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Since their discovery in 1985,! fullerenes have drawn much
attention. In 1990, Kratschmer and Huffman? developed a
method that made it possible to produce Cg and Cp in
macroscopic quantities. Since then, the research on fullerene
chemistry has boomed.3~® In particular, a large effort has been
focused on the production of fullerene derivatives through
reactions involving carbon—carbon bond formation. Several
routes have been taken to synthesize these derivatives including
reacting Ceo with carbon radicals, nucleophilic reagents, and
electrophilic reagents. These have led to the formation of carbon
bridges and cycloadditions with fullerenes.> In particular, Cso
derivatives of benzene and naphthalene have been synthesized.%’
Organometallic complexes containing Cep ligands have also been
prepared and characterized.?

Paralleling these studies in the condensed phase are gas-phase
studies. Although some ionic fullerene derivatives such as
Ceo(NCC;Hs)1-32%,910 CgoNO,~,11 exohedrally bound MCgot
(M = Fe, Co, Ni, Cu, Rh, La, and VO),1213 and endohedral
M@Cst (M = He, Ne, Y)*"18 have been prepared in the gas
phase, only a few examples have been reported on the
production of gas-phase Cg derivatives formed through C—C
bonds.19~2! We have previously demonstrated that metalated
and unmetalated buckminsterfullerene methylene derivatives,
CoCsp(CH2)1-5 and Cgo(CHy)1-3T, respectively, can be pre-
pared from CoCeo".22 In this paper, we report the gas-phase
reactions of Ceo with Fe(benzyne)* and Fe(biphenylene)* in
which metallacyclic Cgp derivatives are formed.

All experiments were performed on an Extrel FTMS-2000
dual cell Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR-MS) equipped with a 3 T superconducting
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magnet.?> The ion-trapping potential was set at 2 V. A
Bayard—Alpert ion gauge was used to monitor pressure. Fe*
was generated by laser desorption of the pure iron metal target
using a Quanta-Ray Nd:Y AG laser operated at its fundamental
output (1064 nm).2* Cso was introduced into the source side
of the dual cell using a solids probe at 350 °C. The temperature
of the trapping cell was kept at 200 °C to maintain a static
background Cgo pressure at ~1.0 x 1078 Torr. At this
temperature, the observation of a slow reaction suggests that
the process is near thermoneutral or somewhat endothermic.
Chlorobenzene was introduced using a Varian leak valve into
the vacuum system at a static pressure of 7.9 x 1077 Torr
measured using standard procedures for calibrating the ion gauge
for the sensitivity toward the neutral molecule.?> Background
argon pressure at ~5.0 x 1076 Torr was used as the collision
gas for thermalization and for collision-induced dissociation?6
(CID) experiments. Since a large percentage of the Fe™
generated by laser desorption underwent a charge transfer
reaction with background Csg to form Ceo™, a solenoid pulsed
valve?” was also used to introduce additional chlorobenzene to
a maximum pressure of ~1073 Torr to enhance ion intensities
of Fe(C¢Hy)12*. Standard FT-ICR ion ejection techniques?® and
SWIFT excitation were used to study ion—molecule reaction
pathways and to isolate ions for CID experiments.?3
Fe(benzyne)* (1) and Fe(biphenylene)* (2) were prepared
in situ in the FT-ICR trapping cell via the well-characterized
reactions 1 and 2.39732 These two ions react with background

==

Fe* + CgHsCl FeCeH,* + HCI )
FeCgH,* + CgHsCl Fe(CgH,),* + HCl @

Ceo to form FeCgCsHs™ and FeCgo(CsHa)ot, respectively,
reaction 3. FeCgHy4* also undergoes a charge transfer with Cep,
reaction 4, to form Cey". The reaction is slow, however,
suggesting that it is near thermoneutral or even slightly
endothermic. FeCgCsHs™ and FeCgo(CsHa)o react to comple-
tion with C¢HsCl to form unmetalated CgoCsHst and Ceo-
(CeHa)2™, respectively, reaction 5. While FeCgo(CeHy)o" is
unreactive with background Cgp, FeCgoCsHy™ reacts to form Ceo-
FeCgoCsHa™, reaction 6.

n=1,2
Fe(CgHy),* + Cop ————+ CeqFe(CeHy)," 3
n=1 .
— Cg" + FeCgHy )
-1,2
FeCop(CeHy)," + CeHyCl — =" Cy(CeHy)," + CoHsFeCl )

FeCeCeHy* + Coo CegoFeCooCeHy* 6

Pseudo-first-order rate kinetics were observed for reaction 5
for both FeCgoCsHu™ (see Figure 1) and FeCgo(CeHy)o ", in-
dicating, but not unequivocally, that each ion population is
thermalized and consists of only one isomeric structure. The
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Figure 1, Intensity variation versus reaction time for FeCeoCsHas* reacting
with CgHsCl and Cgo. Pressure of CéHsCl = 7.9 & 10~7 Torr; pressure of
Ceo = ~1.0 & 1078 Torr,

reactions were found to be relatively slow (k ~ 107! c¢m?
molecule™! s71). Upon CID, FeCgyCsHs™ yields both CegCsHs™
and FeCgH,*, reactions 7 and 8, which seemingly rules out
structures 3 and 4. Reaction 8 implies that IP(FeCgH,) < IP-
(Ce0) = 7.61 eV,>* which supports the earlier proposition that
reaction 4 proceeds slowly since it is somewhat endothermic.
CID of 3 is expected to cleave the weak Fet—benzene bond to
form CgyCeHy™ or Fe™. This structure could conceivably yield

CID/ Ar

FeCeo(CeHy)" Ceo(CeHy)™ + Fe Q)

Fe(CgHy)' + Cg (8)

FeCgH,™, but it certainly would not be dominant. In addition,
CsoCsHyt does not fragment under the same conditions.
Similarly, upon CID, 4 is expected to lose only Cep since the
bond energy D°(Fe*—benzyne) = 76 + 10 kcal/mol®? is far
greater than D°(Fe*—Cgp) < D°(Fe*—benzene) = 51.1 kcal/
mol,3’ vide infra. Furthermore, reaction 6 of FeCgyCsHs™ with
Csp to form CepFeCeCsHa™ also rules out structure 4 since the
metal center is not accessible to attach another Cep ligand.
Instead, structure § is the most likely structure of FeCgoCeHy™
to yield both FeC¢Hy™ and CgoC¢Hs™ upon CID. Consistent
with the demetalation reaction observed for 2 with C¢HsCl,30732
5 has a similar structural moiety and undergoes the analogous
demetalation reaction 5. Note that while a mixture of 3 and 4
could explain the CID results, it is very unlikely that each would
exhibit the same rate constant for reaction 5.
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It has been established that there is substantial double-bond
localization in the Cgo molecule.3%37 As a result of this, Cep in
many cases behaves like an alkene rather than an aromatic
hydrocarbon. The 6,6 ring junction is the reaction site in many
addition reactions.*~%3%3 This is also true for many character-
ized organometallic complexes in which Cg acts like an 7?2
ligand.® Likewise, a study of the reaction of Cgo™ with Fe-
(CO)s revealed that Cgp acts as a two-electron donor in gas-
phase organometallic ions.*’ Furthermore, ligand displacement
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reactions indicate that D°(M*—alkene) < D°(M*—Cgy) < D°-
(M*—benzene) for M = Fe, Co.22 This is consistent with either
of two interpretations: Cgp behaves like a highly polarizable
alkene, and Cg behaves like an electron-deficient arene.8
Formation of 5, however, is consistent with the alkene property
of Cgp. As shown in Scheme 1, a commonly observed reaction
of metallobenzynes in condensed phases is olefin coupling to
form metallacyclic complexes, 641743 Similarly, in the gas
phase the 6,6 junction double bond couples with one of the
Fe—C bonds in FeCsHy™ to form 5, Scheme 2.

Upon CID, FeCg(CeHy);" yields Fe(CgHa),™, predominantly,
with a minor amount of Ceo(CsHy),™. In analogy to 5 and Fe-
(CgHy)s™ in the Fet/CgHsCl system,30732 FeCgo(CeHy), is
proposed to have structure 7, which undergoes demetalation
(reaction 5) with chlorobenzene, as do 5 and Fe(CgH4);*. These
results, together with the pseudo-first-order decay kinetics
observed for reaction 5, reasonably eliminate the presence of
other isomers. Again, the formation of 7 is consistent with the
alkene-like property of Cep resulting in coupling to Fe(CgHy),™,
Scheme 3.

In addition, as stated above, FeCgyCgH, ™ undergoes a second
addition of a Cep molecule (reaction 6), but FeCeo(Ce¢Hs)2™ does
not, even though the Fe centers presumably have similar
coordination in both structures. We propose that this is due to
the steric differences in the two structures, which is consistent
with 5 and 7.

Metal complexes of benzynes, cycloalkynes, and acyclic
alkynes have the common property that they can couple with 7
bonds such as C=C, C=C, C=0 in CO;, CO, and Rj(CO)R;,
C=N, and N=N.1"%3 They have been used extensively in the
condensed phase for the preparation of various organometallic
complexes. Cg acts like an alkene, but, to our knowledge, its
reactivity toward metal—benzynes has not yet been studied. This
gas-phase example, in which we have demonstrated that a
reactive metal—benzyne structure can couple with Cgp to form
metallacyclic C¢o C—C-bound complexes, suggests that it will
be possible to produce this, as yet unknown, class of metallo-
Ceo derivatives in condensed-phase syntheses.
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