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p-benzoquinone-benzene clusters as potential nanomechanical devices:
A theoretical study
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The equilibrium structures and binding energies of the benzene complexedbeaizoquinones
(PBQ and its negatively charged anionic species (PB&hd PBG~) have been investigated
theoretically using second-order Mgller-Plesset calculations. While neutral
p-benzoquinone-benzene clustéPBQ-B2 prefer to have a parallel displaced geome(ifyc),

CH-- -7 interactions T-shaped geometripprevail in the di-anionic PBQ-benzene (PBQBz)
complexes T-€¢7). Studies on dianionigp-benzoquinone-benzene clusters showed that two
nonbonded intermolecular interactions compete in the most stable conformation. One is H-bonding
interaction(C—H --O type between carbonyl oxygen @-benzoquinone and one of the hydrogen
atoms of benzene, and the other israH interaction betweenr-electron cloud of PB& and
another hydrogen atom of benzene. Blueshifted H-bonds were obseriesghiaped clusters. The
changes in the geometrical preference of PBQ-Bz complex upon addition of electrons would be
useful in designing optimized molecular mechanical devices based on the edge-to-face and
face-to-face aromatic interactions. 8004 American Institute of Physics.

[DOI: 10.1063/1.1760745

I. INTRODUCTION of the two structures along with the sandwich model is very
small®

The intermolecular interactions involving nonbonded in-  Investigations of supramolecular systems are not only of
teractions are highly important in supramolecular structuresundamental importance for understanding of their complex
and biological systems? The structure and properties of van behavior, but also a starting point for construction of molecu-
der Waals clusters have recently been studied extensively ntir machines! The changes in the intermolecular interaction
only for understanding the effect of weak interactions on theof the supermolecular structures upon oxidation/reduction or
physical and chemical properties of the system, but also fophotoirradiation can be applied in designing molecular me-
the design of new inophores and receptodsnong the non-  chanical devices. Recently our research group has shown that
bonded interactions, aromatic-aromatic interactions play cruthe structural change of the quinone-benzene system upon
cial roles in base-base interaction of DNAertiary structure ~ €lectrochemical reduction has been useful in designing a na-
formation of proteing, and protein stabilitf. Interactions of nomechanical devicE. In 1997, Stowell and co-workers
 electronic systems of aromatic/nonaromatic molecules aréhowed that the orientation of quinone in photosynthetic re-
important forces in governing molecular recognitfohpst-  action centePSRQ depends upon the charged state of that
guest complexatiof, and stereochemistry of organic molecule!® A systematic investigation on the geometrical
reactions Although among various types of nonbonded in- changes upon PBQ-Bz clusters on addition of electrons is
teractions such as H-bond@d! or interactions involvingm ~ N€cessary to .explai_n these observatipns. A nymber of earlie'r
electron systemém-, cation/anions,'2 etc) aromatica studies have investigated the properties of quinones and their

interactions are the weakest, these interactions have receivéjoonded analogués.in the present work, we have done

much attention because of their important role in moleculac@lculations to investigate the interactions between benzene
assembly and biomolecular recognitibh. (Bz) and p-benzoquinonéPBQ) in different charged states.
The benzene dimer is a prototypical casersfr inter- We further studied the changes in geometrical preference of

actions, and a large number of experimental and theoreticéeﬂésctrgﬂgcﬂaer tsr);ftggQaZak:,%ncrt,'ig E];tzinnaurg]rg(:\:':f e;:.tlr:
studies have been carried out on this molecular sysfem. - Ve ' W ¢, Wh

: . . . addition of electrons induces aromaticity. Therefore this
Different minima were proposed for the benzene dimer, since . .

: . Study shows how the interaction changes as the PBQ changes
the interaction energy often depends on the method e

L Mom a nonaromati n aromatic molecule.
ployed. Nevertheless it is known that the edge to fate ( om & nonaromatic to an aromatic molecule

shapedl and the parallel displaced arrangements are nearly
isoenergeti¢? while energy barriers for the interconversion !I. COMPUTATIONAL METHODS

Geometries of PBQ-Bz complexes were fully optimized
3Electronic mail: kim@postech.ac.kr at the second-order Mgller-Pless@iiP2) level of theory
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TABLE I. Binding energies and geometries of PBQ-Bz clustaAr&.is the median values of BSSE corrected and uncorrected binding energies which are the
lower and upper limits, respectively. The values afteare the half of the BSSEAx is the lateral displacement of center of mass of the two ringsis the
vertical displacement of the center of mass of the two rifiggs-Rcy is the distance between the center of mass of the two rikgsAz shown in italic

letters andRcy-Rew given in bold letters. Partial optimizations are performed orf Pdnd P-é~, keeping the benzene and quinone in parallel planes. MP2
energies at B3LYP geometries are reported for L-b-b~, and L-c .

AE(MP2/6-31+G*)

AE(MP2/6-311 +G**)

AX;Az or Rgy-Rey (A)

System (kcal/mol)) (kcal/mol)) (MP2/6-311 +G**)
S-4S-a |s-&~ 5.92+2.334.12+2.456.73+3.00 6.82+2.525.31+2.4549.11+ 2,52 3.453.5(3.35
S-4S-b|S-b~ 6.15+ 2.564.39+ 2.7(]7.10+ 3.33 7.72+2.075.34+2.958.66+ 3.54 3.403.443.35
P-dP-a |P-&~ 5.57+2.794.41+2.8413.73+ 2.59 6.64+2.965.80+2.9714.34+ 1.51 2.50;3.401.00;3.350.60;3.45
P-H P-b’|P-b2’ 7.18+ 2.936.20t 3.058.24i 3.73 8.59+3.437.75+3.2411.42+-4.20 1.40;3.1¢1.30;3.3Q1.60;3.00
P-dP-c |P-¢~ 7.21+2.996.27+3.139.35+ 3.70 8.58+3.419.00+2.1411.67+4.30 1.30;3.1(1.30;3.301.60;2.95
T-alT-a’\T—az’ 2.37t 1.6216.70t 1.821 15.71+3.08 2.99+1.957.18+ 2.4q 17.16+3.18 4.894.7(4.50
T-b| T-b™| T-b?~ 1.95+ 1.654.91+2.0113.01+ 2.69 2.67+1.955.95+2.2614.62+ 2.80 4.8(4.744.50
T-o|T-c|T-¢2~ 2.86+1.646.74+1.8915.34+2.48 3.42+1.557.21+1.8§15.92+ 2.45 4.8(4.704.65
T-d| T-d™| T-d?~ 2.11+1.644.90+1.9012.38+ 2.47 2.62+1.645.60+1.8713.66+ 2.47 4.904.804.75
T-¢T-e | T-€2~ 2.87+1.677.09+2.0417.87+2.96 3.40+1.797.76+2.2419.04+ 3.11 0.90;4.8(0.95;4.651.30;4.35
T-4T-a |T'-&&~ 4.15+1.551.79+1.511.78+1.65 4.45+1.614.38+ 1.562.42+ 1.67 4.554.794.60
T’—b|T’—b’|T’—b2’ 0.75+ 1.451—0.911 1.410.351 1.68 —-1.37+ 1.5370.4h 1.4?}1.0& 1.76 4.9q4.95|4.90
T"-alT”-a’|T'-a2’ 4.36+ 1.764.78t 1.03 14.06+1.40 5.19+2.135.15+ 1.0]1 14.44+1.63 O.10;4.7$6.10;2.1$6.35;l.50
T”-b|T”-b’|T’-b2’ 3.57+ 1.5Q5.0& 1.1414.11i 1.23 5.14+2.235.43+1.0114.25-1.75 0.00;4.7$5.25;2.9Q6.80;0.00
L-alL-a |L-a2~ 1.69+0.522.52+0.6414.05+ 1.03 1.75+0.583.05+0.7(14.42+ 1.04 7.6(7.447.10
L-b|L-b~|L-b?~ 1.93+0.593.11+0.6914.03+ 1.08 1.97+0.693.59+0.7414.34+ 1.07 7.207.146.90
L-c|L-c™|L-c?~ 2.03+0.742.99+0.8914.11+1.23 2.08+0.8(03.45+0.9114.25+1.75 7.107.006.80

with 6-31+G* and 6-31% +G** basis sets. The impor- 1o the rotation oP-b to P-c. The parallel displaced geometry
tant geometries were further optimized at the MP2/aug-ccP-a is energetically less stabilized th&ab and P-c.

pVDZ level. The binding energies of important geometries ~ The staggered and stacked benzene ring over FBQ)
optimized at MP2/aug-cc-pVDZ are computed using theis slightly more stable by~0.5kcal/mol than the fully
coupled-cluster singles and doubles level augmented by stacked on€S-a). In HexaflurobenzenéHFBz), the compo-
perturbative correction for triple excitatiofCSO(T)] level  nents of quadrupole moments have opposite sigospared

of theory employing 6-3% G* basis set. The basis set superwith that of benzenebecause of the presence of electron-
position error(BSSBH corrections for the complexes were withdrawing fluorine atoms. Thus, a parallel-stacked geom-
carried out using the counterpoise metfiddhe minimum  etry (alternative benzene-HFBz ringwas already observed
energy clusters were confirmed from the harmonic vibrafor HFBz-Bz complexe$ In the case of PBQ-Bz complex,
tional frequenCieS at the MP2/6-315* level. Natural bond the quadrupo|e moments of benzene and PBQ are similar in
orbital (NBO) calculations were done at the MP2/6-311 sjgn, as in the case of benzene dimer; therefore no attractive
++G** level on the geometries optimized at the samejnieractions exist between quadrupole moments of PBQ and
level. The calculations were carried out using 8r@JSSIAN Bz. The PBQ-Bz dimer structures with Chi-interactions

98 suite of programé? (both facial benzene and facial quingrere calculated to
have higher energy than the parallel displaced geometries.
The most stable edge to face conformérs is less stable by
about 6.7 kcal/mol than the geomefyc. T"-aandT”-b are

interaction energiesE) and important geometrical param- ~4.5_kcal/_mo| Ies_s stable thdhc. The clusters which allow
eters of PBQ-Bz system are listed in Table | and the geomth_e direct interaction between the carbonyl oxygen of PBQ
etries with MP2/6-31% +G** energies are shown in Fig. 1. With the H-atom of benzen@. -a, L-b, andL-c) are calcu-
We have investigated stacked configurati¢Bs and Sb), ~ lated to have much higher energy-@ kcal/mol) thanP-c.
parallel displaced configurationéP-a, P-b, and P-c),  1hus parallel displaced configurations are more stable than
T-shaped edge to face conformations with facial quinonedh® T-shaped configurations and lateral conformélsa,
(T-a, T-b, T-c, T-d, and T-e), T-shaped edge to face con- L-b, and L-c). The global minimum energy conformers for
formations with facial benzeneT(-a and T’b), T-shaped the neutral PBQ-benzene complex are calculated to be the
and slanted configurations with facial benzeri@-@ and  parallel displaced structuréz-b and P-c which are almost
T"-b), and linearly aligned or lateral configuratiofis-a,  isoenergetic. For the two lowest energy structures of neutral
L-b, andL-c). clusters (P-b and P-c), CCSD(T)/6-38-G* calculations
Here we begin with the discussions of neutral systemsyere performed at MP2/aug-cc-pVDZ optimized geometries
the fully stacked geometriéS-a andS-b (face to face inter- to obtain more reliable energy. At the CCSD(T)/6-31
actiong are slightly less stable~2 kcal/mol) than the par- + G*//MP2/aug-cc-pVDZ level of theoryP-c is energeti-
allel displaced geometrie$P-b and P-c). At MP2/6-31 cally stabilized only by 0.04 kcal/mol ové-b.
+G* P-b has one imaginary frequency, which corresponds  The Hartree-Fock theory-predicted binding enerdegs

I1l. RESULTS AND DISCUSSION
The MP2/6-33-G* and MP2/6-31% +G** predicted
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S-a S-h P-a P-b P-c
BEZ|531|9.11 TI2| 554|888 AE4|520) 1434 2527751142 252 201157

oo ofpEpo oiiho oWFRO OEHDO

T-a T-h T-c T-d T-e T-a T’-h
29917181718 2RT7|5895| 1482 342|721 1552 282|580 138 340|776| 1914 4451438242 -137|-041|1.01

O
- T"-a T7-at T7-b LR S
519 515 14.44 514 543 14.25
I-a L-b L-c
1753051442 197|359 144 208|345 1425

FIG. 1. Geometries and binding energies (MP2/6-8#1G** , 50% BSSE correctef p-benzoquinone-benzene clusters. The first, second, and third values
are the binding energies of neutral, anionic, and dianionic states, respectively.

the MP2 optimized geometrig$or most of the geometries

shown in Fig. 1 lead to repulsive interactiofiSig. 2). A _ 10~ 30 -
similar situation is also observed for Bz-Bz and HFBz-Bz o 5] o
cases> These results lead to a conclusion that dispersive ° o o .

forces are very important in obtaining an accurate estimate o ® T———
the interaction energy. Nevertheless it should be noted tha
significant electrostatic interaction energy is compensated by,q | . 1ol 6 = .

the equally significant large exchange repulsion energy.

Addition of a single electron to the PBQ-Bz complex

makes a competition between the parallel displaced anc” "~
T-shaped geometries. The BSSE and zero point vibrationgg. 2. Relative energies of some of the important conformations of
PBQ-Bz cluster§[(1—AEg, ®—AEyp,, A—AEco)-

energy(ZPE) corrected binding energies at MP2/6-BG*

S-a

-20 -

T-e

-45

A

T-e*

&
T-a*
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TABLE Il. Binding energies and geometries of the two lowest energy conformers for neutral, anionic and di-anionic strii&usethe median values of
BSSE corrected and uncorrected binding energies which are the lower and upper limits, respectively. The valtesmrafee half of the BSSEAX is the
lateral displacement of center of mass of the two ridgsis the vertical displacement of the center of mass of the two riRgg- Rcy, is the distance between
the center of mass of the two ringSE, is the binding energyAE, is the zero point vibrational energy correct&éé. Ax;Az shown in italic letters and
Rem-Rem given in bold letters.

AE, (MP2/6-31+G*) AE(MP2/aug-cc-pVDZ) Ax;Az or Rey-Rey (A) AE(CCSD(T)/6-31 G*)
System (kcal/.mo) (kcal/mol) (MP2/aug-cc-pVDZ (kcal/mo)
P-4P-c 5.98-2.935.97+2.95 10.03-2.9410.21+3.04 1.40;3.101.25;3.15 6.706.74
P-c|T-e 3.77+3.195.59+ 2.08 9.45+2.81/8.97+2.22 1.10;3.201.00;4.55 6.247.85
T-27|T-€~ 14.45+ 3.0416.90* 2.96 18.57+2.9120.98+2.86 4.451.25;4.35 16.4518.50
shows a preference df-e~ (T-shaped geomethyover P-c~ other types of conformers. Therefore we expect the similar

(parallel displaced geometrywhile BSSE corrected binding behavior at the complete basis set limit. Calculations on
energies at MP2/6-3H1+G** shows the preference of monoanionic PBQ-Bz indicate that improvement of basis set
P-c” overT—e", but the energy difference between the two and extent of electron correlation in the calculations stabilize
conformers in both cases are in the order-of kcal/mol ~ T-shaped form compared to parallel displaced form, there-
only. As seen from Table I, at MP2/aug-cc-pVDZ, the pref- fore we are expecting thak-shaped form would be more
erence of P-c or T-e depends on the extent of basis setstable than other alternatives by employing complete basis
correction, but the energy difference are in the rangeset limit for monoanionic PBQ-Bz clusters.
of 0.5 kcal/mol. Calculations at CCSD(T)/6-31 It would be interesting to note some of the geometrical
+ G*//MP2/aug-cc-pVDZ shows that th&-shaped geom- properties of the PBQ-Bz clusters. The calculations show
etry is almost 1.6 kcal/mol more stable than the parallel disthat the addition of an extra electron to the PBQ-Bz cluster
placed geometry. These results indicate the importance afecreases the distance between the ringsTFarT-b, etc.,
electron correlation in the calculation of weak molecularthe reduction decreases the distance between the center of
complexes where dispersive forces are very important in demass of the two rings. Fdr-a, the Rey-Rey of the neutral
termining the geometry. The energy difference between arstate is 4.85 A, while that in the di-anionicstate is 4.50 A. It
ionic P-b™ andP-c™ is less than 0.1 kcal/mol. IR-c™, the  can also be seen in Table Il that tRy-Rcy distance in
rings of benzene and quinone are not fully parallel, but theC—H --O type H-bonded clusterdH-A, etc) got decreased
benzene ring makes an angte 7°) with respect to the PBQ by addition of an extra electron, which implies that the
ring. NBO calculations show that there is no significantCH---O type interaction between PBQ and Bz is strong in
charge transfer between PBQ and Bz moieties in the anionianionic complexes compared to neutral system3.-gihaped
P-c™ (Table IlI). clusters(for neutral, anionic, and dianionit-a andT-b) the

In all PBQ-BZ~ complexes, the calculations reveal that C—H bond length of benzene interacting with theslectron
the parallel geometries tend towards ‘Gt conformers. cloud of PBQ is calculated to be smaller(.082 A) than
Upon full optimization of the di-anionic geometries such asthe C—H bond lengths in free benzene moleddl®89 at
P-b%>~ or P-c?~, geometries converged automatically to MP2/6-31H1 +G**). The C—H stretching frequencies of
T-a?~ andT-c?~, respectively. The global minimum energy these CH bonds are blueshifted with respect to that of the
geometry obtained for the di-anionic complexTise?~ and  free molecule(e.g., C—H bond stretching frequencies of
the frequency calculations at MP2/6-8G* level confirmed T-a2~ are blueshifted by 60 cnt at MP2/6-3% G*). Simi-
that the geometry is a minimum. Th-€®~ a strong C-H--O lar reports on blueshifted H-bonds were reported for some
type H-bonded interaction (€0O=3.18 A) exists in addi- H-bonded complexes and also for benzene dithét.
tion to the CH- -7 interaction between the electron cloud of Anionic C-H--O type H-bonded complexe&-a~,
PBQ and the H atom of BZT-€?~ is lower in energy than L-b~, andL-c~ show spin contamination at the MP2 level
T-a2~ by 1.8 kcal/mol. Our calculations at different levels of upon optimization, similar to which we have reported for the
theory and basis set suggest that for neutral PBQ-Bz conPBQ radical-water comple3€. The G=0 bond length of the
plex, the parallel displaced geometries are highly favoredtarbonyl carbon atom of PBQ interacting with the benzene
over all other alternatives, and for dianionic PBQ-Bz com-molecule is shortened by abott0.2 A in these complexes.
plex T-shaped arrangements are strongly stabilized over allherefore, we have optimized these structures at the B3LYP

TABLE lll. Relative energies of P-c and T-& is the binding energyk, is 100% BSSE corrected binding energy dfg, is 50% BSSE corrected binding
energy. The energies are reported in kcal/mol. On full optimizatiorf, Pactomatically converged to Tc.

MP2/aug-cc-pVDZ MP2/6-31t + G**
Charge P-c(BEy|Epp) T-e(E|EyEpp) A (E[EyEpp) P-c(E|Ep|Epp) T-e(E|EylEpp) A (E[EyEpp)
0 13.297.1710.21 6.00.194.14 7.164.986.07 11.945.168.57 5.191.53.4 6.793.665.08
~1  12.266.649.45 11.206.758.97 1.10-0.110.48 11.1%.858.99 9.996.537.76 1.411.321.23

—2 209615441822  23.8M8.1220.98 -2.8§-2.64-2.76  18.7(13.§16.25  22.1K509319.04  —3.45-2.13-279
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TABLE IV. NBO charge populations on benzene in PBQ-Bz dimer com-

20
plexes(in a.u). NBO charges computed at MP2/6-31% G** .

P-b0.024 P-c0.027 T-a0.004 T-e-0.003 T-e

—
n
|

P-b"—0.006  P-c —0.007 T-a—-0.013 T-€ —0.014
T-a~—0.036 T-¢~-0.053

P-c

—
o
]

ity (Arb. Units)

ing the same basis set on these optimized geometries. ThE ]
spin contamination problem arises only in the case @, ]
L-b™, andL-c™. This issue has been well discussed in our Jl Benzene
earlier paper aboyt-benzoquinone-water cluste?.

Now it is interesting to investigate the application of T T T T
these molecular interactions as nanomechanical devices. | 1500 2000 2500 3000
the molecular flipper, 2,11-dith{d,4) metameta quinocyclo- Frequency (cm.l)
phane, the benzene and quinone moieties are almost in a
staggered conformation in the neutral systésimilar to FIG. 3. Vibrational spectra of benzene moiety in stable PBQ-Bz clusters.
Sb), while the double anionic system exists Trshaped
conformation, similar tor -b. The binding energies of PBQ
and Bz in Sb and T-b?>" are 7.7 and 14.6 kcal/mol
(MP2/6-311+ +G**), respectively. The energy difference
between the neutral and dianionic statessdf andT-b are

level, and single point MP2 calculations were performed us- I\ l P-c A

former, which resulted from the interaction of the positive
charge density of the C—H bond of benzene with thelec-
tron density of quinone (PBY) ring. As in the case of

about 5.1 kcal/molin favor of S-b) and 5.2 kcal/mol(in PBQ-Bz system, in PSRC, there can be a change in geo-

favor of T-b), respectively. The present results are not rofMetrical preference between the Q@ (dark structurgand

from the previous system. Present results indicate that thtehhe Ch"’“ge sgparated*lQAQB ' Wh'.Ch may finally result in
; the 180° twist. Recent calculations showed that neutral
most favorable conformation for PBQ-Bz clusters &€

andT-€~ in the neutral and dianionic systems, respectively.qu'nones."’md mdolg moIecqua prefe_rnastacked arrange-
The binding energies of P-c and e at MP2/6-311 ment, while semiquinone radical anions prefefl -@haped

++G** level are 8.6 and 19.0 kcal/mol, respectively. As ponformatlon with significant N—Hm hydrogen bonding

t 28
seen in Tables | and Il, for the-c andT-e, the neutral state Interactiorr.

favor P-c by 6.8 kcal/mol, but the doubly charged anion state On examining calculated IR frequency shifts of benzene

T-&" is favored overP-c2~ by 6.2 kcalimol. This clearly moiety in the cluster, fingerprints of complexation can be

shows that upon addition of electrons, the conformer changégent'f'ed (Fig. 3, frequencies are scaled by 0.95he split-

- . : ting of C—H in-plane bending modes of benzene in the clus-
from P-cto T-€~ and vice versa. Thus electrochemical con- .
. . . . . ters correspond to the symmetry breaking of the benzene
formation control is possible which is very useful for design-

) . . S n?olecule due to complexation. Similarly CH stretching
ing nanomechanical devices which is used as a precursor Q . .
modes of benzene also become nonequivalent in the cluster.

molecular flipper. Therefore it is possible to synthesize aNBO calculations show that even Tre?~ the charge trans-

more efficient nanomec.hamcal device, if the bridging mol-fer between PBQ and Bz rir@able IV) in the cluster is very
ecules are properly designed.
small (~0.05 a.u.).

The geometrical changes of PBQ-Bz clusters on reduc-
tion can be explained from the changes in the aromatic na-
ture of the PBQ ring. For benzene, the electrostatic mail)v' CONCLUDING REMARKS
shows that the outer plane of the benzene ring has a positive We have performeab initio molecular orbital calcula-
charge density, while the upper/lower part of the ring hagions at MP2 and CCSQ) level of theory to study the ge-
negative charge densiy.Neutral PBQ is nonaromatic and ometries and binding energies of different charged states of
does not have a significant electron density as in the case p-benzoquinone-benzene clusters which could be realized as
of benzene. Therefore, th€-shaped geometry with facial molecular machines. From our results, it can be concluded
PBQ is not preferred. The possible interaction between PB@hat the most efficient PBQ-Bz cluster based molecular ma-
and Bz is either the interaction betweerelectron cloud of chine is the one in which the benzene gndbenzoquinone
Bz and ther electrons of PBQin a parallel displaced man- moieties interact in a parallel displaced fashi@milar to
nen or interaction through CH-O weak hydrogen bonding P-c) in neutral state and edge-to-face mann€ef~) in
between the benzene hydrogen with that of PBQ oxygemlianionic state. In the neutral PBQ-Bz cluster, the parallel
atom. Calculations reveal that benzene prefers to interactisplaced geometryP-c), which is preferred over all other
with PBQ in a parallel displaced conformer. The increase iralternative arrangements, is about 6.8 kcal/mol more stable
the negative charge density centered on the PBQ plane thanT-e at MP2/6-31%- + G** level. The edge-to-face con-
reduction is reflected in the energy difference between paraformer T-€®~ is calculated to be the most stable dianionic
lel displaced and CH-7 type conformers®P-¢c~ andT-e7) conformer and is about 6.2 kcal/mol lower in energy than
of the complex. PB& -Bz prefers to have a GH= con-  P-¢~. For monoanionic systems, the conformBrs™ and
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64, 5661 (1999; (b) B. H. Hong, S. C. Bae, C.-W. Lee, S. Jeong, and

T-e are competitive, whilel-e~ is slightly better favored
K. S. Kim, Science294, 348(200J); (c) B. H. Hong, J. Y. Lee, C.-W. Lee,

by 2 kealimol at the MPZ.ZPE. correpte}j and C.CS.[DT) J. C. Kim, and K. S. Kim, J. Am. Chem. Sot23 10748(2002); (d) P.
Ievels._ Nonbonded interactions mvo_lymg aromatic rings are 1, axeshwar, H. S. Choi, and K. S. Kiibjd. 123 3323(200; (&) W. L.
also pivotal to protein-ligand recognition and helpful in drug Jorgensen and D. L. Severandsd. 112, 4768(1990; (f) J. P. Glusker,
design, andp-benzoquinone and benzene play a central role Top. Curr. Chem198, 1 (1998; (g) C. A. Hunter and J. K. M. Sanders, J.

in many biochemical reactions. Therefore, the present resultsA™- Chem. Socl12 5525(1990; (W) K. Muller-Dethlefs and P. Hobza,
Chem. Rev(Washington, D.Q.100 143(2000.

would be of great use in probing the mechanisms of many“(a) K. C. Janda, J. C. Hemminger, J. S. Winn, S. E. Novik, S. J. Harris,

biologically important processes.
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