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Abstract: 3C CP/MAS NMR studies were carried out trans-1,2-cyclopentanediol, on 4,4-dimethykns-1,2-
cyclopentanediol, and on sulfolane at variable temperatures. The spectra showed evidence of three dynamic solid-
state processes: hydrogen bond exchange, ring pseudorotation, and whole molecule rotations aliguatesal

Fitting of Ty, data to calculated values of tHéC—1H dipolar interactions allowed differentiation between ring
pseudorotations and whole molec@e reorientations. IsotopiéH/?H substitution demonstrated the existence of
hydrogen bond exchange processes in the diols. Activation parameters for these processes were derived from both

coalescence measurements andTihemeasurements.

Introduction

NMR spectroscopy is ideally suited for measurements of
molecular dynamics, particularly in solids, where a wide range
of methods is available for such investigatidnswe and
otherg~14 have shown that CP/MAS NMR methods can be used
to study intramolecular motions. Our guiding principle in
searching for such motions has been that those motions tha
cause the least distress to the crystal environment around
molecule should be the most readily observed by NMR methods.
The principle of least distredkas proved fruitful in suggesting
groups that should show observable conformational motions in
solids. In particular many of our experiments have been
performed on compounds containing groups of high local
symmetry such agert-butyl derivatives.
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Another type of conformational motion that should cause little
distress to the crystal environment is the pseudorotation of five-
membered rings. Pseudorotation of cyclopentane was first
discussed by Kilpatriclet al.in 194715 They showed that the
puckering of the cyclopentane ring is not of a definite type,
that two coordinates are needed to specify the process, a

tpuckering amplitude and the phase of the maximum puckering,

and that the phase of maximum puckering travels essentially

aTreely around the ring. A suitable definition for a pseudorotation

in cyclic molecules such as cyclopentane, twist cyclohexane,
and cycloheptane is that given by Hendrick$bas the passage
of a ring with a plane of symmetry through an atom to one
with an axis of symmetry bisecting the bond adjacent to the
atom andvice versa In an isolated cyclopentane molecule
pseudorotation is essentially free. In the solid the additional
constraints imposed by neighboring molecules would be ex-
pected to raise the barrier to the pseudorotation process and
possibly reduce the maximum amplitude for the process. A
review of the conformational analysis of cyclopentane and other
cyclic and acyclic hydrocarbons can be found in ref 17.

Planar cyclopentane has severe eclipsing strain along its five
C—C bonds which can be overcome in two ways that maintain
some of the original symmetry of the molecule. Maintaining
the Cs plane through one methylene group by moving it above
or below the plane of the other four carbons gives rise to a
so-called envelope conformation. Maintaining tlie axis
through the center of a-©C bond and the Ciopposite to it
on the ring whilst moving the adjacent carbons above and below
the plane of the remaining three gives rise to a so called twist
conformation. Therefore, according to Hendrickson’s defini-
tion'® the passage of a twis€C§ symmetry) into an envelope
(Cs symmetry) and onto the next twist is a pseudorotation
process.

Calculation&® based on gas phase mid infrared measure-
ment3°20show that in the course of this pseudorotation of the
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isolated cyclopentane molecule, the envelope has a flap angleas low as 10 s.. Thus six orders of magnitude in rates of
of 35° and the twist a dihedral angle of 21 rotation are, in principle, available for study using thédg

An early 'H NMR study of solid cyclopentane by second CP/MAS NMR technigues with almost continuous coverage of
moment andT; measurements shows very little molecular therange. The range may, in suitable cases, be extended further
motion in the solid below 120 K, but the phase transition at by use ofT; and T, measurements.
122 K introduces significant molecular motion in the séfd. Some further points need to be made with regard to changes
Molecular motions in derivatives of cyclopentane should, of in Ty, and with respect td1, minima (see ref 3 for a more
course, be different as they will be affected both by the inclusion detailed theory) since these are used in the current work. Cross
of the substituents and by the altered intermolecular interactions.polarized spectra require a transfer of polarization fAdinto

A recent?H study of the conformational dynamics in solid 13C which occurs at a given rate with time constants in the
cyclopentan® puts forward the idea that pseudorotation in millisecond range. Whilst the polarization is being transferred,
cyclopentane is accompanied by a “wobbling” motion about it is also being lost from both th#H and*3C reservoirs by the
the G axis. The apparent pucker angle was interpreted as aT,, mechanism. Thus, efficienT,, relaxation leads to a
true inherent puckering angle of 25 degrees plus a small reduction in signal intensity in CP spectra. If relaxation is
additional wobble of 510 degrees. We see no evidence of dominated by modulation of nuclear dipeldipole interactions
this in the samples discussed here which is unsurprising givenreorientation rates may be calculated frdgy data by observa-

the lower symmetry of our molecules. tion of the minimum and knowledge of the precessional
Two interesting CP/MAS NMR studies of five-membered frequency of thé=C nuclei in the spin locking fieldds). T,
rings were reported recently by Lambett al1>13 Although minima will be deeper for groups with larger modulation of

the interpretation of their results was hindered by the paucity their dipolar interactions. For example, a methyl rotation can
of X-ray crystallographic structural data and multiple phase cause extremely efficierfy, relaxation for the central carbon,
changes, they were nonetheless able to demonstrate the existenaghereas the central carbon ineat-butyl group with no directly
of separate conformations and of conformational motions in the boundH is less efficiently relaxed by this mechanism. The
compounds they studied. One complication in Lambert's work dipolar interaction that governs th€, relaxation can be
was due to the fact that several of the compounds they studiedexplicitly calculated from a known or assumed molecular
were alcohols, and so hydrogen bonding was potentially geometry and a jump model for a proposed molecular motion.
involved in some of the dynamic phenomena they observed. Such calculations can, in principle, differentiate between various
Several CP/MAS NMR methods for the study of dynamic possible modes of molecular motion, and we show in this paper
processes in solids are availabl&he general rule is that when  an example of this.
the frequency of the molecular motion is similar to that of an  Lambertet al213 reported several examples of maximum
NMR interaction, effects are observable in the spectrum. Ratesdipolar broadening in the compounds they studied but did not
measurable by dynamic line shape changes are comparable tattempt to measure the associated chang@s,ithat could give
the chemical shift difference and typically fall into the range information on the dynamics of the processes involved. In
10°—10" s™'. Rates measurable b, measurements can be  particular they demonstrated theins1,2-cyclopentanediol and
made when the rate of the molecular motion is similar to the sulfolane show striking maximum dipolar broadening. There-
precessional frequency of the nuclei in the spin locking field, fore, measurement of the associafg values should enable
typically 50100 kHz32% Such rates typically extend from ca.  (at least) the derivation of the associated energies of activation
10*to as high as 10s™%. Similar, but not identical is the method  and potentially assignment of the mode of motion. Accordingly,
of so called maximum dipolar broadeniffy.This occurs when e set out to measure these parameters and also we examined
the frequency of the molecular motion, which lacks a phase the closely related compound 4,4-dimetindns-1,2-cyclopen-
coherence, is similar to and so interferes with the phase coherentanediol.
precessional frequency éH in the dipolar decoupling field. The participation of hydrogen bond making and breaking
This gives a single rate at the precessional frequency ofHhe  should be capable of investigation by preparing the28
nuclei in the decoupling field. It should be noted that, when derjvatives of the diols and comparing the activation parameters
performing Ty, measurements, if th&C spin lock field and  obtained from the NMR spectra of both isotopically substituted
the decoupler power are the same as during the HartHahn derivatives. Small differences in rates are particularly well
condition, maximum dipolar broadening will occur at the same (distinguished at or around coalescence temperatures. We thus
temperature as th&, minimum. Importantly, the derivation  hoped to clarify the work of Lambert et al. and to attempt to

of rates of molecular motions from relaxatio_n time measure- prove the contribution or otherwise of hydrogen bond making
ments is independent of whether there is a coalescenceand breaking to the observed solid-state processes.

phenomenon possible or not. Thuk, measurements will
provide activation data for rotations of both the phenyl et Experimental Section
butyl groupg—>810.11that display coalescence phenomena of

the site exchange type and for the isopropyl etiamyl groups NMR Spectra. Solid-state 3C CP/MAS NMR spectra were

. . obtained on a Bruker MSL 500 spectrometer at 125.758 MHz using 4
that do not because they have a single preferred conformation. mm o.d. zirconia rotors. The following typical conditions were

The range. of rates can equally be extended in the lower limit employed: contact time 1 ms, spectral width 30,000 Hz, acquisition
by magnetization transfer or 2D CPEXSY measurements where(ime 174 ms, spin locking field frequency ca. 50 kHz, recycle delay 5
rates comparable with’C spin-lattice relaxation times are g spinning speeds—8 kHz. Chemical shifts were referenced to the
accessiblé>?6 Using such methods we have measured rates CH, resonance in an external adamantane sample at 38.56 ppm. Dipolar

(19) Bauman, L. E.. Laane, J. Phys. Chemi988,92, 1040, dephased (Non Quaternary Suppressed (NQS)) spectra to aid spectral

(20) Dunitz, J. D.Tetrahedronl972, 28, 5459. assignments were obtained by a standard sequence incorporating a 50
(21) Rushw'orth, F. AProc. Roy. goc_',q954 222 526. us dipolar dephasing delayT;, measurements were performed as
(22) Mack, J. W.; Torchia, D. AJ. Phys. Cheml1991, 95, 4207. described previously using a standdkg sequence preceded by cross

(23) For a discussion of the circumstances whggemeasurements can
be used to obtain dynamic information see: Vanderhart, D. L.; Garroway,  (25) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, Rl. &hem. Phys
A. N. J. Chem. Physl979,71, 2773. 1979 71, 4546.
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polarization® Spin lock periods of up to 20 ms were employed with 0.1 T T T T
13C precessional frequencies,) of around 50 kHz. Temperatures in
the MAS probe were calibrated using standard samples with known
phase changes run under conditions as close to those of the experimental
observations as possiiié.
Activation parameters were derived from Eyring plots of the rate
data or from Arrhenius plots of Ifi,) vs 1/T. The theory and details
of these methods are discussed in refs 3 and 5. Errors on the activation
parameters quoted in this paper are 95% confidence limits estimated
as twice the standard deviation calculated from least squares linear plots. 0.001
Errors on theTy, values in this paper vary with the signal to noise
ratio available from the sample in a reasonable time period. They would b
typically be aroundt5%. I
Synthesis of 4,4-Dimethyltrans-cyclopentane-1,2-diol. This com- 0.0001 . L L L L
pound was prepared by standard procedures and was purified by 36 38 Y ooy k48 48
recrystallisation from benzene to give white crystals: mp-93 °C . - .
(lit. 96—97 °C): o1 (200 MHz; CDCB) 1.09 (6H, s, 2x CHy), 1.42 Figure 1. The variation pf InTy,) vs 1G/T for all three carbons in
and 1.91 (4H, 2« dd, CH), 2.10 (2H, s, OH), 4.08 (2H, m, CHJc trans-cyclopentane-1,2-diollj (w1 = 49.0 kHz).
(50.13 MHz; CDCY), 31.98 (2x CHg), 33.72 (quat. C), 45.96 (G Table 1. T,, Values and Rates fdrans-1,2-Cyclopentanediold]

78.85 (CH). (w1 = 49.0 kHz}
trans-Cyclopentane-1,2-diol (1) and sulfolane (2vere purchased

[e]e)
o=
2abh

o+ o

0.01

In(T1p) / s

from Aldrich and used as received. c@.2) CE.5) cM)

O—2H derivatives of the diols were prepared by dissolving the temp Ty, kx 104 T, k x 10* Ta, k x 10*
compound in a substantial excess?d50, leaving for an appreciable (K)  (ms) (s (ms) (s (ms) (s
period of time (more than 1 h), then recovering the diol by evaporation. 276 453 752 26.1 534 31.3 552
Compounds thus prepared showed féi@nd peaks in theitH NMR 272 329 546 17.2 353 205 361
spectra and substantiaPi® peaks in their infrared spectra. 268 13.8 221 9.0 185 9.9 174

264 7.0 116 51 104 4.1 76.9
Results and Discussion 256 2.3 38.5 13 27.0 1.8 31.9
240 0.37 3.09 0.30 3.08 0.35 3.08

trans-1,2-Cyclopentanediol (1). Lambertet all213 report 232 0.75 0.813 0.78 0.617 0.81 0.700

that this compound shows no phase transitions other than the 224 2.5 0.231 21 0.224 1.9 0.280

freezing point at+-55°C. They also reported maximum dipolar gig ié; 8-8‘3123 12-? 8-8223 171%) %-%Zg%
broadening at ca. 263 K. Our spectra show maximum dipolar i i : : : :
broadening ata. 240 K, 23 degrees below that reported by  2[Derived values for thé*C—'H dipolar interactiorB? = 1.66 x
Lambertetal. Lambertet al.indicated in their paper that they (7.2, B SO 20 8 S A 80 e e o < camelation
Were using an u_ncallbrated probe/tempe_rature controller COM-"times for molecular motiong{) which is the time for the carbon atom
bination. They did however show that their sample temperaturesto pass through 1 radian. The derived rates have, therefore, been

corrected by a factor of/2in order to express them in frequency units.

CH,,CH, SN
( 7 motion associated with isotopic exchange as those involved in
. | coalescence phenomena.
o) "OH "OH
(1) @ (3)

In an attempt to determine the molecular motions occurring
and their corresponding activation parameters, two models for
cyclopentane were considered. The first (model 1) involved

were 15-20 degrees different from the control unit setting by the wagging up and down of a methylene group out of the plane
use of a samarium acetate samffleOur probe has been  of the other four, to represent part of the pseudorotation process.
carefully calibrated using known phase transitiéhand the  The second (model 2) involved a reorientation of the whole
calibration reproduces other known phase transitions at the molecule about a 2-fold axis passing through C(4) and bisecting
correct temperaturesifle infra). Consistent with our temper-  the C(1)-(2) bond C; reorientation). In the latter case both
ature for maximum dipolar broadening, thg values also give  planar and half chair arrangements were considered.
aminimum atca. 242 K for each carbon (Figure 1). Relaxation Since theT, relaxation times are controlled by the same
times and derived rate data are given in Table 1. correlation times and the magnitudesTlef for C(3,5) and C(4)
The similarity in the behavior of th&,, values for the various  in compound1 are effectively indistinguishable with C(1,2)
carbon sites could indicate that each is undergoing similar approximately 1.5 times larger, “model 1" would at first sight
pseUdOiSOtrOpiC reorientation. This seems improbable from the appear to be the most probab]e with all carbons undergoing the
known molecular geometry and would result in considerably same type of motion. As C(1,2) have only one hydrogen in
deeperTy, minima. close proximity it is expected that their relaxation time would
The spectra of the O-deuterio compound were very similar be longer. That it is not twice as long is attributable to cross
to those of the O-protio compound indicating similar rates for correlations which are present in the three spins of the methylene
the molecular motion. This result neither confirms nor denies group and which retard the relaxation.
that making and breaking of H-bonds is involved in the process |t has been shown that, for similar systems, cross correlations
because the line shapes of the spectra obtained would not beesult in a relaxation describable by a sum of exponerifals.
expected to be as sensitive to the small changes in rates ofThe decay data used to determifig gave no clear indication
(27) Riddell, F. G.; Spark, R. A.; Guher, G. V.Magn. Reson. Chem. .Of complex rEIaxation'. This may have been due to Oth.er
1996 34, 824-828. interactions present which tend to reduce the cross correlation

(28) Campbell, G. C.; Crosby, R. C.; Haw, J.Ahal. Chem198§ 58, nonexponentiality. Therefore, for simplicity of calculations we
3127. Campbell, G. C.; Croshy, R. C.; Haw, J.JFMagn. Reson1986
69, 191. (29) Hilt, R. L.; Hubbard, P. SPhys. Re. 1964 134A 393.
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Figure 2. Plot of 1/(sirf(o.1) + sin?(o2)) vs puckering angle for C(3,5)
and C(4) for model 2.

50

considered only the effects of autocorrelations, the independent
correlations of single internuclear vectors with themselves at a

later time.

The wagging of the methylene group was modeled by a two
site jump model between maximum puckering on either side
of the plane of the other four. Extending the work of O’Reilly
et al., it is easily shown that the relaxation time will take the
following form

2
oo

| rsint(ay) + sirf(ay) 4% x

T, = yivéh

J_ 7

21+ 't
1

T T
- +
2[1 + a),zrz] [1 + wgﬁ] ’1 + (o,

1
6

T
——| Tt
1+ (o, — a)s)zrzl
T

+ ws)ztz]}

whereaq, is the angle through which GHumps.

This equation can be applied to both models. Clearly for
model 1 all CH vectors will undergo the same change of angle,
resulting in the same relaxation times for C(3,5) and C(4) as
was observed. Figure 2 shows a plot of “1/8n) + sir-
(c2)) vs puckering angle” for C(3,5) and C(4) for “model 2.
This represents how hoili, changes with the puckering angle
at any given temperature. Also plotted is the ratio of these two

T.,(C(3,5)
T.,(C(4))

For angles up to~35° model 2 is incompatible with the
experimental data. The puckering angle for envelo@g (

cyclopentane in free molecules in the gas phase has been foun

to be about 35 and the dihedral angle in twisE{) cyclopentane
has been calculated to be°2# Both angles would be expected
to be less in a substituted derivative. The incorporation of the

molecules in a solid would also be expected to reduce the

maximum puckering and dihedral angles. Moreover, the
wagging model for the pseudorotation (model 1) probably

exaggerates the extent of the molecular motion in a true
pseudorotation process which is a smooth transition between

C, and Cs conformations not a jumping motion betwe€y
conformations.

(30) O'Reilly, D. E.; Peterson, E. M.; El Saffar, Z. M. Chem. Phys
1971 54, 1304.

Riddell et al.

Although C; reorientation cannot be entirely ruled out, model
1, a flapping model for the pseudorotation process, would appear
to be the more likely on the basis of the equality of thg
values at C(3,5) and C(4) and the calculations described above
and, therefore, pseudorotation of the five-membered ring the
more likely origin of our observations.

The strength of the dipolar interaction8?| were obtained
from the experimentally determinedi, minima and the
precessional frequency &C in the spin locking field. These
values then allowed calculation of the correlation time for the
molecular motion which is closely related to the mean time
between changes in the molecular conformation. The derived
rates, expressed in frequency units, are the inverse of the
correlation times.

The values of8? obtained are an order of magnitude greater
than those we have obtained earlier for the carbons in the
methyls of aert-butyl group as it reorients about its local 3-fold
axis. This reflects the fact that depth of the modulation of the
residual dipolar interaction in thtert-butyl group is much less
than for the case discussed here.

The rates reported by each of the carbon atoms are very
similar and suggest that they are all subject to the same motion.
Accordingly, for calculation of the energy of activation, the
average rate at each temperature was used. The rates of the
molecular motion are seen to vary quite rapidly with temper-
ature, and they give an energy of activation of 77madl~2.

The above data are entirely compatible with the pseudorotation
of the five-membered ring in which each carbon is subject to a
similar degree and rate of motion. The magnitude of the
activation energy is comparable to that for other hydrogen bond
exchange processes we have meastiredggesting that hy-
drogen bonds are being made and broken during the pseudo-
rotation process.

4,4-Dimethyl4trans-1,2-cyclopentanediol (2). To comple-
ment the studies dmans-1,2-cyclopentanediol we prepared and
examined 4,4-dimethykans-1,2-cyclopentanediol. The tem-
perature variation of it$3C CP/MAS spectra are shown in
Figure 3. At low temperatures two resonances are observed
for the methylene carbons (C(3,5)) (ca. 45 ppm) and four (one
is a shoulder at 284 K) for the methyls (C(§)gca. 35 ppm)
whilst C(1,2) (ca. 76 ppm) and C(4) (32 ppm) appear as singlets.
There are coalescences of the C(3,5) and methyl resonances
for which the data are presented in Table 2. The average free
energy of activation for these coalescences is ca. 58&J!
at ca. 301 K. Coalescence temperatures were also recorded for
the O-deuteriated derivative (Table 2) and were&K higher
giving an average free energy of activation for the process of
59 k¥mol~1 at 307 K. This increase in coalescence temperature
and free energy of activation is consistent with a hydrogen bond
exchange being involved in the observed process. We consider
these differences to be reliable as line shape changes around
coalescence, including these, are reproducible in our hands
&)rovided that appropriate precautions are taken.

All the resonances showed signs of maximum dipolar
broadening at temperatures above the coalescence, ahg so
values were determined in an attempt to extend the temperature
range of the rate measurements. The resuliiag values
between ambient temperature and 342 K are given in Table 3
and plotted in Figure 4. Data were not recorded above 342 K
because of the approaching melting point (367 K) and the
deteriorating signal to noise ratio. N®y, minimum was
reached.

This set of data contrast markedly with that ©f The
different carbon atoms show substantially different values for

(31) Cameron, K. S.; Riddell, F. G.; Spark, R. A. Unpublished results.
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294K Figure 4. Temperature variation ofy, for all four carbons in 4,4-
‘ dimethyltrans-cyclopentane-1,2-diol2) (w1 = 42.2 kHz).
Even more remarkable is the fact that the energies of
activation (ca. 26.5 kinol™1) derived from theTy, values are

very much lower than the free energy of activation from the
coalescence process. It must be thaflthesalues are reporting
on a different motion from the coalescence. It is conceivable
that the coalescence arises from a hydrogen bond exchange
process that does not involve substantial molecular motions and
so does not contribute appreciably Tg, relaxation. TheTy,
values, on the other hand, must then be reporting on a different
dynamic process, most probably a ring pseudorotation in which
the largest amplitude of motion is centered on carbons 1, 2, 3,
and 5.

In both1 and2 there is evidence of hydrogen bond exchange
processes. Other work that we have carried out on low
molecular weight 1,3-diols also points to the existence of

o

\

MJwaj\wﬁ
L 1 1
80 50 40

219K

(

L
20

1
100

e dynamic hydrogen bond processes in some of these systems.
Figure 3. **C CP/MAS NMR spectra of 4,4-dimethyfans-cyclo- Dynamic hydrogen bond exchange in the solid state, therefore,
pentane-1,2-diol2). seems to be a fairly general phenomenon in small molecules
Table 2. Data andAG¥. Values for containing hydroxyl groups.
4,4-Dimethylirans-1,2-cyclopentanediol2j Sulfolane (3). The final compound on which we report is
O—1H O—2H sulfolane which was previously studied by Lambettal 1213

who observed maximum dipolar broadening. Observations on
sulfolane are complicated by its phase behavior. There are four
phases reported for this compoui#d.There are two plastic

Gt AG',
carbon Tc(K) Av(Hz) (kJmof?l) T.(K) Av(Hz) (kJmof?)

35 303 288 58.3 308 292 59.1 crystalline phases: | between the MP at 301 K and 296 K and
6 294 172 57.0 298 143 58.7 b 296 d 288 h | brittl
& 306 356 58.4 315 311 60.1 Il between K an K. There are also two brittle

crystalline phases reported, 11l between 288 K and 246 K and
IV below 246 K. Phase Il has been studied by X-ray diffraction
and shows that there is disorder caused by rapid molecular
rotation3® The phase transition It 1V was reported by Kydon

Table 3. Ty, Values (ms) for the Four Resonances in
4,4-Dimethylirans-1,2-cyclopentanediol?) (w; = 42.2 kHz)

temp (K) ci.2) C@3.5) c@) CEp et al%? to show only a very small change i Ty, values.
342 11 5.7 3.9 Because of the larger errors in otfC T, measurements we
ggg %‘2" 8'2% g'z gg were unsure whether the phase change-lIV would be visible
320 38 0.85 138 88 using our methods. The plastic phases of sulfolane have
313 4.0 1.6 16.9 9.7 previously been studied b4 and2H NMR.3* We note that
306 45 1.7 20.5 13.5 Lambertet al. gave the plastic to crystalline phase transition at
299 5.0 25 21.6 16.9 288 K a free energy of activation mistaking it for a coalescence.
293 54 2.0 26.3 20.0 This is clearly inappropriate for a phase transition.

. ) , . The spectra we obtained are similar to those obtained by
their relaxation times. This is unremarkable for C(4), a | ampertet al. with the exception of the recorded temperatures.
quaternary carbon with no directly bound hydrogens. HOwever, the spectrum at 296 K contains relatively sharp lines and is
the contrast in the val'ues for C(1,2) and C(3,5) with that for .qnsistent with a plastic crystalline phase. Immediately below
the methyl groups C(6'strongly indicates that the molecular e plastic to brittle crystalline transition each carbon resonance
motion on which these measurements are reporting is centereds goubled as was observed by Lambert. Maximum dipolar
on carbons 3 and 5 with substantial effects on carbons 1 and 2.
The Ty, minimum for C(3,5) is certainly less than 0.6 ms and (32) Kydon, D. W.; Sharp, A. R.; Hale, M. E.; Watton, &. Chem.
so is in line with our results described above for a wagging Ph{%ﬁﬁ?ﬁ?ﬁi 6A15~°3anne”i L Mol. Cryst. Lig. Cryst1983 9L, 39
motion, most probably a pseudorotation in which perhaps the (34 akimov, M. N.; Bezrukof, O. F.; Struts, A. V.; Ustimov, V. J.
largest amplitude is centered on C(3,5). Struct., Chem1989 30, 906.
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Table 4. Ty, Values (ms) and Rates($ for the Two Resonances
in Sulfolane 8) (w1 = 51.4 kHz)

C(1) C(2)

temp (K) Tap kx 10° Tap kx 1P
288 24.5 330 17.5 305
280 14.2 191 15.6 272
272 11.8 159 7.8 137
264 8.7 89.3 4.6 79.4
256 4.9 65.8 3.2 55.2
248 0.82 10.0 0.80 13.2
240 0.65 7.35
224 2.1 0.37 0.80 0.79
216 2.7 0.29 35 0.17
208 7.2 0.11 6.2 0.096
204 8.8 0.089 6.5 0.092

aThese data give values for th%—'H dipolar interactions (B of
1.35x 10° s72 (C(1)) and 1.74x 1(° s72 (C(2)). The average values
of the rate constants give an energy of activation of 32231 k3mol.

Riddell et al.

portion intersects the linear right hand side portion above the
minimum point in the graph. Moreover, this seems to occur at
around the correct temperature (246 K) confirming the existence
of the change. The structural changes at the phase transition
temperature must be small to give rise to such small changes
in chemical shift andT,, values. TheT,, values for both
resonances are very similar indicating that both carbons are
subject to a similar degree of molecular motion. On the basis
of our calculations and observations described above the
minimum values forTy, (between 0.65 and 0.8 ms) are
consistent with those expected for the reorientation of the
molecules about their loca; axes.

The assignment of a molecular reorientation as the origin of
the3C CP/MAS measurements is in agreement with the earlier
work of Kydonet al3! The energy of activation derived from
the frequencies of the molecular motions and ignoring the phase
change is 52.3 2.1 k3mol™%, almost identical to that reported

Note that the rate constants in this table are derived from the correlationpy Kydon et al. for whole moleculeC, reorientation in phase

times for molecular motiong§) which is the time for the carbon atom
to pass through 1 radian. The derived rates have, therefore, bee
corrected by a factor of/2in order to express them in frequency units.

01 T T T T T T
C(1) o
C(2) +
Q
[+
Q
- 0.01 ¢ N 3
—~ L N\
a +
=
£
0.001 o A
00001 1 1 1 1 .| 1 1
34 36 38 46 48 5

4 42 44
1000/T / 1/K

Figure 5. The variation of In{y,) vs 1G/T for both carbons in sulfolane
(3) (w1 = 51.4 kHz). The discontinuity below ca. 3T = 4.0 (ca. 250
K) is probably due to the phase change- IV known to occur at
246 K.

n

lll. This value is substantially greater than the activation energy
for pseudorotation partitioned out fd2 strengthening the
suggestion that it arises from a whole molecule rotation process.
However, this conclusion should be treated with some caution
because the observations may arise from two independent
molecular species, and we have ignored the small phase change
that occurred during the course of our measurements.

Conclusions

The results for thetrans1,2-cyclopentanediols strongly
indicate that pseudorotation processes are occurring in the solid
phase with differing activation energies and also provide strong
evidence that there are dynamic hydrogen bond exchange
processes occurring in these compounds. The nature of the
process in supholane is probably a molecular reorientation about
an internalC; axis of the molecule, but pseudorotation cannot
be entirely ruled out because of associated ambiguities. The
activation energy for the dynamic hydrogen bond exchange
processes observed in the solid state in these compounds is
around 506-60 kImol™%. If, as seems to be the case, the
activation energy for ring pseudorotationdiis ca. 30 kdmol™1,
then the observed activation energy for compoli@d@ kkmol~?
is seen to be approximately the sum of the activation energies

broadening occurs at around 240 K, but the lines do not resolvefor pseudorotation and hydrogen bond exchange helping to

as was observed by Lambeital. even down to 204 K probably

confirm the origin of the process. Isotopic exchangétbf-O

because a lower temperature is required for this to happen. Thefor lH—O in crystalline alcohols can lead to alterations in the
doubling may arise either from nonequivalence of the carbons rates of hydrogen bond exchange processes and is potentially a

2 and 5 due to dissymetry in the solid or from two independent
molecules in the asymmetric unit.

T1, measurements were made and are reported in Table 4.
Although there appears to be no evidence of a phase change at

246 K either in the chemical shift values or in discontinuities
in the Ty, values, a logarithmic plot ofy, vs 1/T (Figure 5)
reveals a slight discontinuity in that the linear left hand side

useful method for identifying these processes in solids particu-
larly where the lineshape is sensitive to small rate changes.
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