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Abstract—'H NMR spectra of CDF;-CDF,CI (1:1) solutions containing partially deuterated (OH/OD)

salicylic acid and 2,4,6-collidine enriched with 15N have been obtained. At low temperature (100-120 K),
resolved signals of bridging OH/NH protons are observed for all equilibrium forms of the complexes, and they
retain structure due to spin—spin coupling with 5N nucleus and also to partial deuteration. Examination of the
spectra afforded data on the chemical structure of the 1:1, 1:2, and 2:1 complexes and on the localization of
bridging protons therein. Deuterium substitution in one of the hydrogen bonds resuits in secondary isotope
effects, which makes it possible to estimate the strength and sign of mutual influence of several hydrogen
bonds in the conjugated system (cooperative and anticooperative effects).

An interaction between molecules of an acid (AH)
and a base (B) in aprotic low-polar solvents usually
results in formation of a number of H-bonded com-
plexes (namely, molecular AH---B, zwitterionic
A™---HB*, and also complexes involving homo- and
heteroconjugated ions of A~ [BHB]" or [AHA]*--HB”*
type) [1-5]. Along with acidity and basicity (ApK),
the ability of the reacting molecules and products
(ions) to form various-type hydrogen bonds [6, 7] and
also mutual influence of hydrogen bonds (cooperative
and anticooperative effects) decisively contribute to
relative stability of these complexes. Complete des-
cription of acid-base equilibria in aprotic media re-
quires using various spectroscopic methods. These
usually include vibrational (IR and Raman [8-10])
and electronic (UV) spectroscopy [11, 12] and NMR
on various nuclei [13-15]. An advantage of 'H NMR
spectroscopy consists in the high sensitivity of proton
chemical shifts to formation and strength of hydrogen
bonds, and also in that the signals are easy to assign.
However, there is also a great drawback derived from
the fact that, under usual conditions, the lifetimes of
hydrogen bonds are short in the NMR time scale; as a
result, proton signals of all complexes participating in
the readily established equilibrium are averaged. This
is also assisted by proton exchange, which is highly
efficient in systems containing acids and bases.

In recent years the authors have offered and deve-
loped a technique for NMR studies in liquefied gases

(Freon mixtures) as solvents, which makes it possible
to obtain high-resolution spectra at 100—-150 K under
conditions of slow exchange and thus to shrply in-
crease their information content [16-20]. The life-
times of complexes with strong hydrogen bonds under
these conditions. are 107'-10 s; hence, the resulting
spectra reflect an equilibrium composition of the
solutions, signals of all complexes being resolved.
This permits qualitative and quantitative analyses to

be carried out readily Using 'H and "N spectra we
studied mteractlons in one of the simplest acid—base
systems pyndme >N-acetic acid in a CDF;/CDF,Cl
mixture in the 100-130 K range [19, 20]. We found
that complexes formed by a molecule of the base with
one, two, and three acid molecules are in equilibrium,
and the degree of proton transfer to the mtrogen atom,
measured by the constant of scalar 'H-°N spin—spin
coupling, the greater the more acid molecules are
involved in complex formation. Proton signals of
complexes of involved compositions in the spectra of
solutions containing the acid, partly deuterated at the
OH group, and pyridine were found to be additionally
split due to secondary isotope effects. This means that
hydrogen bonds in complexes with homoconjugated
ions are not independent, and a small weakening of
one of the hydrogen bonds caused by H/D replace-
ment results in appreciable change in the strength of
the other ones. The sign of the secondary isotope
effect is determined by the direction of mutual influen-
ce of the hydrogen bonds (cooperative strengthening
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Fig. 1. IH NMR spectra [(a) 200 MHz, (b) 500 MHz] of solutions containing salicylic acid and collidine-!1N [(a) 0.035 and
0.020 M; (b) 0.020 and 0.030 M] in a CDF;—CDF,Cl mixtre at 110 K.

or anticooperative weakening). This sign is an impor-
tant characteristic of chains of interacting hydrogen
bonds in a number of molecules of biological impor-
tance (for example, active centers of ferments), which
seem to take part in their functioning [21, 22].

In this work we have studied the acid—base inter-
action in solutions containing salicylic acid and 2,4,6-
trimethylpyridine—lSN (collidine) in a CDF;-CDF,Cl
Freon mixture by low-temperature 'H NMR spectro-
scopy. Because of the presence of intramolecular
OH:--O=C hydrogen bond in salicylic acid molecule,
effects connected with formation of long chains of
interacting hydrogen bonds would be expected in this
acid-base system. Owing to this interaction, the signal
of the phenol OH proton is an indicator of the position
of the central proton in the formally symmetric bridge
of the homoconjugated anion. Furthermore, we were
able to isolate, as individial crystals, complexes
comprising equlibrium mixtures in liquid solutions,
and thus to perform their crystallographic analysis.

The low-field part (containing OH and NH proton
signals) of the spectra of solutions containing collidi-
ne and salicylic acid, one or the other component
being in excess, is presented in Fig. 1. In case of a
1.5-fold excess of the acid, the low-temperature
(110 K) spectrum (Fig. 1a) consists of two doublets
(6 15.9 and 18.2 ppm, Jyy 88 Hz) and three singlets
(6 12.7, 14.6, and 18.7 ppm). At a precisely equimolar
composition of the mixture (1:1), only two signals,
a singlet at 14.6 ppm and a doublet at 18.2 ppm,
remain in the spectrum. Clearly, they result from the
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OH and NH protons of a 1:1 ion pair (complex I),
hence the other signals should be assigned to the 2:1
complex II with homoconjugated disalicylate anion.
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Obviously, the singlet at 18.7 ppm belongs to the
proton of the central very short hydrogen bridge, the
singlet at 12.7 ppm to two phenolic OH protons, and
the doublet at 15.9 ppm to the NH proton of the
collidinium cation.

Another pattern is observed with solutions contai-
ning excess collidine (Fig. 1b). In addition to signals
of the 1:1 zwitterionic complex (with excess base,
the doublet at 18.2 ppm is unresolved), a triplet at
20.0 ppm (Jyy 40 Hz), and a singlet at 15.6 ppm are
observed in the spectrum. The presence of the triplet
means that the bridging proton interacts with two
equivalent nitrogen-15 nuclei, and the signal should
be assigned to the homoconjugated dicollidium cation
[B---H---B]". Hence, the singlet at 15.6 ppm belongs
to the phenolic OH proton of an almost free salicylate
ion in complex IIIL

Now we consider localization of the proton in the
central hydrogen bridges of the homoconjugated
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cation and anion. The presence of a narrow-band
triplet at 20.0 ppm (Jyy 40 Hz) means that the proton
in the homoconjugated cation is not localized near one
of the nitrogen atoms (in this case, a doublet would
be observed) or in a potential well bottomed in the
center (in this case, the spin-spin coupling constant
would be close to zero). The spectrum corresponds to
a fast (in the NMR time scale) proton oscillation
between two equivalent equilibrium positions.
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Moreover, it is difficult to say whether proton
oscillation takes place in an isolated homoconjugated
ion. The structure of the latter may well be described
by a symmetric formula with a central equilibrium
proton position, while the hydrogen bond with the
counterion creates effective asymmetry and two
equivalent forms of the complex.

It is interesting to compare the proton chemical
shifts in various complexes formed by salicylic acid
with bases I-III. These shifts can be taken as an
approximate measure of comparative strengths of
hydrogen bonds in similar molecular fragments. Thus,
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Such a convenient characteristic of proton position
as spin structure is lacking in the case of homoconju-
gated disalicylate anion; however, the signal of pheno-
lic OH groups can serve as a kind of indicator. If the
central proton is located asymmetrically, the two OH
groups should be nonequivalent. In fact, the signal of
side OH groups of the 2:1 complex in the spectra
taken below 110 K (Figs. 2a-2d) at 500 MHz is split.
This proves the asymmetric structure of the homocon-
jugated anion described by formula II; degenerate
proton transfer in the complex with collidiniun (2:1)
occurs at appeciable rate at 100 K. This process
appears to be slowed down by an additional NH"*-O~
hydrogen bond with the counterion. Actually, in the
spectrum of tetrabutylammonium hydrogen disali-
cylate in which such hydrogen bond is absent, the
signal of side (phenolic}y OH groups appears as a
narrow singlet even at 100 K (Fig. 2e). Thus, in the
case of collidinium disalicylate, reversible proton
transfer occurs, which is controlled by the process of
rupture—formation of hydrogen bond with the counte-
rion, according to schemes (1) or (2):

o )
&ty C@

€y

it is evident that the strongest intramolecular hydrogen
bond is formed in free salicylate anion; this bond is
weakened by formation of an additional hydrogen
bond, with a counterion (collidinium cation); the third
hydrogen bond with an acid molecule in the 2:1
complex results in significant weakening the intra-
molecular bridge (& 15.6, 14.5, and 12.7 ppm, respec-
tively). The NH proton in collidinium ion forms an
extremely strong hydrogen bond with collidine
molecule and a less stong hydrogen bond with salicy-
late anion. Homoconjugation of the anion results in
further weakening of the interionic hydrogen bond
[B(NH) 20.0, 18.2, and 15.9 ppm, respectively].
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Fig. 2. 1y NMR spectra (500 MHz) of solutions con-
taining salicylic acid (0.02 M) and collidine (0.01 M).
Temperature, K: (a) 100; (b) 103; (c) 111; (d) 116.
(e) Spectrum (200 MHz) of a solution of tetrabutyl-
amonium hydrogen disalicylate at 100 K.

Further information on the structure of complexes
and mutual influence of hydrogen bonds therein was
obtained from consideration of secondary isotope
effects. The spectra of several various-type complexes
of partly deuterated salicylic acid at 120 K are given
in Fig. 3. The deuteration degrees for all groups
containing OH (NH) protons were determined by
integration of the corresponding signals with respect
to the aromatic ring CH proton signals (the resulting
values noticeably differ from each other for different
hydrogen bonds even of the same complex in the
same solution because of the so-called isotopic frac-
tionation: stronger hydrogen bonds are depleted in
deuterium owing to the lower zero vibration energy).

The spectrum in Fig. 3a belongs to a molecular
complex (OH---AH:-*B) of salicylic acid with di-
methyl sulfoxide. The signal with 6 11.8 ppm of
phenolic OH group is split into a doublet; the relative
intensity of the high-field component corresponds to
the deuteration degree of the carboxylic OH group
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(35%). 1t should be assigned to a “half-deuterated”
complex OH--*AD--'B. The direction of the isotope
shift points to weakening of intramolecular hydrogen
bond upon deuterium substitution of the carboxylic
proton. The natural interpretation of this effect con-
sists in the following. It has long been shown by
X-ray and neutron diffractometry [23] that deuteration
of an AH:-'B hydrogen bridge produces -certain
shortening of A-H covalent bonds and lengthening
(weakening) of H:--B hydrogen bonds. A theoretical
explanation of the latter effect (the Ubbelohde effect)
has been given in [34-27] (see also a qualitative
consideration in [20]). (The case of central hydrogen
bond in symmetric bridges of the [F:--H-:-F]~ type,
whose hydrogen bond is somewhat shortened, seems
to be an exception). The weakening of the intermo-
lecular hydrogen bonds results in slight electron dis-
placement (reduction in charge transfer from the
oxygen atom of the base to the acid molecule) and,
hence, in certain reduction in the charge density on
the carboxylic group (scheme A), that manifests itself
in weakening of the intramolecular hydrogen bond.
Thus, the negative sign of the secondary isotope effect
points to a cooperative nature of the interaction
between two hydrogen bonds (mutual strengthening).

The spectrum of a zwitterionic 1:1 complex of
partially deuterated salicylic acid with collidine is
given in Fig. 3b. In this case, isotope splitting of both
the OH and NH signals is observed, the positive sign
of secondary isotope effect indicating an anticoopera-
tive interaction of two hydrogen bonds, which corre-
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Fig. 3. 'H NMR spectra [(a) and (d) 200 MHz; (b) and (c) 500 MHz] of solutions containing salicylic acid (0.02 M) with
partially deuterated OH group and (a) dimethyl sulfoxide (0.03 M), (b) collidine (0.02 M); (c) collidine (0.01 M), (d) tetra-

butylammonium salicylate (0.02 M).

sponds to the character of electronic displacements
shown in scheme B. The two hydrogen bonds com-
pete with each other; charge transfer from the carboxy-
lic oxygen atom to the cation reduces the negative
charge density on the second oxygen atom and, hence,
results in weakening of the intramolecular hydrogen
bond.

Fig. 3 shows the spectrum of a solution that
presumably contains a complex of two molecules of
partially deuterated salicylic acid with collidine. A
very strong (+ 0.27 ppm) positive shift of the NH
proton signal, caused by H-D substitution of the
central (OH:--O) proton, is observed. A somewhat
weaker, but significant opposite effect (a shift of the
signal of the central proton) is also observed upon
NH/ND substitution. Though both possible structures
of collidinium disalicylate should exhibit anticoopera-
tive effect, its very large value makes us to prefer the
first formula with the central and intertonic hydrogen
bonds formed by the same oxygen atom. Unfortunate-
ly, the signal of phenolic protons is much broadened,
on account of the fact that the rate of degenerate
central proton transfer falls in the range of dynamic
NMR; this renders impossible observation of both
isotope splittings and opposite effects in this signal.

Finally, let us consider secondary isotope effects
in a hydrogen salt (tetrabutylammonium hydrogen
disalicylate, Fig. 3d). Only the high-field signal is
split, the relative intensity of the narrow low-field
component corresponding to the deuteration degree of
phenolic OH groups (45%). Thus, this splitting is
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caused by anticooperative interaction of two intra-
molecular hydrogen bonds through the central hydro-
gen bridge. Deuterium substitution of the central
proton (19%) results in appearance of a low-field
wing in the phenolic OH signal, and the positive sign
of isotope effect points to the fact that an isolated
disalicylate ion, too, should be described by an
asymmetric structure with bridging proton oscillation
(immeasurably fast in the NMR time scale). In fact,
had movement of this proton been described by a
potential function with one central minimum, its D
substitution would result in certain strengthening of
hydrogen bonds (as is the case with the FHF ion)
and, owing to anticooperative interaction, in a high-
field shift of the phenolic proton signal. Thus, in
principle, secondary isotope H/D effects can provide
valuable structural information.

EXPERIMENTAL

2,4,6-Trimethylpyridine (collidine) enriched with

N isotope (96%) was synthesized from tnmethyl—
pyrilium tetrafluoroborate and ammonium- N chlo-
ride (96%, Deuterio, Germany). Pynhum salt (8.0 g)
was dissolved with heating to 30°C m 150 ml of
water. A solution containing 3,5 g of ' NH4C1 and
4.0 g of NaOH in 40 ml of water was added to this
solution stirred with a magnetic stirrer, after which
the mixture was stirred for 0.5 h at 30°C and then for
0.5 h at 50°C, saturated with K,CO;, and extracted
with ether (5x50 ml). The ether extract was dried
with anhydrous K,CO;, the ether was distilled off,
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and the residue was dissolved in 10% HCI. Tarry
substance was filtered off, the filtrate, after addition
of K,CO;, was extracted with ether, and dried. Dis-
tilling off the ether gave 4.2 g (yield 63% per initial
I5N) of labeled collidine (96% '°N; purity < 97%,
according to NMR).

The CDF;-CDF,Cl Freon mixture was obtai-
ned by the procedure described in [19]. The solutions
and samples were prepared using a high-vacuum line
[19]. The spectra were recorded on Bruker AC-200
and AMX-500 instruments in special hermetic
ampules with a Teflon valve, rated at 50 bar.
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