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Abstract: In this paper we describe H/D isotope effects on the chemical shifts of intermolecular hydrogen-bonded
complexes exhibiting low barriers for proton transfer, as a function of the position of the hydrogen bond proton.
For this purpose, low-temperature (F050 K) 1H, 2H, and’®>N NMR experiments were performed on solutions of
various protonated and deuterated acids Al=(IH, D) and pyridine!*N (B) dissolved in a 2:1 mixture of CDC}HF

CDFs. In this temperature range, the regime of slow proton and hydrogen bond exchange is reached, leading to
resolved NMR lines for each hydrogen-bonded species as well as for different isotopic modifications. The experiments
reveal the formation of 1:1, 2:1, and 3:1 complexes between AH(D) and B. The heteronucledtseatarcoupling
constants between the hydrogen bond proton andtdenucleus of pyridine show that the proton is gradually
shifted from the acid to pyridiné™N when the proton-donating power of the acid is increased. H/D isotope effects
on the chemical shifts of the hydrogen-bonded hydrons (proton and deuteron) as well ag%®hrthelei involved

in the hydrogen bonds were measured for 1:1 and 2:1 complexes. A qualitative explanation concerning the origin
of these low-barrier hydrogen bond isotope effects is proposed, from which interesting information concerning the
hydron and heavy atom locations in single and coupled low-barrier hydrogen bonds can be derived. Several
implications concerning the role of low-barrier hydrogen bonds in enzyme reactions are discussed.

Introduction hydrogen bonds are of importance. One method which has not
yet been fully exploited is nuclear magentic resonance (NMR)
spectroscopy. By using NMR of organic solids, novel informa-
tion concerning the dynamics of proton and deuteron transfer
§n weak as well as moderately strong hydrogen-bonded systems
has been obtained Recently, this method has also been applied
to the case of low-barrier hydrogen bonds embedded in the solid
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The nature of low-barrier hydrogen bonds is an old problem
of experimental and theoretical chemistryThe interest in this
problem has recently been revived because of the presumed rol
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techniques which can give novel information on low-barrier
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stratagem consists of performing NMR experiments on com- a AL +B = A+ BL
plexes partially deuterated in the mobile proton sites. Therefore,
because of the slow hydrogen bond exchange, it becomes
possible to detect hydrogen/deuterium isotope effects on NMR
chemical shifts of intermolecular low-barrier hydrogen-bonded
systems. These isotope effects contain interesting information
on the hydrogen bond properties. So far, with exception of the
very strong FHF/FDF~ hydrogen bond,we are only aware

of isotope effects on chemical shielding of intramolecular
hydrogen bond3.

Since we were looking for a series of neutral hydrogen-
bonded complexes with different proton locations as models
for snapshots of proton transfer, we decided to study a variety
of organic acids interacting with pyridine. A number of
spectroscopic investigations have been carried out on these
compounds$. In a preliminary low-temperature NMR study,
we showed recently that acetic acid forms not only 1:1 . . ) )
complexes with pyridinésN in CDCIF/CDFs but also 2:1 and Flgurg 1. Origin of H/D_lsotope eﬁects_ on chemical shifts of two-

) . . atomic molecules AL (L= H, D). Vibrational states are represented
3:1 complexes which exchange slowly on the NMR time scale

S . . by the squares of the corresponding wave functions positioned at the
3
at 110 K The values of the intrinsic proton chemical shifts 5 esponding energy. Average positions are symbolized by small

and the scalar coupling _CC?nStanmHJW indicated a proton yertical lines. (a) No intrinsic isotope effect on the chemical shifts arises
displacement toward pyridine as the number of acetic acid in the case of the harmonic oscillator because the average distances
molecules increased. In this paper, we describe H/D isotope [ay0and BapOare equal. Due to the different zero-point energies in
effects on the intrinsic chemical shifts of the nuclei involved in AL and BL, the energy differences, i.e. equilibrium constants of the
the low-barrier hydrogen bonds between several acids andtautomerism, are different for the protonated and the deuterated
pyridine+>N using low-temperaturtH, 2H, and'>N NMR, from systems: (b) In the anharmonic casiianLls larger tharifixpCand an
which some interesting qualitative conclusions about the intrinsic isotope e_ffecton the chemlcql s_hlftarlses. Equilibrium isotope
hydrogen bond geometries can be obtained. effects are superimposed to the intrinsic effects.

This paper is organized as follows. After a short experimental 35 and 60 bar) from CDGlvia fluorination with SbE/SbCE, a
section, a general section is included in which the origin of H/D modification of the recipe proposed by Siegel e¥%alThe solvent was
isotope effects on chemical shielding is discussed in a qualitative handled on a vacuum line which also served to prepare the samples
way, with a special emphasis on low-barrier hydrogen bonds. using well-established techniqusits composition was checked by
The effects of H/D substitution in the mobile proton sites of NMR. Pyridine!*N (95% enriched) was purchased from Chemotrade,
hydrogen-bonded complexes between acids and pyridine inlLeipzig, Germany.
freonic solutions at low temperature are then described and
discussed.

General Section

In the past, two kinds of H/D isotope effects on chemical
Experimental Section shifts of proton transfer systems have been discussed, i.e.
All experiments reported in this paper were performed on a 500 intrinsic and equilibrium isotope effectas illustrated in Figure
MHz Bruker NMR spectrometer AMX 500; the deuterated freon solvent 1. Intrinsic isotope effects are induced by changes of molecular
mixture CDCIR/CDF; (2:1) freezes below 90 K. It was synthesized geometries via H/D substitution, whereas equilibrium isotope
as described previousfat 100°C and elevated pressures (between effects arise from isotopic fractionation between different Sites
which interconvert rapidly in the NMR time scale. In this
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molecules AH+ B=A + BH and AD+ B= A + BD, AnDr s B
characterized by the equilibrium constaitd = xgyXa/XanXs v
and KP = xgpxa/XapXs. If the vibrations are harmonic, the E:

squares of the vibrational wave functions, i.e. the probability
of finding a hydron L= H, D at a given location, are very
similar. In particular, the average hydron positidng;Jand

riyt+ro

(

MapCare equal, as illustrated in Figure 1la by vertical bars. The <ri—r2>p
average chemical shifts of AH and AD will therefore also be
similar, i.e. intrinsic H/D isotope effects on chemical shifts are A(-;;I;I;;;;B
absent. When the hydron is transferred to the base B, the force <
. ; . 1+r2>p \
constant of the BH stretching vibration may be smaller, as < L \\VA VT I
. . . . . r+r2>g
shown on the right-hand side of Figure 1a, leading to a reduction y
of the zero-point energies. Figure la thus explains why the
equilibrium constanK" is larger tharKP. In the case of fast |
proton transfer, the average chemical shift of a nucleasA, <r=ra>p <r—rp>y <ri—ro>y
B, H, D in the system is given by r—rz ri—rz
. Figure 2. Contour plot of a two-dimensional potential energy surface
1 K of the hydron L= H, D motion in a linear hydrogen-bonded complex
0, = KL 16i(AL orB) + K1 (A or BL), A—L---B as a function of the variablas — r, andr; + r,. The two-
. dimensional vibrational wave functions not shown lead to different
L=H,D (1) average proton and deuteron distarigesr,[] and(f;+r,[] as indicated.

o On the right side, the one-dimensional projections including the wave
where 6i(AL or B) and 6i(A or BL) represent the intrinsic  fnctions for the average valué+r3 (top) and®+r.G (bottom)
chemical shifts of i in the different molecules. Sink& > are shown.

KP, 6; will be different for L= H and D. It will moreover
strongly depend on temperature because of the temperatureoupling terms. A typical two-dimensional potential energy
dependence df". Finally, we note that an equilibrium constant  surface is depicted schematically in Figure 2, where we use as

K = KP/KH can be defined for the equilibrium AB- BH = coordinates the sum + r» and the difference; — ro. r1+r»

AH + BD. This constant is generally called the “fractionation s the distance between the two heavy atoms of the hydrogen

factor’ 11 bond. r; — r, is a natural coordinate describing the progress
Intrinsic H/D Isotope Effects on Chemical Shifts. If the of proton transfer. If; — ro < 0 the proton is near A, at +

potential is anharmonic as indicated in Figure 1b, the proton r, = 0 in the center between A and B, andratt r, > 0 near
and deuteron wave functions and their squares are substantiallys. |t is possible to calculate the two-dimensional vibrational
different, leading to a larger value fafanOas compared to  \wave functions and their squaréBi,L.._B(rl—rz,r1+r2) ac-
[Bapll Therefore, intrinsic H/D isotope effects on the chemical ¢ording to the literatuf@ and the average nuclear positions. Such
shifts of the nuclei studied will result, as chemical shielding is 3 calculation would show that even in the vibrational ground
strongly dependent on the nuclear geometries. In principle, the state the geometries of-AD++-B and A-H-++B are different.
intrinsic isotope effects are independent of temperature as longin particular, the average value;+r,3 will be larger than

as vibrational excitation and other temperature-dependent s, +r,[}. On the other handf;—r,[} will be less negative than
changes of the nuclear geometry are negligible. Generally, only g, —r,[3. In other words, the heavy atom distance between A
the sum of equilibrium and intrinsic isotope effects can be and B is larger in A-D+++B than in A—H-+-B, but the distance

measured. According to the literatétene defines between A and D of the covalent bond is shorter than between
A and H as indicated schematically in Figure 2. The increase
PAH(D) = 6(AH) — 6(AD) (2 of the distance between A and B upon deuteration was observed

experimentally in a number of crystalline salts by Ubbeldftle
and has been studied theoretically by several aufbfs.

The one-dimensional potential functions and the one-
dimensional vibrational square functions or hydron density
distribution functionsP4_, .. 5(r1—r>) in the groundstate at the
fixed average heavy atom distandéstrold > +ro0 are
Islightly different for A—H---B and A—D---B, as depicted on
the right-hand side of Figure 2, but this result does not mean a
different total potential energy surface for both species. In
conclusion, when H is replaced by D, the smaller heavy atom
hydron distance decreases but the larger distance increases even
more, leading to a widening of the hydrogen bond. When
bending vibrations are included, this Ubbelohde effect may be
more complicated and even revetée.

as the “primary” H/D isotope effect, i.e. the chemical shift
difference between the proton and the deuteron.

"AA(D) = 8(AH) — 3(AD) ®

represents the chemical shift difference of nucleus A in the
protonated and the deuterated molecule. Usually, the superscrip
n refers to the number of covalent chemical bonds between the
observed nucleus A and the site of isotopic substitution.
Throughout this paper, we treat intermolecular hydrogen-bonded
complexes like single molecules and include rinalso the
intermolecular hydrogen bonds.

Low-Barrier Hydrogen Bond H/D Isotope Effects on
Chemical Shifts. In the case of low-barrier hydrogen bonds
between an acid AL and a base B, it is very difficult to know (12) (a) Somorijai, R. L.; Hornig, D. Rl. Chem. Phys1962 36,1980.
whether H/D isotope effects on chemical shifts are caused by (Sb) Jiggscgikyzg?g?Weidemanny E. G; Pfeiffer, H.; Zundel. &m. Chem.
intringic or equilibrium isqtope effects. Consider for example O(Cl's) (‘,f) Steiner, Th.: Saenger, Weta Crystallogr.1994 B50,348. (b)
the simplest case of a linear 1:1 hydrogen-bonded complex steiner, Th.J. Chem. Soc., Chem. Commur@95 1331. (c) Gilli, P.;
between an acid AL and a base B. We label the distance Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. S0d.994 116,909.

between A and L as, and the distance between L and Bras (14) (@) Ubbelohde, A. R.; Gallagher, K. @cta Crystallogr.1955 8,
. . - . 71. (b) Legon, A. C.; Millen, D. JChem. Phys. Lett1988,147,484. (c)
and neglect the bending vibration. The potential en&@y.r») Sokolov, N. D.; Savel'ev, V. AChem. Phys1977, 22, 383. (d) Sokolov,

of the nuclear motion is not harmonic and contains anharmonic N. D.; Savel'ev, V. A.Chem. Phys1994 181, 305.
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Figure 3. Correlation between the average hydrogen bond distances
M;0and m:0in A, according to eq 4, adapted from refs 13. This
correlation implies an equivalent correlation between the proton transfer
reaction coordinatél,—r.[0~ ;[0— ,0and the average heavy atom
distancel;+r,[~ [, [(H 0,0 In the case where A= oxygen and B=
nitrogen, the quasi-midpoint where the minimumft-r.Coccurs is
realized atli,[0< [@,[] where the proton is closer to oxygen than to
nitrogen. The dotted lines indicate the correlations of Steiner‘ét-l.

for O—H---O (top line) and N-H---N (bottom line) hydrogen-bonded
systems.

The question now arises as to how the hydrogen bond

J. Am. Chem. Soc., Vol. 118, No. 1740996

o <ri-ry>

<r>

Figure 4. One-dimensional hydron (I= H, D) potentials and
geometric changes during the transfer of a hydron from A to B
characterized by the reaction coordinate-r,[] The squares of the
wave functions of the vibrational ground states for H and D, i.e. the
proton and deuteron distribution functions, are included; however, for
the sake of clarity, the difference in the one-dimensional potential
functions for H and D according to Figure 2 is omitted. (a) A barrier
at the quasisymmetric midpoint leads to a small H/D isotope effect on
the geometry absent in the case (b) with a very low batrrier.

and increases in the zwitterionic form. In both cases the distance
between A and B increases. Therefore, at the quasi-midpoint,

geometry and the isotope effects on this geometry change wheronly a small or even no geometric H/D isotope effect is

the proton is transferred from A to B, i.e. when the zwitterionic
complex is formed. This transfer may be achieved by various
means, e.g. the increase of the acidity of the proton donor or
the basicity of the acceptor, a change of the solvent polarity,
temperature, etc. A qualitative answer to this problem can be
obtained by correlations of Steiner et!&and Gili et al*3¢
between the two average distanéisland [M,0of a number of
neutron crystal structures containing-@---O (A, B= O) and
N-+H---N (A, B = N) hydrogen bond& A similar correlation
can be expected for the less symmetric-&8---N (A = O, B
= N) hydrogen-bonded systems. By interpolation from the
O-+-H---O and N--H--:N data of Steiner et at32bone can
easily derive the equation

0,0~ 0,° b, In{1 — exp[(@®,°C— E,0/b]}  (4)
whereld;°Cand;° [represent the average OH and NH distances
in the absence of hydrogen bonding and= {[[1+rLhin —
20°Vin 4} . [B1+ro0hin represents the minimum average heavy
atom distance. The correlation betwedejiand,Jaccording
to eq 4 is depicted in Figure 3. This signifies that an increase
of the acidity of AH which increases the average distaliigé
is accompanied by a decrease of the distdrige In a way
similar to that discussed above, the differefige-r,00~ ;[
(M, is the reaction coordinate representing in a series of
complexes AHB the progress of the average proton positions.
(0;—r.0is negative for the molecular complex A«+B and
positive for the zwitterionic complex A--H—B*. The comple-
mentary variable is then the heavy atom distaliger,[~ ;]
+ .0 The correlation of eq 4 then signifies a contraction of
the hydrogen bond during the transfer of the proton from A to
B. In the symmetric @-H---O and N--H:-:N bonds, the
contraction is maximal aff;00= [0,[) but in the case of the
O---H---N bonds the shortest hydrogen bond is realizeldat
r.0< 0, where the distance between O and H is smaller than
between H and N8 as illustrated in Figure 3. In the following
we call this point the “quasi-midpoint”.

By introducing the results of Figure 2 into Figure 3, it

immediately becomes evident that the distance between A and

L decreases when H is replaced by D in the molecular complex

expected. Some experimertfaind theoretical evidenteexists
for the absence of geometric isotope effects at least in the case
of extremely small or absent barriers for the proton motion.
The geometric changes associated with an increase of the
acidity of AH and with deuteration can also be plotted
schematically in a reaction path diagram as indicated in Figure
4 where the associated one-dimensional potential functions and
the proton and deuteron density distribution functions in the
vibrational ground state are included. The absence of a
geometric isotope effect at the quasi-midpoint is evident in
Figure 4b as the proton and deuteron density distribution
functions are similar. By contrast, in the case of a symmetric
double well, the functions are different and the proton is on
average located closer to the hydrogen bond center than the
deuteron as indicated in Figure 4a; consequently, a widening
of the hydrogen bond is expected in the case of a double well.

Results

1:1 Complexes of Carboxylic Acids with Pyridine?®N. In
Figure 5, some low-temperature NMR spectra of samples of
AH o-toluic acid (a-c) and of 2-thiophenecarboxylic acid-(d
f) in the presence of a small excess of pyridifis-dissolved
in CDCIF,/CDF; (2:1) are shown. The deuterium fraction in
the mobile proton sites was about 80%. Under the conditions
employed, hydrogen bond exchange is slow on the NMR time
scale. The signals of the H-bond protons are split into doublets
by scalar coupling with®N. The coupling constarithy_sy is
relatively small (12 Hz) in the case oftolylic acid as proton
donor, indicating that the proton is preferentially localized near
A, but is much larger (57 Hz) in the case of 2-thiophenecar-
boxylic acid, indicating that the proton is located near B.

(15) Almlof, J. Chem. Phys. Lettl972 17, 49.

(16) (a) Witanowski, M.; Stefaniak, L.; Webb, G. Annual Reports on
NMR Spectroscopyl1l B, Academic Press: New York, 1981. (b) Martin,
G.; Martin, M. L.; Gouesnard, J. RMR-Basic Principles and Progress
Springer: Heidelberg, Germany, 1989; Vol. (8N NMR Spectroscopy)
and references cited therein.

(17) (a)Handbook of Chemistry and Physics, 63rd €€RC Press Inc.:
Boca Raton, FL, 19821983. (b) Kortum, G.; Vogel, W.; Angrussow, K.
Dissociation constants of organic acids in aqueous solytibondon:
Butterworths, 1961.
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5 deuteration, leading to a negative vak&'>N(D) = 6(AHB)
¢ @ — 0(ADB) < 0; on the other hand, in the case of the zwitterionic

B-mumle"A — N N CH3

complex A” ---H—B™, where AH= 2-thiophenecarboxylic acid,
the distance between th#\ nucleus and the hydron is decreased
by deuteration, leading to a positive valuedf'>N(D).

The results of a series of measurements where the acid AL

a was varied in a wide range are assembled in Table 1 and
-30 -40 -50 -60 -70 —80 depicted in Figure 6. Th&N chemical shiftd!*N is conve-
5 B DA niently used as a measure of the proton transfer coordinate
b H ro(from the acid to pyridine. When the proton-donating power
of AH is increased, the hydrogen bond proton signal shifts to
Ty =12 HZJLB.,‘..,.. Hun A low field, goes through a maximum, and then shifts back again
¢ . , , : : R to high field. At the same time, the scalar coupling constant
22 2z 20 19 18 7 115y increases from almost O to about 90 Hz. The
5 . dependence of the primary isotope effétsi(D) as a function
N \\c@ of 615N is always positive but contains two maxima of unequal
7 NS=8 [ha=n-0" \J + _ height. The one-bond isotope effect &!°N(D) exhibits a
— B D A dispersion-like structure. We note that the all chemical shifts
15 B Human A and isotope effects are independent of concentration but
g N dependent on temperature; however, it is remarkable that
30 40 -0 -0 —0  —so0 temperature variations lead only within the margin of error to
B Do A shifts along the solid lines in Figure 6.
2
€ i//\_ﬁw 7 OfC"R — D, _OjC-R
1:1157 HZM B:-HmmuA _15N ----- L-0 = _‘5N-L vvvv 0
f= —————— T T T A A
22 21 20 19 18 17 100
Figure 5. >N NMR (a, d),H NMR (b, e), andH NMR (c, f) spectra
(*H Larmor frequency 500.13 MHz) of solutions of pyridifi@ (B) 80
and carboxylic acids (AL, L= H, D) in a 2:1 mixture of CDCIK 60
CDF; at a deuterium fraction in the mobile proton sif@s= 0.8. (&~ 40
C) 125 K,CB = 0.033 M,CAH + CAD = 0.028 M. (d—f) 110 K, CB =
0.045 M,Can + Cap = 0.035 M. The!*N chemical shifts are referred 20
to internal free pyridine, wher&(CHsNO,) = §(CsHsN) — 69.2 ppm

and 6(NH4CI) = 6(CH3NO;) — 353 ppmté

2-Thiophenecarboxylic acid, therefore, has a greater acidity or
proton donating power in comparison detoluic acid. More-
over, the hydrogen bond is longer in the case-tbluic acid
compared to 2-thiophenecarboxylic acid, as indicated by the
low-field shift from 18.68 to 21.33 ppm. TH&! NMR spectra
(Figure 5b,e) of the same samples reveal primary upfield isotope
shifts PAH(D) = 6(AHB) — S(ADB) for the hydrogen bond ’ —20 —-40 —-60 -80 —100
hydron of about+1 ppm in the case ob-toluic acid and of
+0.5 ppm in the case of 2-thiophenecarboxylic acid, indicating
that in both cases the hydrogen bond is weakened. e
spectra give interesting additional information. Firstly, hydrogen
bonding and proton transfer to pyridine leads to a high-field
shift of the pyridine!>N signal, where the chemical shift scale

of Figure 5 refers to the absorption of free pyridine. These
high-field shifts are in accordance with the increasélgf_1sy.
However, in the 80% deuterated samples, two lines appear where
the more intense line arises from the deuterated complexes ADB
and the smaller line from AHB which are in slow exchange.
We observe that the one-bond isotope effect across the hydroge
_bond,"Al5N(D) n 1.AlSN.(D) = 0(AHB) __é(APE)’ IS negative isotope shifts on thé>N atom of pyridine!®N (c) in 1:1 complexes

in the case ob-toluic acid, wheren = 1 signifies the hydrogen it carboxylic acids at low temperature. The curves were constructed

bond, but positive in the case of 2-thiophenecarboxylic acid, from the data of Table 1 stemming from different acids and temper-
wheren = 1 signifies a covalent bond betweédN and the atures.

hydron.

Qualitatively, these effects can be explained in terms of Isotope Effects on Chemical Shifts of 2:1 and 3:1 Com-
Figures 2-4. In both cases, the hydrogen bond is widened upon plexes of Acetic Acid with Pyridine. As shown recently?
deuteration, as expressed in a positive primary H/D isotope carboxylic acids may form not only 1:1 complexes but also
effect PAH(D) = 6(AH) — 6(AD) > 0. In the case of the longer linear hydrogen-bonded chains with pyridine in freons
molecular complex A-H---B, where AH= o-toluic acid, the at low temperature. Here we describe long-range isotope effects
distance between the hydron and tH& is increased by on chemical shifts of nuclei as far as two hydrogen bonds away

-20 -40 -60 -80 -100

§N
rfigure 6. H chemical shifts andJiy_1sy coupling constants (a),
primary H/D isotope effects on chemical shifts (b), and one-bond H/D
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Table 1. Low-Temperature NMR Parameters of 1:1 Complexes of Protonated (AH) and Deuterated Acids (AD) with PyNdiBg-
Dissolved in a 2:1 Mixture of CDCHCDFz#

AH PKa(25°C) Ca(M) Cs(M) D OBN(H) OBN(D) IABND) oH o62H PAMHD) J(Hz) T(K)

4-tert-butylphenol >10 0.015 0.018 80 -—16.16 -—1549 -0.67 13.2 0 117
acetic acid 4.75 0.037 0.07 35-27.14 —-23.19 -—3.95 17.51 0 115.5

—26.84 —23.02 -—-3.82 17.47 0 117.6

—26.17 —22.62 -—3.55 17.31 0 125.6
0.034 0.02 42 —27.91 -—-23.62 —4.29 0 107.2
0
0
0
0

0.08 0.04 46 —27.37 -—23.26 —4.11 17.65 110.5
0.05 0.03 50 —28.37 —24.0 —4.37 17.76 102
0.05 0.06 80 —27.4* 17.57 16.80 0.77 110.6
—26.8* 17.45 16.72 0.73 117
o-toluic acid 3.91 0.028 0.033 80—34.06 —26.7 —7.36 19.24 un. 105.3
—32.35 —-2538 —6.55 18.97 un. 113.6
—30.35 —2466 —5.69 18.65 un. 124.8
—30.35 18.68 17.65 1.03 12 124.5
—31.9* 1891 17.84 1.07 134 1163
3-bromopropionic acid 3.99 0.013 0.02 64-41.0 —-32.8 —-8.2 199 187 12 un. 108.7
—43.9 —35.9 -8 20.2 un. 100
benzoic acid 4.19 0.033 0.035 60-47.16 —40.3 —6.8 20.7 un. 104.2
—41.5 —33.6 -7.9 20.16 un. 115.4
—37.9* 19.87 18.60 1.27 un. 122.6
formic acid 3.75 0.015 0.021 70-58.8 —58.8(?) ~0 21.10 204 0.7 405 1045
2-thiophenecarboxylic acid 3.48 0.035 0.045 8669.2 -77.3 8.1 21.33 208 05 57.2 110
2-furoic acid 3.17 0.04 0.05 88—69.8 -78.1 8.3 21.48 58.1 110.2
—68.2 —76.2 8.1 21.47 56.7 115.3
—67.9% 21.43 208 0.6 54 116.3
chloroacetic acid 2.85 0.021  0.023 6577.4* 20.94 20.23 0.71 64.1 116.6
0.066 0.08 52 —-78.9 —86.3 7.4 20.87 65.2  109.9
dichloroacetic 1.48 0.03 0.03 83—-86.5 -90.0 45 20.01 19.57 0.43 77.8 148
acid —-87.4 —91.6 4.2 19.92 19.48 0.44 785 1377
—88.7 —92.6 3.9 19.74 19.39 0.34 79.6 119
—89.6 -93.1 35 19.63 79.7  103.6
HCI <1 0.034 0.034 40 —95.1 —96.75 1.64 17.32 88.24 1335
—95.5 —-97.1 1.60 17.25 88.46 124
—95.9 —-97.5 1.57 17.17 88.66 113
74 —-91.58 -—935 1.92 202.7
30 17.58 17.48 0.10 82.7 168
17.48 17.41 0.07 87.1 158
17.42 17.33 0.09 87.7 147
—95.0* 17.34 17.28 0.06 87.4 137
—95.4* 17.26 17.25 0.01 88.1 126
HNO; <1 0.02 0.02 70 —99.36 —100.94 1.58 17.39 89.3 1445
—99.70 —101.22 1.52 17.32 89.3 134.1
—100.46 —101.89 1.43 17.16 17.1 =0 90.8  112.0

aCa = Can + Cap: total acid concentration in mol: (M); Cg: total pyridine concentration in mol1 (M); D: deuterium fraction in the
mobile hydron sitesd>N(H), 6*°N(D): pyridine!>N chemical shifts of the protonated and the deuterated 1:1 complexes in the pyridine ppm-scale;
IABN(D) = 0'N(H) — 0**N(D), 6'H andd?H: chemical shifts of the H-bond proton and deuterakH(D) = 6*H — 6%H; J. scalar coupling
constant betweetH and!*N; T: temperature, un.: unresolved; *: result of extrapolation. TKg\mlues were taken from ref 17.

from the isotopic substitution site. Figure 7a shows a low-  3:1 Complex. The isotope shiftA1>N(D) = §(ALALAHB)
temperaturéN NMR spectrum of a mixture of acetic acid and — 6(ALALADB) for the zwitterionic 3:1 complex is positive
pyridine in CDCIR/CDF; (2:1). We observe three signals (Figure 7b,c), indicating that the pyridine is fully protonated.
which were assigned previoudito linear complexes of the  The situation is similar to the case discussed in Figure 5d.
type AHB, AHAHB, and AHAHAHB, as indicated at the top  Isotopic substitution in the remote oxygen sites has no observ-
of Figure 7. The correspondingd NMR spectrum with the able influence. Minimal effects are observed in theNMR
assignments of all hydrogen bond protons is shown in Figure spectra (Figure 7e,f). Successive deuteration in neighboring
7d. ThelJy_1sy coupling constants and the proton and nitrogen hydrogen bonds leads to small low-field shifts of the protons
chemical shifts indicate a gradual proton transfer to pyridine monitored. Therefore, any weakening of a neighboring hydro-
due to an increase of the acidity or proton-donating power of gen bond by substitution of H by D leads to a strengthening of
acetic acid clusters in the order of AH AHAH < AHAHAH. the hydrogen bond containing the proton monitored, i.e. to an
Either a fast intramolecular rearrangement shown at the top of anticooperativity of both hydrogen bonds.
Figure 7 or a bifurcated hydrogen bond between AHAHs#d 2:1 Complex. The effects of anharmonic coupling are greater
HB* renders the two OHO protons equivalent unless they iy the 2:1 complex. ThéN NMR spectra indicate different
exhibit the same intrinsic chemical shifts. Deuteration in the chemijcal shifts for the species AHAHB, AHADB, ADAHB,
mobile proton sites leads to additional isotopic species assignedang ADADB. The assignment of Figure 7b,c was achieved
in Figure 7. without uncertainty by taking spectra at different deuterium
1:1 Complex. The one-bond shiftA>N(D) = 5(AHB) — fractions. There are two different positive hydrogen bond shifts
O(ADB) is negative in the case of the molecular complex ALB, AN(D) = 6(AHAHB) — O(AHADB) = 8.5 ppm and
indicating that the proton is close to the oxygen. The situation *A'>N(D) = 6(ADAHB) — 6(ADADB) = 8.2 ppm and two
resembles the case discussed in Figurea different negative five-bond shifA>N(D) = 6(AHAHB) —
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Figure 8. Average hydron (proton and deuteron) locations (schemati-
cally) in the 2:1 complex between acetic acid and pyridine arising from
the experiments shown in Figure 6.

ADAHB. . ALALADS shifts of the hydrogen bond prot@édH vs the nitrogen chemical
, , : ; , . shifts 015N (Figure 6a) qualitatively follows the plot @fi;+r,0
-20 —-40 -60 -80 =100 vs [M;—r,0depicted in Figure 3. In other wordg!H is a
monotonous function of the average distane-r,(dbetween

AHAHB A and B, andd?®N of the proton transfer coordinafe;—r,[]
AHAHB AHAHAHB The observation that'H goes through a maximum at about 21
ppm até!™N = —60 ppm with respect to free pyridine (Figure
6a) then indicates a hydrogen bond contraction approximately
: at the midpoint of the proton transfer from A to B as depicted
DAHB in Figures 3 and 4. As a consequence, the positive primary
isotope effectSAH(D) of Figure 6b indicate an increase of the
A---B distance upon deuteration on either side of the quasi-
midpoint. At the quasi-midpoint itself there is a noticable drop
of PAH(D). At this point,’A®N(D) also changes its sign (Figure
6c¢) which is consistent with Figures 3 and 4: deuteration in
: . " . . . . the region of the molecular complex decredsgsand increases

2 19 7 15 .0 by contrast, in the case of the zwitterionic complex, the
Figure 7. Low-temperaturé®N (a—c) and*H NMR spectra (e-f) (*H opposite is true.
Larmor frequency 500.13 MHz) of mixtures of acetic acid (AL=L As discussed in the General Section, the observation that
H, D) and pyridine'™N (B) in a 2:1 mixture of CDCIFZCDF; at various IAIN(D) = 0 (Figure 6c) andAH(D) = 0 (Figure 6b) at the

deuterium fractions D in the mobile proton sites. (a) 1020K= 0, o . - .
Can = 0.042 M, Cs = 0.026 M. (b) 102 K.D = 0.5, Cass + Cap = guasi-midpoint could be explained by the presence of a barrier

AHAHAHB

AHADAHB
ADAHAHB

ADADAHB

0.05 M, Cs = 0.03 M. (c) 105 K,D = 0.85, Can + Cap = 0.085 M. for the proton motion according to Figure 4a. On the other

Ce = 0.05 M. (d) As in a. () As in b. (f) As in c. hand, the drop oPAH(D) may also be explained with a very
small barrier according to Figure 4b as follows. In a disordered

8(ADAHB) = —2.8 ppm and°A'SN(D) = 6(AHADB) — polar solvent there is a distribution of various differently solvated

5(ADADB) = —2.3 ppm. The isotope effects on tHe NMR hydrogen complexes characterized by sligt_hly different average
signals of the 2:1 complex are also noteworthy. The signal V&luesi—r.lJ These solvent complexes interchange rapidly
ALAHB is slightly shifted, and the signal AHALB is strongly within the NMR time scale. If the center of the dlstrlbuthn is
shifted to low field by deuteration of the neighboring hydrogen 'ocated atf,—ro~ 0, where!AN(D) = 0, complexes with
bond, i.e.2AH(D) = 6(AHAHB) — (ADAHB) = 0.15 ppm positive and negative values 6ASN(D) exchange rapidly,
and4AH(D) = 6(AHAHB) — 5(AHADB) = 0.54 ppm. leading to a vanishing overall value &#%1°N(D). By contrast,
- - PAH(D) is not averaged to zero; a value of zero would only be
expected in the case of a very sharp distribution.
Finally, we would like to point out that the symmetry of the
We have described H/D isotope effects on the chemical shifts 1AI15N(D) vs 615N curve in Figure 6¢c may arise from a
of low-barrier hydrogen-bonded 1:1 complexes between acids compensation of two effects. If we identi§N with B in Figure
AL (L = H, D) and a base B (pyridin®N) in the liquid state 4, the increase of the distanagbetweent®N and L is more
at low temperatures, as a function of the proton-donating power pronounced in the molecular complex-A---B, whered,is
of the acid employed. The observation that the spectral large, as compared to the zwitterionic complex-AL—B™,
parameters obtained are independent of concentration indicatesvhere(®,lis small. On the other hand}°N is more sensitive
that complications arising from a possible aggregation especially to changes offi,[JJwhen the latter is small, leading overall to
of the zwitterionic complexes can be neglected in good the symmetric aspect of the curve in Figure 5¢c. The observation
approximation. It is interesting that all chemical shift values that the two maxima in the cun®AH(D) vs 61°N are not of
of Figure 6 are located on master curves, independent of theequal height should reflect larger changes of the-B bond
type of acid chosen or on temperature. distance when the hydron is closer to oxygen than to nitrogen.
Although extended theoretical work will be necessary in order  The complex influence of deuteration on the chemical shifts
to give a quantitative description of the data obtained, we will of the 2:1 complex of acetic acid with pyridine depicted in
try to give a tentative, qualitative explanation based on some Figure 7 can be rationalized qualitatively in terms of the hydron
simple assumptions. Firstly, we note that the plot of chemical transfer pathway of Figure 8. For simplification the brackets

Discussion
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r ra rs ra There is another interesting but so far speculative conclusion
AT H-B - H=X from these results. Whereas in the neutral hydrogen bonded
chain A—H---A—H---B a single proton transfer to B is preferred,
o accompanied by a strengthening of the second hydrogen bond,
\ ! ! a chain exhibiting a negative charge-M+--B—H---X~ may
\\!6_ / | Do behave in a different manner, as indicated in Figure 9. Here,
N S T = S | ey ¢ the Coulombic interaction does not hinder a double proton

transfer to A---H-B--*H—X. Therefore, in the charge relay

reaction coordiate

: \ chains of serine proteasga,negatively charged residue seems
: to be necessary in order to “relay” the charge during the course
- of the enzymatic reaction.

Conclusions

We have shown that low-temperature NMR spectroscopy
using deuterated liquified gases as solvents enables the study
of hydrogen-bonded complexes in the regime of slow hydrogen
characterizing the average distances have been omitted. Wherond exchange and in particular the study of H/D isotope effects
a hydron shift from A toward B occurs, i.e. whepis decreased,  on chemical shifts of intermolecular hydrogen-bonded com-
a positive charge is created at B and a negative charge at A.plexes and bond chains with low-barrier hydrogen bonds. So
This will only lead to a contraction of the neighboring hydrogen far, experiments were restricted to the study of intramolecular
bond, i.e. to a decrease @f+ r, because the acceptor capacity hydrogen bonds. Primary isotope effects could be observed not
of A is increased but not to a substantial decrease,.ofin only on the chemical shifts of the hydrogen bond hydrons but
other words, only A-L-A~-L—B* is formed but not also on those of th&N atom involved. Already, a qualitative
A~---L—A--L—B™, which would exhibit a larger Coulomb discussion of the effects observed can lead to interesting novel
energy. The various isotopic species may be represented agnsights into the properties of hydrogen bonds. In the future,
various stages of the hydron transfer. Figure 8 was constructedone can expect a number of novel data which may be used for
as follows: the order of th&N chemical shifts indicates the a more quantitative description. We are currently involved
degree of hydron transfer to B, i.e. the valua of The proton particularly in measuring isotopic H/D fractionation factors
chemical shifts indicate that the hydrogen bond to pyridine with between different hydrogen-bonded sites from which we hope
the shortest value of; + r4 occurs in ADAHB. This to obtain additional information concerning the potential curves
information enables us firstly to place ADAHB on the proton of the proton motion in the complexes. In addition, we are
transfer pathway of Figure 8 and then the other species, leadingstudying in more detail the role of temperature, the solvent, and
to a qualitative understanding of all isotope effects observed in the solid state.

terms of a cooperativity of the two hydrogen bonds: replacing .
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Figure 9. Hypothetical proton locations in a negatively charged
hydrogen-bonded chain involving two low-barrier hydrogen bonds.



