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The chromium-benzyne ion Cr*-CgH, was generated in the gas phase by electron-impact-induced loss
of 5 CO from (n°-1,2-dioxocyclobutaf)enzene)tricarbonylchromium(o). The gas-phase reactions of the
Cr*-C.H, ions with methanol, ammonia, several alkanes, alkadienes, and aromatic species were studied
by Fourier transform ion cyclotron resonance spectrometry (FT-ICR) using an external ion source. The
results show that the bimolecular reactivity of the Cr*-C¢H, cations is determined by the C¢H, ligand,
exhibiting the high reactivity of benzyne. No reactions due to a primary reaction at Cr* are discovered.
In most of the reactions, the main product observed for the bimolecular reaction is Cr* released from the
complex by the great exothermicity of the reaction at the C;H, ligand. However, in the case of less exothermic
reactions and if the excess energy is removed from the reaction complex by “evaporating” a neutral leaving
group, Cr* complexes are observed whose ligands arise from addition reactions of the reactants to CgH,.
This is the case for cycloadditions of benzene-dg and naphthalene-dg to Cr*-CzH,, where the adducts stiil
containing Cr* as well as ions formed by loss of acetylene-d, from the adducts are observed. Thus, in the
family of transition-metal-cation-benzyne complexes, the Cr*—CgH, cation is extraordinary in exhibiting
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reactivity exclusively at the benzyne ligand.

Introduction

The study of the gas-phase reactions of bare transi-
tion-metal cations with organic substrates during the last
few years has given a wealth.of information about or-
ganometallic chemistry.! A typical gas-phase reaction of
a transition-metal ion with a hydrocarbon is the oxidative
insertion into C-H and C-C bonds. Besides the investi-
gation of the reactivity of bare metal ions, a study of the
modification of the reactivity of the central metal ions of
coordinatively unsaturated metal complexes by the ligands
is a major field of research in metal-organic chemistry.2
Usually the complexation of ligands alters the reactivity
of the central transition-metal cation as well as that of the
ligand. This is of particular interest if the free ligand is
unstable and difficult to handle under the conditions
typical of synthetic chemistry. Benzyne (1,2-didehydro-
benzene) and other arynes are very reactive intermediates®
which have to be prepared in situ during a chemical syn-
thesis. However, stable benzyne complexes with tran-
sition metals are known,® showing that complexation may
markedly attenuate the reactivity of benzyne.

Recently, the transition-metal-benzyne complexes
Fe*—C¢H ¢ and Sc*-CzH,” were prepared in the gas phase
by dehydrohalogenation and dehydrogenation reactions,
respectively, between C;H;X (X = Cl, Br) and the tran-
sition-metal cation and were reacted with a variety of
organic substrates. The gas-phase chemistry of these
complexes is explained by initial reactions at the metal
center followed by intramolecular reactions of benzyne in
the ligand sphere.%’ In an extension of this series of co-
ordinatively unsaturated transition-metal-benzyne com-
plexes, the reactions of the Cr*-benzyne complex are of
special interest. Ground-state Cr* does not react with
hydrocarbons by the usual C-H/C—C insertion,® and this
inability for oxidative insertion is attributed to the large
promotion energy Cr*(3d®) — Cr*(3d%s?) of 142 kJ mol™!
necessary to put Cr* into a reactive electron configuration.
If this inertness of Cr* is sustained in complexes of this
transition metal, the Cr*-benzyne complex should exhibit
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benzyne reactivity only. However, because of the un-
reactive Cr* ion, the gas-phase addition—elimination se-
quence between a transition-metal cation and a suitable
benzene derivative’® cannot be used to prepare Cr*—C¢H,.
Here we present a new technique to generate Cr*~CgH,
in the gas phase by electron-impact-induced decomposition
of a suitable (arene)tricarbonylchromium(0) complex,
which can be used generally to prepare transition-metal-
benzyne complexes, and we report on the gas-phase re-
actions of Cr*-C;H, with a variety of substrates, including
alkanes, alkenes, and arenes.

Experimental Section

All experiments were performed with a Bruker Spectrospin
FT-ICR CMS 47 X equipped with an external ion source. The
Cr*-C¢H, ions were generated in the ion source from (n8-1,2-
dioxocyclobutabenzene)tricarbonylchromium(0) by 70-eV elec-
tron-impact ionization. The ions were transferred into the ICR
cell and thermalized by collisions with argon for about 500 ms.®
The ions of interest were isolated by a broad-band ejection of most
other ions and by selected single-frequency ejections pulses of
low amplitude (“soft single shots”) to remove ions of masses close
to those studied. This procedure minimizes any kinetic excitation
of the isolated ions and ensures that the reactions observed are
due to ions of thermal energy. The neutral substrates were
introduced into the ICR cell by a leak valve at a pressure of 4
X 1078 mbar (background pressure 1 X 10" mbar). The reaction
times were varied from milliseconds to several seconds. The
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Figure 1. Mass spectrum (70 eV) of (n%-1,2-dioxocyclobuta-
benzene)tricarbonylchromium(0).

collision-induced dissociations (CID) in the ICR cell were achieved
by accelerating the ions of interest with a rf pulse into a mixture
of argon and the reactant gas (total pressure 1 X 1077 mbar,
pressure of the reactant gas 4 X 10~% mbar).

The elemental compositions of all ions observed were deter-
mined by high-resolution FT-ICR measurements (m/Am >
300000), and the exact masses agree with the composition given
in the text.

MIKE spectra were measured with a VG ZAB-2F double-fo-
cusing mass spectrometer by 70-eV electron impact ionization.
The ions of interest were focused into the second field-free region
between the electromagnet and the electrostatic analyzer, and
the MIKE spectra were obtained by scanning the deflection
voltage of the electrostatic analyzer.

(9%-1,2-Dioxocyclobutabenzene)tricarbonylchromium(0) (1) and
(n%-1,2-['®0]-dioxocyclobutabenzene)tricarbonylchromium(0) (1-
180) were synthesized as described elsewhere.'® The organic
substrates for the reactions are available commercially and were
used without further purification. Liquid compounds were
subjected to multiple freeze-pump~thaw cycles to remove non-
condensable gases before introduction into the ICR cell. 1,3-
Pentadiene was prepared by the Grignard reaction of bromoethane
with acrolein and dehydration of the resulting pent-1-en-3-ol using
standard methods.!!

Results and Discussion

Generation of Cr*-C;H,, Whereas Fe* reacts with
chloro- and bromobenzene to yield Fe*-CgH,,%'% no reac-
tion of Cr* with benzene or chloro-, bromo-, or iodobenzene
is observed. It is not known whether this is due to the
endothermicity of the total reaction, because the reaction
may be blocked at the first insertion step. Thus, any
method to generate Cr*-CzH, in the gas phase has to start
from another Cr*-arene complex. Figure 1 shows the
70-eV mass spectrum of (»%-1,2-dioxocyclobutabenzene)-
tricarbonylchromium(0) (1).

The spectrum contains the peak of the molecular ions
at m/z 268 and a series of peaks at m/z 240, 212, 184, 156,
and 128 due to the successive loss of CO molecules.
Consecutive eliminations of CO ligands are a typical mass
spectrometric fragmentation pattern of metal carbonyls.!®
The peculiar feature of the mass spectrum of 1, however,
is the elimination of two additional CO molecules besides
the three CO losses expected for the tricarbonylmetal
fragment. In fact, in this series the relative intensity of
the fragment ions reaches a maximum for the ions [1 -3
COJ** and a minimum for the ions [1 - 4 COJ]**, reflecting

(10) 1 and 1-1%0 were obtained by hydrolysis of the corresponding
bis(ethylene acetal) complex with concentrated HCI in H,0 and H,!0,
respectively: Wey, H. G. Dissertation, Ruhr Universitit Bochum, 1990.
See also: Wey, H. G.; Betz, P.; Topalovic, 1.; Butenschén, H. J. Orga-
nomet. Chem. 1991, 411, 369.

(11) (a) Reif, J. Ber. Dtsch. Chem. Ges. 1908, 41, 2739. (b) Harries,
C. Justus Liebigs Ann. Chem. 1913, 395, 211.

(12) Dietz, T. G.; Chatellier, D. S.; Ridge, D. P. J. Am. Chem. Soc.
1978, 100, 4905.

(13) Muller, J.; Lidemann, F. J. Organomet. Chem. 1989, 204, 361.
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the different origin of the first three CO molecules and the
last two CO molecules lost. This is corroborated by the
mass spectrum of 1-180, which exhibits initial loss of three
CO groups before eventually two C'®0 molecules are ex-
pelled. The same sequence of CO eliminations is observed
in the MIKE spectra and CA spectra of the molecular ions
of 1-130 and of the resulting fragment ions. Hence, an
interchange between the CO ligands of the tricarbonyl-
chromium moiety and of the two CO groups of the 1,2-
dioxocyclobutabenzene ligand does not occur even for ions
of long lifetimes, neither for the molecular ions of 1 nor
for the fragment ions [1 — n CO]**. The latter observation
is of special interest because it makes even an insertion
of the coordinatively unsaturated chromium into the C-C
bonds of the 1,2-dioxocyclobutabenzene ligand unlikely.
Thus, the 1,2-dioxocyclobutabenzene ligand is still intact
after the loss of three CO groups from 1** and is trans-
formed into a benzyne ligand by the subsequent elimina-
tions of two CO molecules (Scheme I). The exact structure
of the resulting Cr*-C¢H, ion is not known; the Cr* may
be bonded “face-on” by the six-r-electron system of the
benzyne as in 1 or “side-on” to yield a metallabenzo-
cyclopropene species as shown by the X-ray structure of
stable benzyne complexes.®> The CA spectrum of the
Cr*-C¢H, ions exhibits only a small peak for loss of H
besides a large peak of Cr* ions and gives no additional
structure information. The loss of the metal ion in the CA
spectrum as the only fragmentation is also observed for
Fe*-CgH, % while Sc*-C¢H, forms additional fragment ions
by cleavage of the benzyne ligand.” C
Thermochemical Considerations. A necessary, but
not sufficient, condition for an ion-molecule reaction of
thermal ions to occur in the diluted gas phase of an ICR
spectrometer is exothermicity. Unfortunately, the en-
thalpy of formation, AHj, of the Cr*-benzyne complex is
not known. Hence, the reaction enthalpies of its reactions
are difficult to estimate. Recently, the AH{o-benzyne)
value of 442 #+ 10 kJ mol™ was determined independently
by two groups,# and the AH{Cr") value of 1049 kJ mol™!
is well-known.!® However, neither the bond dissociation
energy D(Cr*-benzyne) nor the related D(Cr*-benzene)
is known. Cr*-C¢H, is not formed by a reaction of Cr*
with benzene, suggesting D(Cr*-benzyne) < 260 kJ mol™.
Furthermore, if the failure of Cr* to yield Cr*-C,H, and
HI by the reaction with C;H;l is due to endothermicity,
the bond dissociation energy D(Cr*-benzyne) is even below
210 kJ mol™.. Cr*-CgH, is hydrogenated by i-C,H,, to yield
Cr*-Cg¢H; and free Cr* and C¢H, (see below), resulting in
D(Cr*-benzyne) < 240 kJ mol™l. This shows that D-
(Cr*-benzyne) is considerably less than D(Fe*-benzyne)
= 318 kJ mol '€ and D(Sc*-benzyne) = 368 kJ mol™..” A
bond dissociation energy D(Crt—benzyne) of 235 & 25 kJ
mol™! is close to values expected for a purely electrostatic
bond between a metal cation and benzene!® and to the

(14) (a) Riveros, J. M.; Ingemann, S.; Nibbering, N. M. M. J. Am.
Chem. Soc. 1991, 113, 1053 (b) Wenthold P. G.; Paulino, J. A.; Squires,
R. R. J. Am. Chem. Soc. 1991, 113, 7414.

(15) Lias, S. G.; Bartmes, J. E,; Llebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data, Suppl. 1988, 1.
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values of 230 and 205 kJ mol™ repOI.‘ted for D(Fe*- Table I. Relative Intensity (%) of the Ionic Products of the
benzene)!” and D(Sc*-benzene),” respectively. Therefore, Reaction of Cr*—CH, with Alkanes®
it is likely the bond dissociation energy of Cr* in the product ion CH, i-CiHy, n-CgHy n-CeH; ¢-CoHyg
complexes does not change greatly if the benzyne ligand o n T 19 7 17
of Cr*-CgH, reacts to form a benzene derivative. This Cr*-CgH, 28 36 39 39
would allow us to estimate to a first approximation the Cr*-alkene 2 9 9 5
reaction enthalpy for the ion-molecule reactions of alkenyl ion 3 2 3 2
Cr*—C¢H, by taking into account only the changes of the Cr-CgH, 96 50 41 40 37
AH; value of benzyne and the resulting benzene derivative ¢Conditions: total pressure of the ICR cell (c), 4 X 10~ mbar;

and those of the other reactants. The AH; values of reaction time, 2 s.

reactants and products for the estimation of the reaction

enthalpies were taken from the compilation of Lias et al.,!® tions. Clearly, the activation for the release of Cr* comes
with the exception of the AH; values of the alkylbenzo- from a chemical reaction of the benzyne ligand with
cyclobutenes, which were estimated using Benson’s in- CH,0H or NH;. Benzyne is known to add CH;OH and

cremental method.!® NH,, forming anisole and aniline, respectively,? by reac-
Reaction of Cr*-C;H, with CH;OH and NH;. In the tions which are exothermic by 308 and 309 kJ mol™.
mass spectra obtained after a 2-s reaction time for the Similar exothermic reactions are expected for Cr*-CgH,,

reaction of Cr*-CzH, with CH;OH and NHj, respectively, and certainly they release enough energy to dissociate the
the signal of Cr*—C¢gH, at m/z 128 has nearly disappeared complex.

and Cr* (m/z 52) is observed as the predominant product In the case of the reaction with CH;OH, the chemically
ion of both reactions. No adduct ions of the nucleophiles activated Cr*-anisole complex may also dissociate by
to the reactant ion are observed. The ions [Cr*-CH,O] elimination of CH,0, a fragmentation observed for the
(m/z 84) and [Cr*-NHj;] (m/z 69) observed in rather low analogous Fe*-anisole complex.!® However, a direct hy-
abundance, arise from a reaction of free Cr* with methanol drogenation of Cr*~CgH, by CH;OH also appears possible
and NH;, respectively, as shown by independent experi- (AH, = -266 kJ mol™).

ments. The only other reaction product observed is a small Reaction of Cr*~C H, with Alkanes. Fe*-C;H, and

amount of Cr*-C¢Hg (m/z 130) in the reaction with Sc*-CgH, exhibit a rich gas-phase chemistry in their re-
CH,OH. The abundant formation of Cr* is not due to action with alkanes®’ which is explained by initial insertion

collision-induced decomposition, because no dissociation of the transition-metal cation into a C-H or a C-C bond.
of Cr*-CgH, is observed if the ICR cell is filled with an The ionic products of the reaction of Cr*—C4H, with some
unreactive neutral gas under otherwise identical condi- linear alkanes and cyclohexane are shown in Table I. No
reaction is observed for CH, as in the case of the Fe and
(16) Distances r from 1.73 to 2.14 A between Cr and the plane of the Sc complexes. The other alkanes studied react rapidly
benzene ring have been observed in stable arene complexes (Silverthorn, with Cr*-C¢H, with estimated reaction efficiencies of
w. El;lA?iv' Organgemet. Ché":' 19;5553, 47). Thus, 2.01-2.5 {.J isa r:;- >60%, yielding mainly Cr* and Cr*-C¢H, as the ionic
sonable distance between Cr* an nzene in a complex. Using the T s :
equation for the classical potential for ion/dipole and ion/induced-dipole pmduc? and minor amounts of t!:le. re,smve alkyl cations
interactions ()Su, T, lEl!owers, i\: T. Int. Jl.mMgss Spectrc()lr‘nj Ionl {;hys. and Cr*—alkene complexes. This is in complete cm;trast
1978, 12, 347) the following electrostatic bond energies (kJ mol™') are to the reactions of the analogous Fe and Sc complexes,
Obﬁl'?)egl:et:i:h?llﬁf;lic’i:;:"i‘.é‘é.?gst;::k:, %ﬂé" ﬁg{sg:;_‘g_ﬁ’_ }‘5,2" which react with alkanes mainly by the incorporation of

Chem. Soc. 1986, 108, 5086,
(18) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New
York, 1976. (19) Bjarnason, A.; Taylor, J. W. Organometallics 1990, 9, 1493.
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Table I1. Relative Intensity (%) of the Ionic Products of
the Reaction of Cr*-C¢H, with Alkenes®

product ion i-C Hy 2-CsH,, ¢-CeHy

Cr* 71 48 33
Cr*-C¢Hj 19 27
Cr*-alkadiene 5 3
alkadienyl ion 2 3
Cr*-C¢H, 29 26 34

¢Conditions are as given in Table I.

alkane fragments.®” Obviously, the central Cr* of
Cr*-C,H, does not cleave the alkane molecule by C-H or
C—C insertion, in agreement with the lack of these reactions
of free Cr* with alkanes. Thus, the two H atoms are very
likely transferred directly from the alkane to the benzyne
ligand in the reaction complex. Although the hydrogen-
ation of free benzyne is well-known from pyrolytic pro-
cesses,” the hydrogenation by alkanes has not strictly been
studied, and it appears that the Cr* “catalyzes” this process
in Cr*-C¢H,, which is exothermic by 234-244 kJ mol ™ for
the alkanes studied. Such a catalysis of reactions by
cations attached to a reactant has been predicted specif-
ically for addition reactions.? The excess energy of the
reaction complex can be used to dissociate the resulting
Cr+-CgHg if it is not carried away by the departing alkene
molecule. Interestingly, a ligand exchange for the alkene
formed is observed in some of the reaction complexes,
suggesting the intermediate complex Cr*—(C¢Hg)(alkene).
This type of complex is expected to dissociate mainly by
loss of the alkene ligand.

Reaction of Cr*-C,H, with Alkenes and Alkadienes.
Generally Fe*-C¢H, and Sc*~C;H, react with alkenes by
addition/dehydrogenation, by addition of fragments of the
alkane, and by ligand exchange, but the individual course
of the reaction depends on the central transition-metal ion.
This is illustrated by the reactions of the Fe and Sc¢ com-
plexes, respectively, with isobutene. The former complex
gives Fe*—toluene as the sole ionic product, while the latter
one gives rise to addition—dehydrogenation and exchange
products [ScC,oH;01*, [ScC130H,]*, and [ScC,H¢]*. The
reactions of Cr*~C¢H, with alkenes occur again with a large
reaction efficiency, but the reaction routes are different
from those of the Fe~ and Sc—benzyne complexes (Table
II). Cr* is the sole reaction product with isobutene, while

(20) (a) Field, E. K.; Meyerson, S. J. Am. Chem. Soc. 19686, 88, 21. (b)
Grﬁtzmacher,H -F.; Loh.mann,J Justus Liebigs Ann. Chem 1967 705,

(21) (a) Clark, T. J. Am, Chem. Soc. 1988, 110, 1672. (b) Clark, T. J.
Am, Chem. Soc. 1989, 111, 161. {(¢) Hofmann, H,; Clark T.J. Am. Chem.
Soc. 1991, 113, 2422.
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Table I11. Relative Intensity (%) of the Ionic Products of
the Reaction of Cr*-C,H, with 1,3-Dienes®

pl'oduct ion CJ}{G i'Cng n-C;,Ha C'C5Hg

Cr* 67 65 77 73
(CrCeH,]* 1 8t 1t

other 2¢ 4
Cr*—CgH, 22 27 20 23

¢Conditions are as given in Table I. ?[CrC,iHy]*. ¢{CrC;Hq]*.
dc-C5H8 .

in the case of 2-pentene and cyclohexene Cr* and
Cr*-C¢Hj, are the main products besides small amounts
of alkenyl cations and Cr*-alkadiene complexes, in abso-
lute correspondence to the reactions with alkanes. These
results are most easily rationalized by again assuming inert
Cr* and reactions exclusively at the benzyne ligand, either
by abstraction of two hydrogen atoms or by [2 + 2] cy-
cloaddition and an ene reaction, respectively, of the com-
plete alkene (Scheme IV). However, the large efficiency
of the reactions may point again to an “electrostatic
catalysis”?! of the Cr* attached to the benzyne.

In the case of 2-pentene and cyclohexene as reactants,
the hydrogen transfer producing Cr*-Cg;H; and a conju-
gated diene is exothermic by more than 250 kJ mol™. A
hydrogen transfer yielding a diene is not possible in the
case of isobutene. The only other dehydrogenation product
formed from isobutene without rearrangement of the
carbon skeleton would be methylenecyclopropene. This
hydrogen transfer to Cr*-C.H, is again exothermic by
about 140 kJ mol™? but very likely has to occur in two steps
via single H atom transfers. The absence of this process
supports a concerted [2, + 2, + 2,] cycloaddition mecha-
nism for the transfer of the two H atoms to Cr*-C¢H,
observed for the other alkenes. As in the case of alkane
reactants, the alkadiene formed by this process may stay
with the Cr* to a certain extent and the benzene molecule
is lost instead from the reaction complex.

The other reactions expected between benzyne and al-
kenes are the formation of a benzocyclobutene derivative
by a [2 + 2] cycloaddition and the ene reaction generating
an alkenylbenzene. Both processes are strongly exothermic
by more than 300 kJ mol?. In the reaction between
Cr+—CgH, and the alkene, the excess energy cannot be
released from the reaction complex by ejecting a neutral
fragment generated during the process. Thus, the reaction
product is strongly chemically activated and dissociates
into Cr* and the benzocyclobutene and alkenylbenzene,
respectively. Since addition of the alkene is the only
process possible for isobutene, Cr* is the only ionic product
observed in this case, while Cr* and Cr*-CgHj are formed
from other alkenes.

A concerted [4, + 2,] cycloaddition of Cr*—CgH, is also
expected for the reactions with 1,3-dienes, if the reactivity
is controlled by reactions of the benzyne ligand. In the
case of Fe*—CgH, the reaction with 1,3-butadiene releases
mainly Fe* from the reaction complex, but abundant
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[FeC,oH;]* is also formed, corresponding to a Fe*-
naphthalene complex.® Sc*-CgH, also generates a con-
siderable amount of [ScC,,Hg]*, but the main product is
[ScCoH,]*, likely a Sc*—indenyl complex.” Large effi-
ciencies approaching the collision limit are estimated for
the reactions of Cr*—CgH, with the 1,3-dienes studied, and
the distribution of the ionic species in the mass spectra
obtained after a 2-s reaction time are shown in Table III.

Interestingly, Cr*-CsH, also yields [CrCoH]* from a
reaction with 1,3-butadiene by loss of CH; but no
[CrC,oH,]* is formed and the ionic main product is Cr*.
Similarly, 2-methyl-1,3-butadiene reacts with Cr*~C.H,
also by loss of CH,, yielding [CrC;;H,]", and by formation
of Cr*. However, 1,3-pentadiene rarely loses CH; and no
C,Hj on its reaction with Cr*-C¢H, but yields Cr* in great
abundance. Cr* is almost exclusively the only ionic
product of the reaction with cyclopentadiene. 1,3-Penta-
diene and cyclopentadiene can undergo an ene reaction
with Cr*-CgH,, in contrast to the case for 1,3-butadiene,
but it is not known whether this is the origin of the dif-
ferent reaction routes. While the release of Cr* from the
reaction complex of Crt-C¢H, and a 1,3-diene is again
undoubtedly a consequence of the large exothermicity of
the cycloaddition of >400 kJ mol™, the mechanism of the
formation of [MCyH;]* (M = Sc, Cr) is not clear. Huang
et al.” have suggested in the case of the Sc* complex a
reaction sequence starting with the insertion of Sc* into
a C-H bond of 1,3-butadiene and involving eventually also
a C-C insertion step. The inability of Cr* for C-H and
C-C insertion cast some doubt on this mechanism, but it
may be that Cr* exhibits unusual reactivity under the
conditions of a strong chemical activation.

Among the 1,3-dienes studied, cyclohexa-1,3-diene is a
special case because of the possibility of a concerted
transfer of two H atoms as well as cycloaddition to
Crt—CgH, (Scheme V). Indeed, the other abundant ionic
reaction product besides Cr* is Cr*—CgH;. Again, neither
Cr*-naphthalene, which was expected to arise from cy-
cloaddition and subsequent elimination of C,H,, nor
[CrCqH;]* is observed as the product.

Reaction of Cr*—C,H, with Arenes. The reaction
pathways of Crt—Cz;H, with alkanes, alkenes, and alka-
dienes can be followed only indirectly because Cr* is always
the main product, released from the reaction complex
owing to the certainly large exothermicity of the hydro-
genation and cycloadditions at the benzyne ligand. How-
ever, less exothermic cycloadditions of benzyne to arenes
and heteroarenes are also possible.> Typically, furan and
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furan derivatives are used for these reactions, but 1,2- and
in particular 1,4-cycloaddition of benzyne to benzene and
other arenes are known also, sometimes followed by elim-
ination of acetylene to restore the aromatic system. The
1,4-cycloaddition of benzyne and benzene, yielding ben-
zobarrelene, is exothermic by 132 kJ mol, and the total
reaction, including the subsequent fragmentation to
naphthalene and acetylene, is exothermic by 147 kJ mol~
This is distinctly less than the values calculated for the
cycloadditions of alkenes and alkadienes. Furthermore,
some of the excess energy may be removed from the re-
action complex by the departing acetylene molecule. Thus,
we hoped to detect the addition product of these reactions
directly as an ionic species. These expectations are borne
out by the experiment.

If furan reacts with Cr*—C¢H, in the gas phase, again
only Cr* is observed as the ionic product. Furan is a good
diene for Diels—Alder reactions, and obviously its cyclo-
addition to the benzyne ligand is still rather exothermic.
However, benzene reacts with a distinctly reduced effi-
ciency with Cr*—-CzH,, and the reactions can be followed
by using C¢Ds.

The mass spectrum obtained after a reaction time of 5
s and a partial pressure of CgDg of 4 X 1078 mbar in the
ICR cell still exhibits a rather large signal for Cr*-C.H,
at m/z 128, persisting even after this long reaction time.
New peaks of product ions are observed at m/z 52 (Cr*),
136 ([CrCeDg]*), 184 ([CrCioH,D,]*), 212 ([CrC;,HDgl*),
and 268 ([CrC,gH,Dy]*). In particular the ions at m/z 52
and 184 are abundant, while the peaks at m/z 136 and 268
are quite small. The ions m/z 212 correspond to the ex-
pected cycloaddition product of C,D to the benzyne ligand
of Cr*-C;H,, and this assignment is corroborated by CID
of the ions at m/z 212, resulting in ions at m/z 184 (loss
of C,D;) and 52 (Cr™) as the only products. Similarly, CID
of the ions at m/z 184 yield exclusively Cr*, as expected
for a Cr*-tetradeuterionaphthalene complex. It is im-
portant to note, that no H/D scrambling is observed during
the reaction, neither during the formation of [CrC,H Dg]*
nor during the final elimination of acetylene. Thus, there
is no doubt that the reaction occurs localized at the ben-
zyne ligand, as depicted in Scheme VI. Apparently, Cr*
is only a “spectator” of this process but catalyzes the re-
action, probably by electrostatic interaction with the
reactants.?!

Other interesting details of the reaction of Cr*-C.H,
with CgDg are the observations of [CrCeDg]* (m/z 136) and
[CrCieH Dyo]* (m/2 268) as reaction products. A CgH,/
CeDg ligand exchange is difficult to accept, and more likely
the Cr* released during the reactions is attached to C¢Ds,
present in great excess in the gas phase. Similarly, the
reaction product Cr*-C,;H,D, obviously adds a C;D¢ to
form the sandwich complex Cr*—(C,D¢)(C;oHD,). A direct
attachment of “bare” Cr* has not been reported before,
but the Cr* released by exothermic reactions from
Crt-CgH, may behave differently because of a chemical
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activation. However, free Cr* reacts easily with some
heteroaromatic compounds.?? Finally, naphthalene-d
reacts with Cr*-CzH, in the ICR spectrometer in a fashion
analogous to that for benzene. The cycloaddition product
[CrCigH,Dg]* (m/2 264) and its fragmentation product
[CrCi H,Dg]* (m/z 236), due to elimination of C,D,, are
observed with about the same intensity, besides Cr*.
However, instrument problems frustrated a more detailed
study of this process. Nevertheless, it is clear that cyclo-
addition of Cr*—CzH, to arenes is a general reaction of this
species.

Conclusion

The Cr*-benzyne complex Cr*-CzH, was prepared in
the gas phase by electron-impact-induced decomposition
of the stable complex (n8-1,2-dioxocyclobutabenzene)tri-
carbonylchromium(0). This is a new and general method
to generate ionic transition-metal complexes of less reactive
transition-metal cations with unstable ligands, and its
application to other transition-metal-benzyne complexes
is currently under study.

Cr*~CgH, exhibits a unique chemistry with the neutral
reaction partners used in this study which can be perceived
by the combination of an unreactive central transition-
metal cation, a highly reactive ligand, and a weak bond
between the central Cr* and the benzyne ligand. As a
consequence and in comparison with the related complexes
Fe*-C¢H, and Sc*-C;H,, the reactions of Cr*-C¢H, with
alkanes, alkenes, and 1,3-alkadienes are more straight-
forward, with no indication of a fragmentation of the
carbon skeleton of the hydrocarbon reactant. Certainly,

(22) Wittneben, D. Dissertation, Universitat Bielefeld, 1991.

Wittneben et al.

the reason for this is the inability of Cr* to insert into C-H
and C-C bonds. On ubiquitous and abundant product of
the reactions of Cr*—C¢H, in the ICR spectrometer is Cr*.
This is to be expected, owing to the weak bond of Cr* in
Cr*-arene complexes and the large exothermicity of the
addition reactions at the benzyne ligand. The excess en-
ergy of the isolated reaction complex leads to strongly
chemically activated products which dissociate rapidly.

Alkanes and certain alkenes efficiently transfer two H
atoms to Cr*-CgH,. In these reactions the excess energy
of the reaction complex is carried away by the alkene or
alkadiene and abundant Cr*-CgH, is observed. No hy-
drogenation reaction with CH,, i-C,H,, and other hydro-
carbons is observed, which cannot transfer two H atoms
by forming a C~C double bond. Thus, the hydrogenation
of Cr+-CgH, by alkanes and other hydrocarbons very likely
corresponds to a concerted [2, + 2, + 2,] cycloaddition
mechanism which is “electrostatically catalyzed” by Cr*.

The reaction of Cr*~CzH, with benzene and naphthalene
is of particular interest. The cycloaddition of benzyne to
arenes is distinctly less exothermic than a hydrogenation
or the addition of alkenes and alkadienes. Thus, the
Cr*-benzyne adduct complex is directly observed in the
ICR spectrometer and is shown to behave as expected
during CID.
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