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ABSTRACT: Quantum chemistry study was performed on interaction between tetramethylammonium (TMA) and
aromatic cages by means of the MP2 method to show how TMA sits in an aromatic cage that is composed of benzenes.
The MP2 calculations on TMA—(benzene),, complexes demonstrate that the more the benzene molecules in
the aromatic cage, the stronger the binding strength between the cage and TMA. In details, the structure of
TMA~—(benzene), (n=1-4) complexes can be easily constructed by superimposing n TMA-benzene complexes
via TMA, and the binding energies of the TMA—(benzene), complexes are the sum of the n corresponding
TMA-benzene systems. For instance, the distances between the N of TMA and the plane of the benzene ring are
4.238, 4.252, 4.264 ,and 4.276 A, respectively, for TMA—(benzene),, (n = 1-4) complexes, and the BSSE corrected
binding energies at MP2/6-3114++G"* level are —8.8, —17.3, —25.8 and —34.3 kcal/mol, respectively, for TMA-
(benzene),, (n = 1-4) complexes. Thus, this study provides us useful information on how a cation interacts with an
aromatic cage in terms of complex geometry and binding strength. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The interactions between cations and aromatic rings are
generally viewed as cation— interaction,' > which plays
an important role in the binding of proteins and their
ligands at the binding site.*”’ Energetically, a cation—m
interaction is comparable to a typical hydrogen bond, and
in some cases the interaction is even stronger than a
typical salt bridge.8 In the X-ray structure of Torpedo
california AChE (TcAChE), the interaction between ACh
and Trp84 provides one of the best-documented examples
of cation—r interaction in ligand-receptor recognition.”'®
Meanwhile, protein crystal structures demonstrate that a
cation is capable of binding with 3 or 4 aromatic
residues.''?° For example, there are three tryptophan
residues in the X-ray structure of the periplasmic ligand
binding protein ProX (PDB code 1R9L)'' interacting
simultaneously with the positively charged quaternary
amine of the ligand glycine betaine via three of the indole
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groups of the residues. Similar cation-7 interaction
between a cation and three aromatic residues, has also
been found in the X-ray structure of a choline-binding
domain in LytA (PDB code 1HCX).'? Aleshin er al.,
found that the protonated Lys108 in the crystal structure
of glucoamylase is surrounded by two tryptophans and
two tyrosines, an example of the interaction of a cation
with as many as four aromatic rings.'> The X-ray
structure of the K channel shows that the mouth of the
extracellular entrance is composed of four aromatic rings
from four of the conserved tyrosines.'*™'” Electrophysio-
logical data suggest that the mechanism of blocking of the
channel by quaternary ammonium moieties involves the
interaction of the cationic moieties with the four phenol
groups.'®° All these structural and functional data show
a fact that a single cation can interact with one, two, three,
or as many as four aromatic rings. In other words, a cation
may stably sit in a cage composed of several aromatic
systems.

However, little research has been devoted to the
interaction of a cation with multi—m systems, relative to
the extensive studies performed for the simpler cation—m
interaction.”’? Certain critical issues need to be
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addressed, such as, whether the interaction of a cation
with multi—z systems possesses characteristics similar to
1:1 cation—m systems. Previously, we carried out a
theoretical study on several m—cation— sandwiches, and
found additivities of both structural and energetic
parameters as comparing with simple cation— systems.?'
Then, could these conclusions be extended to the
interaction of a cation with three or with four 7 systems?
How can the binding strength of a cation with an aromatic
cage be estimated? Here we reported our computational
study results on complexes TMA—(benzene),, (n=1-4),
to answer these questions.

COMPUTATIONAL DETAILS

In the present study, tetramethylammonium (TMA) cation
was used to represent the cationic group found in the
crystal structures of PDB, and benzene was used to mimic
aromatic system. The initial structures of the complexes
of a TMA with one, two, three, and four benzenes
were designed and shown in Figures la, 1b, lc, and
1d, respectively, to mimic the interaction modes in
protein crystal structures. All the TMA-—(benzene),
(n=1-4)complexes, free TMA and benzene were fully
optimized at MP2/6-31G™ level. Frequency calculations
at the same level were then carried out for each optimized
structure to see whether they are true minimum energy
structures on the potential surfaces. The binding energies,

AE, were calculated at the MP2/6-311++G™*//MP2/
6-31G" level using the equation below.™

AE = ETMAf(benzene)n — Etma — 1 X Epengene

It was then corrected by both the basis set superposition
error (BSSE) and the zero-point energy (ZPE)

AE“" = AE + BSSE + AZPE

The BSSE was estimated by using the equation

BSSE = {ETMA - ETMA—[(benzene)n]}

+ {E(benzene)n - E[TMA] —(benzene)n}

Where ETMA—[(benzene)n] (or E[TMA]—(benzene)n) is the
energy of fragment TMA (or benzene system), based

on the geometry extracted from the optimized structure,
with its own basis set augmented by the basis set of
benzene system (or TMA). Etpa (0r (Epenzeneyn) 1S the
energy of isolated fragment TMA (or benzene system),
with just its own basis set. The ZPE was estimated at the
MP2/6-31G" level. The calculation was performed using
Gaussian03 software.**

Morokuma decomposition analysis® on binding
energy was carried out at the HF/6-31G*//MP2/6-31G*
level by using the software GAMESS®® on Pentium IV
PCs, to investigate the factors affecting the binding
between TMA and benzene systems.
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Figure 1. Optimized structures of TMA—(benzene), (n = 1-4) complexes and free TMA monomer (distances in A). This figure is
available in colour online at www.interscience.wiley.com/journal/poc

Copyright © 2007 John Wiley & Sons, Ltd.
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RESULTS AND DISCUSSION
Additivity in complex geometry

All the optimized TMA—(benzene),, (n = 1-4) complexes
and free TMA structures at the MP2/6-31G" level were
depicted in Fig. 1, which possess the same symmetries as
in their initial structures. The vibrational frequency
analysis at the same level gave no imaginary frequencies,
suggesting that all the optimized structures are true
energy minimum structures. The interaction between
TMA and each benzene ring in TMA-(benzene),
(n=1-4) is accomplished principally via three of its
hydrogen atoms, each from one of the three methyl
groups of TMA, very similar to that in TMA-benzene
structure.

Figure 1 also provides the geometry parameters of the
optimized structures. Comparing with free TMA,
cation- complexation leads to a slight contraction of
the TMA C—N bonds and a slight elongation of the TMA
C—H bonds. For example in TMA—(benzene), complex,
the C—N bond length decreases by 0.005 A, while the
C—H bond length increases by 0.001 A. Table 1
summarizes the calculated perpendicular interaction
distances between TMA and the benzene rings in the
complexes. At MP2/6-31G™ level, the distances between
the N of TMA and the plane of the benzene ring are 4.238,
4.252,4.264, and 4.276 A for TMA-(benzene),, (n=1-4)
complexes, respectively. The distances are very similar in
all TMA-—(benzene), (n= 1—4)0 complexes, and are
elongated by less than 0.04 A in TMA-(benzene),
(n=2-4) complexes relative to the values in the
TMA-benzene complex.

No other significant geometrical differences were
observed. Thus, the structural unit of TMA—(benzene),,
(n=2-4) complexes is also the TMA—benzene complex,
suggesting an additivity in the complex geometry of TMA
with 2, 3 or 4 aromatic rings. In other words, the structure
of TMA—(benzene),, (n =2-4) complexes can be derived
by adding benzene in a tetrahedral fashion taking
advantage of the C—H interaction. For TMA—(benzene),
complex, the four benzene molecule just like the four
plane of a tetrahedron around TMA.

Additivity in binding strength

The calculated energetic parameters at different levels
were summarized in Table 2. At MP2/6-311++G** level,
the BSSE and AZPE corrected binding energies, AE“°",

are —8.2, —16.1, —24.2 and —32.2 kcal/mol, respectively
for TMA—(benzene), (n=1-4) complexes. Clearly, the
binding energy between TMA and the aromatic cage of
the TMA—(benzene), (n=2-4) complexes could be
easily estimated as the sum of the binding energies of
n corresponding TMA-benzene systems, indicating an
additivity in binding strength, which is similar to the
previous findings in 7~TMA— sandwiches.?! To further
illustrate the linear proportion, the energy values at MP2/
6-3114++G™* level were plotted versus the number of
benzene ring in the aromatic cage. Regression analysis
revealed correlation coefficients (R*) of 1.0000 and
1.0000 for AE and AE", respectively, demonstrating a
perfect linear correlation between binding strength and
the number of the aromatic rings.

The calculated BSSE values at MP2 level are quite
large relative to whole binding energies. At MP2/
6-311+4G™" level, the percentage of BSSE over AE*"
are 36.6%, 38.5%, 39.3% and as high as 40.4%,
respectively, for TMA—(benzene),, (n =1-4) complexes
(Table 2). Similar to our previous studies,?' ™ correction
of BSSE is essential for TMA—(benzene), (n=1-4)
complexes. Furthermore, Table 2 reflects another
additivity that the BSSE values for the TMA—(benzene),,
(n=2-4) complexes are the sum of BSSE for n
stand-alone TMA-benzene complexes. At MP2/
6-3114++G™* level, the correlation coefficient (R?) values
between the BSSEs and n are 0.9991 for TMA-
(benzene),, (n=1-4) complexes. In comparison with
the MP2 BSSE, the BSSE values calculated by B3LYP/
6-3114++G**//MP2/6-31G™ and HF/6-311++G"*// MP2/
6-31G™ methods are quite small, which are less than
2.5 kcal/mol in all complexes.

The ZPE corrections for the MP2 binding energy were
performed at MP2/6-31G™ level, which is quite small in
comparison with the overall binding energy and with the
MP2 BSSE correction. It ranges from 0.6 to 2.1 kcal/mol
for TMA—(benzene),, (n = 1-4) complexes. Interestingly,
the linear proportion property in AZPE also exists. At the
MP2/6-31G" level, the correlation coefficient (R?) values
between the AZPE and the number of benzene ring (n) are
0.9942.

It is recognized that the HF theory does not take into
account the electron correlation, and that the B3LYP
version of DFT method cannot deal properly with the
dispersion interaction.>’ Thus, the difference in
AEPSSF between the HF and MP2 methods could be
roughly viewed as the contribution of the electron
correlation (E, .),>” whereas the difference between the
B3LYP and MP2 methods can be approximately regarded

Table 1. Calculated distances (in A) from the N atom of TMA to the plane of benzene at the MP2/6-31G™ level

Complex TMA-benzene

TMA-(benzene),

TMA-(benzene)s TMA-(benzene),

Distance 4.238 4.252

4.264 4.276

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 2. Calculated energy parameters (kcal/mol) for TMA—(benzene), (n=1-4) complexes based on the MP2/6-31G*

optimized structures

(a) At the MP2 level

Basis set Absolute energy AE BSSE AEBSSE2 AZPE AE<o™
TMA-(benzene), 6-31G” —444.8499560 —11.1 2.7 —8.4 0.6 -7.8
6-311++G™ —445.1450768 —11.8 3.0 —8.8 — —8.2
TMA-(benzene), 6-31G” —676.3242113 —21.5 52 —16.3 1.2 —15.1
6-311++G™* —676.7479699 —235 6.2 —-17.3 — —16.1
TMA-(benzene)s 6-31G” —907.7974907 -31.2 7.5 —23.7 1.6 —22.1
6-311++G™ —908.3509856 —353 9.5 -25.8 — —24.2
TMA-(benzene), 6-31G* —1139.2699080 —40.4 9.8 —30.6 2.1 —28.5
6-311++G™* —1139.9542339 —47.3 13.0 —34.3 — -32.2
(b) At the HF/6-3114++G"™//MP2/6-31G" level
Absolute energy AE BSSE AEBSSEa E.° E. %"
TMA-(benzene), —443.5034039 —3.7 0.5 —3.2 —5.6 63.6
TMA-(benzene), —674.2639407 —6.9 1.1 —5.8 —11.5 66.5
TMA-(benzene)s —905.0235618 —-94 1.6 -7.8 —18.0 69.8
TMA-(benzene), —1135.7822366 —11.3 22 -9.1 —25.2 73.5
(c) At the B3LYP/6-311++G"™//MP2/6-31G" level
Absolute Energy AE BSSE AEPBSSEa Edisp Edisp%'.
TMA-(benzene), —446.5429215 -53 0.6 —4.7 —4.1 46.6
TMA-(benzene), —678.8611969 -9.7 1.1 —8.6 —8.7 50.3
TMA-(benzene); —911.1785621 —13.5 1.8 —11.7 —14.1 54.7
TMA-(benzene), —1143.4950231 —16.8 2.5 —14.3 —20.0 58.3

4BSSE- corrected binding energy.

"BSSE- and ZPE- corrected binding energy, ZPE predicted at MP2/6-31G" level.
°E,.. is the estimated electron correlation energy, the AE®SSE difference between HF/6-3114-+G"*//MP2/6-31G* and MP2/6-311-++G**//MP2/6-31G" level.

4The percentage contribution of E._. to AEPSS® at MP2/6-3114++G** level.

®Egiyp i the estimated dispersion energy, the AE®SSF difference between B3LYP/6-311+-+G™*//MP2/6-31G" and MP2/6-311-++G"*//MP2/6-31G" level.

"The percentage contribution of Egigp t0 AEPSSE gt MP2/6-3114++G** level.

as the contribution of the dispersion interaction
(Edisp).S&39 For TMA-(benzene),, (n=1-4) complexes,
the contribution of E._. are —5.6, —11.5, —18.0, and
—25.2 kcal/mol, respectively, and the contribution of Egip
are —4.1, —8.7, —14.1, and —20.0 kcal/mol respectively.
At the MP2/6-311++G™ level, the percentage contri-
bution of E. . to AE®S® are 63.6%, 66.5%, 69.8%,
73.5%, respectively for TMA-—(benzene), (n=1-4)
complexes, suggesting that electron correlation is the
dominant component of the binding energy. Remarkably,
dispersion interaction is the major part of the electron
correlation (Table 2), therefore, play essential role in the
binding. For TMA—(benzene),, (n = 1-4) complexes, the
percentage contribution of Eg;g, to AEPSSE are 46.6%,
50.3%, 54.7%, and 58.3% respectively. When the number
of benzene rings increases, the percentage contribution of
Ee. to AEPSSE increases, so does the percentage
contribution of Egig, to AEPSSE. The more the benzene
rings, the larger percentage contribution of electron
correlation, and the larger percentage contribution of
dispersion interaction. The reason of the trends is unclear.

Besides the very weak interaction among aromatics in
the complexes, there might be two more causes for the

Copyright © 2007 John Wiley & Sons, Ltd.

existing of the additivity. First, the potential well along
the interaction distance should be very flat. Indeed, a
potential energy scan that we performed for the aromatic
cage (benzene), at the MP2/6-31G™ level revealed a little
difference of 0.4 kcal/mol as the distance (from the center
of the cage to the benzene ring) varies from 4.276 Ato
10.276 A. Second, the interaction distance is very similar
among different systems (4.238 A to 4.276 A), leading to
similar binding strength between the cation and each
aromatic.

Charge transfer

The Mulliken, NPA*° (natural population analysis), and
ChelpG*! (electrostatic potential charges from electro-
static potentials generalized) atomic charges were
calculated at the MP2/6-31G" level using the MP2
density. Then a complex was divided into two parts: TMA
and the aromatic aggregate. Table 3 summarized the
calculated charges.

All the three types of atomic charges show that charge
transfer from TMA to benzene takes place (Table 3),
indicating that charge transfer is involved in the binding

J. Phys. Org. Chem. 2007; 20: 448453
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Table 3. Charge transfer among TMA and benzene (BZ) at
the MP2/6-31G" level

TMA- TMA- TMA-
BZ  (BZ), (BZ); BZ)

Mulliken TMA 0928 0.866 0.812 0.764
(benzene),* 0.072 0.134  0.188  0.236
benzene® 0.072 0.067 0.063 0.059

NPA TMA 0.978 0960 0944 0931
(benzene),* 0.022 0.040 0.056 0.069
benzene 0.022 0.020 0.019 0.017
ChelpG TMA 0.845 0.715 0.602  0.503

(benzene),* 0.155 0.285 0398  0.497
benzene” 0.155 0.143  0.133  0.124

“The total transferred atomic charges.
®the transferred atomic charges on each benzene.

of TMA to aromatic cage. Among the three types of
atomic charges, ChelpG has the biggest value and NPA
has the smallest. Although different algorithms release
different values, the total transferred charge values
increases when the number of benzene ring increases,
while the amount of transferred charges on each benzene
ring decreases slightly. Using the ChelpG charge as a
reference, the total transferred charge values are
0.155, 0.285, 0.398, and 0.497, respectively, while the corres-
ponding transferred charges on each benzene are 0.155,
0.143, 0.133, and 0.124, respectively, for TMA-
(benzene),, (n=1-4) complexes.

Energy decomposition analysis

A breakdown of the full molecular interaction energy into
a number of components can offer insight into the
fundamental nature of the interaction. One popular means
of such decomposition is via an approach developed by
Morokuma and his colleagues.35 The studied complexes
were divided into two parts: TMA and the aromatic
aggregate, corresponding to monomer 1 and monomer 2
for decomposing the cation-7 interaction using the
software GAMESS.*® Morokuma decomposition analysis
was performed at the HF/6-31G™ level, based on the MP2/
6-31G™ optimized structure. The calculated results were
summarized in Table 4, in which the ES, EX, PL, CT,
MIX, and AE denote electrostatic, exchange repulsion,
polarization, charge transfer, high order coupling, and
total binding energies, respectively. The EX, CT, MIX

Table 4. Morokuma decomposition analysis on binding
energy at the HF/6-31G*//MP2/6-31G" after BSSE correction
(kcal/mol)

AE ES EX PL CT MIX

TMA-(benzene);, —-47 -73 66 —-18 -32 1.0
TMA-(benzene), —8.9 —14.0 125 -34 —-62 22
TMA-(benzene); —12.7 —-203 179 —-48 -89 34
TMA-(benzene), —16.1 —264 229 —-59 —114 438

Copyright © 2007 John Wiley & Sons, Ltd.

and AE values were corrected by BSSE estimated with the
software GAMESS as well.

Table 4 shows that ES, CT, and PL are always favorable
to the binding between TMA and benzene aggregates. In
all cases, the ES is the most important binding
component; the CT and the PL make smaller contri-
butions as well. The CT component tends to be larger in
magnitude than the PL in all cases. On the other hand,
Table 4 shows that exchange repulsion and high order
coupling are always unfavorable to the binding between
TMA and aromatics. The main obstacle to the binding
comes from exchange repulsion, according to the
decomposition results.

CONCLUSIONS

In conclusion, our study on TMA—(benzene), (n=1-4)
complexes revealed a cation could stably sit in an
aromatic cage. The more the cage has aromatic
monomers, the stronger the binding strength between
the aromatic cage and the cation. In details, additivities of
both the geometries and the binding energies were
observed through this study. The preferred structure of a
TMA-(benzene),, (n=72-4) complexes can be obtained
by adding benzene in a tetrahedral fashion taking
advantage of the C—H interaction. The binding energies
of the TMA—(benzene),, complex are the sum of n number
of TMA-benzene systems. The contribution of electron
correlation to the overall binding energy was estimated to
be at least 63.6%, with dispersion serving as the main
component of the electron correlation interaction. Charge
transfer takes place when TMA binding to the benzene
aggregate. Energy decomposition analysis shows that the
electrostatic, charge transfer and polarity always impel
the binding between TMA and the aromatic cage,
whereas the exchange repulsion and high order coupling
always hamper the binding. Our result not only
demonstrates that it is energetically favorable a cation
sitting in an aromatic cage, but also provide an easy and
accurate way to evaluate the binding between a cationic
ligand and an aromatic cage in protein.
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