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Amixture of CLCHCOOH-'°O; and CLCHCOOH-"*0, was combined with an excess of
apyridine and studied by NMR at 23°C, -43°C, and —81°C. The 1:1 complexes were ana-
lyzed by isotopic perturbation of equilibrium. Plots of OH chemical shift and of '*C iso-
tope shift vs. pK, of the pyridinium ion both exhibit maxima ~ 5, when the basicities of
the hydrogen-bond acceptors become matched, the hydrogen bond is strongest, and the
equilibrium is maximally perturbed by the isotope. In contrast, for the complexes of
pyridine and 3-picoline the isotopic perturbation seems to disappear, consistent with a
low-barrier hydrogen bond in a single structure, rather than a hydrogen that can take ei-
ther of two positions in a mixture of two tautomers.
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“Low-barrier” hydrogen bonds. Hydrogen bonds are important structural ele-
ments that play a major role in physics, chemistry, and the life sciences [1]. They typi-
cally consist of a donor—acceptor system of the form A—H---B, where A and B are N,
O, or halogen. Hydrogen bonds have been studied by X-ray crystallography, NMR
and IR spectroscopy, and thermochemical measurements. They are usually described
by a double-well potential-energy surface, corresponding to a tautomeric equilibrium
between 1a and 1b.

A-H--B ¢e>A—-HB A-—H-B
1a 1b 2

An active field of research is the investigation of exceptionally strong hydrogen
bonds [2]. These are unusually short, and the hydrogen is centered with respect to the two
heavy atoms, as in 2. The barrier to hydrogen transfer has decreased to less than the
zero-point energy. Such a hydrogen bond is accordingly described by a single-well poten-
tial. When A is identical to B, 2 can be called “symmetric”. The key distinction though
is between a mixture of two species in equilibrium, versus a single structure where the
hydrogen is shared between the two donor atoms. The contribution of resonance
forms of equal energy, or a “covalent character”, may then explain their exceptional
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strength [3]. It is not necessary that A and B be identical [4]. It has been proposed that
such “short”, “strong”, “low-barrier” hydrogen bonds are involved in some en-
zyme-catalyzed reactions, and evidence for them has been sought [5].

Although dicarboxylate monoanions such as maleate (3) and phthalate (4) show
symmetric hydrogen bonds in crystals, they are a mixture of two tautomers in solu-
tion, with the hydrogen closer to one oxygen than to the other and jumping rapidly be-
tween the two [6]. Protonated 1,8-bis(dimethylamino)naphthalenes (5) are also a
mixture [7]. The difference between crystals and solution has been attributed to the
disorder of the solvation environment, and computations support this proposal [8].

(0] [o] H*
(CHgz)aN" N(CH3)2

3 O 4 O SCC

The role of solvation may be especially important for ions, such as 3-5. If so,
symmetric hydrogen bonds may be more likely for neutrals. Even though some neu-
trals are not symmetric, this could be due to too long an N-N distance [9]. The qu-
estion here is whether it is possible to find a centered hydrogen bond (2) in a complex
between a neutral acid and a neutral base. Although hydrogen transfer produces an
ion pair, this too is overall neutral. Of course, since A and B are different, such a hy-
drogen bond, even if centered, cannot be symmetric. Another potential advantage is
that the interaction is intermolecular, so that there are no geometric constraints impo-
sed on the A—B distance, and the hydrogen bond can adjust to its most stable configu-
ration.

Complexes between carboxylic acids and pyridine. A suitable systemisthe 1:1
complexes (6) between pyridines and carboxylic acids. These are known to form
strong hydrogen bonds, and dichloroacetic acid (R = CHCI,) has been extensively
studied [10]. One of the necessities for formation of single-well hydrogen bonds (2) is
amatching between the basicities of Aand B. In known examples such as crystalline 3
or 4 this is an automatic consequence of the symmetry. With 6 a range of pyridine ba-
sicities may be scanned by attaching electron-donating or electron-withdrawing sub-
stituents X.

Figure 1 presents this approach. The potential-energy surface for a pyridine—di-
carboxylic acid complex (6a, 6b, R = CHCl,) changes with the basicity of the pyridi-
ne. As basicity increases, the energy minimum moves to a longer O—H distance, and

ox O
Ox O

the equilibrium shifts from 6a toward 6b. At some intermediate stage, the basicity
matches that of the carboxylate, and the double-well potential-energy surface be-
comes effectively symmetric, even though nitrogen and oxygen are not the same. At
this point a transition to the single-well potential of a short, strong, low-barrier hydro-
gen bond becomes possible.
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Figure 1. Variation of potential-energy surface for pyridine—dicarboxylic acid complex with increasing
basicity of pyridine, and possible transition to a single-well potential when basicities are
matched.
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This approach is justified by computations on the NHO hydrogen bonds in a keto-
hydrazone-azoenol system [11]. Also, experimental results on complexes of pyridi-
ne-""N with a series of carboxylic acids show such a variation with basicity, but the
proper study of hydrogen bonding in these systems requires low temperatures and
aprotic solvents [12]. We therefore have used CD,Cl, at 23°C, —43°C, and —81°C.
As ameasure of the basicity of the pyridines, we rely on their tabulated pK, values
in water [13]. Since the pK, of dichloroacetic acid is 1.29, a pyridine whose conjugate
acid has this pK, would be matched, but only in aqueous solution. In a less polar
solvent the pK, of dichloroacetic acid is higher, so a more basic pyridine is necessary
[14]. It is not predictable how much more basic a pyridine is needed, especially since
acidities are further modified by the formation of an ion pair. Instead we take an empi-
rical approach, which is well-established [15]. Matched basicity is recognizable
through the associated strengthening of the hydrogen bond, which is manifested in
the chemical shift of the OH. Therefore, we can rely on the most downfield OH shift
as indicating a regime where the equilibrium between 6a and 6b is balanced. The qu-
estion then is whether the central potential barrier disappears and the potential beco-
mes single-well.
Isotopic perturbation. The key method used in this investigation is isotopic per-
turbation of equilibrium [16]. It succeeds in distinguishing a single species (2) from a
tautomeric mixture (1a plus 1b) even if interconversion is rapid, as must be the case
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for hydrogen motion. The basis of this method is that substitution with a heavier iso-
tope lowers the zero-point energy of a vibration. This can stabilize either 1a or1b and
thereby change the position of the equilibrium between them. For the specific case of
6a and 6b the substitution is here a double one, with two '*Os in the carboxyl group.
Their effect is to reduce the acidity of the carboxylic acid. Then, since NMR chemical
shifts are quite sensitive to the state of carboxyl protonation, the shift of the equili-
brium can be detected. Of course it must be acknowledged that isotope effects due to
%0 substitution are much smaller than those due to the deuterium substitution that is
most often used for studies of hydrogen bonding [17].

The isotope shift is defined as the chemical shift of the carboxyl carbon of the 'O,
acid, relative to that of the '°O, acid (eq 1) [18]. The observed isotope shift is compo-
sed of an intrinsic shift Ag and a shift Ayert due to perturbation of an equilibrium be-
tween the two tautomers (eq 2). This latter can be shown to be given by eq 3, where
Oon and 0 o-are the chemical shifts of the carboxyl carbons in tautomers 6a and 6b, re-
spectively, K. is the equilibrium constant [6b]/[6a], taken as the geometric average
over '°0 and 'O acids, and K is the ratio of K, for the '°O acid to that for the '"*O acid.
According to '*0 isotope effects on acidity constants of carboxylic acids [19], K is
expected to be ~1.02 at 25°C, although this may be modified by the hydrogen bond-
ing. However, it is not necessary to know this value.

Aobs = Oc180, —Ocl60, (1)

Aobs = AO + Apert (2)
K—-1

Apert = (50H —50—) 3)

1+K +K"K, +K"/K,

This A, has the proper limiting behavior, approaching zero for large or small K. and
reaching a maximum when K. = 1. That maximum arises because the isotopic substi-
tution exerts its greatest perturbation on the equilibrium between 6a and 6b when that
equilibrium is balanced. However, if the symmetric double-well potential of Figure 1
is transformed into a single-well potential, then there will be only a single species,
with no equilibrium. If so, A, will disappear, and A, will revert to the intrinsic A,.
This is thus a characteristic signature of a low-barrier hydrogen bond. It is a more sen-
sitive test than that in an NDN hydrogen bond where distances are consistent with a
low barrier [20]. In that case the characteristic signature is a zero primary isotope
shift, but since that quantity changes sign as the '°N chemical shift increases, it also
must necessarily be zero merely by the principle of continuity. We now report a Apert
for a series of complexes (6) between pyridines and carboxylic acids, but not for
pyridine or 3-picoline, where Aper: seems to disappear.
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EXPERIMENTAL

General. 3-Fluoropyridine, 3-methoxypyridine, and 3,5-lutidine were dried with K,CO; and frac-
tionally distilled. 2-Phenylpyridine was dried with sodium and distilled under reduced pressure. Pyridine
and 2,5- and 2,6-lutidine were dried with sodium and fractionally distilled. 3-Picoline was dried with
LiAlH4 and distilled. Pyridines were stored over 4A molecular sieves under dry N,. Dichloroacetic acid
was purified by fractional distillation and stored under dry N,. Dichloroacetyl chloride and dichloroacetic
anhydride were used as provided. Water-lxo, 94.1%, was obtained from ICON Services, Inc. Dichloro-
methane-d, in sealed ampules was obtained from Cambridge Isotope Laboratories.

CLCHCOOH-"%0,. Dichloroacetyl chloride (0.5 mL, 5 mmol) was stirred in an ice bath with 0.3 mL
H,'®0 (16 mmol) for 1 hr, then warmed to room temperature and stirred for two days. Water was then
evaporated under reduced pressure (< 1 mm Hg) for 48 hours. Incorporation of label was confirmed by *C
NMR of a 1:2 mixture with unlabeled dichloroacetic acid in CDCl;, and the center signal, due to
CLCHCOOH-"*0, represented only ~35% of the CLL,CHCOOH-'¥0, content.

Sample preparation. Samples were prepared under dry N, using syringe transfer techniques.
Pyridine or a substituted pyridine (1.2 mmol) was added to dichloromethane-d, (1 g). Dichloroacetic
acid-"*0, (5 uL, 0.06 mmol) and dichloroacetic acid (5 L, 0.06 mmol) were added to the solution. The
excess of pyridine guarantees that there are only 1:1 pyridine-carboxylic acid complexes, and no acid
dimers [21]. To scavenge any adventitious water, dichloroacetic anhydride (9 L, 0.06 mmol) was added
and allowed to react at room temperature for 30 minutes. This caused some scrambling of the label, but the
NMR signal of CLLCHCOOH-"®0 was still resolvable. Samples were transferred by positive N, pressure
to vacuum-evacuated NMR tubes fitted with J Young valves. The same sample was used at all tempera-
tures.

NMR spectra. Spectra were recorded on a Varian Unity 500 spectrometer operating at a '’C fre-
quency of 125.823 MHz. Default parameters were used, except the 'H sweep width was expanded to in-
clude the downficld OH signal, and the "*C spectra were taken with a 4-fold augmentation of data points,
to improve digital resolution. Low-temperature spectra were obtained using liquid N, coolant and a vari-
able-temperature controller. Samples were equilibrated until the chemical shift of the exchangeable OH
remained constant within = 0.001 ppm. Temperatures were calibrated from the chemical shifts of a meth-
anol sample.

RESULTS AND DISCUSSION

NMR chemical shifts and isotope shifts. The data at 23°C,—43°C, and —81°C are
summarized in Table 1. The first two columns list the substituent on the pyridine ring
and the aqueous pK, of that pyridinium ion. The following columns list either the 'H
chemical shift of the hydrogen-bonded proton () or the ?C NMR isotope shift (A) of
the carboxyl carbon, tabulated as —A. The isotope shifts are small but measurable if
care is taken to ensure high-resolution spectra. All isotope shifts are negative, since
the effect of a heavier isotope is almost always a greater shielding [18].

Chemical shifts for the OH are very far downfield, well within the range associa-
ted with strong hydrogen bonds. The only exception is 3-fluoropyridine.

Figure 2 shows how the OH chemical shifts of these 1:1 complexes vary with the
basicity of the pyridine. The smooth curves are parabolas, arbitrarily chosen to fit the
data by a linear least-squares routine. The maxima at 23°C, —43°C, and —81°C are at
pKa 5.79, 5.46, and 5.17, respectively.
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Table 1. 'H chemical shifts (ppm) of OH and "*C isotope shifts (ppb) of carboxyl carbon in pyridine-

dichloroacetic acid complexes 6.

X pK,* o’ o At on’ -Ac!
3-F 2.97 13.0 14.2 56 17.2 56
2-Ph 4.48 18.8 19.9 60 20.2 60
3-CH;0 4.88 19.5 20.4 60 20.5 60
H 5.17 19.8 20.6 52 20.6 55
3-CH; 5.68 20.0 204 54 20.3 54
3,5-(CH»), 6.14 20.1 20.2 57 19.9 56
2,5-(CH3)2 6.47 19.9 19.7 58 19.4 56
2,6-(CH,), 6.60 19.6 19.4 52 19.1 52

From Ref. 13. *23°C. °-43°C. -81°C.
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Figure 2. 'H chemical shiftd oy vs. pyridine pK,: (x) at 23°C, (A) at—43°C, (0) at—81°C, fitted as parabolas.

At 23°C the carboxyl peaks were often too broad for > C isotope shifts to be re-
solved, perhaps owing to paramagnetic impurities, and no pattern could be detected
for their basicity dependence. At —43°C and —81°C there are larger isotope shifts for
the complexes of 2-phenyl-, 3-methoxy-, 3,5-dimethyl-, and 2,5-dimethyl-pyridine.
Along with pyridine and 3-picoline these are the pyridines whose complexes show a
maximum 'H chemical shift.

Figure 3 shows how the magnitudes of the '*C NMR isotope shifts vary with the
basicity of the pyridine. At the extremities of low and high pK, A is simply the in-
trinsic Ao, but the magnitude of Aops rises in the middle. The smooth curves are the fit
to eqs 2 and 3, excluding pyridine and 3-picoline. They were obtained by a two-para-
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Figure 3. "*Cisotope shiftA vs. pyridine pK,: (A) at—43°C, (o) at—81°C (pyridine and 3-picoline in solid
symbols) , fitted to eq 3.

meter nonlinear least-squares routine that fixed pK, as pK.x — pK,, where pK,,,, 1S

5.46 or 5.17, the maxima in Figure 2. At both —43°C and —81°C A, is —54*2 ppb.

The complexes of pyridine and 3-picoline do not fit on these curves. Instead their
isotope shifts are quite close to the intrinsic Ao. The deviation is small, only a few ppb,
but the precision in measuring isotope shifts is better than =1 ppb, which is adequate
to conclude that their magnitude is lower than for the other pyridines of similar basic-
ity.

The 'H chemical shift data indicate a maximum downfield shift that corresponds
to an aqueous pyridinium pK, near 5.77 at 23°C, 5.46 at—43°C, and 5.17 at—81°C (Figure 2).
These values represent the apparent pK, of dichloroacetic acid in the dichloromethane
solvent. They are higher than its tabulated pK, of 1.29 because dichloromethane is less
polar than water. A pyridine with that higher pK, then has a basicity that matches that
of dichloroacetate.

This pKa, decreases with decreasing temperature. This reflects the well-known,
but somewhat counterintuitive fact, that solvent polarity, as measured by dielectric
constant, increases with decreasing temperature. Such a temperature dependence of
the condition for matching basicities has been noted previously [22].

The magnitude of the isotope shift of the carboxyl carbon increases in some com-
plexes of substituted pyridines with dichloroacetic acid. At —43°C and —81°C these
are 2-phenyl-, 3-methoxy-, 3,5-dimethyl-, and 2,5-dimethyl-pyridine. These are the
pyridines whose aqueous pK,s are in the range of 5—6. They are among the ones that
form the strongest hydrogen bonds, as judged by the maximum downfield OH chemi-
cal shifts. Thus the maxima of Figure 3 were fixed to correspond to those of Figure 2.
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This increase in isotope shift is due to the contribution of A, (eq 3), arising from
isotopic perturbation of equilibrium. This contribution is maximum when the basici-
ties of the pyridine and dichloroacetate become matched. According to the fitto eq 3,
that maximum corresponds to a Apere 0f—6.5+5 ppb at —43°C and -8+ 3 ppb at —81°C.
The magnitude is expected to be larger at lower temperature because K, the '*O isoto-
pe effect on acidity, is larger at lower temperature. However, it must be recognized
that the values are uncertain, especially since two complexes were excluded from the
fitting.

The operation of isotopic perturbation requires the existence of an equilibrium
between two tautomers, 6a and 6b. This behavior is consistent with the description of
the hydrogen bond in these complexes as a double-well potential, in which the hydro-
gen is either on the oxygen or the nitrogen, and rapidly moving from one to the other.
The equilibrium is closely balanced, so that the hydrogen can be found in either posi-
tion.

The complexes of pyridine and 3-picoline are exceptions. They do not fit on these
curves. Instead their isotope shifts appear to have reverted to the intrinsic A,. The dis-
appearance of A ., is inconsistent with a tautomeric mixture. It is consistent with a
single structure, with a low-barrier hydrogen bond. The neutral nature of this com-
plex, and its intermolecularity, may be reasons why this hydrogen bond can adopt a
geometry that permits the hydrogen to be shared between the two donor atoms.

There is considerable scatter in Figure 3. In part this is because of experimental
error in measurement of isotope shifts, which is quite sensitive to problems of resolu-
tion. Another source is the imperfect transferability of pK, values. These reflect the
effect of substituents on the tendency of a pyridine to accept a proton from water. This
is not necessarily the same as the effect of those substituents on the position of the
equilibrium between 6a and 6b, involving a neutral hydrogen-bonded complex in a
nonpolar solvent. To the extent that the potential-energy surface (Figure 1) is more
sensitive than chemical shift to the details of pK, matching, Figure 3 will show more
scatter than Figure 2.

CONCLUSIONS AND UNCERTAINTIES

At—43°C and —81°C the magnitudes of the '*0-induced '*C NMR isotope shift of
the carboxyl carbons in 1:1 complexes of dichloroacetic acid with pyridines show
maxima. These are the same pyridines for which the chemical shift of the OH is maxi-
mum, corresponding to the strongest OHN hydrogen bonds. The increased isotope
shift is due to perturbation of a closely balanced tautomeric equilibrium between 6a
and 6b.

The maximum—A,,, 0f 6.5 ppb at—43°C or 8 ppb at —81°C is smaller than the ~20
ppb seen in monoanions of dicarboxylic acids at room temperature [6]. The diminu-
tion is not due to the factor of 1/2 that enters when the comparison is intermolecular,
since this is compensated for by the double 3O substitution. The discrepancy may be
due to the hydrogen bonding to the pyridines. Nevertheless, the firm conclusion is
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that each of these complexes is a mixture of two tautomers, not a single structure with
a single-well-potential hydrogen bond.

The complexes of pyridine and 3-picoline are exceptions. Their isotope shifts
seem to revert to the intrinsic Ao. Such a reversion had been anticipated if the symme-
tric double-well potential undergoes a transition to the single-well potential of a
short, strong, low-barrier hydrogen bond, as in Figure 1. An isotope shift equal to the
intrinsic Ay is not consistent with the perturbation of a tautomeric equilibrium betwe-
en 6aand 6b. We therefore conclude that each of these complexes is a single structure,
with its hydrogen shared between nitrogen and oxygen. However, this conclusion is
tentative, because it is based on a limited number of experimental data.

Such hydrogen bonds seem to be quite elusive in solution, according to the crite-
rion of the disappearance of isotopic perturbation. Our earliest studies had been of in-
tramolecular hydrogen bonds in ions, where the disorder of solvation may be
especially important and where geometric constraints may not permit the optimum
distance. With these neutrals, which are formed by intermolecular association, the
strong hydrogen bond can become one where the hydrogen is shared between the two
donor atoms. However, this occurs only for the complexes with pyridine and 3-picoli-
ne, and not with substituted pyridines of similar basicity. It may be that the basicities
of those others do not match closely enough to permit such a hydrogen bond.

It might be appropriate to scan basicities at a finer mesh, in order to find other ma-
tches. It would also be reassuring to measure isotope shifts in complexes with additio-
nal pyridines and at additional temperatures in order to evaluate the maximum Aper
more reliably. The question remains as to whether these hydrogen bonds occur over
only a narrow range of basicities that include pyridine and 3-picoline. It may also be
that the range is broader at lower temperature.

Italso seems that hydrogen bonds with a shared hydrogen are only a low-tempera-
ture phenomenon. If so, we would again assert that it is the disorder of solvation that
disrupts the favorable local environment that is a prerequisite for such a hydrogen
bond.
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