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The full geometry optimization of thé& andB forms of bianthrone and their eight corresponding ions has
been performed. From the resulting molecular structure parameters, some structure-bonding relationships
are established. The calculated electron affinities, which take into account internal reorganizational energies,
suggest that the bianthrasemiquinone radical aBonmay be the first semiquinone that is stable toward
oxidation by dioxygen. This is experimentally proven using electron paramagnetic resonance (EPR)
spectroscopy. ThB*~ radical anion, prepared via the addition of NaOHBtin dimethyl sulfoxide (DMSO)
solution, displays a strong well-resolved EPR spectrum. From the simulation of the spectrum and analysis
of the line widths, the bimolecular rate constant for the sgipin exchange between twr~ radicals is
determined to be 3.1% 10° L mol~! st. When the solvent is saturated with,@vidence for the close
proximity and the frequent encounters between the radical arid &pparent from the large broadening of

the hydrogen hyperfine splittings. The magnitude of the line width broadening reveals that the Heisenberg
spin—spin exchange betwedst~ and Q is approximately 10% less efficient than that of neutral nitroxide
spin labels. This suggests that the DMSO solvation sphere surroundiBgtinedical anion protects it and
slightly decreases its collision frequency with. ONhen the Qis expelled from solution, the EPR spectrum
reverts to its normal well resolved form with no measurable loss of intensity. The unusual stabBity of

is attributed to the delocalization of its unpaired type electron over a major portion of this large anion.

Introduction a H

In this article we make use of electron paramagnetic resonance
(EPR) spectroscopy to demonstrate that, although the bian-
thrasemiquinone radical anid®~ is in intimate contact with
O3 in solution, it is totally resistant to chemical oxidation. To
the best of our knowledge, this is the first reported semiquinone
radical anion that is stable in the presence of molecular
dioxygen.

Organic molecules that undergo large internal rearrangements
as a result of single electron transfer are rare and therefore of
prime interest. An excellent example of such a molecule is
bianthronel=2 It is a sterically hindered olefin that undergoes
dramatic structural changes when heated, photolyzed, oxidized,
or reduced. At ambient temperatures it is yellow and has the
A conformation shown in Figure 1a. The anthrone components
adopt a butterfly structure and are folded away from one another.
This relieves the steric crowding between the’' 58d 8,1
hydrogen atoms without significant twisting of the ethylenic
bond formed between the 9 andc@rbon atoms. When heated,

A transforms to the greeB form which has planar anthrone
units with more stable delocalizedtype orbitals (Figure 1b).
This results in a twisted & Cg double bond:#

In general, the total wave function of compounds with twisted
ethylenic double bonds is expressed as a linear combination of
Slater determinants

Figure 1. The A andB structures of bianthrone.

— — — C;~ 1.0 andC, = C3 = C4 ~ 0.0, giving a closed-shell singlet
W= Cyl 9y Paf + Coloo g Yol + Gyl oy 9] + state. When the HOMBLUMO gap is small two situations
o may arise. The first is whe@; is comparable te-C4 andC,
Cyl-- o9, (1) : :
= C3 ~ 0.0. This leads to an open-shell singlet state. The

wherey is the highest occupied one-electron molecular orbital S¢0Nd i whefy = C4 ~ 0.0 andC; ~ Cs, leading to a triplet
(HOMO) andy- is the lowest unoccupied one-electron molec- state. Therefore, it is of fundamental importance to determine

ular orbital (LUMO). If the HOMO-LUMO gap is large, then the effects of using a multielectron configuration interaction
' ' wave function (eq 1) in the computation of the optimal geometry

*To whom correspondence should be addressed. of B a.nd its corresponding final ground.state. .If at its
€ Abstract published irAdvance ACS Abstract©ctober 1, 1997. equilibrium geometryB has an open-shell singlet (biradical)
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ground state then it may have a detectable EPR spectrum. Thigylene, and DMSO were purchased from Aldrich Chemical Co.
spectrum should be different from that of the corresponding of Milwaukee, WI. The DMSO (HPLC grade, glass distilled,
radical aniorB*~ or the 9,10-anthrasemiquinone radieaQ*". water content< 0.08%) was used without further purification.

In both theA and B structures, the £-Cgy bond plays an The bianthrone was recrystallized from mesitylene in the
important and central role. Therefore, the properties of the absence of light.
resulting radical anions upon reduction of this bond have been  Solutions of oxygen-free and,Gaturated 1.0 mNB*~ were
extensively studied-4¢8 The simplest way to study the redox prepared by purging them with dry.ldnd Q gas, respectively,
properties of bianthrone is by electrochemistry. On the basis in the preparation vessel. To ensure that the purging process
of thermodynamic arguments, it is much easier to reduce the was complete, bubbling of the gas was maintained for at least
neutral A to the B*~ radical anion directly:® It was experi- 1 h. The solutions were then transferred to a flat flow-through
mentally found, however, that the large internal reorganizational quartz cell in the EPR cavity by means of Teflon tubing and a
energy (IRE) barrier in going frorA to B*~ causes the following ~ positive gas pressure. When changing the samples, care was
two-step electron transfer mechanism, to be kinetically favéred taken to completely flush the cell with the new solution and to

A+e —A ) exclude any gas bubbles from the flat compartment.
Simulations, using pure Lorentzian line shapes, were carried
AT —B ©) out on a personal computer with a program written by one of

the authors (SMM). The experimental and simulated spectra
were scaled such that the total scan and peak-to-peak signal
amplitudes were equal. The “goodness” of the fit was deter-
mined visually from the superimposed spectra.

B +e —B* (4) The electronic structure computations were performed using
the HyperChem and MOPAC?7 suite of programs on an IBM
RS/6000 model 355 workstatidA.The semiempirical PM3

In addition, Olsen and Evahsave observed that as soon as
the A*~ is formed it is quickly reduced t®2- because the
reduction potential in reaction 2 is larger than that of

Direct simple electron transfer via an electrode is not the only

means by which bianthrone may be reduced. Evans and Xie PO > )
have predicted and demonstrated thahay be reduced tB2- method? with limited CI was used to optimize the geometries.

by means of quinone catalysts that have standard reduction! "€ 980metry optimization process was terminated when the
potentials in the range 0f0.5 to—1.0 V67 sum of the energy gradients was less than 0.001 kcihdol%.

The uncertainties in the total energies were of the order of 1.0
be reduced t@*~ andB*~ to B2 in distinct consecutive steps kcal/mol while those of the bond distances were approximately

using NaOH in dimethy! sulfoxide (DMSG).By monitoring 0.01 A. Bond angles are accurate to withii2.5’.
the electronic absorption (UWis) and EPR spectra as a To ensure that the optimized geometries were not due to any

function of the amount of NaOH in solution they concluded transition states or saddle points on the potential energy surface,
that both theA and B species are totally depleted before the the first and second derivatives of the energy with respect to
B2~ dianion is formed. They also suggested that the reduction theé normal mode displacements were also computed. From
mechanism is probably that proposed by Sawyer and Réberts these, the vibrational frequencies were calculated and no
where the OH was found to reduce a variety of benzoquinones imaginary frequencies, characteristic of transition states, were
naphthaquinones and phenanthrolés. It is a two-step  found.

mechanism that starts with a reversible nucleophilic polar group ) )

coupling reaction between the Okind the neutral quinone in ~ Results and Discussion

Mattar and Sutherland have also demonstrated Ahatay

an aprotic solvent. The intermediate quineigdroxy complex — \when properties of molecules that possess large internal
then.tra.nsfers an QIectrqn to another quinone forming the des'rEdreorganizational energies such as bianthrone are computed, it
semiquinone radical anich. is imperative that fully geometry-optimized structures be used.

One of the side products of the Sawy#toberts reduction  For example, if a neutral molecule undergoes a large structural
mechanism is kD, which in basic solutions decomposes t0  change when ionized its first ionization potential is the total

form O, The G could then cleave the~ radical to yield  energy difference between each of the fully optimized structures
AQ-~ and eventually anthraquinon&@). Alternatively, it may (neutral molecule and cation).

leave the G—Cy bond intact and simply oxidiz8*™ to B, which Ab initio geometry optimizations that take into consideration
in turn would convert toA. Consequently, as the next logical  ne effects of configuration interaction for large molecules are
step, it is important to study the stability of t~ radical  gij|| peyond present computer capabiliies. As an alternative,
toward G in DMSO solutions when reduced by OH semiempirical computations have been attempted previously for

This paper is organized as follows. In the next section a brief pignihrone and its ions, but due to their large sizes, only a partial
explanation of the experimental apparatus and the computatlonalgeometry optimization was possible using the MNDO/3 metfiod.
details are given. The results of the full geometry optimization |, ihe present study, the full geometry optimizationffA*~
of theA, A*", A", A™f, A%", B, B'", B*", B"", andB*" species a2~ A+t A2+ B B B2, B+, andB?* is undertaken and
are then presented, and the structure-bonding relatioBfl e results are given in Table 1. The PM3 method used is an
B~ are discussed. This is iollowed by the simulation and jypnroved and reparametrized form of the AM1 technique of
analysis of the experiment&@* EPR spectra in the absence pewar, |t yields results that are closer to experiment than the
and presence of © From the line width analysis, it is shown  cNDE, INDO and MINDO/3 techniques. The table lists some
that B*~ undergoes frequent Heisenberg spipin exchange  gelected structural parameters and total energies.
broadening due to the translational diffusion of then@lecules Table 1 shows thah has the shortestds Cy bond distance
in DMSO. This is followed by a summary of the conclusions 54 4 corresponding bond order of 1.79. For a double bond

derived from the total work. that is unstrained and localized on two carbon atoms the bond
order should be exactly 2.0. In this case, the bond order drops
to 1.79 because the orbital is not localized on tle-Cg bond

The custom-built EPR spectrometer and sample preparationalone. WherA is reduced to th&*~, A2-, B*~, andB?~ anions,
have been previously described in detaiBianthrone, mesi- one or more electrons will occupy the LUMO which has

Experimental and Computational Details
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TABLE 1: Selected Structural Properties for Bianthrone and Its lons?

R(9-9) BO (9-9) R(9-11) R(CO) BO (CO) o 6° o4 Et (€V)
AZ- 1.462 1.07 1.427 1.243 1.67 23.3 345 5.7 —4149.33
A 1.397 1.40 1.452 1.225 1.80 29.3 405 2.5 —4150.39
A 1.353 1.79 1.474 1.215 1.90 355 48.6 1.5 —4148.45
A+ 1.407 1.37 1.454 1.211 1.95 345 42.0 1.0 —4140.04
A2+ 1.483 1.05 1.430 1.209 1.97 34.1 38.3 3.0 -4128.38
B2 1.478 0.99 1.409 1.248 1.64 0.0 0.0 90.0 —4150.69
B 1.445 1.17 1.430 1.232 1.77 1.5 3.9 63.7 —4150.71
B 1.396 1.60 1.464 1.221 1.86 3.0 46 53.0 —4147.70
BCI 1.426 1.26 1.452 1.222 1.86 3.6 3.9 585 —4147.65
B 1.452 1.17 1.433 1.218 1.92 1.9 4.0 65.7 —4140.25
B2+ 1.493 0.98 1.413 1.213 1.95 0.0 0.0 90.0 —4129.64

a A complete list of the atomig, y, andz coordinates are available upon request. All angles are in degrees and bond distances in angstroms.
b Torsion angle formed between the, C;,, Cioand O atomse Torsion angle formed between thg, €11, Co and G atoms.® Twist angle between
the two anthrone units.

'

Figure 2. The three-dimensional plot of th® HOMO. The molecule has the same orientation as that of Figure 1a. The light colored isosurfaces
represent the positive lobes while the darker ones are due to the negative lobes.

antibondingz* character. This should lengthen the-&Cy is defined as the dihedral angle between the-Co—Cg—Ci3
bond distance and reduce the bond order. Indeed, Table 1 showsitoms. In curve a, all bond distances and angles were optimized
that the G—Cg bond orders of thé*~ andB*~ anions are 1.40  except the dihedral angles that force the two anthrone halves

and 1.17, respectively. In the case of & andB2~ dianions, to be planar. The minimum energy occurs arodhd= 60.

where two electrons are added to the LUMO, the-Cy bond The molecule is unrealistically destabilized at small twist angles

orders drop even further to 1.07 and 0.99, respectively, because of the planarity of the anthrone units. When the

indicating that the bond is essentially a single bond. dihedral angles are also optimized, curve b is obtained. It is
Figure 2 shows the three-dimensional plot of th&lOMO. substantially lower in energy, particularly for small twist angles,

Itis mainly G and G in character due to a bonding combination with an optimalé; of 53. To determine if post Hartred=ock

of the 2p(Co) and 2p(Cy) orbitals. When the\*+, A2 BT, multiconfiguration interaction is needed to properly describe

andB2* cations are formed, one or two electrons are lost from B, the geometry was fully optimized using the general Cl wave
the HOMO. This decreases the, @) and 2p(Cq) contribu- function
tions to the bonding also resulting in longer bond lengths and
lower G—Cq bond orders (Table 1). In contrast, the HOMO =, |... 18h, ﬁ| +C,... 18N, ﬁﬂ +
has no carbonyl character. As is shown in Table 1, there is a - -
negligible change in the €0 bond lengths and bond orders C4l... 18b; 18by| + C,|... 18k, 18b,| (5)
(1.90-1.97) when going fronA to the cations.

Figure 3 displays the total energy Bfas a function of the ~ where the HOMO is the 180MO and the LUMO is the 18b
twist angle ;) between the two anthrone halves. This angle MO. Since the molecule hd3, spatial symmetry, then by space
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Figure 4. Plot of the G2 and G2 terms as a function of the twist

Figure 3. Total energy oB as a function of the twist anglé;. (curve Iangle,et.

a) the dihedral angles that cause the two anthrone halves to be plana
andg; are kept fixed while all other parameters are optimized. (Curve 1, \ever, if the unpaired electron is delocalized over a suf-
b) All geometrical parameters excefitare optimized. (curve ¢) Same ficiently | . ivable that th L .

as curve b but optimizing the two configuration open-shell singlet state iciently large system, it is conceivable that the semiquinone is

that transforms according to the A irreducible representation. (curve Stable enough to resist oxidation. This resistance is proportional

d) Same as curve b but optimizing the triplet state glspmmetry. to the electron affinity E,) of the parent neutral quinone. To
] ) ) ) examine the stability of quinone radical anions as a function of
and spin adaptation of the wave function one obtains the delocalization, the electron affiniies oAQ and B were

1 — — computed. In addition, to include the effects of the internal
XW(A) = Cy... 180, 18by| + C,|... 18 18b,|  (6) reorganizational energies (IRE), the electron affinity was taken
) as the difference between the optimized heat of formation of
ground singlet state and the the neutral molecule and its anion.
3 — — The computed electron affinities f&Q andB are 1.79 and
a'¥(B,) = C,l... 180 18by| + C5|... 18b; 18b,|  (7) 3.01 eV. Compared t&Q, the delocalization of the unpaired
) o o _electron over the extra anthrone-half in Bfe radical increases
triplet state. These may be individually optimized and their hop of B by 1.22 eV. Therefore, the correspondBy might
total energies are given in curves ¢ and d, respectively. They pe sable enough to resist oxidation byi®the DMSO solution.
show that the open-shell singlet state is more stable than theThe accurate and quantitative estimation of the solvent effects
corresponding triplet state over the entire rangé;ofAlthough on theE, of B requires the full geometry optimization of tie
the optimalé; for curve cis 58.5, the triplet has its most stable 5349 B*~ surrounded by a large number of DMSO molecules.
structure whert, = 90°. At this angle both states are nearly Thjs js not a trivial task and is beyond our present computational
degenerate and the singldtiplet separation is negligible.  mneans. However, the actual proof for the stability Bsf,

Inspection of curves b and ¢ shows that the minima only differ g,ggested by th&, computations, must be furnished experi-
by approximately 0.07 eV (1.5 kcal/mol) while the optimal twist mentally.

angles differ by 5.5 Consequently, including multiconfigu- Figure 5a shows the EPR spectrum of an oxygen-free 1.0

rational effects in the wave function does not seem to cause amm solution of theB*~ radical anion after the addition of 1.3

marked change in the optimal geometries. . equiv of NaOH in DMSO. Under these conditions, only the
For a closed-shell singlet stafa ~ 1.0 andC, = 0.0 in eq B*~ and theB2~ anions are present in soluti6nThis ensures

6. At the other extreme wheB is predominantly biradical in  ihat no exchange broadening mechanism of the type
characterC; ~ —C4 and the two unpaired electrons, each

situated on one anthrone-half, should lead to an observable EPR B+B =B~ +B (8)
spectrum. C;2 andC42 are a measure of the amount|of 18k

18ks| and |... 18k» 18ky| configurations, respectively, in the  Of
wave function. Thus, when plotted as a functionégf they . .-
can be used to assess the extent of the biradical charadger of A+B —=A +B 9)
The plot in Figure 4 shows that & = 53° and 58.8
(corresponding to the minima of curves b and c in Figure 3)
the Xt W(A) wave function is 92.5% and 91.09%6. 18ky 18|,
respectively. Thus one may conclude tBais predominantly B2 +B =B +B> (10)
a closed shell system with no significant biradical character that
could lead to an observable EPR spectrum. This occurs becauses improbable due to the strong electrostatic repulsion between
when#é is in the range of 4560, the HOMG-LUMO gap is the two ionic species which have a total of three negative
sufficiently large that the closed shell ground state is still the charges.
best description of the molecule. Consequently, in computing  Under ambient conditions the rate of tumblingBf is very
the electron affinities oB, a Cl open-shell singlet computation fast compared to the rotational correlation time. Thus the line
is not warranted. widths are almost entirely independent of thand hyperfine

In general, semiquinone radical anions are easily attackedtensor anisotropié&and the spectra appear symmetrical at low
by O, to yield the corresponding quinones. Therefore, when and high magnetic fields. Therefore, when simulating a
performing EPR experiments on semiquinones, care must beparticular spectrum, the peak-to-peak line widthk-() are
used to protect the radicals from, @issolved in the solvent. considered to be constant.

exists. The spin exchange broadening due to collisions between
the radical anion and the dianion
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a) Experimental

b) Simulated
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Figure 5. (curve a) Experimental EPR spectrum of the oxygen-free
B’ radical anion in basic DMSO: spectrometer frequesc9.508 Ghz,
Microwave power= 210u4W, modulation amplitude= 0.01 G. (curve

b) Corresponding simulated spectrum: peak-to-peak line widith,
=0.11 G, averagg value= 2.0036. The hyperfine coupling constants
for the four sets of four equivalent of protons [1,831, [3,6,3,6],
[2,7,2,7] and [4,545] are 1.423, 1.284, 0.405, and 0.385 G
respectively.

The simulation of the experimental spectrum is shown in
Figure 5b. From this simulation, the total line width in the
absence of @H,-p(0) is determined to be 0.11 G. This residual
line width broadening is predominantly due to the unpaired
electrons of twd*~ radicals exchanging their spin states. Since
the exchange is a result of a bimolecular collision, it is

concentration dependent. Decreasing the radical concentration
would reduce the rate of collisions and give sharper lines.
However, due to the large number of hyperfine splittings (625),
the lines have low intensities and reducing the concentration

would require the use of larger modulation amplitudes. This,

in turn, would distort the line shapes and give poor agreement

between the experimental and simulated spectra.

Assuming Lorentzian line shapes, an estimate of the second-

order rate constant for the radieabhdical bimolecular collisions
may be obtained from the relatibn

K, = V37, AH, /2[B"] (11)
wherey. is the magnetogyric ratio for the electron. This gives
a ko value of 1.59x 10° L mol~! s71. Since half of the
encounters do not lead to an exchange broadéfitige reak;
is actually 3.18x 1 L mol~! s™1. The diffusion-limitedk,
for small radical anions in DMSO is of the order of 5<010°
L mol~! s7118 Thus it is reasonable to conclude that the

radicat-radical spin exchange is highly probable. It is only
hindered by the diffusion of the relatively lardg2~ at room
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broadening depends on two factors. The first is the bimolecular
collision rate between ©and B*~ and the second is the
probability P that a Heisenberg spiapin exchange occurs when
a collision takes plac®.

The frequency of collisions th&*~ is subjected to by @is
given by the Smoluchowski equat#n?3

o = 4rRAO,){Dg(B™) + Dg(O,)} (12)

HereRrepresents the effective interaction distance betviBsen
and Q while Dg(B*~) andDg(O,) are the corresponding local
translational diffusion coefficients, when used in this equation.

The peak-to-peak line widths are related to the bimolecular
collision rates via the relatigh

2w _ 87RHO,]{Dg(O,) + Dg(B™ )}

AH__(O,) = (13)
PR Y3y, Y3y,
The Ds(O2) may be obtained frof
D¢(0,) = 4.76 x 10 'UT/x) (14)

By using the viscosity; as 0.019 96 P for DMS®, Ds(0,) =
7.11x 10%cnm? s 1at 25°C. From the van der Waals volume
increments for atoms listed by Edwaithe volume ofB*~ is
estimated to be 461 A which leads to an effective radius of
4.79 A. Since the volume oB*~ is larger than that of the
DMSO solvent molecules, the StokeBinstein equation may
be used
D = kT/6znr (15)
This givesDg(B*™) = 2.28 x 10’ cn? s™1. A comparison of
theseDs values shows that the value fBr~ is approximately
30 times smaller than that for 0 Thus B*~ is relatively
stationary compared to the rapid motion of @dDs(B*~) may
be neglected in eq 13. In similar cases, such as those of
nitroxide spin labels, thBs values of the slow moving radicals
were also neglectet 23

Equation 13 may be rearranged to give

Rp= V3yAH, (0)

= - (16)
871{0,]{Dg(O,) + Dg(B™ )}

The simulated spectrum in Figure 6b was obtained starting
from Figure 5b and increasing thé,—, value from 0.11 G in
successive increments of 0.01 G. All other parameters were
fixed. The best fit was obtained whety—,(O.) was 1.30 G.

By taking the concentration of a saturateglg@lution in DMSO
to be 2.1 mME8 the combined factor Rp is found from eq 16 to
be 4.16. Itis in very good agreement with the corresponding

temperature and, to a lesser extent, by the interradical anionvalue of 4.5 for neutral spin labe?82327 The smaller value is

repulsions.

In the presence of oxygen, the situation is slightly more
complicated. Molecular dioxygen has a paramagnéli¢
ground state. It has a short-spin lattice relaxation timg#nd
is considered to be a fast relaxing species. In contrasBthe

to be expected since in the present case the collisions occur
between @and a charged anion. For a neutral spin label, the
interaction with the solvent is weak, and collisions between it
and Q occur frequently. In contrast, a strong solvation sphere
of the polar DMSO surrounds thig2~ anion. This impedes the

radical anion has longer relaxation times as evidenced by theO, molecules from closely approaching tBe™ radical where
narrow line widths and well resolved EPR spectrum in Figure a Heisenberg spinspin exchange may occur. Thus, although

5a. The Heisenberg spirspin exchange interaction between

Rfor B~ may be 5.0 A, the protective solvation sphere slightly

fast and slow relaxing species is an effective mechanism for lowers the effective value gf.

shortening thd; of the slow relaxing speci€8. Consequently,
the bimolecular collisions betweern,@ndB-~ effectively reduce
T1(B*~) and broaden th8*~ EPR line widths. The degree of

Finally, when the solutions are saturated with dryaxd the
O is totally expelled, the hyperfine lines regain their sharp line
widths with no apparent loss of intensity. This directly proves
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at 25°C was determined to be 4.16. This indicates that the
broadening mechanism is slightly less efficient when compared
to that of neutral nitroxide spin labels. The lower efficiency is
rationalized in terms of a strong solvation sphere surrounding
B*~ that decreases the number of successfulsgin exchange

2) Experimental collisions with the @ molecules.

From the line width ofB*~ in oxygen-free DMSO solutions
the rate constant for the spiispin exchange between tvigs~
radicals is found to be 3.19 10° L mol~1 s™1. This value is
close to that expected for a large solvated radical anion diffusing
in DMSO solutions at 25C.
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