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The mutua influence of hydrogen bonds in com-
plexes involving several coupled hydrogen bonds
(many-particle, or cooperative, effects) has been exten-
sively studied in recent years in connection to various
problems of chemica bond theory, reactivity, and,
especially, enzyme catalysis. The energies, equilibrium
geometries, and vibrational frequencies of chainlike
and cyclic associates and clustersincluding up to 10-15
simple molecules can be evaluated to a high accuracy
by ab initio calculations [1], while laser spectroscopy
provides the most selective experimental method for
detecting such complexes[2]. The advantages of NMR
spectroscopy in studying hydrogen bonds in compli-
cated systems can be realized efficiently at tempera
tures as low as 100-150 K, where the slow proton and
molecular exchange regime is achieved [3-5]. This
makesit possible to separately observe NMR signals of
different complexes and, therefore, to directly estimate
the cooperativity effects, using their chemical shift dif-
ferences [6, 7]. A useful technical approach to such
studiesis partial deuteration of complicated complexes
on mobile proton sites. A dight weakening of the
hydrogen bond as aresult of H/D replacement |eads to
some changes in the strength of neighboring hydrogen
bonds and to additional splitting in proton spectra due
to thevicinal, or long-range, isotope effect [8, 9]. Mea
suring the spectra of partially deuterated samples pro-
vides information on the composition and chemical
structure of a complex, on the sign and value of mutua
influence of neighboring hydrogen bonds, as well as on
fast degenerate multiple proton transfers in the complex.

In this paper, we report that this method allows one
to determine the number n of AH moleculesin ahydro-
gen-bonded cluster (AH),, and to decide whether the
cluster is linear or cyclic. In addition, information on
the proton sites in anionic clusters such as AHA- or
AHAHA- can be obtained. Actual experiments were
performed on phosphoric acids R,POOH, namely, dime-
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thylphosphoric acid (dimethyl phosphate) with R =
CH;O (I) and dimethylphosphinic acidwithR =CH; (11).
These acids form exceedingly strong H-bonds [10, 11],
and substantial vicinal isotope effects can be expected.
'H and 3'P spectra at 110-140 K were recorded for
solutionsin aCDF; + CDF,CI (1 : 3) Freon mixture, on
a Bruker AMX-500 instrument, with the experimental
technique described in [5]. Deuteration was performed
by repeatedly adding CH;0D followed by its vacuum
evaporation and removal of residual water viaazeotropic
distillation with methylene chloride. Thetotal deuterium
percentage was determined by integrating the OH proton
signals with respect to the methyl group signal.

The spectra of the two phosphoric acids studied
qualitatively resemble each other; Fig. 1 depicts the
spectra of 1. Below 140 K, two OH proton signals are
observed at 13.28 and 13.89 ppm. Further lowering the
temperature results in an increase of the low-field sig-
nal intensity with respect to the high-field one, the posi-
tion of the signals being unchanged. Increasing the con-
centration leadsto the sameresult. It isnatural to assign
these signals to associates of different composition. In
the spectrum of the partially deuterated sample, the
high-field signal is split into the doublet, whereas the
low-field one is transformed into the triplet. Thus, the
first associate contains two and the second one contains
three equivalent protons. In the sample, two proton-
containing isotopomers of the first complex (HH, HD)
and three isotopomers of the second complex (HHH,
HHD, HDD) are present. Therefore, the signals belong
to symmetric cyclic dimers and trimers (Fig. 1). The
assignment of the signals was done using the depen-
dence of their relative intensity on deuterium percent-
age. The presence of the averaged signal of the asym-
metric form, HHD, indicates fast proton migration
inside the trimer; otherwise two signals of this form
would have been observed. The3!P spectrum of thel solu-
tion exhibits two poorly resolved multiplets at 3.52 and
1.56 ppm with the intensities corresponding to the dimer
and trimer proton signals, respectively. Deuteration causes
no additiona splitting of the phosphorus signals.

Both the position and the temperature dependence
of the relative intensities of proton signalsindicate that
the trimer is more stable in terms of energy. According
to the correlation between the hydrogen bond OH:---O
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Fig. 1. 'H and 3'P NMR spectra (500.13 and 202.47 MHz) of solutions containing 0.01 M dimethyl phosphate I, in a CDF; +
CDF,CI (1 : 3) mixture, at 140 K. 3!P chemical shift is referenced to (CH;0);PO and recalculated to the usual HyPO, scale.

enthal py and proton chemical shift [12], each hydrogen
bond strengthens by ~0.9 kcal/mol in going from dimer
to trimer, obvioudy, due to increasing polarization of
moleculesin acycle (see, e.g., [13]). Thecalculation [14]
of cooperative hydrogen bond strengthening in the
dimer of 11 gives practically the same value. The con-
sideration of vicinal isotope effects on chemical shifts
provides additional information on the mutua influ-
ence of the hydrogen bonds. The proton substitution for
deuteron leads to the anharmonic contraction of the
covalent O-D bond and some lengthening (weakening)
of the OD---O hydrogen bond. Thisresultsin the weak-
ening of neighboring OH--O bonds and in the upfield
shift of their proton signals. For the dimer, this shift is
as high as—0.31 ppm, and two isotope shiftsin the tri-
mer are —0.23 and -0.18 ppm, successively. Close
results have been obtained for acid I1. The dimer and
trimer signals at 12.93 and 13.76 ppm are shifted
upfield as compared to I, probably, due to weaker
hydrogen bonds. However, the cooperative strengthen-
ing in the trimer, in comparison with the dimer, ismore
pronounced, Ad = —0.83 ppm. The 3'P chemical shifts
of the trimer and dimer here are 55.8 and 62.7 ppm,
respectively, also in agreement with acid |. The inten-
sity of the dimer signal at 140 K ismuch lower than that
of thetrimer, and the dimer becomes unobservable with
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further decrease in temperature. The vicinal effects,
both in the dimer, =0.18, and in the trimer, —0.23 and
—0.18 ppm, differ only dightly from . Thus, the negative
(upfield) sign of thevicina H/D effect can serveasareli-
ableindication of cooperative strengthening of hydrogen
bondsin acomplex.

M easuring the vicinal isotope effect in the spectra of
complexes of phosphoric acids with their anions of the
2 : 1 composition allows one to determine the structure
of such complexes and estimate the character of the
cooperative coupling of two hydrogen bonds. In the
proton spectrum of a solution containing the salt

(CH;0),P0O; - N*(C,Hy), and an excess of the acid I,
two singlets are observed at 17.10 and 15.38 ppm,
assigned to acid salts of different composition (Fig. 2).
Partial deuteration does not change the low-field peak
but causes the doublet splitting of the high-field one.
This makes it possible to assign the first peak to the
homoconjugated ion with aformally symmetric hydro-
gen bond, (PO---H--OP)-, the second peak belongs
obviously to the ion with two equivalent H-bonds,
(POH-OPO---HOP)~. The positive sign of the vicinal
H/D effect, +0.45 ppm, which correspondsto the down-
field shift for the HD form, testifies to the mutual weak-
ening of two hydrogen bonds in the 2 : 1 complex; this
confirms its structure as dimethyl the phosphate anion
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Fig. 2. 'H NMR spectra (500.13 MHz) of solutions containing 0.02 M dimethy! phosphate and its tetrabutylammonium salt (con-

centration ratio 2.5 : 1) in CDF; + CDF,Cl (1: 3) at 140 K.

interacting symmetrically with two acid molecules. In
this case, the directions of the mutual electronic polar-
ization of the two hydrogen bonds are opposite, so that
the two bonds compete with and weaken each other.

The proton spectrum of asolution containing acid | |
and its tetrabutylammonium salt looks quite similar,
namely, it shows two singlets at 16.97 and 15.05 ppm,
and the latter one, assigned to the 2 : 1 complex, under-
goes the positive vicinal shift by +0.42 ppm upon half-
deuteration.

In conclusion, measuring the vicinal isotope effects
on the NMR chemical shifts of partialy deuterated
complexes containing several coupled hydrogen bonds
makes it possible to determine the type and the chemi-
cal structure of these complexes. Here, we obtained, for
the first time, evidence for the existence of cyclic trim-
ers of phosphoric and phosphinic acids, as well as of
linear homoconjugated ions of these acids with the
charge localized on the central anion.

ACKNOWLEDGMENTS

Thiswork was supported by the Deutsche Forschungs-
gemeinschaft, Bonn-Bad Godesberg, the Fonds der Che-
mischen Industrie, Frankfurt, and the Russian Foundation
for Basic Research, project no. 00-03-32923.

REFERENCES

1. Molecular Interactions, Scheiner, S., Ed., Chichester:
Wiley, 1997, p. 378.

DOKLADY PHYSICAL CHEMISTRY  Vol. 379  Nos. 1-3

2. Paul, J.B., Provencal, R.A., Chapo, C., Petterson,A., and
Saykaly, R.J., J. Chem. Phys., 1998, vol. 109, no. 23,
pp. 10201-102086.

3. Golubev, N.S. and Denisov, G.S., Dokl. Akad. Nauk
SSSR, 1981, vol. 258, no 5, pp. 1142-1146.

4, Golubev, N.S., Denisov, G.S.,, Matrosov, E.l., and
Kabachnik, M.I., Dokl. Akad. Nauk SSSR, 1981, vol. 260,
no. 4, pp. 907-911.

5. Shenderovich, 1.G., Smirnov, S.N., Denisov, G.S,, Gin-
din, V.A., Golubev, N.S,, Dunger, A., Reibke, R., Kirpe-
kar, S., Makina, O.L., and Limbach, H.-H., Ber. Bunsen-
ges. Phys. Chem., 1998, vol. 102, no. 3, pp. 422-428.

6. Golubev, N.S. and Denisov, G.S,, J. Mol. Sruct., 1992,
vol. 270, pp. 263-267.

7. Golubev, N.S.,, Denisov, G.S., Kuzina, L.A., and
Smirnov, S.N., Zh. Obshch. Khim., 1994, vol. 64, no. 7,
pp. 1162-1168.

8. Smirnov, SN., Golubev, N.S., Denisov, G.S., Benedict, H.,
Schah-Mohammedi, P, and Limbach, H.-H., J. Am.
Chem. Soc., 1996, val. 118, no. 17, pp. 4094-4101.

9. Golubev, N.S., Smirnov, S.N., Schah-Mohammedi, P,
Shenderovich, 1.G., Denisov, G.S., Gindin, V.A., and
Limbach, H.-H., Zh. Obshch. Khim., 1997, vol. 67, no. 7,
pp. 1150-1155.

10. Denisov, G.S. and Tokhadze, K.G., Dokl. Akad. Nauk,
1994, vol. 337, no. 1, pp. 54-56 [Dokl. Phys. Chem.
(Engl. Trangl.), val. 337, nos. 1-6, pp. 117-119].

11. Gilli, P, Bertolas, V., Ferretti, V., and Gilli, G., J. Am.
Chem. Soc., 1994, val. 116, no. 3, pp. 909-915.

12. Kumar, G.A. and McAllister, M.A., J. Org. Chem., 1998,
vol. 63, no. 20, pp. 6968-6972.

13. Hermansson, K. and Alfredsson, M., J. Chem. Phys.,,
1999, val. 111, no. 5, pp. 1993-2000.

14. Gonzalez, L., Mo, O., Yanez, M., and Elguero, J.,
J. Chem. Phys., 1998, vol. 109, no. 7, pp. 2685-2693.

2001



