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A Comparison of the Properties of Various Fused-Ring Quinones and Their Radical Anions
Using Hartree—Fock and Hybrid Hartree —Fock/Density Functional Methods
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The hybrid Hartree Fock/density functional B3LYP has been used to predict a variety of properties of 1,4-
naphthoquinone, 2-methyl-1,4-naphthoquinone, 2,3-dimethyl-1,4-naphthoquinone, and 9,10-anthraquinone,
as well as their radical anions. Geometries and spin properties show good agreement with experiment. The
calculated adiabatic electron affinities show excellent agreement with previously determined experimental
values, where available. An electron affinity of 1.63 eV is predicted for 2,3-dimethyl-1,4-naphthoquinone.

A complete analysis of the vibrational spectra of each neutral molecule is provided and compared with available
experimental and previous theoretical results. In each case,=@ @htisymmetric stretching vibration is

found to be slightly higher in frequency than the=O symmetric stretch. The first full analysis of the
vibrational spectra of each of the radical anions is presented, and a comparison is made with the spectra of
the neutral molecules. It is found that B3LYP/6-31G(d) theory consistently overestimates vibrational
frequencies by 45%, in agreement with previous tests, but also does an excellent job of predicting the
correct relative ordering of vibrational modes. Unrestricted HartFemck geometries and frequencies are

also provided for comparison.

1. Introduction 0
The quinones and their one-electron reduced forms, or

semiquinone anions, occupy a central place in electron transfer ’ Y 2
chemistry and biological energy conversioi. For example, 6

. . . . 3
guinones are known to play a crucial role in oxido reductasdés T 0 N
and semiquinones are known intermediates in the actions of o} 0
some antitumor drug€. In photosynthesis, quinones act as
primary and secondary electron acceptors, both in plant and
bacterial photosynthetic reaction cent&s’ where semi-
quinone anions are known to be formed and remain stable for
reasonably long times. In the Rhodopseudomonasiridis
reaction center, it is a fused-ring quinone, menaquinone, which
occupies the primary quinone binding site,.QMenaquinone
(see Figure 1), or vitamin X is made up of a 1,4-naphtho-
quinone head group with a methyl substituent at the 2 position
and an isoprenoid chain of varying length at the 3 position.
Various forms of vitamin K, with different alkyl substituents, Figure 1. The structures of 1,4-naphthoquinone (NQ), menagquinone-1
occur elsewhere in nature. Some forms of vitamin K are known (MQ-1), and 9,10-anthraguinone (AQ).

oo e 9 ; .
to be critical in the blood-clotting cascadé® and in calcium benzoquinone ptbenzoquinone, PBQ) has been determined

{48,20,21 i i i - ; i
?omeostas%‘? and the Rleskle F?hS C(tehnter '? ctertal_n bac experimentally both in the soffland gas phasé€8,and these
eria uses e;irzrlenaqumone pool, rather than plasloquinone Ofgy \yiag have been supported by theoretical determinations using
ubiquinoné? Simpler, but similar, compounds have been

used as models of menaquinone in various theoretical andab initio and density functional theofy). > The structure of
) ) . ; . “the radical anion of PBQ (1,4-benzosemiquinone, PBQvhile
experimental studies to determine the function of the native Q(, q . PR

' . not determined experimentally, has been predicted computa-
quinone®~30 Some of these compounds include the parent 1,4- b y P P

) . tionally using numerous techniques>’ The current studies
naphthoguinone (NQ), 2-methyl-1,4-naphthoquinone (2NQ, also agr);e tha% upon one-electroﬂ reduction tie@and G=C

kzné),\\/lvn avaitgmin ). ant(_j 2,Sf-(:;]methyl-ll,4-n|aphthoqhuino?he __bonds of PBQ lengthen while the-& bonds shorten, with the
( Q). Various properties of these molecules, such as M overall effect of making the ring structure of PBQmore

fu?darqgnt;LZLbrational df:equ]?nq%f539 ar:.d theirhhypebr.fir;(.a benzenoid. These changes in bonding are consistent with the
interactions,” —~ are used fo iner information such as binding 44 gjectron entering a molecular orbital which is antibonding

sites and protein interaction in the photo_synthetlc reaction center., . respect to &0 and G=C bonds and bonding with respect
A knowledge of the properties of the isolated molecules and to C—C single bonds®

their radical anions is therefore crucial for the interpretation of
experimental result¥

For the simpler quinones, the structures have been investi-
gated relatively thoroughl§’. The structure of the parent 1,4-

1,4-naphthoquinone menaquinone-1

9,10-anthraquinone

The structures of the larger, more biologically important
qguinones such as menaquinone (MQ), plastoquinone (PQ), and
ubiquinone (UQ) and their radical anions have received theoreti-
cal attention only recentl§5-57:5%9 and no experimental
® Abstract published ilAdvance ACS Abstract§eptember 1, 1997. structures of the isolated molecules are currently available.
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TABLE 1: Calculated Bond Distances (A) and Bond Angles (deg) of 1,4-Naphthoquinone, 2-Methyl-1,4-naphthoquinone, and
2,3-Dimethyl-1,4-naphthoquinone

NQ 2NQ 23NQ
expt (X-ray) RHF® BP8&* B3LYP RHF5 B3LYP exptss (X-ray) B3LYP

Cl1=0? 1.22 1.222 1.239 1.226 1.223 1.226 1.24 1.227
C4=0 121 1.222 1.239 1.226 1.224 1.227 1.23 1.227
C2-C3 131 1.327 1.356 1.344 1.332 1.350 1.34 1.358
C9-C10 1.39 1.397 1.418 1.409 1.395 1.407 1.40 1.404
C6-C7 1.37 1.388 1.408 1.399 1.389 1.399 1.37 1.399
Cl-C2 1.48 1.477 1.488 1.485 1.490 1.501 1.47 1.495
C3-C4 145 1.477 1.488 1.485 1.473 1.478 145 1.495
C1-C9 1.43 1.483 1.496 1.492 1.483 1.491 1.45 1.489
C4-C10 1.46 1.483 1.496 1.492 1.482 1.490 1.49 1.489
C8-C9 1.39 1.388 1.406 1.398 1.388 1.399 1.40 1.398
C5-C10 1.36 1.388 1.406 1.398 1.388 1.397 1.39 1.398
C5-C6 1.43 1.386 1.401 1.393 1.386 1.394 1.39 1.393
C7-C8 141 1.386 1.401 1.393 1.386 1.393 1.39 1.393
avg dev from expt 0.020 0.030 0.027 0.015
0—-C1-C2 118.5 120.5 120.6 119.0 120.8
O—C4-C3 118 120.5 120.6 120.0 120.8
C2-C1-C9 121.5 117.2 117.3 118.2 121.5 118.4
C3—-C4-C10 123 117.2 117.3 117.4 120.8 118.4
C1-C2-C3 120.5 122.2 122.2 119.6 119.7 121.2
C4—-C3-C2 117.5 122.2 122.2 124.0 120.7 121.2
C1-C9-C8 123 119.6 119.6 119.4 121.0 119.7
C4-C10-C5 1235 119.6 119.6 119.9 120.2 119.7
C1-C9-C10 118 120.6 120.6 120.8 119.5 120.3
C4-C10-C9 117.5 120.6 120.6 120.0 117.7 120.3
C7-C8-C9 121 120.0 120.0 120.0 1175 119.9
C6—-C5-C10 1215 120.0 120.0 119.9 118.2 119.9
C5-C6-C7 1185 120.2 120.2 120.1 119.7 120.2
C8-C7-C6 119 120.2 120.2 120.2 123.2 120.2
avg dev from expt 2.9 2.9 1.6

a Atom numbering is consistent with Figure 1.

However, low-resolution X-ray structures of the photosynthetic quinones, which is highly influenced by reductid®® and
reaction centers of certain purple bacteria contain these mol-therefore the most widely monitored in experimental studies,
ecules in their native protein environméfnd a recent study  was seen as a doublet because of a Fermi resonance or some
examined the conformation of the isoprenyl side ch&inghere intermolecular interaction. Some work concluded that NQ
are experimental structures of some related quinones which mayexhibits only one &0 stretching frequency. Recent theoreti-
serve as models of the larger species. X-ray structures ofcal studies indicate that there are actually two distinct funda-
2-methyl-1,4-benzoquinorfé2,3-dimethyl-PBQ, 2,5-dimethyl- mental CG=0 stretching vibrational frequencies of PBQ and NQ.
PBQ?* 2,6-dimethyl-PB(Q? 2,3,5,6-tetramethyl-PBQ (duro- The ability to predict other properties of quinones accurately,
quinone, DQY3 2-methyl-5,6-methoxy-PBQ (UQGY, 1,4- such as the electron affiniti€saqueous one-electron reduction
naphthoquinone (NG, 2,3-dimethyl-NQ (23NQf? and 9,10- potentials®6-98 and isotropic hyperfine coupling constants
anthraquinone (AQY-8have been determined over the last 50 (hfccs)55-57.59.9¢-101 has peen reported only recently. The
years. More recently, the gas-phase electron diffraction struc- density functional and hybrid Hartredock/density functional
tures of PBQ® DQ,*° and AQ® were reported. (HF/DF) methods have proven very useful in this area and have
Considering the wide-ranging importance of quinones as peen shown to give reasonable hfccs for other orgasmadicals
biological electron acceptors, it somewhat surprising that the gs wel|57.102-108 | this study, we present such a comparison
radical anions of the quinones have received much less attentionof the electron affinities of NQ, 2NQ, 23NQ, and AQ, the spin
Of the semiquinone radical anions, only the simplest species, densities and isotropic hyperfine coupling constants of the
PBQ~, has been studied extensively with theoretical methods. radical anions of these quinones, and the geometries and
More information on the other semiquinone anions has recently harmonic vibrational frequencies of both the quinones and
begun to appear, but in some cases, such as the vitamin Ksemiquinone anions. We compare and contrast these properties
analogues NQ, 2NQ~, and 23NQ", a detailed comparison  to those previously determined for M®and discuss their

of their properties has yet to be performed. importance in the interpretation of experimental results, includ-
Although the vibrational spectra of NQ and AQ have been ing the question of Fermi resonance involving tre@stretches
studied relatively thoroughly both by experimerita#? and of NQ. A detailed description of our methods and analysis

theoretical method®; 8¢ there is very little spectral data in the  techniques can be found in the Appendix.

current literature for the radical anions of these molecules.

Similarly, the vibrational spectra of 2NQ and 23NQ, both 2 Results and Discussion

idealized model compounds for vitamin K, have been stud-

ied /737685878t a comprehensive analysis of the fundamental  2.1. Geometries. Table 1 compares the available experi-
vibrational frequencies of these molecules and their radical mentally determined geometries of NQ, 2NQ, and 23NQ with
anions has not yet been conducted. The vibrational spectrumthe predictions o&b initio MO and density functional theories.

of the most basic of thp-quinones, 1,4-benzoquinone, has been When compared to the solid-state X-ray diffraction structure,
investigated by many methods. Many early experimental the RHF/6-31G method gives the best average reproduction of
studieg”89-92 concluded that the €0 stretching band of  bond distance® with the hybrid B3LYP/6-31G(d) method
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TABLE 2: Calculated Bond Distances (A) and Bond Angles (deg) of the Radical Anions of 1,4-Naphthoquinone,
2-Methyl-1,4-naphthoquinone, and 2,3-Dimethyl-1,4-naphthoquinone

NG 2NQ- 23NQ-
UHF8s UHF B3LYP UHF®S UHF B3LYP UHF B3LYP
6-31G 6-31G(d) 6-31G(d) 6-31G 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)

C1=0? 1.276 1.241 1.264 1.278 1.244 1.266 1.242 1.265

C4=0 1.276 1.241 1.263 1.275 1.240 1.263 1.242 1.265

c2-C3 1.371 1.372 1.381 1.373 1.375 1.385 1.381 1.392

C9-C10 1.406 1.402 1.423 1.405 1.400 1.421 1.397 1.420

Cc6-C7 1.405 1.404 1.410 1.406 1.404 1.410 1.405 1.411

c1-C2 1.418 1.424 1.440 1.426 1.431 1.450 1.434 1.451

c3-c4 1.418 1.424 1.440 1.420 1.423 1.437 1.434 1.451

C1-C9 1.463 1.475 1.478 1.459 1.474 1.475 1.469 1.471

C4-C10 1.463 1.475 1.478 1.460 1.473 1.477 1.469 1.471

c8-C9 1.407 1.406 1.409 1.409 1.407 1.410 1.408 1.410

C5-C10 1.407 1.406 1.409 1.408 1.406 1.409 1.408 1.410

C5-C6 1.372 1.370 1.385 1.371 1.369 1.386 1.369 1.385

c7-C8 1.372 1.370 1.385 1.371 1.370 1.386 1.369 1.385

0-Cc1-C2 1235 1235 1235 122.9 123.3 122.8

0-C4-C3 1235 1235 1235 123.1 123.3 122.8

C2-C1-C9 115.3 115.1 116.1 116.0 116.4 116.3

C3-C4-C10 115.3 115.1 115.3 115.2 116.4 116.3

C1-C2-C3 123.3 123.4 1215 121.4 122.4 122.4

C4-C3-C2 123.3 123.4 124.6 124.7 122.4 122.4

C1-C9-C8 119.5 119.5 119.3 119.4 119.6 119.7

C4-C10-C5 119.5 119.5 119.8 119.8 119.6 119.7

C1-C9-C10 121.4 1215 121.7 121.7 121.2 121.2

C4-C10-C9 121.4 1215 120.9 121.0 121.2 121.2

C7-C8-C9 121.0 121.1 120.9 121.1 120.9 121.0

C6-C5-C10 121.0 121.1 120.9 121.0 120.9 121.0

C5-C6-C7 119.9 119.9 119.8 119.8 119.9 119.9

C8-C7-C6 119.9 119.9 120.0 119.9 119.9 119.9

a Atom numbering is consistent with Figure 1.

slightly better than the gradient-corrected pure density functional C2=C3 bond with further methyl substitution, as well as a small
BP86/6-31G(d) methotf, which are both slightly worse than  increase in the €C bonds neighboring the substituted position.
the UHF/6-31G(d) method. It is worth noting that the X-ray The G=0 bond lengths remain virtually unchanged through the
structure is distinctly asymmetric, implying that the ubiquitous series for a particular method, but the UHF/6-31G method
crystal packing forces may have significantly altered the predicts a &0 bond distance approximately 0.01 A longer than
structure from that of the gas phase. Unfortunately, the gas-those predicted by B3LYP/6-31G(d), which, at about 1.265 A,
phase structure of NQ, which would be the best basis of is about 0.02 A greater in length than that predicted with the
comparison for the methods, has not been determined. TheUHF/6-31G(d) method. This difference is not repeated in other
UHF/6-31G(d) method does slightly better in reproducing X-ray bonds, implying that the inclusion of polarization functions in
bond distances in 23NQ, but not as well as B3LYP/6-31G(d), the basis set plays an important role in the prediction of open-
which has an average absolute deviation in bond distance ofshell properties of the €0 fragment of quinones. As with
0.015 A. We are aware of no experimentally determined the neutral species, the structure of 23N@ virtually identical
structure of 2NQ for comparison. to that of MQ~.

When comparing the structures of the quinones listed in Table A comparison of the structures of the neutral quinones in
1 to each other, some trends are identifiable in both experimentTable 1 with the associated semiquinones in Table 2 indicates
and theory. All bonds except those directly involved with the that the primary changes in bonding upon one-electron reduction
2 or 3 position methyl substitution remain virtually constant are centered in the quinonoidal ring.=O and C2=C3 bond
throughout the series, including the characteristre@ and lengths increase by about 0.04 A, regardless of the method,
C2=C3 bonds. Bond angles also show little change across thewhile C1—C2 and C3-C4 bond lengths decrease by almost the
series, except around the substituted positions. The fused ringsame amount. The shared ©810 bond increases in length
maintains its benzene-like structure, even including the sharedby about 0.01 A, as do the adjacent-689 and C5-C10 bonds
C9-C10 bond, with average bond lengths just under 1.40 A. and the more distant G8C7 bond, while the other two fused
When comparing these structures to the previously describedring C—C bonds decrease in length by almost the same amount.
structure of MQ® (determined with the B3LYP/6-31G(d) These changes in bonding suggest that while the odd electron
method), it may be seen that the structure of the ring system of enters a molecular orbital very similar to that in the parent PBQ
23NQ is almost identical to that of MQ, having bond distances molecule, there is nevertheless a small contribution from the
usually within 0.003 A, which implies that the isoprenoid chain fused ring (see Figure 2).
has the same effect on the local structure of the ring system as When considering that the fused ring has an effect on the
a methyl group. lowest unoccupied molecular orbital (LUMO) of the neutral

Table 2 presents the calculated structures of the radical anionamolecule which is, although small, greater than the effect of
NQ~, 2NQ~, and 23NC@" as determined by the UHF/6-3%G two substituted methyl groups at the 2 and 3 positions, it is
and UHF/6-31G(d) molecular orbital based methods, as well natural to examine the effect of changing these methyl carbons
as by the HF/DF B3LYP/6-31G(d) method. We are aware of into members of a second fused ring, thus creating a larger
no experimental determinations of the structures of these radicalz-system. Therefore we include in TabB a comparison of
anions. Each method predicts a slight lengthening of the the calculated structures of 9,10-anthraquinone (AQ) and its
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TABLE 3: Calculated and Experimental Bond Distances (A) and Bond Angles (deg) of 9,10-Anthraquinone and Its Radical

Anion
AQ AQ
expft© expt’ UHF BLYP?10° B3LYP UHF B3LYP
gas phase X-ray 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
Co=02 1.220 1.15 1.197 1.242 1.226 1.239 1.260
Co9-C11 1.499 1.50 1.493 1.501 1.492 1.454 1.465
Cli-C1 1.400 1.39 1.389 1411 1.400 1.415 1.414
Ci1-C2 1.400 1.39 1.382 1.402 1.392 1.363 1.382
Cc2-C3 1.400 1.385 1.388 1.411 1.400 1.413 1.415
Cl1-C12 1.400 1.395 1.393 1.421 1.408 1.409 1.427
Ci1-H 1.087 1.072 1.092 1.085 1.074 1.086
C2-H 1.087 1.075 1.094 1.086 1.078 1.089
avg dev from gas-phase expt 0.011 0.010 0.003
0—-C9-C11 121.3 121 121.2 121.3 121.3 122.0 122.0
Cl1-C9-C14 117.4 117.5 117.7 117.5 117.5 116.0 116.0
C9-C11-C12 121.3 120 121.2 121.3 122.0 122.0
Cl-C11-C12 120.1 120 119.9 119.7 119.7 118.9 122.0
Cl1-C1-C2 119.8 120.5 120.0 120.2 120.2 121.2 121.3
C1-C2-C3 119.8 120.8 120.2 120.1 120.0 119.9
Cl1-C1-H 120.1 118.9 118.3 117.6 117.0
C1-C2-H 120.1 119.9 119.9 119.9 120.2 120.2
avg dev from gas-phase expt 0.3 0.4

a Atom numbering is consistent with Figure 1.

Figure 2. The LUMO of 1,4-naphthoquinone. The solid and dashed
lines represent orbital lobes of opposite sign.

associated radical anion (AQ with experiment. Here, B3LYP

TABLE 4: Calculated (B3LYP/6-311G(d,p)) and
Experimental Electron Affinities of Various Fused-Ring
Quinones

calc EA (eV} exptl EALLLIS
molecule opt sgl pt (eV)
9,10-anthraquinone 1.56 1.55 1.59
2,3-dimethyl-1,4-naphthoquinone  1.63 1.63
menaquinone<t 1.68
2-methyl-1,4-naphthoquinone 1.69 1.66 +q774
1,4-naphthoquinone 1.75 1.75 17881

aThe first column of calculated electron affinities was obtained by
fully optimizing each geometry with the 6-311G(d,p) basis set, while
the second column was obtained by performing a single-point calcula-
tion with the larger basis on the optimized geometries from a 6-31G(d)
calculation.

Because of the relatively slight changes in geometry when
substituting one or two methyl groups or a fused ring, it is
interesting to consider whether or not the similarities carry over
to the other properties of the molecules. Therefore, we next
discuss the calculated electron affinities of NQ, 2NQ, 23NQ,
and AQ and compare these with the electron affinities of other
quinones predicted previously. We will also discuss the spin
properties of the radical anions of each of the molecules, as
well as their harmonic vibrational frequencies.

2.2. Electron Affinities. Despite the importance of quinones
as electron acceptors, relatively few of the electron affinities of

does an excellent job of reproducing bond distances and angleghe larger quinones have been determined experimentally.
of the neutral, gas-phase molecule, with average absoluteAttempts to predict the electron affinities of quinones with

deviations of 0.003 A and 0°4respectively, compared to the
deviations in the UHF calculations of 0.011 A and®0.3The

molecular orbital based HF methods have proven unsuccess-
ful.9>110 We have shown previously that the BSLYP method

structures of both the neutral and radical anion show excellent used with a reasonably large 6-311G(3d,p) or 6-311G(d,p) basis
agreement with the analogous parameters of 23NQ, as do theset can reliably predict the electron affinities of a variety of

trends in bonding changes upon one-electron reduction. Previ-

ous calculations by Baf° on AQ using the gradient-corrected
pure density functional method BLYP (see Table 3) gave
substantially poorer agreement with experiment than did B3LYP.
BLYP overestimated the €0 bond lengths in particular by
more than 0.02 A, which is similar to the 0.019 A overestimation
of C=0 bonds by the BP86 method in N©®. These results
indicate that hybrid HF/DF methods such as B3LYP are more

methylated and halogenated quinones to within about 0.0% eV.
Because the results with the 6-311G(d,p) basis set were nearly
identical to those found using the larger 6-311G(3d,p) basis,
the B3LYP/6-311G(d,p) method has been used to predict
electron affinities of all three of the most biologically important
quinones: plastoquinortubiguinone>%°and menaquinont.
None of these three electron affinities have been determined
experimentally; however, those of some smaller, related quino-

reliable than gradient-corrected pure density functional methodsnes have been measuré#;'2 and we present in Table 4 a

such as BP86 and BLYP for predicting the structures of
quinones.

comparison of the calculated electron affinities of some of the
fused-ring quinones with experiment.
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TABLE 5: Spin Densities and Hyperfine Coupling Constants (in Gauss) Determined for the Radical Anions of
1,4-Naphthoquinone, 2-Methyl-1,4-naphthoquinone, and 2,3-Dimethyl-1,4-naphthoquinone Using the B3LYP Method and a
Variety of Basis Sets

NQ~ 2NQ~ 23NQ~

6-31G(d) 6-311G(d,p) [6321] 6-31G(d) 6-311G(d,p) [6321] 6-31G(d) 6-311G(d,p)

spin  hfcc spin hfcc spin hfcc spin hfcc spin hfcc spin hfcc  spin hfcc spin  hfcc
o1 026 —-83 025 -53 024 69 025 -84 025 -54 024 -66 026 —84 0.25 -53
04 026 -83 025 -53 024 -69 025 -81 024 -51 023 —-6.7 0.26 -84 0.25 —53
C1 0.07 -04 0.07 -36 009 —-26 008 -1.0 008 —-31 0.08 —20 0.08 0.5 0.07 —3.0
Cc2 012 29 012-02 011 06 010 40 011 00 011 08 010 25 0.H0.2
C3 012 29 012-02 011 06 011 28 012-04 011 01 010 25 0.11-0.2
C4 0.07 -04 007 -36 009 —26 006 -03 006 —-36 010 —28 0.08 05 0.07 —3.0
C5 -0.01 -09 000 -11 000 —-11 -0.01 -08 -0.01 -13 -0.01 -13 0.00 —0.9 0.00 —-1.2
C6 003 09 003 03 002 04 003 07 003 05 003 07 003 09 0.03 03
C7 003 09 003 03 002 04 002 09 002 01 002 02 003 09 0.03 03
Ccs8 -001 -09 000 —-11 000 —-11 000 —-1.0 000 —-09 000 —-1.0 0.00 —0.9 0.00 —-1.2
Cc9 005 05 005-10 004 -07 004 05 004-13 004 -1.0 005 05 0.05 -1.0
C10 005 05 005-10 004 -0.7 006 03 0.06-07 005 -03 005 05 0.05 -1.0
H2 —-0.01 -33 -0.01 —-3.0 -0.01 —-29
H3 -0.01 -33 -001 -30 -001 -29 -0.01 -33 -0.01 -29 -0.01 -26
H5 000 -01 000 00 000-01 000 -01 000 01 000 00 0.00-01 0.00 -0.1
H6 0.00 -0.8 0.00 -0.7 0.00 -0.7 0.00 -0.7 0.00 —0.8 0.00 —0.9 0.00 —0.8 0.00 -0.7
H7 0.00 -0.8 0.00 -0.7 0.00 -0.7 0.00 -0.8 0.00 —0.6 0.00 —0.6 0.00 —0.8 0.00 -0.7
H8 000 -01 000 00 000-01 000 00 0.00-02 000 -0.2 0.00 —-01 0.00 -0.1
C2(Me2) -0.01 —-21 -001 -19 -001 —-17 -0.01 -152 -0.01 —-1.7
C3(Me3) -0.01 —-152 -0.01 -1.7
H(Me2 avg) 000 23 000 23 000 21 000 23 0.00 25
H(Me3 avg) 0.00 23 0.00 25

a Atom numbering is consistent with Figure 1.

We tried two methods of predicting the electron affinities, TABLE 6: Spin Densities and Hyperfine Coupling
described in detail in the Appendix. The first method involves Constants (in Gauss) Determined for the Radical Anion of
a full optimization of both the neutral species and its radical 9;10-Anthraquinone Using the B3LYP Method and Two

anion at the B3LYP/6-311G(d,p) level (see the column labeled Basis Sets

“opt.” in Table 4). The second method, tested for computational AQ~

efficiency, involved only single-point calculations at the B3LYP/ 6-31G(d) 6-311G(d,p)

6-311G(d,p) level on optimized structures from B3LYP/6-31G- spin hfcc spin hfcc

(d) calculations (column labeled “sgl. pt.” in Table 4). In two o% 023 -75 022 —48

cases, NQ and 23NQ, the electron affinity was unchanged from C1 -001 -12 -001 -15

one method to another. In the other two cases, AQ and 2NQ, C2 0.04 14 0.04 0.4

the electron affinity decreased by 0.01 and 0.03 eV, respectively, g‘i L g-gg g-g 8-8; :(2).2

and in both cases moved away from experimental values. H1 0.00 0.0 0.00 0.0
Table 4 shows that the trend found previously of decreasing H2 000 —-1.1 000 —-1.0

electron affinity with increased methyl substitution on the
quinone is also displayed in the fused-ring quinones. Adding
a fused ring to PBQ (with a calculated electron affinity of 1.85 2.3. Spin Properties. It is possible to study the electron
eV®) to form NQ reduces the electron affinity to 1.75 eV, and transfer to a quinone and its hydrogen bonding environriment
adding another fused ring to form AQ decreases the electron vivo for biological systems such as the photosynthetic reaction
affinity by a further 0.2 eV to 1.56 eV. This reflects the trend center using electron paramagnetic resonance experiments. Such
found in the experimental numbers. What is perhaps unusualstudies have been performed to investigate the environment of
is that the calculated electron affinity of MQ-1 (1.68 eV) is both Qi and @ in the photosynthetic reaction center of
only 0.01 eV lower than that of 2NQ (1.69 eV) and 0.05 eV Rhodobacter sphaeroidesid photosystem Il. The information
higher than the predicted value of 1.63 eV for 23NQ. While gathered in these studies provides important information on the
the calculated electron affinities of 2NQ, MQ, and 23NQ are orientation and close contacts of the quinone radicals.
essentially equal within the error of the calculation (0.05 eV), In order to interpret these experiments, it would be helpful
we note that our previous study found that a change of the to have information on the free molecule as a basis for
isoprenoid chain-terminal methyl groups on MQ-1 into hydro- comparison to accurately determine the effects of the protein
gens for computational efficiency actually raised the electron environment. We present calculated spin density distributions
affinity to 1.73eV. These differences seem to imply that al- and isotropic hyperfine coupling constants (hfccs) for the heavy
though the isoprenoid chain has the same structural effect onatoms and protons of NQ, 2NQ@~, and 23NQ (Table 5) as

the ring as a methyl group (as discussed previously in sectionwell as those determined for AQ(Table 6). These properties
2.1), its electronic effect is different, perhaps owing to some were determined using the B3LYP method and, where possible,
long-range “communication” between the double bond in the three basis sets. The smaller 6-31G(d) basis set has been shown
chain with the ring system. Considering that most naturally to give reasonable agreement with experiment when used with
occurring forms of menaquinone have four or nine isoprenoid the B3LYP method7103-105.115 |n addition, we also employed
chain units and that the conformations of substituents may play a basis set developed by Chipri¥i1’ designed specifically
arole in determining the electron affinity# it may be interesting to reproduce spin properties in higher level calculations. This
to explore the effects of lengthening the chain on the electron basis set, denoted [6BH], includes more diffuse and polariza-
affinity. tion functions on heavy atoms, as well as a tighter s-function

a Atom numbering is consistent with Figure 1.
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on hydrogens. The hfccs are proportional to the spin density successful calculation using the [632] basis set for either
at the nucleus, and calculating them accurately may provide a23NQ@~ and AQ~, but we are currently exploring possible
more stringent test of the methods than spin densities derivedalternatives. It should be noted that the spin contamination
from population analysis. (which may be an indicator of the accuracy of the calculation)
Experiments on N in various solvenf§:118.11%ave given of the wave functions used to determine the spin properties of
magnitudes of the H2 and H3 hfccs which range from 3.22 to the Semiquinones, inClUding anthraquinone, were quite |OW, with
3.32, in excellent agreement with our calculated values of 2.9  [$?Cat about 0.76 before spin annihilatiéh?°and exactly 0.75,
3.3. For the H6 and H7 protons, our calculations predict hfcc the expected analytical value, after.
magnitudes of 0.70.8, which is in reasonable agreement with 2.4. Vibrational Frequencies. A complete listing of the
the experimental range 0.5D.655. The H5 and H8 protons vibrational modes and assignments determined with the B3LYP/
show the smallest hfcc magnitudes, with experimental values 6-31G(d) method for NQ and its radical anion is given in Table
ranging from 0.26 to 0.57, as compared to our calculated 7, along with the most complete previous experimental and
magnitudes of 0.1. The experimental ordering of HtZH6 > theoretical assignments. For 2NQ, 23NQ, and AQ, only the
H8 is thus correctly reproduced by our calculations. Good modes in the spectroscopically important region 180850
agreement between experim@if1®and theory was also  cm* determined with the B3LYP/6-31G(d) method are listed
found for 23NQ~ and MQ~.56 In the case of the asymmetri- in Table 8 along with available experimental data. A complete
cally substituted 2N@, the results are more ambiguous since list of modes and assignments for each molecule and its radical
the experimental magnitudes of the H5, H6, H7, and H8 proton anion determined using both the B3LYP/6-31G(d) and UHF/
hfccs were found to be equal in some solvents. We are aware6-31G(d) methods, may be found in the Supporting Information.
of no experimentally determined hfccs for the heavy atoms of  2.4.1. Neutral NQ. For the neutral molecule NQ, we found
these menaquinone analogues. Our calculations are also ingl| six C—H stretching modes from 3200 to 3226 ¢ The
agreement with previous experimental results that substitution previous experimental studies found these modes in the range
of alkyl groups has little effect on the spin density distribuigh.  3020-3085 cnt?, indicating that the frequencies predicted with
The results presented here also demonstrate significant differ-the HF/DF method are about 5% too high. UHF/6-31G(el+C
ences in the hfccs obtained with the smaller 6-31G(d) basis setstretching frequencies (after scaling by 0.8929) are found
versus those obtained with the two larger basis sets. between 2999 and 3037 ch The B3LYP ordering of the
For the radical anion of 9,10-anthraquinone, *AQrlable 6 vibrations in this region agrees exactly with that determined by
gives a list of the spin densities and hfccs determined with the Nonell* using the gradient-corrected pure DF BP86/6-31G-
B3LYP method and the 6-31G(d) and 6-311G(d,p) basis sets. (d,p) method, and is very similar to that found experimentally
Here, as in the cases discussed earlier, basis set size has littley Singh?® except that the two highest modes appear to be
effect on spin densities but a marked effect on the magnitudesreversed. Pecilé also found an ordering of the two highest
and signs of the hfccs. THEO hfce calculated with the 6-31G-  C—H stretching modes similar to that of Nonella, but also
(d) basis set £7.5 G) shows better agreement with the assigned the lowest anode and next-to-lowestkbmode in a
experimental value of 7.53%® than does that calculated with ~ reversed order. Of the -€H stretching modes identified by
the larger 6-311G(d,p) basis set4.8 G). Experimental  Girlando/* four were uncertain.
values?-126 of the proton hfcc at the 1 position range from  In the region 15561800 cnt, we identify six fundamental
0.35 to 0.550 G, while those of the 2 position range from 0.93 vibrations of the neutral molecule: two=D stretches at 1757
t0 0.97 G. Here, our calculated hfccs reproduce only the relative and 1752 cm! and three GC stretches at 1679, 1649, and
ordering of the proton hfccs: the magnitude of the calculated 1629 cnt! (see Figure 3). Of the €0 stretches, the B3LYP
hfcc for the 2 position<{1.1) agrees well with the experimental method predicts that the Imode (antisymmetric stretch) is the
values, but the B3LYP method predicts a hfcc of 0.0 G for the higher frequency mode, with the enode (symmetric stretch)
1 position. Other theoretical methods have been used toonly 5 cnT?! lower. This ordering is in agreement with the
determine hfccs for AQ, but without greater succe$¥. To experimental work of Girlando, Pecile, and Balakrishfaas
our knowledge, there are A8C hfccs available for AQ. well as the theoretical assignments by Nonella. The theoretical
From the data in Table 5, it is clear that spin density shows assignments of Balakrishnan using the HF/6-31G method show
little basis set dependence. Indeed, even the replacement of 4he same ordering, with a much larger difference between the
hydrogen with a methyl group has little effect on spin distribu- frequencies (1712 cm for the a mode, and 1681 cm for
tion, which is not surprising since the odd electron is entering the k» mode). Using the UHF/6-31G(d) method (Supporting
amr-type molecular orbital. Hyperfine coupling constants show Information, Table 1S), we find that these two modes are
a much larger dependence on the choice of basis set. Valuegeversed with respect to experiment, with the symmetric stretch
of the oxygen coupling constant are consistently about 20% at 1783 cm?, and the antisymmetric stretch at 1769 énSingh
smaller in magnitude when using the Chipman basis instead of observed modes at 1678 chand 1663 cm' but assigned them
the 6-31G(d) basis and smaller still using the 6-311G(d,p) basis.t0 a Fermi resonance doublet, while Broftfound vibrational
Itis possible that adding diffuse functions delocalizes too much modes at 1674 and 1663 cfy but was uncertain whether or
of the spin away from the nucled® The hfccs of the C1and  not these were true fundamentals, the result of a Fermi
C4 carbons each increase in magnitude with the largej4832  resonance, or some intermolecular interaction.
basis, but keep the same sign, while the 6-311G(d,p) basis set With respect to the three-&C stretching modes of the neutral
gives a greater increase in magnitude. The C2 and C3 carbonsmolecule in the range 1550800 cnT?, both the B3LYP and
hfccs tend to decrease in magnitude, changing sign for the UHF methods predict the G2C3 stretch to be highest in
6-311G(d,p) basis, while the C9 and C10 carbons, shared byfrequency, at 1679 and 1646 cinrespectively. Girlando,
both the quinonoidal and fused rings, tend to remain at about Pecile, and Singh identified this mode at 1607, 1605, and 1588
the same magnitude but change sign with both of the larger cm™2, respectively, while Balakrishnan did not assign this mode
basis sets. The C5, C6, C7, and C8 carbons of the fused ringexperimentally. Nonella’s density functional study found the
show only a slight change with the larger basis set, as do the C2=C3 stretching mode at 1614 ch The last two G-C
ring and methyl protons. We have been unable to complete astretches of NQ in this frequency range are localized primarily
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TABLE 7: A Comparison of Unscaled B3LYP/6-31G(d) Vibrational Frequencies of 1,4-Naphthoquinone (NQ) and Its Radical

Anion (in Parentheses) with the Most Complete Previous Experimental and Theoretical Assignments

mode symmetry B3LYP Nonellg* Balakrishnaf® Girlando* Pecile* Singh®
and description NQ (N@) BP86/6-31G(d,p) expt expt expt expt

a C—H str 3226 (3200) 3139 3076 3073 3072
b, C—H str 3224 (3197) 3136 3076 3079 3085
a C—H str 3218 (3167) 3130 3076 3059 3062
a C—H str 3208 (3161) 3125 3059 3030 3037?
b, C—H str 3200 (3144) 3112 3076 3063 3020
b, C—H str 3193 (3140) 3111 3059 3030? 2970
b, C=0 asym str 1757 (1577) 1675 1667 (1515) 1672 1675 1678
a C=0 sym str 1752 (1655) 1665 1660 (1441) 1662 1663 1663
a C2—C3str 1679 (1523) 1614 (1603) 1607 1605 1588
b, C—C str 1649 (1653) 1591 1599 1600 1590 1605
8 C—C str 1629 (1577) 1573 (1537) 1566 1573 1565
a C—H bend 1521 (1485) 1462 1445 1460 1467 1453
b, C—H bend 1500 (1484) 1446 1407 1432 1456 1380
b, C—H bend 1403 (1433) 1350 1357 (1327) 1370 1378 1335
8, C—C str 1379 (1372) 1373 1323 1328 1330

a8 C—C str 1329 (1251) 1288 1296 1292 1300
b, C—H bend 1316 (1326) 1265 1296 1303 1235
b, C—H bend 1260 (1248) 1213 1224 1160 1220
& C—H bend 1196 (1182) 1155 1157 1233 1150
a C—H bend 1172 (1150) 1126 1142 1147 1120
b, C—H bend 1142 (1147) 1102 1116 1117

a C—H bend 1078 (1068) 1039 1053 1056 1050
b, C—C—C bend 1077 (1089) 1039 1087 1093 1018
& fused ring breathe 1043 (1040) 1012 1012 1021

& C—H wag 1028 (939) 983

& C—H wag 1015 (980) 970 998
b; C—H wag 995 (965) 954 986 980
& C—H wag 924 (878) 886

b; C—H wag 881 (838) 849 865 914
& quinone ring chair 810 (795) 780

b, C—C—C bend 794 (808) 769 774

by C—H wag 786 (772) 753 774 780
b, C—C—C bend 765 (768) 740 758

8, C—C—C bend 706 (714) 685 693 692 690
& fused ring chair 696 (669) 671

b, quinone ring boat 614 (628) 590 611 563
b, C=0 asym bend 599 (603) 578 598 450
8 C—C—C bend 556 (562) 539 553 559 540
& fused ring deform 480 (485) 458 410
b, C—C—C bend 453 (468) 437 448 412

2 C—C—C bend 452 (464) 440 448 451

b; fused ring boat 421 (434) 402 372 470
a C=0 sym bend 375 (365) 360 368 370
& C=0 chair wag 273 (349) 253 258
b, C—C—C bend 268 (269) 255 266 267

b, butterfly tors 188 (201) 182
& ring-ring twist 128 (144) 121 202

b; C=0 boat wag 88 (117) 90 100 85

on the fused ring (see Figure 3), with therbode (1649 cm?) and 1077 cm! appear to be reversed with respect to the
higher than the amode (1629 cm?) according to the BSLYP experimental assignments of Girlando and Pecile but are in
method and the HF method (at 1603 and 1582 %mespec- agreement with the work of Singh, while Nonella predicts them
tively). This is in excellent agreement with previous experi- to be found at the same frequency. Pecile assigned the modes
mental and theoretical studies. As with the-B stretching at 1233 and 1160 cm to & and p C—H bends, respectively,
modes, the fundamental vibrations in the range 15B800 while all other experimental and theoretical results give reversed
cm! predicted by the B3LYP/6-31G(d) method are about 5% assignments, indicating the possibility that these modes were
too high relative to experiment. originally misassigned. Nonella, using a gradient-corrected pure
The vibrational spectra below 1550 ctnand above 1000  density functional method, assigned the modes at 1373 and 1350
cm™1 consist primarily of G-H in-plane bending modes but cm™! to an a C—C stretch and a£bC—H bend, respectively,
also include three modes which are predominantlyGC which is in disagreement with our results and the results of all
stretches as well as one-C—C bending mode. The ordering previous experiments. Frequencies in this region are overes-
of the modes in this region as predicted by the B3LYP/6-31G- timated by the HF/DF method by-3% relative to experi-
(d) method agrees well with the previous experimental assign- ment.
ments with a few exceptions. The symmetry C-C stretch Modes with frequencies less than 1000 ¢nare primarily
identified at 1329 cmt is higher than the sxC—H bending mode out-of-plane modes, and there are fewer experimental assign-
at 1316 cnml. While this is in agreement with Nonella and ments with which to compare our calculated frequencies. All
Singh, it is reversed in relation to the assignments of Pecile, modes within this range are correctly ordered by the B3LYP/
and Girlando found these two modes at the same frequency.6-31G(d) method with respect to the assignments of Girlando
Also, the a C—H bend and pC—C—C bend predicted at 1078 and are ordered similarly to those of Nonella except in two cases.
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NQ

b, 1757 em™ a, 1752 em™ a, 1679 cm™ b, 1649 em™ a, 1629 cm™
85% C=0O str. 77% C=0 str. 69% C2=C3 str. 65% C-C arom. str. 69% C-C arom. str.

NO™

b, 1577 cm’? a 1655 em™ a, 1523 em”! b, 1653 em'! a, 1577 cm’™!
50% C=0O str. 27% C=0 str. 44% C=0 str. 60% C-C arom. str. 51% C-C arom. str.
20% C2=C3 str. 33% C=C str.

Figure 3. Atomic displacements and potential energy distributions of the five fundamental vibrational modes (determined with the B3LYP/6-
31G(d) method) of naphthoquinone (NQ, top row) in the range 38&%0 cnt! and the corresponding modes of naphthoquinone radical anion
(NQ'~, bottom row). Hydrogen displacements have been omitted for clarity, and only major displacements of heavy atoms are shown.

The first case is the,aC=0 chair wag and the hC—C—C reversed with respect to the neutral mode, they become a
bend, predicted by B3LYP to be at 273 and 268 ¢m questionable match. The radical anion mode at 1655'¢ras
respectively, while Nonella found the order reversed at 253 and the correct in-phase=€0 and C2=C3 stretching to be a match
255 cntl, respectively. The other disagreement is with the for the NQ mode at 1752 cm, but apparently has become
ordering of the aand p C—C—C bends predicted by BSLYP  mixed to a significant degree with the mode at 1577 cr.

to be virtually identical at 453 and 452 ci which disagrees Isotopic substitution of the oxygens (witfO) shifts the three
with the experimental ordering of Pecile and the theoretical highest frequencies of the neutral molecule in this range
ordering of Nonella, but is consistent with the experimental work downward by 32, 25, and 10 cth respectively, while shifting

of Girlando. The only conflict with the ordering of the modes the last two neutral modes in this range, at 1649 and 1629,cm
by Singh in this region is aJiC=0 bend predicted by B3LYP  downward by only 1 cm. The highest shift in the frequencies
at 599 cm! and the a C—C—C bend at 556 cmt. Singh of the radical anion in this range upéfO substitution occurs
assigned these modes in reverse order, which conflicts both withfor the mode at 1523 cm, which shifts downward by 19 cm.

our theoretical study as well as that of Nonella and with the The next largest shift is for the;bmode at 1577 crrt, which
experimental results of Girlando. The overestimation of shifts downward by 14 cmi, followed by the mode at 1655
frequencies in this range by the B3LYP/6-31G(d) method is cm™1, which shifts downward by 6 cmd. The other two modes
generally about 3%, which is lower than that found at higher of NQ*~ at 1653 cm! and the symmetric €C stretch at 1577
frequencies. cm~1, shift downward by 2 and 4 cm, respectively.

2.4.2. NQ~ Radical Anion. The vibrations of the radical Although both the total energy distributions and isotopic
anions of naphthoquinone and its methylated derivatives havesubstitution data tend to support the reverse, we choose to match
been only partially investigated with experimental and theoreti- the mode at 1655 cnt in the radical anion with the €0
cal methods. To our knowledge, we provide here the first full symmetric stretching mode at 1752 thin NQ and the N@
vibrational analysis of N§. Balakrishnaff recently reported mode at 1523 cm with the C2=C3 stretching mode at 1679
several vibrational frequencies of NQand assigned them based cm™! in the neutral molecule because of the agreement in
on UHF calculations, and Clafk reported G=O stretching stretching phases. These assignments would suggest that the
frequencies for both the radical anion and dianion of NQ. modes determined experimentally by Balakrishnan at 1603 and

Figure 3 is provided as a comparison of the atomic displace- 1441 cnt? be reassigned to G2C3 stretching and symmetric
ments and total energy distributions of the vibrations in the C=O stretching, respectively. However, if one chooses to
spectroscopically important range 1801650 cntl. Three of dismiss the phase difference of thesO and C2=C3 stretching

the assignments in this range are easy to make: {He=D found in the a mode at 1523 cmt of NQ*~ as an artifact of
antisymmetric stretch found at 1757 thin NQ shifts the theoretical method, then the isotopic substitution and total
downward to 1577 cmt in the radical anion, and the land a energy distribution calculations support the earlier assignments
fused-ring G=C stretches at 1649 and 1629 thin NQ shift of Balakrishnan. In either case, assignment of vibrational modes
to 1653 and 1577 cr, respectively, in N@. The two a in this region is difficult due to the high degree of mixing

modes at 1752 and 1679 chin NQ, however, are subject to  between the &C and G=0 stretches, and experimentally the
a large degree of mixing, and the assignments become morespectrum is dominated by the very strongQ stretching modes
difficult. When considering the total energy distributions only, with nearby modes appearing only as shoulders.

it may be preferable to match the NQmode at 1523 crt, Our Hartree-Fock calculations (Table 1S in the Supporting
which is predominantly the €0 stretch, with the NQ mode at  Information) using a 6-31G(d) basis set indicate that h&$s0
1752 cnt!. However, considering that the phase of the@ antisymmetric stretch in NQ (at 1509 cm?) is lower than the

and C2=C3 stretching in the NQ mode at 1523 cmt is a C=0 symmetric stretch (at 1622 crf). Next highest in
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TABLE 8: A Comparison of the Spectroscopically Important Vibrational Modes Calculated Using the B3LYP/6-31G(d)
Method for 2NQ, 23NQ, AQ, and Their Associated Radical Anions (in Parentheses) with Previous Experimengaand

Theoretical Assignments

2NQ (2-Methyl-1,4-naphthoquinone)

mode B3LYP RHES BalakrishnafPexpt  Clark®expt  Bauché¥ expt Meyersoff expt  Brown®expt
b,C=0Oasymstr 1751 (1569) 1707 (1379) 1669 (1505) 1661 (1505) 1664 (1502) 1673.0 1674
a C=Osymstr 1746 (1655) 1673 (1424) 1672 (1442) 1626 1665.5 1663
a C2—C3 str 1694 (1549) 1639 (1600) 1624 (1605) 1600 1596
b, C—Caromstr 1649 (1649) 1604 1599 (1539)
& C—Caromstr 1632 (1580) 1581
23NQ (2,3-Dimethyl-1,4-naphthoquinone)
mode B3LYP Bretof? expt

b, C=0 asym str 1741 (1560) 1670

a C=0 sym str 1735 (1639) 1662

a C2—C3 str 1674 (1542)

b, C—C arom str 1649 (1649)

& C—C arom str 1633 (1570)

AQ (9,10-Anthraquinone)
mode B3LYP ClarRexpt Stenmaftexpt Girlandd*expt GastilovicBPexpt  Gribo¥expt  SingR® expt

by C=0O asymstr 1756 (1558) 1675 (1496) 1676 1681 1670
3, C=0 sym str 1747 (1645) 1666 1673 1677 1675
b3y, C2—C3 str 1650 (1642) 1592 1584 1625 1574 1625
b,y C—C 1646 (1655) 1593 1594 1585
g C—C 1636 (1564) 1597 1603 1594 1595
bou C—C 1625 (1579) 1582 1572

aWhere experimental studies did not explicitly assign modes, assignments are suggested here. For a more complete discussion, see the text.

frequency are thezjmand @ C=C fused-ring stretches at 1614
and 1531 cml, respectively, with the G2C3 stretch following

at 1461 cmi®. This is in agreement with the ordering described
earlier for the B3LYP/6-31G(d) method.

With respect to the other vibrational frequencies of *NQ
we find that, for the most part, the ordering is very similar to
that of NQ. The C-H stretching modes of NQ, although all
shifted downward by about 50 crth are found in exactly the

than the aC=0 symmetric stretch. Of the experimental studies
by Bauchef” Meyersor,” and Brown’® none assigned these
modes to “antisymmetric” or “symmetric” stretches, instead they
generally favored the interpretation that the=Q splitting was

the result of a Fermi resonance, or, in the case of Meyerson,
that the splitting was the result of independent fundamental
vibrations of either the proximal or distal (with respect to the
antisymmetric substitution) carbonyl groups. Our work, as well

same order as those of NQ. In the spectral region of 1000 to as that of Balakrishnan, supports the notion that the carbonyl

1550 cntl, which is dominated primarily by €H in-plane
bending and €C stretches, we find only two cases of mode
reordering upon reduction. The@—C stretch and theC—H
bend found at 1329 and 1316 chin neutral NQ reverse
position upon reduction and are found at 1251 and 1326'cm
respectively. Also, the NQ;&C—H bending mode at 1078 crh
and the G-C—C bend at 1077 cmi are predicted to be reversed
in ordering in NQ~ at 1068 and 1089 cm, respectively.
Below 1000 cntt, several cases of reordering may be identified.
The largest frequency shifts in this region upon reduction are
found for the a C=0 chair wag, which shifts upward 76 cth
or 28%, with respect to NQ, and the 6=O boat wag, which
shifts upward by 29 cmi, or 33%.

2.4.3. 2NQ, 23NQ, and Their Radical Anions.Because
of limited experimental data and previous theoretical studies
and because of the more extensive discussion of NQ arrd NQ
provided in previous sections of this report, we choose to limit
our discussion of the vibrational modes of 2NQ, 23NQ, and
their radical anions to the spectroscopically interesting region
of 1550 to 1800 cm®. A complete description of all vibrational

splitting results from two nearly degenerate fundamental
vibrational modes, each involving both carbonyl groups vibrat-
ing either in-phase with each other (symmetric) or out-of-phase
(antisymmetric). Our work with the B3LYP/6-31G(d) method
and Balakrishnan’s theoretical work using the RHF/6-31G
method predict the antisymmetric€D stretching mode to be
higher in frequency, while the UHF/6-31G(d) method predicts
the reverse.

As far as the overall ordering in this region of the spectrum
for 2NQ, our calculated vibrational frequencies agree with
experiment that the €0 stretching modes are highest, followed
by the C2=C3 stretching mode, followed by the CC fused-ring
stretching modes. This is the same calculated ordering as is
found experimentally for NQ. When compared to experiment,
the B3LYP/6-31G(d) modes are generally about 5% too high.

For the radical anion 2NQ, there is much less experimental
data. However, the data that are available (see Table 8) agrees
that upon a one-electron reduction, at least one of the carbonyl
stretching modes shifts downward by-20% to around 1505
cm™L. This shift downward by 10% is reproduced well by the

modes for each species obtained with the B3LYP/6-31G(d) and B3LYP/6-31G(d) (which, again, consistently overestimates

UHF/6-31G(d) methods may be found in the Supporting absolute frequencies by about 5%) and UHF/6-31G(d) methods

Information. and less well (19%) by previous wdéfkusing the RHF/6-31G
2NQ and its radical anion have been the subject of several method.

experimental studies which focused especially on tFeCC

As with NQ~ (see section 2.4.2), we assign the@=0O

stretching frequencies. Table 8 shows the frequencies andstretching mode of 2NQ to a frequency of 1655 cm,

assignments obtained in this work with the B3LYP method and

followed by the CC fused-ring stretches at 1649 and 1580'cm

compares them to the previous theoretical and experimentalfollowed in turn by the C2C3 stretch at 1549 cnd. Unfor-

studies. Our calculations predict that theds=0 antisymmetric
stretch of 2NQ is slightly higher in frequency (by about 5éjmn

tunately, there is not enough experimental work available to
make a proper assessment of the B3LYP method for reproducing
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the vibrational modes of 2NQ in this region, so the modes
and assignments presented here represent predictions.

In the case of 23NQ and its radical anion 23NQhere are
virtually no experimental studies on the vibrational modes with
which to compare our results. BretSmassigned a mode at 1662
cm~1in 23NQ to a G=0 vibration and identified, but did not
assign, a shoulder at 1670 citn Because such a shoulder is a
common feature of the=€0 stretching frequencies, we suggest
the assignment of this frequency to the@=O antisymmetric
stretching mode, and the mode at 1662 ¢iio the symmetric
C=0 stretch. The overall ordering of the modes of 23NQ and
23NQ™ are predicted to be very similar to NQ and NQ The
UHF/6-31G(d) method again predicts the symmetrie=@
stretch of 23NQ to be higher in frequency than the antisym-
metric stretch, while both this method and the B3LYP/6-31G-
(d) method agree on the ordering of modes in the 15800
cm! range.

2.4.4. AQ and AQ~. A thorough discussion of the
vibrational modes of neutral AQ was recently reported by
Ball,1%®so only a brief comparison of that work using the BLYP
method with our results using the B3LYP method is given,
followed by a comparison of the neutral and radical anion
vibrations. A list of modes for both AQ and AQin found in
the range 155081800 cnTlis given in Table 8, and a complete
list of calculated vibrational modes and descriptions for both
the B3LYP and UHF methods may be found in the Supporting
Information (Tables 6S and 7S).
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DF method are consistently closer to experiment than those
predicted using gradient-corrected pure density functional
methods such as BLYP or BP86. On the basis of this
knowledge, we offer predictions of the geometries of the radical
anions of each of the species under investigation. This work
also contains the first estimate of the electron affinity of 23NQ
(1.63 eV), and demonstrates that the B3LYP/6-311G(d,p)
method can reliably predict the electron affinities of other fused-
ring quinones with respect to experiment. Our results also
indicate that a full optimization at the B3LYP/6-311G(d,p) level
of theory provides slightly better electron affinities than single-
point calculations done at this level on B3LYP/6-31G(d)
optimized geometries.

We have also shown that the B3LYP method, when used in
combination with a 6-31G(d) basis set, can provide qualitatively
correct spin densities of the radical anions of fused-ring
quinones. When using the larger [682] and 6-311G(d,p)
basis sets, the spin densities change very little with respect to
the smaller basis sets, but the isotropic hyperfine coupling
constants, especially those of the heavy atoms, can change
substantially. Because of the lack of experimental data, our
results leave unanswered the question of whether or not a larger
basis set (such as 6-311G(d,p) or [BB3) is necessary to obtain
reliable heavy atom hfccs, although recent work indicates that
large basis sets which are not augmented in the core region
actually give worse hfccs for semiquinoriég.

Also, we provide the first complete analysis of the vibrational

Our calculated vibrational frequency ordering agrees with that Spectra of the radical anions NQ2NQ~, 23NQ~, and AQ™.

of Ball with only two minor exceptions. First, we find that the
b1y C—C stretch (at 1193 cmt) and the b, C—H bend (at 1192

The B3LYP/6-31G(d) method has been demonstrated to provide
frequencies which are uniformly-46% too high with respect

cm1) are reversed with respect to the theoretical assignmentsto experimental data, in agreement with previous tests, but the

of Ball and the experimental assignments of Pé&lbut are
in agreement with the experimental ordering found by Gékis
and Girlandd* Second, we find thedg C—H wag mode to be
higher in frequency (at 720 cr) than the gC—C—C bending
mode (at 695 cmb), whereas Ball predicts them to have

ordering of the frequencies is generally excellent. Where data
exists, the B3LYP/6-31G(d) method can accurately predict the
changes in the vibrational spectra of the fused ring quinones
upon one-electron reduction.

This work is reported to aid the interpretation of experimental

identical frequencies. In this case, our ordering agrees with thedata, especially work in the photosynthetic reaction centers

experimental work of Lehmanf§. In both our work and Ball’s,
the ordering of the €O stretches (with the antisymmetric

involving the replacement of the native quinones with other
species. It is also useful in demonstrating the ability of the

stretch slightly higher than the symmetric stretch) agrees with HF/DF B3LYP method to predict a wide range of molecular
the experimental work by Girlando and Lehmann but disagrees properties of quinones and their radical anions.

with the assignments of Singh.

To our knowledge, experimental and theoretical studies of

the radical anion A§ are extremely limited. Only Clark
reports such information: a=€0 stretching mode of AQ at
1496 cml. This 11% downward shift of the=€0 vibration
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Appendix: Computational Methods the results of a second procedure. In this new procedure, the
optimized structures of each molecule and its radical anion were
taken from B3LYP/6-31G(d) method, and single-point calcula-

tions were performed on these geometries with the larger
6-311G(d,p) basis set. The results of both procedures in

All qguantum calculations were performed using the Gauss-
ian94 quantum chemistry program packageAll optimizations
were performed using Berny’'s optimization algoriti#nin
redundant internal coordinates. For the hybrid Hartiieeck/ determining electron affinities are presented here.

density functional method, the three-parameter Becke3LYP Spi o : . . .
. . ) pin densities and isotropic hyperfine coupling constants are
method was used. The hybrid methods incorporate awe'ghtedreported for each atom in NQ 2NQ~, 23NQ~, and AQ.

sum of Hartree-Fock, local density functional, and gradient- They were determined using the B3LYP method and the 6-31G-
corrected density functional exchange and correlational energies,(d) and 6-311G(d,p) basis sets. Additionally, we also tested
where the various weighting factors have been detgrmined bythe Chipman diff’use-plus-polarization basis’lé‘é%” (also

. X . 18R 134 K . .
aﬂ empirical flt;o gXpi”g'Le?Lal he%tgggormat;?ﬁd . We d of known as the [6321] basis), which was designed to reproduce
Ch o;e tl? g:%ése tﬁcdeb (orf ' ) metho Ir:stggLYOP the spin properties in higher level calculations. With the
the Beckesk method because of past successes with [632/41] basis set, we performed only single-point calculations
in reproducing the structures and vibrational frequencies of a on the geometries obtained from the full optimizations using
variety of quinone® and semiquinones, as well as the adiabatic the B3LYP/6-311G(d,p) method. We encountered some dif-
electron affinities of neutral quinon®sand isotropic hyperfine ficulty achieving SCchonvergen;:e and for 23N@nd AQ-
coupljng constants of many .Semiquinone's and other organicwere unable to perform a success%ul calculation.
”"rgd'cal.sl':)}ms'l.ls TEe opt|m|§ed gepmgtrle_sr,] f%rceCcHoEsL;ggts, Spin densities were determined using the Mulliken population
and partial atomic charges (determined with the analysis method, and are therefore only qualitatively correct.

electrostatic potential fitting algorithm) have been usgd to However, it has been demonstrated that the agreement with
reptrr(l)dlu;:e q aq(t;ehmfs onet-e(ljectr_onPipo!§t7er_|1_tlals (:(f a I\/%rlety of experimentally derived spin densities is reasonable for various
me >b/8fe.t. an ;oginafe (1_umol .thodouhr not\)/ve ge, d organic sr-radicals. Isotropic hyperfine coupling constants,

no a I?IIIIO for detnS| y func 'Onﬁ mgd od has feenl US‘T which are dependent directly on the spin density value at the
successiully for determining Such a wide range of molecuiar o45mic nucleus, were determined directly from the Fermi contact

propetrt_lets.d n/et aIsI(:) w:(gslgdel thlet_resulfts and dls_cussmn of terms, which are calculated by Gaussian94. The hfccs are
unrestricted Hartreeock== calculalions for comparison. related to the Fermi contact termp(N), by the following

All Hartree—Fock vibrational frequencies reported here were equatiofs0.151

determined with the UHF/6-31G(d) method and have been
scaled by 0.8929. For the B3LYP method, the frequencies a, = [(87/3)agy SBNIP(N) Q)
reported here araot scaled. We have chosen this procedure
for two reasons. First, the scaling factor of 0.8929 for UHF/ Wherea, is the hfcc (in Gauss) is the electronig factor,
6-31G(d) frequencies is widely accepfé®:143 Second, the is the electronic Bohr magneton, argl and Sy are the
HF/DF methods are relatively new and have not been subjected@nalogous values for nucleus N. The terms in square brackets
to the same extensive tests as have HF methods. Although acan be reduced to a single factor (in units of Gauss) for each
recent stud¥*® recommends a scaling factor of approximately type of nucleus: 1595 fotH, 401.0 for'3C, and—216.2 for
0.95 for B3LYP/6-31G(d) frequencies, other work suggests the "0.
use of multiple scaling factors for different mode typ#s!4>
Because there is no general agreement on the degree ofR€ferences and Notes
systematic overestimation of vibrational frequencies by HF/DF (1) Crofts, A. R.; Wraight, C. ABiochim. Biophys. Actd983 726,
methods, we choose not to scale the frequencies reported herel49,185. . . . . _

S (2) Morton, R. A.Biochemistry of QuinonesAcademic Press: New
We do, however, report the average percent deviation from v 1965,
experiment, where available, so that the reader may determine  (3) Robinson, H. H.; Crofts, A. RFEBS Lett.1983 153 221—226.

for himself what scaling factor, if any, should be applied. (4) Function of Quinones in Energy Conserg SystemsTrumpower,
. . ; L B. L., Ed.; Academic Press: New York, 1982.
All frequencies were assigned using a combination of total (5) Smimova, I. A.; Hgertid, C.; Konstantinov, A. A.; Hederstedt,

energy distribution$#® graphical animation, and atomic dis- L. FEBS Lett.1995 359, 23—26.

placement vector analysis. The total energy distributions were 12286)33'1_5328 D. M.; Moy, B.; Maier, R. Biochim. Biophys. Acta995
performed using the GAMESY quantum chemistry program, (7) Prince, R. C.: Halbert, T. R.: Upton, T. H. Adbances in Membrane

using a set of internal coordinates consistent with the methodol- Biochemistry and Bioenergetic&im, C. H., Tedeshi, H., Diwan, J. J.,
ogy of Boatz and Gordo#® Animation of the vibrational Salerno, J. C., Eds.; Plenum: New York, 1988; pp4898.

modes was accomplished using the program XML The (8) Reynolds, C. A.; King, P. M.; Richards, W. Giature198§ 334,
descriptions of the modes reported here only include the major ~ (9) o'Brian, M. R.; Maier, R. JJ. Bacteriol. 1985 161, 775-777.
contributions. (10) Houchins, J. PBiochim. Biophys. Actd984 768 227—255.

; ; s ; : (11) Henry, M. F.; Vignais, PArch. Microbiol. 1983 136, 64—68.
Adiabatic electron affinities were determined using the (12) Bokranz, M.. Katz, .. Schroder, I.. Roberton, A.-Ken, A. Arch,
B3LYP/6-311G(d,p) method which has been shown to give wmicrobiol. 1983 135 36—41.
reliable electron affinities (to within 0.05 eV) for a variety of (13) Powis, G.Free Rad. Biol. Med1989 6, 63.
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