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Abstract

The 1H, 15N, and 13C NMR spectra of partially 15N labeled bis-(2-pyridyl)-acetonitrile (1) dissolved in CDCl3 and CD2Cl2 have been
measured in order to characterize its intramolecular NHN hydrogen bond. A fast proton tautomerism renders the molecule symmetric
within the NMR timescale which complicates the determination of the scalar coupling constant 2hJ(15N,15N) ” J(N,N) across the intra-
molecular NHN-hydrogen bond. It is shown that an isotopic labeling scheme where experiments are performed on a mixture of
1-14N14N, 1-14N15N, and 1-15N15N facilitates the direct determination of J(N,N) from the non-decoupled 15N NMR spectra as well
as the indirect detection via 13C NMR. Thus, a value of J(N,N) = 10.3 ± 0.5 Hz is obtained, which is similar to the corresponding value
of 10.6 ± 0.5 Hz found previously for the seven-membered H-chelate N,N 0-diphenyl-6-aminopentafulvene-1-aldimine-15N2 (2). By con-
trast, the crystallographic N. . .N distances and hydrogen bond angles of both compounds are very different, i.e. 2.65 Å and about 140� in
the case of 1 and 2.79 Å and about 160� in the case of 2. However, the sum of the calculated NH and H. . .N distances is the same for both
compounds, i.e. 2.75 Å. This finding supports the previous proposition that the values of J(A,B) of a hydrogen bond AHB are correlated
with the sum of the two hydrogen – heavy atom distances rather than with the heavy atom distance.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of scalar nuclear coupling constants
across OH15 N hydrogen bonds [1], across 19FH19F hydro-
gen bonds [2], and across 15NH15N hydrogen bonds [3,4]
has stimulated a number of experimental and theoretical
studies. Scalar one-bond HB and two-bond AB couplings
of hydrogen bridges AAH� � �B provide information about
the geometries and hence electrostatic properties of hydro-

gen bridges [5], whereas long-range couplings involving
remote heavy atom nuclei such as 13C, 31P are generally
important to establish hydrogen bond contacts in biomol-
ecules. As scalar couplings to 17O have not yet been
observed because of electrical quadrupole effects,
15NAH� � �15N hydrogen bonds are of special interest as
they can form functional hydrogen bonds in biomolecules.
An account of quantum-mechanical calculations of all sca-
lar coupling constants in this type of system has been pub-
lished recently [6]. Various structural features determine
the 15N,15N coupling constants, which we write in this
paper as 2hJ(15N,15N) ” 2hJ(N,N) ” J(N,N). The most
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important parameter is the N. . .N distance. When the
15N. . .1H distances are increased, the coupling constant
J(N,H) decreases, becomes zero, changes sign and only
finally vanishes, as has been found previously [7,8], in a
similar way as found before for related FHF-hydrogen
bonds [5]. This sign change has been confirmed recently [6].

Unfortunately, scalar couplings across hydrogen bonds
can be observed only in the slow hydrogen bond exchange
regime. Thus, small molecules with intermolecular hydro-
gen bonds reveal these couplings only at low temperatures
[2,5,9,10], whereas hydrogen bonds in biomolecules [3,11–
17] can be often observed at room temperature. The same
is true for small molecules containing intramolecular
hydrogen bonds. Here, it is, however, necessary to establish
that the observed couplings are not the result of a coupling
pathway along the molecular backbone. This was achieved
in the case of the well-known protonated proton sponge
1,8-bis(dimethylamino)-naphthalene-H+ (DMANH+) by
comparison with the unprotonated compound (Scheme 1)
[18]. Another problem of intramolecular 15NAH� � �15N
hydrogen bonds can be a fast proton tautomerism in sym-
metrically substituted molecules which renders the two
nitrogen atoms equivalent. Often it is not easy to elucidate
whether the proton moves in a double or single well poten-
tial. For example, the case of DMANH+ (3H+) has been
studied recently experimentally and theoretically by Sob-
czyk et al. [19]. The question arises whether the measure-
ment of 15N. . .15N coupling constants provides a solution
to this problem. Because of the molecular symmetry these
couplings can not be measured directly. However, in the
case of 13CA13C scalar couplings between chemically
equivalent carbon atoms it has been shown that these cou-

plings can be measured indirectly if the carbon atoms form
a high-order spin system with coupled protons [20]. Some
of us have proposed to use a similar method for the detec-
tion of scalar 15N. . .15N couplings in 2 and 3H+ by analysis
of the signals of coupled 13C nuclei at natural abundance
[8,18], where the nuclei 13CA15NA15NA12C form high-
order spin systems of the ABX type. The chemical equiva-
lence between the two nitrogen atoms A and B is lifted by
13C/12C isotope effects which also increases the number of
parameters which need to be extracted from the spectra, in
contrast to a fully labeled four-spin system
13CA15NA15NA13C of the AA 0XX 0 type, which is, how-
ever, very difficult to synthesize. Measurements at different
magnetic fields can help to increase the reliability of the
values detected [8,18], but are not compulsory as has been
shown in the case of proton sponges [21]. Here, we show
that measurements of a mixture of partially doubly and sin-
gly 15N labeled isotopologs can assist the detection of the
desired 15N. . .15N coupling constants.

The system which we have chosen to study is bis-
(2-pyridyl)-acetonitrile (1, Scheme 1) which contains an
intramolecular NAH� � �N hydrogen bond as a part of a
six-membered H-chelate. 1 is known for a long time [22].
The electronic coupling between the two pyridine rings
and the hydrogen bond lead to a preferred planar structure
and a yellow colour which has been studied using UV/VIS
and fluorescence methods [23]. The standard 1H and 13C
NMR data [24] show that both pyridine rings are equiva-
lent in the NMR time scale as depicted in Scheme 1. For
the H-chelate structure of 1 the double vs. single well ques-
tion was – as for all comparable, symmetrical hydrogen
chelates – undoubtedly solved in favor of a double well
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Scheme 1. Structure of bis-(2-pyridyl)-acetonitrile (1) and its tautomeric equilibrium. Structures of N,N 0-diphenyl-6-aminopentafulvene-1-aldimine (2) [8]
and of 1,8-bis(dimethylamino)naphthalene (3) [18].
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potential by UV/VIS spectroscopic evidence [25,26]. The
proton signal at low field (16.3 ppm) indicates strong
NAH� � �N hydrogen bond, which is also indicated in the
IR spectra by a very broad band around 2750 cm�1 and
a double band with significantly smaller half-widths at
2358 and 2341 cm�1 for the corresponding NAD� � �N –
absorptions in the deuterated compound [25].

We chose 1 for comparison with DMANH+ (3H+) and
N,N 0-diphenyl-6-aminopentafulvene-1-aldimine-15N2 (2,
Scheme 1) for which two-bond N,N coupling constants
of 8.7 and of 10.6 Hz were observed. This is of the same
order as the two-bond coupling constants across
15NAH� � �15N hydrogen bonds in Watson–Crick nucleic
acid base pairs [11]. In order to elucidate a correlation of
J(N,N) with the hydrogen bond geometries it would have
been desirable to know the neutron crystal structure of 1.
Unfortunately, even the X-ray structure of the latter is
unknown, in contrast to three symmetrically substituted
derivatives which exhibit the N� � �N distances of about
2.65 Å [24,27,28]. This value is substantially smaller than
the corresponding distance of 2.79 Å found for compound
2 [29]. The NAH� � �N angle and the NH-distances cannot
be determined correctly by X-ray studies, because of well-
documented difficulties in locating the hydrogen atom
[30]. Therefore, we decided to conduct DFT calculations
at a high level of theory (B3PW91/631+G**) which have
been shown to provide reasonable estimates of H-bond
geometries [31].

This paper is organized as follows. After an experimen-
tal section the results are presented and discussed.

2. Experimental section

The synthesis of partially 15N labeled bis-(2-pyridyl)-
acetonitrile (1) was done in two stages. In the first
stage, 15N labeled 2-pyridone (4) was prepared in four
steps according to the procedure of Stetten et al. from
coumalic acid and 15NH4Cl (15N fraction about 95%,
Chemotrade, Leipzig) [32]. In the second stage, 4 was
converted into 1 as outlined in Scheme 2. Firstly,
2-Cl-pyridone (5) was prepared from 4 according to Sai-
dova et al. [33], 5 was then converted into 7 according
to Borror et al. [34]. Finally, 1 was prepared from 5

and 7 according to the standard method (DMF/NaH

as reaction media), which was developed as a general
route to both symmetrical and unsymmetrical hydrogen
chelates of any nitrogen heterocycle [35].

In order to obtain a partial enrichment, a mixture of 15N
labeled and non-labeled 4 was used as the starting material.

The 1H, 13C{1H}, 15N{1H}, and 15N measurements
described below were done on a Bruker AMX 500 instru-
ment operating at 500.13 MHz for 1H, at 125.76 MHz for
13C, and at 50.70 MHz for 15N. Experiments were done
in the temperature region between 183 and 213 K in order
to suppress residual intermolecular proton exchange which
broadens the NMR signals. Additional 1H NMR experi-
ments were performed using a JEOL JNM-GX 400 FT-
NMR spectrometer working at 400 MHz. As solvents we
used CDCl3, CD2Cl2, and DMSO-d6. The sample concen-
trations were about 0.2 M.

For the simulation of high-order NMR spectra, a special
computer program was written using Matlab� as a pro-
gramming language.

3. Results

The results of the NMR measurements of various isoto-
pologs of 1 containing either zero, one, or two 15N nuclei
dissolved in various solvents and done at different temper-
atures are summarized in Tables 1–3. Some H/D isotope
effects on chemical shifts are included. Two forms are
observed which are in slow exchange with each other even
at elevated temperature, i.e. 1a/1b and 1c (Scheme 1). The
NMR parameters of 1a/1b are assembled in Tables 1 and 2,
and those of 1c in Table 3. The assignment of all signals
was straightforward and confirmed by 13C and 15N mea-
surements of the labeled compounds.

Because of the fast tautomeric equilibrium between 1a

and 1b all NMR parameters of these species represent aver-
ages over both forms which are degenerate in the absence
of asymmetric isotopic substitution, i.e.

di ¼
1

2
ðdiðaÞ þ diðbÞÞ; J ij ¼

1

2
ðJ ijðaÞ þ J ijðbÞÞ: ð1Þ

In the presence of asymmetric substitution, i.e. in natural
abundance 13C spectroscopy and in the singly 15N labeled
isotopolog this equation is also valid in very good approxi-
mation, as heavy atom equilibrium isotope effects are small.
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Scheme 2. Synthesis of the 15N labeled bis-(2-pyridyl)-acetonitrile (1) from the 15N labeled 2-pyridon (7) obtained according to [32c–e].
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Table 2
NMR coupling constants J and H/D isotope effects D on chemical shifts of 1a/1b

J/Hz nDX(N)/ppba

Solvent: CDCl3 CD2Cl2 CDCl3 CDCl3
T/K: 295 183 213 213

H1 1J(H1,N1) = 43 1DH1(N1) � 0b

DH1(N1 + N1 0) � 0b

H3 3J(H3,H4) = 8.6

H4 3J(H4,H5) = 7.0
3J(H3,H4) = 8.6

H5 3J(H5,H6) = 5.9
3J(H4,H5) = 7.0

H6 3J(H5,H6) = 5.9

C2 1J(C2,N1) = 6.8 1DC2(N1) = 33
3J(C2,N10) = 1.3 3DC2(N10) = �18

DC2(N1 + N1 0) = 15

C3 1J(C3,H3) = 166.3

C4 1J(C4,H4) = 163.2

C5 1J(C5,H5) = 168.2

C6 1J(C6,N1) = 7.8 1DC6(N1) = 61
3hJ(C6,N10) � 0.5 5DC6(N10) = �47
1J(C6,H6) = 179.0 DC6(N1 + N1 0) = 14

C7 2J(C7,N1) = 3.9 2DC7(N1) = 6.5
DC7(N1 + N1 0) = 13

C8 3J(C8,N1) = 2.6 3DC8(N1) = �1
DC8(N1 + N1 0) = �2

N1 1J(N1,H1) = 42 1J(N1,H1) = 43 J(N,N) = 10.3 4DN1(N10) = �0.60 ppm
1J(N1,H6) = 7 1J(N1,H6) � 6.5

Bold values indicates most important parameters measured.
a nDX(N) = dX(15N) � dX(14N) indicates the isotope effect on the chemical shift of X, caused by substitution of 14N by 15N in a nitrogen site at a

distance of n bonds.
b in CD2Cl2 at 183 K.

Table 1
NMR chemical shifts of 1a/1b

d/ppm

Solvent: CDCl3 CDCl3 CD2Cl2 CD2Cl2 CD2Cl2 DMSO-d6 Acetone-d6 CD3OD
T/K: 213 298 183 233 RT 304 295 295

H1 16.28 (35 Hz)a 16.29 (140 Hz)a 16.27 (12 Hz)a 16.26 16.25 (93 Hz)a 15.79 16.1 –
H3 7.40 7.40 7.27 7.30 7.35 7.21 7.29 7.27
H4 7.53 7.48 7.49 7.50 7.50 7.64 7.62 7.57
H5 6.68 6.62 6.64 6.64 6.64 6.75 6.72 6.70
H6 7.97 7.92 7.95 7.96 7.95 8.17 8.11 8.08
C2 155.2 154.5
C3 119.4 118.7
C4 136.3 136.4
C5 112.7 112.5
C6 139.2 139.3
C7 67.7 66.2
C8 122.2 122.2
N1 �168.9b �169.4b �168.7b

N1 �169.5c �169.9c �169.4c

a Half-width W of each exchange broadened 1HA15N doublet or of coalesced doublet.
b 15N2 isotopolog.
c 14N15N isotopolog.
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3.1. 1H NMR spectroscopy of 1

The hydrogen bond proton of 1a/1b exhibits a signal
around 16.2 ppm. No substructure is observed at room
temperature for the non-labeled compound. The line width
is larger than 100 Hz, arising from intermolecular proton
exchange. At lower temperatures the latter is quenched,
but in the best case, at 183 K, using CD2Cl2 as solvent, still
a line width of 12 Hz was observed. Potential changes of
proton chemical shifts upon substitution with 15N are in
the range of experimental error. Whereas 1-14N14N gives
rise to a singlet, because the scalar coupling to 14N is sup-
pressed by 14N quadrupole relaxation, 1-15N14N contrib-
utes to a doublet split by 43 Hz and 1-15N15N to a triplet
exhibiting the same 1HA15N coupling constant. This value
is typical for six-membered H-chelates [36].

As shown previously by UV/VIS spectroscopy [23,25],
in spite of the p-conjugation and the additional stabiliza-
tion of the coplanar H-chelate structure, at 298 K in solu-
tion the compound is subject to 180� flips of the pyridine
moieties which are rapidly on the NMR time scale (rota-
tion frequencies of about 103 s�1). As all non-H-chelate
rotamers, including the 180� rotated isomers are energeti-
cally highly unfavorable, neither at lower (methylene chlo-
ride, �90 �C) nor higher (DMSO, 100 �C) temperatures
any line broadening can be observed, e.g. the rotamer equi-
librium is so far on the side of the H-chelate form, that the
rotation neither effects the line shapes nor the proton chem-
ical shifts. Due to the mobility of the pyridines, the chelate
proton undergoes rapid intermolecular exchange with the
solvent (or the solvent’s water content) and only at special
conditions (lower temperatures and/or exclusion of water
traces) the 3J(H1,H6) can be observed.

If Jij(a) in Eq. (1) represents the coupling of the H-che-
late proton with a nitrogen or hydrogen atom in the same
pyridine ring, Jij(b) represents a value across the hydrogen
bond. Neglecting the latter, it follows that the intrinsic val-
ues are app. twice the observed values. However, recently
small positive values up to +4 Hz have been observed for
such couplings across the NHN-hydrogen bonds of
seven-membered H-chelates [8]. Thus, when the NH dis-
tance is increased and the proton shifted along the hydro-
gen bond, the intrinsic NH-coupling constant which is
negative approaches zero, becomes positive and only then

decreases to zero [8]. Thus, the intrinsic value of 86 Hz
for the intrinsic coupling constant J(H1,N1)(a) only repre-
sents an estimate. However, this value is in good agreement
with comparable systems with fixed NH groups and similar
NH-distances, exhibiting values between 88 and 92 Hz [37].

As mentioned above, in addition to the chelate forms 1a,
1b, small amounts of the non-conjugated isomer 1c

(Scheme 1) can be observed in the 1H NMR spectra. At
298 K we found by NMR signal integration amounts of
2% in CDCl3 and 3% in DMSO of 1c in equilibrium with
1a, 1b. At 90 �C in DMSO-d6, the equilibrium content of
1c is risen up to 9%. From these data, for the equilibrium
an enthalpy of about 16.1 kJ/mol can be estimated.

3.2. 15N NMR spectroscopy of 1

In Fig. 1a is depicted the superimposed experimental
and calculated 15N NMR spectrum of partially 15N-labeled
1 dissolved in CD2Cl2, recorded at 183 K without 1H
decoupling. In principle, we expect for each isotopologs
1-14N15N and 1-15N2 a single high-order spin system which
includes the 15N nuclei and all aromatic protons. The cou-
pling constants of a given 15N atom to an aromatic proton
of the same ring can be estimated from the average cou-
pling constants of pyridine and pyridinium [38] assembled
in Table 4. We note that only the coupling constants
J(N1,H1) and J(N1,H6) should be larger than the experi-
mental line width of about 3 Hz. Couplings between nitro-
gen atoms and aromatic protons in different rings will be
even smaller and can be safely neglected for our purposes.

Table 3
NMR parameters of 1c

d/ppm J/Hz

Solvent: DMSO-d6 DMSO-d6

m0/MHz: 400 400
T/K: 300 300

CH 6.02 1J(H3,H2) � 8
H3 7.48 1J(H4,H5) � 7
H4 7.85 1J(H5,H6) � 5
H5 7.37
H6 8.56
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Fig. 1. 15N NMR spectrum without 1H decoupling of a solution of 1 in
CD2Cl2 at 183 K. (a) Superimposed experimental and simulated spectra.
(b and c) Calculated subspectra arising from two the isotopologs 1-14N15N
and 1-15N2.
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It follows that the spin system of 1-14N15N reduces to
an AMX spin system and of 1-15N2 to an AA 0MXX 0

spin system as illustrated in Fig. 1. The signal of
1-14N15N consists then of a doublet of doublets, from
which the coupling constants J(N1,H1) = 43 Hz and
J(N1,H6) = 6.5 Hz are obtained which represent in first
approximation half of the intrinsic couplings. Besides
these parameters, only the 15N chemical shift of
1-14N15N is obtained (�169.4 ppm).

The signal of 1-15N2 seems to be deceptively simple. The
splitting of the coupling with H6 is no longer observed
although this coupling is not suppressed. As the spin sys-
tem is of the type AA 0MXX 0, where A, A 0 = 15N,
M = H1, X, X 0 = H6, H6 0, it is characterized by the six
coupling constants

• J(A,M) = J(A 0,M) = 1J(N1,H1) = 1J(N1 0,H1) = 43 Hz
• J(A,X) = J(A 0,X 0) = 2J(N1,H6) = 2J(N1 0,H6 0) = 6.5 Hz
• J(A,A 0) = 2hJ(N1,N1 0) ” J(N,N)
• J(A,X 0) = J(A 0,X) = 4hJ(N1,H6 0) = 4hJ(N1 0,H6)
• J(M,X) = J(M,X 0) = 3J(H1,H6) = 3J(H1,H6 0)
• J(X,X 0) = 5hJ(H6,H6 0)

The first two couplings are already known from the
15N NMR signal of 1-14N15N. The last three couplings
refer to nuclei in different rings and can be neglected
in first approximation. Thus, only the value of the
NN-coupling J(N,N) remains as important parameter.
If J(N,N) were zero, the spin system would separate into
two AMX spin systems, leading to a similar 15N line
shape as found for 1-14N15N. Assuming a value of
10 Hz leads to the calculated line shape depicted in
Fig. 1c. Unfortunately, the error of this value is substan-
tial, i.e. about ±5 Hz. Therefore, in order to achieve
higher accuracy of J(N,N), we applied an indirect
method, using 13C NMR as described in the next
section.

On the other hand, the simulation of the spectra in
Fig. 1 gave two further important information. Firstly,
we obtained the effect of substituting 14N for 15N in a
neighboring ring on the 15N chemical shift of a given
nitrogen atom. This shift is about 1 ppm. Secondly, the
calculated subspectra in Fig. 1 exhibit the relative inten-
sities 0.375 and 0.625. From these values it follows that
the sample was composed of 45% of non-labeled 1-14N2,
30% of mono-labeled 1-14N15N and 25% of doubly
labeled 1-15N2.

3.3. 13C NMR spectroscopy of 1

The natural abundance 13C NMR spectrum of 1 con-
sisting of the above-mentioned isotopic mixture was
recorded using 1H decoupling which simplifies the spin
systems considerably. The 13C signals of positions 6
and 2 are depicted in Figs. 2 and 3, as well as subspectra
of the different isotopologs calculated as described below.
Because of fast 14N quadrupole relaxation all couplings
between 13C and 14N atoms are removed. Thus, an isoto-
polog of the type 1-14N14N13C represents effectively a
single spin system labeled as X in Figs. 2 and 3b, giving
rise to singlets. On the other hand, an isotopolog of the
type 1-14N15N13C constitutes an effective two-spin system
AX or BX as illustrated in Figs. 2c, d and 3c, d, giving
rise to doublets with different splittings J(13C,15N). Note
that the coupling across the hydrogen bond is not
resolved in Fig. 2c.

Finally, isotopologs of the type 1-15N15N13C constitute
high-order three-spin systems of the type ABX as illus-
trated in Figs. 2e and 3e. In order to understand how the
coupling constant J(N,N) across the hydrogen bond is
obtained by line shape analysis let us discuss the ABX-type
spectra in analytical form as described by Dischler et al.
[39]. The X-part of an ABX spin system consists of three
line pairs of unequal intensity separated by the line
splittings
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Fig. 2. 13C{1H} NMR signal at 139.2 ppm, belonging to the C6 nucleus.
(a) Experimental and simulated signals; (b–e) simulated subsignals arising
from three different isotopomers 1-14N2, 1-14N15N, and 1-15N2. Measure-
ment was performed in CDCl3 at 213 K. The chemical shift of the line
arising from 1-14N2 was set to zero.

Table 4
nJ(15NA1H) coupling constants in pyridine and pyridinium [38] [Hz]

1J(N,H) 2J(N,H2) 3J(N,H3) 4J(N,H4)

Pyridinea 0 �10.58 �1.52 j0.22j
Pyridinium �90.5 �3.01 �3.98 j0.69j
Pyridine–pyridiniumb �45.3 �6.8 �2.8 j0.46j

a Averaged values of three data sets from Ref. [38].
b Averaged values for pyridine and pyridinium calculated using Eq. (1).
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DmA ¼2
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0:25J 2
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q�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:25J 2

AB þ ð0:5d� 0:25ðJ AX � J BXÞÞ2
q �

ð2Þ

DmB ¼jJ AX þ J BXj ð3Þ

DmC ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:25J 2

AB þ ð0:5dþ 0:25ðJ AX � J BXÞÞ2
q�����
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:25J 2

AB þ ð0:5d� 0:25ðJ AX � J BXÞÞ2
q ����� ð4Þ

illustrated in Fig. 2e. Here, JAB = J(A,B), JAX = J(A,X),
and JBX = J(B,X).

These splittings do not depend only on the coupling con-
stants but also on the quantity

d ¼ jDjmX � 10�6 Hz; ð5Þ

where mX represents the Larmor frequency of X and D the
chemical shift difference between A and B in ppm. As
A,B = 15N and X = 13C, it follows that D = D15N{13C} is
the difference of the chemical shifts of the two 15N nuclei,
one bound to 12C and the other to 13C. Thus, in Eqs.
(2)–(5) there are four unknowns, i.e. J(A,B), J(A,X),
J(B,X), and d but only three measurable line splittings.
As proposed previously, the missing parameter can be ex-
tracted from two 13C{1H} spectra measured at two differ-
ent magnetic fields as the parameter d is field dependent
[8,18]. This method makes it possible to obtain the cou-
pling constant J(N,N) analytically from resonance
frequencies.

Studies at two magnetic fields are, however, not always
available. In order to get additional information, needed
for the solution of Eqs. (2)–(5), we propose an alternative
method, which does not require two different fields. This
method is based on the analysis of overlapping signals of
the isotopologs 1-15N2, 1-14N15N and 1-14N2 present in a
partially labeled sample as illustrated in Figs. 2 and 3.
Neglecting isotope effects on coupling constants, it follows
that the coupling constants J(A,X) and J(B,X) can be
extracted from the doublets in Fig. 2c and d for the carbon
in position 6, and in Fig. 3c and d for the carbon in posi-
tion 2. Thus, only J(A,B) and d needed to be determined
from the two of the splittings DmA, DmB, DmC. Thus, we were
able to determine J(N,N) in an analytical way. The results
are presented in Table 5. From both 13C signals we
obtained the same value of 10.3 Hz. Finally, we used these
parameters to simulate all subspectra in Figs. 2 and 3 and
their sum which reproduces well the experimental spectra.

The 13C and 15N NMR data of 1 measured in this study
are included in Table 5. It contains chemical shifts, cou-
pling constants, as well as 15N/14N and 13C/12C isotope
effects on chemical shifts.

4. Discussion

4.1. Isotopic labeling scheme and indirect 13C determination

of scalar coupling between equivalent 15N nuclei

We have used liquid-state 1H, 13C, and 15N NMR to
study the scalar coupling in 15N labeled bis-(2-pyridyl)-ace-
tonitrile (1). Due to fast degenerate proton tautomerism
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Fig. 3. 13C{1H} NMR signal at 155.2 ppm, belonging to the C2 nucleus.
(a) Experimental and simulated signals; (b–e) simulated subsignals arising
from three different isotopomers 1-14N2, 1-14N15N, and 1-15N2. Measure-
ment was performed in CDCl3 at 213 K. The chemical shift of the line
arising from 1-14N2 was set to zero.

Table 5
13C{1H} NMR data of 1 derived from measurements at 213 K using CDCl3 as solvent

Observable parameters at 11.7 T Results obtained from the analysis

13C6{1H} signal at 139.2 ppm DmA = 24.6 Hz J 1;10 ¼ JðN;NÞ ¼ 10:3 Hz
DmB = 8.1 Hz J1,6 = 1J(C6,N1) = �7.8 Hz
DmC � 3.7 Hz J 10 ;6 ¼ 3hJðC6;N10Þ þ 5Jð C6;N10Þa � 3hJ(C6,N10) = �0.5 Hz
J1,6 = 1J(13C,15N) = 7.8 Hz 1DN(C6) = ±0.05 ppm

13C2{1H} signal at 155.2 ppm DmA – not observed J 1;10 ¼ JðN;NÞ ¼ 10:3 Hz
DmB � 6.4 Hz J1,2 = 1J(C2, N1) = �6.8 Hz
DmC � 5.7 Hz J 10 ;2 ¼ 3hJðC2;N10Þ þ 3JðC2;N10Þa ¼ þ1:3 Hz

1DN(C2) = ±0.1 ppm

Bold values indicates most important parameters measured.
a Two ways of propagation of the J coupling are possible (across hydrogen bridge and along the molecular backbone).
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the hydrogen bond proton in 1 exhibits a coupling with
both nitrogen nuclei N1 and N1 0, characterized by a cou-
pling constant of �43 Hz. As both nitrogen nuclei are
equivalent, the NN coupling constant J(N,N) across the
hydrogen bridge cannot be measured directly. However,
the occurrence of scalar coupling between nitrogen and
hydrogen H6 (i.e. J(N1,H6) = 6.5 Hz) lifts the magnetic
equivalence of nitrogen nuclei. Thus, J(N,N) could be
obtained by 15N NMR in the absence of 1H decoupling.
However, the accuracy of this procedure is poor.

In previous papers [8,18], some of us presented an indi-
rect method of determination of J(N,N) by 13C NMR at
two different Larmor frequencies. Here, used an isotopic
labeling strategy which allows one to obtain the desired
constant in a single experiment. The strategy consists sim-
ply of partial 15N-labeling giving rise to the occurrence of
mono and doubly 15N labeled isotopologs. The former
form an AX or BX spin system, and the latter an ABX spin
system where A and B represent nitrogen atoms and X a
coupled 13C nucleus at natural abundance. The presence
of the mono 15N-labeled molecules in the sample provides
the coupling constants J(A,X) and J(B,X) needed to extract
J(A,B) from the X part of the ABX spin system. The anal-
ysis of two different carbon signals, C6 and C2 (see Scheme
1) produced the same value for J(N,N) = 10.3 ± 0.5 Hz in
1, confirming the reliability of this method.

The N,N-coupling constant pathway may propagate
across the intramolecular hydrogen bond or through four
intramolecular bonds of the molecular backbone. We
expect the contribution of the latter to be negligible. A lit-
erature check did not reveal a measured coupling constant
of the type 4J(N,N).

4.2. Implications for hydrogen bond research

In the remainder of this section we will discuss the impli-
cations of our findings for hydrogen bond research. Espe-
cially interesting is the comparison of bis-(2-pyridyl)-
acetonitrile 1 with the fulvenaldimine 2 (Scheme 1) which
represent both neutral H-chelates. Various parameters rel-
evant for their hydrogen bonds are summarized in Table 6.

For H-chelates it is often difficult to characterize their
hydrogen bond strength, as an equilibrium between open
and closed forms is not observable. Traditionally, IR spec-
troscopy has been an important tool to study hydrogen
bond strength. However, as stated already by Müller-West-
erhoff [29], the IR spectra of 2 and its derivatives gives rise
to broad unstructured NH-stretching bands in the region
between 3000 and 2500 cm�1 which presents little informa-
tion. According to the classification of Novak [40], these
frequencies correspond to hydrogen bonds of medium
strength. This is confirmed by the X-ray crystallographic
N. . .N distance of 2 which was found to be 2.791 Å [29].
Unfortunately, a crystal structure of 1 is not available.
However, 6,6 0-substituted symmetric derivatives exhibit a
significantly shorter N. . .N distance of about 2.65 Å. The
N. . .H distances cannot be obtained by X-ray crystallogra-

phy, and the hydrogen bond angles only in approximation.
Nevertheless, with 160� the H-bond in 2 is more linear than
in 1 which exhibits only an angle of 140� (Table 6). Finally,
we note that 1 is planar whereas the NH and the H. . .N
axes of 2 are located slightly outside the molecular plane
defined by the adjacent C. . .C axes (Table 6).

Although the hydrogen bond geometries of 1 and 2 are
different, we find that the 1H chemical shifts of the H-
bonded protons are very similar, i.e. 16.2 and 15.6 ppm.
The tautomerism averaged coupling constants J(N,H) of
43 and 40 Hz indicate a slightly stronger bond in 2, in con-
trast to the chemical shift values. Most surprising for us
was the finding that the N. . .N coupling J(N,N) of 2 is only
slightly larger than of 1: 10.6 Hz for 2 and 10.3 Hz for 1

which are almost the same within the margin of error.
In order to elucidate the origin of the similarity of the

N. . .N couplings in both compounds we needed more
information about the hydrogen bond geometries of both
compounds. Therefore, we carried out DFT calculations
of 1 and 2, using the Gaussian 98 set of programs [41] at
the B3PW91/6-31+G** level of density functional theory
(DFT) [42]. We are aware that the results obtained refer
to the equilibrium geometries, i.e. they do not take into
account anharmonic vibrational averaging nor solute–sol-
vent interactions.

The calculated geometries of the NAH� � �N bridges are
included in Table 6. The calculated N. . .N distances of 1

and 2 are about 0.06 Å shorter than the crystallographic

Table 6
NAH� � �N geometries calculated using DFT methods and some relevant
X-ray crystallographic and NMR data of 1 and 2

N N

CN

H

1

N N

CN

H

1

N N
Ph

H
Ph

2

N N
Ph

H
Ph

2

RNN/Å (DFT) 2.603 2.723
RNN/Å (X-ray structure) 2.65a 2.791b

rNH/Å 1.051 1.057
rH� � �N/Å 1.696 1.705
\NAH� � �N /� (DFT) 141.64 160.25
\NAH� � �N /� (X-ray

structure)
�137 �155

\CCNH/� 0.00 �0.85
\CCN� � �H/� 0.00 2.12
q1/Å 0.323 0.324
q2/Å 2.747 2.762
d(1H)/ppm 16.2c 15.6d

J(N,H1)/Hz �43c �40.8d

J(N,N)/Hz 10.3c 10.6d

Bold values indicates most important parameters measured.
a Derivatives of 1 with two equal substituents in 6-position according to

Refs. [24,27,28].
b Ref. [29].
c 213/183 K, CD2Cl2/CDCl3, this study.
d RT, CDCl3 [8].
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values, but this deviation is not large as the shorter N. . .N
distance in 1 as compared to 2 is well reproduced. The
hydrogen bond angles are also of the order found by X-
ray crystallography.

A surprising result was, however, the finding that the
short NH distances in 1 and 2 are almost the same. The
same is true for the long H. . .N distances, and, therefore,
also for the intrinsic hydrogen bond coordinates

q1 ¼ 1=2ðrNH � rH...NÞ and q2 ¼ rNH þ rH...N ð6Þ
listed in Table 6. For linear H-bonds q1 represents the devi-
ation of the proton from the H-bond center and q2 the heavy
atom distance. As has been shown in various papers [7,43–
45], rNH correlates with rH. . .N and hence q1 with q2. This
finding confirms the hypothesis made previously by some
of us [7] that the J(N,N) coupling constants correlate rather
with q1 and hence with q2, than with the N. . .N distance.

5. Conclusions

We conclude that the indirect determination by 13C
NMR of 2hJ(15N, 15N) ” J(N,N) coupling constants across
15NAH� � �15N hydrogen bonds exhibiting chemically equiv-
alent nitrogen atoms is greatly improved by measurements
performed on a mixture of singly and doubly 15N labeled
isotopologs. The application of this method to the six-
membered H-chelate bis-(2-pyridyl)-acetonitrile (1) and
the comparison with the seven-membered H-chelate fulve-
naldimine 2 (Scheme 1) support the idea that the values of
J(N,N) are correlated with the sum of the short and the
long NH distances rather than with the N. . .N distance.
A remaining puzzle are the values of J(N,N) for proton
sponges [18,21] which are significantly smaller than those
of 1 and 2 (Scheme 1), although the hydrogen bonds are
substantially stronger. In order to solve this puzzle, further
experimental and theoretical work will be necessary.
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Wüthrich, Proc. Natl. Acad. Sci. USA 95 (1998) 14147–14151.
[15] G. Cornilescu, B.E. Ramirez, M.K. Frank, G.M. Clore, A.M.

Gronenborn, A. Bax, J. Am. Chem. Soc. 121 (1999) 6275–6279.
[16] G. Cornilescu, J.S. Hu, A. Bax, J. Am. Chem. Soc. 121 (1999) 2949–

2950.
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