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Ten taxoids with a cyclopropanated side chain were synthe-
sized by coupling a spirocyclopropanated oxazoline-5-car-
boxylic acid with 7-(triethylsilyl)baccatin III, followed by hy-
drolytic ring opening and benzoyl migration. The absolute
configuration of the 2�-position was determined by NMR
analysis of the corresponding Mosher esters. These paclit-
axel analogs were active in A2780 mammalian and PC-3
prostate cancer cell lines, and also in a tubulin-assembly as-
say, but all the analogs were less active than paclitaxel itself.
To probe the basis for the uniform potency reduction shown
by the cyclopropanated taxoid series, we have examined the

Introduction

Taxol[1] (1), originally isolated from the Pacific yew
(Taxus brevifolia),[2] has become an important anticancer
drug, especially for the treatment of refractory ovarian can-
cer, small-cell lung cancer, and metastatic breast disease.[3]

Extensive structure-activity relationship (SAR) studies of
taxol have been carried out and several new analogs are in
clinical trials.[4] Cyclopropyl groups have proved to be
highly effective in improving the activity of many biolo-
gically active compounds,[5,6] and several cyclopropyl-bear-
ing analogs of taxol[7] and epothilone[8] have previously
been synthesized and shown to have improved or retained
anticancer activity. Recently, a new simple access to the spi-
rocyclopropanated oxazoline-5-carboxylic acid 4a was dis-
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conformational properties of compound 3b alone by molecu-
lar mechanics and in complex with tubulin by molecular dy-
namics. In addition, we have performed an NMR/NAMFIS
conformer deconvolution analysis for compound 3b. Both
modeling and NAMFIS approaches provide a satisfying un-
derstanding of the biological behavior of the series of cyclo-
propanated taxoids and provide further, though indirect, sup-
port for the T-form as characteristic of taxoids bound to β-
tubulin.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

closed, and 4a was considered to be a potential precursor to
taxol analogs with a cyclopropane-containing side chain.[9]

The synthesis of a taxol analog with a cyclopropane-con-
taining side chain was of interest, since it was hoped that
the 1,1-disubstituted cyclopropyl group in the side chain
would restrain the conformational mobility of the side
chain and bring it closer to the biologically active binding
conformation of paclitaxel. The synthetic strategy, the prin-
ciple of which had been successfully executed before,[10] is
to couple an oxazolinecarboxylic acid of general type 4 to
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7-(triethylsilyl)baccatin III (7-TES-baccatin III) (2), and
then hydrolytically open the oxazoline moiety to the desired
side chain.

Molecular modeling has proved to be a powerful tool to
elucidate the biologically active conformation of taxol, the
T-taxol conformation.[11] The initial computationally re-
fined electron crystallographic model[11] was employed in
the design, synthesis and subsequent bioanalysis of a novel
and highly active series of C-4 to C-3� bridged analogs pro-
viding clearcut experimental confirmation of the model.[12]

A synthetic approach employing less constrained C-2 to C-
3� linkers complemented by protein docking, conceived
around the same time by the French group, furnishes paral-
lel support for the T-concept,[13] while another recent ap-
proach based on a REDOR-taxol structure gives support
to aspects of the T-concept.[14] An additional successful ap-
plication of the model was inspired by the observation that
tubulin from yeast (S. cerevisiae) is not polymerized by
taxol.[15] Mutation of five key residues in contact with T-
taxol in the tubulin binding site as portrayed by the electron
crystallographic model restored the ability of the drug to
stabilize yeast microtubules.[16] It can be added that the rela-
tive cytotoxicity of paclitaxel and docetaxel in a cell line
made resistant by the Asp26Glu mutation can likewise be
explained by a model in which both compounds adopt the
β-tubulin-bound T-conformation.[17] In this paper, the con-
formational properties of a cyclopropyl-bearing taxoid were
examined in isolation by molecular mechanics and in com-
plex with tubulin by molecular dynamics. As a complement,
an NMR/NAMFIS conformer deconvolution analysis was
performed. The combined computational approaches pro-
vide a better understanding of the biological behavior of
this series of cyclopropanated taxoids and offer further in-
sight into how taxol binds to β-tubulin.

Synthesis

The synthesis of (±)-2-phenylspiro[cyclopropane-1�,4-ox-
azoline]-5-carboxylic acids 4a–c was performed according
to the previously developed procedures (Scheme 1).[9,18]

The coupling of 7-TES-baccatin III (2) with (±)-2-phen-
ylspiro[cyclopropane-1�,4-oxazoline]-5-carboxylic acid (4a)
using DCC/4-PP occurs in good yield (85%). The two dia-
stereomers 7a and 8a were obtained in a ratio of 2:3 and
were easily separated by column chromatography
(Scheme 2f).

The products 7a and 8a proved to be resistant to hydroly-
sis under the conditions previously used [0.1  HCl/dioxane
(1:1)].[10] Only starting material and various decomposition
products could be detected under the literature conditions,
while prolonged reaction times led to cleavage of the side
chain. Surprisingly, however, when the triethylsilyl groups
in 7a and 8a were first removed by treatment with HF/pyri-
dine, and the product subsequently hydrolyzed with 0.1 

HCl/dioxane (1:1) at 50 °C, the 3�-amino-2�-O-benzoyl de-
rivatives were obtained. These compounds proved to be less
prone than other related taxol analogs to rearrangement by
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Scheme 1. Synthesis of cyclopropanes 4a–4c. (a) NaH, MeCN, 0 °C
to room temp., 20 h, 16–60%; (b) NaOH, THF, room temp., 20 h,
58–100%.

benzoyl migration from the 2�-hydroxy group to the 3�-
amino group.[19] Thus, benzoyl group migration did not
take place under neutral aqueous conditions and basic non-
aqueous conditions, and the 2�-O-benzoyl derivative was
formed (structure not shown). Treatment of the 2�-O-ben-
zoyl derivative with 0.1  NaHCO3/dioxane (1:1) led to
clean rearrangement, however, and the four cyclopropane-
containing paclitaxel analogs 11, 12, 3a, and 17 were ob-
tained. High-resolution FAB mass spectra (HRFABMS)
showed that all four compounds had the same mass and
elemental composition. The chemical shift differences be-
tween the 7-H and 10-H protons in the 1H NMR spectra
of compounds 11 and 12 (or 3a and 17) were quite large.
By comparison with literature values,[20] it could be con-
cluded that 12 and 17 sustain the (7R) (7-epi) configuration
rather than the normal (7S) configuration. The epimeri-
zation to form small amounts of the C-7 epimers is an ex-
pected occurrence under the slightly basic conditions of the
reaction.[4a]

Syntheses of the related taxol analogs 3b–c and 13–16
were similar to those described above, except that the DCC/
4-PP coupling conditions were replaced by EDC/DMAP
conditions for easier workup. Small amounts of the C-7 epi-
mers of 3b and 3c were also formed, but the quantities were
too small for complete characterization. With a methyl or
isopropyl group on the cyclopropane ring, compounds 9b–
9c and 10b–10c turned out to be slightly more resistant to
acid hydrolysis, but reaction could be achieved by raising
the temperature and prolonging the reaction time. The ben-
zoyl migration from the 2�-hydroxy group to the 3�-amino
group also occurred less readily, and a longer time was
needed. In the case of compounds 9b and 9c, the final prod-
ucts 13–16 underwent epimerization at the taxol 7-OH
group under slightly basic aqueous conditions, like com-
pounds 9a and 10a. Compounds 10b and 10c, on the other
hand, gave only 3b and 3c with the normal taxol C-7 config-
uration.



D. G. I. Kingston et al.FULL PAPER

Scheme 2. Synthesis of C-3�-cyclopropanated taxol analogs. (a)
DCC or EDC, 4-PP, toluene, room temp., 24 h, 85%; (b) HF/pyri-
dine, THF, 0 °C to room temp., 24 h, 90%; (c) 0.1  HCl/1,4-diox-
ane (1:1), 50 °C, 1–3 h, 85%; (d) 0.1  NaHCO3/1,4-dioxane (1:1),
room temp., 6–24 h, 80%.

Results and Discussion

Determination of the Absolute Configuration at the
2�-Position

In order to determine the absolute configuration at the
2�-position, compound 12 was converted to two esters with
(R)- or (S)-α-methoxyphenylacetic acid (MPA), using the
EDC/DMAP coupling conditions. Since the hydroxy
groups at C-1 and C-7 in this compound are highly hin-
dered,[21] reaction occurred only at the 2�-OH position to
yield the Mosher esters 18 and 19. This observation also
supports the assigned configuration being (R) at C-7 for 12
and 17. The resulting 2�-MPA esters 18 and 19 were sub-
jected to NMR analysis.[22] Fortunately, the chemical shift

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 3962–39723964

differences ∆δRS were significant (Scheme 3). From these
data it was concluded that the taxoid 12 must have the (S)
configuration at C-2�, which is the configuration of 2�-epi-
paclitaxel. Thus, the diastereomers 3a and 17 must be (2�R),
and 11 must be (2�S).

Scheme 3. Determination of the absolute configuration of 12. (a)
(R)-α-Methoxyphenylacetic acid or (S)-α-methoxyphenylacetic
acid, EDC, DMAP, CH2Cl2, room temp., 24 h, 85 %. *∆δRS =
δR(18) – δS(19).

The absolute configurations at C-2� for 13–16 and 3b–c
were also checked using the Mosher ester analysis. From
these data it was concluded that taxoids 14 and 16 have the
(S) configuration at C-2�. The diastereomers 3b and 3c must
thus be (2�R), while 13 and 15 must be (2�S).

Cytotoxicity and Tubulin Assembly Assays

The bioactivities of taxoids 3a–c and 11–17 were com-
pared in the tubulin-assembly assay, the A2780 ovarian can-
cer cell line, and the PC-3 prostate cancer cell line (Table 1).
In general, taxoids with the unnatural configuration at the
2� position were much less active, while configuration at the
C-7 position plays a less important role for activity. The
most active compounds were the taxoids 3b and 3c with the
naturally occurring configuration at both C-2� and C-7. In
the tubulin-assembly assay, both compounds are less active
than taxol by a factor of 4–5. The cytotoxicities of com-
pounds 3b and 3c in the A2780 and PC-3 cell lines were
also less than that of taxol itself. In the A2780 cell line, all
of the cyclopropanated taxoids are much less active than
taxol (50–1000×), but 3b and 3c were only about an order
of magnitude less active in the PC-3 cell line. The activities
appear to be related to the substituents on the cyclopropane
ring. As the proton was changed to methyl, activity in-
creases by factors of 5 and 3 were observed in the tubulin-
assembly assay and the A2780 ovarian cancer cell line,
respectively. The same trend was observed for the change
from methyl to isopropyl, although the activity does not
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increase as dramatically in the same two assays. A plausible
explanation lies in the greater hydrophobicity of the ligands
accompanied by an entropy gain in the binding free energy
as the ligand leaves the aqueous milieu and associates with
the hydrophobic binding pocket within the protein.

Table 1. Tubulin polymerization (ED50 values) and cytotoxicities
(IC50 values) of compounds 3a–c and 11–17.

Compound Tubulin assembly A2780 PC-3
ED50 [µ] IC50 [µ] IC50 [µ]

Taxol (1) 0.25 0.024±0.012 0.052
3a 6.7 8.2±0.6 �6.6
3b 1.3 2.9±0.8 0.69
3c 0.92 1.2±0.1 0.69
11 �30 �25 �6.6
12 �30 22±1 �6.6
13 9.5 19±1 6.45
14 8.4 21±1 10.0
15 1.8 3.4±1.0 0.88
16 1.7 5.4±0.2 0.95
17 12 9.5±0.3 �6.6

The observation that compounds 11–17 are even less
active than diastereomeric 3b and 3c is consistent with the
above-mentioned configurational assignments, as taxoids
with a (2�S) configuration are usually less active than those
with a (2�R) configuration.[19,23]

The Conformation of Taxol on β-Tubulin: The C-3�
Problem

The electron crystallographic (EC) analysis of zinc-stabi-
lized microtubule sheets has provided a clear picture of the
secondary elements of the α,β-tubulin dimer[24] and con-
firmed the location of the taxoid binding site originally lo-
cated by photoaffinity labeling.[25] Subsequent analysis of
the EC structure and the corresponding density allowed
derivation of a model of the paclitaxel-binding conforma-
tion, namely T-taxol.[11] Several follow-up studies provided
support for this conformation, but the most definitive evi-
dence came from the design, synthesis and bioassay of a
series of paclitaxel analogs bridged between the 4-OAc
methyl group and the ortho position of the phenyl moiety
at C-3�.[26] Figure 1a illustrates the near-space alignment of
the C-4 and C-3� centers in the T-taxol form. Figure 1b
shows how a short bridge maintains the integrity of the
conformation while permitting the terminal phenyl rings
from the benzamido unit at C-3� and the benzoyl unit at C-
2 to surround His227 in β-tubulin.[11] Bridging in this man-
ner is highly effective at stabilizing the T-taxol shape. The
compounds proved to match and surpass taxol in both their
microtubule-stabilizing capacity and cytotoxicity.[12,13]

More recently, the French team reported an efficient route
to a highly active series of taxol analogs bridged between
the C-2 benzoyl phenyl group and an alkyl replacement of
the 3�-benzamido functionality.[14] While all the compounds
were significantly weaker cytotoxins than docetaxel, unsat-
urated (E) and (Z) analogs with a C7 spacer linking the 3�-
NHC(=O) carbon atom and the meta position of the ter-
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minal 2-phenyl group proved to be as active as PTX in the
tubulin aggregation assay. A docking study concluded that
the T-conformer is the preferred form for optimal binding
to β-tubulin.

Figure 1. Taxol analog conformations at the β-tubulin binding site.
a) T-Taxol conformer illustrating the close contact between the 4-
OAc methyl group and the ortho position of the phenyl group at
C-3�; b) A C-4–C3�-bridged taxane with activity equivalent to par-
ent taxol.

One of the consequences of this conformation as the bi-
oactive one is that the proton at C-3� is directed into the
concave cavity of paclitaxel when the molecule is bound to
the protein. As depicted by Figure 2a, 3�-H is well above
van der Waals contact with the 4-OAc methyl protons (i. e.
2.7 Å[27]). Were this proton to be replaced by an alkyl
group, it would have difficulty achieving the T-taxol local
minimum energy conformation as a result of steric repul-
sion. Indeed, 3�-methyltaxotere is devoid of activity in
microtubule-stabilization assays.[28]

Figure 2. T-Taxol conformations illustrating the potential for steric
congestion between the 4-OAc methyl group and the C-3� center.
a) The H···H distances between 3�-H and the 4-OAc methyl group
in T-taxol are above the sum of the van der Waals radii (2.7 Å); b)
cyclopropyl H atoms as in 3b engage in severe van der Waals con-
tacts with the 4-OAc methyl group (2.1 Å).

Internal Strain in the C-3�-Cyclopropanated Taxoids

In the cyclopropyl series of Table 1, the 3�-phenyl group
of paclitaxel is replaced by CHR1, namely the edge of the
cyclopropane that would formally confer the (S) configura-
tion on C-3�. It is well known that alkyl and alkenyl substi-
tutions at this center are well tolerated.[29–31] However, for
3a–c and 11–17 the 3�-H atom is also replaced with CH2

of the cyclopropane to generate a quaternary center. While
tetrasubstitution at C-2� has been shown to provide taxanes
with activity comparable to taxol,[32,33] to the best of our
knowledge the C-3� variant has not been previously re-
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ported to deliver effective anti-tubulin agents. In fact, as
speculated for the 3�-methyl group mentioned above, the
cyclopropane CH2 group most likely experiences a strongly
disfavored steric clash with the 4-OAc methyl group in the
T-taxol conformation (Figure 2b). While cyclopropanes 3a–
c and 11–17 cannot undergo full torsional relaxation within
the tubulin binding site, a molecular dynamics treatment
of the 3b–tubulin complex demonstrates that, although the
cyclopropyl methyl group overlaps nicely with the 3�-phenyl
group, the ligand’s reaction to internal steric compression
is to uncoil to a sufficient extent to reposition the 3�-benz-
amidophenyl group 2.0–2.2 Å further away from the bacca-
tin core by comparison with taxol. As a result, the terminal
phenyl group of the taxoid suffers conflict with tubulin side
chains in the hydrophobic binding pocket similar to what
we reported for a pair of low-activity bridged taxoids,[34]

although the conflict is with the side rather than the bottom
of the taxoid pocket (Figure 3).

Figure 3. T-Taxol (blue) and cyclopropyl analog 3b (red) docked
in the β-tubulin binding pocket and relaxed by low-temperature
molecular dynamics. In response to internal steric strain in the con-
cave region of the molecule, the molecular volume of the 3b ex-
pands by 2.0–2.2 Å from C-4 to C-3� and places the 3�-benzamido
phenyl group (Bz-Ph) in unfavorable contact with tubulin’s Glu22
and Val23 residues.

One possible resolution of the problem is to retain the
substituted cyclopropyl group, but eliminate the acetate
substituent at C-4. Both 4-deacetyl-[35,36] and 4-deacetoxy-
taxol[37] are known, but the compounds are ineffective in
tubulin assembly and cytotoxicity bioassays. By contrast,
the compound incorporating the simple and less congested
4-methoxy compound is nearly as active as parents taxol
and docetaxel.[38] Conceivably, the combination of 4-OR (R
= H, Me) and C-3�-cyclopropanated taxol modifications
might induce activity in the analog series of Table 1.

Solution Conformations of Cyclopropane 3b: NMR/
NAMFIS Analysis

In the original proposal for a T-shaped taxol conforma-
tion as the bioactive binding form on β-tubulin[11] and in
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several subsequent studies with taxane derivatives,[33,34,39,40]

conformational analyses were performed on the compounds
in solution. The combination of a 2D NMR NOESY or
ROESY experiment, an exhaustive conformational analysis
and a NAMFIS (NMR analysis of molecular flexibility in
solution)[41,42] deconvolution of the averaged NMR spec-
trum provided minimum-energy conformers assigned spe-
cific populations in the dynamic conformational equilib-
rium. In all these cases involving active taxanes, T-forms
were found among the set of solution conformations and
presumed to serve as the bioactive forms.

Above, we have rationalized the lack of activity of the C-
3�-cyclopropanated taxanes as due to an excessive energy
penalty associated with achieving the T-taxol conformation.
To substantiate this interpretation, we have performed a 2D
ROESY analysis for 3b in CDCl3, the results of which are
given in Table 2. Sixteen well-resolved ROE cross-peak am-
plitudes provided the same number of intramolecular sepa-
rations by comparison with the r[H(3)–H(10)] standard dis-
tance of 2.9 Å. Two additional weak cross peaks (see
Table 2) were arbitrarily assigned internal separations of
4.0 Å. Conformers of 3b were generated by an MMFF/
GBSA/H2O conformational search in MacroModel yield-
ing 139 fully optimized conformers, the global minimum
having been located 109 times during the 10000 step search.
NAMFIS intersection of the NMR spectroscopic data and
the conformational dataset identified five conformations
with populations of 31, 25, 24, 17 and 4% that match the
data quite well (SSD[41,42] = 29). None correspond to the
T-taxane conformation. The first, second and fifth forms
involve hydrophobic collapse of the terminal phenyl rings
of 3�-NHCOPh and 2-OCOPh as expected for the non-po-
lar taxol conformer.[43] The third and fourth forms locate
the side chain terminal phenyl and cyclopropyl groups in
very different regions of space by comparison with the cor-
responding side chain phenyl groups of taxol.

Figure 4 illustrates the relationship of the five NAMFIS-
derived conformers with T-taxol. Four atoms of the rigid
baccatin rings of all six structures have been superimposed.
At the right of the graphical composite, the baccatin cores,
the 2-benzoyl groups and the 10-acetyl groups are nicely
aligned. By contrast, at the terminus of the C-13 side chain
in the foreground of the graphic, serious misalignment with
the phenyl rings of T-taxol rendered in blue is observed. In
two cases, the methyl groups on the cyclopropanes are situ-
ated near the center of the 3�-phenyl ring of taxol (Figure 4,
yellow and red). In all of the conformations, the benzamido
side chains of the same taxoids occupy entirely different
regions of space in comparison with the parent ligand. If
the T-taxol conformation of 3b is a torsional partner in the
conformer equilibrium mixture in solution, it would appear
to fall in the NMR noise; i. e. at or below a population of
3%.

To ascertain whether T-forms exist at all within the 139
conformer dataset, we searched the latter against T-taxol
by requiring a 3-D match of five baccatin core atoms, the
centroids of the 3�-NHCOPh and 2-OCOPh phenyl rings
and the 3-Ph vs. the cyclopropyl–Me group, respectively.
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Table 2. Interproton distances [Å] for 3b calculated from 2D NMR ROESY measurements in CDCl3.

Proton interactions ROESY distances NAMFIS average distances Difference

H(5�α or β)–H(2�) 2.70 2.52 0.18
H(6�)–H(2�) 2.50 2.76 0.26
H(4-OAc)–H(2�) 3.10 3.26 0.16
H(10)–H(3) (2.90)[a] – –
H(CONH)–H(5�) 3.00 3.77 0.77
H(6α)–H(6β) 2.00 1.73 0.27
H(3)–H(7) 2.50 2.35 0.15
H(2)–H(16) 2.50 2.59 0.09
H(10)–H(7) 2.40 2.36 0.04
H(10)–H(18) 2.30 2.57 0.27
H(13)–H(17) 2.40 2.58 0.18
H(2)–H(19) 2.60 2.80 0.20
H(6α)–H(7) 3.00 2.40 0.60
H(6α)–H(5) 2.40 2.24 0.16
H(CONH)–H(3�-Ph-o-H) 2.80 2.79 0.01
H(20β)–H(19) 3.10 4.23 1.13
H(20α)–H(19) 2.40 2.55 0.15
H(20α,β)–H(2-Ph-o-H) weak[b] (4.00) 4.04 0.04
H(20β)–H(2) weak[b] (4.00) 3.04 0.96

[a] Standard cross peak/distance from which all other distances were obtained. [b] These weak peaks could not be quantified accurately.
Thus, the distances were assumed to be 4.0 Å.

Figure 4. Five NAMFIS conformations of cyclopropane 3b in
CDCl3 (green, magenta, yellow, red, cyan) superimposed on the T-
taxol conformer (blue) within the baccatin core. At the C-13 ter-
mini, neither the phenyl rings nor the cyclopropane rings of the
synthetic taxoids match the phenyl rings of taxol. Two methyl
groups (yellow and red) fall near the middle of taxol’s 3�-phenyl
group.

No structures fall within an overall root mean square devia-
tion of 1.0 Å. Graphical inspection of those exhibiting a 1.0
to 1.5 Å rms deviation from the T-taxol target illustrates
sufficient structural deviation to eliminate these conformers
from consideration as the bioactive form within the β-tubu-
lin binding site. In sum, neither the NAMFIS-determined
conformations in CDCl3 nor the MMFF database of mini-
mized torsional rotamers contains the T-taxoid form.

Conclusions

A series of C-3�-cyclopropanated taxols was synthesized
and assayed for microtubule stabilization and cytotoxicity
against two cell lines. While the tubulin assembly measure-
ments demonstrate compound activities ranging from 4 to
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�120-fold poorer than taxol, the cell-based assessments
show IC50(cyclopropane)/IC50(taxol) ratios from 13–1000
(Table 1). Although a number of interplaying factors can
account for both the differences between the isolated tubu-
lin and cell-based assays and the range of responses as a
function of cyclopropane substitution, the common factor
for all compounds is the incorporation of a quaternary cen-
ter at C-3�. In the C-13 side chain rotamer believed to repre-
sent the bioactive T-taxoid conformation, the methylene
group (CH2) of a cyclopropanated taxane would encounter
the methyl group of the 4-acetyl group to produce struc-
tures incompatible with productive binding to the protein.
This scenario explains the uniformly lowered activity for
the C-3�-cyclopropanated taxanes cited in Table 1. Relative
to taxol, the best compounds, 3b and 3c, are 4–6-fold and
10–120-fold less potent in the tubulin polymerization and
cytotoxicity assays, respectively. The activity reduction is
very similar to that observed for bridged taxols incorporat-
ing less than optimal linkers between C-4 and C-3� (10-
fold).[34] In that case, the loss of activity was traceable to an
unfavorable interaction between ligand and protein analo-
gous to that depicted in Figure 3. An added perturbation
for the C-3�-cyclopropanated derivatives is the internal
strain caused by the short interatomic contacts shown in
the constrained T-form of Figure 2b. According to MD re-
laxation within the tubulin binding pocket, the structure of
3b does not remain in this rotameric state. The cyclopropyl
group twists away from the 4-acetyl group, displaces the 3�-
benzamido phenyl group and causes the unfavorable inter-
actions with the protein depicted in Figure 3. Thus, while
the cyclopropanated taxane ligand can still fit within the β-
tubulin binding pocket, there is an energy penalty contrib-
uting to the reduced activity. These considerations are also
consistent with the failure of the NAMFIS treatment to
detect T-taxoid forms for 3b in solution. The latter observa-
tion contrasts with previous NMR/NAMFIS solution
analyses of taxanes with moderate to high activity, all of
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which evidence at least a low population contribution of
the T-conformer.[33,34,39,40] The analysis for 3b implies that
a distorted T-form (Figures 3 and 4) is most likely the best
binding compromise for C-3�-cyclopropanated analogs, but
that it leads to weak activity in the most favorable cases.
The result provides indirect confirmation that the T-geome-
try is the bound form for unstrained taxanes on α,β-tubulin.
Within the context of the classic baccatin core, the loss of
activity by C-3� substitution would seem to be general. It
suggests, however, that taxol-like activity for the cyclopro-
panoids might be recoverable in 4-deacetylated analogs or
in the corresponding ethers.

Experimental Section
General: 1H and 13C NMR: Spectra were recorded at 600 (1H), and
62.9, 75.5 (13C, additional DEPT or APT) MHz with Varian IN-
OVA 600, Bruker AM 250 and Varian Mercury 300 instruments in
CDCl3, C6D6 or [D6]acetone solution and, if not otherwise speci-
fied, solvent residual signals used as internal reference; δ in ppm,
J in Hz. 1H-NOE experiments were recorded at 600 MHz with a
Varian INOVA 600 instrument in C6D6 solution. IR: Bruker IFS
66 (FT-IR) instrument, measured as KBr pellets, oils as films be-
tween KBr plates. MS (EI) and HRMS (EI): Finnigan MAT 95
spectrometer. M.p.: Büchi 510 capillary melting point apparatus,
values are uncorrected. TLC: Macherey & Nagel precoated sheets,
0.20 mm Sil G/UV254. Column chromatography: Merck silica gel,
grade 60, 70–230 mesh ASTM. Starting materials: Anhydrous ace-
tonitrile was distilled from CaH2. Tetrachlorocyclopropene[44] and
methyl (E/Z)-2-chloro-2-(2�-methylcyclopropylidene)acetate[45]

were prepared according to published procedures. All other chemi-
cals were used as commercially available from Merck/VWR, Ald-
rich, Acros and Bayer. For the synthesis of all other compounds,
chemicals were obtained from Aldrich Chemical Co. and were used
without further purification. All solvents were of reagent grade or
HPLC grade. THF was distilled from sodium/benzophenone, and
CH2Cl2 was distilled from calcium hydride. All 1H NMR spectro-
scopic data were obtained in CDCl3 or CD3OD with Varian Unity
400 spectrometer (operating at 399.951 MHz for 1H and
100.578 MHz for 13C). Mass spectra were obtained at the Analyti-
cal Service in the Department of Chemistry (HRFABMS) or De-
partment of Biochemistry (MALDI-TOF MS) at Virginia Tech.

Methyl (E/Z)-2-Chloro-2-(2�-isopropylcyclopropylidene)acetate
(5c):[44] A sampling cylinder (320 mL, monel alloy) was charged
with tetrachlorocyclopropene.[44] (80.0 g, 0.449 mol), 3-methyl-1-
butene (94.6 g, 1.35 mol) and anhydrous potassium carbonate
(8.9 g, 64 mmol). The carefully sealed cylinder was heated at 170 °C
for 20 h. After cooling to ambient temperature, the cylinder was
emptied and rinsed with dichloromethane (2×30 mL). The brown
reaction mixture was filtered to remove inorganic salts. The excess
of 3-methyl-1-butene and the dichloromethane were removed under
reduced pressure and the liquid residue was bulb-to-bulb-distilled
(70 °C, 0.01 mbar) to yield 86.2 g (77%) of (E/Z)-1-chloro-2-iso-
propyl-1-(trichlorovinyl)cyclopropane as a pale yellow liquid, (E)/
(Z) ratio 1.37:1 according to GC (column: CP-SIL 5 CB, 25 m).
This product was used for the subsequent transformation without
further purification. Into a stirred solution of sodium methoxide
[freshly prepared by disolving sodium (39.4 g, 1.71 mol) in anhy-
drous methanol (400 mL)] was added dropwise a solution of (E/Z)-
1-chloro-2-isopropyl-1-(trichlorovinyl)cyclopropane (53.1 g,
0.214 mol) in anhydrous methanol (60 mL) at 5 °C. The mixture
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was stirred at ambient temperature for 17 h and then heated under
reflux for an additional 2 d. After cooling to ambient temperature,
cold water (900 mL) was added. The brown solution was extracted
with dichloromethane (6×150 mL), and the combined organic lay-
ers, containing trimethyl (E/Z)-2-chloro-2-(2�-isopropylcyclopro-
pylidene)orthoacetate, were concentrated to a volume of ca.
600 mL. Strongly acidic ion exchange resin (46 g) (Bayer) catalyst
K 2621, (styrene-divinylbenzene copolymer with sulfonic acid
groups) was added, and the mixture stirred vigorously for 21 h.
The catalyst was filtered off and washed with dichloromethane
(100 mL). After removal of the solvent under reduced pressure, the
residue was subjected to column chromatography on silica gel
(200 g, 3.8×35 cm) eluting with pentane/ether (20:1), Rf = 0.32, to
yield 23.1 g (57%) of (E/Z)-2-chloro-2-(2�-isopropylcyclopropyli-
dene)acetate as a pale yellow liquid, (E)/(Z) ratio 2.64:1 according
to GC (column: CP-SIL 5CB, 25 m). IR (KBr, film): ν̃ = 2959 cm–1,
2872, 1732, 1436, 1264, 1065, 908, 760. 1H NMR (600 MHz,
C6D6): Major isomer (E): δ = 0.76 (d, 3J = 6.6 Hz, 3 H), 0.93 (d,
J = 6.4 Hz, 3 H), 0.91–0.96 (m, 1 H), 1.07–1.12 (m, 1 H), 1.17–
1.25 (m, 2 H), 3.37 (s, 3 H); minor isomer (Z): δ = 0.65 (d, J =
6.7 Hz, 3 H), 0.88 (d, J = 6.7 Hz, 3 H), 1.08–1.11 (m, 1 H), 1.28–
1.34 (m, 1 H), 1.45–1.53 (m, 1 H), 1.53–1.58 (m, 1 H), 3.33 (s, 3
H) ppm. 13C NMR (75.5 MHz, CDCl3, add. APT): Major isomer
(E): δ = 13.7 (–), 21.5 (+), 21.7 (+), 26.0 (+), 30.7 (+), 52.9 (+),
114.1 (–), 143.5 (–), 162.9 (–); minor isomer (Z): δ = 8.9 (–), 19.9
(+), 21.4 (+), 29.7 (+), 29.9 (+), 52.7 (+), 112.9 (–), 143.9 (–), 162.6
(–) ppm. MS (EI, 70 eV): m/z (%) = 189/187 (11/26) [M]+, 175 (40),
173 (100), 157 (12), 121 (22), 105 (28), 93 (81), 91 (60), 77 (49), 69
(21), 59 (13).

Methyl (5�S*)-2�-Isopropyl-2-phenylspiro[cyclopropane-1�,4-oxazo-
line]-5-carboxylate (6c): A solution of methyl (E/Z)-2-chloro-2-(2�-
isopropylcyclopropylidene)acetate [ratio (E)/(Z) 2.64:1] (3.773 g,
20.0 mmol) and benzamide (2.423 g, 20.0 mmol) in anhydrous ace-
tonitrile (90 mL) was treated with NaH (0.920 g, 23.0 mmol, 60%
dispersion in mineral oil) at 0 °C. The suspension was subsequently
stirred at ambient temperature for 20 h. The whole reaction mixture
was filtered through silica gel (10 g, 2.5×4 cm), the silica gel was
rinsed with diethyl ether (250 mL), and the solvents were removed.
The oily residue was subjected to column chromatography on silica
gel (170 g, 3.7×30 cm) eluting with pentane/ether (10:1), Rf = 0.23,
to yield 834 mg (16%) of 6c as a colorless oil. The stereochemical
assignments rest on NOE experiments. IR (KBr): ν̃ = 2956 cm–1,
1763, 1745, 1653, 1636, 1451, 1287, 1061, 695. 1H NMR (600 MHz,
C6D6): δ = 0.66 (dd, 3J = 5.6, 6.7 Hz, 1 H), 0.83 (d, J = 6.7 Hz, 3
H), 0.91 (d, J = 6.7 Hz, 3 H), 1.09–1.19 (m, 1 H), 1.31 (ddd, J =
6.7, 9.6, 10.7 Hz, 1 H), 1.44 (dd, J = 5.5, 9.4 Hz, 1 H), 3.23 (s, 3
H), 4.90 (s, 1 H), 7.02–7.06 (m, 3 H), 8.19–8.23 (m, 2 H) ppm. 13C
NMR (62.9 MHz, CDCl3, add. DEPT): δ = 15.3 (–), 21.9 (+), 28.0
(+), 32.0 (+), 52.1 (+), 57.9 (Cquat), 76.1 (+), 126.9 (Cquat), 127.8
(+), 128.2 (+), 131.2 (+), 162.1 (Cquat), 169.8 (Cquat) ppm. MS (EI,
70 eV): m/z (%) = 273 (17) [M+], 230 (100), 217 (17), 186 (26), 158
(21), 105 (27), 77 (10). C16H19NO3: calcd. C 70.31, H 7.01, N 5.13;
found C 70.17, H 6.84, N 5.05.

(5S*)-2�-Isopropyl-2-phenylspiro[cyclopropane-1�,4-oxazoline]-5-car-
boxylic Acid (4c): A solution of 6c (600 mg, 2.2 mmol) in tetra-
hydrofuran (41 mL) was stirred vigorously with 5  aqueous so-
dium hydroxide (6.2 mL) at ambient temperature for 22 h. After
addition of acetic acid (10 mL) and stirring for an additional
10 min, all solvents were removed under reduced pressure. The resi-
due was taken up in water (25 mL) and the aqueous solution was
extracted with diethyl ether (2×100 mL). The combined organic
layers were washed with water (25 mL). After removal of the sol-
vent, the residual colorless solid was filtered through silica gel (11 g,
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1.5×6 cm) eluting with dichloromethane to remove residual acetic
acid, then eluting the product with ether/methanol (10:1). Yield,
after careful drying under reduced pressure, 388 mg (68%) of 4c as
a colorless solid, m.p. 70–72 °C. IR (KBr): ν̃ = 2958 cm–1, 1734,
1646, 1452, 1264, 1069, 694. 1H NMR (600 MHz, [D6]acetone): δ
= 0.73 (dd, 3J = 5.7, 5.9 Hz, 1 H), 1.04 (d, 3J = 6.6 Hz, 3 H), 1.07
(d, 3J = 6.6 Hz, 3 H), 1.10–1.30 (m, 3 H), 4.91 (s, 1 H), 7.44–7.49
(m, 2 H), 7.51–7.55 (m, 1 H), 7.91–7.95 (m, 2 H) ppm. 13C NMR
(62.9 MHz, CDCl3, add. DEPT): δ = 14.9 (–), 22.0 (+), 27.9 (+),
31.8 (+), 56.9 (Cquat), 76.3 (+), 126.0 (Cquat), 128.2 (+), 128.4 (+),
131.9 (+), 163.8 (Cquat), 172.0 (Cquat) ppm. MS (EI, 70 eV): m/z
(%) = 259 (18) [M+], 216 (100), 203 (20), 158 (17), 144 (13), 105
(54), 77 (17). HRMS (EI, 70 eV) calcd. for C15H17NO3 [M+]
259.1208, found 259.1208.

General Procedure for Acylation at C-13 of 7-TES-Baccatin III: To
a solution of 4a (70 mg, 0.32 mmol) in toluene (4 mL) was added
DCC (68 mg, 0.32 mmol). After stirring at room temperature for
15 min, 4-PP (3 mg, cat.) was added and stirring was continued for
5 min before 7-TES-baccatin III (2) (75 mg, 0.11 mmol) was added.
The reaction mixture was stirred at room temperature for 24 h. It
was then diluted with ethyl acetate (50 mL). The organic phase was
washed with sodium hydrogencarbonate, water, brine, dried with
sodium sulfate, and concentrated in vacuo. The residue was puri-
fied by preparative thin layer chromatography (30% EtOAc/hex-
ane) to give 7a (35 mg, 36%) and 8a (48 mg, 49%). Compounds 7b
(65%), 7c (50%), and 8b (35%) and 8c (34%) were prepared simi-
larly using EDC.

(7-TES-baccatin III)-13-yl (5S)-2-Phenylspiro[cyclopropane-1�,4-ox-
azoline]-5-carboxylate (7a): 1H NMR (400 MHz, CDCl3): δ = 0.64
(dq, J = 7.9, 2.3 Hz, 6 H), 0.95 (t, J = 7.9 Hz, 9 H), 1.05 (m, 1 H),
1.18–1.36 (m, 2 H, overlapped), 1.23 (s, 3 H), 1.26 (s, 3 H), 1.71 (s,
3 H), 1.90 (m, 1 H), 2.13 (d, J = 1.1 Hz, 3 H), 2.20 (s, 3 H), 2.21
(s, 3 H), 2.17–2.25 (m, 1 H), 2.40–2.58 (m, 2 H, overlapped), 3.81
(d, J = 7.1 Hz, 1 H), 4.17 (d, J = 8.3 Hz, 1 H), 4.31 (d, J = 8.3 Hz,
1 H), 4.48 (dd, J = 10.7, 6.6 Hz, 1 H), 4.91 (dd, J = 9.4, 1.6 Hz, 1
H), 5.07 (s, 1 H), 5.71 (d, J = 7.1 Hz, 1 H), 6.17 (dt, J = 8.9, 1.3 Hz,
1 H), 6.48 (s, 1 H), 7.44–7.58 (m, 5 H, Ar, overlapped), 7.64 (m, 1
H, Ar), 7.99 (m, 2 H, Ar), 8.09 (m, 2 H, Ar) ppm. 13C NMR
(100 MHz, CDCl3): δ = 5.5, 6.9, 10.2, 11.5, 14.3, 14.8, 21.0, 21.4,
22.5, 26.8, 36.3, 37.4, 43.5, 46.9, 53.5, 58.7, 72.1, 72.4, 75.0, 75.1,
76.6, 79.4, 80.2, 81.2, 84.3, 126.9, 128.2, 128.7, 128.8, 129.4, 130.2,
131.9, 133.9, 134.2, 139.6, 163.6, 167.2, 168.9, 169.5, 169.8, 201.8
ppm. HRFABMS: calcd. for C49H62NO13S [M + H+] 900.3990,
found: 900.3983.

(7-TES-baccatin III)-13-yl (5R)-2-Phenylspiro[cyclopropane-1�,4-
oxazoline]-5-carboxylate (8a): 1H NMR (400 MHz, CDCl3): δ =
0.57 (m, 6 H), 0.92 (t, J = 7.9 Hz, 9 H), 1.21 (s, 3 H), 1.25 (s, 3 H),
1.19–1.44 (m, 4 H, overlapped), 1.71 (s, 3 H), 1.91 (m, 1 H), 1.99
(d, J = 1.2 Hz, 3 H), 2.18 (s, 3 H), 2.19–2.29 (m, 1 H), 2.35 (s, 3
H), 2.43–2.59 (m, 2 H, overlapped), 3.80 (d, J = 7.0 Hz, 1 H), 4.17
(d, J = 8.3 Hz, 1 H), 4.34 (d, J = 8.3 Hz, 1 H), 4.47 (dd, J = 10.5,
6.6 Hz, 1 H), 4.98–5.00 (2 H, overlapped), 5.71 (d, J = 7.0 Hz, 1
H), 6.00 (dt, J = 8.9, 1.3 Hz, 1 H), 6.42 (s, 1 H), 7.45–7.57 (m, 5
H, Ar, overlapped), 7.64 (m, 1 H, Ar), 8.09 (m, 2 H, Ar), 8.11 (m,
2 H, Ar) ppm. 13C NMR (100 MHz, CDCl3): δ = 5.4, 6.9, 10.2,
10.3, 14.7, 15.3, 21.0, 21.2, 22.2, 26.9, 36.2, 37.4, 43.4, 47.1, 53.9,
58.6, 72.5, 72.7, 75.0, 75.2, 76.6, 79.3, 79.5, 81.1, 84.3, 126.9, 128.4,
128.6, 128.8, 129.4, 130.2, 131.8, 133.9, 134.0, 140.2, 163.7, 167.2,
169.32, 169.33, 169.7, 201.9 ppm. HRFABMS: calcd. for
C49H62NO13Si [M + H+] 900.3999, found 900.3990.

General Procedure for Silyl Deprotection: To a solution of 7a
(15.1 mg, 0.0106 mmol), in 0.6 mL of dried THF, was added
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0.1 mL of anhydrous pyridine, then the solution was cooled to 0 °C,
and 0.1 mL of HF/pyridine (70% HF, 30% pyridine) was added.
The reaction mixture was allowed to warm to room temperature,
and stirred overnight. The reaction mixture was then diluted with
EtOAc, the organic phase was washed with sodium hydrogencar-
bonate, water, and brine, dried with sodium sulfate, and concen-
trated in vacuo. The residue was applied to preparative TLC (50%
EtOAc/hexane) to give 9a (12.3 mg, 97%). Compounds 9b (99%),
9c (94%), 10a (99%), 10b (71%), and 10c (98%) were prepared
similarly.

(Baccatin III)-13-yl (5S)-2-Phenylspiro[cyclopropane-1�,4-oxazo-
line]-5-carboxylate (9a): 1H NMR (400 MHz, CDCl3): δ = 1.03 (m,
2 H, overlapped), 1.17 (s, 3 H), 1.26–1.30 (m, 1 H), 1.30 (s, 3 H),
1.47–1.52 (m, 1 H), 1.69 (s, 3 H), 1.88 (m, 1 H), 2.01 (d, J = 1.3 Hz,
3 H), 2.12 (s, 3 H), 2.18–2.25 (m, 1 H), 2.27 (s, 3 H), 2.37–2.58 (m,
2 H, overlapped), 3.79 (d, J = 7.1 Hz, 1 H), 4.17 (d, J = 8.4 Hz, 1
H), 4.30 (d, J = 8.4 Hz, 1 H), 4.44 (m, 1 H), 4.92 (dd, J = 7.6,
2.1 Hz, 1 H), 5.09 (s, 1 H), 5.68 (d, J = 7.1 Hz, 1 H), 6.26 (td, J =
8.9, 1.3 Hz, 1 H), 6.32 (s, 1 H), 7.46–7.59 (m, 5 H, Ar, overlapped),
7.64 (m, 1 H, Ar), 7.99 (m, 2 H, Ar), 8.08 (m, 2 H, Ar) ppm. 13C
NMR (100 MHz, CDCl3): δ = 9.6, 11.2, 14.0, 15.1, 20.9, 22.16,
22.20, 26.9, 35.5, 36.3, 43.2, 45.5, 53.2, 58.5, 71.8, 72.1, 75.1, 75.4,
76.3, 79.6, 80.1, 80.9, 84.4, 126.7, 128.0, 128.6, 128.7, 129.1, 130.0,
131.9, 133.2, 133.8, 141.9, 163.5, 166.9, 168.7, 169.8, 171.3, 203.6
ppm. HRFABMS: calcd. for C43H48NO13 [M + H+] 786.3126,
found 786.3108.

(Baccatin III)-13-yl (5R)-2-Phenylspiro[cyclopropane-1�,4-oxazo-
line]-5-carboxylate (10a): 1H NMR (400 MHz, CDCl3): δ = 0.96
(m, 1 H), 1.16 (s, 3 H), 1.17–1.24 (m, 1 H), 1.28 (s, 3 H), 1.25–1.34
(m, 1 H), 1.38–1.45 (m, 1 H), 1.69 (s, 3 H), 1.88 (d, J = 1.3 Hz, 3
H), 1.85–1.93 (m, 1 H, overlapped), 2.20–2.30 (m, 1 H, overlapped),
2.24 (s, 3 H), 2.31 (s, 3 H), 2.40–2.60 (m, 2 H, overlapped), 3.79
(d, J = 7.1 H, 1 Hz), 4.18 (d, J = 8.3 Hz, 1 H), 4.32 (d, J = 8.3 Hz,
1 H), 4.42 (m, 1 H), 4.99 (dd, J = 7.6, 2.0 Hz, 1 H), 5.02 (s, 1 H),
5.69 (d, J = 7.1 Hz, 1 H), 6.08 (dt, J = 8.9, 1.3 Hz, 1 H), 6.27 (s, 1
H), 7.46–7.60 (m, 5 H, Ar, overlapped), 7.64 (m, 1 H, Ar), 8.04 (m,
2 H, Ar), 8.08 (m, 2 H, Ar) ppm. 13C NMR (100 MHz, CDCl3): δ
= 9.6, 10.3, 15.00, 15.04, 20.8, 21.9, 22.0, 26.9, 35.5, 36.2, 43.2,
45.6, 53.7, 58.5, 72.1, 72.4, 75.0, 75.5, 76.4, 79.5, 80.9, 84.4, 126.7,
128.1, 128.6, 128.7, 129.1, 130.1, 131.8, 133.1, 133.8, 142.3, 163.5,
167.0, 169.0, 169.6, 171.2, 203.7 ppm. HRFABMS: calcd. for
C43H48NO13 [M + H+] 786.3126, found 786.3115.

General Procedure for Hydrolysis of the Oxazoline Ring: To a solu-
tion of compound 9a (25 mg, 0.032 mmol) in 1,4-dioxane (5 mL)
was added HCl (0.1 , 5 mL) and stirring was continued at 50 °C
for 1 h. TLC showed that all the starting material was consumed,
and a much more polar compound was formed. Then, 84 mg of
NaHCO3 powder was added at room temperature. The reaction
mixture was stirred overnight until the TLC showed the highly po-
lar intermediate was converted to two less polar compounds. The
reaction mixture was diluted with EtOAc (20 mL), and then
washed with water, brine, and dried with sodium sulfate. The or-
ganic phase was concentrated under reduced pressure, and the resi-
due was applied to PTLC (50% EtOAc/hexane) to give 11 (7.7 mg,
48%) and 12 (5.1 mg, 32%). Compounds 3a (50%), 3b (80%), 3c
(78%), 13 (34%), 14, (48%), 15 (29%), 16 (45%), and 17 (40%)
were prepared by a similar procedure.

3�-(N-Debenzoyl)-3�-dephenyl-3�,3�-ethylene-2�-O-benzoyl-2�-epi-taxol:
1H NMR (400 MHz, CDCl3): δ = 0.82 (d, J = 10 Hz), 1.00 (s, 2
H), 1.18 (s, 3 H), 1.22 (m, 2 H), 1.27 (s, 3 H), 1.72 (s, 3 H), 1.90
(m, 4 H), 2.06 (s, 3 H) 2.28 (s, 3 H), 2.32 (m, 1 H), 2.38 (s, 3 H),
2.44 (m, 1 H), 2.60 (m, 1 H), 3.88 (d, J = 6.8 Hz, 1 H), 4.21 (d, J
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= 8.4 Hz, 1 H), 4.33 (d, J = 8.4 Hz, 1 H), 4.48 (dd, J = 10, 6.8 Hz,
1 H), 4.55 (s, 1 H), 5.0 (d, J = 8 Hz, 1 H), 5.70 (d, J = 6.8 Hz, 1
H), 6.34 (t, J = 8.8 Hz, 1 H), 6.35 (s, 1 H), 7.52 (m, 4 H), 7.65 (t,
J = 7.6 Hz), 8.14 (m, 4 H, 2 H) ppm.

3�-Dephenyl-3�,3�-ethylene-2�-epi-taxol (11): [α]D20 = –60 (c = 0.23).
1H NMR (400 MHz, CDCl3): δ = 1.14 (s, 3 H), 1.24 (s, 3 H), 1.05–
1.40 (m, 4 H), 1.68 (s, 3 H), 1.88 (m, 1 H), 2.12 (d, J = 1.1 Hz, 3
H), 2.15–2.35 (m, 2 H), 2.24 (s, 3 H), 2.28 (s, 3 H), 2.51–2.61 (m,
1 H), 3.68 (s, 1 H), 3.84 (d, J = 7.1 Hz, 1 H), 4.16 (d, J = 8.3 Hz,
1 H), 4.29 (d, J = 8.3 Hz, 1 H), 4.45 (dd, J = 10.7, 6.6 Hz, 1 H),
4.96 (dd, J = 7.7, 1.8 Hz, 1 H), 5.66 (d, J = 7.1 Hz, 1 H), 6.15 (td,
J = 8.9, 1.3 Hz, 1 H), 6.34 (s, 1 H), 6.66 (s, 1 H), 7.33–7.52 (m, 5
H), 7.61 (m, 1 H), 7.67 (m, 2 H), 8.05 (m, 2 H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 9.7, 13.7, 14.7, 15.9, 21.1, 21.9, 22.8, 26.9,
35.8, 36.3, 36.8, 43.3, 46.0, 58.8, 72.0, 72.5, 75.1, 75.9, 76.6, 77.3,
79.6, 81.2, 84.6, 127.2, 128.93, 128.94, 129.3, 130.3, 132.5, 132.8,
133.4, 134.0, 143.0, 167.2, 170.3, 170.4, 171.5, 172.3, 204.0 ppm.
HRFABMS: calcd. for C43H50NO14 [M + H+] 804.3231, found
804.3197.

3�-Dephenyl-3�,3�-ethylene-2�,7-epi-taxol (12): [α]D20 = –56 (c = 0.41).
1H NMR (400 MHz, CDCl3): δ = 1.14 (s, 3 H), 1.17 (s, 3 H), 1.07–
1.31 (m, 4 H), 1.65 (s, 3 H), 1.65–1.75 (m, 1 H), 2.00 (d, J = 1.3 Hz,
3 H), 2.19 (s, 3 H), 2.20–2.39 (m, 3 H), 2.39 (s, 3 H), 3.66–3.73 (m,
1 H), 3.72 (s, 1 H), 3.94 (d, J = 7.4 Hz, 1 H), 4.33 (d, J = 8.6 Hz,
1 H), 4.38 (d, J = 8.6 Hz, 1 H), 4.70 (d, J = 10.3 Hz, 1 H), 4.92
(dd, J = 5.7, 3.3 Hz, 1 H), 5.73 (d, J = 7.4 Hz, 1 H), 6.11 (td, J =
8.9, 1.5 Hz, 1 H), 6.71 (s, 1 H), 6.83 (s, 1 H), 7.32–7.52 (m, 5 H),
7.62 (m, 1 H), 7.68 (m, 2 H), 8.06 (m, 2 H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 14.0, 14.6, 15.9, 16.4, 21.1, 21.3, 22.7, 26.2,
35.6, 36.6, 37.0, 40.6, 42.8, 57.8, 71.5, 75.4, 75.9, 77.8, 78.4, 79.5,
82.2, 82.9, 127.3, 128.96, 129.00, 129.4, 130.2, 132.6, 133.1, 133.4,
134.0, 140.3, 167.2, 169.7, 170.9, 172.1, 172.3, 207.5 ppm.
HRFABMS: calcd. for C43H49NO14Na [M + Na+] 826.3050, found
826.3050;

3�-Dephenyl-3�,3�-ethylenetaxol (3a): [α]D20 = –68 (c = 0.30). 1H
NMR (400 MHz, CDCl3): δ = 1.15 (s, 3 H), 1.27 (s, 3 H), 1.07–
1.35 (m, 4 H), 1.69 (s, 3 H), 1.79 (d, J = 1.3 Hz, 3 H), 1.88 (m, 1
H), 2.23 (s, 3 H), 2.25–2.38 (m, 2 H), 2.46 (s, 3 H), 2.57 (m, 1 H),
3.82 (d, J = 7.1 Hz, 1 H), 3.91 (s, 1 H), 4.18 (d, J = 8.5 Hz, 1 H)
4.33 (d, J = 8.5 Hz, 1 H), 4.44 (dd, J = 10.8, 6.7 Hz, 1 H), 4.99
(dd, J = 7.5, 2.1 Hz, 1 H), 5.68 (d, J = 7.1 Hz, 1 H), 6.24 (td, J =
9.2, 1.5 Hz, 1 H), 6.25 (s, 1 H) 6.83 (s, 1 H), 7.44–7.60 (m, 5 H),
7.64 (m, 1 H), 7.74 (m, 2 H), 8.10 (m, 2 H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 9.6, 13.6, 14.3, 14.8, 20.9, 22.01, 22.04,
26.7, 35.5, 35.9, 37.2, 43.2, 45.6, 58.5, 71.0, 72.1, 75.1, 75.6, 76.4,
77.9, 79.5, 80.7, 84.5, 127.2,128.7, 128.9, 129.2, 129.3, 130.1,
132.59, 132.60, 132.7, 132.8, 133.8, 142.8, 167.0, 170.6, 170.8,
171.2, 172.3, 203.8, 207.4 ppm. HRFABMS: calcd. for C43H50NO14

[M + H+] 804.3231, found 804.3239.

3�-Dephenyl-3�,3�-ethylene-7-epi-taxol (17): [α]D20 = –70 (c = 0.24).
1H NMR (400 MHz, CDCl3): δ = 1.16 (s, 3 H), 1.22 (s, 3 H), 1.08–
1.37 (m, 4 H) 1.66 (s, 3 H), 1.71 (d, J = 1.4 Hz, 3 H), 2.18 (s, 3 H),
2.23–2.41 (m, 3 H), 2.57 (s, 3 H), 3.69 (m, 1 H), 3.89 (s, 1 H), 3.92
(d, J = 7.5 Hz, 1 H), 4.35 (d, J = 8.5 Hz, 1 H), 4.41 (d, J = 8.5 Hz,
1 H), 4.78 (d, J = 11.7 Hz, 1 H), 4.96 (dd, J = 5.7, 3.4 Hz, 1 H),
5.76 (d, J = 7.5 Hz, 1 H), 6.21 (td, J = 9.0, 1.4 Hz, 1 H), 6.74 (s, 1
H) 6.80 (s, 1 H) 7.44–7.60 (m, 5 H) 7.65 (m, 1 H), 7.73 (m, 2 H),
8.12 (m, 2 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 13.8, 14.6,
14.8, 16.2, 20.9, 21.3, 22.1, 25.9, 35.3, 36.2, 37.5, 40.4, 42.7, 57.6,
70.9, 75.4, 75.7, 77.5, 78.2, 78.6, 79.5, 81.6, 82.8, 127.2, 128.7,
128.9, 129.3, 130.1, 132.5, 132.7, 133.8, 140.3, 167.1, 169.3, 171.2,
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172.3, 172.6, 207.4 ppm. HRFABMS: calcd. for C43H50NO14 [M +
H+] 804.3231, found 804.3226.

(3�R)-3�-Dephenyl-3�,3�-[(1R)-methylethylene]-2�-epi-taxol (13):
[α]D20 = –76 (c = 0.61). 1H NMR (400 MHz, CDCl3): δ = 1.07 (m,
1 H), 1.16 (s, 3 H), 1.26 (s, 3 H), 1.34–1.47 (5 H, overlapped), 1.71
(s, 3 H), 1.78 (s, 1 H), 1.87–1.96 (m, 1 H), 2.14 (d, J = 1.2 Hz, 3
H), 2.19–2.26 (m, 1 H), 2.27 (s, 3 H), 2.29–2.36 (m, 1 H, over-
lapped), 2.35 (s, 3 H), 2.54–2.64 (2 H, overlapped), 3.87 (d, J =
7.1 Hz, 1 H), 4.00 (br. s, 1 H), 4.19 (d, J = 8.4 Hz, 1 H), 4.32 (d, J
= 8.4 Hz, 1 H), 4.48 (m, 1 H), 4.99 (dd, J = 9.4, 1.8 Hz, 1 H), 5.17
(br. s, 1 H), 5.68 (d, J = 7.1 Hz, 1 H), 6.18 (dt, J = 8.9, 1.2 Hz, 1
H), 6.37 (s, 1 H), 6.68 (s, 1 H), 7.39 (m, 2 H, Ar), 7.46–7.54 (m, 3
H, Ar), 7.64 (m, 1 H, Ar), 7.69 (m, 2 H, Ar), 8.07 (m, 2 H, Ar)
ppm. 13C NMR (100 MHz, CDCl3): δ = 9.5, 14.4, 15.7, 20.9, 21.0,
21.8, 22.6, 26.7, 35.6, 36.2, 39.9, 43.1, 45.8, 58.6, 71.6, 72.3, 74.2,
74.9, 75.7, 76.4, 79.4, 81.0, 84.4, 127.0, 128.71, 128.73, 129.1, 130.0,
132.3, 132.6, 133.2, 133.8, 142.8, 166.9, 170.0, 170.4, 171.3, 172.6,
203.8 ppm. HRFABMS: calcd. for C44H52NO14 [M + H+]
818.3388, found 818.3392.

(3�R)-3�-Dephenyl-3�,3�-[(1R)-methylethylene]-2�,7-epi-taxol (14):
[α]D20 = –58 (c = 0.29). 1H NMR (400 MHz, CDCl3): δ = 1.02 (t, J
= 6.1 Hz, 1 H), 1.17 (s, 3 H), 1.20 (s, 3 H), 1.28–1.33 (m, 1 H),
1.39–1.47 (m, 1 H), 1.47 (d, J = 5.7 Hz, 3 H), 1.68 (s, 3 H), 1.74
(s, 1 H), 2.02 (d, J = 1.3 Hz, 3 H), 2.22 (s, 3 H), 2.24–2.42 (4 H,
overlapped), 2.45 (s, 3 H), 3.73 (m, 1 H), 3.98 (d, J = 7.4 Hz, 1 H),
4.03 (d, J = 6.7 Hz, 1 H), 4.34 (d, J = 8.7 Hz, 1 H), 4.41 (d, J =
8.7 Hz, 1 H), 4.74 (d, J = 11.6 Hz, 1 H), 4.96 (dd, J = 8.9, 3.3 Hz,
1 H), 5.68 (d, J = 6.7 Hz, 1 H), 5.76 (d, J = 7.4 Hz, 1 H), 6.16 (dt,
J = 8.7, 1.3 Hz, 1 H), 6.69 (s, 1 H), 6.87 (s, 1 H), 7.39 (m, 2 H,
Ar), 7.48–7.54 (m, 3 H, Ar, overlapped), 7.66 (m, 1 H, Ar), 7.71
(m, 2 H, Ar), 8.09 (m, 2 H, Ar) ppm. 13C NMR (100 MHz, CDCl3):
δ = 14.5, 15.7, 16.1, 20.9, 21.1, 21.3, 22.2, 22.6, 26.0, 35.4, 36.5,
40.1, 40.4, 42.6, 57.6, 71.0, 75.0, 75.2, 75.7, 77.6, 78.2, 79.3, 82.1,
82.7, 127.1, 128.76, 128.78, 129.2, 130.0, 132.4, 132.9, 133.1, 133.8,
140.2, 167.0, 169.4, 171.0, 172.1, 172.2, 207.3 ppm. HRFABMS:
calcd. for C44H52NO14 [M + H+] 818.3388, found 818.3405.

(3�S)-3�-Dephenyl-3�,3�-[(1S)-methylethylene]taxol (3b): [α]D20 = –57
(c = 0.43). 1H NMR (400 MHz, CDCl3): δ = 0.93 (t,, J = 6.1 Hz 1
H), 1.11 (s, 3 H), 1.20–1.26 (4 H, overlapped), 1.33–1.41 (m, 1 H),
1.43 (d, J = 6.1 Hz, 3 H), 1.65 (s, 3 H), 1.71 (d, J = 1.3 Hz, 3 H),
1.79 (s, 1 H), 1.80–1.89 (m, 1 H), 2.19 (s, 3 H), 2.21–2.36 (m, 2 H,
overlapped), 2.43 (d, J = 4.2 Hz, 1 H), 2.45 (s, 3 H), 2.48–2.58 (m,
1 H), 3.78 (d, J = 7.1 Hz, 1 H), 4.08 (d, J = 7.1 Hz, 1 H), 4.15 (d,
J = 8.5 Hz, 1 H), 4.30 (d, J = 8.5 Hz, 1 H), 4.40 (m, 1 H), 4.96
(dd, J = 9.6, 2.0 Hz, 1 H), 5.65 (d, J = 7.1 Hz, 1 H), 5.94 (d, J =
7.1 Hz, 1 H), 6.19 (s, 1 H), 6.22 (dt, J = 8.9, 1.3 Hz, 1 H), 6.75 (s,
1 H), 7.42–7.64 (m, 6 H, Ar, overlapped), 7.71 (m, 2 H, Ar), 8.08
(m, 2 H, Ar) ppm. 13C NMR (100 MHz, CDCl3): δ = 9.8, 14.9,
15.0, 21.1, 22.0, 22.2, 22.3, 22.4, 27.0, 35.7, 36.1, 40.9, 43.4, 45.8,
58.6, 71.2, 72.3, 75.4, 75.8, 76.4, 76.6, 79.8, 80.8, 84.7, 127.4, 128.9,
127.1, 129.4, 130.3, 132.7, 132.8, 132.9, 134.0, 143.1, 167.2, 170.8,
171.4, 171.5, 173.0, 204.1 ppm. HRFABMS: calcd. for C44H52NO14

[M + H+] 818.3388, found 818.3392.

(3�R)-3�-Dephenyl-3�,3�-[(1R)-isopropylethylene]-2�-epi-taxol (15):
[α]D20 = –74 (c = 0.54). 1H NMR (400 MHz, CDCl3): δ = 0.98–1.16
(8 H, overlapped), 1.23 (s, 3 H), 1.27–1.39 (5 H, overlapped), 1.88
(m, 1 H), 2.10 (d, J = 1.1 Hz, 3 H), 2.15–2.33 (m, 2 H, overlapped),
2.23 (s, 3 H), 2.30 (s, 3 H), 2.56 (m, 1 H), 3.84 (d, J = 7.1 Hz, 1
H), 3.95 (d, J = 5.5 Hz, 1 H), 4.16 (d, J = 8.3 Hz, 1 H), 4.28 (d, J
= 8.3 Hz, 1 H), 4.45 (dd, J = 10.8, 6.8 Hz, 1 H), 4.96 (dd, J = 9.5,
1.9 Hz, 1 H), 5.17 (d, J = 6.1 Hz, 1 H), 5.65 (d, J = 7.1 Hz, 1 H),
6.16 (dt, J = 8.9, 1.1 Hz, 1 H), 6.33 (s, 1 H), 6.60 (s, 1 H), 7.36 (m,



C-3�-Cyclopropanated Taxol Analogs FULL PAPER
2 H, Ar), 7.42–7.52 (m, 3 H, Ar, overlapped), 7.60 (m, 1 H, Ar),
7.67 (m, 2 H, Ar), 8.04 (m, 2 H, Ar) ppm. 13C NMR (100 MHz,
CDCl3): δ = 9.7, 15.9, 18.8, 21.1, 22.0, 22.8, 22.9, 23.0, 26.9, 29.8,
35.8, 36.3, 36.5, 40.8, 43.3, 46.0, 58.8, 71.8, 72.5, 74.3, 75.1, 75.9,
76.6, 79.6, 81.3, 84.6, 127.3, 128.91, 128.92, 129.3, 130.2, 132.5,
132.7, 133.5, 134.0, 143.0, 167.1, 170.3, 170.5, 171.5, 172.9, 204.0
ppm. HRFABMS: calcd. for C46H56NO14 [M + H+] 846.3701,
found 846.3725.

(3�R)-3�-Dephenyl-3�,3�-[(1R)-isopropylethylene]-2�,7-epi-taxol (16):
[α]D20 = –58 (c = 0.17). 1H NMR (400 MHz, CDCl3): δ = 0.94 (m,
1 H), 1.11 (d, J = 6.1 Hz, 3 H), 1.13 (s, 3 H), 1.08–1.14 (m, 1
H, overlapped), 1.16 (s, 3 H), 1.20–1.26 (m, 1 H), 1.32–1.42 (4 H,
overlapped), 1.62 (s, 1 H), 1.65 (s, 3 H), 1.98 (d, J = 1.0 Hz, 3 H),
2.10–2.45 (4h, overlapped), 2.19 (s, 3 H), 2.40 (s, 3 H), 3.69 (m, 1
H), 3.94 (d, J = 7.6 Hz, 1 H), 3.98 (s, 1 H), 4.33 (d, J = 8.7 Hz, 1
H), 4.38 (d, J = 8.7 Hz, 1 H), 4.93 (dd, J = 9.1, 3.4 Hz, 1 H), 5.72
(d, J = 7.6 Hz, 1 H), 6.13 (dt, J = 8.8, 1.0 Hz, 1 H), 6.67 (s, 1 H),
6.82 (s, 1 H), 7.36 (m, 2 H, Ar), 7.44–7.51 (m, 3 H, Ar, overlapped),
7.62 (m, 1 H, Ar), 7.68 (m, 2 H, Ar), 8.05 (m, 2 H, Ar) ppm. 13C
NMR (100 MHz, CDCl3): δ = 15.9, 16.3, 19.1, 21.1, 21.3, 22.77,
22.82, 23.1, 26.1, 29.8, 35.6, 36.6, 36.8, 40.6, 41.0, 42.8, 57.8, 71.2,
75.1, 75.4, 75.9, 77.8, 78.4, 79.5, 82.3, 82.9, 127.3, 128.95, 128.98,
129.4, 130.2, 132.6, 133.2, 134.0, 140.4, 167.2, 169.6, 171.1, 172.3,
172.5, 207.5 ppm. HRFABMS: calcd. for C46H56NO14 [M + H+]
846.3701, found 846.3725.

(3�S)-3�-Dephenyl-3�,3�-[(1S)-isopropylethylene]-taxol (3c): [α]D20 =
–66 (c = 0.66). 1H NMR (400 MHz, CDCl3): δ = 0.89 (m, 1 H),
1.07 (d, J = 6.2 Hz, 3 H), 1.10 (s, 3 H), 1.04–1.12 (m, 1 H, over-
lapped), 1.15–1.20 (m, 1 H), 1.23 (s, 3 H), 1.32–1.42 (4 H, over-
lapped), 1.65 (s, 3 H), 1.70 (s, 1 H), 1.71 (d, J = 1.1 Hz, 3 H), 1.80–
1.88 (m, 1 H), 2.19 (s, 3 H), 2.20–2.38 (m, 2 H, overlapped), 2.43
(s, 3 H), 2.27–2.57 (m, 1 H), 3.77 (d, J = 7.1 Hz, 1 H), 4.06 (s, 1
H), 4.15 (d, J = 8.3 Hz, 1 H), 4.29 (d, J = 8.3 Hz, 1 H), 4.39 (dd,
J = 10.9, 6.6 Hz, 1 H), 4.95 (d, J = 9.6, 1.9 Hz, 1 H), 5.64 (d, J =
7.1 Hz, 1 H), 6.18 (s, 1 H), 6.20 (dt, J = 9.0, 1.1 Hz, 1 H), 6.79 (s,
1 H), 7.40–7.64 (m, 6 H, Ar, overlapped), 7.71 (m, 2 H, Ar), 8.07
(m, 2 H, Ar) ppm. 13C NMR (100 MHz, CDCl3): δ = 9.6, 14.7,
19.3, 20.9, 22.0, 22.2, 22.6, 23.1, 26.7, 29.6, 35.5, 35.9, 36.5, 41.5,
43.2, 45.6, 58.5, 71.0, 72.0, 75.2, 75.6, 76.1, 76.4, 79.6, 80.6, 84.5,
127.2, 128.7, 128.9, 129.2, 130.1, 132.5, 133.7, 142.9, 167.0, 170.5,
171.18, 171.24, 172.9, 203.9 ppm. HRFABMS: calcd. for
C46H56NO14 [M + H+] 846.3701, found 846.3708.
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