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A solid state NMR and X-ray crystallographic
investigation of dynamic disorder in solid
tetrahydronaphthalene derivatives

Glenn A. Facey, Terrence J. Connolly, Corinne Bensimon, and Tony Durst

Abstract: The solid state disorder of two tetrahydronaphthalene derivatives, N-methyl-N-methoxy-5,6,7,8-tetrahydro-1-
naphthamide and 5,6,7,8-tetrahydro-1-naphthoic acid, was studied by solid state NMR and single crystal X-ray diffraction.
The X-ray crystal structure of N-methyl-N-methoxy-5,6,7,8-tetrahydro-1-naphthamide was obtained at 123 K. It indicated
the presence of two distinct molecular conformations. Solid state '*C CP/MAS NMR data using the dipolar dephasing
technique revealed that the two conformations of the molecule are dynamicaliy disordered, while solid state 2H NMR data,
collected on a specifically deuterated analog, were used to determine the populations of each conformation as well as an
apparent activation energy. Solid state NMR experiments were also used to show that 5,6,7,8-tetrahydro- 1-naphthoic acid

possesses the same type of dynamic disorder.

Key words: deuterium NMR, solid state NMR, dynamic disorder, X-ray, tetrahydronaphthalene derivatives

Résumé : Faisant appel a la RMN a ’état solide et a la diffraction des rayons X sur un cristal unique, on a étudié

le désordre a I’état solide de deux dérivés du tétrahydronaphthaléne, le N-méthyl-N-méthoxy-5,6,7,8-tétrahydro-1-
naphthamide et de I'acide 5,6,7,8-tétrahydro-1-naphthoique. On a déterminé la structure cristalline du N-méthyl-N-
méthoxy-5,6,7,8-tétrahydro- 1-naphthamide a 123 K. Elle indique la présence de deux conformations moléculaires
distinctes. Les données de la RMN CP/MAS du '3C 2 I’état solide, obtenues en utilisant la technique du déphasage
dipolaire, ont révélé que les deux conformations de la molécule sont dynamiquement désordonnées; on a utilisé les
données de la RMN du H 2 I’état solide, obtenues a ’aide d’un analogue spécifiquement deutéré, pour déterminer les
populations de chacun des conformeéres ainsi qu’une énergie d’activation apparente. On a aussi utilisé les expériences
de RMN a Iétat solide pour montrer que I’acide 5,6,7,8-tétrahydro-1-naphtoique présente le méme type de désordre

dynamique.

Mots clés : RMN du deutérium, RMN a I’état solide, désordre dynamique, rayons X, dérivés tétrahydronaphtalenes.

[Traduit par la rédaction]

introduction

The structural characterization of molecules is typically
tackled with a broad arsenal of techniques including all forms
of spectroscopy, mass spectrometry, and diffraction. Often
chemists will put a great deal of effort into the growth of
single crystals suitable for X-ray diffraction analysis, as this
technique is often the one that will prove, beyond doubt, the
structure of the material in question. In this contribution, we
would like to illustrate that although often essential, single
crystal X-ray diffraction data can be open to interpretation
and that in such instances solid state NMR spectroscopy is
an essential complementary technique needed to fully char-
acterize the solid state structure. Single crystal X-ray diffrac-
tion is a technique sensitive to long-range order. The collec-
tion of data takes hours or days. These two facts render the
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technique unable to distinguish between static disorder and
dynamic disorder.

Unlike single crystal diffraction techniques, solid state
NMR spectroscopy is a technique sensitive to short-range
order. Typical data collection times for a single transient are
on the hundreds of microseconds to tens of milliseconds time
scale. These two facts make this technique sensitive to molec-
ular motions and, as a result, the distinction between static
and dynamic disorder is possible. Also, it has the advantage
that polycrystalline powders rather than single crystals can
be used. This study involves the structural characterization of
the two tetrahydronaphthalene derivatives 5a and 6a (Scheme
1). It demonstrates the complementary nature of single crystal
X-ray diffraction and solid state NMR spectroscopy.

Background

2H is a spin I = 1 nucleus having three Zeeman states. The
pure Zeeman states are perturbed by the electric quadrupolar
interaction, producing two resonance frequencies for each
crystallographically unique deuteron. The difference in fre-
quency between the two resonances is determined by the
quadrupolar coupling constant, x = (e2Qq//h), and the ori-
entation of the electric field gradient tensor at the nuclear
site with respect to the static magnetic field. For deuterons
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Scheme 1. Reagents: (a) K,COs, THF:D,O, A; (b) LiAlH,, THF;
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(¢) (/) nBuLi, TMEDA, Pentane, A, (if) CO,(s), (iit) HCL; (d) H,, Pd/C, HOAc;

(e) (i) SOCl,, CH,Cls, A, (if) (MeO(Me)NH,*Cl~, EtzN, CH,Cl,.
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attached to carbon atoms the electric field gradient tensor,
Vi, is very often axially symmetric with its largest compo-
nent, V;; = eq, parallel to the C—D bond and, since V;; has
a trace of zero, V.. = (Vyy + V) with Vy, = V.. In the cases
where axial symmetry is not present, it is conventional to
assign V. > V,, > V. It is useful to define an asymmetry
parameter, 1, where n = (Vy, — Vi)/V,; where 0 <n < 1.

The 2H NMR spectrum of a single crystal consists of a
sharp doublet for every crystallographically distinct deuteron
whose splitting depends on the orientation of the crystal with
respect to the magnetic field. For polycrystalline powders,
where all orientations of the crystals are represented equally,
the result is an envelope or powder spectrum from the sum of
all possible doublets. The lineshape for such spectra can be
readily calculated (1). In general, the spectra are symmetric
about the centre with three pairs of singularities separated by
frequencies, Av;;, Avyy, and Avyy, where Avy > Avyy, > Avy,.
The frequency separations are proportional to the principal
components of V; and are given by:

1 —av= 2Ha-m)

21 —avy = Eaem

3x
(3] Avzz = =
The negative signs are added to the frequency differences to
maintain a trace of zero.

The electric quadrupolar interaction, dominating the line-
shapes of solid state 2H NMR spectra, is exceedingly sensi-
tive to molecular motions (2). The motions give rise to an
averaged electric field gradient tensor and modify the shape
of the powder spectrum. The effects can be grouped into
three categories based on the rates of the molecular motion:

(a) Slow motions: These are motions occurring on a time
scale much longer than the reciprocal line width of the static
spectrum (~10* s=!). The effects are negligible on the NMR

HO._ O N__O
OH Me

6a; X=CH,
6b; X=CD,

OH
o

33;X=CH2
3b;X=CD2

spectrum as there is essentially no change in the electric field
gradient tensor during the course of the quadrupolar echo
measurement.

(b) Intermediate rate motions: These are motions that
occur on a time scale of the same order as the reciprocal
line width of the static spectrum (~10%-107 s~'). These
motions have a profound effect on the observed lineshape
(3-6). The lineshapes are very sensitive to the spacing be-
tween the pulses in the quadrupolar echo experiment (7) as
well as to the rate and mechanism of the molecular motion.
Although reduced significantly in amplitude compared to the
rigid spectrum, the intermediate rate spectra can be simu-
lated (8—10) in order to confirm a particular mechanism of a
molecular motion or to determine its rate at the temperature
of the measurement.

(c) Fast molecular motions: These motions occur on a
time scale much shorter than the reciprocal line width of the
static spectrum (>107 s~!). The motion gives rise to an av-
eraged electric field gradient tensor and spectra take on the
same type of lineshape as those for rigid systems with the
frequency differences between pairs of spectral singularities
reduced. Such spectra are insensitive to the rate of the mo-
tion but may often be used to confirm the mechanism for the
molecular motion. Fast motion limit spectra may be temper-
ature dependent in cases where the population ratio for the
sites occupied during the motion changes with temperature

(1.

Experimental

All solid state NMR spectra were acquired on a Bruker ASX-
200 solid state NMR spectrometer. Solid state *C CP/MAS
spectra were acquired using a Bruker MAS probe with 7 mm
o0.d. zirconia rotors. The 'H n/2 pulses were 3.6 us, and 1
ms contact times were used. The spinning rate was set at
4000 Hz and was stable to within 2 Hz. In some cases the
spinning side bands were suppressed (12). The solid state 2H
NMR spectra were acquired using a Bruker wideline probe
accepting 5 mm o.d. glass tubes. The quadrupolar echo tech-



Can. J. Chem. Downloaded from www.nrcresearchpress.com by TEMPLE UNIVERSITY on 11/11/14 - -
_ For personal use only. e ‘

1846

nique (13) was used with 3.2 us n/2 pulses and an interpulse
delay of 35 ps. The receiver was gated on 33 ps after the
second pulse and the data were left shifted to the top of the
echo before Fourier transformation. Although the temperature
was regulated with the variable temperature control unit of
the spectrometer, it was measured directly by placing a ther-
mocouple on the rf coil containing the sample immediately
after data collection. The reported temperatures are accurate
and precise to within 1 degree. 2H T, measurements were
made using the inversion—recovery technique with magneti-
zation being sampled with a quadrupolar echo. In all mea-
surements at least 10 recovery times were used and the T’s
were calculated using the three-parameter nonlinear fit pro-
vided by the software of the spectrometer.

The single crystal X-ray data for 6a were collected at 123
K on a Rigaku diffractometer with Cu Ka radiation using the
®—-26 scan technique to a maximum 26 value of 100°. The
cell constants and an orientation matrix for data collection
were obtained from least-squares refinement using the set-
ting angles of 25 reflections in the range 80° < 28 < 100°. A
total of 1297 reflections was collected. The unique set con-
tained only 1195 reflections. The standards were measured
after every 150 reflections. No crystal decay was noticed.
The data were corrected for Lorentz and polarization effects,
no correction being made for absorption. The structure was
solved by direct methods. All non-hydrogen atoms were re-
fined anisotropically. The maximum and minimum peaks in
the final difference Fourier map corresponded to 0.460 and
—0.440 e/A3, respectively.

All materials used for this study were prepared according
to Scheme 1 (14) and the details dealing with the synthesis
will be published elsewhere.

Results and discussion

The single crystal X-ray diffraction data (deposited as sup-
plementary material)®> for 6a taken at 123 K show that the
compound crystallizes in the space group P2;/a with four

molecules in the unit cell. The cell constants are as fol-

lows: a = 8.6171 A; b = 12.2350 A; ¢ = 11.2223 A, and
B = 102.937°. An ortep plot of the structure is given in
Fig. 1. The structure shows a molecular confirmation where
the carbonyl bond is almost normal to the plane of the aro-
matic ring, thus leaving a great deal of void space around the
methylene carbons in the 6 and 7 positions. Another very ob-
vious feature of the crystal structure is that there are two sets
of coordinates found for each of the carbons in the 6 and 7
positions of the cyclohexene moiety. This indicates that there
are two conformations of the cyclohexene ring present in the
crystal. The disorder was refined using fixed thermal param-
eters and letting the occupancies for the four sites occupied
by carbons 6 and 7 refine. The results gave occupancies close
to 0.75:0.25. The occupancies were then fixed to these values

? Supplementary material can be purchased from: The Deposi-
tory of Unpublished Data, Document Delivery, CISTI, National
Research Council Canada, Ottawa, Canada K1A 0S2. These
data have also been deposited with the Cambridge Crystallo-
graphic Data Centre, and can be obtained on request from The
Director, Cambridge Crystallographic Data Centre, University
Chemical Laboratory, 12 Union Road, Cambridge, CB2 1EZ,
UK.
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Fig. 1. ORTEP plot of the crystal structure of 6a at 123 K
refined under the assumption that the population ratio is
0.75:0.25.

and the thermal parameters refined. It is interesting to note
that the thermal parameters are not equal for each of the two
conformations, the major conformation having much larger
thermal parameters than the minor one. One possible expla-
nation of this may be that the local intermolecular forces
for each of the sites may be different, allowing one of the
conformations to have slightly more mobility than the other.
The X-ray data are unable to confirm whether the structure
is rigid with both conformations present (static disorder) or
whether the two conformations are exchanging dynamically
with one another (dynamic disorder).

The solid state 3C CP/MAS NMR spectrum of 6a taken
at room temperature is shown in Fig. 2A. The spectrum is
highly resolved, each nonequivalent carbon giving rise to a
resonance. The only coincidental overlap occurs for the res-
onances of the carbons in the 6 and 7 positions on the cyclo-
hexene ring. The carbonyl carbon and the N-methyl carbon
are broadened from partially unaveraged dipolar interactions
between 1°C and YN (15). If there was a static disorder in
the structure at room temperature, one might expect to ob-
serve two resonances for each carbon atom in the molecule,
one set for each of the two nonequivalent conformations (16).
Furthermore, the intensities of the lines would approximately
represent the population ratio of the conformers present. This
does not seem to be the case. The '>C CP/MAS spectrum ac-
quired with dipolar dephasing is given in Fig. 2B. In dipolar
dephasing experiments (17) a short delay (40 s in this case)
is inserted between the contact pulse and the beginning of the
acquisition. During this delay the '*C — 'H dipolar interac-
tions are only partially averaged by the magic angle spinning.
Also, the magnetization due to carbon nuclei having large
13C — 'H dipolar interactions dephases and the corresponding
resonances are absent from the frequency domain spectrum.
This is true for fairly rigid carbon atoms directly bound to
protons. Carbon atoms not bearing protons or methyl car-
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Fig. 2. (A) 3C CP/MAS NMR spectrum of 6a at room
temperature. (B) Same as A with a 40 ps dipolar dephasing
delay. In both traces the first-order spinning side bands were
suppressed (12).

CP/MAS (A)

Dipolar Dephasing

»:—»Jw e

oon 150 100 50

bons whose dipolar interactions with protons are averaged
as a result of fast methyl group rotation, will show up in
the spectrum, albeit slightly attenuated. The data in Fig. 2B
show that not only do the carbonyl, methyl, and quaternary
aromatic resonances survive the dephasing delay, but the 6
and 7 methylene carbons of the cyclohexene ring do as well.
This can be the case only if the '*C — 'H dipolar interac-
tions for these methylene carbons are averaged by some sort
of molecular motion. Therefore, we can conclude that the
nature of the disorder present in the structure at room tem-
perature is dynamic rather than static. This, however, does
not prove whether or not the disorder observed at 123 K in
the X-ray data is static or dynamic in nature.

The analogue to 6a labelled with deuterium on the 7 po-
sition, 6b, was prepared to address the dynamic nature of
the structural problem. The wideline solid state 2ZH NMR
spectra of 6b are given in Fig. 3 as a function of tempera-
ture. At all temperatures the width of the powder spectrum
is narrower than one would expect for a completely rigid
system (18). Furthermore, at all temperatures above 178 K,
the 2H NMR spectra are in the fast motion limit. That is, the
molecular motion is occurring at a rate much greater than
the reciprocal width of the rigid powder spectrum (expected
to be ~260 kHz) (18). Spectra collected below 178 K are
in the intermediate motion regime. The separation between
the spectral singularities at the top, middle, and base of the
powder spectra are plotted against temperature in Fig. 4. One
can see that one splitting (the separation of the middle shoul-
ders) remains essentially constant throughout the entire tem-
perature range. This indicates that the axis of the molecular
motion must lie parallel to one of the two principal compo-
nents of the electric field gradient tensor perpendicular to the
C—D bond. Furthermore, the lineshape observed at 300 K
is characteristic of a two-site exchange between equally pop-
ulated sites with the C—D bond subtending the tetrahedral
angle over the course of the motion. (18) These observations

1847

Fig. 3. Broadline solid state ZH NMR spectra of 6b recorded
as a function of temperature. The relaxation delay was greater
than the 7, by at least a factor of 5. )
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are consistent with the model depicted in figure 5. In this
model, the cyclohexene moiety undergoes a transformation
akin to the chair to chair inversion of cyclohexane. The sites
however must not be equally populated over the entire tem-
perature range as this would leave the spectra invariant with
temperature. As the temperature is lowered one site becomes
more populated than the other. The frequency differences
between the singularities of the fast motion lineshape are
determined by the eigenvalues of the averaged electric field
gradient tensor. These are calculated by taking the weighted
average of the electric field gradient tensors for each of the
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Fig. 4. Plot of the frequency differences, Aviy, Av},, and
AVl,, between the features of the solid state 2H spectra of 6b
as a function of temperature.
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sites occupied over the course of the molecular motion, then
diagonalizing the averaged tensor if necessary. To do this
calculation we must define all of the electric field gradient
tensors in a common axis system. This is most conveniently
accomplished by choosing an axis defined by the motion and
then redefining each of the tensors with respect to this new
axis system in terms of the Euler angles, o, B, and y (19).
The electric field gradient for each of these sites is defined

Temperature (K)
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Fig. 5. Model depicting the inversion of the cyclohexene

moiety.
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as follows:

[4] Vio, B, M) =

apy dp dpg
ayy dxp axn

a3 dzp dasz

where ¢;; = aj;. Each of the matrix elements are defined as

follows:

« .9 . . <2 i 2 .2
(5] a); = (cos?a cos?B cos’y+ sin®a sin®y — 2 sin o cos a cos P sin y cos ) Vxx + (sin’o cos?B cosy + cos’a. siny

+ 2sin o cos o. cos P sin y cos Y)Vyy + (sin’B cos ) Vzz

.9 .9 Py . . .9 .9
(6] ax = (cos?a cos?B sin’y + sino cos?y + 2sin o cos o cos B sin y cos 1) Vyx + (sin*a cos?B sin’y + cos’a cos?y

(7] asz = (cos?a sinQB)VXX + (sinz(x Sin?'B)Vyy + (COSZB)VZZ

— 2sin o cos o cos P sin y cos 1) Vyy + (sin?B sin’y)Vz

(8] a1y = (—cos®o. cos>P sin v cos y+ sin’a sin y cos ¥ + sin o cos o cos P(sin’*y — cos>y)) Vyx

. . . . . <2 .
+ (—sina 0052B sinycosy+ cos®a sin Y COS Y+ sin 0L COS 0L COS B(cos2y — SIHZY))Vyy + (—sin“Bcos y sin ) Vo

[9] a3 = (cos’c cos P sin B cos ¥ — sin o cos o sin B sin v)Vyy + (sino sin B cos B cos v+ cos o sin o sin B sin 7)Vyy

+(—sin B cos B cos V)V

[10] 23 = (—cos®a cos P sin P sin ¥ — sin o cos o sin B cos V)Vyy + (—sin’a sin B cos B sin y+ sin o cos o sin P cos y)Vyy

+ (sin B cos B siny)Vzz

For the two-site model described in Fig. 5, we can define an axis normal to the plane defined by the two-site exchange with
the origin on the carbon atom and then define the Euler angles with respect to this axis. We have o; = 0°, B, = 90°, .and
11 = —54.75° for one site and a, = 0°, B> = 90°, and 1, = 54.75° for the second site. Substituting the values of ¢ and B into
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sin*y; Vyy +cos?y,Vzz siny; cos ¥i(Vyy — Vzz) 0
[11] Vi(v;)) = | sinvy; cos y,{(Vyy — Vzz) cos?y; Vyy + siny; Vzz 0
0 0 Vi

Let the populations of the two sites equal P, and P-. The weighted average of V;(v;) is given by:

sin®yVyy + cos2yVz, sin ycos Y(Vyy — Vzz)(P> — Py) 0
[12] V(y) = | sinycos Y(Vyy — Vzz ) (P2 — P)) cos?yVyy + sin>yVy, 0
0 0 Vix

The eigenvalues, A; can be obtained by diagonalization.

A Vyy +Vzz) + (Vyy — sz)\/T—4 sin*y cos?y(1 — (P, — P\)?)

! 2

[13] ~ (Vyy +Vzz) + (Vyy — sz)\/l — 4 sin*y cos?y(1 — (P, — Py )?)

A2 3

Ay = Vxx

We can express the components of the unaveraged electric
field gradient tensor, V;;, in terms of y and n then set ¥ to
one half of the tetrahedral angle. The frequency splittings,
AViy, AVY,, and AVL, in the averaged spectrum can then be
expressed as follows:

(4] - avky = 56U —m) =G+ T+8P, = i)
, 3
[15] —AVyy:‘ZX(l—n)

[16] vy = 31— +G+mV1+8(P; = P1)Y)

If we know the quadrupolar coupling constant and asym-
metry parameter for the rigid spectrum and have measured
the splittings in an averaged spectrum, we can directly eval-
uate the populations of the sites at a given temperature. Un-
fortunately, x and 7 are not available in the literature and our
equipment did not allow the measurement of spectra at suf-
ficiently low temperatures for their experimental determina-
tion. However, these data have been reported for cyclohexane
(20) (x = 173.7£ 1.7 kHz and n < 0.01). If we assume that
these parameters are not significantly different for our case,
we can take ¥ = 174 kHz and n = 0 and obtain the popu-
lations from eqs. [14] and [16]. The ratio of populations is
expected to follow the Boltzman distribution, hence a plot of
In( P, /P,) vs. 1/T should be linear with slope —AE /R, where
AL is the energy difference between the two conformations
and R is the gas constant. These data are plotted in Fig. 64
and the energy difference obtained is 3.2 + 0.3 kJ/mol.

’H T, relaxation times were measured as a function of
temperature. When dominated by the quadrupolar interaction,
in the case of a two-site exchange, the rate of relaxation can
be described by (21):

1 3, 1 47,
17 o= 2 o C C
SO AT (1 ooy 1+(2®0Tc)2)

Fig. 6. (A) Plot of the population ratios calculated from egs.
[14] and {16} for 6b as a function of temperature. (B) Same
as A for Sh.

ln(P1/P2) vs. 1000/T
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where wy is the angular Larmor frequency and t. is the cor-
relation time. The T;’s were calculated from the inner singu-
larities of the powder spectra. A plot of log T} vs. reciprocal
temperature is presented in Fig. 7. A T\ minimum is observed
at ~196 K. This minimum occurs when wgt. = 0.6158 and
can be used to determine the correlation time at the tem-
perature of the minimum. The correlation time at 196 K is
3.19 ns. The slope of the line in the high-temperature regime
can be used to evaluate an activation barrier from the Arrhe-
nius relation. The activation barrier was evaluated at 12.3 £
0.2 kJ/mol. We can compare this to that measured for cy-
clohexene in solution (22.2 kJ/mol) (22). Strictly speaking,
activation energies and correlation times evaluated in this
way assume that the populations remain equal throughout
the entire temperature range, therefore the activation barrier
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Fig. 7. Plot of In(7}) vs. (1000/T) for the *H data collected
for 6b.
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and correlation time presented here are best referred to as
“apparent.” The relatively low “apparent” activation energy
evaluated here may be due to the large amount of void space
in the vicinity of the cyclohexene moiety of 6b in the crystal
lattice.

If we make the reasonable assumption that 6b is struc-
turally identical to 6a, we can conclude that the disorder
observed in the X-ray diffraction data is dynamic in nature.
By extrapolation of the data in Fig. 6B we can estimate the
populations of the two conformations to be approximately
86:14. Based on this information, the initial 0.75:0.25 pop-
ulation ratio used in the X-ray diffraction data was replaced
by 86:14 and a further refinement carried out. This modi-
fication, however, made very little difference to the atomic
coordinates or thermal parameters.

The solid state 3C CP/MAS NMR spectrum of 5a taken
at room temperature is shown in Fig. 84 with the corre-
sponding dipolar dephased spectrum in Fig. 8B. Unlike the
13C CP/MAS dipolar dephased spectrum of 6a, the spec-
trum of Sa does not show any significant intensity for the
methylene carbons in the 6 and 7 positions. This observation
can mean one of two things. Either the system is rigid with
one or more conformations or there is a similar conforma-
tional exchange as observed for 6a except that the population
difference is very close to unity. In either case the net
13C — 'H dipolar interaction would still be large and the '*C
signal for the methylenes would be expected to decay signif-
icantly during the 40 us dipolar dephasing delay.

The wideline solid state 2H NMR spectra of 5b are given in
Fig. 9 as a function of temperature. As with 6b, the spectra
are narrower than expected for a completely rigid system.
Also similar to the 2H spectra of 6b, the spectra are temper-
ature dependent and in the fast-motion limit. This eliminates
the hypothesis that the system is completely rigid. A plot of
the spectral frequency separations as a function of tempera-
ture are given in Fig. 10. The data are very similar to those
in Fig. 4, indicating that the motion is of the same type as
that observed for 6b. If we assume the same model for dy-
namic disorder as in 6b and that the quadrupolar coupling
constant for the rigid system is 174 kHz with 1 = 0, then the

Can. J. Chem. Vol. 74, 1996

Fig. 8. (A) *C CP/MAS NMR spectrum of 5a at room
temperature. (B) Same as A with a 40 ps dipolar dephasing
delay. The peaks marked with an asterisk are spinning side
bands.

CP/MAS

- (A)

- ST ¥ (W AL

Dipolar Dephasing

x (B)

oon 150

|z

Fig. 9. Broadline solid state ?H NMR spectra of 5b recorded
as a function of temperature. The relaxation delay was 10 s.
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Fig. 10. Plot of the frequency differences, Aviy, Av},, and
Av,,, between the features of the solid state H spectra of 5b
as a function of temperature.
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populations can be calculated as before and the energy dif-
ference between the two conformations evaluated. The data
are plotted in Fig. 6B and give AE = 6.1 £0.2 kJ/mol. From
both the '3C and 2H solid state NMR data it is apparent that
5b undergoes an exchange akin to a chair-to-chair inversion
of the cyclohexene ring in the solid state where one of the
conformations is highly favoured with respect to the other.
The fact that the population difference for Sb is larger than
that for 6b may suggest that for the case of the acid there
is less void space around the cyclohexene ring in the crystal
lattice.

Conclusion

The X-ray crystal structure obtained for 6a shows a molec-
ular conformation where the carbony! bond is almost normal
to the plane of the aromatic ring. This conformation leaves
a great deal of void space around the cyclohexene moiety,
giving it the freedom to undergo molecular motions. The
crystal structure shows that there are two distinct confor-
mations present but is unable to confirm whether they are
disordered statically or dynamically. Solid state 3C CP/MAS
data taken at room temperature reveal that the disorder is dy-
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namic at room temperature, and the 2H NMR data are able
to evaluate the population ratios as a function of temperature
as well as determine an apparent activation barrier based on
a simple two-site ring inversion. The ?H NMR data for 5b
support the notion that the same sort of ring inversion oc-
curs in this compound; however, the population differences
are much larger. The large population difference is consistent
with the absence of methylene signals in the 3C CP/MAS
spectrum with dipolar dephasing.
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