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Abstract: Product analyses and nanosecond time-resolved spectroscopy on laser flash photolysis were
studied for the photoinduced electron-transfer reaction of 3,4-di(a-styryl)furan (6a). A combination of these
results, kinetic, density functional theoretical (DFT), and time-dependent DFT analyses enabled assignment
of the absorption to the tetramethyleneethane (TME)-type radical cation (7a’t, Amax = 392 nm) and the
corresponding singlet biradical (:7a*, Amax = 661 nm). These two intermediates were mechanistically linked
to each other with a facile back electron-transfer reaction. The present studies provide a new method for

the generation of aryl-substituted TME-type intermediates.

Introduction

The tetramethyleneethane biradical (TME, Chart 1} is a
prototypical non-Kekdulenolecule. The main experimeraind

theoretical interest in this reactive intermediate is stimulated

Chart 1
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by an extraordinarily unique form of matter in terms of the
electronic structure and multiplicity. The usual method employed state of 3,4-dimethylenefura@+),2¢-a furan analogue of TME
to generate TME derivatives utilizes the photolytic or pyrolytic with an absorption maximuniay) at 560 nm, can be generated
decomposition of diazo compounds. For example, the singlet by photodeazetation of the diaze®é* Especially, Berson and
- co-workers developed a series of 3,4-dimethylenefuran deriva-
Unzv'gfs‘l’if‘”mem of Chemistry, Graduate School of Science, Tohoku ies by using the photodeazetation and produced brilliant
toSakya; Prefecture University. scientific achievements.However, this approach for TME
éﬁJnit\(tertsityf?AletQé{amal-_ = for Ad A Materials. Tonok generation is limited by the fact that it is difficult to prepare
Umvgrss:t;eo ultidisciplinary rResearch ior vance aterials, onoku the Corresponc_ilng d_lazen_e preCUrSOfS. .
Ikeda and Miyashi previously reported that the photoinduced
electron-transfer (PET) degenerate Cope rearrangement of 2,5-

(1) (a) Pittner, J.; Nachtigall, P-;&@8sky, P.J. Phys. Chem. 2001, 105, 1354
1356. (b) Rodlguez E. R.; Reguero, M.; Caballol, B. Phys. Chem. A

200Q 104, 6253-6258. (c) Filatov, M.; Shaik, Sl. Phys. Chem. A999
103 8885-8889. (d) Nachtigall, P.; Jordan, K. D. Am. Chem. So&993
115 270-271. (e) Dowd, P.; Chang, W.; Partian, C. J.; Zang,MPhys.
Chem 1993 97, 13408-13412. (f) Nachtigall, P.; Jordan, K. 3. Am.
Chem. Socl992 114, 4743-4747. (g) Du, P.; Borden, W. T. Am. Chem.
S0c.1987 109, 930-931. (h) Dowd, P.; Chang, W.; Paik, Y. H. Am.
Chem. Soc1986 108 7416-7417. (i) Lahti, P. M.; Rossi, A. R.; Berson,
J. A.J. Am. Chem. S0&985 107, 2273-2280. (j) Dowd, PJ. Am. Chem.
Soc 197Q 92, 1066-1068. (k) Dolbier, W. R., JiTetrahedron Lett1968
4, 393-396. (I) Longuet-Higgins, H. CJ. Chem. Phys195Q 18, 265—
274.

(2) (a) Bangal, P. R.; Tamai, N.; Yokoyama, Y.; TukadaJHPhys. Chem. A
2004 108 578-585. (b) Maier, G.; Senger, &ur. J. Org. Chem1999
1291-1294. (c) Matsuda, K.; lwamura, H. Chem. Soc., Perkin Trans. 2
1998 1023-1026. (d) Matsuda, K.; Iwamura, H. Am. Chem. S0d.997,
119 7412-7413. (e) Nash, J. J.; Dowd, P.; Jordan, K.DAm. Chem.
So0c.1992 114, 10071-10072. (f) Jelinek-Fink, H.; Christl, M.; Peters,
E.-M.; Peters, K.; Schnering, G. €hem. Ber1991, 124, 2569-2575. (g)
Dowd, P.; Chang, W.; Paik, Y. HI. Am. Chem. So0d.987, 109, 5284-
5285. (h) Bushby, R. J.; Mann, S.; Jesudason, MT¥trahedron Lett.
1983 24, 4743-4744. (i) Bauld, N. L.; Chang, C.-S.. Am. Chem. Soc.
1972 94, 7594-7595. (j) Gajewski, J. J.; Shih, C. N. Am. Chem. Soc.
1969 91, 5900-5901.
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(3) (a) Tukada, H.; Bangal, P. R.; Tamai, N.; Yokoyama,JY Mol. Struct.

(Theochemn?2005 724, 215-219. (b) Datta, S. N.; Mukherjee, P.; Jha, P.
P.J. Phys. Chem. £003 107, 5049-5057. (c) Havlas, Z.; Michl, JJ.
Mol. Struct. (Theocheyl997 398-399, 281-291. (d) Prasad, B. L. V.;
Radhakrishnan, T. B. Mol. Struct. (Theocheni996 361, 175-180. (e)
Lahti, P. M.; Ichimura, A. S.; Berson, J. A. Org. Chem1989 54, 958—
965. (f) Choi, Y.; Jordan, K. D.; Paik, Y. H.; Chang, W.; Dowd,JPAm.
Chem. Soc1988 110, 7575-7576.

(4) (a) Heath, R. B.; Bush, L. C.; Feng, X.-W.; Berson, J. A.; Scaiano, J. C;

Berinstain, A. B.J. Phys. Chen1993 97, 13355-13357. (b) Greenberg,
M. M.; Blackstock, S. C.; Berson, J. A.; Merrill, R. A.; Duchamp, J. C;
Zilm, K. W. J. Am. Chem. S0d991, 113 2318-2319. (c) Greenberg, M
M.; Blackstock, S. C.; Stone, K. J.; Berson, J.JAAM. Chem. Sod 989
111, 3671-3679. (d) Scaiano, J. C.; Wintgens, V.; Haider, K.; Berson, J.
A. J. Am. Chem S0d.989 111, 8732-8733. (e) Scaiano, J. C.; Wintgens,
V.; Bedell, A.; Berson, J. AJ. Am. Chem. S0d.988 110, 4050-4051.
(f) Zilm, K. W.; Merrill, R. A.; Greenberg, M. M.; Berson, J. Al. Am.
Chem. Soc1987, 109, 1567-1569. (g) Greenberg, M. M.; Blackstock, S.
C.; Berson, J. ATetrahedron Lett1987 4263-4266. (h) Stone, K. J.;
Greenberg, M. M.; Goodman, J. L.; Peters, K. S.; Berson, 1J.AAm.
Chem. Soc1986 108 8088-8089.
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Scheme 1 Scheme 2
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di . . . Scheme 3 2
iaryl-1,5-hexadienes4( Scheme 1) by using a tetradeuterio- A
labeled compounddg-4 or ds-4') as a substrate and 9,10- E i COR \'
dicyanoanthracene (DCA) as an electron-accepting photosensitizer OJE i O;rcon — O_ /8 6ab
(Sens) (Scheme ?)The important key process of the mecha- Ar
nism is the highly exothermic back electron transfer (BET) from 13a: Ar = Ph

DCA"~ to 1,4-diarylcyclohexane-1,4-diyl radical catio®r),
given by intramolecular cyclization of the initially formekit,
to form 1,4-diarylcyclohexane-1,4-diyl biradicab). The
existence ob* was recently confirmed by thermoluminescence
experimen€ while 5+ was observed with nanosecond time-

10: E=COCHy  &: 11: R=0H
ST 3 cl 13b: Ar = 4-MeOCgH,
aConditions: (i) KOH/CHOH/H,O; (ii) HCI aq, yield, 100%; (iii)
SOCH; (iv) AlCIs/benzene forl2a yield, 85% from11 or AlCls/anisole
for 12b, yield, 13% from11; (v) PhsPCHl/t-BuOK, THF, yield, 65% for
6a, yield, 23% for6b.

resolved absorption spectroscopy on laser flash photolysis Table 1. Oxidation Potentials (Ey2) and Free Energy Changes

(LFP)52€ Bauld@ and Williams®¢ also demonstrated an in-

tramolecular cyclization processes of the 1,5-hexadiene unit

triggered by one electron oxidation.

In the studies described below, we have uncovered a new
method to generate TME-type radical cations and biradicals by

using synthetically convenient methods that rely on intramo-

lecular cyclization processes of the 1,5-hexadiene radical cation

unit>7’ This is exemplified by the PET reactions of the 3,4-di-
(a-styryl)furan derivative$ (Scheme 2), in which the initially
formed radical cation&*" undergo cyclization to produce TME-
type radical cationg**. This is followed by BET from the
sensitizer radical anion to give TME-type biradicadts This

(AGgr) of Electron-Transfer Reactions Associated with DCA* or
NMQ*BF4*

AGer(DCAY AGer(NMQ*BF,7)?
conditions E% 2V eV eV
6a +1.87 —-0.34 —1.33
6b +1.42 —0.79 —-1.78

aValue vs SCE, 0.1 Mh-BusN*tBF;~ in CH,Cl,, platinum electrode,
scan rate 100 mV3, irreversible waveE®y, = Ega — 0.03 V.P AGer =
E°X1/2(6) — Eredug(SenS)— Eofo(SenS)— €?/er 10 Eredl/g(DCA) =-0.89V
vs SCE,Ep-o(DCA) = 2.87 eV,E™d ,(NMQ*BF;~) = —0.51 V vs SCE
andEp—o(NMQ'BF,~) = 3.48 eV; the coulomb terng?er, is +0.23 eV in
CH.Cl,.

dimethylenefuran radical catio2*("). Below, we describe the

method not only represents a new approach to the generationresuns of product analyses, nanosecond time-resolved absorption

of TME-type biradicals but also serves to generate a new TME-

type of radical cation about which little is knowWmamely, 3,4-

(5) (a) Miyashi, T.; Ikeda, H.; Takahashi, xcc. Chem. Re4.999 32, 815—
824. (b) Ikeda, H.; Takasaki, T.; Takahashi, Y.; Konno, A.; Matsumoto,
M.; Hoshi, Y.; Aoki, T.; Suzuki, T.; Goodman, J. L.; Miyashi, J. Org.
Chem.1999 64, 1640-1649. (c) Ikeda, H.; Minegishi, T.; Abe, H.; Konno,
A.; Goodman, J. L.; Miyashi, TJ. Am. Chem. S04.998 120, 87—95. (d)
Ikeda, H.; Ishida, A.; Takasaki, T.; Tojo, S.; Takamuku, S.; Miyashi).T.
Chem. Soc., Perkin Trans.1D97 5, 849-850. (e) Ikeda, H.; Minegishi,
T.; Takahashi, Y.; Miyashi, TTetrahedron Lett1996 37, 4377-4380.
(f) Miyashi, T.; Takahashi, Y.; Ohaku, H.; Ikeda, H.; Morishima, Sire
Appl. Chem1991, 63, 223-230. (g) Miyashi, T.; Ikeda, H.; Konno, A.;
Okitsu, O.; Takahashi, YPure Appl. Chem199Q 62, 1531-1538. (h)
Miyashi, T.; Konno, A.; Takahashi, ¥J. Am. Chem. So2988 110, 3676~
3677.

(6) (a) Namai, H.; lkeda, H.; Hoshi, Y.; Mizuno, Kkngew. Chem., Int. Ed.
2007, 46, 7396-7398. (b) Namai, H.; Ikeda, H.; Hoshi, Y.; Kato, N.;
Morishita, Y.; Mizuno, K.J. Am. Chem. So@007, 129 9032-9036.

(7) (a) Lorenz, K.; Bauld, N. LJ. Catal. 1985 95, 613-616. (b) Williams,
F.; Guo, Q.-X.; Bebout, D. C.; Carpenter, B. K. Am. Chem. S0d.989
111, 4133-4134. (c) Guo, Q.-X.; Qin, X.-Z.; Wang, J. T.; Williams, .
Am. Chem. Socd988 110, 1974-1976.

(8) (a) Norberg, D.; Larsson, P.-E.; Dong, X.-C.; Salhi-Benachenhou, N.;
Lunell, S.Int. 3. Quantum Chen2004 98, 473—-483. (b) Ikeda, H.; Tanaka,
F.; Akiyama, K.; Tero-Kubota, S.; Miyashi, T. Am. Chem. So2004
126, 414-415. (c) Miler, B.; Bally, T.; Gerson, F.; Meijere, A. d.; Seebach,
M. v. J. Am. Chem. Soc2003 125 13776-13783. (d) Gerson, F.;
Schmidlin, R.; Meijere, A. d.; Sfth, T. J. Am. Chem. Sod995 117,
8431-8434. (e) Gerson, F.; Meijere, A. d.; Qin, X.-Z. Am. Chem. Soc
1989 111, 1135-1136.

spectroscopy on LFP & and preliminarily theoretical analyses
of the electronic structure 6" and7* using density functional
theory (DFT).

Results and Discussion

Syntheses and Electron Donating Properties3,4-Di(a-
styryl)furan6awas prepared from acid chlorid® by Friedet-
Crafts reaction followed by Wittig olefination of 3,4-diben-
zoylfuran (L3a, Scheme 3). Compount? was obtained from
dimethyl 3,4-furandicarboxylatel(). The anisyl derivativééb
was prepared from the corresponding ful&b using the same
method.

Furans6a and 6b are relatively good electron donors and
their oxidation potentialsE*;;) in CH,Cl, are low enough to
guench the excited singlet state of DCA aNemnethylquino-
linium tetrafluoroborate (NMOBF,)° exothermically (Table
1). Free energy changeAGer) associated with the forward
electron transfer are all negative as calculated according to the
Rehm-Weller equatiort® In accord with calculated thermody-

(9) Yoon, U. C.; Quillen, S. L.; Mariano, P. S.; Swanson, R.; Stavinoha, J. L.;
Bay, E.J. Am. Chem. S0d.983 105, 1204-1218.
(10) Rehm, D.; Weller, Alsr. J. Chem.197Q 8, 259-271.
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Table 2. The DCA-Sensitized Photoreactions of 6a? with N
Diylophiles hv/ C(Klj BF4~ —toluene or DCA
diylophile time (h) product yield (%) I
NMQ*BF,~ } .
FN 15 9a 96 6a 7a™or7a
DMDCF 3.5 1l4a 84 CH3CN or CH,Cl,
MA 2 15a 92 (exo:endo= 65:35)
DMP® 2 16a 98 (trans)
DMM 3 16a 63 (exo, cis:endo, cis- 85:15)

AOD
AOD

aA 5 mL solution in a test tube was irradiated kvia 2 kW Xelamp
through a cutoff filter (Toshiba L-39}, > 360 nm) at room temperature:
[6a] = 0.04 M, [DCA] = 1 mM, [diylophile]= 0.08 M in CH,Cl,. ® [DMF]
=012 M. 400 600 800
Aabs / NM

Figure 1. Transient absorption spectra obtained by LFRafunder (a)

Chart 2

(o} NMQ*BF;~—toluene/CHCN- and (b) DCA/CHCIl.-sensitized conditions.
NCE o} ph 0L Q Ph o) oh Bl Ph Q"BF4 (b) 2
% o ﬁ%j E% Table 3. Absorption Maxima (Amax) of Transients Observed on
E CNPh PH oo PH PH LFP of 6, Rate Constants for FN (ken) and MeOH (kweown) Addition,
and Assignment for Transients
14a exo-15a endo-15a 16a 2 P P
E = COzMe B max FN MeOH )
conditions nm M~1s7t M~is~t  assignment
. - 6a/NMQ*BF,~—toluene/CHCN 392 b 53x 10° 7a*
namics, the DCA flgorescence was efficiently quenche@®y 6b/NMO B, —toluene/CHCN 448 b 51 10° 7
and6b in CH.Cl, with large rate constantk{> 0.9 x 10% 6aDCA/CH,Cl, 661 1.1x 10’ b 17
M~1 s71) close to the diffusion-control rate. 6b/DCA/CH,CI, 665 3.0x 10" b 17k

Photoinduced Electron-Transfer Reaction.Irradiation (2
kW Xe lamp, 1 > 360 nm) of a degassed GEl, solution
containing DCA and6a led to the formation of a complex  chart 3
product mixture. When this photoreaction was carried out in

a At room temperature? Not determined because of no reaction.

Ar_ -
the presence of fumaronitrile (FN) as a trapping agent, the [4 R" O/\i(jCN
+ 2] type cycloadduc9awas produced in a 96% yield (Table Ar ~ "N
2). In a similar manner, PET reactions@d in the presence of aaCAT+ 18
dimethyl dicyanofumarate (DMDCF), maleic anhydride (MA), a: Ar = Ph, b: Ar = 4-MeOCgH,

dimethyl fumarate (DMF), and dimethyl maleate (DMM) gave
the respective adducfsta 153 and16ain high yields (Chart 5.3 x 106 M~! s71].22 In contrastky associated with the 661-
2). The results strongly suggest the PET reactioedh which nm band of7a" increased linearly with FN concentratiok-
7a" serves as an intermediate. In addition, the observation that(7a+) = 1.1 x 10’ M~ s~1] while decay of7a", formed under
reaction of7a* with DMM took place with stereochemical  DCA-sensitized conditions, was not affected by MeOH. Similar
retention suggests that the 4 2] type cycloaddition reaction  gbservations were made in the LFP studies wih(Table 3).
occurs in a concerted manner. These complementary results strongly support our assignments
Laser Flash PhotolysisNanosecond time-resolved absorp- for LFP experiments.
tion spectroscopy on LFP was used to observe the reactive The rate constarkyeon(7a™) is lower thankyeon of 5a*
intermediates,7" and 7= that participate in this pathway  [(6-8) x 108 M~*s~Y5¢and an axial, axial-chair conformer of
(Scheme 2). Under NM@BF, —toluene/CHCN conditions  the 1 4-diphenyl-2,3-dimethylcyclohexa-1,4-diyl radical cation
which reduce the efficiency of BE®,LFP of 6a or its anisyl [aaC-17a* in Chart 3, (5.6-8.8) x 108 M~ s~1].50 Similarly,
analoguesb gave rise to transient absorption bands wihx kueor(7b™) is lower thankyeon of aaG-17r* [(7.1—8.5) x
= 392 nm (Figure 1a, Table 3) or 448 nm, respectively. In 105 M1 57150 These results suggest that a positive charge
contrast, under the DCA/CRI, conditions, LFP of6a or &b delocalizes effectively in the conjugated system bridged by an
produced the respective transient absorption bands at 661 Nnyyygen atom. In addition, the parent dt is known to react
(Figure 1b) or 665 nm. On the basis of their analogy to that of with FN to give adductL8 with a rate constarien(2) of 3.2
the parent TME biradicalX*, vide supra) along with kinetic . 108 M~1 51 (295 K) 42 The fact thaken(7a") is smaller than
analyses and quantum calculations (vide infra), these absorption(2+*) suggests that spin delocalization in the more conjugated
bands are assigned Tar* and7b™ with the singlet multiplicity  present system slows the trapping reaction (vide infra).
(*7a and7b"). DFT Calculation. Theoretical calculation is essential to
It is interesting that the rate constant for decy of the  gjycidate the molecular geometry and electronic structure today.

392-nm band associated wiflar", formed under NMQBF,™— DFT calculation often gives satisfactory resdftStephens and
toluene/CHCN conditions, was not dependent upon the con-
centration of FN but that it increased in a linear manner with (12) In this reaction, the intermediacy 8¢ is predicted, though any obvious

i i i +) = MeOH adduct was not isolated. When a similar PET reaction was subjected
an increase with the concentration of MeOkilon(7a™) for 4aor 1,4-diphenyl-2,3-diazabicylo[2.2.0]hexane in £LH, containing

MeOH and chloranil as a sensitizer, two Me©Bdducts syn-and anti-

(11) (a) Ikeda, H.; Hoshi, Y.; Namai, H.; Tanaka, F.; Goodman, J. L.; Mizuno, 1,4-dimethoxy-1,4-diphenylcyclohexanes, were isolated in low yields.
K. Chem. Eur. J.2007 13, 9207-9215. (b) Ikeda, H.; Akiyama, K.; (Minegishi, T. Doctor Thesis. Tohoku University: Sendai, Japan, 1997.)
Takahashi, Y.; Nakamura, T.; Ishizaki, S.; Shiratori, Y.; Ohaku, H.; (13) (a) Eriksson, L. A.; Malkin, V. G.; Malkina, O. L.; Salahub, D. Rt. J.
Goodman, J. L.; Houmam, A.; Wayner, D. D. M.; Tero-Kubota, S.; Miyashi, Quantum Cheml1994 52, 879-901. (b) Eriksson, L. A.; Malkin, V. G.;

T. J. Am. Chem. So2003 125 9147-9157. Malkina, O. L.; Salahub, D. RJ. Chem. Phys1993 99, 9756-9763.
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p=+0222  p=+0.296

\ LB

g=+0.127 q=-0.103

Figure 2. Optimized molecular geometry and the selected charge and spin
densities § andp, respectively) offa* calculated using UB3LYP/cc-pVDZ.

co-workers reportéd that DFT/B3LYP [Becke's hybrid, three-
parameter function#l and the nonlocal correlation functional
of Lee, Yang, and P&l force field gave satisfactory results
of the vibrational absorption and circular dichromism spectra,
as compared with self-consistent field (SCF) or the second-
order Mgller-Plesset perturbation theory (MP2Jorce field.
Indeed in our experience, charge and spin densitean( p,
respectively) calculated with DFT/B3LYP method are good
enough to explain the reactivity of 2,2,3-tetraphenylbicyclo-
propenyl radical cations [ROB3LYP/6-31G(g¥]the molecular
geometry and electronic structure of the geminally diphenyl-
substituted trimethylenemethane radical cation (UB3LYP/cc-
pVvDZ)® and 1,4-diphenylcyclohexane-1,4-diyl radical cation
(5a", UB3LYP/cc-pVDZ)Maclassical and nonclassical radical
ions derived from 7-benzhydrylidenenorbornene analogues,
and otherg?!

(a)

(b)

Figure 3. The selected spin densities) (of (a) 12" and (b)'7a" on the

optimized structures calculated using UB3LYP/cc-pVDZ.

0.4 @ g4 ®
f f 411
0.2 0.2
0 " |I : ; 0t | | 1 | |
400 600 800 400 600 800
et/ NM et/ NM
0.4 (c) 044 (d)
f f
0.2 0.24
I_ I 743 l
0 T T I 0 .I T T T
400 600 800 400 600 800
Aet/ nM Aet/ M

Figure 4. Electronic transitions of (apa*, (b) 7a™, (c) 7a*, and (d)
37a* calculated using TD-UB3LYP/cc-pVDZ.

corrected with the zero-point energgE) of 17a* and37a>,

To elucidate the molecular geometry and electronic structure, yhich were computed to b&E(17a*) = 0.38 eV andAE(7a)

we examined DF# calculations for7a™ and 7a*. Figure 2
shows a nearly planar molecular geometry7aft optimized
using UB3LYP/cc-pVDZ. The calculated charge densitjex
the two terminal carbons of allyl cation unit a#0.127 and

= 0.47 eV, relative to the ground state @ (0 eV) by using
DFT calculations at the (U)B3LYP/cc-pVDZ level. Thus, the
singlet-triplet gap for 7a* is estimated to be ca. 0.09 eV.
Unfortunately, however, this value is not accurate judging from

—0.103, respectively, suggesting a regioselective nucleophilic pe total spinS? of 7a*. In our case, spin contamination is

attack of MeOH torat™ to give a possible addu@g. Similarly,
the spin densitiep at the two terminal carbons of allyl radical
unit are calculated to b£0.222 andt-0.296, respectively, which
are less than those é7a* (vide infra).

A similar molecular geometry was suggestedfeac (Figure
3b, vide infra) andf7a". Information about the multiplicity of
the ground state ofa* has come from the relative total energy

(14) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. Bhys.
Chem.1994 98, 11623-11627.

(15) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.

(16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(17) Itis reported that MP2 overestimates spin densities on carbon significantly
for some systems; see: (a) Krogh-Jespersen, K.; Roth, Bl.An. Chem.
Soc.1992 114, 8388-8394. (b) Raghavachari, K.; Roth, H. D. Am.
Chem. Soc1989 111, 7132-7136. (c) Roth, H. D.; Schilling, M. L. M.;
Raghavachari, KI. Am. Chem. So&984 106 253-255. (d) Raghavachari,
K.; Haddon, R. C.; Roth, H. DJ. Am. Chem. Sod983 105, 3110-3114.

(18) lkeda, H.; Hoshi, Y.; Kikuchi, Y.; Tanaka, F.; Miyashi, Org. Lett.2004
6, 1029-1032.

(19) Namai, H.; Ikeda, H.; Kato, N.; Mizuno, K. Phys. Chem. 2007, 111,
4436-4442.

(20) (a) Namai, H.; Ikeda, H.; Hirano, T.; Ishii, H.; Mizuno, . Phys. Chem.
A 2007 111, 7898-7905. (b) Ikeda, H.; Namai, H.; Hirano, Tetrahedron
Lett. 2005 46, 3917-3921. (c) lkeda, H.; Namai, H.; Hirano, T.
Tetrahedron Lett2005 46, 7631-7635.

(21) (a) Ikeda, H.; Namai, H.; Kato, N.; Ikeda, Tetrahedron Lett2006 47,
1857-1860. (b) Ikeda, H.; Namai, H.; Kato, N.; Ikeda, Tetrahedron
Lett. 2006 47, 1501-1504. (c) lkeda, H.; Tanaka, F.; Kabuto, C.
Tetrahedron Lett2005 46, 2663-2667. (d) Ikeda, H.; Tanaka, F.; Miyashi,
T.; Akiyama, K.; Tero-Kubota, SEur. J. Org. Chem2004 1500-1508.

(22) DFT calculation were performed using the program GaussidhMgures
2 and 3 were drawn using the WinMOPAC 3.9 softwifre.

(23) Frisch, M. J.; et alGaussian 98revision A.11.4; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(24) WinMOPAC,version 3.9; Fujitsu Ltd.: Tokyo, Japan, 2004.

negligible for37ar* (S = 2.0012 while[¥(= 2 for pure triplet)
but not forl7a" (£ = 0.3767 forl$~ 0 for pure singlet, but
not = 0 at this method because of its open shell character).
Therefore, theAE(17a*) of 0.38 eV is overestimated while the
singlet-triplet gap of 0.09 eV is underestimated. Wigh =
0.3767,17a" is assumed to be a 81:19 mixture of pure singlet
(B~ 0) and triplet (= 2). Therefore, the actual singlet
triplet gap andAE(*7a) is estimated to bea.0.11 (0.09/0.81)
andca. 0.36 (0.47— 0.11) eV, respectively. A comparison of
the spin densitiep at the two terminal carbons of allyl radical
unit in 12" and17a* (Figure 3) shows that odd electronstifer
are distributed into both the TME system and the phenyl groups.
The time-dependent (TD) DFT calculations show that the
electronic transition o7a™ should have an oscillator strength
(f) at det = 411 nm (Figure 4b) that is larger than thatGzf*
(Figure 4a). Thus, it appears that the 392-nm band (Figure 1a)
originates fron7a* rather tharbar™. The calculated electronic
transition forl7a* and37a* afforded contrastive results (Figure
4c and 4d). With electrons of the same spin in the two
nonbonding orbital$$7a* should not have any low-lying excited
states. Indeed, our TDDFT calculations on the triplet find no
transitions predicted above 400 nm (Figure 4d). TherefGee,
cannot be the species that absorbs at long wavelengths. In
contrast, inl7a* the two electrons in the nonbonding orbitals
have opposite spin. Consequently, excitation of an electron from
one nonbonding orbital into the other is possible in the singlet;
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Scheme 4
1 *
_Ga+ DCA" ;g7
AGETl1 * DCA™
_[6a7, DCAT] o5
1[7a™, DCA™]
- 1.58
hv
AGggr
By oo
_TaT*DCA |47
17a" + DCA 0.3
. ot
6a + DCA 0eV

a A plalusible energy diagram for DCA-sensitized PET reactiorb@f
in CHxCl,. Values of the relative energy are shown.

Chart 4
Ph Ph
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=
Ph Ph
19a 20a
Ph Ph Ph
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Ph Ph Ph
21a 22a 23a

so a long wavelength electronic absorption is expectedrtmr.
Although the value of® = 0.3767 for the UB3LYP wave
function for17a* makes TDDFT calculations unlikely to give
quantitatively reliable results for this state, it is worth noting
that our TDDFT calculations do predict a long wavelength
absorption at 743 nm fdi7a* (Figure 4c). Therefore, from the
combined experimental and calculation resul#& is much
more likely tharf7a* to be the species with the long wavelength
absorption that we observe experimentally (Figure 1b).
Estimate of the Rate Constant for BET Yielding TME
17a. Finally, an estimate of the free energy changes in BET
(AGger) from DCA*™ to 7a to givel7a* was calculated to be

to 7a* in a radical ion pair JTa™*, DCA*"], at 20°C in CH,-

Cl,. The parameters in these equations were those suggested
by Kikuchi and co-worke# [i.e., the electronic coupling matrix
elementV (18 cnT?), solvent reorganization energy (1.00

eV), vibration reorganization enerdy (0.3 eV), single average
frequencyv (1500 cnt?)] and Planck constartt, Boltzmann
constantk,, and the temperatur€ (293 K), respectively. This
calculation gave an estimatdg@er of 5.9 x 10 s71, which
corresponds to values in the top region of a bell-shaped curve
of kget versusAGger, suggesting efficient BET reaction.

4]_[3 12 o e—SSu
Keer = V2 20 x
WA, T, b=

w!

(Ag + AGger + why)
ex (1)
40k, T

S=A/hv @)

Unfortunately, at present, this estimatekgér has not been
checked experimentally yet. However, we have succeeded in
checking experimentally similar estimate ket in the PET
intramolecular cyclization of benzene analod@a (Chart 4)28
We recently reported a preliminary result of spectroscopic and
kinetic analyses ob-quinodimethane radical cati®?0a™ and
o-quinodimethan&0a that is mechanistically connected with
20a™. These analyses confirmed for the first time that the decay
rate constant of eeactive radical cation intervening in chemical
reaction agrees with the rise rate constant of the corresponding
reduced species formed by BET. We believe that similar BET
process must operate in the PET reactioB tifat includesr*
and7=.

Conclusion

The results described above demonstrate that the PET reaction
of 6 generates TME type reactive radical catiaits and the
corresponding biradicals. A key step for the conversion of
7" to 17 is BET® from the sensitizer radical anion ™.
These transients were characterized by using nanosecond time-
resolved absorption spectroscopy on LFP and DFT calculations.

—1.22 eV. This value was obtained by .a.nalyses of an energy Moreover, the generation 7+ is supported (1) by product
diagram (Scheme 4) for the DCA-sensitized PET reaction of analyses which show that PET reactionafwith diylophiles

6a in CH,Cl,. After excitation of DCA (2.87 eV), electron
transfer from6a to IDCA* with AGer = —0.34 eV gives a
radical ion pairl[6a*, DCA*"] with the energy of 2.53 eV.
Then, a facile cyclization, competing with BET giving the

starting materials, occurs exothermically to give another radical

ion pair[7a", DCA*"] with 1.58 eV. This value was estimated
as the difference in the total energy betwegar and 7a,
using (U)B3LYP/cc-pVDZ. A facile BET from DCA to 7a™
finally affords17a* with the calculated energy of 0.36 eV (vide
supra). Therefore, the difference in energy betwéfga™,
DCA*] and7a* + DCA affords AGger = —1.22 eV?

The value of—1.22 eV, when used in the eqs 1 and®2,
enabled an estimate of the rate constant for BET from DCA

(25) For the detail, see the Supporting Information.

(26) (a) Miller, J. R.; Beitz, J. V.; Huddleston, R. K. Am. Chem. S0d.984
106, 5057-5068. (b) Siders, P.; Marcus, R. . Am. Chem. Sod.981,
103 741-747. (c) Siders, P.; Marcus, R. . Am. Chem. S0d981, 103
748-752. (d) Van Duyne, R. P.; Fischer, S.Ghem. Physl974 5, 183—
197. (e) Ulstrup, J.; Jortner, J. Chem. Physl975 63, 4358-4368.
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yields characteristic [4 2] adducts and (2) by kinetic analyses
of the decay of7fa™ and7a" in the presence of MeOH and
FN, respectively. The PET reaction 6finvolves an intramo-
lecular cyclization reactidd that is similar to that taking place
in the benzene analoguda® even though the nature of the
products generated in the PET reactions of these substrates are
quite different. Specifically, it is quite interesting tHeagives
rise too-quinodimethan®0a, a Kekuletype product, whiles
yields the non-Kekllgype reactive intermediaté>.

The parent 3,4-dimethylenefurd&y and its analogues are
known to have a very small singtdriplet gap2d The singlet
triplet gap for7** was also estimated to be only 0.11 eV with

(27) Niwa, T.; Kikuchi, K.; Matsusita, N.; Hayashi, M.; Katagiri, T.; Takahashi,
Y.; Miyashi, T.J. Phys. Chem1993 97, 11960-11964.

(28) (a) lkeda, H.; lkeda, T.; Akagi, M.; Namai, H.; Miyashi, T.; Takahashi,
Y.; Kamata, M.Tetrahedron Lett2005 1831-1835. (b) Takahashi, Y.;
Ohya, Y.; Ikeda, H.; Miyashi, TJ. Chem. Soc., Chem. Commu995
1749-1750.

(29) Marcus, R. AAnn. Re. Phys. Chem1964 15, 155-196.
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DFT calculation and careful consideration to the spin contami- 100), 303 (14), 224 (13), 211 (14), 172, (14), 121 (19). Anal. Calcd
nation in‘7a*.3° Our TDDFT calculation of7a* may not be  for CoH200s: C, 79.50; H, 6.07. Found: C, 79.30; H, 6.12.
accurate because of spin contamination. However, the conclusion 9a. Colorless powder (CCl—ether), mp 216-212°C. *H NMR
that the ground state dfa is the singlet is still adequate by a (200 MHz, CDCY): dppn2.8-2.9 (m, 4 H), 3.30 (d) = 4.4 Hz, 1 H),
process of elimination. Note that the TDDFT calculation of the 344 (dd.J =4.8, 4.4 Hz, 1 H), 5.53 (s, 1 H), 5.57 (@~ 4.8 Hz, 1

. ' ; . H), 7.2-7.5 (m, 10 H).}3C NMR (50 MHz, CDC}) dppm 28.3, 28.6,
pure tr|plet state’7a cannot explain the observed transient 380, 39.2, 79.0, 81.6. 116.8, 118.0, 126.6 (2 C), 126.7 (2 C), 128.1,
absorption spectra ofa.

128.2, 128.7 (2 C), 128.8, 129.0 (2 C), 131.1, 131.4, 132.4, 138.7,
The results serve as the foundation of a new method to 139.1. IR (KBr): » 3400, 3050, 2950, 2850, 2800, 2230, 1600, 1495,
produce a variety of aryl-substituted TME radical cations and 1460, 1365, 1310, 1275, 1185, 1165, 1025, 1010, 960, 925, 905, 850,

biradicals and to analyze their properties. As a matter of fact, 815, 760, 755 cmt. MS (25 eV)nvz (relative intensity/%): 350 (M,
we also studied similar PET reactions of thiophene, pyrrole, 33), 272 (100, M — FN), 271 (22), 270 (13), 243 (28), 181 (10).
and 5,5-dimethyl-1,3-cyclopentadiene analogues (Charta- Anal. Calcd for GsH1eN20: C, 82.26; H, 5.18; N, 7.99. Found: C,
233 of 6; the results will be reported elsewhere. As compared 81.99; H, 5.34; N, 7.94.

to trimethylenemethar®, TME has not been used very much ~_14a Colorless powder (CiCl,—ether), mp 218220°C. *H NMR
for applications. Therefore, our results provide meaningful (200 MHz, CDCh): Oppm 2.6-3.2 (m, 4 H), 3.32 (s, 3 H), 396 (s, 3
information not only for pure TME chemistry but also for the H), 5.98 (s, 2 H), 7.27.6 (m, 10 H).°C NMR (50 MHz, CDC):

ecular desian of TMEs 1 o b as i Opm28.0,29.6,54.0,55.1, 57.8, 58.9, 83.6, 85.5, 113.4, 115.7, 126.4
molecular design o S for many applications, Such as in > ¢y 196 7 (2 ¢), 128.1, 128.2, 128.8 (2 C), 128.9 (2 C), 130.4 (2 C),

organic syntheses and molecular devices, where the TME 1350 1325 138.8 139.0. 161.1 163.6. IR (KBr3450, 3050, 2950
framework can be used as a building block of functionalized 2850, 2250, 1760, 1680, 1630, 1600, 1575, 1495, 1445, 1435, 1360,

organic materials. 1240, 1190, 1160, 1140, 1115, 1075, 1050, 1025, 1010, 955, 935, 910
) ] cm L. MS (70 eV)m/z (relative intensity/%): 466 (M, 8), 330 (25),
Experimental Section 273 (24), 272 (100, M — DMDCF), 271 (21), 270 (54), 243 (28),

241 (21), 165 (20), 163 (21), 91 (55). Anal. Calcd fosghdN,Os-
(H20)67 C, 70.28; H, 4.92; N, 5.85. Found: C, 70.30; H, 4.84; N,
5.90.

exo15a. Colorless powder (CkCl,—ether), mp 233234 °C. H

General Methods. All melting points are uncorrected. Elemental
analyses were performed by the Research and Analytical Center for
Giant Molecules, Graduate School of Science, Tohoku Univergity.
NMR spectra were recorded at 200 MHz on a Varian Gemini 2000. -
13C NMR spectra were obtained at 50 MHz on a Varian Gemini 2000. NME |_(|20(7) 3“{';25 CDcl%' I—?pE?CZSK/I:;O ég‘r\:HH)gsg ('5’62 H)é85‘163
Mass spectrometry (MS) was performed on a Hitachi M-2500 mass (s, ), 7.3-7.5 (m, )- ( Z, £): Oppm 28.

spectrometer with electron impact. Steady-state photolysis was carried(lzzgg ioé (213%)’282%(212)8, ;2(232 (41%’ 112;38 (ﬁRC)kéZ%;O(g C).
out at 20+ 1 °C using an Ushio 2-kW Xe short arc lamp through an b ’ 1§375 )11840. 1(785)71676 1(620)’ 1595 (1578' 149()0 ?440 1365
aqueous IR filter and a Toshiba L-39 cutoff filtet & 360 nm) for (bn), ’ ' ' ’ ' ’ ' ’ ' !

DCA. CH:CN was dried and distilled successively froa©pand CaH. éggogigzlgsézggoléég %;307;5?3;%1%;0?8 1\(/)25 97‘:'” ?40’ 920,
CH,Cl, was dried and distilled from Cat » 870, 855, 840, 820, 780, 755, (70 eV)m'z (relative

. intensity/%): 371 (M + 1, 23), 370 (M, 91), 273 (22), 272 (100,
Physical Data of 6, 9, and 1416. 6a.Colorless cubesithexane), M*+ — MA), 243 (20). Anal. Calcd for @HreOs(H:0)035 C, 76.58:
mp 82-84°C.™H NMR (200 MHz, CDC}): Oppm5.24 (S, 4 H), 7.& ' ' ' ’

H, 5.00. Found: C, 76.62; H, 5.03.
7.2 (m, 10 H), 7.41 (s, 2 HC NMR (50 MHz, CDCE): dppm 114.8 ’ ound: %, ” .
endel5a. Colorless powder (CKCl,—ether), mp 247249°C. *H
(2C), 126.2 (2 C), 127.2 (4 C), 127.5 (4 C), 127.9 (2 C), 140.3 (2 C), : A
, NMR (200 MHz, CDCH): ppm 2.7—4.0 (m, 4 H), 3.94 (ddJ = 4.0,
140.4 (2 C), 142.1 (2 C); IR (KBry 3150, 3100, 3050, 1600, 1570, -
2.3 Hz, 2 H), 5.67 (ddJ = 4.0, 2.3 Hz, 2 H), 7.37.5 (m, 10 H).13C
1530, 1490, 1445, 1320, 1300, 1220, 1200, 1140, 1120, 1080, 1055, ”
y : NMR (50 MHz, CDCE): 6pom28.5 (2 C), 52.5 (2 C), 79.1 (2 C), 126.4
1025, 900, 895, 880, 830, 810, 780, 775&nMS (25 eV)nvz (relative
) IO O (4 C), 127.9 (2 C), 128.6 (4 C), 130.4 (2 C), 131.4 (2 C), 139.1 (2 C),
intensity/%): 273 (M + 1, 15), 272 (M, 100), 243 (33), 181 (21), _

165 (52), 91 (17). Anal. Caled for@HhcO: C, 88.20; H. 5.92. Found. 167.9 (2 C). IR (KBr): v 3450 (br), 1870, 1785, 1490, 1440, 1360,
C. 88 06,‘ H 606 ’ oo T ’ 1300, 1220, 1110, 1070, 1025, 980, 960, 930, 835, 810, 770.cm
o e o 1 MS (70 eV) vz (relative intensity/%): 371 (M+ 1, 15), 370 (M,
6b. P'ale yellow solid ig-hexane), m37980 C.™H NMR (200 MHZ 56), 273 (22), 272 (100, M— MA), 243 (24), 181 (12), 165 (19), 91
CDCl): 0ppm3.79 (s, 6 H), 5.16 (d] = 1.6 Hz, 4 H), 6.73 (AA'BB, (12). Anal. Calcd for GH1504(H20)025 C, 76.89; H, 4.97. Found:

J=18.9 Hz, 4 H), 7.11 (AABB', J = 8.9 Hz, 4 H), 7.41 (s, 2 H)}3C C 76.93 H 4.96.

NMR (50 MHz, CDCH) 0ppm 55.2 (2 C), 113.2 (4 C), 126.4 (4 C), trans-16a. Colorless needles (G&l,—ether), mp 15%+152°C. H

T R Rty BCh e
(KBr): » 1603, 1578, 1533, 1508, 1458, 1394, 1304, 1178, 1138, 1113, 'y _ 4 g 145 1 H), 3.70 (ddJ = 5.4, 4.8 Hz, 1 H), 3.79 (s, 3 H),

S .
1022, 841, 750 crt. MS (70 eV)mvz (relative intensity/%): 332 (M, 5.46 (s, 1 H), 5.78 (dJ = 5.4 Hz, 1 H), 7.3-7.5 (m, 10 H)13C NMR

(50 MHz, CDCE): dppm 27.2, 29.8, 50.0, 50.8, 51.5, 52.6, 79.1, 81.7,

(30) As one of the referee pointed out, it is not a good idea to judge the electronic
state of7*, especially the singlet stat@~, with UDFT calculation, because 125.6,126.4 (2 C), 126.8 (2 C), 127.1,127.3,127.9, 128.4 (4 C), 133.5,

these “singlet” species must be a mixture of singlet and triplet states (spin 136.0, 139.7, 140.2, 170.3, 172.2. IR (KB#):3450, 3050, 2950, 2850,

contamination). The most straightforward way to solve the problem of 1745 1735 1595 1495 1430, 1365 1320, 1305 1075, 1015, 980
multiplicity may be an ESR study af* and a calculation study af by ; ’ ! ’ ' ! ’ o ! ’
uisng MP2, the complete active space SCF (CASSCF), or the perfect-pairing 900, 865, 820, 760, 700, 680 ctaMS (70 eV)miz (relative intensity/

general valence bond (GVB-PP) method. These studies are now in progress%): 417 (M™ + 1, 14), 416 (M, 45), 273 (23), 272 (100, M— DMF),

and will be published elsewhere. .
(31) (a) Maiti, A.; Gerken, J. B.; Masjedizadeh, M. R.; Mimieux, Y. S.; Little, 243 (22), 181 (12), 165 (15), 91 (15). Anal. Calcd fo€.0s: C,

R. D.J. Org. Chem2004 69, 8574-8582. (b) Allan, A. K.; Carroll, G. 74.98; H, 5.81. Found: C, 74.82; H, 5.86.

L.; Little, R. D. Eur. J. Org. Chem1998 1-12. (c) Little, R. D.Chem. exo, cisl6a. Colorless needles (Gil,—ether), mp 177179°C.

Rev. 1996 96, 93—-114. (d) Bregant, T. M.; Groppe, J.; Little, R. D.
Am. Chem. Sodl994 116 3635-3636. (€) Jacobs, S. J.; Shultz, D. A,  *H NMR (200 MHz, CDC}): dppm 2.5-3.0 (m, 4 H), 3.44 (s, 2 H),

i%l’:[>13 R(.f:) II\\IIIO\{ak’ J.;tDoTugTer:_tg, D.TA.KAm. C'Gerp. Sodsgiljﬁ 1(7:ﬁ¢ 3.75 (s, 6 H), 5.49 (s, 2 H), 7-27.5 (m, 10 H).13C NMR (50 MHz,

. atsumoto, T.; Ishida, T.; Koga, N.; lwamura, HAm. Chem. .

Soc.1992 114, 9952-9959. (g) Dougherty, D. AAcc. Chem. Red991 CDCl): dppm 28.1 (2 C), 51.3 (2 C), 52.4 (2 C), 80.3 (2 C), 125.8 (2
24, 88-94. (h) Trost, B. MAngew. Chem., Int. Ed. Endl986 25, 1-20. C), 126.7 (4 C), 127.4 (2 C), 128.6 (4 C), 135.8 (2 C), 139.5 (2 C),
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171.0 (2C). IR (KBr): v 3450, 2950, 1755, 1730, 1595, 1495, 1440, SCF (CASSCF), and the perfect-pairing general valence bond (GVB-
1360, 1330, 1215, 1190, 1170, 1055, 765, 745, 700'cMS (70 eV) PP) calculation to'7a* and '7b* are now in progress and will be

mvz (relative intensity/%): 416 (42, ¥, 273 (23), 272 (100, M — published elsewhere. Excitation energies were computed using time-

DMM), 243 (26), 165 (15), 91 (13). Anal. Calcd for.g240s: C, dependent density functional theory of the B3LYP level (TD-B3LYP)

74.98; H, 5.81. Found: C, 74.69; H, 5.90. with the cc-pVDZ basis set. DFT calculations for them were carried
endo, cisl6a.Colorless needles (GBIl.—ether), mp 176:179°C. out with the Gaussian 98 progra#hesing extended basis sets, including

'H NMR (200 MHz, CDC}): Oppm 2.6-2.9 (m, 4 H), 3.33 (s, 6 H),  d-type polarization functions on carbon.
3.49 (dd,J = 3.2, 2.2 Hz, 2 H), 5.54 (dd] = 3.2, 2.2 Hz, 2 H), 7.2
7.5 (m, 10 H).2*C NMR (50 MHz, CDC}): 6ppm 28.9 (2 C), 49.0 (2 Acknowledgment. H.l., K.M., and S.T.-K. gratefully ac-
C),51.4(2C), 79.0(2C), 126.6 (4 C), 126.9 (2 C), 127.8 (2 C), 128.3 knowledge financial support in the form of a Grant-in-Aid for
(147 4(1:5), 113;‘;5 (126%2)’ 1145262 (214C4)é 1‘153-375(21323-0'ngﬁmfz“gsov 12?758’ . Scientific Research on Priority Areas (Area No. 417) and others
! ' ' ' P . A ! ' '(Nos. 16655018, 18037063, and 19350025) from the Ministry
Zg?, ’ng (C$1 4'!')8’ g% (2\1/3)3;]/%?'8%\/06, ',atingm\:/‘)”)'zig(z(gzgl of Educatioq, Cult}Jre, Sports, Science, and Tgchnology of Japan.
(10), 165 (16), 91 (16). Anal. Calcd for,@4,:0s: C, 74.98; H, 5.81. H.l. thanks financial support by the Japan Science and Technol-
Found: C, 74.71: H, 5.83. ogy Agency for Research for Promoting Technological Seeds,
Measurement of Time-Resolved Absorption Spectra on LFP.  the Izumi Science and Technology Foundation, the Shorai
Nanosecond time-resolved absorption spectroscopy upon LFP wasFoundation, the Iketani Foundation for Science and Technology,
carried out with a pulsed YAG laser (Continuum Surelite-10, Nd, THG, and the Mazda Foundation. T.l. gratefully acknowledges
lex = 355 nm, 55 mJ) and a Xe arc lamp (150 W) as the monitoring financial support by the Sasakawa Scientific Research Grant
light. [62] = 25 mM, [DCA] = [NMQ"BF,] = 1.0 mM, [toluene}= from the Japan Science Society. We also thank Professor
2.0 M. For the details, see ref 11. Emeritus T. Miyashi (Tohoku University) and Professors S.

Quantum Chemical Calculations. The geometries of the radical . . . .
cations and biradicals were optimized at the unrestricted B3LYP level Koseki and T. Asada (Osaka Prefecture University) for enlight-

with the standard cc-pVDZ basis set. Vibrational analyses confirmed €Ning discussions.

a DFT stationary point as energy minima (no imaginary frequencies). . . .

Wavefunction analyses for charge and spin distributions used the —Supporting Information Available: Complete ref 23, DFT
conventional Mulliken partitioning scheni2 Spin contamination is  Calculation results, and an energy diagram for the PET reaction
negligible for6a*, 6b**, 7a*, and7b** (& = 0.7501+0.7503), and of 6a, and*H and*C NMR spectra of new compounds, @,

for 37a* and37b* (& = 2.0011-2.0012), but not fof7a* and 7b* and 14—16). This material is available free of charge via the
(8 =0.3716-0.3767). Application of MP2, the complete active space |nternet at http://pubs.acs.org.

(32) Mulliken, R. S.J. Chem. Phys1955 23, 1833-1840. JA074000B
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