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Figure 2. Negative derivatives of the potential of mean force (dashed
line) and its entropic component (solid line), in keal mol™ AL, Error bars
correspond to 1 standard deviation.

Again this is in qualitative agreement with the estimate of Yaacobi
and Ben-Naim.?® The noise in the data is too great to determine
which of the entropic and energetic effects is larger in the sol-
vent-separated region of the PMF.

Our formula for calculating the entropic contribution to the
free energy of association is straightforward. To our knowledge,
a calculated PMF between two solutes has never before been
decomposed directly into its energetic and entropic components
either by theory or by computer simulation. The entropic com-
ponent is

(D

-_ 1 9E\ _ 9E
~TS(r) = TS(ro)+kTJ:UdR[<EaR>R <E>R<aR>R

where TS(ry) is an additive constant, E is the total configurational
energy, and (...)r denotes the ensemble average with the so-
lute—solute separation fixed at R. We set both ~7'S(r) and the
free energy of association to O at 8.0-A separation. Similar
formulas have been published,'®?* but apparently not used to
calculate the entropy of association.

Our MD calculations simulate a periodically replicated col-
lection of 106 SPC water molecules and two methane molecules
at 1.0 g cm™ and 25 °C, using the program SOLVENT 1.0,% de-
scribed elsewhere. The PMF and entropy of association are
calculated for solute separations between 3.25 and 8.00 A. The
total simulation time is approximately 60 ns. The simulations
measure directly the derivatives of the quantities plotted in Figure
1b. The negative derivatives of the free energy (i.e., the solvent
averaged force) and its entropic component (k7' times the
integrand in eq 1) are shown in Figure 2. Uncertainties (£¢)
are displayed for the entropy derivative, while the average un-
certainty for the mean force is 0.05 kcal mol™" A1,

The entropy contribution in Figure 2 is clearly negative for
separations shorter than 5.5 A. This provides statistical validation
of our central result, that entropy drives the hydrophobic solutes
together. A rather small (108 molecule) system is simulated here
due to the large statistical uncertainty in the entropy calculation.
Alternative methods of calculation provide no improvement in
accuracy. The “direct” method of calculating the configurational
energy of the system as a function of solute separation shows a
large uncertainty which grows with the system size. Differencing
of PMFs at different temperatures is equally inefficient. System
size effects on the free energy have been determined and are found
to be minimal.®® Further applications of this technique are un-
derway.
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During the last 15 years there have been significant advances
in solid-state chemistry and materials research which derive di-
rectly from the application of high-resolution solid-state NMR
spectroscopy.! Typically a dilute spin-!/, nucleus such as '3C
is observed, while interactions from protons are removed by dipolar
decoupling and the carbon chemical shift anisotropy is averaged
using magic-angle spinning (MAS). A spectrum with sharp lines
is then observed which is similar to that obtained from the same
material in the liquid state or dissolved in solution.2 Problems
inherent in the study of dilute nuclei, namely, the low signal-to-
noise ratio, are overcome by cross-polarization of spin magneti-
zation from an abundant spin reservoir such as protons.’

Historically, cross-polarization has been used to transfer spin
coherence from abundant spins to a dilute spin system. Protons
('H) have been used almost exclusively as the source of strong
nuclear polarization for cross-polarization experiments, although
there have been some examples where other abundant nuclei such
as '°F have been used.*> Another notable exception is found in
the studies of Schaefer and co-workers involving magnetization
transfer between '*C and '*N in isotopically enriched materials.®’

For quadrupolar nuclei with nonintegral spins such as !'B, 1’0,
and ?7Al, the second-order quadrupolar broadening of the readily
observed central (+'/, <> -!/,) transition is not completely av-
eraged by MAS.*10 The NMR lines from quadrupolar spins
are shifted and distorted in single-axis spinning experiments, but
the recently introduced techniques of dynamic-angle spinning!''?
and double rotation'? can achieve averaging of these resonances.
Very few examples exist of cross-polarization experiments involving
quadrupolar nuclei, and they all involve magnetization transfer
from protons to quadrupolar nuclei.'*?2 Recently, a description
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Figure 1. Demonstration of 2Al — 3!P and 3!P — Al cross-polarization
in VPI-5 (the schematic at the top shows a projection of the three-di-
mensional hexagonal unit cell in which the AlO, and PO, tetrahedra at
the vertices are strictly alternating). (a) 2’Al — 3'P CP experiment
taking 16732 scans with a contact time of 0.8 ms, a recycle delay of 0.5
s, and a 90° pulse time of 9.0 us for the central transition of the 2Al.
Resonances from the three inequivalent phosphorus sites are observed
with spinning sidebands (marked with an s) at multiples of the rotor
frequency. (b) Al — 3P experiment as in part (a) with no irradiation
of the Al nuclei. (c) *'P — Al CP experiment taking 3200 scans with
a contact time of 1.6 ms, a recycle delay of 30 s, and a 90° pulse time
of 9.0 us for the 3'P. (d) *'P — 2’Al experiment as in part (c) with no
irradiation of the 3'P nuclei.
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of the behavior of quadrupolar spins under spin-locking (an im-
portant part of cross-polarization experiments) and magic-angle
spinning conditions has been presented by Vega,? as well as a
report on cross-polarization from = !/, to § = 3/, nuclei under
MAS conditions.?* In all cases involving quadrupolar nuclei, the
importance of modifications to the Hartmann-Hahn matching
condition for radiofrequency irradiation field strengths,’ necessary
to obtain efficient polarization transfer, must be examined.

Inorganic systems such as zeolites, gels, and ceramics are of
great technological importance and interest and contain many
quadrupolar nuclei but very few protons. We have undertaken
a study to determine the feasibility of polarization transfer ex-
periments between spin pairs in these systems, particularly between
Mp(r="1/,) and Al (I = 5/,). Our preliminary results show
that these experiments are indeed possible.

The attainment of cross-polarization from quadrupolar nuclei
is particularly important in materials chemistry and materials
research as they usually have very short T, relaxation times.
Spin-!/, nuclei in dense inorganic systems may have T, values
ranging from many seconds to hours, effectively precluding their
observation in many instances. By using cross-polarization from
the quickly relaxing quadrupolar spins, spectra of the spin-'/,
nuclei could be obtained in a relatively short time. Additional
information regarding the local structure and bonding in these
systems might also be obtained through the distance dependence
of the cross-polarization process.

The sample chosen for study was the very large pore molecular
sieve VPI-5, an aluminophosphate dihydrate containing 18-
membered rings® as shown in Figure 1. NMR experiments were
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performed under MAS conditions in a 9.4-T superconducting
magnet where the resonance frequencies for 3'P and Al are
161.98 and 104.26 MHz, respectively. The spectra in Figure 1
demonstrate the transfer of magnetization in both directions
between the 2’Al and 3'P spins in the Al-O-P bonding units in
VPI-5. The cross-polarization is accomplished with an appropriate
spin-locking pulse sequence® after a preparation pulse creates spin
coherence for the nuclei used as the polarization source. For the
27Al spins this corresponds to a pulse only !/, as long as a 90°
pulse in solution as we are only irradiating and observing the
central transition.?’” The Hartmann-Hahn condition is then
altered, resulting in a match of the enhanced central transition
nutation frequency for the aluminum spins to the phosphorus
radiofrequency field strength.'4222* The free induction decays
of the nuclear magnetization are digitized and alternately added
and subtracted from memory following a reversal of rotating frame
spin temperature.® With MAS the *'P chemical shift anisotropies
are averaged to their isotropic values for the three crystallo-
graphically inequivalent *'P sites in the unit cell. For the 7Al
nuclei, MAS partially averages the second-order quadrupolar
interaction and two resonances are seen: One from the tetrahe-
drally coordinated aluminum sites (41 ppm) and a second from
the octahedrally coordinated aluminum (approximately —18 ppm).
Since no preparation pulses were applied to the nuclei observed
in each experiment, the appearance of resonances in spectra (a)
and (c) of Figure 1 represents the transfer of magnetization
between the two spin systems by cross-polarization. The observed
signal is solely due to cross-polarization and not caused by direct
irradiation during the spin-lock as proven by a series of cross-check
experiments, of which spectra (b) and (d) of Figure 1 are rep-
resentative.

A two-dimensional heteronuclear correlation experiment®® using
cross-polarization is performed by preparing the aluminum spins
with a 90° pulse (for the central transition) and then encoding
their evolution frequencies in an initial time period. The aluminum
polarization is subsequently transferred to the phosphorus spins
with a spin-locking sequence, and a phosphorus free induction
decay is accumulated after each of a set of aluminum evolution
times. Two-dimensional Fourier transformation provides the
correlation spectrum of Figure 2. The data were accumulated
using time proportional phase incrementation (TPPI) in order to
obtain pure-absorption-phase line shapes in both spectral di-
mensions.’®*! From the two-dimensional spectrum it is evident
that each of the three 3'P resonances is connected to both tetra-
hedral and octahedral 2’Al resonances, in agreement with the
proposed crystal structure of VPI-5.32

Other experiments that depend on the dipolar interaction such
as those of Veeman and coworkers,? where spin echoes are ob-
served under magic-angle-spinning and double-resonance con-
ditions, have been accomplished. Rotational echo double resonance
(REDOR) experiments3**5 and transferred-echo double resonance
(TEDOR) expenments36 have also been performed on this system
and will be reported in a future communication.

In summary, cross-polarization fo and from quadrupolar nuclei
has been experimentally verified using the 'P and 2’Al spin
systems in an aluminophosphate molecular sieve. This bodes well
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Figure 2. Two-dimensional heteronuclear correlation spectrum of ’Al
and 3P in VPI-5. The data were accumulated as described in the text
with 640 scans from each of 256 cross-polarization experiments with an
incremental increase in the ¥ Al evolution time of 12.5 us.

for the use of heteronuclear correlations for further investigations
of local microstructure in solids.
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The natural product taxol (1) has shown remarkable potential
in recent clinical trials for the treatment of breast and ovarian
cancer.»2 Unfortunately, the limited supply of taxol from its
currently approved source,> the Pacific yew tree, has hampered
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the development of this promising chemotherapeutic lead. To
alleviate this supply problem, an impressive range of science is
being investigated; major efforts to secure taxol, its analogues,
and possible precursors include botanical,’ cell culture,’ biosyn-
thetic, and synthetic® approaches. We describe here a new and
practical synthetic route to tricyclic analogues of taxol that could
serve in the synthesis of taxol itself. The underlying strategy allows
for the preparative and routine formation of analogues and po-
tential precursors of taxol in the correct enantiomeric form in a
uniquely concise sequence based on an abundant and inexpensive
starting material, pinene (4a).
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Our approach to this problem was guided by the goal of pro-
ducing a practical synthesis of taxol that could also be used to
make analogues as needed to elucidate the novel mode of action
of taxol at the molecular level® and to develop second generation
drugs. It was reasoned that this goal could best be realized through
the convergence of variable A and C ring precursors (e.g., 2 and
3) in a process that produces the taxane B ring, affording overall
access to systematically varied ABC tricycles. Toward these ends,
a novel and flexible strategy was fashioned around the use of
a-pinene, a constituent of pine and a major component of industrial
solvents such as turpentine. Available in either enantiomeric form
and possessing 10 of the 20 carbons of the taxol core, pinene was
viewed as a superb building block for a variety of approaches to
the taxanes.

Our first objective in the elaboration of pinene (4a) focused
on the attachment of a suitable C ring precursor to its C11 center
(Scheme I).!° For this purpose, the readily available air-oxidation
product of pinene,'! verbenone (4b), was seen to possess a carbonyl
group ideally situated for bond formation at C11 through the use
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