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Abstract: The ternary complex between benzene, ammonium ion, and formate ion has been investigated
computationally. The total interaction energy is found to be much lower than the sum of the three pairwise
interactions, due to nonadditive polarizations (intra- and intermolecular). The interaction with a benzene cannot
stabilize the ammoniumformate complex sufficiently to avoid gas-phase collapse to the neutral formie acid
ammonia complex.

Introduction of stabilization required to shift the equilibrium to the ion pair
) ) ) . form 8 It was found that a single water molecule as a hydrogen
The interaction between ammonium groups and various pong donor in combination with a weakly dielectric surrounding
electron-rich moieties is very important in many biological a5 sufficient to shift the equilibrium to the ion pair.
systems. Salt bridges in the form of ammonium carboxylate salts To better understand the important ammonium interactions,

havte_beetrll propclnséed a:js _|m[t)|:)rt_an_t tStab':!ng fgtc;ors k_)oth N and to enable accurate modeling of them, several questions must
proteins. themselvesand in their interactions with various - i e ganswered. In this work, we will address the following

I|ga_ndsf The ammonium ion and its mono- and tnalkylated. guestions: Do aromatic moieties provide sufficient stabilization
derivatives have also bee'? showq to bind strpngly to aromatic y, q ammoniurcarboxylate complex to shift the equilibrium

systems, W't.h gas-phase mteractlor_] entha_lplesﬂt@ kcall from neutral to ion pair form? How does the magnitude of the
mol, respectively?. The latter type of interaction has also been stabilization of an ion pair compare to the interaction of an
invoked as a major contributor to binding of ligands to aromatic moiety with a cation? What are the geometric
enzymes. It has been speculated that both types of interactions requirements for interaction of z;lromatic moieties with am-
contribute to ligand binding in aminergic neurotransmitter monium ions and ion pairs? What is the nature of the

receptor§. I_n a very recent DFT study, Ir_10ue et al._argue th"’.‘t stabilization, and can it be modeled by current force fields?
the interaction of ammonium carboxylate ion pairs with aromatic . .
As our model system, we have chosen formic acid for the

moieties could play an important role in biological systéms. . . . ;
play b 9 y carboxylic moiety, ammonia for the amine, and benzene as the

From_ a theoretical point of view, It is v_veII-k_novx_/n that basic aromatic unit. The complexation and proton transfer
ammonium carboxylates (including amino acid zwitterions) are equilibria for the ionized forms are depicted in Scheme 1.
unstable in the gas phase, reverting to the thermodynamically

favored carboxylic acidtamine complex. For the parent com-
. . ; : Methods

plex, ammonium formate, the ion pair form is not even a

minimum, but a saddle point ca. 11 kcal/mol above the Al calculations were performed in Gaussiarf9@ptimized geom-

hydrogen-bonded formic aciscRmmonia comple& Despite this, etries were calculated at HF/6-311G**. The optimized structures were

it is well-known that in polar solvents (in particular in water), subjected to a normal-mode analysis at the same level. Thermodynamic

the ion pair form is strongly favored. The effect of water on quantities were calculated wiffi = 298.15 K (default). Single point

the proton transfer in glycine has been studied at high levels of €nergies were evaluated up to MP4SDQ/6-311G**.

theory? Using a combination of microsolvation and continuum  The ion pair complexesl(and 3) were not minima at any of the

solvation, we have previously investigated the trimethylammo- levels tested, reverting to the neutral forri0d7) by proton transfer

nium—formate system computationally to elucidate the level without any apparent barrier. To allow determination of gas-phase
geometries, it was necessary to impose constréiivée have chosen
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Table 1. Interaction Energies for the Complexation Equilibria in Scheme 1 (kcal/mol)
3+5=1a 4+5=2a 3+5=1b 4+5=2b
HF/6-311G** geometries
HF/6-311G** —-45 —14.9 —4.4 —14.8
MP2/6-311G** -5.9 —18.2 -5.5 —18.0
MP2/6-311G** geometries
MP2/6-311G** -6.0 -19.1
MP3/6-311G** —-5.4 —-17.8
MP4SDQ/6-311G** —5.2 —-17.3
MP2/6-311G(2d,2p) -6.7 —19.8
“MP4SDQ/6-311#G(2d,2p)” -5.9 —18.0
A(E + ZPE} -5.2 -17.1
AH?2 —4.9 —17.2
AG? 1.8 -9.6

a“MP4SDQ/6-311#G(2d,2p)" energies (eq 1) with thermodynamic contributions calculated at HF/6-311G**.
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aIn the Cy-symmetric complexeslp and 2b), two ammonium

hydrogens are interacting equally with bond midpoints in the benzene.

The Cs complexes 1a and 2a) are tilted so that only one hydrogen
points toward the benzene.

ammonium formate3) adopts aC,,-symmetric geometry when one
symmetry plane is imposed. Adding a benzene to this complex, it i
then possible to retain both or only one mirror plane, yielding complexe
of Cy, or Cs symmetry, respectivelft Both possibilities were inves-
tigated (complexe%aandlb). The monomergd and5 were optimized

in Cz, symmetry only*? According to the normal-mode analysis, the
ion pairs1b and 3 display negative eigenvalues, showing that in the

gas phase they are transition states for proton transfer between

equivalent forms 06 and7, as expecteflin addition, theC,,-symmetric
forms 1b and 2b also show very weakly negative eigenvalues
corresponding to a break @, symmetry (leading taCs-symmetric
forms laand?2a, respectively). All other structures were true minima
without negative eigenvalues.

The computationally chea@,,-symmetric systems were also opti-

mized at the MP2/6-311G** level, with single point energies calculated

up to MP4SDQ/6-311G** and MP2/6-3#15(2d,2p). Final potential
energies were calculated by extrapolation to the “MP4SDQ/6+&-1

(10) This is in contrast to the previous theoretical study on this type o

Table 2. Proton Transfer Energies (kcal/mol, HF/6-311G**
Geometries)

la=6 3=7

HF/6-311G** -18.7 -20.7
MP2/6-311G** -13.7 -14.8
A(E + ZPEy -13.6 ~14.4
AH?2 -12.1 -135
AG? -15.7 -16.3

aMP2/6-311G**//HF/6-311G** energies with thermodynamic con-
tributions calculated at HF/6-311G**.

(2d,2p)/IMP2/6-311G**” level from single point energies at the MP2/
6-311G** geometries with use of eq 1.

E = E[MP4SDQ/6-311G*]+ E[MP2/6-311-G(2d,2p)]—
E[MP2/6-311G**] (1)

The distance dependence of the stabilization afforded by a benzene
molecule was investigated by constrained optimizations ofGhe
symmetric complexe$b and2b at the MP2/6-311G** level of theory.

All carbons of the benzene ring were kept in #tyeplane by fixing the
z-coordinate to zero. Thecoordinate of the ammonium nitrogen was
fixed at successively higher values, whereupon all remaining degrees
of freedom were allowed to relax.

Results

Energies and thermodynamic contributions for all complexes
are available as Supporting Information. The energie€of
and Cs-symmetric forms are very similar, varying by less than
0.001 hartree. The computationally less demandagsym-
metric systems were also investigated at higher levels of theory.
The stabilization energy afforded by benzene to ammonium ion
and the ammonium formate ion pair are shown in Table 1 at
some selected levels of theory. The proton-transfer energies for
going from neutral to ion pair form with and without benzene
stabilization are shown in Table 2.

S
S

Discussion

The calculated energies show a nice convergence. In Table
1, it can be seen that already at the MP2/6-311G**//HF/6-
311G** level, the results are sufficiently converged for all
conclusions drawn in this work. It can also be seen that the
¢ effect of extending the basis set from 6-311G** to 6-313-

systems, where no constraints were imposed:; instead, the calculations werd2d,2p) is very small, indicating that basis set superposition

simply stopped when the proton started migrating in the energy minimizatio
(ref 5).

(11) It is in fact possible to form two types of ternary complexes of
each symmetry. At the HF level i@, symmetry, the forms with hydrogen
bonds to the midpoints of benzene bonds were more stable than those wh

the ammonium hydrogens interacted with benzene carbon atoms. The forme

were therefore used throughout.
(12) The final structures of and5 ended up very close t6q and Den
symmetry, as expected.

n errors (BSSE) can be neglected. Looking first at the proton-
transfer equilibria depicted in Scheme 1, it is apparent from
the data in Table 2 that stabilization by benzene is insufficient

er¢o shift the equilibrium to the ion pair form. The proton transfer

'takes place without a barrier, as evidenced both by geometry

optimization of C;-symmetric systems and from the normal-

mode analysis of ion pair complexes. Benzene does afford some
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Figure 1. Interaction energy (kcal/mol) as a function of distance
between benzene centroid and ammonium nitroggn,symmetry, geometry relaxation). The difference-¥.5 kcal/mol, whereas
MP2/6-311G**. the destabilizing interaction between benzene and carboxylate

in the geometry oflais only —1.3 kcal/mol, showing clearly

selective stabilization of the ion pair form, but not sufficient to that the low influence of benzene i compared t®a cannot
overcome the strong disfavoring of charge separation in the gasbe rationalized by simple pairwise interactions. In most current
phase. Additional stabilization by, for example, hydrogen force fields, only pairwise interactions are included, wherefore
bonding to the carboxylate i8mould be required for the ion  a combination of interaction energies as described above must
pair to be favored over the neutral form. correspond exactly. Nonadditivity must be the result of many-

The interaction enthalpy between an ammonium ion and body interactions. Such interactions have been included in some
benzene in the gas phase has been determined to be 19.3 kcatecent force fields, for example in the form of polarizabifity.
mol2 Computational results are in close agreement with this  The charge distributions in the different complexes were
value®® In the current study, we find interaction energies in investigated to elucidate the actual effects responsible for the
the range 1719 kcal/mol depending on computational level. nonadditivity!” The Mulliken populations on ammonium hy-
In contrast, the stabilization of the ion pair by benzene is drogens and on single moieties in some complexes are shown
calculated to be only ca. 6 kcal/mol (Table 1; a similar result in Chart 1.

was obtained by DF). As stated above, this stabilization is It is immediately obvious from Chart 1 that intermolecular
not sufficient to prevent collapse to the neutral form. charge transfer plays an important role in these systems. This
In Figure 1 is depicted the stabilization energylimand2b is most noticeable in ammonium formatg),(where 0.22 &

as a function of the distance from benzene to ammonium. It have been transferred to the cation. Interestingly, the nitrogen
can be seen that the interaction energy falls off rapidly with and the hydrogens proximal to the formate are almost unaffected
distance. Also, the falloff with distance has a similar shape for by complexation, whereas the distal hydrogens are distinctly
complexesdl and2. Itis clear that for the interaction to contribute  less positive in the complex compared to free ammonium ion
significantly to binding (in cases where additional stabilization 4. As the distal hydrogens are involved in complexation to
of the carboxylate enable ion pair format#yna very close benzene, the charge transfer offers a rationale for the lowering
proximity must be possible between the aromatic moiety and in interaction energy. In the pure ammonitipenzene complex
the ammonium group. (2b), there is also a small contribution from charge transfer to
The interaction is reminicent of hydrogen bonding, and might the ammonium ion, ca. 0.07 eln the ternary complex1p),
be modeled as such or as a charge-dipole interaction betweerihe charge transfer from formate to ammonium is virtually
the cationic ammonium moiety and the benzereHdipoles!4 unchanged fron8, whereas the charge transfer from benzene
However, a more detailed analysis indicates that the interactionto ammonium is almost absent (.02 €), indicating that the
may be impossible to model directly in most current force fields. charge accepting ability of the ammonium ion has been saturated
The large difference between stabilizations of ammonium ion Py formate complexation. The charge distribution within the
and the ion pair shows that the interactions of carboxylate and @mmonium ion is also very similar ith and3, again indicating
benzene with ammonium are nonadditive. This was verified by that benzene has only a marginal influencelin
MP2/6-311G** single point calculations on all possible com-
binations of moieties in the ternary compléa (at the exact
geometry of all moieties found ifha).?> Thus, the energy loss Despite the fact that the interaction energy between benzene
of removing benzene fronia is 6.6 kcal/mol, whereas if  (5) and ammonium ion 4) in itself is large enough to
carboxylate is first removed, subsequent removal of benzenecompensate the energy loss when ammonium forn@jtés(
from ammonium ion causes an energy loss of 14.1 kcal/mol formed from the ammontaformic acid complex ) in the gas
(these values are lower than those in Table 1, due to the lack ofphase, the interaction of ion p&mwith 5 is insufficiently strong
(13)Kim, K. S.: Lee, J. Y- Lee, 5. J- Ha, T-K.. Kim. D. H. Am. to favor the ion pair complex over th_e ngutral fc_)rnﬁ. Thls_
Chem. Soc1994 116, 7399. result cannot be rationalized by pairwise interactions, but is the
(14) In MM3, the G-H dipole in benzene is 0.6 D: Lii, J.-H.; Allinger,  result of strong intermolecular polarization (charge transfer) from

N.L.J. Am. Chem. S0d989 111, 8576. In several other force fields, the  formate to ammonium ir8, negating the ability of the am-
same type of interaction can be obtained by a slight charge separation - . s
between carbon and hydrogen in benzene. See, for example: Petterssonr,non'um mo_'ety to f_orm additional complexes. . .
I; Liliefors, T. J. Comput. Cheml987, 8, 1139. The total interaction energy between benzene and ion pair is
(15) Single point calculations at one fixed geometry were performed for of the same order as in a hydrogen bond, as previously
reasons of comparison to force fields, not to get the total contributions:
the latter are found in Table 1. If geometries are allowed to relax, even  (16) Caldwell, J. W.; Kollman, P. Al. Am. Chem. So&995 117, 4177.
simple force fields may give nonadditive results, masking the underlying (17) Mulliken charges were obtained from the HF/6-311G** populations.
contributions we want to elucidate here. All results are available as Such charges should not be used for modeling, but will give the information
Supporting Information. about trends required here.

Conclusions
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observed. The interaction could therefore plausibly have an Lyngby. These calculationes were made possible by a grant from
importance in biological systems, but only if sufficient additional the Danish Natural Science Research Council.

stabilization is offered by the environment to favor the ion pair

over the neutral forni. Supporting Information Available: Tables of calculated
energies at several levels of theory and Cartesian coordinates
for all structures (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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