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Abstract: Three fluorine-containing paclitaxel and docetaxel analogdehenyl-3(4-fluorophenyl)-3N-debenzoyl-
3'N-(4-fluorobenzoyl)paclitaxel3), 3-dephenyl-3(4-fluorophenyl)docetaxeldj, and 2,10-diacetyl-3-dephenyl-
3'-(4-fluorophenyl)docetaxebj, are prepared and used as probes for the conformational analysis of paclitaxel and
docetaxel in aqueous and nonaqueous solvent systems. The dependencéfothimmical shifts and thayy—pz

values of these fluorinated analogs is examined thrdfigand'H variable temperature (VT) NMR measurements.

The experiments clearly indicate highly dynamic behavior of these molecules and the existence of equilibrium between
conformers, especially in protic solvents, i.e., DM8gD,0O, CH;OD/D,0O, and CHOD, which have not clearly

been recognized by the previous studies. The analysis of the VT NMR data in combination with molecular modeling
including restrained molecular dynamics (RMD) has identified three key conformers, A, B, and C, in which conformer
C possesses rather unusual nearly eclipsed arrangements att@3Cl2ond. Conformers A and C are essentially

the same as those identified by X-ray analysis of docetaxel and paclitaxel, respectively. RMD evaluation of conformer
C in a simulated aqueous environment shows substantial stabilization of this conformer in protic solvents as compared
to the other conformers. ThEF—H heteronuclear NOE measurements of these fluoro analogs also support the
structures of the three conformers. Conformers B and C form a hydrophobic clustering among the 4-fluorophenyl
at C-3, the phenyl at the C-2 benzoate, and the methyl at the C-4 acetate moieties. Since conformer C appears to
be the predominant molecular structure at ambient temperature in aqueous solvents, this conformer is likely to be
the molecular structure of paclitaxel or docetaxel that is recognized at the tubulin binding site. This study has
unambiguously demonstrated the usefulness of these “fluorine probes” for the solution structures and dynamic behavior
of complex molecules such as paclitaxel and docetaxel.

Paclitaxel () and docetaxeld) are extremely important new

of their disassembly process, thereby blocking cell replication.

therapeutic agents approved by the FDA in the treatment of The design of structure- or mechanism-based inhibitors of

metastatic breast and ovarian cancefs. Since the first
characterization of paclitaxel in 197lits complex structure,
unigue mechanism of action® and potent antineoplastic

microtubule disassembly has been hampered by the insuffi-
cient information about the three-dimensional tubulin binding
site although it may eventually become available on the basis

activity®10 have served as the impetus for intensive studies of X-ray analysis or electron crystallography of the tubulin

not only in clinical oncology, but also in the wide range of

drug compleX! and/or photoaffinity labeling and protein se-

the biomedical research arena. The mechanism of action ofquencingt>~® However, the rational design of the second- and

paclitaxel involves stabilization of microtubules by inhibition
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the course of our study on the development of the second-
generation taxoid antitumor ageifs23 we have synthesized a
series of fluorine-containing taxoids for SAR stutty Among
these fluorine-containing taxoids, we have found that 3
dephenyl-3(4-fluorophenyl)-3N-debenzoyl-3N-(4-fluoroben-
zoyl)paclitaxel 8), 3-dephenyl-3(4-fluorophenyl)docetaxely,

and 2,10-diacetyl-3-dephenyl-3(4-fluorophenyl)docetaxebj-

are extremely useful as probes for the investigation into the

AcO O OH

Figure 1. Conformation of paclitaxel based on the X-ray structure of
docetaxel and proposed for nonpolar aprotic organic solvents (structure
A) and the conformation based on the X-ray structure of paclitaxel
(structureB) proposed for aqueous solvents.

H (paclitaxel) Structure A is based on the X-ray crystal structure of
F docetaxeP* replacing the 3(t-Boc)NH moiety with a 3
RO O OH PhCONH group and addition of the 10-acetyl followed by
minimization using the Sybyl 6.04 program. Thebenzoyl-
3-phenylisoserine moiety at C-13 of structukehas a gauche
conformation with a H2-C2—-C3—H3' torsion angle of ca.
60°. On the basis of molecular modeling simulations (unsup-
ported by NMR studies), there appears to be a hydrophobic
clustering among the'3?hCONH (Ph), 2-benzoate (Ph), and
4-acetoxy (CH) moieties. This conformation is believed to be
R= E'};fédwetaxe” the one commonly observed in aprotic solvents such as €DCI
=R"=Ac and CDQCly,3% and proposed to be the likely bioactive conforma-
tion on the basis of unproved assumption that the paclitaxel
solution structures of paclitaxel and docetaxel, which may well binding site on microtubules is hydrophoBic.
be relevant to bioactive molecular structures, basetfomnd StructureB was first recognized by Williams et al. on the
IH NMR in conjunction with molecular modeling studies. We pasis of conformational analysis of tiN:benzoyl-3-phenyl-
describe here our study on the solution structures and dynamicisoserine moiety based on an NMR study and molecular
behavior of paclitaxel and docetaxel using their fluorine- mode|ing?5,27 Then, on the basis of 2D NMR experiments
containing analogs as probes. (NOESY and ROESY) on paclitaxel and docetaxel in DMSO-
The three-dimensional structures of paclitaxel and docetaxel d¢/D,0, Vander Velde et al. verified the presence of structure
have been studied by NMR in conjunction with molecular B and proposed it as the “hydrophobic collapse conformation”;
modeling> 33 as well as by X-ray crystallographic analysé$ viz., the Kansas group rationalized this marked conformational
These studies identified primarily two conformations, structures change in aqueous media on the basis of the hydrophobic
A and B, for paclitaxel (Figure 1) with generally minor collapse phenomen#hrather than intramolecular hydrogen

1: R=
3: R=

Fody

variations between different studi&s. bonding, and implied that this conformation might be the one
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Scheme 1 Scheme 2
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i) HCOOH, MeOH, 54%

iiiy p-FBzCl, TEA, CH.Clp, 91%
iv) HF-pyr, pyr, CH3CN, 66%

AcCl, DIEA
CHyClp, 71%

Recently, this conformation was indeed found in the X-ray
crystal structure of paclitaxel obtained by slow evaporation of
a dioxane/HO/xylene solution, in which the H2C2—-C3—

H3' torsion angle is 176°° Even more recently, Gao et 4.
also found this hydrophobic clustering in the X-ray analysis of
10-deacetyl-7-epipaclitaxel. In the latter case, however, the
crystals were obtained from an aprotic solvent, ethyl acetate.
Thus, this conformation might be relevant even in a nonaqueous
medium.

The conformational analysis of docetaxel led to essentially
the same two structured, andB, with replacement of the'3
PhCONH moiety by a ‘3(t-Boc)NH group3®

In spite of rather extensive NMR studies on the solution ;
structuees of paclitaxel and docetaxel mentioned above, nodﬁ/_DZO (3:1). Th_e temperature dependence oflﬂﬁechemlca_l
systematic study on the dynamics of these two and other possible_Sh'ﬂ_S of3 and4 in these four solvent systems is summarized
bioactive conformations has been reported. It is highly likely n F'gl.”e 2 (376.3 MHz), and the V¥F NMR. spectra o3
that the paclitaxel molecule is dynamic and an averaged struc-and4 in CDsOD (235.2 MHz) are shown in Figure 3.
ture in the NMR time scale is observed. Accordingly, we _ AS Figures 2 and 3 clearly show, the signal (fs) of the
decided to look at the temperature dependendérothemical 3-(4-FCsH4) moiety of 3 that appears in a higher field than
shift(s) of difluoro paclitaxeB, fluoro docetaxe, and fluoro ~that of the 4-FEH,CONH (Fa) moiety broadens at ca. 218 K
diacetyldocetaxes. The use ofl9F NMR for a variable (2352 MHZ) (Figure 3) or at ca. 208 K (376.3 MHz) (Figure

X o ; 9
temperature (VT) NMR study of the molecule of this complexity 2) in CD;OD. Then, this®F signal decoalesces into two distinct

is apparently advantageous over the usé-oNMR because ~ Si9nals, k-1 (lower field) and k2 (higher field), with a relative
of the wide dispersion of th&F chemical shifts that allows ratio of 3:2. The estimated activation free energy is 39 kJ/mol

fast dynamic processes to be frozen out. Also, the sensitivity (94 kcal/mol). The VT'F NMR spectra oft show essentially
of 1%F NMR is much higher than that 36C NMR although  the Same phenomenon in DD [Ex = 37.5 kJ/mol (9.0 kcall
13C also offers wide chemical shift dispersion. mol)] for the 3-(4-FGH,) moiety.

Fluorine probes difluoro paclitax@ and fluoro docetaxet This observation unambiguously indicates that two conform-
were prepared using the procedures reported previously®y us €S are in equilibrium in a wide temperature range (2988

(Schemes 1 and 2), and fluoro diacetyldocet&xehs prepared <) In sharp contrast with thegfsignal, the k signal does not
in a similar manner via acetylation of'-8ephenyl-3(4- show any significant change except for a small solvent-depen-
fluorophenyl)-10-acetyldocetaxeB)g* (Scheme 3). dent systematic shift, and no decoalescence is observed. This

In the cytotoxicity assay, difluoro paclitax@ and fluoro can be ascribed to either the rapid movement of the d-&C

docetaxe#t showed extremely strong activity (6= 0.5-50 CONH_moiety even at 183 K or its com_pl_e_te _immobility even
nM) comparable to that of paclitaxel; i.@ possesses several at ambient temperature. The latter possibility is highly unlikely,

times stronger activity whild has several times weaker activity (41) The cytotoxicity of difluoro paclitaxe8 and fluoro docetaxel against

than paclitaxet! The observed similar biological activity profile  human non-small-cell lung cancer (A549) and human ovarian cancer (A121)
cell lines are as follows (I§). A549: 3, 35 nM; 4, 0.49 nM; paclitaxel,
(40) Gao, Q.: Chen, S.-Hletrahedron Lett1996 37, 3425-3428. 3.6 nM. A121: 3, 76 nM; 4, 1.3 nM; paclitaxel, 6.3 nM.

of these fluorine probes should form the basis for the extrapola-
tion of any conformational information to paclitaxel or docetaxel
itself.

First, we carried out the VT experiments on the fluorine
probes3 and4 in CD,Cl,, CDs0D, CD;0D/D,0O, and DMSO-
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Figure 3. Variable temperaturF NMR spectra of difluoro paclitaxel
3 (left) and fluoro docetaxed (right) in CD;OD (235.2 MHz).

and the restrained molecular dynamics (RMD) study (Figure

7) has confirmed the high flexibility of the 4-kFEB4CONH
moiety. These observations for thg &nd Fs signals strongly

suggest the occurrence of hydrophobic clustering including the

3'-(4-FGsH4) moiety, and as a result the 4-f;CONH moiety
is placed in the outside of the hydrophobic cluster.

On the contrary, the chemical shift of the Signal does not
change at all in CBCl,. The R signal in CDCl, shows a small
solvent-dependent systematic shift in almost the same manner
as that in CROD. No decoalescence is observed even at 173
K. This clearly indicates that there is only one predominant
conformer in CRCl,, which appears to be consistent with the
previous NMR studies in this solvent at ambient temperature
mentioned above.

In DMSO-d¢/D-0, the temperature dependence is examined
in the range of 253358 K for 4, but we observed freezing of
this solvent system below 273 K f@&.#? The temperature
dependence of thesFand F signals is parallel to and follows
the same trend as that in @DD. This implies that the
equilibrium between different conformers exists in DM8§D-
D,O as well.

In order to identify the structures of the two conformers
observed in CBOD and also to confirm the existence of
equilibrium between different conformers in DMS#D,0,
we looked at the temperature dependencelpf-z for 3
and 4 in the same set of solvents. Results are shown in
Figure 4. As Figure 4 shows, tila>—n3 is clearly dependent
on temperature for botB and 4 in CD;OD and DMSOdg/
D,0, increasing its value at lower temperatures, whereas the
Juz—nz in CD.Cl, (ca. 2 Hz) is much less dependent on
temperature, slightly increasing at higher temperatures. These
observations are consistent with those for the temperature
dependence of théF chemical shifts for f (Figure 2) discussed
above.

(42) Vander Velde et al. claimed that NMR study in DMSQZI(3:1)
could be performed at20 °C (see ref 24), but we did not have any luck
in keeping the solution from freezing below’ G although we were able to
obtain clean NMR spectra in the glassy state-20 °C.
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Figure 4. Dependence of the coupling constait s of difluoro
paclitaxel 3 (A, top) and fluoro docetaxel (B, bottom) on tempera-
ture in DMSO/BO (3:1) (A), CD;OD/D,O (1:1) (B), CQxOD (C), and
CD,Cl; (D) (376.3 MHz).

Since thely>—n3 values directly reflect the torsion angle of

these two protons, it is possible for us to deduce the conforma-

tions of theN-benzoyl-3-phenylisoserine moiety at C-13. First,

we will discuss the conformational analysis of difluoro paclitaxel

3 based on these NMR data in conjunction with a molecular
modeling study.

In CD,Cl,, the observedyy—nz value is 2.0 Hz at 258 K,
which corresponds to the torsion angle of 4sed on the MM2
calculation (Macromodel 4.0) for thd-benzoyl-3-phenyliso-
serine moiety (conformer A). This torsion angle {b4s in
good agreement with the one obtained in the X-ray crystal
structure of docetaxel (56763

In CD30D, theJuz-nz is extrapolated to be 7.2 Hz at 183

J. Am. Chem. Soc., Vol. 119, No. 24, 19923

H

F-CeHa H F-CgH4-CONH :@CGH4-F

HO COO% HO coo-§
F-CgF4CONH H

Conformer B
On.H = 178°

Conformer A
OH.H = 54°

HCgH4-F

F-CGH4-COW6$\ '_poo_i

Conformer C
O.{ = 124°

Figure 5. Newman projections of the three conformers3of

the two conformers.The extrapolated value at 183 K is 10.1
Hz, which corresponds to a H2C2—-C3 —H3' torsion angle

of 178 based on the MM2 calculation (conformer B). There-
fore, this conformer should be exactly the one observed in the
X-ray crystal structure of paclitax&l(see structur® in Figure

1), and corresponds to thg F, conformer (higher field signal)
since the hydrophobic clustering of th'e(8-FGsHg4), 2-benzoate
(Ph), and 4-acetyl (Ch moieties is highly likely to cause a
substantial shielding effect. This result is supported by re-
strained molecular dynamics (RMD) calculations on conformer
B (Figure 7B), which clearly shows a facedge arrangement
of the 3-(4-FGH4) and 2-benzoate (Ph) groups in the most
stabilized population of conformers. The fluorine oh(&-
FCsH4) points toward the center of the 2-benzoate (Ph) ring,
and therefore lies in the range of its shielding effect. The
Juz—nz value of the —; conformer is calculated to be 5.2 Hz
in a straightforward manner from thkevalue (10.1 Hz) of the
Fs—» conformer, the ratio of thed=; and F_» conformers
(3:2), and the estimated averagjgalue (7.2 Hz) in CIOD at
183 K. TheJ value of 5.2 Hz corresponds to a HX2 —
C3—H3' torsion angle of 124based on the MM2 calculation;
i.e., this is a nearly eclipsed conformation (conformer C). The
Newman projections (CZ3) of the three conformers of the
N-phenylisoserine moiety are shown in Figurés5s.

The whole structures of conformers A and B (Sybyl 6.04)
are virtually the same as the paclitaxel structufesand B
(Figure 1) except for the two fluorine atoms. The Chem 3D
representation of conformer C (Sybyl 6.04) is shown in Figure
6. Although this semi-eclipsed conformation at the -©23
bond is obviously unfavorable on the basis of the molecular
modeling study of simpleN-phenylisoserine methyl estét,
conformer C has three H-bondings amorigO¥, 3-NHCO,
and 1-CO that makes it an apparently favorable conformation
as a whole molecule in protic medi@ccordingly, the “fluorine
probe” approach has succeeded in finding a new conformer
that has neer been predicted by the prieus molecular
modeling studie®®

Strong supporting evidence for this rather uncommon con-

K, at which temperature decoalescence takes place (see Figurgyrmation can be found in the solution structure of a water-

2), and this] value should be the average of thealues of the
two conformers (3:2 ratio) corresponding to thg_Fand the
Fg—2 signals in Figure 3A. As the slopes A (DMS/D-0),
B (CDsOD/D,0), and C (CROD) (298-183 K range) in Figure
4A (top) are virtually parallel, it is very reasonable to assume
that the same two conformers exist in different ratios in these
solvent systems.

In DMSO-dg¢/D,0, theJy>—nz value is 7.8 Hz at 298 K that

is in good agreement with the reported value by the Kansas

group for paclitaxef® However, as the slope An Figure 4A
(top) clearly indicates, this Jalue should be the:srage of

(43) For conformers A and C, conceptually there are two possibilities
in each case that fit the H2C2 —-C3 —H3' dihedral angle of 5%or 124,
i.e., —54° instead of+54° and —124° instead of+124°. We looked at
these—54° (conformer A) and—124° (conformer C) conformers by RMD
in vacuum. Conformer Ashowed 1.2 kcal/mol higher energy than conformer
A, and no previous NMR studi&s33 nor X-ray crystal structures of
docetaxet* and paclitaxéP have suggested the importance of this conformer.
Conformer C showed a energy in vacuum RMD very similar to that of
conformer C. However, RMD in water revealed-80 kcal/mol higher
energy than conformer C. Also, the conformation of paclitaxel-7-MPA in
D,0 clearly shows a+-127 dihedral angle that is, in fact, consistent with
our RMD results in water just mentioned above. Consequently, we did not
include these two conformers for detailed discussion in this paper.
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acylamino moiety) once the torsion angle of thé H22 —C3 —
H3' is fixed presumably through self-organization by hydrogen
bondings and/or hydrophobic clustering@:his newly identified
conformation might be the molecular structure that is first
recognized by th@-tubulin binding site since the contribution
of this conformation at around ambient temperature is substantial
in protic solvents (see Figure 4).

RMD studies were also carried out for conformers A and B
as well (Figure 7A,B). Clearly, conformer A (H2C2—-C3—
H3' constrained to 5% exhibits a high degree of conformational
freedom in the N-(4-fluorobenzoyl)-3-(4-fluorophenyl)iso-
serine moiety as evident by the overlay of 25 structures.
Conformer B (H2—C2—C3 —H3' constrained to 178, how-
ever, is much more rigid, exhibiting mostly the hydrophobic
clustering structure with some flexibility in the 4-B8,.CONH
moiety.

In order to gain some insight into the reason why conformer
C becomes the major molecular structure in protic solvents at
ambient temperature, we decided to compare the relative
energies of the three conformers in a simulated aqueous
environment to examine if there is any special stabilization of
conformer C as compared to conformers A and B (Figure 8).
The energies (enthalpies) in vacuum based on the lowest energy
conformer obtained in the RMD simulations (Figure 7) decreases
in the order conformer C (83.6 kcal/mat) conformer A (78.1
kcal/mol) > conformer B (77.8 kcal/mol) (Sybyl 6.04, Tripos
force field). This relative order of energies was supported by
RMD simulations in vacuum using the Discover 95.0 program
(MSI-Biosym, CVFF force field). In comparison, the RMD at
ambient temperature in a simulated aqueous environment starting
from the lowest energy structure obtained from the RMD studies
for each conformer mentioned above indicates the following
order in energy: conformer AH,O = conformer CAH,O >
conformer BhH,0.4548 Accordingly, the RMD study in an
Paclitaxel-7-MPA aqueous environment clearly indicates a strong contribution of
solvation energy to the stabilization of conformernis-avis

Conformer C

Figure 6. Conformer C and the proposed structure of paclitaxel-7-

MPA in D,O4% conformer A. While the difference in energy between the two
conformers in vacuum is appreciable- (5 kcal/mol), this
soluble paclitaxel analog, paclitaxel-7-MPA (MPAN-meth- difference is completely overcome in aqueous solution where

ylpyridinium acetate), in BO reported by Nicolaou and co- conformer C becomes slightly more stabilized than conformer
workers* In the proposed structure deduced from NOE A. It should be noted that the solvation stabilization term for

constraints in conjunction with molecular dynamics, the-H2 ~ conformer C is estimated to be about 10 kcal/mol more than

C2—C3—H3 torsion angle of the\-phenylisoserine moiety ~ those of conformers A and B.

is 127, which is only a few degrees different from the value  Although this RMD study has revealed strong solvation
for the conformer C (Figure 6). effects for conformer C, in particular, which can offset, to a

The major difference between conformer C and the proposed certain extent, the destabilization caused by the near-eclipsed
solution structure of paclitaxel-7-MPA is the position of the -
. L . (45) Anderson, A. G.; Hermans, Proteins1988 3, 262—265.
benzoylamino moieties, i.e., these two are rotamers at thelC3 (46) Gilson, M. K.; Honig, B.Proteins1988 4, 7—18.
and N-CO bonds. The structure of paclitaxel-7-MPA as shown  (47) Biosym Technologies, Discover User Guide, Versions 95.0994.
in Figure 6 has three hydrogen bondings as does conformer C. (48) The energies for each conformer in an aqueous environment (9 A

. : : layer of discrete water molecules) were calculated on the basis of average
Both structures clearly show similar hydrophobic clustering of minimized energy of 25 frames collected at 1 ps intervals during the

the 3-Ph (or 4-FGH,), 2-benzoate (Ph), and 4-acetoxy (§H  restrained molecular dynamics sequence (Discover 95.0, CVFF force field,
groups. However, it is more reasonable to think that the fixation Biosym Technologies/Molecular Simulations Inc.). The average total

_ i energies, incorporating a solvation term, calculated for each conformer were
of the movement of the 4-FE,CONH (or PhCONH) moiety the following: conformer A (184.8t 3.6 kcal/mol), conformer B (179.8

only takes place in the solid state or the frozen state, and this .. 3 6 kcal/mol), and conformer C (1838 2.4 kcal/mol). The average
moiety should have high-flexibility in solution at ambient solvation energies (calculated as the summation of intermolecular van der

temperature. Accordingly, we carried out high-temperature Waals and Coulombic interactions) for each conformer were the follow-
. T . : ing: conformer A (-82.6+ 6.1 kcal/mol), conformer B{82.6+ 4.4 kcal/
restrained molecular dynamics (RMD; Sybyl 6.04, Tripos force mol), and conformer C£93.1+ 4.1 kcal/mol). It should be noted that the

field) of conformer C, and the overlay of 25 randomly sampled numerical values of the total energies depend on the force field used and,
and minimized structures is depicted in Figure 7C. As Figure as such, are meaningful only for the comparison of relative energies of

7C shows, the 4-F&1,CONH moiety is indeed flexible The conformers. It is assumed that the above calculation provides an average
! 4 ) energy for the different conformers possible at ambient temperature for

most remarkable finding in this RMD study is the fact that the each constrained dihedral. However, different factors such as the orientation
molecule shows a good measure of rigidity (except for the 3 of water molecules in any particular frame may influence the energy terms
without actually being associated with the actual conformational and

(44) Paloma, L. G.; Guy, R. K.; Wrasidlo, W.; Nicolaou, K. Chem. solvation energies. This study must therefore be considered an approximation
Biol. 1994 2, 107-112. only. See the Experimental Section for further details.
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Figure 7. RMD in vacuum for conformers A (left), B (middle), and C (right).

Figure 8. Aqueous RMD study: overlay of starting low-energy structure (magenta) obtained from vacuum RMD study with the lowest energy
structure (yellow) obtained in the agueous simulation for conformers A (left), B (middle), and C (right).

side chain amino acid conformation, supporting its observation offset the destabilization caused by the near-eclipsed arrange-
in protic media, the observed temperature dependenge ofiz ments of the side chain amino acid in conformer C.

shown in Figue 4 A indicates a more significant contribution In order to confirm that conformers A, B, and C thus
of conformer C at ambient and higher temperatures in DMSO/ identified are consistent with the 2D NMR studies of pacli-
D,O and the predominant contribution in gDD/D,O and taxel and docetaxel reported from other laboratofiese car-
CD30OD at ambient temperature. The slopes forihvalues in ried out the!H—1H NOESY and ROESY measurements of
CD3;0D also indicate a quite likely participation of conformer difluoro paclitaxel 3 and fluoro docetaxeld in CD,Cl,,

A at higher temperatures in this solvent since thealue CDs0D, CD;0D/D,0O, and DMSOdg/D,0. As expected, clear
becomes smaller than 5.2 Hz, which corresponds to conformerNOEs were indeed observed between thd€43~CGH,) and

C. The gap between the RMD energy estimation and the NMR 2-benzoate (Ph) protons in DMS@/D,0. Thus, it appears
data can be ascribed to the fact that the RMD calculations give that the presence of the fluorine atoms at gaga positions
the enthalpy of the molecules, but not the total free energy; of the phenyl rings does not exhibit any significant conforma-
i.e., the entropy term is not included. Since the order of tional change in solution. Thé&F—'H heteronuclear NOE
molecular organization is highest in conformer B and the lowest measurements were also carried out@nd4 in CD;OD and

in conformer A, and conformer C is in between on the basis of DMSO-ds/D,O (Figures 9 and 10). Although th&—1H NOEs

the vacuum RMD results shown in Figure 7, the entropy of were smaller than theitH—!H counterparts, cross-peaks were
these three conformers should increase in the order conformerclearly observed between the fluorine ¢f(8-FCGsH,) and the

B < conformer C< conformer A. This means that the relative phenyl protons of 2-benzoate in these solvents except for
free energy gain of the three conformers is temperature CD3OD. The presence of these NOEs is consistent with the
dependent and should increase in the order conformer B hydrophobic clustering conformations, i.e., conformers B and
conformer C< conformer A. Accordingly, conformer A and C. However, it should be noted that these NOEs aeey likely
conformer C should become favorable at higher temperaturesto be for an aeraged structure of conformers B and Qo

as compared to conformer B. A combination of the strong H—H and'%F—'H NOEs between'4-FCGH,4) and 2-benzoate
solvation effects and the entropy term adjustment may well moieties were observed in GDI, or CDCk for both com-
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wide temperature range. Accordingly, it is highly likely that
the conformational equilibria fod should include all three
conformers. This makes the conformational analysis based on
the Juz—nz values very difficult because of the three-component
system. Nevertheless, we can still confirm the predominant

F\)slso/o/e.g% contribution of the hydrophobic clustering conformations (con-
/1 0.4%/1.4% formers B and C) in DMSQlg/D,O. This is also supported by
0.3%/1% the fact that hetero-NOEs are observed between the fluorine of
CD;0D the 3-(4-FGsH,) group and protons of the 2-benzoate moiety

although the intensities are much weaker than those observed

0 A7, §" for 3, which again strongly indicates the substantial contribution

F’O/QNH o of conformer A even in DMSQIg/D2O. It is very likely that
i <o the butoxycarbonyl group in place of the benzoyl group at the

/©/\5/l0‘ Y 50 C3—N position increases the flexibility of the molecule.
F OH o b Consequently, we can conclude that the distribution of the
\)8%”117{;/20/ o conformer population for paclitaxel and docetaxel as a function
/ 1°/:/1.;% of solvent and temperature is quite different.

<1%/2% \ Williams et al. have recently reported an NMR and molecular

modeling study on the biologically inactivé-acetylpaclitaxel

DMSO-D20 in CDCl; and aqueous DMS@ solutions?® It was reported
Figure 9. Representative'H—'%F heteronuclear NOEs foB in that Z-acetylation had negligible effects on the conformation
CD;0D and DMSOds/D-0 at 25°C. of this molecule in these solvents, which implies that confor-

mational preorganization of the isoserine side chain is not
dependent upon hydrogen bonding using theéDHR. 1t is
suggested that thé-®H is likely to serve as a hydrogen bond
donor that is necessary for effective binding to tubulin/
microtubules. With this in mind we prepared fluoré,1D-

F diacetyldocetaxeb (vide suprg, and looked at its dynamic
ﬂ\)f’% 0.4% behavior using®F VT NMR in the same manner as the cases

=

of 3and4. Thel®F VT NMR measurements in MeOH did not

0.4%
show any decoalescence and freeze-out of conformers at

DMSO0-D,0 temperatures as low as 188 K. It is clear that the acetylation
Figure 10. RepresentativeéH—1°F heteronuclear NOEs fo# in of the 2-OH group destroys the intramolecular hydrogen-
DMSO-dg/D;0 at 25°C. bonding network and increases the mobility of the molecule,

) . hence preventing the decoalescence of the two conformers from
pounds. Despite the apparent clustering of the two aryl groups occurring even at very low temperatures.

of 4-CeH,CONH (or PhCONH for paciitaxel) and 2-benzoate Although the major driving force for the stability of conform-

of the energy-minimized conformer A (or structufe for - :
paclitaxel), no NOEs have ever been observed between the wo, > B and C appears to be the hydrophobic clustering among

N . the 3-Ph, 2-benzoate (Ph), and 4-acetoxy @LHhoieties,
groups in this study as well as previous ones. The only NOEs hydrogen bonding in the side chain can also substantially
observed in CBCl, for 3 and4 are those between thefluorine

and the adiacermetaprotons on the aromatic rings. These contribute to the stabilization. As Figure 6 shows, there are
) P . INgS. -~ three hydrogen bonds on the isoserine side chain between the
results strongly suggest the substantial flexibility of this

conformation in solution, which is indeed confirmed by our =.r &Ster C(0) and‘20(H), C-2 (0) and 3N(H) , and 2-
RMD study of conformer' A as discussed above g O(H) and 4-F@H.C(O). When the 20H moiety is acetylated,
The con);ormational analysis of fluoro docetaﬁdels more the hydrogen bondings between the Cester C(O) and "2
complicated than that & InyCDZCIz theJ values were small O(H) as well as 20(H) and 4-FGH4C(O) are the ones most
(2.0-2.2 Hz) and difficult to measure due to the overlap and directly affected. While molecular modeling and NMR analyses

broadening of peaks. The clear temperature dependence o{at room temperature) of-2cetylpaclitaxéPf and5 indicate that
the 19F chemical shift in DMSCE¢/D,0, CD:OD/D,0, and here is no significant conformational changes as compared to

CDs0OD as well as the decoalescence of the fluorine of the paclitaxel, the aforementioneF VT NMR study clearly

: . indicates that this modification exerts marked effects on the
4-FGeH, group at C-3in CD;OD at low temperatures is also dynamic behavior of the molecule. In GDI, (or CDCh), it is
?ObIS::N?S égﬂz(zg;;rfgszs l;(iltr?c))ug;ﬂ izles t(\:/? g%;zssrztrlg r?c%t'fvery obvious that intramolecular hydrogen bondings are responsible

—2 . L. 3 . . . . .
well separated (Figure 3). As Figure 4B (bottom) shows, the for the strong self-organization, which is virtually not affected

. . by temperature.
coupling constaniiy>—p3 is dependent on temperature and the i i
solvent in a manner similar to the case3ofHowever, the value In conclusion, the fluorine probe approach has been proved

of the coupling constant in each solvent and its variation with t©© P& very useful for the conformational analysis of paclitaxel
temperature fo# are considerably smaller than those observed @1d taxoids in connection with the determination of possible

for 3. It should be noted that the extrapolatihg _nz value in bioactive conformations. A previously unrecognized conformer
DMSO-dg/D-O at 183 K is only 8.8 Hz; i.e., it does not reach € is found to play a significant role in the conformational
ca. 10 Hz which corresponds to a L2 —C3—H3 torsion equilibrium of paclitaxel. This conformation might be the

angle of 178 (conformer B). As Figure 10 shows, no hetero- molecular structure first recognized by tfigubulin binding

NOEs are observed ferin CD;OD between the 4-FCsHa) (49) Williams, H. J.; Moyna, G.; Scott, A. I.; Swindell, C. S.; Chirlian,
and 2-benzoate (Ph) protons. These results clearly indicate g . Heerding, J. M.: Williams, D. KJ. Med. Chem1996 39, 1555-
substantial contribution of conformer A in all solvents and ina 1559.
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site on microtubules. Incontrovertible evidence for the existence
of conformer C in different polar media has been obtained on
the basis of a variety of techniques including VT NMR,
molecular modeling, and restrained molecular dynamics. Fur-
ther studies along this line are actively underway. The next
challenge will be to use a paclitaxel analog with triple fluorine

J. Am. Chem. Soc., Vol. 119, No. 24, 19927

multiplication in both dimensions (sweep width of about 4000 Hz).
Three mixing times of 220, 600, and 1000 ms were used.

Molecular Modeling. Computational studies were carried out on
a Silicon Graphics Iris 4D/35 workstation. Dihedral (torsion) angle
constraints were derived from thg> 13z coupling constants using the
Karplus equation as interpreted by Macromodel 4.0. Restrained
molecular dynamics calculations were performed using Sybyl 6.04

label at all three phenyl groups and determine the diStar'ces(Tripos Inc.) as well as Discover 95.0 in the Insight Il (MSI-Biosym)

between these three fluorines for the trifluoro paclitax@!
tubulin complex, probably by solid state NMR.

Experimental Section

Materials. 3'-Dephenyl-3-(4-fluorophenyl)-3N-debenzoyl-3N-(4-
fluorobenzoyl)paclitaxel3), 3 -dephenyl-3(4-fluorophenyl)docetaxel
(4), and 10-acetyl-3dephenyl-3-(4-fluorophenyl)docetaxel6j were
prepared by using the procedures reported previously from these
laboratorieg* 2',10-Diacetyl-3-dephenyl-3(4-fluorophenyl)docetaxel
(5) was prepared through acetylation of 10-acetyti@henyl-3-(4-
fluorophenyl)docetaxelf) as follows.

2',10-Diacetyl-3-dephenyl-3-(4-fluorophenyl)docetaxel (5). To
a solution of6 in 2 mL of CH,Cl, andN,N-diisopropylethylamine (0.01
mL, 0.06 mmol) at ®C was added &L (0.06 mmol) of AcCl. The
reaction mixture was allowed to warm to room temperature, at which
time another 5uL of AcCl was added. After 20 min, the reaction
mixture was purified by chromatography on silica gel (EtOAc:hexanes
= 1:2) to afford 20 mg o (71%) as a white film:*H NMR (250
MHz, CDCl) 6 1.08 (s, 3 H), 1.20 (s, 3 H), 1.27 (s, 3 H), 1.68 (s, 3
H), 1.80-1.82 (m, 1 H), 1.87 (s, 3 H), 2.05 (s, 3 H), 2:68.11 (m, 2
H), 2.18 (s, 3 H), 2.37 (bs, 3 H), 2.4@2.51 (m, 3 H), 3.75 (d) = 7.2
Hz, 1 H), 4.11 (dJ = 8.4 Hz, 1 H), 4.25 (dJ = 8.4 Hz, 1 H), 4.35
4.41 (m, 1 H), 4.91 (dJ = 7.8 Hz, 1 H), 5.26 (dJ = 2.4 Hz, 1 H),
5.28 (d,J = 8.7 Hz, 1 H), 5.37 (d) = 8.8 Hz, 1 H), 5.62 (dJ = 7.2
Hz, 1 H), 6.19 (m, 1 H), 6.23 (s, 1 H), 7.03 @,= 8.4 Hz, 1 H),
7.20-7.22 (m, 2 H), 7.44 (t, 2 H), 8.05 (d, 2 H}C NMR (63 MHz,

platform. The following protocol was used for the Sybyl 6.04 vacuum
simulation: A starting structure was generated from atomic coordinates
obtained from the paclitaxel crystal structérén the Cambridge
Database and modified with appropriate substituents. Charges were
calculated for all simulations (Sybyl 6.04) on the basis of the Gasteiger
Marsilii method. This structure was energy minimized (Tripos force
field) to an rms derivative below 0.01 kcal/mol/A. The HZ2 -
C3—H3 dihedral angle was restrained to °54124, or 180,
respectively, prior to running the dynamics simulation. The system
was equilibrated at 300 K for 5 ps, following which restrained molecular
dynamics was performed over a period of 100 ps at 900 K with a time
step of 1 fs. Snapshots were taken every 2 ps. From these, 25
structures were randomly selected and minimized using steepest
descents followed by conjugate gradients to an rms derivative below
0.01 kcal/mol/A. The minimized structures were then subjected to
restrained molecular dynamics at 300 K for 2 ps, followed by further
minimization using steepest descents and conjugate gradients. These
final structures were overlapped using the “Superimpose” function in
the Insight Il platform.

Water-solvated dynamics studies were conducted using the Discover
95.0 program in the Insight Il molecular modeling system (Biosym
Technologies/Molecular Simulations, In¢?)#” Solvation of the lowest
energy structures obtained from the above vacuum simulation was
carried out using the “Soak” function. A layef®A of discrete water
molecules {480 waters) was added. Standard CVFF force field
charges were included in all simulations. Molecular dynamics (CVFF

CDCl) 6 9.6, 14.8, 20.4, 20.8, 22.1, 22.6, 26.8, 28.1, 35.4, 43.2, 45.6 force field) was performed on the entire system over 25 ps at 300 K
535 585 7’1 8 7’2 > 7’4 > %5 1 ’75 6 ’79 > ’80 6 ’81 1 ’84 4 ’115 7 following a 5 psequilibration period. One ensemble was archived at
11'6'0 128 0 128 1' i28 7 ’129' 1 1?;0'2 132 7 '1’33?; '143'0' 155'0’ every 1 ps interval. The archived ensembles were minimized using

164.4, 167.2, 167.9, 169.6, 171.3, 203.8; FAB-HRMS (NBMaCl) 'conjugate gradients to a maximum derivative of less than 1.0 kcal/
m/zé?;Z 35'24’ M .+’Na (.:17’H56N.OJ_’6F re;qtjires 932.3481) mol/A. The energies (total and intermolecular nonbond energies) for

NMR Measurements. NMR spectra for3 and 4 were recorded each conformer were averaged over the 25 minimized systems and
either on a Bruker ARXJOO%I 400 MHz: 9, 376 MHz) or on a reported along with the mean standard deviation and median.

Bruker AC-250 {H, 250 MHz; '°F, 235 MHz) NMR spectrometer.
Samples £2 mM) were run in CRCl,, CDsOD, CD;0D/D;0O (3:1),
and DMSOed/D,0O (3:1). Chemical shifts are reported in parts per . L
million relative to TMS and CFGl(for °F) as internal standards. The the Centre National de la Recherche Scientifique (to J.-P.B. and
variable temperature was monitored by a Eurotherm unit provided by M.O.). Generous Su_pport from Rhone Poulenc Rorer and
Bruker. In the 1D spectra, coupling constants were measured after alndena, SpA (to 1.0.), is also gratefully acknowledged. S.D.K.
Lorenz-Gauss transformation and zero-filling of the FID, in order to acknowledges support from the U.S. Department of Education
obtain a resolution of 0.1 Hz/point. The HMQC, HMBC, and COSY for a GAANN fellowship.

spectra were performed on an inverse multinuclear probehead equipped . . . .

with a Z-gradient coil. The hetero-NOES were performed on an inverse  Supporting Information Available: Variable temperature

dual probehead¥F—H) using a modified version of the original Bruker ~ *H and*°F NMR data for3, 4, and5, results of ROESY and
steady state NOE difference pulse program (noediff or noemult). For hetero-NOE in CBCl,, CDsOD, CD;0D/D,;0, and DMSO¢g/

each frequency, the overall irradiation time was dd®s per cycle, D,0, summary of the different energy components, and statisti-
with a minimum of 50 cycles. The NOE was quantified with a cal data for the aqueous dynamics simulations (13 pages). See

reference to~100% measured on the “off resonance” Spectl’um, the any current masthead page for Ordenng and Internet access
difference spectrum thus giving directly the intensity of the NOE. The instructions.

ROESY spectra were recorded at 298 K with a relaxation delay of 1.5
s and 512 experiments of 1-K data points, sinebell-shifted by6a
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