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S,) host has been investigated using the density functional theory (DFT). The hydrogen bonded interactions between o-, B- and -CH; protons

of methyl viologen with SO;™ groups of CX[4]-S render stability to their complexes. In the lowest energy structures, one of the methyl

remaining methyl group excluded from the cavity. The radical MV** revealed qualitatively similar binding patterns to CX[4]-S host as that
of MV?*. Moreover, interaction energy of methyl viologen dication was predicted to be larger than that of the corresponding radical cation.

| groups of MV?** was partially penetrated within the cavity of CX[4]-S host owing to C-H:--O interactions with upper rim of host while the
|
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INTRODUCTION

The family of calixarene (CX[n]) hosts [1] has been of
growing interest in catalysis [2], supramolecular chemistry [3,4]
and biological sciences [5-7]. The bowl-shaped cavities with
varying dimensions in which cations and neutral organic as
well as inorganic guests can easily be encapsulated make these
hosts fascinating [8,9]. The versatility of CX[n] framework
has been explored to synthesize array of functionalized hosts
by substitution on either or both rims which renders them with
remarkable selectivity and bindings [9-12]. Seiji et al. [13]
demonstrated the solubility of CX[#n] macrocycles in aqueous
solutions, which can be enhanced with suitable substitution
of sulphonato groups at the upper rim. These modified hosts
find applications in catalysis, separation techniques and sensors
[14-16].

To understand inhibition of viologen toxicity, 'H NMR
and X-ray crystallography experiments [ 17] have been carried
out on host-guest complexes of p-sulphonatocalix[4]arenes
(CX[4]-S) and viologens. Pursuant to this in the present work,
the binding patterns of CX[4]-S with N,N’-dimethyl-4,4’-
bipyridinium (methyl viologen) as guests were analyzed. The
viologen guest comprising of two pyridinium rings joined at
para-positions [18] have ability to exist in three well charac-

terized oxidation states viz. dication, radical cation and neutral
forms, which is crucial in their use as redox indicators, electro-
chemical display devices [19], biological systems and herbicidal
activity [20,21]. The ease of reduction and exceptionally long
life-time with strong absorption in the visible spectral range
make the MV™ radical particularly interesting. Moreover, vio-
logens can be transformed into corresponding radical cations
and neutral molecules either chemically or electrochemically
[22,23]. It should be remarked here that the stabilization of viologen
radical cation (MV™) via chemical modification is crucial in
reversible m-dimerization [24]. Ong and Kaifer [25] reported
that dimerization of viologen dications and radicals can be
prevented by complexation with cucurbit[7]uril. Experimental
investigations [26,27] on binding behaviour and thermody-
namics of CX[4]-S and CX[5]-S with methyl viologen (MV*)
and its radical form have demonstrated that selectivity and
binding abilities of CX[4]-S and CX[5]-S hosts were drama-
tically pH-controlled. From the above discussion, it is clear
that the complexation of CX[n]-S hosts have widely been studied
experimentally. Nonetheless detailed theoretical studies on
these complexes have not been reported yet. To this direction
we utilized density functional theory to derive molecular level
insights for interactions between CX[4]-S host and MV* and
its corresponding MV** radical.
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COMPUTATIONAL METHODS

Molecular electrostatic potential (MEP) of CX[4]-SO;H
hosts characterize the effective electron-rich regions, which
are largely localized near SOsH groups at the upper rim. Thus,
the guidelines for electrophile binding can be derived. Accor-
dingly different conformers of CX[4]-S-MV?*" and CX[4]-S-
MV™ were devised wherein the methyl group of guest directing
toward the MEP critical points in CX[4]-S macrocycle. A
detailed review of MEP and its topography can be found in
the literature [28-31]. The complexes thus obtained were subj-
ected to optimize by employing semi-empirical PM6 quantum
chemical calculations. Subsequently, the structures exhibiting
qualitatively different host-guest binding patterns with CX[4]-S
hosts bound to MV** and its radical were optimized within the
framework of density functional theory incorporating Becke’s
three parameter exchange (B3) [32], coupled with Lee, Yang,
and Parr’s (LYP) [33] correlational functional and stand alone
MO6 functional due to Truhlar and Zhao [34] using Gaussian
09 program [35]. The internally stored 6-31G(d,p) basis set
was employed. Moreover, the calculations at the B3LYP/6-
31++G(d,p) level of theory were performed for CX[4]-S host
and its MV** complex. Interaction energies in these host-guest
complexes were calculated by subtracting the sum of electronic
energies of the host and viologen guest from that of its complex.
An excellent review of MEP topography can also be found in
the literature [36-39]. NMR chemical shifts (8) were calculated
by subtracting the nuclear magnetic shielding tensors of protons
of host (or guests) from those in TMS (as a reference) using the
gauge-independent atomic orbital (GIAO) method [40]. The
effect of solvent (water) on the electronic structure and 'H NMR
chemical shifts were simulated via self-consistent reaction field
(SCREF) calculations incorporating polarizable continuum model
(PCM) [41].

RESULTS AND DISCUSSION

The atomic numbering scheme and optimized geometries
of CX[n]-S monomer and methyl viologen are displayed in
Fig. 1. The B3LYP optimized geometries of CX[4]-S revealed
a cone conformer (Fig. 2) to be stable which has partly been
attributed to extended hydrogen-bonding network. It was pointed
that host-guest interactions of CX[4]-S were facilitated via

) H2p

Fig. 2. Cone conformer in CX[4]-S host

SOs™ substituents, electron-rich regions of macrocyclic hosts.
The B3LYP optimizations in gas phase converged to only one
conformer in each case. The MV* complexes of CX[4]-S are
shown in Fig. 3. Geometrical parameters of isolated and MV**
complexed CX[4]-S thus obtained are given in Table-1. A
comparison of these data with those obtained from M06 func-
tional is shown in Table-1. It may be noted that M06 functional
accounts for non-covalent dispersion host-guest interactions.
Moreover, the complex structure in gas phase obtained from
B3LYP and MO06 based calculations are rather similar. Use of
MO6 functional in the density functional theory yield CX[4]-
S-MV?* complex wherein two pyridinium rings of MV** guest
attain (nearly) planar configuration (< C2’-C3-C3’-C4’ being
176°). The B3LYP calculations engender a complex with non-
planar pyridine rings in the dication guest (Table-1). A comp-
arison of structural parameters in the complex obtained from
MO06 and B3LYP based calculations revealed that except for
the C6-C7 bond distance which differ by 0.014 A, the remaining
bond distances or bond angles do not vary significantly. The
density functional calculations in gas phase further shows MV?**
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B3LYP/6-31G(d,p)

MO06/6-31G(d,p) B3LYP/6-31++G(d,p)

139.2 198.9 196.2
Fig. 3. Lowest energy CX[4]-S-MV?** complexes optimized using B3LYP and M06 functional. Interaction energies (kJ mol™) given in
parentheses
TABLE-1

A COMPARISON OF OPTIMIZED GEOMETRICAL PARAMETERS (BOND DISTANCES IN A AND BOND
ANGLES IN °) OF CX[4]-S, MV** AND CX[4]-S-MV** COMPLEX USING B3LYP AND M06 FUNCTIONALS

CX[4]-S-MV**
6-31G(d,p) 6-31G++(d, p) 6-31G(d, p) 6-31G++(d, p)

CX[4]-S B3LYP MO06 B3LYP B3LYP MO6 B3LYP
O1-H1 1.000 0.988 0.986 0.991 0.981 0.990
0O1-C1 1.385 1.377 1.384 1.384 1.373 1.386
Cl-C2 1.407 1.402 1.407 1.406 1.400 1.407
C2-C7' 1.536 1.522 1.537 1.527 1.513 1.528
C2-C3 1.400 1.395 1.400 1.398 1.392 1.399
C3-C4 1.396 1.391 1.399 1.395 1.390 1.396
C4-C5 1.396 1.390 1.398 1.394 1.389 1.395
C5-C6 1.402 1.397 1.402 1.399 1.394 1.401
C6—C1 1.408 1.403 1.408 1.406 1.401 1.407
C6-C7 1.537 1.523 1.539 1.529 1.515 1.530
C2-C7-Cé6 119.2 118.2 116.6 115.0 116.3 115.0
C7-C6-Cl1 122.2 122.3 121.4 121.9 119.7 122.5
C6—C1-01 120.1 120.3 120.2 121.0 120.4 120.8
01-C1-C2 117.0 117.0 116.9 118.2 119.2 117.0
Cc1-C2-C7' 121.6 121.6 120.7 120.1 119.3 121.3
Cl1-C2-C3 117.3 117.5 117.7 118.8 119.6 118.0
C2-C3-C4 121.4 121.3 121.0 120.3 119.9 120.9
C3-C4-Cs 119.3 119.4 119.8 120.1 120.5 119.9
C4-C5-C6 121.6 121.5 121.3 120.8 119.9 121.2
C5-C6-Cl 117.1 117.2 117.4 118.7 118.7 117.6

Mv2+

Cl1-Hly 1.084 1.086 1.084 1.086 1.086 1.087
C2-H2g 1.084 1.086 1.084 1.089 1.091 1.087
C3-C3' 1.489 1.480 1.490 1.484 1.477 1.485
C6-N1 1.491 1.482 1.492 1.481 1.471 1.482
C2-C3-C3'-C4' 139.6 141.1 138.2 158.6 176.5 156.4

cation lies horizontally at upper rim of the host in its CX[4]-S
complex facilitating C-H---O interactions with SO;™ groups on
the upper rim of host. The calculations at the B3LYP/6-31++G
(d,p) level of theory revealed the identical structure for the
CX[4]-S-MV?* complex as that of B3LYP/6-31G(d,p). A comp-
arison of optimized geometrical parameters is given in Table-1.
On the other hand, experimental studies with '"H NMR and
isothermal titration calorimetry experiments [27] point to
complex structure in which MV?** was immersed into CX[4]-S
cavity with penetration of methyl group. In order to account
for this discrepancy both CX[4]-S complexes along with their
individual host and guest gas phase structures were subjected
to SCRF-PCM optimizations.

The SCRF-PCM optimized structures of CX[4]-S-MV?**
complex are displayed in Fig. 4. Contrary to gas phase structure
the SCRF derived structure revealed one of the methyl groups
partially penetrating within the cavity of CX[4]-S host owing
to C-H---O interactions with upper rim of host while the remai-
ning methyl group excluded from the cavity. Thus, the structure
thus derived possesses five C-H:--O interactions from methyl,
o.-, B-protons and host portal (Fig. 4). Bader [38] showed that
the strength of hydrogen bonding interactions can be correlated
to the electron density at the bep (pup) in MED topography.
The py, values for complexes of MV?* with CX[4]-S hosts are
given in Table-2. It may thus be conjectured that stability of
the complex was governed by the number and strength of
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CX[4]-S-MV** (89.7)
Fig. 4. Lowest energy CX[4]-S-MV?** complex. Interaction energy (kJ mol™)
are given in parentheses

TABLE-2
ELECTRON DENSITY AT BOND CRITICAL
POINT IN (py,, IN au) IN CX[4]-S-MV>* COMPLEX

CX[4]-S-MV*

2.052 (0.0217)
2.121 (0.0202)
2.294 (0.0137)
2.338 (0.0138)
2.418 (0.0114)

hydrogen bonded interactions. Selected optimized geometrical
parameters of CX[4]-S, MV* and their complexes from the
SCRF-PCM theory are reported in Table-3. As may readily be
noticed the oxygens from opposite monomers of CX[4]-S
(3.748 A) exhibited a larger separation on complexation with
MV? (3.782 A). Likewise, neighboring ring oxygens of CX[4]-
S were separated by 0.025 A in its MV>* complex. The two
pyridine rings in MV?** orient mutually at an angle of 141°in
isolated guest which on complexation with CX[4]-S was twisted
by 10°.

Frontier orbitals HOMO and LUMO are depicted (isosur-
face of 0.02 a.u.) in Fig. 5. Itis clear that the electron-rich regions
in the complex as well as the macrocycle receptor CX[4]-S were
largely localized near SO;™ substituents. Moreover, CX[4]-S
with MV?** reduces the energy gap of frontier orbitals (HOMO
and LUMO) to 1.6 eV compared to 5.2 eV in the isolated guest.
The complexation of MV** with CX[4]-S can be monitored
by pursuing the changes in signals of o-, B-, and CH; guest
protons. The gas phase structures from the present calculations
show deshielding of all oi-, B-protons of CX[4]-S-MV?** complex
in '"H NMR spectra compared to isolated MV** guest (Table-
4). Bagno et al. [42] have concluded that '"H NMR chemical

TABLE-3
SCRF-PCM OPTIMIZED GEOMETRICAL PARAMETERS
(BOND DISTANCES IN A AND BOND ANGLES IN °) IN
CX[4]-S-MV** AND THEIR RADICAL CATION ANALOGS

CX[4I- . CXI4L . CXI4T
S MVE S somve MVT gy

Ol-HI 0.991 - 0.990 091
ol-Cl 1.378 - 1379 - 1.378
Cl-C2 1.407 - 1.408 - 1.408
c-cr 1.527 - 1526 _ 1.528
©-C3 1399 - 1398 _ 1.399
3-C4 1.394 - 1.395 - 1.394
C4-Cs 1.395 - 1.394 - 1.395
C5-C6 1.396 - 1397 - 1.397
C6-Cl 1525 - 1525 _ 1.526
C6-C7 1.407 - 1.406 _ 1.407
@-CI-C6 1137 - 1129 - 1142
CI-c6-Cl 1213 - 1213 - 1213
c6-Cl-ol 1170 - 117.1 - 116.9
olClC2 1210 - 121.1 _ 121.0
ClC2-CT 1222 _ 1222 _ 1223
Cl-C2-C3 1179 _ 118.0 _ 1178
Q-C3-c4 1212 - 121.1 - 1212
C3-CAC5 1198 - 1198 - 120.0
C4-C5-C6 1209 - 1203 _ 120.1
C5-C6-C1 1182 _ 1184 _ 1182
CI-HI, _ 1082 1085 1082  1.085
C2-H2, - 1083 1086 1082 1083
3-C3 - 1483 1483 1432 1488
C6-NI - 1483 1482 1468 1467
Q-C3-C3-c4 - 1410 1320 1775 1790

shifts (dn) in glucose obtained by employing the optimized
geometry in solvent modeled via SCRF calculations agreed
better with the experimental NMR spectra than those derived
from gas phase structure. CX[n]-S host possesses three types
of protons, (a) hydroxyls from intramolecular interactions (H1),
(b) aromatic protons (H3/H5), (c) methylene protons (H7” and
H7”7). '"H NMR chemical shifts in CX[n]-S follow the trend:
H1>H3/H5>H7 >H7” inisolated as well as in their complexes.
On complexation with MV?**, H1 and H3 protons of CX[4]-S
exhibit up-field signals at &; = 9.95 ppm and 7.29 ppm, respec-
tively. The corresponding signals in isolated CX[4]-S were at
the &y = 10.31 and 7.44 ppm. The &y values of H7” and H7”
were nearly unchanged after complexation. The NMR chemical
shifts in MV?* follow the order: H1,, > H2g > CHj3, which is in
consonant with experimental NMR spectra (in acidic medium).
Average 8y values in MV** and its CX[4]-S complex are given
in Table-5. Moreover, qualitatively different host-guest binding
patterns in CX[4]-S-MV?* reflect in 8y values. Thus hydrogen
bonded interactions with host portals led to deshielded signals
(8s=10.04 ppm) for H1 ot proton in the CX[4]-S-MV?* complex.
On the other hand, non-interacting Hlot protons exhibit up-
field signals (dy = 8.49 ppm) compared to those for isolated
MV?* (84 = 8.80 ppm). The experimental A8 (change in 8y
values on complexation) of MV** protons for CX[4]-S-MV?**
complex follow the order of CH; > a-H > B-H. Theoretical 'H
NMR revealed the shielding for protons void of C-H---O inter-
actions with host portals. Thus for non-bonded protons, the
changes in &y values on complexation match well with those
observed in experiment (in acidic medium). Furthermore host-
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CX[4]-SMV** CX[4]-S]-MV**

g
.}

HOMO
ﬁo
)

LUMO

Fig. 5. Frontier orbitals in CX[4]-S-MV?** complexes (iso-surface of + 0.02 au)

TABLE-4
NMR CHEMICAL SHIFTS (8, IN ppm) OF CX[4]-S COMPLEXES (WITH WATER AS
SOLVENT) AT B3LYP/6-31G(d,p), M06/6-31G(d,p) AND B3LYP/6-31G++(d,p) LEVELS

B3LYP/6-31G(d,p) M06/6-31G(d,p) B3LYP/6-31G++(d,p)
CX[4]-S  MV*  CXM-SMV* CX[4]-S  MV*  CX[A]-SMV* CX[4]-S  MV*  CX[4]-S-MV*
HI 12.24 - 10.14 10.70 _ 9.14 11.13 _ 10.72
H3 7.50 - 7.51 778 - 772 7.82 - 7.62
HS 751 - 7.34 7.80 - 7.70 7.81 - 7.38
HT7 4.22 - 3.98 375 - 3.90 4.46 - 4.30
H7" 3.49 - 3.32 335 - 3.37 3.79 - 3.39
Hl, - 8.86 9.81 - 9.07 9.87 - 8.86 9.52
H2g - 8.35 9.46 - 8.46 9.67 - 8.44 9.26
CH, - 4.54 6.80, 4.04 - 4.63 5.67% 4.06 - 4.56 7.10°, 3.89
CH, - 4.54 6.82, 4.03 - 4.63 5.58,3.98 4.56 7.10b 3.89°

“Average &, for protons those are interacting with host portal; "Average &, for the non-interacting protons

TABLE-5
NMR CHEMICAL SHIFTS (3,,, IN ppm) OF CX[4]-S COMPLEXES (WITH WATER AS SOLVENT)
CX[4]-S MV [Ref. 27] CX[4]-S-MV2+ [Ref. 27] [Ref. 27]

HI 10.31 - - 9.95 - -
H3 7.44 - - 7.29 - -
HS 7.46 - - 7.49 - -
HT' 3.98 - - 3.97 - -
H7" 3.34 - - 3.35 - -
Hl, - 8.80 8.70 10.04*, 8.49° 7.70 7.50
H2g - 8.34 8.30 10.40%, 7.94° 7.50 7.20
CH, - 4.47 420 2.98 2.80 3.40
CH, - 4.47 - 4.51°, 426" - -

*Average &, for protons those are interacting with host portal; *Average &, for the non-interacting protons

guest complexes between CX[4]-S with methyl viologen radical are larger than those in MV ™ radical analog. The cyclic volta-
cation (MV™) are displayed in Fig. 6 and the interaction energies metry experiments [27] revealed w-e-acceptor and H-bond donor
are given in parentheses. It may be remarked here that binding ability of MV?** decreases upon one electron reduction destabi-
of MV* to CX[4]-S host were strikingly similar to cationic guest. lizing CX[n]-S-MV* complexes. These observations concu-
Calculated interaction energies in case of cationic complex rred with inferences drawn from the present B3LYP calculations.
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CX[4]-S-MV™ (60.8)
Fig. 6. Lowest energy CX[4]-S-MV™ complexes

Conclusion

Host-guest interactions of MV?** or its radical cation with
CX[4]-S hosts were analyzed within the framework of density
functional theory. In the lowest energy structures, one of the
methyl groups of MV** was partially penetrating within the
cavity of CX[4]-S host owing to C-H:--O interactions with
upper rim of host while the remaining methyl group excluded
from the cavity. Both methyl viologen radical and its dication
bind to CX[4]-S in a qualitatively similar fashion. The inter-
action energies of methyl viologen dication and radical cation
in the host-guest complexes suggested that dication binds strongly
than its radical cation to CX[n]-S hosts.
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