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ABSTRACT: Hydrogen bond geometries in the proton-bound homodimers of ortho-
unsubstituted and ortho-methylsubstituted pyridine derivatives in aprotic polar solution were
estimated using experimental NMR data. Within the series of homodimers studied the hydrogen
bond lengths depend on the proton affinity of pyridines andat least for the ortho-
methylsubstituted pyridineson the pKa of the conjugate acids in an approximately quadratic
manner. The shortest possible hydrogen bond in the homodimers of ortho-unsubstituted
pyridines is characterized by the N···N distance of 2.613 Å. Steric repulsion between the methyl
groups of the ortho-methylsubstituted pyridines becomes operative at an N···N distance of ∼2.7 Å
and limits the closest approach to 2.665 Å.

■ INTRODUCTION

Hydrogen bonding (H-bonding) is a mandatory preliminary
step to proton transport that is one of the main biochemical
reactions.1−5 Extensive studies of the last decades have allowed
elucidation of a number of general trends. In the simplest case
of an isolated complex of a proton donor A−H and a proton
acceptor B in an aprotic solvent the H-bond geometry depends
both on the medium and the partner molecules. The strength
of the electric field generated by surrounding molecules governs
the shift of the binding proton toward the acceptor. This effect
can be followed experimentally.6−8 The effect of the medium
on H-bond geometries is minimized in the case of proton-
bound homodimers of [A···H···A]− and [B···H···B]+ types. In
such complexes the proton affinities of the partners are the
same, a circumstance that leads to the formation of strongly
bound species. Two observations are remarkable. First, it is not
guaranteed that the binding proton is located in the center of
the H-bond if the proton affinities of the two partners are the
same. Theoretical analyses for a broad range of bases have
demonstrated that the primary factor that determines whether
the [B···H···B]+ H-bond is symmetric (the proton is equally
shared) or asymmetric (the proton is located at one of the
partners) is the electronegativity of B.9,10 Thus, generally, H-
bonds in proton-bound homodimers are symmetric for fluorine,
oxygen, and sp-hybridized nitrogen bases, while asymmetric for
sp2- and sp3-hybridized nitrogen bases.9 Of course, the
asymmetry can be induced or increased by steric hindrance.
Second, within a series of closely related species, the binding
energy of [B···H···B]+ is correlated with the proton affinity in
approximately quadratic manner.11 This dependence is a result
of the competition between the contribution in the binding
energy that is lost due to the partial deprotonation of [B−H]+
and the one that is gained by the partial protonation of B.11

Thus, for each series of closely related species, there is one that
forms the most stable proton-bound homodimer.
The objectives of the present work are to study

experimentally (i) the correlation between the geometry of
proton-bound homodimers and the proton-accepting ability of
the molecules forming these complexes; (ii) the effect of steric
hindrance on this correlation; (iii) the influence of the
counterion on the structure of proton-bound homodimers.
For these purposes, we have measured 1H NMR chemical shifts
and J15N1

H spin−spin scalar coupling in protonated bases and
proton-bound homodimers for two series of ortho-unsubsti-
tuted and ortho-methylsubstituted pyridines in the slow
intermolecular exchange regime. These parameters were used
to estimate the H-bond geometry of the homodimers. The
symmetry of these homodimers was proved by the sign of the
primary isotope effect on the NMR chemical shift: pΔ(H/D) ≡
δ(NDN) − δ(NHN). Here, δ(NDN) and δ(NHN) stand for
the deuteron and proton chemical shifts, respectively. The
pyridines derivatives, the general view of their proton-bound
homodimers, and the counteranions under study are shown in
Figure 1a−h, Figure 1i, and Figure 1j,k, respectively.

■ EXPERIMENTAL SECTION

Materials. Chemicals, if not otherwise stated, were
purchased from Sigma-Aldrich and used without additional
purification. The deuterated freon gas mixture CDF3/CDClF2
for the low-temperature NMR experiments, whose composition
varied between 1:2 and 1:3, was prepared from chloroform-d1
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as described recently.7 The dielectric constant of this mixture at
120 K is ∼30.7

15N-Enriched 2,4,6-trimethylpyridine, 15N-enriched pyridine,
and 15N-enriched N,N-dimethylpyridin-4-amine were synthe-
sized according to modified procedures based on refs 12, 13,
and 14, respectively. The synthesis procedures of these
compounds and of 15N-enriched 2,4,6-trimethyl-3-nitropyr-
idine, 15N-enriched 3-bromo-2,4,6-trimethylpyridine, 15N-en-
riched N,N-2,6-tetramethylpyridin-4-amine, and 15N-enriched
4-methylpyridine are described in detail in the Supporting
Information. 2-Ethoxy-4-methyl-3,4-dihydro-2H-pyran was syn-
thesized according to procedure reported in ref 15. 4-
Dimethylamino-2,6-dimethylpyrylium iodide was synthesized
as described in refs 16 and 17. 15N-Enriched N-4-(pyridyl)-
pyridinium chloride was synthesized according to procedure
based on ref 14. Sodium tetrakis[3,5-bis(trifluoromethyl)-
phenyl]-borate (BArF-Na) was prepared as described re-
cently.18

Complexes. The general procedure of preparing complexes
of bases with tetrafluoroboric acid was as follows. The
equimolar quantities of the base and HBF4 (50% aqueous
solution) were mixed in dichloromethane and stirred for 3 h at
30 °C. Dichloromethane and water were then removed by
repeated azeotropic distillation leaving a solid product.
The general procedure of obtaining complexes of protonated

bases with [BArF]− was as follows. Equimolar amounts of the
base and BArF-Na were mixed in 10 mL of water with a drop of
37% HCl and stirred for 12 h at 50 °C. The precipitated salt
was filtrated, washed with water, and dried under vacuum.
The general procedure of obtaining proton-bound homo-

dimers was as follows. Equimolar amounts of the base and the

complex of the protonated base with [BF4]
− or [BArF]− were

mixed directly in NMR tube.
Deuteration of complexes was performed by repeatedly

dissolving them in methanol-OD (Eurisotop) and removing the
solvent under vacuum.

NMR Measurements. Liquid-state 1H and 15N NMR
spectra were measured on a Bruker AMX 500 spectrometer
operated at 11.7 T equipped with a probe-head enabled to
perform experiments down to 100 K. The 1H spectra were
indirectly referenced to tetramethylsilane (TMS) by setting the
central component of the residual CHClF2 triplet of the freon
mixture to 7.18 ppm.7 The 15N spectra of free bases were
indirectly referenced to pyridine dissolved in CDF3/CDClF2 (0
ppm). Bulk pyridine resonates at 277.6 ppm with respect to
external solid 15NH4Cl and at −63.6 ppm with respect to
external liquid nitromethane if the following relation δ-
(CH3

15NO2, liquid) = δ(15NH4Cl, solid) − 341.2 ppm19,20 is
taken into account. In contrast, the 15N chemical shifts of
protonated bases and proton-bound homodimers were
referenced directly to the corresponding free bases. The
standard 1H and inverse-gated 1H-decoupled 15N NMR spectra
were recorded with recycle times of 3 and 5 s, respectively.
The solid-state 1H NMR measurements were performed on a

Bruker MSL−300 instrument operated at 7 T, equipped with a
Varian 5 mm pencil CPMAS probe. The samples were spun
under the magic-angle spinning (MAS) conditions. The spectra
were indirectly referenced to bulk 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid sodium salt (0 ppm).

■ RESULTS
In Figure 2 (p1−p3) are depicted NMR spectra of the proton-
bound homodimer of pyridine-15N in CDF3/CDF2Cl obtained

in the slow intermolecular exchange regime. These spectra are
typical for the complexes under study and allow one to measure
1H, 2H, 15N NMR chemical shifts and 1J15N1

H couplings with
precision in the range of 0.01, 0.05, 0.1 ppm and 0.5 Hz,
respectively. For the conjugate acid and the proton-bound
homodimer of pyridine we also measured the values of the 1H

Figure 1. Pyridine derivatives (a−h), the general view of their proton-
bound homodimers (i), and anions (j−k) used in this work. 2,4,6-
Trimethyl-3-nitropyridine-15N (a), 3-bromo-2,4,6-trimethylpyridi-
ne-15N (b), 2,6-dimethylpyridine (c), 2,4,6-trimethylpyridine-15N
(d), N,N-2,6-tetramethylpyridin-4-amine-15N (e), pyridine-15N (f), 4-
methylpyridine-15N (g), N,N-dimethylpyridin-4-amine-15N (h), tetra-
fluoroborate ([BF4]

−) (j), and tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate ([BArF]¯) (k).

Figure 2. 1H (p1), 2H (p2), and 15N (p3) NMR spectra of the proton-
bound homodimer of pyridine-15N in CDF3/CDF2Cl at 120/130 K.
Solid-state 1H MAS NMR spectra of polycrystalline samples of the
conjugate acid (p4) and the proton-bound homodimer (p5) of
pyridine-d5 at 300 K. Anion: [BArF]¯.
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NMR chemical shift of the mobile proton in the polycrystalline
state, Figure 2 (p4 and p5). These values are 12.00 ± 0.05 and
20.73 ± 0.05 ppm, respectively. Pyridine-d5 was used in the
latter samples to minimize the line widths of the corresponding
resonances.
The H-bond geometries of the conjugate acids and the

proton-bound homodimers of pyridine derivatives depend on
the counterion. This effect is demonstrated using 1H NMR
spectra of the conjugate acids of the ortho-methylsubstituted
derivatives a − e in Figure 3. For the conjugate acids the

differences of the 1H NMR chemical shifts in complexes with
[BF4]¯ and [BArF]¯ are about 3 ppm, Table 1. For the proton-

bound homodimers these differences are less than 0.1 ppm,
Table 2. However, a strong interaction of the [BF4]¯ anion with
the proton-bound homodimers of ortho-unsubstituted pyr-
idines favors intermolecular exchange that prevents the
identification of NMR parameters of the mobile proton in
these complexes even at 120 K. For the sake of simplicity, the
spectra in Figure 3 have been obtained using nonlabeled
pyridines.

For the proton-bound homodimers of pyridine derivatives
b−e deuteration of the H-bond results in strong, negative
primary isotope effects on the NMR chemical shifts: pΔ(H/D)
≡ δ(NDN) − δ(NHN), Figure 4. The spectra (b−d) and (e)

in Figure 4 were obtained using non- and 15N-labeled pyridines,
respectively. The absolute value of the effect correlates with the
value of the 1H chemical shift, Table 2, and Figure 4b−e.
In Figure 5 are depicted typical 15N{1H} NMR spectra of the

conjugate acids and the proton-bound homodimers of pyridine
derivatives. The spectra are referenced to the corresponding
free bases. Protonation of pyridine results in ∼120 ppm shift of
the 15N resonance, Table 1. The 15N chemical shift in the
proton-bound homodimers seems to depend linearly on the
pKa of the pyridine, Figure 5a,b,d,e.

■ DISCUSSION
The main results of the experiments described above can be
summarized as follows. The size of [BF4]¯ anion is insufficient
to prevent a specific interaction with the proton-bound
homodimers of ortho-unsibstituted pyridines. In contrast,

Figure 3. 1H NMR spectra of the conjugate acids (right) and the
proton-bound homodimers (left) of ortho-methylsubstituted pyridine
derivatives a−e in CDF3/CDF2Cl at 120 K. Anions: [BF4]¯ (upper
spectra) and [BArF]¯ (lower spectra).

Table 1. Experimental NMR Parameters for the Pyridines
and Their Conjugate Acids at 140 K

conjugate acid

[BF4]
− [BArF]¯

base
δ(15N)a ±
0.1 ppm

δ(1H) ±
0.01 ppm

δ(1H) ±
0.01 ppm

|1J15N1
H| ±

0.5 Hz
Δ(15N)b ±
0.1 ppm

a −2.2 13.54 10.79 94.6 −119.5
b −3.3 14.19 10.49 93.8 −118.7
c 13.00 10.61
d −10.1 13.01 10.24 93.1
e −35.8 10.73 8.69 94.6 −114.6
f 0 14.2c 10.8c 96.0 −123.0
g 13.3c 10.4c 97.0 −122.0
h 11.6c 8.9c 98.0 −121.0

aReferenced to pyridine dissolved in CDF3/CDClF2 (0 ppm).
bDifference to the corresponding free base. cRemarkably depends on
temperature.

Table 2. Experimental NMR Parameters for the Proton-
Bound Homodimers at 120 K

[BF4]
− [BArF]¯

base
δ(1H) ±
0.01 ppm

|J ̅15N1
H|

±
0.5 Hz

Δ(15N)a
±

0.1 ppm

|J ̅15N1
H|

±
0.5 Hz

δ(1H) ±
0.01 ppm

Δ(H/D)b
±

0.05 ppm

a 19.69 −67.0 41.2 19.80
b 19.76 −64.5 40.8 19.84 −0.72
c 20.26 20.24 −0.79
d 19.92 40.7 −60.4 40.4 20.0 −0.76
e 17.73 42.0 −50.9 42.0 17.76 −0.39
fc −62.7 40.4 21.73 −0.95d

g −62e 41.0 21.2f

h −57e 40.5 18.9f

aDifference to the corresponding free base. bThe primary isotope
effect on the NMR chemical shift pΔ(H/D) ≡ δ(NDN) − δ(NHN).
cReference 21. dAt 130 K. e ± 1 ppm. f ± 0.1 ppm.

Figure 4. 1H (upper) and 2H (lower) NMR spectra of the proton-
bound homodimers of ortho-methylsubstituted pyridine derivatives
b−e in CDF3/CDF2Cl at 120 K. Anion: [BArF]¯.
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bulky, noncoordinating anion [BArF]¯ does affect neither
geometry nor stability of H-bonds in associated cations. This
conclusion agrees with other experimental data.22 As a result, in
the complexes with [BArF]¯ the values of |1J15N1

H| in the
conjugate acids of both ortho-methylsubstituted and ortho-
unsubstituted pyridines are close to the ones in the conjugate
acids of ortho-tert-butylsubstituted pyridines.23 The sign of the
primary isotope effect on the NMR chemical shift clearly proves
that the H-bonds in the proton-bound homodimers of
pyridines are asymmetric.24−26 The value of the effect is close
to the highest known ones.27,28 This finding, accompanied by
the large values of the 1H NMR chemical shifts of the mobile
protons, indicates that the H-bonds in question are very short.
The multiplicity of the 1H NMR resonance indicates that the
reversible proton transfer between the two pyridines is fast in
the millisecond time scale down to 120 K. An IR study of
proton-bound homodimers of pyridines in dichloromethane
showed that proton transfer rates were slower than 1011 s−1 up
to 290 K.29 The rate-limiting step for the proton transfer in the
condensed phase is the solvent reorganization.30−32 Note that
in the gas phase the barrier for the proton transfer in these
homodimers is expected to vary in a range of 4−20 kJ/mol.29,33
Thus, the proton transfer rates in the gas phase are in a range of
1012 to 105 s−1.
To achieve the objectives of our work we need to attribute

the obtained NMR parameters to H-bond geometry. Which of
the obtained NMR parameters can be used to estimate H-bond
geometries of the proton-bound homodimers of pyridines?
Generally, 15N NMR chemical shifts represent the best possible
parameter for the quantitative analyses of H-bond geometry in
the case of pyridines.34 The complexity of the system under
study has no matter.35−37 It is ironic that the proton-bound
homodimers of pyridines represent a case where this parameter
loses its advantage. Because of the reversible proton transfer,
the experimentally observed 15N NMR chemical shift value is
the mean of two others: one of the N−H bond and the other of
the H···N bond. The latter values are not known. Since the
lengths of the N−H and H···N bonds depend on each other
one can “scan” over possible geometries for the mean 15N
NMR chemical shift value that is the closest to the experimental
one. However, the accuracy of such estimates will be low.33 In
contrast, geometry of H-bonds can be estimated on the basis of
the experimental values of the 1H NMR chemical shift. The
latter is not affected by the reversible proton transfer in the case

of [B−H···B]+ species. The range of the primary isotope effect
values on the chemical shift is sufficient for qualitative but not
quantitative conclusions. Alternatively, the geometrical param-
eters of the proton-bound homodimers can be estimated from
the experimentally observed J15N1

H couplings. These couplings
represent mean values: J ̅15N1

H = ((1J15N1
H + hJ15N1

H)/2), where
1J15N1

H and hJ15N1
H stand for the couplings across the N−H and

H···N bonds, respectively. 1J15N1
H is negative and depends on

the N−H distance.7,38,39 hJ15N1
H is negative for short H-bonds

and changes its sign at the H···N distance of ∼1.62 Å.40 The
weaker is the H-bond, the closer is J ̅15N1

H to J15N1
H/2. Thus, the

H-bond geometries of the homodimers can be independently
estimated using the experimental values of the 1H NMR
chemical shift and the J ̅15N1

H coupling.
1. Experimental Estimation of H-Bond Geometry. For

a detailed discussion about geometric and NMR parameter
correlations for H-bonds, refer to other publications.41−44 Here,
we introduce only the conceptual idea of these correlations.
According to the valence bond order concept, one can

associate to any A−H···B hydrogen bond two valence bond
orders given by p1 = exp{−(r1 − r1

0)/b1} and p2 = exp{−(r2 −
r2
0)/b2}, where r1 and r2 stand for A−H and H···B distances, r1

0

and r2
0 represent the equilibrium distances in the fictive

diatomic units AH and HB, and b1 and b2 describe bond
order decays with increasing bond distances. The total valence
of hydrogen is unity; that is, p1 + p2 = 1. Thus, the distances r1
and r2 depend on each other. To incorporate this fact into the
analysis one defines the natural hydrogen bond coordinates q1
and q2 according to q1 = (r1 − r2)/2 and q2 = r1 + r2. In the case
of a linear H-bond these new coordinates have clear physical
meanings: q1 is the distance to the proton from the geometric
center of the H-bond, and q2 is the A···B distance. A detailed
analysis of chemically and geometrically different H-bonds has
demonstrated that it is not possible to describe both short and
long H-bonds using the same parameters r1

0, r2
0, b1, and b2.

41

The problem can be solved by using empirical corrections for
the bond orders. For the case of N−H···N hydrogen bonds
these new bond orders are p1* = p1 − 250(p1p2)

5(p1 − p2) −
0.85(p1p2)

2 and p2* = p2 − 250(p1p2)
5(p2 − p1) − 0.85(p1p2)

2.42

The numerical values of parameters are r1
0 = r2

0 = 0.997 Å, b1 =
b2 = 0.370 Å.42 Thus, we estimate the H-bond distances in the
proton-bound homodimers as follows: r1 = −ln(p1*)0.37 Å +
0.997 Å, r2 = −ln(p2*)0.37 Å + 0.997 Å. Here and further we
employ the empirically corrected bond orders instead of the
conventional ones solely to reduce the number of parameters in
use. This substitution can neither improve nor worsen
remarkably the accuracy of our estimates.
The bond orders of the H-bonds in the proton-bound

homodimers under study can be estimated from the
experimental values of the 1H NMR chemical shift: δ(1H) =
δ0(1H)(p1* + p2*) + ΔH4p1*p2*.

42,43 The parameter δ0(1H) stands
for the limiting chemical shift in the fictive isolated conjugate
acid of pyridine. In this work we take this parameter equal to
the experimental value of δ(1H) in the conjugate acid of the
corresponding pyridine derivative with [BArF]−, Table 1. ΔH is
an empirical fitting parameter. The value of this parameter is
expected to be in the range of 10−20 ppm.42,43,45 To reduce
ambiguity in the choice of the value of this parameter we
measured 1H NMR chemical shift in the proton-bound
homodimer of pyridine in the polycrystalline state, δ(1H) =
20.73 ppm. The H-bond distances r1 and r2 in this complex are
1.123 and 1.532 Å. These values provide for ΔH the value of
15.8 ppm. The H-bond distances in the other proton-bound

Figure 5. 15N{1H} NMR spectra of the conjugate acids (lower) and
the proton-bound homodimers (upper) of ortho-methylsubstituted
pyridine derivatives a, b, d, and e in CDF3/CDF2Cl at 120 K. Anion:
[BArF]¯.
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homodimers under study estimated using the latter value are
collected in Table 3. Are the numerical values of these distances

realistic? Yes, the estimates obtained for the proton-bound
homodimer of pyridine suggest that the hydrogen bond
becomes shorter in polar aprotic solvent as compared to the
crystal. What is the margin of error for these estimates? It
depends at least on the margin of error for δ(1H). The latter is
0.01 ppm, which implies a very small distance error of ∼0.0005
Å. However, the above-mentioned choice of the limiting
chemical shift parameters δ0(1H) and ΔH may lead to
systematic errors that are larger but difficult to evaluate. On
the other hand, the estimated distances will reproduce correctly
changes of average H-bond geometries within a series of H-
bonded systems of similar structure.
The same bond orders can be independently estimated from

the experimental values of J ̅15N1
H: |1J15N1

H| = |1J015N1
H|p1* −

8ΔJp1*(p2*)2.39,45,47 The parameter 1J015N1
H stands for the

limiting value in the fictive isolated conjugate acid. ΔJ is an
empirical fitting parameter. Formally, 1J015N1

H should be equal to
the experimental value in the conjugate acid of the
corresponding pyridine derivative with [BArF]−, Table 1.
However, a better simulation of experimental data was achieved
when this parameter was taken equal to 115 Hz.45 The value of
ΔJ should be ∼20 Hz but has to be fitted to each type of
complex.39,45,47 To secure that our estimates of H-bond
geometry on the base of δ(1H) and J ̅15N1

H are totally
independent of each other, we have fitted ΔJ in a way that
1J15N1

H changes its sign at the N···H distance of 1.62 Å.40 This
restriction provides for ΔJ a value of 24 Hz. Thus, |J ̅15N1

H| =
((|1J015N1

H| − 8ΔJp1*p2*)(p1* + p2*))/2, where |
1J015N1

H| = 115 Hz
and ΔJ = 24 Hz. The H-bond distances in the proton-bound
homodimers under study estimated using this equation are
collected in Table 3. Do the numerical values of these distances
agree with the values estimated on the base of δ(1H)? Yes, and
the longer the H-bond is, the closer the values are. What is the
margin of error for the new estimates? It depends at least on
the margin of error for J ̅15N1

H. The latter is 0.5 Hz, which
provides for the former margin of error a value of 0.005 Å.
Again, the systematic error of these estimations cannot be
evaluated at the current stage. The observed discrepancy
between the two estimates is outside the margin of error. We
attribute this discrepancy to the fact that the latter correlation
has been initially established and tested for relatively short N···
H distances. The problem cannot be solved just by changing
the parameters 1J015N1

H and ΔJ. We also do not have enough
data about the behavior of 1J15N1

H at long N···H distances to
improve the available correlation. For this reason we regard the

estimates obtained on the base of J ̅15N1
H as proof for the

estimates obtained on the base of δ(1H). However, we will use
the latter ones in the following discussion.

2. Geometry of Homodimer Versus the Proton-
Accepting Ability of Pyridine. Neither pKa nor the gas-
phase proton affinity (PA) are physically justified parameters
for the description of H-bond in aprotic polar solvent.
However, these parameters are easily available and useful for
a semiquantitative analysis. In Table 3 are collected the pKa
values of the conjugate acids of the pyridine derivatives under
study. The PA values were calculated as follows: PA =
ΔH298(B) + 5RT/2 − ΔH298(BH+). Here ΔH298(B) and
ΔH298(BH+) stand for the sums of electronic and thermal
enthalpies of a pyridine derivative and its conjugate acid at 298
K. The enthalpies were estimated at the B3LYP/6-311+
+G(d,p) level using the Gaussian 09.C.01 program package.48

This level is sufficient to obtain correct values.49,50 There is
near-linear correlation between the PA and pKa values within
the ortho-unsubstituted and ortho-methylsubstituted deriva-
tives of pyridine, Figure 6. The only exception is b. A value

obtained at the B3LYP/cc-pVTZ level is very close to the
previous one. The use of the SDD pseudopotential with the
keyword MWB28 for Br gives for b a PA value of 963 kJ/mol.
We are not aware of any other estimation of the PA of this
pyridine. Thus, the PA value of b is in doubt.
In Figure 7 is depicted the N···N distance in the proton-

bound homodimers of pyridines as a function of the pKa of
conjugate acids and the PA of the pyridines. For the ortho-
methylsubstituted pyridines these functions are q2 = 2.77−(2.8
× 10−2) × pKa + (1.9 × 10−3) × (pKa)

2 (q2 in Å) and q2 =
14.06−(2.327 × 10−2) × PA + (1.188 × 10−5) × PA2 (q2 in Å,
PA in kJ/mol). For the latter correlation we did not take into
account the experimental data for b. Both correlations exhibit a
minimum that corresponds to the shortest hydrogen bond
achievable in the proton-bound homodimers of ortho-
methylsubstituted pyridines.
For the ortho-unsubstituted pyridines these functions are q2

= 2.58 + (6 × 10−3) × pKa + (3 × 10−4) × (pKa)
2 (q2 in Å) and

q2 = 5.47−(6.36 × 10−3) × PA + (3.54 × 10−6) × PA2 (q2 in Å,
PA in kJ/mol). The former correlation fails to find a value of
the pKa that would correspond to the shortest hydrogen bond
achievable in the proton-bound homodimers of ortho-
unsubstituted pyridines. In contrast, the latter correlation

Table 3. Geometry of H-Bonds in the Proton-Bound
Homodimers Estimated from δ(1H) and J ̅15N1

H

base pKa
a PAb kJ/mol rNH Å rNN Å

a 3.3 930 1.100c 1.100d 2.695c 2.697d

b 5.0 970 1.108c 1.104d 2.681c 2.688d

c 6.7 970 1.115c 2.670c

d 7.3 990 1.118c 1.109d 2.665c 2.680d

e 10.9 1030 1.100c 1.091d 2.697c 2.714d

f 5.2 930 1.163c 1.109d 2.618c 2.680d

g 5.9 950 1.155c 1.102d 2.624c 2.692d

h 9.5 1010 1.123c 1.107d 2.659c 2.682d

aReference 46. bEstimated at the B3LYP/6-311++G(d,p) level.
cEstimated from δ(1H). dEstimated from |J ̅15N1

H|. See text for details.

Figure 6. Gas-phase proton affinities (PA) of f−h (ortho-
unsubstituted) and a−e (ortho-methylsubstituted) calculated at the
B3LYP/6-311++G(d,p) level and adapted from ref 50 vs the pKa of
conjugate acids.
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predicts that the shortest N···N distance of 2.613 Å will be
realized in the proton-bound homodimers of an ortho-
unsubstituted pyridine with PA of 900 kJ/mol. Note that
calculations predict that the proton-bound homodimers of
amines will show a maximum of the binding energy of 115 kJ/
mol at PA of 900 kJ/mol.9,11

We conclude with a few related remarks. The H-bond in the
proton-bound homodimer of f in the aprotic polar CDF3/
CDClF2 mixture is shorter as compared to the crystalline
state.21 Thus, the indirect spin−spin coupling between the two
15N nuclei of this homodimer, which cannot be measured in
our experiments, should be larger than 10 Hz.51 The interaction
between the methyl groups of the two interacting molecules
begins to dominate over the H-bond at the N···N distance of
∼2.7 Å. Indeed, at longer distances the functions q2(PA) for the
proton-bound homodimers of the ortho-methyl substituted and
ortho-unsubstituted pyridines approach each other asymptoti-
cally, Figure 7. Note that ortho-tert-butyl substituted pyridines
do not form proton-bound homodimers at all.23

3. Geometrical and Spectral Features of Short NHN
Hydrogen Bonds. The present study states that the shortest
NHN H-bonds in the proton-bound homodimers of pyridine
derivatives exhibit N···N distances above 2.6 Å. These NHN H-
bonds are longer than the shortest NHO and OHO hydrogen
bonds. The limiting values for the N···O and O···O distances
are ∼2.5 Å52 and 2.4 Å,53 respectively. However, the donor−
acceptor distance is a useful measure of the strength of H-
bonding only within a series of hydrogen bonds exhibiting a
similar electronic structure. The following spectral features

support this statement. The fundamental asymmertic stretching
vibrations of the shared protons in the proton-bound
homodimers of f and d are very broad bands with the first
spectral moments at 2160 and 2250 cm−1, respectively.29 This
feature is characteristic,54 but prevents the use of this vibration
as a measure of the H-bond geometry and energy. More useful
for this purpose can be the out-of-plane bend γ(NH) that is
located in the proton-bound homodimer of f at 822 cm−1.21

However, we are not aware of a correlation between the
frequency of this vibration and H-bond parameters. Let us
consider NHN H-bonds between sp3-hybridized nitrogen
bases. The most studied systems of this type are proton
sponges.54 The fundamental asymmertic stretching vibrations
of the shared protons in proton sponges is ∼500 cm−1. The
limiting value for the N···N distance is ∼2.53 Å.54 However, we
can argue that these bonds are constrained by steric effects and
are not necessarily linear. Thus, the length of such H-bonds
should be calculated as a sum of the N−H and H···N distances.
The proton-bound homodimers of ammonia and amines are
better examples. In the former dimer the asymmertic stretching
vibrations of the shared protons is shifted to 374 cm−1, while
the N···N distance is above 2.65 Å.55,56 This geometry is close
to a value of 2.636 Å in the proton-bound homodimer of
trimethylamine.57 A similar trend was observed in protonated
tertiary diamines.58 We conclude that H-bonds in the proton-
bound homodimers of sp3-hybridized nitrogen bases are
stronger but not necessarily shorter as compared to the ones
in the proton-bound homodimers of pyridine derivatives.
The kinetics of proton transfer in asymmetric proton-bound

homodimers is related to the current discussion about the effect
of steric strain and compression on the efficiency of enzyme-
catalyzed reactions.59−61 The rate constants of this transfer
should depend on solvent and temperature. The quantization
of the nuclear motion of the shared proton is an attractive task.
It requires an explicit account for solvent molecules that is
possible in multiscale hybrid quantum mechanics/molecular
mechanics (QM/MM) molecular dynamics simulations.

■ CONCLUSION
In this work we have experimentally studied how the geometry
of the proton-bound homodimers of pyridines depends on the
pKa and the gas-phase proton affinity (PA) of the molecules
forming these complexes. It is possible to reach the following
conclusions from this study.

(i) The difference between the 1H NMR chemical shift
values of the mobile proton in the conjugate acids of
ortho-unsubstituted and ortho-methylsubstituted pyri-
dines with [BArF]¯ and [BF4]¯ anion proves that the
latter anion affects H-bond geometry in conjugated
cations.

(ii) The negative values of the primary isotope effects on the
NMR chemical shifts, pΔ(H/D) ≡ δ(NDN) − δ(NHN),
indicate that the H-bonds in the proton-bound
homodimers of pyridines are asymmetric. This fact
should be attributed to a low electronegativity of sp2-
hybridized nitrogen bases.9 At the same time, these H-
bonds are very short. As a result, in the aprotic polar
CDF3/CDClF2 mixture the reversible proton transfer
within these [N−H···N]+ H-bonds is fast in the
millisecond time scale down to 120 K.

(iii) The shortest possible H-bond in the proton-bound
homodimers of ortho-unsubstituted pyridines should be

Figure 7. N···N distance (q2) in the proton-bound homodimers of
pyridines vs the pKa of conjugate acids (upper) and the gas-phase
proton affinity (PA) of the pyridines (lower).
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characterized by a N···N distance of 2.613 Å. Such
complex will be formed by pyridines exhibiting a PA of
900 kJ/mol. Among the molecules studied, the proton-
bound homodimer of pyridine shows the strongest H-
bond with the N−H and N···N distances of 1.163 and
2.618 Å, respectively. Within the series of the proton-
bound homodimers of ortho-unsubstituted pyridines the
H-bond length correlates with the PA in approximately
quadratic manner. In contrast, our data do not provide
for the same series a reliable correlation between the H-
bond geometry and the pKa values smaller than 5.2.

(iv) The shortest possible H-bond in the proton-bound
homodimers of ortho-methylsubstituted pyridines is
formed by 2,4,6-trimethylpyridine. This bond is charac-
terized by the N−H and N···N distances of 1.118 and
2.665 Å, respectively. The interaction between the
methyl groups begins to dominate over the H-bond at
the N···N distance of ∼2.7 Å. Within the series of
proton-bound homodimers of ortho-methylsubstituted
pyridines the H-bond length correlates with both the PA
and the pKa in approximately quadratic manner.
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