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Abstract Car-Parrinello molecular dynamics (CPMD) sim-
ulations have been performed on ubisemiquinone radical
anion in aqueous solution. The different types of hydrogen
bonding formed between the semiquinone and the solvent
were studied in terms of frequency and directionality, in
comparison with the parent benzosemiquinone radical anion.
The EPR parameters (g-tensors and hyperfine coupling con-
stants) were obtained from quantum chemical property cal-
culations performed on snapshots along the MD trajectory,
and the contributions of different solvation effects to the EPR
parameters have been evaluated. The influence of the anion’s
conformational behaviour was examined, including the ori-
entation-dependent effects of hyperconjugation on side-chain
hyperfine coupling.

Keywords Car-Parrinello molecular dynamics -
EPR parameters - g-tensors - Hydrogen bonding dynamics -
Hyperfine coupling constants - Ubisemiquinone

1 Introduction

Quinones and their reduced forms (semiquinones and
quinols) occur in all life-forms as antioxidants and elec-
tron transfer agents [1-3]. The most important compound
of this class is ubiquinone (UQ), so named for its ubiq-
uity. It is a vital cofactor in, e.g., photosynthesis and respira-
tion. Electron paramagnetic resonance (EPR) spectroscopy
has proven itself an important tool for studying ubisemiqui-
none and other anionic semiquinone radicals, and numerous
EPR studies have been performed on semiquinones [4,5].
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The EPR parameters (g-tensors and hyperfine coupling
constants) are very sensitive to intermolecular interactions
such as hydrogen bonding, and thus give valuable data about
the molecular environment of the bioradical. This is particu-
larly useful for investigating the hydrogen bonding interac-
tions at an enzyme reaction centre, which serve not only to
keep the (semi)quinone cofactor in place, but also to modify
the quinone/semiquinone redox potential.

To interpret this data, it is desirable to have a thorough
understanding of the effects of hydrogen bonding on the EPR
parameters. Computational chemistry can play a useful role
here, as techniques based on density functional theory (DFT)
may be used to calculate the EPR parameters even for large,
chemically relevant radical systems [6]. The computation
of hyperfine tensors for m-radicals has become more or less
routine, using DFT with hybrid functionals [7]. Semiquinon-
es have been prominent targets in such applications [8-19].
More recently, DFT calculations of electronic g-tensors have
reached an accuracy that make them particularly suitable for
applications to bioradicals [20]. Indeed, semiquinone radical
anions have been among the first serious applications of DFT
methods to g-tensor calculations, giving insight into a large
variety of factors that influence the spectroscopic parameters,
in particular with respect to the solvent or protein environ-
ment [21-28].

All these initial calculations have been done using static
structures, typically generated by computational optimiza-
tion, but sometimes (especially when investigating enzyme
binding sites) constrained to match experimental structural
data from, e.g., X-ray diffraction. Necessarily, this approach
omits dynamical effects, such as vibration and the fluctuat-
ing number, orientations and lengths of hydrogen bonds. This
omission can be rectified by performing molecular dynamics
(MD) simulations, in which the evolution of a system over
time is simulated. We have previously used Car-Parrinello
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molecular dynamics [29] (CPMD) simulations to examine
the interaction of aqueous benzosemiquinone radical anion
(BQ*™) with the solvent water molecules and the effect of
solvation and dynamics on EPR parameters [30-32] (cf. refs.
[33—41] for examples of further studies that include dynam-
ical effects in DFT calculations of EPR parameters). In this
paper we extend the use of this methodology to the bio-
logically more relevant ubisemiquinone radical anion. First
results are reported here for solvation analysis, g-tensors and
hyperfine couplings calculated from the MD trajectory of
ubisemiquinone in aqueous solution.

2 Computational details

We performed Car-Parrinello MD simulations using the
CPMD code (version 3.7.1) [42] on a system comprising
ubisemiquinone radical anion in a periodic box (of size 14.0x
13.0x 16.5 A) with 92 water molecules. As the full molecule
would be too large to perform a long enough simulation on,
we replaced the isoprenyl side-chain with an ethyl group (cf.
Fig. 1). No counterions were added or special measures were
taken to negate the effect of image charges, as the dielectric
effects of the highly polar solvent are expected to effectively
screen the electrostatic interactions between neighbouring
cells. The BLYP functional [43,44] was used to calculate the
electronic energy. BLYP is well validated for simulations in
aqueous media and known to provide a reasonable hydro-
gen-bonding framework [45], in spite of some shortcomings
when it comes to details [46]. Our previous study of aqueous
BQ*~ study was also performed using BLYP, and thus com-
parison between the two semiquinones is best done at this
level.

©
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Fig. 1 Definition of groups and torsional angles in ubisemiquinone.
Dashed lines indicate the three bonds defining a torsional angle
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A planewave basis with 70 Ry cutoff energy was used
with Troullier-Martins type norm-conserving pseudopoten-
tials [47]. We used a timestep of 7a.u. (0.17fs), although
for a short period of the preproduction trajectory the time-
step was switched to 5 a.u. to examine the effect on energy
conservation; 7.99 ps of simulation was produced, of which
we discarded 5.38 ps as an equilibration period and took the
latter 2.61 ps as a production run.

This is so far a significantly shorter production run than
that simulated for the smaller (and thus computationally
cheaper) benzosemiquinone radical anion, and thus the data
obtained from its analysis will be less statistically reliable.
Longer simulations are desirable, due to lower symmetry
and the need to sample the different conformations possible.
Work along these lines is currently in progress.

In this paper we use the following notation for the atoms
and groups of UQ®™. As per convention, Cips refers to the
carbonyl carbons and Cgo to the other ring carbon atoms.
The oxygen atoms are labelled with their functional group
as subscripts: Oco and Opeo thus refer to the carbonyl and
methoxy oxygen atoms, respectively. Unlike benzosemiqui-
none, however, the two CO groups are not equivalent, and
neither are the MeO groups. The CO group adjacent to the
isoprenoid tail (ethyl group in the model) is denoted as CO(1),
and the MeO group next to it (and opposite the isoprenoid
group) is denoted as MeO(2). The CO and MeO groups adja-
cent and opposite to the Me group are denoted as MeO(2) and
CO(2), respectively. The torsional angles of the side groups
may be defined either as D (Xp—Xz — Cortho—Cipso) or D(Xp —
Xa—Cortho—Cortho). We choose the latter, and use the labels
71, 72 and tg; for the two MeO groups and the ethyl group
respectively. This is illustrated in Fig. 1.

The criteria for hydrogen bond recognition are as follows.
Hydrogen bonding to carbonyl oxygen requires 7[H - - - O] <
2.25A and Z(O-H --- 0) > 90°. For methoxy oxygen, we
define the “loose” critera the same way, and for the “strict”
criteria additionally exclude water molecules already
H-bonded to carbonyl oxygen. For “T-stacked” H-bonding to
the Cg ring, the “loose” criteria require that Z(O-H- - - C) >
120° and Z(H- - - C- - - [m]) > 135°, where [m] is the midpoint
of the C¢ ring, and that the hydrogen be closer to carbon
than to a carbonyl oxygen. The “tight” criteria additionally
exclude water molecules H-bonded to methoxy oxygens.

Radial distribution functions (RDFs) are plotted for pro-
tons H-bonded to oxygen centres of UQ®™. This was done
by dividing the radial frequency of such protons by a radial
area element (taken to be 4772) and normalizing to the bulk
density of water molecules. (The RDF measures variation in
solvent density according to distance from the molecule, and
ideally converges to 1 at large distances.)

Calculation of EPR parameters was performed by taking
snapshots from the trajectory at regular intervals of 13.5fs
and calculating the electronic structure for molecular clusters
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at DFT level with the TURBOMOLE program [48,49]
(construction of the clusters will be discussed in the next
section). The electronic structure calculations for these clus-
ters were performed at the BP86/DZVP [43,50,51] level for
g-tensors and B3LYP/EPR-II [52-54] for hyperfine coupling
constants. The Kohn—Sham orbitals were then passed to the
MAG/ReSpect magnetic resonance calculation package [55].
The g-tensors were calculated using a second-order pertur-
bation—theoretical approach [56,57], the atomic meanfield
approximation for spin—orbit integrals [58], and a common
gauge origin located midway between the carbonyl oxygens.
(Semiquinone g-tensors do not, however, tend to be very sen-
sitive to gauge position.)

3 Results and discussion
Frequency of hydrogen bonding

Table 1 shows the frequency of particular types of hydrogen
bonds, under “strict” criteria, and also the relative frequency
of a particular number of each type of hydrogen bonding pres-
ent. (By “frequency” we mean the fraction of snapshots in
which that number of H-bonds is found.) As with benzosem-
iquinone radical anion, the most extensively occurring type
of hydrogen bonding is to the carbonyl oxygens, with four or
five such H-bonds being most common, and the simulation
average being 4.6 (the number computed for benzosemiqui-
none at the same level is 4.7 [30]), or 2.3 to each oxygen.
However, the radial distribution function (see Fig. 2) for the
first solvation sphere around Ocg is broader and has a smaller
maximum value than found in our simulations [30] of BQ®*™.
Furthermore, the H-bonds are somewhat longer: g(r) is at
a maximum at around 1.95A (1.75A for BQ®*™). It appears
that the presence of substituents on the Cg ring does not
substantially decrease the number of hydrogen bonds to the
carbonyl oxygen atoms, but does (by steric repulsion) cause

Table 1 H-bond numbers
Number of H-bonds

Occurrence for H-bonds of type (%)

H---Ogc H---Omeo H---Cg
0 — 31 64
1 — 47 25
2 4 20 10
3 14 3 1
4 25 - -
5 38 - -
6 15 - -
7 5 - -
Average number 4.6 0.9 0.5
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Fig. 2 Radial distribution functions (RDFs) of water molecules
H-bonded to carbonyl oxygen and methoxy oxygen atoms (“loose”
criteria)

significant elongation of these hydrogen bonds. This effect
has been noted in static calculations on ubisemiquinone, and
arises when multiple H-bonds are present to the same oxygen
[26]. At low numbers of hydrogen bonds, the H-bond dis-
tance is significantly shorter, as the solvent molecules have
enough room to avoid steric interaction with the side groups.
(Even in the absence of bulky side groups, H-bonds to sem-
iquinones are shorter the fewer solvent molecules there are
[59]. However, the effect is more drastic in the case of UQ® ™,
due to the steric factors.)

The location of the RDF peak is subject to a degree of sta-
tistical noise, and varies somewhat according to the resolu-
tion with which the RDF is plotted, but fitting a gaussian func-
tion to the 1.65-2.05 A region gave a peak RDF value of 5.4
at ~1.89 A. This is in line with frozen ‘PrOH ENDOR data
suggesting H-bond lengths of 1.89 and 1.94 A to the two car-
bonyl oxygen atoms [60] (H-bond lengths are very similar in
water—1.76 A [61]—and 'PrOH—1.78 A [60] in the case of
BQ*™, soin the absence of aqueous data for UQ® ™, it is prob-
ably safe to compare to ‘PrOH data instead). The computed
values are longer than the H-bond distances found in many
of the earlier theoretical studies (1.79 A for UQ®*~ +4MeOH
at B3LYP/EPR-II [62], 1.78-1.89 A for UQ®*~ + 4H,0 at
BLYP/DZVP [21]). However, recent static UQ®*~ + 4H,0
calculations at the BP86/DZVP level found both a short
(1.75-1.77A) and a long (2.10-2.12 A) hydrogen bond to
each carbonyl oxygen [26], giving an average H-bond length
very similar to our RDF peak. It would appear that the effects
of steric repulsion on H-bond length are significantly under-
estimated if too few solvent molecules are included in the
first solvation sphere. This also explains why an MM-MD
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simulation of UQ®™, which only found 2.4 water molecules
in the first solvation sphere (an unrealistically low value),
found an RDF peak at 1.77A [63].

If the simulation were long enough, the differences in
hydrogen bonding to the two asymmetric carbonyl groups
could be estimated. However, our production run is not long
enough for this. (Even in our longer 6.4 ps simulation of
the benzosemiquinone radical anion [30,31], a 0.2 H-bond
difference arose between the formally equivalent carbonyl
groups.)

Hydrogen bonding to methoxy oxygen atoms is signifi-
cant, although a far weaker interaction than H-bonding to car-
bonyl oxygen. This is because, in resonance structure terms,
the negative charge is located on Oco to a significant degree,
but not on Opeo: the interaction of Opgeo With the -system
involves donation of the oxygen lone-pair to form a double-
bond with the Cg ring, resulting in a mesomer with formal
positive charge on the oxygen (we may also understand this in
terms of negative hyperconjugation, with an occupied oxygen
lone-pair orbital delocalizing partially into the m-system).
Figure 2 shows the RDF of water molecules around methoxy
oxygens (“loose” criteria). A peak is seen a little under 2 A,
representing water molecules actually H-bonded to methoxy
oxygen atoms. The peak further out, ~2.5 A, represents the
first solvation shell of the carbonyl oxygen atoms.

Under “loose” criteria, an average of 1.1 hydrogen bonds
is found to the methoxy oxygens. Under “strict” criteria, the
average number is 0.9. The most common situation is one
such H-bond, followed by none, and the number at any point
in the simulation ranges from O to 3 (and from 0 to 2 per
methoxy group). Under “loose” criteria, the longest lived
H-bond noted lasted for 335fs (the longest lifetime under
“strict” criteria is 214fs). The “loose” criteria are useful for
including the entire solvation sphere of the methoxy groups.
However, they include some water molecules also H-bonded
to carbonyl oxygens, so the “strict” criteria are necessary
for examining the effects of to-methoxy hydrogen bonds in
isolation.

We would expect that hydrogen bonding to carbonyl oxy-
gen would discourage other types of H-bonds. Curiously,
however, the correlation between numbers of Oco - - - H and
OMeo - - - H-bonds is positive, and the correlation with
T-stacking H-bonds is ambiguous (Table 2). This is prob-
ably due to limited statistical accuracy because of the short
trajectory.

We also find hydrogen bonds to the C¢ ring in the ubi-
semiquinone simulation, as we did for benzosemiquinone
[30,31]. However, the incidence of these is lower: an aver-
age of 0.7 per snapshot for loose criteria, 0.5 for strict (for
BQ*~, 1.1 are found on average), and the most common situ-
ation is for no T-stacked H-bonds to form at all. We attribute
this to steric obstruction from the side groups, preventing
T-stacked H-bonds from forming.
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Table 2 Correlation of hydrogen bonds to carbonyl oxygen with other
H-bond types (strict criteria)

n(H---Oco) n(H---OmMe0) n(H---Ce)
2 0.2) (0.4)
3 0.3 0.4
4 0.5 0.5
5 0.5 0.6
6 0.6 0.3
7 (0.1) (0.0)

Values in parentheses indicate statistically less reliable data
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Fig. 3 Directionality graph (inverse cumulative frequency graph for
angle definition) for various hydrogen bond types

Hydrogen bond directionality

In order to assess the strength of the different hydrogen bond
types, we have computed and plotted (Fig. 3) a quantity we
refer to as “directionality”, for all H-bond types to BQ, BQ*™
and UQ°®™. This is the number of hydrogen bonds detected
by setting the angular criterion to Z(O-H- - - X) > 6, normal-
ized to the number detected when 6 = 0° (i.e. without the
angular criterion applying). As 6 is increased, the number of
hydrogen bonds detected will decrease, and will eventually
fall to O when & = 180°. Plotting the directionality against
0 thus gives an (inverted) cumulative frequency graph of
L(O-H- - - X) for nearby water molecules. The stronger a
H-bonding interaction is, the more the nearby O—H bonds
will orient themselves towards the H-bond acceptor, increas-
ing Z(O-H- - - X). We can assess this by looking at the median
angle for each H-bond type, i.e. the value of 6 for which the
directionality is 0.5.!

1 Taking directionality as a measure of H-bond strength is of course
a simplification: the presence of other nearby electrostatic charges, as
well as the steric accessibility of the H-bond acceptor, are likely to have
an effect.
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Hydrogen bonds to semiquinone carbonyl oxygen atoms
are very directional—almost all nearby water molecules are
included up to & = 120°. The median angle for both UQ®*™
and BQ*~ is around 160°, an almost linear H-bond. H-bonds
to Oco for neutral BQ are less directional, with a median
angle of 157°. H-bonds to Opeo of ubisemiquinone are con-
siderably less directional—the median angle is 147°. This is
partly due to hyperconjugation of charge towards the
m-system, but probably also due to the close proximity of the
highly negative carbonyl oxygens, which will orient nearby
O-H bonds towards them.

Whereas hydrogen bonding to the carbonyl oxygen atoms
looks very similar for both semiquinones, T-stacking hydro-
gen bonding is more directional to UQ® ™ (median angle 146°)
than to BQ®*™ (139°). This we attribute to hyperconjugation
with methoxy oxygens making the -system a better H-bond
acceptor in the case of UQ®™. The T-stacking interaction is
very weak in the case of neutral BQ, as noted previously [19].

Structure of the semiquinone radical anion

The orientation of the ethyl group is reasonably consistent:
it stays perpendicular to the plane for most of the trajectory
(tgr = 92°, standard deviation 21°). The methoxy group ori-
entations are more complex, however. We have defined the
dihedral angles 71 and 15 earlier; for clarity we will generally
omit the sign and talk of the MeO groups pointing “up” or
“down” in the z-direction. This is defined such that MeO(1)
(which points consistently in one direction throughout our
simulation) is pointing “up”, and the ethyl group is pointing

Fig. 4 Observed methoxy (a)
group conformations. Inset

graph shows time-variation of

dihedral angles (in case of

MeO(2), positive dihedral

indicates “down” orientation,

negative indicates “up”)

“down”. We can also speak of the methoxy groups tilting
“inward” towards each other (7 < 90°) or “outward” away
from each other (t > 90°) (if one points “out” and one “in”,
this means both are pointing in the same direction).

Several previous computational studies have found both
methoxy groups pointing “outwards”. Nonella [64] found
such conformations to be most stable, with a 0.9kJmol™!
difference between up/up and up/down conformers (a con-
former with one inward-pointing group was 10kJmol~!
higher in energy). A combined experimental and theoretical
study suggested t = 135° for both groups on the basis of semi-
empirical modelling of EPR data [65]. A DFT study found
the methoxy groups to be strongly out of plane, one pointing
“up” and the other “down”. Both groups pointed “outwards”
in the gas phase, but slightly “inwards” once solvent mole-
cules were attached [21]. A recent study examined both an
“in/out” and an “out/out” conformation—both MeO groups
pointing “up” in each case—and found them extremely sim-
ilar in H-bond lengths and g-tensors [26]. ENDOR data in
frozen 'PrOH finds both groups of methoxy protons to have
the same signal [60], suggesting that (a) rotation of the CH3
groups is unhindered and quite fast even at low temperature,
and (b) the conformation of the MeO groups is either sym-
metrical or rapidly interconverting.

During our simulation, the two MeO groups adopt an
“out/in” conformation for almost the whole trajectory, which
we depict in Fig. 4. Initially, for about a picosecond, MeO(1)
is almost perpendicular to the ring, pointing slightly outwards
(a), while MeO(2) points inwards, swinging between 0 and
60° in both the “up” and “down” directions, but generally

8

- = MeO(2) 1
— MeO(l)] -

Torsional angle/*®
g 8 &
T

(=]

Simulation time / ps

@ Springer



482

Theor Chem Account (2008) 119:477-487

“down”. For a brief period the conformation reverses (b),
with MeO(1) swinging “inwards” (and at one point being
in-plane) and MeO(2) near-perpendicular and slightly “out-
wards”. Then the conformation returns to the initial state (c),
although with MeO(2) not being particularly in-plane.

The length of our simulation is not sufficient to make any
comments about which conformation is preferred in solution,
or whether conformations with both MeO groups pointing
“outwards” are likely to occur. Nevertheless, at no point do
we see both MeO groups with dihedral angles of 135°, or
even 120°. Only for a few femtoseconds do both 77 and 1
exceed 90°, and this is while the methoxy groups are switch-
ing between conformers. On a longer simulation it may be
that a conformation with both MeO groups pointed “out-
wards” would be seen for significant lengths of time. But
our simulation indicates that it would not be the only stable
conformer.

A correlation exists between the torsional angles of the
MeO groups and the number of hydrogen bonds to them. This
is seen most clearly in the difference between the two groups:
for about 75% of the trajectory, ;1 > 7, and during this
period there are an average of 0.2 H-bonds more to OMe(2)
than to OMe(1). For the 25% of the trajectory where t; <
72, OMe(1) has an average of 0.3 H-bonds more to it than
OMe(2). This is what would be expected: the lower the tor-
sional angle, the more “inwards” the OMe group points, and
the more sterically accessible the oxygen lone pairs become
for hydrogen bonding (we note that the effect of hydrogen
bonding on orientation may be the opposite: prior static cal-
culations found that including H-bonding to MeO groups
increased the dihedral angles [21]).

The carbonyl C—O bond length averages 1.30 A, the same
value as for our BQ®~ simulations. The O—CH3 single bonds
in the methoxy groups are each 1.48A on average. The
O—Cortho bond lengths are partway between these two val-
ues, at 1.40 and 1.39 A, reflecting a small amount of dou-
ble-bond character arising from the delocalization of oxygen
lone-pairs into the w-system.

This delocalization of oxygen lone-pairs onto the car-
bon ring will shift the oxygen closer to sp> hybridization,
and will thus be favoured by MeO group dihedral angles
close to 0° (or 180°, although this does not occur in our
trajectory). The result is a weak dependence of the struc-
ture around the methoxy oxygen atoms on the correspond-
ing dihedral angle. On average, for a methoxy group that is
close to being in-plane (z = 0 — 45°), we find Z(C-O-C)
=121° and d(Copno—0)=1.38 A. For methoxy groups closer
to perpendicular (7 > 45°), the values are /(C-O-C) = 115°
and d(Cyrtho—O) = 1.40A (we can also attribute the differ-
ence in Z(C-O-C) to the fact that in-plane methoxy groups
are, in our trajectory, always pointing “inwards”, causing
steric repulsion of the methyl group from the other methoxy
group).
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g-Tensor results

g-Tensors have been calculated for 1.99 ps of our production
run, for snapshots at regular intervals of 13.5 fs. Calculations
were run on a variety of cluster definitions, to analyse differ-
ent contributions to the g-tensor: (1) [lone] indicates no water
molecules included in the calculation. (2) [O- - - H] indicates
all water molecules H-bonded to any oxygen atom. Water
molecules H-bonded to specific types of oxygen atoms are
denoted by [Oco - - - H] and [Omeo - - - H] (the latter using
strict criteria). (3) [T-stacked] denotes water molecules
engaged in T-stacking H-bonding (strict criteria). (4) [Total]
includes all water molecules H-bonded to UQ®*~. (5) [x Al
denotes a cluster containing all water molecules within x
Angstroms of an oxygen or ring carbon atom of the ubisemiq-
uinone anion. (6) “+PCM” indicates that, in addition to
explicit inclusion of water molecules in the calculation, long-
range dielectric effects were also treated by a polarizable
continuum model [66]. Test calculations indicated that, when
using PCM, a 4.25 A cluster was reasonably well converged
with regard to cluster size, to within 50 ppm in the g, com-
ponent.

The results of our g-tensor calculations are shown in
Table 3. Hydrogen bonding to carbonyl oxygen atoms
decreases Ag, significantly, by 1,676 ppm (cf. [lone] vs.
[Oco - - -H]). This is a smaller absolute decrease than that
observed for benzosemiquinone (2,349 ppm [19]), under-
standable from the lower overall spin—orbit/orbital-Zeeman
contribution (the relative reduction is about the same in each
case, 26% for UQ°®*~, 29% for BQ®*™), and partly from the
overall larger fraction of out-of-plane hydrogen bonding for
UQ°*~. T-stacking hydrogen bonds increase Ag, slightly, by
69 ppm. Again, this is a smaller effect than that seen for
BQ*™, where a 195 ppm increase is seen. This can be mostly
attributed to a smaller number of T-stacked hydrogen bonds
being present in the case of UQ®™.

Table 3 g-Shift-tensors for various cluster definitions (in ppm)

Cluster criterion Agy Agy Ag, Agiso
[lone] 6,473 3,399 137 3,336
[lone + PCM] 5,768 3,247 120 3,045
[T-stacking] 6,542 3,423 144 3,369
[Omeo - - - H] 6,441 3,402 141 3,328
[Omeo - - -H] (2) 6,477 3,403 139 3,339
[Oco ---H] 4,797 3,081 101 2,659
[O---H] 4,776 3,083 107 2,655
[Total] 4,824 3,109 115 2,682
[Total + PCM] 4,651 3,080 109 2,613
[4.25 A + PCM] 4,355 3,032 143 2,506

Exp. (PrOH)? 3,900 2,940 220 2,353

Deviations from the free-electron value in units of 10~
4 Ref. [60]
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A factor new to ubisemiquinone is the presence of
to-methoxy H-bonds. These appear to show competing
effects on the g-tensor. Adding H-bonds to Opeo increased
gx by about 200 ppm in static calculations [21]. In our cal-
culations, however, Opeo - - - H interactions decrease g, (cf.
[OMeo - - - H] vs. [lone] or [O- - - H] vs.[Oco - - - H]). It seems
that the hydrogen bonds themselves have a slight positive
effect on gy, but the water molecules involved also have
a dielectric effect on the carbonyl oxygen, stabilizing neg-
ative charge there and decreasing g, in the same manner
as H-bonds to carbonyl oxygen (but much more weakly).
Presumably this balance of effects exists with T-stacking
H-bonds as well, but the positive effect on g, is much stron-
ger than the weak dielectric effect in that case. We think
the “positive effect” (increase of g, ) of to-methoxy H-bonds
shows up clearly in static calculations because they tend
to locate the H-bonded water molecules further from the
carbonyl oxygens. By inspection of our results, it appears
that Opmeo - - - H-interacting water molecules only increase
gx when quite far away from the carbonyl oxygens, when the
dielectric effect is weaker. To demonstrate this, we excluded
from the [Owmeo - - - H] cluster all water molecules within
274 of a carbonyl oxygen, and labelled this [Opeo - - - H]
(2). The result is a miniscule increase of Agy, rather than a
decrease.

Comparison with experiment is complicated by the lack of
EPR data on aqueous ubisemiquinone anion. Static calcula-
tions on aqueous and alcoholic g-tensors do not differ signif-
icantly [21], and g-tensors for BQ®*™ in H,O [42] and  PrOH
[67] are identical to within experimental accuracy. So we will
tentatively compare our [4.25A + PCM] data with frozen
'PrOH EPR results [68]. (We use this rather than the UQ®~
'PrOH data from Ref. [67] for reasons we will detail below.)
As with benzosemiquinone and static calculations using the
same BP86-based methodology, we find a significant over-
shootin Ag,: 4,355 ppm, compared to an experimental value
of 3,900 ppm. The Ag, component is reasonably accurate at
3,032 ppm (exp. 2,940 ppm). As with BQ®*™, Ag, is overshot
somewhat (143 vs. —220 ppm; this overestimate also occurs
in static calculations [21], possibly reflecting artefacts from
neglect of two-electron gauge corrections).

As with benzosemiquinone [31], the effects of dynam-
ics seem to be to increase Ag, somewhat. The [Opc - - - H]
cluster has Ag, = 4,797 ppm. Approximately equivalent
static calculations tend to have lower values: for UQ®*™ +
4H,0 and an “out/out” conformation of the MeO groups,
Ag, = 4,436 ppm, increasing to 4,622 ppm on addition of
two more water molecules. Other calculations found Ag, =
4,642 or 4,695 ppm for UQ*~ + 4H>0 [26]. This indicates
that static calculations may benefit from some error com-
pensation, with the overestimate of Ag, from DFT errors
[21,26,56] being partially cancelled by the underestimate of
Ag, from omission of dynamics. However, the difference

is quite small, on the order of 100-300 ppm, whereas in the
case of BQ*™, the difference was around ~800 ppm [31]. As
aresult, when further solvation effects are taken into account
(in the [4.25A + PCM] cluster), our ubisemiquinone Agy
drops below the static calculation values, and the result is
in slightly better agreement with experiment than static cal-
culations have achieved. This contrasts with benzosemiqui-
none anion, for which our large-cluster dynamical results
gave slightly poorer agreement with experiment than static
calculations (when employing otherwise identical compu-
tational protocols). The improvement on static calculation
results may be purely fortuitous, however—we have not yet
sampled enough of the conformational phase space of the
molecule, and the average Ag, might increase (or decrease)
if taken over a longer trajectory. It is curious that our dynami-
cal values are significantly further from experiment for BQ®*~
(ca. 800 ppm or ca. 19% [31]) than for UQ®*™ (ca. 450ppm
or ca. 12%). Previous studies (based on static calculations
[21,26,56]) have suggested that the error in Ag, is systematic
enough to be correctable by scaling down the value by about
10%. Our current dynamical results on ubisemiquinone fit
this expectation well, whereas the BQ®~ would need a larger
downscaling. Again, we have to postpone a final judgement
of the reasons for these differences until we have results along
a longer trajectory for UQ®™. Note that, if we compare our
results to the UQ®™ data from Ref. [67], the overestimate
is a mere 4%. As those data are also 100-250 ppm greater
across all components (including Ag;) than that of Ref. [68],
we provisionally assume that the UQ®*~ //PrOH data of Ref.
[67] overestimates the g-shift components due to an error in
calibrating the magnetic field strength in the high-field EPR
experiment.

Hyperfine couplings

Hyperfine coupling tensors were calculated for the [4.0 A +
PCM] cluster (distance being defined from the carbonyl oxy-
gens in this case) for 1.99 ps of the trajectory. Isotropic hyper-
fine coupling constants are presented in Table 4, together with
the largest component of dipolar coupling and the Mulliken
spin densities, for the oxygen and ring carbon nuclei. Exper-
imental data are taken from various alcoholic solutions, as
aqueous data are to the best of our knowledge unavailable.
We ignore the inequivalence of the two CO groups and give
the hyperfine data for the two 13Cipso nuclei as an average
over both, rather than for each separately. We do similarly
for the !7Oco nuclei, the Corno nuclei with MeO attached,
the Corho With alkyl groups attached, and the nuclei of the
methoxy groups. This is because, although the two Cjps, cen-
tres have measurably different isotropic hyperfine coupling
constants [65,69], our simulation’s treatment of the asym-
metry of the molecule is almost certainly unreliable here. In
particular, the strongly asymmetric conformation of the MeO
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Table4 Hyperfine data ([4.0 A + PCM] cluster results) for ring carbons
and oxygens (in MHz)

Table 5 Hyperfine data ([4.0A + PCM] cluster results) for side-chain
C, H (in MHz)

Position Aiso Ay SD? Ajso (€xp.) Position Ajso Ay SD? Ajso (exp.)
Cipso 5.1 29.7 167 3.30/2.2¢ CMe0 1.2 0.8 0.9 <0.3°
Cortho (C—OMe) —3.7 10.3 48 - Hmeo 0.6 1.8 0.3 0.1¢
Cortho (C—-Alkyl) -13 12.0 66 (-)1.4¢ Cq -3.1 0.7 -58
Oco —17.4 —63.6 201 - CMe —-3.0 0.7 —-5.3 (-)5.8°
OMeO 2.4 8.4 10 - Cgt —3.3 0.7 —6.3
4 Mulliken spin densities (SD) in 1073 a.u. Cp (ED) 4.8 L1 4.2
® 2-Propanol solution [65] H, (Et) 35 27 1.4 2.84/2.9¢
¢ Methanol solution [69] H, (Et) (1) 2.1 2.1 0.8 2.14
H, (Eb) (2) 4.8 3.2 19.0 3.14
H, (Me) 4.9 2.6 1.9 5.84/6.0°

groups is probably an artefact of the short simulation time
rather than a reflection of the average conformational situa-
tion (we might expect a strong asymmetry of the two MeO
groups at any given instant, but not so much when averaged
over the whole trajectory).

Cipso HFCs, which are highly sensitive to the solvation
environment, are sizeably overestimated, as compared to both
isopropanol [69] and methanol [65] solution. However, the
A component is also available experimentally (28.2MHz
for iPrOH), and this fits our value of 29.7 MHz quite well.
Thus, approximately the right amount of spin density is being
located at Cjps,, but the spin polarization is not described that
accurately. We are not aware of any experimental HFCs for
Cortho bonded to methoxy groups. HFCs for Cqro bonded to
alkyl groups match experimental methanolic data very well.

No experimental data for oxygen coupling constants exist,
to our knowledge. We present our data for oxygen HFCs with
the note that, in the case of benzosemiquinone, the isotropic
170 coupling constant is significantly underestimated [32],
and the same is likely to be true here for the carbonyl oxygen
atoms, and possibly for the much smaller HFCs we predict
for the methoxy oxygen atoms.

Table 5 presents the data for side-chain HFCs, which are
expected to be smaller and far harder to treat accurately, as
they arise from a combination of medium-range spin polari-
zation effects and hyperconjugation (discussed below). Our
calculations appear to have located too much spin on the
methoxy groups, as A is overestimated for methoxy hydro-
gen (an experimental value of 0.5 MHz is available for  PrOH
[60]; our value is 1.8 MHz), and the isotropic HFCs are also
alittle too high. The 13C Ajq, value for the methyl side-group
is significantly too low compared to the experiment. As our
Ajso value is almost the same for both methyl and the ethyl
a-carbon, it is unlikely that the asymmetric configuration is
responsible. The Ajs, values for methyl and ethyl «-protons
deviate somewhat from experiment, but our methyl hydro-
gen A values seem accurate (2.6 MHz; experimental data is
2.5MHz in {PrOH [60]). The ethyl S-carbon data cannot be
compared to experiment, as in ubisemiquinone proper this
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2 Mulliken spin densities (SD) in 1073 a.u.
 Methanol solution [65]

¢ 2-Propanol solution [60]

4 Ethanol solution [70]

atom is not part of a terminal CH3 group but part of a long
isoprenoid side-chain.

Solvent proton isotropic HFCs are slightly disappointing
in that the results are almost identical to those of the benzo-
semiquinone simulation (Fig. 5)—despite the experimental
"H HEC being 0.8 MHz higher for ubisemiquinone than for
benzosemiquinone (1.1 vs. 0.2MHz in 'PrOH [60]; in water,
the UQ®~ value is unknown but the BQ®*~ value is 0.3 MHz
[61], essentially the same). In fact, the highest solvent pro-
ton Ajg seen at any point during the UQ®™ simulation is
0.7 MHz, lower than the experimental value. This is presum-
ably due to deficiencies in the density functional, leading to
an incorrect description of the spin polarization at and spin
delocalization onto the solvent proton.

However, the largest anisotropic component of the sol-
vent protons, Ay, is reproduced better. If we plot a frequency

A, | MHz

Ubisemiquinone data point
Benzosemiquinone data point
H £ —  Ubisemiquinone running average il |
. ':.""- Pt — = Benzosemiquinone running average

I.-ﬁ ) I‘Q ) 2 ) 2-.2 - 2-.4
fO-H]/ A

Fig. 5 Solvent proton isotropic HFCs for both ubi- and benzosemiq-
uinone
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Table 7 Variation of side-chain B-carbon hyperfine couplings with
dihedral angle ([4.0 A + PCM] cluster results)

— Ubisemiquinone
-— B iqui

1\ 4

0.005 —

Frequency
(=]
(=3
(=3
w

0.002

0.001

Aj /MHz

Fig. 6 Frequency chart for solvent proton A values for ubi- and ben-
zosemiquinone

graph of A (Fig. 6), we see that it peaks at about 6 MHz for
our benzosemiquinone simulation (experimental: 5.9 MHz
in {PrOH [60], 6.0MHz in H,O [61]) and 4.6MHz for
ubisemiquinone (experimental: 4.7 MHz in‘ PrOH [60]). This
parameter is dominated by dipolar coupling with the p-shaped
lobes of the spin density around the carbonyl oxygen atoms,
and thus the accuracy with which we calculate it seems to
indicate that our calculations have reproduced r[O - - - H] and
the amount of spin density at oxygen reasonably well.

Spin hyperconjugation

The spin densities on the S-carbons of the side chains (the
CH3 carbons in Et and OMe) cannot be explained merely
in terms of spin polarization, but indicate a certain amount
of hyperconjugation of the SOMO with S-carbon o -orbitals.
Table 6 shows the Mulliken spin densities of the side chain
heavy nuclei and the ortho-carbons. We can see that the pos-
itive spin density on the m-system induces a small negative
spin density on the methyl carbon and the «-carbon of the
ethyl group. Spin polarization of the C—C bond would then
be expected to induce an even smaller, positive spin density
at the ethyl B-carbon. In fact, while the spin density at the
B-carbon is positive, it is surprisingly large, almost the mag-
nitude of the spin density at the a-carbon. The effect on the

Table 6 Time-average atomic spin densities for ortho-carbons and the
o and B atoms of their substituents ([4.0 A + PCM] cluster results)

Substituent Cortho C/O0q Cg
OMe(1) 32.9 5.8 0.9
OMe(2) 63.6 14.5 0.8
Me 59.3 -5.3 -
Et 73.2 —6.3 4.2

Mulliken spin densities, given in 1073 a.u.

/% Ajso / MHz

MeO(1) MeO(2) Et
0-15° —-1.8 —-1.8 —
15-45° 0.2 0.1 1.6
45-75° 0.7 2.2 42
75-90° 1.8 1.9 4.4

4 As we are concerned here only with whether the side group is per-
pendicular or in-plane, angles of T > 90° have been treated as (180 — t)
and T <0 as Il

HFC is even more pronounced, with (according to our calcu-
lations) Ajso being larger for the 8- than for the o-carbon. An
even stronger indication of hyperconjugation is the positive
spin densities on the methoxy carbons. A small positive spin
density arises at the methoxy oxygens, which is unsurprising,
as resonance structures can be constructed with an unpaired
electron at these centres. Spin polarization should then locate
negative spin density on the methoxy carbon nuclei. In fact,
however, the spin density at the carbons is positive—albeit
rather small, as spin polarization partially cancels the effect
of hyperconjugation. (In the case of ethyl 8-carbon, both spin
polarization and hyperconjugation act in concert to increase
spin density.)

As hyperconjugation involves an interaction with a
m-system made up of p-orbitals perpendicular to the ring, the
degree of hyperconjugation—and hence the HFCs—strongly
depends on the conformation of the substituent. This may be
seen from Table 7, which shows how the S-carbon HFCs vary
with dihedral angle. When the substituents are in-plane, the
HFCs are as would be expected from spin-polarization effects
alone: the Et B-carbon HFC is far smaller, and the methoxy
carbon HFCs become negative at low dihedral angles. These
HFCs, then, evidently need an accurate treatment of confor-
mational motion to properly compute. It should also be noted
that the B3LYP method we use is possibly overestimating
the strength of hyperconjugation, as the methoxy carbon and
hydrogen Ajs, values, as well as the 'H A\ values, are too
high compared with the experiment (see earlier), indicating
that too much spin density has been located in the area. (It
is also possible that the problem lies in the conformation—
that the conformation adopted in our simulation has the MeO
groups more perpendicular than they should be on average,
due to short simulation time.)

4 Conclusion

Application of ab initio molecular dynamics techniques to
aqueous ubisemiquinone radical anion has allowed us to
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assess the effects of dynamics on the EPR parameters, the
degree to which solvation spheres beyond the first play a role
in the g-tensor, and the effects, in a dynamical environment,
of the H-bonds to methoxy oxygen atoms. Additionally,
while our simulation is as yet too short to make authorita-
tive statements about the preferred conformation of the side-
chains in solution, it does indicate that conformations with
one methoxy group pointed “inwards” and one “outwards”
are at least stable, as our simulation showed no inclination
of leaving this state. This is in contrast to static calculations
which tend to predict a conformation of both methoxy groups
“outwards”. As in our prior investigations on benzosemiqui-
none [18,19], the agreement with experimental g-tensors is
not improved by inclusion of dynamics, with static calcu-
lations evidently benefitting from error compensation. Our
investigation has also identified the importance of hypercon-
jugation in the spin density distribution on the side groups,
indicating the importance of conformation in any theoretical
consideration of side-chain HFCs.

The present simulations have provided an unprecedent-
edly detailed dynamical view of the ubisemiquinone radical
anion and of its EPR parameters in aqueous solution. The
simulation will be extended, so as to more fully sample
the conformational phase space of this important bioradi-
cal. Such simulations in aqueous solution will subsequently
be used to validate classical force fields or QM/MM meth-
odology that may be applied also to ubisemiquinone radical
anions in biological surroundings.
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