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A structure-activity relationship (SAR) study of the South African willow tree (Combretum
caffrum) antineoplastic constituent combretastatin A-4 (1b) directed at maintaining the (Z)-
stilbene relationship of the olefin diphenyl substituents led to synthesis of a potent cancer cell
growth inhibitor designated phenstatin (3b). Initially phenstatin silyl ether (3a) was
unexpectedly obtained by Jacobsen oxidation of combretastatin A-4 silyl ether (1c f 3a), and
the parent phenstatin (3b) was later synthesized (6a f 3a f 3b) in quantity. Phenstatin was
converted to the sodium phosphate prodrug (3d) by a dibenzyl phosphite phosphorylation and
subsequent hydrogenolysis sequence (3b f 3c f 3d). Phenstatin (3b) inhibited growth of the
pathogenic bacterium Neisseria gonorrhoeae and was a potent inhibitor of tubulin polymeri-
zation and the binding of colchicine to tubulin comparable to combretastatin A-4 (1b).
Interestingly, the prodrugs were found to have reduced activity in these biochemical assays.
While no significant tubulin activity was observed with the phosphorylated derivative of
combretastatin A-4 (1d), phosphate 3d retained detectable inhibitory effects in both assays.

The African willow tree Combretum caffrum Kuntze
(Combretaceae) proved to be a very productive source
of cancer cell growth (murine P388 lymphocytic leuke-
mia) inhibitory stilbenes, bibenzyls, and phenanthrenes.2
Since 1979, we have been pursuing promising leads and
have focused on the three most active (inhibition of
cancer cell growth and polymerization of tubulin)2
constituents, namely combretastatin A-1 (1a), A-2 (2),
and A-4 (1b) (Chart 1).2 Of these, combretastatin A-4
(1b) has reached the most advanced stage of preclinical
development as the soluble prodrug (1d). Meanwhile
other research groups have also been extending struc-
ture-activity relationships (SAR) among the combret-
astatins3 and related stilbenes.4

One of the clearest conclusions from SAR studies in
our laboratories is the cancer cell growth inhibition
requirement for Z-geometry in the A-series of combre-
tastatin stilbenes.2 With the corresponding (E)-stil-
benes, the cancer cell growth inhibitory and antitubulin
activity drops precipitously from that exhibited by the
corresponding cis-isomers. This observation suggested
the possibility that other potentially useful structural
modifications might be of interest, in which the cis-
diaryl relationship is preserved by the simple conversion
of the bridging olefin unit of, for example, combretasta-
tin A-4 (1b) to epoxide- or cyclopropyl-type derivatives.
However, subjection of combretastatin A-4 silyl ether
(1c)2 to a variety of oxidation procedures, such as
m-chloroperbenzoic acid, sodium periodate,5 and N-
bromoacetamide followed by potassium carbonate, re-
sulted in complex mixtures of products whose compo-
nents were difficult to isolate.
An attempted epoxidation of combretastatin A-4 silyl

ether2a (1c) using the Jacobsen chiral Mn (salen)
complex6a resulted in rearrangement and oxidation
products (indicated by 1H NMR and TLC analyses). Use
of protecting groups for the phenol offered no improve-

ment, and the absence of a protecting group resulted in
apparent polymerization. Rearrangements of epoxides
have been studied extensively by Cope and others.7
Pertinent here is the observation that cis- and trans-
stilbene epoxides rearrange under basic conditions to
form deoxybenzoin and diphenylacetaldehyde, respec-
tively, via migration of a phenyl group. Conversely, in
an acidic environment, p-methoxystilbene oxide has
been shown to undergo SNi displacement followed by a
possible migration. Furthermore, certain transition
metals such as titanium can serve as catalysts for
catalytic rearrangement of epoxides.
In the case of combretastatin A-4, formation of the

oxirane by the Jacobsen oxidation was observed by 1H
NMR, but the compound resisted isolation. In addition,
the derived 1,1-diphenylacetaldehyde and benzophenone
(3a) products appeared to be formed. Following isola-
tion of silyl ether 3a (10% yield) and mass spectral
analysis of the suspected benzophenone, cleavage of its
silyl ether protective group showed the loss of one
carbon atom (3b). A conjugated carbonyl peak at 1633
cm-1 was seen in the IR spectrum. Loss of the olefin
bridge was established by NMR. This result suggested
the need for structure confirmation of ketone 3b by
X-ray crystallography, which demonstrated the com-
pound was indeed 3-hydroxy-3′,4,4′,5′-tetramethoxyben-
zophenone (Figure 1). Since Jacobsen’s epoxidation was
performed under basic conditions, formation of the
presumed (by NMR) oxirane intermediate was appar-
ently followed by an aryl shift (Scheme 1) to form the
corresponding diarylacetaldehyde (evident by 1H NMR)
by rearrangement. Finally, oxidative cleavage would
give the silylated benzophenone (3a).
Because of the potent cancer cell line growth inhibi-

tion displayed by the resultant deprotected benzophe-
none, it was designated phenstatin. The structure of
phenstatin (3b) (Chart 1) proved to be closely related
to the aromatic system of podophyllotoxin 5, the target
of our attempts,8 beginning in 1958, to locate the† Dedicated to the memory of Dr. Kenneth D. Paull, 1942-1998.
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structural core responsible for the antineoplastic activity
of this important lignan.
To improve the availability of phenstatin by a more

efficient synthesis, we explored several shorter routes.
The general procedure we reported8 in 1962 for obtain-
ing ketone 4a based on a morpholine amide intermedi-
ate proved to be most effective. The phenstatin amide
precursor was prepared from 3-[(tert-butyldimethylsi-
lyl)oxy]-4-methoxybenzaldehyde by oxidation to the
corresponding carboxylic acid using potassium perman-
ganate, followed by conversion to the acid chloride, and

finally treatment with morpholine (Scheme 2). The
amide 6a was allowed to react with the lithium deriva-
tive prepared from 3,4,5-trimethoxybromobenzene9 and
tert-butyllithium at -78 °C followed by deprotection to
afford phenstatin (3b) in 30% overall yield. Similarly,
a series of related benzophenones (4) were synthesized
for SAR purposes (Table 1).
Because of the improved therapeutic effects of the

combretastatin A-4 sodium phosphate (1d) prodrug10 vs
the parent phenol (1b),11 the corresponding phenstatin
prodrug (3d) was synthesized (3b f 3d, Scheme 3). We
have used both of the previous phosphorylation tech-
niques10,12 for such syntheses, based on pentavalent and
trivalent phosphorus precursors. However, they have
proven to be substantially less effective than employ-
ment of the dibenzyl phosphite approach.13 The prodrug
was synthesized in three steps from phenstatin via
phosphorylation of phenol 3b employing dibenzyl phos-
phite (under basic conditions in 1:1 acetronitrile-
DMF),13 followed by cleavage of the benzyl groups (3c)
via catalytic hydrogenolysis12 and reaction of the phos-
phoric acid product with sodiummethoxide in methanol
to afford sodium phosphate prodrug 3d in 56% overall
yield.
Compounds 3b,d, 1d, and 4a-f were comparatively

evaluated in the NCI 60 cell line human tumor

Chart 1

Figure 1. Computer-generated perspective drawing of phen-
statin (3b).
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screen.16-20 As illustrated in Table 2, the water-soluble
phenstatin phosphate prodrug (3d) and the parent
phenstatin (3b) were essentially indistinguishable in
potency (e.g., mean panel GI50 values) and differential
cytotoxicity profiles (e.g., compare correlation coef-

ficients). Moreover, 3b,d were quite similar to the
combretastatin A-4 phosphate prodrug (1d) in terms of
both potency and differential cytotoxicity. In contrast,
the related benzophenones (4a-f) were generally much
less potent than 3b,d or 1d, although their differential
cytotoxicity profiles (and therefore their presumed
mechanism of action20) did not differ remarkably from
that of the lead compound. Interestingly, the acetate
derivative (3e) of phenstatin exhibited significant hu-
man cancer cell line inhibitory activity: e.g., CNS U251
GI50 0.0039 µg/mL, pharynx FADU GI50 0.0055 µg/mL,
and prostate DU-145 GI50 0.0029 µg/mL. Like combre-
tastatin A-4 (1b),2a phenstatin (3b) inhibited growth of
the Gram-negative pathogenic bacterium Neisseria gon-
orrhoeae (minimum inhibitory concentration 50-100 µg/
disk). At 100 µg/disk, neither phenstatin prodrug (3d)
nor the acetate derivative (3e) were active against N.
gonorrhoeae.
Because of the known potent interactions of combre-

tastatin A-4 (1b)2 and ketone 3f3f with the colchicine
site of tubulin and because of COMPARE16-18,20 studies,
such as those presented in Table 2, suggesting similar
mechanisms of action, phenstatin (3b), its prodrug 3d,
and compounds 4a-f were evaluated for potential
inhibitory effects on tubulin polymerization and on the
binding of colchicine to tubulin (Table 4). Simultaneous
studies were performed for comparison of the new
compounds with combretastatin A-4 (1b), its prodrug
1d, and the related compounds 3f,3f 1e,3h 7a,3g 7b,3f 8a,3g
and 8b3h (Chart 1).

Scheme 1. Oxidation of Combretastatin A-4 Silyl Ether (1c) to Phenstatin Silyl Ether (3a)

Scheme 2
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Consistent with the relative antiproliferative activi-
ties summarized in Table 4, phenstatin (3b) was equiva-
lent to combretastatin A-4 (1b) in its interactions with
tubulin in the assays used here. Confirming unpub-
lished observations with other bulky substituents on the
B-ring hydroxyl, the combretastatin prodrug (1d) was
totally inactive against purified tubulin, but, unexpect-
edly, the phenstatin prodrug (3d) had weak activity in
inhibiting assembly and moderate activity as an inhibi-
tor of colchicine binding. In the latter assay the prodrug
was about 40% as active as phenstatin.
Previous structure-activity studies3f,g,h had demon-

strated maximal activity with tubulin with a 2-carbon
bridge in the (Z)-stilbene configuration, whether or not

the B-ring hydroxyl was present, and the data of Table
4 reiterate this conclusion. The tetramethoxy ketone
3f has shown increased activity relative to the analogous
diphenylmethane 7b,3f but the recovery of activity
versus the (Z)-stilbene 1e was incomplete. In contrast,

Table 1. Physical Properties of the Amides and Benzophenones

compd % yield (from 5) cryst solvent mp (°C) formulac

6a 94 hexane 66-67 C18H29NO4Si
6b 88 a 87-88 C13H17NO2
6c 73 a 78-79 C13H17NO4
6d 78 a 84-85
6e 97 a 78-79 C13H17NO4
6f 100f a 117-119 C11H11Cl2NO2
6g 97f b 68-70 C11H11F2NO2
3a 76 hexane 74-75 C23H32O6Si
3b 83 ethyl acetate-hexane 149-150 C17H18O6
3c 72d n/a clear oil at rt C31H31O9P
3d e water-acetone 165-167 C17H18O9NaP
3e 93g ethyl acetate-hexane 164-165 C19H20O7
4a 98 methanol 124-125 C17H16O6

(lit.8 124-125)
4b 75 hexane 104-105 C18H20O4
4c 53 toluene-hexane 120-122 C18H20O6

(lit.14 120.5-121)
4d 70 hexane 121-122 C18H20O6
4e 34 hexane 131-132 C16H14Cl2O4
4f 36 hexane 121-123 C16H14F2O4

a Crystallized following concentration of the flash column chromatography solvent. b Crystallized at 0 °C upon isolation. c All compounds
were subjected to combustion analysis for C and H (and for Cl, F, and N where appropriate). The results were within (0.4% of the
calculated values. The 1H and 13C NMR data at 300 MHz were also consistent with the assigned structure. d From 3b. e From 3c. f Percent
yield from acid chloride. g Percent yield from phenstatin.

Scheme 3

Table 2. Comparative Evaluations of Phenstatin (3b),
Phenstatin Prodrug (3d), Combretastatin A-4 Prodrug (1d), and
Other Related Benzophenones (4a-f) in the NCI 60 Cell Line
Human Tumor Screena

compd
mean panel GI50
((SD)b (× 10-8 M)

COMPARE
correlation coefficientb

3b 6.01 (3.76) 1.00
3d 7.33 (4.54) 0.94
1d 1.28 (0.44) 0.81
4a 270 (21.4) 0.74
4b 348 (45.4) 0.79
4c 511 (52.5) 0.74
4d 54.3 (4.94) 0.80
4e 512 (69.8) 0.73
4f 494 (99.0) 0.75

a Compounds were tested in triplicate in the NCI screen as
described17,20,21 in each of three concentration ranges (HITEST20
10-5, 10-6, and 10-7 M) using five, 10-fold dilutions within each
range. b Descriptions and methods of calculation are described
elsewhere.20 COMPARE analyses were performed using the mean
graph profiles20 of phenstatin (3b) as the seed.

Table 3. Comparative Murine P388 Lymphocytic Leukemia
Cell Line and Human Cancer Cell Growth Inhibition for
Phenstatin (3b) vs the Phenstatin Prodrug (3d) and
Combretastatin A-4 Prodrug (1d)

GI50 µg/mL

cell type cell line
phenstatin

(3b)

phenstatin
prodrug
(3d)

combretastatin
A-4 prodrug

(1d)

leukemia P388 0.0033 <0.001 0.0004
ovarian OVCAR-3 0.0023 0.0025 0.023
CNS SF-295 0.052 0.012 0.036
renal A498 0.38 0.05 0.041
lung-NSC NCI-H460 0.0057 0.035 0.029
colon KM20L2 0.04 0.27 0.34
melanoma SK-MEL-5 0.0038 0.0047 0.041

Table 4. Inhibition of Tubulin Polymerization and Colchicine
Binding by Phenstatin, Combretastatin A-4, and Related
Compoundsa

compd

inhibition of
tubulin polymerization,

IC50 (µM ( SD)b

inhibition of
colchicine binding
(% inhibition)

1b 1.2 ( 0.1 97
1d >80 4
1e 1.3 ( 0.2 97
3b 1.0 ( 0.2 86
3d 21 ( 3 37
3e 3.5 ( 0.5 71
4a 15 ( 2 0
4b 11 ( 2 7
4c 15 ( 2 1
4d 3.6 ( 0.8 58
4e 36 ( 6 1
4f 39 ( 7 0
7a 3.3 ( 0.5 65
7b 4.4 ( 0.2 56
8a 2.1 ( 0.3 77
8b 3.2 ( 0.3 54

a Reaction conditions described in detail in the Experimental
Section. b SD, standard deviation.
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in the presence of the B-ring hydroxyl, the reduced
activity of the diphenylmethane 7a was completely
recovered in the ketone phenstatin (3b).
In terms of the effect of the B-ring hydroxyl on

interactions with tubulin, no significant difference was
observed between the (Z)-stilbenes (1b,e), slight differ-
ences were seen between the diphenylmethanes (7a,b)
and the dibenzyls (8a,b), and a small difference was
observed between the ketones (3b,f). When a difference
was observed, it was always the phenol that had the
greater activity.
Manipulation of molecular models demonstrated that

it was possible to closely superimpose the two phenyl
rings in the ketones with those in the (Z)-stilbenes, but
this was also possible with the bibenzyls. This may
indicate that tubulin specifically recognizes the sp2
hybridization introduced with the carbonyl and stilbene
bridges or the ring conjugation, analogous to that in
colchicine, that these two bridges permit. The greater
activity of 3b relative to 3f may also indicate that the
B-ring phenol group imposes steric constraints on the
relative positions of the two phenyl rings.
The series of substituent modifications represented

by compounds 4a-f failed to yield a derivative superior
to 3b as an inhibitor of either cell growth or tubulin
polymerization. Compound 4a, which is closely analo-
gous to the A, B, and E rings of podophyllotoxin (5), had
only weak activity against tubulin, and this was com-
parable to that obtained with 4c. Compound 4c has
vicinal methoxy groups, with the hydroxyl group of 3b
replaced by a methoxy group, instead of the methylene-
dioxy bridge of 4a. The best activity in this group of
compounds was observed with di-m-methoxy groups in
ring B (4d), but this compound was 3-4-fold less potent
than phenstatin in inhbiting tubulin polymerization.
There was a further 3-fold drop in activity with di-m-
methyl groups in ring B (4b), and compounds with
halogens at these positions (4e,f) were almost inert with
tubulin. In the presence of a p-methoxy group, the
bulkiness of the substituent and/or the presence of an
oxygen in themeta-position of ring B seems to be critical
for optimum inhibitory activity against tubulin in the
ketone derivatives. A hydrogen (3f) leads to greater
inhibition than a methoxy or phosphate group (4c, 3d)
but is less effective than a hydroxyl (3b).
On the basis of the ring substituent structural modi-

fications of phenstatin described herein, both the sp2
hybridization of the carbonyl carbon that preserves the
relative cis-relationship of the aromatic rings and the
specific 3-hydroxy-4-methoxy substitution appear neces-
sary for strong cancer cell growth inhibition. Further
development of phenstatin and its prodrug is in progress.

Experimental Section
General Experimental Procedures. Ether (anhydrous

diethyl ether), tetrahydrofuran (distilled from sodium and
benzophenone), thionyl chloride, and morpholine were distilled
prior to use. Reagents were obtained from Sigma-Aldrich Co.
Solvent extracts of aqueous solutions were dried over anhy-
drous magnesium sulfate unless otherwise noted. Flash
column chromatography was performed using silica gel (230-
400 mesh) and hexanes-ethyl acetate as eluant. Analtech
silica gel GHLF plates were used for TLC. All compounds were
visible with fluorescent short-wave light (254 nm).
Melting points were recorded employing an Electrothermal

9100 apparatus and are uncorrected. 1H and 13C NMR spectra

were recorded by means of a Varian VXR-300 instrument and
referenced to chloroform. 31P NMR was obtained from a
Varian VXR-500 and referenced to an external standard (85%
aqueous H3PO4). Mass spectral data were recorded using a
Varian MAT 312 instrument (EIMS), and IR spectra were
determined with a Mattonson Instruments 2020 Galaxy Series
FTIR instrument. X-ray crystal structure data collection was
performed on an Enraf-Nonius CAD4 diffractometer.
Jacobsen Oxidation of Combretastatin A-4 (1b). To a

mixture of 4-phenylpyridine N-oxide (0.127 g, 0.74 mmol) and
(R,R)-(-)-[N,N1-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohex-
anediaminoat(2-)]manganese(III) chloride6b (0.024 g, 0.037
mmol) in a 50-mL flask was added a solution of 3′-[(tert-
butyldimethylsilyl)oxy]combretastatin A-4 (1c; 0.80 g, 1.86
mmol) in 3 mL of ethyl acetate (or methylene chloride). The
mixture was stirred at 4 °C for 20 min followed by addition of
an aqueous 0.50 M NaOCl solution (6.32 mL, 3.16 mmol) via
syringe. The temperature remained at 4 °C, and reaction
progress was monitored by TLC (4:1 hexanes-EtOAc). After
5 h, the reaction mixture was warmed to room temperature
and the aqueous phase removed. The organic layer was
washed successively with water (2 × 10 mL) and brine (10
mL) and dried over anhydrous Na2SO4. Filtration and solvent
removal in vacuo gave a brown residue that was subjected to
flash column chromatography (4:1 hexanes-ethyl acetate, 1-in.
× 12-in. column). The silyl ether-protected benzophenone 3a
(Rf ) 0.27) was collected as a yellow oil. A second flash column
chromatographic separation was necessary for final purifica-
tion. Consistent 10% yields were obtained based on conversion
of combretastatin A-4 silyl ether to phenstatin (3b; see below).
Phenstatin (3b). Silyl ether 3a (4.90 g, 11.3 mmol) was

dissolved in dry tetrahydrofuran (100 mL), and 1.0 M tetrabu-
tylammonium fluoride (11.3 mL, 11.3 mmol) was added (slowly
via syringe) while rapidly stirring under Ar.5 After 15 min,
ice (20 g) and ether (100 mL) were added successively. The
ethereal layer was washed with water (3 × 100 mL), dried,
and filtered, and solvent was removed under reduced pressure
to yield a yellow solid. Flash chromatography (eluant: 3:2
hexanes-ethyl acetate, Rf ) 0.17) was performed and afforded
an off-white solid that recrystallized from hexane as colorless
granules: EIMS m/z (peak height) 318 (M+, 100), 303 (14),
195 (30), 151 (36). IR (Nujol, cm-1) 1633 (CdO), 1604
(aromatic CdC); 1H NMR (CDCl3) δ 7.406 (1H, dd, J6/2 ) 2.1
Hz, J6/5 ) 9.4 Hz, H-6), 7.362 (1H, d, J2/6 ) 2.1 Hz, H-2), 7.011
(2H, s, H-2′,6′), 6.906 (1H, d, J5/6 ) 8.4 Hz, H-5), 5.662 (1H, s,
-OH), 3.969 (3H, s, 4′-OCH3), 3.913 (3H, s, 4-OCH3), 3.860
(6H, s, 3′,5′-OCH3); 13C NMR (75.5 MHz, CDCl3, assignments
deduced with assistance from an APT spectrum) δ 193.3
(CdO), 152.8 (C-3′,5′), 150.2 (C-4), 145.3 (C-3), 141.7 (C-4′),
133.2 (C-1′), 131.1 (C-1), 123.6 (C-6), 116.2 (C-2), 110.0 (C-5),
107.5 (C-2′,6′), 60.9 (4-OCH3), 56.3 (3′,5′-OCH3), 56.1 (4′-OCH3).
Phenstatin Acetate (3e). Acetic anhydride (74 µL, 0.79

mmol) was added to a solution of phenstatin (3b; 0.2 g, 0.63
mmol), DMAP (7.8 mg, 0.063 mmol), and triethylamine (0.13
mL, 0.94 mmol) in dry methylene chloride (1.5 mL) under
argon at room temperature. The yellow solution was stirred
for 30 min (reaction was complete by TLC). Methanol (5 mL)
was added and the reaction mixture concentrated to a solid
that was washed with diethyl ether (3 × 10 mL) and parti-
tioned between ethyl acetate and cold l N hydrochloric acid.
The organic layer was washed with 10% aqueous sodium
bicarbonate and dried. Solvent removal, in vacuo, gave an off-
white solid that was recrystallized from ethyl acetate-hexane
to give colorless snowflakes of analytical purity: EIMS m/z
(peak height) 360 (M+, 60), 318 (100), 303 (10), 195 (20), 151
(30), 91 (32), 44 (25); 1H NMR (CDCl3) δ 7.740 (1H, dd, J6/2 )
2.1 Hz, J6/5 ) 8.1 Hz, H-6), 7.556 (1H, d, J2/6 ) 2.1 Hz, H-2),
7.026 (1H, d, J5/6 ) 8.0 Hz, H-5), 7.013 (2H, s, H-2′,6′), 3.914
(3H, s, 4-OCH3), 3.907 (3H, s, 4′-OCH3), 3.863 (6H, s, 3′,5′-
OCH3), 2.315 (3H, s, -OCOCH3).
X-ray Crystal Structure Determination of Phenstatin

(3b). Colorless crystals of ketone 3b were grown as clusters
of thick plates from an ether solution. Cleavage of a single-
crystal fragment from one of the clusters provided a usable
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specimen (0.54 × 0.32 × 0.28 mm), which was mounted on
the end of a glass capillary tube. Data collection was per-
formed at 25 ( 1 °C. Crystal data: C17H18O6, monoclinic space
group P21/c with a ) 12.608(2), b ) 14.858(2), and c ) 8.738-
(3) Å, â ) 104.69(2)°, V ) 1583.3(12) Å3, λ(Cu KR) ) 1.541 78
Å, F0 ) 1.299 g cm-3, Fc ) 1.335 g cm-3 for Z ) 4 and FW )
318.31, F(000) ) 672. All reflections corresponding to slightly
more than a complete quadrant, with 2Θ e 130°, were
measured using the ω/2Θ scan technique. After Lorentz and
polarization corrections, merging of equivalent reflections and
rejection of systematic absences, 2610 unique reflections
remained, of which 2453 were considered observed (Io > 2σ-
(Io)) and were used in the subsequent refinement. Linear and
anisotropic decay corrections were applied to the intensity
data, as well as an empirical absorption correction (based on
a series of psi-scans).22 Structure determination was ac-
complished with the direct-methods program SIR92.23 All non-
hydrogen atoms were located on the first run of SIR92, using
the default settings. The H atom coordinates, calculated at
optimum positions and added in the final stages of least-
squares refinement, were forced to ride the atom to which they
were attached but were not refined. The final cycle of
refinement included 209 variable least-squares parameters
(anisotropic refinement on all non-hydrogen atoms). The
structure determined for 3b converged to the standard crystal-
lographic residual of R1 ) 0.0462 for 2453 reflections in which
Fo > 4.0 σ(Fo) and 0.0480 for all 2610 reflections. The
correspondingwR2 Sheldrick values, based on Fo

2, were 0.1454
and 0.1475, respectively. The goodness of fit for all data was
1.042. Final bond distances and angles were all within
acceptable limits. The final difference Fourier map showed
minimal residual electron density with the highest difference
peak corresponding to 0.20 e/Å3. A computer-generated per-
spective drawing of 3b is shown in Figure 1.24

3-[(tert-Butyldimethylsilyl)oxy]-4-methoxybenzoic Acid.
To a solution of 3-[(tert-butyldimethylsilyl)oxy]-4-methoxyben-
zaldehyde2 (35.0 g, 131 mmol) in acetone (400 mL) was added
(stirring) a warm solution (40 °C) of potassium permanganate
(35.3 g, 223 mmol) in water (50 mL)-acetone (250 mL) over
30 min. The reaction mixture was stirred for 45 min (complete
by TLC analysis). The suspension was cooled and filtered
through a pad of Celite, and the filtrate was concentrated. The
residue was dissolved in ethyl acetate (1000 mL) and trans-
ferred to a separatory funnel containing 1 N HCl (800 mL).
The organic layer was extracted with water (5 × 1000 mL)
and brine (500 mL) and dried (sodium sulfate), and solvent
was removed in vacuo to give a crystalline powder. Recrys-
tallization from hexane afforded the benzoic acid as colorless
needles (31.0 g, 84% yield): mp ) 163.5-164.5 °C; EIMS m/z
(peak height) 282 (M+), 267 (2), 225 (92), 210 (100), 195 (20);
IR (Nujol, cm-1) 3100 (broad O-H stretch), 1682 (CdO), 1681
(aromatic CdC); 1H NMR (CDCl3) δ 7.732 (1H, dd, J6/2 ) 2.2
Hz, J6/5 ) 8.4 Hz, H-6), 7.569 (1H, d, J2/6 ) 1.2 Hz, H-2), 6.894
(1H, d, J5/6 ) 8.5 Hz, H-5), 3.882 (3H, s, -OCH3), 1.009 (9H,
s, -OtBu), 0.174 (6H, s, -Si(CH2)2-); 13C NMR (75.5 MHz,
CDCl3, assignments assisted by an APT spectrum) δ 172.9
(CdO), 156.6 (C-4), 145.4 (C-3), 125.7 (C-2), 123.0 (C-6), 122.4
(C-1), 111.5 (C-5), 55.8 (-OCH3), 25.9 (-CH3), -4.5 (-Si-
(CH2)2-), -4.5 (-Si-C-).
General Procedure for Synthesis of Morpholine

Amides 6a-g. To a 1.0 M solution of the carboxylic acid
chloroform at room temperature was added 2 equiv of thionyl
chloride. The solution was heated to reflux under Ar until
TLC (3:1 hexanes-ethyl acetate) showed no starting material
(approximately 4-8 h). The solution was concentrated to an
oil that solidified under high vacuum (0.05 mmHg), and the
crude acid chloride was used in the next step without purifica-
tion. Two equivalents of morpholine was slowly injected via
syringe over a 5-min period to a 0.3 M solution of the acid
chloride in toluene (under Ar). The reaction mixture was
stirred at room temperature until the starting acid chloride
was consumed (approximately 1.5-4 h, according to TLC using
3:1 hexanes-ethyl acetate). The solution was filtered through
a pad of Celite to remove morpholine hydrochloride, and the

pad washed with toluene. The filtrate was concentrated to
an oil that was subjected to flash column chromatography.
Concentration of the respective fractions led to the respective
amides (Table 1). 6f,gwere synthesized from the acid chloride.
N-[3-[(tert-Butyldimethylsilyl)oxy]-4-methoxybenzoyl]-

morpholine (6a). A cottonlike solid was obtained following
chromatography (eluant: hexanes-ethyl acetate, 3:2 f 1:4)
and recrystallization from hexane (Table 1): EIMS m/z (peak
height) 351 (M+), 336 (4), 294 (100), 278 (26), 265 (8), 193 (70),
165 (16).
N-[3,4-(Methylenedioxy)benzoyl]morpholine (6b).

Amide 6b15 was isolated as a colorless flaky solid following
chromatography (1:1 hexanes-ethyl acetate, Rf ) 0.22).
N-(3,5-Dimethylbenzoyl)morpholine (6c). After chro-

matography (3:2 hexanes-ethyl acetate, Rf ) 0.19), a fluffy-
appearing solid was obtained (Table 1).
N-(3,4-Dimethoxybenzoyl)morpholine (6d). Amide 6d

was obtained as a colorless flaky solid14 following chromatog-
raphy (1:2 hexanes-ethyl acetate, Rf ) 0.16).
N-(3,5-Dimethoxybenzoyl)morpholine (6e). After chro-

matographic (1:1 hexanes-ethyl acetate, Rf ) 0.18) purifica-
tion, amide 6ewas collected as a colorless solid: TOFm/z 251.6
(M+).
N-(3,5-Dichlorobenzoyl)morpholine (6f). The clear oily

product crystallized at 0 °C: EIMSm/z (peak height) 259 (M+),
261 (M + 2), 263 (M + 4), 258 (M+ - H), 175 (62), 173 (96), 86
(76), 56 (100).
N-(3,5-Difluorobenzoyl)morpholine (6g). Amide 6g (Rf

) 0.21 in 3:2 hexanes-ethyl acetate) gave EIMS m/z (peak
height) 227 (M+), 141 (100), 113 (50), 86 (36), 56 (66).
General Procedures for Synthesis of Benzophenones

3a and 4a-f. A flame-dried flask containing a 0.1 M solution
of 3,4,5-trimethoxybromobenzene9 (1.1 equiv in dry tetrahy-
drofuran) was cooled to -78 °C, evacuated to 1 Torr, and
refilled with Ar for 10 cycles. To this solution was slowly
added tert-butyllithium (2.2 equiv), and the reaction mixture
was stirred for 15 min. A second dry flask containing a 0.1 M
solution of the morpholine amide (1.0 equiv) in tetrahydrofuran
was cooled to -78 °C, evacuated, and refilled with Ar. The
phenyllithium reagent was transferred via cannula to the
amide solution. The reaction mixture was stirred at -65 to
-78 °C for 4 h, followed by a slow warming to room temper-
ature. Progress of the reaction was monitored by TLC (hex-
anes-ethyl acetate). The reaction was stopped by adding 6
equiv of isopropyl alcohol and stirring for 1 h. Water was
added, and the mixture was extracted with ether (3×). The
ethereal extracts were combined, washed with water, and
dried, and solvent was removed to give an oil that was
subjected to flash chromatography. Collection and concentra-
tion of the required fractions afforded the benzophenone (Table
1).
3-[(tert-Butyldimethylsilyl)oxy]- 3′,4,4′,5′-tetramethoxy-

benzophenone (3a). Using amide 6a (0.20 g, 0.57 mmol),
3,4,5-trimethoxybromobenzene (0.169 g, 0.683 mmol), and
t-BuLi (0.74 mL, 1.25 mmol), the above scheme led to crude
phenstatin silyl ether 3a (0.199 g, Rf ) 0.29 in 4:1 hexanes-
ethyl acetate). Purification and recrystallization from hexane
afforded large glasslike prisms (Table 1): EIMS m/z (peak
height) 432 (M+), 417 (2), 402 (1), 375 (100), 360 (58), 345 (4),
193 (26).
3,4,5-Trimethoxy-3′,4′-(methylenedioxy)benzophe-

none (4a). Flash column chromatography (4:1 hexanes-ethyl
acetate, Rf ) 0.20) and recrystallization from methanol af-
forded small colorless needles.8

3,4,5-Trimethoxy-3′,5′-dimethylbenzophenone (4b).
Chromatography (9:1 hexanes-ethyl acetate, Rf ) 0.19) and
recrystallization from hexane yielded off-white needles: EIMS
m/z (peak height) 300 (M+, 100), 285 (14), 270 (4), 375 (100),
195 (40).
3,3′,4,4′,5-Pentamethoxybenzophenone (4c). Purifica-

tion by column chromatography (4:1 hexanes-ethyl acetate,
Rf ) 0.10) and recrystallization from toluene-hexane gave an
off-white powder: EIMSm/z (peak height) 332 (M+, 100), 317
(6), 301 (8), 195 (16), 165 (22).

Antineoplastic Agents Journal of Medicinal Chemistry, 1998, Vol. 41, No. 10 1693



3,3′,4,5,5′-Pentamethoxybenzophenone (4d). After re-
crystallization from hexane, the off-white powder did not
require chromatographic purification: EIMSm/z (peak height)
332 (M+, 100), 317 (6), 301 (8), 195 (16), 165 (22).
3,5-Dichloro-3′,4′,5′-trimethoxybenzophenone (4e).

Chromatographic (9:1 hexanes-ethyl acetate, Rf ) 0.28)
separation and recrystallization from hexane afforded clear
diamond-shaped crystals: EIMS m/z (peak height) 340 (M+,
100), 342 (M + 2), 344 (M + 4), 325 (26), 310 (4), 195 (46).
3,5-Difluoro-3′,4′,5′-trimethoxybenzophenone (4f). Fol-

lowing chromatography (9:1 hexanes-ethyl acetate, Rf ) 0.21)
and recrystallization from hexane, the ketone was obtained
as colorless needles: EIMS m/z (peak height) 318 (M+, 100),
293 (20), 278 (4), 195 (22), 141 (36), 113 (16).
3-(O-Dibenzylphosphoryl)phenstatin (3c). To a dry

flask equipped with a septum, magnetic stirrer, thermometer,
and Ar inlet containing dry acetonitrile (50 mL) and DMF (50
mL) was added phenstatin (3b; 2.0 g, 6.28 mmol). Upon
cooling to -10 °C, bromotrichloromethane (3.10 mL, 31.4
mmol) was added followed by triethylamine (1.84 mL, 13.2
mmol) and (dimethylamino)pyridine (77 mg, 0.63 mmol). After
1 min, dropwise addition of dibenzyl phosphite was begun
while maintaining a temperature of -7 to -10 °C. The
resultant yellow solution was monitored by TLC (1:1 hexanes-
ethyl acetate, Rf ) 0.19) until complete. At that time (1.5 h),
0.5 M aqueous KH2PO4 (50 mL) was added followed by
extraction with ethyl acetate (3 × 100 mL). The organic
extract was washed successively with water (200 mL) and
brine (150 mL) and dried (sodium sulfate). The solution was
filtered and concentrated in vacuo to a milky oil. Flash column
chromatography (eluant: 1:1 hexanes-ethyl acetate) was
performed to give benzyl phosphate 3c as a clear oil (2.60 g,
72% yield): EIMS m/z (peak height) (578, M+), (486, 4), (91,
100); 1H NMR (CDCl3) δ 7.694 (1H, d, J6/5 ) 8.0 Hz, H-6), 7.657
(1H, s, H-2), 7.319 (10H, s, Ar-H), 7.025 (2H, s, H-2′,6′), 7.000
(1H, d, J5/6 ) 9.0 Hz, H-5), 5.182 (4H, d, J ) 8.5 Hz, O-CH2-
Ph), 3.880 (9H, s, 3′,5′,4-OCH3); 31P NMR (CDCl3, decoupled,
202.35 MHz) δ -5.22.
Disodium Phenstatin 3-O-Phosphate (3d). The benzyl

phosphate 3c (0.68 g, 1.18 mmol) was added to anhydrous
ethyl alcohol (denatured, 50 mL) in a dry flask equipped with
a magnetic stirrer. After the vessel was evacuated and refilled
with Ar (two cycles), 5% palladium-on-carbon (0.58 g) was
added. The flask was evacuated and refilled with H2 to 10
psi (3×). The mixture was stirred vigorously for 15 min and
filtered through a 1-cm pad of Celite. The flask and Celite
were washed with ethanol, and solvent was removed under
reduced pressure to afford a foamy tan solid (0.44 g) that was
used in the next step.
The deprotected phosphate (0.44 g, 1.10 mmol) was dissolved

in anhydrous methanol (15 mL), and sodium methoxide (88
mg, 2.20 mmol) was added at room temperature. The cloudy
solution was stirred for 20 h, and the reaction mixture was
concentrated to a white solid that was washed with 2-propanol
and recrystallized (3×) from water-acetone. The phenstatin
prodrug 3d (0.38 g, 78% yield) was collected by filtration and
found to give: LRFAB m/z 443.02 (M + H+), calcd 443.048;
EIMS m/z (peak height) 318 (100, M+ - PO3Na2 + H), 303
(12), 195 (20), 151 (23); 1H NMR (D2O) δ 7.644 (1H, t, J2/6 )
1.8 Hz, H-2), 7.366 (1H, dd, J6/2 ) 1.8 Hz, J6/5 ) 8.5 Hz, H-6),
7.006 (1H, d, J5/6 ) 8.5 Hz, H-5), 6.933 (2H, s, H-2′,6′), 3.844
(3H, s, 4′-OCH3), 3.748 (6H, s, 3′,5′-OCH3) 3.734 (3H, s,
4-OCH3); 13C NMR (D2O, reference to CDCl3) δ 193.5 (CdO),
151.1; 31P NMR (D2O, decoupled, -202.35 MHz) δ -1.965. The
solubility of phenstatin prodrug 3d was found to be 30 mg/
mL in distilled water at 25 °C.
Tubulin Assays. Electrophoretically homogeneous bovine

brain tubulin was purified from bovine brain as described
previously.25 Reaction mixtures (0.24 mL during preincubatin,
0.25 mL during incubation, with all concentrations referring
to the final volume) contained 0.8 M monosodium glutamate
(taken from 2.0 M stock solution adjusted to pH 6.6 with HCl),
1.0 mg/mL (10 µM) tubulin, 4% (v/v) dimethyl sulfoxide, and
varying concentrations of drug. Samples were incubated for

15 min at 30 °C and chilled on ice. GTP, required for
polymerization, was added in 10 µL to a final concentration
of 0.4 mM. Samples were transferred to cuvettes held at 0 °C
by electronic temperature controllers in Gilford model 250
recording spectrophotometers. Baselines were established,
and the reaction was initiated by a jump (approximately 1 min)
to 30 °C. Extent of assembly after 20 min was the parameter
used to determine IC50 values. Active compounds were
examined in at least three independent experiments, and
inactive compounds were generally evaluated twice. In most
experiments, four spectrophotometers were used, with two
control reaction mixtures.
The binding of [3H]colchicine to tubulin was measured on

DEAE-cellulose filters as described elsewhere.26 Reaction
mixtures contained 0.1 mg/mL (1.0 µM) tubulin, 5.0 µM [3H]-
colchicine, and 5.0 µM inhibitor and were incubated for 10 min
at 37 °C.
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