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Abstract. Selectively '*C-labeled ubiquinone anion radicals in protic and aprotic solvents are inves-
tigated by EPR and ENDOR spectroscopy, yielding information about the effect of hydrogen bonds
on the electronic g-tensor and the carbonyl carbon '*C-hf tensors. Formation of the hydrogen bonds
alter the g-tensor significantly to lower values and increases the 4, component of the '*C-hf tensor.
Both effects can be explained by electrostatic interactions between the positively charged hydrogen
and the electrons at the carbonyl oxygen leading to a redistribution of charge and n-spin density.
Two different hydrogen bonds were obtained for UQ," which are in agreement with the results of
DFT (density functional theory) calculations.

1. Introduction

Two quinone anion radicals, Q" and Qg’, play an important role in bacterial
reaction centers (RC) as intermediates of the photosynthetic electron transfer chain
in bacterial photosynthesis [1, 2]. The two quinones are identical in the RC of
Rhodobacter (Rb.) sphaeroides (ubiquinone 10 [3]); however, they have differ-
ent functional properties: Q, functions as a one-electron gate, whereas Qg ac-
cepts two electrons and two protons (like quinones under reductive conditions
in protic solvent) and finally diffuses out of the RC. Crystallization of the RC
from the species Rhodopseudomonas (Rps.) viridis and Rb. sphaeroides and sub-
sequent X-ray crystallographic studies have determined the position and the sur-
rounding amino acid residues of Q, and Qg [4]. These primary and secondary
electron acceptors in RCs of Rb. sphaeroides have been trapped in their anion
radical states in frozen RC solution, and their electronic structure has been in-
vestigated by EPR and ENDOR spectroscopy [1, 2]. The interaction with the
protein surrounding, which regulates the quinone function as one- or two-elec-
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Fig. 1. Structure and numbering scheme of ubiquinones. a UQ,, b UQ,. Molecular axes, shown in
a coincide with the g-tensor axes (see text) and '>C-hf axes.

tron acceptors, is mainly caused by hydrogen bonds to the carbonyl groups.
His(L.190) and Ser(L233) were proposed from the X-ray structure [4] as likely
H-bond donors for Qp and His(M219) and the backbone NH of Ala(M260) for
Q.. m-interaction with the aromatic amino acid Trp(M252) has also been pro-
posed for Q,. FTIR measurements indicate strong H-bonds to the carbonyl oxy-
gen at position 4 of Q, [5, 6].

To investigate the influence of hydrogen bonding on the electronic structure of
the primary and secondary electron acceptor, experiments with selectively '*C-la-
beled ubiquinones reconstituted into the RC have been carried out [7, 8]. It has
been found that values for the g- and '*C-hyperfine (hf) tensors at positions 1
and 4 (see Fig. 1) are comparable to those found in isopropanol glass for Qz;
whereas, Q. shows a shift of the g-tensor principal component g, and a large
difference of the '3C carbon spin densities at positions 1 and 4 [7, 8]. The asym-
metric spin density distribution has been explained by an asymmetric binding
pocket, namely by asymmetric H-bonding. To understand the influence of the H-
bonds on the spin density distribution, experiments with continuous change in mole
fraction of a mixed solvent in fluid solution were carried out [9, 10]. It has been
shown that the isotropic '*C-hfc constants (hfcs) at positions 1 and 4 (Fig. 1) of
UQ," gradually shift from a small negative value in the aprotic medium to a small
positive value in the protic medium. In this paper we will extend these studies
to EPR and ENDOR experiments in frozen solution. The effects of hydrogen bond
formation on the electronic g-tensor and on the carbonyl carbon '‘C-hyperfine
tensors of UQ;" and UQ;3* are investigated in detail by Q-band EPR. The hyper-
fine tensors of the hydrogen bond proton are determined by X-band cw ENDOR,
which also allows the estimation of the respective bond lengths.

2. Experimental

UQ, and UQ,, selectively '*C-labeled at positions 1 and 4, were synthesized as
described in [6]. The molecular structures of UQ, and UQ, are shown in Fig. 1.
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2.1. Generation of the Anion Radicals UQ;" and UQ7"

For samples in a protic medium the quinone anion radicals were generated by
solving the quinone (¢ ~ 1073 M) in anaerobic and slightly basic solutions of
either protonated (IP-h,) or fully deuterated (IP-d;) isopropanol and adding a ten-
fold excess of potassium tert-butylate. The samples were then shock-frozen in
liquid nitrogen.

In aprotic solvent, the quinone anion radicals were generated by potentiostatically
controlled electrolytic reduction, using tetra-n-butylammonium perchlorate
(~1072 M) as supporting electrolyte under high vacuum conditions in a self-built
cell described elsewhere [11]. A mixture (2 : 1) of dimethoxyethane (DME) and
methyltetrahydrofuran (MTHF) was used as solvent. Both solvents were purified,
distilled and dried over liquid Na/K alloy on a high vacuum line. They were
then distilled into the electrolysis cell from the high vacuum line. Electrochemi-
cal reduction was performed at room temperature under controlled potential us-
ing an Ag/AgCl reference electrode. The obtained semiquinone anion radical
solution was transferred to the EPR capillary, which was finally sealed under
high vacuum conditions.

2.2. Instrumentation

X-band EPR/ENDOR spectra were measured on a Bruker ESP-300E spectrometer
using a laboratory-built ENDOR upgrade adapted to a nitrogen gas flow system
for temperature control, described previously [12]. The extension for ENDOR con-
sists of a Rhode and Schwarz radio frequency (rf) synthesizer (SMG) and an ENI
solid state rf amplifier (A200L). The Q-band EPR spectra were measured on a
Bruker ER200D EPR spectrometer equipped with a Bruker 051QR Q-band micro-
wave bridge, a Bruker ER5103QTH resonator and an Oxford CF 935 cryostat.

2.3. EPR and ENDOR Data Analysis

In frozen solutions, anisotropic g and hyperfine interactions are, unlike in lig-
uid solutions, not averaged out, and contributions of all molecular orientations
relative to the magnetic field have to be considered. The spin Hamiltonian (in
frequency units) including nuclei without quadrupolar interactions is then given
by

Hy = 1gBe9S — g, Byl + hSAL,, (1)

where g is the electronic g-tensor and A, is the hf tensor of nucleus i consist-
ing of the isotropic part a,, = 1/3Tr{A,} (i = x, y, z) and the traceless dipolar
part A’. S, |, and ug, p, are the electron and nuclear spin operators and magne-
tons, respectively, and B, is the external field. The expressions for energy eigen
values and EPR and NMR (ENDOR) transition energies are given in [13].
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Signals from molecules with all possible orientations relative to B, contribute to
the EPR spectrum which is, therefore, significantly broadened due to the g- and
hf tensor anisotropy. At Q-band (34 GHz) the g-tensor anisotropy of the quinone
anion radicals is usually large compared to the proton hf tensor components, and
the g-tensor principal values can be obtained from the turning points in the EPR
powder type spectra. These EPR spectra have been analyzed on the basis of
Eq. (1) by using a laboratory-written simulation and fit program based on the
work of Rieger [14] using a modified Levenberg-Marquardt non-linear least-square
model. This simulation routine includes second-order effects and can deal with
an arbitrary number of nuclei with non-collinear g- and hf tensors [15, 16].

For the ENDOR transition frequencies in quinone anion radicals, the g-tensor
anisotropy can be neglected in X-band. In this case the ENDOR resonance con-
dition for nucleus i (S = 1/2, I = 1/2) is given by [13]

1
v2 = v + 7(IAAD T v,(AD Q)

where v, are the high and low frequency shifted ENDOR transitions, v, is the
respective nuclear Zeeman frequency (14.4 MHz for a proton and 2.2 MHz for
a deuteron at a magnetic field of 339 mT), A is the hf tensor, and 1 is the unit
vector along the magnetic field with components / For small hyperfine anisot-

x,p.z°

ropy of A (|4, — 4}, |4;| < v,) Eq. (2) reduces to [17]

(1Al) . 3)

N |

v, =y, £

This equation is exact for orientations B, parallel to either one of the principal
axes (corresponding principal values A4, i = x, y, z) of A. In frozen solution,
peaks symmetrically displaced around v, are observed in the first derivative
ENDOR spectra for each principal value 4, (i = 1, 2, 3) of a hf tensor.

2.4. Hydrogen Bond Protons

In the case of a purely dipolar hf tensor, e.g., of a proton hydrogen bonded to
an oxygen, the length of the respective hydrogen bond to the carbonyl oxygens
can be estimated from the simple point-dipole approximation:

A(6) = r%p(3cos20-1) : 4)

where A(8) is the hyperfine coupling expressed in MHz, ¢ = guyg,uy with g
and gy the electron and proton g-values and ug and g, the respective magne-
tons. p is the unpaired electron spin density at the oxygen, & is the angle be-
tween the applied magnetic field B, and the direction of the O-H bond and r is
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the magnitude of the O-H distance vector in A. For randomly oriented molecules
one obtains pronounced features in the ENDOR spectrum corresponding to the
inflection points of the absorption spectrum, which belong to orientations with
€ = 0° and &= 90°. The signals have characteristic line shapes and the hf ten-
sor principal values are related to each other by 4, = —24,, a,, = 0.

150

2.5. g-Tensor

According to the g-factor theory of Stone [18], the out-of-plane component of
the g-tensor of planar semiquinone & radicals is equal to the free electron g-
value, g,, whereas the in-plane components are generally shifted by amounts
Ag, towards higher values. This shift is determined by the spin-orbit induced
mixing of the doublet ground state with excited doublet states. The high-field
principal g-tensor value near 2.0023 is therefore assigned to the molecular z-
axis (Fig. 1). For the assignment of the in-planes axes x and y an estimation
of the dominant contribution is necessary. Ag, and Ag,, in the quinones origi-
nates mainly from the excitation of an electron in a non-bonding lone-pair
orbital on the carbonyl oxygen atoms into the half-occupied n* orbital [18].
The wave function of a lone-pair orbital is described by superposition of s and
p orbitals

Poi=cs +cp, + op, 5)

where ¢, and ¢,, ¢, measure the admixtures of the orbitals along the respective
axes. The contributions to Ag are

Ag. = 2EpJcl/AE, « ,
Agyy = Zép(;[cf/AEnn* > (6)

where is the pJ spin density on the carbonyl oxygen atom and AE,_« is the ex-
citation energy from the non-bonding orbital n to the half-filled © orbital. & is
the respective atomic spin orbit coupling constant, here for oxygen. The ratio
Ag,/Ag,. equals c/c} and can be interpreted geometrically, assuming a trigonal
arrangement of the three in-plane sp? oxygen orbitals. Since the symmetry axis
of the oxygen lone pair n-orbitals forms angles of 60 and 30 degrees with the
molecular x- and y-axes, respectively, Ag,, is larger than Ag, [19].

2.6. Calculation of Spin Densities

In recent years ab initio methods for calculation of spin densities have become
available using Density Functional Theory (DFT). For DFT calculations of spin
densities we used the DMOL program [20] with the nonlocal spin density ap-
proximation BPW functional; i.e., the Perdrew and Wang generalized gradient
approximation for the correlation functional [21] and the Becke gradient corrected
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exchange functional [22] implemented by the DMOL program. After geometry
optimization performed with a double-numerical basis set including polarization
functions (DNP), with all electrons included in the self-consistent field (SCF)
cycles, Mulliken spin densities were calculated. For modeling the influence of
the protic environment, external water molecules were arranged close to the car-
bonyl groups of the energy minimized quinone structure.

Based on the obtained m-spin density distribution, calculations of purely dipolar
hf tensors were carried out with a program that uses the method of McConnell-
Strathdee [23].

3. Results and Discussion
3.1. Isotropic Liquid Solutions
The EPR spectra of non-labeled UQ;" and UQ;" in isotropic solution are pre-

sented in Fig. 2 in isopropanol (IP) and DME/MTHEF, respectively. The spectra
were analyzed by fitting using the program described above. The hfc values were

UQy™ in IP—d8 UQ;~ in DME/MTHF
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Fig. 2. EPR spectra of UQj" in fluid IP-d8 and UQ;" in fluid DME/MTHF solution at 273 K. Ex-
perimental conditions: 0.2 mW microwave power (Py), 12.5 kHz field modulation, 0.05 G depth,
accumulation time 1-10 min. The "*C splittings are indicated for the high-field region of the spectra.
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confirmed by ENDOR measurements in solution (spectra not shown). The spec-
tral resolution of ENDOR is higher than that of EPR so that one additional small
coupling due to the protons of the methoxy group could be resolved. The me-
thyl proton hfc of UQ;" increases and the o-proton hfc decreases in the protic
solvent as compared with the aprotic solvent. In UQ;3" the hfcs of the methyl
and B-protons are comparable to values measured for UQ,;" in IP [2, 24]. The
hfc values of are nearly the same in IP and DME/MTHF. This indicates that
formation of hydrogen bonds in UQ;j" is symmetric, while in UQ," asymmetric
hydrogen bonds may induce an asymmetric spin density distribution. The g-fac-
tors of both molecules are decreased in protic compared to aprotic solution. The
g-factors and hfc data are collected in Tables 1 and 2.

The n-spin density of carbons adjacent to «-protons are calculated from, isotro-
pic hfc values by using the McConnell equation [25]:

ay = Qe Pl - (7
For B-protons the Heller-McConnell equation [26] is used:
acy, = (B + Bycos’O)pl )]

where B, is usually assumed to be zero and B, = 50 G [13, 26, 31], and for
free rotating methyl groups, cos?d = 1/2. The obtained spin densities are given
in Section 3.2.6 (see Table 4).

In liquid solution the '*C-hf coupling of the *C-labeled UQ ™" are obtained from
cw EPR (Fig. 2). The spectra are analyzed by comparison with the spectra of
non-labeled ubiquinone. The spectra of the *C-labeled UQ anion radicals show
an interesting asymmetric linewidth effect. In protic solvent the low-field '*C lines

Table 1. g-Tensor principal components for UQ;* and UQj3".

& &y 8. 1/3Tr(g) &iso
UQ;® IP-dsg® 2.00613(5)  2.00526(5)  2.00210(5)  2.00450(5)  2.00466(1)
UQ;* IP-ds® 2.00622(5)  2.00526(5)  2.00210(5)  2.00453(5)  2.00466(1)
UQ;" IP-dg® 2.00622(5)  2.00532(5)  2.00219(5)  2.00458(5)  2.00469(1)
UQ;” IP-d8° 2.00627(5)  2.00531(5)  2.00213(5)  2.00457(5) —
uQ,," 1pP-dg? 2.00646(5)  2.00542(5)  2.00222(5)  2.00470(5)  2.00469(1)

UQ;* DME/MTHF® 2.00720(5)  2.00545(5)  2.00205(5)  2.00490(5)  2.00502(1)
UQ;" DME/MTHF* 2.00700(5)  2.00537(5)  2.00202(5)  2.00480(5)  2.00500(1)

? This work, g-values from fits of the respective Q-band EPR spectra. Numbers in brackets are the
errors in the last digit.

> W-band EPR g-values from [32] and isotropic X-band EPR g-value from [33].

¢ Q-band EPR g-values from [8].

4 W-band EPR g-values from [19] and isotropic X-band EPR g-value from [33].
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Table 2. 'H-hf-tensor principal values (Gauss).of UQ;" and UQ3".

A, Ay A, 1/3Tr(A) @t

UQ;" IP-dg® CH, 1.7(1) 3.2(1) 1.7(1) 2.2 2.32(2)
o-H 2.8(1) 0.1(1) 2.9(1) 1.9 2.05(2)
1.HB® —0.9(1) 20(1) —0.9(1) 0.1
2.HB —0.5(1) 20(1)  —0.5(1) 0.3

UQ;" IP-dsb CH, 1.9(1) 3.0(1) 1.8(1) 2.2 2.07(2)
B-CH, <0.7¢ 1.82)  <0.7¢ 1.10(2)
HB —0.5(1) 2.01)  —0.5(1) 0.3

UQ;" DME/MTHF® CH, 1.8(1) 3.0(1) 1.8(1) 2.2 2.2002)
o-H 3.5(1) 0.1(1) 3.0(1) 2.2 2.19(2)

UQ; DME/MTHF®  CH, 1.8(1) 2.9(1) 1.8(1) 2.2 2.09(2)
B-CH,? <0.74 2.3(2) 1.5(2) 1.112)

2 Isotropic hfcs from ENDOR at 273 K.

® Hf-tensor principal values obtained for the '*C-compounds from X-band ENDOR and X- and Q-
band EPR simulations (see text). Numbers in brackets are errors in the last digit. The CH,-values
for UQ;" in IP compare well with those given for UQ,;" in IP in [24] (4,,: 1.7, 4,,: 3.0, 4;;: 1.7),
and in [29] (a,, = 2.08). Values for UQ;" in DME compare well with those given for UQ,;" in
DME (2, 29] (a,(CH,) = 2.10 and 2.11, and 4, (B-CH,) = 1.04 and 1.06). The EPR simulations
indicate that the A,;-axis is close to the molecular z-axis; the 4,,-axis of CH, is approximately 30°
from the y-axis in UQ," and UQj" in and the 4,,-axis of the a-H in UQ;" is 10° from the y-axis.

° Hf-tensor values from hydrogen bonded protons (HB) from ENDOR. The two smaller components
(4, and A4,,) are assumed to be negative. Two symmetrical bonds are assumed for UQ;". Oxygen-
hydrogen distances according to Eq. (4) with pF = 0.22 are: 1.86 and 1.90 A for CO, and CO, of
UQ,", respectively and 1.96 A for UQ;~ (see text).

4 Estimated upper limits for 4,, and 4,, from the EPR simulations.

150’

are narrower than the corresponding high-field 3C lines. In aprotic solvent the
opposite linewidth variation is obtained (see Fig. 2). This effect may be used to
determine the sign of the isotropic '*C-hfc. According to [13, 27, 28] the width
of a single EPR line in liquid solution has contributions:

= A+ Bm, + Cm} . 9)

Nﬂl—‘

Here, T, is the transverse electron spin relaxation time and m, is the nuclear
magnetic quantum number. The coefficients 4 ... C are related to tensor products
of the anisotropic interactions [13, 27, 28]:

2 B
A:_(ﬂa 0

2
5\ 7 ) 997, , (10a)

i(ﬂBBoj A
B=15" (9"A)z, ., (10b)
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2
C=5AA)T, | (10c)

where uy and B, are Bohr’s magneton and the applied static magnetic field; g’
and A’ (in frequency units) are the purely anisotropic parts of the g- and hy-
perfine tensors, and 7, is the rotational correlation time of the tumbling motion
of the molecule in liquid solution.

The asymmetric linewidth effect is caused by the term linear in m, in Eq. (9).
Since we have determined the g- and '*C-hf tensors (see below), we can deter-
mine the sign of the coefficient B (Eq. (10b)). From Tables | and 3 the compo-
nents of the anisotropic tensors are obtained as g;,, g, >0, g/, <0 and 4,
4;, <0, A4, > 0. Therefore (3":A’) and hence B are <0. According toEq. (9),
the narrower EPR line is then observed for transitions connecting m, = +1/2 spin
levels, whereas transitions connecting m, = —1/2 levels should be broadened. For
positive isotropic '3C-hfc the m, = +1/2 transition is shifted to low field. Since
in protic solvent the low-field *C EPR line is narrower compared with the high-
field component (see Fig. 2), the sign of the corresponding isotropic '*C-hfc must
be positive. A negative *C-hfc is obtained for aprotic solvent. The isotropic '*C-
hfcs, including signs obtained from the EPR spectra, are shown in Table 2. They
agree well with the values published for (4-'*C) ubisemiquinone-10 [29]. ENDOR
experiments were performed in liquid solutions yielding accurate values for the
proton hfcs given in Table 2. *C-ENDOR resonances for '*C positions 1 and 4

Table 3. 1- and 4-C-hf-tensor principal values (Gauss).®

A 4, A 1/3Tr(AY .

1-°C UQ;" IP-d8 —4.9(8) -4.1(8) +9.7(2) +0.2 +0.50(2)
4-C UQ;" IP-d8 ~5.1(8) —4.5(8) +10.5(2) +0.3 +0.20(2)
1-*C UQ;" DME/MTHF —~3.3(8) —4.5(8) +8.5(2) +0.2 —1.4002)
4-C UQ;" DME/MTHF ~4.0(8) —5.7(8) +7.5(2) -0.7 -1.30(2)
1-5C UQ;" IP-d8¢ —4.0(8) —4.9(8) +10.02) +0.0 +0.40(2)
4-5C UQ;" IP-dg¢ —4.5(8) —5.0(8) +11.0(2) +0.5 +0.70(2)
1-*C UQ;" DME/MTHF —4.3(8) —5.4(8) +7.3(2) -0.8 —1.15(2)
4-3C UQ;" DME/MTHF —~4.7(8) —5.5(8) +7.302) -1.0 —1.15(2)

® Values from fits of the X- and Q-band EPR spectra of '*C-labeled UQ;* and UQ;" (compare Fig.
5). Numbers in brackets are estimated errors in the last digit. Values for A, are fairly accurate due
to the resolved "C splitting of the g,, component. For 4,, and 4,, the errors are larger. PC-hf ten-
sor axes coincide with g-tensor axes.

® 1/3Tr(A) is the isotropic part obtained from the full tensor.

¢ a,, is the isotropic hfc measured in liquid solution with generally good agreement concerning
magnitudes and signs of @, measured independently in [9, 10, 29] for UQ;" and UQ,;" in alcohols
and DME.

4 Values from [8): —4.3, —3.7, +10.9 and —4.0, —3.5, +11.5 for 4, 4, A, of 1-3C and 4-C
UQj", respectively. Similar values were reported for 4, of UQ,;” in [7]: 11.3 and 11.0 for 1-°C
and 4-3C, respectively.
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of the molecules could not be detected in the accessible temperature range (150-
330 K) limited by solvent properties.

3.2. Anisotropic Interactions in Frozen Solution
3.2.1. g-Tensor

g-Tensors of different substituted quinone anion radicals in protic solvents have
been measured with high accuracy using high-field EPR [19]. Interestingly, the
authors observed a g-tensor shift for the duroquinone anion radical in aprotic and
protic solvents. Here, we investigate this effect in more detail for two ubiquinone
anion radicals.

Figure 3 shows the Q-band EPR spectra of ubiquinone anion radicals (UQ;" and
UQ3") in the protic (IP) and the aprotic solvent (DME/MTHF). The spectra were

‘ gXX

2¢ UQs™ 12¢ uQy™

DME/MTHF DME/MTHF

ENDOR-amplitude (first deviation)

IP—d8

—t— o
06 B/G ¢ BG

Fig. 3. Q-band (34 GHz) spectra of non-labeled UQ;" and UQ;" (ca. 1073 M) in frozen deuterated
[P-d8 and DME/MTHF solution. Experimental conditions: Py, = 2.5 uW, 12.5 kHz field modulation,
0.25 G depth, accumulation time 13 min, 7 = 70 K. Dashed traces are best simulations (see text).
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analyzed by simulation and fitting of the Q-band EPR powder spectra using the
'H-hf tensors from ENDOR (see below) and a basic Gaussian linewidth of 0.7
Gauss due to additional weak unresolved 'H interactions. The best simulations
are shown as dashed traces in Fig. 3. The resulting g-tensors are given in Table 1.

In both radicals the g_ component is significantly shifted towards larger values
in the aprotic environment. The observed g shift is attributed to formation of
hydrogen bonds to the carbonyl oxygens in the protic solvent, which causes two
effects. (i) The positive charge of the bridging hydrogen is compensated by an
increased negative partial charge at the oxygen which decreases the spin density
p& and increases the spin density at pZ of the carbonyl carbon [8, 24]. (ii) The
formation of a hydrogen bond to an oxygen lone-pair n orbital increases AE, »
in Eq. (6) by lowering the energy of the lone-pair orbital. Thereby spin orbit in-
duced admixture of the n orbital to the half-filled n* orbital is reduced.’

Both effects are expected to lower the values of g, and g, (more precisely,
Ag,. =g, g and Ag, =g, — g.) g, 1s more strongly affected since the lone-
pair orbital is closer to the y-axis (see above and [19]). The decrease of the g,
component due to hydrogen bonding in the protic solvent is more pronounced
in UQy" than in the anion radicals with an isoprenoid chain, UQ;". This indi-
cates stronger hydrogen bonding for UQ;".

The decrease of Ag,, in the protic solvent, resulting from the reduction of spin
density of the carbonyl oxygen, ApJ, can be estimated from the '*C-hf tensors
in IP and DME/MTHF (see below). It is about one half of the observed shift
Ag,.. The second contributing effect, increase of AE, .+, is therefore of compa-
rable magnitude. The observed shift of the isotropic g-value in liquid solution
{see above) is in agreement with the shifts of the g-tensor principal values ob-
served in frozen solutions.

3.2.2. Hf Tensors from Protons Directly Attached to the Ubiquinones

In frozen solutions and using a non-selective field setting in the EPR, the ENDOR
spectrum shows proton resonances covering the entire range of the anisotropic
hf-tensor principal values. In quinones the coupling to the large spin density on
the carbonyl oxygen leads to an unusually large anisotropy of the methyl proton
coupling, which differs from the generally small anisotropy of methyl protons
[24]. The hf-tensor principal values can be obtained from the turning points in
the frozen solution powder-type ENDOR spectrum. In the asymmetrically sub-
stituted ubiquinones the spectral features of different overlapping protons were
obtained by simulation of the ENDOR spectra and by comparison with mono-
substituted quinones. In addition, the g-tensor anisotropy was used for an orien-
tation selection via the magnetic field setting.

Unlike in liquid solution, purely dipolar resonances of surrounding solvent pro-
tons are not averaged out but contribute to the spectra. These resonances can be
discerned by using fully deuterated IP-d8. Thereby, ENDOR lines of solvent
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deuterons are shifted towards lower frequencies due to the ~6.5 times smaller
nuclear Zeeman frequency as compared with protons.

Figure 4 shows the frozen solution ENDOR spectra of UQ;" in IP-h8 (A) and
IP-d8 (C). Spectrum C is dominated by the methyl proton hyperfine tensor.
Contributions of the a-proton (position 6, Fig. 1) were obtained by orienta-

ENDOR-amplitude (first deviation)

B: difference
spectrum A—C

A: IP—h8

C: IP—-d8

10 f15 20

v/ MHz ————
VH

Fig. 4. '"H-ENDOR spectra of ')C-UQj" (ca. 107 M) in frozen protonated (A) and fully deuterated
propan-2-o! solution (C), B — difference spectrum. Experimental conditions: 50 W radio frequency
power (Pge), Pyyw = 4 mW, 12.5 kHz frequency modulation, deviation: +70 kHz, T = 123 K, accu-
mulation time 30 min. Spectral components in C assigned to two different couplings from hydrogen

bond protons are indicated (4, (1), 4,(1), 4,(2)).
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tion-selected ENDOR at the edges of the EPR spectrum (spectra not shown).
The obtained values were corroborated by simulation of the EPR powder spec-
tra in Q- and X-band (see below). The anisotropic hf tensor of the a-proton
is in agreement with values calculated according to McConnell-Strathdee [23]
and using the carbon and oxygen m-spin densities given below. The ENDOR
spectra measured in aprotic solvent (DME/MTHF) exhibited similar shapes as
in Fig. 4, spectrum C and are therefore not shown. Similar ENDOR spectra
were also obtained for UQ; " in IP. All 'H-hf tensor data are given in Table 2.
Only a very small change of 4,, is observed for the a-proton of UQ;" when
comparing protic and aprotic solvents. For UQ;" no change is observed for the
CH, and B-CH, protons. This shows that hydrogen bonding to both carbonyl
groups does not change the spin densities at positions 2,3 and 5,6 within ex-
perimental error (see Fig. 1).

3.2.3. Hf Tensors from Hydrogen-Bonded Protons

The additional spectral features of solvent protons in protonated isopropanol
are obtained by subtracting the spectra in protonated and in fully deuterated
isopropanol. The difference spectrum (Fig. 4, spectrum B) shows only lines
from solvent protons, the larger hfc’s are assigned to hydrogen bonds. For UQ;”
there are two features that can be assigned to two 4, components (4,(1) and
A,(2)) and only one feature with a shape expected for an 4, component of
an axially symmetric tensor. Combination of 4,(1) and 4,(1) results in one
purely dipolar interaction with values similar to those found for the benzo-
quinone radical anion (BQ™) [24]. The 4,(2) of the second hydrogen bond
could be hidden under 4,(2) or could have the same value as 4,(1). By com-
parison with the results for UQ,, and duroquinone anion radicals [24] we pre-
fer the latter interpretation. In this case, combination of the 4 ,(2) and 4,(2)
components yields a hf tensor of the second H-bond which is very similar to
those in DQ™" and UQ,,". Its small isotropic contribution has been explained
by a geometric distortion due to steric hindrance caused by the bulky CH,
group. In Table 2 the hf-tensor data of the hydrogen bonds for UQ;" as well
as for UQ;" are summarized.

3.2.4. Hydrogen Bond Distances

The hydrogen bond distances may be estimated according to Eq. (4) assuming pf
to be 0.22, which was obtained from the hf couplings in '"O-labeled BQ™" and DQ™"
[24]. The distances in A obtained from this point-dipole model analysis are included
in Table 2. In principle, a McConnel-Strathdee calculation of the H-bond proton
hf tensor should yield more accurate distances provided the H-bond geometry is
known. Since this is not known — and even a distribution of different geometries
could be present — the simple point-dipole model was used for our estimates.
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3.2.5. BC-hf Tensors

The '3C-hf tensors in frozen solution were measured by cw EPR in Q- and X-band.
The g-tensor of ubiquinone anion radicals is sufficiently anisotropic to allow sepa-

UQ3_'

DME/MTHF

g=2.0022

ENDOR-amplitude (first deviation)

DME/MTHF, \ DME/MTHF
4-15C
g9=2.0022
P—d8
—t— —f—
106 g/g 106 g/

Fig. 5. Q-band (34 GHz) EPR spectra of 1- and 4-"*C-labeled UQ;" and UQ;" (ca. 107* M) in frozen
DME/MTHF and deuterated propan-2-ol solution. Experimental conditions: Py, = 2.5 pW, 12.5 kHz
field modulation, 0.25 G depth, accumulation time 30 min, 7 = 70 K. Dashed traces show best fits.
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ration of the principal values assigned to the molecular axes (x, y, z) in Q-band,
see Fig. 3. The '*C hyperfine splitting along the molecular z-axes is clearly re-
solved in the Q-band spectra. The spectral regions of g, and g, are broadened in
comparison with the unlabeled UQ™". For determination of the full '*C tensor, the
Q-band EPR powder spectra were fitted. Thereby the coupling-tensors of all pro-
tons, including hydrogen bonds to the deuterated solvent as obtained from X-band
EPR and ENDOR measurements with non-labeled UQ™", were kept constant. The
experimental and fitted Q-band EPR powder spectra are shown in Fig. 5 for UQ;"
and UQ;". The obtained *C-hf tensor principal values are collected in Table 3. The
A_, hf-tensor components of the '*C tensor are significantly smaller for all UQ™" in
the aprotic as compared with the protic solvent. This demonstrates that formation
of H-bonds increases the spin density on the carbonyl carbons. The 4, and 4,
components are quite similar in both solvents. However, these values are less ac-
curate (see Table 3). The 4,, hf-tensor component in the aprotic solvent in UQ;” is
identical for positions 1 and 4, while in UQj" the 4,, component in position 1 is
larger than in position 4. This indicates an asymmetry of the spin density distribu-
tion in case of UQ," based on the different geometry and substituents. In protic
solvent (IP) the 4,, hf tensor component at position 4 (Fig. 1) is in both radicals,
UQ;" and UQ;3", larger than in position 1. Also, a larger difference between the 4,,
hf tensor components in aprotic and protic solvent is found for position 4. Thus,
the influence of H-bond formation on the spin density redistribution is stronger in
the neighborhood of the methyl group. This is somewhat surprising for UQ;", be-
cause this position is sterically hindered compared with position 1, and one might
expect a larger effect for the shorter H-bond.

3.2.6. Determination of *C n-Spin Densities.
p,-Spin Densities from the Experiments

In a previous EPR study of UQj, in liquid solution *C n-spin densities were
estimated from the isotropic hfcs [29] using the procedure of Fraenkel and
Karplus [30]. However, since the isotropic '’C-hfc is determined by =-c spin
polarization from neighboring carbon and oxygen atoms, and different contribu-
tions with opposite signs cancel each other, the '*C n-spin densities obtained
in this way depend strongly on the spin densities of the neighboring atoms (ring
carbons and oxygens), which are not exactly known. Therefore we prefer to es-
timate the carbonyl '*C n-spin densities from the purely dipolar part of the hf
tensor, A’, with the theoretical calculated principal values (—a,, —a, 2a,) for
a carbon (lao| = 38.32 G [31] which carries a p,-spin density of pZ = 1. The
observed hf coupling consists of isotropic and additional anisotropic contribu-
tions,

Ay =A; T ag (i=x1y, 2. (11)
The purely dipolar parts, 4,;, were obtained from the principal values, 4, mea-
sured by Q-band EPR by subtracting the isotropic part (1/3TrA), including signs.
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The influence of oxygen and ring carbon m-spin densities on the spectroscopi-
cally best characterized 4,, component was estimated by a McConnel-Strathdee
calculation [26]. For this purpose we calculated the hf tensors of carbonyl car-
bon positions 1 and 4 with a model containing only the m-spin densities of the
ring carbons determined independently by ENDOR which results in a contribu-
tion along the z-axis of —0.2 G. Additionally, the neighboring carbonyl oxygens
with pF = 0.22 contribute to 4_ by approximately —0.4 G. The 4 component
was corrected by these contributions from neighboring atoms and from this value
p& was obtained for C1 and C4 using |4.)| = 2|ay|pf. The carbon n-spin densi-
ties are given in Table 4.

We found that the carbonyl carbon spin densities in protic solvent (IP) are all
larger than in the aprotic environment (DME/MTHF). Thus, the formation of
hydrogen bonds leads to a significant increase of carbonyl carbon spin density.
In UQ;" equal *C spin densities are found for C1 and C4 in aprotic solvent.
They increase by 60-70% in protic solvent with a slightly higher value for C4.

In UQ," a larger *C spin density is found for C1 as compared with C4 in the
aprotic solvent. This is more clearly seen from the respective 4, components
(Table 3). This asymmetry results from the asymmetric substituents, CH, and H
at positions 5 and 6, respectively. Also, the spin densities at both carbonyl car-

Table 4. Comparison of calculated spin densities (DFT) and values estimated from the anisotro-
‘ pic PC-hf tensors.

Cl C2 C3 C4 C5 Cé6 0Ol 04
UQs™ 0, 0.090 0.047 0.059 0.107 0.084 0.082 0.220 0.229
Py, 0.012 0.006 0.005 0.0012 0.005 0.006 0.000 0.000
UQy™ o, 0.110 0.046 0.063 0.129 0.069 0.077 0.207 0.211
Pip, 0.012 0.006 0.005 0.012 0.006 0.006 0.000 0.000
UQ;* in DME/MTHF 0.099 0.098  0.088 0.081
in IP 0.115 0.124  0.093 0.076
UQ;5* in DME/MTHF 0.076 0.074  0.084
in IP 0.121 0.128  0.083

* Calculated spin densities from DMOL using Mulliken analysis for the energy-optimized structure
of UQ;".

® Calculated spin densities from DMOL using Mulliken analysis (see [34]) for the optimized struc-
ture of UQ;* with two water molecules attached in plane of the molecule with one H-bond along
the symmetry axis of the non-bonding orbital of the oxygen directed towards the side of the me-
thyl group. O..H distance: 1.8 A. The s-spin density, p,, of the a-proton is —0.006 and the H-
bonding protons have p, values of 0.000 in plane and up to 0.002 when the hydrogen bond is
rotated 45° out of the UQ, plane (see text).

¢ Spin densities for C1 and C4 calculated from the experimental dipolar '*C-hf tensor component 4.,
(Table 3) corrected by the contributions of neighboring carbons and oxygen. About 40% larger val-
ues are calculated in [29] from the isotropic hfc using the Karplus/Fraenkel approach (see text).
C5 and C6 are calculated from the isotropic hfc of Table 2 using the McConnell and Heller-
McConnell equation with @, = —~27 G and B, = 50 G (Eqs. (7), (8)).
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bons are larger than those in UQ;j". In the protic solvent the shifts of spin den-
sities at C1 and C4 are not quite as large as for UQ;". However, a stronger
increase of spin density is observed for C4, which now has a larger value than
that for C1. This indicates two different hydrogen bonds for UQ;*, which is sup-
ported by the ENDOR experiments which yield two different hydrogen bond
lengths (see Table 2).

3.2.7. Density Functional Calculations

Geometry. The energy optimized structure of UQj" is characterized by a planar
ring and bond distances of 1.29 A for the carbonyl and 1.46 A for the C1-C2
and 1.39 A for C2-C3 bond length. The methoxy groups are arranged trans to
the ring plane and exhibit an out-of-plane twist angle of 57°.

Spin Densities. We find an overall excellent agreement between calculated (DFT)
and experimental n-spin densities. The DFT calculations for UQ," predict n-spin
densities of carbons adjacent to the a-proton (C6) and to the methyl group (C5)
which agree very well with those obtained from experiments in aprotic solution
using Eqs. (7) and (8) with Q factors of Q = —27 G and B, = 0, B, = 50 G for
o- and B-protons, respectively. Also, the isotropic hfc of the a-proton is in good
agreement with the calculated value based on the hydrogen s-spin density and
using the structure-independent Q factor of 1420 MHz.

Furthermore, the calculated p_-spin densities for the oxygens agree well with the
experimental value for DQ ™" [24].

The calculated n-spin densities for the carbonyl carbon position C4 is approxi-
mately 20% larger than the corresponding value for position C1. However, the

experimental '*C-hf-tensor component 4,, shows an opposite behavior (Tables 2
and 3).

To calculate the effects of H-bonds, two water molecules were attached to the
UQ, " structure (see Table 4, footnote). This results in decreased calculated -
spin densities of the oxygens and the calculated n-spin densities at the carbonyl
carbons increased by an amount similar to that observed in the experiments.

Interestingly, the experimentally obtained shift of '*C n-spin density at C4
(+27%) is larger than that found for C1 (+16%) as concluded from the ex-
periments. The two different hf tensors found for the H-bond protons in UQg"
(Table 2) further support this asymmetry with respect to the hydrogen bonding.
The isotropic contribution to the hf tensor of the weaker bonded proton might
result from direct orbital overlap with the oxygen p,-orbital, if the H-bond is
assumed to be bent out of the molecular plane of UQ;*. When the angle be-
tween the ring plane and the H-bond to the carbonyl next to the methyl group
was increased successively from 0 to 90°, an increase of the calculated DFT
n-spin density pX at C4 of up to 10% was observed. For C1, with an unchanged
H-bond geometry, a concomitant decrease of comparable magnitude is obtained.
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The spin densities of the other carbon positions are not significantly influenced.
The calculations also yield a small positive s-spin density for the H-bond pro-
ton up to 0.002, if the H-bond is bent 45 degrees out of the quinone plane,
which is in qualitative agreement with the observed isotropic contribution of the
respective hf tensor. These results lead to a consistent interpretation of the hf
data of H-bond protons and carbonyl *C carbons, indicating that the larger shift
of the '*C n-spin density is produced by a geometrically distorted though slightly
weaker H-bond at C4.

4. Conclusion

This EPR/ENDOR investigation of selectively '’C-labeled ubiquinone anion radi-
cals shows the pronounced influence of hydrogen bonds to the oxygens on the
electronic g-tensor and the carbonyl *C-hf tensors. The g-tensor principal value,
g, 1s shifted significantly to lower values and the m-spin densities at the carbo-
nyl carbons are substantially increased upon hydrogen bond formation. Both ef-
fects may be explained by mainly electrostatic interactions between the partially
positively charged hydrogen (H®") from the H-bond donor (isopropanol) and the
electrons of the carbonyl oxygens of the ubiquinone anion radical. Since the
H-bond is predominantly formed to the non-bonding oxygen orbitals, their ener-
gies are lowered with respect to the half-filled n*-orbital, which explains the ob-
served reduction of g_. The electrostatic interaction between H®' and the C=0
group furthermore leads to increased charge density at the oxygen and to increased
spin density at the carbonyl carbon, which can be explained in terms of a simple
valence bond scheme [8, 24]. For UQ," two different H-bonds at oxygen 1 and 4
were concluded from the hydrogen bond proton hf tensors and from the carbonyl
BC-hf tensors. The experiments have been supplemented by DFT calculations.
Overall a very good agreement between experimentally derived and calculated -
spin densities was found. Also, the effect of hydrogen bonding on the spin den-
sity distribution was reproduced quite well by the calculations. For UQ;" an in-
fluence of the geometry of the hydrogen bond to the carbonyl group next to the
methyl group is concluded, indicating a slight out-of-plane orientation.

Interestingly, different hydrogen bonding is found for the terminal electron ac-
ceptors, Q. " and Qg", in the RC of Rb. sphaeroides (both are UQ,;). Q" exhib-
its one exceptionally strong H-bond; Q" exhibits two hydrogen bonds of com-
parable magnitude as found for ubiquinones in protic solvents [8]. This indicates
that the strength — and maybe also the geometry — of H-bonds is a major cause
to the different functions of Q, and Qg in the electron transfer process.
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