 H), 6.90 (d, J = 8.8 
Hz, 2 H), 6.89 (d, J = 16.1 Hz, 1 H), 6.71 (8,  2 H), 5.03 (8,  2 H), 
3.87 (s,6 H), 3.83 (s,3 H); CIMS (isobutane) m/e 377 (MH', 100). 

100). Anal. (ClgHn03) C, H. 

Anal. (CzrHuO4) C, H. 
(E)- 1-[ 4-[ ( tert -Butyldimethylsilyl)oxy]-3,5-dimet hoxy- 

phenyl]-2-(4-methoxyphenyl)ethene (7k): 224 mg, 28%; mp 

2 H), 6.91 (8,  2 H), 6.88 (d, J = 8.8 Hz, 2 H), 6.69 (8, 2 H), 3.84 
(s,6 H), 3.82 (s,3 H), 1.01 (s,9 H), 0.14 (s,6 H); 'W NMR (CDC13, 
50 MHz) 6 159.67, 152.33,130.97, 130.87, 127.98, 127.49,127.04, 
114.59, 103.93,56.08,55.61, 26.03, 18.54,-4.42. Anal. (C,H,,O,Si) 
C, H. 

Preparation of Acetates 61 and 71. A solution of n-Bu,NF 
in THF (1 M, 2 mL, 2 mmol) was added to a solution of stilbenes 
6k and 7k (400 mg, 1 mmol) in THF' (5 mL) and the mixture was 
stirred at 0 OC. After 30 min, acetic anhydride (0.5 mL) was added, 
and stirring was continued at room temperature for 24 h Solvents 
were evaporated at  reduced pressure, and the residue was mixed 
with water (50 mL). The product was extracted with ether (2 

(38) Novelli, A.; Bonafede, J. D.; de Barrio, M. C. G. A New Syn- 
thesis of trans-Stilbenes. Tetrahedron Lett. 1968, 613-616. 

(39) Nonomura, S.; Kanagawa, H.; Makiioto, A. Chemical Con- 
stituents of Polygonaceous Plants. I. Studies on the Compo- 
nents of Ko-g6-kon. (Polygonum cuspidatum. Sieb et Zucc.) 
Yakugaka Zasshi 1963,83, 988-990. 

118-120 "C; 'H NMR (CDCl3,200 MHz) 6 7.42 (d, J = 8.8 Hz, 

(c&zs04) C, H. 
1-[4-(Methylthio)pheny1]-2-(3,4,5-trimethoxy heny1)- 

ethane (8c): 276 mg, 86%; mp 52-54 "C; 'H NMR (&El3, 200 
MHz)67.21(d,J=8.1Hz,2H),7.11(d,J=8.1Hz,2H),6.36 
(8, 2 H), 3.82 (bs, 9 H), 2.86 (be, 4 H), 2.47 (8,  3 H); CIMS (bo- 
butane] m/e 319 (MH+. 100). Anal. (C,.HmOQS) C. H. . -1 -.I .I . 

1-(4~thylphenyl)-2-(3&-trimethoxyphenyl)et~e (Sa): 
247 mg, 86%; mp 51-52 OC; 'H NMR (CDCl3,200 MHz) 6 7.09 
(s,4 H), 6.38 (a, 2 H), 3.83 (a, 3 H), 3.82 (s,6 H), 2.85 (bs, 4 H), 
2.32 (e, 3 H); CIMS (isobutane) m/e 287 (MH+, 100). Anal. 
(ci8Hnod C, H. 
1-(4-Ethylphenyl)-2-(3,4,6-trimethoxyphenyl)ethane (88): 

(e, 2 H), 3.83 (e, 3 H), 3.82 (8, 6 H), 2.86 (bs, 4 H), 2.63 (9, J = 
7.6 Hz, 2 H), 1.23 (t, J = 7.6 Hz, 3 H); CIMS (isobutane) m/e 
301 (MH', 100). Anal. (CJIuO3) C, H. 

General Procedure for t he  Preparation of Compounds 
8fa.  A mixture of 1-(4-hydroxypheny1)-2-(3,4,5-trimethoxy- 
pheny1)ethane (9)lg (288 mg, 1 mmol), aminoalkyl chloride hy- 
drochloride lOa,b (1.1 mmol), and potassium carbonate (276 mg, 
2 "01) in acetone (15 mL) was heated at  reflux for 12 h, and 
the solids were removed by filtration. The filtrate was concen- 
trated, and the residue was purified by column chromatography 
on silica gel using 5% methanol in CHC13 as the eluent. Both 
of these compounds were obtained as viscous oils. 

1 -[ 4 4  2- (N,N-Dimethy1amino)et hoxy lphenyll-2- (3,4,6- 
trimethoxypheny1)ethane (8f):  243 mg, 68%, oil; 'H NMR 

Hz, 2 H), 6.36 (8,  2 H), 4.09 (t, J = 5.5 Hz, 2 H), 3.82 (8, 3 H), 
3.81 (s,6 H), 2.85-2.80 (m, 6 H), 2.41 (s,6 H); CIMS (isobutane) 
m/e 360 (MH+, 100). Anal. (CzlH&J04) C, H. 
1-[4-[2-(N~-Diethylamino)ethoxy]phenyl]-2-(3,4,S-tri- 

methoxypheny1)ethane (8g): 296 mg, 76%, oil; 'H NMR 

Hz, 2 H), 6.38 (a, 2 H), 4.08 (t, J = 6.2 Hz, 2 H), 3.85 (8,  3 H), 
3.84 (8, 6 H), 2.94 (t, J = 6.2 Hz, 2 HI, 2.86-2.82 (m, 4 H), 2.71 
(q,J=7.1Hz,4H),l.ll(t,J=7.1Hz,6H);CIMS(isobutane) 

261 mg, 87%, oil; 'H NMR (CDC13,200 MHz)  6 7.12 ( ~ , 4  H), 6.37 

(CDCla, 600 MHz) 6 7.08 (d, J = 8.5 Hz, 2 H), 6.86 (d, J = 8.5 

(CDCls, 600 MHz) 6 7.10 (d, J = 8.5 Hz, 2 H), 6.84 (d, J 8.5 



Potential Cytotoxic and Antimitotic Stilbenes 

m / e  388 (MH', 100). Anal. (CZ3HsNO4) C, H. 
Typical Procedure for Preparation of Compounds 8h-j. 

A solution of compound 1 la (2 m o l )  in THF (20 mL) was added 
to a well-stirred solution of LDA (2 -01) in THF (22 mL) at 
-78 "C and stirring continued for 30 min. To this Cmethoxybenzyl 
bromide (12a) (2 "01) was added and stirring continued at  -78 
"C for 1 hand at mom temperature for 6 h. The reaction mixture 
was quenched by the addition of glacial acetic acid (2 mL), and 
the solventa were distilled off at reduced pressure. The residue 
was treated with water (20 mL), and the product was extracted 
with ether (2 X 70 mL). The combined ether extracta were washed 
with water and dried (NazS04). Evaporation of the ether and 
recrystallization of the residue from CHzClz-hexane gave com- 
pound 8h. Compounds 8i and 8j were prepared by using the same 
method. 
3-( 4-Methoxyphenyl)-2-(3,4,S-trimethoxyphenyl)- 

propanenitrile (8h): 320 mg, 49%; mp 82-83 "C; 'H NMR 

Hz, 2 H), 6.41 (8, 2 H), 3.89 (t, J = 7.2 Hz, 1 H), 3.84 (8,  3 H), 
3.81 (a, 6 H), 3.78 (s,3 H), 3.12-3.07 (m, 2 H); CIMS (isobutane) 
m / e  328 (MH', 100). Anal. (Cla21NO& C, H. 
2-(4-Methoxyphenyl)-3-(3,4,S-trimethoxyphenyl)- 

propanenitrile (8i): 450 mg, 69%; mp 102-103 "C (litn mp 
96.5-97.5 "C); 'H NMR (CDC13, 200 MHz) 6 7.13 (d, J = 8.5 Hz, 
2 H), 6.85 (d, J = 8.5 Hz, 2 H), 6.28 (8, 2 H), 3.92 (t, J = 6.7 Hz, 
1 H), 3.80 (s,3 H), 3.76 ( s ,3  H), 3.75 (s,6 H), 3.06-3.00 (m, 2 H); 
CIMS (isobutane) m / e  328 (MH', 100). h a l .  (C19Hz1N04) C, 
H. 
Methyl 2-(4-methoxyphenyl)-3-(3,4,S-trimethoxyphenyl)- 

propanoate (8j): 533 mg, 74%; mp 84-85 OC; 'H NMR (CDC13, 
200 MHz) 6 7.22 (d, J = 8.5 Hz, 2 H), 6.85 (d, J = 8.5 Hz, 2 H), 
6.29 (8, 2 H), 3.80 (8,  3 H), 3.78 (8, 6 H), 3.77 (a, 3 H), 3.62 (8, 3 
H), 3.42-3.24 (m, 2 H), 3.00 (m, 1 H); CIMS (isobutane) m / e  361 

General Procedure for the Preparation of Compounds 
14a-c. A mixture of phenylacetic acid 13a,b (2 mmol), benz- 
aldehyde 41,m (2 mmol), and triethylamine (0.5 mL) in acetic 
anhydride (5 mL) was heated at reflux for 12 h, poured into hot 
saturated sodium carbonate solution (50 mL), and left overnight. 
The mixture was extracted with ether (2 X 50 mL), and the ether 
extracts were discarded. The aqueous solution was acidified with 
dilute HCl, and the precipitated product was fitered and dried. 
Recrystallization from EtOAehexane gave pure product. 
(E)-3-( 4-Methoxyphenyl)-2-(3,4,S-trimethoxyphenyl)- 

prop2+noic acid (14a): 523 mg, 76%; mp 187-189 "C; 'H NMR 

Hz, 2 H), 6.73 (d, J = 8.9 Hz, 2 H), 6.47 (8, 2 H), 3.91 (8, 3 H), 

161.31,154.15,14279,138.04,133.26,131.51,129.09,127.07,114.19, 
106.87,61.14,56.25,55.43; CIMS (ieobutane) m/e  345 (MH', 100). 
Anal. (Cl9HaOp) C, H. 
(E)-3- (3-Met hoxypheny1)-2- (3,4,5-trimethoxyp heny1)- 

prop2+noic acid (14b): 483 mg, 70%; mp 178-180 "C; 'H NMR 

Hz, 1 H), 6.85-6.76 (m, 2 H), 6.62 (bs, 1 HI, 6.49 (8, 2 HI, 3.88 
(8, 3 H), 3.78 (a, 6 H), 3.55 (8, 3 H); CIMS (isobutane) m / e  345 

(E)-2-(4-Methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)- 
prop-2-enoic acid (14c): 468 mg, 68%; mp 206-207 "C (lit?' 
mp 207-208 "(2). 
Preparation of Compounds 1kb. Concentzated H#04 (0.5 

mL) was added to a stirred solution of carboxylic acid l4a,b (172 
mg, 0.5 mmol) in absolute methanol (20 mL), and the mixture 
was heated under reflux for 6 h. About 90% of the excess 
methanol was removed by evaporation, and the residue was poured 
into i c m a t e r  (300 mL). The product was extracted with ether 
(2 x 40 mL), and the combined extracts were washed with 2% 
aqueous NaOH solution (2 X 50 mL) followed by water (200 mL). 
Evaporation of ether from the dried (Na#04) solution gave the 
desired products. 
(E)-Methyl 3-(4-methoxyphenyl)-2-(3,4,S-trimethoxy- 

phenyl)prop-tsnoate (1Sa): 316 mg, 88%; mp 74-75 "C; 'H 

H), 6.72 (d, J = 9.0 Hz, 2 H), 6.44 (e, 2 H), 3.91 (e, 3 H), 3.81 (e, 
3 H), 3.78 (s,6 H), 3.77 (s,3 H); CIMS (ieobutane) m / e  359 (MH', 
100). Anal. (c&2206) C, H. 

(CDCl3, 200 MHz) 6 7.05 (d, J = 8.5 Hz, 2 H), 6.83 (d, J = 8.5 

~ 

(MH', 100%). Anal. ( C a u O d  C, H. 

(CDC13,200 MHz) 6 9.8 (be, 1 H), 7.89 (8,  1 H), 7.07 (d, J = 8.9 

3.79 (s, 6 H), 3.78 (8,3 H); I3C NMR (CDC13,50 MHz) 6 173.90, 

(CDCl3, 200 MHz) 6 8.70 (bs, 1 H), 7.90 (8, 1 H), 7.15 (t, J = 8.1 

(MH', 100). Anal. (C&&6) C, H. 

NMR (CDClS, 200 MHz) 6 7.77 (8, 1 H), 7.03 (d, J = 9.0 Hz, 2 
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(E)-Met hyl 34 3-met hoxyphenyl)-2- (3,4,S-trimet hoxy- 
phenyl)prop2-enoate (1Sb): 308 mg, 86%; mp 87-88 OC; 'H 

6.82-6.70 (m, 2 H), 6.59 (be, 1 H), 6.46 (s,2 H), 3.88 (e, 3 H), 3.83 
(8, 3 H), 3.77 (s,6 H), 3.64 (8, 3 H); CIMS (isobutane) m / e  359 

(E)-N-Methyl-3-( 4-methoxyphenyl)-2-(3,4,S-trimethoxy- 
phenyl)prop2-enamide (16~). A mixture of carboxylic acid 14a 
(172 mg, 0.5 "01) and thionyl chloride (1 mL) in benzene (10 
mL) was reflured for 6 h. The exma thionyl chloride and b e m e  
were removed at reduced pressure, and the residue was kept under 
vacuum for 30 min. It  was subsequently mixed with aqueous 
methylamine solution (40%,5 mL) and kept at room temperature 
for 2 h. The precipitated product was filtered, washed sequentially 
with 2% NaOH solution and water, and dried. An analytical 
sample was prepared by recrystallization from EtOAchexane: 
156 mg, 87%; mp 172-174 OC; 'H NMR (CDCl3,200 MHz)  6 7.79 
(8, 1 H), 6.99 (d, J = 8.8 Hz, 2 H), 6.71 (d, J = 8.8 Hz, 2 H), 6.46 
(e, 2 H), 5.10 (bq, 1 H), 3.94 (E, 3 H), 3.81 (s ,6  H), 3.76 (e, 3 H), 
2.87 (d, J = 4.8 Hz, 3 H); CIMS (ieobutane) m/e  358 (MH', 100). 

Preparation of Compounds 1Sd-f. A solution of ethylamine 
(0.5 mL) or the appropriate amino alcohol (0.5 mmol) in THF 
(5 mL) was added to a solution of the acid chlorides (prepared 
from l4a,b in O.6-mmol scale, as described above) in THF (10 
mL). The mixture was stirred for 3 h. Solventa were removed 
at reduced pressure, and the residue was poured onto ice (200 
g). The product was extracted with ether (2 X 20 mL), washed 
with water, and dried (N@04). Evaporation of ether gave crude 
producta. Product 1Sd was purified by recrystallization from 
MAC-hexane, and the liquid products 1Se and 15f were purified 
by column chromatography on silica gel using ether as the eluent. 
(E)-N-Ethyl-3-( 4-met hoxyphenyl)-2- (3,4,S-trimet hoxy- 

pheny1)propt-enamide (1Sd): 149 mg, 80%; mp 152-154 "C; 

2 H), 6.70 (d, J = 8.4 Hz, 2 H), 6.46 (e, 2 H), 5.58 (bt, 1 H), 3.95 
(e, 3 H), 3.80 (a, 6 H), 3.76 (s,3 H), 3.36 (9, J = 7.1 Hz, 2 H), 1.11 
(t, J = 7.1 Hz, 3 H); CIMS (isobutane) m/e  372 (MH', 100). AnaL 
(CziH2sNOs) C, H- 
(E)-2-(N,N-Diethylamino)ethyl 3-(4-methoxyphenyl)- 

2-(3,4gtrimethoxyphl)pro~-2+n~~ (1Se): 192 mg, 87%, 
oil; 'H NMR (CDC13, 200 MHz) 6 7.77 (8,  1 H), 7.06 (d, J = 8.8 
Hz, 2 H), 6.72 (d, J = 8.8 Hz, 2 HI, 6.44 (s,2 HI, 4.28 (t, J = 6.1 
Hz, 2 H), 3.90 (8, 3 H), 3.78 (s ,6  H), 3.77 (a, 3 H), 2.77 (t, J = 
6.1 Hz, 2 H), 2.55 (9, J = 7.2 Hz, 4 H), 1.01 (t, J = 7.2 Hz, 6 H); 

132.88,132.16,130.19,127.42,114.10,106.89,63.94,61.14,56.25, 
55.41,50.98,47.89,12.04, CIMS (isobutane) m / e  444 (MH', 100). 

(E)-2-(N,N-Diethylamino)ethyl 3-(3-methoxyphenyl)- 
2-(3,4~trimethoxyphenyl)prop2-enoate (160: 201 mg, 91%, 

Hz, 1 H), 6.80-6.74 (m, 2 H), 6.61-6.59 (m, 1 H), 6.46 (8, 2 H), 
4.30 (t, J = 6.1 Hz, 2 H), 3.87 (s,3 H), 3.78 (s,6 H), 3.54 (s ,3  H), 
2.77 (t, J = 6.1 Hz, 2 H), 2.56 (9, J = 7.1 Hz, 4 H), 1.05 (t, J = 
7.1 Hz, 6 H); CIMS (isobutane) m / e  444 (MH', 100). Anal. 
(C~SH~NOB) C, H. 
3,4,4',6-Tetramethoxybenzophenone (18). Anhydrous AlC13 

(260 mg, 2 mmol) was added to a well-stirred solution of 3,4,5- 
trimethoxybenzoyl chloride (16) (461 mg, 2 mmol) and anisole 
(216 mg, 2 "01) at 0 OC in CHzClz (25 mL). The mixture was 
stirred while allowing it to warm to room temperature. After 6 
h, the resultant dark reaction mixture was poured into ice-cold 
5% HCl (20 mL), and the CHzClz layer was separated. The 
aqueous layer was extractad with an additional 30 mL of CH2C12, 
and the combined CHzClz solutions were washed with saturated 
sodium bicarbonate solution. Evaporation of solventa from the 
dried CHzCla extract and purification of the residue by chro- 
matography on a column of silica gel, using 5% EtOAc in hexane 
as eluent, gave product 18 (487 mg, 80%): mp 72-73 OC; 'H NMR 

(d, J = 8.7 Hz, 2 H), 3.94 (s,3 H), 3.90 (s,3 H), 3.88 (s,6 H); C M  
(isobutane) m / e  303 (MH', 100). Anal. (CI7Hl6O5) C, H. 
(4-Methoxyphenyl)(3,4~trimethoxyphenyl)me~thanol(U). 

Sodium borohydride (76 mg, 2 "01) was added in small portions 
to a well-stirred solution of 3,4,4',5-tetramethoxybenzophenone 

NMR (CDCls, 200 MHz) 6 7.79 ( s , l  H), 7.13 (t, J 8.1 Hz, 1 H), 

(MH', 100). Anal. (Ca2208) C, H. 

Anal. (C&IUNO,J C, H. 

'H NMR (CDC13, 200 MHz) 6 7.77 (8, 1 H), 6.99 (d, J 8.4 Hz, 

'9c NMR (CDC13, M) MHz) 6 168.49,160.90,154.06,140.53,137.88, 

And. (CwHaNOe) C, H. 

oil; 'H NMR (CDCl3, 200 MHz) 6 7.78 (8, 1 H), 7.13 (d, J = 7.9 

(CDCl,, 200 MHz) 6 7.83 (d, J 8.7 Hz, 2 H), 7.03 (8, 2 H), 6.98 
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(18) (302 mg, 1 mmol) in ethanol (15 mL) at 0 OC over 15 min, 
and the resultant mixture was stirred for 3 h at room temperature. 
The reaction was quenched by careful addition of glacial acetic 
acid (1 mL), and the solvents were removed at reduced pressure. 
The residue was poured into water, and the product was extracted 
with ether (2 X 50 mL). The combined ether extracts were washed 
with saturated NaHC03 solution, followed by water, and dried 
(NazS04). Evaporation of solvents and crystallization of the 
residue from EtOAehexane gave product 19 as a white crystalline 
solid (287 mg, 94%): mp 104-105 O C ;  'H NMR (CDC13, 200 MHz) 
6 7.29 (d, J = 8.7 Hz, 2 H), 6.88 (d, J = 8.7 Hz, 2 H), 6.60 (8,  2 
H), 5.73 (d, J = 3.2 Hz, 1 H), 3.82 (8, 9 H), 3.80 (8, 3 H), 2.32 (d, 
J = 3.2 Hz, 1 H); CIMS (ieobutane) m/e  305 (MH', 100). Anal. 

(4-Methoxyphenyl)(3,4,5-trimethoryphenyl)methane (20). 
A solution of 19 (304 mg, 1 "01) in EtOAc (20 mL) was hy- 
drogenated at  60 psi in the presence of 10% Pd-C (60 mg) for 
12 h. The solution was fiitered, and solvents were evaporated. 
The crude product was purified by crystallization from EtOAc 
and hexane (183 mg, 60%): mp 66-67 OC; 'H NMR (CDCl,, 200 
MHz) 6 7.12 (d, J = 8.5 Hz, 2 H), 6.85 (d, J =  8.5 Hz, 2 H), 6.39 
(8,  2 H), 3.87 (8, 2 H), 3.82 (8, 3 H), 3.81 (8,  6 H), 3.79 (a, 3 H); 
CIMS (isobutane) m / e  289 (MH', 100). Anal. (Cl7H%O1) C, H. 
2,3,4,5-Tetramethoxyphenanthrene (238) and 2,3,4,7- 

Tetramethoxyphenanthe (234. A mixture of 218 and 2% 
(1.1 g, 3.6 mmol) was dkolved in cyclohexane (500 mL) containing 
iodine (60 mg) and acetophenone (0.22 mL). The solution was 
irradiated with a 450-W medium pressure mercury UV lamp for 
6 h with stirring and cooling. TLC showed that the starting 
material had disappeared. The solvent was evaporated and the 
residue subjected to flash chromatography (etherhexane, 3070 
by volume, silica gel 230-400 mesh) to give 238 (460 mg, 42%) 
and 23c (560 mg, 52%). 238: pale yellow oil; IR (neat) 836 (2 
H adjacent), 760 cm-' (3 H adjacent); 'H NMR (CDClS, 500 MHz)  
S 7.30-7.50 (m, 3 H), 7.00-7.10 (m, 3 H), 4.00 (8, br, 9 H), 3.70 
(8, 3 H); EIMS m / e  298 (M+, 58), 283 (11). Anal. (Cl&IlgO4) C, 
H. Compound 23c: mp 142-144 OC; IR (KBr) 866 (1 H), 831 cn-' 
(2 H adjacent); 'H NMR (CDClS, 500 MHz)  6 9.41 (d, 1 H), 7.60 
(8, 2 H), 7.23-7.21 (m, 2 H), 7.08 (8,  1 H), 4.03 (8, 3 H), 4.01 (8, 
3 H), 4.00 ( s ,3  H), 3.96 (e, 3 H); EIMS m / e  298 (M', loo), 283 

2,3,4,6-Tetramethoxyphena.nthrene (23b). Compound 23b 
(460 mg, 58% yield) was prepared by irradiation of a mixture of 
1 and 22b (800 mg, 2.66 "01) in hexane (500 mL) as described 
above: mp 68-70 O C ;  IR (KBr) 865 (1 H), 843 cm-'(2 H adjacent); 

J = 8 Hz, 1 H), 7.60 (d, J = 8.8 Hz, 1 H), 7.47 (d, J = 8 Hz, 1 
H), 7.22 (dd, J = 8.6 and 2.8 Hz, 1 H), 7.08 (8, 1 H), 4.02 (8, 6 H), 
4.01 (8, 3 H), 4.00 (a, 3 H); EIMS m / e  298 (M', 100), 283 (45). 

2,3,4,8-Tetramethoxyphenanthrene (23d). The stilbene 
mixture containing 21b and 22c (1010 mg, 3.36 mmol) in cyclo- 
hexane (500 mL) containing iodine (53 mg) and acetophenone 
(1.71 mmol, 0.5 equiv) was irradiated as in the above synthesis 
of 23a and 23c to give 23d (760 mg, 76%): mp 80-82 OC; IR (KBr) 
846 (2 H adjacent), 790 cm-' (3 H adjacent); 'H NMR (CDCl,, 
200 MHz) S 9.12 (d, J = 10 Hz, 1 H), 8.20 (d, J = 10 Hz, 1 H), 
7.57 (m, 2 H), 7.10 (a, 1 H), 6.99 (d, J = 8 Hz, 1 H), 4.03 (8, 6 H), 
4.02 (a, 3 H), 4.00 (8, 3 H); EIMS m / e  298 (M', loo), 283 (40). 
Anal. (CleHlgO4) C, H. 
2-(4-Metho~p~nyl)-3-(3P~trimethoxyphenyl)propionic 

Acid (24). A &ure of the ester 8j (3.0 g, 8.3 "01) in ethanol 
(50 mL) and potassium hydroxide (4.0 g, 71 mmol) in ethanol- 
water (60 mL, 4 1  by volume) was heated at reflux under argon 
until most of the starting material had disappeared (about 24 h). 
The reaction mixture was poured into ice-cold water (600 mL) 
and acidified with 20% H 8 0 4  acid (200 mL), extracted with ether 
(2 X 100 mL and 1 X 50 mL), washed with water (50 mL) and 
saturated sodium chloride solution (50 mL), and dried over an- 
hydrous Na&O,. Evaporation of the Titrate and flash chroma- 
tography (ethepherane, 7:3 by volume as eluent, silica gel 230-400 
mesh) gave 24 as a yellow oil (1.97 g, 79%): IR (neat) 3231 (br), 
3005,2933,1733,1703,1590,1513,1462,1421,1246,1180,1123 
cm-'; 'H NMR (CDCl,, 200 MHz) 6 7.32 (d, J = 10 Hz, 2 H), 6.85 
(d, J = 10 Hz, 2 H), 6.83 (8, 2 H), 3.80 (s ,3  H), 3.79 (8, 3 H), 3.77 
(m, 1 H),3.74 (s,6 H),3.31 (m, 1 H),2.95 (m, 1H);FABMS m / e  

(CI7H!2&5) C, Ha 

(41). Anal. (Ci&I1804) C, H. 

'H NMR (CDC13, 200 MHz) 6 9.06 (d, J 4 Hz, 1 H), 7.75 (d, 

Anal. (Cl8Hl804) C, H. 
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347 (MH', 39.2); HRFABMS m / e  347.1489 (Cl&&8 requires 

2-(4-Metho~phenyl)-4~,~t~~ho.yindan (25). A 
solution of the acid 24 (0.5 g, 1.4 mmol) in POCl3 (5 mL, 53.4 
"01) was heated at reflux for 3 min. The dark red solution was 
poured onto cruehed ice (30 g) and extracted with ether (3 X 40 
mL). The combined ether extracts were dried (NadO,), and the 
solvent was evaporated to afford a gray solid. Crystallization of 
this solid from M A C  and hexane afforded pale gray crystals (0.32 
g, 70%): mp 104-106 O C ;  IR (KBr) 3010,2960,1697,1595,1512, 
1323,1251,1139 cm-'; 'H NMR (CDC13,200 MHz) 6 7.11 (d, J 
= 8 Hz, 2 H), 6.85 (d, J = 8 Hz, 2 H), 6.71 (8, 1 H), 4.03 (a, 3 H), 
3.96 (s,3 H), 3.87 (8, 3 H), 3.78 (s,3 H), 3.78 (m, 1 H), 3.54 (m, 
1 H), 3.10 (m, 1 H); EIMS m / e  328 (M', 98). Anal. (ClJ&,O,) 
C, H. 

2- (4-Met hoxyphen y 1) -48,G-trimet hoxyindan (26). A mix- 
ture of the ketone 25 (250 mg, 0.74 mmol) and 10% Pd-C (100 
mg) in acetic acid (40 mL) was subjected to hydrogenolysis at 42 
psi hydrogen pressure until the uptake of hydrogen ceased. The 
catalyst was removed by filtration, and the solvent was evaporated 
from the filtrate to leave the crude product as an oil, which was 
purified by flash chromatography on silica gel (230-400 mesh) 
using ether-hexane (R3) to yield a colorless oil (230 mg, 96%): 

J = 8 Hz, 2 H), 6.59 (a, 1 H), 3.90 (8, 3 H), 3.88 (s,3 H), 3.84 (e, 
3 H), 3.80 (e, 3 H), 3.63 (m, 1 H), 3.36 (m, 1 H), 3.26 (m, 1 H), 
2.97 (m, 2 H). EIMS m/e  314 (M', 100). Anal. (CleHzO4) C, 
H. 
1-(4'-Methoxybenzy1)-5,6,7-trimethoxyisoquinolinium 

Methidde (Takatonine Iodide, 28). A solution of 27 (200 mg, 
0.59 "01) in anhydrous ddydronaphthalene (5 mL) containing 
palladium black (20 mg) was heated at reflux for 2 h under argon. 
The reaction mixture was fiitered through a Celite pad, and the 
Celite pad was rinsed with CHC13 (10 mL). After the CHC13 was 
evaporated, the residue was dissolved in ether (10 mL), and Me1 
(0.5 mL) was added. The resulting solution was kept at room 
temperature overnight. The yellow crystalline precipitate was 
filtered and washed with ether (5 mL) to give takatonine iodide 
(28)% as yellow plates (174.1 mg, 61%): mp 180-182 "C (lit.% 
mp 181-182 "C); 'H NMR (CDCl,, 200 MHz)  6 8.72 (d, J = 6 Hz, 
br, 1 H), 8.32 (d, J = 6 Hz, 1 H), 7.40 (8, 1 H), 7.01 (d, J = 8 Hz, 
2 H), 6.84 (d, J = 8 Hz, 2 H), 5.11 (s,2 HI, 4.61 (s,3 H), 4.14 (8, 
3 H), 4.10 (e, 3 H), 4.01 (e, 3 H), 3.77 (8, 3 H). 
1-(4'-Methoxybenzyl)-S,6,7-trimethoxy-l,2,3,4-tetrahydro- 

isoquinoline (29). NaBH4 (460 mg, 12.9 "01) was added 
portionwise to a solution of 27 (460 mg, 1.36 "01) in methanol 
(5 mL) over a period of 30 min, and the reaction mixture was 
stirred at room temperature for 1 h The solvent was evaporated 
under reduced pressure. The residue was dissolved in water (5 
mL), basified with ammonium hydroxide solution, and extracted 
with ether (3 x 20 mL). The combined ether layer was dried 
(N@S04). Evaporation of the solvent from the fidtrate and flash 
chromatography (silica gel 23o-400 meah) using ether as the eluent 
gave compound 29 as an oil that was recrystallized from ace- 
tone-petroleum ether (450 mg, 96%): mp 84-86 OC (lit.% mp 
85-87 "C); 'H NMR (CDC13, 200 MHz) S 7.18 (d, J = 8 Hz, 2 H), 
6.87 (d, J = 8 Hz, 2 H), 6.49 (8, 1 HI, 4.06 (m, 1 H), 3.86 (e, 3 H), 
3.85 (a, 3 H), 3.81 (s,3 H), 3.80 (8, 3 H), 3.16 (m, 2 H), 2.87 (m, 
2 H), 2.68 (t, 2 H, J = 6 Hz), 1.84 (8, br, 1 HI; FABMS m / e  344 
(MH', 41). 
1-(4'-Methoxybenzoy1)-5,6,7-trimethoxyimquinoline (30). 

A solution of 27 (250 mg, 0.73 mmol) and DDQ (188 mg, 0.81 
"01) in anhydrous THF' (2 mL) was heated at reflux overnight. 
Preparative TLC purification (ether, precoated silica gel plate, 
loo0 pm) gave 50 as an oil (125 mg, 48%): IR (neat) 2924,2851, 
1659,1560,1475,1260,1159,1122 cm-'; 'H NMR (CDC13,200 
MHz) 6 8.48 (d, J = 6 Hz, 1 H), 7.98 (d, J = 6 Hz, 1 H), 7.95 (d, 
J = 8 Hz, 2 H), 7.37 (a, 1 H), 6.96 (d, J = 8 Hz, 2 H), 4.08 (8,  3 
H), 4.03 (8, 3 H), 3.93 (8, 3 H), 3.88 (e, 3 H); CIMS (isobutane) 
m / e  354 (MH', 100). 
l-(4'-Methoxybenzoyl)-5,6,7-trimethoxyisoquinolinium 

Methidde (31). A solution of 30 (70 mg, 0.2 "01) in anhydrous 
benzene (2 mL) and iodomethane (0.6 mL) was heated at reflux 
for 24 h under argon. The reaction mixture was evaporated to 
dryness, and the residue was partitioned between distilled water 
(10 mL) and CHC1, (10 mL). The CHC1, layer was extracted with 

347.1495). And. (Cl&Os) C, H. 

'H NMR (CDCla, 500 MHz) S 7.22 (d, J = 8 Hz, 2 H), 6.72 (d, 
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H2O (2 x 5 mL), and the combined aqueous extracts were washed 
with ether (5 mL). Evaporation of the water from the aqueous 
solution gave 31 as a yellow solid (60 mg, 60%): 'H NMR (CDC13, 
200 MHz) 6 8.95 (d, J = 6 Hz, 1 H), 8.52 (d, J = 6 Hz, 1 H), 8.11 
(d, J = 8 Hz, br, 2 H), 7.10 (d, J = 8 Hz, 2 H), 6.73 (8, 1 H), 4.53 
(e, 3 H), 4.15 (8, 3 H), 4.14 (8, 3 H), 3.92 (e, 3 H), 3.80 (e, 3 H); 
FABMS calcd for C21H221N06 368.1498 (cation), found 368.1489. 
1-(4'-Methoxybenzyl)-5,6,7-trimethoxy-2-methy~-19,3,4- 

tetrahydroisoquinoline (Tetrahydrotakatonine, 32). A so- 
lution of 29 (400 mg, 1.2 mmol) in formic acetic anhydride (80 
mL) was stirred at room temperature overnight. A clear yellow 
solution was obtained. The solvent was evaporated to dryness. 
To this residue was added water (5 mL), and the aqueous solution 
was extracted with CH2C12 (3 X 15 mL). The CH2C12 layer was 
washed successively with 10% NaOH solution (5 mL), water (5 
mL), and saturated aqueous NaCl(5 mL), and dried (NapSO,). 
Evaporation of solvent from the filtrate gave an oil (590 mg). A 
solution of this oil (450 mg) in anhydrous toluene (10 mL) con- 
taining POC13 (2 mL) was heated a t  reflux for 3 h under argon. 
After evaporation of the solvent, the resulting brown residue was 
dissolved in methanol (30 mL). NaBH4 (1.6 g) was added over 
0.5 h, and the reaction mixture was stirred at room temperature 
for 2 h. Evaporation of the solvent gave a residue which was 
extracted with CH2C12 (3 X 15 mL). The organic layer was washed 
successively with water (10 mL) and saturated aqueous NaCl 
solution (10 mL) and dried (NQOJ. Evaporation of solvent from 
the filtrate and flash chromatography (CHCI,, then CHCl,-EtOH, 
96:4 by volume, silica gel 230-400 mesh) gave 32 as an oil (225 

6.80 (d, J = 8 Hz, 2 H), 5.87 (8, 1 H), 3.84 (8, 3 H), 3.83 (e, 3 H), 
3.78 (8,  3 H), 3.67 (t, J = 6 Hz, 1 H), 3.55 (8, 3 H), 3.13 (m, 2 H), 
2.75 (m, 4 H), 2.51 (s,3 H); FABMS m / e  358 (MH', 100). The 
'H NMR spectrum of 32 was consistent with the previously re- 
ported 'H NMR of tetrahydrotakatonine.25 
N- (2,3,4-Trimet hoxy phenet hy1)acetamide (34). Acetyl 

chloride (1.3 mL, 1.45 g, 18.2 mmol) was added dropwise to a 
stirred suspension of compound 33 (3 g, 12.1 m o l )  in 2.0 N NaOH 
solution (27 mL, 54.0 "01) cooled in an ice bath. The resulting 
solution was stirred at 0 OC for 1 h. The reaction mixture was 
extracted with CHCl, (3 X 30 mL), and the combined CHC13 layer 
was washed with saturated NaCl solution and dried (Na2S04). 
Evaporation of the filtrate gave a pale yellow oil that was subjected 
to flash chromatography on silica gel (230-400 meah), eluting with 
ether to give compound 34 as an oil (2.75 g, 89%): 'H NMR 

1 H), 5.84 (8, br, 1 H), 3.90 (8, 3 H), 3.87 (8, 3 H), 3.85 (s, 3 H), 
3.44 (9, J = 6 Hz, 2 H), 2.76 (t, J = 6 Hz, 2 H), 1.93 (s,3 H); EIUS 
m / e  253 (M', 72). 

1 -Met hyl-5,6,7-trimet hoxy-3,4-dihydroisoquinoline (35). 
A solution of the acetamide 34 (280 mg, 1.1 "01) in toluene (5 
mL) containing POCIS (0.8 mL, 8.5 "01) was heated at reflux 
under argon for 2 h. The excess POC13 and the solvent were 
evaporated under reduced pressure. The black residue was washed 
with petroleum ether (10 mL), and the residue was dissolved in 
distilled water (10 mL) and made basic by 5% aqueous NH40H 
(10 mL). The aqueous solution was extracted with CHC13 (3 X 
15 mL). The combined CHCl, layer was washed successively with 
water (10 mL) and saturated NaCl solution (10 mL) and dried 
(Na2S04). Evaporation of the filtrate and chromatography on 
silica gel (230-400 mesh) using EhO-EtOH (982) as the eluent 
gave compound 35 as a pale brown oil (230 mg, 89%): 'H NMR 

(8,  3 H), 3.61 (t, J = 8 Hz, 2 H), 2.64 (t, J = 8 Hz, 2 H), 2.36 (8,  
3 H); EIMS m / e  235 (M+, 84). 
2,5-Dimethoxybenzoyl Chloride (36). A mixture of 2,5-di- 

methoxybenzoic acid (25 g, 137 mmol) and thionyl chloride (35 
mL, 471 mmol) was heated at reflux under argon for 4 h. The 
reaction mixture was evaporated to dryness, and the residue was 
purified by distillation at 127 "C (2 mmHg) to give compound 
36 as a pale yellow oil (26.5 g, 96%) which solidified on standing: 
mp 36-38 OC. 
2- (2',S'-Dimet hoxybenzoy1)- 1 -methylene-5,6,7-trimet h- 

oxy- 1,2,3,4-tetrahydroisoquinoline (37). A solution of com- 
pound 36 (746 mg, 3.7 mmol) in anhydrous benzene (2 mL) was 
slowly added at room temperature to a solution of compound 35 
(880 mg, 3.7 mmol) in anhydrous benzene (10 mL) containing 

mg, 52%): 'H NMR (CDC13,200 M H Z )  6 7.02 (d, J = 8 Hz, 2 H), 

(CDC13, 200 MHz) 6 6.83 (d, J = 8 Hz, 1 H), 6.62 (d, J = 8 Hz, 

(CDC13,200 MHz) 6 6.84 (8 , l  H), 3.92 ( ~ , 3  H), 3.89 ( ~ , 3  H), 3.85 
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triethylamine (568 mg, 5.6 "01~0.78 mL). The resulting solution 
was heated at reflux with stirring under argon for 2 h and cooled. 
The white crystalline solid of triethylamine hydrochloride was 
removed by filtration and the solvent evaporated from the filtrate 
to leave the product as an oil. It was purified by flash chroma- 
tography on silica gel (230-400 meah), eluting with -0 containing 
1% EhN to give compound 37 as an oil (1.3 g, 87%): IH NMR 

(d, J = 3 Hz, 1 H), 6.70 (d, J = 10 Hz, 1 H), 5.21 (8, br, 1 H), 4.55 
(e, br, 1 H), 3.90 (e, 6 H), 3.88 (8,  3 HI, 3.84 (8, 3 H), 3.75 (8, 3 
H), 3.41 (e, br, 2 H), 2.88 (t, J = 6 Hz, 2 H); CIMS (isobutane) 
m / e  400 (MH+, 100). 
5,8-Dihydro-8-oxo-2,3,4,1O-tetramethoxy-6E-dibenzo[a ,- 

glquinolizine (38). A stirred solution of compound 37 (1.69 g, 
4.0 mmol) in methanol (500 mL) containing triethylamine (0.5 
mL) was irradiated with a 450-W medium pmsure mercury lamp 
and cooled at room temperature for about 2 h. Evaporation of 
the solvent gave a yellow syrup that was subjected to flash 
chromatography (silica gel 230-400 mesh), eluting with ether, to 
give a yellow solid. Recrystallization of the solid from methanol 
gave compound 38 as yellow needlea (350 mg, 24%): mp 196-198 

(d, J = 8 Hz, 1 H), 7.26 (dd, J = 8 and 4 Hz, 1 H), 7.09 (s, 1 H), 
6.89 (8,  1 H), 4.34 (t, J = 6 Hz, 2 H), 3.97 (s,3 H), 3.94 (s,6 H), 
3.91 (a, 3 H), 2.96 (t, J = 6 Hz, 2 H); CIMS (isobutane) m / e  368 

5,8,13,13a-Tetrahydro-2,3,4,10-tetramet hoxy-6 E-dibenzo- 
[aglquinolizine (39). A suspension of LiAlH, (1.4 mL, 1.4 
mmol,5 equiv, 1.0 M in THF) was added dropwise to a solution 
of compound 38 (100 mg, 0.27 "01) in anhydrous THF (15 mL) 
with stirring at room temperature under argon. The reaction 
mixture was stirred under reflux for 2 h. The excess LiAlH, was 
decompceed by adding water until no hydrogen bubbles appeared. 
The residue was extracted with ether-THF (7:3 by volume, 30, 
then 20 mL). The combined organic layer was filtered through 
a glass wool pad, and the fdtrate was evaporated to dryneea. The 
residue was dissolved in freah methanol (10 mL), and NaBHj (125 
mg, 3.28 mmol) was added in several portions. The reaction 
mixture was stirred at reflux under Ar for 1.5 h. The reaction 
mixture was evaporated to dryness under vacuum. The residue 
was dissolved in 10% HCl(5 mL), neutralized with solid K&03 
to pH 8, extracted with CHCIS (3 X 15 mL), and dried (NafiOJ. 
Evaporation of solvent from the filtrate obtained after removal 
of the NaaO, gave a pale yellow oil. Preparative silica gel TLC 
(silica gel precoated plate, lo00 rm), eluting with ether, gave 
compound 39 (92 mg, 95%). Fiecrystallization of this product from 
methanol gave the analytical sample as pale yellow needles: mp 

H), 6.75 (dd, J = 8 and 2 Hz, 1 H), 6.62 (d, J = 2 Hz, 1 H), 6.57 
(8,  1 H), 3.88 (8, 6 H), 3.87 (8,  3 H), 3.79 (5, 3 H), 3.79 (m, 3 H), 
3.21 (m, 2 H), 2.85 (m, 3 H), 2.52 (m, 1 H); FABMS (glycerol) 
m / e  356 (MH+, 47). Anal. (C21H2aN04) C, H. 
Cytotoxicity Assays. An M" colorimetric assay was em- 

ployed according to the established  procedure."'^^' Since com- 
pounds 1 and 6a-f had very low aqueous solubilities, all dilutions 
involving these compounds were performed in DMSO prior to 
the addition of 0.5 pL aliquota to each well. After the addition 
of the samples to the cell cultures, the cells were incubated for 
6 days before the MTT reagent was added. The assays were 
performed in the Purdue Cell Culture Laboratory. All of the 
compounds were initially tested once in each of the cell linea listed 
in Tablea I-V. The active compounds (EDW < 26 pM) were testad 
again, and the values shown for these cytotoxic substances are 
the averages of two determinations. Compounds 6a, 6d, and 6e 
were also examined in LE10 leukemia cells, and all three agenta 
c a d  the accumulation of cells arreated in metaphase at cytotoric 
concentrations. 

(CDCl3,200 MHz) 6 6.87 (8, 1 H), 6.85 (d, J = 10 Hz, 1 H), 6.80 

O C ;  'H NMR (CDClS,200 MHz) 6 7.84 (d, J = 4 Hz, 1 H), 7.51 

(MH', 100). Anal. (C21H21NOs) C, H. 

104-106 "C; 'H NMR (CDClS, 200 MHz) 6 7.07 (d, J 8 Hz, 1 

(40) Alley, M. C.; Scudiero, D. A.; Monks, A.; Hursey, M. L.; 
Czerwinski, M. J.; Fine, D. L.; Abbott, B. J.; Mayo, J. G.; 
Shoemaker, R. H.; Boyd, M. R. Feasibility of Drug Screening 
with Panels of Human Tumor Cell Lines Using a Microculture 
Tetrazolium Assay. Cancer Res. 1988,443, 589-601. 

(41) Mossman, T. Rapid Colorimetric Assay for Cellular Growth 
and Survival: Application to Proliferation and Cytotoxicity 
Assays. J. Immunol. Meth. 1983,66,55-63. 
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Tubulin Polymerization Inhibition Assays. Electropho- 
retically homogeneous tubulin was purified from bovine brain as 
described previously.'2 Determination of ICw values for the 
polymerization of purified tubulin was performed as described 
in detail elsewhere! In brief, tubulin was preincubated at 37 OC 
with varying compound concentrations, reaction mixtures were 
chilled on ice, GTP (required for the polymerization reaction) 
was added, and polymerization was followed at 37 "C by turbi- 
dimetry at 350 nm in Gilford recording spectrophotometers 
equipped with electronic temperature controllers. Four instru- 
menta were used, and two control reaction mixtures were present 
in each experiment. The extent of polymerization after a 20-min 
incubation was determined (the values for the two controls were 
usually within 5% of each other). ICw values were determined 
graphically. Active compounds were examined in at least three 
independent assays, while inactive compounds (defined as ICw 
value > 40 rM) were examined in at least two independent ex- 
periments. 
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2-Acetylpyridine Thiocarbonohydrazones. Potent Inactivators of Herpes Simplex 
Virus Ribonucleotide Reductase 
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A series of 2-acetylpyridine thiocarbonohydrazones was synthesized for evaluation as potential antiherpetic agenta. 
The compounds were prepared by the condensation of 2-acetylpyridine with thiocarbonohydrazide followed by 
treatment with isocyanates or isothiocyanates. Many were found that were potent inactivators of ribonucleotide 
reductase encoded by HSV-1 and weaker inactivators of human enzyme. Several thiocarbonohydrazones (e.g. 38 
and 39) inactivated HSV-1 ribonucleotide reductase at rate constmta as much as seven times that of lead compound 
2. In general, those substituted with weak electron-attracting groups offered the best combination of potency and 
apparent selective activity against the HSV-1 enzyme. Seven new thiocarbonohydrazones (21,25,31,36,38,39, 
and 40) were apparently greater than !%fold more selective than 2 against HSV-1 ribonucleotide reductase versus 
human enzyme. The results indicated new compounds worthy of further study as potentiators of acyclovir in 
combination topical treatment of herpes virus infections. 

Introduction 
Recurrent labial and perioral herpes simplex virus type 

1 infections (HSV-l), the common cold sore or fever blister, 
are the most frequent cutaneous virus infections encoun- 
tered in immunocompetent patients.' HSV-1 encodes a 
unique ribonucleotide reductase (EC 1.17.4.1) in infected 
 cell^^?^ that catalyzes the  reduction of all four ribo- 
nucleoside diphosphates to 2'-deoxynucleoside di- 
p h o s p h a t e ~ . ~ . ~  In  marked contrast t o  the mammalian 
enzyme, which is highly regulated by nucleoside tri- 
phosphates>' the  viral enzyme is insensitive t o  allosteric 
controLs-10 Indeed, HSV-1 is able to replicate in the 
preaence of thymidine at concentrations that are inhibitory 
to  host cell DNA s y n t h e ~ i s . ~  This insensitivity permits 
unrestricted synthesis of 2'-deoxynucleotides in HSV-1 

infected cells, and thereby suggests that the reductase may 
have significance as a potential antiviral target.l0 
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