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The results of various N solid-state NMR experiments per-
formed on solid samples of doubly **N-labeled 3,5-dimethylpyra-
zole, 5-methyl-3-phenylpyrazole, (PMP), and 3,5-diphenylpyra-
zole are reported. In the solid state, these compounds form various
hydrogen-bonded complexes. The principal values of the *N
chemical-shift tensors (CST) of amine and imine nitrogen atoms
are derived by lineshape analysis of the >N NMR spectra of the
static powders obtained under the conditions of *H— "N cross po-
larization and *H decoupling. The orientations of the **N CST in
the molecular principal axis system are obtained by taking into
account the ®N-"N dipolar interactions and the **N-D dipolar
interaction after deuteration of the mobile proton sites. The rela-
tive orientations of the amine and imine CST in PMP are indepen-
dently checked by one-dimensional off-magic axis sample spinning
magnetization transfer experiments. The isotropic chemical shifts,
the principal elements, and the orientations of the CST of both
nitrogen atoms and the ND distances depend only slightly on the
chemical structure and the associated hydrogen-bonded structure.
The intramolecular structure of pyrazoles, therefore, does not vary
substantially when different types of hydrogen-bonded complexes

are formed. © 1996 Academic Press, Inc.

INTRODUCTION

One of the most important measurable quantity of nuclear
magnetic resonance spectroscopy is the isotropic chemical
shift, which allows the discrimination of signals of various
chemica structures, conformations, and environments and
their empirical assignment. In compounds containing hydro-
gen bonds involving nitrogen, the N isotropic chemical
shift provides valuable information on the structure and the
proton dynamics of N—H - - - X hydrogen bondsin theliquid
state, as well as the solid state (1-3). The chemica
shielding, however, depends on the orientation of the mole-
cule with respect to the external magnetic field and is de-
scribed by the three principal elements of the chemical-shift
tensor (CST). This orientation dependence is particularly
important for the investigation of solids, where the molecules
are more or less rigid and no motional averaging occurs.
The information on the size of the CST and its orientation
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in the molecular principal axis system (PAS) is necessary
for the analysis of several solid-state NMR experiments, e.g.,
for distance measurements by dipolar couplings in static
powder spectra(4), by rotational resonance experiments (5)
or multipulse techniques (6), for the evaluation of structures
by CST correlation (7), for the detection of molecular mo-
tions (8), or for the analysis of relaxation phenomena (9).
The size of the three principal elements of the CST can
provide additional information, which is empirically inter-
preted and becomes more important with an increasing num-
ber of data available (10).

In the present paper, we report our investigation of N
CST in 3,5-dimethylpyrazole (DMP), 3-5-methyl-3-phe-
nylpyrazole (8-PMP), and 3,5-diphenylpyrazole (DPP)
(Fig. 1). Our interest in these compounds actualy stems
from the study of their solid-state hydrogen bonding and
proton tautomerism. The chemical structure variations of
these compounds leads to interesting differencesin the solid-
state hydrogen-bonded structure: DMP forms cyclic trimers
and DPP cyclic tetramers in which degenerate triple and
quadruple proton transfers take place as shown by **N
CPMAS experiments (MAS = magic-angle sample spin-
ning) (11). The rate constants of these processes depend
strongly on temperature. PM P exhibits polymorphism (12).
a-PMP crystallizes from hydrocarbons and forms cyclic tet-
ramers (13) in which a degenerate quadruple proton transfer
takes place according to Fig. 1c, asin solid DPP. By contrast,
B-PMP is obtained from methanol by evaporation and does
not exhibit a solid-state proton tautomerism; i.e., only one
tautomer is formed. Its X-ray crystallographic structure is
not yet known (13). The modification studied previously
(6) and in this study refers to 5-PMP.

Since one can expect the proton tautomerism to affect the
CST of both types of pyrazole nitrogen atom sites, we had
to study these compounds under the conditions where the
protonsarelocalized, i.e., DMP and DPP at |ow temperatures
and S5-DPP at room temperature. Generaly, the elements
were derived by lineshape analysis of the °N static powder
spectra of the doubly **N-labeled compounds, protonated
and deuterated in the mobile proton sites. Thus, the observa-
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FIG. 1. (a) Chemical structure of 3,5-diphenylpyrazole (DPP), 5-
methyl-3-phenylpyrazole (PMP), and 3,5-dimethylpyrazole (DMP). The
protonated nitrogen atoms (—NH-) are aso labeled ‘‘amino’’ and the
nonprotonated nitrogen atoms (—=N—) as ‘‘imino’’ nitrogen atoms. (b)
Degenerate quadruple proton transfer in cyclic tetramers of crystalline DPP
according to Ref. (12c). (c) Degenerate quadruple proton transfer in cyclic
tetramers of crystalline «-PMP according to Ref. (13). The structure of -
PMP where the protons are ordered, i.e., localized, (13) is not known. (d)
Degenerate quadruple proton transfer in cyclic trimers of crystalline DMP
according to Ref. (12).

tion of the *®N—**N dipolar couplings as well as the **N-D
dipolar couplings (14) allowed us to determine the orienta-
tion of the CST of the two pyrazole nitrogen sites with
respect to the molecular PAS, i.e., the internuclear vectors.
The relative orientations of the CST could also be deter-
mined in the case of DMP and DPP at elevated temperatures
where the degenerate proton transfer averages both tensors.
Data concerning the size and orientation of CST are still
scarce. In addition, from the *®N—D dipolar couplings, the
distances between nitrogen and the adjactant deuterium in
the hydrogen bonds of the different compounds could be
obtained.

In order to check the results inferred from the static pow-
der spectra, one-dimensional off-magic axis spinning mag-
netization transfer (OMAS MT) experiments were per-
formed. Magnetization transfer between the orientation-de-
pendent signals of powder spectra allows the determination
of the relative orientations of CST of neighboring spins

through spin diffusion or spins in different states through
molecular motions or chemical exchange. Valuableinforma-
tion about structures and molecular reorientations has thus
been obtained by two-dimensional magnetization-transfer
experiments (7, 8). Here, we use the one-dimensional tech-
nique to obtain the relative orientation of the CST of amine
and imine nitrogen atoms, which can be compared with the
resultsinferred from the lineshape analysis of the static pow-
der spectra.

EXPERIMENTAL

Doubly **N-labeled pyrazoles DMP, PMP, and DPP were
prepared as described in Ref. (15) with *N,-enriched hydra-
zine sulfate (95% *°N). NMR measurements at 2.1 T were
performed on a Bruker CXP 100 NMR spectrometer
equipped with a superconducting magnet. A 7 mm standard
probehead from Doty Scientific Instruments was employed.
Measurements at 7 T were performed with a Bruker MSL
300 equipped with a5 mm probehead. Variable temperature
NMR was performed using a homebuilt heat exchanger
(16). All spectra are referenced to externa solid *NH,CI.
The anglesin OMAS experiments were determined by simu-
lation of a spectrum of NH,**NO; with the parameter o, =
191 ppm, o5, = 390 ppm, and o3; = 421 ppm. Calculations
of the spectra were carried out on a personal computer with
a program based on the equations given in the following
section, taking into account 1000—4000 different orienta-
tions described by the angles © and ® and for OMAS spec-
tra, the average being over 30 values for W. Errors were
calculated according to Ref. (17).

GENERAL SECTION

Calculation of Static and OMAS Powder Spectra

The principles for the calculations of powder patterns of
S spins, which consider chemical-shift interaction and het-
eronuclear dipolar couplings to | spins as well as homonu-
clear couplings, have been published previously (4, 10a, 14)
and will be repeated here briefly for convenience.

The resonance frequency v of spins S embedded in a
static powder in absence of homonuclear couplings depends
on their orientation with respect to the external magnetic
field described by the angles # and ¢ and is given by

v3(0, ¢) = Ve + v + Y Mryg. [1]
i

As usual, vz = ysBo/ 27 represents the Zeeman interaction
of S, v the chemical-shift anisotropy, and v§ the contribu-
tion arising from dipolar coupling of S with spin I. v is
given in the usual secular approximation by
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FIG. 2. Definition of angles acs, Bes, ves @d aq, B4 fOr the orientation
of the chemical-shift tensor and internuclear vector in an arbitrary principal
axis system.

V?s = (ysBo/2m)
X (011008%03, + 05,C08°05, + 03;C08%035;),

[2]

where 873 is the angle between B, and ¢ §; the contributions
of the dipolar S—I coupling are given by

vy = Dg{1 — 3 cos®y},

(vsyihuo/ 1673) /1 .

[3]
[4]

Ds

Dg isthe dipolar coupling constant, 65 is the angle between
the SI vector and the magnetic field, ys and -y, are the gyro-
magnetic ratios, uo is the permeability, and h is Planck’'s
constant.

Asillustrated in Fig. 2, in a molecular frame of reference
with the coordinates X, Y, Z, the orientation of the magnetic
field vector B, is related to this frame by the angles 6 and
. The orientation of the distance vector rg between S and
| is given by the angles aq and B4. The orientation of the
principle components of the CST is given by the Euler angles
aes, PBes, aNd y. If @Al angles are zero, o14||X, oY, and
os3llZ. Any arbitrary orientation is then obtained as usua by
three consecutive positive rotations, i.e., a. about 011, Bes
about o5, and vy about o1;. On inspection of Fig. 2, it
follows by common geometric arguments that

cos A%, = Cos y5,.c0s B5sin f cos(¢p — al)

+ sinysin# sin(¢ — a)

— Cos y5sin B5cos 4, [5]
cos #3, = —sin y5.cos B5sin 0 cos(¢p — al)
+ cos yasin f sin(¢ — a)

+ sin y3sin B5.cos 6,

[6]

cos 0%,

= dn fB5sin 6 cos(¢p — aS) + cos B5cos 6.

[7]
From Fig. 2, it follows that cos6§ is given by

cos 63

= sin 33sin 6 cos(¢ — aF) + cos B35 cos 4. [8]
In the presence of afast dynamic exchange between different
states j, the resulting frequency is simply obtained by

v3(0, ¢) = 3 p(i)v°(j, 6, ¢), [9]

where v5(j, 6, ¢) is the absorption frequency and p(j) is
the probability of state j.

In order to calculate spectra under sample spinning condi-
tions, the molecular PAS is defined in the rotor-axis frame
by the Euler angles ¥, O, and ®. 6 and ¢ are then given by

# = arccos z, [10]
¢ = arccos[x/(1 — z%)°?], [11]
where
Zz=—-sin O cos ¥ sin 2 + cos O cos (, [12]
X = —cos P cos O cos ¥ sin
—cosPsnOcos) —sind sin¥ sinO. [13]

Q isthe magic angle between the rotor axis and the direction
of the magnetic field, ¥ describes the rotation of the sample
around the rotor axis, O is the angle between the Z compo-
nent of the PAS and the rotor axis, and ® defines the final
rotation of the molecule around the Z component of the PAS.
The spinning averaged frequencies 7°(£2, ©, ®, m) are then
obtained by

75(Q, 0, ®, m)

2r
=l/27rf vS(Q, U, 0, d, m)dv, [14]

0

which is numericaly calculated.

The powder spectrum of S is obtained by calculating
v3(0, ®) in increments for © and ®. The corresponding
signal intensities of a certain orientation M(€2, ©, @) are
given by their probability; i.e., the value of sin © and are
convoluted with a line-broadening function.
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Calculation of Homonuclear Dipolar Couplings

The calculation of *N powder spectra of doubly **N-
labeled pyrazoles requires the considerations of the homonu-
clear character of the dipolar interaction between the two
nitrogen atoms (4a, 10a). As a consequence, the position
and the intensity of the signals of homonuclear spins S =
A, B depend on the ratio between the homonuclear dipolar
interaction and the difference 6v

v =M, 6, P, m) — 7%(Q, 6, d, m), [15]
aresult which somehow resembles the well-known AB case
of J-coupled spins in high-resolution NMR spectra. It is
convenient to define the quantities P, Q, and R as

P = 1/2[7A(, ©, ®, ma) + 78(, O, @, mp)], [16]
Q = 1/4Dxg[1 — 3(cos’B4%sin 6 cos(¢p
— a%®) + cos B48cos 6)?], [17]
(SVZ 1/2
R = <Q2 + T) . [18]

The four transition frequencies and corresponding intensities
of the homonuclear dipolar coupled two-spin system is then
given by

l/l(Q, e, @, mya, m|b) =P+ 2Q - R,

M1 (€2, ©, ®, ma, mp) = (1 - %)sin o [19]

VZ(Qy 6'l (I)v may mlb) = P - ZQ - R1

M,(Q2, ©, ®, ma, mp) = (1 + %)sin o [20]

vs(Q, 0, ®, ma, mp) = P + 2Q + R,

M3 (92, ©, ®, ma, mp) = (1 + %)sin o [21]

v4(Q, 0, &, ma, mp) = P — 20Q + R,

M, (2, ©, ®, ma, mp) = <1 - %)sin 0. [22]

Because of mixed terms in the wave functions, these transi-
tions can no longer be assigned to spin A or B alone.

Calculation of OMAS Magnetization Transfer Spectra

Magnetization transfer in or between orientation-depen-
dent signal patterns, arising either from homonuclear spectra
spin diffusion between nearby nuclel or from chemical ex-
change, allows the determination of the relative orientation
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FIG. 3. Pulse sequence of magnetization transfer experiment.

of the CST of various nuclear sites. However, the method
is only satisfactory if the spectral contributions of the CST
of the different sites can be separated, a condition which is
generally not achieved for static powders containing nuclei
in different chemical sites. If the sample contains only afew
sites with substantially different isotropic chemical shifts,
as often redlized in the case of N NMR of *N-labeled
compounds, off-magic-angle sample spinning (OMAS)
about an axis forming the angle 2 with the magnetic field
may be helpful, and scales the effective CST elements in
such a way that well-separated powder patterns for each
individual line can be observed. In this case, magnetization
transfer between the sites via slow chemical exchange or
spectral spin diffusion is of assistance when determining the
relative orientations of the various CST.

The basic pulse sequence employed in this study under
static or OMAS conditions is illustrated in Fig. 3. This se-
guence has been probed in many one-dimensional MAS MT
experiments with a few values of the evolution time t; (18)
as well as in two-dimensional experiments (7, 8) involving
sampling for a set of t; values and Fourier transformation.
The cross-polarization transverse magnetization along the y
direction of the rotation frame of reference characterized by
the frequency ™ evolves in t; with the frequency v5(Q,
O, ®). At t,, the transverse magnetization is converted into
longitudinal magnetization

M3(t,, 2, ©, @)

= cos[2n(v'™ — 7°(Q, O, &, m)t,]sin © [23]

by a 903 pulse evolving during the mixing time t,, which is
generally long in comparison to the transverse relaxation
time. Therefore, remaining transverse magnetization is rap-
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Fig. 5¢c. At first, it seems unlikely that so many additional
parameters could be obtained; however, because of the mo-
lecular symmetry—in particular because of the mirror plane
of the pyrazole ring—we expected one tensor component
to be located parallel to the Z axis, from which it follows
that two Euler angles should be zero for both nitrogen sites.
Thus, by lineshape analysis of Fig. 5c, (i) the value of
r ™ was determined, (ii) it followed that o4; pointed into
the Z direction as illustrated in Fig. 44, i.e., that 8. and 7y
were close to zero for both nitrogen sites, and (iii) the abso-
lute values of a for both nitrogen sites was derived. In order
to determine the signs of a., we measured the spectrum of
the monodeuterated compound DPP-d; at low temperatures
and 2.1 T depicted in Fig. 5e. In comparison with Fig. 5c,
the influence or the dipolar ND coupling becomes evident.
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FIG. 4. Results of the **N solid-state NMR measurements performed
on solid pyrazoles obtained in this study. (a) Orientation of >N chemical-
shift tensors of the amino and the imino nitrogen atom sites of DPP and
in good approximation for S-PMP and DMP in the molecular frame. (b)
Orientation of the dipolar N—D coupling tensor in the molecular frame.
(c) and (d) Representation of principal values of N chemical-shift tensors
of the imino and the amino nitrogen atom sites in DPP, PMP, and DMP.
Reference: solid *NH,CI. The ellipses represent the tensor elements oy,
and o, for the long and short axes, both located in the molecular pyrazole
plane. (e) Change of the **N chemical-shift tensor of DPP during tautomer-
ism.
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FIG. 5. Superimposed experimental and calculated *H-decoupled **N
static powder spectra of doubly *N-labeled DPP and its mono-deuterated
isotopomer DPP-d; under various experimental conditions. Reference: solid
NH,CI. (a b) DPP, 7 T (30.41 MHz), (c, d) DPP, 2.1 T (9.12 MHz);
(e, f) DPP-d;, 21 T (9.12 MHz). In (& c, e), the calculated subspectra
of the amino and the imino nitrogen sites are presented. The site intensities
were calculated according to the square of the coefficients in the mixed
wave functions.

Through lineshape anaysis of this spectrum, information
was obtained about (i) the values of the short nitrogen—
deuteron distance r §° for the amino site, (ii) the long dis-
tance r °' for the imino site, (iii) the corresponding Euler
anglesa® and a§°’ defined in Fig. 4b, and (iv) the absolute
signs of a for both nitrogen sites, taking into account that
the Euler angles 8 ° and 53" are zero because of the molec-
ular symmetry.

For the lineshape analysis of the DMP spectra at low
temperatures, we proceeded in the same way, as also for the
room temperature spectra of S-PMP, which is not affected
by proton tautomerism. The results obtained are compared
in Figs. 4c and 4d. In this manner, the remaining parameters
of Table 1 were determined.

Confirmation of the Analysis for DPP and DMP by
Lineshape Analysis of the >N Spectra in the Regime of
Fast Proton Tautomerism

The >N spectra of DPP and DMP taken at elevated tem-
peratures show important changes as compared to the low-
temperature spectra as demonstrated for DPP in Figs. 5b, 5d,
and 5f. From the analysis of the corresponding **N CPMAS
spectra (11), it was known that these spectral changes arise
from fast, degenerate, solid-state proton tautomerism. The
difference between amino and imino nitrogen sites is, how-
ever, no longer justified and the spectra consist only of the
contribution of asingle nitrogen site, because the degeneracy
of the tautomerism implies the formation of two equally
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populated tautomers. Due to this degeneracy, it was natura
to assume that the tautomers are enantiomers related by a
mirror symmetry as in the gas phase. The change of the *N
CST and the dipolar ND coupling tensors during the proton
transfer can thus be obtained from the tensors of the neigh-
boring nitrogen atom site by simple symmetry arguments as
illustrated in Fig. 4e. If this assumption is true, it should be
possible to simul ate the high-temperature **N CP NMR spec-
tra of DPP and DMP using the parameters of Table 1. More-
over, a good agreement between the calculated and the ex-
perimental spectra would corroborate the Euler angles of
Table 1.

In fact, as illustrated in Figs. 5d and 5f, the agreement
was very satisfactory. Furthermore, the simulation of the
high-field spectrum of Fig. 5b in terms of only the compo-
nents of the CSTs and the Euler angles relating the two
tensors calculated from Table 1 aso led to a satisfactory
result. The parameters of Table 1 could therefore be corrobo-
rated for DPP and also in a similar way for DMP.

Confirmation of the Analysis for 5-DPP by One-
Dimensional Off-Magic-Angle Magnetization Transfer
(OMAS MT) via Homonuclear Spectral >N Spin
Diffusion
In the case of S-PMP, the proton tautomerism is, as men-

tioned above, suppressed and a different strategem was ap-
plied in order to corroborate the results of the lineshape
analyses. We performed OMAS MT experiments on PMP,
taking advantage of the spectral spin diffusion between the
adjacent **N atoms of the doubly labeled compound. Figure
6a showsthe 7 T OMAS spectrum of PMP where the angle
of the rotation axis and the magnetic field was Q2 = 65.3°.
This spectrum corresponds to avalue of t; = 0 sin the pulse
sequence of Fig. 3. In contrast to the spectrum of the static
powder which looks similar to the DPP spectrum of Fig. 5a,
the two contributions of the amino and the imino nitrogen
sites are fairly now well separated. Therefore, the small ef-
fects of the dipolar homonuclear **N coupling can be taken
into account in good approximation using the simpler theory
of heteronuclear dipolar coupling expressed in Egs. [1] —
[4]. Figures 6b and 6d depict the OMAS spectra after two
different timest; and a mixing time of t,, = 10 ms. Thistime
was too short to alow an effective magnetization transfer by
spin diffusion. In contrast, the spectrain Figs. 6¢ and 6e are
obtained by amixing time of t,, = 10 s, leading to substantial
lineshape changes caused by magnetization transfer via spin
diffusion between the adjacent *N spins. The agreement
with the experimental and the calcul ated spectraisvery satis-
factory. The agreement was achieved mainly by varying the
anglesrelating the amino and theimino CST. The parameters
obtained coincided within the margin of error with those
assembled in Table 1, confirming in an independent way,
the results obtained by lineshape analysis of the spectra of
the static powders.

tm=10ms
a t=0.001ms

PU— PR S S S I

300 opm 100

FIG. 6. Superimposed experimental and calculated *H-decoupled **N
off-magic-angle spinning (OMAS) NMR spectra of *N,-PMP obtained at
30.41 MHz as aresult of the magnetization transfer pulse sequence depicted
in Fig. 3. The correlation of the amino- and imino-**N chemical-shift tensors
is obtained by lineshape anaysis. Reference: solid **NH,Cl. (a) Normal
OMAS spectrumwitht; = 1 us = 0. (b)—(e) OMAS magnetization transfer
spectra with t; = 1.5 ms and variable delays t,,. The parameters of the
lineshape analyses are included in Table 1.

DISCUSSION

In the previous section, we reported the **N CST and the
NN and ND dipolar coupling tensors of the amino (-NH-)
and the imino (= N-) nitrogen sites of three solid doubly
>N -labeled pyrazoles DPP, DMP, and PMP (see Figs. 1 and
4, and Table 1). The CST elements were determined mainly
by analysis of the static powder spectra obtained under pro-
ton decoupling. In order to orient the amino and imino CSTs
in the molecular frame of reference, advantage was taken of
homonuclear dipolar **N and heteronuclear **ND coupling.
The assignment was corroborated in the case of DPP and
DMP by lineshape analysis of the spectraat high temperature
where a fast degenerate proton tautomerism averages the
spectral parameters of the amino and the imino sites. In the
case of PMP where the tautomerism is suppressed, the rela-
tive orientations of the CSTs were corroborated via one-
dimensional OMAS-MT experiments where the magnetiza-
tion transfer is caused by spectral spin diffusion between the
two adjacent **N nuclei. In genera, the information was
obtained by lineshape analysis of one-dimensional spectra
at different evolution times as depicted in Fig. 6. Previoudly,
such information has been determined by two-dimensional
experiments (7), but the results presented here indicate that
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TABLE 2
Crystal Geometric Data Concerning DPP, a-PMP, and DMP

Amino nitrogen Imino nitrogen

NN N...N NH

NH NH NH

r r r a r o
DPP? 1.346 2.874 1.018 1255 1.898 —
1.118 1.741
DPP 1.360 2.865 (1.450) — (1.450) —
a-PMP 1.364 2.863 (1.427) 1195 (1.427) 1195
DMP 1.334 2.899 0.88 125.1 212 —
DMP® 1.362 2.890 0.95 124.0 1.94 —
Note. r™, intramolecular N . . .N distance; r™---", intermolecular N . . . N distance; r™, covalent distance N—H in the case of amino nitrogen and
long N . . . H distance across the hydrogen bond in the case of imino nitrogens; o™, angle between the NH vector and the NN vector.
@ Reference (12).

® Reference (23).

¢ Reference (13).

9 (Room temperature): Refs. (11, 24).
° At —146°C, Ref. (25).

in the case of few molecular sites asis generally redlized in
N NMR, one-dimensional experiments are also helpful.
Such experiments have the advantage in that they are less
time consuming than two-dimensional experiments and that
lineshape analysis from which quantitative information can
be obtained is easier.

In the remainder of this section, we discuss the parameters
obtained in context to selected crystallographic parameters as-
sembled in Table 2. There are significant differencesin the type
of parameters obtained by NMR and X-ray crystallography.
By low-temperature NMR, only the intramolecular pyrazole
structure is observed involving localized protons. At room tem-
perature, a fast degenerate proton tautomerism is observed for
DPP and DMP, i.e,, dynamic proton disorder. By contrast,
in X-ray crystallography, both the intramolecular or primary
gructure and the secondary and the tertiary hydrogen-bonded
structures are observed and averaged over al tautomeric states.
Furthermore, the bond lengths obtained by NMR are cubic
averages which are generally shorter than the average distances
obtained by X-ray crystalography. A further complication is
that the bond lengths determined by NMR may be affected by
small angle reorientation of the distance vectorsin space arising
from molecular mobilities, eventually leading to a reduced di-
polar coupling and hence to distances which are larger than
those obtained by crystallography.

Let us first discuss the outcome of the chemical-shift an-
isotropy determinations. The principal elements of **N CST
in DPP, 3-PMP, and DMP assembled in Table 1 were visual-
ized in Fig. 4. Only small variations between the different
compounds are observed (Figs. 4c and 4d). For the amino
(—NH-) sites, the most shielded component o 3; of the CST
ismore or less similar and located perpendicular to the pyra-
zole ring. Small differences appear in both o1; and o, which
are located in the plane of the pyrazole ring along the main
directions of the ellipses depicted in Figs. 4c and 4d, o,

being almost parallel to the ND vector. For the nonproton-
ated imino nitrogen sites, o33 is again located perpendicular
to the molecular plane and is similar for the amino nitrogen
sites. However, o4, and o, are strongly deshielded leading
to a low-field isotropic chemical shift which can be under-
stood in terms of a paramagnetic deshielding associated with
a low-energy n — «* transition. Figure 4e illustrates the
change of the chemical-shift tensor of the amino nitrogen
site when the proton transfer occurs, i.e., when the site is
converted into an imino site. The shielding in the directions
paralel to the hydrogen bond and perpendicular to the pyra-
zolering is dmost identical, and the difference of about 70
ppm in the isotropic chemical shifts of the amino and the
imino nitrogen sites therefore arises from the deshielding in
the direction of o,; of the imino site. In conclusion, the
N chemical-shift tensors of pyrazoles depend strongly on
whether the nitrogen is protonated or not, but less on the
chemical structure. Since small changes of the substituents
lead to large changes of the secondary hydrogen-bonded
structure, it follows that the CST of the compounds studied
here are also not very sensitive to the latter.

This result can be explained in terms of the finding that
the short dipolar ND distances r §° between the hydrogen-
bonded deuteron and the amino nitrogen in DPP, 5-PMP,
and DMP obtained from the analysis of the spectra of the
ND-deuterated compounds are not significantly different,
i.e, around 1.05 A, despite the different secondary hydro-
gen-bonded structure. Also, the long distance r §°' between
the deuteron and the imino nitrogen atom across the hydro-
gen bond, which is on the order of 1.9 A, does not vary too
much. The cubic average of both distances can be calculated
from the equation

1

5=

0.5
(r ND)3

0.5
(rND’)3 !

[25]
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and ris on the order of 1.25 A. The spectrum of DPP at a
high temperature where the proton transfer isfast and degen-
erate (Fig. 5f) could aso be ssimulated using the single dis-
tance r. We note that this distance is shorter than expected
from half of the crystallographic distance r™/2 = 1.45 A.
The finding

r<r/2 [26]

is not in agreement with the proton located in the center of
the hydrogen bond as proposed by Fackler et al. (23), i.e.,
with a single-well potential, but indicates a fast tautomeric
equilibrium between two forms, confirming the crystallo-
graphic structure of Ref. (13) (aso see Table 2). In the
case of DPP and DMP, this information is not absolutely
necessary because the slow-exchange region could be ob-
served at low temperatures (13); however, in other cases
where the dow-exchange regime cannot be reached, Eq.
[24] constitutes an important tool for the distinction of a
single- and a double-well potential.

We observed that the hydrogen locations obtained by X-
ray crystallography and NMR are not in a particularly good
agreement. On the one hand, the NND angles o™ which
are on the order of 120° are in good agreement; on the other
hand, the nitrogen—deuterium distances obtained by NMR
are substantially longer than those obtained by X-ray crystal-
lography (Table 2), which we ascribe to the known uncer-
tainties of the latter method in establishing such distances.
The NMR data, although affected by small systematic errors
should be more easily comparable with neutron diffraction
data which are, however, not yet available for pyrazoles.
Fortunately, however, such a comparison is possible because
Steiner (19) recently analyzed a number of published high-
quality neutron diffraction data of N—H- - -N hydrogen
bonds and observed a good correlation between the short
and the long nitrogen—hydrogen distances r; and r,. From
Steiner’'s correlation, we calculate for r;, = 1.05 A an ex-
pected long distance of r, = 1.77 A which is significantly
smaller than the experimental values of r, =~ 1.85 A listed
in Table 1. On the other hand, we calculate a short distance
of 1.039 A which iscloser to the experimental values. There-
fore, within the margin of error, Steiner’s correlation is ful-
filled for solid pyrazoles. However, when making this com-
parison, one must keep in mind three possible complications:
(i) themarginsof error listed in Table 1 are purely statistical;
(ii) the values determined by NMR represent cubic averages
and can, therefore, be somewhat shorter than those obtained
by neutron diffraction if there are large anharmonicities of
the hydrogen bond vibrations, but generaly, the values ob-
tained by NMR are longer than those obtained by neutron
diffraction because dipolar couplings are reduced by small
angle molecular motions in the solid state (4a); (iii) the
data obtained here by NMR refer to nitrogen—deuterium and

not to nitrogen—hydrogen distances, which may be different.
A systematic search in the Cambridge Structural Database
(CCSD) (21) leads to an average N—H distance of 1.017
(+0.002) A and an average N-D distance of 1.024
(+0.005) A. However, these values stem from different sets
of compounds and the average isotope effect may, perhaps,
not be representative. We note that Lecombe and Taylor
(22) found an increase of the nitrogen—hydrogen bond
length upon deuteration of 0.006 A for thiourea and its two
modifications. By contrast, some of us recently showed by
solid-state NMR a decrease of about 0.01 A for the bond
length upon deuteration for trimethylammonium salts (14b).

CONCLUSIONS

In conclusion, we have investigated the size and orienta-
tion of the chemical-shift tensors of amino and imino nitro-
gen atoms and the ND distances in three different substituted
pyrazoles. The magnetization transfer in OMAS experiments
should be enhanced by the application of multipulse tech-
niques (26), thus increasing the potential of the method by
effectively shortening the necessary mixing time required
for the experiment.
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