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Qualitatively and quantitatively reliable electronic and vibrational circular dichroism (ECD and VCD) spectra
of chiral organic radical cations were obtained for the first time wittocopherol derivatives and sterically
hindered chiral hydroquinone ethers. The isolation and spectral measurements of chiral radical cation salts
were made possible by using nitrosonium or antimony derivatives as electron-transfer oxidants, which can
cleanly oxidize the substrate donors without giving any byproducts in the sample solution. Such reliable
ECD spectra enabled us to fully examine the chiroptical properties of organic radical cations and also compare
them with those of the corresponding neutral compounds. The observed VCD spectra of neutral and radical
cationic species of chiral hydroquinone ether were nicely simulated by density functional theory (DFT)
calculations, from which the relative contribution of each radical cation conformer in solution was evaluated.
Thus, the combined synthetic, spectroscopic, and theoretical protocol, composed of chiral modification, clean
oxidation to form stable radical cations, ECD/VCD spectral analyses, and DFT calculations, was demonstrated
to be a powerful, indispensable tool for elucidating a comprehensive picture of radical cationic species in
solution.

Introduction photoreactions has been low, and the mechanism of chiral

Chiral photochemistry has attracted considerable attention in information transfer upon ET is still uncles.

recent years?2 Enantiodifferentiating photosensitization is one ~ Electronic circular dichroism (ECD) spectroscopy is an
of the most successful strategies for obtaining moderate-to-highessential and powerful tool for obtaining the chiroptical and
enantioselectivities by manipulating environmental factors such stereochemical information of natural and synthetic optically
as temperature, solvent, pressure, and concentrati@ym- active compounds, and in recent years, a great deal of chiroptical
metric photoisomerizations performed within modified zeolite property data have been accumulatéevertheless, practically
supercagésand asymmetric photocyclization/additions of achiral no systematic endeavor has hitherto been devoted to the ECD
substrates in chiral crystaleave also been studied extensively. spectral study of chiral organic radical cations, apart from the
In contrast, asymmetric (photo)reactions via radical ionic preliminary study on a tocopherol derivative described Rere.
species, produced through an electron-transfer (ET) process,There are several reports on ECD spectra of transient redox
have been investigated much less, although a couple of recenspecies generated electrochemically and measured if®situ.
investigations have shown that asymmetric ET reactions do However, this spectroelectrochemical technique has not been
occur but give low stereoselectivityThis is rather surprising,  applied to the detection of radical ions and may have some
because radical cations are widely recognized as importantlimitations in fully examining the chiroptical properties of radical

intermediates in physical and organic chemistiy particular, ions, because the spectral overlap with the original neutral
in redox? electrophilic aromatic substitutichand addition- species cannot be avoided, particularly at the shorter wave-
elimination reactiond? Furthermore, radical catioHs and lengths, and the contribution of possible chiral contaminants

charge-transfer complex€sare known to play crucial roles in - cannot rigorously be excluded. In the present study, we report
biological systems and are indeed characterized for a varietythe unequivocal ECD spectra of stable organic radical cations,
of biologically active compounds. Photoinduced ET reactions, which are compared with those of the corresponding neutral
by exciplex or excited charge-transfer complexes, are consideredspecies. We further performed vibrational circular dichroism

to be important from both synthetic and mechanistic points of (/cp) spectral measurements and the relevant ab initio calcula-
view, but the stereoselectivity obtained in asymmetric ET 5ns at the HartreeFock (HF) and DFT levels in order to
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and, also, to the mechanistic understanding of asymmetric CHART 1: Radical Cations of Derivatives of
electron-transfer reactions. a-Tocopherol

Our own approach to authentic ECD and VCD spectra of
organic radical cations, free from artifacts, is to synthesize
candidate donor compounds that are expected to generate stable
radical cations upon ET oxidation in solution. For that purpose,
we chose trimethyloxonium hexachloroantimotate and nitroso- 1a** R = Ac
nium salts as single-electron-transfer (SET) oxidants and 1b* R =Me
annulated hydroquinone ethers as readily oxidizable substrates

to obtain stable and isolable chiral radical cations and reveal thhrougih the rel?aselof a protéhOptical rotarflon ofa_;[oco- .
their chiroptical properties. Furthermore, these stable radical Pherolis strongly solvent dependent (e.g., the specific rotation

cations are of great interest from the viewpoint of designing of (ZR'A"R’S'R)'Q'tOCOphe“ﬁx {1]365,?5 varies from+0.32 in
chiral magnetic materials, because a novel magneto-opticalem"_’mOI to-3.0° n benze_né. There is only one ECD spect;gm
phenomenon was predicted theoretically but has yet been notssignedtoa ra(;llcal catlpn@ftocopherol acetate (Cr,'a”]f)‘
fully supported experimentally, and only a limited number of I the study, optically active.-tocopherol acetate, R4R 8R)-

chiral-molecule-based magnetic materials have been synthe-l""’_WaS partially oxidized in trifluoroacetic acid to i_ts radicz_al
sized!® Hence, the first unambiguous ECD and VCD spectra cation (L), and the ECD measurement of the resulting solution

. . ! . . . I - — —1 —1
and relevant chiroptical properties of organic radical cations gave a ne%gtlye CE Qﬁeex(tj. 'IG? M CT at 465 n(;n.
reported here are not only scientifically interesting but also OWeVer, this is an extraordinarily largee value compared to

important for the development of such magneto-optical materi- those reported for neutral tocopherol and relevant optically active
als alkylbenzenes:Ae ~ 1072 M~1 cm~1.26 Our own attempts to

oxidize a-tocopherol acetatéa with a slight-to-large excess
amount (up to 10 equiv) of nitrosonium tetrafluoroborate or
triethyloxonium hexachloroantimonate in dichloromethane (eqs

p-Dimethoxybenzenes are known to give the corresponding 1 and 2§ were unsuccessful, for which the relatively high
radical cations upon mild oxidation, which are relatively stable
and well-characterize¥. Hence, we first introduced a chiral ArH + NO*BF[ —>ArH'+(BF4’) +NO (eql)
auxiliary to anisole by the Mitsunobu coupling reaction to yield N 3 - 3
(15,25 5R)-p-neomenthyloxyanisole and$PS49)-p-isobornyl- ~ 2ArH + 3E40" SbCl — 2ArH™" (ShC| ) +
oxyanisoles, which were then subjected to SET oxidation with [EtCI, Et,0, SbC}] (eq 2)
triethyloxonium hexachloroantimonate §8t'SbCk™) in dichlo-
romethane. An addition of ED"SbCh™ to the solution of chiral ~ oxidation potential of the acetate may be responsible, at least
anisole under an argon atmosphere produced a new absorptioin part. Strong acids were often used in various oxidation
band at wavelengths around 450 nm, which is assignable to thereactions, but recent studies have revealed the formation of
do—d> transition of the relevant radical cation on the basis of concomitants, such as reduced species and undesirable byprod-
the reported spectrum of the pargadimethoxybenzene radical  ucts derived therefror?f If they are chiral, as is often the case,
cation!® We preliminary reported the CD spectra of these the obtained CD spectrum of the radical cationic species of
solutions and discussed the Cotton effect (CE) of the chiral interest will not be reliable or reproducible. In the oxidation of
organic radical cations semiquantitativéiit was revealed that  vitamin E and its derivatives, the radical cations are stable only
both the neutral and oxidized forms of chiral alkoxyanisole for a brief period of time as reactive intermediates and readily
derivatives exhibit CE of the same sign with analogous deprotonate to give the corresponding neutral radical spéties.
ellipticities and anisotropyg] factors in the'L, band regions. Furthermore, a-tocopherol possesses a fused dihydropyran
However, because of the subsequent sluggish reactions, sucleoplanar to the aromatic ring, which prevents the full relaxation
as chlorination and protonation of the aromatic rifidt, was of the produced radical cationic species and eventually acceler-
difficult to analyze these first CD data more quantitatively, and ates the possible secondary (oxidation) reaction(s). We further
hence, the in-depth examinations of the structure and conforma-examined other oxidants (e.g., antimony pentachloride or
tion of the radical cation in solution from the obtained CD trifluoromethanesulfonic acid in dichloromethane) under various
spectra have not been done. Nevertheless, the use of the SETonditions but failed to produce a radical cation that is stable
oxidant was obviously advantageous over the conventional enough to obtain a fully consistent CD spectruw30 min).
technique of using strong acids, in particular, for the preparation Hence, we performed a trace experiment under the reported
and quantitative spectral measurement of radical cations. conditions (trifluoroacetic acid/dichloromethame 2:1) and

1. Electronic CD Spectra ofa-Tocopherol Derivatives and measured the CD spectrum of the oxidized specieslaf
their Radical Cations. We first chose tocopherol and the related immediately after the treatment, which is shown in Figure 1
chromanols as substrate donors for the SET oxidation, not only (middle right, dashed line). Contrary to the previous report,
because this class of compounds is known to be biologically the solution exhibited an oppositely signed (positive)*Enus,
active and behave as a natural antioxidariut also because the observation of EPR signals does not immediately guarantee
the first and only chiral organic radical cation for which the that the detected radical cation of interest is the major species
CD spectrum was claimed to have been measured was preparedesponsible for the CD signals, particularly in such a complex
from vitamin E acetaté® Tocopherols have attracted much mixture resulting from strong acid oxidation. We would rather
attention, especially in the fields of peroxyl radical chemistry suggest that protonateth, which is likely to be abundantly
and of oxidations in vitré? and in organic solvent&. More formed under the highly acidic condition, gives a slightly red-
recently, the EPR and ENDOR spectra of radical cations of shifted absorption and CD signal. Therefore, chiral vitamin E
vitamin E-related compounds measured in various solvents analoguelb was newly synthesized. This compound is expected
revealed that these radical cations are very short-lived and areto be readily oxidized to the corresponding radical cation under
spontaneously converted to the corresponding neutral radicalsa much milder condition using either nitrosonium tetrafluo-

Results and Discussion
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Figure 1. Electronic absorption (U¥vis) and ECD spectra and anisotrom) factors of neutral (left panels) and radical cationic (right panels)
o-tocopherol derivatives (dashed lines faandla; solid lines forlb and1b'*) in dichloromethane at 25C under an argon atmosphere. The
UV —vis and ECD spectra were recorded at .00~ M, except for the U\-vis spectra of the radical cations which were recorded a&110-3

M. The radical cations ofa and 1b were obtained by treating the neutral donors withh@B,H and NO'BF,~, respectively. The vertical scale
(A€) of the ECD spectra of the radical cationic species is tentative, as we assume a quantitative formation of the radical cation.

roborate or triethyloxonium hexachloroantimonate (eqs 1 and safely conclude that the previous report of a CD signal of the
2), because its achiral analogue, prepared recently, has arradical cation of vitamin E acetate was erroneous. Although
oxidation potential as low as 1.05 V (versus SCE, as comparedthe amount of the radical cation formed upon oxidatioriLaf
with E = ca. 1.5 V for NO)3! in dichloromethané? In such was small, the analogougfactor observed indicates that the
an oxidation strategy, we can greatly reduce the amount of CE, and the structure, dfer* is practically the same as that of
contaminants and even eliminate the byproducts (such as NO,1p**. It is a good sign that the use of SET oxidants greatly
EtCl, and SbQ) by evaporation if necessary and exclude the reduces the contamination by artifacts in the production and
possible contamination by the arenium ion (protonated arene).sypsequent CD measurement of radical cations from the
As expected, we could obtain the radical cation in ca. 70% yield qyajitative and semiquantitative points of view. However, even
(estimated from the absorbance of the solution) within 30 min i, the 1b++ case, its instability did not allow us to fully determine
by mixing 1b with Et;0"SbCk™~ in dichloromethane at 0C. the reliableAe value.

The absorption maximum of methyl ethéb is slightly red-

shifted from that of acetatga in dichloromethane (probably ) .
due to the lower oxidation potential &b (vide infra)), yet keeps 1-methylpropyloxy]-1,4:5,8-dimethano-1,2,3,4,5,6,7,8-octahy-

the same spectral shape. As can be seen from Figure 1 (middigiroanthrancene (2b) and its Radical Cation (2b"). Ab Initio
traces), the CD spectra of neutralR2 R 8 R)-a-tocopherol Calculatlons.of Annulate'd Hydroquinone Ethef3f several
acetatela and methyl ethetlb show quite similar profiles, stable organic radical catioti£8-34that were structurally well-
exhibiting the absorptions attributable to the band at~280 ~ characterized by X-ray crystallography, those derived from
nm with a fairly strong negative CE with comparable intensities Sterically hindered hydroquinone ethegsgnd 3), possessing
of Ae ~ —0.1433 This CD spectrum of neutrdla is in good two 1,3-cyclopentanediyls or 1,4-cyclohexanediyls, are suitable
agreement with the one previously reportéd. for CD spectral examination. This is because (i) these radical
The CD spectrum oflb* obtained by oxidation with cations can be prepared under relatively mild conditions and
NO+BF,~ is shown in Figure 1, along with that of the neutral are totally stable not only in the solid state but also in
donor 1b. Radical catiorilb* exhibited a positive CE around  dichloromethane solution at ambient temperatures for more than
480 nm for thedy—d, transition. Judging from the benzene a month under inert conditions, (ii) the electrochemical and
chirality and sector rule®, as well as the conformational UV —vis spectral properties were known for dimethyl analogues
resemblances dfa with 1b and 1a* with 1b**, we can now and should not greatly be affected by chiral modification, and

2. Electronic Circular Dichroism Spectra of 9,10-Bis[R)-
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(iii) chiral ether moiety(ies) can be readily introduced to the CHART 2: Stable Radical Cations of Sterically
aromatic ring by conventional coupling reactions. Hindered Hydroquinone Ethers

It is known that the two methoxy groups, perpendicular to

R. R.
the aromatic plane, are in either syn or anti conformation, and ? o
the two are equilibrated with each other in the neutral doffors.
Thus, the observed CD should be a sum of the signals from the @ @
O\R O\R

two conformers. The relative contributions of the syn and anti
conformers in2 and 3 were crudely estimated by ab initio
calculations, using the Boltzmann populations obtained from

the calculated Gibbs free energies of the structure-optimized 2" 3
conformers (See Table S1 in Supporting Information). The a-R = Me

optimization was performed with the economical HF/3-21G* b: R = (R)-1-MePr

basis set for each conformer employed, which was followed ¢ R=(R)- and (S)-1-MePr

by high-level energy calculations using DFT methods at the ) )
B3LYP/6-311-G(2d.p) level. The calculated energies were CHART 3: Conformations of Neutral and Rad|c+al
further corrected for the zero-point energy obtained in frequency Cationic Chiral Hydroguinone Ethers 2b and 2br
calculations at HF/3-21G* level with a scaling factor of 034. R R

For the known dimethyl derivative@4 and3a), the calculated b 0

free energies were comparable to the syn and anti isomers, EM

predicting a roughly 1:1 syn/anti ratio. However, the X-ray o R
crystallographic studies found only the anti conformers in R ¢

crystalline 2a and 3a,%* which can be accounted for by the anti (up, down) syn (up, up)
significant role played by the packing forces. In contrast, the

corresponding radical cations favor the anti conformation over R-o R-o
the syn conformation to a great extent. \-ﬁ‘l ‘@J

O-R R,O

syn

We further moved on to the chiral hydroquinone derivatives

(2b,c and3b,c) with (R)- and/or §)-1-methylpropyl auxiliaries® anti
Interestingly, ab initio calculations yielded distinctly different _ ) o )
energy profiles and structure preferencesdioand3b, despite ~ In Supporting Information), and the calibration with added

the same homochiral modification. Thus, bis(cyclopentanediyl)- ferrocene gave the oxidation potential 2: Ey, = 1.19 V
annulated2b prefers the anti form, while the bis(cyclohex- Vversus SCE. This is slightly higher than that for the dimethyl
anediyl)-annulated homologb favors the syn form. In the ~ a@nalogue2a, but small enough to be oxidized by convenient
oxidized radical cation form, however, bottb and 3b SET oxidants such as NGor EGO*SbCk™ (egs 1 and 2). This
exclusively prefer the anti conformation. Merely for comparison slight shift of E1> may be attributed to steric effects, because
purposes, meso dond2s and3c, possessing antipoddR)- and the larger substituents @b may hinder the alkoxy group from
(9-1-methylpropy! groups, were also subjected to calculations taking the favorable conformation coplanar to the aromatic ring.
giving a similar tendency. However, we will not further analyze Chemical Oxidations o2b and CD Spectra of Neutrab

or discuss the results obtained with these achiral donors, becausand Radical Catior2br*. To avoid ambiguity and obtain the
the stereoselective synthesis of the meso donors is ratherabsolute Ae value of a radical cation, we employed chiral
complicated, and no ECD or VCD signals are expected to occur. derivatives of stable radical catio@s" and3'*, whose parent

Among the species examineth is conformationally the most ~ compoundsZa* and3a™) were known to be isolable as pure
intriguing in both the neutral and radical cationic states, showing salts (Chart 2). We will report the use of this isolated radical
populations to the energetically less favorable syn conformer cation for the first chiroptical measurements of the organic
in 10% and 12%, respectively. Higher-level calculations at the radical cation (vide infra).
B3LYP/6-311-G(2d,p)//B3LYP/6-31G(d) levels afforded the The electronic CD and U¥vis spectra of the neutral donor
relative contribution of the syn in 21% for neuti2b and 4% 2b in dichloromethane are shown in Figure 2, along with the
for 2b**. Such a critical balance between the conformers is not anisotropy ¢) factor. The observed CD extrema are in good
a drawback but an advantage for precisely analyzing how the agreement with the absorption maxima for béth and 'L,
conformational changes affect the ECD and VCD spectral bands (279 and 243 nm), affording negative CEAok —0.13
behavior in solution (vide infra), and hence, we decided to (Table 1). TheAe values are significantly smaller than those
exploit this substrate for further experimental studies. reported for related chiral aromatic ethers. For exampléllthe

Electrochemical Oxidation of 9,10-Bis[(R)-1-methylpropyl- bands ofp-neomenthyloxyanisole angrisobornyloxyanisole
oxy]-1,4:5,8-dimethano-1,2,3,4,5,6,7,8-octahydroanthrancae (  display much largeAe’s of +1.2 and+1.8, respectively® The
Donor 2b was prepared by the Mitsunobu coupling of 9,10- unusually smallAe value for2b may be attributed at least in
dihydroxy-1,4:5,8-dimethano-1,2,3,4,5,6,7,8-octahydroanthran- part to the mixed conformers with opposite CD signs. This idea
cené* with (S-(+)-2-butanol. The desiredR(R)-2b was is supported by our preliminary ab initio calculations at the HF

obtained in>99% optical purity3” The dimethyl analogu@a level and indeed proved by VCD measurements combined with
is known to be electrochemically oxidized at a redox potential DFT calculations (vide infra). The observedfactors are on
of 1.11 V versus SCE* Hence, the chiral analog&b (1 mM) the order of 104, which is typical for chiral benzenes with

was subjected to electrochemical oxidation with platinum Simple substitutent®: A negative CE for thélL, transition is
electrodes in anhydrous dichloromethane containing 0.2 M tetra- réasonable in view of the empirical benzene chirality Fle.
n-butylammonium hexafluorophosphate as a supporting elec- Chiral donor2b was readily oxidized by either 1.5 equiv of
trolyte. A reversible cyclic voltammogram (CV) and a linear triethyloxonium hexachloroantimonate or 1 equiv of nitrosonium
sweep oxidation wave (OSWV) were obtained (See Figure S1 tetrafluoroborate in dichloromethane to give a clear orange
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Figure 2. Electronic absorption (U¥vis) and circular dichroism (CD) spectra and anisotragyfgctors of (a) neutrakb (10-2 M) and (b) radical
cation2b** (10~* M) in dichloromethane at 25C under argon atmosphere. The counteranio2bof was either SbGt (dashed line) or BF (solid

line).

TABLE 1: UV —Vis and Circular Dichroism Spectra of
Chiral Radical Cations and Their Parent Compoundst

UV —vis CD

compd configuration oxidant Ama/nm (loge)®  Aex/nm (A€)®
la R,(R,R) 286 (3.34)  28140.142)
<230 234 (-0.271)

lat R(RR) CECOH 492 (>2.4) 496 ~+0.01F
1b R,(R,R) 289(3.38)  285¢0.137)
<230 237 ¢-0.177)

1+  R(RR) NOBF,~ 487 (>3.0) 470 ~-+0.01f
2b RR 279 (2.74)  27940.129)
232(3.89)  2430.125)

20+ RR NO'BF, 520 (3.40) 52940.081)
485'(3.23) 488 (0.082)

315'(3.48) 315 (-0.274)

aMeasured in dichloromethane at 26 under argon atmosphere.
bMolar extinction coefficiente and molar circular dichroismie.
¢ Quantitative formation ola™ or 1b*+ assumed; hence, the: value
could be largerd Shoulder.

solution at—20 °C to room temperature under arg&nThis
solution was stable for a long period of time even at ambient
temperature, if protected from air. The new broad absorption
band centered at 520 nm is assigned tod§ed; transition of
radical catior2b*t from the spectral comparison with its methyl
analogue 2a)%* and thep-dimethoxybenzene radical catiéh.
Two different salts of2b* were isolated by the following
procedures. Method 1: A solution @ was mixed with 1.5
equiv of E5O"SbCk~ under argon in dichloromethane, and the
resulting mixture was stirred fol h at 0 °C. After the

atmosphere to eliminate the precipitates. Anhydrous ether was
added to the solution to give the salt as a precipitate, which
was filtered and washed with dry ether under argon. Method 2:
2b and NO'BF4~ (1 equiv) were mixed in dichloromethane,
and the suspension was stirred at’©. As the NO salt
gradually dissolved, the color of the solution became darker.
The resulting solution was treated as in Method 1 to yield the
BF,~ salt of 2b**. These two salts were more than 98% pure,
as determined by the iodometric titration. These salts were
redissolved in dichloromethane, and the solutions were subjected
to the UV—vis and ECD spectral measurements under argon.

The two radical cation salt solutions showed exactly the same
UV —vis spectra in th&y—d, transition region around 520 nm
but revealed significant differences at shorter wavelengths, most
probably because of the overriding absorption by the counter-
anion. The CD spectra @b with different counteranions were
measured, and the results are shown in Figure 2b (traces A and
B). The two spectra are almost superimposable indgied,
transition region but deviate appreciably at shorter wavelengths.
Because Sb@f is not transparent at shorter wavelengths, the
Ae values of2b* were determined from the CD spectrum of
the BR:~ salt as—0.081,—0.082, and-0.274 at 529, 488, and
315 nm, respectively. Both neutral and radical catioRgR}-
2b species exhibit the negative CE for the two major bands. It
is noted that thely—d, transition of radical catior2b* gives
an unexpectedly small anisotropg) (factor of —2 x 1075 at
ca. 500 nm, which is roughly 10 times smaller than those of

evaporation of the solvent in vacuo, the residue was redissolvedthe allowed transitions of neutrab. This is simply due to the

in anhydrous dichloromethane and filtered under an inert

higher transition probabilitye] of the do—d, transition of2b**.
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CHART 4: Conformers of (R)-2-Butanol with Different
Dihedral Angles around the C-C—C*-C and
H—-C*-O—H Bond

J. Phys. Chem. A, Vol. 108, No. 44, 2002545

ers around the HC*—0O—H bond (i.e.,t, g*, andg~) were
also taken into account to give information about more detailed
conformer structures and their distributions. It should be noted,

however, that, although the VCEDFT approach is a versatile
and reliable tool for analyzing the structure of chiral moleciiles
and has indeed been successful in determining the solution
phase conformation of small molecufsit is not always
suitable for larger molecules with many more degrees of

Me Me Me
H OH Me H HO Me
H H H H H H
Me OH H

M () G) freedom. Hence, we first examined the validity of such an
H H H approach to the relatively large molec@le and then expanded
@ H@ @H the method to the radical cationic specis.
A dichloromethaned, solution of2b (0.22 M), placed in a
Me CHoMe Me CHaMe Me CHzMe BaF: cell (2 cm¢), was subjected to VCD measurement. The
(':') ) ) path length of the cell was separately determined a2

The VCD signals wit a 4 cn® resolution were accumulated
for 3 h to afford a reasonable spectrum, which was corrected
for the solvent signals. Figure 3a illustrates the VCD and
simultaneously obtained IR spectra of neuhl

3. Vibrational Circular Dichroism Spectra of 9,10-Bis-
[(R)-1-methylpropyloxy]-1,4:5,8-dimethano-1,2,3,4,5,6,7,8-oc-
tahydroanthrancene (2b) and its Radical Cation (2b"). . .
Neutral Donor.In the foregoing experiments, we measured the Ab Initio calculations of neu.tral doncﬂp were perfo.rmed at
first reliable electronic CD spectra of organic radical cations, two d|fferentllevels (.Ta'blelsz in Supporting Information). First,
although this alone does not immediately provide us with enough the geometr ical optimization of each conformer was done by
information to elucidate the structure and conformation of the HF calculation, which is fa_ster anq more economical than the
relevant radical cations; we therefore further measured the VCD DFT and post-SCF calculations. This was followed by frequency

spectra of the relevant species in solution, which were compared¢@culations at the same level and a single-point energy
with the calculated spectra. calculation at the B3LYP/6-3116&(2d,p) level. Theoretical

It is not very easy in general to know the population and absorption and VCD spectra were simulated with Lorentzian
structural details of such conformers that are equilibrated with ]EJand shapes of 6 C{ﬁ de:)II-W|dfth at hfal(f)—g17ean, oagf fthe h
each other in solution by using conventional spectroscopic requencies were scalé yil actor of 0.97 or 0.91 for the
techniques such as UWis, electron paramagnetic resonance B3LYP/6-31G(d) or HF/3-21G* calculations, respectively. The

(EPR), or NMR measurements. For example, the conformational hydroquinone ethe2b may take 12 different conformations,

dynamics of-tocopherol in solution have recently been studied because there is symnti isomerism of two alkoxyls X‘"th
in detail by 13C NMR spectroscopy? However, this elegant respect to the aromatic plane and also antigauche plus™),

methodology cannot be applied to the radical cation species.arlOI gauche minus3") rotamers around the{I:—C*—_C bond
EPR spectroscopy is a very sensitive technique to detect radicalfc_’r 9ach of the two 1-methylproyl groups. These |iome_rs are
cations, but it is usually used for the detection of transient dlftlngu§h$dPy the following abbreviations: aﬁlf+{5+, ant-
species in a solid matrix and is not suitable for studying the G+T' antiG +G ;am"TT’ anti-TG ’f’mt'G G ,syp(% G » Syn-
conformer distribution in solution, particularly when several G T 'syn.G G”, synTT, synTG, and synG G : .S'm"af
conformers are present. The combined use of DFT calculations2Ptimizations were done by the DFT method, which is relatively

and VCD spectroscop} has been recognized in recent years fast an(_j affords satisfactory results as precise as post-SCF
as a powerful tool for determining the absolute configuration, calculations. Thus, almost all of the IR peaks calculated for each

as well as the predominant conformations of ground state (or CONformer can be assigned to the observed signals (see Sup-

neutral) chiral molecules in the solution phase. DFT th#ory POrting Information).
can provide vibrational frequencies and intensities, the accuracy The VCD spectra calculated for all possible conformers are
of which is comparable to post-self-consistent field (post-SCF) shown in Figure 4 (right), along with the Boltzmann populations
calculations taking electron correlation into account. Standard calculated from their Gibbs free energies. Each conformer
software such aSaussian 9% now includes the calculation  displays a significantly different simulated VCD spectrum, and
of VCD intensities as well. This allows us to use VCD for the o single conformer can correctly reproduce the observed VCD
reliable determination of the absolute configuration and con- Profile. This is also true for the IR signals (see Figure S2 in
formational analysis in solution for simple chiral molecules such Supporting Information). The observed VCD and IR spectra
as 2-butandf and a-deuterioethand?* Recently, such tech- ~ are best simulated in frequency and intensity by using the DFT
niques have been further applied to a variety of syst&rhsit method: Compare spectrum a with b in Figure 4 (see Figure
only for the rather simple stable compounds. S2 for the IR counterparts). The HF calculations gave less
The absolute configuration of 2-butanol is of particular Satisfactory results: Compare spectrum a with d in Figure 4.
importance in Stereochemistry’ because a |arge number of Chira|AS expected, even if the contribution from the minor conformers
compounds are related to this simple chirogenic group. Thus, (0f <10% population) is neglected, the simulated VCD spectrum
the conformational preference of 2-butanol is also a crucial ¢ (and e) show satisfactory matches. It is concluded, therefore,
recent topiC, which has been studied Carefu”y by using VT- that the DFT calculation can generate a reasonable VCD
po|arimetry‘}6 NMR Spectroscopﬁ? Raman spectra combined Spectrum of a relatively Iarge neutral molecule SUClQla.*)y
with MM3 calculation4® and VCD spectroscopy combined with ~ taking into account the conformer population that is estimated
DFT calculationd® These experiments indicate that tfe from the calculated Gibbs free energy of each conformer.
conformer, possessing the ant-C—C*-C bond, is lowest in Radical CationBecause radical catic2b*" is totally stable
energy, but the other two conformers (i.e., gauche pG&s) ( under inert atmosphere (vide supra), highly reliable and
and minus G™)) are also populated in the rafioG*:G~ = ca. reproducible VCD and IR spectra could be measured in solution.
5:4:1 (Chart 4). In the VCBDFT study#? additional conform- Although the measurements were run under inert conditions,
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using purge gas (Nl in a closed Baf-cell, a short exposure to  to 5—6 h under the conditions employed. The VCD and IR
the air (upon transfer of the sample to the cell) and continuous spectra of2b** thus obtained are shown in Figure 3b.

IR irradiation (during the VCD measurement) did not ap-  Calculations of the IR and VCD frequencies and intensities
preciably damage the sample. However, prolonged exposureswere also performed for all 12 conformations and optimized
to air or IR may lead to decomposition of the radical cation to independently for the relevant conformations of radical cation
give the corresponding benzoquinone derivafivend other 2b** at both HF and DFT levels as for the neutral species
unidentified byproducts during the spectrum accumulation (see (Figures 5 and 6). As anticipated, the HF-level calculations led
Figure S4 in Supporting Information for detail). Hence, we chose to significant deviations from the experimental IR and VCD
the SbC§~, rather than the BF, salt for greater stability and  spectra, while the DFT calculations gave satisfactory results.
used the VCD data obtained in the initial 3-h accumulation. If Again, the DFT-calculated frequencies and intensities for each
the sample preparation was done very carefully (fully air- conformation do not immediately agree with the experimental
protected), the VCD spectrum obtained did not change for up values, especially for the VCD spectrum. However, the Boltz-
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mann statistics and the Gibbs free energies as determined bynot match to any of the calculated peak<2bf* but are found

the high-level energy calculations with a relatively large basis in the observed spectrum of neutr2, indicating possible
set (6-31G(d)) allow the population determination of the 12 contamination by the neutral species, especially at the later
conformers (See Table S2 in Supporting Information), and if stages of the data accumulation. Thus, the slight differences
the relative distribution of these conformers is taken into between the simulated and observed VCD and IR intensities
account, the calculated IR and VCD spectra of the radical cation may partly originate from a small amount2if** formed during
2b* are in excellent agreement the experimental ones, as showrsample preparation or spectral measurement.

in Figure 5b.

Although the iodometric titration of the radical cation sample

indicated a purity of95%, the observed IR and VCD spectra

of the solution of2b** appear to contain some neutral species.

For instance, the IR peaks at 1468 and 1203%iwoth of which

are seen in the spectrum 2b** solution (Figure 3, right), do

The population-weighted theoretical spectra of ne@bednd
radical catior2b* are in good agreement with the experimental
spectra obtained in dichloromethadgunder inert conditions.

It is noted that the DFT calculations nicely simulate the VCD
spectra of not only the neutral but also the radical cationic
species by using the calculated energies and populations of all
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