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The [2+ 2] photoadditions of 3-methyl-2-cyclohexenone t@ Gnd*He@G, have been studied by a
combination of HPLC chromatography and FAB-MS, as well as IR*%hdnd*He NMR spectroscopies.

The total yield of the mixture of monoadducts was 55% (67% on the basis of the recovgreth€ use

of 3He NMR was especially powerful in determining the regioselectivity of the photoaddition reaction of
enone to G. Results of théHe NMR experiments conducted on the product mixture implicate the two
[6,6] bonds closest to the poles of the fullerene {@R and C5—CS6) in the photoaddition process. This
reaction mode is analogous to that of most thermal addition reactions tBeparation and characterization

of the product mixture shows that eight distinct monoadducts are formed in the photoaddition, namely,
the four diastereomeric adducts to the-12 and C5-C6 bonds of the & cage, each consisting of cis-

and trans-fused isomers in a ratio of 2:3. The major mode of photoaddition, accounting for 65% of the
product mixture, involves addition to the €C2 bond of the ovoid fullerene. Mechanistic implications

of these findings are discussed.

Introduction separated and definitively characterized using standard spec-
troscopic techniques (i.e., MS, IR, arii, 13C, and He
NMR).4=7 Such reactions are thought to take place via a
mechanism analogous to that for thef22] photocycloaddition

of enones to simple olefins in the presence of UV light, namely,
the stepwise addition of the enone triplet excited state to ground-
state alkenes via 1,4-biradical intermedidte's.

The analogous photoaddition of 3-methyl-2-cyclohexenone
(MCH) to Cyo (Scheme 1) is an inherently much more complex
reaction. The ovoid shape ofz£(Scheme 1), with its four
chemically distinct [6,6] bonds (as opposed to only one such

The photochemical [2+ 2] addition of enones to & is a
general and well-documented reactiod.A large variety of
cyclic enones add across the most reactive bond of the C
molecule, namely, the [6,6] bond between two adjacent six-
membered rings, when a mixture of the fullerene and the enone
is subjected to light in the UV region (ca. 300 nm). Photoex-
citation at longer wavelengths where only the fullerene absorbs
does not induce the addition process. Only two monoadducts
are formed in the reaction withgg corresponding to cis and
trans fusion of the four- and six-membered rings to the fullerene

core (Figure 1). These diastereomeric products have been (5)wilson, S. R.; Wu, Y. Chem. Commuri993, 784.
(6) Arias, F.; Xie, Q.; Wu, Y.; Lu, Q.; Wilson, S. R.; Echegoyen ..

 Dedicated in memoriam to Christopher Spencer Foote, 1935—2005. Am. Chem. Sod 994,116, 6388.
*New York University. (7) Welch, C. J.; Pirkle, W. HJ. Chromatogr.1992,609, 89.
§ Yale University. (8) Weedon, A. C. IrSynthetic Organic Photochemistry; Horspool, W.
(1) Wilson, S. R.; Kaprinidis, N.; Wu, Y.; Schuster, D.J. Am. Chem. M., Ed.; Plenum Press: New York, 1984; pp-6144.

So0c.1993,115, 8495. (9) Baldwin, S. W. InOrganic Photochemistry; Padwa, A., Ed.; Marcel
(2) Wilson, S. R.; Lu, Q.; Cao, J.; Wu, Y.; Welch, C. J.; Schuster, D. . Dekker: New York, 1981; Vol. 5, pp 123225.

Tetrahedron1996,52, 5131. (10) Carless, H. A. J. IiRhotochemistry in Organic Synthes@oyle, J.
(3) Wilson, S. R.; Wu, Y.; Kaprinidis, N.; Schuster, D. I.; Welch, C. J. D., Ed.; Royal Society of Chemistry: London, 1986; pp-93.7.

J. Org. Chem1993,58, 6548. (11) Caldwell, R. A.; Hrncir, D. C.; Munoz, T., Jr.; Unett, D.J.Am.
(4) Schuster, D. I.; Cao, J.; Kaprinidis, N.; Wu, Y.; Jensen, A. W.; Lu, Chem. S0c1996,118, 8741.

Q.; Wang, H.; Wilson, S. RJ. Am. Chem. S0d996,118, 5639. (12) Schuster, D. I.; Lem, G.; Kaprinidis, N. &hem. Re»1993,93, 3.
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FIGURE 1. ®He NMR spectrum of the product mixture resulting from theH{2] photocycloaddition of 3-methyl-2-cyclohexen-1-one tg.The

resonances at9.28 and—9.34 ppm relative to freéHe (0.0 ppm) correspond to trans- and cis-fused monoadducts, respectively. The resonance

at —6.34 ppm corresponds fe@ G.

SCHEME 1

Bond A Ci1-C2
BondB C5-C6
BondC C7-C21
Bond D C20-C21

bond in Gg), gives rise to the possibility of forming as many

14 possible regioisomers and diastereomers

An additional consideration is the regioselectivity associated

as 14 different regioisomeric and diastereoisomeric monoadductswith the addition of unsymmetrical polarized addends such as

of enone to @ (not counting enantiomersy. 18 Because the

alkyl azide$® and diazomethane derivati¥&g”across bond A,

addend (MCH) is unsymmetrical, regioisomers are generateda process which is strongly influenced by the marked polarity

by the addition across bond A (€EL2) and bond C (C#C21),

of this particular bond as a result of the curvature on the

while diastereomers can result from the addition across bond Bfullerene surfacé® The calculated Mulliken charges on the
(C5—-C6), corresponding to the six-membered ring of the enone carbon atom closest to the fullerene pole (C1)}-&0045, while
adduct pointing toward either the pole or the equator of the the charge on C2 is-0.0098%6:2930The addition of NCHy-
ovoid fullerene, respectively (Scheme 1). Only a single isomer CO;Me to Gy in 1-chloronaphthalene at 5 leads to the
can be formed as a result of an addition across bond D{C20 formation of the three isomeric triazoline$-3, Chart 1) in
C21), which is on the equator of the fullerene. Furthermore, yields of 36, 7, and 1%, respectivelyldentical regioselectivity
cis- and trans-fused structures are possible for each of the abovehas been observed for the thermal addition of diazomethane
isomers. From the well-established course of the ground-statederivatives to G227 This is an excellent demonstration of the

addition reactions of g, it was anticipated that photoaddition

enhanced reactivity of bond A of grelative to bond B, as

across the more strained [6,6] bonds associated with the regions

of greatest curvature on the;surface, namely, bonds A and

(20) Henderson, C. C.; Rohlfing, C. M.; Cahil, P. Bhem. Phys. Lett

B, would predominate over the addition at the much less strained1993,213, 383.

bonds (C and D}?"2* The degree of selectivity in photochemical
versus thermal addition to#could not be predicted.

(13) Andreoni, W.; Gygi, F.; Parrinello, MChem. Phys. Letf992 189,
241.

(14) Zhang, B. L.; Wang, C. Z.; Ho, K. M.; Xu, C. H.; Chan, C. I.
Chem. Phys1992,97, 5007.

(15) Zhang, B. L.; Wang, C. Z.; Ho, K. MChem. Phys. Lett1992,
193, 225.

(16) Boo, W. O. JJ. Chem. Educ1992,69, 605.

(17) Babic, D.; Klein, D. J.; Sah, C. HChem. Phys. Lett1993,211,
235-241.

(18) Taylor, R.Synlett2000,6, 776.

(19) Thilgen, C.; Herrmann, A.; Diederich, Angew. Chem., Int. Ed.
Engl. 1997,36, 2269.
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(21) Henderson, C. C.; Rohlfing, C. M.; Gillen, K. T.; Cahil, P. A.
Sciencel994,264, 397.

(22) Balch, A. L.; Catalano, V. J.; Lee, J. W.; Olmstead, M. M.; Parkin,
S. R.J. Am. Chem. S0d.991,113, 8953.

(23) Hirsch, A.; Grosser, T.; Skieve, A.; Soi, &hem. Ber1993,126,
1061.

(24) Bingel, C.Chem. Ber1993,126, 1957.

(25) Nuber, B.; Hirsch, AFullerene Sci. Technoll996,4, 715.

(26) Smith, A. B., lll; Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow,
W. J.; Owens, K. G.; King, R. CJ. Am. Chem. S0d 993,115, 5829.

(27) Bellavia-Lund, C.; Wudl, FJ. Am. Chem. S0d.997,119, 943.

(28) Thilgen, C.; Diederich, FTop. Curr. Chem1999,199, 135.

(29) Karfunkel, H. R.; Hirsch, AAngew. Chem., Int. EcEngl. 1992,
31, 1468.

(30) Grosser, T.; Prato, M.; Lucchini, V.; Hirsch, A.; Wudl, Angew.
Chem., Int. EAEngl. 1994,34, 1343.
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CHART 1

N~CH,CO.Me

well as the preferred interaction of the negatively polarized atom this technique extensively in studies of a variety of processes
of the dipolar addend, in this case, the nitrogen atom bearinginvolving both Go and Gy in collaboration with the Yale
the substituent, with the more positively polarized carbon of group#4°~34 He NMR can be a powerful tool for the study of
bond A (C1). One motivation of the present study was to see if equilibrium processes involving fullereng&sfand additionally,
analogous regioselectivity is observed for{2] photochemical the 3He NMR spectrum of the crude reaction mixture allows
addition pathways. In this connection there are two fundamental for the determination of the number and ratio of products in a
issues: (1) the degree of regioselectivity observed for the given reaction involving a fullerene because each isomer appears
addition of substrates in high-energy excited states versusas a singlet with its own characteristic chemical shift. Further-
substrates in the ground state ta,@nd (2) the question of the  more, no signals are observed that are derived from nonfullerene
direction and extent of polarization of the electron density in reaction components. With very few exceptions thus Yele
the reactive triplet excited state of the enone. This latter issue NMR is able to distinguish between all regioisomers and
has been a matter of considerable controversy in the organicdiastereomers produced in a given reaction as well as between
photochemistry literaturé.—46 monoadducts, bisadducts, and higher adducts. This is exempli-
The major challenge of the present study centered on thefied by Figure 1 in which the diastereomeric cis- and trans-
separation and structural characterization of the large numberfused adducts from the photoaddition of MCH de@Go
of monoadducts expected from photocycloaddition of MCH to appear as two distinct peaks separated by 0.05 ppm and centered
C70. From the beginning of this study, we had planned to take at about—9.2 ppm in the3He NMR spectrum; the signal for
advantage of the powerfdHe NMR technique developed by the starting material is at6.2 ppm relative to gaseousie.
Saunders and co-workers at Yale as a sensitive analytical probeThe major product was shown to be the trans-fused isomer by
of fullerene reactivity’”*® When fullerenes containing an IR and'H NMR analysis of the individual isomers following
endohedral magnetically activiéle atom (spin'/;) are used, separation by HPLC using a Buckyclutcher coluhfnAn
prepared at Yale by a high-pressure/high-temperature methodadditional feature of théHe NMR technique that turned out to
it is possible to follow the course of reactions on the fullerene be critical in the present study is that characteristic chemical
surface byHe NMR spectroscopy. We have previously utilized shifts are associated with adducts at each of the [6,6] bonds on
the surface of°He@Gy, allowing for tentative structural

(31) Gilbert, A.; Baggot, JEssentials of Molecular Photochemistry;  assignments for the photoadducts of MCH witfy © be made.
Blackwell Science, Inc.: Cambridge, MA, 1991; pp 27277.
(32) Turro, N. JModern Molecular Photochemistrigniversity Science

Books: Sausalito, CA, 1991; pp 45865. _ Results and Discussion
o 38) Sorey. E. 9 Bass, J. D LeMahleu, R.; Mitra, RJBAM. Chem. Initial Findings. The [2+ 2] photoaddition of MCH to &
(34) de Mayo, P.: Pete, J.-P.; Tchir, M. Am. Chem. Sod967, 89, was carried out on both analytical and preparative scales in
5712. _ deoxygenated toluene. The reaction mixtures of enone agd C
(35) de Mayo, P.; Pete, J.-P.; Tchir, I@an. J. Chem1968,46, 2535. were irradiated using a 300-W Hanovia lamp at about 300 nm
(36) de Mayo, P.; Nicholson, A. A.; Tchir, M. EZan. J. Chem1969,
47, 711.
(37) de Mayo, PAcc. Chem. Red971,4, 41. (49) Cross, R. J.; Jimenez-Vazquez, H. A.; Lu, Q.; Saunders, M.;
(38) Hoffmann, RJ. Chem. Phys1963,39, 1397. Schuster, D. I.; Wilson, S. R.; Zhao, Bl. Am. Chem. S0&996 118 11454.
(39) Hoffmann, RJ. Chem. Phys1964,40, 2480. (50) Jensen, A. W.; Khong, A.; Saunders, M.; Wilson, S. R.; Schuster,
(40) Zimmerman, H. E.; Swenton, J. $. Am. Chem. Sod 964, 86, D. I. J. Am. Chem. S0d.997,119, 7303.
1436. (51) Richardson, C. F.; Schuster, D. I.; Wilson, SQRg. Lett.2000,2,
(41) De Mayo, P.; Nicholson, A. A.; Tchir, M. ECan. J. Chem1970, 1011.
48, 225. (52) Guo, L.-W.; Gao, X.; Zhang, D.-W.; Wu, S.-H.; Wu, H.-M.; Li,
(42) Montgomery, L. K.; Schueller, K.; Bartlett, P. 0. Am. Chem. Y.-J.; Wilson, S. R.; Richardson, C. F.; Schuster, 0. IOrg. Chem200Q
Soc.1964,86, 622. 65, 3804.
(43) Bartlett, P. D.; Wallbillich, G. E. HJ. Am. Chem. S0d.969,91, (53) Zhou, Z.; Schuster, D. I.; Wilson, S. R. Org. Chem2003, 68,
4009. 7612.
(44) Bartlett, P. D.; Porter, N. AJ. Am. Chem. S0d 968,90, 5317. (54) Schuster, D. I.; Cheng, P.; Jarowski, P. D.; Guldi, D. M.; Luo, C;
(45) Wagner, P. J.; Schott, H. N. Am. Chem. S0d.969,91, 5383. Echegoyen, L.; Pyo, S.; Holzwarth, A. R.; Braslavsky, S. E.; Williams, R.
(46) Loutfy, R. D.; de Mayo, PJ. Am. Chem. S0d 977,99, 3559. M.; Klihm, G. J. Am. Chem. So@004,126, 7257.
(47) Saunders, M.; Cross, J. R.; Jimenez-Vazquez, H. A,; Shimshi, R.;  (55) Wang, G. W.; Saunders, M.; Cross, RJJAm. Chem. So2001,
Khong, A. Sciencel996,271, 1693. 123, 256.
(48) Saunders, M.; Jimenez-Vazquez, H. A.; Cross, J. R.; Poreda, R. J.  (56) Rubin, Y.; Jarrosson, T.; Wang, G. W.; Bartberger, M. D.; Houk,
Sciencel993,259, 1428. Cross, R. J.; Khong, A.; Saunders,MOrg. K. N.; Schick, G.; Saunders, M.; Cross, RAhgew. Chem., Int. E@001,
Chem.2003,68, 8281. 40, 1543.

J. Org. ChemVol. 71, No. 3, 2006 1193



JOC Article

(a)

FIGURE 2. HPLC chromatograph for the MCHC7o monoadduct

product mixture both (a) before and (b) after acid-catalyzed epimer- yo\wnfield from
ization of the trans-fused diastereomers to the corresponding cis—fusedwith those ob

homologues.

for 16—20 h. The resultant product mixture was partially
resolved by flash chromatography on silica using toluene as
the eluent, allowing for the separation of a mixture of isomeric
MCH—C7omonoadducts from unreactedd@nd higher adducts.
The overall yield of the mixture of monoadducts was 55% (67%
on the basis of the recovereddC

Analysis of the monoadduct product mixture by HPLC
chromatography, using both analytical and semipreparative

Cosmosil and Buckyclutcher columns, indicated the presence
of eight separable isomers (Figure 2a). The IR spectrum of the

isomeric mixture showed two distinct carbonyl stretching bands
at 1701 and 1724 cni that correspond to cis- and trans-fused
[2 + 2] adducts, respectively, as was shown previo85iy? It

has been shown by HPLC analysis of the well-characterized

Cso photoadducts that Cosmosil columns are unable to separate
cis- and trans-fused diastereomeric adducts, which can be

separated on the Buckyclutcher colufii1 Thus, the Cosmosil
column can be used to separate the regioisomesgjeronoad-

ducts, while the Buckyclutcher column can be used to separate

regioisomers as well as the chemically distinct @ad trans-
fused diastereomers.

Rosenthal et al.

labeleda—¢. Note that the two peaks corresponding to isomer
o, the lowest yield product, are poorly resolved. Isolation and
characterization of the isomers corresponding to the individual
peaks show that peaks and ¢ correspond to & bond A
adducts, while peak8 andy correspond to bond B adducts.

The HPLC analysis indicated that four sets of isomers (not
counting enantiomers) were formed upon photoaddition of MCH
to Cyo. Separation of these isomers was later accomplished by
preparative HPLC!H and 13C NMR analysis of the product
mixture afforded limited information concerning the electronic
environment of the bridgehead proton and the methyl protons
and the symmetry of the fullerene portion of the various
regioisomers, as each monoadductds symmetric. In the
absence of X-ray crystal structures for each of the eight
individual isomers, we relied upofHe NMR analysis of the
mixture of monoadducts for discernment of the reactive fullerene
[6,6] bonds involved in the [2- 2] photoaddition process.

Characterization of the Isomeric Monoadducts.Repetition
of the photoaddition reaction using MCH afde@Go was
followed by the analysis of the mixture of monoadducts®by
He NMR. The resultant spectrum is shown in Figure 3a. Four
pairs of peaks separated by 0.00.62 ppm, centered at24.16,
—24.24,—27.15, and-27.23 ppm, are observed. The detection
of four sets of cis- and trans-fused regioisomeric monoadducts
by He NMR correlates with the observed HPLC traces using
Cosmosil and Buckyclutcher columns. Tiée NMR shifts are
SHe@Gyo (—28.8 ppm) and can be compared
served for fulleropyrrolidines prepared by our
group at—27.0 and—23.8 ppm, in which the addend is
fused at bond A (C1—C2) and bond B (C5—C6) ofoC
respectively?2~64 This good agreement between firte NMR
shifts for the Go photoadducts and the previously studied
fulleropyrrolidines suggests that {2 2] photoaddition of MCH
to Cyo takes place at the [6,6] bonds closest to the poles of the
Cyo cage where the local curvature is greatest. There is no
evidence for the formation of any [5,6] bond adduct, which
would introduce increased strain by placing double bonds onto
the fullerene pentagor¥8.Moreover, only [6,6] photoadducts
were isolated for the corresponding reaction wit, uggesting
that [5,6] addition is not a major factor for the stepwise triplet
diradical addition of enones to fullerenks.

Therefore, it follows that the products of the photoaddition
of MCH to C;o correspond to structured—7 (Chart 2).
Furthermore, from théHe NMR and IR spectra and HPLC
analysis, it is evident that each of these isomers is formed as a
mixture of cis- and trans-fused diastereomers because a pair of
peaks for each isomer is observed with a separation 0f-0.01
0.02 ppm in theHe NMR spectrum, very similar to what was
seen for the MCH-Cgo photoadducts.In the latter case, it was
shown that the trans isomer, which is the major product,
corresponds to the upfield peak. Similar assignments can be

HPLC analysis indicates the presence of eight monoadduct o qe for the MCH— &, photoadducts (vide infra).

isomers in total (four trans-fused diastereomers and four cis-

fused diastereomers), corresponding to four distinct regioisomers

(57) Corey, E. J.; Bass, J. D.; LeMahieu, R.; Mitra, RJBAm. Chem.
Soc.1964,86, 5570.

(58) Schuster, D. I.; Kaprinidis, N. A.; Wink, D. J.; Dewan, J. L.
Org. Chem1991,56, 561. Bowman, R. M.; Calvo, C.; McCullough, J. J.;
Rasmussen, P. W.; Snyder, F.J.Org. Chem1972,37, 2084.

(59) Bowman, R. M.; Calvo, C.; McCullough, J. J.; Rasmussen, P. W.;
Snyder, F. FJ. Org. Chem1972,37, 2084.

(60) Spielmann, H. P.; Wang, G.-W.; Meier, M. S.; Weedon, BJR.
Org. Chem.1998,63, 9865.

(61) Rosenthal, J.; Thompson, S.; Schuster, D. |. Unpublished results.
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Accordingly, acid-catalyzed epimerization of the less stable
trans-fused isomers to the more stable cis-fused isomers was
carried out to reduce the number of monoadducts present in
the product mixture and to simplify the problem of structural

(62) Tan, X.; Schuster, D. I.; Wilson, S. Rroc. Electrochem. So¢998,
98-8, 1079.

(63) Tan, X.; Schuster, D. |.; Wilson, S. Retrahedron Lett1998,39,
4187.

(64) Rosenthal, J.; Khong, A.; Wilson, S. R.; Schuster, DPioc.
Electrochem. So2000,100—-10, 216.

(65) Taylor, R.Tetrahedron Lett1991,32, 3731.
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FIGURE 3. 3He NMR spectra for the MCHC7o monoadduct product mixture both (a) before and (b) after acid-catalyzed epimerization of trans-
fused diastereomers to the corresponding cis-fused homologues. The four resonances cen&r@f gipm correspond to thed®ond B adducts,

while those centered at27.20 correspond to the bond A adducts. Note the disappearance of the four resonances corresponding to the trans-fused
diastereomers following epimerization.

assignment®He NMR, IR, and HPLC analysis of the reaction after acid treatment (Figure 3b). Thus, the major peak at about
mixture, following treatment withp-toluenesulfonic acid in —27.16 ppm is assigned to the cis-fused bond A monoadduct
toluene, demonstrated that epimerization had indeed occurredbecause it was in great excess following the acid-catalyzed
A likely mechanism for the trans-to-cis epimerization involving epimerization. Accordingly, the slightly upfield resonance at
keto—enol tautomerization is depicted in Scheme 2a. The IR —27.14 observed prior to treatment with acid (Figure 3a) is
spectrum for the mixture following acid treatment showed only assigned to the corresponding trans-fused diastereomer. Along
a single carbonyl band at 1700 ckwhich corresponds to the  similar lines, the isomer corresponding to the resonance at
cis-fused monoadduct$® A corresponding simplification of ~ —27.26 ppm is converted to a resonance-a%.20 ppm, while
the Buckyclutcher HPLC trace aitle NMR spectra were also  the resonances at27.23 and—27.24 are converted to reso-
observed (Figures 2b and 3b).

A clear difference can be seen between fie NMR (66) Identical results have been observed previously for MCkh—C
spectrum for the mixture before and the spectrum for the mixture adducts by our group.

J. Org. ChemVol. 71, No. 3, 2006 1195
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CHART 2

SCHEME 2
OH o
H
(= 10
HSC Hac

(b)

+

H (OH OH o}
D —() 0= O
ol HaC HsC

nances at-27.17 and—27.15 ppm, respectively. Similarly, indicating that this isomer is indeed a bond A (C1-C2)
HPLC traces of the product mixture using the Buckyclutcher adductt?2-%4corresponding either to structuéeor to structure
column are greatly simplified following acid treatment and 7. The 'H NMR spectrum for this predominate MCGHC7o
indicate the presence of four cis-fused isomers-d; Figure adduct shows that the bridgehead proton adduct is upfield
2b) as a result of the epimerization of the trans monoadducts torelative to that of the analogous cis-fused M€Es adduct
the corresponding cis-fused diastereomers. From the comparisor{4.07 vs 4.58 ppm, respectively, in C1S,). Our group and
of the HPLC traces and from thitle NMR spectra obtained  others have shown that functional groups placed closer to the
for the monoadduct mixture before and after the acid-catalyzed fullerene poles are shielded relative to those oriented toward
epimerization, it is clear that the photoaddition reaction in the equator of &.25-27.67.68 Thus, we can conclude that the
toluene shows a slight preference for the formation of the trans- enone addend shows a strong propensity to undergo the [2
fused diastereomers (trans/eis3:2) 2] photoaddition to & in a geometry in which the carbonyl
Additionally, a large peak at28.8 ppm is observed in the moiety and, hence, the bridgehead proton are directed toward
SHe NMR spectrum, following acid treatment, which corre- the fullerene pole, while the bridgehead methyl group is directed
sponds to3He@Gy,. Pristine Go was not present in the  toward the equator. Accordingly, the major ME&,o photo-
monoadduct mixture prior to the treatment of the reaction adduct is concluded to be isomér We assign structuré to
mixture with acid. The dissociation of the enone addend from the minor product corresponding to peakn the HPLC on the
the fullerene cage, which occurs in competition with the acid- basis of its®He resonance at27.20 ppm.
catalyzed cis—trans epimerization, can be mechanistically 3He NMR of the mixture of HPLC peak§ andy proved
rationalized as shown in Scheme 2b. HPLC experiments alsogqually informative. On the basis 8fle NMR studies of G
verified the presence of pristinez&in the mixture following  adducts mentioned earlier, the resonances2at 15 and-24.17
treatment with acid. ppm (Figure 3b) clearly indicate that both isomers in fhey
Semipreparative HPLC performed following the acid treat- mixture are bond B adducts. The formation of both diastereo-
ment allowed for the purification and separation of the major meric bond B isomerd and5 can be rationalized on the basis
C7o adduct (peakd from the adduct mixture). The adducts of the chirotropic nature of the enone addend. Integration of
corresponding to peak$ andy were purified and separated  the HPLC chromatograph arftie NMR spectra in Figures 2
together. Attempts to separate isomeemndy from one another  and 3, respectively, shows that these two isomers are formed
were unsuccessful. The minor product corresponding to peakin yields of 23 and 11%, respectively, accounting for roughly
a in the HPLC trace (Figure 2b) was collected separately but gne-third of the overall monoadduct mixture. Because we were

comprised less than 1% of the overall monoadduct product ynaple to separate the two isomers, we do not know whether
mixture, making its subsequent spectroscopic characterizationgy 5 js the major bond B photoadduct.

unfeasible. The assignment of the structures of these purified
: : 1 .
products was finally made usirigle and'H NMR analysis. (67) Wilson. S. R.; Lu, QJ. Org. Chem1995.60, 6496,

The isomer corresponding to peakmajor product) showed (68) Fowler, P. W.; Lazzerettib, P.; Malagoli, M.; Zanasi@hem. Phys.
a single*He NMR resonance at-27.14 ppm (Figure 3b), Lett. 1991,179, 171.
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Nonetheless, it is clear that the [2 2] photochemical
cycloaddition of MCH to Gy proceeds in a manner similar to
previously studied thermal cycloadditions tee@ which the
most highly curved [6,6] bond (bond A) is the most reactive
on the fullerene cage, with bond B displaying slightly lower
reactivity1®=24It is worth noting that, on the basis of tele
NMR and HPLC studies described above, the two bond A

this line of thinking, isomef7, the product of the ring closure
of IV, should be the preferred product from the addition to bond
A, as observed. The relative instability Ibf will serve to deter
the formation of isomeric adduét

On the basis of these arguments, it is not difficult to
rationalize the manner in which the difference in stability of
Il andIV gives rise to the disparate yields ®{<1%) and7

monoadducts represent the principle (66%) and minor products(66%). The overall product distribution observed is strikingly

(<1%) of the enone photoaddition, while the two bond B
adducts (4and5) are formed to an intermediate extent (34%
for 4 and5 combined).

Mechanistic DiscussionFrom a mechanistic standpoint, the
addition of the triplet excited state of MCH to bond A of the
C7o cage via a 1,4-biradical intermediate (see Introduction)
suggests that the formation of isonTeshould predominate over
that of6. Following the excitation of the enone and intersystem

reminiscent of that observed for the addition of alkyl azides or
diazonium derivatives to 5, as discussed earliét-27

On similar grounds, it is difficult to rationalize from a
mechanistic standpoint why eithéror 5 should predominate
over one another on the addition to bond B through tertiary
biradicalsV andVI, respectively (Scheme 4). In both of these
biradicals, the locations of the radical centers on the fullerene
cage are essentially identical (i.e., essentially the same curvature

crossing to generate the lowest triplet excited state, addition toand Mulliken charge). Indeed, the formation #fversus5 is

bond A of the fullerene can take place to give any of the four
1,4-biradical intermediates (I-1V) shown in Scheme 3. From

essentially controlled by the manner in which the first bond
forms at thea carbon of the enone, with the addend directed

a purely thermodynamic standpoint, one would expect biradicals either toward the fullerene pole or toward the equator. The

I andll to be less stable thdii andIV, respectively, on the
basis of the relative stability of 2°°3and enoxyl radical&>7°
Accordingly, it is expected that intermediatiés and IV will

be more readily formed as compared to intermediatsd|l.
Furthermore, we expect that biradidsl will be more stable
thanlll because the unpaired electron on the fullerenk/in
will experience an environment of lower local curvature,
allowing for greater stabilization by delocalization. Previous
studies have shown that§¥adicals such aB/ show a slightly
higher stability as compared to those suchilag-"2Following

(69) Lowry, T. H.; Richardson, K. SVlechanism and Theory in Organic
Chemistry, 3rd ed.; HarperCollins Publishers: New York, 1987; pp 746—
750.

(70) Smith, M. B.; March, JAdvanced Organic ChemistriReactions,
Mechanisms and Structure, 5th ed.; John Wiley and Sons: New York, 2001;
pp 900—907.

(71) Borghi, R.; Lodovico, L.; Placucci, G.; Krusic, P. J.; Dixon, D. A.;
Knight, L. B., Jr.J. Phys. Chem1994,98, 5395.

(72) Borghi, R.; Lodovico, L.; Placucci, G.; Krusic, P. J.; Dixon, D. A,;
Matsuzawa, N.; Masafumi, Al. Am. Chem. S0d 996,118, 7608.

structural and electronic factors that effect this competition are
not at all obvious at this time.

A further consideration centers on the well-established fact
that in general the product ratio observed for the enalkeene
[2 + 2] photocycloaddition is not related in a simple way to
the stability of the various 1,4-biradical intermediates involved
in a given reaction because of the fact that biradical reversion
to ground-state starting materials can compete with ring closure
to form adductd? That is, the product ratio may not, and usually
does not, reflect the ratio of the biradicals formed in the initial
step®0 The factors that control the conformation of 1,4-biradical
intermediates, which in turn affect the competition between ring
closure and ring scission, are subtle and involve both molecular
structure and solvent polarif§.”® Accordingly, small changes
in reaction conditions, as well as the substrate identity, can have
dramatic effects on product distributions in {2 2] photocy-
cloadditions.

(73) Bauslaugh, P. GSynthesis1970, 287.
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SCHEME 4

Concluding Remarks reaction is not significantly different from that of the ground-

The [2 + 2] photoadditions of MCH to ¢ and3He@ Gy state thermal addition reactions teg2®20
have been carried out, and the complex reaction mixture has
been studied by a combination of chromatographic and spec-
troscopic techniques. The total yield of the mixure of monoad-  Materials and Methods. See Supporting Information.

Experimental Section

ducts was 55% (67% on the basis of the recoverggl. The Photoaddition of 3-Methyl-2-cyclohexen-1-one to . The
use of*He NMR was crucial to the determination of the [6,6] ~mixture of Go monoadducts was prepared by the irradiation of a
bonds involved in the photoaddition of enone t@.Che 3He mixture of enone and 4 in toluene. The reaction mixture was

prepared by dissolving 200 mg of,§(0.238 mmol) and 1.0 mL

_ - of 3-methyl-2-cyclohexen-1-one (0.881 mmol) in 600 mL of reagent
to the poles of the fullerene (C1-C2 and C5—C6) react most grade toluene. After the solution was degassed with argon for 30

readily with MCH tnplgt excngd states. The four regioiSOmeric iy “photoirradiation at about 300 nm was carried out using a
products are formed in a ratio of 2:1:0.08(¢ + 5):6]. This 450-W Hanovia lamp equipped with a water-cooled condenser
product distribution is similar to that obtained for typical thermal - through Pyrex glass. The solution was continuously stirred using a
addition reactions to 5. The fact that the degree of regiose- magnetic stirrer. Following unperturbed irradiation for-18 h,
lectivity observed for the addition of substrates in high-energy the solvent was removed and the monoadducts were isolated
excited states is similar to that observed for ground-state together by flash chromatography on silica using toluene as the
reactants reflects the mechanism of theH2] photocycload- eluent. Following the removal of the solvent, the mixture of
dition, specifically the intermediacy of the 1,4-biradical inter- monoadducts was washed sequentially with ether to remove residual

mediates. Such biradicals, formed upon the addition of enone Solvent and enone and then dried in vacuo. The total yield of
triplet excited states to any of the fOLE)r [6,6] bonds of,@an monoadducts was 55% (67% on the basis of the recovefgd C

. . - The reaction was repeated witHe @ Gyo. Generally about 50 mg
either cyclize to give adducts or decay to regenerate ground- ¢ sje aheled G, was used for these reactions. The amount of

state starting materials. The relative rate at which various 1,4- onone was scaled accordingly for the reaction @Gy, but
biradical intermediates close to generatet{2] photoaddition 600 mL of toluene was used to ensure that the Hanovia lamp was
products or fragment to regenerate enone and fullerene is a majocompletely immersed in the reaction mixture (the same yields were
factor in determining the ultimate MCHCyo adduct distribution. attained in the case dHe@Gy). *He NMR (500 MHz, CDCY/
In principle, biradicals could be formed upon the addition of C, 25°C,6): —24.15,—24.17,—24.23,—24.24,—27.15,—27.16,
triplet MCH to any of the [6,6] bonds of 4 The fact that —24.20,—24.26. The mixture of monoadducts was characterized
products of addition to bonds A and B of the ovoid fullerene bY FAB mass spectrometry: FAB-M$(z, M*) calcd for G7H10,

predominate in the monoadduct product mixture could reflect 9°0-90; found, 950.91. IR analysis showed a set of carbonyl
the relief of strain associated with the ring closure of the stretching frequencies at 1700 and 1724 &obrresponding to cis

- . and trans-fused cycloadducts, respectively.
biradicals generated at the most highly curved [6,6] bonds on Acid-CataIyzedyEpimerization o?Cm Mo};oadducts.For the

the fullerene surface. The corollary of this argument is that the ¢jaracterization of the reaction products, the mixture of monoad-
analogous biradical intermediates formed at the more planarqucts was heated at reflux in acidic media to catalyze the
[6,6] bonds on @, namely, bonds C and D, would be more isomerization of trans-fused diastereomers to the cis form. This
likely to fragment to regenerate reactants because the drivingisomerization was completed by dissolving 40 mg of the mixture
force for ring closure is greatly reduced. of monoadducts (with endohedréie) and 1 mg ofp-toluene-
Polarization of the enone triplet state is yet another factor sulfonic acid in 70 mL of toluene. The solution was then heated at
that has to be taken into accodAtSuch polarization, which ~ refluxfor 72 h, after which it was washed three times with 50 mL
remains controversial, will surely play a role in the addition of ©f Saturated NaHC@and once with water. The organic phase was
enone triplet states to polarized carbon—carbon double bonds separated and dried over Mggdhe drying agent was removed

h bond A of h h larization is k A by vacuum filtration, and the solvent was removed. The resultant
such as bon of £, where charge polarization is known to mixture of monoadducts was then washed sequentially with ether

be significant. Accordingly, the mechanism that emerges for (5 remove residual solvent and dried in vactite NMR (500 MHz,

the photoaddition of enones such as MCH to fullerenes that cpclycs, 25 °C, 0): —24.15,-24.17, —27.16, —24.20. IR

are less symmetric thansgis quite complex. It is remarkable  analysis showed a single carbonyl stretching frequency at 1700
that the selectivity in this high-energy photochemical addition cm*.

NMR results clearly indicate that the two [6,6] bonds closest
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Separation and Characterization of cis-Fused Isomeric & calcd for G/H;00, 950.90; found, 950.94He NMR (500 MHz,
Monoadducts. The mixture of monoadducts was isolated together CDCI/CS,, 25°C, §): —24.15,—24.17.

from the reaction mixture by flash chromatography on silica using . .
toluene as the eluent. Following the epimerization to the cis-fused Acknowledgment. J.R. thanks New York University College
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main fractions were collected corresponding to isome7asid a ~ Wwas supported by NSF Grant CHE-9712735.

mixture of isomers cigand cisb, respectively. Isomer cig: FAB-
MS (m/z, M) calcd for G7H100, 950.90; found, 951.07He NMR
(500 MHz, CDC}H/CS,, 25 °C,0): —27.16.'"H NMR (200 MHz,
CDCL/CS,, 25°C): 4.07 (s, 1H), 3.48 (t, 2H), 1.46 (m, 2H), 1.84
(s, 3H), 1.03 (t, 2H). Isomers cikand cis-5: FAB-MS ifh/z, M") JO0523060

Supporting Information Available: General experimental
methods (one page). This material is available free of charge via
the Internet at http://pubs.acs.org.
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