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Abstract

The difference in reduction potentials between ortho and para-benzoquinones has been calculated. The employs
gas phaseab initio and semi-empirical computations in combination with free energy perturbation theory ap-
plied to gas and solution phase Monte Carlo simulations. The effects on calculated results of altering solute
electrostatic parameterisation in solution phase simulations is examined. Atom centred charges derived from the
molecular electrostatic potentials, MEPs, from optimisédinitio wavefunctions and charges generated by
consideration of hydrogen bonded complexes are considered. Parameterisation of hydroxyl torsions in
hydroquinone molecules is treated in a physically realistic manner. The coupled torsional system of the ortho-
hydrobenzoquinone molecule is described by a potential energy surface calculated using gas phase AM1 semi-
empirical computations rather than the simple torsional energy functions frequently employed in such calcula-
tions. Calculated differences in electrode potentials show that the electrostatic interactions of quinone and
hydroquinone molecules in aqueous solution are not well described by atom centred charges derizled from
initio calculated MEPs. Moreover, results in good agreement with the experimental reduction potential differ-
ence can be obtained by employing high leakeinitio calculations and solution phase electrostatic parameters
developed by consideration of hydrogen bonded complexes.
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parameters. Many methods, such as umbrella sampling [3],
Introduction preferential sampling [4] and double wide sampling [5] have

been employed to alleviate the problem of non-ergodic phase
The use of Monte Carlo [1] (MC) and molecular dynamicsspace searching. Due to limitations in computational power,
[2] (MD) statistical mechanical simulations has become in-molecular mechanics force fields used to represent both in-
creasingly widespread and routine in the study ofter and intramolecular interactions are still simplistic in their
biomolecular and organic systems. Such methods suffer frorfunctional form. Much effort has been expended in the de-
two fundamental problems: the extent of configurational spaceelopment of so called transferable parameters [6 - 10] used
searched and the representation of system energetics throughcharacterise non-bonded van der Waals and electrostatic
classical potential energy functions [2] and their associateéhteractions. Such parameterisations have met with some
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success in the calculation of solution phase physical propebenzoquinone is parameterised to a semi-empirically calcu-
ties. Nevertheless, the reliability and transferability of pa-lated potential energy surface rather than the more usual sim-
rameter sets between different systems must still be consighle torsional energy functions.

ered questionable, especially with respect to the atom cen-

tred charges used to represent electrostatic interactions.

Intermolecular interactions in most commonly used forceMethods
fields comprise electrostatic and Lennard-Jones van der Waals
terms [8 - 10] Non-bonded electrostatics are, in general, repA simple thermodynamic cycle (figure 1) approach was used
resented as simple coulombic interactions between poirtb calculate the difference in electrode potentials between
charges placed on atomic centres. Such atom centred chargasho and para-benzoquinones. The difference in standard
may be derived in a number of different ways. This papereduction potentials between ortho and para-benzoquinones,
investigates the effects on calculated quinone redox potentialsE, is related to this solution phase free energy difference
of changing molecular electrostatic parameterisation used iAAGaq by equation 1.

MC simulations in order to assess the quality of the param-

eters used. Redox potential results calculated using atodAG, = -nFQE®) (1)
centred charges obtained from 1) fitting @b initio com-

puted molecular electrostatic potentials (MEPS) [11] and 2where n is the number of electrons involved in the redox
those obtained by considering hydrogen bonded complexgxocess, F is Faraday’s constant gkieP the difference in

of the quinones are their respective hydroquinones, an OPLi®duction potentials between ortho and para-benzoquinones.
methodolgy [7], are compared.

The difference in reduction potentials between ortho and The aqueous phase free eneigyn AAG,, may be cal-
para-benzoquinones is calculated using a combination of gasilated from the thermodynamic cycle employing Hess'’ law
phaseab initio, semi-empirical and solution and gas phase(equation 2).

MC simulations. Free energy perturbation [12] (FEP) theory

is used in the calculation of solution phase free energy difAAG, = AAG __+ (AG, - AG)) - (AG, - AG)) (2)
ferences.The quinone system was selected because of the

availability of experimental data [13], the relative simplicity see figure 1 for explanation of terms.

of the systems involved and the fact that anthraquinone com-

pounds are likely candidates for bioreductive anti-cancer AAG__represents the gas phase free energy difference
agents [14]. Additionally, an earlier study[15], which em- between the ortho-hydrobenzoquinone / para-benzoquinone
ployed a similar methodology but utilised MD simulations, system (top left of cycle) and the ortho-benzoquinone / para-
calculated the difference in redox potentials between theskydrobenzoquinone system (top right of cycle). Terms
compounds to an apparent accuracy of 20mV. The problemG, - AG, and AG, - AG, represent the differences in the
of torsional parameterisation in flexible molecules is alsosolvation free energies between the reduced and oxidised
addressedThe coupled torsional system of ortho-hydro- forms of ortho and para-benzoquinones respectively

Figure 1. Thermodynamic cycle used to

calculate the difference in reduction
potentials between ortho and para-
—> benzoquinones.
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Calculation of the gas phase free energy difference,
AAG . The quantityAAG , can be constructed from a

_gas = - H Dum
number of terms as depicted in equation 3. ~o ~o
|
AAG@las: AAHOK + AAHZPE + AAHmermal + TAAS (3) MUTAT|O N
>

explanation of terms in text.

AAH , is the difference in gas phase internal energies at O Ol
OK. This quantity was computed usiag initio calculations H ~Dum

employing the Gaussian 92 program [16]. Full restricted

Hartree-Fock (RHF) geometry optimisations were carried out

on ortho- and para-benzoquinones and their respectiveigure 2. Mutation of para-hydrobenzoquinone to the
hydroquinones at the STO-3G [17], 3-21G [18] and 6-31G*quinone. During the mutation parameters which describe the
[19] basis set levels. All computations involved the calcula-hydroquinone, bond lengths, angles, dihedrals and van der
tion of atom centred charges through the CHELPG [11] al\yaals and electrostatic parameters are slowly changed to
gorithm in order to provide molecular electrostatic param-those which describe the quinone. Hydroquinone hydroxyl
eters for the solution phase simulations. Finally MPZ/G-BlG*hydrogen atoms are shrunk into massless, chargeless dummy
120] single point calculations were performed on the RHF/atoms, denoted Dum in the figure.

6-31G* optimised geometries to obtain accurate gas phase

energies and therefofH . The quantitieAAH, ., the dif-

ference in molecular zero point egies,AAH, . the dif-  changes. The progress of the perturbations was described by
ference in molecular thermal enthalpies, ad\S, the dif-  a coupling parameteh, the hydroquinone being described
ference in molecular entropies at 298K, were obtained fronby A = 0 and the quinone by = 1 and the perturbation be-
gas phase semi-empirical calculations. Single pointAM1 [21}ween the two by | being increased from 0 to 1 in increments
calculations were run on the RHF/6-31G* optimised molecu-of 0.05. Each of the mutations was performed in a series of
lar geometries of all quinone and hydroquinone species i22 MC simulations designed to give two estimates (forward,
order to obtain normal vibrational frequency modes and therhydroquinone -> quinone, and backward, quinone ->
modynamic quantitiesMAH, . and TRAS). Analysis of  hydroquinone) of the gas phase free energy change. Both
the computed vibrational frequency modes through equatioquinones and hydroquinones were represented by all atom
4 produced molecular zero point energies which, along witthmodels in their RHF/3-21G optimised. Quinone molecules
the calculated thermodynamic quantities were used to comere treated as rigid moieties. Only hydroquinone torsional
rect theab initio calculated OK internal energies to free ener-degrees of freedom were sampled and only torsional contri-
gies at 298K (equation 3). All semi-empirical calculationsbutions to the free energy changes were evaluated. Details of

ZPE’

were run using the MOPAC [22] program, version 6. the hydroquinone torsional parameterisation can be found in
the later section dealing with the subject. Metropolis sam-
ZPE. =05 w/2n 4 pling [1] was employed throughout all simulations. Dihedral

angles were allowed to vary by up to° X&r MC step in
where Z.P.E. is the molecular zero point energy, h is Planck’srder to allow an acceptance ratio for torsional moves of
constant andw the normal vibrational modes of the mol- around 40%. All simulations were run using the BOSS pro-
ecule. gram, version 3.1 [24], on a Hewlett Packard workstation.
The calculation od&AGgaSthrough equation 3 is valid only Each simulation consisted of 10 x*T@nfigurations of equi-
if the molecules are assumed to maintain a rigid geometryibration the first 3 x 19of which were at constant volume,
The energy barriers to internal rotation for the hydroxyl groupsollowed by 16 x 18 configurations of data collection. All
of the hydroquinones are, however, low in comparison withsimulations were run in the isothermal-isobaric ensemble at
available thermal energy at 298K [13]. Thus, representatio?98 K and 1 atmosphere pressure.
of the hydroquinones as rigid molecules in both the gas and
solution phase is physically unrealistic. The contribution mad&€alculation of solution phase free energy differences
toAAG by variation in hydroquinone hydroxyl torsions was
found from MC simulations and FEP theory. The differences in the free energies of solvation between the
Gas phase mutations of ortho-hydrobenzoquinone tdydroquinones and the quinonéss, - AG, andAG, - AG,
ortho-benzoquinone and para-hydrobenzoquinone to parder ortho and para systems respectively, were calculated em-
benzoquinone were performed (see figure 2) and the freploying MC statistical mechanics simulations and free en-
energy changes calculated using FEP theory. Each perturbargy perturbation theory. The difference in solvation free
tion was divided into 21 windows [23] to allow the precise energies between ortho-and ortho-benzoquinone was com-
evaluation and rapid convergence of calculated free energyuted by mutating the hydroquinone to the quinone (figure
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2) in dilute aqueous solution. Application of the FEP equahydroquinone molecules under study. 11 hydrogen bonded
tion [25] (equation 5) to collated simulation data was used t@omplexes (figure 3) of the four molecules involved were
calculate the free energy change. A similar computation wasonsidered. Binding energies for these complexes were ob-

performed for the para-quinone system tained from RHF/6-31G*ab initio calculations. A full re-
stricted Hartree-Fock geometry optimisation of a single wa-
AG = -KT In <exp (AH,./ KT )>, (5) ter molecule was performed at the 6-31G* basis set level.

Hartree-Fock geometry optimisations of the hydrogen bond
the FEP equation. k is Boltzmanns constant, T the temperdengths and angles of complexesAthrough K were performed
ture, AH,, the difference in internal energies between sys-at the 6-31G* basis set level. All other internal coordinates
tems Aand B both being in the same configurational statewere held fixed at the values obtained from RHF/6-31G*
The brackets <prepresent an average taken over configura-optimisations of the isolated molecules. It should be noted
tions of state A. that RHF/6-31G* and RHF/3-21G optimised molecular

Differences in solvation free energies comprise contribu-geometries are practically identical.
tions from two sources: changes in intermolecular interac- In the case of the quinone molecules themselves only one
tions upon solvation and changes in intramolecular interachydrogen bonded complex exists for each (Aand B, figure 3).
tions upon solvation of the species involved. This secondt is therefore possible to reproduce hydrogen bond geometries
quantity, which involves the polarisation of solute moleculesand energies of these complexes with many different sets of
by solvent, is notoriously difficult to calculate and has beenatom centred charges. In order to combat this effect quinone-
ignored in this study. Hence, all solution phase simulationsvater complexes were set up with an OH water bond in di-
involved the evaluation of intermolecular energies only.rect line with the O=C carbonyl bond of the quinone. RHF/
Intramolecular interactions are described in the BOSS pro6-31G* optimisations of the bond length only were performed
gram in the usual Lennard-Jones plus Coulombic formabn these complexes, denoted A2 and B2, to provide second

(equation 6). quinone complexes which could be used in the
parameterisation process. Binding energies for the hydrogen
AE = Ziazjb (Aij/rlzij - Cij/reij + quszlrij) (6) bonded complexes were obtained by subtracting the RHF/6-
31G* energies of the isolated constituent molecules from the
explanation of terms in text. RHF/6-31G* energy of the optimised complex.

In order to reproducab initio calculated geometry and

The interaction energy between two molecules is thusinding energy data using atom centred charges, the hydro-
characterised by the sum over all pairwise interactions begen bond lengths and angles of complexes A through K were
tween atoms i and j on the two molecules a and b. The termsptimised employing the BOSS intermolecular potential func-
A and C in equation 6 are related to the Lennard-Jones e atihn (equation 6). This process was performed using the
s parameters such that A 40" and C = 4¢0°. sand e  SOPLS program [26] which employs a simplex minimisa-
Lennard Jones parameters for all atoms were taken from th@n method. Output from the SOPLS code includes the com-
OPLS force field [6]. plex energy, optimised geometry as well as coulombic and

Intermolecular electrostatic interactions are representegtan der Waals interaction energies between individual atom
in the BOSS program as coulombic interactions between poimptairs. Adirected trial and error procedure was utilised to
charges placed on atom centres. Atom centred charges combtain electrostatic parameters which yielded hydrogen bond
puted in the RHFb initio calculations described in the pre- geometries and binding energies for complexes A through K
vious section were used to provide three sets (STO-3G, 3-21i@ good agreement with thab initio calculated values.
and 6-31G*) of electrostatic parameters for each molecule. The hydrogen bond lengths and angles of complexes A
In addition to these a further set of electrostatic parameterthrough K and the hydrogen bond lengths of complexes A2
was specially developed for the quinone system through thand B2 were minimised using the SOPLS program. Quinone
consideration of hydrogen bonded complexes of the quinonand hydroquinone molecules were represented in their RHF/
and hydroquinone molecules. This method is comparable t6-31G* optimised geometry with initial electrostatic param-
that used to develop OPLS parameters for the nucleotideters being taken as Mulliken charges obtained from the RHF/

bases [7]. 6-31G*ab initio calculations on the isolated molecules. OPLS
parameters were employed to represent van der Waals inter-
Electrostatic parameter development actions throughout. Water was represented as the TIP4P model

[27] which was to be used in the solution phase simulations.
OPLS parameters for both united and all atom representd@®nly intermolecular interactions were evaluated. Quinone
tions have been derived through pure liquid simulations [6land hydroquinone electrostatic parameters were altered based
and reproduction adb initio calculated geometries and bind- on the results of these minimisations using individual atom
ing energies of hydrogen bonded complexes of the solutes jpair interaction energies as a guide. This process was repeated
question [7]. It was decided to use this second, simpler apantil agreement in hydrogen bond geometries and interac-
proach to derive electrostatic parameters for the quinonetion energies between ttad initio and SOPLS calculations
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Figure 3. Complexes used in the derivation of optimisedTorsional parameterisation

electrostatic parameters for ortho and para benzoquinones

and hydrobenzoquinones. Hydrogen bond angles were defindé has been mentioned, the hydroxyl torsions of ortho and

as the angle between the atoms water oxygen, water hydrog@ara-hydrobenzoquinones have low energy barriers to rota-

and quinone/hydroquinone oxygen where water acts as #on. It would therefore be inappropriate to employ rigid mo-

hydrogen bond donor and between atoms water hydrogerecular geometries for their representation. The BOSS pro-

water oxygen and hydroquinone hydrogen where water actgram allows for sampling over torsional degrees of freedom

as a hydrogen bond acceptor. employing a Fourier series [28] (equation 7) to describe the
energetics of the torsional system.

over all complexes could no longer be improved. Values of V(@) =V(0) +V(1) [1 - cospl /2 +V(2) [1-cos B] /2 +

OPLS electrostatic parameters for atoms in chemically simiV(3) [1 + cos &) / 3 (7)

lar environments to those in the quinone and hydroquinone

molecules were used as a check on the parameters obtained where V(p) is the torsional energy when the dihedral an-

to ensure there were no drastic discrepancies. gle has valuep, V(0), V(1), V(2) andV(3) are the fourier
coefficients.
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H H H Figure 4. Conformational forms of
o O—H o O==H o OH ortho-hydrobenzoquinone upon
-[1 -[2 whch AM1  semi-empirical

calculations were performed in order
to parameterise the coupled hydroxyl
torsional system of the molecule.

In the case of para-hydrobenzoquinone the hydroxylThe progress of the perturbations was described by a cou-
groups are remote from each other and can be approximatgfing parameter), such that, the reduced quinone form be-
to two isolated torsional systems. In this case the hydroxying described by\ = 0, the oxidised form by = 1 and the
torsions can be described adequately by the Fourier seriegerturbation from hydrobenzoquinone to benzoquinonk by
In the case of ortho-hydrobenzoquinone, however, theheing increased from 0 to 1 in increments of 0.05.
hydroxyl torsions are situated on adjacent carbon atoms of Each mutation was performed in a series of 22 MC statis-
the aromatic ring and can therefore interact producing a couical mechanical simulations designed to give two estimates
pled torsion system with complex energetic behaviour. Suclayf the (forward, hydroquinone -> quinone, and backward,
behaviour cannot be described adequately by the use @jinone -> hydroquinone) of the difference in solvation free
Fourier series which, through symmetry arguments, shoul@nergies between hydroquinone and quinone. All mutations
be identical for each hydroxyl torsion. Furthermore, attemptsvere performed in a periodic box containing 504 water mol-
to reproduce the AM1 coupled dihedral energy surface bycules.The TIP4P model was employed for interactions in-
allowing 1-4 and 1-5 intramolecular interactions between theolving solvent whilst all quinone and hydroquinone mol-
hydroxyl groups and the hydroquinone ring atoms met withecules were represented by all atom models in their RHF/3-
Nno success. 21G optimised geometries. Parameters describing van der

The energetic properties of the coupled hydroxyl torsionwaals interactions were taken from the OPLS force field
system of ortho-hydrobenzoquinone were investigated using/hilst CHELPG calculated atom centred charges calculated
AM1 semi-empirical calculations. Using the RHF/6-31G* from the MEPs of the RHF/3-21G optimised wavefunctions
geometry as a starting point, single point AM1 calculationswere employed for electrostatic interactions. Electrostatic
were performed at 30ntervals of both hydroxyl torsions ( parameters on symmetry related atoms were taken as aver-
andt,) such that calculations were performed at O°1,=  aged values over those atoms. Ortho-hydrobenzogquinone tor-
0°,1,=301,=0,1,=601,=0,....1, =C1,=30,1,=30  sjonal parameterisation was employed as described in the
1,=30..1, = 1801, = 180 (see figure 4). The resultant above section. Para-hydrobenzoquinone torsions were
energy surface was used explicitly to parameterise the coyarameterised by setting V(2) in the BOSS Fourier series to
pled torsion system. The BOSS source code was modified t93.99 kJmot, the experimental torsional energy barrier height
allow it to read the torsional energy surface and interpolatéor phenol [13]. Quinone molecules were treated as rigid.
between calculated points thus allowing torsional sampling=ach simulation consisted of 3.3 » t@nfigurations of equi-

directly according to the calculated energy surface. libration, the first 3 x 10of which were at constant volume,
followed by 6.5 x 10configurations of data collection. These
Simulations two mutations were repeated employing the optimised elec-

trostatic parameters discussed above.
Ortho and para-hydrobenzoquinones were mutated to their The effects of altering the electrostatic parameterisation
respective quinone forms in agueous solution. Each pertukvere examined by mutating the electrostatic parameters of
bation was split into 21 windows to allow the precise evaluthe reduced and oxidised forms of both ortho and para-
ation and rapid convergence of calculated free energy changessnzoquinones from the RHF/3-21G MEP fitted charges, used
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Table 1 Results from ab initio and semi empirical gas phase
calculations.

o]
Calculation method Quantity Value [kJmol?] %fﬂ 2
o= 25
AM1 Semi-empirical AAH,, 0.028 %%i 20
thermat -0.144 HE L o
T AAS -0.293 N 10
= Eﬂw 5
ab initio, RHF/STO-3G  AAH 13.271 %% e 0
ab initio, RHF/3-21G AAH 45.414 "8,
ab initio, RHF/6-31G* AAH 46.407
ab initio, MP2/6-31G* AAH 40.168

in the previous structural mutations, to each of the other twi
ab initio derived electrostatic parameter sets. Each of the ! 3600
necessary perturbations was performed in a series of 11 sim 330
lation windows designed to give two estimates (forward anc
backward) of the free energy change. All simulations were 500
performed in a periodic box of 504 water molecules. The eva
TIP4P model was employed for all solvent interactions whilst edn
hydrogquinone and quinone molecules were represented i 210
their RHF/3-21G geometries. Van der Waals parameters fc 180
the quinone and hydroquinone molecules were taken fror
the OPLS force field. Free energy changes from thes: 150
simulations can be combined with the free energy change 120
calculated from the hydroquinone to quinone mutations tc on
1]
a0

Hj,rdm:-:j,rl tarsion 1

evaluate the values aiG, - AG, andAG, - AG, for different
electrostatic parameter sets. Each charge mutation simul;
tion consisted of 2.3 x f@onfigurations of equilibration,

the first 3 x 18 of which were at constant volume, followed 0
by 5 x 10 configurations of data collection. (i« S e e e e e e e e e e e Y o
. . . | L L T o T e Y [ e e R R
Metropolis and preferential sampling were employed o
throughout all simulations. Spherical cutoffs for intermolecu- 2 | it
lar interactions were applied at 8.5 A for both solvent-sol- PR Lo

vent and solute-solvent interactions with the cutoff criterion
such that if any atom of the solute lay within the cutoff then
interactions with all solute atoms were included in the calcufigure 5. 3D and contour plots of the AM1 potential energy
lation. Hydroxyl torsions were allowed to vary up t6 @@r  surface used to parameterise the coupled torsional system
MC step. Parameters which determine the range of solutef ortho-hydrobenzoquinone.
molecule movement were set in order to achieve an overall
configuration acceptance rate of approximately 40%.
Simulations involving the para system were run using BOSSResults and Discussion.
version 3.1 whilst those involving the ortho system were run
using a version of BOSS modified to allow dihedral sam-Semi-empirical and ab initio gas phase
pling according to the calculated AM1 energy surface.

Intramolecular contributions to all solution phase freeResults from theab initio and semi-empirical gas phase cal-
energy changes caused by the inclusion of energy terms twlations are displayed in table 1.
represent torsional energy barriers were estimated by appli- It can be seen from table 1 that thermodynamic quanti-
cation of the FEP equation to dihedral angle distributiondies calculated semi-empirically, employing the AM1
from each simulation window. These intramolecular contri-hamiltonian make only a minor correction &b initio gas
butions were subsequently removed from calculated solutiophase energy differences. The maximum correctiM(DgaS
phase free energy changes. being only 0.293 kJmalfor the entropic contribution. Re-
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sults from the RHF/STO-3@b initio calculations give mark- Table 2 Free energy results from the gas phase mutations
edly lower values for the difference in OK gas phase energiesydroquinone -> quinone for both ortho and para systems.
than do the other basis sets. 3-21G and 6-31G* RHF compu-

tations show close agreement differing by less than 1 EImol

The effects of electron correlation, as found from the Mp2Mutation AAG,,,, [kImol]
6-31G* calculations reduce the difference in gas phase ener- forward  backward average
gies between the species by 6.239 kJnfmdm the RHF/

_ *
6-31G* value. 2hpbg -> pby -6.86 6.88  -6.87 +0.02
Torsional parameterisation and gas phase simulations 2hobg -> obg 747 7.49 748 + 0.02
The results from the AM1 calculations on the conformational
forms of ortho-hydrobenzoquinone are shown in figure 5 in
both 3D and contour form. 1, = @, 1, = 180 corresponding to the anti conformation (in

The coupled dihedral energy surface and contour plotsvhich the hydroxyl groups ‘point’ away from each other).

displayed show global minima af = @, 1, = ® and 1, = It was this energy surface which was used to parameterise

180, 1,= 180 (minima atr, = ®, 1,= 360 ,1, = 360, 1,= @ the hydroxyl torsions of ortho-hydrobenzoquinones in MC
andt, = 360, T, = 360 are identical to the, = ®, T,=®  simulations. Free energy results from both gas phase muta-
global minimum). These two global minima represent thetions are given in table 2.

two degenerate syn forms of ortho-hydrobenzoquinone in It can be seen from this table that free energy changes
which both hydroxyl groups point in the same direction (ei-calculated from forward and backward perturbations are in
ther to the left or the right - see figure 4). A steep sided valexcellent agreement with hystereses of less than 0.1 kJmol
ley running approximatelyt(,t,) @, ¢° -> 120, 3¢ -> 180, for both systems. Standard deviations on incremental free
120 -> 180, 180 -> 180, 240 ->240, 330 -> 360, 360 is energy changes from each individual simulation window were
also evident on the energy surface. This valley represents ttsnall indicating good convergence the calculated quantity.
minimum energy route for interconversion between the twoThe free energy change for the mutation of para-
degenerate syn forms of ortho-hydrobenzoquinone. The hightydrobenzoquinone to para-benzoquinone in the gas phase,
est energy point in this valley (at approximatgly 150, T, evaluating only torsional energy terms, is -6.87 kJnibhe
=330 or 1, = 210, 1, = 30) corresponds to the transition free energy change for the ortho mutation is -7.48 kdmol
state for the interconversion between the two syn forms and@hus the torsional contribution ®AG__is -7.48 - (-6.87) =

is some 17.2 kJmdlabove the syn energy minima. The val- -0.61 kJmot. Calculated values f&AG___including the tor-

ley in the energy surface demonstrates that the lowest energjonal contribution are displayed in table 3.

path for syn-syn interconversion is available through con- Dihedral angle distributions from para-hydrobenzo-
certed motion of the two adjacent hydroxyl groups. The conquinone perturbation showed that both hydroxyl rotational
formation of the ortho-hydrobenzoquinone molecule at thisminima (where the hydroxyl group is coplanar with the aro-
saddle point correlates well with the rotational saddle pointnatic ring) were sampled for both hydroxyl groups. Exami-
structure for the interconversion of syn forms calculated frormation of the coupled dihedral angle distribution for ortho-
an RHF/3-21Gab initio transition state search [15]. A sub- hydrobenzoquinone perturbation showed that although the
sidiary minimum is also observable on the energy surface ahost sampled conformations were in and around the syn

Table 3 Calculated values of

Quantity ab initio calculation Value [kJmot'] AAG__from gas phase ab initio
gas ’
semi-empirical and gas phase
MGgaS (from equation 3) RHF/STO-3G 13.448 perturbation calculations.
RHF/3-21G 45.591
RHF/6-31G* 46.584
MP2/6-31G* 40.345
ANG -0.61

torsion

AAG, (including

torsional contribution) RHF/STO-3G 12.838
RHF/3-21G 44.981
RHF/6-31G* 45.956

MP2/6-31G* 39.735
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Table 4 Optimised hydrogen bond binding energies and
geometries calculated by both ab initio and SOPLS methods.

Complex ab initio BOSS / SOPLS
Binding Hydrogen Hydrogen Binding Hydrogen Hydrogen
energy bond length bong angle energy bond length bong angle
[kmot] (Al [’] [kmol -] (Al [°]
A -25.16 2.09 151.4 -25.20 1.76 167.3
A2 -14.87 2.13 (180.0)* -20.72 1.75 (180.0)*
B -25.83 2.09 152.5 -25.83 2.01 152.5
B2 -13.60 2.17 (180.0)* -19.62 1.99 (180.0)*
C -27.60 1.96 137.2 -27.38 2.06 144.8
D -18.78 2.09 160.6 -19.26 1.74 175.0
E -27.07 1.97 138.3 -27.13 2.06 147..9
F -18.09 2.09 160.0 -18.13 1.74 174.5
G -30.65 1.93 134.2 -30.81 2.04 130.6
H/I -15.94 2.01 123.0 -18.50 2.12 93.6
J -19.54 2.08 160.0 -20.22 1.78 172.4
K -27.13 1.96 139.7 -27.00 2.04 137.0

minimum, the anti conformation and the degenerate syn corenergies and hydrogen bond geometry for the B2 complex is
formation were also sampled. poorer than for the B complex. Again, however, the trend in
binding energies between B and B2 complexes is qualita-
tively reproduced.

Binding energies of complexes D, F and J (where water
Optimised hydrogen bond lengths, angles and binding enercts as a hydrogen bond donor) calculated through SOPLS
gies found fronab initio and molecular mechanics (the BOSS all lie in the range -21.0 kJmbto -18.0 kJmot compared
force field, SOPLS program) are displayed in table 4. with the range -20.0 kdmblto -18.0 kJmot for ab initio

Examination of table 4 indicates that binding energies obptimised complexes. The average discrepancy between
the complexes calculated using SOPLS are in good agre&OPLS andab initio calculated binding energies for com-
ment with those calculated kgb initio methodology. The plexes D, J and F is only 0.37 kJmoAlthough SOPLS cal-
SOPLS calculated binding energy of the para-benzoquinonesulated binding energies show excellent agreement atith
water complex, A, differs from thab initio value by only initio calculated values, SOPLS hydrogen bond lengths are
0.04 kmol . SOPLS andb initio calculated hydrogen bond all shorter than theiab initio counterparts by 0.33 A on av-
lengths show a disparity of 0.33 A and hydrogen bond anglesrage. SOPLS calculated hydrogen bond lengths for com-
by 15.9. Inspection of the SOPLS calculated data for the A2plexes D, F and J show excellent agreement with each other
complex shows poorer agreement wéth initio calculated  matching the observedb initio trend. Hydrogen bond an-
values than does the complex A. The binding energy of thgles calculated using SOPLS for complexes D, F and J are
A2 complex is, however, smaller than that for the A complexall within 3 of each other, a trend seen in #ie initio re-
and so the qualitative trend in binding energies between thsults. SOPLS hydrogen bond angles for these complexes,
two has been reproduced. however, tend to be larger than thie initio calculated val-

SOPLS calculated binding energy and hydrogen bondies by approximately 24
geometry data for the ortho-benzoquinone-water complex, It should be noted that in both thb initio optimisations
B, show excellent agreement with thé initio calculated and the SOPLS minmisations complexes H and | converge
values. Calculated binding energies and hydrogen bond amon the same hydrogen bonded structure with water acing as a
gles are identical to two and one decimal places respectivelyydrogen bond acceptor. The H / | complex shows the poor-
whilst the SOPLS calculated hydrogen bond length is onlyest agreement between SOPLS ahdnitio calculated bind-
0.08 A shorter than thab initio calculated value. As in the ing energies and hydrogen bond geometries within the
case of the para-benzoquinone-water complexes)dAA2,  hydroquinone complexes. The ortho-hydrobenzoquinone-
agreement between SOPLS aidinitio calculated binding  water binding energy in this complex differs between the two

Electrostatic parameterisation
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Figure 6. Optimised electrostatic parameters for ortho and junction with OPLS van der Waals parameters do adequately
para benzoquinones and hydrobenzoquinones. represent intermolecular quinone and hydroquinone interac-
tions with the respect to hydrogen bonding. Optimised elec-
trostatic parameters are displayed in figure 6.
calculation methods by 2.56 kJmakhilst hydrogen bond
length and angle differ by 0.11 A and 29 Although this  Free energy and electrode potential results
agreement is relatively poor the SOPLS calculated binding
energy is lower than all but the F complex and the hydrogefrree energy results from the solution phase mutations, both
bond angle is the smallest out of all complexes. This is ifnolecular and electrostatic, are given in table 5. Overall so-
reasonable agreement with the trends seen irathiitio  lution phase free energy changes were calculated by averag-
calculated values. ing the results from forward and backward perturbation runs.
The SOPLS andb initio calculated binding energies for In all cases it can be seen that hystereses between for-
complexes C, E, G, and K (where water acts as a hydrogatard and backward perturbations are small indicating the
bond acceptor) all show close agreement with the averagfficiency of phase space sampling in all simulations. Stand-
difference being 0.143 kJmiol The largest discrepancy in ard deviations on incremental free energy changes for indi-
these figures is 0.22 kJmidlor the C complex. The trend in Vidual simulation windows in all perturbations were small
ab initio calculated binding energies for these complexes i< 10% of the free energy change per window, average) indi-
also reproduced in the SOPLS calculations; the binding ercating good convergence of calculated free energy changes.
ergies of complexes C, E and K all lie in the range -28.0Pihedral angle distributions for para-hydrobenzoquinone and
kJmot! to -27.0 kJmot with the G complex having the larg- coupled dihedral angle distributions for ortho-
est binding energy of -30.65 kJmoHydrogen bond lengths hydrobenzoquinone show that although sampling over tor-
for complexes C, E, G and K calculated through SOPLS aréional phase space was not exhaustive, torsional space was
larger in magnitude than theb initio calculated values by sampled correctly according to the energy expression em-
approximately 0.1 A. SOPLS calculated hydrogen bond anpPloyed for the particular system in question. Analysis of di-
gles for complexes C, E, G and F all show reasonable agrefedral and coupled dihedral angle distribution in all muta-
ment withab initio calculated values. tions involving hydrobenzoquinones, through the FEP equa-
With the exception of A2, B2 and H/I complexes, SOPLStion, was used to assess the intramolecular torsional contri-
binding energies show remarkably good agreement with thodution to calculated free energhanges.These values are
calculated usingab initio methodology. Hydrogen bonded @also displayed in table 5.
geometries calculated using SOPLS show deviation &tom Intramolecular contributions to solution phase free en-
initio calculated values, however, discrepancy is not largergdy changes for both ortho and para molecular perturbations
and many of the trends seen in &hbeinitio results are repro- Show good agreement between simulations involving differ-
duced. The average differences betwateimitioand SOPLS  ent electrostatic parameter sets (3-21G and SOPLS derived).
calculated binding energies are 2.95 kJinfdr para- This agreement indicates torsional sampling in these
benzoquinone complexes, 3.01 kJmofor ortho-  simulations has been thorough within the energetically al-
benzoquinone complexes, 0.20 kJmofor para- lowed regions of torsional space. Furthermore, in the case of
hydrobenzoquinone complexes and 0.88 kinfiot ortho-  the para system this intramolecular contribution (-6.58 kImol
hydrobenzoquinone complexes. Thus, although the resul#®r 3-21G electrostatic parameters and -6.96 k3nfof
of the SOPLS calculations on complexes A through K do noBOPLS optimised electrostatic parameters) is very similar to
agree perfectly with thab initio results it can be asserted the free energy change for the gas phase perturbation, 6.86

that the use of the optimised electrostatic parameters in cofJmot* . This similarity demonstrates similar torsional sam-
pling in both gas and solution phase simulations. The
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Table 5Solution phase free energy results and intramolecular
torsional contributions to them for molecular perturbations
(hydroquinone -> quinone) and electrostatic perturbations.

J. Mol. Model.1996,2

Mutation AAG  [kJmol] Intramolecular contribution  AAG [kJmol”]
(electrostatic parameters) (inter + intra) [kdmolY] (inter only)
2hpbg -> pbq, (3-21G) 19.73 £ 0.5 -6.58 26.31
2hobq -> obq, (3-21G) 12.86 + 041 -11.52 24.38
2hpbgq -> pbg, (SOPLS) 455+ 1.22 -6.96 11.51
2hobq -> obq, (SOPLS) -17.89 + 1.80 -11.12 -6.77
3-21G -> STO3G 2hpbq 31.58 + 0.35 negligible 31.58
pbqg 19.07 £ 0.34 negligible 19.07
2hobqg 33.14 £ 0.39 negligible 33.14
obq 20.79 £ 0.25 negligible 20.79
2hpbg -> pbq, (STO-3G) 7.22 -6.58 13.80
2hobg -> obq, (STO-3G) 0.51 -11.52 12.03
3-21G -> 6-31G* 2hpbqg -3.54 £ 0.01 negligible -3.54
pbqg -13.98 £ 0.18 negligible -13.98
2hobqg 0.12 + 0.10 negligible 0.12
obq -11.97 £ 0.16 negligible -11.97
2hpbg -> pbq, (6-31G*) 9.29 -6.58 15.87
2hobq -> obq, (6-31G*) 0.77 -11.52 12.29

intramolecular torsional contributions to the difference indirectly with differences in solvation free energies calculated
solvation free energies between ortho-hydrobenzoquinone artldrough the earlier molecular mutations to ascertain the ef-
ortho-benzoquinone are some 4.04 kJhwoid 3.63 kdmdl  fect on solvation free energies differences of altering elec-
(for perturbations involving 3-21G and SOPLS derived elecrostatic parameterisation.
trostatic parameters respectively) greater in magnitude than Differences in solvation free energie8Q, - AG, and
the free energy result from the ortho system gas phase pekG, - AG, from the thermodynamic cycle, figure 1) between
turbation. The discrepancy between the gas and solution phatte quinones and there respective reduced forms, as described
values is indicative of differing torsional sampling in the gasby different electrostatic parameters, were found by subtract-
and solution phases. Indeed, examination of the coupled ding the intramolecular torsional contribution from calculated
hedral angle distributions from the gas and solution phaskee energy changes.
simulations revealed more extensive torsional sampling in Free energy results show, in general, that solvation ap-
the gas phase simulation. pears to stabilise the hydroquinone over the quinone form.
In general, the intramolecular torsional contributions toOnly for the ortho quinone system where electrostatics are
the differences in solvation free energies derived from th&lescribed by optimised electrostatic parameters is this found
dihedral angle distributions favours the oxidised, quinonenot to be the case. It can be seen from table 5 that the calcu-
form. lated difference in solvation free energies between the
Analysis of dihedral angle distributions from electrostatic quinones and their reduced forms varies quite considerably
perturbations involving hydrobenzoquinones revealed neglidepending on the elctrostatic parameters employed. This re-
gible intramolecular contributions to charge mutations freesults demonstrates the sensitive dependence of FEP calcu-
energychanges.This result was expected as the torsionallated free energy changes on electrostatic parameterisation.
parameterisation of the hydroquinones remains constarit is also apparent that when electrostatic parameters derived
throughout the charge perturbations. Furthermore, alteratiofrom ab initio derived MEPs are employed in solution phase
in sampling of torsional phase space due to changes in elesimulations the difference between the solvation free energy
trostatic parameterisation appears to be insignificant. Thuglifferences calculated for ortho and para-benzoquinones re-
calculated charge mutation free energies could be combinenains almost constant (1.77 kJrfjol.93 kJmot and 3.58
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kdmot* for STO-3G, 3-21G and 6-31G* derived charges re-level of ab initio theory in conjunction with the 6-31G* ba-

spectively). This same quantity found from perturbations in-sis set should be capable of performing energy caclulations

volving the SOPLS optimised electrostatic parameters is calin good agreement with experiment on molecules as small as
culated as 18.28 kJmblIThus it appears that calculated dif- the quinones and hydroquinones and it was expected that use
ferences in solvation free energies are merely scaled by thef MP2/6-31G* values foAAGgaswould give the most accu-
alteration of electrostatic parameters derived from abe rate results. It is noticeable that, given a particular value of
initio basis set to another. AAG_, the value of the calculated reduction potential shows

Differences in reduction potentialAE, between ortho little dependence on the basis set employed generate the elec-
and para-benzoquinones, as calculated through equationstrbstatic parameters throughb initio calculations. This

and 2 are displayed along with the experimental value irdemonstates that atom centred charges derived from differ-

table 6. ent ab initio basis sets provide similar relative descriptions

It is apparent from table 6 that electrode potential result®f the aqueous ortho-hydrobenzoquinone / para-benzoquinone
generally in best agreement with experiment are those foundnd para-hydrobenzoquinone / ortho-benzoquinone systems.
whenAAG __ is calculated employing RHF/STO-3 initio Overall, whenab initio CHELPG derived charges are em-
calculations and atom centred charges derived &boinitio ployed to represent the electrostatic interactions of the
calculated MEPs are used in solution phase simulations. lqguinone and hydroquinone molecules in aqueous solution,
these cases the average errofAlhis 38.9 mV correspond- results obtained are in poor agreement with the experimental
ing to an error inAAGaq (figure 1) of 7.5 kdmdl. Although  value.

these results seem reasonable the STO-3G basis set used toDue to the high level aib initio theory used in the MP2/

calculate the major contributantAdG __ represents the low- 6-31G* calculations it is assumed that errrors in the calcu-

est level ofab initio theory used in this study and therefore lated value ofAAGaq and hence\E are due to errors in the
the least accurate. The agreement with experiment of resultalculation of solvation free energy differences. Errors in the
obtained from the combination of §13G AAG__andab  calculation of solvation free energy differences could be
initio derived electrostatic parameters has been tentativelgaused by either a poor sampling of phase space, poor con-
ascribed to a cancellation of errors. vergence of free energy changes or the convergence of free

Electrode potential results derived from valuedAd6 energy changes to the wrong values. Given the small
found from RHF/3-21G, RHF/6-31G* and MP2/6-31G* cal- hystereses in calculated free energy changes and the small
culations and simulations whemb initio derived electro- standard deviations on incremental free energy results it ap-
static parameters have been employed show poor agreemeggars that it is the latter reason which accounts for the ob-
with the experimental answer of -92.2 mV. The average erroserved errors in calculated quantites. If this is the case then it
over these results is 120.9 mV corresponding to an error imppears that atom centred charges derived fatninitio

AAG,  of 23.3 kJmot. Of these results, those derived from wavefunctions using the CHELPG algorithm provide an in-

use of the MP2/6-31G* value aﬁAGgaS are in best agree- accurate description of molecular electrostatics in aqueous

ment with experiment having an average error of 101.1 m\&olution.

(corresponding to a 19.5 kJmadrror in AAGM). The MP2 Examination of the reduction potential results calculated
using data from simulations where the SOPLS / optimised
electrostatic parameters were employed shows a much better

Table 6Calculated differences in reduction potentials betweergeneral agreement with experiment than do the other results.

ortho and para-benzoquinones. Reduction potential result®ith the exception of the results derived using the RHF/

are shown for all different sets of electrostatic parametersSTO-3GAAG___value, all calculated values AE lie within
employed in solution phase simulations and all different ab62 mV of the experimental result. The best result is obtained
initio basis sets used in the calculatio’diG . Also shown when the value ofAAG  obtained from the MP2/6-31G*

is the experimental value. calculations is employed and is only 18.9 mV from the ex-
Electrostatic AAG AAG AAG AAG

parameters (RHF/STO-3G) (RHF/3-21G) (RHF/6-31G*) (MP2/6-31G*)

STO-3G MEP -57.3 mVv -223.8 mV -229.0 mV -196.7 mV

3-21G MEP -56.5 mV -223.0 mV -228.2 mV -195.9 mV

6-31G* MEP -47.9 mV -214.4 mV -219.6 mV -187.3 mV

Optimised / SOPLS +28.3 mV -138.2 mV -143.4 mV -111.1 mV

Experimental [14] -92.2 mV
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perimental value corresponding to an erroN]rGaCI of only 8.
3.6 kJmot.
9.

Conclusions. 10.

For the most part, the difference in solution phase reductiodl.

potentials between ortho and para-benzoquinones evaluated

employing high levehb initio calculations and the free en- 12.

ergy perturbation theory within Monte Carlo simulations

shows poor agreement with the experimental value. This poor
agreement arises due to the poor quality of the intermolecu-
lar force field parameters applied to describe the solute mol-

ecules in solution phase simulations. The best agreemeds.

betwen calculated and experimental reduction potential dif-
ferences arises when electrostatic parameters derived spe-

cifically for the sytem in question are employed to de-14.

scribe solute molecules arab initio calculations are per- 15

formed at the MP2 level. Development of such parameterd6.

and the ensuing MC simulations constitute a time consum-
ing process. It should be noted that the use of free energy
perturbation theory within Monte Carlo simulations in con-
junction with high levelab initio calculations is capable of
producing results in good agreement with experiment. How-

ever, as a routine method of obtaining such quantities FER7.

theory is limited and more epeditious methods are required

to allow the computation of solution phase reduction18.

potentials to become routine.
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