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Ubiquinones and their semiquinone radical anieakectron transfer cofactors vital for respiration and photo-
synthesis-are typically characterized in proteins by measuring their vibrational or electron spin resonance
spectra. This contribution presents calculated geometries and spin properties for ubiquinong-dn(Uie3
radical anion (UQ™), as well as vibrational frequencies for a model with the methyl groups on the isoprenyl
side chain of UQ replaced by hydrogens (UQ and tJQ Computations were done by using the hybrid
Hartree-Fock/density functional B3LYP method with the 6-31G(d) and [@32 basis sets. Bond distance
changes upon reducing Y@ UQy"~ are qualitatively consistent with results for oth@benzoquinones.
Proton and*C hyperfine coupling constants calculated by using Chipman’s|f@3dasis set agree excep-

tionally well with experimental measurements and reflect the distribution of unpaired spin. We suggest isotopic

substitution experiments to resolve the nearly overlappirgdCGind C=C stretching frequencies calculated
for UQ and to shift methoxy and/or methyl CH bending modes away from one CO stretching band of UQ

Introduction

Ubiquinonesna or coenzymes Q (abbreviated L@ = 6—10,
and shown inl) are vital redox cofactors in energy storage by
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photosynthesis and energy utilization by respirafioh.In the
bacteriumRhodobacter sphaeroidefor example, a primary
ubiquinone is reduced to its semiquinone radical anion;tJQ
the singly reduced form of with n = 10) and subsequently
passes the electron to a second ubiquirfehen respiration,
the reverse reaction, the oxidation of ubisemiquinone radical
anions is also a key stégd. In addition, the facile redox
chemistry of ubiquinones is exploited by administering them
as nutritional supplements for their antioxidant and radical
scavenging propertiés.

Despite their biochemical importance, experimental data for

free ubiquinones and their semiquinone radical anions are

limited. Although X-ray diffraction studies have been ac-

complished to determine the structures of ubiquinones bound

in the photosynthetic reaction cenfet? the structure of free
ubiquinone-1 was only recently predict®dand the structure

of ubiquinone radical anions must be inferred indirectly from
measured spectt&1® Experimental spectroscopic data for free
ubiquinones and their radical anions are limited to several
experimental vibrational frequenci&s!®-24 hyperfine coupling

constants, and spin densities for ubisemiquinone radical
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anionst®25-28 Yet measured vibrational and magnetic resonance
spectra for the free species are vital for making structural
inferences about protein-bound quinones or semigquinone anions.
For example, shifts in measured CO stretching frequencies
relative to free ubiquinones/semiquinone anions are usually
taken to indicate some hydrogen bonding between the protein
and a quinone’s or semiquinone anion’s oxygen at&sin
addition, the effects of hydrogen bonding and other cofactors
in the photosynthetic reaction center (such as a nearby iron atom)
on spin densities and measured hyperfine coupling constants
for ubgisemiquinone radical anions are currently being prébed.

A firm, fundamental knowledge of vibrational frequencies, their
corresponding vibrational modes, hyperfine coupling constants,
and spin densities for free ubiquinones and their radical anions
is therefore critical for valid comparisons with spectra of the
protein-bound species. This computational study seeks to fill
these gaps in our knowledge of ubiquinones and their semi-
quinone radical anions. We therefore compare the predicted
structures of ubisemiquinone radical anions, their spin properties,
vibrational frequencies, and corresponding vibrational modes
with those of ubiquinones. For computational economy, some
calculations were performed for the model compound UQ,
shown in2, that differs from UQ (1 with n = 1) only in the
replacement of the isoprenyl chain’s methyl groups by hydro-
gens. This study uses the B3LYP hybrid Hartré®ck/density
functional method?3°whose general features and advantages
for this study are described in some detail next, in the section
“Computational Methods”.
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Computational Methods

. . : . 1.22
Optimum geometries and their energies for ¢JQQ;, and 1.423 >

UQ:*~ were calculated using the B3LYP/6-31G(d) hybrid H4C 0\1 471 C 1499/
Hartree-Fock/density functional methdd,with the GAUSS- 1.338 1498
IAN94 computer program¥. To calculate a minimum energy 1363”
orientation of the isoprenyl side chain, we performed optimiza-

tions from six noneclipsed starting conformations of the chain %C \
for the neutral and anionic forms. Three energy minima for Lag™ C <

the dihedral angle about the centrat-C bond of the isoprenyl .~ | | 1.242

chain were found at 2?1250, and 121.0, with the latter angle H30¢ 1.464 (o)

having the lowest energy. The same procedure led to similar

results for the radical anion, whose lowest energy isoprenyl (a)

chain conformation has a dihedral angle of 123sotropic a

hyperfine coupling constants are proportional to spin densities

at the nucleil32 and were calculated from Fermi contact spin 01

densities, whereas atomic spin densities were calculated by using 431 10.6° 1 221
Mulliken population analysi& Spin densities are therefore only H.C7 —0 >é 1 4% , C9H,3
qualitatively correct. Isotropic hyperfine coupling constants 3 1.341 Ao > 1500
using Chipman’s [6321] basis set were calculated at B3LYP/ | | | | 1343
6-31G(d) geometries. Vibrational frequencies were calculated 1.365

by using the smaller 6-31G(d) basis set, geometries optimized 1 367/ C5
using the same basis set, and model compounds with hydrogens 04 1. 485 C4 1 482 \
replacing the isoprenyl methyls of ubiquinones (UQ and)Q | | 1.229
Supporting Information demonstrates the close agreement 1437 \ 02
between calculated geometries for UQAJ@nd UQ/UQ:*~. 3

Mode assignments were performed by calculating total energy

distribution$* using the GAMES®:3¢ quantum chemistry (b)

program and by animating each mode using the program gigyre 1. A comparison of bond distances (in A) from (a) the X-ray

”1338

XMOL.3%7 diffraction structure of 2,3-dimethoxy-6-methgibenzoquinon® and
(b) B3LYP/6-31G(d) calculations for UQ The atomic numbering
Structures and Properties of Ubiquinones and Their scheme for UQis given in (b).

Radical Anions

To our knowledge, no experimental structure is published with quantum chemical calculations for 2-methgsypenzo-
for any free ubiquinone, so we compare calculated and publishedquinoné® and 2,6-dimethoxy-benzoquinoné?! indicating sig-
X-ray diffractior’® bond distances and methoxy torsional angles nificantzz-electron delocalization from one methoxy oxygen to
for UQqo, a ubiquinone analog lacking the isoprenyl chaln ( the quinone ring. So, even though X-ray diffraction structures
with n = 0, abbreviated Ug). We note that an experimental include the structural effects of packing forces absent from our
structure for a 2,3-dimethoxy-5-prengdbenzoquinone has also  calculations, our calculated structure of pJaprees well with
been published, but decomposition of the crystal hindered highly the published X-ray diffraction structure.
accurate determination of bond distanée<Experimental and Figure 2a,b compares the calculated structures of bl
calculated bond distances for Y&hown in Figure 1, a and b, its radical anion, UQ~. First, we note that the calculated bond
respectively, are similar. The maximum difference between distances of UQare extremely similar to those calculated for
calculated and experimental ring carbararbon distances is  UQp and shown in Figure 1b. The calculateg=O distances
0.037 A, and the calculated=8D and ring carborcarbon bond for the two molecules differ by less than 0.002 A, whereas the
distances for UQdiffer from experimental values by an average ring carbon-carbon distances differ by an average absolute
absolute magnitude of only 0.012 A. This average difference magnitude of only 0.005 A and a maximum of 0.015 A.
is less than the conventional criterion for determining whether Methoxy torsional angles are similarly close, with calculated
or not two experimental bond distances are identical (3 times values of 10.6 and 123 for the minimum-energy structure of
the standard deviation in bond distances ds=3 0.021 A in UQo, compared with 9.7and 122.8 for UQ;. Like UQo, UQ;
this case), so the calculated=O and ring carborcarbon bond displays a second low-energy conformatiorn;-a21° and 0.12
distances of UQagree well with the X-ray diffraction distances. kcal/mol higher in energy than the global minimum.
For UQy, one carbor-oxygen torsional angle places a methoxy Comparing the calculated structures of Y@®igure 2a) and
carbon 10.8 above the ring plane, compared with 3i@ the UQs~ (Figure 2b) shows several significant differences. First,
X-ray structure. The second methoxy group torsional angle of reducing UQ to UQ*~ lengthens calculated €0 bond
UQo is calculated as 12228whereas the experimental structure  distances by 0.047 and 0.040 A, whereas the rimgObonds
places this methoxy at112.7, below the plane in Figure 1a.  expand less, by 0.015 and 0.029 A. In contrast, the rirgCC
We calculate, however, a second local minimum energy bonds all contract by amounts ranging from 0.025 to 0.048 A.
torsional angle of-123.6, only 104 kcal/mol higher in energy ~ While these bond distance changes are qualitatively consistent
than the global minimum and only idifferent from the with the nodal structure gi-benzosemiquinone radical anion’s
experimental torsional angle. We also note that the X-ray singly occupied molecular orbitaf;?43 geometrical changes
diffraction structure of a 2,3-dimethoxy-5-prenybenzo- within the methoxy substituents are also significant. Although
quinoné® shows the corresponding methoxy group with a one methoxy CEOC torsional angle increases by only 2.1
torsional angle of 12022 very similar to that calculated for UQ upon reducing UQ the second methoxy torsional angle shows
Although the near coplanarity of one methoxy substituent and a remarkably large change from 9id UQ; to 123.2 in UQ;"".
the quinone ring may initially appear surprising, it is consistent Apparently, reducing Ugto UQ,*~ forcesbothmethoxy groups
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01 TABLE 1: Hyperfine Coupling Constants and Spin
1222 Densities for Ubisemiquinone-1 Radical Anion (UQ™)
1.431 9.7° Calculated by Using the B3LYP Hybrid Hartree—Fock
HaC7 — 03 C1149 C9H, Density Functional Method and 6-31G(d) and [63%41] Basis
1.340 2/507 cé 1.506 Sets

1363 I | l | 1.352 hyperfine coupling constants spin densities

C5 1515 atom no. 6-31G(d) [6321] expth 6-31G(d) [63241]
369/1 48> CaTa97 N 1.509 ,C13H; c1 +0.51 —2.15 —0.93 0.087  0.095
04 ﬁ?_ﬂ 0 4 c2 +0.99 —0.46 0.060 0.078

135 b []1.21 2"011/0121 511 c3 +058 —0.75 06508 0052  0.080
: 02 1342\ c4 +1.30 -153 1516 0.097  0.094
8 C14H; c5 +1.45 —0.27 0.074  0.065
cé +2.72  +0.40 0.101  0.072
(a) c7 +0.24 +0.46 0.002  0.000
cs8 +0.10 +0.29 0.001  0.000

c9 -1.60 —1.66 1.5%1.71 —0.011 —0.006

CHs, o Cuo -1.23 -1.32 —0.008 —0.006
1401 ’ Cc11 +1.45 +1.66 0.003  0.007
123.2° ” 1.269 c12 +0.17 +0.10 0.003  0.001
0 C 1460 ,CHs Cus -0.04 -0.04 0.000  0.001
1383 N\ /1511 Cua +0.10 +0.13 0.000  0.000
C 1459 C 0, -867 ~—7.11 0.270  0.248
1378 ” ”1381 0, -8.06 —6.80 0.251  0.236
Os -0.77 —0.61 0.003  0.008
15 O, —0.65 —0.56 0.003  0.008
]382/ 1457 C 145'\ 1-59CH3 ave G protons —003 —0.02 0000  0.000
” 1271 C / ¢’ 1512 ave Gprotons —0.03 —0.02 0.000 0.001
1421 \ Hy “e /13 N ave Gprotons +2.30 +2.24 209220 0.003 0.004
CH; O H CHj4 ave Goprotons +0.95 +0.95 1.041.06 0.001  0.002

Cy1 proton —0.05 —0.08 —0.001  0.000
(b) ave Gsprotons +0.03 +0.03 0.000 0.000
ave Gqprotons +0.06 +0.05 0.000  0.000

Figure 2. A comparison of calculated bond distances (in A) for (a) aKropacheva, T. N.; van Liemt, W. B. S.; Raap, J.; Lugtenburg, J.;

UQ: and (b) UQ . The large torsional angle change for one methoxy off, A. J. J. Phys. Chem1996 100, 10433-10442 and references
group from UQ (9.7°) to UQr'~ (123.2) is also indicated. The atomic  therein. Samoilova, R. I.; Gritsan, N. P.: Hoff, A. J.: van Liemt, W. B.

number scheme for UQs given in (a). S.; Lugtenburg, J.; Spoyalov, A. P.; Tsvetkov, Y. ID.Chem. Soc.,

. ) . L Perkin Trans. 21995 2063.
to adopt conformations inappropriate for significantielocal-

ization between their oxygen atoms and the quinone ring. C3(0.080), and the spin density on C5 (0.065) and C6 (0.072)
Table 1 compares calculated atomic spin densities andis very slightly lower. A tiny amount of unpaired electron spin
isotropic hyperfine coupling constants (hfcc’s) for UQ appears on the methoxy, methyl, and isoprenyl side chains.

calculated by using two different basis sets, with experimentally Although the relative spin densities for carbon atoms>CTC4
derived hfcc's?527:28 Values reported in the table were obtained > C3 > C2 > C6 > C5 are intuitively correct, they should be
by optimizing geometries with the 6-31G(d) basis set and viewed with caution since differences are small and their relative
performing a single-point calculation with the [632] basis magnitudes depend on the specific basis set used.

at the 6-31G(d) geometry. The [634] basis set proposed by Isotropic hyperfine coupling constants (hfcc’s) roughly paral-
Chipmart* was designed specifically to model spin properties lel the calculated atomic spin densities, with large hyperfine
of radicals and includes diffuse and polarization functions on coupling constants for atoms carrying high spin densities.
heavy atoms, as well as a tighter s function on hydrogens. Hfcc’s Exceptions are the side chain carbons C9, C10, and C11 and

were determined from Fermi contact spin densiti€hl), using the hydrogens on C9 and C10, atoms that carry very little spin
the formul&’32 density but display significant hyperfine couplings. Comparing
calculated hyperfine coupling constants with available experi-
a, = [(87/3)9agyBAn p(N) mental values in the aprotic solvent DRFR728shows excellent
agreement. Specifically, the C9 methyl protons have a calcu-
whereag is the hfcc (in gaussy is the electronig factor,f is lated, average hfcc of 2.24 (experimental values range from 2.09

the electronic Bohr magneton, agdandgy are the analogous  to 2.20), and the average calculated hfcc for the C10 methylene
values for nucleu®N. The term in brackets can be expressed protons is 0.95 (experimental values are 1.04 and £4%5).
as a single factor (in units of gauss) for each type of nucleus: Heavy atom hfcc’s are generally more difficult to calculate than
1595 forlH, 401.0 for'3C, and—216.2 forl’O. Here, we em- proton hfcc’s, yet the largest error in the calculaté@l1 hfcc
phasize results obtained with the [682] basis set, because it (—2.15) is only 1.22 (the experimental hfcci9.93). For C3,
was designed to reproduce spin properties of radicals accuratelyC4, and C9, on the other hand, the calculdf&ihfccs 0.75

The largest calculated spin density appears on O1 (0.248),for C3, —1.53 for C4, and—1.66 for C9) are all within the
the carbonyl oxygemmetato the isoprenyl chain, with only  range of experimentally determined magnitudes of hfcc’s for
slightly lower spin density on O2 (0.236), locatertho to the UQo (0.65-0.8 for C3, 1.5-1.6 for C4, and 1.5%1.71 for
same chain. Calculated spin densities on the quinoidal oxygensC9)2” We note that calculated heavy atom hfcc’s are extremely
agree qualitatively with the spin density inferred from magnetic sensitive to the size of the basis set, so the overall agreement
resonance experiments witfO labeling (0.21%% Among the between the magnitudes of calculated and experimental hfcc’'s
carbon atoms, the largest spin density is apparently on theis excellent.
carbonyl carbons C1 (0.095) and C4 (0.094), slightly lower spin  Table 2 lists unscaled, calculated vibrational frequencies for
density appears on the methoxy-bearing carbons C2 (0.078) andJQ and UQ~ for comparison with available experimental
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TABLE 2: Approximate Mode Descriptions and Unscaled Vibrational Frequencies for a Model of Ubiquinone-1 (UQ) and
Ubisemiquinone-1 Anion (UQ™) Calculated by Using the B3LYP Hybrid Hartree—Fock/Density Functional Method and a

6-31G(d) Basis Set

Boesch and Wheeler

mode approx description uQ uQ mode approx description uQ uQ
84 C—H stretch (chain) 3236 3209 42 ring stretch/bend 1131 1134
83 C—H stretch (methoxy) 3177 3136 41 methyl/ring torsions 1096 1161
82 C—H stretch (methoxy) 3175 3137 40 methyl bd 1062 1064
81 C—H stretch (chain) 3171 3165 39 ring breathing/chain torsion 1049 1061
80 C—H stetch (methyl) 3170 3139 38 ring bd/chain torsion 1036 1046
79 C—H stretch (chain) 3154 3134 37 ring bd/O stretch 976 999
78 C—H stretch (methoxy) 3147 3079 36 methyl bd/ring torsion 960 967
77 C—H stretch (methoxy) 3136 3078 35 ring torsion 954 946
76 C—H stretch (methyl, chain) 3112 3059 34 chain torsion 938 919
75 C—H stretch (methyl, chain) 3107 3033 33 =Ohd 920 901
74 C—H stretch (methoxy, chain) 3064 3081 32 =Obd 886 751
73 C—H stretch (methoxy, chain) 3064 2947 31 =Ohd 759 750
72 C—H stretch (methyl) 3051 3009 30 ring torsion 766 727
71 C—H stretch (methoxy) 3035 2989 29 =©hd 729 712
70 C1-01 stretch 1751 (1664) 1552 (1486) 28 ring deformation 702 695
69 C11-C12 stretch 1725 1717 27 ring deformation 611 633
68 C4-02 stretch 1715 (1644) 1542 (1466) 26 ring bending 592 584
67 C2-C3/C5-C6 stretch (sym) 1710 1654 (1617) 25 ring breathing 541 557
66 C2-C3/C5-C6 str (asym) 1663 (1614) 1556 (1527) 24 ring torsion 503 501
65 C—H bd (methoxy) 1544 1553 23 ring bd 460 472
64 C—H bd (methyl) 1528 1535 22 €0 bd 445 440
63 C—H bd (methoxy) 1523 1508 21 ring bd/torsion 435 414
62 C—H bd (methoxy) 1518 1505 20 =60 bd 403 401
61 C—H bd (methyl) 1516 1516 19 chain torsior#© bd 384 381
60 C—H bd (methoxy) 1513 1509 18 COC hd 352 356
59 C—H bd (methoxy) 1507 1506 17 COC bd 342 344
58 C—H bd (chain) 1497 1488 16 ring-methyl/COC bd 328 331
57 C—H bd (methoxy) 1481 1467 15 ring-methyl/COC bd 294 301
56 C—H bd (chain) 1470 1466 14 ring bd 280 292
55 C—H bd (methyl) 1430 1401 13 COC bd 231 251
54 chain stretch/torsion 1356 1339 12 methoxy rotation 223 158
53 chain torsion 1340 1313 11 methoxy wag/rotation 203 207
52 ring stretch/bend 1335 1304 10 chain torsion/methoxy rotation 175 178
51 chain torsion 1324 1273 9 methoxy rotation 136 174
50 ring stretch/bend 1299 1258 8 methyl rotation 121 130
49 chain torsion 1271 1273 7 chain torsion/methoxy rotation 105 128
48 methoxy bd 1234 (1288) 1227 6 methoxy torsions 97 100
47 methoxy bd 1228 (1266) 1223 5 methoxy torsions 93 80
46 ring stretch 1191 1194 4 =60 wag/chain torsion methoxy torsion 71 99
45 methoxy twisting 1177 1194 3 chain torsion 58 84
44 methoxy twisting 1174 1181 2 chain-ring bd 37 56
43 chain/ring torsion 1157 1179 1 chain-ring bd 30 36

datal®24 Although some workers scale calculated vibrational it nearly overlaps the lower frequency=© stretching mode.
frequencies by a multiplicative factor to bring them into better Since the calculated IR intensity of the symmetrieC stretch
agreement with experiment and scaling factors appropriate foris one-fourth to one-fifth the intensities of the=© stretches,
B3LYP-derived frequencies (0.963, 0.9614) have been deter-and one-seventh the intensity of the antisymmetreCCstretch,
mined?>46we prefer to report unscaled frequencies. We focus the symmetric &C stretch is relatively difficult to distinguish

on CG=0 stretching, ring &C stretching, and methoxy frequen- in the infrared spectrum. To test the prediction that the
cies because these frequencies have been experimentallsymmetric G=C stretch overlaps one=€0 stretching band, we
measured and are key to inferences concerning the influencewould therefore suggest isotopic substitution experiments to shift
of the protein on ubiquinone structures. For neutral UQ, the either the GO or C=C stretching mode out of their common
mode calculated at 1751 crhis a stretching vibration concen-  frequency range, perhaps coupled with Raman or resonance
trated at the €O bond metato the isoprenoid chain and Raman spectroscopy to enhance the intensity of the symmetric

corresponds most closely to the recently observed 00 C=C stretch. The €0—CHs; bending modes are calculated
stretching mode at 1664 crh!® The 1715 cm! UQ mode is at 1234 and 1228 cm. The calculated frequencies are
a C=0 stretch concentrated on the=O bond ortho to the somewhat lower than the experimentally observeddz-CHg
isoprenoid chain and agrees with the assignment for the bandbending modes at 1288 and 1266 ¢nfor UQ; and appear
observed at 1644 cm for UQ..2® In contrast to the &0 substantially mixed, in contrast with the experimental inference

stretching modes, the ring=€C stretches mix to form symmetric  that the higher frequency-80—CHjz bending mode corresponds
and antisymmetric modes involving botk=C bonds. The UQ to the methoxy group in the plane of the ritfg.Finally, the
vibration calculated at 1710 crhnearly overlaps one calculated methoxy torsional modes appear at very low frequencies, 97
C=0 band and represents the symmetrieCstretching mode, and 93 cml. Each torsional mode is localized at one methoxy
while the 1663 cm! vibration is the antisymmetric<€C stretch. substituent, with the mode at 97 chinvolving torsions of the
Although the lower frequency €C stretch matches experi- methoxy grouppara to the isoprenoid chain.

mental assignment8;?2-24 experiments typically detect only one The primary differences in the calculated vibrations of the
C=C stretching ban&2* We therefore propose that the higher neutral UQ molecule and UQlie in the lower frequencies for
frequency, symmetric €C stretch is indistinguishable because the anion vibrations, the order of the=®© and ring G=C
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stretching frequencies, and the increased mixing between thedistribution. With the exception of C1, the magnitudes of all

modes of UQ". In the neutral molecule, the=80 modes are
predicted at higher frequencies than theC stretches, while
in the radical anion, the<€€C modes are higher. Although the
extent of mixing between €0 and G=C modes of the same
symmetries make assignments difficult, a similar reversal in
relative ordering of the €0 and G=C frequencies was also
calculated for othep-benzoquinong-benzosemiquinone anion
pairs#’48 In fact, the identical orderingC=0O stretching
frequencies above the=€C stretching bandswas calculated
for p-chloranil and p-fluoranil, while their anions showed
calculated &C stretching frequencies above=0O stretches.
For the neutrap-benzoquinone, the=€0 stretching modes are
also calculated at higher frequencies than tleQCstretches,
but for the corresponding anion the frequencies of the tw@€C
stretches bracket the calculated=O stretching frequencies.
Hence, in UQ the G=C symmetric stretching vibration is
calculated at 1654 cmt and the antisymmetric <€C stretch
appears at 1566 crh. The calculated frequencies are more

calculated heavy atom hfcc’s fall within a narrow range of
experimentally determined values for several different ubiquino-
nes. Thus, the overall agreement between calculated and
experimental spin properties is excellent.

Unscaled, calculated=€0 and ring G=C stretching vibra-
tional frequencies for both UQ and UQalso agree qualitatively
with experiment. Calculated shifts in€D stretching frequen-
cies upon reducing UQ to UQ (—191 and—167 cnT?) are
within 22 cnt! of those observed experimentally169 and
—160 cnT1). Only one calculated shift in ring=€C stretching
frequencies for U relative to UQ (54 and 93 cm) agrees
with the experimentally measured shift (7 and 83 émbut
for good reason. According to our calculations for UQ, the
unresolved ring €&C stretch of UQ has very low intensity in
the IR spectrum and should lie very near orre@stretch (G=O
stretch, 1715/1710 cm; C=C stretch, 1647 cr¥) rather than
overlapping the second=€C stretch measured at 1614 thn
Our prediction concerning the location of the secoretC

accurate than expected from the B3LYP method and differ by stretch may be tested by two isotopic substitution experiments

approximately 2% from €C stretching frequencies of 1617
and 1527 cm! experimentally measured for YQ.22 Next in
frequency is the antisymmetric=€D stretch calculated at 1552
cm 1, followed by the symmetric €0 stretching mode at 1542
cmL.  Although experiments imply that the=€D stretching
modes of UQ~ appear at 1486 and 1466 ci both G=0

to shift the G=0O and then the €C stretching modes out of
their common frequency range. In addition, our calculations
imply that the G=0 stretching modes of UQ (1552 and 1542
cm™1) appear at nearly the same frequencies as several CH
bending modes (1553 and 1535 cih As a result, deuterium
isotopic substitution of methoxy and/or methyl hydrogens to

stretching modes were observed in the range from 1482 to 1500shift CH bending frequencies may be useful to pinpoint the

cm for UQy~ and UQg~.192324 We should also note that
the C=0 stretching modes of UQ (1552 and 1542 crii) are

C=0 stretching modes of UQ accurately. Finally, calculated
C—0—CHgs bending frequencies for UQ appear substantially

calculated to appear at nearly the same frequencies as severdbwer in frequency than experimentally measured bands assigned

CH bending modes (1553 and 1535 ©h As a result,
deuterium isotopic substitution of methoxy and/or methyl

to these modes.
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undoubtedly improve on the results presented here, this work tems and optimized geometries of ubiquinine-1 ¢)J@e model
makes a compromise between computational economy and rigors_g|ly|-2, 3-dimethoxy-1,4-benzoquinone (Y@ith isoprenyl

to provide several important, experimentally testable predictions.

methyl groups replaced by hydrogens, abbreviated UQ), and

Despite the absence of packing effects present in X-ray their radical anions (U@~ and UQ~) obtained from B3LYP/

diffraction structures, the calculated geometry of {U#grees
well with the calculated and X-ray diffractiéhstructures for
UQo (and with recently published calculations for G
Furthermore, bond distance changes upon reducing tdQ
UQq~ are qualitatively consistent with predictions based on
calculations for othep-benzoguinone42:43.47.49.50 Reducing
UQ; to UQ*~ also results in a large change of nearly 1i%

the torsional angle calculated for the methoxy group located

parato the isoprenyl chain.
Density functional and especially hybrid Hartreleock/

6-31G(d) calculations (9 pages). Ordering information is given
on any current masthead page.
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