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The mechanism of the reaction of azafullerene radigghC
with diphenylmethane and 9-methyHSluorene has been
investigated. The primary and secondary kinetic isotope

FIGURE 1. Azafullerene dimer (6N),, azafullerene radical 4N°,
and azafullerenium carbocationdd*.

produced from the dimer @N). in the presence of air and

excess tolueng-sulfonic acid p-TsOH), was elaborated by

Hirsch. Electron-rich aromati€snd carbonyl compoundsas

well as alcohols and olefirffsmay carry out the nucleophilic

trapping of the cation. Moreover, monomeBibas been isolated

in the form of its carborane anion salt by oxidation of thé-sp

sp? C—C bond of (GgN), with hexabromo(phenyl)carbazdle.
Following our continuous interest in fullerene chemisty,

we have recently revealed an unprecedented photochemical

behavior of azafullerenium carbocationg8*.1* Hence, the

photoinduced electron-transfer reaction betwdemd benzyl-

trimethylsilane affords aza[60]fullerene monoaddu¢Echeme

1). In the same study, we showed thatd{), displays three

different modes of reactivity toward benzyltrimethylsilane

(namely, radical, electrophilic aromatic substitution, and pho-

toinduced electron transfer), leading to novel aza[60]fullerene

monoadducts. Furthermore, we have also reported a mechanistic

effects provide strong evidence for a stepwise mechanismStudy on the electrophilic aromatic substitution reaction between

in which the hydrogen-atom abstraction is the rate-determin-
ing step.

A major target of scientists, who are involved with the
chemistry of fullerenes, is the modification of the fullerene cage
by introducing heteroatoms into the cage structure. This was
achieved for the first time in 1995 by Wudl and co-workers via
the isolation and characterization of aza[60]fullerene dimer
(CseN)2 (1, Figure 1)t An alternative synthetic route tbwas
subsequently reported by Hirsch and co-workeRegarding

azafullerenium carbocationsgN* and electron-rich aromatic
compoundd? On the basis of kinetic isotope effect (KIES)
measurements, we propose that the arenium cation is formed
by electrophilic attack of &N™ on the aromatic ring in the
first step, followed by hydrogen abstraction in a rate-determining
second step.

The diphenylmethafeand 9-substituted fluorefeaza[60]-
fullerene monoadducts are the only aza[60]fullerene derivatives
that have been isolated from the reaction of azafullerene radical
CsoN* (2) thus far#513 however, apart from product isolation
and characterization, little is known of their formation mech-

the synthesis of azafullerene monoadducts, two basic procedure@nism.

have been developed up to néWhe first one is based on the
trapping of azafullerene radicakéN* (2, Figure 1), either by a

hydrogen-atom donor such as hydroquinone, leading to hydroaza-

[60]fullerene GgHN,* or by the diphenylmethane radical,
leading to Go(CHPH,)N.5 Alternatively, the trapping of azafulle-
renium carbocation &N (3, Figure 1), which is thermally
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SCHEME 1. Photoinduced Electron-Transfer Reaction R' R2 R! R2
between GgN* and Benzyltrimethylsilane X I
5-dy R'=H,R?=H 6-dy R'=CH;, R?=H
5-d; R'=H,R?=D 6-d; R'=CD; RZ=H
5-d, R'=D,R%=D 6-ds R'=CDs RZ=D

FIGURE 2. Deuterium-labeled diphenylmethanes and 9-methylfluo-
Building upon this work, we report herein a mechanistic study €nes:
based on primary aqd secondary isotope effe;ts in the reactiont ag| g 1. KIEs for the Addition of C siN* to Diphenylmethane
betweer? and the suitable deuterium-labeled diphenylmethanes and 9-Methylfluorene?

and fluorenes. In general, deuterium isotope effects are a (D)H H(D) H D (D)H. CH4(CD3)
powerful tool to probe the transition state and provide valuable

information on the extent of bond breaking and bond making.
The arylalkanes used for the present deuterium-based KIEs study

are: diphenylmethané{do) and its deuterated analoguesl; 6-y/6-d
and 5-d;, as well as 9-methyl9-fluorene 6-do) and its 5-dy/5-d, 5-d, 6-0,/6-d,

deuterated analoguésds; and 6-d, (Figure 2)15

All reactions between the aza[60]fullerene dimer and diphe-

nylmethanes or methylfluorenes were carried out with a 100- intermolecular  5-do/5-0; 38 2.30+ 0.07
fold molecular excess of the substrate in degassed HPLC grade !ﬂié?mgliﬁﬂlii g‘g;/ o gg g-ggi 8-22

. - -Og4 . .
o-dphlorobenzene (ODCB), under an argon atmosphgre, and ;rermolecular 6-0o/6-0 31 1.06L 003
monitored by HPLC. To assess the extent of bond making and . . .
bond breaking in the transition state, we measured the inter- Tr;ehflo""er reaction rate of ‘g'ptr)‘le”y'metlha”gs' .cﬁm.parﬁ.d ht° ”l‘)at gf

| lar primary as well as the- and 8-secondary KIEs in 9-methylfluorenes, is most probably correlated with its higher bon
molecular p y y dissociation energy (ref 16).

the reactions oR with an equimolar mixture 06-dy or 6-dy
with their deuterated analogussl, 6-d;, and6-ds, respectively,  gpserved isotope effects may be rationalized as follows: The
and5-d, was used in the intramolecular (product) KIE experi- sqione effect for the intermolecular (kinetic) competitioy/
ments. In the case of 9-methylfluorenes, the reaction mixture 5-d, found to be Ku/ko)obs = 2.30+ 0.07, is a combination of
was heated at 16TC for 4 h13 whereas for diph_enylmethanes, a primary and ana-secondary isotope effect. In general,
the temperature was kept at 18C for a period of 40 R. a-secondary KIEs originate from the change of the hybridization
Following the distillation of ODCB under reduced pressure, the 4t the g-carbon from the ground to the transition st#t&he
crude mixtures were washed-8 times with acetonitrile and/  jpserved isotope effect may be fractionated into the primary

or acetone to remove the remaining arylalkane. Chromatographicy ) s ando-seconda / isotope effects accordin
purification on SiQ afforded the desired azafullerene adducts. [(ke/ko)or "y Ke/ko)e] P g

competition substrate conversion (%) Ki#ko)obs

The isotope effects were measured from tHeNMR spectra toeq 1.

by integrating the appropriate signals. For example Stsec- (KeKp) ops = (kH/kD)pr'(kH/ko)a =230 (1)
ondary isotope effect, which is the result of the intermolecular

isotopic competition betweerd, and 6-ds, is proportional to Similarly, the observed intramolecular isotope effectFat;

the ratio of adduct3-dy/7-ds. A typical *H NMR spectrum of is the summation of a primary and ersecondary isotope effect.
the reaction products-dy and7-dz is shown in Figure 3 (methyl ~ Nevertheless, in this case, thhesecondary KIE is in the opposite
protons resonate at 2.95 ppm, and the four aromatic protonsdirection than the primary. Consequently, the/Kp)obs iS
Ha Hb, He, and Hy at 8.30, 7.96, 7.60, and 7.53 ppm, expressed by eq 2. Assuming that the primary isotope effects
respectively). Integrations of the methyl signal7fl, at 2.95 for the inter- and intramolecular competition are equal and taking
ppm and the aromatic protons of botkdy and7-d; determine the ratio of egs 1 and 2, we calculated thsecondary isotope
the f-secondary KIE 1-do/7-d3 = ku/kp, Figure 3). effect to be kq/kp). = 1.07 and the primary effect to bé&(

The measured isotope effects for all inter- and intramolecular Ko)pr = 2.14.
competitions are summarized in Table 1. For both substrates, a 1
substantial primary KIE was determined. The values of the (Ki/Kp)ops = (kH/kD)pr‘[(kH/kD)a] =2.00 2)

Moreover, the observed isotope effect for the intermolecular

(14) (a) Melander, L.; Saunders, W. HReaction Rates of Isotopic . ; ] _
Molecules Wiley-Interscience: New York, 1980. (b) Carpender, B. K. competition6-dy/6-ds was found to bek/kp)ops= 1.06+ 0.03.

Determination of Organic Reaction Mechanisdohn Willey: New York, Therefore, theg-secondary isotope effect per deuteriumkis/
1984, ko)s = (kn/kp)obs 3 = 1.02. Thus, the observed isotope effect

(15) Compoundss-do, 5-d1, and 5-d, were prepared by reduction of ; " ~ ; .
benzophenone with LiAlb (or LIAID 4 for 5-dy and 5.d), followed by for the intermolecular competitiodrdy/6-d, may be written as:

reduction of the produced alcohol by an etherated boron triflueride

triethylsilane system (or triethylsilartkfor 5-d). For a detailed experimental (K/kp) obs = (KeifKp)pr [(Ki/ kD)ﬁ]3 =3.85 3)
procedure, see: Orfanopoulos, M.; Smonowgynth. Commuril988 18,
833-839. Compound6-dy, 6-ds, and6-d, were prepared from 9-fluorenone The neat primary isotope effect for the intermolecular

by addition of CHLi (or CDsLi for 6-d; and6-ds), followed by reduction -
of the produced alcohol by an etherated boron trifluotitteethylsilane competition6-dy/6-ds was consequently calculated to Hey/(

system (or triethylsilane-for 6-ds). Kp)pr = 3.63.
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CHCI;

(CsoN)2  +

I

CHoo NY
L~
] 2

TSI R =Hor CH; TS” \V
<i= (Ph); or fluoro

5 [(Ar)2 = (Ph);, R = H]
E 6 [(Ar), = Fluoro, R = CH3]

FIGURE 5. Transition state of the hydrogen-atom transfer from
diphenylmethane and 9-methylfluorene teyIC.

—_———

CsoN"+ RC(AN), diphenylmethane where this interaction is absent. This dif-

ferentiation is in good agreement with an extraordinary increase
in the KIEs measured in hydride and proton-transfer reactions
on going from nonsterically demanding systéhts the hydride-
FIGURE 4. Proposed energy profile for the reaction ofg® with transfer reactions of triarylmethanes with triarylmethyl carboca-
diphenylmethanes and 9-methylfluorenes. tions18 At this stereochemical extreme, the hydride-transfer
transition state was proposed to be linear, affording large KIEs
. . in the range oku/kp ~ 7—9.28In an earlier work, the magnitude
The substantial primary as well as the normasecondary ot the deuterium KIE had also been theoretically predicted to
KIES supporta mechamsr_n w here the hydrogen_-atom a_lbst_ractlondepend strongly on the value (Figure 5), reaching its highest
occurs at the rate-determining step of the reaction, which is then, 5/ .o ka/ko = 7.9) whend = 18(°.1°
followed by a fast coupling of the two radicals, as shown in
Figure 4. If this had not been the case, all measured isotope
effects would have been unity, or near urfityMoreover, the
larger primary isotope effect measured in the reaction of
9-methyl-H-fluorene, compared to that for diphenylmethane
(3.63 vs 2.14, respectively), could be rationalized on the basis - -
of angled size during hydrogen transfer from the corresponding re(ig:) ?\lir\‘,‘ﬁrz‘r’lz"l'g'?;chem'ca' Bonds and Bond Energhcademic
substrate to the aza[60]fullerene radical (Figure 5). Considering (17 (a) Hawthorne, M. E.: Lewis, E. S. Am. Chem. Sod.958 80,
that thea-carbon of methylfluorene is tertiary, the nonbonded 47159;3;2%9?45()%) Bartlett, P. D.; McCollum, J. I. Am. Chem. S0d956
mteractlor_ls between the methyl group and the aza[60]fl_JIIere_ne '(18) Karabatéos, G. J.; Tornaritis, Metrahedron Lett1989 30, 5733
sphere (Figure 5) may very well impose an increased linearity 5736
in the corresponding transition state, compared to that for (19) O'Ferrall, R. A. M.J. Chem. Socl97Q 13, 785-790.

Reaction Coordinate

In conclusion, the addition of the thermally produced
azafullerene radical $N* to diphenylmethane and methylfluo-
rene occurs by a stepwise mechanism in which the rate-
determining step is the hydrogen-atom abstraction, followed by
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a fast coupling of gN°* with the diphenylmethane or meth- Supporting Information Available: H NMR spectra for all
ylfluorene radical. inter- and intramolecular competitions. This material is available
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