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AbstractÐThe 2,4-diacyl paclitaxel analogues 8a±8r were prepared from paclitaxel by acylation of 4-deacetyl-2-debenzoylpaclitaxel
1,2-carbonate (3) followed either by hydrolysis of the carbonate and acylation or by direct treatment of the carbonate with an
aryllithium. Some of the resulting derivatives showed signi®cantly improved tubulin assembly activity and cytotoxicity as compared
with paclitaxel; in some cases this improvement was especially signi®cant for paclitaxel-resistant cell lines. # 2000 Elsevier Science
Ltd. All rights reserved.

Introduction

Paclitaxel (Taxol1, 1) has been recognized as one of the
most important chemotherapeutic agents for clinical
treatment of ovarian and breast cancer for the past dec-
ade. Its potential against non small-cell lung cancer, head
and neck cancer, and other types of cancer is also under
various stages of clinical investigation. Tremendous che-
mical research e�orts have been made in the past years,
which have established the fundamental structure±
activity relationships of the paclitaxel molecule, and
have provided analogues for biochemical studies to eluci-
date the precise mechanism of action for the development
of second-generation agents.1 These studies have shown
that both the C-4 acetate group2,3 and the C-2 benzoyl
group4 are important contributors to paclitaxel's activity.
Paclitaxel analogues with other C-24,5 and C-43 acyl
groups have also been made, and many of these are as
active or even more active than paclitaxel; very recently
the carbonate derivative 2 was disclosed by Bristol-Myers

Squibb as a clinical candidate.6 These results suggest that
further exploration of the e�ect of di�erent acyl groups at
the C-2 and C-4 positions could be fruitful for the dis-
covery of further candidates for drug development.

Up to this point most of the structure±activity studies of
paclitaxel have focused on changing only one functional
group, although recently some studies that involve the
manipulation of more than one group have appeared.5,7

We thus elected to investigate the e�ect of modifying
both the C-2 and C-4 acyl groups, in the expectation
that some of these might prove to have superior activity
to paclitaxel. We also elected to investigate the synthesis
of two C-4 analogues which would be expected to have
improved water-solubility as compared with paclitaxel.
A number of paclitaxel derivatives8 and prodrugs9 have
been prepared by attaching functional groups that could
increase the molecule's water solubility at C-20, C-7, or
C-10 positions, but the C-4 position has not yet been
investigated for this purpose.
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Results and Discussion

Synthesis of 2,4-diacyl analogues of paclitaxel

Since we wished tomodify both the C-2 and C-4 positions,
we elected to use a modi®cation of Holton's carbonate
protection method10 for this purpose. Protection of pacli-
taxel as its 20-(tert-butyldimethylsilyl)-7-(triethylsilyl)
derivative, followed by selective hydrolysis with Triton
B and reaction with carbonyldiimidazole gave the cyclic
carbonate 3 in approximately 50% overall yield from
paclitaxel.11

Compound 3 was acylated at the C-4 position by one of
three di�erent acylation methods. In one method,

designated method A and exempli®ed by the synthesis
of the water-soluble precursors 4a and 4b, compound 3
was treated with 10 equivalents of monobenzyl glutaric
acid or N-carbobenzyloxy-b-alanine, 12 equivalents of
dicyclohexylcarbodiimide (DCC) and a catalytic amount
of 4-pyrrolidinopyridine for 24 h at room temperature
to a�ord compounds 4a and 4b in 72±87% yield
(Scheme 1). In a second method, designated method B
and exempli®ed by the synthesis of the compounds 4c,
4d, 4f and 4g, compound 3 was treated with LHMDS in
THF at ÿ78 �C, followed by treatment with the appro-
priate acid chloride or with di-t-butyldicarbonate.
Method C was used to prepare the xanthate 4e; in this
method compound 3 was treated with sodium hydride

Scheme 1.
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at room temperature, followed by treatment with car-
bon disul®de and methyl iodide.12

To complete the preparation of the analogues, it was
necessary to install the C-2 benzoyl, substituted benzoyl,
or acyl group on the C-2 position. This was accomplished
in two di�erent ways. In method D, used for the synthesis
of compounds 6b, f, g, i±q, the 1,2-carbonate was hydro-
lyzed with LiOH to give the diols 5b±5f. These diols
were then acylated with the appropriate carboxylic acids
in the presence of DCC and DMAP to give the C-2
derivatives 6b, f, g, i±q. As an example, hydrolysis of the
1,2-carbonate 4b with lithium hydroxide a�orded the
1,2-diol 5b in 85% yield. Benzoylation at C-2 provided
the C-4 acid 6b in 61% yield from 5b (Scheme 1).

In method E the carbonate 4 was treated directly with
the desired aryllithium compound, as ®rst reported by
Holton.10 Thus treatment of the b-alanyl derivative 4a
with phenyllithium at ÿ78 �C for 15min gave the pro-
tected 4-deacetyl-4-b-alanyl-paclitaxel derivative 6a in
80% yield (Scheme 1).

Conversion to the ®nal products 8a±8r was accomplished
by deprotection of the silyl groups with HF/pyridine. In
the case of the b-alanyl and glutaryl derivatives 6a and 6b
the 20-O and 7-O silyl protecting groups were ®rst
removed with HF/pyridine or HCl/MeOH to give the
derivatives 7a and 7b, and the benzyl or carbobenzyloxy
protecting groups were then removed by hydrogenation
to give the ®nal products 8a and 8b

.Bioactivity of 2,4-diacyl analogues of paclitaxel

The bioactivities of the 2,4-diacylpaclitaxels were eval-
uated in two di�erent assay systems. The ®rst assay was

for their ability to assemble microtubular protein (tubulin
unresolved from microtubule-associated proteins) at
37 �C. Cytotoxicity assays were obtained against colon
carcinoma using both normal and paclitaxel-resistant
HCT 116 cells. These data are summarized in the Table 1,
together with the data for paclitaxel itself for compar-
ison.

Looking ®rst at the tubulin-assembly data, it can be
seen that several of the analogues have improved
assembly ability as compared with paclitaxel. This is
true in particular for the methoxy carbonyl analogues
8c±8g and the cyclopropanecarbonyl analogues 8h±8m.
These results are consistent with previous work which
indicated that these two C-4 acyl groups have a bene®cial
e�ect on the activity of paclitaxel.3c It can also be noted
that the e�ect of making changes at both the C-2 and C-4
positions appears to be additive, at least to some extent.
Thus 2-debenzoyl-2-(3-azidobenzoyl)paclitaxel has an
activity in the tubulin assembly assay that is about three
times as great as paclitaxel (analogue/paclitaxel 0.37),13

while 2-debenzoyl-4-deacetyl-2-(3-azidobenzoyl)-4-(cyclo-
propylcarbonyl) paclitaxel (8i) has an analogue/pacli-
taxel ratio of 0.08; this is approximately the product of
the analogue/paclitaxel ratios of the two singly modi®ed
compounds.

Turning next to the cytotoxicity measurements, it can be
noted that improved tubulin-assembly activity does not
necessarily correlate with improved cytotoxicity against a
colon carcinoma line HCT116. As an example, the com-
pounds 8i and 8j both have excellent tubulin-assembly
activity (12±16 times that of paclitaxel), but they are only
modestly more cytotoxic than paclitaxel. The most inter-
esting compound from a cytotoxicity point of view
turns out to be 8k, which is about as cytotoxic as
paclitaxel against parental HCT116 tumor cells, but is

Table 1. Synthetic methods for and bioactivity of 2-aroyl-4-acylpaclitaxel analogues

Method
3!4

Method
4!6

C-2 Substituent C-4 Substituent Tubulin data
EC0.01 (mM)

Anal/PT HCT116
(nM)

116/VM46
(nM)

Anal/PT R/S ratio

Taxol Benzoyl Acetyl 6.9�1.1 1 2.0 203 1 101
8a A E Benzoyl b-Alanyl NTa Ð 8.12 >113 3.85 >14
8b A D Benzoyl Glutaryl NT Ð >108 >108 >54 NMb

NA NA Benzoylc Methoxycarbonyl 2.8 0.41 2 NT 1.0 Ð
8c B E 3-Methoxybenzoyl Methoxycarbonyl 6.2 0.9 6.7 867 3.3 129
8d B E 3-Methylbenzoyl Methoxycarbonyl 5.5 0.8 2.1 44 1 21
8e B E 3-Chlorobenzoyl Methoxycarbonyl 1.7�0.2 0.4 2.2 82 1.1 37
8f B D 3-Azidobenzoyl Methoxycarbonyl NT Ð 1.3 92 0.7 71
8g B D 3,3-Dimethylacryloyl Methoxycarbonyl NT Ð 4.0 >118 2.0 >30

NA NA Benzoylc Cyclopropylcarbonyl 1.6 0.24 1.0 NT 0.5 Ð
8h B E 3-Methoxybenzoyl Cyclopropylcarbonyl 9.0 1.3 2 40 1 20
8i B D 3-Azidobenzoyl Cyclopropylcarbonyl 0.55 0.08 1.7 14.4 0.9 8.5
8j B D 3-Chlorobenzoyl Cyclopropylcarbonyl 0.41 0.06 1.0 16.2 0.5 16.2
8k B D 2,4-Di¯uorobenzoyl Cyclopropylcarbonyl 1.3�0.1 0.2 2.1 8.2 1.0 3.9
8l B D 2,5-Dimethoxybenzoyl Cyclopropylcarbonyl 3.4�0.8 0.5 1.8 45.1 0.9 25.1
8m B D 2,4-Dichlorobenzoyl Cyclopropylcarbonyl 5.4�2.9 0.7 2.5 76.6 1.3 30.6
8n C D 3-Azidobenzoyl S-Methylxanthyl 250�0 42 16.8 134.8 8.4 8.03
8o C D 3-Chlorobenzoyl S-Methylxanthyl 21�5.9 3.5 5.7 58.6 2.9 10.3
8p C D 3-Methoxybenzoyl S-Methylxanthyl 53�41 8.9 4.7 53.2 2.4 11.3
8q A D 3-Chlorobenzoyl 3-Chlorobenzoyl 420�140 144 2430 2460 1210 NMb

8r B E 3-Methoxybenzoyl t-Butoxycarbonyl NT Ð >106 >106 >50 NMb

aNT (the sample was not tested in this assay system).
bNM (the data is not meaningful).
cData for this compound from ref 3c.

M. D. Chordia et al. / Bioorg. Med. Chem. 9 (2001) 171±178 173



signi®cantly more cytotoxic than paclitaxel to a pacli-
taxel resistant variant HCT116/VM46. This multidrug
resistant cell line exhibits overexpression of P-glycopro-
tein, a cell surface drug e�ux pump, which limits the
intracellular accumulation of paclitaxel and other lipo-
philic anticancer agents. It is possible that this derivative,
and others which demonstrate a more modest decrease
in resistance, are pumped out less well by P-glycopro-
tein, contributing to the diminished resistance. Thus,
compounds of this type may be of interest in the future
as candidates for drug development.

Experimental

General experimental methods

Unless otherwise noted, all materials were used as
received from a commercial supplier without further pur-
i®cation. All anhydrous reactions were performed in
oven-dried glassware under argon. Anhydrous tetra-
hydrofuran and diethyl ether were distilled from sodium/
benzophenone. Anhydrous toluene was distilled from
sodium. Dichloromethane was distilled from calcium
hydride. All reactions were monitored by E. Merck
analytical thin-layer chromatography (TLC) plates
(silica gel 60 GF, aluminum back) and analyzed with
254 nm UV light and/or vanillin/sulfuric acid spray.
Silica gel for column chromatography was purchased
from E. Merck (230±400 mesh). Preparative thin-layer
chromatography (PTLC) plates (silica gel 60 GF) were
purchased from Analtech. 1H and 13C NMR spectra were
obtained in CDCl3 on a Varian Unity 400 spectrometer
(operating at 399.951MHz for 1H and 100.578MHz for
13C) or a Bruker WP 360 spectrometer (operating at
360.140MHz for 1H and 90.562MHz for 13C), and were
assigned by comparison of chemical shifts and coupling
constants with those of related compounds and by
appropriate 2D-NMR techniques. All 2D-NMR spectra
were obtained on the Varian Unity 400 spectrometer.
Chemical shifts were reported as d-values using residual
CHCl3 as internal reference, and coupling constants
were reported in Hertz. Mass spectra (LRFABMS/
HRFABMS) were obtained at the Nebraska Center for
Mass Spectrometry, University of Nebraska.

Tubulin-assembly assay

Twice cycled microtubule protein was prepared follow-
ing the procedure of Williams and Lee14 and stored in
liquid nitrogen before use. Quanti®cation of tubulin
polymerization potency was accomplished following a
modi®ed procedure of Swindell et al.15 These mod-
i®cations, in part, result in the expression of tubulin
polymerization potency as an e�ective concentration for
any given compound. For this method, di�erent com-
pound concentrations in polymerization bu�er (0.1M
MES, 1mM EGTA, 0.5mM MgCl2, pH 6.6) were
added to microtubule protein in polymerization bu�er
at 37 �C in microcuvette wells of a Beckman (Beckman
Instruments) Model DU 7400 UV spectrophotometer.
A ®nal microtubule protein concentration of 1.0mg/mL
and compound concentrations of 2.5, 5.0, and 10 mM

were used. Initial slopes of absorbance change measured
every 10 s were calculated by the program accompany-
ing the instrument after initial and ®nal times of the
linear region encompassing at least 3 time points were
manually de®ned. Under these conditions linear var-
iances were generally <10ÿ6, slopes ranged from 0.03 to
0.002 A unit/min, and maximum absorbance was 0.15 A
unit. E�ective concentration (EC0.01) is de®ned as the
interpolated concentration capable of inducing an initial
slope of 0.01 A unit/min and is calculated using the
formula: EC0.01=concentration/slope.

Cytotoxicity assay

Human colon carcinoma lines HCT116 and HCT116/
VM46 were maintained in RPMI 1640 media/10% fetal
bovine serum at 37 �C under 5% CO2. For the assay, cells
were seeded in 96-well microtiter plates and 24h later test
compounds were added. After a 72 h drug exposure, live
cells were quanti®ed by tetrazolium dye conversion
using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulphenyl)-2H-tetrazolium, inner
salt) and measuring the di�erence in optical density
(OD). The results were expressed as IC50 values; the
drug concentration required to inhibit the OD by 50%
relative to no drug control. The average IC50 value for
paclitaxel in the experiments presented here was 2.0 nM.

Synthetic procedures

In order to conserve space, representative examples only
of the various synthetic procedures used are given below.
All isolated ®nal products 8a±8r were characterized by
HRMS and by 1H NMR spectroscopy, and had spectro-
scopic data consistent with their assigned structures. All
®nal compounds tested for bioactivity had a purity
>95%, as determined from their 1H NMR spectra.

Acylation at C-4 by method A. 20-O-(tert-Butyldimethyl-
silyl)-7-O-triethylsilyl-2-debenzoyl-4-deacetyl-1,2-carbo-
nato-4-(O-benzylglutaryl)-paclitaxel (4b). To a solution
of 20 -O-(tert-butyldimethylsilyl)-7-O-triethylsilyl-2-de-
benzoyl-4-deacetyl-1,2-carbonato-paclitaxel11 (3, 57mg,
0.059mmol) in dry toluene (3.0mL) was added DCC
(310mg, 1.50mmol), 4-PP (7mg, catalytic amount), and
glutaric acid monobenzyl ester (133 mL, 0.72mmol). The
resulting suspension was stirred at room temperature for
24 h and was then ®ltered through a pad of silica gel and
rinsed with EtOAc. The ®ltrate was concentrated and
puri®ed by preparative TLC (silica gel, 1000 mM; EtOAc:
hexanes, 4:6) to a�ord 20-O-(tert-butyldimethylsilyl)-7-
O-triethylsilyl-2-debenzoyl-4-deacetyl-1,2-carbonato-4-
(O-benzylglutaryl)-paclitaxel (4b, 60mg, 87%). 1H NMR
(CDCl3, 399.951MHz) d 7.77 (m, 2H), 7.55±7.27 (m,
13H), 7.01 (d, J=10.4Hz, 1H), 6.42 (s, 1H), 6.12 (t,
J=9.6Hz, 1H), 5.62 (dd, J=10.4, 2.4Hz, 1H), 5.08 (AB
q, 2H), 4.91 (d, J=9.6Hz, 1H), 4.64 (d, J=9.6Hz, 1H),
4.63 (d, J=2.4Hz, 1H), 4.50 (d, J=6.0Hz, 1H), 4.49 (d,
J=9.6Hz, 1H), 4.41 (dd, J=10.8Hz, 8.0, 1H), 3.45 (d,
J=6.4Hz, 1H), 2.76 (m, 1H), 2.61±1.92 (m, 9H), 2.15 (s,
3H), 2.00 (s, 3H), 1.75 (s, 3H), 1.32 (s, 3H), 1.22 (s, 3H),
0.91 (t, J=8.8Hz, 9H), 0.83 (s, 9H), 0.57 (q, J=8.8Hz,
6H), ÿ0.02 (s, 3H), ÿ0.20 (s, 3H); 13C NMR (CDCl3,
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90.562MHz) d 201.9, 172.31, 172.27, 171.8, 169.0, 167.0,
152.6, 143.7, 137.9, 131.8, 131.2, 128.8, 128.7, 128.6, 128.4,
128.24, 128.18, 127.0, 126.8, 89.7, 84.2, 81.3, 80.1, 77.2,
76.3, 75.6, 74.6, 71.5, 70.6, 66.5, 60.0, 55.7, 43.4, 41.5, 37.9,
35.1, 32.9, 32.3, 25.5, 25.4, 21.0, 20.7, 18.2, 14.8, 10.1, 6.7,
5.2, ÿ5.1, ÿ5.5.

Acylation at C-4 by method B. 20-tert-Butyldimethylsilyl-
7-triethylsilyl-4-acylpaclitaxel 1,2-carbonate derivatives
(4c, 4d). To a solution of compound 3 (32.0mg, 0.033
mmol) at ÿ78 �C in freshly distilled anhydrous THF
(0.5mL) was added lithium hexamethyldisilamide (0.125
mmol) via syringe under argon. The mixture was stirred
at ÿ78 �C for 15min. The desired electrophile (cyclopro-
pyl carbonyl chloride or methyl chloroformate,
0.250mmol) was added via syringe and the mixture was
further stirred for 15min at ÿ78 �C. The reaction mixture
was then allowed to warm to 0 �C, diluted with EtOAc
(5mL), and quenched with water. The organic layer was
washed with dil. HCl (1 N), dil. NaHCO3, water, and
®nally brine. The organic layer was separated, dried
over Na2SO4 and concentrated under reduced pressure to
a�ord the crude product. The crude product thus obtained
was puri®ed using PTLC (silica gel, 500mM; ethyl acet-
ate:hexanes, 1:3) to yield compounds 4c and 4d (80±90%).

Acylation at C-4 by method C. 4-Deacetyl-4-(S-methyl-
xanthyl) -20 - tert -butyl -dimethylsilyl -7- triethylsilylpacli-
taxel - 1,2 - carbonate (4e). 4-Deacetyl-20 -tert-butyldi-
methyl-silyl-7-triethylsilylpaclitaxel 1,2-carbonate (3)
(80.0mg, 0.0825mmol) was dissolved in freshly distilled
dry THF (0.5mL). Sodium hydride (6.0mg, 0.250mmol)
was added at room temperature, followed by carbon
disul®de (0.2mL, excess). After stirring for 5min at
room temperature methyl iodide (0.1mL, excess) was
added and the mixture stirred at room temperature.
Reaction was completed in 1 h. The mixture was diluted
with EtOAc and washed with dil HCl, water and brine.
The organic layer was separated, dried over Na2SO4, and
evaporated. The crude product thus obtained was puri®ed
by preparative TLC (1000mM; silica gel; EtOAc:hexanes,
1:3) to yield amorphous solid 4e (77.4mg, 90%). FABMS
m/z (rel. int.) [M+H]+ 1052 (7), 1022 (15), 514 (4), 400
(20), 354 (75), 105 (100); HRFABMS m/z [M+H]+

1052.4120 (C53H73NO13S2Si2 requires 1052.4062).

Acylation at C-2 by method D. 20-O-(tert-Butyldimethyl-
silyl)-7-O-triethylsilyl-4-deacetyl-4-(O-benzylglutaryl)-
paclitaxel. To a solution of 20-O-(tert-butyldimethyl-
silyl)-7-O-triethylsilyl-2-debenzoyl-4-deacetyl-1,2-carbo-
nato-4-(O-benzylglutaryl)-paclitaxel (4b, 30mg, 0.025
mmol) in THF (1.5mL) was added 7 drops of water and
lithium hydroxide monohydrate (LiOH.H2O, 26mg,
excess). The mixture was stirred at room temperature
for 2 h and was then diluted with EtOAc, washed suc-
cessively with dilute HCl (1 N), saturated NaHCO3,
water, and brine. The combined organic layers were
dried over anhydrous Na2SO4 and concentrated under
reduced pressure. The residue was puri®ed by pre-
parative TLC (silica gel, 1000 m; EtOAc:hexanes, 6:4) to
a�ord 20-O-(tert-butyldimethylsilyl)-7-O-triethylsilyl-2-
debenzoyl-4-deacetyl-4-(O-benzylglutaryl)-paclitaxel (5b,
25mg, 85%), which was subjected directly to the next

reaction. To a solution of 5b (30mg, 0.026mmol) in dry
toluene (3.0mL) was added DCC (64mg, 0.31mmol),
DMAP (2mg, catalytic amount), and benzoic acid
(30mg, 0.25mmol). The resulting suspension was stirred
at 80 �C for 48 h and was then puri®ed by preparative
TLC (silica gel, 1000 mM; EtOAc:hexanes, 4:6) to a�ord
20-O-(tert-butyldimethylsilyl)-7-O-triethylsilyl-4-deacetyl-4-
(O-benzylglutaryl)-paclitaxel 6b (20mg, 61%). 1H
NMR (CDCl3, 399.951MHz) d 8.12 (m, 2H), 7.72 (m,
2H), 7.56±7.27 (m, 16H), 7.07 (d, J=9.2Hz, 1H), 6.44
(s, 1H), 6.21 (t, J=8.8Hz, 1H), 6.15 (br d, J=7.6Hz,
1H), 5.68 (d, J=8.0Hz, 1H), 5.09 (s, 2H), 4.88 (br d,
J=8.8Hz, 1H), 4.67 (d, J=2.4Hz, 1H), 4.47 (dd,
J=10.4Hz, 6.8, 1H), 4.29 (d, J=8.4Hz, 1H), 4.20 (d,
J=8.4Hz, 1H), 3.81 (d, J=6.8Hz, 1H), 3.01 (m, 1H),
2.74 (m, 1H), 2.52±1.70 (m, 8H), 2.16 (s, 3H), 2.03 (s,
3H), 1.72 (s, 3H), 1.21 (s, 3H), 1.17 (s, 3H), 0.92 (t, 9H),
0.79 (s, 9H), 0.58 (q, 6H), ÿ0.02 (s, 3H), ÿ0.27 (s, 3H).

Acylation at C-2 by method E. 20-O-(tert-Butyldimethyl-
silyl)-7-O-triethylsilyl-4-deacetyl-4-(N-carbobenzyloxy-
�-alanyl)-paclitaxel. To a solution of 20-O-(tert-butyldi-
methylsilyl)-7-O-triethylsilyl-2-debenzoyl-4-deacetyl-1, 2-
carbonato-4-(N-carbobenzyloxy-b-alanyl)-paclitaxel (4a,
7.0mg, 0.0060mmol) in dry THF (1.0mL) at ÿ78 �C
was added PhLi (1.8 M in hexanes, 20 mL, 0.036mmol).
The solution was stirred at ÿ78 �C for 15min, and was
then quenched with dilute HCl (1 N) and extracted with
EtOAc. The combined organic layers were washed with
saturated NaHCO3, water, and brine, dried over anhy-
drous Na2SO4, and concentrated under reduced pressure.
The residue was puri®ed by preparative TLC (silica gel,
500 mM; EtOAc:hexanes, 4:6) to give 20-O-(tert-butyldi-
methylsilyl) -7 -O - triethylsilyl - 4 -deacetyl - 4 - (N - carbo-
benzyloxy-b-alanyl)-paclitaxel 6a (6.0mg, 80%) which
was directly subjected to the next reaction.

4-Deacetyl-4-(N-carbobenzyloxy-�-alanyl)-paclitaxel. A
solution of 20-O-(tert-butyldimethylsilyl)-7-O-triethyl-
silyl-4-deacetyl-4-(N-carbobenzyloxy-b-alanyl)-paclitaxel
(6a, 15mg, 0.012mmol) in freshly prepared 5% HCl/
MeOH (1mL) was stirred at room temperature for 2 h.
The reaction mixture was diluted with EtOAc, washed
with saturated NaHCO3, water, and brine, dried over
anhydrous Na2SO4, and concentrated under reduced
pressure. The residue was puri®ed by preparative TLC
(silica gel, 500 mM; EtOAc:hexanes, 7:3) to a�ord
4-deacetyl-4-(N-carbobenzyloxy-b-alanyl)-paclitaxel 7a
(9.0mg, 74%). 1H NMR (CDCl3, 399.951MHz) d 8.06
(d, J=7.2Hz, 2H), 7.81 (d, J=7.6Hz, 2H), 7.62±7.26
(m, 17H), 6.21 (s, 1H), 6.20 (t, J=8.8Hz, 1H), 5.69 (dd,
J=8.4, 4.0Hz, 1H), 5.65 (d, J=7.2Hz, 1H), 5.43 (m,
1H), 4.99 (br s, 2H), 4.89 (d, J=8.0Hz, 1H), 4.72 (dd,
J=6.8, 4.4Hz, 1H), 4.38 (m, 1H), 4.27 (d, J=8.8Hz, 1H),
4.17 (d, J=8.8Hz, 1H), 4.15 (m, 1H), 3.70 (d, J=7.2Hz,
1H), 3.57 (d, J=6.8Hz, 1H), 3.56 (m, 1H), 2.86 (t,
J=6.8Hz, 2H), 2.52 (m, 1H), 2.48 (d, J=4.0Hz, 1H), 2.23
(s, 3H), 2.12 (m, 1H), 2.05 (m, 1H), 1.87 (m, 1H), 1.75 (br
s, 3H), 1.66 (s, 3H), 1.24 (s, 3H), 1.12 (s, 3H).

4 -Deacetyl - 4 - (O - benzylglutaryl) -paclitaxel (7b). To a
solution of 20-O-(tert-butyldimethylsilyl)-7-O-triethyl-
silyl-4-deacetyl-4-(O-benzylglutaryl)-paclitaxel (6b, 6.0mg,
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0.0048mmol) in dry THF (1mL) was added HF-pyri-
dine (70%, 150 mL, excess) and the solution was stirred
at room temperature for 4 h. The reaction mixture was
diluted with EtOAc and washed with saturated Na
HCO3 and dilute HCl (1 N), the organic layers were
combined and washed with water and brine, dried over
anhydrous Na2SO4, and concentrated under reduced
pressure. The crude product was puri®ed by preparative
TLC (silica gel, 500 mM; EtOAc:hexanes, 7:3) to a�ord
4-deacetyl-4-(O-benzylglutaryl)-paclitaxel 7b (3.5mg,
71%). 1H NMR (CDCl3, 399.951MHz) d 8.11 (m, 2H),
7.75 (m, 2H), 7.60±7.27 (m, 16H), 7.09 (d, J=8.4Hz,
1H), 6.24 (s, 1H), 6.19 (t, J=8.8Hz, 1H), 5.73 (dd,
J=8.8, 3.2Hz, 1H), 5.66 (d, J=7.2Hz, 1H), 5.07 (s,
2H), 4.87 (br d, J=8.0Hz, 1H), 4.77 (dd, J=6.0, 3.2Hz,
1H), 4.41 (m, 1H), 4.28 (d, J=8.4Hz, 1H), 4.18 (d,
J=8.4Hz, 1H), 3.77 (d, J=6.8Hz, 1H), 3.65 (d,
J=6.0Hz, 1H), 2.75±2.50 (m, 3H), 2.46 (d, J=4.0Hz,
1H), 2.44±1.84 (m, 7H), 2.24 (s, 3H), 1.76 (br s, 3H),
1.68 (s, 3H), 1.25 (s, 3H), 1.13 (s, 3H).

4-Deacetyl-4-glutaryl-paclitaxel (8b). A catalytic amount
of palladium on activated carbon (5%) was added to a
solution of 4-deacetyl-4-(O-benzylglutaryl)-paclitaxel (7b,
3.5mg, 0.0035mmol) in EtOAc (1mL). This suspension
was stirred in an atmosphere of hydrogen gas for 1 h.
TLC analysis indicated complete conversion of the
starting material to a very polar compound. The solid
was removed by ®ltration and the ®ltrate was con-
centrated under reduced pressure to a�ord 4-deacetyl-4-
glutaryl-paclitaxel (8b, 3.0mg, 94%). 1H NMR (CDCl3,
399.951MHz) d 8.10 (d, J=8.0Hz, 2H), 7.79 (d, J=
7.6Hz, 2H), 7.62±7.28 (m, 12H), 6.24 (s, 1H), 6.15 (t,
J=8.4Hz, 1H), 5.70 (dd, J=8.8, 4.8Hz, 1H), 5.66 (d, J=
7.2Hz, 1H), 4.88 (br d, J=8.0Hz, 1H), 4.77 (d, J=4.0Hz,
1H), 4.41 (m, 1H), 4.28 (d, J=8.8Hz, 1H), 4.19 (d,
J=8.8Hz, 1H), 3.75 (d, J=6.8Hz, 1H), 3.42 (m, 1H),
2.75±2.40 (m, 5H), 2.23 (s, 3H), 2.20±1.89 (m, 5H), 1.75
(br s, 3H), 1.67 (s, 3H), 1.23 (s, 3H), 1.12 (s, 3H); 13C
NMR (CDCl3, 100.578MHz) d 203.8, 175.5, 173.8,
172.8, 172.3, 171.3, 167.2, 142.5, 137.4, 133.7, 132.9,
132.0, 130.1, 129.3, 128.8, 128.65, 128.61, 128.3, 127.3,
127.1, 84.6, 81.2, 77.8, 76.4, 75.5, 75.0, 73.2, 71.8, 71.7,
58.4, 55.9, 45.5, 43.8, 35.4, 34.6, 32.9, 29.9, 26.8, 22.1, 20.8,
20.7, 14.6, 9.6. HRFABMS calculated for C50H55NO16

(M+Li)+ 932.2931, found 932.2955, error 2.6 ppm.

4-Deacetyl-4-�-alanyl-paclitaxel (8a). A catalytic amount
of palladium on activated carbon (5%) was added to a
solution of 4-deacetyl-4-(N-carbobenzyloxy-b-alanyl)-
paclitaxel (7a, 9.0mg, 0.0089mmol) in EtOAc (2mL).
This suspension was stirred in an atmosphere of hydro-
gen gas for 2 h. TLC analysis indicated complete conver-
sion of the starting material to a very polar compound.
The solid was removed by ®ltration and the ®ltrate was
concentrated under reduced pressure to a�ord 4-deacetyl-
4-b-alanyl-paclitaxel (8a, 7.5mg, 94%). 1H NMR
(CDCl3, 399.951MHz) d 8.04 (m, 2H), 7.82 (m, 2H),
7.62±7.28 (m, 12H), 6.22 (s, 1H), 6.21 (t, J=8.8Hz, 1H),
5.73 (dd, J=8.8, 4.0Hz, 1H), 5.67 (d, J=7.2Hz, 1H),
4.93 (d, J=8.0Hz, 1H), 4.73 (d, J=4.0Hz, 1H), 4.41
(m, 1H), 4.29 (d, J=8.4Hz, 1H), 4.16 (d, J=8.8Hz,
1H), 3.70 (d, J=7.6Hz, 1H), 3.19 (m, 1H), 2.92±2.77

(m, 3H), 2.53 (m, 2H), 2.35±2.15 (m, 6H), 2.24 (s, 3H),
1.87 (m, 1H), 1.78 (br s, 3H), 1.66 (s, 3H), 1.26 (s, 3H),
1.12 (s, 3H); 13C NMR (CDCl3, 90.562MHz) d 203.5,
172.8, 172.7, 171.4, 167.0, 166.4, 142.6, 139.0, 134.0,
133.8, 132.9, 131.7, 130.0, 129.1, 128.7, 128.64, 128.58,
128.0, 127.6, 127.0, 84.4, 81.5, 79.7, 77.2, 76.2, 75.4,
75.1, 73.5, 72.0, 71.1, 58.3, 55.6, 45.7, 43.2, 36.8, 36.3,
35.3, 34.8, 26.7, 22.4, 20.9, 14.7, 9.7. HRFABMS cal-
culated for C48H54N2O14 (M+H)+ 883.3653, found
883.3647, error 0.7 ppm.

20-O-tert-Butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-
4-deacetyl-4-(methoxycarbonyl)-paclitaxel (5c). To a
solution of 20-O-tert-butyldimethylsilyl-7-O-triethylsilyl-
2-debenzoyl-4-deacetyl-4-(methoxycarbonyl)-paclitaxel
1,2-carbonate (4c, 50mg, 0.49mmol) in THF (1mL)
and water (0.1mL) was added LiOH (20mg, 0.64mmol)
and stirred at room temperature for 1.5 h. The mixture
was taken up in EtOAc (10mL) and washed with water,
brine and dried over sodium sulfate. The residue
obtained after concentration was puri®ed by PTLC
(silica gel, 1000 mM; EtOAc:hexane, 2:3) to furnish 20-O-
tert-butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-4-
deacetyl-4-(methoxycarbonyl)-paclitaxel (5c, 20mg, 59%
yield based on the recovery of 15mg unreacted starting
compound) and 20-O-tert-butyldimethylsilyl-7-O-triethyl-
silyl-2-debenzoyl-4-deacetyl-paclitaxel (6mg). Compound
5c: 1H NMR: d, ÿ0.27 (s, 3H), ÿ0.06 (s, 3H), 0.54±0.60
(m, 6H), 0.79 (s, 9H), 0.89±0.96 (m,9H), 1.03 (s, 3H),
1.09 (s, 3H), 1.22±1.27 (m, 1H), 1.85 (s, 3H), 1.86±1.95
(m, 1H), 2.04 (s, 3H), 2.08±2.14 (m, 1H), 2.12 (s, 3H),
2.25±2.29 (m, 1H), 2.45±2.53 (m, 1H), 3.24 (d, J=4.3Hz,
1H), 3.30 (s, 1H), 3.52 (d, J=6.9Hz, 1H), 3.86 (s, 3H),
3.92±3.95 (m, 1H), 4.37±4.41 (m, 1H), 4.52 (d, J=1.4Hz,
1H), 4.65 (d, J=9.5Hz, 1H), 4.70 (d, J=9.6Hz, 1H), 4.98
(d,J=7.8Hz, 1H), 5.70 (d, J=9.3Hz, m 1H), 6.18 (dd,
J=8.7, 8.2Hz, 1H), 6.35 (s, 1H), 7.09 (d, J=9.5Hz, 1H),
7.29±7.52 (m, 8H), 7.72 (d, J=7.2Hz, 2H); 13C NMR d
ÿ5.78, ÿ5.25, 5.23, 6.71, 10.32, 14.21, 18.14, 20.81, 21.12,
25.42, 25.48, 26.26, 35.41, 37.24, 42.92, 46.73, 55.41,
55.87, 58.09, 71.46, 72.05, 73.75, 74.96, 75.14, 77.78, 78.03,
83.66, 84.26, 126.22, 126.62, 126.91, 126.99, 127.93, 128.49,
128.59, 128.83, 131.86, 134.17, 143.20, 138.41, 139.72,
152.91, 167.56, 169.24, 171.51, 202.27; HRFABMS: m/z
[M+H]+ 994.4822 (C52 H76NO14Si2 requires 994.4802).

20-O-tert-Butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-
2-(3-azidobenzoyl)-4-deacetyl-4-(methoxycarbonyl)-pacli-
taxel (6f). Toluene (0.8mL) was added to a mixture of
20-O-tert-butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-
4-deacetyl-4-(methoxycarbonyl)-paclitaxel 5c (10mg,
0.01mmol), m-azidobenzoic acid (16mg, 0.09mmol),
DCC (20mg), and pyrrolidinopyridine (1.0mg), and the
reaction mixture was stirred at room temperature for
24 h and then puri®ed by PTLC (silica gel, 1000 mM;
EtOAc:hexane, 2:3) to yield 20-O-tert-butyldimethylsilyl-
7-O-triethylsilyl-2-debenzoyl-2-(3-azidobenzoyl)-4-de-
acetyl-4-(methoxycarbonyl)-paclitaxel (6f, 9.0mg, 79%).
1H NMR: d ÿ0.30 (s, 3H), ÿ0.03 (s, 3H), 0.54±0.61 (m,
6H), 0.78 (s, 9H), 0.91±0.94 (m,9H), 1.15 (s, 3H), 1.22 (s,
3H), 1.66±1.68 (m, 1H), 1.70 (s, 3H), 1.81 (s, 3H), 1.89±
1.96 (m, 1H), 2.06 (s, 3H), 2.12±2.17 (m, 1H), 2.17 (s,
3H), 2.38±2.44 (m, 1H), 2.52±2.55 (m, 1H), 3.94 (d,
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J=6.87Hz, 1H), 4.03 (s, 3H), 4.21 (d, J=8.85Hz, 1H),
4.37 (d, J=8.24Hz, 1H), 4.43±4.48 (dd, J=6.87, 6.56Hz,
1H), 4.67 (d, J=1.68Hz, 1H), 5.10 (d, J=7.63Hz, 1H),
5.71 (d, J=7.02Hz, 1H), 5.77 (d, J=9.76Hz, 1H), 6.20±
6.24 (dd, J=7.94, 9.16Hz, 1H), 6.46 (s, 1H), 7.09 (d,
J=9.31Hz, 1H), 7.21±7.52 (m, 10H), 7.73±7.78 (d,
J=7.17Hz, 3H), 7.92 (d, J=7.78Hz, 1H); 13C NMR d
ÿ5.21, ÿ5.25, 6.73, 10.09, 14.40, 18.11,20.84, 21.09,
25.48, 26.50, 35.58, 32.12, 43.23, 46.71, 55.44, 56.47,
58.25, 70.86, 72.03, 75.01, 75.10, 75.25, 78.53, 83.17,
83.97, 120.45, 124.00, 126.49, 126.56, 126.93, 127.79,
128.57, 128.73, 130.25, 131.70, 133.65, 134.30, 140.43,
140.89, 152.56, 166.10, 166.91, 169.25, 171.51, 201.47.
HRFABMS: m/z [M+H]+ 1139.5061 (C59H79N4O15Si2
requires 1139.5080).

2-Debenzoyl-2-(3-azidobenzoyl)-4-deacetyl-4-(methoxy-
carbonyl)-paclitaxel (8f). To a solution of 20-O-tert-
butyldimethylsilyl-7-O -triethylsilyl -2-debenzoyl-2-(3-
azidobenzoyl)-4-deacetyl-4-(methoxycarbonyl)-paclitaxel
6f (8.0mg, 0.007mmol) in dry THF was added HF-
pyridine (0.2mL) in a Te¯on vial. The reaction mixture
was stirred at room temperature for 2 h. The mixture was
then diluted with EtOAc (10mL) and washed thoroughly
with dilute sodium bicarbonate, dilute HCl, water and
®nally brine. The organic layer was dried over Na2SO4

and evaporated to yield crude product, which was puri®ed
by PTLC (500mM; EtOAc:hexane, 55:45) to give 2-
debenzoyl-2-(3-azidobenzoyl)-4-deacetyl-4-(methoxy-
carbonyl)-paclitaxel (8f, 6.3mg, 98%). 1H NMR d 1.14
(s, 3H), 1.24 (s, 3H), 1.67 (s, 3H), 1.85 (s, 3H), 1.88 (s,
1H), 1.89±1.93 (m, 1H), 2.24 (s, 3H), 2.35±2.57 (m, 4H),
3.57 (d, J=4.89Hz, 1H), 3.77 (s, 3H), 3.84 (d,
J=6.86Hz, 1H), 4.20 (d, J=8.39Hz, 1H), 4.34±4.41 (m,
2H), 4.47±4.79 (m, 1H), 4.99 (d, J=9.00Hz, 1H), 5.69 (d,
J=7.17Hz, 1H), 5.80 (d, J=8.85Hz, 1H), 6.18±6.22 (dd,
J=7.78, 9.00Hz, 1H), 6.27 (s, 1H), 6.87 (d, J=9.01Hz,
1H), 7.24±7.51 (m, 10H), 7.57 (d, J=7.63Hz, 2H), 7.70
(d, J=7.02Hz, 2H), 7.82±7.83 (m, 1H), 7.94 (d,
J=7.79Hz, 1H). HRFABMS: m/z [M+H]+ 911.3343
(C47H51N4O15 requires 911.3350).

20-O-tert-Butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-
2-(3,3-dimethylacryloyl)-4-deacetyl-4-(methoxycarbonyl)-
paclitaxel (6g). A mixture of the 20-O-tert-butyldi-
methylsilyl-7-O-triethylsilyl-2-debenzoyl-4-deacetyl-4-
(methoxycarbonyl)-paclitaxel (5c, 10mg, 0.01mmol),
3,3-dimethylacrylic acid (10mg, 0.1mmol), DCC
(20mg) and pyrrolidinopyridine (1.0mg) in toluene
(0.8mL) was stirred at room temperature for 24 h and
puri®ed by PTLC (silica gel, 1000 mM; EtOAc:hexane,
3:7) to yield 20-O-tert-butyldimethylsilyl-7-O-triethylsi-
lyl-2-debenzoyl-2-(3,3-dimethylacryloyl)-4-deacetyl-4-
(methoxycarbonyl)-paclitaxel (6g, 7.0mg, 95% based on
the recovery of 2mg unreacted starting compound). 1H
NMR d ÿ0.35 (s, 3H), ÿ0.04 (s, 3H), 0.52±0.62 (m, 6H),
0.78 (s, 9H), 0.87±0.93 (m,9H), 1.14 (s, 3H), 1.18 (s, 3H),
1.25 (s, 3H), 1.67 (s, 3H), 1.89 (s, 3H), 1.97 (d,
J=0.9Hz, 3H), 2.02 (d, J=0.9Hz, 3H), 1.91±2.22 (m,
3H), 2.16 (s, 3H), 2.19 (s, 3H), 2.52±2.55 (m, 1H), 3.78
(d, J=6.7Hz, 1H), 4.00 (s, 3H), 4.22 (d, J=8.8Hz, 1H),
4.39±4.43 (dd, J=6.9, 6.7Hz, 1H), 4.52 (d, J=8.4Hz,
1H), 4.65 (d, J=1.7Hz, 1H), 5.03 (d, J=7.6Hz, 1H),

5.48 (d, J=6.7Hz, 1H), 5.67±5.70 (m, 2H), 6.20±6.25
(dd, J=9.5, 9.8Hz, 1H), 6.43 (s, 1H), 7.13 (d, J=8.7Hz,
1H), 7.27±7.55 (m, 8H), 7.78 (d, J=6.9Hz, 1H).
HRFABMS: m/z [M+H]+ 1076.5206 (C57H82NO15Si2
requires 1076.5223).

2 -Debenzoyl - 2 - (3,3 - dimethyl - acryloyl) - 4 - deacetyl - 4 -
(methyl carbonate)-paclitaxel (8g). To a solution of 20-
O-tert-butyldimethylsilyl-7-O-triethylsilyl-2-debenzoyl-2-
(3,3-dimethylacryloyl)-4-deacetyl-4-(methoxycarbonyl)-
paclitaxel (6g, 6.0mg, 0.005mmol) in dry THF (1mL)
was added HF-pyridine (0.2mL) in a Te¯on vial. The
reaction mixture was stirred at room temperature for
2 h. After usual work up the residue obtained was pur-
i®ed by PTLC (500 mM, 55% EtOAc/hexane) to give 2-
debenzoyl-2-(3,3-dimethylacryloyl)-4-deacetyl-4-(meth-
oxycarbonyl)-paclitaxel (8g, 3.9mg, 98%). 1H NMR d
1.10 (s, 3H), 1.21 (s, 3H), 1.63 (s, 3H), 1.79 (d, J=1.2Hz,
3H), 1.83 (s, 3H), 1.86±1.89 (m, 1H), 1.95 (d, J=1.1Hz,
3H), 2.19 (s, 3H), 2.23 (s, 3H), 2.26±2.34 (m, 2H), 2.44
(d, J=4.3Hz, 1H), 2.50±2.58 (m, 1H), 3.58 (d, J=
4.2Hz, 1H), 3.70 (d, J=6.7Hz, 1H), 3.78 (s, 3H), 4.20
(d,J=8.2Hz, 1H), 4.34 (m, 1H), 4.51 (d, J=8.8Hz,
1H), 4.74±4.76 (dd, J=2.3, 2.1Hz, 1H), 4.99 (d, J=
7.8Hz, 1H), 5.46 (d, J=6.7Hz, 1H), 5.71 (s, 1H), 5.78
(d, J=8.8Hz, 1H), 6.15 (m, 1H), 6.23 (s, 1H), 6.95 (d,
J=9.8Hz, 1H), 7.30±7.55 (m, 8H), 7.77 (d, J=7.0Hz,
1H). HRFABMS: m/z [M+H]+ 848.3501 (C45H54NO15

requires 848.3493).
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