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Design, synthesis, and bioactivity of simplified paclitaxel
analogs based on the T-Taxol bioactive conformation
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Abstract—A strategy for the design and synthesis of simplified paclitaxel analogs based on the T-Taxol conformation is presented.
The resulting compounds have both cytotoxic and tubulin polymerization activities, although less so than those of paclitaxel itself.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The diterpenoid paclitaxel (Taxol�) (1), first reported by
Wall and co-workers in 1971,1 emerged from being a
laboratory curiosity in the 1970s and 1980s to a drug
of major clinical importance in the 1990s, and it is cur-
rently used for the treatment of breast and ovarian can-
cers, and for AIDS-related Kaposi’s sarcoma. It is also
used or under investigation for the treatment of a wide
variety of other cancers.2 It is currently one of the larg-
est selling anticancer drugs in history, with combined
annual sales of it and its semisynthetic analog docetaxel
(Taxotere�)3 (2) of well over $1 billion.
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Paclitaxel’s importance as an anticancer drug has
spurred a large amount of work on its chemistry and
mechanism of action. In the chemistry area, virtually
every position on the ring and on the side chain has been
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subjected to structural modifications.4–6 The work de-
scribed in these reviews has led to the development of
several analogs of paclitaxel which are in clinical trial
as second-generation taxanes.

It would be highly desirable if future generations of this
class of drugs were structurally much simpler than pac-
litaxel, while retaining the full activity of the parent
compound. Several reports of approaches to this goal
have appeared in the literature, and various simplified
paclitaxel analogs have been prepared.7–11 Although
some of these analogs showed very weak cytotoxicity,
only the bridged paclitaxel-like compounds prepared
by Ojima caused any tubulin polymerization;11 the other
compounds were not reported to show this activity.7–10

Very recently Ojima and co-workers reported the syn-
thesis of simplified macrocyclic PTX analogs9 based on
the ‘non-polar’ PTX conformation.12 These analogs
likewise do not display tubulin polymerization activity,
but they did exhibit micromolar cytotoxicity to two cell
lines in spite of having drastically simplified structures.

The difference between our strategy and those previously
reported is in the maintenance of the relative orienta-
tions of the principal taxane pharmacophore at the b-tu-
bulin-binding site, namely the C-2 benzoate, the C-3 0

phenyl, and the C-4 acyl group, by means of a 5-atom
bridge. The rational design of such simplified molecules
requires a clear understanding of the tubulin-binding
conformation of the parent molecule. The T-Taxol
conformation was initially discovered on the basis of
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NAMFIS experiments13 and proposed as the binding
conformer in connection with electron crystallographic
analysis of tubulin sheets.14 The binding model has
recently been established by the synthesis of macrocyclic
PTX analog 3. This compound adopts the T-Taxol con-
formation and is significantly more active than PTX in
both cytotoxicity and tubulin polymerization assays.15

The bridged analog 3, in its 3-D representation, thus de-
fines the required conformation for the effective binding
of paclitaxel analogs to tubulin.
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Based on this analysis, and also on the results of SAR
studies which indicate that modifications to the northern
hemisphere of paclitaxel do not cause significant detri-
ment to its bioactivity,5 we designed simplified PTX ana-
logs of general structure 4, by deleting the baccatin core
of PTX and replacing it with a modified hydrophobic
[3.3.1]-bicyclononane moiety. These compounds do not
contain an oxetane ring, which was previously thought
to be necessary for the activity of paclitaxel-like com-
pounds. However, it has since been shown that an oxe-
tane ring is not absolutely necessary for activity and can
be replaced by other functional groups or ligand–pro-
tein-binding features.16 The design, synthesis, prelimin-
ary biological investigation, and biostructural analysis
of these model compounds are described in this
communication.
2. Results and discussion

The synthesis of 4 was achieved starting from commer-
cially available 2-adamantanone 5 (Scheme 1). Ada-
mantanone 5 was treated with NaN3 as previously
reported to give acetoxy derivative 6.17 The acetyl func-
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Scheme 1. Reagents and conditions: (i) NaN3, H2SO4, Ac2O (57%); (ii) KO

(77%); (v) LAH, THF (76%); (vi) TBDPSiCl, imidazole, DMF (92%); (vii) P

(ix) HF–pyridine, THF, 0 �C to rt (13, 80%); (x) acrylic acid, EDCI, CH2C1
tional group was then converted to the benzyl-protected
compound 7. Baeyer–Villiger oxidation of 7 produced
lactone 8 regioselectively.18 Lactone 8 was reduced with
LiAlH4 to provide diol 9 in satisfactory yield. Attempts
to selectively protect one hydroxyl group of 9 failed to
give monoprotected alcohol, and only the bis (tert-butyl-
diphenyl)silyl ether 10 was formed even when the more
selective silyl protecting group tBuPh2SiCl was used.
Bis-silyl ether 10 was hydrogenolyzed with H2–
Pd(OH)2/C at 50 psi to deprotect the benzyl group.
The resulting free hydroxyl group was benzoylated with
benzoyl chloride and lithium hexamethyldisilazide to
give the benzoyl bis-silyl ether 11. Selective deprotection
of the primary OTBDPS ether of 11 was not possible
under standard conditions such as HFÆPy diluted with
pyridine, since these conditions produced a mixture of
mono- and bis-deprotected alcohols 12 and 13 in a 1:5
ratio. However, compound 11 was converted to diol
13 in 80% yield by the use of undiluted HFÆPy and pro-
longed reaction conditions. Initial attempts to acylate
diol 13 with acryloyl chloride using lithium hexamethyl-
disilazide or BuLi failed to produce any desired product
14, instead producing complex mixtures. Analysis of the
1H NMR spectra of these mixtures indicated that the
C2-benzoyl group was migrating among the three
hydroxyl groups. This difficulty was circumvented by
the use of acrylic acid in the presence of DMAP and
EDCI to produce the acryloyl derivative 14 in 80% yield.

The synthesis of b-lactams 15a–c (Scheme 2) was carried
out by standard methods, as previously described.19

With the building blocks 14 and 15a–c in hand, the cru-
cial coupling was achieved using sodium hydride, and
resulted in the preparation of the three sets of diastereo-
mers 16a–c and 17a–c in a nearly 1:1 ratio. The pure
individual compounds could be separated by chroma-
tography. Efforts to determine the configuration of the
C2-benzoate center were unsuccessful, so both stereoiso-
meric series were continued to their respective final
products.20 Each diastereomer was subjected to a ring
closing metathesis reaction21 using Grubbs’ second-
generation catalyst to produce the triisopropylsilyl-
protected macrocyclic derivatives. Deprotection of the
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Table 1. Bioactivity of PTX and analogs 4 and 18

Compound IC50
a (lM) A2780

PTX 0.02 ± 0.01

4a 15.1 ± 2

4b NA

4c 20 ± 2

18a 11.3 ± 2.5

18b 10.9 ± 1.5

18c 18 ± 1.2

a Mean of two determinations.
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15c R = o-OCH2CH2CH=CH2

yield (%) yield (%) 

16a X = O 44  17a X = O 44 

16b X = bond 15  17b X = bond 15 
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1) RuCl2(=CHPh)(Cy3P)
(H2IMes)(10 mol%), CH2Cl2. 
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1) RuCl2(=CHPh)(Cy3P)
  (H2IMes)(10 mol%), CH2Cl2. 
2) HF-Pyridine, THF.

O

X

HO

N
H

Ph

O

O

O

O

OBz

O

X

HO

N
H

Ph

O

O

O

O

BzO

yield (%) yield (%) 

4a X = O, Z 
bridge 

76  18a X = O, Z-
bridge 

61 

4b X = bond 0  18b X = bond, E-
bridge 

58 

4c X = OCH2, E-
bridge 

79  18c  X = OCH2, 
E-bridge 

69 

Scheme 2. Synthesis of compounds 4 and 18.
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triisopropylsilyl ethers generated the simplified PTX-like
molecules 4a,c and 18a–c; compound 4b was not formed
(Scheme 2). The failure of 16b to undergo metathesis to
the TIPS-protected precursor of 4b might be attributed
to a higher degree of strain relative to diastereomer
18b from 17b. However, molecular mechanics confor-
mational searches for isomers 4b and 18b suggest they
possess similar strain energies.22 Since the b-series in-
volves the shortest bridge between C4-C@O and ortho-
C3 0-Ph (three carbons), we surmise that the lack of ring
closure is kinetic rather than thermodynamic in origin.
The intermediate Ru-complex or the corresponding
metathesis transition state within the short tether most
likely experiences a high energy steric clash with the
syn-OBz group. Because of the tentative nature of this
argument, the regiochemical assignment of the benzoate
group in compounds 4a–c and 18a–c should be regarded
as provisional.

In our earlier work with bridged PTX analogs such as
3 the double bond in the bridge had the Z configura-
tion, but in the present work the compounds were
obtained in both Z (4a and 18a) and E (4c and
18b,c) configurations. The configurations were as-
signed based on NMR coupling constants (J = 8.4–
8.8 Hz, J = 15.6 Hz for protons of the Z and E bridg-
es, respectively).
3. Biological results and discussion

Cytotoxicity determinations of compounds 4a,c and
18a–c were performed against the A2780 ovarian cell
line (Table 1). These measurements were made difficult
by the very low solubility of the compounds in
DMSO–H2O mixtures, and it is possible that the report-
ed data underestimate the true cytotoxicities.

All the compounds were cytotoxic, but were significantly
less active than PTX. Interestingly, the cytotoxicities of
compounds 4a,c and 18a–c were all comparable within a
factor of 2, indicating that the relative regiochemistry
of the benzoate group and the stereochemistry of the
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bridging double bond do not affect the activity signifi-
cantly. It should also be noted that our simplified ana-
logs have cytotoxicities comparable to those prepared
by Ojima and co-workers.9

Compounds 4a,c and 18a,c were also tested for microtu-
bule assembly activity in vitro (Fig. 1). The rate and ex-
tent of DMSO-induced tubulin assembly was enhanced
by these four molecules at concentrations of 30 lM,
which was near the limit of solubility for these molecules
under the assay conditions.

The substances also appear to stabilize microtubules to
cold induced disassembly. In the absence of added
ligand, DMSO-induced microtubules are completely
depolymerized by dropping the temperature from 37
to 4 �C. In the presence of the compounds, some poly-
mer remains in the samples at 4 �C. Compound 4c
enhanced assembly to the greatest extent, while com-
pound 4a was most active in stabilizing assembled
microtubules.

Modeling of 4c in the b-tubulin taxoid site demonstrates
that the compound is able to adopt the essential ele-
ments of the bioactive T-conformation; the C-4 and
C-13 side chains matching those of PTX closely. The
C-2 benzoyl phenyl overlaps that of PTX, but is forced
deeper into the hydrophobic pocket as a result of a
somewhat different positioning occasioned by the non-
ane core by comparison with the PTX baccatin core.
This elicits steric congestion via short H–H contacts
with the Leu230 and Leu275 tubulin side chains. Apart
from insolubility, the reduced activity of 4c relative to
PTX most likely derives from this source. Structure
18c does not dock into the taxane-binding pocket in
the T-form, but can assume a number of alternative con-
formations and binding modes. Considering the low
Figure 1. Enhancement of DMSO-induced tubulin assembly (1) by 4a

(2), 4c (3), 18a (4), and 18c (5). Pure tubulin (15 lM) in buffer (100 mM

PIPES, 1 mM MgSO4, 2 mM EGTA, and 1 mM GTP, pH 6.9) was

equilibrated to 37 �C in the spectrophotometer. Assembly was initiated

by addition of DMSO (curve 1) or DMSO containing the ligand

(curves 2–5) to yield a final concentration of 4% (v/v) DMSO. The final

concentration of each ligand was 30 lM. Assembly was monitored by

light scattering (apparent absorption at 350 nm). At the time indicated

by the arrows, the temperature was dropped to 4 �C.
potency of the compound, we regard none of these as
predictive. The diminished activity of our diastereomers
as well as that exhibited by the Ojima compounds9 make
it clear that neither class is sufficiently tailored to fully
exploit the T-Taxol concept.

In summary, we have designed a new class of cytotoxic
PTX-like molecules that can approximate, but not pre-
cisely achieve, the T-Taxol conformation. Synthesis
and biological evaluation of these truncated taxanes
provide compounds that exhibit diminished levels of
cytotoxicity and tubulin polymerization activity relative
to the paclitaxel parent. However, incorporation of po-
lar functional groups in the structures to make them
water-soluble may increase their bioactivity. Studies to-
ward this end are in progress and will be reported in due
course.
4. Experimental

4.1. General experimental methods

All of the reagents and solvents received from commer-
cial sources were used without further purification. 1H
and 13C NMR spectra were obtained on Varian Unity
400 MHz, Inova 400 MHz, and JEOL Eclipse
500 MHz spectrometers in CDCl3. High resolution
FAB mass spectra were obtained on a JEOL HX-110
instrument. Reaction mixtures were worked up by the
standard procedure of quenching the reaction, extract-
ing the resulting aqueous mixture with EtOAc or
Et2O, washing the organic solution with water and
brine, drying over Na2SO4, filtering, and concentration
to give crude product.

4.2. Synthesis of 4-benzyloxyadamantan-2-one (7)

A solution of 4-acetoxyadamantanone (6)17 (2.99 g,
14.3 mmol) in THF (35 mL) was added to the stirred
solution of 1M KOH (150 mL) in THF (50 mL) at
0 �C. The resulting reaction mixture was stirred for
1 h. After complete hydrolysis, as determined by TLC,
two layers were separated. The aqueous layer was
extracted with ether (2· 50 mL). Standard workup gave
crude 4-hydroxyadamantan-2-one17 (2.2 g, 95%).

The solution of 4-hydroxyadamantan-2-one (3.24 g,
19.4 mmol) in THF (20 mL) was added to a stirred sus-
pension of NaH (3.88 g, 160 mmol, 8 equiv) in THF
(60 mL), followed by benzyl bromide (4.27 mL,
35 mmol, 1.8 equiv) at 0 �C and the resulting reaction
mixture was brought to room temperature over night.
Saturated brine solution was added to quench the reac-
tion and the product was extracted with Et2O
(3· 100 mL). Standard workup gave crude product,
which was subjected to silica gel chromatography with
6–10% EtOAc in hexane to provide 4-benzyloxyada-
mantan-2-one (7) (4.6 g, 95%): 1H NMR (400 MHz) d
7.32 (3H, m), 7.28 (2H, m), 4.58 (1H, d, J = 12 Hz),
4.48 (1H, d, J = 12 Hz), 3.90 (1H, m),2.89 (1H, br s),
2.50 (1H, br s), 2.38 (1H, br d, J = 12 Hz), 2.20 (1H,
br s), 2.20–1.75 (8H, m); 13C NMR (100 MHz) d
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216.2, 138.4, 128.3, 128.0, 84.2, 69.4, 51.2, 46.5, 39.0,
38.0, 35.3, 33.4, 31.6, 26.7; HRMS (FAB+) Calcd for
C17H21O2 (M+H): 257.1542. Found: 257.1539
(D = �1.0); Anal. Calcd for C17H20O2: C, 74.97; H,
7.40. Found: C, 74.47; H, 7.47.

4.3. Synthesis of 4-benzyloxyadamantano-lactone (8)

To the solution of 4-benzyloxyadamantan-2-one (7)
(3.54 g, 13.8 mmol) in acetic acid (30 mL) and Ac2O
(30 mL) H2O2

18 (44 mL) was added. The resulting reac-
tion mixture was stirred for four days. Standard workup
gave crude product, which was subjected to silica gel
chromatography with 10–20% EtOAc in hexane to yield
8 (1.8 g, 60%): 1H NMR (500 MHz) d 7.32 (3H, m), 7.26
(2H, m), 4.72 (1H, d, J = 12 Hz), 4.52 (1H, d,
J = 12 Hz), 4.42 (1H, t, J = 2Hz), 3.54 (2H, m), 2.45
(1H, dt, J = 15, 2 Hz), 2.44 (1H, br s), 2.05–1.72 (7H,
m), 1.60 (1H, br d, J = 13 Hz); 13C NMR (125 MHz) d
176.0, 138.2, 128.4, 127.66, 127.62, 77.7, 72.7, 69.8,
46.9, 35.8, 33.2, 30.8, 30.3, 29.5, 25.5; HRMS (FAB+)
Calcd for C17H21O3 (M+1): 273.1491. Found:
273.1486 (D = �1.3).

4.4. Synthesis of 2-benzyloxy-3-hydroxymethyl-[3,3,1]-
bicyclononane-7-ol (9)

LAH powder (0.684 g, 18.5 mmol, 3 equiv) was added in
portions to a solution of lactone 8 (1.68 g, 6.17 mmol) in
THF (40 mL) at 0 �C over 20 min. The resulting reac-
tion mixture was brought to room temperature over-
night. A saturated solution of sodium potassium
tartrate was added to quench the reaction and the prod-
uct was obtained by the usual workup. The crude prod-
uct was subjected to silica gel chromatography with 50%
EtOAc in hexane to yield 9 (1.3 g, 76%): 1H NMR
(500 MHz) d 7.36 (5H, m), 4.70 (1H, d, J = 11.4 Hz),
4.42 (1H, d, J = 11.4 Hz), 4.13 (1H, m), 3.93 (1H, m),
3.66 (1H, dd, J = 10.7, 7.5 Hz), 3.46 (1H, dd, J = 10.7,
7.5 Hz), 2.59 (1H, br s), 2.13–1.60 (8H, m), 1.30 (1H,
dt, J = 13, 2.7 Hz); 13C NMR (125 MHz) d 137.2,
128.8, 128.4, 73.3, 64.7, 64.4, 39.8, 38.0, 34.1, 29.5,
28.6, 25.4, 23.5; HRMS (FAB+) Calcd for C17H25O3

(M+H): 277.1804. Found: 277.1808 (D = +1.5).

4.5. Synthesis of 2-benzyloxy-3-(tert-butyldiphenylsilyl-
oxymethyl)-7-(tert-butyldiphenylsilyloxy)-[3,3,1]-bicyclo-
nonane (10)

To the solution of diol 9 (1.3 g, 4.74 mmol) in DMF
(6 mL) were added imidazole (3.22 g, 47 mmol,
10 equiv) and tert-butyldiphenylsilylchloride (5 mL,
19 mmol, 4 equiv) at rt. The resulting mixture was stir-
red for four days. Saturated methanolic NaHCO3 solu-
tion was added to quench the reaction and the mixture
was subjected to the usual workup. The crude product
was subjected to silica gel chromatography with 1.5–
2% Et2O in hexane to yield 10 (3.5 g, 98%): 1H NMR
(400 MHz) d 7.70 (4H, m), 7.68 (4H, m), 7.42–7.25
(17H, m), 7.15 (2H, m), 4.39 (1H, t, J = 10.4 Hz), 4.30
(2H, s), 4.15 (1H, dd, J = 10, 4.8 Hz), 4.02 (1H, m),
3.50 (1H, dd, J = 7.2, 5.2 Hz), 2.40 (1H, m), 2.20 (2H,
br d, J = 8 Hz) 2.06 (1H, m), 1.98 (1H, br s), 1.78–1.62
(3H, m), 1.52 (2H, m), 1.14 (9H, s), 1.06 (9H, s), 0.96
(1H, br d, J = 12 Hz); 13C NMR (100 MHz) d 139.2,
136.1, 136.0, 135.87, 135.82, 134.9, 134.8, 134.7, 134.5,
129.7, 129.69, 129.66, 129.62, 128.4, 127.9, 127.8,
127.6, 127.4, 127.3, 80.6, 69.8, 67.1, 63.1, 39.8, 36.8,
31.5, 30.5, 30.3, 27.3, 27.2, 27.1, 25.6, 19.7, 19.3; HRMS
(FAB+) Calcd for C49H61O3Si2 (M+1): 753.4159.
Found: 753.4143 (D = �2.2).

4.6. Synthesis of 2-benzoyl-3-(tert-butyldiphenylsilyl-
oxymethyl)-7-(tert-butyldiphenylsilyloxy)-[3,3,1]-bicyclo-
nonane (11)

To a solution of 2-O-benzyl-bis-TBDPS ether (10)
(1.31 g, 1.74 mmol) in THF (85 mL) was added
Pd(OH)2/C (0.4 g) and the resulting reaction mixture
was hydrogenated at 50 psi at room temperature for
24 h. The catalyst was filtered off using a short plug of
silica gel and the filtrate was concentrated to yield the
crude product. The crude product was then subjected
to silica gel chromatography with 1.5–4% Et2O in hex-
ane to provide 2-hydroxy-bis-OTBDPS ether (0.8 g,
90% based on unrecovered starting material).

To the solution of 2-hydroxy-bis-OTBDPS ether ob-
tained from the above reaction (500 mg, 0.755 mmol)
in THF (28 mL) was added lithium hexamethyldisilazide
(1.13 mL, 1.13 mmol, 1.5 equiv) at 0 �C and the result-
ing solution was stirred for 10 min. Benzoyl chloride
(0.32 mL, 2.4 mmol, 2 equiv) was added to the above
reaction mixture, which was then stirred for 4 h at
0 �C. Saturated NH4Cl solution was added to quench
the reaction and the product was worked up in the usual
way. The resulting crude product was subjected to silica
gel chromatography using 4% EtOAc in hexane to fur-
nish 11 (560 mg, 97%): 1H NMR (400 MHz) d 7.90
(2H, dd, J = 8.2, 1.2 Hz), 7.72–7.20 (23H, m), 5.26
(1H, t, J = 7.2 Hz), 4.26 (1H, t, J = 9.6 Hz), 4.05 (2H,
m), 2.51 (1H, m), 2.38 (1H, m), 2.18 (1H, br d,
J = 14 Hz), 2.06 (2H, m), 1.72 (2H, m), 1.52 (1H, d,
J = 12 Hz), 1.22 (1H, m), 1.04 (18H, 2 singlets), 1.00
(1H, m); 13C NMR (100 MHz) d 166.0, 136.0, 135.9,
135.7, 135.6, 134.8, 134.6, 134.1, 134.0, 132.8, 130.8,
129.8, 129.7, 129.66, 129.64, 128.4, 127.9, 127.78,
127.7, 127.6, 76.0, 67.0, 63.6, 39.4, 37.4, 31.3, 31.0,
30.2, 27.2, 27.0, 26.5, 25.0, 19.4, 19.3; HRMS (FAB+)
Calcd for C49H58O4Si2Na (M+Na): 789.3771. Found:
789.3738 (D = �3.9).

4.7. Synthesis of 2-benzoyl-3-hydroxymethyl-[3,3,1]-bicy-
clononane-7-ol (13)

To a solution of 11 (800 mg, 1.04 mmol) in THF
(30 mL) was added HFÆPy (3 mL, 70% HF) at 0 �C
and the resulting solution was brought to room temper-
ature over 36 h. Saturated NaHCO3 solution was added
to quench the reaction and the product was subjected to
the usual workup. The resulting crude product was sub-
jected to silica gel chromatography with 2% MeOH in
CH2Cl2 to furnish 13 (244 mg, 80%): 1H NMR
(400 MHz) d 8.04 (2H, dd, J = 8.2, 1.2 Hz), 7.57 (1H,
t, J = 7.6 Hz), 7.45 (2H, t, J = 7.6 Hz), 5.66 (1H, dd,
J = 9.3, 6.2 Hz), 4.00 (1H, t, J = 4.8 Hz), 3.73 (1H, dd,
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J = 11, 8 Hz), 3.63 (1H, dd, J = 11, 8 Hz), 2.68 (1H, m),
2.39–2.24 (3H, m), 2.20 (1H, m), 2.04 (1H, m), 1.82 (6H,
m), 1.09 (1H, dt, J = 13.6, 2.8 Hz); 13C NMR
(100 MHz) d 166.4, 133.6, 129.9, 129.7, 129.0, 74.2,
65.5, 63.7, 39.1, 37.9, 35.5, 29.2, 28.0, 26.8, 23.6. HRMS
(FAB+) Calcd for C17H23O4 (M+1): 291.1596. Found:
291.1589 (D = �2.5); Anal. calcd for C17H22O4: C,
70.32; H, 7.58. Found: C, 70.18, H, 8.15.

4.8. Synthesis of 2-benzoyl-3-acryloyloxymethyl-[3,3,1]-
bicyclononane-7-ol (14)

Acrylic acid (43 mg, 0.608 mmol, 1.05 equiv) followed
by DMAP (7. 5 mg, 0.1 mol %) was added to a solution
of 13 (168 mg, 0.58 mmol) in CH2Cl2 (5 mL), and the
resulting reaction mixture was stirred at room tempera-
ture for 6 h. EtOAc was added followed by water to
quench the reaction, and standard workup gave a crude
product, which was purified by preparative TLC on sil-
ica gel with 2% MeOH in CH2Cl2 to furnish 14 (90 mg,
81% yield, based on unrecovered starting material 13):
1H NMR (500 MHz) d 8.00 (2H, dd, J = 8.2, 1.3 Hz),
7.56 (1H, t · t, J = 7.6, 1.1 Hz), 7.44 (2H, t,
J = 7.6 Hz), 6.27 (1H, dd, J = 17.2, 1.6 Hz), 5.98 (1H,
dd, J = 17.4, 10.5 Hz), 5.72 (1H, dd, J = 10.5, 1.3 Hz),
5.58 (1H, dd, J = 9.1, 6.4 Hz), 4.29 (2H, m), 3.98 (1H,
t, J = 4.3 Hz), 2.69 (1H, m), 2.49 (2H, m), 2.17 (3H,
m), 1.94–1.73 (6H, m), 1.46 (1H, dt, J = 13.3, 2.5 Hz);
13C NMR (100 MHz) d 166.0, 165.6, 133.4, 130.8,
129.7, 129.5, 128.8, 128.2, 73.3, 65.27, 65.21, 38.6,
34.2, 33.5, 29.0, 27.7, 26.9, 23.4; HRMS (FAB+) Calcd
for C20H24O5Na (M+Na): 367.1521. Found: 367.15388
(D = +3.5).

4.9. Synthesis of open chain x,x-diene precursors 16a and
17a

A solution of 14 (7.5 mg, 0.022 mmol) in THF (1 mL)
was added to the stirred suspension of NaH (45 mg, ex-
cess), THF (2 mL) at 0 �C and the resulting reaction
mixture was stirred for 10 min. A solution of 15a23

(21 mg, 0.043 mmol, 2 equiv) in THF (0.8 mL) was add-
ed to the above reaction mixture at 0 �C and the result-
ing solution was brought to room temperature over 4 h.
Saturated brine solution (5 mL) was added to quench
the reaction and the product was worked up in the usual
way. The resulting crude mass was subjected to prepara-
tive TLC on silica gel with 14% EtOAc in hexane to fur-
nish 16a (8 mg, 44%) and 17a (8 mg, 44%). Compound
16a: ½a�22

D �20.5 (c 2.1, CHCl3); 1H NMR (400 MHz) d
8.02 (2H, dd, J = 8.4, 1.6 Hz), 7.82 (2H, dd, J = 8.8,
1.4 Hz), 7.55 (1H, m), 7.49–7.40 (5H, m), 7.28 (1H, d,
J = 8 Hz), 7.19 (2H, m), 6.87 (2H, t, J = 7.6 Hz), 6.27
(1H, dd, J = 17.2, 1.6 Hz), 6.08 (1H, m), 5.95 (1H, dd,
J = 17.4, 10.8 Hz), 5.88 (1H, dd, J = 8.8, 2 Hz), 5.70
(1H, dd, J = 10.4, 1.6 Hz), 5.54 (1H, dq, J = 17.2,
1.6 Hz), 5.33 (1H, t, J = 6.4 Hz), 5,24 (1H, dd,
J = 10.8, 1.2 Hz), 5.14 (1H, m), 4.93 (1H, d, J = 2 Hz),
4.60 (2H, m), 4.57 (1H, dd, J = 10.8, 8 Hz), 4.41 (1H,
dd, J = 10.8, 8 Hz), 2.62 (2H, m), 2.22 (2H, m), 2.02
(1H, m), 1.90–1.80 (3H, m), 1.72 (1H, m), 1.48 (1H,
m), 1.39 (1H, m), 0.88 (18H, 2 singlets) 0.82 (3H, m);
13C NMR (100 MHz) d 172.0, 166.6, 166.0, 155.7,
134.9, 133.2, 131.6, 130.8, 130.4, 129.8, 128.9, 128.8,
128.6, 128.4, 128.0, 127.2, 127.0, 120.8, 117.2, 111.7,
74.2, 73.5, 69.7, 68.9, 65.2, 53.0, 35.2, 33.4, 32.4, 29.9,
26.7, 25.7, 24.3, 17.9, 17.8, 12.4; HRMS (FAB+) Calcd
for C48H62NO9Si2 (M+1): 824.4194. Found: 824.4208
(D = +1.7). Compound 17a: ½a�22

D �1.5 (c 2.2, CHCl3);
1H NMR (400 MHz) d 8.08 (2H, dd, J = 8.4, 1.6 Hz),
7.81(2H, dd, J = 8.8, 1.4 Hz), 7.56 (1H, m), 7.43 (5H,
m), 7.28 (1H, dd, J = 8.8 Hz), 7.18 (1H, m), 6.85 (2H,
m), 6.25 (1H, dd, J = 17.2, 1.6 Hz), 6.11 (1H, m), 5.91
(1H, dd, J = 17.4, 10.8 Hz), 5.87 (1H, dd, J = 8.8,
2 Hz), 5.68 (1H, dd, J = 10.4, 1.6 Hz), 5.56 (1H, dq,
J = 17.2, 1.6 Hz), 5.29 (1H, m), 5.27 (1H, m), 5.15
(1H, m), 4.97 (1H, d, J = 2 Hz), 4.60 (2H, m), 4.59
(1H, dd, J = 10.8, 7.6 Hz), 4.54 (1H, dd, J = 10.8,
7.6 Hz), 2.68 (1H, m), 2.59 (1H, m), 2.40 (1H, m), 2.20
(3H, m), 2.00–1.78 (5H, m), 1.40–1.24 (2H, m), 0.90
(18H, 2 singlets) 0.89 (3H, m); 13C NMR (100 MHz) d
172.0, 166.4, 165.8, 155.8, 134.8, 133.25, 133.21, 131.6,
130.8, 129.9, 128.9, 128.8, 128.6, 128.4, 128.0, 127.2,
126.9, 120.8, 117.3, 111.6, 74.6, 73.7, 69.6, 68.9, 65.4,
53.3, 35.5, 33.3, 32.9, 30.1, 26.3, 26.1, 24.6, 17.9, 17.8,
12.4; HRMS (FAB+) Calcd for C48H62NO9Si2 (M+1):
824.4194. Found: 824.41888 (D = �0.6).

Compounds 16b and 17b were prepared in 30% yield
and compounds 16c and 17c were prepared in 51% yield
by similar procedures; all four derivatives had satisfacto-
ry characterization data.

4.10. Simplified paclitaxel analog 18a

To the solution of 17a (7 mg, 0.01 mmol) in CH2Cl2
(2.5 mL) was added Grubbs’s second-generation cata-
lyst (3 mg, 30 mol %) in CH2Cl2 (2 mL) over 3 h and
the resulting solution was stirred for an additional hour.
The CH2Cl2 was concentrated, and the crude product
was subjected to preparative TLC on silica gel using
18% EtOAc in hexane to provide the macrocyclic prod-
uct (5.7 mg, 85% yield).

To the solution of product obtained from the above
reaction (5.5 mg, 0.0043 mmol) in THF (2 mL) was
added HFÆPy (0.1 mL, 70% HF) at 0 �C and the
resulting solution was brought to room temperature
overnight. Saturated NaHCO3 solution was added to
quench the reaction and the product was extracted
with EtOAc (3· 10 mL). Standard workup was fol-
lowed by purification by preparative TLC with 40%
EtOAc in hexane to furnish 18a (3.2 mg, 72%) (61%
overall two steps): 1H NMR (400 MHz) d 7.98 (2H,
dd, J = 8.0, 1.6 Hz), 7.81 (2H, dd, J = 8.0, 1.2 Hz),
7.53 (2H, m), 7.45 (5H, m), 7.26 (1H, m), 7.06 (d,
J = 9.2 Hz), 6.99 (2H, m), 6,91 (d, J = 8 Hz), 6.25
(1H, d, J = 8.8 Hz), 5.38 (1H, dd, J = 9.6, 5.2 Hz),
5.32 (1H, m), 4.80 (4H, m), 4.35 (1H, dd, J = 13.6,
3.2 Hz), 4.07 (1H, dd, J = 13.6, 3.2 Hz), 3.20 (1H, br
s), 2.82–2.64 (3H, m), 2.54 (1H, m), 2.38 (1H, m),
2.22–2.10 (2H, m), 2.00 (2H, m), 1.80 (1H, m), 1.22
(1H, m); 13C NMR (100 MHz) d 173.2, 166.8, 166.6,
166.1, 154.4, 143.0, 133.4, 132.0, 129.9, 129.1, 128.9,
128.8, 127.3, 127.0, 126.6, 121.5, 120.5, 111.0, 75.5,
72.7, 71.8, 66.2, 66.0, 50.6, 36.8, 32.7, 30.9, 29.4,
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26.7, 24.5, 24.2; HRMS (FAB+) Calcd for C37H38NO9

(M+1): 640.2547. Found: 640.25287 (D = �2.7).

Similar two-step procedures were employed to synthe-
size the other analogs 4a,c and 18b,c. Yields are as fol-
lows: 4a (76% overall yield for two steps), 4c (79%
overall yield for two steps), 18b (58% overall yield for
two steps), and 18c (51% overall yield for two steps).
Compound 4b was not obtained from 16b.

4.11. Simplified paclitaxel analog 4a

1H NMR (400 MHz) d 7.98 (2H, dd, J = 8.0, 1.6 Hz),
7.82 (2H, dd, J = 8.0, 1.2 Hz), 7.54 (2H, m), 7.45 (4H,
m), 7.30 (2H, m), 7.08–7.00 (3H, m), 6.91 (d,
J = 8.4 Hz), 6.28 (1H, d, J = 10 Hz), 5.38–5.30 (2H,
m), 4.84 (2H, m), 4.77 (1H, d, J = 1.2 Hz), 4.47 (1H,
dd, J = 12.4, 1.6 Hz), 4.03 (1H, dd, J = 12.4, 1.6 Hz),
2.78 (1H, m), 2.58 (1H, m), 2.28–2.02 (6H, m), 1.98
(1H, m), 1.82 (1H, br d, J = 14.8 Hz), 1.27 (1H, m);
13C NMR (100 MHz) d 173.1, 166.7, 166.6, 165.9,
154.4, 142.9, 134.5, 133.4, 132.0, 130.1, 129.8, 129.1,
128.9, 128.7, 127.3, 127.2, 126.7, 121.5, 120.6, 111.1,
75.8, 72.4, 72.0, 66.1, 65.1, 50.3, 35.1, 32.6, 30.7, 29.1,
26.6, 25.0, 24.3; HRMS (FAB+) Calcd for C37H38NO9

(M+1): 640.2547. Found: 640.2529 (D = �2.7).

4.11.1. Simplified paclitaxel analog 18b. 1H NMR
(400 MHz) d 8.01 (2H, dd, J = 8.4, 1.2 Hz), 7.74 (1H,
m), 7.62 (2H, dd, J = 8.4 Hz), 7.48 (2H, q, J = 7.2 Hz),
7.39 (2H, t, J = 8 Hz) 7.28 (4H, m), 6.75 (d,
J = 9.2 Hz), 6.34 (1H, d, J = 15.6 Hz), 5.98 (1H, d,
J = 9.2 Hz), 5.28 (2H, m), 4.66 (1H, d, J = 12.4 Hz),
4.26 (1H, d, J = 3.2 Hz), 4.18 (1H, m), 3.45 (1H, dd,
J = 5.6, 1.6 Hz), 3.25 (1H, d, J = 3.6 Hz), 2.65 (1H, m),
2.55 (1H, br s), 2.38–1.90 (6H, m), 1.73 (2H, m), 1.22
(1H, m); 13C NMR (100 MHz) d 173.1, 168.0, 161.5,
161.1, 141.6, 134.1, 132.7, 127.9, 126.5, 125.7, 124.4,
123.4, 123.3, 122.6, 121.8, 118.4, 71.2, 67.3, 66.2, 57.2,
44.1, 32.3, 23.6; HRMS (FAB+) Calcd for C37H38NO8

(M+): 627.2597. Found: 627.2625 (D = +4.4).

4.11.2. Simplified paclitaxel analog 18c. 1H NMR
(400 MHz) d 8.13 (2H, dd, J = 8.0, 1.6 Hz), 7.67 (2H,
dd, J = 8.4, 1.2 Hz), 7.54 (1H, m), 7.44 (3H, m), 7.30
(4H, m), 7.12 (1H, dd, J = 15.6, 8.4 Hz), 6.97 (1H, d,
J = 7.6 Hz), 6.89 (2H, d, J = 8.4 Hz) 6.46 (1H, d,
J = 15.6 Hz), 6.04 (1H, d, J = 9.2, 2 Hz), 5.43 (1H, m),
5.32 (1H, dd, J = 8.8, 5.6 Hz), 4.92 (1H, d, J = 2 Hz),
4.56 (1H, d, J = 12.4 Hz), 4.31 (1H, m), 4.14 (2H, m),
2.74 (3H, m), 2.42 (1H, m), 2.28–2.02 (5H, m), 1.90
(2H, m), 1.8 (1H, m), 1.36 (1H, br d, J = 14 Hz); 13C
NMR (100 MHz) d 173.2, 166.4, 166.06, 166.03, 155.2,
145.0, 134.3, 133.0, 131.4, 129.98, 129.90, 128.9, 128.5,
127.3, 126.9, 126.1, 124.9, 120.8, 110.7, 75.4, 71.6,
71.5, 65.0, 63.4, 51.1, 32.8, 32.6, 32.4, 31.3, 29.7, 28.9,
26.6, 25.3; HRMS (FAB+) Calcd for C38H40NO9(M+1):
654.2703. Found: 654.26904 (D = �2.0).

4.11.3. Simplified paclitaxel analog 4c. 1H NMR
(400 MHz) d 8.00 (2H, dd, J = 8.0, 1.2 Hz), 7.76 (2H,
dd, J = 8.4, 1.2 Hz), 7.52 (2H, m), 7.45 (3H, m), 7.28
(4H, m), 6.94 (1H, t · d, J = 7.6, 1.2 Hz), 6.88 (1H, d,
J = 8.4 Hz), 6.83 (1H, d, J = 9.2 Hz) 6.32 (1H, d,
J = 15.6 Hz), 6.00 (1H, dd, J = 9.4, 2 Hz), 5.38 (1H,
dd, J = 8.8, 5.6 Hz), 5.30 (1H, m), 4.85 (1H, d,
J = 2.4 Hz), 4.44 (1H, dd, J = 12.4, 3.2 Hz), 4.28 (1H,
m), 4.18 (2H, m), 2.70 (3H, m), 2.58 (1H, m), 2.40
(1H, m), 2.10 (1H, m), 2.00–1.78 (6H, m), 1.38 (1H, d,
J = 14 Hz); 13C NMR (100 MHz) d 173.7, 166.6, 166.4,
166.1, 155.5, 145.5, 134.6, 133.3, 131.9, 130.3, 129.8,
129.2, 128.9, 128.6, 127.4, 127.2, 126.2, 124.7, 121.0,
111.1, 75.5, 72.1, 71.5, 65.7, 65.0, 51.1, 33.8, 33.1, 32.7,
32.4, 29.4, 26.8, 25.8, 24.0; HRMS (FAB+) Calcd for
C38H40NO9 (M+1): 654.2703. Found: 654.27545
(D = +8.0).

4.12. Computational details

Structures 4c and 18c were constructed using T-Taxol
as the template in MacroModel 6.5. Each was fully
optimized using the MM3* force field including the
GBSA/H2O solvation model.24 The structures were
manually docked into the b-tubulin-binding site by
superimposing them on bound paclitaxel.14 Molecular
dynamics was then performed on a 10 Å sphere
around the binding site of each model for 250 fs at
20 K using the Tripos force field,25 followed by full
optimization of the complex, while holding the back-
bone of the protein aggregate fixed. The structure of
4c retains the essential features of the T-Taxol-binding
conformation by locating the bicyclononane core on
the baccatin core and by superposing the C-13 phenyl
rings on those of PTX. The C-2 phenyl rings overlap,
but that of 4c is offset and buried deeper in the pocket
where it encounters a steric clash with the protein.
When the T-Taxol model of 18c is docked into the
b-tubulin protein coordinates, the C-13 terminal phen-
yl rings are positioned similar to those of paclitaxel.
However, the diastereomerically relocated C-2 phenyl
ring is positioned in the northern part of the binding
site near Leu371, Pro274, and Phe272 (ligand/side-
chain H–H separations from 2.2 to 2.7 Å). The result-
ing steric clash pushes the ligand out of the binding
site during MD simulations.
Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2006.01.002.
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