1414 J. Phys. Chem. A999,103,1414-1418
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The structure of the radical anion gfionone has been investigated by EPR and AM1 molecular modeling
methods as a part of a study to determine the structure and magnetic properties of intermediates of one-
electron transfer reactions of carotenoids. Analysis of the temperature dependence of the EPR spectrum of
the radical anion shows that the largest hyperfine coupling of 16 G previously assigned to the 7-H proton
should be assigned to the 4-H proton in the axial orientation. The previous assignment failed to account for
rate of the cyclohexene ring inversion. Comparing the resolved EPR spectra at various temperatures indicates
that the coupling of 7-H proton equais9.5 G. The structure of the radical anion predicted by AM1 molecular
modeling is in agreement with this analysis. From the temperature dependence the rate of the cyclohexene
ring inversion in the radical anion at room temperatures is approximatelyl® s* with an activation

energy of about 7 kcal/mol.

Introduction SCHEME 1

Carotenoids have been investigated for many years because
of their biological importancé? Several studies have been
devoted to the investigation of carotenoid intermediates due to
their role in photochemicaland electrochemical processes.
Except for the oxygen atom, the structurgfeionone () is the
same as C1 to C9 in the carotengietarotene (Scheme 1).

The photochemical reactions bhave been investigated in
detail under various experimental conditidrand the influence
of electron-donating and electron-accepting properties on the chemical analyzer. EPR experiments were carried out with an
reaction outcome has been demonstréteBut there are only electrochemical flat cell using a Varian E-12 EPR spectrometer.
a few studies that deal with the direct observation of its Both the working and auxiliary electrodes were platinum wires,
paramagnetic intermediates. Guzzo et al. were the first to detectand the reference electrode was a silver wire (diametgmnb
the EPR spectrum of the electrochemically generated radical The area of the working electrode inside the EPR cavity was
anion ofl in tetrahydrofuran at-70 °C8 and suggested a 20  about 1 cri. EPR spectra were recorded under bulk electrolysis
twist around the C6C7 bond of the radical anion because this (BE) conditions by using the BAS-100A. The potential applied
seemed to be the only structure that could explain the observedto the EPR cell was periodically controlled by CV scans with
spin density distributiof Other investigators did not agree with  the flat cell directly in the EPR cavity. The potential for BE
this interpretation of the radical anion structdéfeQuantum  exceeded the potential of the first reduction wavggabnone
chemical modeling and NMR investigation for long-chain caro- by 100 mV. The magnetic field was measured with a Bruker
tenoids predict only small or no twistifig.Recently we were ~ EPR 035M gaussmeter, and the microwave frequency was
interested in studying one-electron transfer reactions of caro- measured with a Model HP 5245L frequency counter. The AM1
tenoids by spin chemistry techniques (CIDNP and CIDEP). semiempirical quantum chemical method (HyperChem 4 soft-
Since the structure and magnetic properties of the probableware) was used for the geometry optimization of the radical
intermediates are of importance for interpretation of the spin anion and to estimate the spin density distribution. Both
chemistry, experimental data are necessary to study thesgestricted (RHF) and unrestricted (UHF) Hartré€ock ap-
intermediates. proximations were used. Computer simulation of the EPR

The present study is devoted to the investigation by EPR and Spectra was made by taking second-order effects into account.
AM1 molecular modeling techniques of the structure and ~ Chemicals. Acetonitrile (ACN) (Aldrich, 99.8%, water<
magnetic properties of the radical anionlof 0.005%) and dimethylformamide (DMF) (Burdick and Jackson,

. . HPLC grade, water< 0.009%) were used without additional
Experimental Section purification and stored in unopened (Aldrich Sure/Seal cap)

Instrumental. Cyclic voltammograms (CV) were recorded  pottles under Ar atmosphere. Tetrahydrofuran (THF) (Aldrich,
with a 1 mmdisk Pt electrode by using a BAS-100A electro- 99 59, water<0.02%) was stored in a glass flask with small
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Figure 1. CV of solution of the 5 mMg-ionone solution in ACN (0.1
M TBAHFP) recorded at different scan rates, 100 mV/s (solid line)
and 500 mV/s (dashed line).= 295 K.
tylammonium hexafluorophosphate (TBAHFP) and tetrabutyl-
ammonium perchlorate (TBAPC) (both Fluka, polarographic
grade) were used as supplied and stored in the drybox under
nitrogen. 3-lonone (Aldrich, 96%) was purified by silica gel
column chromatography using a 10:1 (v/v) mixture of hexane
and ethyl acetate as eluent.
Sample Preparation.The supporting electrolyte solution, 0.1 ————————r————11
M TBAHFP(TBAPC), was prepared in a drybox. Electrolyte 3350 3360 3370 3380 3390 3400 3410 3420 3430 3440
andp-ionone solutions were transferred by syringe to a septum- e
stoppered volumetric flask. After 20 min bubbling by Ar, the Magnetic field, Gauss
solution was transferred by syringe to the EPR electrolytic cell Figure 2. (a) EPR spectrum of the electrochemically generated radical

and again deaerated by argon bubbling for 10 min. anion of 3-ionone.-lonone (5 mM) in ACN (0.1 M TBAHFP)» =

The concentration off-ionone used for CV and EPR 95148 GHz, microwave power 2 mW, modulation amplitude 0.9 G,
measurements was 5 mM = 295 K; (b) Simulated EPR spectrum of radical anion in ACN.

TABLE 1: Experimental Hyperfine Constants and g-Factors

Results and Discussions in Different Solvents and Supporting Electrolytes

The CVs off3-ionone solutions in ACN (see Figure 1) show supporting HFC? Gauss g-factor
reversible reduction wave behavior wiij ¢4 = —1.89 V vs solvent electrolyte (0.1 M) 1H 1H 6H (£0.0001)
SCE. This value is close to the previously reported value of ~ -y TBAHEP 2554 990 668  2.0036
—1.85 V vs SCE (ACN, 0.1 M TBAPC, 26C).5 From these DME TBAHFP 2518 9.70 6.24 2.0036
data it is assumed that the radical anionl @§ quite stable at THF TBAHFP 2480 942 641 2.0036
room temperature. THF TBAPC 2480 9.42 6.41 2.0036

The experimental EPR spectrum of the radical anioh iof 2 Obtained from the best simulation of experimental spectra.

ACN at 20°C is shown in Figure 2a. Thgfactor of the radical
anion calculated from the spectrum is 2.088®.0001, which difference between the room- and low-temperature spectra may
coincides with the literature datd The spectral width has the  arise from the temperature dependence of the EPR spectra. The
same value (74 G) as reported previodslyThe best simulated ~ fundamental difference is the absence of a coupling of about
first derivative of the EPR spectrum is shown in Figure 2b. As 16 G and a second coupling of about 9.5 G at room temperature.
can be seen by comparing the experimental and simulated datander our experimental conditions the spectrum clearly
the spectrum is well described in terms of three different groups demonstrates a single coupling with a separation equal to the
of protons: two different protons and six equivalent protons. sum of these hyperfine couplings. This situation resembles the
The values of hyperfine coupling constants agdactors well-known vinyl radical problem for which all the components
obtained for various solvents and supporting electrolytes are of the EPR spectrum are observable only at liquid helium
summarized in Table 1. temperaturé3 With increasing temperature the inner components
In a previously reported study g-ionone reduction by of the spectrum fully disappear due to the vinyl radical
solvated electrons in liquid ammonia at 200*Kthe EPR conformational transition'
spectrum was assigned go= 2.0036 and the following set of The previously suggested assignment was explained by the
HFC values: 1H(7-H): 16.23 G; 1H(4-H): 9.79 G; 1H(4-H): existence of a rigid twist around the €€7 bond of the
8.41 G; 3H(5-CH): 6.48 G; 3H(9-CH): 6.48 G; 1H(8-H): < p-ionone radical anion structure for which the largest HFC
0.83 G. For thes-ionone radical anion generated electrochemi- was assigned to 7-MThis large coupling at 7-H was attri-
cally in THF at 200 K, the couplings were assigned as 1H(7- buted to thep-effect between C6-pand 7-H proton that
H): 15.9 G; 2H(4-H): 9.5 G; 3H(CH): 6.5 G; 3H(CH): 6.5 produces a coupling larger than those expected for the planar
G; 1H(8-H): < 1.6 G? C5—-C6—C7—C8 structure. We propose that this assignment
These data were obtained at low temperature and aredoes not correspond to a physically reasonable radical anion
inconsistent with our assignment at room temperature. This structuret®
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TABLE 2: Optimized AM1/UHF Geometry of the f-lonone Radical Anion

Structure Internal coordinates
a Ras b | Zabc | ¢ Zabcd | d

CS5 1477 | C4
C6 (1389 [CS5 1244 |C4
C7 |1.414 |C6 | 1195 |C5 [ -180.0 | C4
C8 1384 |C7 |1304 |C6 1669 |C5
C9 |[1.424 | C8 1246 |CT7 [177.8 | C6
Ol |1.263 |C9 (1230 [C8 | 177.8 |C7
4H, | 1.128 | C4 [ 109.6 [CS | -103.9 | C6
4H. | 1.126 | C4 | 110.2 | CS [ 139.8 | C6
7H |1.108 [ C7 [114.7 | C6 |-11.6 |C5

CS5 | 1.481 | C4
C6 | 1.381|C5 | 1235|C4
C7 | 1413 |C6 | 1259 |CS5 | 1728 |C4
C8 | 1384|C7]129.1|C6 | -19.1|C5
C9 | 1422 |C8 | 1246 |C7 | 176.1|C6
O1 | 1.264|C9 | 1233 |C8 | 177.0|C7
4H, | 1.126 |C4 | 1092 |CS | -985|C6
4H; | 1.125|C4 | 1104 |C5 | 145.2|C6
7H | 1.107 |C7 | 1151 |C6 | 161.4|C5

ii
AHp = -66.0 kcal/mol®

aHeat of formation by means AM1.

AM1 molecular modeling of thg-ionone radical anion pre- l
dicts the existence of two minimum energy conformations. The 10
calculated structures and their parameters are presented in Table
2. Data from Table 2 show that the optimized structures of the
radical anion exist as a nearly planar conjugated system C7 =
C8—C9-01 (dihedral angle is 17720 The C5-C6 double E &
bond of the cyclohexene fragment is slightly twisted from the §
planar conjugated system (1and 19 for minimum energy £
structures, see Table 2). The calculated dependence of the radicalg
anion heat of formatiom\Hp on the torsion angle between the 24
planes of C5-C6 and C7#C8 double bonds is shown in Figure
3. A low-energy torsional barrier is not in agreement with the 0-
proposed rigid structure. Because AM1 is one of most accurate . —— 17—
semiempirical quantum chemical method available, one can 0 45 90 13 180 225 270 315 360
assume that the real radical anion structure has an average tor- Torsion angle, degree
sion angle about FSvhich simultaneously oscillates in the range  Figure 3. AM1 calculated dependence of variation of the heat of
of +£45° from the average value at the temperature under study. formation of thef-ionone radical anion on the torsion angle between

AML1 optimized structures show that the 4-H protons are the C5-C6 and C7C8 double bondsg;andii correspond to minimum

. . . . energy structures from Table 2.

magnetically nonequivalent because they have different orienta-

8

El.
=]
°

tions with respect to the C5;prbital. For the structure, the calculations for optimized structures are 16.5 and 6.8 G (for
dihedral angle® between 4-CH bonds and C5-prbital are  both structures), in agreement with simple estimates.

about 14 and —50° for axial and equatorial orientation, The presence of these magnetically nonequivalent protons
respectively (9 and —55° for structureii). The ratio of the in the cyclohexene fragment can explain the observed temper-

coupling for the 4-H protons can be estimated as a ratio of ature effect in the EPR spectra because ring inversion causes
squared cosines @.1° This givesa(4-H,)/a(4-He) = 1.90(2.32). mutual reorientation of the 4-H protons (Scheme 2):

Usually the AM1 method cannot predict accurate spin density  The existence of nonequal splitting from these protons at low
distribution, but it has been useful to predict relative HFC values. temperature implies that in the radical anion the cyclohexene
Thus the coupling for the 4-H protons obtained by UHF/AM1 ring inversion process is not rapid enough to average the
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coupling of the 4-H protons. Ring inversion has been very

extensively investigated for many years by NMRIt was d

determined that the activation enerds)for ring inversion of

the cyclohexene is about 5 kcal/mélit was also found that

substitution of CH—protons by methyl groups increases the

E, of inversion by 2-3 kcal/mol!” Thus it is reasonable to

estimateE, as 78 kcal/mol. This value leads to slow ring

inversion at low temperature and strong temperature dependence

on the ring inversion rate. c b
The above lead us to reassign the coupling ofHienone

radical anion as: /

IH(7-H): 9.5-9.9G
6H(5-CH, and 9-CH): 6.4-6.7 G

1H(4'Ha):%15-56 r— 1 1 1 v 1 1 1 1 "1
3350 3360 3370 3380 3390 3400 3410 3420 3430 3440
1H(4-H): ~9.5G Magnetic field, Gauss
1H(8-H): < 0.8 G, estimated from EPR line width. Figure 4. (a) EPR simulated spectra for outer (solid line) and (b) inner

(dashed line) components; (c) superposition of inner and outer

This reassignment allows us to present an explanation for the0MPOnents; (d) experimental EPR spectrum.

observed temperature effect for figonone radical anion EPR  yemgonstrates excellent agreement with the experimental spec-

spectrum. , trum (Figure 4d). The best simulation of the EPR spectrum with
The nucl'ear spin states for the 4-H protons form four sub- e f,|| set of protons and their couplings was obtained with a
ensembles:aa0, 0afe, fadte; N S50 It is obvious that ring  ine width of 2.2 G for the inner component. Because of the

inversion results in exchange betwegye andfate. Fromthe o\ 6ja00ing lines in the center of the EPR spectrum, it is difficult
theory of magnetic resonance it is known that lines correspond-, g4,dy the inversion rate quantitatively. Nevertheless, from
ing to these nuclear sub-ensembles can depend on the exchangge simulated line width for the inner component, it is possible
ratel® First, the rate of ring inversion is slow in comparison to evaluate the cyclohexene ring inversion rate at room

with the lifetime predicted by the native line width. In this case temperature. Since the exchange mixes only two spin states
all lines of EPR spectra will be observable and the EPR spectrum(%ﬂe and Ba0e) and other nuclei do not change their spin

will have well-resolved hyperfine splitting as is observed at low projection, the individual line width of inner components (1/

temperature. When the ring inversion rate increase.s with T,) can be described in terms of a simple two-line exchange
temperature, then the EPR componentsigie and fiz0.e will model. For the fast exchange limit, the ring inversion rate
be broadened proportional to the increase in the exchange.qnsiant may be found from the equatibh

ratel® When the temperature becomes high enough, the inner
components collapse to a single broadened component, resulting

2
in a doublet of septets structure from the splitting by the 7-H 1_1 M

and two methyl groups. This situation is well described in the T, Tz0 8Kiny
literature and correlates with a fast exchange ¥aBecause of
the exchange, the outer sharp componemigdandf45e) can where 1T2°, the line width in the absence of exchange processes,

mask the inner broadened components of EPR spectra. For thican be estimated from the experimental line width of outer
case the absorption EPR spectrum (the integral of the original components (0.8 G); the initial coupling between lines is equal
first derivative) may be more informative. Figure 4 presents to the difference of the 4-Hand 4-H couplings (about 6 G).
the simulated absorption EPR spectrum (Figure 4a correspondsThe average obtained in this manner is @07 s1. Estimation

to Figure 2b) and experimental spectrum (Figure 4d correspondsof the activation energy by the Arrhenius equation (for usual
to Figure 2a). Note that the simulation was made for data preexponential factor value 1) gives 7.4 kcal/mol which
presented in Table 2 and describes only the outer componentss close to that cited above from NMR measurements.

of the EPR spectrum. As seen from Figure 4, the EPR  Thus we conclude that the previous assignment of hyperfine
experimental absorption spectrum (Figure 4d) differs from the coupling in thefS-ionone radical anion was not correct. The
simulated one (Figure 4a). The experimental spectrum clearly largest coupling of 16 G should be assigned to the 4-H proton
shows that in addition to well-resolved sharp lines from the outer in the axial conformation. The 7-H coupling cannot be averaged
components, there is an absorption from the inner components.during the conformational transitions of the radical anion. By
The resulting spectrum may be described as a superposition oftcomparing the resolved EPR spectra at various temperatures
the spectrum of the outer components (Figure 4a) and thethe coupling has a value of about 9.5 G. The structure of the
broadening coalescence of the inner components (Figure 4b).radical anion predicted by AM1 molecular modeling is in
The superposition spectrum is presented in Figure 4c andagreement with experimental data. For the radical anion under
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study, the rate of the cyclohexene ring inversion at room

temperatures is approximately ¥ 10’ s™%. The activation
energy of this process is about 7 kcal/mol.
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