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Geometries and Tautomerism of OHN Hydrogen Bonds in Aprotic Solution Probed by H/D

Isotope Effects on 3C NMR Chemical Shifts
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The 'H and '*C NMR spectra of 17 OHN hydrogen-bonded complexes formed by CH;'*COOH(D) with 14
substituted pyridines, 2 amines, and N-methylimidazole have been measured in the temperature region between
110 and 150 K using CDF5/CDF,Cl mixture as solvent. The slow proton and hydrogen bond exchange regime
was reached, and the H/D isotope effects on the '3C chemical shifts of the carboxyl group were measured. In
combination with the analysis of the corresponding 'H chemical shifts, it was possible to distinguish between
OHN hydrogen bonds exhibiting a single proton position and those exhibiting a fast proton tautomerism
between molecular and zwitterionic forms. Using H-bond correlations, we relate the H/D isotope effects on
the 13C chemical shifts of the carboxyl group with the OHN hydrogen bond geometries.

Introduction

Hydrogen bond interactions of acidic and basic amino acid
side chains play an important role in the functions of proteins.'
The position of the proton in these H-bonds is an important
issue as it affects the local electrostatics. Whereas heavy atom
positions of crystalline solids can be well determined by X-ray
diffraction, the localization of protons in hydrogen bonds often
requires the use of neutron diffraction.>”* By contrast, for the
study of hydrogen bond geometries in noncrystalline solids or
in liquids, generally only spectroscopic methods are applicable.
They can be used to determine hydrogen bond geometries if
appropriate correlations between spectroscopic observables and
interatomic distances are available. Such correlations can be
either computed theoretically’~” or found experimentally.®~!
For example, the frequency of the v(OH) stretching vibration
has been correlated with the O...O and H...O distances in OHO
hydrogen bonds.® It has also been shown that hydrogen bond
geometry correlates with various NMR parameters of AHB
hydrogen bonds, such as the chemical shifts of 'H,”~!> and of
heavy atoms A, B = 1N, °F,*~15 and coupling constants across
hydrogen bonds 'J(AH),'J(HB), and *"J(AB)."3~'° In cases where
the hydrogen bond is formed by a COOH/COO™ group, the
NMR parameters of the carboxylic carbon could be employed.*!”

For example, in a recent series of studies we have studied
the OHN hydrogen bond formed between the Asp amino acid
side chain of aspartate aminotransferase and its cofactor,
pyridoxal phosphate (PLP). The Asp—COO™..."HN—PLP hy-
drogen bond in the active site of the enzyme is believed to be
essential for the catalysis, while its Asp—COOH...N—PLP form
seems to be catalytically inactive.'®"2° The experiments per-
formed on the enzyme itself'® were interpreted using the results
of our previous model studies.'*~?!' It was shown that the proton
position in the H-bond between the Asp and the ring nitrogen
atom of the cofactor differs significantly from what would be
predicted from the pK, values of the partners. Moreover, the
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geometry resembles that of a complex surrounded by a polar
aprotic medium.

While establishing correlations for OHN hydrogen bonds, we
faced the following problem. In the case of a fast proton
tautomerism between the molecular (OH+++N) and the zwitte-
rionic (O~ +++HN™) forms of the complex, the NMR parameters
represent the weighted average of two intrinsic values. As a
result, it is difficult to distinguish the spectral manifestations
of the proton displacement in the hydrogen bond and the
shift of the tautomeric equilibrium.?! In ref 21, a combined
analysis of proton and nitrogen chemical shifts was used to
detect the presence of tautomerism. In this paper we apply this
approach to the '3C NMR parameters of the carboxylic group
participating in the OHN bridge. This can be advantageous when
SN NMR data are not available. Unfortunately, the carboxylic
carbon chemical shifts of carboxylic acids are strongly influ-
enced by the local chemical structure, and it is difficult to
separate contributions from chemical changes and changes of
hydrogen bond geometries or proton tautomerism.?? The values
of isotope effects on carboxyl chemical shifts seem to be of a
better diagnostic value concerning H-bond geometry as contri-
butions of acid residues cancel. Thus, Perrin et al. have studied
one-bond '®0 isotope effect on carboxylic chemical shifts,
'AC(0) = 5(C'®O0H) — 5(C'®*O0H), of acid—base complexes
in organic solvents.”*~>> They were able to obtain information
regarding hydrogen bond symmetry in solution, in particular
about the form of the potential, single- or double-well. However,
these effects are small and difficult to measure in the case of
biomolecules. Another NMR parameter which seems to be of
a high diagnostic value is the two-bond H/D isotope effect on
carboxylic chemical shift, 2AC(D) = 6(COOD) — 6(COOH).?°
Up to now, it has been difficult to obtain such effects from first-
principle calculations, as the calculation of the potential energy
and shielding surfaces is required.?’~?° An alternative could be
experimental studies of model systems. Thus, some of us have
recently studied H/D isotope effects on carboxyl chemical shifts
in a series of neutral and anionic OHO hydrogen-bonded self-
associates of acetic and chloroacetic acids.”** We established a
continuous 1D correlation between the average proton positions
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Figure 1. Schematic structures of the 17 intermolecular hydrogen-bonded complexes of acetic-'*C acid and nitrogen bases studied in this work.

Atomic charges are omitted.

in H-bonds and the values of H/D isotope effects on carboxylic
carbon chemical shifts.

In this work we have determined the values of 2AC(D) for
the case of the OHN hydrogen bonds between 1-!*C labeled
acetic acid and nitrogen bases. All studied complexes featured
the same carboxylic acid in order to minimize chemical
contributions other than hydrogen bonding. We have selected
17 nitrogen bases which all form 1:1 complexes with acetic
acid in an aprotic mixture of liquefied gases, CDF;/CDF,Cl.
The complexes were studied by low-temperature 'H and '*C
NMR spectroscopy. The structures of the complexes are
schematically shown in Figure 1. Three nitrogen bases were
labeled with >N (pyridine-'"°N, 3,5-dimethylpyridine-'>N, and
2,4,6-trimethylpyridine-'>N), which allowed us to measure
!J(COHN) coupling constants. To detect H/D isotope effects,
acetic acid was partially deuterated in the carboxylic group.

Experimental Section

Sample Preparation. Commercially available acetic acid
specifically '*C-enriched in the carboxylic group site (99% 1-*C,
Deutero GmbH) was used for the experiments. Deuteration of
acetic-3C acid was achieved by passing a stream of gaseous
DCI, obtained as a product of the reaction of 96% D,SO, (99.5%
D, Deutero GmbH) with dry solid NaCl, through a solution of
acetic acid-">C in CH,Cl,. All nonlabeled bases were purchased
from Aldrich and used without further purification. ’N-labeled
bases were synthesized in our lab. Pyridine-'>N and 2,4,6-
trimethylpyridine-'>N were prepared and purified according to
recipes available in refs 31 and 32. 3,5-Dimethylpyridine-">N
was synthesized according to ref 33.

Chemicals were weighed and placed into thick-walled NMR
sample tubes equipped with PTFE valves (Wilmad, Buena). The
solvent, CDF5/CDF,Cl (freezing point below 100 K), prepared
by modified method adapted from ref 34, was added to the
samples by vacuum transfer. The overall concentration of the
acetic acid in the samples, estimated by measuring the volume
of the solution at low temperatures (around 120 K), was about
0.02 M. To avoid the formation of intermolecular complexes
involving two or more molecules of acetic acid, the bases were
added in excess. The usual concentrations of these bases were
about 0.04 M in all cases.

NMR Measurements. The Bruker AMX-500 NMR spec-
trometer was equipped with a low-temperature probe which
allowed us to perform experiments down to 100 K. 'H and '*C
NMR chemical shifts were measured using CHF,Cl (CDF,Cl)
as internal standard and converted to the conventional TMS
scale. For the measurement of {'H}'*C NMR spectra, we used
the inverse-gated decoupling scheme, which allowed us to
integrate the signals in the '*C NMR spectra and to attribute
signals to the different isotopologs.

Nomenclature. Throughout this paper we will use the
following nomenclature: chemical shifts are labeled as 6(COLN),
where the observed nucleus is underlined and L = H, D. A
similar nomenclature is used for the "H—'°N spin—spin coupling
constants, which are labeled as 'J(COHN).

Hydrogen Bond Correlations. It has been shown by neutron
scattering that for an OHN hydrogen bond, the O...H distance
r; and the H..N distance r, are interdependent.””* This
dependence has been originally expressed as
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where p; and p, were defined as
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Parameters {7, 75, by, and b, have been obtained by the fitting
of the experimental data.>”* Values of p; and p, are known as
“valence bond orders”.% Equations 1 and 2 have been proven
valid for weak and medium—strong H-bonds. However, careful
analysis of the neutron diffraction data has shown that these
equations are not sufficient to describe the geometry of short
H-bonds,*® for which they overestimate the asymmetry of the
proton position. Besides, eqs 1 and 2 are unable to describe the
differences in the average ground-state geometry of OHN and
ODN hydrogen bonds, which are believed to arise from the
anharmonicity of the proton potential. In order to account for
these problems, the definitions of the valence bond orders have
been empirically modified in refs 12, 37, and 38.

P = Pl = 2dp W55t = exp(=(ry, — r)/b))

Py = Pi — ZdeszW§L)g = exp(—(ry, — r)/b,)
piL=p — CL(Plpz)f(Pl =Py
P5=p, — CL(Plpz)fcpl =Py

3)

Here, L = H, D. Parameters c*, d", f, and g have been found
by fitting in ref 37 and collected in Table 1. The set of eqs 1—3
determines the interdependence between r;, and r,;,, which have
the meaning of vibrationally corrected average O...L and L...N
distances. For practical reasons it is often convenient to discuss
the hydrogen bond geometry in terms of coordinates

Gy, = (ry, —rp))/2 and gy =1yt 1y “)

Equations 1—4 cannot be solved analytically to give ¢, as a
function of ¢q;.. Instead, the dependence can be drawn para-
metrically, which will be done in the Discussion section.

It has been demonstrated that the valence bond orders p;y
and poy can be correlated with various NMR parameters.®” For
the 6(COHN) chemical shift the following expression has been
found valid

O(COHN) = 6pupiy T Oinlon + Au@pipo)”  (5)

where 08y and Ofy are the limiting chemical shifts for the free
monomeric carboxylic acid and the free protonated base,
respectively, and Ay is the excess parameter, which describes
the deviation of 6(COHN) for the shortest OHN bond from the
average of 03y and Ofn. Similar correlations have previously
been applied to the OHO,” NHN,*”* OHN,*”* FHF,'* and FHN'3
bonds.

In this work we propose for the first time to use the following
equation connecting the '3C NMR chemical shift of the
carboxylic carbon to the bond orders
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where 0% is the chemical shift of the “free” (nonbonded)
carboxylic group, 0% is the change of the carboxylic carbon
chemical shift upon deprotonation, and Ac is the excess
parameter. The eq 6 itself and the numerical values of the
parameters were obtained by fitting the experimental data as
described in the Discussion section.

Results

'H Spectra at 110 K. In Figure 2 the low-field parts of the
'H and {'H}"3C NMR spectra of the samples containing 0.02
M of partially deuterated acetic-'*C acid (CH;'*COOH/D) and
approximately double excess of the selected bases, dissolved
in CDF3/CDF,Cl, are shown. All spectra were measured at 110
K. The complete set of spectra can be found in the Supporting
Information. In each 'H NMR spectrum an intensive line can
be seen, which was attributed to the bridging proton in the 1:1
complex formed by acetic acid and the corresponding nitrogen
base. The signals of complexes 9 and 14 are split into doublets
due to the 'J(COHN) spin—spin coupling. For the complex of
acetic acid with pyridine-'3N (5), this splitting is apparently
below 10 Hz, and thus it is not resolved. The deuterium fraction
xp in the hydrogen bridge was estimated comparing the relative
integrated intensity of the bridging proton signal to that of the
CH; group of acetic acid. The 'H NMR chemical shifts
measured for all complexes and various temperatures and the
values of xp are collected in Table 2.

13C Spectra at 110 K. In the '*C NMR spectra of complexes
1,3,5, 7,9, 11, and 13 measured at 110 K (Figure 2b), two
signals of carboxylic carbons are visible. The ratio of their
relative integrated intensities coincides with xp, obtained from
'"H NMR spectra. Thus, the '*C lines were attributed to the
carboxylic carbons in the deuterated and nondeuterated forms
of the complexes, i.e., 6(CODN) and 6(COHN), marked “D”
and “H” in Figure 2b, respectively. To confirm this assignment,
test measurements of the nondeuterated samples have been
performed for selected complexes, and in the corresponding
{'H}'3C NMR spectra the high-field line was missing. In the
3C NMR spectra of complexes 14, 15, and 17, only a single
signal of carboxylic carbon is visible, indicating that for these
complexes (CODN) — 6(COHN) ~ 0 within the precision of
our measurements. All measured '*C NMR parameters are
collected in Table 2.

Temperature Dependence of 'H and '*C NMR Parameters
of Complexes 1—17. Both 'H and '*C NMR signals of
complexes 1—17 show some temperature dependence (with
exception of complex 14, for which the temperature dependence
has not been measured). To illustrate this, the temperature
dependency for complex 12 is shown in Figure 3. Upon lowering
the temperature from 150 to 103 K, the bridging proton signal
of 12 moves to the lower field by about 1.6 ppm. The
corresponding signal of the carboxylic carbon moves to the low
field by about 1.7 ppm, and the value of H/D isotope effect,
O(CODN) — 6(COHN), changes from —0.56 to —0.22 ppm.

Isomerism of the Acetic Acid—Methoxypyridine Complex
3. In most of the studied cases, the 'H and '3C NMR spectra
show narrow spectral lines. The only exception is complex of

TABLE 1: Parameters of the Geometric Hydrogen Bond

Correlations for OLN Bonds (L. = H, D) Used in This Paper
BIA bUA BBIA b /A f g M gt PP
096 0361 0992 038 5 2 360 06 50 03
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Figure 2. Low-field parts of the 'H (a) and {'H}'*C (b) NMR spectra
of the samples containing ~0.02 M of partially deuterated in mobile
proton sites acetic-'3C acid and ~0.04 M of the corresponding base,
dissolved in CDF3/CDF,Cl mixture. All spectra were measured at 110
K.

acetic acid with 2-methoxypyridine, for which the bridging
proton signal is noticeably broadened. At the same time, there
is no additional broadening in the '*C spectrum. This broadening
in 'H spectra was found to be independent of the absolute
concentration of the sample and of the excess amount of
2-methoxypyridine in the sample (spectra not shown). This
means that the broadening is due to the slowing down of some
motion within the complex. Furthermore, broadening is absent
for other studied pyridines of similar proton-accepting abilities
(see, for example, complexes 1, 4, and 5), and it is also absent
in case of the symmetrically substituted 2,6-dimethoxypyridine
(complex 2) (spectra of complexes 2 and 4 can be found in the
Supporting Information). Though it is hard to be certain about
the process which leads to the broadening of the proton signal,
one plausible degree of freedom is the rotation around the
C—OCH; bond (we are grateful to the reviewer for pointing
this out). The barrier for such motion in free 2-methoxypyridine
is around 4.6 kcal/mol.*

Discussion

We have measured the 'H and '3C NMR spectra of 17
acid—base complexes formed by acetic acid with nitrogen bases
dissolved in CDF;/CDF,Cl mixture. At low temperatures (110
K) the slow proton and hydrogen bond exchange regime was
reached, which allows one to observe NMR parameters of the
complexes, not averaged by the breaking and reforming of the
complexes. The observed spectroscopic changes allowed us to
number complexes 1—17, so that the order reflects the overall
proton transfer from O to N. The order of pK, values of the
bases does not fully coincide with the order 1—17; see Table
2. This is due to the fact that a base in a hydrogen-bonded
complex formed in aprotic medium shows different proton-
accepting ability than an isolated base dissolved in aqueous
solution.

Presence of the Proton Tautomerism in the Series. We
start our analysis with Figure 4, where the experimental values
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of 0(COHN) (Figure 4a) and isotope effect 0(CODN) —
O(COHN) (Figure 4b) are plotted versus 6(COHN) for com-
plexes 1—17. The overall trend of the carboxylic carbon signals
is the downfield shift from ca. 177 ppm to ca. 180 ppm upon
the increase of the proton chemical shifts. After the S(COHN)
passes its maximum (this approximately corresponds to the
shortest, most symmetric H-bond), the 5(COHN) becomes rather
insensitive to the H-bond geometry (upper branch of the solid
curve, which will be explained below). The temperature
dependencies for individual complexes do not lie on one curve
and form individual linear sets indicated by the dashed lines.
The higher the temperature, the closer the experimental data
point to the bottom branch of the solid curve, the finding which
will be explained in the next section. In the same series, the
isotope effect values 6(CODN) — §(COHN) first increase by
the absolute value upon the increase of the proton chemical
shifts, then rapidly drop to 0 when 6(COHN) approaches 20
ppm and stay O within the margin of the experimental error for
complexes with proton transfer. The data points for the weaker
complexes, 6(COHN) < 17 ppm (1—4), are lying on the solid
correlation curve, while for stronger hydrogen bonds, )(COHN)
> 17 ppm (especially for 11, 12, 13), the isotope effects start to
scatter and show very strong temperature dependency.

The scattering of the points indicates that the model of the
continuous proton displacement from O to N is not applicable
to the whole series 1—17. Indeed, as it was mentioned in the
Hydrogen Bond Correlations section, the continuous shift of
the bridging proton would manifest itself in the continuous shift
of the individual spectroscopic parameters (see, for example,
eqs 5 and 6), and thus there should be a continuous correlation
between any given pair of spectroscopic measurables. This also
holds true for the temperature dependencies, because the
temperature affects the chemical shifts of an H-bonded complex
indirectly, through the geometric changes.

As we see in Figure 4, there is no continuous correlation
between 6(COHN) and 6(COHN) or 6(CODN) — S(COHN),
and a new model should be constructed to explain the data
points. This could be done considering the onset of a proton
tautomerism between molecular (OH-++N) and zwitterionic
(O™ ++-HN") forms within the complexes (Figure 5). The
possibility of such tautomerism in complexes of carboxylic acids
with pyridines has been known for decades.’****! In the next
section we discuss the validity and implications of this model.

Continuous Proton Transfer versus Two-State Proton
Tautomerism. In some previous publications we have analyzed
the spectroscopic dependencies in a series of carboxylic
acid—pyridine complexes in terms of a continuous proton
displacement from the donor to the acceptor.'®*>* In this study
(as well as in ref 20, which deals with an intramolecular OHN
bond), we demonstrate the presence of a proton tautomerism.
So how do these two descriptions fit together? We believe that
for many strong hydrogen bonds these two points of view are
not in a strict contradiction, and each of them describes a part
of the reality. In order to demonstrate this, let us consider Figure
6, in which the hydrogen bond geometries are shown for a series
of hypothetical OHN complexes (atomic charges are omitted
for simplicity).

For a relatively weak O—H...N hydrogen bond, which is not
subject to a proton tautomerism (Figure 6a), the change of the
proton-donating ability of OH or of the proton-accepting ability
of N would lead to a continuous change of the proton position.
The geometric change can also be induced by the change of
the local environment, such as temperature-dependent solvent
polarity. For a stronger OHN bond the OH++*N == O~ ++-HN*
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TABLE 2: pK, Values of Bases, Deuteration Ratios xp, and Experimentally Measured NMR Parameters for Complexes 1—17

no. pK.* XD T/K  'J(COHN)/Hz  O6(COHN)/ppm  S(COHN)/ppm  S(CODN)/ppm  6(CODN) — 6(COHN)/ppm
1 0.67-0.75 0.60 107 14.400 177.279 177.127 —0.152
110 14.377 177.258 177.112 —0.147
2 1.60 080 110 14.992 177.966 177.794 —0.172
115 14.931 177.885 177.713 —0.172
3 3.28 080 110 15.872 177.986 177.734 —0.253
120 15.645 177.794 177.551 —0.243
4 4.78 0.45 110 16.991 178.426 178.072 —0.354
120 16.852 178.239 177.905 —0.334
130 16.725 178.047 177.730 -0.317
140 16.594 177.855 177.552 —0.303
5 521-542 060 110 <10 17.669 178.709 178.274 —0.435
120 <10 17.470 178.461 178.057 —0.404
6 5.96—-6.06 0.70 110 18.583 178.906 178.310 —0.597
120 18.289 178.644 178.087 —0.556
130 18.023 178.391 177.875 —0.516
140 17.779 178.178 177.703 —0.475
150 17.566 177.966 177.578 —0.394
7 5.94—-6.10  0.55 110 18.748 179.119 178.461 —0.657
120 18.439 178.836 178.239 —0.597
8 6.64 0.65 105 19.088 179.331 178.603 —0.728
110 18.910 179.179 178.482 —0.698
115 18.744 179.048 178.371 —0.677
120 18.587 178.906 178.269 —0.637
125 18.439 178.765 178.158 —0.607
130 18.296 178.644 178.057 —0.587
135 18.154 178.522 177.966 —0.556
140 18.025 178.409 177.875 —0.526
145 17.905 178.290 177.794 —0.496
9 6.00—6.14 025 110 18.5 19.055 179.346 178.628 —0.718
120 15.7 18.717 179.038 178.381 —0.657
10 7.25 0.35 110 19.171 179.422 178.674 —0.748
120 18.907 179.149 178.451 —0.698
11 6.48—6.57 0.60 106 19.955 179.856 179.323 —0.537
110 19.781 179.669 179.089 —0.581
115 19.603 179.479 178.872 —0.607
120 19.415 179.2838 178.673 —0.615
131 19.011 178.909 178.294 —0.615
140 18.694 178.623 178.025 —0.598
12 6.64—6.85 0.70 103 20.386 180.413 180.191 —0.222
105 20.345 180.352 180.100 —0.253
110 20.194 180.150 179.806 —0.344
115 20.022 179.938 179.503 —0.435
120 19.846 179.725 179.230 —0.495
125 19.669 179.533 178.987 —0.546
130 19.484 179.351 178.775 —0.576
140 19.121 178.987 178.391 —0.597
150 18.790 178.674 178.118 —0.556
13 - 040 110 20.334 180.328 180.258 —0.069
115 20.230 180.146 179.981 —0.165
120 20.115 179.947 179.687 —0.260
130 19.873 179.624 179.238 —0.386
140 19.535 179.229 178.744 —0.485
150 19.218 178.893 178.339 —0.555
14 7.25 035 110 66.6 20.131 180.413 180.413 <0.01%
15 9.60—9.61 0.60 110 18.060 181.283 181.283 <0.01%
120 18.150 181.171 181.171 <0.01°
16 8.6 0.45 110 14.053 180.413 180.413 <0.01%
120 14.047 180.423 180.423 <0.01%
140 14.275 180.387 180.387 <0.01%
17 10.66 030 110 14.078 180.372 180.372 <0.01%
120 14.160 180.383 180.383 <0.01%
130 14.243 180.373 180.373 <0.01%

“ Collected from Perrin, D. D. Dissociation Constants of Organic Bases in Aqueous Solution, Suppl. 1972; Butterworths: London, 1972. * By

the absolute value.

tautomerism sets in, and the change of the environment
(temperature) or the proton-donating/accepting abilities of the
partner molecules would lead simultaneously to the shift of the
equilibrium and to the continuous change of the intrinsic

geometry of each individual tautomer (Figure 6b). In the series
of structures shown in Figure 6b, from top to bottom the
population of tautomers is redistributed toward the zwitterionic
structures (depicted as different sizes of “H”), while the
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Figure 3. Temperature dependence of the low-field parts of the 'H
and {'H}'3C NMR spectra of the sample containing ~0.02 M of
partially deuterated in mobile proton sites acetic-'*C acid and ~0.04
M of 2,4-dimethylpyridine (12), dissolved in CDF5/CDF,Cl mixture.

-
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Figure 4. Experimentally measured (a) carboxylic carbon chemical
shifts and (b) H/D isotope effects on them plotted versus bridging proton
chemical shifts for complexes 1—17. All values are taken from Table
2. Solid line was obtained by the fitting of hydrogen bond correlations;
see text for more details. Dashed lines correspond to the averaged
experimental values in the presence of the equilibrium between OH++*N
and O™ ++-HN™ tautomers in a given complex. Labels I, II, and III
correspond to three sets of parameters, used for the calculation of dashed
lines; see Table 3 and text for more details.

TABLE 3: Intrinsic NMR Parameters of the OH...N and
O ..HN" Tautomers and the Fractionation Factors ¢ Used
To Create the Dashed Lines I—1III in Figures 4 and 6*

line I line II line TIT
O(COH...N) /ppm 16.438 17.687 18.395
6(CO™..HN") /ppm 18.440 20.697 20.442
O(COH...N) /ppm 177.628 178.095 178.385
O6(CO™...HN") /ppm 181.023 180.645 180.744
6(COD...N) /ppm 177.335 177.711 177.950
6(CO™...DN") /ppm 181.073 180.883 180.938
¢(COH..N) /A —-0.252 —0.209 —0.183
¢(CO™..HN") /A 0.213 0.085 0.107
¢»(COH..N) /A 2.640 2.603 2.584
¢» (CO™..HN") /A 2.624 2.542 2.551
@ 0.8 0.4 0.5

¢ See text for more details.

geometry of molecular tautomer gets more symmetric and that
of the zwitterionic one gets less symmetric. Naturally, the two-
state equilibrium model is an approximation. In reality the given
complex might be present in solution as a distribution of many
different “solvatomers”, interconverting rapidly (nanosecond
time scale) due to the thermal motion of the solvent molecules.”>*
Thus, such an ensemble can be described by two point
geometries only to a certain extent.?! Lastly, for the hydrogen
bonds with complete proton transfer (Figure 6¢), there is only
one tautomer left, and the further increase of the proton-donating
ability of OH, proton-accepting ability of B, or local polarity
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Figure 5. Schematic representation of the proton tautomerism between
molecular and zwitterionic forms in 1:1 hydrogen-bonded complex
formed by acetic acid and substituted pyridine.

0--Herrrr

c O """" H'N

Figure 6. Schematic representation of the overall proton transfer
pathway in a series of hypothetical OHN hydrogen-bonded complexes
subject to proton tautomerism: (a) OH++*N tautomer dominates; (b)
shift of the tautomeric equilibrium between molecular and zwitterionic
forms with the simultaneous change of the intrinsic geometries of
tautomers; (c) O~ ++*HN™ tautomer dominates.

leads to the continuous changes of the geometry of the
zwitterionic structure.

In view of the proton transfer pathway schematically de-
scribed in Figure 6, the experimental series presented in this
work allows the following interpretation. In complexes 1—4 the
molecular tautomer OH+++N dominates, and the spectroscopic
changes (including temperature effects) could be explained
assuming the continuous shift of the single proton position (the
data points in Figure 4 lie close to the solid correlation curve).
In complexes 5—15, which have 'H chemical shift above 17
ppm, a tautomeric equilibrium between molecular and zwitte-
rionic forms is clearly detected as a scattering of the data points
in Figure 4 away from the correlation curve. The equilibrium
is quite sensitive to the properties of the surrounding medium.
For example, increase of the solvent polarity by lowering
temperature led to almost complete proton transfer from
molecular to zwitterionic form in complex 12. Lastly, for
complexes 16 and 17 the zwitterionic tautomer O~ «++HN™
dominates, and a continuous shift of the bridging proton can
be considered.

Hydrogen Bond Correlations and Proton Tautomerism.
Here we analyze the data using hydrogen bond correlations as
described in the Experimental section. Equations 3—5 allow us
to link g,y, 6(COHN), 6(COHN), and 6(CODN) — 6(COHN)
values with ¢;y. The resulting curves are depicted in Figure
7a—d as solid lines. The following parameters have been used
for the fitting of 'H NMR data: 03y = 6 ppm,* ofy = 10.5
ppm, Ay = 16 ppm, and m = 1.2. For the fitting of *C NMR
data, we have used Oge. = 174.3 ppm, 03, = 6.5 ppm,*>#¢ and
Ac = 2.5 ppm. This set of parameters determines the depen-
dence of the 6(COHN) on the 6(COHN), shown in Figure 4a
as a solid line, which corresponds to the intrinsic NMR
parameters, not averaged by the proton tautomerism. Here we
show that the proton tautomerism allows one to explain
qualitatively the scattering pattern of the data points in Figure
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Figure 7. Hydrogen bond correlations for OHN hydrogen bonds
studied in this paper as functions of gy: (a) ¢on; (b) O(COHN); (¢)
O(COHN); (d) H/D isotope effect on carboxylic carbon chemical shift,
O(CODN) — 0(COHN). For further explanation, see text.

4a, b. As the intrinsic NMR parameters of the tautomers are
not known, we have to make some simplifications. In this
analysis we will neglect the temperature dependence of the
intrinsic geometry of tautomers.

Consider the data points shown in Figure 4a. The data points
measured at higher temperatures are located close to the solid
line, as the fast equilibrium between molecular and zwitterionic
forms is shifted more toward the OH++*N tautomer, while points
measured at low temperatures are deviating, indicating that there
is a larger contribution of O~ ++*HN™ tautomer to the experi-
mentally observed averaged chemical shifts. Proton and carbon
chemical shifts of two tautomers are averaged with the same
weight coefficients, which gives a straight (dashed) line in Figure
4a.

Now consider the Figure 4b. Scattering of the H/D isotope
effects on NMR chemical shifts is not along the straight lines
due to the isotope effect on equilibrium (fractionation). Indeed,
for a given complex the equilibrium constant between molecular
and zwitterionic forms depends on the bridging particle, H or
D. The averaged 'H and '*C NMR chemical shifts can be
calculated using the following equations*’

1
0,,(COHN) = KT 1é((_:OH---N) +
K 5(CO™ -+ +HN")O. (CODN) =
Ky+1 avh=
1 0(COD:-*N) + Al 0(CO™-+-DN") =
Ky + 1 Ky + 1

1 (pKH — +

mé(@OD" 'N) + mé(go +++*DN ) (7)

where Ky and K, are equilibrium constants for the proton and deuteron
tautomerism, correspondingly, and four values of ¢ are the intrinsic
13C NMR chemical shift of corresponding tautomers. ¢ = Kp/Ky =
1/K represents the fractionation factor which is equal to the inverse
equilibrium constant K of the reaction
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K
COH-+*N + CO ++-DN"==COD--*N + CO -+-HN"

K may not be equal to 1; the deviations mainly arise from differences
of zero-point energies of H and D in the molecular and zwitterionic
forms. As a result, the proton enriches in the tautomer exhibiting a
smaller separation between the zero-point energy levels for H and D.

Though from the current data it is impossible to find explicitly
the intrinsic values of NMR parameters for each tautomer and
equilibrium constants Ky and Kp, it is possible to describe
qualitatively the observed dependencies. The following reason-
ing should be considered as a guideline, rather than a detailed
description. In Figures 4 and 7 we show three dashed curves
(labeled I, II, and III) which correspond to three arbitrary
selected sets of intrinsic NMR parameters and fractionation
factors @ listed in Table 3. The meaning of these curves is as
follows: when the tautomeric equilibrium is shifted, the
experimental averaged data point moves along the dashed line.
We remind the reader that the temperature dependence of the
intrinsic NMR parameters has been neglected in this qualitative
approach.

For example, the dashed line I describes the equilibrium
between tautomers which have the 'H NMR chemical shifts
O0(COH...N) = 16.44 ppm and 6(CO™...HN) = 18.44 ppm. For
this pair of chemical shifts, the estimated lg,| values are similar
and the fractionation factor was set to 0.8, which is close to 1,
the value expected for two H-bonds of the same strength. Dashed
lines II and III are connecting NMR parameters and geometries
of a moderately strong OH...N bond, 6(COH...N) ~ 18 ppm,
and a very strong O~...HN™ bond, 6(CO™...HNT) ~ 20.5 ppm.
For these tautomers the fractionations were chosen to be
significantly different from 1, namely, 0.4 and 0.5.'® The selected
set of parameters allowed us to generate dashed curves and
mimic qualitatively the observed temperature dependencies for
1BC chemical shifts and H/D isotope effect on them.

Conclusions

Proton tautomerism in OHN hydrogen bonds is a well-
established phenomenon?*4*44949 which is hard to detect by
NMR due to the signal averaging. In this work we have analyzed
'H and '3C NMR spectra of intermolecular H-bonded complexes
formed between acetic acid and nitrogen bases in aprotic solvent
(Figure 1). In order to detect the presence of proton tautomerism,
we have used the combination of (COHN), 6(COHN) chemical
shifts and the 6)(CODN) — 6(COHN) isotope effects. The proton
tautomerism could be detected as a scattering of the data points
away from the correlation curve which corresponds to the
intrinsic (nonaveraged) spectroscopic parameters of the H-
bonded complexes. The tautomeric equilibrium appeared to be
quite sensitive to the properties of the surrounding medium. For
example, increase of the solvent polarity by lowering temper-
ature led to almost complete proton transfer from molecular to
zwitterionic form in complex 12. One of the ways to get more
information about the distribution of solvatomers would be to
combine NMR spectroscopy with an optical spectroscopy which
has a much shorter characteristic time, such as UV-NMR
proposed recently.’® Unfortunately the complexes discussed in
this work do not absorb above 250 nm and are not suitable for
measurements in the UV-NMR setup.

Supporting Information Available: Low-field parts of the
'H and {'H}'3C NMR spectra of the complexes 1—17 dissolved
in CDF5/CDF,Cl mixture (110 K). Selected spectra are shown
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in Figure 2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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