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An anomalous isotope effect was observed in the 3 CINQR frequency of pyrrolidinium p-chlorobenzoate
(C4HgNH, - CICgH4CO0™) by deuterium substitution of hydrogen atoms which form two kinds of N-H--O type
hydrogen bonds. Large negative frequency shifts of the 3°Cl resonance lines, reaching 309 kHz at 77K and 267 kHz at
293 K, were obtained upon deuteration, although the Cl atom in the molecule formed no hydrogen bonds in the crystal.
"HMASNMR lines showed significant changes by the deuterium substitution, while in contrast, small shifts of '*C CP/
MASNMR signals were obtained. Our measurements of 'HNMR spin-lattice relaxation times (7)) suggested that the
H/D isotope shifts detected from the >>*CINQR frequencies and '"HNMR spectra are due to structural changes rather than
molecular dynamics. Single-crystal X-ray diffraction measurements showed two remarkable H/D isotope differences in
the molecular arrangements, (i) the N-H length along the crystallographic a axis became 1 pm shorter, and (ii) the dihedral
angle between benzene and the pyrrolidine ring changed by 1.1(2)° upon deuteration. Using density functional theory
estimations, the anomalous 3*CINQR frequency shifts and "HMASNMR line-shape changes could be explained by the
dihedral angle change rather than the N-H length difference.
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X-ray diffraction measurements have revealed that substitu-
tion of H atoms, forming hydrogen bonds (A-H--B), with D
atoms results in A--B length changes.!™ Determining the
accurate position of H atoms, however, has been difficult by
X-ray diffraction measurements. Nuclear quadrupole resonance
(NQR) methods have often been employed to study H/D
isotope effects because NQR frequencies (Vg) can be detected
even with very small changes in the electronic environment
around the observed atoms. After deuterium substitution,
3CINQR measurements have shown frequency shifts of
dozens of kHz for covalently-attached Cl atoms and up to
several hundred kHz (occasionally reaching MHz order) for
ionic C1~ atoms.>"!¢ However, there have been few reports
of large H/D isotope effects on NQR frequencies of Cl atoms
that form non-hydrogen bonds without significant structural
changes.!” Nuclear magnetic resonance (NMR) measurements
have sometimes been used to detect electron density changes
in 13C atoms. 3C cross polarization (CP) and magic-angle-
spinning (MAS) NMR peaks however show shifts of a few
ppm by deuteration.'®?? High-resolution 'HNMR signals
obtained in solid states has been difficult, because of very
large dipole—dipole interactions among 'H nuclei, except in
special cases. High-speed MAS techniques have recently
allowed us to record high-resolution "HMASNMR spectra
for solid samples.

We have reported anomalous H/D isotope effects on
3CINQR frequency of piperidinium p-chlorobenzoate
(CsH (NH, 1. CIC(H4COO™), revealing a dihedral angle
change of 1.8° between the benzene and piperidine ring
contributing to large frequency shifts of ca. 280kHz.!”
Pyrrolidinium  p-chlorobenzoate (C4HgNH,'.CICsH,COO™,
abbreviated to PYC(H)) crystals show similar molecular
arrangements as in piperidinium p-chlorobenzoate crystals:
each molecule is linked by two types of hydrogen bonds
(N-H--O) and the crystal belongs to the space group of
Pbca.?** These facts predict that anomalous H/D isotope
effects on 3CINQR frequencies can also be detected in
PYC(H). In addition, our results of single-crystal X-ray
diffraction observations in piperidinium p-chlorobenzoate
showed not only a dihedral angle change but also N-H length
shortening by deuterium substitution.

Based upon the foregoing, we carried out not only *>CINQR
frequency and single-crystal X-ray diffraction investigations
but also determined 'HMASNMR, 2HNMR, and 3C CP/
MASNMR spectra to detect H/D isotope effects on electron
states of each atom in the crystal. Moreover, 'HNMR spin—
lattice relaxation time, 7j, measurements were performed
for both PYC(H) and pyrrolidinium p-chlorobenzoate-d,
(C4HgND, - CIC¢H4COO™, abbreviated to PYC(D)) to get
information on dynamical H/D isotope changes. Here, we
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employ the symbols H-bond(a) and H-bond(b), respectively,
for hydrogen bonds along crystallographic a- and b axis.

Experimental

PYC(H) crystals were prepared by adding pyrrolidine to a
hot benzene solution of p-chlorobenzoic acid and by evaporat-
ing the solvent. The crude specimens obtained were recrystal-
lized from benzene in a dessicator with CaCl, as the drying
agent. PYC(D) was prepared by crystallizing three times from a
hot CH30D (99% deuterated, Cambridge Isotope Laboratories,
Inc.) and recrystallization from dried benzene in a dessicator
with CaCl,, where all manipulations were carried out under dry
N, gas.

Measurements of 3>CINQR frequency were performed using
a handmade Dean-type super-regenerative spectrometer. The
samples were sealed in Pyrex sample tubes with an outer
diameter of 12 mm. The NQR signals obtained were amplified
by a Lock-in-amplifier (NF Corp.) and registered using a
pen recorder. The sample temperature was obtained using
a thermocouple with an accuracy of £1K. The estimated
uncertainty in the frequency was 1kHz.

Solid-state high-resolution '"HNMR experiments were car-
ried out at a Larmor frequency of 600.13 MHz with a Bruker
Avance 600 spectrometer with a MAS accessory. The samples
were packed in a ZrO rotor with an outer diameter of 2.5 mm
and the spinning rate was kept at 35kHz through the
acquisition of FID. Spectra were obtained from FID signals
which were obtained after a 77/2 pulse. We chose a recycle time
of 600s for PYC(H) and PYC(D). 'H chemical shifts (CS)
were calibrated relative to an external adamantane (1.91 ppm)
reference.

'"HNMR 7, measurements were performed at a Larmor
Frequency of 40.0 MHz using a Bruker SXP spectrometer in
the temperature range from 90K to room temperature. The
sample temperature was recorded employing a thermocouple
with an accuracy of 1 K. The saturation recovery method was
introduced for the determination of 7} in the whole temperature
range studied.

The ZHNMR spectrum was recorded at a Larmor frequency
of 46.07MHz using a Bruker MSL-300 spectrometer. The
PYC(D) powder sample was placed in a Pyrex tube with an
outer diameter of 5 mm. The spectrum was obtained from echo
signals after a (77/2), — T — (77/2), — T pulse sequence with a
recycle delay of 1000s.

3CCP/MASNMR spectra measurements were carried out
at a Larmor frequency of 150.9 MHz with a Bruker Avance 600
spectrometer. We packed the sample in a rotor with an outer
diameter of 4.0 mm ZrO rotor and recorded spectra for three
spinning rates of 5, 7, and 12kHz, to distinguish signals from
spinning side bands. A ramp pulse sequence®® was employed
for recording the spectra with a spinning rate of 12kHz. The
CS of the '3C nuclei was calibrated by an external adamantane
(29.47 ppm) reference. CP/MAS spectra were recorded with a
contact time of 1.0 ms.

Single-crystal X-ray analysis was performed on a Bruker
Smart APEX CCD area diffractometer using graphite-
monochromated Mo Ka radiation (A = 71.073 pm). Empirical
absorption corrections were applied using the SADABS
program.”® The structures were solved by a direct method
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(SHELXS-97)%7 and refined by full-matrix least-squares calcu-
lations on F? (SHELXL-97) employing the SHELX-TL
program package. Non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were refined isotropically.
Crystal sizes of 0.45 x 0.40 x 0.30mm® for PYC(D) and
0.42 x 0.35 x 0.31 mm? for PYC(H) were employed. Crystal-
lographic data have been deposited with Cambridge Crystallo-
graphic Data Centre: Deposition number CCDC-778349 and
-778350, respectively, for PYC(D) and PYC(H). Copies of the
data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge,
CB2 1EZ, UXK.; Fax: +44 1223 336033; e-mail: deposit@
ccde.cam.ac.uk).

Density functional theory (DFT) calculations were carried
out using the Gaussian 03w computer program?® to estimate the
potential curve, theoretical values of electric-field gradient
(EFG) at ?H and *3Cl atoms, and shielding tensor of the 'H and
13C nuclei. All calculations were performed using the crystal
parameters obtained from our single-crystal X-ray measure-
ments of PYC(H) and PYC(D).

Results and Discussion

X-ray Diffraction and Melting Point. The lattice
constants and the crystallographic data obtained at 90K for
PYC(H) and PYC(D) are listed respectively in Tables 1 and 2,
and the crystal structure observed for PYC(H) are shown in
Figure 1.2 The parameters obtained for the PYC(H) crystal
were almost the same as those reported previously, however,
the R-value of 0.0439 recorded in the present work was much
smaller than the reported value of 0.141.2* The crystal data
obtained in PYC(D) (R-value of 0.0375) were nearly identical
to those of PYC(H) without a few differences described the
following. One is the N-H length; a little changes of the
distance along the H-bond(a) and H-bond(b) was observed, as
shown in Table 3. Another significant structural difference by
deuterium substitution is the dihedral angle between benzene
and pyrrolidine rings; the angle was changed by 1.1(2)°. Here,
pyrrolidine ring formed a twisted structure as displayed in
Figure 1, therefore the dihedral angle between benzene ring
and a plane formed by C(8), N(13), and C(11) atoms in
pyrrolidine was measured. In this study, the dihedral angle
between benzene and pyrrolidine ring means this angle. The
isotope changes of 1.1° was similar to reported values in
piperidinium p-chlorobenzoate crystals.'”

The difference in the melting point (424.0 K for PYC(H) and
416.5K for PYC(D)) was also similar to that for piperidinium
p-chlorobenzoate crystals (414.5 (H) and 404.5K (D))."”

35CINQR Frequency. One **CINQR signal was observed
in the temperature range from 77K to the melting point for
each PYC(H) and PYC(D) crystal, as shown in Figure 2. This
result is consistent with the crystal structure in which there is
only one CI site in both crystals. The obtained frequencies
of 34.327 (PYC(H)) and 34.018 MHz (PYC(D)) at 77K were
successively decreased (to 33.672MHz for PYC(H) and
33.405 MHz for PYC(D) at 293 K) with increasing temperature.
The frequency difference (Avqg) gradually reduced with tem-
perature, however, large shifts were detected up to the melting
temperature. The recorded large isotope shifts of the 3>CINQR
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Table 1. Crystallographic Data and Structure Refinement of Pyrrolidinium p-Chlorobenzoate (PYC(H)) and of Pyrrolidinium
p-Chlorobenzoate-d, (PYC(D))

Pyrrolidinium p-chlorobenzoate PYC(H)

Pyrrolidinium p-chlorobenzoate-d, PYC(D)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions/nm

Volume,/nm?
VA

Density (calculated)/Mgm™>

Absorption coefficient/mm™

F(000)
Crystal size/mm’

6 range for data collection

Index ranges
Reflections collected

Independent reflections
Max. and min. transmission

Refinement method

1

C11H14C1N02

227.68

Orthorhombic

Pbca

a = 0.91404(5)

b =2.65952(16)

c = 0.94202(6)

2.2900(2)

8

1.321

0.314

960

0.42 x 0.35 x 0.31

1.53 to 28.30°

—12Sh<8, -34<k<35, 1051512
15833

2851 [Rine = 0.0468]

0.9090 and 0.8795

Full-matrix least-squares on F>

Cy1H,CID,NO,

229.69

Orthorhombic

Pbca

a = 0.91555(5)

b =2.66266(14)

c = 0.94198(5)

2.2964(2)

8

1.329

0.313

960

0.45 x 0.40 x 0.30

2.65 to 28.31°
—12Sh<S11,-255k<35, -10S1512
15978

2857 [Rint = 0.0370]

0.9120 and 0.8721

Full-matrix least-squares on F?

Data/restraints /parameters
Goodness-of-fit on F2
Final R indices [/ > 20(/)]
R indices (all data)
Largest diff. peak and hole

2851/0/192

1.075

R1=0.0439, wR2 = 0.1044
R1 = 0.0605, wR2 = 0.1202
0.418 and —0.218e A3

2857/0/192

1.022

R1 = 0.0375, wR2 = 0.0898
R1 = 0.0496, wR2 = 0.0965
0.322 and —0.201e A3

Table 2. Bond Lengths/pm and Angles/° of Pyrrolidinium
p-Chlorobenzoate (PYC(H)) and of Pyrrolidinium

Continued.

p-Chlorobenzoate-d, (PYC(D)) PYC(H) PYC(D)
C(2)-C(1)CI(12) 118.44(14) 118.57(12)
PYC(H) PYC(D) C(1)-C(2)-H(18) 118.1(12) 119.2(10)
Intramoleoular C(3)-C(2)-H(18) 123.1(12) 121.8(10)
C(2)-C(3)-H(19) 116.1(13) 119.6(10)
C(1)-C(2) 138.03) 138.02) C(4)-C(3)-H(19) 123.3(13) 120.0(10)
C(2)-CQ3) 138.7(3) 139.02) C(3)-C(@)-C(5) 118.89(16) 119.29(12)
CG3)-C(4) 139.1(2) 138.85(19) C(3)-C(4)-C(7) 120.84(15) 120.91(12)
C(4)-C(5) 139.1(2) 139.26(18) C(5)-C(4)-C(7) 120.26(15) 119.80(12)
C(5)-C(6) 138.3(3) 138.6(2) C(4)-C(5)-H(20) 121.0(12) 119.0(10)
C(1)-C(6) 137.8(3) 138.1(2) C(1)-C(6)-H(21) 121.7(13) 121.3(10)
C(1)-CI(12) 174.32(18) 174.36(15) C(5)-C(6)-H(21) 119.9(13) 1202(11)
C(4)-C(7) 150.8(2) 151.31(18) 0(14)-C(7)-O(15) 124.68(16) 124.88(12)
C(7)-0(14) 125.3(2) 125.38(16) 0(14)-C(7)-C(4) 118.92(14) 118.51(12)
C(7)-0(15) 126.2(2) 126.06(16) 0(15)-C(7)-C(4) 116.39(14) 116.60(11)
C(8)-N(13) 149.8(2) 149.77(17) H(22)-C(8)-H(26) 111.2(17) 109.0(14)
C(8)-C(9) 150.6(3) 150.8(2) N(13)-C(8)-H(22) 108.4(12) 108.3(10)
C(9)-C(10) 151.53) 151.8(2) N(13)-C(8)-H(26) 109.5(13) 107.7(11)
C(10)-C(11) 152.1(3) 152.32) N(13)-C(8)-C(9) 103.77(14) 103.65(11)
C(11)-N(13) 150.12) 150.45(18) H(27)-C(9)-H(23) 103.7(18) 107.0(15)
C(2)-H(18) 97(2) 96.4(17) C(8)-C(9)-C(10) 102.41(16) 102.47(13)
CR3)-H(19) 93(2) 97.1(16) H(28)-C(10)-H(24) 107(2) 108.2(17)
C(5)-H(20) 93.6(19) 96.2(17) C(9)-C(10)-C(11) 104.30(16) 104.30(13)
C(6)-H(21) 92(2) 93.7(18) H(29)-C(11)-H(25) 111.5(18) 111.9(14)
C(8)-H(22) 97(2) 96.3(17) N(13)-C(11)-H(25) 109.7(14) 108.0(10)
C(8)-H(26) 96(2) 96.6(19) N(13)-C(11)-H(29) 108.7(12) 105.7(10)
C(9)-H(23) 105(2) 101.7(18) N(13)-C(11)-C(10) 105.01(14) 104.87(11)
CO-HQCT) 107(3) 101(2) C(8)-N(13)-C(11) 107.85(14) 108.01(11)
C(10)-H(24) 93(3) 97(2)
C(10)-H(28) 106(3) 97(2) Intermolecular
C(11)-H(25) 93(2) 97.8(18)
C(11)-H(29) 102(2) 96.6(17) C1(12)--C(6) 382.1(1) 383.2(1)
C(2)-C(1)-C(6) 122.08(17) 121.91(14) C1(12)--C(10) 388.0(1) 385.3(1)
C(6)-C(1)-CI(12) 119.48(14) 119.52(12) CI(12)~-H(21) 334(1) 335(1)
Contimmed. C1(12)--H(28) 291(1) 292(1)
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Figure 1.
benzoate. Dashed lines indicate N-H--O hydrogen bonds.

Crystal structure of pyrrolidinium p-chloro-

Table 3. Observed Bond Lengths/pm and Hydrogen Bond
Angles/°

d(N-H) d(H-O) d(N--O)  Z(NHO)
N-H--O H-bond(a) 952) 172(2) 266.95(15) 177.3(18)
N-H--O H-bond(h) 92.2(19) 182(2) 272.63(15) 165.7(16)
N-D--O H-bond(a) 94(2)  173(2) 266.99(18) 175.7(20)
N-D--O H-bond(b) 93.2(20) 181(2) 273.12(19) 166.4(19)
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Figure 2. Temperature dependence of the **CINQR fre-
quency (Vq) for pyrrolidinium p-chlorobenzoate (PYC(H))
(®) and pyrrolidinium p-chlorobenzoate-d, (PYC(D)) (@).

frequency are comparable to those of piperidinium p-chloro-
benzoate crystals (278 kHz at 293 K).!” These anomalous large
shifts which are comparable to those of ionic Cl atoms forming
CI~-+H-O type hydrogen bonds, have been rarely reported for
covalently-bonded Cl atoms without forming hydrogen bonds
in the crystals.>!”
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Figure 3. Temperature dependence of 'HNMR spin-lattice
relaxation times (7)) observed at 40.0 MHz in pyrrolidi-
nium p-chlorobenzoate (PYC(H)) (®) and pyrrolidinium p-
chlorobenzoate-d, (PYC(D)) (@). The solid lines of ()
and (==m) represent best-fit theoretical values for PYC(H)
and PYC(D), respectively.

The X-ray diffraction data obtained from PYC(H) and
PYC(D) crystals yielded the same space group and the almost
the same lattice constants as listed in Tables 1 and 2, therefore,
some assumptions of small atomic rearrangements or/and
modulations of molecular motions affecting the anomalous
isotope shifts of 3*CINQR frequencies can be introduced.
In order to estimate contribution of molecular motions for
the NQR frequency, we measured the 'HNMR spin lattice
relaxation time (7) for both samples.

'HNMR T,. The magnetic recovery curves obtained could
be fitted to a single exponential component for all observed
temperatures. A 'HNMR 7; value for each temperature was
estimated from the slope of the magnetic recovery curves. T
values of PYC(H) and PYC(D) increased with temperature,
as displayed in Figure 3. Assuming Arrhenius-type function,
the Ty slope showed an activation energy of 46kJmol~! for
PYC(H) and PYC(D) crystals. If some molecular motion which
modulates dipole—dipole interaction among 'H nuclei contrib-
utes to the relaxation, the slopes obtained with negative sign
and large activation energies suggest that there are fast
molecular motions which go over a large activation barrier
in the crystal. The motional modes, however, could not be
uniquely determined, because no disorder in the atomic
position was recorded in our single-crystal X-ray diffraction
measurements. Another mechanism contributing to the T
process can be assumed. Since the observed NMR frequency
of 40 MHz is similar to 3*CINQR frequencies of ca. 34 MHz
which increased with decreasing temperature and quadrupole
relaxation rates are generally faster than dipole—dipole relax-
ation, it is considerable that 3°Cl nuclear relaxation modulates
local magnetic fields at 'H nuclei. Other effects contributing to
the 'H T process are considerable, however, we are interested
in the result that similar 7 values were obtained in PYC(H)
and PYC(D), therefore more detail discussion was not describ-
ed in this literature. Based on the result of similar temperature
dependence of T7; values between PYC(H) and PYC(D)
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Figure 4. 'HMASNMR spectra of (a) pyrrolidinium
p-chlorobenzoate (PYC(H)) and (b) pyrrolidinium
p-chlorobenzoate-d, (PYC(D)) crystals.

crystals, we can consider that H/D isotope substitution
contributes to static rearrangements in the crystals rather than
dynamical changes of molecular motions.

"HMASNMR Spectra. 'HMASNMR spectra observed in
PYC(H) and PYC(D) are shown in Figure 4. The PYC(H) and
PYC(D) lines were recorded with a MAS speed of 35 kHz and
recycle time of 600s. In order to assign the peaks, 'HNMR
measurements of PYC(H) in a benzene solution and shielding
tensor calculation with a B3LYP/6-3114+G(3df,3pd) function
were carried out. The obtained and assigned CS values are
listed in Table 4. On the basis of the values in Table 4, signals
recorded on —2 to 1.5ppm and 2.5 to 5ppm are assignable
respectively to 'H atoms bonding to pyrrolidine and to the
benzene ring. The peak observed at 16.1 ppm is explainable to
the 'H atom in H-bond(a). The signal of the 'H atom in the
H-bond(b) would be observed around —1ppm, because our
DFT estimation showed a peak of —0.88 ppm. Since this value
is similar to 'H CS of pyrrolidine, the peak of the 'H atom in
H-bond(b) could not be distinguished on the spectrum. In order
to assign observed 'H CS values in the crystal, we introduced
14 Gauss functions where we assumed the same line-width of
all H atoms bonded to C atoms of benzene and pyrrolidine ring.
Simulated line-shapes are shown in Figure 5.

By the isotope substitution, two significant changes were
detected in the spectra, i) the peak at 16.1 ppm, assigned to
the H atom in H-bond(a), disappeared, and ii) line widths of
two signals around 6 and —1 ppm of PYC(H) were changed,
especially, the peak around 3 ppm became narrow in PYC(D).
The former result guarantees that a high ratio of deuterium
substitution was achieved. The latter result has been rarely
reported in 'HNMR spectra in solids. In order to reveal the
origins of the recorded isotope changes of the 'HMASNMR
spectrum, DFT calculations were performed for CS estimations.
The data obtained and detailed discussions are described in the
section: DFT Calculation.

13CCP/MASNMR. '3CCP/MASNMR spectra obtained
at room temperature for PYC(H) and PYC(D) are shown in
Figure 6. Using three spinning rates (5, 7, and 12kHz), we
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Table 4. 'H and '3C Chemical Shifts in ppm Observed for
Pyrrolidinium p-Chlorobenzoate Crystals and in Benzene,
and Estimated by a B3LYP/6-3114+G(3df,3pd) Function

Observed CS in crystal Observed CS  Calculated

Atom PYC(H) PYC(D) in benzene CS
c(1) 136.05 136.02 134.84 146.35
CcQ) 128.22 128.91 128.69 124.36
C@3) 134.53 134.37 131.35 133.98
C4) 131.32 131.30 129.71 143.82
Cc(5) 134.53 134.37 131.35 133.01
C(6) 128.22 128.91 128.69 126.86
Cc(7) 171.88 171.81 166.50 179.33
C(8) 43.97 43.87 47.22 34.07
C9) 24.66 24.72 25.66 13.07
C(10) 24.66 24.72 25.66 15.30
c@1) 43.97 43.87 47.22 36.23
H(16) 16.1 — 3.64 12.88
H(17) 3.64 —0.88
H(18) 2.5-3.5 3-35 8.28 4.73
H(19) 45 45 7.28 6.81
H(20) } 7.28 6.68
H(21) 2.533 8.28 5.26
H(22) 1.28 —1.35
H(23) 2.95 —1.61
H(24) —2--15 =25--13 2.95 —0.85
H(25) 1.28 —0.80
H(26) 1.28 0.88
HQ27) 3 3 2.95 —0.41
H(28) 0.5-1.5 0.5-1.5 505 17
H(29) 1.28 1.34

(a)

(b) /\ .

il

© [ LR R

[ttt uisiels Wi — /i . ! 1

20 10 0 -10

Chemical Shift / ppm

Figure 5. Spectral analysis of 'HMASNMR spectra for
pyrrolidinium  p-chlorobenzoate (PYC(H)). (a) The
observed NMR line shape and (b) line envelope obtained
by summing (c) each analyzing line of pyrrolidinium
p-chlorobenzoate crystal.

could separate the signals and the spinning-side-band (SSB)
peaks. Each peak could be assigned using the results of
the BCNMR spectrum observed in the benzene solution
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Figure 6. '*CCP/MASNMR spectra of (a) pyrrolidinium
p-chlorobenzoate (PYC(H)) and (b) pyrrolidinium
p-chlorobenzoate-d, (PYC(D)) crystals. The asterisks
denote spinning-side-band peaks.

-150 -100 -50 0 50 100 150
v /kHz

Figure 7. ?HNMR spectrum of pyrrolidinium p-chloro-
benzoate-d, (PYC(D)) crystals.

and CS tensor calculations with a function of B3LYP/
6-3114+G(3df,3pd). The obtained and assigned CS values are
listed in Table 4. The obtained isotope shifts are of the same
order as previously reported,'$%? although our 'HMASNMR
spectra showed significant H/D isotope changes. In addition,
the observed '*C signals in the PYC(H) crystals were similar to
those in benzene, although 'H peaks had different CS values
between the crystals and those in the benzene solution. These
facts suggest that 'H peaks are more sensitive for detecting a
small contribution from around the molecules than the '3C
signals.

HNMR Spectra. A 2HNMR spectrum of crystalline
PYC(D) obtained at room temperature is displayed in Figure 7.
The obtained spectrum could be distinguished based on two
lines with an asymmetric parameter (17) of 0. Employing
the following relation,’*3! quadrupole coupling constants
(€*Qgh™") of 107 and 156 kHz were estimated from each peak
separation (Av).

3
Avg = ‘—‘equh_1 (D

Observing the two components of the 2HNMR spectrum
suggests that the D atoms in H-bond(a) and H-bond(b) have
different electron envelopments, although our X-ray diffraction
measurement showed an N-D length similar to that listed in
Table 3. In order to assign the e?Qgh~! value that corresponds
to 2H atoms in H-bond(z) and H-bond(b), DFT calculations
with a B3LYP/6-3114+G™** function were carried out. The
obtained N-D length dependences of e?Qgh~! and 71 values
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Figure 8. Estimated quadrupole coupling constant,

’Qgh™" (@) and (@) and anisotropic parameter, 1 (0)
and (O) of *H atoms as a function of N-D length along
(a) H-bond(a) and (b) H-bond(b). Here, the red and blue
circles denote each parameter of the 2H atoms in H-bond(«)
and H-bond(b).

are shown in Figure 8. In this simulation, estimating the
EFG values as a function of N-D length in H-bond(a), N-D
separation in H-bond(b) was kept at 94 pm, and in contrast,
calculating the N-D length dependence in H-bond(b), a
constant distance of 93 pm in H-bond(a) was employed. This
simulation revealed that 1 takes very small values around N-D
lengths of 60—120pm and large values around 120-170pm.
Our simulation showed that the principal axis of EFG is
parallel to the D-N bond in a range of 60—120 pm, in contrast,
the axis is perpendicular to the D-N direction in a range of
120-170 pm. Based on our estimation and the observed
HNMR spectrum with small 7 as shown in Figure 7, it is
considerable that the short N-D separation can be obtained.
This result is agreed with our X-ray diffraction data and
estimated potential curves of double-minimum type described
in the next section. In contrast, the calculated e?Qgh~" values
disagree with the observed values for acceptable N-D lengths.
This inconsistency is reasonable, because there is no consid-
eration of the Sternheimer antishield factor (3).*? Introducing
y, the observed and calculated e?Qgh~" values are connected
by the following relation.

e 0gh™ obsa = (1 = Y)e* Qgh™" caea )

To cancel out this empirical factor, we introduced an
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eZQqh_lobsd ratio defined by (eZQqh_lobsda/eZQqh_lobsdb)a
where the subscripts a and b denote D atoms in H-bond(a)
and H-bond(b), respectively. The e?Qgh™!4psq ratio obtained at
room temperature equals 0.686 (107 kHz/156 kHz). Assuming
an N-D distance of 90pm for H-bond(¢) and H-bond(b),
the calculated €?Qqh~'ucq ratio defined by (e?Ogh™ carcda/
0qh™ cacap) is 0.5011/0.7370 = 0.680. This estimated
€?Qqh™ ueq Tatio is similar to the observed e?Qgh!gue of
0.686, allowing us to assign e?Qgh~" of 156 kHz to H-bond(b)
and that of 107 kHz to H-bond(a).

DFT Calculation. The potential energy calculation was
carried out using a function of B3LYP/6-3114+G** in the
Gaussian 03w computer program.”® In this estimation, all
atomic coordinates obtained from our single-crystal X-ray
measurement were employed without the H atoms contributing
to hydrogen bonding along the crystallographic a- and b axis.
The calculated values are shown in Figure 9a. This simulation
showed four minima; the lowest energy was recorded at an
N-H length of 105 pm in H-bond(a) and 98 pm in H-bond(b),
the second at 155 and 98 pm, the third at 165 and 158 pm,
and the forth shallow minimum at 160 and 165pm. These
results suggest that the probability of finding each H atom in
H-bond(a) and H-bond(b) near the N atom is higher than that of
the other side and the calculated potential curves are a double-
minimum type as a function of the N-H separation. This
tendency is consistent with our data obtained from the single-
crystal X-ray measurements which showed that two spots with
high electron density were detected near the N atom of the
pyrrolidine molecule. The estimated energy differences between
the potential minima were 34 and 55kJmol~! for H-bond(a)
and H-bond(b), respectively, as shown in Figures 9b and 9c.

In order to reveal the origins of the anomalous H/D isotope
shift of the 3°CINQR frequency, a B3LYP/6-3114+G**
function was introduced into the EFG estimation. Since EFG
values are in inverse proportion to the cube of the distance from
a nucleus of interest to the other nuclei in the crystal, the
EFG estimation was performed for 6 molecules around the
p-chlorobenzoate ion. Any NQR frequency (vg) of the 3°Cl
(I =3/2) nucleus is obtained by the following relations:3334

e Qq 7’

= 1 _—

Vo= (1t
eq= V.. = WHVJ 3)

Each EFG component of Vy, V},, and V.. can be calculated as a
function of the N-H length, and eq 3 immediately gives the
N=H length dependence of the 3>CINQR frequency as shown
in Figure 10. The values obtained are slightly higher than the
observed frequencies in a range of acceptable N-H lengths
of 70-110pm. This inconsistency is likely due to molecular
vibrations. Therefore we introduce a function C(7) which is
related to the amplitude of the thermal motion:

Vq obsd = C(T)Vq caled “4)

Since temperature gradients of Vqopsa are almost the same
between PYC(H) and PYC(D) over the whole measured
temperature range, it is considered that the molecules in
PYC(H) and PYC(D) have similar motional amplitudes at the
same temperature. Therefore, the assumption of the same C(7)
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Figure 9. (a) Estimated potential-energy surface for H
atoms in hydrogen bonding along crystallographic a axis
and b axis. (b) Calculated N-H length dependence of the
potential curve in H-bond(a) at an N-H distance of 108 pm
in H-bond(d). (c) Obtained energies as a function of N-H
length in H-bond(b) in the case of a constant separation of
105 pm in H-bond(a).
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Figure 10. N-H bond length dependence of **CINQR
frequency (Vq) estimated using the B3LYP/6-311+G™*
method.

factor for PYC(H) and PYC(D) can be introduced. Based on
our X-ray results of N-H length of 95 and 92 pm, respectively,
for H-bond(a) and H-bond(b), a Vq caicq Value of 36.5 MHz was
immediately obtained by substitution of V., V,,, and V.. into
eq 3, where they were estimated by the DFT method. Since a
3CINQR frequency of 34.30 MHz was observed for PYC(H),
C(T) around 90K can be arithmetically obtained to be 34.3/
36.5 = 0.940. Employing this factor and the observed value
of 34.00MHz for PYC(D), a Vq caicd Value of the deuterium
substance can be estimated to be 36.2 MHz. The frequency of
34.00 MHz observed for PYC(D) corresponds to a Vg caled Of
36.2MHz. To satisfy this estimated frequency of PYC(D),
unacceptable N-H lengths < 50 pm must be introduced for H-
bond(a) and H-bond(b). Therefore, other mechanisms contri-
buting to the obtained anomalous NQR frequency need to be
proposed. Our single-crystal X-ray data showed another isotope
change in the molecular arrangements; the dihedral angle
between the benzene and pyrrolidine ring was changed by
1.1(2)° upon deuteration. The angle dependence of the
calculated 3*CINQR frequency is shown in Figure 11. In this
simulation, the N-H distances of 95 and 92 pm in H-bond(a)
and H-bond(b) were employed. Using the observed angle of
PYC(H) (80.3(1)°) and PYC(D) (79.2(1)°), an NQR frequency
shift of 244kHz was obtained by the B3LYP/6-311+G™*
estimation. This simulated value is similar to the observed
isotope shift of 300 kHz, therefore, our calculation suggests that
NQR frequencies are principally determined by the dihedral
angle between the benzene—pyrrolidine ring, rather than the
N-H lengths. The obtained angle change of 1.1(2)° is a normal
value upon deuterium substitution, however, this ordinal
change contributes to the anomalous 3*CINQR frequency.

In order to illustrate the mechanism of the isotope effect on
3CINQR frequencies, the angle dependence of each EFG
component is plotted in Figure 12. The B3LYP/6-311+G**
estimation showed that the principle axis (z axis) of EFG
is parallel to the direction of the Cl1-C bond and the x axis
is perpendicular to the benzene ring, while the y axis is
perpendicular to the other axes; V., and V,, components
contain information about o- and mr-electrons on the Cl atom,
respectively. Our simulation revealed that V), values were
almost independent of the dihedral angle; in contrast, V,, and

Anomalous H/D Effect on 3> CINQOR and 'HNMR
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Figure 11. Calculated **CINQR frequency (Vo) depend-
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ring.
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Figure 12. Dihedral angle dependence of each EFG
component, V. (@), V;, (@), and V.. (@).

Ve values depend on the dihedral angle. Therefore, it can be
concluded that not only the 7r-electrons but also the o-electrons
modified by the slight change in the dihedral angle of the
benzene—pyrrolidine ring result in an anomalous **CINQR
frequency shift. Our single-crystal X-ray diffraction measure-
ment showed that the nearest atom from the CI atom is H(28) in
pyrrolidinium ion and the second is H(10) in p-chlorobenzoate
ion, and the distances of Cl--H(28) and CI--H(21) were,
respectively, changed by 10 and 3 pm upon deuteration as
shown in Table 2. It can be roughly estimated that H(28) and
H(21) atoms are placed on z and x direction from the Cl atom,
respectively. Therefore it is considerable that the dihedral angle
change results in Cl-H intermolecular distances changes and
effect to 3>CINQR frequency shifts.

To reveal the dihedral angle and N-H length dependences of
the 'H CS values, a B3LYP/6-3114+G(3df,3pd) method was
introduced into one couple of pyrrolidine and p-chlorobenzene
molecules, and a PM3 function was applied on 4 molecules
around them. In this calculation, the atomic coordinates
based on our crystallographic data, as listed in Table 2, were
employed. In order to obtain simulated CS values of the 'H and
13C nucleus, shielding-tensor calculation of tetramethylsilane
(TMS) was carried out by the same function of B3LYP/
6-3114+G(3df,3pd). Subtracting the estimated shielding tensors
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Figure 13. '"HNMR chemical shift dependence on N—H bond distance along (a) crystallographic « axis and (b) b axis, and (c) on
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from those of TMS, CS values were immediately obtained.
Simulated CS values, depending on the dihedral angle and on
N-H separations, are shown in Figure 13. Since our calculated
CS values listed in Table 4 were inconsistent with the observed
ones in the range of acceptable dihedral angles and N-H
separations, some basis functions of 6-314+G** 6-3114-G**,
cc-pVDZ, cc-pVTZ, and AUG-cc-pVDZ were introduced into
the above model. The obtained results are shown in Figure 14.
All the methods employed showed inconsistent CS values with
the detected ones. This fact is considerable that the used model
and/or functions were insufficient with CS estimation. How-
ever, calculation with more molecules and/or with a high level
method (e.g., MP2, MP4), instead of the DFT method and/or
B3LYP/6-31+G™* in place of the PM3 function, could not be
worked out on our computer power, therefore, we discuss the
CS difference with a parameter of the dihedral angle and the N—
H distance rather than numerical CS values. Before discussing
the CS dependence of the angle and the lengths, we describe
the assignment of each peak. Our simulation showed that
the CS values of H(26) and H(29) are larger than H(22) and
H(25), although H(26) and H(22), and H(29) and H(25) are,
respectively, bonded on the same C atom and little frequency
differences of H(23) — H(27) and H(24) — H(28) are estimated.
This result is considerable to effects of H-bond(b), because
H(26) and H(29) atoms are closer to H(17) in H-bond(b) than
H(22) and H(25). Figures 13 and 14 indicate that CS values of
H(26) and H(29) atoms are most sensitive to the dihedral angle
and the N-H distances without those of H(16) and H(17) which
are substituted by ?H atoms. Since the "HMASNMR lines
obtained around O ppm are significantly changed upon deutera-
tion, our simulation results are consistent with the observed
spectrum. Our line simulation suggests that the signal around
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Figure 14. Simulated 'HNMR chemical shift dependence
on the basis function of 6-314+G** 6-311+G**,
6-311+G(3df,3pd), cc-pVDZ, cc-pVTZ, and AUG-cc-
pVDZ.

0ppm should be composed of additional components; these
could not however be uniquely determined. Our estimation
showed that CS values of H(26) and H(29) atoms strongly
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depend on the dihedral angle compared to the N—H distances in
a range of acceptable angle and length. This fact can be
explained on the basis of the dihedral angle change: the smaller
dihedral angle results in the shorter distance between these
H atoms and 7t electrons on the carboxyl group of the p-
chlorobenzoate ion which is stacked with the pyrrolidinium ion
along the crystallographic b axis.

Simulated CS values of '3C atoms rarely depend on both the
N-H lengths and the dihedral angle as shown in Figure 15,
where the same function of B3LYP/6-311+G(3df,3pd) and
model were employed as those of 'H atoms. This result is
consistent with the fact that the observed '*C CP/MAS NMR
peaks showed small shifts by deuteration as indicated in
Figure 6.

Conclusion

Anomalous H/D isotope effects were recorded for the
3CINQR frequency of pyrrolidinium p-chlorobenzoate crys-
tals. A *CINQR frequency of about 280kHz was observed
by deuterium substitution of hydrogen atoms in N-H--O type
H-bonds. The results of 'H 7} measurements revealed that
anomalous H/D isotope effects on 3*CINQR frequencies are
due to static changes rather than dynamic ones. Our single-
crystal X-ray diffraction measurement results for PYC(H)
and PYC(D) showed that the dihedral angle between the
benzene and pyrrolidine rings changed from 80.3 to 79.2° and
the N-H lengths become shorter upon deuteration. DFT
calculation employing the B3LYP/6-3114+4+G** function
demonstrated that the dihedral angle change of 1.1° contributes
to anomalous NQR frequency changes, frequently detected in
some crystals by deuterium substitutions, rather than the N-H
distance. In addition, our simulation revealed that EFG
components along o- and m-orbitals on the Cl atom of the
pyrrolidinium ion are sensitive to the dihedral angle of the
present crystal.

'"HMASNMR measurements recorded significant envelop
changes upon deuteration. Our CS simulation with the B3LYP/
6-3114+G(3df,3pd) method as a function of the dihedral angle
and N-H lengths showed that the former also affects chemical
shifts of 'H atoms. In addition, we were able to demonstrate
that 'THMASNMR measurements are a good tool for studying
small changes in electron states compared to the '*CCP/
MASNMR method, because the 'HMASNMR spectra were
changed by deuterium substitution in the crystal and displayed
different CS values of the material in benzene solution.
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