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Abstract: The chemistry between Fe*—benzyne and several small alkenes in the gas phase is studied. The formation of Fe*
and Fe*-benzocyclobutene from the reaction of FeC¢H,* with ethylene can be explained by a rearrangement of a benzo-
ironacyclopentene intermediate, which is in turn formed from the migratory insertion of the ethylene ligand across the C-C
triple bond of the benzyne ligand. Alternatively, it can also be explained by the simple coupling between the ethylene and
benzyne ligands. Two additional product ions generated from ethylene, FeCgH¢* and the hydrogenation product, Fe*-benzene,
are formed presumably from initial Fe* insertion into the ethylene C-H bond. Combined isotope labeling studies indicate
that the reaction of FeCgH,* with both propene and isobutene to form Fe*-toluene probably proceeds by a mechanism based
on initial Fe* insertion into a vinylic C—C bond or C-H bond, and not by a concerted ene mechanism followed by Fe*-facilitated
fragmentation. All three linear butenes, 1-butene, cis-2-butene, and trans-2-butene, react very similarly with FeCgH,*, yielding
a variety of product ions including Fe*—1-methyleneindene, which appears to have an jonization potential close to that of Fe,
7.870 eV. Both cyclopentene and cyclohexene react with FeCH,* to give mainly the hydrogenation product, Fe*—benzene,
as well as a minor amount of product ions corresponding to ring cleavage of the cycloalkenes. The reaction of butadiene with

FeC4H,* yields Fe*-naphthalene and Fe*.

The high degree of unsaturation of benzyne renders it highly
reactive and suitable for a wide variety of synthetic purposes.!
Among its synthetically most versatile chemistry is its reactions
with unsaturated hydrocarbons. Its reactions with alkenes gen-
erally fall into one of three categories: (i) cycloaddition reactions
with monoenes by a generally agreed upon bisradical mechanism,
(i) ene reactions, and (iii) Diels~Alder-type reactions.2 While
the highly reactive nature of benzyne makes it difficult to isolate,
its coordination to a transition-metal center can greatly increase
its stability, and benzyne complexes of several transition metals
have been isolated and crystallized.’-

Gas-phase transition-metal cations exhibit very rich chemistry
with many usually inert small organic molecules via their ability
to oxidatively add into C-C and C-H bonds.® Thus, studying
Fe*-benzyne provides an opportunity to explore the mutual in-
fluence on reactivities between the metal center and the benzyne
ligand. Our recent study on the chemistry of Fe*—benzyne with
small alkanes indicates that the metal acts as an activation center
by oxidatively adding into C—-C and C-H bonds of alkanes, fol-
lowed by migratory insertion of the alkyl group or hydrogen atom
across the C—C triple bond of the benzyne ligand.” In this paper
we extend this work to the chemistry observed between Fet-
benzyne and several small alkenes in the gas phase. The chemistry
of botlll 8Fe+ and benzyne with alkenes has been studied in great
detail.!

Experimental Section

All experiments were performed on a prototype Nicolet FTMS-1000
Fourier transform mass spectrometer.’ It is equipped with a 5.2-cm?
trapping cell situated between the poles of a Varian 15 in electromagnet
maintained at 0.9 T. The cell utilizes two stainless steel screens of 80%
transmittance as the transmitter plates, permitting the irradiation of the
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interior with various light sources. Fe* was generated by focusing the
beam of a Quanta Ray Nd:YAG laser (operated at the fundamental
wavelength 1.064 um) onto a high-purity Fe target.!®

Chemicals were obtained in high purity from commercial sources and
used as supplied except for multiple freeze-pump—thaw cycles to remove
noncondensible gases. Cell pressures were measured with an uncalibrated
Bayard—Alpert ionization gauge and were typically (2-4) X 107 Torr
for samples and (2-4) X 107° Torr for argon during collision-induced
dissociation (CID) experiments.

The reactant ion, FeC¢H,*, was prepared by the previously reported
reaction of Fe* with chlorobenzene!! and isolated by swept double-res-
onance ejection pulses!? before its reactions with a variety of different
samples. The minor isotope peak *Fe* was ejected prior to its reaction
with chlorobenzene. To avoid interference from the secondary reactions
of Fe*-benzyne,™'"!? chlorobenzene was pulsed in through a General
Valve Corp. Series 9 pulsed solenoid valve triggered simultaneously with
the laser desorption pulse, filling the cell to a maximum pressure of
~107 Torr in about 150 ms and then being pumped away in about 300
ms by a 6-in. diffusion pump.'* The efficiency of the reactions observed
was in general 210% of the collision rate.

The major product ion distributions are reproducible to £10% absolute
and £15% for CID fragments. -To ensure that the product branching
ratios were collected primarily for ground-state Fe*-benzyne, a high
background pressure of argon was maintained during the experiment to
allow cooling of the reactant ions. However, a minor population of
nonthermal species cannot be completely ruled out.

The major product ion structures were investigated by collision-in-
duced dissociation (CID)."* The translational energy of the parent ions
in the laboratory frame can be varied typically between 0 and 100 eV.
The spread in kinetic energy is approximately 35% at 1 eV, 10% at 10
eV.and 5% at 30 eV.!¢

Results and Discussion

Quite different reaction patterns were observed for each of the
smaller alkenes. Thus, the discussion will be grouped on the basis
of the different alkenes.

The reaction of ethylene with FeC¢H,* is the simplest reaction
system, but it presents some of the most interesting and intriguing
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chemistry. Both ethylene and perdeuterated ethylene react with

FeC¢H,* to form several product ions, reactions 1-4. There is
X=H D

FCC6H4+ + sz‘ - Fe"' + C8H4X4 56% 60% (l)

- FeCHX,*+CX, 4% 1% (2)

— FeCgH,X,* + X, 14% 3% (3)

— FeCgH X,* 26%  36% (4)

no H/D scrambling for perdeuterated ethylene. Repeated ex-
periments confirmed the different relative abundances for the
product ions, particularly the ones in reactions 2 and 3 for C;H,
and C,D,. The product ion in reaction 2 is presumably Fe*—
benzene, as evidenced by exclusive loss of the ligand upon CID.
CID on both FeCgHg* from C,H, and CgH,D,* from C,D, from
reaction 4 yields Fe* and FeC;H,* within the energy range studied
(16—49 eV), with the relative abundance of Fe* increasing with
energy. The fragment distributions for FeCgHg" are identical with
that of Fe*-benzocyclobutene formed from Fe*-benzyne with
ethane within experimental variations.” These results suggest
either an Fe*-benzocyclobutene structure or the simple conden-
sation of ethylene onto the reactant ion. To probe this further,
FeCgHg* formed from reaction 4 was isolated and trapped in a
low pressure of toluene, which yielded 78% of the displacement
product Fe*-toluene and 22% of the condensation product Fe-
(CsH;3)(C;Hg)™. This result excludes the ethylene condensation
structure because, in that case, displacement of ethylene, instead
of the whole ligand, is expected. It is likely that Fe* in reaction
1 arises from the same intermediate leading to the formation of
FeCgHg*. The exothermicity obtained from the formation of
benzocyclobutene is sufficiently high that dissociation of the entire
ligand from the metal center is feasible for the majority of the
FeCgHy* formed. Using a recently determined bond energy of
D°(Fe*-benzyne) = 76 % 10 kcal/mol,” together with AH{C,H,)
= 100 % 5 kcal/mol,'” AH{(C,H,) = 14.5 kcal/mol,'® and
AH(benzocyclobutene) = 48 x 1 kcal/mol, yields a heat of
reaction for reaction 1 of 9 % 16 kcal/mol, indicating that the
reaction can be exothermic. One uncertainty for this estimate
lies in the heat of formation of benzyne. An earlier report put
it as high as 118 kcal /mol,'® which would result in reaction 1 being
more exothermic. Considering the preparation of the reactant
ion from chlorobenzene, Fe™ may be viewed as a catalyst for the
conversion of chlorobenzene and ethylene to benzocyclobutene
and HCL.

Two mechanisms may be postulated to account for the for-
mation of FeCgH;™", a ligand-centered mechanism, Scheme I, and
a metal-centered mechanism, Scheme II. While it is difficult
to obtain conclusive evidence to support either one, some points
related to the mechanisms are worthy of discussion. The lig-
and-centered mechanism is basically a x, + 7, cycloaddition
reaction between benzyne and ethylene, which is generally believed
to occur through a stepwise biradical mechanism. Crystallographic
data on mononuclear transition-metal benzyne complexes indicate
that the metal center is coplanar with the benzyne ligand, with
the resonance structures metal-benzyne and benzometallacyclo-
propene cation both contributing to the stabilization.* It seems
likely that this should also be the structure in Fe*-benzyne, and
the high value of D°(Fe*-C¢H,) = 76 % 10 kcal/mol’ seems to
support this configuration, since a « structure with the metal ion
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center on top of the benzyne ring would be expected to have a
bond energy similar to that of D°(Fe*-C4Hg) = 55 % 5 keal/mol.”®
In the coplanar structure, the immediate space beside the C-C
triple bond in the benzyne ligand available for the cycloaddition
reaction with ethylene is blocked by the metal center. The cy-
cloaddition via Scheme I would have to occur after the metal
center is pushed out of the plane of the benzyne ligand, incurring
sacrifice in the bond energy of about 20 kcal/mol. However, the
energy gained from the ion/induced-dipole interaction between
the reactant ion and the ethylene molecule, plus whatever chemical
interaction is available between Fe* and ethylene, should be
enough to compensate for the loss in the bond energy associated
with the dislodging of the Fe* from the benzyne plane. In Scheme
11, the reaction simply occurs via the migratory insertion of the
ethylene ligand across the C-C triple bond of the benzyne ligand
to form a benzoironacyclopentene intermediate, which then re-
arranges to form Fe*-benzocyclobutene. One result consistent
with such a mechanism comes from the reaction of Ni(5?-
C¢H,)(Cy,PCH,CH,PCy,) (Cy = cyclohexyl) with ethylene
where the species with the benzonickelacyclopentene structure
is stabl}e enough to be crystallized and structurally studied by
X-ray.

It is interesting to note that FeCgHg* and the hydrogenation
product FeC4H,* are not observed from the CID fragmentation
of Fet-benzocyclobutene. In view of the similarity between the
low-energy CID fragmentation and those involved in ion—molecule
reactions, it is likely that these product ions do not come from
the further fragmentation of Fet-benzocyclobutene, suggesting
that reactions 2 and 3 occur via a mechanism different from that
of reactions 1 and 4, possibly initiated with the metal center
inSerting into a vinylic C-H bond. The observed difference in
product branching ratios for ethylene and perdeuterated ethylene
would seem to support this notion. There should be no isotope
effect present for reactions | and 4 because neither of the two
schemes involves direct participation of carbon-hydrogen bonds.
Thus, the lower product abundances in reactions 2 and 3 for C,D,
as compared to that of C,H, can only be attributed to the presence
of an isotope effect, implying the direct involvement of carbon—
hydrogen bonds in a key reaction step, most likely in the Fet
oxidative insertion into a vinylic C—H bond. Finally, the absence
of H/D exchange products, FeC¢H,_,D.*, in reactions 1-4 sug-
gests that vinylic insertion is irreversible.

Propene and Isobutene. Both propene and isobutene react with
FeC¢H,* to form the methanation product ion Fe*-toluene ex-
clusively, reactions 5 and 6. CID on both product ions yields

FeCeH,' + J — FeCHg' + CHp, 100%  (5)

FeCeH,' + /[k —= FeC/Hg' + CgHy 100%  (6)

Fe* exclusively over the energy range studied (17-53 eV), con-
sistent with the Fe*-toluene structure. When propene is reacted
with FeC¢D,* prepared from perdeuterated chlorobenzene,
FeC;H,D,* is formed exclusively, indicating no H/D exchange
or scrambling. Scheme III may be easily envisioned to explain
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the formation of Fe*—toluene. In this mechanism, the reaction
proceeds via initial insertion of Fe* into a vinylic C-C bond,
followed by a methyl migratory insertion onto the benzyne ring
across the C—C triple bond and subsequent 8-H abstraction of
the vinyl group. The migratory coupling of the H radical and
the o-methylphenyl group to form toluene and the elimination of
the alkyne molecule complete the reaction. Alternatively, the
reaction could also proceed by initial vinylic C-H insertion,
followed by H migration to the benzyne ligand, and subsequent
G-methyl abstraction and its coupling with the phenyl group. If
this were the mechanism, one might expect initial insertion into
a vinylic C-H bond, followed by a 8-H abstraction rather than
a B-methyl abstraction, yielding Fe*-benzene, but this is not
observed. However, although 8-H abstraction is in general more
favorable than 8-methyl abstraction, in this case the vinylic C-CHj,
bond is estimated to be weaker than the vinylic C-H bond by about
10 kcal/mol?® and, therefore, 8-methyl abstraction would be
thermodynamically favored. Thus, either mechanism is possible.

An alternative mechanism, Scheme IV, which is essentially a
ligand-centered mechanism based on the so-called ene reaction,
can also be proposed to explain reactions 5 and 6. It is conceivable
that the fragmentation of Fe*-phenylallyl occurs via initial in-
sertion of Fet into the vinylic C—-C bond to form the vinyl-
benzyliron cation, which undergoes 8-H abstraction from the vinyl
group, coupling between the H and benzyl radicals, and elimination
of the alkyne ligand to form Fe*-toluene in sequence. One result
consistent with such a mechanism is that CID on Fe*-phenylallyl,
the key intermediate from Scheme IV, forms Fe*-toluene and
Fe* over the energy range studied (17-53 eV). It is likely that
the exothermicity for formation of Fe*—phenylallyl is low enough
that fragmentation at this energy gives Fe*-toluene exclusively.
Also, the reaction of Fe* with phenylallyl forms Fe*-toluene
exclusively. Additionally, CID on Fe*-2-methyl-3-phenylpropene,
the key intermediate expected from the reaction of FeC;H,* with
isobutene via the ligand-centered ene mechanism, yields Fe*-
toluene and Fe™.

In order to probe which mechanism is operating here, FeC¢H,*
was reacted with [1-'3C]propene. If the ene mechanism is oc-
curring for reaction S, then FeC,;H;" should be formed exclusively
in the 13C-labeled experiment. In contrast, the exclusive formation
of Fe'>CC¢Hg* would be expected if the metal-centered mecha-
nism is operating. Surprisingly, the reaction of FeC,H,* with
[1-13C]propene gives 47% FeC;Hg* and 53% Fe!>’CC,H,*. While
it is tempting to suggest that both mechanisms are operating here,
the observed products can also be explained by complete CI-C3
scrambling, which could occur by reaction 7, before the actual
reaction leading to the formation of Fe*-toluene.

coteo ]| == CoHeFe—) e

H
To further probe the mechanism, the reaction of FeC;H,* with
selectively deuterated isobutene was studied, reactions 8—10. For

the metal-centered mechanism, FeC,HD,* is the expected product
ion. If a scrambling mechanism similar to reaction 7 occurs once,

(20) Franklin, J. L.; Dillard, J. G.; Rosenstock, H. M.; Herron, J. T.;
Drax|, K. Natl. Stand. Ref. Data Ser. (U.S. Natl. Bur. Stand.) 1969, 26.
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FeC;HgD;” + CiD 8
FeCeHe™ + )Lc - FeCyHgD, Dy 22% (8)
CDy Dy = FeCsHsDy* + CsHD; 58% (9)

- FeCyHD," + CsH.D, 22% (10)

the isobutene CD,—=C(CH,D)(CD,) would be formed, and its
reaction with FeC¢H,* via the metal-centered mechanism would
form FeC;H¢D,* and FeC;H,D,* in equal intensity without
considering any isotope effect. This is roughly the case in reactions
8 and 10, assuming that 58% of the reaction occurs without
scrambling. For the ene mechanism, FeC,H¢D,™ is the expected
product ion for the reaction without H/D scrambling. For the
scrambled isobutene CD,=C(CH,D)(CD;), three product ions,
FeC,H¢D,*, FeC,H;D;*, and FeC,H,D,*, should be formed in
the ratio 1:2:3. Clearly, this does not account for the distributions
in reactions 8—10. Interestingly, if complete scrambling by reaction
7 is involved, the reaction product intensities predicted for reactions
8-10 are 21%, 58%, and 21%, respectively, which is a close fit
of the experimental results.?!

Linear Butenes. FeC,H,* reacts with 1-butene, cis-2-butene,
and trans-2-butene to give a wide variety of product ions, reactions
11-16. All three linear butenes react very similarly, with cis-

1- cis-2-  trans-2-
butene butene butene
FeCgH,* + butene — FeC¢H¢* + C/H, 7 5 3 (11)
— FeC,Hg* + C;H, 41 25 27 (12)
— FeCgH,* + C,H, 7 8 7 (13)
— FeCgH,;* + C;H, 7 4 3 (14)
— FeCjoHy* + 2H, 14 13 12 (15)

i FecloHlo* + Hz 24 45 48 (16)

and trans-2-butene being virtually identical within the experi-
mental variation. CID on the product ion FeC,oH " gives a wide
variety of product ions. For example, CID on the FeC,;H,q* from
cis-2-butene at 26 eV gives 21% Fe*, 20% C\¢Hs*, 5% FeC H,",
7% FeC;H;*, 8% FeCgHgt, and 39% FeC,gHg*. This is in contrast
to the isomeric ferrocene cation, which fragments by consecutive
loss of CsHs.22  CID at 27 eV on the FeC,oHg* ion, regardless
of the starting butene, yields about 40% Fe* and 60% C,oHs*.
The large abundance of the organic ion from CID indicates that
the C,oH; ligand probably has an ionization potential very close
to, or even slightly lower than IP(Fe) = 7.870 eV.!® CID at 27
¢V on Fe*-naphthalene formed from naphthalene condensation
with Fe* yields 89% Fe* and 11% C,,Hg*, presumably naph-
thalene cation, consistent with a higher IP for naphthalene of 8.14
% 0.01 eV."® These results indicate that the FeC,qHg* ion formed
from the three linear butenes is probably not Fet—naphthalene.
The only other isomer with an experimentally determined IP lower
than that of Fe is azulene, which has an IP of 7.41 % 0.02 eV.!®
Since we have not as yet found any evidence for any ring-expansion
reactions, it is unlikely that this would be the structure. Inter-
estingly, while we are not aware of any experimental IP values
for 1-methyleneindene, one calculation has placed its IP at 8.36
eV.2 Considering that the method used for the calculation has
a positive error of up to 0.45 eV for similar compounds with
experimentally available values, it is not unreasonable to suggest
that it has an IP close to that of Fe. A feasible, but speculative,
mechanism can be proposed to explain the formation of Fe*-1-
methyleneindene, Scheme V.

Cyclopentene and Cyclohexene. For the acyclic alkenes dis-
cussed above, there is extensive C-C bond breakage involved in
the reaction. Thus, it is interesting to see if the same occurs for
the small cycloalkenes. Both cyclopentene and cyclohexene give
mainly the hydrogenation product ion, Fe*-benzene, with a small

(21) The number of combinations of n different things taken r at a time,
denoted ,C,, is given by the equation of ,C, = n!/[rli(n — r)!]. Assuming
complete scrambling, the ratio of the products in reactions 8-10 is the same
as the ratio of CD:CD;H:CD,H,, respectively, from C,H,D¢. This ratio
would be ¢Cy:cC3X,Cy:6CyX,C, or 15:40:15, which gives the percentages re-
ported.
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Scheme V

amount of product corresponding to ring cleavage also observed.
For example, the product ions resulting from the reaction of
FeC4H,* with cyclopentene are shown in reactions 17-21. Loss

Fe‘-|© + @ = FeCeHe' + CsHg 53%  (17)
——

FeCgHg' + CH, 8% (18
= FeCyHg' + 2H, 13% (19)
= FeCyHy' + H, 8%  (20)
= FeCyHy* + H® 17% (21

of a hydrogen atom in reaction 21 is highly unusual. Surprisingly,
CID on the product ion at 61 eV gives 13% Fe*, 51% FeC;H;*,
and 36% FeC¢H¢*, eliminating cyclopentadienyl-benzene ion as
its structure. The latter ion is prepared from the hydrogen dis-
placement reaction of benzene with hydridocyclopentadienyliron
ion formed from the rearrangement reaction of Fet—cyclo-
pentadiene.?>2* Its CID at the same energy only gives Fe* and
FeCsHs*. Certainly this is consistent with a cyclopentadienyl-
iron—benzene cation structure, since D°(Fet-CsH;) = 92 £ 7
kcal/mol is considerably greater than D°(Fet-C,H¢) = 55 % §
kcal/mol.!%2* Finally, the reaction of cyclohexene gives 80%
FeC4H¢*, 13% FeC,H 4", and, surprisingly, 7% FeCgHs*. It is
interesting to note that the formation of FeCgHg* from cyclo-
hexene and FeCyHg* from reaction 18 both involve cleavage of
the ring structure. Unfortunately, no structural studies could be

(24) Huang, Y ; Freiser, B. S. J. Am. Chem. Soc., submitted for publi-
cation.
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performed on these species because of their low abundances.

Butadiene. The reaction of FeC,H,* with butadiene forms 66%
Fet and 34% FeC,oH;*. CID of the latter at 27 eV gives 93%
Fe* and 7% C,oHg*, which is virtually the same as that of
Fet-naphthalene within experimental variation, suggesting the
structure of Fet-naphthalene. Again, the reaction may proceed
by Fe* insertion into a terminal C-H bond, but it is also possible
that the reaction occurs by a Diels—Alder mechanism to form
Fet-1,4~dihydronaphthalene and subsequent dehydrogenation.

- Formation of Fe* and naphthalene from FeC;H,* and butadiene

is estimated to have a heat of reaction of -14 % 15 kcal/mol.!7!®
Finally, Fe* can be viewed as a catalyst in reaction 22, which is
exothermic by 25 kcal/mol.!8

|
+
é}+jf&—>+ml+m (22)
Z

Conclusion

Interesting chemistry is observed between Fe*-benzyne and
several small alkenes. Unfortunately, mechanistic probes could
not conclusively distinguish whether the reactions observed for
FeC4H,* occur by the active participation of the Fe* center
through its oxidative addition into C—-C and C-H bonds or by the
direct interaction between the benzyne ligand and the incoming
alkene ligand.

Two separate reaction pathways are required to explain the four
product ions observed between FeCsH,* and ethylene. FeCgHg*
and the hydrogenation product, FeC¢H¢*, may be explained by
a pathway based on initial Fe* insertion into a C-H bond, while
two mechanisms can account for the formation of Fe* and
Fe*-benzocyclobutene. One possible mechanism involves the
rearrangement of a benzoironacyclopentene intermediate formed
from the migratory insertion of the incoming ethylene ligand across
the C-C triple bond of the benzyne ligand. The other mechanism
simply involves the direct =, + 7, cycloaddition reaction between
benzyne and ethylene ligands.

Both propene and isobutene react with FeC;H,* to form the
methanation product, Fe*-toluene, exclusively. While not con-
clusive, the mechanistic study with deuterium and 13C isotope
labeling does suggest that the reactions most likely proceed via
initial insertion of the Fe* center into the vinylic C—C or C-H
bond, not by the direct interaction between the benzyne and
propene or isobutene ligands via a concerted six-membered
pathway, with subsequent fragmentation through the Fe* center.

All three linear butenes, 1-butene, cis-2-butene, and trans-2-
butene, react with FeC4H,* to form the same type of product ions,
with the two 2-butenes virtually identical with respect to product
distribution. CID on the product ion FeC,Hg* suggests that it
probably has a structure of Fe*-1-methyleneindene and that the
ionization potential of the indene should be very similar to that
of Fe, 7.870 eV.18

Both cyclopentene and cyclohexene mainly undergo hydro-
genation of the benzyne ligand, yielding FeC¢Hgt. However, the
formation of FeCyHg* from cyclopentene and FeCgHg* from
cyclohexene suggests Fe* insertion into the C-C bond of the ring
structure during the reaction.

Reactions of butadiene with the FeC,H,* lead to the formation
of Fe*-naphthalene, with the majority of the product ion having
enough energy left to detach the ligand from the metal center,
leading to the appearance of Fe™.
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