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Abstract: High-level ab initio calculations (B3LYP/6-31G** and QCISD(T)/6-31#G**) were carried out

to resolve the disagreement between recent experimental and computational estimates of the relative strength
of the intramolecular hydrogen bond zkhydrogen maleate anion with respect to the normal hydrogen bond

in maleic acid. The computational estimates for the strength of the intramolecular hydrogen bond in the gas-
phase maleate anion are in a range of-28 kcal/mol depending on the choice of the reference structure.
Computational data suggest that the electrostatic influence of a counterion such as a tetraalkylammonium
cation can considerably weaken the hydrogen bonding interaction (b2 1imes) in the complexed hydrogen
maleate anion relative to that in the naked anion. The estimated internal H-bonding energies for a series of
Z-maleate/RN™ salts (R= CHjs, C;Hs, CH3CH,CH,CH,) range from 8 to 13 kcal/mol. The calculated energy
differences between tHe and Z-hydrogen maleates complexed tosMe, Et4N™, and BuN™ cation are 4.9
(B3LYP/6-31+G(d,p)) and 5.7 and 5.8 kcal/mol (B3LYP/6-31G(d)). It is also demonstrated that the sodium
cation exerts a similar electrostatic influence on the hydrogen bond strength in bifluoride anion).(FHE

present study shows that while low-barrier short hydrogen bonds can exist in the gas phase (the barrier for the
hydrogen transfer in maleate anion is only 0.2 kcal/mol at the QCISD(T)/6-Gt1/QCISD/6-31+G** level),

whether they can also be strong in condensed media or not depends on how their interactions with their immediate
environment affect their strength.

1. Introduction Z-hydrogen maleate. NMR data indicate that strong, intra-
molecular H-bonds can exist in aqueet@etone solutions of
hydrogen maleat&.However, recent NMR studies have shown
that the characteristic downfield-shifted signal in aprotic solvents
was observed in all cases independent of whether intra- or
intermolecular hydrogen bonds were invoh#&dn the present
study we provide theoretical evidence that a tetraalkylammonium

Short-strong hydrogen bonds (SSHB) have recently attracted
attention because of their possible role in enzymatic procésses.
Cleland, Kreevoy, and Frey et ahave suggested that low-
barrier hydrogen bonds (LBHB) can supply up to 20 kcal/mol
in an enzyme-catalyzed reaction. Opposing views have been
Egiiettggézhzr;e?# gepn:: Snetf] Cté/p(l)(;a:yfarz:&pgigﬂ gfoécﬁgrri?]'rlﬂ e counterion markedly influences the strength of intramolecular
absence of hydrogen bonding or a polar solvent such as waterhydrogen b(_)nds. .
and similar K, values of the two heteroatoms involved in the (&) Experimental Studies.Schwartz and Drueckhamntér
hydrogen bond. Almost all low-barrier hydrogen bonds involve have measured the effects of solvent on hydrogen bond donor
charged systems and are most typically formed through short-@1d acceptor capability on the relative strengths of normal
strong hydrogen bonds. Although there are a variety of SSHB hydrogen bonds exemplified by neutral diacids and the low-
in both the gas and solid phase, as determined also by x_raybarrler hydrqgen bonds of their correspond!ng monoanions. They
crystallography this does not necessarily require that short Nave experimentally measured the equilibrium constant for
H-bonds are strong. Interactions between neutral partners dotat@lyzed (thiophenyl radical, thioure&/Z isomerization
not typically exceed 10 kcal/mol and cannot be made stronger equmprla of such unsaturated d|e}0|ds ar_ld monoanions as maleic/
by compressing the donor/acceptor distatfcEhere have been  fumaric (Scheme 1, R= H) and citraconic/mesaconic acids (R
numerous experimental and theoretical studies designed to— CHa)- The counterion chosen was a tetraalkylammonium salt

measure the hydrogen bond strength in such model systems a&nd it was suggested that ion pair interactions would not be
relevant since the steric bulk of a quaternafyutylammonium
E lA)O(ld)reGSS ICtOFJFEZPOEdenC_GhtOJth\i; al}1<th0r- E-fga”Li fgaCh@Udeég(éU- salt would be sufficient to preclude an intimate ion pairing of
a ert, J. A.; Kozarich, J. ., Keynon, G. L.; Gassman, G. + . : :
Am. Chem. Sod991 113 9667. (b) Kenyon, G. L.: Gerlt, J. A.: Petsko, the RN and the carboxylate anion. It is also typically assumed

G. A.: Kozarich, J. WAcc. Chem. Re<995 28, 178. that the nitrogen atom inRI* is positively charged. However,
(2) (a) Cleland, W. W.; Kreevoy, M. MSciencel995 269, 104. (b)
Frey, P. A.Sciencel995 269, 104. (c) Lin, J.; Frey, P. AJ. Am. Chem. (4) (a) For a discussion see: Guthrie,them. Biol.1996 3, 163. (b)
Soc 2000 122 11258. (d) Bruck, A.; McCoy, L. L.; Kilway, K. VOrg. Guthrie, J. P.; Kluger, Rl. Am. Chem. So04993 115 11569. (c) Scheiner,
Lett. 200Q 2 (14), 2007. S.; Kar T.J. Am. Chem. Socl1995 117, 6970. (d) Schwartz, B.;
(3) (@) Warshel, A.; Papazyan,.;AKollman P. A. Sciencel995 269 Drueckhammer, D. GJ. Am. Chem. So&995 117, 11902. (e) Smallwood,
102. (b) Warshel, A.; Papazyan, Rroc. Natl. Acad. Sci. U.S.A996 93, C. J.; McAllister, M. A.J. Am. Chem. Sod 997 119 11277. (f) Pan, Y.;
13665. (c) Shan, S.-O.; Herschlag, D.Am. Chem. Sod996 118 5515. McAllister, M. A. J. Org. Chem1997, 62, 8171. (g) Pan, Y.; McAllister,
(d) Shan, S.-0O.; Herschlag, Broc. Natl. Acad. Sci. U.S.A996 93, 14474. M. A. J. Am. Chem. Sod998 120 166. (h) Kumar, G. A.; McAllister,
(e) Shan, S.-O.; Stewart, S.; Herschlag,92iencel996 272 97. M. A. J. Am. Chem. Sod 998 120, 3159.
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Scheme 1 anti Z-isomer3a where the hydrogen is rotated away from the
o internal oxygen atom. Th&-configuration of maleate anion,
® which lacks the intramolecular hydrogen bond between the
R CX-I Keganion) R S) CO,~ and COOH fragments, was used as the reference
| | BuN* Bu,N* structure®®” The gas-phase hydrogen bond strength in the
o} S hydrogen maleate monoanion was considered to be the differ-
a H b ence in energy (27.82 kcal/mol, B3LYP/6-8G(d,p)) between
© o isomersla and3a.52 Approximating the solvent as a dielectric
H || Ka(cis) H* Kq (trans)
O O O ., Q @ n,,
R O\ Keg(diacid) o | H
| K | ‘ .
=0 H/O 0
HO ¢ 1,R=H d 3a 3b 3c 3d 4
2,R=CH,

continuum reduces the calculated H-bond strength by about 6
kcal/mol at all levels of theory supporting the contention that
this is aformal chargeon the nitrogen atom that is used for  for all cavity polarity values the ionic LBHB are significantly
“electron book keeping” and as such should not be used for stronger than conventional H-bort¥sScheiner and K&t also
estimating theactual charge distributionn molecules. used ab initio calculations to test the SSHB hypothesis and
Within this E/Z model system (Scheme 1) tiiéferencein arrived at the conclusion that the requisite amount of energy is
relative free energies of the equilibratity and Z-isomers is  not available in neutral hydrogen bonds and that no additional
used to provide an estimate of thelative strengths of the energy may be derived from shortening such a H-bond.
intramolecular hydrogen bond formed by #enions {aand Lluch et al® have suggested that the free energy difference
2a) versus the normal hydrogen bonds in the diaciisgnd between the monoanions of malel@) and fumaric {b) acids
2¢). These equilibration experimef¢showed that the diacids  \as 14.14 kcal/mol (MP2/6-31G**). The gas-phase LBHB
favor theE-isomer in all solvents studied; the monoanions also jn 1awas estimated to be 18.35 kcal/malAG = 20.43 kcal/
favored theE-isomer in protic solvents such as water and mol) stronger than the corresponding normal H-bond in the
methanol. However, th&-isomers of the monoanions that neutral diacid {c). This value is also much higher than the
formed LBHB were greatly favored in such aprOtiC solvents as experimenta| estimat¥. This apparent discrepancy between
DMSO and CHCY. In protic solvents such as GBH theKeq experiment and both computational studi€édeading to an
values were quite similarAAG = 0.7+ 0.1 and 1.0+ 0.1 estimated hydrogen bond strength of 21 kcal/mol even in a polar
kcal/mol for maleate anion/maleic acid and citraconic/mesaconic solvent, was attributed to the competing effects of the strong
anions/diacids, respectivel§).The relative H-bond strength  intramolecular H-bond and the destabilizing effect of forming
became stronger in an aprotic solvent such as DMSOG = a Z-double bond. Since the experimefitarere carried out in
4.4+ 0.2 kcal/mol for citraconic/mesaconic anionsldiacids). In solution as monotetrabuty|amm0nium Saltsy a question arises
general, the lower the solvent polarity the stronger the hydrogen as to whether ion-pair interactions can affect the hydrogen bond
bond. strength estimates in the condensed phase relative to those of
In the presence of a tetrabutylammonium cation, the hydrogen gas-phase monoanions and acids. Indeed, the experiments do
bond in the monoanion of citraconic acid in CH@blVEﬂt was Suggest ion_pair interactions in such nonp0|ar solvents as
estimated to be 5.5 kcal/mol stronger, in terms of Gibbs free penzene although these seem to be lacking in chloroform and
energy, than the normal hydrogen bond in the neutral diacid. It pMSO solution$P To address the question of the electrostatic
was suggested that this value must béower limit for the influence of a counterion, we carried out calculations that
relative hydrogen bond strength in these monoanions vs a normalexamined the magnitude of the intramolecular hydrogen bonding
H-bond? However, since it is now knowfi that hydrogen interactions of tetramethyl-, tetraethyl-, and tetrautyl-
fumerate also engages in intermolecular H-bonding in aprotic ammonium cations with maleate anions and compared these

solvents, this free energy difference must also include the results with data for the naked gas-ph@smaleate anions.
difference between intra- versus intermolecular H-bonding in

this equilibratinge/Z system. NMR experiments of Perftiasing 2. Computational Methods
the ”.‘ethOd Of. I.SOtO.pIC perturbation O.f qulllbrlum suggest that Ab initio molecular orbital calculatioiswere performed with the
a pair of equilibrating tautomers exists in both aqueous and gy ssjian 94 and 98 system of prografiiEhe Becke three-parameter
organic solvent8® The asymmetry was attributed to disordered hybrid functionat=123combined with the Lee, Yang, and Parr (LYP)
H-bonding in aqueous solution and to a counterion effect in correlation functionat!® denoted B3LYP2> was employed in the
nonpolar media. (6) (&) McAllister, M. A. Can. J. Chem1997, 75, 1195. (b) Chen, J,;

(b) Theoretical _Studles.CIeIand and Kreevoy have defined McAllister, M. A Lee. J. K.. Houk, K. N.J. Or'g. Chem1998 63, 4611
a hydrogen bond in an enzyme, where the heavy atom geometryand references therein.
is adjusted so that the enzyme can perform its catalytic function,  (7) Structures3a—c have an intramolecular H-bond within the COOH
as the increase in Gibbs free energy that would occur if the fragment itself and the energy difference betw8brandlagives arelative

. . . strength of the H-bond ida vs that in3b.

hydrogen bond were deletédMcAllister utilized this concept (8) (a) Garcia-Viloca, M.; Gonzalez-Lafont, A.; Liuch, J. LAm. Chem.

to estimate the H-bond strength in maleate anion with the planar Soc.1997 119 1081. (b) Garcia-Viloca, M.; Gonzalez-Lafont, A.; Lluch,
J. M. J. Phys. Chem. A997, 101, 3880.

(5) (a) Perrin, C. LSciencel995 266, 1665. (b) For a detailed discussion (9) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio
see: Perrin, C. L.; Nielson, J. B. Am. Chem. S0d.997, 119, 12734. Molecular Orbital Theory Wiley: New York, 1986.




7136 J. Am. Chem. Soc., Vol. 123, No. 29, 2001

Bach et al.

Table 1. Relative Energig€sof Various Configurations of Maleate Anion and a Transition Structure for Hydrogen Transfer

AE
AE AG(298 K) COSMO/6-31-G**//
structures B3LYP/6-314+-G** B3LYP/6-31+G** B3LYP/6-31+G**
Z-maleate anioda 0 0 0
E-maleate aniorib 14.6 (15.7) 14.6 1.%6.7
Z-maleate anion (plan&Ba 26.7 (27.9)
Z-maleate anio3b 19.5 (20.6) 19.7
Z-maleate anion (C@ twisted)3c 23.4 (24.4
Z-maleate anion, TSd 0.02(—0.8f

a|n kcal/mol.? AE + ZPE(B3LYP/6-31-G**) values are given in parenthesés second-order saddle poirttThe AE value is 0.1 kcal/mol
at the QCISD(T)/6-31+G**//B3LYP/6-31+G** level. The QCISD(T)/6-31+G**//QCISD/6-31+G** calculations lead to thé\E value of 0.2

kcal/mol. Incorporating the ZPE(B3LYP/6-315**) corrections results in

a negative adiabatic potential energy barrieitOof kcal/mol. See refs

8 and 9a for a discussion of the physical sense of such a negative bami€H;OH (see ref 17)f In CHCL.

calculations using density functional theory (DFT). Geometries were
optimized? at the B3LYP and QCISD (fota and3d) levels using the
6-31+G** basis set. Structures involving the larger tetraethyl and tetra-
n-butylammonium ions were optimized at the B3LYP/6-31G* level.
The relative energies ofa and 3d were refined by single point
calculations at the QCISD(T)/6-33G** level of theory. The stationary

points on the potential energy surfaces were characterized by calcula-

tions of vibrational frequencies at the B3LYP/6-8&** level. Zero
point energies (ZPE) computed at the B3LYP/6+&** level were
scaled by 0.9808! Corrections for solvation were made using the
polarizable conductor COSMO model and SCIPCM model reaction
field calculations'® Throughout the text, bond lengths are in angstroms
and bond angles are in degrees.

3. Results and Discussion

Relative Energies of Various Configurations of Maleic and
Fumaric Monoanions and Their Diacids. (a) Activation
Barrier for Proton Transfer in Z-Hydrogen Maleate. The
calculated barrier for intramolecular proton transfeZimaleate
anion la is extremely small; and the calculated zero point
vibrational energy available to the system is known to be as
large as the barrier height for the proton transfer at both the
MP2 and B3LYP levels of theoP:68 Our primary objective
is simply to ensure that at higher levels of theory the proton
transfer is also barrierless. A transition structure GiSFigure
1) for the proton transfer iZ-maleate anioria has 0.02 and
0.10 kcal/mol higher energy tha&8b at the B3LYP/6-3%G**
and QCISD(T)/6-311G**//B3LYP/6-31+G** levels of theory.
The barrier for the hydrogen transfer in maleate arienis
slightly larger at the higher level of theory (0.2 kcal/mol at the
QCISD(T)/6-311#G**//QCISD/6-31+G** level). The main

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(11) (a) Becke, A. DPhys. Re. A 1988 37, 785. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. 1988 B41, 785.

(12) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Stevens, P. J.;
Devlin, F. J.; Chablowski, C. F.; Frisch, M. J. Phys. Chem1994 80,
11623.

(13) (a) Schlegel, H. BJ. Comput. Cheml982 3, 214. (b) Schlegel,

H. B. Adv. Chem. Phys1987 67, 249. (c) Schlegel, H. B. IiModern
Electronic Structure TheoryYarkony, D. R., Ed.; World Scientific:
Singapore, 1995; p 459.

(14) Scott, A. P.; Radom, LJ. Phys. Chem1996 100 16502.

(15) (a) Barone, V.; Cossi, M.; Tomasi, J.Comput. Chenil998 19,
404. (b) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.
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Figure 1. Selected geometrical characteristicsZafnaleate anioria

and a transition structur&d for the hydrogen transfer iba optimized

at the B3LYP/6-3%G** and QCISD/6-3%#-G** (in parentheses) levels.
Their relative energies are given in Table 1; total energies are given in
Table S1 (Supporting Information).

point is that the adiabatic potential energy barrier (with ZPE)
is negative at all levels of theory employed including QCISD(T).
However, when the classical barriers are this small, the ZPE
derived from a harmonic vibrational calculation has to be taken
with caution. This intramolecular hydrogen bond is strong in
the gas phase and also has a low barrier (Table 1). Such an
H-bond clearly qualifies as a LBHB and to the extent that it is
also associated with a short<@ bond distance (2.39 A) it
may also be classified as a SSHB.

(b) Reference Structures for Estimating Relative H-Bond
Strength. One measure of the strength of a hydrogen bond is
the difference between the energies of a structure containing
an H-bond and a reference structure that differs from the
structure in question only by the absence of that hydrogen bond.
The difference in energy between these structures is governed
not only by the hydrogen bond energy but also other faétots.
For example, the neutr&-diacid 1d is 3.6 kcal/mol (3.3 kcal/
mol at B3LYP/6-3%G(d,p)) lower in energy than it&-isomer
1c despite the absence of the intramolecular H-bond in the
former. A configuration of maleic acid with a COOH group
rotated about 90(4) (Figure 3) is also a minimum albeit it is
3.9 kcal/mol higher in energy than maleic adid (Table 2).

The Z-configuration of maleate anion with a perpendicular
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1.652 A 0.990 A
O

Figure 2. Selected geometrical characteristics of low-energy con- Figure 3. Low-energy conformations of maleate and fumaric mono-
formations of maleate and fumaric monoacid anions optimized at acids optimized at the B3LYP/6-31G** level. Their relative energies
the B3LYP/6-3%-G** level. Their relative energies are given in  are given in Table 2.
Table 1.

Table 2. Relative Energiessof Maleic and Fumaric Acids in the

orientation of its neutral COOH fragment is a minimuBt) Gas Phase and in Methanol

(Figure 2) although it lies 3.9 kcal/mol higher in energy than AE AE

3b (Table 1). The steric influence of tw®-COOH groups on maleic acidld ~  maleic acidld
a carbon-carbon double bond is of the same magnitude as the structures fumaric acidld twisted maleic acid
hydrogen bond in the neutrZtmaleic acid and this is a definite ~ B3LYP/6-31+G** 3.3 (3.6p° —-3.9 (-3.3p¢
disadvantage of thi&/Z model system. SCIPCM//B3LYP/6-33-G 2.0 3.7

Z-Maleate anions such a3a and 3b have been used to 21n kcal/mol.” AE + ZPE(B3LYP/6-31-G**) values are given in
calculate the intramolecular hydrogen bonding strengths in theseParentheses.The AG(298 K) value is 2.5 kcal/moF: The AG(298 K)
ionic molecules. In particular, the pland®s structure of value is—3.9 keal/mol.

Z-maleate anion, without a hydrogen boda) has been used

as a reference compound. However, since this is a second-orde
saddle point (two imaginary frequencies) nonplanar structure
3b, with its carboxylate anion fragment rotated by ca?,98

the minimum reference compound that we have used. Relative )
to nonplanaiz-monoanion, the strength of the hydrogen bond gll—EG_**llg)v:I (('I%z:bl_esli))afd 127)'61 kcal/mol at the B3LYP/6-

in lais estimated to be 19.7 kcal/moAAG value, Table 1). )

The relative strength of this ionic hydrogen bond with respect  (16) Using 1b as a reference structure implicitly assumes that the
f the strength of the norma hycrogen bond in neutral maleic SEPLES4n SHeres 0.0 £ Ikege o o Sole onde e e
acid (e_stlmated as the difference between the energids of and1d and that these energies cancel each other. In fact, they are different
and4) is AAG =17.2 kcal/mol. (AAG values are 5.1 and 3.9 kcal/mol, respectively; estimated /A6

Using E-monoanionl1b as a reference structure gives a energy differences betwedt and3b, as well aslc and4) (Tables 1 and
2). By contrast, the experimental energy difference arising from the

relative strength of the hqugen bond 1‘.1 Wit.h respect to interaction of two methyl groups on a=€C (E- and Z-2-butenes) is<1
the normal hydrogen bond in neutral maleic abidthe energy kcal/mol.

plifference betweefic and1d) of 17.9 kcal/mol (19.3 kcal/mol
with ZPE); the energy difference-3.3 kcal/mol 3.6 kcal/

mol with ZPE) betweeric and1d is also included (Figure 4).
The free energy differencA(AG) for this H-bonding interaction
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AE cis-ti =49
cis-trans o
]
[¢]
AE H-bond =20.6
0,
H
(0}
1b \
H AE H-bond =3.3
AE {H-bond) -AE (cis-trans) = 15.7 —0
HO —
[© W 1c
0\ AE (H-bond) -AE (cis-trans) = -3.6
H o
o] o - o /H
/
1a H

1d

Figure 4. Estimates of the relative H-bond strength based on relative stabilities of various conformations of maleic and fumaric acids as well as
of their monoanions. The energies (kcal/mol) calculated at the B3LYP/8=31 + ZPE(B3LYP/6-31-G**) level are shown.

In methanol solvent, the relative energy of tgenonoanion maleate anion itself. The first method is based upon the sum of
1b is only 1.1 kcal/mol with respect tha due to a stronger  energy differences betwedf and Z-maleate complexe€(Z

stabilization of more polaE-monoanion (Table 1} which is approach) and the energetic contribution due to structural
quite close to the experimental estinfdtef 0.7 & 0.1 kcal/ changes fromE- to Z-geometry of the central double bond
mol for the AAG value (in favor of theE-monoanion). (comparelc and 1d, Figure 4 and Table 2). The second

Another measure of the normal internal H-bond in neutral approach involves relative energies of the complexes with
maleic acid 1c may be estimated by simply rotating the conformers ofZ-maleate with and without the internal H-
interacting hydrogen away as #(AE = 3.3 kcal/mol, Table bonding interaction with the carboxylate (structuBas3b, and
2; the relative energies dfc, 1d, and4 are not significantly 3¢, Figure 2). We have not examined intermolecular H-bonding
changed by solvent). In the absence of this H-bonding interaction interactions
the Z-arrangement of the two COOH groups relative to neutral ~ Complexation with Tetramethylammonium Cation. The
E-isomer 1d is 6.9 kcal/mol higher in energy (the energy electrostatic impact of a positively charged counterion on the
difference betweenld and 4; Figure 4)'6 However, the H-bond strength of a maleate monoanion should be quite large.
Z-monoanion of maleic acidla, as a consequence of a strong The magnitude of the proton affinity (PA) of hydrogen maleate
ionic hydrogen bondis 15.7 kcal/mol more stable than its 1a(321.2 kcal/mol) estimated at the B3LYP/6-BG** level
E-isomer 1b. With the above approaches we have bracketed speaks to the fact that dissociation of RCOOH to a naked
the internal ionic hydrogen bonding strength Zhydrogen carboxylate anion and a proton is attended by a significant
maleate to be between 16 and 20 kcal/mol. increase in energy. Neutral ionic complex (Figure 5) formed

Counterion Effect. When the theoretical gas-phase H-bond between intramolecularly hydrogen bond&d and a tetra-
strengths differ significantly from experimental data, the validity methylammonium cation has a stabilization energy-03.7
of using a naked gas-phase anion to estimate the H-bondingkcal/mol relative to its isolated reactants. The intramolecular
strength, in the absence of the obligatory counterion, is brought hydrogen bond distance to the carboxylate oxyger@3) in
into question. Since the experimelttsvere carried out for neutral complessais significantly longer (1.490 A, Figure 5)
mono-tetrabutylammonium salts, we need to measure the effectthan it is in monoanioia (1.288 A). This indicates a weakening
of the ion-pair interactions on the hydrogen bond strength in of the H-bond inZ-maleate through the complexation with the
the condensed phase relative to the gas-phase monoanions an@tramethylammonium cation.
acids. To address the question of the electrostatic influence of The more basic, higher energkE = 14.6 kcal/mol, Table
a counterion, we carried out a series of calculations using 1) E-monoanionlb is complexed more strongly thaka with
tetraalkylammonium cations as the counterion and comparedMe,N* and the stabilization energy for this isomeric complex
these results with data for the naked gas-phase anions. 5b is —117.5 kcal/mol due to the stronger intermolecular

Here, we describe two approaches for the estimation of the H-bonds (G-H---O) in this complex. The hydrogen bonds
internal H-bonding energy in these overall neutral salt com- formed by carboxylate oxygen atom {Owith the methyl
plexes. These calculations mirror those above in studies onhydrogens are weaker Ba (2.122 and 2.098 A) than those in

(17) We used methanol for solvent effect modeling since when the complexessh (2.056 and 2,'059 A) apﬁc (2.106 and 2.040 A)
dielectric constant approaches that of methanol there is a leveling effect that have larger stabilization energies (Table 3). Furthermore,
and no further decrease in energy is obsefvédcording to SCIPCM the hydrogen bonds between thed@ygen atom and the methyl

calculations, in methanol solvent, tRemonoaniorib is 9.7 kcal/mol higher ;
in energy tharila, which is far beyond the experimental estim#&tdhe hydrogens irbb (1.926 A) andse (1.941 A) are shorter than

total energies from COSMO and SCIPCM solvent calculations are given thatinsa(1.974 A). (Figure 5} The distance between the, O
in the Supporting Information (Table S1). and @ atoms in5ais 2.511 A (Figure 5) whereas it is shorter
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Table 3. Relative Energiessof Various Configuratiorfsof a Complex of Maleate Anion with Tetramethylammonium Cation

AE
AE AG(298 K) COosMo//
complexes B3LYP/6-31+G** B3LYP/6-31+G** B3LYP/6-31+G**
Z-maleatet Me;N* 5a 0 0 0
E-maleatet MesN™ 5b 5.1 (4.9% 4.3 1.8 4.4
Z-maleate, CQ@ twisted+ MesN* 5¢ 10.7 (10.9 9.3
Z-maleate, CGH twisted+ Me4N* 5d 11.9(11.4 11.2

a1n kcal/mol.® Shown in Figure 1 excepid. ¢ AE + ZPE(B3LYP/6-31-G**) values are given in parenthesédn CH;OH; the relative energy
of 5b vs 5aaccording SCIPCM calculations is 7.2 kcal/mol due to a larger stabilization &-thenoanion in methanol, which is counterintuitive
and could be due to problems with cavity definition for molecules of this size (see ref IBbEHCL.

energy difference of onlAAG = 4.3 kcal/mol in favor of the
internally H-bondedZ-maleate comple)a (Table 3). When
the free energy difference between maleic and fumaric acids is
included (fumaric acidld is 2.5 kcal/mol more stable than
maleic,1c, Table 2), this estimate of thelative H-bond strength
is 6.8 kcal/mol (based upoAAG) at the B3LYP/6-3%+G**
level. This value is close to the experimental estimation for the
lower limit (AAG = 5.5 kcal/mol) of the relative strength of
the putative LBHB vs the normal H-bond in mesaconic acid in
a nonpolar solverftd However, neither study has considered the
effect of intermolecular H-bondiR§on this free energy differ-
ence. The difference in the external mode of H-bonding between
% : MesNT and theE- and Z-maleate isomers indicates that the
2059 4. C3 Y. ' internal H-bond energy obtained above has to be supported by
A~ alternative estimations. Thus, if the complex of fumaric
monoanion3b is used as the reference structuix)( the
_____________ .3 estimate of the strength of the hydrogen bon®a&(AAG) is
1926 A 9.3 kcal/mol AE = 11.3 kcal/mol in methanol). The electrostatic
stabilization of these maleate anions is also in evidence in the
greatly attenuated energy differences betw2enaleate anion
laand naked anion3b (19.5 kcal/mol) andc (23.4 kcal/mol,
Table 1) relative to when they are complexed to tetramethyl-
ammonium ion as ibc and5d (1.2 kcal/mol, Table 3).

The calculated structure for M *-Z-maleate salbaclosely
resembles that of its X-ray structdfe(X-ray A, Figure 6). The
1.468 A short intramolecular hydrogen bond between the carboxylic
groups was clearly in evidence with an-€D distance of 2.51
Alin 5aand 2.4 A in X-rayA. The carboxylate oxygemnitrogen
bond distances ia are 3.47 (N—0s) and 3.84 A (N—0,)
while these corresponding bond distances in X4agre slightly

1.105 A

5b

22384 12224

15134 ¥ 1346 A
O

(18) The geometry optimization dfa at the QCISD/6-31+G** level
led to a shorter ©H bond length and a longer-©H distance inla (1.066
and 1.376 A, respectively) than those optimized at the B3LYP/6@&
level (1.128 and 1.288 A, respectively). The transition strucdreptimized
at the QCISD/6-31+G** level has slightly shorter ©-H distances (1.194
A) when compared with the B3LYP/6-31G** values (1.201 A).

(19) (a) These values in maleate anion agree with experimental estimates
(2.40-2.44 Ayocfor some salts of maleic acid although the @0, distance
in 1acan change upon the complexation with a cation. (b) A value#0
A for the O+-O distance in @H---O hydrogen bonds has been suggested
as a threshold for the formation of symmetricatB-+-O hydrogen bond&d
While the Q---O4 distance inlais rather close to this threshold, this distance
becomes considerably larger in complga (2.511 A). (c) Rios, M. A.;
Rodriguez, JCan. J. Chem1993 71, 303. (d) Gilli, P.; Bertolasi, V.;
Ferretti, V.; Gilli, G.J. Am. Chem. S0d.994 116, 909.

(20) (a) Drobez, S.; Golic, L.; Leban, Acta Crystallogr 1985,C41,
1503. (b) Jessen, S. M.; Kuppers, H.Mol. Struct.1991, 263 247. (c) A
referee has questioned whether the carboxylate anion can actually hydrogen
bond to the innermost GHyroup of BuN™ or will the alkyl chains interfere.
Figure 5. Optimized (B3LYP/6-3%+G**) complexes between maleate  This prompted us to locate H-bonded complexes with bofN Eand BuN*

anions and MgN* with (5a) and without Bb and 5¢) the internal cations. Because of the size of these systems our geometry search was
hydrogen bond in the maleate molecule. Their relative energies are IMited to the 6-31G* basis set. The similar geometries of thesNe

: . complexes with a larger basis set suggests that this is a reasonable
given in Table 3. approximation. (d) The H-bond strength of this SSHBS@ (O1—0s =
in maleate anioda(O---O are 2.415 and 2.442 A atthe BALYP/ 2.546 A) in the presence of an ammonium cation is in excess of 13 kcal/
6-31+G** and QCISD/6-31-G** levels, respectively}.g mol. Since bothBa and 8c have theZ-configuration of the double bond,

he full . | f lei f . this presents a more accurate measure of the actual H-bond strength in these
The ully OP“m'ZGd complexes of maleic and fumaric  complexes than the more traditio8 approach where the relative energies
monoanions with MgN™ (5a and5b, Figure 5) lead to a free  of the E versus theZ carbon-carbon double bonds comes into play.
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approaches that of methanol there is a leveling effect and no
further decrease in energy is obserfg@he dipole moment of

5b (u = 15.9 D) is larger than that &a (u« = 12.7 D) and the
COSMO solvent correction decreases the relative energy of
5b with respect toba from 5.1 kcal/mol in the gas phase to
4.4 kcal/mol in CHCGJ. In methanol, the energy difference
betweenE- and Z-maleate monoanions is drastically reduced
in both experimerf and COSMO modelingAAE = 1.1
kcal/mol (Table 3, the total energies from COSMO calculations
on 5a and 5b are given in the Supporting Information,

Table S1).
Sizﬁgz‘;;i@é i The rgdyction in H-b.ond strength ireutral saI.tSa'appears.
03-N1=4.016 A to be principally a function of the charge neutralization in anion

04-NI=4.198 A ladue to the presence of the tetraalkylammonium cation. As a

further check on this idea we examined the energy differences
between maleate aniods andl1b hydrogen bonded toeutral
trimethylamine. The energy difference between #réonic
complexe$a and 6b (Figure S1, Supporting Information) of
theseZ- and E-maleate monoanions with Md is 13.4 kcal/

mol at the B3LYP/6-33+G(d,p) level. This differs by only 1.2
kcal/mol from that of the naked anions themselVesdnd1b)

and provides additional evidence of the impact of Coulombic
effects on the strength of these intramolecular H-bonds. In other
words, the H-bonding weakening due to the presence of the
cation is due to the electrostatic interaction of opposite charges
and not to the size of the system. Additional support for this
idea follows from the fact that overall neutral complexés
and7b (Figure 1S, Supporting Information) of aniofia and

1b with MesNH™ differ in energy by only 4.9 kcal/mol, a value
very close to the 5.1 kcal/mol observed for the energy difference
between neutral M@ complexesba and 5b.

Complexation with Tetraethylammonium Cation. A sys-
tematic X-ray stud§P® of the effect of the different radii of the
homologous series of tetraalkylammonium hydrogen phthalates
on the effect upon inter- versus intramolecular hydrogen bonding
provides an interesting insight into the principle question that
we have raised: what is the effective distance between the
Z-maleate carboxylate anion and the 4R0 cation? The
tetramethyl, tetraethyl, tetrapropyl, and tetrdutyl salts of
hydrogen phthalate did show a small increase in distance
between the closest carboxylate oxygen and the “positive”
nitrogen of the ammonium salt. The tetraethyl- and tetrabutyl-
ammonium salts both exhibited short intramolecular hydrogen

- bonds between the neighboring carboxylic oxygen with-O
Figure 6. X-ray structures and selected geometrical characteristics gistances of 2.374 and 2.385 A (Figure 6), whereas the Me4N

representing interaction @maleate with tetramethylammoniur), salt has a slightarger distance (2.403 A) presumably because
tetraethylammoniumB), and tetrabutylammoniun®C| cations. it is more tightly bound

longer at 4.02 and 4.2 AThe hydrogen bonding interactions For the sake of comparison we located minima (B3LYP/6-
between the carboxylate oxygens and the methyl groups are31G*) for the complexation of- and E-maleate with tetra-
clearly in evidence in both the theoretical and X-ray structures. €thylammonium cationgaand8b (Figure 7)2%As anticipated,
The C—H---O bond distances given in Figure 6 are estimated. the Z-maleate anion is bound to the internalCH, group in

The calculated Mulliken charge on the nitrogen atom of the complex8a and C-H-+-O distances of 1.97 A suggest fairly
free MeN* cation itself is—0.23 while each of the four methyl ~ strong external H-bonds consistent with an energy difference
groups has a compensating positive charge of 0.31. The netbetween these two complexes of 5.7 kcal/mol. The nearest
charge on the tetramethylammonium ion fragment in complex 0Xygen-to-nitrogen distances &a and X-rayB (Figure 6) are
5ais +0.88 while the Mulliken charge on the nitrogen atom in  duite comparable (3.9 and 4.2 A). The nitrogemarboxylate
Me4N* is even more negative-0.59) in the complex (B3LYP/  carbon distance of 4.6 A in X-raB compares favorably with
6-31-+G** level). The distance between thiggatielycharged ~ an N--COO- distance of 4.3 A inBa. The nitrogen atom in
nitrogen and the positively charged-Q.49) carboxyl carbon ~ EuN™ bears a charge 6f0.38 while eachu-CH; group has a
atom is 4.08 A irbaand 4.37 in X-rayA. Quantum calculations  net charge of 0.25 which accounts for the rather strong
with a polarizable conductor mod& were used to provide an ~ Coulombic interaction between these two oppositely charged
estimate of the hydrogen bond strength of these monoanions inions. The complexation energies of 88.4 and 99.0 kcal/mol for
the presence of a counteranion. When the dielectric constant8aand8b (relative to isolated reactants) are somewhat less than

C4-N1=4.624 A
02.03=2374 A XTay B

C4-N1=5.630 A
02-03=2.384 A
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E, =-826.75427 a.u.

‘tot.

Ege= 0.0 keal/mol

N1-01=3.858 A
N1-02=3.909 A
N1-C9=4.302 A
C4-01=3.057 A
C1-02=3.059 A

E,,=-826.74523 a.u.

Ey.= 5.7 keal/mol

N1-01=3.842 A
N1-02=3.839 A
N1-C9=4.225 A
C4-01=3.016 A
C1-02=3.016 A

E, =-826.73395 a.u.

ot

Ege= 12.8 kcal/mol

N1-01=3.823 A
N1-02=3.849 A
N1-C9=4.222 A
C4-01=3.006 A
C1-02=3.016 A
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that noted above foba and 5b reflecting the increasing size
and hence increasing stability of the gas-phase cation.

In the second approach, the-® hydrogen inZ-maleate is
rotated 180 around the €O bond axis as ir8c to “turn off”
the H-bonding interactiorZ-Maleate comple8cis essentially
anion 3c hydrogen bonded to the tetraethylammonium cation.
The difference in energy betwe@&a and8c (12.75 kcal/mol)
provides a measure of theelative strength of the internal
H-bond to the carboxylate oxygen versus the neutral carbonyl
oxygen of the carboxylic aci¢fd Additionally, complex8d
(Supporting Information, Figure S2), containing the anion of
3b geometry, was optimized using the B3LYP/643% (d,p)
basis set and compared 8a re-optimized at the same level
(8d, Supporting Information, Figure S2). This estimate with
the larger basis set suggests an H-bond strength of 11.4 kcal/
mol, which agrees well with the above values.

Complexation with Tetra-n-butylammonium Cation. The
guestion remains as to the validity of the use of smaller
tetraalkylammonium ions as models for the much larger and
perhaps more sterically demanding tetrautylammonium
ion.2° First we resolved the question of the structure of Bti4N
itself and what influence its steric bulk might have on the
approach of the maleate anions. A basic premise of the
experimental studies of tetrabutylammonium salts dE- and
Z-hydrogen maleates is that the foosbutyl groups would
sterically shield the “positive” nitrogen ofBusN™ sufficiently
that the maleate anions would be essentially “naked anions”.
Since the more electronegative nitrogen atom in sug*R
cations is alwaysiegatie, the four —CH,— groupsa to the
nitrogen, in fact, bear most of the npositive charge of+1
that resides on the tetraalkylammonium cation fragment.

We found at least three minima (analytical frequency at
B3LYP/6-31G*) for Bu4N" with the T-shaped molecule of
higher symmetry I, Figure 8) being 0.8 kcal/mol lower in
energy than the apparently more hindered ammonium cétion
and 6.1 kcal/mol more stable than catltin Although the rather
flat surface of ammonium catidnwould appear to present the
best opportunity for complexation to the positively charged
o-CH, groups, we chose the more hindered ammoniumikalt
to find complexea and 9b (Figure 9) since this may better
serve to resolve the controvef&goncerning the steric inhibition
to complexation. It also more closely resembles thgNBu
fragment in X-ray structur€ (Figure 6). However, one should
be aware of the noticeable difference in the mode of H-bonding
in X-ray structureC with respect toA andB that is bound to
the BuN™ by only one carboxylate group. Consequently, we
optimized the geometry of the comparable s@&; and9b*,
using a starting geometry based upon the X-ray coordinates of
structureC. Both carboxylate moieties of the phenolate anion
are H-bonded to thex-H—C of BwN™. Despite multiple
intermolecular H-bonds to thebutyl groups imda*, its energy
is slightly higher (1.8 kcal/mol) than that &fa. The most
important message of these twbmaleate salts is that the
phenolate anion (Figure 6) is still tightly bound to the,Rd
cation despite any potential steric hindrance. The charge on the
nitrogen in BUN™ is also—0.38 but thepositive charges on
the a-, 8-, and x-CH, groups fall off rapidly as the distance
from the electronegative nitrogen atom increases (0.224, 0.041,
and 0.045, respectively).

The C-H---O bond distances of 2.02 and 2.04 A and a
distance of only 4.3 A between the carboxylate carbon and the

Figure 7. Optimized (B3LYP/6-31G*) complexes between maleate Negatively charged nitrogen-0.41) in9a, and the positively
anions and EN* with (8a) and without 8b and8¢) internal hydrogen chargeda-CH2 group (Figure 9) are consistent with a tight or
bond in the maleate molecule. intimate ion pair (the NBO charges on nitrogen anddh€H2
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Cation I

E,=0.00

Cation II

E,=0.82

Bach et al.

Cation III

E,=6.12

Figure 8. Selected conformations of tetrebutylammonium cation optimized at the B3LYP/6-31G* level. The relative energies are given in

kcal/mol.

groups are-0.28 and 0.26). The higher energy (14.6 kcal/mol)
E-maleate anion is even more tightly bound to,Bt with
O-++H—C hydrogen bonding distances of less than 2 A. The
binding energies relative to isolated reactants for formation of
overall neutral salt®a and 9b are 80.3 and 90.7 kcal/mol,
respectively. The energy difference between compl&kesnd
9ais 5.8 kcal/mol. With arE/Z double bond correction of 2.5

observed. Release of this bonding constraint results in rapid
reversion toba. Similarly, inclusion of two water molecules to
complex with the carboxylate end dfa to simulate such
asymmetric solvation in an agueous environment leads to a
highly unsymmetrical H-bond. When the hydrogen was trans-
ferred to acceptor oxygen ¢Dwe again observed that a
minimum does not exist. When the;©&H bond was constrained

kcal/mol, as above, the estimated H-bond strength is 8.3 kcal/to 0.96 A the energy was increased by 8.3 kcal/mol, respectively.

mol.

Release of the ©H bond constraint afforded the original

In Table 4, we have summarized the estimates for the complexlahydrogen bonded to the two water molecules. The

H-bonding energies in the maleate anions performed in this SCRF method applied to the tetrahydrate of both closed and
study. A comparison of the results presented indicates that theopen forms of hydrogen maleate gave a free energy difference
E/Z approach provides the lowest values for the internal of —0.73 kcal/mol slightly favoring the open forf# The
H-bonding energy, whereas the use of a non-hydrogen bondinginfluence of solvent on the proton transfer reaction has also been
conformer,3c, as a reference structure gives somewhat higher extensively studied by molecular-dynamic simulatiéh.
estimates. Nevertheless, the weakening of the H-bonding In a nonpolar solvent the barrier for proton transfer within
interactions by 1.52 times due to the charge neutralizing an intimate ion pair should increase markedly when the
complexation follows from these dathlt is also an important  intramolecularly hydrogen bonded anion is electronically asym-
observation thathe size of the tetraalkylammonium salt does metric. Indeed, crystals found with asymmetric H-bonds have
not affect the internal H-bond weakeninghich becomes clear ~ asymmetrically placed counteriobsThese data suggest that
by comparingsa, 8a, and9a. In all three complexes the external ~an enzyme would also be required to have a highly symmetrical
bonding to the tetraalkylammonium cation involves hydrogens €electronic environment for a SSHB to function as suggested.
at thea-carbons. This provides a similar spacial arrangement Although the rate for proton transfer in an electronically
of the interacting charged species, and, therefore, a comparabléymmetrical environment (e. g. naked anita) is essentially
electrostatic effect. barrierless, even a diffusion-controlled migration of the coun-

Our observations should also have a major impact upon theterion will have difficulty maintaining electronic neutrality.
interpretation of the NMR spectra of these ionic complexes. Therefore, the experimental estimates based on Scheme 1, which

Proton transfer to the adjacent oxyger)@® complex5a does gives the rglative strength. of the hydrogen pond as a sglt of
not result in the formation of an energy minimum if the Maleate anion and BN™ with respect to that in maleic acid,
counterion is not allowed to move. When the-eH bond is  are significantly impacted by the presence ofsBu. It has

constrained to 0.96 A an increase in energy of 15 kcal/mol is 9enerally been assumed in the NMR experiments that the bulky
BusN* counterion used in organic solvents does not associate

closely with the carboxylate groups.

Hydrogen Bonding in Bifluoride. Traditional H-bonds are
considered to vary from 3 to 7 kcal/mol. However, exceptionally
strong hydrogen bonding in bifluoride anion has been taken as
peteen A ‘ q | e prima facea evidence for the existence of short-strong hydrogen
donon ia- mejor mieraction. Thus, ihe beciron oecupancy of the. ort. Donds: While the H-bond between HF and Fas a reported

antibonding orbital can be considered as a measure of this stabilizing Value of —46 kcal/mol in the gas phase, it is onty0.82 kcal/
interaction and, consequently, a measure of the H-bond strength. In nakedmol in aqueous solution. The above data on the intramolecular
E-maleate 1b), the electron occupancy is quite low (0.016) Zrmaleate

(21) Natural Bond Orbital (NBO) analyses (Reed, A. E.; Curtiss, L. A.;
Weinhold, F.Chem. Re. 1988 88, 899.) implemented in Gaussian 98 have
been performed o&- andZ-maleate {a,1b) andZ-maleate complexed to
MesN* (5a) and BuN™ (9a) following B3LYP/6-314+G(d,p) optimization.
We have examined all estimates of bondirgntibonding orbital interactions
between “filled” and “empty” NBOs and found that irmaleatela the

(1a) it is 0.195, and irba and9ai it is about 1.8 times smaller (0.110 and
0.106). This number is in excellent agreement with the-2.Bstimate based
upon energetic changes.

(22) (a) Marvi, J.; Hadzi, DJ. Mol. Struct. (Theocheni99§ 432, 257.
(b) Marvi, J.; Berendsen, H. J. C.; Vangunsteren, WJFPhys. Chem
1993 97, 13469.
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E,,=1141.26654 a.. E,=-1141.25735 a.u.

‘tot.”
Ep.= 0.0 keal/mol Eg.= 5.8 kcal/mol

N1-03=3.919 A N1-03=3.910 A
N1-04=3.922 A N1-04=3.838 A
N1-C20=4.307 A N1-C20=4.262 A
C1-04=3.081 A C1-04=3.026 A
C2-03=3.034 A

C2-03=3.084 A

E,=-1141.25766 a.u.

9a* ‘1ot
E,=1141.26368 a.u.

Eg.= 0.0 kcal/mol Ep= 3-8 kcal/mol
N1-01=4.735 A; N1-C5=4.571 A N1-01=3.941 A
N1-02=3.861 A; N1-C6=5.553 A N1-02=3.799 A
N1-03=4.528 A; 02-03=2.479 A N1-C3=4.262 A
C1-02=3.074 A; C3-03=3.425A C1-01=3.060 A

C2-03=3.058 A

(2-03=3.615 A; C4-01=3.502A
Figure 9. Structures and selected geometrical characteristics for the complexes between maleate aniopN‘angtiBuized at the B3LYP/6-

31G* level. Their relative energies are discussed in the text.

hydrogen bonding interactions #imaleate in the presence and the hydrogen bond strength in these model diacid monoanions.
absence of a counterion clearly implicate electrostatic stabiliza- This prompted us to examine also the effect of a sodium cation
tion by the ammonium cation as the discerning factor in reducing on the H-bond strength of the paradigm strong hydrogen bond
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Table 4. Relative Energies (B3LYP/6-31G(d,p)) of Various Configurations of Maleate Anion Itself and Complexed with

Tetraalkylammonium CatioAs

maleate anion maleate anion maleate anion

structures maleate anion + MeyN* + EuN* + BugN*
Z-maleate aniofa, 53, 8a, 9a 0 0 0 0
E-maleate aniorb, 5b, 8b, 9b 14.6 (15.7) 5.1(4.9% 5.7 5.8
Z-maleate anion (plan&3a, 26.7 (27.9
Z-maleate aniob, 5¢, 8d°(COO is twisted) 19.5 (20.8) 10.7 (10.2) 11.4
Z-maleate anion (C@ is twisted)3c, 5d, 8c 23.4 (24.4 11.9 (11.4) 12.8

aThe numbers obtained by ti#Z approach have to be corrected foE(cis—trans) (2.5-3.6 kcal/mol, Table 2) to be compared with H-bonding
energy estimation®. AE+ ZPE(B3LYP/6-3H#-G**) values are given in parenthesést the B3LYP/6-31G(d) leveld A second-order saddle point,
hydrogen atom is rotated away in order to exclude H-bondifgructure is given in Supplemental Information, Figure S2; dihedral angle O(H)CCC
in the noninteracting maleate part was constrained’tm @rder to preserve planarity and absence of any additional H-bonding introductions.

Table 5. Complexation Energiéof Various Complexesof NaF
and HF

AE AE
B3LYP/ SCIPCM//
complexes 6-31+G** B3LYP/6-31+G**
HF + HF — HF-+-HF —5.1 -8.8
HF + NaF— HF---NaF -31.9 —36.4
HF + F~ — HF---F~ —47.4 —-59.3
NaF+ F~ — NaF--F~ —-62.5 —60.2
NaF+ NaF— NaF-:-NaF —58.4 —40.4

a|n kcal/mol.

.935A! E(D T
‘_1.809A“@ @ @1'151
10

11

oo

0.931A

13

Figure 10. HF and NaF complexek0—14 optimized at the B3LYP/
6-31+G** level and their selected geometrical characteristics.

in gas-phase bifluoride FHF 10 (Figure 10). While the
dimerization energy of HF is-5.1 kcal/mol (a normal H-bond,
11) the H-bond strength in the -HF—H~ anionic complex is,
as anticipated® —47.4 kcal/mol (B3LYP/6-33+G**). When a
sodium cation is included the stabilization energy of neutral
complex13, NaF--HF, is reduced to—31.9 kcal/mol (Table
4) but this value is still surprisingly high relative to the

NaF 14 (—58.4 kcal/mol, Figure 10). These interaction energies,
in the total absence of a hydrogen boerade thudarger than

the celebrated bifluoride +--HF binding energy. The marked
effect of aqueous solution on the H-bonding energies of the
F~---HF complex (0.8 kcal/mol) prompted us to also examine
the binding energies of these complexes using the SCIPCM
model € = 78). The stabilization energies for those complexes
bearing hydrogens are modesihycreasedby the simulated
aqueous environment (where H-bonding interactions are not
treated explicitly) but are somewhat reduced for the complexes
where only sodium ions are involved. Thus, solvent separated
ion pairs in aqueous solution will be expected to exhibit only
minimal H-bonding strengths while an intimate ion pair such
as we have above for ammonium complexin a nonpolar
solvent will exhibit an intermediate H-bonding interaction
compared to that of a gas-phase anion.

4. Summary

We have thus resolved the apparent controversy between
experiment and theory and shown that while strong ionic
hydrogen bonds can exist in anions in the gas phase, whether
they can also be strong in a condensed media depends on how
their interactions with the environment affect their strength. The
present controversy is centered around the discrepancy between
gas-phase calculations on naked anions and experimental data
garnered in solution in the presence of a counterion. Our data
clearly indicate that such gas-phase calculations are in excellent
agreement with experiment provided the electrostatic effects of
a counterion are explicitly treated in the calculation. The
calculated energy difference betweEnand Z-maleate com-
plexed to MeN*, E4N™, and BuN™ cations are 5.1 (B3LYP/
6-31+G(d,p)) and 5.7 and 5.8 kcal/mol (B3LYP/6-31G(d)). ZPE
correction for the MgN™ salt results in somewhat smaller value,
4.9 kcal/mol. Simply stated, it is not the dielectric environment
that is in question but the charge neutrality that seems to be at
the root of this controversy.

The computational estimates for the intrinsic strength of the
hydrogen bond in the gas-phase naked maleate anion, which
are in a range of 1428 kcal/mol depending on the choice of
the reference structure, should not be directly compared with
the experimental data for condensed media. The estimated range
(8—13 kcal/mol) for the internal H-bonding interaction in
tetraalkylammonium/maleate complexes is-123imes smaller
than in the naked anion and is largely independent of the overall

magnitude of the H-bond in the maleate anion complexed to size of the cation. More importantly, these data suggest that

an ammonium cation. However, this interaction is largely

site-specific electrostatic interactions can also potentially influ-

electrostatic in nature as evidenced by the complexation energyence the energetics of H-bond dependent enzymatic processes

of sodium fluoride with a fluoride aniot2 (—62.5 kcal/mol)

involving charge alteration along the reaction pathway. We

and the stabilization energy accompanying the dimerization of conclude from these data that the estimated intramolecular

(23) (a) Wenthold, P.; Squires, R. Phys. Chem1995 99, 2002. (b)
Kresge, A. J.; Chaing, YJ. Chem. Physl973 77,822. (c) Larson, J. W.;
McMahon, T. B.J. Am. Chem. Sod.982 104, 6255.

hydrogen bonding in these monoaniceammonium cation
complexes is relatively small based upon H& approach as
suggested by experiment. However, the magnitude of this ionic
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interaction can be in excess of 13 kcal/mol when based uponsolvent), Figure S1 (selected geometrical parameters of com-
the EEN™ cation hydrogen bonding to the non-hydrogen bonding plexes between maleate anions andNga, 6b) and MeNH+
conformer ofZ-maleate anior8c. (7a, 7b) cation optimized at the B3LYP/6-31G** level), and
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