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A ?"Jyn intermolecular spin-spin coupling constant (SSCC) of 10.2 + 0.4 Hz has been measured for the
powdered tetrachlorogallate salt of pyridinium solvated by pyridine (pyridine-H*---pyridine cation 3).
Density Functional Theory (DFT) calculations at the B3LYP/6-311++G(d, p) level reproduced this value
and two others reported in the literature for 2%/ intermolecular SSCCs, which were measured for com-
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1. Introduction

Interest in the measurement of scalar NMR spin-spin coupling
constants across hydrogen bonds is considerable due to their rele-
vance for the structures of biomolecules. The experimental diffi-
culty has limited most of these measurements, either in solution
or in solids, to the 1/2 spin nuclei 'H, 'C, '°N and '°F, with few
data involving 3'P; couplings with biologically interesting nuclei,
such as '70, have been measured recently, for instance a "o
has been measured in uracil [1]. To determine a coupling constant
across a hydrogen bond (HB), several conditions must be fulfilled:
(i) the HB strength must be moderate to high, which limits most
studies to NH, OH and FH as HB donors and O(sp?) and N(sp?) as
HB acceptors; and (ii) the geometry of the HB must be rigid. This
latter requirement is not a problem if the HB is intramolecular,
but if intermolecular this condition requires either biomolecules
(nucleic acids, proteins) held together by multiple HBs or low-tem-
perature studies. In the case of X-H---Y complexes, the three con-
stants Yy, "y and 2"xy can be measured if X and Y are 1/2 spin
nuclei, but if one of the nuclei has a I > 1/2, for example, X = O and
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Y =N, then in general only one of the '] couplings, 'Jyy, can be
determined (note the 2"y, cited previously [1]).

In 1998, Dingley and Grzesiek [2] reported the first example of
2hyn. which refers to '>N-'°N J couplings in solution. Using a
uniformly 'C/'>N-enriched nucleotide, they measured averaged
values of 6.7 + 0.5 Hz for uracil/adenine and 6.3 + 0.2 Hz for cyto-
sine/guanine dimers. Concurrently, Pervushin et al. [3] described
similar results for DNA, corresponding to 6.3 + 0.3 Hz for cyto-
sine/guanine and 6.8 + 0.3 Hz for thymine/adenine. Other exam-
ples of biomolecules with observed coupling constants in this
range have been reported [4] and we will cite only the case of
the imidazolium/imidazole fragment in apomyoglobin, where a
2hy~ of 11.0 + 1.0 Hz has been measured at pH = 4.9 [5].

In small molecules the 2"Jyy couplings in solution, ranging from
16.5 Hz to 5.3 Hz, have primarily been determined for intramolec-
ular hydrogen bonds [6,7]. The only contribution concerning inter-
molecular hydrogen bonds is due to Sijbesma et al. dealing with
ureidopyrimidinones that exhibit 2"/yy couplings with values of
about 5 Hz that, in some cases appeared to be temperature depen-
dent [8].

A previously published report by Del Bene and Bartlett calcu-
lated a 2"y coupling for the CNH. - -pyridine complex at 10.7 Hz,
which was estimated from the Fermi contact term calculated with
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the EOM-CCSD approximation [9]. Analyses of these couplings at
the SOPPA level for different N-H---N HBs, including anions and
cations, have also been completed [10]. These results support the
conclusion that 2"Jyy depends on the hybridization of the hydro-
gen-bond donor N atom; 2"/yy does not depend on the hybridiza-
tion of the hydrogen-bond acceptor N atom, and the dependence
on the N atom hybridization is larger for charged complexes than
for neutral ones.

In the following study, we focus on the measurement and calcu-
lation of 2"y in the solid state. Some of us [11,12] have previously
reported intramolecular 2"Jyy couplings in the 6-aminofulvene-1-
aldimines at 7.3 + 0.1 Hz and 8.0 = 0.2 Hz, that are lower than those
determined in solution [7]; this indicates that the intramolecular
HBs are shorter in solution than in the solid state.

2. Results and discussion
2.1. 2"y spin-spin intermolecular coupling constants (SSCC)

The determination of spin-spin coupling constants across inter-
molecular HBs, 2"y, in the solid state is particularly interesting
because the crystal should prevent the dynamic characteristics
present in solution even at low temperatures. Prior to this work,
only three papers describe this type of coupling. In the first one,
some of us reported a 2%y coupling of approximately 40 Hz in
an organometallic complex 1 (Fig. 1a) [13], whose structure was
previously solved (refcode UJOKE]) [14,15]; in 2001 Limbach
et al. determined that in solution, 2"y is equivalent to —96 Hz
(F-H- - -collidine complex) [16], but this corresponds to a partial
transfer of the proton to the base (F~---H*-collidine).

Brown et al. described the measurement of ZthN in self-assem-
bled guanosines by solid-state >N spin-echo MAS NMR [17]. In the
guanosine trimeric ribbon 2 (Fig. 1b), for which the X-ray structure
is known (refcode MOFBUE [15]), two intermolecular couplings
were measured, however, only one smaller coupling was measured

for the guanosine cyclic tetramer [18]. Finally, as aforementioned
in the introduction a 2"yo coupling for N-H:--O intermolecular
hydrogen bonds in uracil has been determined [1].

Theoretical calculations of 2%Jyy couplings have been reported
for intramolecular [19] and intermolecular situations [9,10]. In a
subsequent paper, Joyce et al. [20] described DFT/CASTEP calcula-
tions of different N-H- - -N hydrogen bonded situations using a fully
unconstrained geometry with fixed cell parameters, and their re-
sults were in excellent agreement to experimental data: fulvene-
aldimines [11,12], exp. 7.3 £0.1 Hz, calcd. 7.4 Hz; exp. 8.0+0.2
Hz calcd. 8.1 Hz; guanosine trimer 2 [17,18], exp. 7.4 £ 0.4 Hz,
calcd. 7.7 Hz and exp. 6.2 + 0.4 Hz, calcd. 6.5 Hz. In the experimen-
tal study, the N---N distances were 2.83 and 2.91 A; however, in
the theoretical paper, the N.--N distances were 2.81 and 2.88 A,
which is an effect of relaxing the geometry.

2.2. Selection of a model for intermolecular SSCC measurement

We chose a complex presenting a strong N-H.--N HB that pos-
sessed a geometry described in the CSD [15] and allowed accessi-
ble >N labeling strategies. The complex we selected was the
pyridine-pyridinium tetrachlorogallate (3) (IKOHEV, Fig. 2) [21],
as ['°N]-pyridine is commercially available. Complex 3 was pre-
pared by exchanging ['*N]-pyridine with an excess of ['>N]-pyri-
dine. >N CPMAS NMR data exhibited two signals at —157 ppm
(NH*) and —98 ppm (N) (cf. Section 4 for the detailed protocol).

2.3. >N CPMAS NMR experiments

The experimental J couplings were extracted from a series of 1D
15N CP-MAS spin-echo experiments that were recorded for a se-
quence of spin-echo delay 7 values, and the integrated intensities
S in the frequency-domain spectra were fit to the following
equation:
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Fig. 1. Structures of: (a) the 3,5-di(4-butoxyphenyl)-1H-pyrazole Pd (II) complex tetrafluoroborate (1) and (b) the guanosine trimeric ribbon 2.
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Fig. 2. The molecular structure of 3 [dninz = 2.707 A, dnin = 0.946 A, angle N{H;N, = 169(6)°].

S(t) = Acos(27JT) exp(—21/T5)

In the plot of the experimental S(t) against 7, the first zero
crossing is observed at 7 = 1/4] for N; and N, resonances (Fig. 3a),
and 2"y values of 10.6 and 9.8 Hz, respectively, were derived with
the average value calculated to be 10.2 + 0.4 Hz.

The hydrogen-bond mediated J coupling, 2"J(N;-H---N,), was
also identified using a two-dimensional '°N refocused INADE-
QUATE [22] experiment; signals for both J-coupled nuclei were ob-
served in this experiment (Fig. 3b).

2.4. SSCC theoretical calculations

The validity of our approach was evaluated by calculating
(B3LYP/6-311++G(d, p) DFT method) the SSCC corresponding to
the organometallic complex 1 [13] and the guanosine trimeric rib-
bon 2 [17,18] (Fig. 1). Our approach for calculating situations
where the X-ray structure is known, was to use the experimental
geometry for all non-hydrogen atoms and optimize all hydrogen
atom positions. The resulting relaxed geometry is not a minimum,
but the structure avoids the common problem of A-H distances
from X-ray crystallography.

The study of 2"Jyr SSCC in solution for intermolecular complexes
is known to be particularly challenging. For example, the value of
this coupling for the collidine/HF complex in solution (—96 Hz)
[16] cannot be reproduced adequately even at the EOM/CCSD level
(—57.0 Hz) [23]. Similarly, the coupling constant for the ammonia/
HF complex (—43.7 Hz) is very sensitive to the geometry of the
complex [24]. In solution, however, the proton should be partially
transferred to the N atom (F- - -H"-N) with concomitant shortening
of the F---N distance and a large increase in the value of 2"Jyr. We
have studied the reciprocal case of an N-H. - -F HB, but, in solution
and for an intramolecular situation (2-fluorobenzamide) [25], the
experimental value (?%Jyr = —7.3 Hz) was very well reproduced by
the calculations (—7.4 Hz [B3LYP/6-311++G(d, p)]).

In this approach, the structure of the coordination complex 1
was simplified by removing the pyrazole substituents at positions
3 and 5, and only fragments with one or two pyrazoles were con-
sidered. The effect of coordination with a palladium/n3-allyl com-
plex was also evaluated. The results indicate that neither the
complexation with palladium/n3-allyl nor the second B-F---H-N
HB modifies the SSCC appreciably; in contrast, the dyr distance
has a significant effect, and the largest coupling corresponded to
the shortest distance. An average value of —25 Hz was calculated,
which underestimates the experimental value of ~|40| Hz; how-
ever, the experimental value includes a !Jyy of 8 Hz measured in
solution that was not resolved in the >N CPMAS NMR spectrum,
and a 2%yr = |32| Hz is likely a better estimation.

In the guanosine trimeric ribbon 2, the SSCC were calcu-
lated for the trimer and both possible dimers to determine

possible cooperative (non-pairwise) effects (NPE). Clearly there
are NPEs observed for the same N---N distance in which 2"\
increases from 5.4 to 5.7 Hz and from 6.7 to 7.0 Hz. These val-
ues are lower than those determined experimentally at 6.2
and 7.4Hz, but we have not allowed for a contraction of
the HBs.

According to the theoretical calculations, complex 3 can adopt
two structures; the perpendicular structure (3pe, Table 1) is the
minimum, and the planar one (3, Table 1), which exists only
in the crystal, is a transition state. The results of the calculations
are reported in Table 1 being consistent with the following con-
clusions: (i) The difference in conformation (perpendicular vs.
planar, entries 1 and 2) has a small effect on 2"Jyy; the perpendic-
ular geometry corresponds to the minimum, which has a shorter
distance dyn and consequently a larger SSCC (14.1 vs. 13.6 Hz);
however, when dyy is fixed (entries 3 and 4, dyy =2.707 A), the
planar conformation has the larger SSCC (14.0 vs. 13.6 Hz). (ii)
The tetrachlorogallate anion has a small effect on the SSCC (en-
tries 5 and 6); when all other variables are held constant, the an-
ion decreases 2"y by 0.3 Hz. (iii) Calculations that include the
GaCl, anion (entries 5, 7 and 8) show the effect of the geometry
on the HB: a total optimization leads to dyy=2.740A,
dan=1.090 A and ?"Jyn=12.6 Hz. When setting dny according
to the X-ray determined proton position (dyy = 0.946 A), the 2"yy
coupling decreases to 9.3 Hz; removal of this constraint (entry 8)
results in an increase of the 2"Jyn coupling to 13.7 Hz. The actual
position of the NH (NH bond length and NHN bond angle) should
be intermediate between that determined by X-ray crystallogra-
phy (a well-known problem resulting in abnormally short X-H
distances) [26] and the one calculated for the gas phase. As stud-
ied for 3, the effect of anions on the 2"y present in proton
sponges has been examined by Limbach et al. [6]. Strong coordi-
nation of the anion with the proton of the HB was found to weak-
en the HB, which becomes more asymmetric, and 2"Jyy decreases;
in contrast, anions that are less solvating will increase the ob-
served coupling. In our case, the small decrease should be related
to the Cl;GaCl---H* interaction.

A plot of the 2"yy values calculated in this work for com-
pounds 2 and 3 against the N---N distance is presented in
Fig. 4; a compilation of 2"Jyy couplings calculated at the B3LYP/
6-311++G(d, p) level for a great variety of N-H---N HBs is also
shown [10]. Clearly, the results from this study are in agreement
with those previously calculated. According to the trendline, in
compound 2, the shortening of the N---N distances from 2.83 to
2.81 and from 2.91 to 2.88 A [20] increases ?"Jyn by 1.07 and
1.11 Hz, respectively. Thus, for these shorter HBs, the couplings
should be 7.5 and 6.3 Hz, which are very close to the experimen-
tal values of 7.4 and 6.2 Hz [17,18]. This strongly indicates that
the calculation method is less important than consideration of
the geometry of the HBs [10].
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Fig. 3. (a) Experimental determination of 2%Jyy in complex 3. (b) 2D "N refocused-INADEQUATE solid-state NMR spectrum of 3 recorded at 700 MHz ('H resonance

frequency).

3. Conclusions

The first example of an intermolecular 2"Jyy in the solid state for
a cationic species, the tetrachlorogallate salt of pyridinium/pyri-
dine (3) has been determined, both experimentally and via DFT cal-
culations. The value for this '’N-'’N ] coupling through an
intermolecular hydrogen bond, 10.2 Hz, is similar to those mea-
sured in solution for the imidazolium/imidazole fragment in apo-
myoglobin (11.0 Hz [5]) and for some protonated proton sponges
(9.9 Hz [6]).

4. Experimental
4.1. Pyridine-pyridinium tetrachlorogallate (3) [Py- - -H-Py][GaCly]
A solution of pyridinium chloride (1.32 g, 11.42 mmol) in 30 mL

of dry pyridine was added to a solution of (GaCls), (2.0g,
11.36 mmol) in 10 mL of dry pyridine. The reaction was stirred

for 1 h at room temperature under an argon atmosphere. The ex-
cess pyridine was evaporated, and the residue was crystallized
from toluene to yield pyridine-pyridinium tetrachlorogallate (III)
(3) (4.0 g, 95%). M.p. (SEIKO DSC 220C, scanning rate: 5.0 °C per
min, sample size 0.004g) 98.7°C (lit. 116°C) [21]; '"H NMR
(40013 MHz, DMSO-CIG) 6=8.75 (d, 3_]H2/H6—H3/H5 =4.7 Hz, H-Z/H-
6), 8.22 (dddd, *Jua-n3 = >Jna-ns = 7.7 Hz, Yua-ri2 = Jna—ne = 1.7 Hz,
H-4), 7.75 (m, H-3/H-5); '3C NMR (100.62 MHz, DMSO-dg)
6 =145.5 (C-2/C-6), 141.6 (C-4), 125.7 (C-3/C-5); elemental analy-
sis calcd. (%) for C;oH{{N,GaCl, (370.74): C 32.40, H 2.99, N 7.56;
found: C 32.03, H 3.01, N 7.50.

4.2. Pyridine-pyridinium tetrachlorogallate (3) [Py- - -H-Py][GaCly]
[°N]-labeled

One hundred and four milligram of unlabeled pyridine-pyridi-
nium tetrachlorogallate (3) was dissolved in 150 pL of [*°N]-la-
beled pyridine. The mixture was allowed to stand for 17 h under
an argon atmosphere at room temperature, and then the excess
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Table 1
Theoretical calculations of 2"y in Hz for complex 3

Cl
Cl -/,
e Cl

\
Cl

\7*/"*'3“““'“\7/ QN

N=—— @NwaND

3 3per 3p|a
Entry Conformation Anion Geometry constrains dan (A) dni (A) HNH (°) Code A
1 Perpendicular None None 2.687 1.107 180.0° 3per 14.1°
2 Planar None None 2.722 1.097 180.0° 3pia 13.6
3 Perpendicular None dnn fixed 2.707¢ 1.103 180.0% 3per 13.6
4 Planar None dyy fixed 2.707¢ 1.102 180.0° 3pia 14.0
5 Planar GaCly None 2.740 1.090 178.0 3 12.6
6 Planar None Identical to entry 5 2.740 1.090 178.0 31 12.9
7 Planar GaCly Only CH optimized 2.707¢ 0.946 166.9 3 9.3
8 Planar GaCly All H optimized 2.707¢ 1.107 175.7 3 13.7
9 Planar None Experimental data 2.707¢ 0.946 169.0 3o 10.0
Exp. Planar GaCl, - 2.707 0.946 169(6) 3 10.2+04
2 Gy

> A SOPPA calculation lead to a 2"Jyy = 15.5 Hz.
¢ Experimental.
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Fig. 4. Scatter of 2"Jyy coupling constants vs. N. - -N distances for compounds 2 and
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2Njn = 240,795 « e(~3:624+dNN) " R2 _ 0 953 (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

solvent was removed. The residue is '>N-labeled 3 (isotope abun-
dance approximately 70% by NMR integration of C-4 signals). H
NMR (400.13 MHz, THF-dg): 5=8.76 (dd, *Juzme_r3ms = Juany
uen = 5.5 Hz, H-2/H-6), 8.23 (dd, *|us_n3 = >Jua_us = 7.7 Hz, H-4),
7.78 (m, H-3/H-5) ppm; !'3C NMR (100.62 MHz, THF-dg):
0=146.71 (C-2/C-6), 14665 (YJen=5.0, C-2/C-6), 142.97
(Clon=4.1, C-4), 142.90 (C-4), 126.91 (C-3/C-5) ppm; >N NMR
(40.56 MHz, THF-dg): 6 = —126.9 ppm.

4.3. NMR Studies

Solution NMR spectra were recorded at 300 K on a Bruker DRX
400 (9.4Tesla, 400.13 MHz for 'H, 100.62MHz for '>C and
40.56 MHz for '>N) spectrometer with a 5-mm inverse-detection

H-X probe equipped with a z-gradient coil. Chemical shifts (¢ in
ppm) are given from internal solvent references: CDCls, 7.26 for
'H and 77.0 for '3C; THF-dg, 3.58 for 'H and 67.6 for '3C. Typical
parameters for 'H NMR spectra included a spectral width of
5500 Hz, a pulse width of 7.5 pus and a resolution of 0.33 Hz per
point. Typical parameters for '*C NMR spectra included a spectral
width of 20,600 Hz, a pulse width of 10.6 us and a resolution of
0.63 Hz per point; WALTZ-16 was used for broadband proton
decoupling, and the FIDS were multiplied by an exponential
weighting (Ib = 1 Hz) before Fourier transformation.

Solid-state experiments were conducted on a Bruker Avance Il
spectrometer operating at 700 MHz ('H resonance frequency)
and using a 3.2 mm triple resonance probe. The temperature
was regulated at 295 K, and the magic angle spinning frequency
was set to 22,222 Hz. '°N transverse magnetization was obtained
using ramped cross-polarization from 'H with a contact time of
5 ms, and proton heteronuclear dipolar decoupling was achieved
using the SPINAL-64 scheme and a decoupling field strength of
100 kHz. The recycle delay was set to 15s. In the CP-MAS spin-
echo experiment, the rotor-synchronized delay t was varied in
the range [0; 33.12 ms]. In the 2D refocused INADEQUATE exper-
iment, a 141 ppm sweep width was used in the indirect dimen-
sion of acquisition, and 64 transients were co-added for each of
the 64 t; points. The rotor-synchronized evolution time t was
set to 9.99 ms. '°N spectra were originally referenced to '>NH,4CI,
and the spectra were then converted to the nitromethane scale
using the relationship: &!'°N(nitromethane) = 8'>N(ammonium
chloride) — 338.1 ppm.

4.4. Computational details

The geometries of the systems have been fully optimized at the
B3LYP/6-311++G"* level with the Gaussian 03 facilities [27]. Fre-
quency calculations have been carried out to confirm that the fully
optimized structures correspond to energy minima. Coupling con-
stants were calculated at the B3LYP/6-311++G"* level and, in one
case, at the SOPPA level [28].
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