A\C\S

ARTICLES

Published on Web 04/10/2004

Characterization of Fluxional Hydrogen-Bonded Complexes of
Acetic Acid and Acetate by NMR: Geometries and Isotope
and Solvent Effects
Peter M. Tolstoy,™* Parwin Schah-Mohammedi," Sergei N. Smirnov,*
Nikolai S. Golubev,* Gleb S. Denisov,* and Hans-Heinrich Limbach**

Contribution from the Institut fluChemie, Freie Uniersit& Berlin,
Takustrasse 3, D-14195 Berlin, Germany, and the Institute of Physics,
St. Petersburg State Urersity, 198504 St. Petersburg, Russian Federation

Received October 28, 2003; E-mail: limbach@chemie.fu-berlin.de

Abstract: 'H, ?H, and 3C NMR spectra of enriched CH3*COOH acid without and in the presence of tetra-
n-butylammonium acetate have been measured around 110 K using a liquefied Freon mixture CDF3/CDF,-
Cl as a solvent, as a function of the deuterium fraction in the mobile proton sites. For comparison, spectra
were also taken of the adduct CH3**COOH-SbCls 1 and of CH,CI*3COOH under similar conditions, as well
as of CH3®COOH and CH3*COO™ dissolved in H,O and D,O at low and high pH at 298 K. The low
temperatures employed allowed us to detect several well-known and novel hydrogen-bonded complexes
in the slow hydrogen bond exchange regime and to determine chemical shifts and coupling constants as
well as H/D isotope effects on chemical shifts from the fine structure of the corresponding signals. The
measurements show that self-association of both carboxylic acids in Freon solution gives rise exclusively
to the formation of cyclic dimers 2 and 3 exhibiting a rapid degenerate double proton transfer. For the first
time, a two-bond coupling of the type 2J(CH;COOH) between a hydrogen-bonded proton and the carboxylic
carbon has been observed, which is slightly smaller than half of the value observed for 1. In addition, the
1H and 2H chemical shifts of the HH, HD, and the DD isotopologues of 2 and 3 have been determined as
well as the corresponding HH/HD/DD isotope effects on the *C chemical shifts. Similar “primary”, “vicinal”,
and “secondary” isotope effects were observed for the novel 2:1 complex “dihydrogen triacetate” 5 between
acetic acid and acetate. Another novel species is the 3:1 complex “trihydrogen tetraacetate” 6, which was
also characterized by a complex degenerate combined hydrogen bond- and proton-transfer process. For
comparison, the results obtained previously for hydrogen diacetate 4 and hydrogen maleate 7 are discussed.
Using an improved 'H chemical shift—hydrogen bond geometry correlation, the chemical shift data are
converted into hydrogen bond geometries. They indicate cooperative hydrogen bonds in the cyclic dimers;
i.e., widening of a given hydrogen bond by H/D substitution also widens the other coupled hydrogen bond.
By contrast, the hydrogen bonds in 5 are anticooperative. The measurements show that ionization shifts
the 13C signal of the carboxyl group to low field when the group is immersed in water, but to high field
when it is embedded in a polar aprotic environment. This finding allows us to understand the unusual
ionization shift of aspartate groups in the HIV-pepstatin complex observed by Smith, R.; Brereton, I. M;
Chai, R. Y.; Kent, S. B. H. Nature Struct. Biol. 1996, 3, 946. It is demonstrated that the Freon solvents
used in this study are better environments for model studies of amino acid interactions than aqueous or
protic environments. Finally, a novel correlation of the hydrogen bond geometries with the H/D isotope
effects on the 13C chemical shifts of carboxylic acid groups is proposed, which allows one to estimate the
hydrogen bond geometries and protonation states of these groups. It is shown that absence of such an
isotope effect is not only compatible with an isolated carboxylate group but also with the presence of a
short and strong hydrogen bond.

Introduction structure of NMR lines attributed to nuclei of intermolecular
hydrogen bonds. Under these conditions, the chemical shifts,

Low-temperature NMR spectroscopy using liquefied gases . . ) - .
P P Py 94 g scalar spir-spin couplings of nuclei involved in a hydrogen

as solvents has revealed novel possibilities in the study of

hydrogen-bonded systerhhe slow proton and hydrogen bond (1) (a) Golubev, N. S.; Denisov, G..S. Mol. Struct 1992 270, 263. (b)
. . Golubev, N. S.; Smirnov, S. N.; Gindin, V. A.; Denisov, G. S.; Benedict,
exchange regime can often be reached in the temperature range  { | imbach, H. H.J. Am. Chem. Sod994 116, 12055. (c) Smirnov, S.

between 100 and 150 K, which allows one to resolve the fine N.; Golubev, N. S.; Denisov, G. S.; Benedict, H.; Schah-Mohammedi, P.;
Limbach, H. H.J. Am. Chem. S0d.996 118 4094. (d) Shenderovich, I.

- _ - _ G.; Smirnov, S. N.; Denisov, G. S.; Gindin, V. A.; Golubev, N. S.; Dunger,
T Freie UniversitaBerlin. ) ) A.; Reibke, R.; Kirpekar, S.; Malkina, O. L.; Limbach, H. Ber. Bunsen-
* St. Petersburg State University. Ges. Phys. Chenmi998 102, 422.
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Chart 1. Structure of the Acetic and Chloroacetic Acid Cyclic
Dimers and Acetic Acid Homoconjugate Anions
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bridge, and isotope effects on these values can provide useful
information about the hydrogen bond geometries and dy-

namics? Isotopic splittings of one signal into several lines arising
from partial H/D replacement in mobile proton sites of hydro-

gen-bonded complexes containing two or more hydrogen bonds

can also be detectéf These splittings allow one to establish

the composition of H-bonded associates, in particular, the

number,n, of proton donor molecules AH in hydrogen-bonded
clusters (AH).2 They also indicate the extent of mutual influence
of neighboring hydrogen bonds, which might be cooperative
or anticooperativé?#Finally, the dielectric constant of liquefied
Freon mixtures such as CREEDF,CI strongly increases at low

temperatures, giving information about the effects of the solvent

polarity and ordering on hydrogen-bonded systéms.

The goal of the present study was to apply the above tech-
nigue to explore various hydrogen-bonded situations of acetic
and monochloroacetic acids as models for side-chain interactions
of glutamic and aspartic acids in proteins. Thus, we looked for
the hydrogen-bonded states depicted in Chart 1. As it is impos-

sible to monitor monomeric carboxylic acids in organic solvents

at very low temperatures in the slow hydrogen bond exchange
regime because of the high tendency to form cyclic dimers, we

choosel as a model for monomeric acetic acid. For formic acid,
the SbC§ has been shown previou§lyo break up the cyclic
dimer to give CiSb~— O=CHOH, where the €O group is

bonded dimer® and 3; these species have been studied pre-
viously in the gas phasén condensed phase, and in solutiéns.
In the bulk liquid state, the structure of acetic acid corresponds
to a mixture of cyclic dimers and various hydrogen-bonded
clustered chains found in the crystalline staté?In addition,
complexes of acids with organic ba&&¥ and with alcohol&!
have been studied using various NMR methods. Although these
species have been studied for a long time, they still attract
attention of both theoretic&land experimental chemist3.

Complexes of carboxylic acids with their conjugate bases are
of special importance, as they represent the limiting case of the
strongest hydrogen bondidf.We were interested in these
motifs as they occur in cofactors of proteihand enzymed?
Recently, we have described using low-temperature NMR the
homoconjugated complekof acetic acid with acetaf® Here,
we describe in addition the novel complexXesind 6 where
two and three acetic acid molecules are bound to acetate and
compare them with the structure of tetrabutylammonium (TBA)
hydrogen maleat@.2°

To explore the impact of these low-temperature studies for
protein NMR, we have also studied as a reference the effect of
replacing HO by D,O on the!3C chemical shifts of acetic acid
and of acetate in water. To our knowledge, such data have not
been reported yet in the literature. Our comparative experiments
using aqueous and aprotic polar solvents will explain the
unexpected3C chemical shifts of carboxyl groups in the active
site of HIV protease after inhibitor binding found by Smith et
al.” We will show that the active site of the protein does not
correspond to the aqueous but to the aprotic polar environment
modeled by solvents such as the Freon mixtures used in this
study. Our work will also be of use for the theoretical treatment
of hydrogen bonding in the active site of HIV protease studied
by Piana?8 et al. and by Northroptc

We were also interested in scalar spin couplings of the
13COO'H group, which have been inaccessible to date, the
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Scand197024, 747. (c) Derissen, J. LJ. Mol. Struct.1971, 7, 67 and 81.
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369 591.
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(11) Pushkareva, E. G.; Golubev, N. S.; Denisov, GJ.9Vlol. Lig. 1983 26,
169

no longer able to act as proton acceptor even at low tempera-(12) (a) Payne, R. S.; Roberts, R. J.; Rowe, R. C.: Dochertyl. Reomput.

tures. Novel information was obtained for the cyclic hydrogen-
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hydrogen bond proton chemical shifts in relation to the hydrogen 2J(CH,COOH) = 6.7 Hz
. . 2J(CH,COOH) =6.7 Hz
bond geometries, how the latter are affected by deuteration of , 2J(CH,COOH) =67Hz ¢ 2J(CH,COOD) = 6.7 Hz
a given hydrogen bond site and of a neighboring-sitdich (| “(CH,COOH) = 0.85 Hz %m
m

provides information about the mutual coupling of two hydrogen

bonds, and whether these phenomena can also be observed by

13C NMR of the carboxyl groups. In addition, we were interested —

to learn something about the internal fluxionality of the .., lorr pem 1074 g
complexes5 and 6, which imply a fast internal exchange of b 5 d
the acid molecules with the conjugate anion. We came across

such rearrangements in our previous study of the acetic acid/

pyridine 3:1 complexX¢ corresponding t& hydrogen bonded {CPH {methyl H} °C

to pyridinium, as well as in complexes of several HF molecules — 11— 1T 1
11.0 109 10.8 10.7 10.6 ppm 0.096 ppm

2J(CH,COOH) = 6.7 Hz

with fluoride e <~
The paper is organized as follows. After an Experimental  /°~" xy= 042 %) %(0)
Section, the results of our multinuclear NMR experiments of g T=140K

. . . . (o]
acetic and monochloroacetic acids and their deuterated analogues > SCl {HySC

:Nlth(f)ut and in the presence of tetrabut;;lammor]zlum ;alts in the 1860 185.9 1856 1857 1656 1865 phm

,OW_ reezing Freon mixture COJC D'_:ZC » and o acetl_c aCId_ Figure 1. Partial NMR spectra of acetic acid!¥€ enriched in the carboxyl
in H20 and RO are presented anq dlscqssed. In the discussion, position in the presence of a 2-fold excess of Shfiésolved in CDF
the hydrogen bond geometrghemical shift correlation method  CDRCI (2:1) at 140 Kxp is the deuterium fraction of the carboxyl group.

will be used to establish the geometry of the hydrogen bonds, 1H)Laf31°f_f[]e?g)?q% 5(?0-13 '\I/_'Hiljséigr?a' °f| thfe "r‘]ydfoxstl)' QFOIUD WithO(u;
. a) and wit ecoupling.13C signal of the carboxyl group (c
as well as geometric isotope effects, and how these effects Caq(/vithout decoupling, (d) with selective decoupling of the methyl protons,

be observed by*C NMR. Finally, effects of cooperativity in  and (e) with broad-bang*H} decoupling.
the systems with two or more hydrogen bonds will be discussed.

residual mobile proton site with those of the immobile CH protons.
H, 2H, and*3C NMR chemical shifts were measured using fluoroform,
The experimental low-temperature technique used for the presentCHFR; (CDFs), as internal standard, and were converted to the
investigation has been described in detail elsewPfefithe Bruker conventional TMS scale. The approximate overall acid concentration
AMX-500 NMR spectrometer used was equipped with a low-temper- of the samples, estimated by weighing acetic acid and measuring the
ature probe head, which allowed us to perform experiments down to volume of the solution at low temperatures120 K), was~0.02 M.
100 K.2H NMR spectra were measured without lock. Commercially
available acetic acid-133C (99% enrichment, Deutero GmbH) was
employed for the experiments. Chloroacetic acitfdl-was prepared Adduct of Monomeric Acetic Acid with SbCls (1). In Figure
by direct chlorination of acetic acid£€ in the presence of Shgl 1 are depicted partiéH and!3c spectra of partially deuterated

(Aldrich) as catalysf and purified by_ repeated sublimation under 13C-enriched acetic acid dissolved in CBEDF,CI (2:1) in the
reduced pressure. Tetrabutylammonium acetate (TBA acetate) was . L
presence of a 2-fold excess of SkAthe deuterium fraction in

repared by mixing acetic acid WwitlL M methanol solution of TBA . .
prep y g the mobile proton site was = 0.42, and the sample

hydroxide and subsequent removal of methanol and water formed in ] .
this reaction by azeotropic distillation with dichloromethane. Chemicals {€mperature 140 K. The carboxylic proton signal resonates at

were weighed and placed into thick-walled sample NMR tubes equipped 10.754 ppm. It is split into a doublet arising from scalar spin
with PTFE valves (Wilmad, Buena). The solvent mixture GRBCIF spin coupling with the carboxylic carbon nucleus, with
for the low-temperature NMR experiments was prepared by a modified 2J(CH;COOH) = 6.7 Hz. This assignment is supported’8g-
recipe proposed by Siegel and ARgDuring the synthesis, it is difficult decoupling (Figure 1b). Each component of the doublet is
to control conditions precisely in order to get the mixture of a given furthermore split into a barely resolved quartet, arising from
composition, so from synthesis to synthesis the solvent composition |ong-range scalar coupling with the methyl group protons, where
\1/aried between 15.:1 and 2:1, estimated from the intensity of_the resic_luaI4J(CH3COO_|) ~ 0.85 Hz. Partial H/D replacement does not
M et g, e, e e vl bt 09 afect he shape ofthe proon signal

In the {*H} -decoupledC NMR spectrum (Figure 1e), two

and CDRCI deuterons with protons of residual water molecules during -
the synthesis, thus resulting in the descrepancy between/CHF,- lines are observed @c(H) = 185.721 ppm for the protonated

Cl and CDR/CDRCI ratios. Within this range, the solvent freezing SPecies and alc(D) = 185.625 ppm for the deuterated species.

point and the solubility of studied acetic acid complexes stayed Selective decoupling of the methyl protons produces a doublet

sufficient to perform the low-temperature measurements. Solvent was splitting for the protonated species (Figure 1d), WAiCHs-

added to the sample tubes by vacuum transfer. Acetic acid was COOH) = 6.7 Hz. Finally, in the uncoupled®C spectrum

deuterated by passing gaseous DCI, produced from 9§8@[(99.5% (Figure 1c), all signals are split further into quartets, where

D, Deutero GmbH) with dry solid NaCl, through a solution of acetic 2)(CHsCOOD) = 6.7 Hz, by chance equal fJ(CH;COOH),

acid in CHCI,. Chloroacetic acid was deuterated in the COOH site by within the margin of experimental error. All NMR parameters

repeatedly dissolving the compound in €MD and removing the are assembled in Table 1.

solvent in vacuo. The total deuterium fraction was determined by NMR, S . . .

in particular, by comparison of the integrated signal intensity of the Cyclic Dimers of Acetic (2) and of Monochlorpacetlc Acid
(3). The low-temperaturéH, 2H, and*3C NMR signals of the

(18) Piana, S.; Sebastiani, D.; Carloni, P.; Parrinello, MAm. Chem. Soc. carboxyl group of partially deuterated in OH group acetic acid-

Experimental Section

Results

2001, 123, 8730. 1 . 8 . . S
(19) Becker, H. G. OOrganikum Barth: Leipzig, 1993; p 170. 1-135C dl_ssolved in C_DECDFZCI (_4.1) are deplcted in Figure
(20) Siegel, J. S.; Anet, F. A. L1. Org. Chem1988 53, 2629. 2. As will be shown in the following, these signals correspond
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Table 1. NMR Parameters of Two Isotopologues of Acetic Acid
Complex with SbCls (1) in a Freon Mixture at 140 K&

1, CH;COOL:-ShCls

On = 0.005/ppm 10.754
Odc(H) + 0.005/ppm 185.721
O0c(D) + 0.005/ppm 185.625
0c(D) — dc(H) £ 0.007/ppm —0.096
4J(CH3COOH) + 0.2/Hz 0.85
2)(CHsCOOH) + 0.2/Hz 6.7
2J(CH3COOH) + 0.2/Hz 6.7
2J(CH3COOD) £ 0.2 /Hz 6.7

a 13C Chemical shifts correspond to carboxylic carbore=IH, D.

a e
Xp= 0 Xp =
'H T=110K ©e T=110K
2J(CH,COOH)
"o
b N A
rrrrrrrrrrrrrrrrrrrr]
132 131 130
8(HH)
8(HD) x,=0.35
'H T=110K
c 182 m 181
X =0.75 PP
1H T=130K P Y
HyC-3C, Bc—cH
3 \\ / 3
d 3(DD) O----- —0
Xp > 0.90 L=HD
T=130K

2, acetic acid cyclic dimer

14

LI B N R |

13 ppm

Figure 2. 1H, 2H, and{*H}13C NMR signals of the carboxyl group of
acetic acid-1:3C dissolved in CDFCDF,CI (4:1) obtained at 110 K as a
function of the deuterium fractiorp in the mobile proton site. (d) was
obtained in CHECHR:CI solution.

1
12

Table 2. NMR Parameters of Three Isotopologues of Acetic
(CH3COOL, 2) and Chloroacetic (CCIH,COOL, 3) Acid Cyclic
Dimers in a Freon Mixture at 110 K. L=H, D

2, (CHs- 3, (CCH,-
13CO0L), 13CO0L),
On(HH) + 0.005/ppm 13.127 13.250
On(HD) £ 0.005/ppm 13.035 13.165
On(HD) — Ox(HH) =+ 0.007/ppm —-0.092 —0.085
0p(HD) + 0.03/ppm 12.92
op(DD) £ 0.03/ppm 12.83
0p(DD) — dp(HD) + 0.04/ppm —0.0%
0p(DD) — Ox(HH) + 0.03/ppm -0.30
dc(HH) + 0.005/ppm 181.874 176.693
dc(HD) =+ 0.005/ppm 181.713 176.551
dc(DD) + 0.005/ppm 181.561 176.417
0c(HD) — dc(HH) £ 0.008/ppm —0.161 —0.142
0c(DD) — dc(HD) =+ 0.008/ppm —-0.152 —-0.134
2J(CHsCOOH) (in HH form) & 0.5/Hz 3.0 3.0
2J(CHsCOOH) (in HD form) + 0.5/Hz 3.0 3.0

a Calculated on the basis of sum rule, proposed in (4b).

to the cyclic dimer. The chemical shifts are then labeled as
ox(LL), where X represents the nucleus observed and=tL
HH, HD, and DD, the three isotopologues of the dimer. The
NMR parameters obtained are assembled in Table 2.

At a deuterium fraction okp = 0, a single carboxylic proton
signal is observed in théd NMR spectrum ady(HH) = 13.127
ppm (Figure 2a) The corresponding3C signal appears at
Oc(HH) = 181.874 ppm (Figure 2e). These chemical shifts are

5624 J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004

3, monochloroacetic acid cyclic dimer

O—L:-----Q
H mc—“c/ 1\é"(:—ccm
L=HD 2 \ / 2
0-----—0
|
8,(HH)

M2J(CCIH,COOH) = 3 Hz

84(HD)
M2J(CCIH,COOH) = 3 Hz

| T | T T T

| I |
176.8 176.6 176.4 ppm

Figure 3. 'H (a) and {H}$3C (b) NMR spectra of 23C-labeled
chloroacetic acid in CD¥FCDF.CI (4:1) at 110 K andp = 0.4.

not affected by moderate changes of the acid concentration. The
spectra of partially deuterated samples exhibit additional lines,
arising from the different isotopologues. In tHel NMR
spectrum, one additional line is observedafHD) = 13.035
ppm, assigned to the HD isotopologue (Figure 2b,c). The
intensity of this line increases with an increasing deuterium
fraction as expected. Thé*C NMR spectra exhibit two
additional lines, characterized by the chemical shigéHD)

= 181.713 ppm andc(DD) = 181.561 ppm (Figure 2f).

We note that the proton signals of the HH and the HD
isotopologues are split into a barely resolved triplets (see inset
of Figure 2b); as this splitting is not observed in corresponding
samples of nod3C-enriched acetic acid, we assign it to the
coupling of the hydrogen bond protons with the t#@ atoms
of the enriched dimer, characterized by the coupling constant
2J(CH3COOCH) ~ 3.0 Hz.

Finally, in Figure 2d is depicted the low-temperatéHeNMR
spectrum of acetic acid dissolved in CHEHF,CI, at a deuteron
fraction of xp > 0.9. The signal stems dominantly from the
doubly deuterated cyclic dimer and, to a small extent, from the
half-deuterated dimer. The signal is broadened becaudd of
quadrupolar relaxation and magnetic field fluctuations, as the
spectra were acquired without magnetic field lock. The resulting
field instability precluded longer acquisition times necessary
to measure the chemical shift of the HD species at lower
deuterium fractiongp. Nevertheless, a substantial upfield shift
O0p(DD) — dn(HH) = —0.30 ppm is observed.

In Figure 3 are depicted tht#H and 13C NMR signals of
chloroacetic acid®C, at a deuterium fraction of, = 0.4; the
NMR parameters obtained are included in Table 2. The spectral
patterns are similar to those for the acetic acid dimer. However,
the signals are sharper and thid—3C coupling is better
resolved as compared to the case of acetic acid, although the
value of2J(CH3;COOH) ~ 3.0 Hz is the same.

Acetic Acid Anion. We tried to measure thé’C NMR
spectrum of free acetate by preparing the sample containing
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4, 1:1 complex, hydrogen diacetate

Table 3. NMR Parameters of Isotopologues of Acetic Acid

Complexes with Acetate Anion,

with TBA Counterion

/ N\ 4,11 521 6,31
H;C '130\\ _ 1/3:.(:— CHs complex complex complex
3, o o} hydrogen dihydrogen trihydrogen
a L=HD diacetate triacetate tetraacetate
TBA+
On £ 0.01/ppm 19.25
Op £ 0.03/ppm 18.63
Op — On = 0.03/ppm —0.62
Oc(H) £ 0.01/ppm 180.19
0c(D) £ 0.01/ppm 179.99
Oc(D) — Oc(H) £ 0.015/ppm —0.20
On(HH) £+ 0.01/ppm 16.39
On(HD) 4 0.01/ppm 16.68
O0p(HD+DD) =+ 0.1/ppm 16.08
On(HD) — dn(HH) &+ 0.02/ppm 0.29
dc(HH) £ 0.01/ppm 179.39
Oc(HD) £ 0.01/ppm 179.27
Oc(DD) £ 0.01/ppm 179.14
O0c(HD) — 6¢(HH) £ 0.015/ppm —0.12
0c(DD) — 6c(HD) £ 0.015/ppm —0.13
On(HHH) + 0.02/ppm 14.76
180.5 180.0 179.5 ppm 2“(333) i 8-8§§ppm ﬂ-g;
Figure 4. Low-temperaturéH (a),2H (b), and{H}3C (c) NMR spectra é:EHHDg _ 5"4(HE|DHT 0.11
of a sample containing 0.02 M partially deuteraté@d-labeled acetic acid + 0.03/ppm
(xo = 0.5) and 0.02 M TBA acetattC-labeled in the carboxylate group éH(HDb) — dn(HHD) 0.12
(15:1 CDR/CDF,CI). Adapted from ref 2b. + 0.03/ppm

0.02 M tetrabutylammonium acetate (TBARCOO"), but
unfortunately, we were unable to get al8C signal at low
temperature in the region of carboxylic carbon signals. This is
probably due to the interaction of such acetate anions with the

surface OH groups, present on the walls of glass sample tube.

The 1:1 Complex of Acetic Acid with Its Conjugate Base
(Hydrogen Diacetate 4).Typical H, 2H, and13C signals of
the 1:1 complex4 of CH3'3COOH with its conjugate base
CH313COO™ using TBA as the countercation are depicted in
Figure 4. The composition of the solvent mixture GDF
CDF,Cl was~15:1, as measured from thie spectrum. These
spectra have been published in a preliminary communic&tion;
they are included here for comparison with the other novel
complexesb and 6 described below.

The proton signal oft resonates aby(H) = 19.25 ppm and
exhibits a negative value of the primary isotope effag(D) —
on(H) = —0.6 ppm. The H/D isotope effect 6f0.20 ppm on
the carboxylic carbon nuclei is also negative, as in all other
cases presented above (Table 3).

The 2:1 Complex of Acetic Acid with Its Conjugate Base
(Dihydrogen Triacetate 5). The addition of another acetic acid
molecule to4 leads to a new species, which will be shown to
correspond to a 2:1 acetic acidcetate complex, dihydrogen
triacetate5, exhibiting two hydrogen bonds. A single line is

5, 2:1 complex, dihydrogen triacetate

CHa

8,(HD)

H

8y (HH)

c
2H

[ I
18 17

Figure 5. Low-temperature'H

8,(HD) + 8,(DD)
I

16

I |
15 14 ppm

and °H NMR spectra of dihydrogen

triacetate (15:1 CD¥CDRCI). (a) *H NMR spectrum of the sample
containing no deuterium; (b, &4 and2H NMR spectra of the sample

containing 70% of deuterium in

the mobile proton sites £x 0.7).

observed for the HH species @(HH) = 16.39 ppm (Figure leads to line broadening, but at 130 K, all lines are sharp. At
5). After partial H/D substitutionxp = 0.7), a new signal lower temperatures, all lines exhibit the usual line broadening
appears for the HD species ag(HD) = 16.68 ppm, corre- arising from the increase of the solvent viscosity. No major
sponding to a positive vicinal isotope effect. The corresponding spectral changes are observed for#Hesignals of4 and5 and
°H NMR signal is very broad, the signals of the partially for the 13C signals of4. By contrast, the high-field carboxyl
deuterated and the fully deuterated complexes could not bel3C signal exhibits very interesting changes. Around 130 K, a
resolved. signal trio is observed, assigned to the three isotopologues of
In Figure 6 are depicted thi#d and*C NMR spectra of a 5, wheredc(HH) = 179.39 ppmpc(HD) = 179.27 ppm, and
partially deuterated sample, whef@nd5 are of a comparable  dc(DD) = 179.14 ppm. No othe¥C signal could be observed
concentration, exhibiting a deuterium fractionxgf= 0.25. All for 5, indicating that all carbon atoms & are chemically
signals shift slightly to low field with decreasing temperature equivalent within the NMR time scale. These signals broaden,
as expected for asymmetric hydrogen-bonded systeAtshigh however, below 130 K much more than tH€ signal of4,
temperatures, the onset of proton and hydrogen bond exchangeéndicating that a fast chemical exchange is taking place at 130
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140 K

b 13,
xp=025C 4 s
150 K
MHK.,
HD

130K

120 K

I
1

110K

i

T T
18 ppm 17

I

16 178

a 1H

N
T

20 19

Figure 6. Temperature dependence of the low-fiéiiti(a) and carboxylic

carbon3C NMR signals (b) of dihydrogen triacetate of a sample with a

deuterium fraction in the mobile proton sitesxf = 0.25 (15:1 CDK/

CDFCI).

1T T T
15 181 180 ppm 179

6, 3:1 complex, trihydrogen tetraacetate

CH3
O—poeee . 13 /
H3C~1ac/ 0= C§
\ T Q

TBA+

17

Figure 7. Low-temperaturéH NMR spectra of trihydrogen tetraacetate
(2:1 CDRJ/CDFCI); (a) IH NMR spectrum of the sample containing no
deuterium; (b}H NMR spectrum of the sample containing 40% deuterium
(XD = 0.4).

K that becomes slower below this temperature. Unfortunately,
the slow exchange regime could not be reached.

The 3:1 Complex of Acetic Acid with Its Conjugate Base
(Trihydrogen Tetraacetate 6).Finally, another novel complex
6 could be observed after further addition of acetic acid,
exhibiting a strong high-fieldH NMR signal as illustrated in
Figure 7. Partial deuteration reveals three isotopologues at
= 0.4, wheredy(HHH) = 14.76 ppmpn(HHD) = 14.87 ppm,
andoy(HDD) = 14.99 ppm (Table 3). Unfortunately, we were
unable to obtairfH and!3C signals of this species.

H/D Isotope Effects on the Carboxylic Carbon NMR
Chemical Shifts of Acetic Acid and Acetate in Water and
Chloroform at Room Temperature. The question arises

179.6 1748 1747 1746

ppm
Figure 8. HI/D isotope effect on carboxyliZ3C NMR chemical shift of
0.006 M acetic acid in water at high pH and at low pH at 298 K.

1795 179.4  179.3 174.9 1745
ppm

We note positive ionization shifts, i.e., a low-field shift of
the carboxylic carbon signal when the carboxyl group is
converted into a carboxylate group. When H is replaced by D,
the carboxylate signal shifts to low field; i.e., one observes a
positive H/D isotope effect on tHE€C chemical shift, whereas
a negative effect is observed for the carboxyl group. Thus, the
pH dependence of the carbon isotope shift should be described
by the following equation

—0.159
1+ 1077 P

0.082
1+ 107"

ASYC(D,0) = 1)

From this equation, we expect a vanishing isotope effect around
pH 5.

To elucidate the effect of the solvent on the ionization shifts,
we prepared a series of samples where we added increasing
amounts of tetrabutylammonium hydroxide to 0.02 M solutions
of acetic acid, using in the first series pure water with a
deuterium fraction = 0.1 as solvent and in the second series
CDCls. In the case of the chloroform samples, the water
produced was removed by azeotropic distillation. However, no
particular attempts were made to prepare completely water-free
samples.

The13C chemical shifts obtained for the carboxylic/carboxy-
late carbons are plotted in Figure 9 as a function of the
tetrabutylammonium hydroxide/acid ratio. The solid lines are
guides for the eye and are not the results of a quantitative
analysis. The results will be interpreted in detail below.

Discussion

In this section, we will first discuss the structures of the
species observed as well as their NMR parameters such as
chemical shifts, spirspin couplings, and H/D isotope effects
on the chemical shifts. Then we will correlate thH¢ NMR
chemical shifts with the H-bond geometries. Finally, we will

whether the data obtained for carboxylic carbon chemical shift address the effects of cooperativity in the systems with two (or
in Freon solution at low temperatures are consistent with the more) coupled hydrogen bonds.

measurements in water solutions. In Figure 8, we show the

carboxylic acid/carboxylaté®C signals of'3C-enriched acetic
acid dissolved in KO and BO at a concentration of 0.006 M
and pH 13.6 (Figure 8a) as well as pH 1.3 (Figure 8b). The pH
values were adjusted by adding KOH/KOD 0530,/D,SO,.
The results are assembled in Table 4.

5626 J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004

Adduct of Monomeric Acetic Acid with SbCls (1). We
assign the chemical structure depicted in Figure 1 to the adduct
1 of CH3'3COOH with the Lewis acid Sbglwhere the &0
group of acetic acid is coordinated to Sbh. A scalar coupling of
the type?J(COOH) has been observed here for the first time to
our knowledge. We expect a similar value for the true monomer
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Table 4. Carboxylic Chemical Shifts (in ppm) of CH33COOH and CH3¥COO~ at 298 K and 0.006 M in H,0 (D,0) and CDCl3

chemical shift COOH in KO 613COOHH0 174.81
chemical shift COOD in RO 613CO0DD,0 174.65
chemical shift COO in H,0O 01CO0 +H0 179.40
chemical shift COO in D,O 013C0O0 D0 179.48
chemical shift COOH in CDGI 613COOHCDClg 176.2

chemical shift COO in CDCl; 613COO+-CDCl3 1735

ionization shift in BO 013CO0 +H,0 — 0B3COOHH,0 4.59
jonization shift in O 613C0O0+D,0 — 413CO0D D0 4.83
ionization shiftin CDC} 613COO-CDClz — 013COOHCDCl; —2.7

solvent isotope shift COOL 613CO0DD,0 -613CO0OHH,0 —0.16
solvent isotope shift COO 613C0O0+-D,0 -613CO0 -H,0 +0.08

1794‘ scalar coupling constants as well as the H/D isotope effect on
’ Agq the 13C chemical shifts of both species are comparable.
Cyclic Dimers of Acetic (2) and of Monochloroacetic Acid

(3). The observation of two carboxylic proton signals and three

c 1787 H,0 with 10% D,0 ) : . ;

s carboxylic carbon signals in partially deuterated samples of

o o KA acetic acid and chloroacetic acid in the Freon mixture used

© @ CH,¥COOH = AH clearly indicates that the species observed correspond to the
176 { N K =Bu,N HH, HD, and DD isotopologues of the cyclic dimers, which

exchange slowly at 110 K within the NMR time scale. The
different chemical shifts for the isotopologues arise from
anharmonic effects leading to slightly different hydrogen bond
geometries. These isotope effects will be discussed in a later
section. For a cyclic trimer with three equivalent H-bonds and
T > fast exchanging hydrons, one would expect three proton lines
0 1 2 3 Creaon/Can for the HHH, HHD, and HDD isotopologugsind four corre-
Figure 9. Acetic acid carboxylic carboA®C NMR chemical shift as a ;pondlng carbon signals for the HHH, HHD, HDD, and DDD
function of the amount of added TBAOH measured in®HD,0 mixture isotopologues.
and in CDC} at room temperature (concentration of acid was 0.02 M). In some studies of acetic acid associates by IR spectroscopy
methods, cyclic dimers have been classified as moderately strong
of acetic acid for whictl is currently the best available model. hydrogen-bonded complexes, exhibiting a substantial barrier for
Previously, only scalar spin couplings of carboxylic protons of the proton motior#3 For example, in the case of the corre-
the type*J(HCOCH) have been observed, referring to the cyclic sponding benzoic acid dimers, rate constants for the double
dimer of formic acid, to the 1:1 complex of formic acid with  proton transfer of~10'° s~ have been observed around 100 K
hexamethylphosphoramidéor across hydrogen bonds to the in the solid staté* The observation of a singleC signal for
15N nucleus of pyridiné®N, 1"J(RCOCH.. N).1c5a the HD isotopologues indicates that the double proton transfer
The observation of the couplirfg(COOH) proves that proton in the cyclic dimers is also very fast in solution around 110 K.
exchange ofl is slow within the NMR time scale. This means Otherwise, we would expect two signals for this isotopologue,
that1 does not exhibit a tendency to form cyclic dimers in which one for the RCOOH and the other for the RCOOD group.
a fast proton exchange can take place, in contrast to acetic acid. The relative integrated intensities of the NMR signals of the
This interpretation is supported by the finding that partial various isotopologues are also consistent with the assignment
deuteration does not affect tfd spectrum at low temperatures, given in Figure 2. According to a simple statistical model, the
as in the case of acetic acid described below. The deuteratedbortion of HH, HD, and DD isotopologues in an equilibrium
species gives rise to a high field shifté¥C signal, exhibiting mixture should be equal to (£ xp)?, 2xp(1 — Xp), andxp?,
an isotope effect 0dc(D) — oc(H) = —0.096 ppm. respectively, wherex is the total deuterium fraction. The
For formic acid monomer, a low-frequency shift of th&©H integrated signal intensities found in tRel and 13C NMR
band from 3520 to 3450 cm has been observétbr the adduct spectra-within the margin of experimental erreccorrespond
with SbCk in CDCls, a finding that has been interpreted in terms  to the statistical values, calculated by assuming the equilibrium
of a weak solute solvent interaction, possibly a weak hydrogen constanK = 4 for the formation of two HD dimers from a HH
bond. Such a phenomenon is also plausiblelfar the Freon and a DD dimer. In particular, foxp = 0.35, the integrated

174.8

174

solvent mixture used. intensities in the'H spectrum relate as 1.9:1 and those in the
Because of the different chemical structures bfand 13C spectrum as 4:4:1, in full accordance with the simple model
monomeric acetic acid it is difficult to take théd and 13C (Figure 2b,f). In principle, we note that isotopic fractionation

chemical shifts of 10.76 and 185.72 ppm of the former as could occur leading to a value d¢f that deviates from the
representative values for the latter. Indeed, a value of 5.9 ppmstatistical value.
has been reported for the proton chemical shift of acetic acid (22) Jentschura, U.; Lippert, Ber, Bunsen-Ges. Phys. Cheta71, 75, 556,

monomer in CCJ, but this value may be affected by proton (23) Miura, S.; Tuckerman, M. E.; Klein, M. L1. Chem. Phys1998 109, 5290.

i i i (24) (a) Stekli, A.; Maier, B. H.; Kreis, R.; Meyer, R.; Ernst, R. R. Chem.
exchange with residual waté*Nevertheless, we think that the Phys 1090 93, 15002, (b) Horsewill, A. 3.: Brougham. b. F.. Jenkinson,
R. I.; McGloin, C. J.; Trommsdorff, H. P.; Johnson, M. Ber. Bunsen-
(21) Golubev, N. S.; Denisov, G. S.; Koltsov, A.J. Mol. Struct.1981, 75, Ges. Phys. Chemi998 102 317. (c) Jenkinson, R. I.; Ikram, A.; Horsewill,

333. A. J.; Trommsdorff, H. PChem. Phys2003 294, 95.
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Because of the fast proton tautomerism inside cyclic dimers,
the carboxylic protons are coupled to th&€ atoms, in contrast
to the adduct with Sb@lIntermolecular proton exchange would
lead to a disappearance of this coupling. This means that the
hydrogen bond exchange rate of a dimer is of the order or
smaller than the inverse of the coupling constarfd(RCOOH)
= 3 Hz. The observation that this coupling is better resolved
for CH,CI*3COOH than for CH*COOH indicates slightly faster
hydrogen bond exchange rates for the latter. This interpretation
is also supported by the shargécC signals.

For comparison with the value G8(RCOOH) = 6.7 Hz
measured forl we need to multiply the experimental values
for the cyclic dimers by a factor of 2, leading to values of 6
Hz. The reduction of 0.7 Hz can be attributed either to the
electron-accepting influence of the Lewis acid or to a slight
increase of the OH-bond length in the cyclic dimer. A similar
effect was found previously for théJ(HCOOH) coupling
constant of formic acid dimer and the adduct of formic acid
with SbCE.® Finally, we would like to mention that a value of
2J(HCOOH) = 10.62 Hz was calculated for the cyclic dimer of
formic acid by Pecul et a5 which compares well with the
experimental value of6 Hz found in this study.

The 1:1 Complex of Acetic Acid with Its Conjugate Base
(Hydrogen Diacetate 4).Within the NMR time scale, the two
carboxyl groups o# are chemically equivalent. As has been
discussed previoushp, this finding is consistent with either a
single well potential for the proton motion (case a), a symmetric

RN

A =CH,CO0

............ Az_

A3 —H1
.A1 .
":‘ /V
H2 e
A3 A2

Figure 10. Proposed scheme of the six-step exchange cycle, which makes
all three carboxylic carbons in TBA dihydrogen triacetate magnetically
equivalent in NMR time scale.

A careful analysis of the process observed leads to a reaction
network illustrated in Figure 10, consisting of six elementary
steps involving six different species. Each step involves a
hydrogen bond jump of a given terminal acetic acid to the other
and a dislocation of the proton in the hydrogen bond, which is
not broken during the step. Thus, the obser¥#z chemical
shifts of the three isotopologues bfrepresent averages over

double well exhibiting delocalized hydron states (case b), or a the central and the terminal carbon sites. We note that these
fast conversion of two tautomers, where the hydron motion is Secondary isotope effects are quite similar to each other, i.e.,
coupled to solvent reorientation (case c). The large negative Oc(HD) — dc(HH) = —0.12 ppm an®¢(DD) — d¢(HD) =

primary effect provides evidence for either case b or ¢, as case—0-13 ppm. If we had been able to reach the slow hydrogen

a is expected to give rise to a positive effétlt is interesting

to note that this effect “translates” a large negative secondary
isotope effect on thé*C chemical shifts. We note that the line
width of the deuteron signal ¢f is larger as compared to the
cyclic dimer2, although the sample temperatures are compa-
rable. At first sight, one could think that this effect arises from
a larger quadrupole coupling constantdbfs compared t@

and hence a larger electric field gradient at #ke nucleus.
However, the OHO hydrogen bond 4fs stronger and shorter,
and the deuteron is more localized in the hydrogen bond center
as compared t@. Hence, the quadrupole coupling constant

bond exchange regime, we would have expected three lines for
the central carbon sites of the HH, HD, and the DD isotopo-
logues and four lines for the terminal carbon sites of the HH,
HD, DH, and DD isotopologues.

We note that we have found previously a related hydrogen
bond exchange for the linear 2:1 complex of acetic acid with
pyridinelc where the two acetic acid molecules interconvert
rapidly at low temperatures, and for the complex of collidinium
hydrogen bifluoride?®

The 3:1 Complex of Acetic Acid with Its Conjugate Base
(Trihydrogen Tetraacetate 6).The three proton signals provide

should be smaller fo4 than for2. Therefore, it is more likely
that the largefH line width of 4 arises from a larger correlation
time of the anion, which is probably caused by contact with
the tetrabutylammonium counterion.

The 2:1 Complex of Acetic Acid with Its Conjugate Base
(Dihydrogen Triacetate 5). The 'H signals of the HH and the
HD isotopologues 05 clearly establish the chemical structure

evidence for a complex containing three coupled hydrogen
bonds, i.e., a 3:1 complex of acetic acid with acetate as depicted
in Chart 1. The puzzle in the beginning of this work was again
that for such a structure one would expect separate signals for
the terminal and the central hydrogen bond protons. The fact
that only a single proton signal is observed, indicates again a
fast hydrogen bond exchange process as illustrated in Figure
of 5 depicted in Chart 1, with two equivalent hydrogen bonds. 11. The process is similar to one proposed for the dihydrogen
By contrast to2, the remaining proton is shifted to low field triacetate and consists of 12 elementary steps involving 12
when the other is replaced by a deuteron, which indicates anspecies, which interconvert by a hydrogen bond jump of one
anticooperative coupling of both hydrogen bonds discussed interminal acetic acid to the other, and a shift of the proton in the
more detail below. However, this structure is fluxional &nd central hydrogen bond. This process is still fast within the NMR
characterized by a very fast exchange of all carboxylic protons time scale even at low temperatures. The fact that we could not
without dissociation of the complex. If the process occurred observe any3C signal in spite of the isotopic enrichment is in
via a dissociation, the process should be associated with a fastagreement with this interpretation: the carbon chemical shifts
interconversion of all isotopologues dfand5, which is not of the central and the terminal acetic acid residues are different;
the case.

(26) Shenderovich, I. G.; Tolstoy, P. M.; Golubev, N. S.; Smirnov, S. N.;

(25) Pecul, M.; Leszczynski, J.; Sadlej,J0.Chem. Phys200Q 112 7930. Denisov, G. S.; Limbach, H. HI. Am. Chem SoQ003 125 11710.
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IN A Al-H1 A4 RCOO~ RCOOH RCOOD
P H3 o H3 Qe @D,0 | @H,0 @H,0|| @D,0
A HS=A4 paHz-As A2-Hz oAy ATTHTAG 179.48 || 179.39 17481 || 1746a  VHEAZBK
i v Hs I
A2 H2 - A3 A2 A3
N N 176.2 || 176.0 1735  CDCI,298 K
A1-H3 - A4 AT HI - Ad
H1 H2 H2 CDF,/ CDF,Cl
A2 A3 A2 H3 - A3 181.874 || 181.561 ? 120K
3 A= CH,CO0 A
Al=H3 A4 A1 A4 178.8|[178.62 172.4
H2 He H1 HIV-pep 298 K
A2-HI A A2 A 1e|32 I 1|80 | 17|8 | 1;6 | 1|74 | 17|2
N N ppm
Al A AT=H2 - A4 ) i . . :
H3 Ho H1 Figure 12. Evolution of23C NMR chemical shift of H and D isotopologues
P : _ N P of acetic acid and acetate in different media. From top to bottom: water
A2 H1-A3 _ Al H2-A4 A1-H2 A4 A2-H3--A3 and deuterated water, chloroform, Freon mixture at low temperature, and
H3 < 13 H1 Asp residues in HIV protease, according to ref 17.
A2~ HI-A3 A2 A3

Figure 11. Proposed scheme of the 12-step exchange cycle, which makesthe other hand, keeping all other conditions the same, the
all 3 protons in TBA trihydrogen tetraacetate magnetically equivalent in chemical shifts in chloroform move upfield, indicating a negative
NMR time scale. ionization shift. The signal observed corresponds to an average
. . . . over various hydrogen-bonded complexes. At low tetrabuty-
if the process is not fast enough, tHE€ signals will present . ydrog . omple> retrabuty
lammonium hydroxyde/acetic acid ratio, the cyclic dimer

exchange broadening, which is difficult to observe. The - 4
; - o dominates, but as minor forms, some monomer and complexes
signals could be observed because the chemical shift difference

. : . with residual water also have to be discussed. At higher ratios,
between the terminal and the central protons is smaller, leading g

to coalesced lines at smaller exchange rate constants various complexes of the type (AR~ with decreasing are
L 9 . formed, which were identified in Freon solution at low tem-
lonization and H/D Isotope Effects on the Carboxylic

. . . . peratures. These results confirm the reversed ionization shift in
i(rzma:/t\)/?i?e’r\u\gs dcgﬁjg'r%?(l)rsr:'fgst OF];(;A(‘)CS“(_’;_ ?n:ISe?Qtiréce'}%t: organic aprotic environments, as compared to water, although

o . . .. .. . No quantitative conclusions can be drawn at present.
motivation for this part of our study was to elucidate if it is Fiqure 12 gives an overview of tH&C-carboxvlic acid and
possible to develop an NMR tool for deciding whether a 9 9 y

carboxyl group of a protein is embedded in water or is located ;g?r;bogﬁtirgr;im;gﬂ tiso T]Iftisn ocfo?r(]:egﬁszgdvvlirt]hwtafsr’e C:flc{[?é
in an aprotic polar environment within the protein. This ' P

: . . _catalytic groups of the HIV proteasénhibitor complext’
knowledge is necessary to understand the functional propertles_l_he i/eve?sed F;onization shiftspdiscussed above arg apparent
of these biomolecules. As an example, we quote the findings _. . . . ’

Figure 12 also includes the chemical shift data of the car-

of Smith et alt” of unexpected®C chemical shifts of two ) S L
o . . . boxyl groups in the HI\~inhibitor complex. Although it is
specifically labeled"C catalytic carboxyl groups in the active difficult to discuss the absolute chemical shift in detall, it is

site of HIV protease after binding of an inhibitor. The guestion apparent that the “unexpected” finding of an inverse ionization
was which conclusions concerning the protonation states of these E?t bv Smith et al? 'norl)'cates that th% local environment of
groups can be obtained from these data. This question has beeﬁ1 by t - Indl envi

studied theoretically by Piana et'dl. these catalytic groups corresponds to an aprotic polar rather than

. . . . . an aqueous environment. This interpretation supports our

For this purpose, we elucidated in the experiments depicted . . .
N SN . . strategy to use liquefied Freons as model environments for the
in Figures 8 and 9 the ionization shifts and the H/D isotope . T T . .

. . . . e study of amino acid side-chain interactions rather than protic
shifts on the acetic acid/acetate carbon chemical shifts in water

. . solvents.

and aprotic polar organic solvent. Fop®, we observed the

limiting chemical shifts of 174.8 ppm for COOH and 179.4 ppm Especially interesting are the H/D isotope effects on’fte
for COO". This ionization'3C chemical shift of+4.58 ppm chemical shifts in the different environments. For an isolated

COO™ group in a polar aprotic environment, there can be no
effect because of the absence of mobile hydrons. However, we
observe a positive solvent isotope effect when this group is
embedded at high pH in an aqueous environment. This finding
is remarkable as this unexpected isotope effect occurs across

For the Freon solutions at low temperatures, it was difficult he hvd bonds of ith On the other hand
to elucidate the corresponding ionization shift. Therefore, we the hy rogen bonds o a°et"%“e V\.”t wa;er. n the other and,
when H is replaced by D, high-field shifts on the carboxylic

had performed the comparative chemical shift measurements™ . :
acid groups are observed both for aprotic polar solvents and

in water and chloroform depicted in Figure 9. As we started ¢ - tatl H indicated in Fi
with water at pH 7 and ended up with a pH-eB, the values 102r an agueous environment at low pH as indicated in Figure

observed are located within the range of the limiting chemical ) ) o
shifts, depending on the COGCOOH ratio, which increases In a later section, we will show that the finding of no H/D

with increasing amounts of tetrabutylammonium hydroxide. On iSotope effect on the carboxylic/carboxyldf€ chemical shift
is not only compatible with the presence of an isolated carbox-

(27) Hagen, R.; Roberts, J. D. Am. Chem. Sod.969 91, 4504. ylate group in an aprotic environment but it can also mean that

observed is in good agreement with the slightly smaller values
of +4.5 and+4.2 ppm observed by Hagen and Rob&rfsr
concentrations of 0.5 and 2.0 M. Thus, this shift increases
slightly when the solution is diluted.
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bonds at temperatures below 150 K wherbas 0.397 A and

< 2,84

Eg 27] @ r°e = 0.925 A were obtained at room temperature.

+ 26 In Figure 13b are plotted thi#d chemical shift values listed

;TO 2,51 in ref 29. As the fitting function for points in Figure 13b we

& 2,4] propose the following equation, used already in a previous
201 . treatment of OHN hydrogen boné¥, which correlates the

proton chemical shifts with the hydrogen bond asymmery
and, therefore, also withy:

15 ]
0]
5]
o

3('H) /ppm

5(1H) = 4APoPpo T 0° (6)

-6,6 -04 -02 00 02 04 06

G =112 (raps = o) A In eq 6,0° represents thtH NMR chemical shift of the “free”
1 OH HO!

) ) monomeric acid and + 6° represents the maximum chemical
Figure 13. Hydrogen bond correlations for OHO hydrogen bonds (data . . .
points collected in ref 29). (a), vs au plot; (b) *H NMR chemical shifts shift of a OHO hy_drOgen'bonded complex_. This maximum value
versus hydrogen bond asymmetgyplot. Solid lines are calculated from  may be reached in the case of a symmetric hydrogen bond where
valence bond order theory (see text) and fitted to experimental data. The the proton moves in a single well potential. This is, for example,
dashed lines correspond to the correlations proposed in refs 29 and 32. o 55e of hydrogen maleate containing an intramolecular
symmetric OHO hydrogen bond, where the proton resonates at
20.82 ppE® As a consequence, for carboxylic acids, we/set
+ 6° to 21 ppm. Now, there is only one parameter left in eq 6,
which can be obtained by a linear least-squares fitting procedure,
as depicted in Figure 13b. The best fit obtained dor~ —4
ppm and leads to the solid line in Figure 13b. However, it is
unlikely that the OH proton of monomeric carboxylic acid
molecules will resonate at such a high field (we remind that
the experimental value for acetic acid was estimated t65®
Por + Puo = 1 ) ppn??). Thus, 6° is a hypothetical value, describing the
correlation curve of Figure 13b and connected to the model used
Both bond orders decrease exponentially with the distance, i.e.in this work.
On the other hand, Sternberg and Brudh@roposed the
Por = eXp(roy — r°)b);  Puo = exp—(ryo — r°)/b) following equation correlating proton chemical shift and
() hydrogen bond distanag,...o:

this group is involved in a very strong low-barrier hydrogen
bond.

Hydrogen Bond Geometries and'H NMR Chemical
Shifts. The question arises of how the measufétl NMR
chemical shifts correlate with the hydrogen bond geometry. To
establish this correlation, we will use the valence bond order
model?8 For a OHO hydrogen bond, two bond ordees; and
pro can be defined, which are related via the following equation

wherer® represents the OH distance in the free acid molecule O(*H) = 46.5f,, o— 17.5 @)
and b describes the decay of the bond order with increasing

distance. For convenience, instead gf andryo we will use For comparison, we included this function in Figure 13b as
variablesq, andqy, defined as broken lines. For that purpose, we had to convert rieg

values intog; values using the same valence bond order eq 3.
0, =12 oy — Tho)i %= (ron+ o) (4) Finally, we have included as a dotted line in Figure 13b a third
correlation, proposed by Harris et &.which is based on the
For a linear hydrogen bonds corresponds to the heavy atom solid-state NMR data of McDermott and Ridendéiteading
distance andy; to the displacement of the proton from the to the equation
hydrogen bond center.

In Figure 13a, we have plotted the valuesggfobtained by g,=5.04—1.16 In@lH) +0.044DH (8)
neutron diffraction for hydrogen bonds involving carboxyl
groups, where the corresponding valuesrofand r, were Here we assume that the valug..o, used in ref 32, is equal to
assembled by Sternberg and Brurfias a function of the  the g value, which will be that of a linear hydrogen bond.
coordinateq;. The solid line corresponds to the following Itis clear from Figure 13b that the function proposed in ref
equation, which has been derived previo&slyom eqs 2-4 29, having the same number of fitting parameters as the one
from valence bond order theory, does not well describe the data
g, = 2r° — 29, + 2bIn(1 + exp(ay,/b)) (5) points for the strong quasi-symmetric hydrogen borgis=

~0). On the other hand, the function from ref 32 deviates from
where the parameters are giventby: 0.467 A andr® = 0.902 the experimental points for the weak hydrogen borgis>
A. We note that the parameter et 0.393 A andr® = 0.928 ~0.4). We note, however, that conclusions of these authors refer
A was obtained by Stein#rfor all kinds of OHO hydrogen to the strong hydrogen bonds, and are, therefore, valid. The
advantage of the valence bond order model is that almost all
(28) (a) Pauling, LJ. Am. Chem. Sod 947, 69, 542. (b) Brown, |. D.Acta parameters beside¥ are derived in an independent way.

Crystallogr. 1992 B48 553. (c) Dunitz, DPhilos. Trans. R. Soc. London
1975 B272 99.

(29) Sternberg, U.; Brunner, B. Magn. Reson. A994 108 142. (31) Steiner, ThJ. Phys. Chem. A998 102, 7041.

(30) (a) Benedict, H.; Limbach, H. H.; Wehlan, M.; Fehlhammer, W. P.; (32) Harris, T. K.; Zhao, Q.; Mildvan, A. Sl. Mol. Struct.200Q 552, 97.
Golubev, N. S.; Janoschek, B. Am. Chem. Sod998 120, 2939. (b) (33) McDermott, A.; Ridenour, C. F. liencyclopedia of Nuclear Magnetic
Smirnov, S. N.; Benedict, H.; Golubev, N. S.; Denisov, G. S.; Kreevoy, ResonanceGrant, D. M., Harris, R. K., Eds.; John Wiley & Sons Ltd.:
M. M.; Schowen, R. L.; Limbach, H. HCan. J. Chem1999 77, 943. Chichester, U.K., 1996; p 3820.
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Table 5. Geometric Parameters of the Hydrogen Bonds in the Complexes Discussed in the Paper, Obtained Using the g: vs oy Correlation.
L=H,D

no. complex isotopologue bond type a, A 0 A fo, A o, A
2 (CHsCOOLY, HH OHO —0.296 2.628 1.018 1.610
HD OHO —0.299 2.633 1.016 1.615
HD 0oDO —0.301 2.634 1.016 1.618
DD 0oDO —0.304 2.636 1.015 1.621
3 (CCIH,COOL), HH OHO —0.293 2.625 1.019 1.606
HD OHO —0.295 2.627 1.018 1.609
4 CHyCOOL:+-~O0OCCH; H OHO —-0.126 2.485 1.116 1.369
D 0oDO —0.148 2.498 1.101 1.397
5 (CHsCOOL):++"OOCCH; HH OHO —0.214 2.546 1.059 1.487
HD OHO —0.207 2.540 1.063 1.477
6 (CHsCOOL)+~OOCCH; HHH OHO —0.256 2.585 1.037 1.549
HHD OHO —0.253 2.583 1.038 1.545
HDD OHO —0.251 2.580 1.039 1.540
7 [C2H2(COOYL] - H OHO 0 2.451 1.226 1.226
D 0oDO 0 2.451 1.226 1.226
29] chloroacetic acid dime3, trinydrogen tetraaceta dihydrogen
< 28l a triacetateb, hydrogen diacetat4, and hydrogen maleaie All
2 271 of these species exhibit either a double well or a single well
+ 06l potential. In the ordeg, 3, 6, 5, 4, 7, the barrier decreases to
O 2‘5 zero. In the case 0 and 6, only the high-field shift of the
oo deuteron signal as compared to the proton signal still indicates
T 24 a low barrier, which is believed to be gone in the casé,of
£ where the H/D isotope effect is reversed.
pox It would be interesting to compare the hydrogen bond
5 geometries measured by NMR with experimental ones obtained
I for the gas phase. Unfortunately, we found only geometric data
>3 for acetic acid dimer2, which were obtained by electron
diffraction’c The O--O distance appeared to be 2.68 A; this

06 04 -02 00 02 04 06 value compares well with the value found hereget= 2.628
=1/2 A A (Table 5), which would correspond to the @D distance in
q.= (roL = 10) -
Fioure 14, Hvd bond lations for OHO and ODO hvd bond the case of a hydrogen bond angle of 188ssuming a smaller
igure 14. Hydrogen bond correlations for an ydrogen bonds . .

studied in this paper. (@) as a function ofy. (b) H and?H NMR chemical angle _WOUId lead to a shorter-©O distance. We are tempted_
shifts as a function ofj;. For further explanation, see test. to assign the shorter values for the Freon solution to a shortening
of the hydrogen bond induced by the solvent dipoles.

Most probably, the scattering of the data points in Figure
13b is systematic, reflecting chemical differences between
various carboxylic acids; nevertheless, from this scattering, it
is possible to estimate the precision@fvalues obtained by

Finally, we note that the geometrghemical shift correlation
of eq 6 is valid for both nuclei'd and2H) at the same time
only if the effects of the reduced vibrational amplitude of the
deuteron and the proton on the chemical shifts are neglectable

This should be in the case of not very strong hydrogen bonds. ; . .
Indeed, if the H-bond is very strong and both proton and H .NMR' In the region qf moderately StT°”g H-bond, we
estimate the standard deviation of data points-6f02 A.
deuteron are located close to the center of the hydrogen bond, .
H/D Isotope Effects on the Hydrogen Bond Geometries

the primary isotope effectip(D) — dn(H), depends mainly on == X ;
the differences between vibrational amplitudes of the proton @nd the Cooperativity of Hydrogen Bonds.In this section,
and deuteron. It is also clear that geometries obtained for We use the hydrogen bond correlations in order to estimate the

solution via a chemical shift analysis refer to those averaged H/D isotope effects on the hydrogen bond geometries of the
over all solvent configurations. In view of all the approximations hydrogen-bonded complexes studied. For this purposéHall
used, we do not give a margin of the experimental error, because@nd?H chemical shift data were transformed into distances. The
the latter will be smaller than the systematic errors arising from results are included in Table 5 and depicted schematically in
the assumptions made. Charts 2-4. Chart 2 depicts the case of the homoconjugate anion
Nevertheless, if we assume the validity of eqs 5 and 6, we 4. We have used a cis arrangement of the non-hydrogen-bonded
can place the experimental chemical shifts measured in this workCO groups, because we think that this conformation will be
on the chemical shifthydrogen bond correlation curve of Figure ~ preferred when the anion is in close contact with the tetrabu-
13b, resulting in values of the proton coordingt@s illustrated ~ tylammonium cation. However, we cannot exclude a trans
in Figure 14b. The values @k and henceo, andr o are then conformation. The negative sign of the primary isotope effect
obtained from the hydrogen bond correlation of Figure 14a. All and the single line of carboxylic carbons in tH€ spectrum
data are assembled in Table 5. For comparison, we include theindicate that we have a fast conversion or proton delocalization
NMR parameters of hydrogen maleate TBA studied previotisly. between two asymmetric limiting structures, characterized by
Figure 14 indicates in a nice way the shortening of the a short “covalent bond” and a long “hydrogen bond”. On
hydrogen bonds in the series from acetic acid diner deuteration, the shorter bond becomes shorter and the longer

J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004 5631



ARTICLES

Tolstoy et al.

Chart 2. Schematic Geometry of the Hydrogen Bonds of Two

Isotopologues of Hydrogen Diacetate (Acetic Acid Homoconjugate

Anion 1:1)

r=1116A r,=1369A

0—H---0
H3C—< _ ‘>—CH3
0 o’

r=1101A r,=1397A

0-D-----0
H3C—< — ~)——CH;
(¢] o’

Chart 3. Schematic Geometry of the Hydrogen Bonds of Three
Isotopologues of Acetic Acid Cyclic Dimer

rn=1018A r,=1610A

[t

0—H---0
HiC— ) >—CH,
L=1610A r,=1018A

r=10163A r,=1615A

r,=1618A r,=10158A

rn=1015A r,=1621A

=1621A r,=1015A

Chart 4. Schematic Geometry of the Hydrogen Bonds of Three
Isotopologues of Dihydrogen Triacetate (Acetic Acid
Homoconjugate Anion 2:1)
CHg
r,=1.487 A

000, r=1.059 A
H H
o o
/Ao o;’\CH

3

,A r,=1477 A
,O O:<\<\yr1=1.063A
D,t _— \H

, \O

/Ao OA\CH3

deuteron as indicated in Figure 2; i.64(HD) — ony(HH) ~
—0.092 ppm. A similar value of-0.085 ppm was observed for
monochloroacetic acid dimer (Figure 3). This finding indicates
a cooperativity of the two hydrogen bonds in the sense that
lengthening of one hydrogen bond by H/D substitution leads
also to a lengthening of the neighboring bond. Unfortunately,
we were not able to determine the deuteron chemical shift of
the HD isotopologue. Thus, we proceeded as follows. We
noticed that the secondary isotope effects on'fiechemical
shifts of both dimers were almost the same within the margin
of error; i.e.,0c(DD) — d¢(HD) ~ dc(HD) — 6c(HH) (Figure

2f). Therefore, the “sum rule” for multiple isotopic substitution
established in ref 4b seems to be valid for the carbon chemical
shifts. We can safely assume that it is also valid for the hydron
chemical shifts, i.e., thaby(HH) + op(DD) = Ow(HD) +
Op(HD). As the values oby(HH) = 13.13 ppm,on(HD) =
13.04 ppm, andp(DD) = 12.83 ppm for Freon solutions around
110 K were known, we could then obtain the valuegfHD)

= 12.92 ppm, leading to the distances of the HD isotopologue
in Chart 3.

In contrast to acetic acid cyclic dim&r the hydrogen bonds
in dihydrogen triacetat® are anticooperative. This is manifested
in a low-field shift of a given hydrogen bond proton signal upon
deuteration of the neighboring bonds (Figure 5). The corre-
sponding geometric change of this OHO group is indicated in
Chart 4. Now, the shorter OH distance is lengthened and the
longer H--O distance shortened. Unfortunately, we were not
able to establish the geometric changes of the ODO group in a
quantitative way, as the deuterium signal of the HD species
could not be resolved (Figure 5).

A smaller low-field vicinal isotope effect was observed in
the case of the trihydrogen tetraacet@t@igure 7). However,
this effect could not be quantitatively analyzed because it
represents an average of the central and the terminal hydrogen
bonds in this species, due to the fast fluxional process depicted
in Figure 11.

H/D Isotope Effects on the'3C Chemical Shifts. Having
established the hydrogen bond geometries of the various species,
we can now ask the question of how tH€ NMR parameters
are related to the hydrogen bond geometries. For the chemical
shifts, we could not establish a clear dependence. However, a
correlation was obtained for the H/D isotope effects on the
carboxylic acid carbons as shown as follows.

In a first step, we have plotted in Figure 15a these effects,
Aexp listed in the second column of Table 6 as a function of
the!H chemical shifts of the hydrogen bond protons. We include
the value of the addudt of acetic acid with SbGlas limiting
value for the case of the absence of a hydrogen bond. Here, a
weak upfield shift of~—0.1 ppm is observed. When a hydrogen

bond longer, as found previously for other hydrogen-bonded 1,44 s formed, the isotope effect decreases@31 ppm after

complexegh:5b.26,30a

The distance changes after partial and full deuteration of the
acetic acid dimeR are depicted in Chart 3. Substitution of both

complete deuteration in the doubly deuterated cyclic digher
which is a typical value for the carboxylic acid diméfsThe
effect increases then t60.25 ppm for5, to —0.2 ppm for4,

H by D leads again to a decrease of the shorter and an increase,n toward zero fo¥, the strongest no-barrier hydrogen-bonded

of the longer oxygerrhydrogen distances, where the overall
average symmetry of the dimer is the same in the HH and the
DD isotopologues. By contrast, the symmetry of the HD species

system. The dashed line is a guide for the eye, which represents
qualitatively the evolution of the isotope effect. Unfortunately,
we were not able to obtain isotope shifts for defined hydrogen-

is reduced as indicated in the geometry of the HD isotopologue |, qed complexes where the proton has crossed the hydrogen

depicted in Chart 3. This geometry was obtained as follows.
A hydrogen-bonded proton signal of the cyclic dimer was

bond center, i.e., is far away from the carboxylate group. We

shifted upfield when the neighboring proton was replaced by a (34) Ladner, H. K.; Led, J. J.; Grant, D. M. Magn. Reson1975 20, 530.
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Table 6. Experimental and Corrected Isotope Effects on 3C NMR Chemical Shifts of the Complexes Discussed in the Paper. L = H, D

Aexp, degenerate Acoo-, Acools
compound ppm process equation q, A ppm ppm
CH3COOL:-SbCk —0.096 —inf. —0.096
(CH3COOL), -0.312 HH transfer process does not —0.296 —0.313
modulateA
(CCIH,COO0L), —0.27¢ HH transfer process does not —0.293 —0.276
modulateA
(CH3COOL)2"'_OOCCH; —-0.29 H-bond exchange A = 2Acool/3+Acoo-/3 —0.214 O<Acoo-<+0.07 —0.375> Acoo>-0.41
CH3COOL---~O0CCH; —-0.2¢¢ H transfer A=Acool/2+Acoo-12 —0.126 0<Acoo-<+0.07 —0.4> AcooL>—0.47
[Csz(COOkL] - —-0.0” single well AZACOQL/2+ACOO—/2 0 —-0.07 -0.07

Acool=Acoo-

aA = 6¢(D) — Oc(H), PA = 6c(DD) — Sc(HH). Aexp experimental valueAcoo- and Acool, intrinsic values

0.2 proton transfer, and iB and6 the H-bond exchange processes
0.14 depicted in Figures 10 and 11. The corresponding expressions
O I P for the average H/D isotope effects are included in the columns
g. 8; . C 5 and 6, wheré\cooL represents the intrinsic effect in the region
\Q; :0'3_ o L e where the H-bonded proton is closer to the carbon studied, and
<]5§ 041 ) 8 Aco(_} the effect across the hydrogen bond for the particular
-0.51 species.
-0.61 a To calculate Acoo. We need the values oAcoo-. We
0.7+ T T T T y estimate the latter in the range between 0 &0d07 ppm found
10 12 14 16 18 20 22 . . -
TH NMR . . for acetate in water. Using this range, we can calculate the range
chemical shift /ppm . . .
of the intrinsic values ofAcooL listed in the last column of
£ gf 4 5 A Table 6. These values are plotted in Figure 15b as a function
\& o 0: water solution, highpH —78=~—— COO- of the values of the hydrogen bond coordingteobtained in
S 0411 . o sotsion oot 778 Figure 14. The dashed and the solid lines are again guides for
S ool e e P the eye and represent the range of the possible values of H/D
S 03] substitution on thé*C chemical shifts of COOH and COO
& 041 AcooL The new correlation indicates a deep minimum when the
g’ -0.51 5 proton is moved toward the hydrogen bond center and a rapid
g g: 4 b decrease to zero when the proton crosses the center. After
e _\/V 08 06 -04 02 00 02 04 06 crossing the center, the effect is zero in the entire range of

positiveq; values and exhibits intermediately slightly positive
values as found for water, leading to a distorted dispersion-like

Figure 15. H/D isotope effect on carboxylit®C NMR chemical shift as rve. We n h mmetric di rsion curves wer v
a function of (aH NMR chemical shift and (b) hydrogen bond asymmetry cu e Ie ote t. atsy etl C d Sp? slo . cu :3'; ere observed
o1 (experimental values of isotope effects corrected for the exchange previously for nitrogen nuclei involved in N or NHO

processes. See text for more details) for acetic acid complexes and TBA hydrogen bond®

hydrogen maleate. Using this correlation, we can estimate the hydrogen bond
geometries of the COOH and CO@n water. For COOH, two
values ofg; are consistent with the correlation, i.e., arour@l5
and—0.05 A, whereas for COQ we estimate values between
+0.1 and+0.2 A. However, we note that the values for water
do not refer to a single hydrogen bond but to multiple bonds,
and one could argue that these values cannot be included in the
correlation of Figure 15b.

The use of the correlation can be demonstrated in the case
of the HIV—pepstatin complex mentioned in a previous section.
The values 0f~0.18+ 0.04 ppm and of-0 ppm observed by
Smith et all” for the two 13C-labeled aspartic acid residues
indicate the following. The structure of the first COOH group
is compatible with a value of; ~ —0.5 A or with a value of
a1~ 0 A. If the latter is true, the structure of the second group
must be also involved in a strong hydrogen bond, but the proton
has slightly shifted across the hydrogen bond center to positive,
so far unknown values af;. This even incomplete information
supports the suggestion of North#&fof a low-barrier hydrogen
bond between the two carboxylic groups of HIV protease and

q, =12 (fogy — hio) 1A

can, however, estimate the behavior of the correlation line for
COO anion. After the quasi-symmetric hydrogen bond is
formed, further proton transfer to the base will result in the
hydrogen bond weakening; i.8H signals will shift upfield and
in the limit of no hydrogen bond, for isolated carboxylate, the
line will go to zero. For intermediate values, the isotope effect
may become slightly positive, as indicated by the positive effect
of carboxylate in water. Unfortunately, we could not place this
point in the diagram of Figure 15a as we do not know tHe
chemical shift of the water molecules solvating this anion. This
correlation may be of help in the future to estimate the
chemical shifts of a hydrogen-bonded carboxylic acid side-chain
from the H/D isotope effects on the COOH/CO@hemical
shift.

The correlation with the hydrogen bond coordingtelepicted
in Figure 15b was obtained in a second step as follows. The
problem was that we had to take the fluxional processes in the
different complex into account in order to obtain the intrinsic
values of the isotope effects on theC chemical shifts. An

overview is given in Table 6. The degenerate ProCeSSES g o rente p.; Shenderovich, I. G.; Buntkowsky, G. Golubev, N. S.; Denisov,
occurring in2 and3 are the double proton transfers 4 single G. S.; Limbach, H. HMagn. Reson. Chen2001,39, S18.
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might be of great help in the future for theoretical studies of environment. A correlation of the H/D isotope effects on the
this and related systems. chemical shifts of carboxyl/carboxylate groups with the hydro-
gen bond geometries and protonation states has been derived
from the model complexes studied here, which provides a novel
The main conclusion of this study of hydrogen-bonded species way to obtain information about the local environment and the
of acetic acid dimers and complexes with acetate is that a protonation state of a carboxyl group, i.e., agueous environment
combination of low-temperaturtH, ?H, and'3C NMR spec- with two protonation states, COOH and COQr an aprotic
troscopy of the nondeuterated, partially, and fully deuterated polar environment with a multitude of hydrogen bond geom-
complexes allows one to obtain various NMR parameters that etries.
provide information about the hydrogen bond structures,
geometries, and fluxional processes in solution. Complementary Acknowledgment. This research has been supported by the
studies of acetic acid in water indicate an inverse ionization Deutsche Forschungsgemeinschaft, Bonn, the Fonds der
shift of the carboxyl group in water and in polar solvent, which Chemischen Industrie (Frankfurt), and the Russian Foundation
has been also observed for the active site of the-Hi¥pstatin of Basic Research, Grants 03-03-04009 and 03-03-32272.
complex!” This means that aciebase interactions between P.M.T. is indebted to the Fonds der Chemischen Industrie for
amino acid side chains of proteins are better modeled using@ K&kulé Fellowship.
aprotic polar solvents such as the Freon mixture @OBF,CI
employed in this study rather than an aqueous or protic JA039280J

Conclusions
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