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Abstract: The magnitude of the stabilizing interaction between an aliphatic C—H bond attached to an
ammonium nitrogen and a carbonyl oxygen was evaluated by ab initio calculations at the MP2/6-311++G**
level of theory. Attractive RsN*—C—H---O=C interactions play an important role in supramolecular recognition
and various types of stereoselective catalysis. Our calculations show that RsN*—C—H---O=C is the strongest
hydrogen bond of the C—H---O type known to date. Such hydrogen bonds remain as stabilizing interactions

even in water for amide acceptors.

Introduction

for different combinations of donors and acceptors in vacuum

In the past decade a growing interest in unusual hydrogen range from 0.5 to 3.8 kcal/mélvalues which are approximately
bonding patterns emerged in the fields of structural chemistry half the interaction energies calculated for normal nonionic

and biology! The role of C-H---O hydrogen bonds in confor-
mational analysi$, protein structuré and crystal packing,
molecular recognition processeth)e stabilization of inclusion
complexe$,and in the stability and possibly even in the activity
of biological macromoleculéshas been well documented.
The geometries of €H---O interactions in crystal structures
have been analyzed in det&iCalculated interaction energies
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O—H---O hydrogen bonds (38 kcal/molc). The ability of the
C—H group to donate hydrogen bonds increases with the greater
s character of the hybridization of the-® bond orbital and
with the number and strength of electron-withdrawing groups
on carbont® The electron-withdrawing ability and positive
charge of ammonium ion led to high computed interaction
energies in the gas phase of around 9 kcal/mol for the complex
H3N*—CHz-+-OH,.%¢

Recently, interaction energies of 88.1 kcal/mol in the gas
phase were calculated for the ion p&irmethylpyridinium
cation/dimethyl phosphate anion, a model system for the binding
of pyridinium derivatives to DNA! This strong Coulombic
attraction energy drops te-19.7 kcal/mol in CHGE and
becomes repulsive in @ (+4.2 kcal/mol) for the gas-phase
geometry.

We have shown that attractive interactions between tri-
methylammonium cation and an ester carbonyl substituent of a
reacting enolate direct the stereoselective outcome of the Merck
process used for the synthesis of arylpropionic acid nonsteroidal
anti-inflammatory drugs (NSAIDSY. Sanders and co-workéfs
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Figure 1. Ammonium recognition displayed by a dynamic combinatorial
library.

have reported the identification and isolation of a new receptor
for tetraalkylammonium salts based on a dynamic combinatorial
chemistry (DCCY* approach. Interestingly, the cyclic tripeptide
1 binds selectively to acetylcholin€, andN-methylquinucli-
dinium salts,3, in chloroform € = 4.9) with 1 equiv of TFA,
(Figure 1). The authors believed that the driving force for
templating and the 50-fold amplification of the cyclic trimer
observed are thEN—CHjz:--O=C hydrogen bonds between the
guests and the amide moieties of the receptor. This binding
rationale contrasts with that applied to other synthetic acetyl-
choline receptors where catietr interactions are invoketb.
Quaternary ammonium salts of cinchona alkaloids have been
extensively used in the catalysis of asymmetric reactions. Figure
2 summarizes a number of these. Cinchoninium and cin-
chonidinium salts have played a key role as asymmetric phase-
transfer catalyst§ for a wide variety of reactions: (1) alkylation
of Schiff bases of glyciné and alanin® esters and3,y-
unsaturated est€renolates with different electrophiles using
4, (2) aldoP® and nitroaldadl! reactions, (3) nucleophilic epoxi-
dation of enones to give either enantiomer of epoxities
involving 5, (4) asymmetric Darzens reactiéh(5) Michael
additiond8¢24 employing 6, and (6) asymmetric aziridination
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of electron-deficient olefins by hydroxamic acifsPurely
syntheticC,-symmetric quaternary ammonidfrand quaternary
hydrazoniurd” salts were shown to be highly efficient in the
same kind of alkylation and Michael addition reactions. Finally,
cinchona alkaloid derivatives, as well as other synthetic tertiary
amines, have been successfully employed as chiral modifiers
in the enantioselective hydrogenation of ethyl pyruvate catalyzed
by platinum?8in the enantioselective dihydroxylation of olefins
by osmium tetroxidé? and in the enantioselective (up to the
record 87% ee) fluorination of trimethylsilyl enolates and
B-cyano-esters in acetonitrile & 36.7)30 In these last three
cases, ammonium cations have been postulated as the reactive
species, and although they are not tetraalkylammonium ions, it
is possible that"N—CHgz--:O=C hydrogen bonds are also
important.

Although relatively nonspecific electrostatic interactions are
frequently invoked for all these processes, they all possess one
common feature: the formation of a relatively strong hydrogen-
bonded complex between a tetraalkylammonium cation and one
or more carbonyl groups of esters or amides, or the oxygen of
an enolate.

We have investigated quantum mechanically the strength of
these interactions in different model systems that mimic the
interactions in catiorrneutral carbonyl complexes and ion pairs.
We selected trimethylammonium cation as a model to assess
both *"N—H and "N—C—H hydrogen bond donor groups.
Methyl acetate, methyl acetate enolate, and dimethylformamide
were chosen as the hydrogen bond acceptors. We report the
geometries and interaction energies of the{-C—H---O=C],
[TN—H---O=C], and [[N—C—H---~O—C=C] hydrogen bonds
present in [MeNH-MeCOOMe]", [MesNH-HCONMeg] ™, and
[MesNH-CH,COOMel].

Computational Methodology

Hydrogen-bonded complexes between trimethylammonium cation
and methyl acetate, methyl acetate enolate, and dimethylformamide
were first optimized at the restricted Hartreleock (RHF) level of
theory and fully characterized as minima by frequency analysis.
Subsequent geometry optimizations were performed at the correlated
second-order MgllerPlesset (MP2) level starting from the RFH
geometries. The 6-3#1+G** basis set, including polarization and
diffuse functions on all hydrogen atoms, was used throughout this study.
The reported values of binding energies include zero-point energy
corrections based on the RHF vibrational frequencies, scaled by a factor
of 0.89.

The effect of the polarity of different solvents on the MP2 binding
energies was studied by using the Polarizable Continuum Model (PCM)
of Tomasi et af! with dielectric constants of 80.1 (B), 33.0 (MeOH),

7.52 (THF), 4.81 (CHG), and 2.38 (toluene). Solvation calculations
consisted of single points at the MP2/6-31:£G** level of theory on
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Figure 2. Chiral ammonium salts as enantioselective catalysts.
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the MP2 gas-phase optimized geometries. While these calculations arepreoptimized at the RHF/6-311-G** level of theory. Those

still approximate because they do not include explicit solvent molecules,
they do provide reasonable estimates of the effect of solvent polarity

structures that corresponded to minima on the RHF/6-
311++G** potential energy surface were fully optimized at

on the binding energies of the complexes. We expect a change in thethe correlated level MP2/6-333-G**, giving rise to the final

geometry of the complexes upon solvation, but the size of the system
and the general difficulties of convergence of the geometry optimiza-
tions involving the PCM method preclude a full optimization in solution
at the MP2 level. The reported values include corrections for the basis
set superposition error (BSSE) determined in the gas phase at the MP2
6-311++G** level, through the counterpoise method of Boys and
Bernardi®? All calculations were carried out with the Gaussian 98
programs3

Electrostatic potential surfaces were created with SPARFAThe

electrostatic potential for each structure was mapped onto a total electron

density surface contour at 0.08 e7au
Results and Discussion

Different hydrogen-bonded complexes of MBH with
dimethylformamide or methyl acetate were constructed and

geometries, 9, 10, and11 shown in Figure 3. Similarly, the

;32
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Figure 3. Computed complexes of trimethylammonium cation. Binding energies in the gas phase (kcal/mol) and electrostatic potentials are shown for each
complex.

- Table 1. MP2/6-311++G** Interaction Energies for the
complexes between the alkoxide oxygen of methyl acetate Trimethylammonium Cation (MesNH") Comp?exes 712 and 132
enolate and the NH or CH protons of Mé&H were preopti-
mized. MP2/6-311++G** optimization gave the structures

interaction energies (kcal/mol)

and 12 shown in Figure 3. geometry gas phase toluene CHCl, THF MeOH H,0
Figure 3 shows the final MP2 optimized complexes in order 7 [-97.6]

of decreasing stability on the left, and their corresponding 8 [:gg:é] —409  —222 -152 407 423

electrostatic potential surfaces on the right. Anthe plane _26.8 —165 -12.8 -113 -46 -31

containing the enolate is parallel to one of the tetrahedral faces 9 [—20.6]

of the trimethylammonium cation. Each*NC—H hydrogen 10 [jg-g] -103 -75 -62 +03 +08

interacts simultaneously with two of the three partially negative 181 94 68 55 20 -1.7

atoms (enolate Q CH,, and OMe) with H--O distances ranging 11 [~14.1]

from 2.015 to 2.945 A. Five out of the six total interactions are —12.9 -52 -34 -22 420 +24

shorter than 2.7 A, which corresponds to the sum of the van 12 [:ig'g] 81  -78 -72 -43 -39

der Waals radii of an oxygen atom (1.5 A) and a carbon-bonded 13 [~8.1] ’ ' ' ' '

hydrogen 1.2 A)35 The BSSE corrected, gas-phase MP2/6- -8.7 -1.6

311++G** interaction energy (Table 1) is95.1 kcal/mol. This - ] ] )

interaction energy is reduced t22.2 kcal/mol in CHGJ, and aThe values in square brackets correspond to the interaction energies

. calculated by subtracting the energies of the separately optimized and zero-
to —40.9 kcal/mol in toluene, the most common solvents used point corrected donor and acceptor molecules, from the energy of the

in phase transfer catalysis, and becomes positive in water, whichoptimized and zero-point energy corrected complex [MP2/6+31G**
suggests that the stability of this ionic pair is dominated by :nirglize(sR.HF)]. The other values correspond to BSSE corrected interaction
electrostatic terms.

Corey et alt’ provided a specific example of this type of
interaction. They studied the X-ray crystal structures of cin-

chonidiniump-nitrophenoxide salts and formulated a model that
explains the highly enantioselective alkylationggf-unsaturated
ester enolates. They proposed that the efficient transfer of
(35) Taylor, R.; Kennard, QJ. Am. Chem. Sod.982 104, 5063-5070. stereochemical information between the ammonium salt and the
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each other, and the three hydrogens (blue in the electrostatic
potential plot) define a plane. The deep blue of the-\C—H
hydrogens corresponds to the most positive electrostatic potential
on the catalyst and complements well the negatively charged
positions (in red) of the reacting enolate. This arrangement also
allows 7t stacking between the electron-rich phenyl ring of the
enolate and the electron-deficient anthracenyl unit of the catalyst.
When trimethylammonium interacts with neutral hydrogen bond
acceptorsg, 9, 10, and11in Figure 3), the interaction energy

in the gas phase drops significantly but is still substantial.
Dimethylformamide is a better hydrogen bond acceptor, and
this is reflected in the larger interaction energies8aind 10

with respect t® and11, respectively.

The gas-phase stabilization energy calculatedLfipr—12.9
kcal/mol, is in excellent agreement with experimental values
of —12.1 + 1.2 kcal/mol for the hydrogen-bonded complex
between tetramethylammonium and methyl acetate. Pulsed high-
pressure mass spectrometry was also used to evaluate the
Figure 4. New model proposed for the enantioselective alkylatiotedt binding energies between (GAN" and amide groups such as
butyl glycinate-benzophenone Schiff base catalyzed by cinchonidinium salt. dimethylacetamide and methyl acetylglycinate, and showed that

. . ) they bind even more strongly (&0 kcal/mol), in agreement
enolate is possible because the quaternary ammonium structurgith the calculated value for compleb0 (18.1 kcal/mol)®
has a well-defined geometry in which the negative oxygen of  \ye gpserve a strong complementarity between the positive
the aryloxy counterion is in close contact (@N* = 3.46 A) electrostatic potential on the NH and G-H bonds of tri-
with the least sterically hindered tetrahedral face of N ~methylammonium (represented by the deep blue color), and the

They assumed that the enolate oxygen forms an intimate ion negative electrostatic potential (bright red) on the OC@CH
pair with the cation in the same way psvitrophenoxide and  fraament of methyl acetate enolate Bfand on the carbonyl
developed a model that explains the enantioselectivity in which oxygen of dimethylformamide i8 and 10 and methyl acetate
the plane_of the enolate double bond is perpendic_ular to thejn 9 and11 (Figure 3). Similar intensity of blue on the'N-H
plane defined by the three™™N-C—H hydrogen-bonding hy-  anq the N—C—H bonds indicates areas of comparable elec-
drogens. Theert-butyl group of the enolate is in close van der  qstatic potential.

Waals contact with theN-9-anthracenylmethyl substituent There is an increase of-€H bond length from 1.090 A in
exposing thesi face to electrophilic attack. Our results suggest trimethylammonium to 1.098, 1.096, and 1.095 A upon forma-
that it is the combination of three™-C—H interactions with tion of complex7. Elongation of N-H bonds was also observed,
the face of the enolate that is strong enough in organic solvents s.om 1.024 A in trimethylammonium to 1.057 and 1.045 A in
to be responsible for the tight association of the reacting enomtecomplexess and9, respectively, although no changes ir B
and the ammonium catalyst. Furthermore, the optimized struc- ;4 length were observed for complexisand 11 Finally,
ture, 7, of the complex [MeNH-CH,COOMe] shown in Figure 16 enol G-H bond length increased from 0.963 in the isolated
3 provides the most stabilized ion pair arrangement, in which 01 t0 1.004 A in the hydrogen-bonded complx These

one face of the enolate is parallel to one of the four tetrahedral yhseryations correlate with the following order of hydrogen bond
faces of the N cation, with shorter hydrogen bond distances. strength: [N“—C—H-+O=C] < [N*—H+++O=C] < [N *-HO=

The ion pair7 in Figure 3 is the only minimum on the MP2  ~

potential energy surface, regardless of the starting structure “geyera| generalizations can be made: (1) The stabilization
preoptimized at the HF/6-3¥3+G*™ level. lon pair 7 is of the complexed0and11 in the gas phase that involve three
approx_lm_ately_ 4.3 kc_:al/mol more sta_lble in the gas phase than N*—CHg+-O=C hydrogen bonds is two-thirds of the stabiliza-
an optimized ion pair arrangement in which only the enolate 4, of complexes and9, respectively, that involve one strong
oxygen interacts with the N-C—H bonds (single pointatthe  \+_pH...0=C hydrogen bond and two longer and weakér-N
MP2 level on a fully optimized HF geometry that resembles (y....0—c hydrogen bonds. The stabilization of the complexes
that of structure10). Upon solvation this energy difference 10 ang11in solvent is half of the stabilization of complexgs
decreases to 3.0 kcal/mol in toluene and to 2.6 kcal/mol in water. 5,49 respectively, regardless of the polarity of the solvent.
The results reported here suggest an alternative model that alsq-hesé results sugg;est that any process that allows these N
explains the enantioselectivity observed based on the preferredCHS,,,O:C interactions to occur in concert will be highly
arrangement of the enolate and the cation in the highly organizedgy,pjjized, even in organic solvents of moderate to low polarity
transition state. In this model, the ion pair arrangement resembles(THF CHCB, toluene).

that of structure’ (Figure 3), but now the phenyl substituent of ) ,Three+’N—CH3---O=C hydrogen bonds are more effec-
the enamine isz-stacked with theN-9-anthracenylmethyl 6 i stabilizing the resulting hydrogen-bonded complestes (
substituent, exposing the face to electrophilic attack. Figure g gnq 11) than the strong [N-H—0] hydrogen bond present
4 shows the electrostatic potential of a model of the enolate ;, structure12, where trimethylamine is hydrogen bonded to

derived fromtert-butyl glycinate-benzophenone Schiff base methy! acetate enol in the gas phase. Although theseGHs-
approaching a portion of the ammonium catalygEigure 2).

The three G-H bondsa to the quaternary N are parallel to  (36) Deakyne, C. A.; Meot-Ner, Ml. Am. Chem. Sod999 121, 1546-1557.
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Figure 5. Model for the hydrogen bonding interactions of the ericto tautomerization (above); fully optimized transition state for the diasteroselectivity
determining step in the Merck process.

--O=C hydrogen bonds are completely suppressed in water and Figure 5 shows a model3, for the interaction between the
MeOH, they remain as competitive stabilizing interactions in N*—C—H bonds of the trimethylammonium catalyst and the

common organic solvents such as THF. ester carbonyl substituent d§¢methyl lactate, as they interact
(3) The hydrogen-bonding interactions involving the amide in the transition statei 4, of the enot-keto tautomerization step.
carbonyl as the hydrogen bond acceptor (struct8rasd 10) This determines the diastereoselectivity of the Merck process

are not completely suppressed in water. This observation for the addition of chiral alcohols to keten®sThis model was
suggests that [N—C—H---Q] interactions involving aspartate  constructed from the original transition state (calculated at
or glutamate residues or even the amide backbones of proteind33LYP/6-31G*) shown below in Figure 5 by deleting the
could control the recognition of quaternary ammonium haptens phenylmethyl ketene enolate and substituting the methyl and
by catalytic antibodies, and therefore be responsible for catalysisOH groups of the §-methyl lactate by hydrogen atoms. Only
by stabilizing the cationic transition states that are mimicked the coordinates of these newly added hydrogens were allowed
by ammonium haptens. Antibody 14D9, for example, was to optimized at the MP2 level while the rest of the structure
elicited toward a piperidinium derivative that mimics the rate- remained frozen, to givé3. Two [N*—C—H---O=C] hydrogen
limiting transition state in the pH-dependent hydrolysis of bonds are present with-HO distances of about 2:2.3 A and
ketal$” and epoxided® as well as the transition state for the
enantioselective protonation of enol eth&dhe aspartate or  (39) (a) Reymond, J.-L.; Janda, K. D.; Lerner, R.JAAm. Chem. S0d.992
glutamate residues present in the active site of 14D9 proved to 314 23>7- g‘geﬁyg‘ga%g%’ﬁ;"gg‘gg& il Stougt, C. Lemer, R.
be the major factor in the catalytic activity. Reymond, J.-LProc. Natl. Acad. Sci1993 90, 11910. (d) Reymond, J.-

L.; Reber, J.-L.; Lerner, R. AAngew. Chem., Int. Ed. Engl994 33,
475. (e) Janhangiri, G. K.; Reymond, J.-L.Am. Chem. S0d.994 116

(37) Reymond, J.-L.; Janda, K. D.; Lerner, R.Angew. Chem., Int. Ed. Engl. 11264. (f) Shabat, D.; ltzaky, H.; Reymond, J.-L.; KeinanN&ture1995
1991, 30, 1711. 374, 143.

(38) Sinha, S. C.; Keinan, E.; Reymond, J.4..Am. Chem. Sod993 115 (40) Shabat, D.; Sinha, S. C.; Reymond, J.-L.; KeinanA&gew. Chem., Int.
4893. Ed. Engl.1996 35, 2628-2629.
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C—H-0 angles of 156152, similar to those in the fully tion energies are comparable to the complex between trimethyl-
optimized complex.1 with H-+-O distances around 2.3 A and amine and an enol in the usual range of solvent polarities. The
C—H—0 angles of 142143. Nevertheless, the stabilization fact that they remain as stabilizing interactions in water could
energy decreases to about 50% in the gas phase, underlinindhave implications for biological phenomena such as the recogni-
the synergistic effect of these interactions that seems to be moretion of the quaternary ammonium, acetylcholine, by its receptor
important than their directionality. These hydrogen bonds, during the transmission of nerve impulsés?®

responsible for facial control of the proton delivery to the enolate
carbon, are worth 1.6 kcal/mol in toluene, the solvent used in
the experiments.
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