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ABSTRACT: Proton chemical shifts and coupling constants of 3-quinuclidinol and 3-quinuclidinyl benzilate were
determined by computer analysis. The relatively broad lines of the quinuclidine protons have their origin in numer-
ous non-resolved transitions arising from the extensively coupled spin system of 12 nuclei. The signs of the long-
range coupling constants were determined by COSY-45 and E.COSY. Vicinal coupling constants were converted
into proton—proton torsion angles by applying the Altona—Haasnoot equation. Some geometrical ambiguities were
revealed, which were studied by molecular dynamics calculations and simulated annealing. The torsion angles and
the results from molecular dynamics calculations indicated significant flexibility of the quinuclidine part. For the
sake of completeness the carbon chemical shifts of both compounds are presented. © John Wiley & Sons, Ltd.
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INTRODUCTION

Numerous biologically active compounds, including the
cinchona alkaloids quinine and quinidine, have a
bicyclic quinuclidine skeleton. 3-Quinuclidinyl benzilate
(1) {3-(1-azabicyclo[2.2.2]octyl) a-hydroxy-a,a-diphenyl-
acetate, also known as BZ or Ro-2-3308} is an anti-
cholinergic drug of the glycolate series with high psy-
chotoxic potential, about 50-fold that of atropine.!~*
The psychosomimetic properties of 1 possibly are due
to accessibility of the lone-pair electrons of the nitro-
gen.’ The inability of the bulky side-chain to form intra-
molecular hydrogen bonds with nitrogen may enhance
the availability of the active lone-pair electron. In addi-
tion, steric effects are important in optimizing inter-
actions between glycolate and receptor.® Owing to its
strong psychosomimetic effect, compound 1 has poten-
tial as a chemical warfare agent” and its production, use
and stockpiling are prohibited by the Chemical
Weapons Convention.®  3-Quinuclidinol (2) (1-
azabicyclo[2.2.2]octan-3-0l) is a precursor and degrada-
tion product of 1.

The primary objective of this work was to determine
the 'H spectral parameters of 1 and 2 for verification
purposes.” The quinuclidine part also provided an
excellent structure for studying the long-range H-H
couplings of different coupling pathways. The coupling
constants were determined by spin simulation!®, and
the signs of the couplings were extracted from COSY-45

* Correspondence to: S. Heikkinen, Institute of Biotechnology, Uni-
versity of Helsinki, P.O. Box 56, FIN-00014 Helsinki, Finland.
E-mail: Tiltu@mimosa.pc.helsinki.fi

Contrant/grant sponsor: Tauno T6énning Foundation.

© 1998 John Wiley & Sons, Ltd.

and E.COSY correlations.!'~16 In particular, the four-
bond couplings revealed that the sign behavior over the
bridgehead nitrogen differed from that over the bridge-
head carbon. The vicinal H-H coupling constants were
converted into torsion angles by applying the Altona—
Haasnoot equation!” and the torsion angles were
studied with molecular dynamics calculations.®

To our knowledge, neither the long-range couplings
nor the flexibility of the quinuclidine moiety have been
thoroughly studied, although various compounds
containing the quinuclidine moiety have been re-
ported.1—3-19-21

The assignment of the carbon resonances of both 1
and 2 was accomplished by carrying out standard
13C{'H}, DEPT-135,22 HSQC??* and HMQC?* experi-
ments and HETCOR optimized for long-range coup-
lings.?®

RESULTS AND DISCUSSION

The NMR spectral parameters, torsion angles of the
quinuclidine part and signs of the coupling constants of
1 and 2 are presented in Table 1. The parameters
obtained from analysis of the phenyl part of 1 at 600
MHz do not deviate markedly from our previous
results.?® The experimental and simulated 'H spectra of
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Table 1. NMR spectral parameters [6,, ¢, Vs. 6+ms = 0.0 ppm; "J(*H,"H), n = 2-5], signs of the long-range coupling
constants and H—C—C—H torsion angles (®) for 3-quinuclidinyl benzilate (1) and 3-quinuclidinol (2), with errors in
the chemical shifts and coupling constants of +0.1-0.2 Hz

5y (ppm) J('H,'H) (H) Oy () 513C (ppm)
- Coupled .
Nucleus 1 2 n nuclei 1 2 1 2 Sign® 1 2
2x 2.495 2.638 2 2x, 2n —14.68 —13.97 5591 59.18
3 2%, 3 2.92 3.46 —115 —119
4 2%, 4 0.775* 0.62 +
5 2%, 5x b b —
4 2%, 6x 2.47 2.55 +*W
4 2x, 6n 0.57 0.48
4 2x, Ta 0.59 0.57 + *
2n 3.134 3.155 3 2n, 3 8.15 8.33 10 9
4 2n, 6x 0.44 0.60 + *
4 2n, 7s 0.58 0.58
4 2n, 7a 2.38 2.39 +*W
5 2n, 8a b b —
3 4918 3911 3 3,4 4.01 3.51 55 59 74.56 68.25
4 3, 5n b b —
4 3, 8s ° ° —
4 3, 8a 1.45 1.36 + W
4 1.930 1.864 3 4, 5x 4.02 3.71 53 55 26.23 29.58
3 4, 5n 2.74 2.81 —62 —61
3 4, 8s 3.58 3.37 56 57
3 4, 8a 2.51 2.95 —63 —60
5x 1.625 1.759 2 5%, 5n —13.28 —12.90 25.12 25.97
3 5x, 6x 10.16 10.35 15 13
3 5x, 6n 4.54 4.93 —122 —125
5n 1.534 1.566 3 5n, 6x 6.04 541 130 127
3 5n, 6n 10.49 10.57 15 14
4 5n, 8s 2.79 2.80 + W
6x 2.664 2.811 2 6x, 6n —13.44 —13.30 46.96 47.32
4 6x, 7s 0.52 0.48
6n 2.633 2.710 4 6n, 7s 2.52 2.50
4 6n, 7a 0.53 0.47
Ts 2.509 2.939 2 Ts, Ta —13.37 —13.21 47.85 48.37
3 7Ts, 8s 10.39 10.56 13 11
3 Ts, 8a 6.14 5.44 130 127
Ta 2.650 2.823 3 Ta, 8s 4.36 5.00 —122 —125
3 7a, 8a 10.67 10.60 13 14
8s 1.441 2.088 2 8s, 8a —12.92 —12.56 20.18 20.11
8a 1.222 1.405
OH 2.8f 3.8f
1 144.17
1” 144.23
2,6 7.466 128.28
2", 6" 7473 128.26
4 2, 6¢ 2.07
3 2,3 7.95
5 2,5 0.58
4 2, 4 1.23
3,5 7.353 128.68
3", 5" 7.365 128.68
4 3,5 1.47
3 3,4 7.41
4 7.312 128.49
4" 7.319 128.49
oa—C 81.84
C=0 174.22

? From subspectral analysis; the corresponding averaged value did not give a satisfactory match with the experimental spectrum.

® Very small coupling, not included in the simulation because there was no effect on the spectrum.

¢ Sign for long-range couplings. Planar W-coupling is marked with W. An asterisk denotes nitrogen as the central atom in the coupling path.
4 Couplings in the other ring were identical

¢ —02to —0.3.

f Approximate values.
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the quinuclidine parts of 1 and 2, together with the reso-
nance assigments, are presented in Fig. 1 and 2.

Assignment of "H NMR spectra of
quinuclidine protons

Extensively and partially strongly coupled 'H NMR
spectra were recorded for the quinuclidine protons of
compounds 1 and 2 (Fig. 1 and 2). Although there is
some overlapping of resonances, particularly in 1, the
assignments were obtained with COSY-45 by starting
the analysis from proton 3. Large, four-bond couplings
(W-path) make cross peaks of these interactions readily
observable, allowing straightforward assignment of the
endo- and exo-protons.

Signs of coupling constants

Signs of the vicinal couplings were assumed to be posi-
tive and the geminal couplings negative (Table 1). The
signs of long-range couplings of 1 were determined by
comparing the COSY cross peak structures with those
of 2. If peaks were not observable or were overlapped

629

in the spectrum of 1, the signs were assumed to be the
same as in 2. The positive couplings *J(3,8a) and *J(5n,
8s) are mediated through an approximately planar
propanic W-coupling pathway. This sign behavior is in
accordance with INDO-FPT calculations.?” However,
when the coupling pathway is not a planar W, as with
4J(2x,7a), *J(2n,6x), *J(3,5n) and *J(3,8s), the sign of the
coupling constant depends on the central atom. Coup-
ling over four bonds, with carbon as central atom, is
negative in the case of the non-W pathway. This is also
in agreement with INDO-FPT calculations. However,
when the central atom is nitrogen, all four-bond coup-
lings are positive regardless of the pathway geometry.
According to the orbital interactions proposed by Bar-
field and co-workers,2”-28 the lone-pair electrons of
nitrogen interact with s-orbitals of coupled protons,
mediating a coupling with a significant positive contri-
bution. The same kind of vicinal-vicinal interaction
occurs when carbon is the central atom, but the inter-
action of the vicinal hybrid orbital of the central carbon
with a proton s-orbital does not generate such a posi-
tive contribution.

The coupling constant “J(2x,4) is of particular inter-
est. On the basis of the geometrically almost similar
pathways from proton 4 to protons 2n, 6x, 6n, 7s and
7a, couplings of similar magnitude and sign to *J(2x,4)

7s 7a, 6x 6n 2x
3
1570 1560 1150 1100 Hz
8s 4 5x 5n 8a
2n
1280 1260 1240 850 800 750 700 650 600 Hz

Figure 1. Expanded regions of the 400 MHz "H spectrum of 3-quinuclidinol (2) in acetone-dg: comparison of the experi-

mental (top) and simulated (bottom) resonances.

© 1998 John Wiley & Sons, Ltd.
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Figure 2. Expanded regions of the 600 MHz "H spectrum of the qumuclldme protons of 3-quinuclidinyl benzilate (1) in

acetone-dg: comparison of the experimental (top) and simulated (bottom) resonances.

would be expected, but none were observed. One expla-
nation might be the indirect interactions between the
two lone-pair electrons of oxygen and the protons 2x
and 42730

When the coupling pathway contains heteroatoms, it
is difficult to decide whether the effects on *J(*H,'H) are
due to a common substituent effect such as electronega-
tivity, or whether they are the result of interaction
between coupled protons and lone-pair electrons of the
heteroatom. Interactions of lone-pair electrons of het-
eroatoms have been discussed by Schaefer et al.3°

The signs of the couplings over five bonds [*J(2x,5x)
and 5J(2n,8a)] are negative. Since the couplings are very
small, the tilts of COSY-45 correlations are weak, and

© 1998 John Wiley & Sons, Ltd.

consequently the signs are considered tentative. The
coupling constant “J(6n,7s) was assumed to be positive,
analogously to “J(2n,7a).

Analysis of the 400 MHz "H NMR spectrum of
3-quinuclidinol (2)

The 400 MHz H spectrum of 2 in acetone-d, is mainly
first order. Seven subspectral analyses were performed.
In most cases the spin systems constituted less than 10
spins. Regardless of observations in the COSY-45 and
the long-range-COSY, a coupling was not analyzed if it
was too small in magnitude to affect the 1D spectrum.

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 627-634 (1998)
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Assignment of theoretical lines was relatively simple
for protons 2n, 3, 5x, 5n, 6n and 7s, because no overlap-
ping occurred and the spectral lines were well separated
(Fig. 1). The resonance of proton 2x had almost no fine
structure and the resonances of 7a and 6x overlapped.
Iteration of 3J(4,5x) from the resonance of 5x gave 3.71
Hz, whereas iteration from the resonance of 4 yielded
3.50 Hz. Similarily, iteration of 3J(4,8s) from the reso-
nances of 8s and 4 gave 3.06 and 3.48 Hz, respectively.
For the determination of the correct value (3.37 Hz,
Table 1), 3J(4,5x) was fixed at 3.71 Hz and the multiplet
of proton 4 was used to iterate 3J(4,8s). The multiplet of
the proton 8s contained information from 3J(4,8s) in
lines with almost no fine structure. Iteration gave too
small a value if the assignments were placed to the
center of the broad lines. Closer inspection of these lines
revealed fine structure which enabled peak-top-fitting
iteration of *J(3,8s) and 3J(4,8s). Table 1 presents the
averaged NMR parameters of subspectral analyses and
Fig. 1 the corresponding theoretical spectrum. The
analysis was further confirmed with phase-sensitive
DQF-COSY.3! The results of computer analysis were in
good agreement with the PS-DQF-COSY, where the
largest deviations were detected for couplings from 0.2
to 0.9 Hz as a result of antiphase cancellation.3? Also,
the F, resolution of the 2D experiment (0.2 Hz per
point) limited the accuracy.

Analysis of the 600 MHz 'H NMR spectrum of
quinuclidine protons of 3-quinuclidinyl
Benzilate (1)

A major problem with the analysis of the 'H NMR
spectrum of 1 in acetone-d is the serious overlap of
resonances of protons 6x, 7a and 6n and the moderate
overlap of resonances of protons 7s and 2x. The simula-
tion program allowed the simultaneous analysis of these
overlapping signals. Eight subspectral analyses were
performed. Averaged NMR parameters are shown in
Table 1.

The correctness of the averaged NMR parameters
was tested by simulating the 12-spin system of the quin-
uclidine part as a whole (Fig. 2). In addition, the data
were checked with PS-DQF-COSY and E.COSY and
with the analysis of a 600 MHz 'H spectrum in
benzene-d;. The coupling constants (Table 1) were in
agreement with the 2D NMR results and with the study
in benzene-d, .

Broad spectral lines

The 'H NMR spectral lines of the quinuclidine protons
of both 1 and 2 are broader (linewidth = 0.5-0.7 Hz)
than expected on the basis of their molecular weights.
This is not due to poor resolution (TMS
linewidth = 0.19 Hz). The resonance lines of the phenyl
protons of 1 were narrow (0.23 Hz).

© 1998 John Wiley & Sons, Ltd.

To investigate the reason for broad lines, we recorded
the 28.9 MHz *N NMR spectra of 1 and 2. The line-
width at half-height for the !*N resonance of 1 was
4900 Hz, whereas for 2 it was 720 Hz (line broadening
factor = 100 Hz for 2). Assuming T; = T, for quinucli-
dine nitrogens, the self-decoupling®3 is less effective in
the case of 2, and the 'H spectrum of 2 more sensitively
expresses the possible residual broadening due to
2 J(14N,1H).

The 400 MHz 'H{!*N} spectra of both 1 and 2 were
recorded to determine whether there is residual
broadening due to 2J(**N,'H) in the resonances of 2x,
2n, 6%, 6n, 7s and 7a. However, no line narrowing could
be observed. It is concluded that the observed linewidth
is mainly due to many close and non-resolved tran-
sitions arising from an extensively J-coupled spin
system.

Dynamic processes could be considered as a source of
the line broadening. Molecular dynamics calculations
confirmed the lifetimes of the right- and left-handed
twisted conformations to be 600 fs. Hence the twisting
of the quinuclidine skeleton is too fast even at 210 K to
allow separation of resonances arising from the different
conformations of 1.

Proton—-proton torsion angles and
molecular dynamics

Torsions in the C(5)H,—(C(6)H, and C(7)H,—(C(8)H,
fragments revealed some geometric discrepancies. The
signs of torsion angles are defined according to Altona
and co-workers.!” The clockwise torsion angle is
defined as positive and anticlockwise angle as negative.
Correspondingly, the right-handed twist of the quinucli-
dine structure is characterized by positive torsion angles
for exo—exo, endo—endo, anti—anti and syn—syn protons.
If the torsion angle @5, , = 13° and @5, 4, = 14° in 2,
the torsions ®s,c, = — 125° and @5, = 127° are
structurally impossible (Table 1). The anomaly is
thought to arise from interconversion of the structure
between two extremes, right-handed twist (@, g, ~ 15°)
and left-handed twist (@, g, & —15°) and consequent
averaging of coupling constants, rather than from inac-
curacy of the Altona—Haasnoot equation.!” This was
studied by molecular dynamics and simulated anneal-
ing, followed by minimization of the structures. Both
the molecular dynamics and the simulated annealing
confirmed the right- and left-handed twisted structures.
The energy barrier for twisting was ca. 0.4 kcal mol ! (1
kcal = 4.184 kJ) and was determined by constraining
the torsion angle @, g, to a desired value. The low
barrier for twisting and the molecular dynamics results
clearly confirm the flexibility of the quinuclidine skele-
ton at 303 K, and consequently the observed 3J(*H,'H)
values and the calculated ®yy data are all averaged
values.

The situation is different with 1 because of the bulky
side-chain. Quinuclidine structures generated by simu-
lated annealing from both the right- and left-handed

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 627-634 (1998)
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twists were divided into two subsets according to differ-
ent side-chain positions. After minimizing the structures,
two of them with different side-chain positions were
selected for molecular dynamics study at 298 K. Tor-
sions C(2—C(3)—O—CO were —94 to —40° and
—186 to —149°, but no interconversion from one
region to another appeared.

However, when molecular dynamics calculations'®
were performed using Gasteiger—Hiickel charges, and
the dielectric constant of acetone (20.7) was applied, the
side-chain position also changed. The energy barrier for
rotation about the C(3Y—O bond was calculated by
constraining the torsion C(2)—C(3)—O—CO from
—180 to 180° in steps of 2° [Fig. 3(A)]. The energy
barrier, about 5 kcal mol ™1, is rather small and allows
interconversion of the structures between the two
torsion regions. By way of comparison, the Sybyl
program predicted a barrier of 4.5 kcal mol ! for rota-
tion in ethane.

As a conclusion, at the temperature of the 'H NMR
measurement, a sufficient amount of energy is available
to induce averaging between the two side-chain posi-
tions of 1 and twisting of the quinuclidine skeleton
between the left- and right-handed structures. Potential
energy curves for twisting of the quinuclidine skeleton
in 1 and 2 are presented in Fig. 3(B) and 3(C), respec-
tively. In 2, twisting of the bicyclic structure can be seen
in the occurrence of almost equal absolute values of tor-
sions @5, 5, and ®@s, .. For 1 the absolute value of
®s, 6, is 8° smaller than @, ¢, ; and similarily @, g is
smaller than @, g,.

In principle, the torsion angle anomalies could be
explained by the inaccuracy of the Altona—Haasnoot
equation (5-10°) and by assuming that there is just one
quinuclidine ring conformation for compounds 1 and 2.
However, the vicinal coupling constants and resulting
torsion angles across C(5—C(6) and C(7—C(8) bridges
are too similar to be just a result of equation inaccuracy
and it is more likely that the observed discrepancies
arise from fluctuation of the quinuclidine skeleton.

As the force field used is very empirical, the values of
the energy minima in Fig. 3(B) and (C) cannot be used
to estimate the relative conformer populations of right-
or left-handed structures. Instead, it is sufficient to note
the low energy barrier for fluctuation between the two
extremes. Again, the barrier height is only qualitative
and shoud be compared with that calculated for ethane
rotation. To estimate the relative conformer popu-
lations of right- and left-hand structures, model struc-
tures (right- and left-hand twisted) for both compounds
1 and 2 were calculated.!® The proton—proton torsion
angles of the models were converted into 3J(*H,'H)
values using the Altona—Haasnoot equation and con-
former populations were iterated to achieve best fit
between the calculated equilibrium 3J(*H,'H) data and
the experimental values. Based on these rather crude
model structures, we conclude that the conformer popu-
lations of the right-hand twisted structures seem to be
slightly larger than the populations for left-hand twisted
structures for both 1 and 2. The population difference is

© 1998 John Wiley & Sons, Ltd.
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Figure 3. (A) Potential energy curves for the sidechain
rotation about the C(3)—O bond in 3-quinuclidinyl ben-
zilate (1), (B) twisting of the quinuclidine skeleton in 1,
and (C) corresponding twisting in 2.

slightly smaller for 2. The early x-ray results obtained
from quinuclidinyl benzilate hydrobromide confirm the
right-handed twist of quinuclidine ring in solid state.*®

EXPERIMENTAL

The NMR experiments were performed on Bruker
AMX-600, AMX-400, DPX-400, DRX-500 and Varian
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Unity Plus 500 spectrometers. The NMR samples were
prepared by dissolving 3 mg of 3-quinuclidinyl benzilate
(synthesized in the laboratory of the Defence Forces of
Finland) in 0.9 ml of acetone-dg (Fluka, 99.95% D) and
5 mg of 3-quinuclidinol (Sigma) in 0.8 ml of acetone-d
(Fluka, 99.95% D). Tetramethylsilane (TMS) served as
chemical shift reference (64 = . =0.0 ppm). Both
samples were filtered and degassed using the freeze—
pump-thaw method. The 5 mm o.d. NMR tubes were
sealed with a flame under reduced pressure.

The 600 MHz 'H spectrum of 3-quinuclidinyl benzil-
ate was recorded at 298 K with 32 scans, a 5263.2 Hz
spectral width, 128K points in the time domain, a
12.45 s acquisition time, a 30 ms relaxation delay and
a 85 ps pulse width. The FID was zero-filled to
512K and multiplied by a Lorentz—-Gauss window
(LB = —0.35 and GB = 0.2).

The 400 MHz 'H spectrum of 3-quinuclidinol was
recorded at 303 K with eight scans, a 1201.9 Hz spectral
width, 32K points in the time domain, a 13.63 s acquisi-
tion time, a 5.0 s relaxation delay and a 12.4 pus pulse
width. The FID was multiplied by a Lorentz—Gauss
window (LB = —0.25 and GB = 0.2).

The 500 MHz phase-sensitive, double-quantum fil-
tered COSY of 3-quinuclidinyl benzilate was recorded
with a 2495 Hz spectral width in both dimensions. The
number of points was 8K (¢,) and 2K (t;) in raw data
and 4K (F,) and 2K (F,) in Fourier transformed data.
A shifted sine square window function was used in both
dimensions. The 500 MHz E.COSY spectrum was
recorded with a 1200 Hz spectral width in both dimen-
sions. The number of points was 4K (¢,) and 512 (¢,) in
raw data and 8K (F,) and 2K (F,) in Fourier trans-
formed data. A shifted sine square window function was
applied in the ¢, dimension and a shifted sine/Gaussian
window in the ¢t; dimension.

The 500 MHz phase-sensitive, double-quantum fil-
tered COSY of 3-quinuclidinol was recorded with a
1746 Hz spectral width in both dimensions. The number
of points was 8K (¢,) and 2K (¢,) in raw data and 8K
(F,) and 2K (F,) in Fourier transformed data. A shifted
sine square window function was used in both dimen-
sions.

The 28.9 MHz !*N spectra were recorded at 300 K
using a 10 mm broadband probehead and 5 mm o.d.
NMR tubes. The number of scans was 32K for 3-
quinuclidinol and 64K for 3-quinuclidinyl benzilate and
the spectral widths were 116.27 and 20.20 kHz, respec-
tively. Acquisition times were 0.20 s and 0.11 s, relax-
ation delays were set to 3 pus and the pulse widths were
19 and 24.5 ps. The number of points was 46509 for
3-quinuclidinol and the FID was zero-filled to 128K
prior to Fourier transformation. Exponential weighting
(LB = 100 Hz) was applied. For 3-quinuclidinyl benzil-
ate, the number of spectral points was 4358 and the
FID was zero-filled up to 16K prior to Fourier trans-
formation. Exponential weighting (LB =30 Hz) was
applied.

The 400 MHz 'H{**N} spectra were recorded at 300
K using a 10 mm broadband probehead and 5 mm o.d.

© 1998 John Wiley & Sons, Ltd.

samples. The *N decoupling experiments were per-
formed using the MLEV decoupling sequence3* with 6
and 12 dB attenuation. The relaxation delay was set to
1s.

Spectral analysis was carried out using the MLDC-
iterator of PERCH-software.'® MLDC allows conven-
tional LAOCOONS3-type analysis,353® peak-top
fitting,37-® which eliminates errors in transition posi-
tions of small splittings due to linewidth, and integral-
transform fitting.3°~*! Subspectral analysis was carried
out because of limitation in the maximum number of
spins (< 10).

The subspectral analyses of 2 were mainly performed
with the LAOCOON3 option, and in one case peak-top
fitting and in one case integral-transform fitting were
applied. For 1, the resonances of protons 6x, 7a and 6n
were particularly difficult to analyze with the
LAOCOONS3 option owing to overlapping lines. There-
fore, an integral-transform fitting was carried out and
the spectral parameters were refined by LAOCOONS3-
type analysis. Three of the subspectra were analyzed
only by integral-transform fitting. The results for both 1
and 2 were checked using the latest version of the PER-
iterator of PERCH software.'® Larger spin systems can
be calculated with this iterator. The error in the coup-
ling constants is approximately +0.1-0.2 Hz.

Energy minimization, molecular dynamics study and
simulated annealing calculations were performed with
Sybyl 6.1'% on a Silicon Graphics Iris 4D/320GTX
workstation. The calculations were done using a Tripos
forcefield!® with and without Gasteiger—Hiickel charges
and the dielectric constant of acetone (20.7). Termina-
tion of minimization occurred when the root mean
square of the gradient of the energy was less than 0.05
keal mol™! A~ (0.005 kcal mol~! A~! to calculate
right- and left-handed model structures). Simulated
annealing calculations were performed 10 times by
keeping the molecule at 700 K for 1000 fs and cooling
to 200 K during 1000 fs. The final structures obtained
from the annealing cycles were minimized. The molecu-
lar dynamics calculations were done using a canonical
ensemble, a 1000-10 000 fs simulation time and the tem-
perature of the corresponding 'H NMR measurement.
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