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A spectroscopic study, using nanosecond time-resolved laser flash photolysig-iaadiation of low-
temperature matrices, was undertaken along with a theoretical study using density functional theory (DFT)
and time-dependent (TD)-DFT calculations to gain insight into the molecular geometry and electronic structure
of radical cations and radical anions of 7-benzhydrylidenenorborrBraand its derivative$—8. The radical

ions 4, 6, 7t, 8*, 47, 67, 7°7, and 8~ exhibited clear absorption bands in the 3BD0 nm region,

which were reproduced successfully from the electronic transitions calculated with TD-UB3LYP/cc-pVDZ.
Radical cationgl't and8" are consistent with a bent structure having a delocalized electronic state where
the spin and charge are delocalized not only in the benzhydrylidene subunit but also in the residual subunit.
In contrast6*™ and7*" have nonbent structures with a localized electronic state where their spin and charge
are localized in the benzhydrylidene subunit only. Thereféreand8* have a nonclassical nature, wah

and 7" possessing a classical nature. In contrast, in the radical anion sy&teand 8~ are considered
nonclassical, and~ and6*~ are classical. Orbital interaction theory and DFT calculations can account fully
for the spectroscopic features, molecular geometries, and electronic structures of the radical ions. For example,
the shift of the absorption bands and the nonclassical natute afe due to the antibonding character of the
highest occupied molecular orbital (HOMO) 4f and those of7*~ arise from the bonding character of the
lowest unoccupied molecular orbital (LUMO) @f A topological agreement gi-orbitals at C-2, C-3 (or

C-5, C-6), and C-7 produces strong electronic coupling with an antibonding or a bonding character in the
frontier orbitals. It is the ethylene and butadiene skeleton at-C-3 (or C-5-C-6), with its contrasting
topology in the HOMO and LUMO of the neutral precursor, that holds the key to deducing the nonclassical
nature of the 7-benzhydrylidenenorbornene-type radical cation and radical anion systems.

Introduction SCHEME 1: (a) Nonclassical Cations (I and 2*) and
Related Compound (3) and (b) thez-Facial Selective

The 7-norbornenyl cationl{, Scheme 1), with its bent Nucleophilic Addition of ROH to 4°** Induced by the PET
structure and delocalized cationic center, ranks as a prototypereaction of £

of nonclassical cation’sA variety of experimental and theoreti-

cal investigations over several decades have exarhiited @ Ph |
distinctive molecular geometry and electronic structure, with ’ * F

its extraordinary reactivity attracting the attention of many 2&73 Y j
chemists~7 Recently, X-ray structural analysis of the 2,3- 6 1 2
dimethyl-7-phenyl-7-norbornenyl catio") and derivatives by 1" 2" 3

Laubé has provided conclusive proof that, at least in the solid (b)

state, the 7-norbornenyl-type cation has a three-center, two- Ph

electron bond in a bent structure, i.e., a symmetrical delocalized h i CHPh
structure. By analogy with*, any radical cation of 7-methyl- hvi sens, .+ ROH 2
enenorbornadien&) should possess homoconjugation between Lg i? LB

three olefinic parts to stabilize its radial cation center. Roth et

al. proposed that homoconjugation played a crucial role in

stabilizing3** %2in the course of their analysis using chemically aAbbrewatlons. sens= sensitizer; R= Me or H.

induced dynamic nuclear polarization (CIDN¥)Their work

is the sole study of homoconjugation in radical cations of
*To whom correspondence should be addressed. E-mail: ikeda@ 7-methylenenorbornene analogues.

chem.osakafu-u.ac.jp . . . . )
T Tohoku University (TU). A comparison of experimental UV/vis absorption spectros
t Osaka Prefecture University (OPU). copy with the ca_lcula_lte(_j ab_sorptlon spectra for these radical
8 The University of Electro-Communications (UEC). cations can provide insight into the molecular geometry and
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CHART 1: 7-Benzhydrylidenenorbornene Derivatives (4 and 6-8), the Corresponding Radical Cations (4" and 6+t—
8'1), the Corresponding Radical Anions (4~ and 6~—8""), and Related Intermediates (I, 1°, and 1)

Ph Ph Ph Ph

F'h~[‘j Ph~l“ PhT Phj’
5, b 3 prmmy

-

SCHEME 2: Reagents and Conditions: (i)

electronic structure involved in homoconjugation. We have - ..
g (2)-1,2-Bis(phenylsulfonyl)ethene, Toluene Reflux; (ii) H,

undertaken such an analysis, focusing on electron-transfer .
: ; Pd—C; (iii) 3% Na —Hg, NaH,PO,, CH3OH; (iv)
ea 0 - 0 nbl(( Scheme
reactions of 7-benzhydrylidenenorborne ch 1. Dimethyl Fumarate, Benzene Reflux; (v) LiAlH,, Ether;

Because the substitution of two phenyl groupsdiimnduces : : A
lowering of the oxidation potential and an increase in the (vi) Tosyl Chloride (TsCl), Pyridine; (vii) t-BuOK, DMSO

HOMO, phenyl substitutions make it easy to generate and 6
observe the relevartt absorption band in the visible region

using electron-transfer reactions coupled with UV/vis absorption iii | 76%
spectroscopy. The reactivity df™ was the subject of a study

Ph Ph
by Hirano and OhasHt The radical iond" was generated by Ph={ Phei
a photoinduced electron transfer (PET) that indueefdcially : T . 7
selective nucleophilic addition of MeOH or8 to yield5. The e SOPh L, SO,Ph
° 4
h PP 12 13

i
56%

authors argued that this resulted from the formation of a SO,Ph 89% SO.Ph

nonclassical radical catiéf(4+) with homoconjugative elec- P

tronic coupling®among C-2, C-3, and C-7 in a single-minimum

potential surface. It would be advantageous to know whether

nonclassicakadical anions counterparts of the nonclassical ) h
i ; L 11 Ph Ph

radical cations are generated by the injection of an electron T T

into the same precursors. v, R i CH,0Ts
In our study, we compared calculations from density func- 81% 4 96%

tional theory (DFT) with UV/vis absorption spectra of the radical )

cations of4, 7-benzhydrylidenenorbornang, Chart 1), 7-ben- vga7_ 14:R=CO.CH, 1

zhydrylidene-2,3-dimethylenenorbornan@), (and 7-benzhy- === 15: R = CH,OH

drylidene-5,6-dimethylenenorborner®, (obtained using nano- TN 16: R = CH,OTs Viij42%

second time-resolved laser flash photolysis (LFP). We also viij91 %

compared the UV/vis absorption spectrajefrradiated low-

temperature matrices df 6, 7, and8 with DFT calculations of 8

tILeir r.ildicﬁl anion.er, i.e., the counterparts of the radical cations 4, o hydrogenation of the norbornene derivative?)( The

47, 67, 7, and8™. As a result, we were able to deduce the oy cfive elimination reactidh of 13 gave 4, which was

mo]ecular geometry and electronic structure of both the radical ¢, erted intds using similar regioselective hydrogenation. An

cations 'B.md rad|_cal anions 46, 7, a_nd8, and to demonstrate  ,ernative norbornane derivativd®) was prepared by the

that th¢|r clfla\5ssmal and nonclassical natures are controlled o5 Alder reaction of11 with dimethyl fumarate followed

topologically: by reduction, tosylation, and hydrogenation via norbornene

intermediatesi4—16). Norbornane4 6 and17 were converted

into 8 and 7, respectively. See the Supporting Information for

General Method. See the Supporting Information for details.  details.

Ph P
CH,OTs
7

7

Experimental Section

Preparation of 4, 6, 7, and 8.7-Benzhydrylidenenorbornene Nanosecond Time-Resolved UV/Vis Absorption Spectros-
(416 and its derivative6—8 were prepared using the procedure copy on Laser Flash PhotolysisA sample solution (2 mL) of
shown in Scheme 2. The norbornane derivatii®) (was acetonitrile containing the substrate (1 mN{;methylquino-
prepared by the DietsAlder reaction of diphenylfulvenel(l) linium tetrafluoroborate (NMOBF,~) (10 mM) as a sensitizer,

with (2)-1,2-bis(phenylsulfonyl)ethene followed by regioselec- and toluene (1 M) as a cosensitizer in a glass cell was prepared.
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Figure 1. (a)—(d) Nanosecond time-resolved UV/vis absorption spectra observed 100 ns following the laser pulse orlaRE &8 (1 mM)
and (e)-(f) UV/vis absorption spectra observed afteirradiation in 2-methyltetrahydrofuran glassy matricet@nd6—8 (5 mM) at 77 K.

The sample solution was irradiated with 10 ns pulse beams
obtained from a YAG laser system (Continuum Surelite-10, Nd,

TABLE 1: Experimental Absorption Wavelengths (4ap)
Observed on LFP and ony-Irradiation of Low-Temperature

! Matrices and the Calculated Electronic Transition
THG, Aex = 355 nm, 55 mJ) under air. The probe assembly Wavelengths ) for the Radical Cations and Radical

consisted of a monitoring lamp (Xe arc lamp, 150 W), a Anions of 4 and 6-8

polychromator equipped with an image-intensifier coupled with Aab, NM e, NM

an image sensor, and a personal computer. The monitoring beanspecies

was adjusted so that it was perpendicular to the excitation pulse. 4+ 391 (A) 480-580(B) >600(C) 362 506 751
Measuring the UV/Vis Absorption Spectrum of a y-Ir- 6+ 386(A) 500-650(B) >700(C) 353 554 780

radiated Glassy Matrix. A solution of n-butyl chloride or 7 394 500-650(BY) - =700(CH 360 557 779

2-methyltetrahydrofuran (1 mL) containing substrate (5 mM) i:, 283 (A") 480-580(B") >600(C") 3373% 510 746

in a flat vessel (synthetic quartz,»22 10 x 40 mm thickness< 6~ 406 380

width x height) was degassed by five freeze (77-{ump 7~ 416 398

(102 Torr)—thaw (ambient temperature) cycles and then sealed 8- 412 431

at 102 Torr. A glassy matrix was obtained by steeping the

vessel in liquid nitrogen. This vessel was irradiated wittays
from a 4.0 TB¢f°Co source in liquid Nat 77 K for 40 h at the

positive charge and spin densities calculated with the DFT/
B3LYP method are good enough to explain the reactivity of

Cobalt 60y Ray Irradiation Facility, Tohoku University. The  2,2,3,3-tetraphenylbicyclopropenyls radical cation [ROB3LYP/
changes in the absorption spectra between before and afte6-31G(p)]?> the molecular geometry and electronic structure
irradiation were observed at 77 K with an absorption spectro- of the geminally diphenyl-substituted trimethylenemethane
photometer. (TMM) radical cations (UB3LYP/cc-pVDZf and 1,4-diphe-
Quantum Chemical Calculations. The geometries of the  nylcyclohexane-1,4-diyl radical (UB3LYP/cc-pVDZ], and
radical cations, radical anions, and radicals were optimized at Othersz®
the unrestricted B3LYP [Becke’s hybrid, three-parameter func-
tional'” and the nonlocal correlation functional of Lee, Yang,
and Parr (B3LYPY¥]*° level with the standard cc-pVDZ or the UV/Vis Absorption Spectroscopy of Radical Cations.If
aug-cc-pVDZ basis set. Vibrational analyses confirmed a DFT 4+t and related radical cations have a nonclassical nature, as
stationary point as energy minima (no imaginary frequencies). proposed by Hirano and Ohashi, this must be reflected in their
Wavefunction analyses for charge and spin density distributions Uv/vis absorption spectra.

Results

used the conventional Mulliken partitioning schefReSpin
contamination is negligible[0= 0.7500-0.7501) for the
radical cations and radical anions 4f6, 7, and8. Excitation

First, nanosecond time-resolved UV/vis absorption spectros-
copy on LFP was performed using NM8F,~ 2° as a sensitizer
and toluene as a cosensitiZéin aerated acetonitrile at 298 K.

energies were computed using TD-DFT (TD-B3LYP) with the As shown in Figure 1ad and summarized in Table 1, laser
cc-pVDZ basis set. DFT calculations for them and related excitation (355 nm) of NMQOBF,~ with 4, 6, 7, and8 in aerated
species I, 1, and1*), were carried out with the Gaussian 98 acetonitrile produced characteristic absorption bands, each of
program&! using extended basis sets, including d-type polariza- which can be assigned to the appropriate radical cation. Radical
tion functions on carbon. Figures 4 and 5 were drawn using cation4** exhibited an intense, sharp absorption band With
MolStudio software? at 391 nm (band A), a broad, weak absorption band at480

It is reported that Mgller Plesset perturbation theory (MP2) 580 nm (band B), and a broad, intense absorption bar®a0
overestimates spin densities on carbon significantly for some nm (band C) (Figure 1a). Similarly¢t and 7** displayed
systemg3 On the other hand, DFT methddsoften give intense, sharp absorption bands witfy at 386 (band A and
satisfactory results. Stephens and co-workers reprtiealt the 394 nm (band A), respectively, a broad, weak absorption band
DFT/B3LYP force field gave satisfactory results of the vibra- at 500-650 nm (band Bfor 6°* and B’ for 7°*), and a broad,
tional absorption and circular dichromism spectra, as comparedintense absorption band at700 nm (band Cfor 6" and C'
with the SCF or MP2 force field. Indeed, in our experience, for 7°") (Figure 1b,c). Radical catio8™, a hybrid of4*" and
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Ph Ph LUMOs of 6 and 9 is impossible because of the topological
disagreement of the orbitals at C-7@®&nd at C-2 and C-3 in
;%8 Ph Ph 9. Similarly, potential electronic coupling between the HOMOs
- of 6 and10 is negated by the topological disagreement of the

orbitals at C-7 of6 and at C-2 and C-3 of0. Therefore, the

e Ph Ph HOMO of 7 corresponds to that & Note that the LUMOs of
i — 6 and10are able to interact with each other to give the LUMO
"Ph Ph of 7 that possesses a bonding character as a consequence of the
_— i orbitals at C-7 in6 and at C-2 and C-3 id0 being in phase.
— Consequently, electronic coupling causes a rise in the HOMO
Ph Ph ' v level of 4 and a lowering of the LUMO level of7 when

compared with those d, but the LUMO level of4 and the
HOMO level of 7 change little.

N—
Ph Ph Ph Ph A .
- s noted above8 should contain aspects of the natures of
B8 both4 and7, with the HOMO and LUMO levels o8 predicted
& L‘W to correspond with those ef and 7 in their antibonding and
—.. bonding characters, respectively, as a result of an effective Ol

A Ph Ph in both the HOMO and LUMO.

e b The MOs of radical cations and radical anions have been
taken to approximate those of the neutral precursors shown in
Figure 2, allowing for the simple ejection or injection of an
electron. Because the HOMOs and LUMOs of the neutral

Figure 2. MOs involved in electronic coupling i#d and 7 derived precursors V\.”” corr(_espond to the Slngly occupied M.OS (SO-

from 6, 9, and10. Thick arrows indicate the lowering of the LUMO MOs) of radical cations and radical anions, respectively, the

level of 7 and the increase of the HOMO level écompared withs. ejection of an electron from the HOMO ef will induce a
decreasing repulsive interaction among C-2, C-3, and C-7 in

7", had an intense, sharp absorption band wighat 399 nm the resulting4**, but will not induce an increasing attractive

9 4 6 7 10

(band A"), a broad, weak absorption band at 4880 nm interaction. In contrast, the injection of an electron into the

(band B"), LUMO of 7 will induce an increasing attractive interaction

and a broad, intense absorption band>&00 nm (band C) in 7.

(Figure 1d). TD-DFT Calculations. TD-DFT calculations were used to
Bands A, A, A", and A" of 4+, 6°*, 7**, and8* exhibited evaluate the observed spectroscopic behavior. The electronic

different values forlap. Note that the bands A,’A and A" of transition wavelengthsig) and oscillator strengthg)(of 4°*,

4t 7, and 8", respectively, which have-orbitals at C-2 6", 7°7, and8" in the optimized structures (vide infra) were
and C-3 in common, shifted to slightly longer wavelengths when calculated with TD-UB3LYP/cc-pVDZ (Figure 3al and Table
compared with band ‘Aof 6'*. In the visible region, bands B 1). The calculations gavé. at 362, 506, and 751 nm with=
and C of4** and bands B and C" of 8" arise in a similar 0.187, 0.009, and 0.087 fart, A at 353, 554, and 780 nm
manner and, by analogy, bandsa®id C of 6°* closely resemble  with f = 0.153, 0.027, and 0.094 f&*, 1¢ at 360, 557, and

bands B and C' of 7**, respectively. 779 nm withf = 0.196, 0.042, and 0.089 far*, and A at
UV/Vis Absorption Spectroscopy of Radical Anions.Our 370, 510, and 746 nm with= 0.225, 0.027, and 0.078 f&r*,

attempts to examine the radical anionsdo®, 7, and8 were respectively. These calculated electronic transitions successfully

frustrated when we were unable to generdttg 6, 7°7, or reproduced the observed red and blue shifts ofithef 4,

8~ under PET conditions because of the lack of suitable 7-+ and8+ as compared with those 6t (Figure 1a-d).
electron-donor photosensitizers. Consequently, we adopted a ap, analysis based on the TD-UB3LYP/cc-pVDZ calculations
procedure involvingy-irradiation of low-temperature 2-meth- suggests that bands A’ ", and A" of 4, 67+, 7+, andg*
yltetrahydrofuran glassy matric@$3that contained, 6, 7, and originate from SOMO— LUMO transitions, whereas bands C,
8. As shown in Figure 1eh and summarized in Table 47,34 C', C', and C" arise from SOMOX — LUMO transitions K
6,34 7°~, and8"~ possessed intense absorption bands #th ~ _ 4 3’, 4, and 5 for++, 67+, 7+, and8™*, respectively). Figure

at 408, 406, 416, and 412 nm, respectively. Bothand8™, 4 yrovides a schematic representation of the MOs associated
which contain 1,3-butadiene subunits, exhibited broad absorptlonwith the calculated transitions for bands A’ A" and A"

bands, andl*~ and6*~ displayed sharp absorption bands. and bands C, CC', and C" of 4, 6+ 7+ and 8+

Di . respectively. For convenience, the representations of SOMO-
IScussion X, SOMO, and LUMO for4*, 6+, 7+, and 8t have been
Elucidation of the Molecular Orbitals (MOs) of Neutral replaced with the corresponding HOMQ-HOMO, and LUMO

Precursors using Orbital Interaction (Ol) Theory. Figure 2 of the neutral moleculegl, 6, 7, and 8, calculated using

presents a graphical model of electronic coupling in neutral RB3LYP/cc-pVDZ. Note that each SOMRpossesses a similar
precursorsd and 7. The MOs of4 are derived from those of  type of MO with orbital coefficients at the atoms of the
the ethylene subunits @& and norbornenedj, and the MOs of benzhydrylidene subunits only, and that the distribution patterns
the ethylene and 1,3-butadiene subunit§ ahd 2,3-dimethyl- of the orbital coefficients of the SOMOs and LUMOs are in
enenorbornanel ) represent those af. The HOMOs of6 and line with those shown in Figure 2. Therefore, the observed red
9 are allowed to interact with each other efficiently to yield the and blue shifts of the absorption bandstof, 6°*, 7°*, and8'*+
HOMO of 4 having an antibonding character, because the three can be clearly explained in terms of changes in the energy levels
orbitals at C-7 of6 and at C-2 and C-3 d are in phase with of the MOs induced by electronic coupling among C-2, C-3,
each othef® Conversely, any electronic coupling between the and C-7, as outlined above.
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Figure 3. Electronic transitions of the radical cations<{4}l) and radical anions (e)h) of 4 and6—8 calculated using TD-UB3LYP/cc-pVDZ.

(a) 4+ (b) 6+ ©7* (d) 8+

LuMO

A A™

SOMO
————

Figure 4. MOs of the radical cations of and6—8 (a)—(d) associated with bands A,'AA", and A" and C, C, C", and C".

The shift pattern of the absorption bands&f is of some shown in Figure 3eh and summarized in Table 1, gakg at
interest. The hybrid radical cati@™ has the smallest SOMO 385 nm withf = 0.239 for4*~, 1¢r at 380 nm withf = 0.235
LUMO gap a result of the increase in the SOMO coincident for 6°, l¢rat 398 nm withf = 0.125 for7°~, andle at 431 nm
with a lowering of the LUMO levels when compared with those with f = 0.091 for8'~. Thesele; are mainly due to HOMG~
of 6. Consequently, band 'A in 8% occurs at a longer = SOMO electronic transitions, with the HOMOs and SOMOs of
wavelength than bands A,’Aand A’ of 4**, 6*, and 7°*. 4=, 6°", 7°7, and8'~ corresponding to the SOMOs and LUMOs
However, because band' ®f 8" arises from the SOMO-5- of 4+, 6'F, 7+, and8'*, respectively (Figure 4). The absorption
SOMO transition, whose energy gap is comparable to that of bands of4*~, 6°—, 7°~, and8'~ correspond to bands A,'AA",
the SOMO-4— SOMO transition of4**, then band C of 8'* and A" of 4, 6F, 7**, and 8%, respectively; therefore, the
is predicted to behave similarly to band C4f and, indeed, red shifts observed in the absorption bandg ofand7°~, when
the experimental results show a very high level of consistency compared with that of*~, can reasonably be described in terms
with the theoretical calculations for the radical cation system of MOs and reproduced successfully using TD-DFT calcula-
of the 7-benzhydrylidenenorbornene derivatives. tions. Unfortunately, the calculated result ®r conflicts with

Similarly, the TD-UB3LYP/cc-pVDZ calculations for the the observed behavior. An excellent agreement of the pattern
optimized structures (vide infra) af—, 6, 7°~, and 8, as of absorptions foB*~ with that of electronic transitions indicates
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Figure 5. Side views of neutral (&)(d), radical cation (e}(h), dication (i)-(l), and radical anion (m}(p) species ot and6—8 and1~ (q), 1°
(r), and1* (s) optimized using the (U)B3LYP/(aug-)cc-pVDZ calculations.

the adequacy of the TD-DFT calculation. On the other hand,
from the TD-DFT calculation, the absorption bandof would
occur at the longest wavelength among those found4foy
6", and7*". In fact, the observed band f@~ is shifted to a
wavelength shorter than that @f~. At present, we are unable
to explain this result, although higher-level MO calculations
might resolve the issue.

Geometry Optimization Using DFT Calculations. DFT
calculations were used to provide insight into the molecular
geometry. In Figure 5ad, the C-+C-7—C-4 skeletons of
neutral4, 7, and8 are bent slightly toward the C-8C-6 side,
whereass possesses a symmetrical molecular geometry at the
RB3LYP/cc-pVDZ level of theory. Interestingly, the C-C-
7—C-4 skeletons o™ and8"* bend toward the C-2C-3 side
with a magnitude that is larger than in eitl@t or 7°* (Figure
5e—h). At the UB3LYP/cc-pVDZ level, the magnitude of the
bent structure of the C-1C-7—C-4 skeletons to C-2C-3 is
5.2 [=(360.0 — 115.0)/2 — 117.3] for 4" and 4.2
[=(360.0 — 114.5)/2 — 118.6] for 8'*. Although this result
is consistent with the nonclassical nature of the radical cdtion,
the magnitude of the bend is somewhat smaller than might be
anticipated from the observedfacial selectivity under PET
conditions (Scheme 1). The bend in the €a-7—C-4 skeleton
of nonclassical catiorl® toward the C-2-C-3 side can be
calculated as 32%8[=(360.00 — 127.3)/2 — 83.6"] at the
RB3LYP/cc-pVDZ level (Figure 5s). As shown in Figure 6,
the bent structure dft can be explained by the attractive force
among C-2, C-3, and C-7 induced by the presence of two
electrons in the HOMO with a bonding character, with any

f—
; ~
. (& ]
/ — [l
= L ¥ 2 i /
—-— p
.
‘
i ’
B e

Figure 6. Ol of 1* among thep-orbitals at C-2, C-3, and C-7.

potential repulsive forces absent, as no electron exists in the
LUMO with an antibonding character. In contrast,4m and

8", repulsive forces are active among C-2, C-3, and C-7 due
to the presence of an electron in the SOMO with an antibonding
character (Figure 4). For this reason, the structure$ ofind

8" will be less bent than that dff. The hypothetical dications
42+ and 82*, which have no electrons in an antibonding MO,
are bent even more significantly as muchlas(Figure 5i and

51). Note that6*™, 7°, 62, and72" do not have bent structures
(Figure 5f,g,j,k) because their SOMOs or HOMOs having a
nonbonding character. These results strongly point to strong
electronic coupling among C-2, C-3, and C-7 in the HOMO in
4 and8, but its absence i and7. These results are consistent
with those obtained using Ol theory and are indicative of the
nonclassical nature of* and 8. In this sense, the neutral,
radical cation, and dication states of 7-benzhydrylidenenor-
bornene derivatives correspond with, 1°, and1™, respectively.
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(a) 4 (b) 6™ ©7* (d) 8+
e Ph |i Ph |4 Ph |4
Ph =p=+0.867 Ph=;i =p=+0.968 Ph=;i Sp=+0.948 Ph~; Sp=+0.873
~u =q=+0.619 II =q=+0.678 NU 5q=+0.693 TI =q=+0.660
i ZE- Sp=+0.133 Lb Sp=+0.032 Sp=+0.052 ___ _______ Sp=+0.127
/ $q=+0.381 5q=+0.322 5q=+0.307 / =q=+0.340
(e) 4~ (f) 6~ Q7" (h) 8-
Ph |- Ph |2 Ph |2 Ph |-
Ph~( Sp=+0.995 Ph=j Sp=+0.972 Ph=j =p=+0.651 Ph~; Sp=+0.661
TJ 2q=-0.611 TI 2q=-0.792 TJ 2q=-0.570 TJ 2q=-0.539

Lb Sp=+0.005 Lb Sp=+0.028 Sp=+0.349  _ =p=+0.339
/) $q=-0.389 5q=-0.208 3q=-0.430 / 5q=-0.461

Figure 7. 7. Sum of the partial spirpj and charged) densities of the benzhydrylidene subunit and residual subunit in radical catiet(gl{@nd
radical anions (e}(h) of 4 and6—8 calculated using UB3LYP/cc-pVDZ.

On the basis of the concepts outlined above, it is anticipated radical cations and radical anions. Especially, we are the first
that7*~ and8~ have a nonclassical nature with bent structures to demonstrate the nonclassical nature of radical anions. DFT
induced by the presence of an electron in their SOMO having calculations demonstrate that the radical catidrisand 8"+
a bonding character, wheredts and6'~ have a classical nature  and radical aniong*~ and8~ have a nonclassical nature with
and nonbent structures because of a SOMO with a nonbondinga pent structure and delocalized electronic state, whereas the
Character. Essentia"y, DFT Ca|Cu|ati0nS at the UBBLYP/CC' rad|cal Cation§°+ and7'+ and rad|ca| aniong'— ande'— have
pVDZ level point to the C-+C-7—C-4 skeletons of/*~ and
8~ being bent to the side of the C-Z-3 and C-5-C-6 subunit
by 3.0° [=(360.00 — 113.5)/2 — 120.3] and 5.7 [=(360.0°
— 113.1)/2 — 117.8], respectively, whereaé~ and6*~ lack
such structures (Figure 5ap). Although8'* is bent to the C-2
C-3 side,8"~ bends to the C-5C-6 side, reflecting the hybrid
character o# and?7.

The sum of partial sping) and charged) densitiesZp and

a classical nature with a nonbent structure and localized
electronic state. These differences in molecular geometry and
electronic structure are clearly reflected in the red and blue shifts
and in the shapes of the absorption bands in UV/vis absorption
spectra, which are reproduced successfully by the TD-DFT
calculations. Further, changes in the absorption bands can be
accounted for by Ol theory. The contrasting nonclassical and
$q, computed from DFT calculatior®é,are shown in Figure 7 classic_al natures can be gttributed to _differences in the p_attern
and provide insight into the electronic structure. The values, ©f their electronic coupling. In particular, the topological
3p = +0.867 andsq = +0.619, of the benzhydrylidene subunit agreement and disagreement of the orbitals at C-2, _C-3 .(or C5
in 4+ are less than those 6f*, which are+0.968 and+0.678, C-6), and C-7 strongly control the nature of the radical ions in
respectively. Consequently, the corresponding values of thethe 7-benzhydrylidenenorbornene system. From the viewpoint
residual subunit of-0.133 and+0.381 are greater than those Of MOs, the neutral, radical cation, and dication states of the
of 6" of +0.032 and+0.322. The spin and charge distributions  7-benzhydrylidenenorbornene derivatives correspond to the

of 4+ resemble those & (Zp = +0.873 and=q = +0.660 anion, radical, and cation states of 7-norbornenyl, respectively.
in the benzhydrylidene subunit), whereas the spin and chargeOur results provide meaningful information, not only for the
distributions of6** are closer to those of** (Zp = +0.948 pure radical ion chemistry of the organic compounds but also

and Zq = +0.693). These results are consistent with the for the application of molecular design in new redox systems
nonclassical nature of** and 8'*, whose spin and positive  containing topological characteristics.

charge are delocalized not only in the benzhydrylidene subunit
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