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Ab initio (HF, MP2, and CCSD(T)) and DFT (B3LYP) calculations were done in modeling the cation (H
Li*, Naf, K*, Ca&", Mg?t, NH;*, and NMgq™) interaction with aromatic side chain motifs of four amino
acids (viz., phenylalanine, tyrosine, tryptophan and histidine). As the metal ion approachesahework

of the model systems, they form strongly bound catiocemplexes, where the metal ion is symmetrically
disposed with respect to all ring atoms. In contrast, proton prefers to bind covalently to one of the ring
carbons. The Nk and NMe™ ions have shown NH--- interaction and €H---xr interaction with the
aromatic motifs. The interaction energies of-N---7 and C-H---7 complexes are higher than hydrogen
bonding interactions; thus, the orientation of aromatic side chains in protein is effected in the presence of
ammonium ions. However, the regioselectivity of metal ion complexation is controlled by the affinity of the
site of attack. In the imidazole unit of histidine the ring nitrogen has much higher metal ion (as well as
proton) affinity as compared to the-face, facilitating the in-plane complexation of the metal ions. The
interaction energies increase in the ordet-dfl < 2-M < 3-M < 4-M < 5-M for all the metal ion considered.
Similarly, the complexation energies with the model systems decrease in the following ord&r>MNeg?*

> Lit > Na" > K* = NHs" > NMe,*. The variation of the bond lengths and the extent of charge transfer
upon complexation correlate well with the computed interaction energies.

Introduction to increase in recent times, the crucial role of such interactions
was widely recognized in organometallic systems for a long
time.” The binding of proton and metal ion to biologically
interesting systems such as polyamines shows contrasting
trends® In the past decade or so, the significance of cation
interactions in the design of organic nanotubes, ionophores, and
models for biological receptors has been clearly demonstfated.
Realizing the significance of catienr interactions seem to be
an important breakthrough in understanding molecular recogni-
tion. Within the protein also we can find the catiom
interactions between the cationic side chains of the either lysine
h Or arginine and the aromatic side chains of phenylalanine,
tyrosine, tryptophan, and histidine.

Intermolecular interactions involving aromatic rings are
playing important role in both chemical and biological recogni-
tion.! In particular, the significance and importance of catian
interactions between aromatic rings and metal ions was widely
recognized and studied in recent years. In biological systems, a
large number of metal and cationic motifs interact with proteins,
nucleic acids, and enzymé#lthough the inter- and intramo-
lecular noncovalent interactions including electrostatic, hydrogen
bond, London, Pauli, and electron charge-transfer contributions
are known to play important role, we still have a limited
appreciation of their precise nature and of the way in whic
they compete or reinforce one anotfavietal ions play a key
role in wide ranging biological processes, such as the regulation
of enzyme, stabilization, and function of nucleic acids. They SCHEME 1
are essential for the folding and stability of large RNA molecules M
and proteins that form complex and compact structtifésese
ions can modify electron flow in a substrate or enzyme, thus
effectively controlling an enzyme-catalyzed reaction. The
interaction of a metal cation with the system of aromatic $
residues is arguably the strongest noncovalent interaction and
is comparable with some of the covalent bohd&ectrostatic
interaction and induction are two important components for the
metal ion-aromatic interaction. As a starting point, it is Aromatic:
important to obtain reliable estimates of the binding affinities
of the cations and metal ions to the aromaticmotifs of the

CH,
CH, 4 . o
naturally occurring amino acidsWhile the evidence and ! , 3 " /“(’<3
importance of cationsr interactions in biomolecules continues ) | H,C s )2
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TABLE 1: Comparison of Experimental and Various Computational Estimates of Metal lon Complexation Energy (in kcal/
mol) with Benzene

S no. method L Na* K+
1 IEXP —37.9G —28.00+ 1.50° —19.20
2 dCID-GIBMS —38.50+ 3.23 —22.13+ 1.39 —17.52+0.91
3 16 CCSD(T)/CBS —36.80+ 0.20 —24.70+£ 0.30 —20.10+ 0.40
4 'BP86/TZ94P —33.60 —21.00 —13.00
5K IMP2 (full)/6-311+G**//MP2 (full)/6-31G* —34.30 —21.37 —17.09
6k MP2/6-31H-G* —35.00 —21.00 —16.00
7* IMP2/6-3H-G* —34.60 —22.14 —15.47
8« PB3LYP/6-31H++G** —35.35 —23.16 —14.90
oK "MP2/6-3H+G** —31.66 —20.07 —16.17
106 B3LYP/6-31H-+G** —36.12 —22.24 —15.20
11k IMP2/6-31H+G** —33.76 —20.42 —16.31
1 B3LYP/6-31G** —38.10 —25.39 —15.52
13 IMP2/6-31G** —36.94 —24.39 —16.36
14 ICCSD(T)/6-31G** —41.56 —28.06 —19.09

aRef 12.° Ref 13.¢ Ref 14.9 Ref 15; bond dissociation energies at 0Hef 16a.f Ref 16¢.9 Ref 17." Ref 22a.l Present worki Enthalpies
calculated at 298 KX Entries 5-14 are values corrected for BSSE.

It becomes very important to quantify the strength of TABLE 2: Proton Affinities (PA) of the Aromatics
interactions present in amino acid side chains that sculpt the Calculated at B3LYP/6-31G** and CCSD(T)/6-31G** Level

peptides. There have been a number of experimental andand the Z(?]ro Point Vibration Energyl Differelnces (AZPE)
theoretical studies reported in the literature aimed at determining PWeen the Protonated and Neutral Complexés

the strength of cations interactions between a variety of metal B3LYP/6-31G** CCSD(T)/6-31G**
cations and model systems such as benzene, fluorobenzene,structure  NIMAG PA AZPE PA
anisole, nucleopases, nitrogen h.eterocycles, etc., which are the™ -7, > 13450 104 130 48
model prototypical systems of biomolecufed? Study of the 1b-H 0 ~19381 6.28 ~191.76
complexion of the alkali, alkaline earth metals to théace of 2a-H 0 -193.02 7.3 —192.01
benzene has attracted many experimental and theoretical groups. 2b-H 0 —201.03 6.46 —198.37
Dunbar et al. using kinetic method calculated thet NK* 2¢-H 0 —197.30  6.39 —195.02
affinities of phenylalanine, tyrosine, and tryptopHaRodgers gd'H 0 :202'24 6.37 :199'62
: o ) L a-H 0 187.64  6.17 186.73
and co-worker¥ using the collision-induced dissociation tech- 3b-H 0 -210.86 731 -209.10
nigue has determined the bond dissociation energies of eation 3¢-H 0 —200.14 6.18 —197.03
complexes of anisole and the alkali metal cation and also by  3d-H 0 —209.16  8.02 —209.47
theoretical studies at MP2(full)/6-3+1G**. They have also 3e-H 0 —192.45  7.24 —197.03
reported the energetics of NaK™ complexes with aromatic 4a-H 0 —216.07 8.58 —220.24
. . . . 4b-H 0 —227.42 7.40 —231.29
amino acids such as phenylalanine, tyrosine, and tryptophan 4. 0 —225.22 8.29 —220.46
using the guided ion beam tandem mass spectrometry m&hod.  44-H 0 ~220.30 7.19 —220.11
Zhu et al. have employed B3LYP/6-3t#G** calculations 4e-H 0 —220.59 7.29 —222.15
to systematically explore the geometrical multiplicity and  4f-H 0 —22060 7.14 —220.64
binding strength for the alkali and alkaline earth metal com- ~ 49-H 0 —217.69  7.37 —219.08
plexes with nucleobases (namely, adenine, cytosine, guanine, gﬁ:ﬂ 8 :%%'ig ;'ﬂ :;?g"gg
thiamine, and uracif}® Sponer and co-workers also have  gc. 0 —24351 879 —244.77
reported the HF and MP2 computations on the interaction of  5d-H 0 —21456  7.00 —216.63
mono- and divalent metal ions with nucleoba¥e&arau and 5e-H 0 —20954 7.84 —212.96

co-workerg? have studied the nonbonded interactions of dif-  a A} the values are in kcal/mol.

ferent anions with benzene using a topological analysis of the

electron density and molecular interaction potential With aming acid side chains. Considering the contemporary interest
polarization (MIF) energy partition scheme calculations. Further 5,4 jmportance of these interactions, we ventured to perform a
quantitative estimation of catienr and anior- interactions systematic and comprehensive study of the catiprinterac-

was carried out, emphasizing the changes in the aromaticity Oftions25 with the aromatic side chain motifs of the naturally

g1|e :)?gmlfﬁgg ?ﬁénﬂlsxgﬂggnigd ocfhE;gs?;trggf}ezzlﬁtzUK'e?etctronoccurring amino acids. Thus, the present study is directed toward
: P quanty, guantifying the alkali and alkaline metal ions {LiNa", K¥,

correlation, and structural variations on the interaction of the . . .
' C&*, Mg?") along with H", NH4", and NMa* interactions

alkaline—earth metal divalent cations with benzeéfékuta and ) Y . .
co-workers have described the interaction between the monova-With the aromatic side chains (Scheme 1) of naturally occurring

lent cations (L, Na, and K') with anthracene and phenan- @Mino acids. Importantly, the present study is directed to
threne molecules at the hybrid DPT. investigate the re_glose!ectlvny of the site of attack on these
However, to our knowledge, a systematic study of binding aromatic side chain motifs by metal ions and protons. Computa-
of alkali and alkaline earth metals to the aromatic side chain tions were carried out on all the possible sites of attack. While
motifs of proteins with a special attention to catiem interac- the main aim of the paper is to present a systematic analysis of
tions has not yet been reported, barring some isolated répétts. metal ion binding with the aromatic side chains and contrasting
Even though it is practical to carry out sophisticated post-SCF them with the proton affinity values, we also incorporate the
guantum mechanical calculations on the benzene system, it mayMorokuma decomposition analysis (see Supporting Information)
not truly represent the aromatic behavior of all the aromatic to discern the individual components of the interaction energy.
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Figure 1. Optimized geometries (in A) of all the protonated complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given
in parentheses.

Methods terpoise method was applied to estimate the basis set superposi-
tion error (BSSE) at various levels of thedfy.Unscaled
thermochemical data obtained at B3LYP/6-31G** level were

resultant stationary points is ascertained with frequency calcula—used‘ The regioisomers _Of the prot(_)nated complexes_ were
tions. This is followed by single-point energy calculations at located to assess the relative propensity of the various sites for

B3LYP and MP2 levels Using the 6-3%#G** basis set. The ~ Proton attach at B3LYP/6-31G** and at CCSD(T)/6-31G**
6-31G** basis set is a split-valance douleuality with one levels of theory. All calculations were done using the Gaussian
set of polarization function both on heavy atom and hydrogen, 03 suite of program& All the optimizations, except benzene
whereas 6-31++G** is a split-valance triple basis set complexes, are done without imposing any symmetry constrains.
augmented with a set of polarization and diffuse functions for The complexes formed when proton or metal ion binds with
both heavy atoms and hydrogens. The BeBernardi coun- the heteroatom were also located in addition tatk@mplexes,

All the structures considered in the study were initially
optimized at B3LYP/6-31G** level, and the nature of the
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Figure 2. Interaction energy profiles of the various caticeromatic complexes at B3LYP/6-3t#G** and MP2/6-31H1+G** levels of theory.

where possible. The proton affinity and metal ion affinities were calculated proton affinities at both B3LYP/6-31G** and CCSD-

calculated as given below: (T)/6-31G** levels of theory are summarized in Table 2. The
optimized geometries of these complexes at B3LYP/6-31G**
aromaticst M+<——’complex level of theory are given in Figure 1. The symmetridal-H
complex, in which proton is along the principal axis of symmetry
proton affinity (AH,o9 = AE. + AZPE of benzene is at a distance of 0.91 A from the centroid of the
aromatic ring, is characterized as a second-order saddle point
metal ion affinity AH,q9 = AE, .+ AZPE+ BSSE on the potential energy surface, as has been reported earlier. In

contrast1b-H is a minima, where the proton is covalently bound
where AEgie = Ecomplex — (Earomatic + Em™). The contribution to one of the ring carbon atoms, and this covalently bound
of electron correlation for a given basis set is estimated as thecomplex is computed to be much more stable compared to the
difference between the interaction energies calculated at MP2z-complexla-H.
and HF levels of theory. Similarly, the difference between the |, toluene, the sites C2 and C3 have the same proton affinity,

MP2 and B3LYP interaction energies is considered as the gnq the corresponding protonated complegbsH and 2d-H
dispersion energy as has been reported edfidihe contribu- are more stable among the fo@agH, 2b-H, 2c-H, and2d-H)
t?on of electron correlation anq dispersion terms to the interac- possible protonated complexes, a’s the ’carbocy:ation formed is
tion energy was evaluated using 6-3+G** basis sets. stabilized by presence of methyl group. Similanyhydroxy
toluene has five plausible sites for protonation, and the respective
protonated complexes a8a-H, 3b-H, 3c-H, 3d-H, and3e-H.

The results of the present work are organized in the following Among them the sites CBb-H) and C4 8d-H) possess high
way. First, the appllcablllty of theoretical methods to the |al’ger proton affinity’ which may be traced to the hyperconjugaﬂve
systems is assessed based on the studies of the model systegapilization of the formed carbocation by the hydroxyl and
benzene. This is followed by a description of protonation methyl groups. Among seven possible protonated methyl indole
energies and the site selectivity of the proton on the aromatic complexes4b-H is the most stable, where the protonation has

motifs. Then, the relative complexation energies of cation  (uen place at the C2 site present in the five-membered ring
and catior-heteroatom interactions are compared and analyzed.fouowed by4c-H. The proton affinities of the C4, C5, C6, and

Strulcturgl _I\_lsrlanonsl up?_n metal ion c_ort’qplexanonf aret_ alsof C7 sites of the six-membered ring and C1 site of the five-
analyzed. 1he compiexation energy vanations as a function ot ,q yhereq ring are very similar. Tde-H complex is obviously

metal ion gnd the aromatic motif is analyzed next. . stable as the secondary carbocation formed get stabilized due
The earlier experimental and computed metal iorf (Nat, to the electron donation from the adjacent N lone pair, while
and K") affinities to the benzene ring are summarized in Table : . ) © pai,
4c-H is also equally competitive, due to the formation of stable

1. In the present work, interaction energies are calculated fort r bocation. H h extra stabilizati i
alkali metal cations (L, Na*, and K*) with benzene at HF, ertiary carbocation. However, such extra stabilizations are no

B3LYP, and MP2 levels of theory using 6-31G** and possible when the.protor) complexes with the other sites.
6-311+G** basis sets and at the CCSD(T)/6-31G** level. Therefore the remaining sites (C1, C4_, C5 C6, and C7) have
The interaction energies corrected for BSSE and ZPE calculated??0ut 16-12 kcal/mol lower proton affinities as compared to
at B3LYP/6-31H-+G* and MP2/6-314+G** levels of the sites with the highest proton affinity. In case of methyl
theory are in good agreement with the experimental results imidazole, evidently, the lone pair bearing basic nitrogen center
reported by the Armentrout grotfand are also consistent with N3 (5¢-H) has the highest proton affinity{244.77 kcal/mol)
the earlier theoretical studies. Encouragingly, the trends obtained@mong all the available sites. Proton affinity values of the other
at various levels of theory are essentially similar, albeit with centers except C1 are approximately 30 kcal/mol lower as
small quantitative differences. compared to the nitrogen center. The C1 site proton affinity is
Regioselectivity of Proton.To locate the preferable site for  about 50 kcal/mol lower as compared to the N3 site affinity.
protonation on these motifs, we have computed the proton These values are much higher compared to the complexation
affinities at all the possible sites of the-framework. The on benzene.

Results and Discussion
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TABLE 3: Interaction Energies, BSSE Values for 2-M, 3-M, 4-M, and 5-M Complexes at B3LYP/6-31G**, B3LYP/
6-311++G**, and MP2/6-311++G** Levels of Theory along with the Zero Point Vibration Energy Differences (AZPE)
between the Complexed and Neutral Aromatics, Correlation EnergiesHc.), and Dispersion Energies Egis)?

B3LYP MP2
6-31G** 6-31H+G** 6-311++G**

structure IE AZPE BSSE IE BSSE IE BSSE Ecor Edis
1-Li —38.10 1.65 2.50 —36.12 0.55 —33.76 4.35 —1.70 —1.44
1-Na —25.39 0.90 2.12 —22.24 0.71 —20.42 3.73 —2.30 —1.20
1-K —15.52 0.68 221 —15.20 0.34 —16.31 2.61 —4.44 —3.38
1-Ca —69.87 1.01 2.23 —78.08 0.28 —71.82 3.93 —5.23 2.61
1-Mg —121.44 1.20 2.73 —116.03 0.85 —107.56 5.40 —0.77 3.92
1-NH4 —15.71 0.90 0.88 —14.49 0.39 —16.05 2.29 —5.97 —3.46
1-NMey —5.54 0.65 1.29 —4.52 0.48 —8.16 2.97 —7.00 —6.13
2-Li —40.71 1.84 2.33 —38.90 0.57 —36.36 4.27 —1.61 —1.16
2-Na —27.06 1.03 2.05 —24.18 0.69 —22.18 3.65 —2.24 —0.96
2-K —16.64 0.78 211 —16.59 0.34 —17.80 2.68 —4.73 —3.55
2-Ca —75.34 1.06 2.17 —84.78 0.41 —78.11 3.94 —5.80 3.14
2-Mg —129.63 1.24 2.61 —124.69 0.88 —115.45 5.33 —1.08 4.79
2-NH4 —16.94 1.05 0.96 —15.90 0.41 —17.57 2.30 —6.46 —3.56
2-NMey —6.09 0.75 1.30 —5.19 0.45 —9.01 3.01 —7.43 —6.38
3a-Li —41.28 1.77 2.39 —39.11 0.62 —36.51 4.22 —2.02 —1.00
3a-Na —27.34 0.97 2.24 —24.17 0.81 —22.19 3.72 —2.69 —0.93
3a-K —17.06 0.67 2.19 —16.86 0.37 —18.14 271 —5.14 —3.62
3a-Ca —77.96 1.00 2.29 —87.71 0.45 —80.51 3.99 —7.12 3.66
3a-Mg —134.32 1.25 2.68 —127.99 0.94 —118.42 5.26 —2.78 5.25
3a-NH, —22.01 0.75 1.37 —20.70 0.71 —19.93 2.75 —5.29 —-1.27
3a-NMey —6.81 0.71 2.39 —6.32 1.64 —3.76 9.52 —7.24 —6.03
3b-Li —39.63 0.99 2.94 —37.59 0.60 —34.97 2.83 —1.17 0.39
3b-Na —27.63 0.50 2.66 —25.55 0.71 —23.58 2.59 —1.16 0.09
3b-K —18.06 0.38 231 —18.28 0.26 —18.80 2.01 —3.24 —2.27
3b-Ca —79.68 0.34 2.58 —87.36 0.21 —80.90 2.97 —6.30 4.51
3b-Mg —132.56 0.23 3.15 —127.59 0.85 —115.77 3.56 —2.77 9.11
da-Li —47.58 1.85 2.28 —45.25 0.64 —42.76 4.51 —2.89 —1.38
4a-Na —32.66 0.99 2.09 —29.46 0.84 —27.61 4.00 —3.41 —-1.31
4a-K —21.41 0.72 2.04 —21.37 0.36 —22.95 2.97 —6.00 —4.19
4a-Ca —91.03 1.05 2.17 —102.66 0.45 —95.56 4.38 —9.59 3.17
4a-Mg —149.99 1.19 2.57 —144.04 0.99 —134.98 5.73 —5.12 4.32
4a-NH,; —22.22 0.94 0.94 —20.92 0.48 —23.01 2.64 —8.14 —4.25
4a-NMey —9.05 0.72 1.37 —8.10 0.66 —13.16 4.00 —9.80 —8.40
4b-Li —43.03 1.68 2.11 —40.70 0.61 —38.54 3.91 —2.28 —-1.14
4b-Na —28.87 0.81 1.94 —26.13 0.85 —24.77 3.63 —2.53 —1.42
4b-Ca —85.79 0.92 1.98 —99.18 0.29 —91.86 4.24 —7.83 3.37
4b-Mg —140.48 0.72 2.40 —135.12 0.98 —126.15 4.93 —3.59 5.02
5-Li —53.91 1.69 2.93 —53.55 0.37 —50.69 1.79 0.80 1.44
5-Na —39.92 1.06 2.61 —38.72 0.48 —36.02 1.70 —0.05 1.48
5-K —27.91 0.80 2.41 —28.28 0.18 —27.75 1.48 —2.12 —0.77
5-Ca —92.17 114 2.70 —100.34 0.23 —93.16 1.99 —2.86 5.42
5-Mg —144.39 1.35 3.19 —141.60 0.71 —132.05 2.29 0.26 7.97
5-NH, —46.73 0.82 154 —44.57 0.49 —39.66 3.41 —2.36 1.99
5-NMey —15.20 1.05 2.11 —14.51 0.29 —16.68 2.06 —5.48 —3.94

a All values are given in kcal/moE, and Eg4is are calculated using 6-3%HG** basis set.

The trends obtained of all the possible sites appear to be electronegative heteroatom if it is present in the aromatic system.
independent of method (B3LYP, HF, MP2, or CCSD(T)) or In case of NH* and NMe*, hydrogen bond complexes are
the basis set. While quantitative discrepancies do exist, theyformed with the heteroatoms. But in the absence of heteroatom,
are not very significant. The ZPE values of all the protonated the NH4"™ and NMeg™ ions have shown a strong interaction with
complexes calculated at B3LYP/6-31G** level are in the range the w7—electron cloud of the aromatic rings. These-N---z
of 6—9 kcal/mol, except fola-H. The 5¢c-H complex, which and C-H---r interactions are competitive in strength with the
is the most stable among all the protonated complexes, has thénydrogen bond® The general trend of interaction energies of
higher ZPE value of 8.79 kcal/mol. The complex-H has the these cations with various aromatics is Wlg- Ca&¢™ > Li* >
lowest ZPE value of 1.94 kcal/mol. Na® > KT = NHs" > NMe4*. In the case of aromatics, the

Cation Complexes.The interaction energies of cations {L.i interaction energies increase in the ordetdéfl < 2-M < 3-M
Na’, K+, Mg?+, Ca&*, NH;", NMes™) with the aromatic motifs < 4-M < 5-M, for all the metal ions considered. In Figure 2
are calculated at HF, MP2, and B3LYP levels of theory using given the interaction energy profiles of various cati@momatic
6-31G** and 6-31#+G** basis sets. The expensive CCSD- complexes at B3LYP/6-31+G** and MP2/6-31H+G**

(T) calculations could not be carried out as they are prohibitively levels of theory. The perpendicular distance from the cation to
expensive. Metal ion found to bind to the aromatic motifs either the aromatic motif varies accordingly with the strength of

through catior-zr interaction or catiorrheteroatom interaction.  interaction.

None of the cases yielded a stationary point correspond to the A perusal of the bond length variation upon ion complexation
situation where the metal ion is bound covalently to only one reveals that there is elongation of all the ring bond lengths when
of the C atoms of the ring. The cation is attracted by the high the metal ion binds to the-face. The bond lengths connecting
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Figure 3. Optimized geometries (in A) df-M complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given in parentheses.

the substituents are slightly shortened (e.qg., th&cQMe) bond The effect of level of theory and basis set is there upon the
length is shortened in all the complexes). It is also observed interaction energy magnitudes; however, the trend remains the
that the extent of elongation is proportional to the strength of same at all the levels of theory. The cation affinity values of
the interaction energies. Thus, the elongation of ring bond these complexes calculated using 6-31G** basis set are over-
lengths is highest for the Mg complexes and lowest for YMe estimated as compared to the interaction energies calculated
complexes. A maximum increase of 0.072 A is observed in the using the 6-311+G** basis set, except for G4 complexes.
4a-Mg complex. When the metal ion binds to the in plane  1-M Complexes.Among thel-M complexes, the dication
heteroatoms, although the variations in the bond lengths are notcomplexes1-Mg and1-Ca) have more interaction energy than
always predictable their extent is roughly proportional to the the other complexesl-Mg complex has highest interaction
strength of interaction. energy of—107.56 kcal/mol at MP2/6-311+G** level and is
Table 3 summarizes the interaction energies of aromatic M 35.74 kcal/mol more thah-Ca complex. The dispersion energy
(M =Li*, Na, KT, Mg?t, Ca&", NHs", NMes™) complexes at  values of these dication complexes are positive, and the distance
B3LYP/6-31G**, B3LYP/6-31H#+4G**, and MP2/6-311#+G** from the cation to centroid of the aromatic ring is 1.947 and
levels of theory along with theAZPE, BSSE values, the 2.465 A, respectively. All thd-M complexes are minima on
contributions of correlation energid,) and dispersion energy  the potential energy surface. The relative order of the distance

(Eqis) terms to the total interaction energies. FiguregZontain from the metal ion to the centroid of the aromatic ring i$ ki
the optimized geometries at B3LYP/6-31G** level of theory Mg?t < Na© < Ca&"t < KT < NHs" < NMey*.

of benzene-M 1-M), toluene-M @-M), p-hydroxy toluene-M 2-M Complexes.In case of toluene, the trend of interaction
(3-M), methyl indole-M @-M), and methyl imidazole-M §- of cations with ther—framework is almost same as the trend

M) complexes, respectively. of benzene. However the interaction energies of the toluene-M
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2-Li, C, (0)

2-Ca, C,(0) 2-NH,, C,(0)
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N @
H O
M @

2-NMe,, C,(0)
Figure 4. Optimized geometries (in A) &-M complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given in parentheses.

(2-M) complexes are higher than the respective benzen&-M ( approximately 3-13 kcal/mol higher binding affinities than that
M) complexes, possibly due to the electron donating nature of of correspondin@-M complexes at B3LYP level of theory and
the methyl group. Maximum of 7.89 kcal/mol difference is 2—20 kcal/mol more at MP2 level of theory. The electron
observed between the interaction energie2-dg and 1-Mg correlation valuesHcy) of 3a-M complexes(M = H*, Lit,
complexes at the MP2/6-31HG** level of theory. The Na’, K*) are 2-3 kcal/mol higher than the correspondigig-M
correlation energy values @M complexes are more than the complexes. Except foBb-K, all the 3b-M complexes have
corresponding.-M complexes, and again the maximum increase positive dispersion energy values.
is observed in th-Mg complex. 4-M Complexes.In methyl indole, the system contains two
3-M Complexes.The side chain aromatic motif of the amino  aromatic rings (six-membered and five-membered). There is a
acid residue-tyrosine—is taken in this section. Effectively two  possibility that the cation may interact with the-electron
competitive binding modes exist; viz. theinteraction 8a-M) framework of either six-membered ringdd-M) or five-
and the other is the cation interaction with the electronegative membered ring4b-M). All the complexes are minima on the
oxygen atom3b-M). Interestingly, ther-complexation energies  potential energy surface. The interaction energie$ésoM are
of the metals are very strong and similar in magnitude as more than the respective interaction energietsM by about
compared to the-complexes where the metals are bound with  3—9 kcal/mol at B3LYP and MP2 level. Kion could not form
the more electronegative oxygen atom (Table 3).3kM a complex with the five-membered aromatie-framework.
complexes, although the trend in the interaction energies is in Electron correlation energy values are also highetaisM than
agreement with the general trend, due to the formation of 4b-M complexes. Dispersion energies are positive in case of
hydrogen bond, the interaction energy3#-NH, complex is 4a-Mg, 4b-Mg, 4a-Ca, and4b-Cacomplexes. Although all the
more than théa-K complex by 2-5 kcal/mol at various levels  aromatics (benzene, toluene, gnblydroxy toluene and methyl
of theory. The interaction energy trend is Mg> Ca&+ > Li " indole) have the six-membered aromatic rings, the interaction
> Na" > NH4s" > K* > NMe4*. The 3a-M complexes have  of cation with the six-membered ring of methyl indole is high
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3a-Li, C,(0) 3a-Na, C,(0) 3a-K, C,(0)

3a-Mg, C,(0) 3a-Ca, C, (0) 3a-NH,, C, (0)

SEomzn

3b-Li, C,(0) 3b-Na, C, (0)

3156 2627
3261 N

3b-K, C,(0) 3b-Mg, C,(0) 3b-Ca, C,(0)
Figure 5. Optimized geometries (in A) @-M complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given in parentheses.

as compared to the other because of its high aromatic nature NMe,* with nitrogen atom of imidazole ring. So the trend of
4a-Mg has around 28.5 kcal/mol more binding affinity than interaction energies if-M complexes is slightly deviated from
1-Mg complex at B3LYP/6-31G** and 27.42 kcal/mol at MP2/  the regular trend. The interaction energy trend in case of methyl
6-311++G** levels of theory. imidazole complexes is Mg > Ca&* > Li* > NH;© > Na'

5-M Complexes.In the case of methyl imidazole, cations > K+ > NMe,*. The relative distance of the cation from the

have shown affinity only toward the heteroatom (lone pair nitrogen atom of the ring is in the order 6&-K > 5a-Ca >
bearing N3 atom) present in the ring but not to thdace. 5a-Na > 5a-Mg > 5a-Li.

Exhaustive efforts were made to locate theomplex without . . . .
success. All the formed complexes are characterized as minima Thg V?'“?S of the correlation corr(?c.'uon and' dlgperS|on
on the potential energy surface. The interaction energies are€nergies indicate that they have nonnegligible contributions. The
relatively higher than the complexes of the other aromatics. The dispersive mteractlons are posmve for. all the dications and a!so
interaction energy of th-Mg complex is more than the-Mg for monocations when they interact with the heteroatom. While
complex by 24.49 kcal/mol at MP2/6-31#G** level of the correlation energies are negative for all theomplexes,
theory. In case 05-NH,4 and5-NMe, complexes, the binding for some of the covalently bound complexes it is positive.
energy are having approximately thrice the binding energies of Therefore, electron correlation and dispersive interactions can
1-NH4 and1-NMe4 complexes, respectively. This is due to the be important components of the total interaction energies;
formation of hydrogen bond between the protons of,Nidr therefore, their consideration is important to get reliable
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4b-Mg, C,(0) 4b-Ca, C,(0)
Figure 6. Optimized geometries (in A) 6f-M complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given in parentheses.

estimates of the interactions energies. As the cation size Among the dication complexes, Mg has less Mulliken
increases, both correlation and dispersive correction values arecharge as compared to €aon signifying that higher amount

increasing. of charge is being transferred from cation Aesystem.As a
Charge Analysis.The Mulliken charges of the cations (L, result, the highest interaction is observed in case ofMg
Na®, K*, Ca&", Mg?") in various catiorzz and catior- complexes. In case @khydroxy toluene, relatively the positive

heteroatom complexes are summarized in Table 4. From thecharge transferred from cation tesystem in3a-M complexes
data, we can gauge at the positive charge that has transferreds more than the charge transferred to oxygen atom of the
from cation to the aromatic system during the interaction. It hydroxyl group in case 08b-M complexes. In methyl indole
has been observed that the strength of interaction is linearly complexes the charge transferred from cation to six-membered
correlated with amount charge transfer, whether:t-somplex aromatic ring of4a-M is more than the charge transferred to
or a covalently bound complex. In case of monovalent cations, five-membered ring of4b-M following the same array of
the order of charge transferred from cationv@ystem is K interaction energies. For that reason, we can consider the amount
< Na" < Li* (i.e., from K" to Li* the charge dispersed from  of charge that has been transferred from the cation to aromatic
cation tosr-system increases). This may be due to less surfacesystem as a scale to express the binding strength of the cation
area available for the cation to interact with thesystem or with the various aromatic motifs.

heteroatom. The strength of interaction decreases, as the ionic .

radius increases from lithium to potassium. However the amount Conclusions

of charge transferred from dication complexesttsystem or The present paper reports a systematic and thus far most
heteroatom is much higher as compared to the charge transferre¢omprehensive study on the cation*(H.i*, Na, K+, Mg?™,

from monocation complexes. Ca&", NHgst, and NMa™) with the aromatic side chain motifs
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Figure 7. Optimized geometries (in A) &-M complexes at B3LYP/6-31G** level. The number of imaginary frequencies are given in parentheses.

TABLE 4: Mulliken Charges (in atomic units) of the with adequate quality basis sets to get reliable redtilfhe
Cations in the Cation—z Complexes Calculated at B3LYP/ present study reveal that cation interactions are extremely
6-31G* Level of Theory important and can be substantially stronger; however, when there
complex Li Na K Mg Ca is an alternative basic group, the covalent interaction appears

1 0.428 0.651 0.844 0.938 1.493 to overtake the cationr interaction. Importantly, the proton

2 0.417 0.643 0.841 0.912 1.478 and metal ion complexation with the biological systems with

3a 0.416 0.638 0.846 0.891 1.474 aromatic motifs can be substantially different.

3b 0.684 0.773 0.881 1.208 1.606
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