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The formation of fullerooxazoles from CqHPh®™ has been examined in benzonitrile (PhCN),
m-methoxybenzonitrile (m-OCH3;PhCN), m-tolunitrile (m-CH;PhCN), and o-tolunitrile (o-CH;Ph-
CN), where cis-1 bisadducts with Ph-, m-OCH;Ph-, m-CHsPh-, and o-CH;Ph-substituted cyclic
imidate next to the phenylmethano are formed as evidenced by various characterizations. Interest-
ingly, only regioisomers 2a—d with the oxygen atom bonded to C4/C5 and the nitrogen atom bonded
to C3/C6 are generated as demonstrated by heteronuclear multiple bond coherence (HMBC) NMR,
while the alternative regioisomers 3a—d, which have the oxygen and nitrogen atoms at C3/C6 and
C4/C5, respectively, are not formed from the reactions, even though the DFT (density functional
theory) calculations have predicted that the energy differences between the two types of regioisomers
are very small, with regioisomers 3a—d actually having lower energies than 2a—d. The results are
rationalized by the charge distributions of Cq;HPh®~, where computational calculations have shown
that the negative charges on C4 and C5 are greater than those on C3 and C6, indicating that the

exhibited site selectivity of heteroatoms is a result of the charge-directed addition process.

Introduction

Reactions involving anionic Cgy species have been very
attractive, since unlike neutral Cgy, which is electron defi-
cient and acts as an electrophile,1 anionic Cgq 1S an electron
donor and behaves as an nucleophile.” The chemistry of
anionic Cg is an important complement to that of Cgo, where
protocols using dianionic Cgo as a building block for full-
erene functionalizations,® and retro-cycloaddition reactions
of anionic fullerene derivatives as a synthetic tool for
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SCHEME 1

1 2 3
a:R=H a:R=H
b: R = m-OCHj3 b: R = m-OCHj3
¢: R=m-CH; ¢: R=m-CH;
d: R = 0-CH;3 d: R = 0-CH;3

preparation of higher fullerene isomers* have been well estab-
lished. In addition, recent work has shown that anionic Cg,
encapsulated in bicapped y-cyclodextrins is capable of dinitro-
gen fixation in aqueous solution under mild conditions,’ and the
same species also exhibits an efficient catalytic reducing ability
toward certain functional groups,® indicating that anionic Cg
may possess more intriguing properties that need to be explored.

Compared to the work on dianionic Cg,> study on the
reactivity of trianionic Cgy is very limited.” Recently, an
unexpected reaction of trianionic Cg in deaerated benzonitrile
solution leading to the formation of fullerooxazole, [6,6] cyclic
phenylimidate Cqo (1 in Scheme 1) has been reported.” How-
ever, there are still two puzzles remaining for the reaction. One
is the origin of the oxygen atom for 1 from a system that was
well deaerated, and the other is if there is regioselectivity for the
addition of the heteroatoms. As for the current work, the focus
is placed on the second one. Due to the high symmetry of the
Cgo molecule, it shows no regioselectivity for the addition of
oxygen and nitrogen atoms on the Cgy sphere in 1, and the
reaction leads to the formation of only one regioisomer.”
However, the scenario is quite different when a Cg, derivative,
such as phenylmethanofullerene (CqHPh), is used as the
staring material, where it would theoretically give rise to two
types of regioisomers (2 and 3 in Scheme 1) due to the lowering
of molecular symmetry. It is therefore of interest to use
trianionic C¢HPh instead of trianionic Cg, to further probe
the reaction, and to examine if there is regioselectivity for the
addition of heteroatoms.

Results and Discussion

Procedures for producing fullerooxazole compounds
from Cq;HPh®>~ in PhCN, m-OCH;PhCN, m-CH;PhCN,
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FIGURE 1. ORTEP drawing of Fa, which could be 2a and/or 3a,
with 20% thermal ellipsoids. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and bond angles (deg):
C1—C2, 1.584(8); C2—C3, 1.559(7); C3—C4, 1.582(7); C4—CS5,
1.521(8); C5—C6, 1.358(7); C6—Cl1, 1.486(7); C3—X, 1.482(6);
X—C68, 1.312(7); C68—Y, 1.320(6); Y—C4, 1.476(6); X—C68—Y,
118.9(4); X—C68—C69, 123.8(5); Y—C68—C69, 117.2(5).

and 0-CH3;PhCN were similar to those reported previous-
ly,”d and details of the synthesis are described in the Experi-
mental Section. A crude mixture containing individual
fullerooxazole products was put into toluene and sonicated,
and the soluble part was further purified by HPLC with use
of a Buckyprep column. This shows only two major fractions
in the HPLC trace for each synthesis (Figure S1 in the
Supporting Information): one is the fullerooxazole product
and the other is unreacted CqHPh. Under typical condi-
tions, the isolated yield for fullerooxazoles generated from
PhCN, m-OCH;PhCN, m-CH;PhCN, and 0-CH;PhCN and
is ca. 35%, 40%, 35%, and 4%, and there is ca. 15%, 18%,
15%, and 40% C¢;HPh recovered from the respective reac-
tion. The remainder of the crude mixture is insoluble in CS,
or toluene; however, it is soluble in more polar solvent such
as DMF or THF. MALDI FT-ICR MS (matrix-assisted
laser desorption ionization Fourier transform ion cyclotron
resonance mass spectrometry) of this residual material shows
peaks corresponding to Cg and higher carbon clusters such
as Cy19, with no feature of oxazole adducts including mono-,
di-, tri-, or polyadduct, indicating that there is no fullero-
oxazole compound in it.

The four isolated products generated from PhCN, m-
OCH;PhCN, m-CH;PhCN, and 0-CH3;PhCN are denoted
as fullerooxazoles Fa, Fb, Fc, and Fd, respectively, which
could in principle be either regioisomers 2 and/or 3. Among
them, single crystals suitable for X-ray diffraction were
obtained for Fa. Figure 1 shows the X-ray single-crystal
structure of Fa with partial atomic numbering. A five-
membered heterocycle is present by bonding to Cg. The
same heterocycle is also shown in the previously obtained
crystal structure of 1,4-dibenzyl-2,3-cyclic phenylimidate
Ceo,d implying CqHPR? ™ undergoes the same reaction as
that of Cgo>~ with PhACN. However, the exact position of the
nitrogen or oxygen atom on the Cgy sphere cannot be
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differentiated unambiguously by crystallography due to the
similar electron density of these two atoms. Both 2a and 3a fit
well with the resolved crystal structure. The heteroatoms
bonded to C3 and C4 are labeled as X and Y, respectively.
Notably, the structure shown in Figure 1 is chiral with an
enantiomer having the cyclic phenylimidate positioned at
5-Y-6-X, indicating that the isolated product is a racemic
mixture.

The characterization of Fa was further carried out by
negative MALDI FT-ICR MS (Figure S2 in the Supporting
Information) with 2,5-dihydroxybenzoic acid (DHB) as the
matrix. The monoisotopic molecular ion of the compound is
shown at 929.08181, which has a deviation of only —3.0 ppm
from the theoretical value of 929.08461 (C74,H;;NO"), in-
dicating that the compound has a formula of C,4H;NO,
consistent with the X-ray single-crystal results.

Although the chemical formula of Fais C;4H;;NO, and the
skeleton of the compound has a cyclic phenylimidate bonded
to Cg via a nitrogen and an oxygen atom next to the
phenylmethano group, it is not clarified yet as to how the
heteroatoms of oxygen and nitrogen are positioned on Cg,
since both regioisomers 2a and 3a fit well with the single-
crystal structure. Computational calculations were carried out
to evaluate the structures of the two isomers. The structures of
2a and 3a were optimized at the B3LYP/6-31G level with the
Gaussian 03 program,® followed by harmonic frequency
calculations with the same method to confirm them as energy
minima. The selected bond lengths and bond angles for the
optimized structures of 2a and 3a, along with those for the
single crystal of the obtained product (Fa), are shown in the
Supporting Information. The calculated total energies for 2a
and 3a are —2955.49178 and —2955.49194 hartree/mol (1
hartree/mol = 627.5095 kcal/mol), respectively. The results
predict that the two isomers have a very small energy differ-
ence, with isomer 3a being about only 0.10 kcal/mol more
stable than isomer 2a, implying that both isomers could be
formed if the reaction is only thermodynamically controlled.
However, as the optimized structures are examined, the
structure of 2a has a better match with the crystal data. The
bond angles of X—C68—C69 and Y—C68—C69 for 2a are
calculated to be 125.8° and 116.1°, consistent with the values
of 123.8(5)° and 117.2(5)° observed for Fa, while the calcu-
lated values for the same angles of 3a are 116.1° and 125.8°,
which are opposite to the corresponding angles observed
experimentally, suggesting that the obtained fullerooxazole
Fa has the structure of 2a.

The structural assignment of Fa is further explored with
NMR spectroscopy. The "H NMR spectrum of Fa (see the
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Supporting Information) shows resonances corresponding
to the phenyl protons of cyclic phenylimidate appearing at
8.42 (d, 2H), 7.65 (t, 1H), and 7.59 (t, 2H) ppm, and
resonances from the phenyl protons of phenylmethano
appearing at 7.62 (d, 2H), 7.33 (t, 2H), and 7.26 (t, 1H)
ppm, while the singlet at 5.06 (s, 1H) ppm is due to the
methine proton of the phenylmethano group. The '*C NMR
spectrum of the compound shows a total of 58 sp> carbons
(see the Supporting Information). The most downfield one at
165.2 ppm is ascribed to the imine carbon of the cyclic
phenylimidate, while 49 resonances from 154.9 to 137.1
ppm are due to the sp” Cg carbons, consistent with the C,
symmetry of the molecule observed by X-ray single-crystal
diffraction. The remaining eight peaks from 133.0 to 126.5
ppm are ascribed to the phenyl carbons of the phenylimidate
and phenylmethano groups. As for the sp® carbons, the
resonance at 44.3 ppm is from the methine carbon, and the
two resonances at 65.1 and 61.9 ppm correspond to the sp*
Cgo carbons connected to the phenylmethano group. Two
additional resonances are observed at 96.2 and 85.4 ppm,
which are due to the sp® Cg carbons bonded to the hetero-
atoms of oxygen and nitrogen. The appearance of only one
set of resonances in the "H and '>*C NMR spectra of the
compound indicates that the obtained fullerooxazole has
only one regioisomeric structure, i.e., either 2a or 3a is
formed. Since the phenylmethano and phenylimidate are
positioned next to each other with the cis-1 pattern, it is
possible to reveal the identity of the heteroatoms bonded to
C3 with HMBC NMR by examining the three-bond correla-
tion (*Jcp)’ of the methine proton with C3 (refer to Figure 1
for labeling). In this case, the assignment of the two sp> Cg
carbons bonded to the heteroatoms is crucial for the struc-
tural elucidation. Previous work on five-membered hetereo-
cyclic Cgq derivatives has shown that the resonance for the
sp> Cgo carbon atoms bonded to an oxygen atom ranges from
about 104 to 96 ppm,’®'° while resonance for the sp> Cgq
carbon atoms bonded to a nitrogen atom ranges from about
100 to 80 ppm;’®1%!1 it is therefore rational to assign the
resonance at 96.2 ppm to the Cq sp° carbon atom bonded to
the oxygen atom, while the one at 85.4 ppm is assigned to the
Cgo sp° carbon atom bonded to the nitrogen atom. The
assignment is also consistent with the fact that the electro-
negativity of the oxygen atom is greater than that of the
nitrogen atom.

Figure 2 shows the HMBC spectrum of Fa. There is a cross
peak between the methine proton and the Cgo sp> carbon
atom resonating at 86.0 ppm as indicated by the circle. The
cross peak is a result of a three-bond correlation between the
methine proton and the carbon atom (C3 as labeled in
Figure 1) next to the phenylmethano, thus providing un-
ambiguous evidence that C3 is bonded to the nitrogen atom.
No correlation is observed between the methine proton and

(9) Silverstein, R. M.; Webster, F. X. Spectrometric Identification of
Organic Compounds, 6th ed.; John Wiley & Sons, Inc.: New York, 1998;
pp 263—268.
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FIGURE 2. HMBC spectrum of 2a in benzene-ds.

the carbon atom resonating at 96.5 ppm, indicating that the
carbon atom bonded to the oxygen atom has at least a four-
bond coupling with the methine proton. On the basis of the
crystal structure shown in Figure 1, C4 is bonded to the
oxygen atom. The structure of the fullerooxazole Fa ob-
tained from CqHPh®~ benzonitrile solution is therefore
identified unequivocally to be 2a.

To further confirm that only 2a is formed, while 3a is not
formed from the reaction, the initial crude reaction mixture
was subjected to '"H NMR characterization directly (Figure
S3 in the Supporting Information) to exclude the possibility
that 3a might be retained on the HPLC column under the
experimental conditions. The spectrum is too complicated
for a complete elucidation due to the peak overlapping
caused by the presence of several compounds; however, it
is still possible to discern the presence of only one fullero-
oxazole in the reaction mixture. The doublet at 8.18 ppm
corresponds to o-H of the cyclic imidate phenyl. The appear-
ance of only one set of this doublet is a strong indication that
only one fullerooxazole is formed. Resonances around
5 ppm are due to the methine protons of phenylmethano,
where the peak at 4.809 ppm is due to the methine proton of
the oxazole product as compared with the spectra of Fb-d in
the same solvent system, while the one at 5.135 ppm is from
unreacted Cq;HPh. The small resonance at 4.883 ppm may
raise concerns about the possible existence of other full-
erooxazole compounds in the mixture; however, the lack of
the corresponding oxazole phenyl protons in the downfield
region, and the perfect 2:1 area ratio of the doublet at 8.18
ppm with the singlet at 4.809 ppm indicate that the small
singlet at 4.883 ppm is not from any fullerooxazole product,
but likely corresponds to a small amount of unknown
product that possesses phenylmethano, which is eluted out
from the HPLC column as a small unidentified fraction as
shown in Figure S1 (Supporting Information). The results
confirm that only 2a is generated from the reaction, while no
3a is formed.

It is surprising that only regioisomer 2a is formed from the
reaction of CeqHPh®>™ in benzonitrile, since theoretical

8074 J. Org. Chem. Vol. 74, No. 21, 2009

Lietal.

—2a

—Fc
—Fd

300 400 500 600 700 800
Wavelength (nm)

FIGURE 3. UV-—vis spectra of 2a, Fb, Fe, and Fd in hexane.

calculations predict a very small energy difference between
2a and 3a, especially when considering that 3a is actually
slightly energetically favored over 2a. It is therefore of
interest to probe further into the reaction to examine the
generality of such regioselectivity. For this purpose, the
reactions of Cq;HPh®™ in three other nitriles, m-OCH;Ph-
CN, m-CH;PhCN, and 0-CH;PhCN, were used. The work-
up for the preparation and isolation of Fb, Fe, and Fd
resembles those of Fa (2a). The yield for Fd is very low under
typical conditions, probably due to the steric and/or electro-
nic effect associated with the substituents at the ortho-
position, while the yields for Fb and Fe are similar to that
of 2a. The HPLC traces for the purification of Fb, Fc, and Fd
are shown in the Supporting Information.

The chemical compositions of Fb, Fe, and Fd were revealed
with negative ESI (electrospray ionization) FT-ICR MS
(Figure S4 in the Supporting Information). The monoiso-
topic molecular ion for each compound is located at
959.09033, 943.09733, and 943.10293, respectively, which
deviate from the theoretical value by only —5.1 ppm Da (Fb,
C;5sH13NO; -, 959.09518) and —3.1 and 2.8 ppm Da (Fc and
Fd, C;sH3NO™, 943.10026), indicating that the three com-
pounds are all fullerooxazoles with the formula C;5sH;3NO,
for Fb and C75H{3NO for Fc and Fd. Notably, adduct ions of
[M + CH30]™ (m/2990.10888,974.11471, 974.11927) are all
observed in the MS spectra of the three compounds, where
CH;0 comes from the methanol that was used for ESI
spraying.

It is expected that Fb, Fc, and Fd should also be cis-1
bisadducts like 2a since cis-1 bisadduct is one of the most
favorable regioisomers for bisadducts,'? and such expecta-
tion is proved by the comparison of the UV—vis spectra of
the four compounds. It has been shown that the UV—vis
absorptions of [60]fullerene bisadducts are sensitive toward
the addition pattern rather than the type of addends,'
therefore the UV—vis is a powerful tool in determining the
addition pattern of Cg, bisadducts. Figure 3 displays the
UV —visspectra of Fb, Fe, and Fd, along with the spectrum of
2a for comparison. It shows that the UV —vis spectra of Fb,
Fc, and Fd are similar to that of 2a, with a strong absorption

(12) Hirsch, A. Top. Curr. Chem. 1999, 199, 1-65.

(13) (a) Djojo, F.; Herzog, A.; Lamparth, I.; Hampel, F.; Hirsch, A.
Chem.—Eur. J. 1996, 2, 1537-1547. (b) Nakamura, Y.; Takano, N.; Nishi-
mura, T.; Yashima, E.; Sato, M.; Kudo, T.; Nishimura, J. Org. Lett. 2001, 3,
1193-1196. (c) Kordatos, K.; Bosi, S.; Da Ros, T.; Zambon, A.; Lucchini, V,;
Prato, M. J. Org. Chem. 2001, 66, 2802—2808 and references cited therein.
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at 256 nm, and a spike at 425 nm, which is characteristic of
cis-1 bisadducts,"? indicating that Fb, Fe¢, and Fd are cis-1
bisadducts.

However, like the case for the reaction in PhCN, there are
also two likely regioisomers for the product obtained from
m-OCH3;PhCN, m-CH3;PhCN, and 0-CH;PhCN (2b—d versus
3b—d). Computational calculations with the Gaussian 03
program at the B3LYP/6-31G level predict that the energy
differences between the two types of regioisomers are very small
(2b: —3069.97530 hartree/mol and 3b: —3069.97579 hartree/
mol; 2¢: —2994.80039 and 3c¢: —2994.80049 hartree/mol; 2d:
—2994.79752 and 3d: —2994.79779 hartree/mol), with isomers
3b, 3¢, and 3d being 0.31, 0.06, and 0.17 kcal/mol lower than
isomers 2b, 2¢, and 2d, respectively. The results therefore
suggest that both types of isomers (2 and 3) are likely to be
formed since the energy difference between them is small.

The structural elucidations of Fb, F¢, and Fd are further
explored with NMR spectroscopy. The "H NMR spectra of
the three compounds (Supporting Information) are in good
agreement with the structural assignment, while the '*C
NMR spectra are also consistent with the structural assign-
ment except that the resonances corresponding to the sp® Ceo
carbon atoms bonded to the heteroatoms for Fd are not
resolved, probably due to the inherent low NMR sensitivity
of these two carbon atoms and also the low yield of the
compound. Fortunately, the lack of these two resonances in
the *C NMR does not hamper the final structural assign-
ment for Fd with HMBC NMR as shown below, since the
missed resonance of the carbon atom bonded to the nitrogen
atom appears at 85.5 ppm by showing a correlation peak
with the methine proton in the HMBC spectrum, which is
probably due to the sensitivity enhancement caused by the
proton-detected technique used for HMBC.? Like the case of
2a, there is only one set of NMR resonances for Fb, Fe, and
Fd, indicating that only one of the two likely regioisomers is
formed, and it has to rely on the HMBC NMR, where
correlations between the methine proton and the sp*-C of
Ceo bonded to heteroatoms are crucial, to reveal the identity
of Fb, F¢, and Fd. Figure 4 shows HMBC NMR of Fb, Fe,
and Fd. Cross peaks between the methine proton and the
carbon atom resonating at 84.8, 84.8, and 85.5 ppm are
shown as indicated by the circle for Fb, Fe, and Fd, respec-
tively. The resonance around 85 ppm is due to the sp>-C of
Ceo bonded to the nitrogen atom according to the arguments
discussed above, and the observed cross peak is a three-bond
correlation (*Jcy) between the methine proton and the C3 as
is the case for 2a (see Figure 1 for the carbon labeling).
Therefore, it is clarified that the C3 in Fb, F¢, and Fd is
bonded to the nitrogen atom, showing unambiguously that
the obtained fullerooxazoles are 2b—d, respectively, while
regioisomers of 3b—d are not formed.

Along with the results for 2a, it shows that there isindeed a
regioselectivity for the heteroatom additions on the Cg
skeleton during the formation of fullerooxazoles from
Ce HPh® ™. Since the energy difference between the two types
of isomers 2 and 3 is very small, and especially that 3 actually
has a lower energy value than 2 according to DFT calcula-
tions, it is surprising to find that only regioisomers 2a—d are
formed experimentally. In fact, a similar situation has been
observed during the study of methanofullerenes and full-
eroids. It shows that even though methanofullerenes
are calculated to be energetically favored by as much as
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FIGURE 4. HMBC spectra of 2b, 2¢, and 2d in CS, with DMSO-d,
as the external lock.

6 kcal/mol over fulleroids,' fulleroids can still be the
major or exclusive product in reactions that are kinetically
controlled,"” suggesting that the fullerooxazole formation

(14) Raghavachari, K.; Sosa, C. Chem. Phys. Lett. 1993, 209, 223-228.
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FIGURE 5. Calculated Mulliken charge distributions for
C¢HPh?™. Only half of the sphere to which the cyclic phenylimidate
is added is shown. The phenylmethano group is omitted for clarity.
See the Supporting Information for the other half sphere.

reaction involving the anionic Cg species is likely kinetically
controlled. Previous work has shown that only trianion Cg
is capable of initiating the reaction, while the neutral, mono-
and dianionic Cg are unable to start the reaction,’ indicat-
ing that the amount of negative charge on the Cgq skeleton is
a crucial factor for the reaction. Figure 5 displays the
Mulliken charge distributions of CqHPh?™ obtained at the
B3LYP/6-31G theoretical level with the Gaussian 03 pro-
gram. It shows that the largest charge is located at C4 and C5,
which are the sites bonding to the oxygen atom, indicating
that the addition of the oxygen atom is a charge-directed
process during the fullerooxazole formation. Considering
the fact that benzonitrile has a wide electrochemical window
with £, = —2.17 V versus SCE,'® while the electrolysis
potential for fullerooxazole synthesis is set at only —1.20 V
versus SCE under deaerated conditions, it is unlikely that
benzonitrile would be electrolyzed and form an oxygen-
containing intermediate, which would then react with anio-
nic Cg species via the 1,3-dipolar reaction!’ to form the
product. In addition, it is also unlikely that anionic Cgg
would attack the nitrile molecule directly, since in that case,
a C—C bond would form in the product due to the partial
positive charge of the carbon atom in C=N. Therefore it is
reasonable to speculate that the reaction takes place via a
stepwise procedure, where the charge-directed addition of
the oxygen atom at C4/CS5 is the first step to afford an
intermediate, followed by a nucleophilic attack to the benzo-
nitrile molecule of this intermediate to form regioisomers
2a—d. The results imply that the oxygen atom in the products
is likely electrophilic during the reaction.

Conclusion

In summary, the recently discovered reaction of trianionic
Ceo leading to the formation of fullerooxazoles has been

(15) (a) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F. J. Am. Chem. Soc.
1992, 714, 7301-7302. (b) Wudl, F. Acc. Chem. Res. 1992, 25, 157-161.
(c) Prato, M.; Li, Q. C.; Wudl, F. J. Am. Chem. Soc. 1993, 115, 1148-1150.
(d) Nakamura, Y.; Inamura, K.; Oomuro, R.; Laurenco, R.; Tidwellb, T. T ;
Nishimura, J. Org. Biomol. Chem. 2005, 3, 3032-3038.

(16) Kojima, H.; Bard, A.J. J. Am. Chem. Soc. 1975, 97, 6317-6324.

(17) (a) Maggini, M.; Scorrano, G.; Prato, M. J. Am. Chem. Soc. 1993, 115,
9798-9799. (b) Prato, M.; Maggini, M. Acc. Chem. Res. 1998, 31, 519-526.
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further studied by using C¢;HPh®~ in benzonitrile, m-methoxy-
benzonitrile, m-tolunitrile, and o-tolunitrile. The reaction
can theoretically lead to the formation of two types of
possible regioisomers, 2 and 3, due to the symmetry lowering
of Cq;HPh?~. However, only regioisomers 2a—d are ob-
tained, although the alternative isomers 3a—d are slightly
energetically favorable as predicted by DFT calculations.
Such regioselectivity for the formation of fullerooxazoles can
be well rationalized by the charge distributions on
CotHPh® ™, where the site for the oxygen addition has the
largest negative charge, implying that the oxygen atom in the
products is likely electrophilic during the reaction, and the
addition of the oxygen atom is a charge-directed process,
which is likely the first step for the reaction. The results
provide further information on the reactivity of trianionic
Ce0, Which represents a largely unexplored field at the present
time.

Experimental Section

Synthesis of 2a—d. Procedures for the generation of 2a,c,d are
similar to those reported previously.”® Typically Co;HPh (50
mg, 61.7 umol), which was obtained by the reaction of Cgg
dianion with benzal bromide (PhCHBr,) according to the
previous methods,”™ was electrolyzed at —1.20 V versus SCE
in 50 mL of freshly distilled nitrile solution (PhCN, m-
CH3PhCN, or 0-CH;PhCN) containing 0.1 M tetra-n-butyl-
ammonium perchlorate (TBAP) under an argon atmosphere.
The reducing potential was continuously applied until an extra
irreversible anodic wave appeared at ca. —0.54 V versus SCE in
addition to the redox waves of CqHPh as examined by cyclic
voltammetry (CV). The resulting anionic C¢;HPh nitrile solu-
tion was kept under stirring for 30 min, followed by electro-
chemical oxidization to the neutral form with a potential of 0 V
versus SCE. The procedures for the generation of 2b are similar
to those of 2a,c,d, except the nitrile solution (m-OCH;PhCN)
was used as received.

The solvent was removed with a rotary evaporator under
reduced pressure after the reaction for 2a,c,d was finished, and
the residue was washed with methanol to remove TBAP before
further purification. A large amount of methanol was put into the
reaction mixture of 2b directly to precipitate the product. The slurry
was separated by filtration, and the residue was put into toluene and
sonicated. The soluble part was further purified by HPLC, using a
Buckyprep column (see the Supporting Information).

Spectral Characterization of 2a. Negative MALDI FT-ICR
MS, m/z caled for C74HNO [M]™ 929.08461, found 929.08181;
"H NMR (600 MHz, CS,/CDCls) 6 8.42 (d, 2H), 7.65 (t, 1H),
7.62 (d, 2H), 7.59 (t, 2H), 7.33 (t, 2H), 7.26 (t, 1H), 5.06 (s, 1H);
13C NMR (150 MHz, CDCls) 6 165.2 (1C, C=N), 154.9 (1C),
150.1 (1C), 148.7 (1C), 148.4(1C), 148.3 (1C), 148.0 (1C), 148.0
(1C), 147.1 (1C), 146.8 (1C), 146.4 (1C), 146.2 (1C), 146.0 (1C),
145.9 (1C), 145.8 (1C), 145.5 (1C), 145.4 (2C), 145.3 (1C), 145.3
(1C), 145.1 (1C), 144.9 (1C), 144.8 (1C), 144.5 (1C), 144.4 (3C),
144.3 (2C), 144.3 (1C), 143.9 (3C), 143.7 (1C), 143.7 (1C), 143.6
(1C), 143.3 (1C), 143.1 (1C), 143.0 (1C), 142.8 (1C), 142.6 (1C),
142.5(1C), 142.4 (10), 142.4 (1C), 142.2 (1C), 141.7 (1C), 141 .4
(1C), 141.3 (1C), 141.3 (2C), 141.1 (1C), 139.8 (1C), 139.5 (1C),
139.4 (1C), 137.4 (1C), 137.4 (1C), 137.0 (1C), 133.0(1C, Ph),
132.8 (1C, Ph), 131.2 (2C, Ph), 129.3 (2C, Ph), 128.9 (2C, Ph),
128.5 (2C, Ph), 127.9 (1C, Ph), 126.5 (1C, Ph), 96.2 (1C, sp°,
C-0), 85.4 (1C, sp®, C—N), 65.1 (1C, sp>, C—CHC¢H3s), 61.9
(1C, sp>, C—CHCHs), 44.3 (1C, C—HCgH5); UV—vis (hexane)
Amax/nm 256, 318, and 425.

Spectral Characterization of 2b. Negative ESI FT-ICR MS,
m/z caled for C7sH13NO> [M]~ 959.09518, found 959.09033; 'H
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NMR (600 MHz, CS,, DMSO-ds as the external lock) 6 7.73 (d,
1H), 7.64 (s, 1H), 7.37(d, 2H), 7.22 (t, 1H), 7.08 (t, 2H), 7.02 (t,
1H), 6.90 (d, 1H),4.80 (s, 1H), 3.71 (s, 3H); '*CNMR (150 MHz,
CS,, DMSO-dq as the external lock) 6 163.7 (1C, C=N), 159.0
(1C), 153.9 (1C), 149.3 (1C), 147.8(1C), 147.6 (1C), 147.5 (1C),
147.2 (2C), 146.3 (1C), 146.0 (1C), 145.6 (1C), 145.4 (1C), 145.3
(10), 145.1 (20), 144.8 (10), 144.8 (1C), 144.6 (2C), 144.5(1C),
144.4 (1C), 144.2 (1C), 144.0 (1C), 143.8 (2C), 143.6 (1C), 143.5
(30), 143.5 (10), 143.2 (2C), 143.0 (1C), 143.0 (1C), 142.9 (1C),
142.7 (1C), 142.4 (1C), 142.1 (1C), 142.1 (1C), 141.9 (1C), 141.8
(1C), 141.7 (1C), 141.7 (1C), 141.5 (1C), 141.0 (1C), 140.8 (10),
140.7 (1C), 140.5 (1C), 140.5 (1C), 140.4 (1C), 139.1 (1C), 138.9
(10), 138.8 (1C), 136.8 (1C), 136.4 (1C), 136.2 (10), 132.1 (1C,
Ph), 130.5 (2C, Ph), 129.1 (1C, Ph), 128.4 (1C, Ph), 127.9 (2C,
Ph), 127.6 (1C, Ph), 127.3 (1C, Ph), 121.1 (1C, Ph), 118.5 (1C,
Ph), 113.0 (1C), 95.2 (1C, sp>, C—0), 84.8 (1C, sp>, C—N), 64.4
(1C, sp®, C—CHC4Hs), 61.0 (1C, sp®>, C—CHCgHs), 54.4 (1C,
sp’, C—CH;0C¢Hs), 43.8 (IC, sp° C—HC¢Hs); UV—vis
(hexane) Apya,/nm 256, 318, and 425.

Spectral Characterization of 2¢. Negative ESI FT-ICR MS,
mz caled for C7sH3NO [M]~ 943.10026, found 943.09733; 'H
NMR (600 MHz, CS,, DMSO-dj as the external lock) 6 8.00 (s,
1H), 7.96 (d, 1H), 7.38 (d, 2H), 7.25—7.20 (m, 2H), 7.10 (t, 2H),
7.04 (t, 1H), 4.81 (s, 1H), 2.33 (s, 3H); '>*C NMR (150 MHz, CS,
DMSO-d; as the external lock) ¢ 163.8 (1C, C=N), 154.0 (1C),
149.3 (1C), 147.8 (1C), 147.6 (1C), 147.5 (1C), 147.2 (2C), 146.3
(10), 146.0 (10), 145.6 (1C), 145.4 (1C), 145.3 (1C), 145.1 (1C),
145.1 (1C), 144.8 (1C), 144.8 (1C), 144.6 (2C), 144.5(1C), 144 4
(10), 144.2 (10), 144.0 (1C), 143.9 (1C), 143.8 (1C), 143.6 (2C),
143.6 (2C), 143.5 (1C), 143.2 (2C), 143.0 (2C), 142.9 (1C), 142.7
(10), 142.4 (10), 142.1 (10), 142.1 (1C), 141.9 (1C), 141.8 (1C),
141.8 (10), 141.7 (1C), 141.5 (1C), 141.0 (1C), 140.9 (1C), 140.9
(10), 140.5 (10), 140.5 (1C), 139.1 (1C), 138.9 (1C), 138.8 (1C),
137.6 (2C), 136.8 (1C), 136.5 (1C), 136.2 (1C), 132.6 (1C, Ph),
132.1 (1C, Ph), 130.6 (2C, Ph), 129.3 (1C, Ph), 128.1 (1C, Ph),
127.9 (3C, Ph), 127.3 (1C, Ph), 126.1 (1C, Ph), 125.9 (1C, Phg,
95.1 (1C, sp°, C—0), 84.8(1C, sp’>, C—N), 64.5 (1C, sp’,
C—CHC¢Hs), 61.0 (1C, sp’, C—CHCHs), 43.8 (1C, sp°
C—HCgHs), 21.1(1C, sp3, CH;); UV—vis (hexane) Amy,,/nm
256, 318, and 425.

Spectral Characterization of 2d. Negative ESI FT-ICR MS,
m/z caled for C75sH 3NO [M]~ 943.10026, found 943.10293; 'H
NMR (600 MHz, CS,, DMSO-dg as the external lock) 6 8.08 (d,
1H), 7.39 (d, 2H), 7.27 (t, 1H), 7.18 (t, 2H), 7.10 (t, 2H), 7.05 (t,
1H), 4.85 (s, 1H), 2.82 (s 3H); '*C NMR (150 MHz, CS,,
DMSO-ds as the external lock) 6 163.8 (1C, C=N), 153.9
(10), 149.3 (1C), 1479 (1C), 147.6 (1C), 147.6 (1C), 147.2
(2C), 146.4 (1C), 146.0 (1C), 145.6 (1C), 145.5 (1C), 1453
(10), 1452 (1C), 145.1 (1C), 144.8 (3C), 144.6 (1C), 144.6
(10), 144.5 (1C), 144.4 (1C), 1442 (1C), 144.0 (1C), 143.9
(10), 143.8 (1C), 143.6 (1C), 143.6 (1C), 143.5 (2C), 143.2
(3C), 143.0 (1C), 143.0 (1C), 143.0 (1C), 142.7 (1C), 142.4
(10), 1422 (2C), 1419 (1C), 141.9 (1C), 141.8 (2C), 141.5
(10), 141.0 (1C), 140.9 (2C), 140.6 (1C), 140.4 (1C), 139.8
(1C), 139.1 (1C), 138.9 (20), 136.8 (1C), 136.5 (1C), 136.2
(1C), 132.1 (1C, Ph), 131.3 (1C, Ph), 131.2 (1C, Ph), 130.5
(2C, Ph), 130.3 (1C, Ph), 128.4 (1C, Ph), 127.9 (2C, Ph), 127.7
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(1C, Ph), 127.3 (1C, Ph), 125.5 (1C, Ph), 85.5 (1C, sp>, C—N),
64.6 (1C, sp’, C—CHCgH3), 60.9 (1C, sp®>, C—CHC4Hs), 43.9
(1C, sp>, C—HCgHs), 22.9 (1C, sp®, CH3); UV—vis (hexane)
Amax/Nm 256, 318, and 425.

X-ray Crystallographic Data Collection and Structure Refine-
ment. Black lamellar crystals of compound 2a suitable for an
X-ray analysis were obtained by slowly diffusing hexane into a
CS, solution of compound 2a at room temperature. Single-
crystal X-ray diffraction data were collected on a Bruker
SMART Apex equipped with a CCD area detector, using
graphite-monochromated Mo Ka radiation (A = 0.71073 A)
in the scan range 1.54° < 6 < 26.07°. The structure was solved
with the direct methods by using the SHELXS-97'® program
and refined with full-matrix least-squares techniques using the
SHELXL-97 program'® within WINGX.?® Non-hydrogen
atoms were refined anisotropically. Crystal data of 2a-0.5CS;:
Cr4.50H11NOS, M, = 967.90, dark brown, orthorhombic, space
group Pbca,a = 10.018(1) A, b = 26.454(3) A, c = 29.783(3) A,
o = 90.000°, g = 90.000“’,%/ = 90.000°, ¥ = 7894.3(14) A°,
z=8,Dege = 1.629Mgm ™, u = 0.147mm ', T = 187Q2) K,
crystal size 0.419 x 0.231 x 0.052 mm; reflections collected
39277, independent reflections 7309, 2887 with I > 20(I); R| =
0.0817 [I > 20(])], wR, = 0.1731 [1 > 20(12)]; R, = 0.2060 (all
data), wR, = 0.2321 (all data), GOF (on F°) = 0.928.

Quantum Computational Methods. The Gaussian full geome-
try optimizations of 2a—d and 3a—d were performed by using
the B3LYP functional and 6-31G basis set in the Gaussian 03
program package, followed by harmonic frequency calculations
at the same level to confirm them as the energy minima. The
geometry optimization and the Mulliken charge distribution
analysis for the C4HPh trianion were performed with use of
B3LYP/6-31G.
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