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The diterpenoid taxol (l), first isolated from Taxus brevifolia,' 
has excellent clinical activity against ovarian and breast cancers 
and shows promise in the treatment of other cancers.2 There 
have been extensive studies on the chemistry and structure-activity 
relationships of taxol,3 but the preparation of 2-acyl analogs has 
not been reported because of the inability to debenzolyate 
selectively at  the C-2 position. Previously, only hydrolysis of the 
side chain and/or the l O - a ~ e t a t e , I ~ ~  with no detectable hydrolysis 
of the 2-benzoate, has occurred. Hydrolysis of baccatin 111 (2) 
also proceeds in the order 10-acetate > 4-acetate > 2-benz0ate,~ 
although low-yield debenzoylations of 7,13-bis(triethylsilyl)- 
baccatin HI6 and of 7-(triethylsilyl)-l0-deacetylbaccatin 1117 have 
been reported. Reacylation of a 2-debenzoylbaccatin 111 or taxol 
has not been described, in part because of the ready attack of the 
2-hydroxyl group on the oxetane r i r ~ g . ~ - ~  We now report that a 
surprisingly selective hydrolysis of the C-2 benzoate ester can 
be achieved and also that reacylation with certain meta- 
substituted benzoic acids yields derivatives more cytotoxic than 
taxol and with greater activity in promoting tubulin assembly. 

Since most previous hydrolytic studies were carried out in 
methanolic solution and since taxol would be expected to adopt 
a different conformation in a non-hydroxylic environment, we 
investigated the use of phase-transfer catalysis to effect selective 
hydrolysis and obtained dramatic results. Treatment of 2',7- 
bis(triethylsilyl)taxol(3) with dilute NaOH under phase-transfer 
conditions* gave the 2-debenzoyl product 4 in 69% yield. 
Reacylation of 4 (RCOOH, DCC, PP) gave the 2-acyl-2- 
debenzoyl product 5, avoiding the undesired intramolecular 
opening of the oxetane ring.s-7 Deprotection (HCI/MeOH) gave 
the final product 6. This procedure allows the synthesis of a 
2-acyltaxol analog from taxol in four steps with an unoptimized 
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overall yield of 57%. Support for the hypothesis that selective 
hydrolysis is favored by a solvent-dependent conformational 
change comes from recent N M R  and molecular modeling studies? 
which conclude that taxol adopts a globular conformation in 
aqueous media but a nonglobular conformation in chloroform. 
A nonglobular conformation opens the C-2 benzoate to nucleo- 
philic attack, whereas such attack would be inhibited by the 
globular conformation. 

We prepared several meta- and para-substituted benzoyl 
analogs of taxol. Unexpectedly, these two classes show strikingly 
different bioactivities. In the P-388 murine leukemia cell line, 
the para derivatives 6b, 6d, and 6h were much less cytotoxic than 
taxol, while the meta derivatives 6a, 6c, 6e, and 6g were all 
significantly more active than taxol, with cytotoxicities 150, 5 ,  
800, and 700 times that of taxol.I0 A similar large difference 
between the meta and para derivatives was observed in the HL- 
60 human leukemia cell line, although here the increase in activity 
of the meta derivatives was less marked." Analogs 6a and 6e 
were 3 times as cytotoxic as taxol, and 6c was equipotent with 
taxol; 6b and 6d were orders of magnitude less cytotoxic than 
taxol. Of particular importance, 6a was at  least 10-fold more 
cytotoxic than taxol in five cell lines of the NCI  tumor panel 
screen. 
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The morphology of drug-treated cells demonstrated that 6a 
and taxol caused mitotic arrest in HL-60 cells, and a quantitative 
comparison of the interactions of the taxol and of 6a and 6b with 
tubulin was thus carried out.I2 The para derivative 6b was 14- 
fold less active than taxol, and the meta derivative 6a was slightly 
more active than taxol. However, compound 6s at 10rMcaused 
tubulinpolymerizationat 0 O C ,  an effect not observed with taxol. 

(8 )  Experimentaldetailsoftheconversionsof3to4and4to6s are provided 
as supplemental data to this paper. 
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(12) Interactions were quantitated by examining the effects of low 
concentrations on thecold-stability of polymer formed from elcctrophoretically 
homogeneous bovine brain tubulin in 1 M monosodium glutamate0.1 mM 
GTP,14 based on the method described by Lataste et al." Polymerization also 
occurs under this reaction condition in the absence of drug. 
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Figure 1. Effects of taxol (T) and compounds 6a-i (indicated by their 
substituents) on tubulin polymerization in 0.1 M Mes. Each 0.25-mL 
reaction mixture contained 1 .O mg/mL (10 pM) tubulin, 0.1 M Mes (pH 
6.9 with NaOH), 0.5 mM MgC12, 100 pM GTP, 4% (v/v) dimethyl 
sulfoxide, and drugs as indicated; the dashed curves are for 10 pM drug 
and the solid curves for 40 pM drug. All components except drug were 
added to cuvettes held at 0 "C by an electronic temperature controller, 
and initial base lines were established. Drugs were added individually 
toreaction mixtures, thesampleswererapidly mixed, andturbidity changes 
were followed for 15 min at 0 OC. The arrows pointing to the abscissas, 
labeled 'C, p-N3" in panel A and "p-OCH3, p-CN" in panel B, indicate 
that no change in turbidity occurred without drug or in the presence of 
IO or 40 pM 6b, 6d, or 6f. 

This striking difference between taxol and 6a on the assembly 
of tubulin a t  0 OC led us to examine the tubul inda  interaction 
in detail. Major differences between agents were observed in a 
system in which tubulin will not polymerize without drug.l3 In 
this system (Figure 1, panel A), 10 or 40 pM 6b failed to induce 
polymerization. With 10 pM taxol, significant assembly occurred 
only at  37 OC, yielding polymer stable a t  10 "C but not a t  0 "C. 
With 10 pM 6a, brisk polymerization occurred at  15 OC, and the 
polymer was over 50% stable a t  0 OC. When drug concentration 
was increased to 40 pM, there was a slow polymerization reaction 
with taxol a t  15 "C, followed by a rapid reaction at  37 OC, but 
the polymer formed was still cold-labile a t  0 OC. With 40 pM 
6a, the initial reaction was shifted to 0 OC, and this reaction was 
both more rapid and more extensive than the taxol reaction at 
15 "C. Polymerization was complete a t  15 OC, and the polymer 
formed, unlike that with taxol, was largely stable in the cold. 
These results show that the analog &promotes tubulin assembly 
under conditions where taxol is inactive. 

Examination of additional analogs 6c-6i provided additional 
information on the tubulin-assembly properties of these com- 
pounds (Figure 1, panel B). Although none was as potent as 6a 
in inducing tubulin polymerization, all the meta-substituted 
derivatives were more active than taxol (N3 > OCH3 > C1 > 
CN). The para substituted derivatives were all much less active 
than taxol, with only thechloroderivative able to induce formation 
of a cold-labile polymer. Thus far a single ortho-substituted 
compound (the chloro derivative 6i) has been prepared, and it 
was slightly less active than taxol. In the chloro series, the order 
of activity is meta > ortho > para. 
~~ 
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Table 1. Comparison of Taxol and C-2 Derivatives on Assembly 
Rates at 15 OC and Extent of Assembly at 37 OC 

compound 
taxol (1) 
6a (m-N3) 
6e (m-OCH3) 

6c (m-CN) 
6i (0-Cl) 

6f (p-OCH3) 

6b @-N3) 

6g (m-Cl) 

6h (p-CI) 

6d (p-CN) 

10 pM drug 40 pM drug 
maximum maximum 

rate at 15 O c a  rate at 15 O c a  

(munits extentb (munits extentb 

1.2 (1) 0.38 (1) 23 (1) 0.60 (1) 
119 (99) 0.34 (0.9) NMC 0.60 ( I )  

51 (43) 0.37 (1) 271 (12) 0.54 (0.9) 
28 (23) 0.38 (1) 128 (6) 0.44 (0.7) 

1.3 (1.1) 0.40(1.1) 33 (1.4) 0.51 (0.9) 
0.7 (0.6) 0.25 (0.7) 9.3 (0.4) 0.43 (0.7) 
0 (0) 0.15 (0.4) 0 (0) 0.32 (0.5) 

AAsolmin) ( u 3 5 0 )  u s s o l m i 4  ( u 3 5 0 )  

0 (0) 0 (0) 0 (0) 0 (0) 
O(0) 0 (0) 0 (0) 0 (0) 
0 (0) O(0) O(0) O(0) 

a The maximum assembly rate at 15 "C was determined from the 
experiments shown in Figure 1, together with additional experiments 
performed withanalogs at 10pM that arenot presented here. Thenumber 
in partheses is relative to taxol. Individual experiments were performed 
with four samples in the spectrophotometers, with a dwell time at each 
position of 5 s. About 0.42 min elapsed between successive readings at 
each position. The maximum interval increase in reading was used to 
calculate the maximum rate. Maximum extent of assembly was 
determined from the same experiments, subtracting the initial turbidity 
reading at 0 OC from the final reading at 37 OC. NM, not meaningful, 
since the reaction at 0 OC was so extensive (see Figure 1). 

The data of Figure 1, including additional experiments 
performed with the taxol analogs a t  10 pM, are presented in a 
quantitative comparison in Table 1. The maximum assembly 
rates a t  15 O C  and the final turbidity values are compared. The 
most active agents differed little from taxol in the extent of tubulin 
assembly, but striking increases in the assembly rates a t  15 OC 
were observed for 6a, 6e, and 6g. 

The enhanced activity of 6a, 6c, 6e, and 6g and the reduced 
activity of 6b, 6d, 6f, and 6h relative to taxol is consistent with 
therecent observation that the C-2 substituent is critical for taxol's 
activity.6 Additional insight is provided by studies on the 
conformation of taxol and taxotere in aqueous solution by N M R  
spectroscopy and molecular m ~ d e l i n g . ~ J ~  These showed that 
hydrophobic interactions between the C-2 benzoate residue and 
the phenyl group of the C-13 side chain are important in the 
overall conformation of active compounds. Our results suggest 
that para groups disrupt these side-chain interactions while meta 
groups enhance them. Such findings raise the interesting question 
of whether it is the sidechain complex itself and subtle constraints 
that such hydrophobic sidechain interactions impose on the 
conformation of the taxane skeleton that are the key molecular 
features recognized by tubulin. We should also note that although 
both 6a and 6b are potentially photoreactive, we have no evidence 
that photoactivation plays a major role in the properties described 
here. 

In summary, we have described a method to deacylate taxol 
a t  position C-2 and place alternate aroyl groups at  this position. 
Two classes of analogs that we have prepared, the meta-substituted 
benzoyl derivatives 6a, 6c, 6e, and 6g and the para-substituted 
benzoyl derivatives 6b, 6d, 6f, and 6h, differ dramatically from 
each other and from taxol in their biological properties. Our 
results indicate that modification of taxol a t  C-2 is a promising 
approach to the preparation of taxol analogs with improved 
anticancer activity.16 

Supplementary Material Available: Experimental details of 
the conversion of 3 to 4 and 4 to 6a (1 page). This material is 
contained in many libraries on microfiche, immediately follows 
this article in the microfilm version of the journal, and can be 
ordered from the ACS; see any current masthead page for ordering 
information. 
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