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Abstract: The structures of FeC,H,,* species formed by reaction of Fe(CO)* with olefins (n = 2-14) and cycloalkanes (n
= 3-6) in a high-pressure source were examined by using mass spectrometric techniques. The stoichiometry of the complexes
was confirmed by high-resolution mass spectrometry, and their structures were probed by collisional activation of the iron—olefin
complex in a tandem mass spectrometer (MS/MS). Ethylene, propene, and isobutene retain their structural integrity in complexes
with Fe*, but all of the other olefins studied rearrange after complexation to a structure with two or more ligands. These
rearrangements are generally consistent with a mechanism that begins with addition of an allylic C-C bond to the metal ion
followed by abstraction of a 8-H atom from the resulting alkyl ligand to form a hydrido =-allyl intermediate. Transfer of
the H atom to the allylic fragment produces a bis(olefin) complex. This mechanism dominates unless the required 8-H is
absent. Possible alternatives to this mechanism are presented for intermediates with no available 8-hydrogen. Additional
support for the mechanism was obtained by studying the structures of decomposition products of the FeC,H,,* adducts. These
studies involved comparisons of the collision-activated decomposition (CAD) spectra of product ions formed either in the source
by bimolecular reactions or by collisional activation of stable FeC,H,,* (an MS/MS/MS expernment) with correspondmg
reference spectra. Fmally, the generality of the allylic insertion mechanism was tested by examining a series of FeCgH,¢*

ions formed from isomeric octenes and methylheptenes.

The activation of C-H and C—C bonds of hydrocarbons by
transition-metal complexes is of fundamental interest in catalysis
and has attracted considerable attention. While the direct ac-
tivation of C-H bonds by an intermolecular process has been
observed in solution only recently,' the activation of C—C and C-H
bonds by gas-phase metal ions has been demonstrated repeatedly
over the last 5 years. The first evidence of the oxidative addition
of an alkyl halide? and a hydrocarbon? to a gas-phase metal ion
was obtained by ion cyclotron resonance (ICR) studies. Fe®,
generated by electron ionization of Fe(CO)s, reacted with iso-
butane to give both C—C and C—H bond insertion followed by 8-H
transfer and reductive elimination. Since then a variety of gas-
phase metal ions have been shown to react with alkanes,*!2 alkenes
and cycloalkanes,!*~'¢ ketones,!’"!? and alcohols.?°

The advantage of studying organometallic reactions in the gas
phase is there are no solvent effects to complicate or mask the
reaction mechanism. Methods which have been employed to study
gas-phase metal ion chemistry include ICR,?' Fourier transform
mass spectrometry (FTMS),%? ion beam apparatus,?® and colli-
sion-activated decomposition (CAD) spectroscopy.?* Elucidation
of reaction mechanisms may be facilitated by determination of
product ion structures. Although the chemical reactivity of an
ion can reveal some of its structural features, high energy CAD
spectroscopy frequently provides a more distinctive and informative
picture of ion structure. Also, the CAD experiment can often be
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done more expeditiously. The CAD process occurs when a
mass-selected ion collides with an inert gas which transfers internal
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energy to the ion, causing fragmentation. The resulting spectrum
contains structural information about the selected ion.

The CAD process is observed at high kinetic energies (3—20
keV) by using mass-analyzed ion kinetic energy spectrometry
(MIKES) with reversed geometry (B-E) instruments.?5%
High-energy CAD has been applied to the study of Fe(C,H,)*
and Cr(C4H,,)* product ions formed by reaction of the ionized
metal carbonyl with isobutane in a chemical ionization (CI)
source* and to the study of reactions of Fe* with alkanes, and
alkenes.'> Low-energy (<100 eV) CAD spectroscopy has recently
been demonstrated by using triple quadrupole?’” and FT mass
spectrometers.?® The reactions of Ni*, Co*, and Fe* with alkanes
were investigated by using the collisional activation (CA) capa-
bilities of FTMS.!0!!

We report here a high-energy CAD spectroscopic study of
reactions of Fe* with isomeric alkenes and cycloalkanes. This
work and the previous CAD studies*'%'2 of gas-phase metal ion
complexes provide the first clear demonstration of the merit of
CAD for determination of the structure of metal ion complexes
and for inference of reaction mechanisms. Furthermore, we
illustrate the advantage of determining the structure of product
ions formed by decomposition of Fe-olefin* complexes as an
additional test of mechanism. The structures of these product
ions were investigated by CA of the intermediates formed in the
ion source and verified by using the consecutive reaction tech-
nique® (MS/MS/MS) described in the Experimental Section.
A practical spinoff of this mechanistic study is the demonstration
that double bonds in isomeric olefins can be located by interpreting
the CAD spectra of the iron—olefin complexes.

This paper is organized in two parts. We have chosen isomeric
CgH 4 olefins as a model system for a deductive test of a mech-
anism involving preferential allylic insertion of Fe* into the neutral
olefin. This hypothesis is tested in the second half of the paper.
As a prelude, we present and interpret the CAD spectra of the
smaller Fe—Olefin* complexes beginning with FeC,H,* and ex-
tending to FeC¢H,,*. These CAD spectra serve as the necessary
references for the determination of the decomposition product ion
structures. In addition, the complexes of small olefins and cy-
cloalkanes with Fe* have been investigated since metallocycle and
carbenoid structures have been suggested to form in the reactions
of Co* with cycloalkanes and alkenes.'$??

Experimental Section

All CAD experiments were performed on a Kratos MS50 triple-ana-
lyzer mass spectrometer?® which consists of a Nier-Johnson geometry
high-resolution mass spectrometer followed by an electrostatic analyzer
(ESA) (Figure 1). The ions formed in the source were mass selected
at a mass resolution of 6000-8000 (10% valley definition) using MS-I
(ESA-1 and magnet). The metal ion complex was then activated by
collisions with helium gas in the second collision cell. The second ESA
is scanned to give the CAD spectrum of the resulting fragment ions. In
a typical CAD experiment 10-20 scans were acquired and signal aver-
aged by using software written in this laboratory. The precision for all
peak heights reported was approximately £10% relative as determined
by replicate experiments performed several months apart.

Consecutive reaction experiments were performed in a manner de-
scribed previously.”? The metal complex (M,;*) was dissociated by re-
action in collision cell 1 located between the ion source and ESA-1.
When the voltage on ESA-1 is adjusted by the ratio M,/M, and M,*/M,
is selected with the magnet, M,* is passed by MS-I and collisionally
activated in collision cell 2 (see reaction 1).

M* < M,* v product ions 1)
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Figure 1. Ton optics of the Kratos MS-50 triple analyzer. (Reprinted
with permission from Int. J. Mass Spectrom. Ion Phys. Copyright 1982,

Elsevier.)

The Fe(C,H,,)* ions were formed by ion-molecule reactions in the
CI source between Fe(CO)*, an ionic decomposition product of Fe-
(CO)s*, and the appropriate alkene. Fe(CO)s (30 uL) was injected into
an 80-mL all-glass reservoir probe which was inserted through the solid’s
vacuum lock to contact a source entrant. The flow of Fe(CO);s into the
source was regulated by a 7.5-cm long capillary restriction which gave
a pressure of 2-5 X 107 torr in the source housing as measured by an
ion gauge. The alkene (10 uL) was admitted through a heated inlet,
bringing the total pressure to 5 X 10 -1 X 107 torr (~0.5-1.0 torr
in the source). The source pressure was estimated by comparison of
pressures measured by a Hastings gauge vs. the source housing pressure
using methane as the calibrant gas. The Hastings gauge was mounted
on a probe which was inserted through the vacuum lock.

The CI source was operated at 280-¢V ionization energy with a total
emission current of 500 uA. The repeller was set to 0 V with respect to
the source chamber. The ion accelerating voltage was 8000 V. The
source temperature was reduced to 100 °C to minimize the thermal
decomposition of Fe(CO)s. CAD spectra were acquired after 50% sup-
pression of the selected ion beam using helium as the collision gas.

Full-scan high-resolution (R = 10000) spectra of the Fe(CO)s/alkene
mixtures were acquired with a Kratos MS50 double focusing mass
spectrometer interfaced to a Nova-4X computer and processed with
DS-55 software. The CI source was operated under the same conditions
as in the CAD experiments. Perfluorokerosene (PFK) was introduced
via a heated inlet, bringing the source housing pressure to 5 X 10~* torr.
Calibration from m/z 50 to m/z 800 was achieved at a scan rate of 10
s/decade of mass in a typical run. Fe(CO); and the alkene (30 uL each)
were injected into the reservoir probe bringing the total pressure to 1-2
X 1075 torr (~10 mtorr in the source).

The octene and methylheptene isomers, purchased from Wiley Or-
ganics (Columbus, OH) and reported to be >99% pure, were used
without further purification. Iron pentacarbonyl was purchased from
Strem Chemicals (Newburyport, MA).

Results and Discussion

In order to investigate the reactions of Fe* with alkenes in the
gas phase, a suitable source of gas-phase metal ions is necessary.
Iron pentacarbonyl was chosen for its high volatility and well-
characterized gas-phase chemistry. The electron impact mass
spectrum of Fe(CO); is dominated by the Fe(CO)* ion formed
by consecutive losses of CO from the molecular ion. Under high
pressure or CI conditions, Fe(CO)s* (m/z 196) becomes the base
peak, and ion-molecule reactions produce ions greater than mass
196. Elemental compositions of the product ions, assigned from
high-resolution exact mass measurements (Table I), agree with
those of Foster and Beauchamp, who made use of low-mass
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Table I. Fe(CO)s Ion-Molecule Products

J. Am. Chem. Soc., Vol. 106, No. 16, 1984 4309

Table II. High-Resolution MS of Fe(CO);/Alkene Mixtures

measured mass formula ppm® % RA
447.7556 Fe3(CO)yo 3.7 0.3
391.7642 Fe,(CO)s 0.3 0.5
363.8230 Fe,(CO), -3.0 0.2
363.7701 Fe,(CO), 2.6 0.8
335.8296 Fe,(CO)g 1.3 14
307.8347 Fe,(CO), 1.3 1.4
279.8398 Fe,(CO)¢ 1.5 3.4
251.8445 Fe,(CO)s 0.4 1.9
223.8500 Fe,(CO), 2.2 6.9

195.9090 Fe(CO); -2.8 100
167.9149 Fe(CO), 1.6 40.6
139.9194 Fe(CO), -2.1 6.1
1119252 Fe(CO), 3.7 7.9
83.9299 Fe(CO) 0.5 25.0
55.9361 Fe 20.0 14.0

“Mass measurement error in ppm.
Fe (CO) 4
Fe (CO) 3
Fe (CO) 3
, Feca’ J J
Fe A
7T’l‘|'ll"AllLl|I|7IATI|T'AIIIIIrl"lllll [
50 100 150 200
M/

Figure 2. CAD spectrum of Fe(CO)s*, m/z 196.

+

resolution ICR spectrometry.’ The CAD spectrum of Fe(CO)s
(Figure 2) verifies that consecutive losses of CO occur from the
molecular ion.??

The reactions of the ionic decomposition products of Fe(CO)s*
and alkenes are generalized by reaction 2. In ionized Fe-

Fe(CO),* + C,H,, = Fe(C,H,,)(CO),,* + CO  (2)

(CO)s/alkene mixtures, complexes with zero to three carbonyls
(x = 1-4) are formed (Table IT). In addition to products from
reaction 2, other ions were observed. For example, Fe(CsH ),
and FeC;H¢* ions formed from 1-hexene and Fe(CO); indicate
that multiple reactions and fragmentations take place.

A typical CAD experiment can be illustrated by consideration
of the Fe(1-hexene)* complex. The FeC¢H,,* ions produced in
reaction 1 (x = 1) were separated from isobaric Fe(CO),* by using
MS-I and collisionally activated with He target gas in the second
collision cell (Figure 1). The spectrum of the resulting fragments
(Figure 3) shows that the most intense CAD fragment is FeC,H,*
corresponding to a loss of propene from Fe(1-hexene)*.

The structural evidence provided by high-energy CAD is more
direct than that from ion-molecule reactions. For example, in
ion beam studies, Co* reacted with 1-hexene to give CoC;H,*
as the dominant product.'* A bis(olefin) complex was suggested
but not proven to be the intermediate resulting from the cleavage
of the allylic C—C bond. The CAD experiment with Fe(1-hexene)*
provides direct evidence that Fe(1-hexene)* readily assumes a
Fe(propene),* structure because the FeC;Hg4* product of the
reaction can be shown to be Fe(propene)* as discussed below.

FeC,H,*, FeC;H,*, and FeC,H;*. The complexes of Fe* with
the linear butenes lose H, readily to give a butadiene complex.!?
Isobutene remains intact when coordinated to Fe*. Upon colli-

(31) Foster, M. S.; Beauchamp, J. L. J. Am. Chem. Soc. 1975, 97, 4808.
(32) Winters, R. E.; Collins, J. H. J. Phys. Chem. 1966, 70, 2057.

measured
alkene mass formula ppm* % RA
1-hexene 224.1230  Fe(C¢H,y), 1.4 10.8
2240136  Fe(CO),C4H), 0.0 32
196.0190  Fe(CO),C¢H,» 1.5 8.6
182.0758  FeCgH;g 0.0 1.3
168.0204  Fe(CO)CeH,, 1.7 4.7
140.0290  FeC4H,, 1.0 9.6
97.9820  FeC,H 0.8 6.1
1-heptene  252.1543 Fe(C;H,4)2 1.2 2.1
210.0346  Fe(CO),C;H,, 1.5 4.1
182.0394  Fe(CO),C;H,, 0.3 2.6
1540445  FeC;H,, 0.0 6.8
97.9817  FeC,H, -1.7 1.6
1-octene 224.0499 Fe(CO),CgH;y -0.3 1.5
168.0602  FeCgH 0.3 33
126.0132  FeCHq 0.0 3.8
97.9819  FeC;H, 0.5 1.1
2-octene 2240500  Fe(CO),CgHig 0.4 1.3
196.0551  Fe(CO),CgHy, 0.5 1.4
168.0601  FeCgHj -0.4 24
111.9966  FeC,Hg -7.9 2.7

9Mass measurement error in ppm.

Fe*

10 20 30 40 S50 60 70 80 SO 100 110 120 130 140
M/Z

Figure 3. CAD spectrum of Fe(1-hexene)*, m/z 140.

sional activation, the isobutene complex loses predominantly C,Hg
to form Fe* and small amounts of FeCH;* and FeC;H,*. In
contrast to the CAD spectra of FeC,H;* formed from the acyclic
CH; isomers, those of cyclobutane and methylcyclopropane
complexes are dominated by FeC,H,* (Table III). On the basis
of a comparison of the CAD spectra of the complexes formed from
the cyclic C4Hg's and that of the bis(ethylene) complex, we suggest
that three unique structures exist (1-3). Structure 1 is assigned

l:—>Fe+ Fet

1 2 3

to the FeC4Hg* formed by reaction of Fe(CO),* with ethylene.'?
Although the CAD spectrum of the bis(ethylene) complex is quite
similar to that of the cyclobutane complex, the loss of H, is seven
times more intense in the CAD spectrum of Fe(cyclobutane)®*.
The loss of H, is more likely to occur upon collisional activation
of 2, a metallacyclopentane ion. Structure 2 has previously been
suggested for the FeC,H;* produced by reaction of cyclopentanone
with Fe*.!112 A metallacyclopentane has also been suggested as
an intermediate in the reaction of cyclobutane with a cobalt ion
beam.!> However, the CAD spectrum of FeC,Hg* from cyclo-
pentanone appears to be a 1:1 linear combination of the Fe(1-

[[=re]]
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Table IIl. CAD Spectra of FeC,Hg*

Peake, Gross, and Ridge

fragment ions

hydrocarbon FeC,H, FeC,H; FeC;H, FeC;H; FeC,H, FeC,H, FeC,H, FeC,H FeCH; FeCH, FeH Fe
cyclobutane 28.9 0.6 0.6 1.2 100.0 16.0 3.1 25 1.8 5.5 36.9
methylcyclopropane 48.5 1,29 1.2 2.5 100.0 8.6 1.5 1.9 43 13.6 9.3 321
(ethylene),? 4.3 100.0 12.6 4.9 4.0 0.6 4.9 11.7 295
1-butene 100.0 0.8 0.6 1.3 0.7 3.9 1.0 1.1 1.9 1.0 3.8 151
cis-2-hexene 100.0 0.6 0.6 1.5 4.6 1.2 1.2 25 0.6 49 204
cis-3-hexene 100.0 0.6 0.6 1.3 0.6 42 1.0 1.3 23 0.6 45 18.1
cis-3-methyl-2-pentene  100.0 0.6 0.6 1.8 0.6 4.6 1.5 1.2 2.5 1.2 49 196
1-heptene 100.0 0.9 0.7 14 1.0 4.1 1.0 14 2.1 1.0 48 176
trans-2-octene 100.0 0.6 0.6 1.2 0.9 4.3 1.2 1.2 2.1 0.9 43 159
2-methyl-1-heptene 100.0 1.9 8.9 5.7 1.9 8.9 3.2 44 12.7 3.8 71.5
isobutene 4.1 222 7.2 3.5 1.6 38 17.2 5.1 100.0
2-methyl-1-pentene 13.2 14 21.6 9.5 0.7 4.7 2.0 4.1 223 4.7 100.0
2-methyl-2-pentene 1.9 1.2 24.1 9.3 43 1.9 4.3 21.0 5.6 100.0

9FeC,Hg*, 1.2 % RA. ?Formed by reaction of Fe(CO),* with ethylene.!?

Table IV. CAD Spectra of FeC,H *

fragment ions

hydrocarbon FeC,H, FeC,H, FeC,H FeC, FeCH, FeCH FeC FeH Fe FeC,H,* C,H,
ethylene 8.2 4.5 6.7 0.7 2.3 2.6 2.5 13.4 100 2.1 0.3
methylcyclopropane 10.5 5.6 8.0 1.2 1.9 2.5 22 145 100 2.5 0.3
cyclobutane 8.6 4.9 7.4 1.2 2.5 2.8 2.5 13.5 100 1.5 0.3

Table V. CAD Spectra of FeC,H¢*
fragment ions
Fe- Fe- Fe- Fe- Fe- Fe-
olefin CHs; CH, CH, CH, FeCH C,H, CH, FeC,H FeCH, FeCH, FeCH FeC Fe C,H,

cyclopropane 0.6 0.6 11.8 1.9 1.2 1.9 3.1 3.7 4.3 70.2 7.8 43 100 1.2

propene 1.9 2.2 10.7 0.8 0.8 2.4 35 44 5.1 42 1.6 1.6 100 1.1

1-hexene 4.0 1.7 13.4 1.3 1.3 23 3.0 4.7 6.0 4.7 2.0 1.3 100 1.3

1-pentene 3.7 2.2 16.9 1.5 1.5 2.6 3.7 4.8 7.4 5.1 29 1.5 100 1.5

2-methyl-1-butene 4.8 1.9 14.9 0.6 0.6 2.3 2.6 4.9 6.5 5.5 2.6 1.3 100 1.3

3-methyl-1-butene 5.6 3.2 22.6 2.0 1.6 2.4 4.0 4.8 7.2 6.5 3.2 1.6 100 1.3

2-methyl-2-butene 5.9 37 14.7 1.5 1.5 2.2 37 5.1 8.8 44 2.2 1.5 100 1.5
butene)* and Fe(cyclobutane)* spectra, suggesting a mixture of Scheme I
ion structures is formed in the reaction of Fe* with cyclopentanone.

A metallacyclobutane ion, 3, is postulated for FeC,Hg* formed + + +
by reaction of Fe* with methylcyclopropane. A metallacyclo- Fe “_Fe:\ FeCaHq
butane has been suggested by Beauchamp et al. to be the inter-

3

mediate in the reaction of cyclopropane with a Co* beam to
produce Co=CH,*.'> A similar intermediate, 3, wouuld be
consistent with the collisionally activated loss of C,H, from Fe-
(methylcyclopropane)* (Scheme I). Oxidative addition of Fe*
into the C—C bond adjacent to the methyl group followed by
elimination of ethylene would result in the formation of FeC,H,*.

In addition, Fe=CH,* formed by loss of C;H, from 3 is more
pronounced in the CAD spectrum of 3 than in the spectra of 1
and 2. This carbene complex may occur via.3 or by insertion of
Fe* into the methyl bond of methylcyclopropane.

The CAD spectra of FeC,H,* formed in the CI source from
the two cyclic C,Hjg isomers (Table IV) are nearly identical with
that of Fe(ethylene)*, suggesting the FeC,H,* fragments have
an Fe(ethylene)* structure. The loss of C,H, dominates the
Fe(ethylene)* CAD spectrum. Other features are the loss of three
hydrogens, perhaps giving a Fe—C=C-—H" structure, and a
significant charge stripping peak (reaction 3).

FCC2H4+ + He — FC(CZH4)+2 + He + e (3)

The CAD spectra of the FeC3H* from the reaction of propene
or cyclopropane with Fe(CO)* are indicative of two unique
structures for this ion (Table V) (4 and §). Propene probably

)l—Fe-" ||~Fe=CHy
4 5

retains its structure when bound to Fe*, as indicated by 4, because
collisional activation of 4 produces principally Fe*. On the other

hand, cyclopropane probably forms complex § with carbene and
ethylene ligands attached to the metal. This occurs by rear-
rangement of a metallacyclobutane intermediate by a mechanism
similar to Scheme I. Upon collisional activation, the intermediate
loses neutral C,H, to form Fe=CH,*, which is expected for 5.

FeCsH,,*. A comparison of CAD spectra of the CsH o com-
plexes (Table VI) with complexes of the smaller olefins reveals
that new decomposition reactions are being observed. All of the
FeC;sH,," adducts lose ethylene, indicating C—C bond cleavage
is becoming an important dissociation pathway (reaction 4). In

FeC,H,;* — FeC,Hgt + C,H, (4)

contrast, the complexes formed from ethylene, propene, and the
acyclic butenes predominantly lose H, or the alkene while little
C-C bond cleavage is observed. Although FeCsH,q ions prin-
cipally dissociate according to reaction 4, the loss of H, is sig-
nificantly different for complexes of each CsH,q isomer, indicating
that different structures exist.

The FeC,H,* ions produced in the source by reaction of Fe*
with the CsH,, isomers gave the same CAD spectra as the
FeC;H,* ions from propene (Table V). In order to characterize
unequivocally the FeC,Hg* ions produced specifically by collisional
activation of FeCsH,,*, the consecutive reaction experiment
(MS/MS/MS) described in the Experimental Section was con-
ducted. The partial CAD spectrum of FeC;Hg* formed in the
source by decomposition of Fe(1-pentene)* is identical (Figure
4) to the spectrum of the FeC3Hg* formed uniquely by CA of
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Table VI. CAD Spectra of FeCsH,,*
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fragment ions

Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe-
hydrocarbon CSHB C5H7 C5H6 C5H5 C4H6 C4H4 C3H6 C3H5 C3H3 C2H4 C2H3 Csz CzH CH3 CHZ Fe
1-pentene 45 1.4 0.9 8.1 1000 7.4 3.8 20.7 44 2.7 1.3 34 24 200
1-octene 50 14 1.1 12.1 1000 8.2 3.6 20.2 43 3.6 14 3.6 1.8 193
trans-2-pentene 245 23 1.7 524 0.6 1000 6.0 4.6 18.2 4.0 3.8 16 54 1.8 206
cis-2-pentene 254 28 1.5 518 0.6 1000 5.9 4.0 17.5 4.5 42 19 53 1.8 194
trans-3-octene 129 1.7 14 286 0.7 1000 6.8 4.1 18.7 44 27 1.4 54 14 211
cis-3-octene 143 22 0.7 309 0.7 1000 6.6 5.1 19.1 44 5.1 1.5 4.0 1.8 206
2-methyl-1-butene 56.9 2.2 0.9 1.2 731 33 1000 8.1 55 18.9 4.5 4.3 29 69 27 293
3-methyl-3-heptene  63.8 4.3 1.2 810 46 1000 9.8 55 19.6 55 4.3 2.1 7.7 31 319
3-methyl-1-butene 404 2.9 14 642 24 1000 74 53 18.2 59 4.0 17 64 20 257
2-methyl-2-butene 51.8 2.9 14 653 3.0 1000 7.6 47 17.5 4.5 3.9 25 64 35 247
2-methyl-2-heptene 542 3.1 1.7 771 28 1000 8.3 52 19.4 4.9 49 2.1 69 21 260
cyclopentane 100.0 40.7 145 1.7 37 17 24 1.9 1.2 19 223
Scheme III
\/Fe+ = 6F€tH == /‘Fe+
8
Scheme IV
H3
+ + +
Fe —> CH3—Fé+' — \Fei\ —> H-Fe —)
< < o2
AN
10 8
b “4
a whse also be rationalized by this mechanism. Insertion of Fe* into a
10 20 30 40 50 80 70 80 90 second allylic C—H bond of 8 results in 9, a dihydrido pentadiene
M2 species which should lose H, to form Fe(l,3-pentadiene)*.

Figure 4. CAD spectra of FeCyHgt, m/z 98, from (a) MS/MS/MS of
Fe(1-pentene)*, (b) FeC;H* formed in the source from 1-pentene, and
(c) Fe(propene)*.

Scheme II

W
= = = e
W

6 7

Fe(1-pentene)* and with the spectrum of Fe(propene)*. This
result is in accord with a mechanism proposed by Beauchamp et
al. for the reaction of Co* with 1-pentene.'* The oxidative addition
of Fe* to the allylic C—C bond results in 6, an intermediate with
an alkyl ligand that has a 8-hydrogen (Scheme II). Fast 8-hy-
drogen transfer to the metal and back to the allyl ligand results
in 7, a bis(olefin) complex. Collisional activation of 7 causes loss
of the smaller olefin, giving Fe(propene)*, since larger alkenes
are bound more strongly to the metal center.®  This new
mechanism is not observed for reaction of alkenes with less than
five carbons because intermediates corresponding to 6 would not
have 3-hydrogens available for transfer.

The CAD spectra of the 2-pentene and methylbutene complexes
are dominated by the loss of C,H,, but pronounced losses of CH,4
and H, are also observed. Since the loss of ethylene from these
complexes is not expected from the allylic insertion mechanism
described above, alternate mechanisms must be proposed to ac-
count for the observed products. The loss of ethylene from Fe-
(2-pentene)” is best explained by the isomerization of 2-pentene
to 1-pentene followed by the allylic insertion mechanism shown
in Scheme II (Scheme III). The oxidative addition of the allylic
C-H bond to Fe* results in 8, a hydrido w-allyl intermediate.
Transfer of the H atom to the substituted end of the allyl ligand
results in the formation of Fe(1-pentene)*. The loss of H, can

(33) Kappes, M.; Staley, R. H. J. Am. Chem. Soc. 1982, 104, 1813.

/\+/H

\/Fe\H

9

The loss of CH, from Fe(2-pentene)* is postulated to occur
by insertion of Fe* into the allylic C-C bond followed by a H
transfer via a six-membered transition state (see below). The
FeC H¢* formed by decomposition of Fe(2-pentene)* in the source
has a CAD spectrum which is identical with that of the butadiene
complex.'?

The methylbutene complexes upon collisional activation give
more H, and CHj, losses than the linear pentene complexes. The
loss of methane may occur by the mechanism shown in Scheme
IV. Oxidative addition of the allylic C—C bond followed by
transfer of a H atom from the allyl ligand results in 10. Reductive
elimination of CH, from 10 would result in formation of Fe-
(butadiene)*. The dominant loss of ethylene may be explained
by rearrangement of the olefin ligand to a linear structure via 10.
The transfer of the methyl ligand back to the butadiene would
result in formation of a hydrido #-allyl intermediate, structure
8 in Scheme III, which rearranges to a linear FeCsH ,* with
subsequent loss of ethylene as discussed above. Alternatively, the
insertion into the allylic C—H bond of the methylbutene complex
could result in the formation of a dihydrido isoprene complex
which should readily lose H,.

The reactions of the Fe(cyclopentane)* adduct differ markedly
from reactions observed for the olefin complexes. Reactions 5
and 6 involving dehydrogenation dominate the CAD spectra. The

FeCgHs” —> Fe- + H
eCsHio e 2 %)

+ +
Fe-[> — Fe-@ + Hp

6



4312 J. Am. Chem. Soc., Vol. 106, No. 16, 1984

Table VII. CAD Spectra of FeCsHg* and FeCsHg* from Cyclopentane

Peake, Gross, and Ridge

fragment ions

hydrocarbon FeCsHg FeCsH; FeC;H, FeC,H FeCH, CH; Fe C;H,
FeCH¢*
cyclopentane 100.0 10.1 3.6 0.7 14 424 14
cyclopentadiene 100.0 7.0 3.7 0.7 1.8 36.0 1.5
FeCsHgt
cyclopentane 100 11.2 1.8 0.7 0.3 0.5 6.9 0.2
cyclopentene 100 7.6 1.2 0.5 0.3 0.4 4.7 0.2
Table VIII. CAD Spectra of FeC;H;,*
fragment ions
Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe-
olefin C6H|° Cng C6H6 CsHs C4Hs C4H7 C4H6 C3H6 C3H5 C3H4 C3H3 C2H4 C2H3 FCCH3 Fe
1-hexene 1.7 1.0 29 144 21 42 1000 99 5.0 1.4 33 3.8 18.6
bis(propene)” 06 1.2 100.0 159 6.1 1.8 43 21.3
1-nonene 1.8 0.7 14 129 21 43 1000 107 5.0 1.4 3.2 3.6 17.5
trans-2-hexene 29 07 43 1000 7.1 17.3 29 14 1.4 1.4 7.9 5.0 25 11.2
cis-2-hexene 1.3 07 3.3 1000 7.9 19.1 2.6 13 1.3 1.3 7.9 5.3 2.6 11.2
trans-4-octene 30 1.5 8.3 1000 9.1 189 417 6.1 23 9.1 6.1 4.5 18.9
cis-4-octene 26 1.3 6.6 1000 8.5 216 485 6.6 3.9 9.2 7.2 4.6 19.7
trans-3-hexene 20 10 6.2 100.0 16.6 3.5 8.2 5.0 2.7 9.9
cis-3-hexene 21 09 13.9 100.0 15.9 3.7 8.2 53 2.7 10.6
2-methyl-1-pentene 1.4 07 6.7 1000 8.6 1.2 1.5 3.9 1.8 6.9 1.8 4.8 14.6
2-methyl-2-pentene 24 1.2 259 1000 6.7 3.0 1.5 43 25 6.4 2.1 5.5 134
4-methyl-3-heptene 3.1 08 21.1 1000 6.9 1.9 1.5 46 23 6.1 1.5 5.4 13.8
3-methyl-3-heptene 114 04 79.0 1000 8.3 19.7 44 25 3.8 1.9 8.9 5.7 5.7 152
3-methyl-2-pentene 11.6 1000 75.4 12.6 0.5 0.7 4.6 2.8 33 10.3
cyclohexane 100.0 19.0 2.0 32 225

9 Formed by reaction of Fe(CO),* with propene.

CAD spectra of Fe(CsHg)* and Fe(CsHg)* produced by decom-
position of the Fe(cyclopentane)* adduct may be compared with
those of model complexes (Table VII). Loss of H, produces a
complex with a CAD spectrum which matches that of Fe(cy-
clopentene)*, not the acyclic diene complexes. Loss of a second
H, gives a complex which is identical with the Fe(cyclo-
pentadiene)* model. These structures are in accord with those
prepared in reaction of Co* with cyclopentane.'s

FeCcH,,*. The CAD spectra of the FeC¢H,, ions (Table VIII)
fit a mechanism whereby an olefin complex, wherever possible,
rearranges by the allylic insertion outlined in Scheme II. Reactions
7-9 show the bis(olefin) complexes resulting from rearrangement

Fle+ - J—;;:—‘k m— Fte—m )
A VN

+ +
Fe" —_—> ]—Fe—]'l —_—> Fe—[ (8
NN

—

+ +
F/g m— )tFe—H Fejk ©)
ﬁ/\/
of Fe(l-hexene)*, Fe(2-hexene)*, and Fe(2-methyl-1-pentene)*,
respectively. The dominant fragment ion in the CAD spectra of
these C¢H,, complexes is consistent with rearrangement to bis-
(olefin) complexes. For example, the CAD spectrum of Fe(1-
hexene)* is quite similar to that of Fe(propene),* (Table VIII),
which suggests that the 1-hexene complex primarily rearranges
to the bis(propene) structure (reaction 7). Freiser and Jacobsen
have recently reported that 1-hexene reacts with the Fe(1-hexene)*
adduct to displace C;Hg, which lends further support for the
bis(propene) structure.' However, structures in addition to the
bis(propene) complex are formed as indicated by the losses of CH,4
and C,H, from Fe(1-hexene)*.
In addition, the FeC;H¢* and FeC,H;* products formed in the
source can be identified by comparison of their CAD spectra with

the corresponding reference spectra. The FeC;Hg* ion from
section 7 has a Fe(propene)* structure (Table V). The structure
of the FeC,H;* ion produced in reactions 8 and 9 is Fe(butene)*
and Fe(isobutene)*, respectively (see Table III).

Note that while the CAD spectra of the 2-hexene and 2-
methyl-1-pentene complexes are dominated by loss of ethylene,
the FeC,H,* fragment is only present in the CAD spectrum of
the 2-hexene complex. After the loss of ethylene (reaction 8),
the butene complex may rearrange to a butadiene dihydrido
complex by a mechanism similar to Scheme IV. Fe(2-methyl-
1-pentene)* cannot form a stable butadiene complex without a
complicated carbon skeletal rearrangement which would be in
competition with the facile loss of ethylene via the allylic insertion
mechanism.

For complexes where a 5-H shift following insertion into the
allylic C—C bond is not possible, rearrangements may now occur
to form a new complex which can undergo a 8-H shift. The
complexes of 3-hexene and 2-methyl-2-pentene probably isomerize
via the 8-H atom shift mechanism (Scheme III). The bis(olefin)
complex that results after isomerization accounts for the observed
FeC,H;* products (see reactions 10 and 11). The CAD spectra

§e+ = ﬁe+ e ]—F:—” (10)
SR NI

/g;\ = re —_— Jt?e—” an

of the FeC,Hg* produced by reactions of Fe* with 3-hexene and
2-methyl-2-pentene in the source were identical with the CAD
spectra of the products from reactions 8 and 9, respectively.

The complex prepared from cis-3-methyl-2-pentene is the only
FeC4H,,* studied that loses CH, more readily than it loses a small
olefin. A mechanism that accounts for this behavior is given in
Scheme V. After insertion into the allylic C—C bond a hydrogen
atom is transferred via a six-membered ring transition state, 11,
resulting in a hydrido methyl isoprene complex, 12. The reductive
elimination of CH, upon collisional activation of 12 would yield
Fe(isoprene)*. Indeed, the CAD spectrum of the FeCsH,*
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Table IX. CAD Spectra of Acyclic FeCsHg*

J. Am. Chem. Soc., Vol. 106, No. 16, 1984 4313

fragment ions

Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe- Fe-
olefin C5H6 C5H5 C4H4 C3H6 C3H5 C3H4 C3H3 C2H4 C2H3 FeCZHZ FCCZH FCCH3 FCCHZ Fe
1,3-pentadiene 20.1 18.5 52 593 9.9 13.6 13.6 100.0 10.5 6.2 37 53.7
1,4-pentadiene 6.2 19.1 46 586 265 11.7 16.7 100.0 7.4 3.7 51.2
isoprene 27.5 136 747 494 204 524 265 4.0 18.5 75.3 15.4 11.7 6.8 100.0
3-methyl-2-pentene  24.5 18.2 657 41.3 231 46.2 266 4.2 18.2 62.2 14.0 11.9 6.3 100.0
Table X. CAD Spectra of FeC¢H;o*
fragment ions
hydrocarbon FeC¢Hy FeCHg FeC¢H, FeC¢Hg FeCsH; FeCHg FeCHg FeCyHg FeCiH, FeCiH; FeC,H; Fe
cyclohexane 21.4 7.3 100.0 7.3
cyclohexene 478 5.7 100.0 5.7
1,5-hexadiene 8.0 16.0 17.3 11.1 8.6 14.8 32.1 15.4 100 24.1 17.3 50.6
Table XI. CAD Spectra of FeC¢Hg*
fragment ions
hydrocarbon FeC¢H; FeC¢H, FeC,H, FeC,H, FeC,H, FeC;H, FeC,H CeHg Fe CH,
cyclohexane 100.0 26.7 14.3 2.5 27.3 5.0 97.8 1.9
benzene 60.0 8.5 12.3 2.7 22.5 0.6 100.0 2.3
1,3,5,7-cyclooctatetraene 83.3 14.2 16.4 3.1 27.8 49 100.0 2.5
Fe(CO);—cyclohexadiene 99.3 11.9 16.8 3.0 26.1 6.0 100.0 2.6
1,5-hexadiyne 47.8 58.5 60.4 233 22,0 22.6 47.1 1.9 100.0 1.3
Scheme V The CAD spectrum of Fe(cyclohexane)* is dominated by
cH dehydrogenation (reactions 13 and 14). The cleavage of C-H
+ + IR
Fe— —_—> CH3—Fe\H e Her/\;\ FeC¢H,,* — FeC¢H 0" + H, (13)
K% FCC6H|2+ - FCC6H6+ + 3H2 (14)
bonds in the cycloalkane complex contrasts with the allylic C-C
11 12 cleavage observed in the olefin complexes. The CAD spectrum

formed by decomposition of Fe(3-methyl-2-pentene)* matches
that of the complex prepared with isoprene but is significantly
different than those of the complexes involving linear pentadienes
(Table IX).

The other large fragment in the CAD spectrum of Fe(3-
methyl-2-pentene)* is formed by the loss of ethylene. Isomeri-
zation of the olefin complex by a 8-H shift would result in the
bis(olefin) complex (reaction 12) which, in the source, decomposes
to FeC,Hg* which gives a CAD spectrum identical with that of
Fe(butene)* (Table III).

Fet

9 b |—F+e —> “—FZ—[ 12)

The mechanism for the loss of methane (Scheme V) also ac-
counts for this loss from the 2-pentene, 2-methyl-2-pentene, and
3-hexene complexes. For Fe(2-methyl-2-pentene)*, loss of CH,
is 4 times more intense than for the 2-methyl- 1-pentene complex.
In order to lose methane by the mechanism in Scheme V, isom-
erization of the 2-methyl-1-pentene complex to Fe(2-methyl-2-
pentene)* is required. The isomerization must be less facile than
the allylic insertion shown in reaction 9. The more abundant loss
of methane shown in the CAD spectrum of cis-3-hexene compared
to that of the trans complex may also be explained by this
mechanism. The methane loss involving a cis intermediate, 13,
would be expected to be more facile for steric reasons than for
a trans intermediate, 14. Furthermore, the more abundant loss

+ +
CHz—Fe H CHz—Fe,

H

13 14

of methane from the 3-hexene than from the 2-hexene complexes
can also be explained by the same mechanism.

of the Fe(CgH,0)* product from reaction 13 compares well with
that of the cyclohexene complex but is definitely dissimilar to the
CAD spectrum of Fe(1,5-hexadiene)* (see Tables X and XI).
The CAD spectrum of Fe(CgHg)* from reaction 14 is very similar
to the spectrum of Fe(benzene)* and the spectra of the FeCHg*
ion formed by electron ionization of cyclohexadiene iron tri-
carbonyl (reaction 15), and by reaction of Fe* with 1,3,5,7-
cyclooctatetraene (reaction 16). All produce a common FeC¢Hg*
product, presumably Fe(benzene)®*.

+ +
(c0)3Fe© —> Fe-@ + 3C0 + Hp (15)
+ +
Fe-@ — Fe@ + CpHp

Test of Mechanism

Study of FeCyH s+ The octene and methylheptene isomers were
chosen to test the preferential insertion of Fe* into the allylic C—C
bond. If all of the isomers give intermediates analogous to 6 in
Scheme II, then products shown in reactions 17-20 would be

- J_Fetl/\ - F\ke:v

(16)

+
F\e

NN an

F +
N e SR S
Fet + +
Po.— I -5
SN e~
+ + +
Fi - \/]—F— > F
\/\2\/\ ’ “ ﬁ (20)
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Table XII. CAD Spectra of FeCgH ¢+

Peake, Gross, and Ridge

fragment ions

Fe- Fe- Fe- Fe- Fe-
olefin CH,, CH,, C¢H,, CH,, CH,, FeCsH; FeCH; FeC,H; FeC;H; FeC;H, FeC,H, Fe
1-octene 29 5.5 0.5 100.0 5.4 5.6 10.6 26.8 5.4 12.5
cis-2-octene 9.9 0.6 8.2 6.6 2.0 100.0 30.2 3.6 8.3 13.9
trans-2-octene 11.8 0.6 9.8 7.5 2.5 100.0 298 3.9 8.6 13.8
cis-3-octene 8.6 4.0 51.8 2.8 100.0 13.8 30.1 222 28.1 6.4 16.5
trans-3-octene 10.3 27 59.4 34 100.0 14.8 61.6 29.1 30.9 9.5 214
cis-4-octene 1.5 0.7 100.0 5.2 10.8 49 17.1 7.3 8.0 33 3.3 7.5
trans-4-octene 3.8 1.2 100.0 3.7 29.7 8.6 22.7 104 13.5 4.2 42 10.6
2-methyl-1-heptene 6.1 0.5 37 24 1.4 100.0 15.6 14.3
2-methyl-2-heptene 10.6 6.1 25.8 3.8 100.0 23.9 326 25.0 29.9 4.5 18.9
cis-3-methyl-3-heptene 10.0 27.1 100.0 14.0 80.3 50.2 26.4 28.1 24.1 6.7 19.1
4-methyl-3-heptene 3.6 9.1 100.0 11.7 9.5 22.6 22,6 44 5.8 6.6 4.7 8.8
4
3 Fe (cis-4-0CTENE)
2
1
50 M/Z 100 150
Fe (trans-4-0CTENE)
50 M™% 100 150
Figure 6. CAD spectra of FeCgH¢* from cis-4-octene and trans-4-
octene.
7 8
80 100 110 120 130 140 6
Mz 5
Figure 5. Partial CAD spectra of FeCgH ¢+, m/z 168: (1) FeC,H, ",
m/z 126, from 1-octene; (2) FeC,Hg*, m/z 112, from trans-2-octene; (3)
FeCsH 0%, m/z 126, from trans-3-octene; and (4) FeC,H,,*, m/z 140,
from trans-4-octene.
expected upon collisional activation of the various Fe(octene)*
isomers. As shown in Figure 5, the largest peak in each spectrum
corresponds to the loss predicted for the allylic insertion mechanism
(see Table XII for full CAD spectra). Furthermore, the cis and
trans isomers of 3- and 4-octene may be distinguished by the CAD
spectra of their complexes with Fe* (see Figure 6).
If the allylic insertion mecanism is general, the methylheptene
complexes should dissociate to give the products shown in reactions
21-24, The predicted losses are in fact the major products
+ + +
Fe N -Fe—{ — 5 FeCqHg (21
L )k k/ @n 90 100 110 120 130 140 150
15 m/z

|

+ j{Ft F+
Jr=ll — j\;\ (22)

/

+ +
el \%/ 24)

observed in the CAD spectra of the methylheptene complexes (see
Figure 7).

Study of Products from Decomposition of FeC;H,;*. CAD
spectroscopy affords the opportunity to investigate the product

4

=l
o

3

-+
€

SNyl

1

—

Figure 7. Partial CAD spectra of FeCgH,¢*, m/z 168: (5) FeC,H;",
m/z 112, from 2-methyl-1-heptene; (6) FeCsH,o*, m/z 126, from 2-
methyl-2-heptene; (7) FeC4H,,*, m/z 140, from 3-methyl-3-heptene; and
(8) FeC4H,,*, m/z 140, from 4-methyl-3-heptene.

ions formed either by decomposition of the FeCgH, ¢+ complexes
in the CI source (MS/MS) or by collisional activation of the
FeCgH,6* isomers (MS/MS/MS). CAD spectra of these product
ions serve as further test of the allylic insertion mechanism. For
example, as indicated in reaction 17, CAD of Fe(1-octene)* gives
predominantly a FeC¢H,,* fragment. The CAD spectrum of
FeC,H,,* as determined by an MS/MS/MS experiment matches
that of Fe(1-hexene)*. This result provides verification of the
unimolecular rearrangement of the bis(olefin) complex by the
allylic insertion mechanism as indicated in reaction 17. Similarly,
consecutive reaction experiments on the products of reactions
18-24 verify the proposed structures. The reaction of 1-octene
with Fe* in the source also produces a FeC¢H;,* product which
is identical with Fe(1-hexene)*. Thus, both unimolecular rear-
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Table XIII. Partial CAD Spectra of Fe(1-alkenes)*
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neutral loss

CIO CII CIZ CI4

olefin HZ C2H4 C3H6 CJHB C4H8 CSHIO C6H|2 C6H14 C7HI4 C7I'I|6 C5H|6 CBHIB C9H|8 HZO HZZ H24 HZB
1-heptene 27 34 100 241 297 7.6 17.9
1-nonene 34 34 100 2.7 4.1 95 253 9.1
1-decene 44 35 100 1.9 6.0 95 193 101 13.9 7.6
1-dodecene 6.5 45 100 3.2 32 146 532 8.4 9.7 162 156 214 7.1 7.1
1-tetradecene 9.2 7.0 100 42 113 556 176 113 23.3 141 31.0 246 261 92 106

FeC4H s* complexes. The rearrangement of the 3-octene complexes to a

90

80
M/2Z

Figure 8. Partial CAD spectra of FeC,H,* from (a) 1-butene, (b} iso-
butene, and (¢) MS/MS/MS of 2-methyl-1-heptene.

50 60 70

rangement of stable FeCgH,,* and bimolecular reactions between
Fe* and C3H ¢ proceed by the allylic insertion mechanism. The
fact that the complexes rearrange unimolecularly, even if they
have sufficient energy to decompose, suggests the mechanism is
a low-energy pathway without large internal energy barriers. Since
the CAD spectra obtained by the MS/MS/MS experiment match
those of the products of ion—molecule reactions, only the latter
are tabulated as discussed below.

The FeC,H;* products of the ion—molecule reactions of Fe*
with the CgH 4 isomers are presented in Table ITI. The product
from reaction 18 is an Fe(butene)* complex as expected, not the
isomeric isobutene complex. The partial CAD spectrum of
FeC,Hg* formed by collisional activation of Fe(2-methyl-1-
heptene)* is a mixture of the CAD spectra of butene and isobutene
complexes (see Figure 8). In fact, both losses of butene or
isobutene are possible from 15, the bis(olefin) complex produced
in reaction 21, which results in a mixture of FeC,Hg* structures.
This provides a striking example of the sensitivity of the CAD
technique to detect a mixture of ions and to provide additional
evidence in support of the allylic insertion mechanism.

The CAD spectra of the FeCsH,o* products from reactions 17,
19, and 22 can be compared with those of reference CsH,o com-
plexes (Table VI). The product from reaction 17 is Fe(1-pent-
ene)*, whereas reaction 19 gives a mixture of 1-pentene and
2-pentene complexes. The product from reaction 22 is possibly
a mixture of methylbutene complexes but is definitely not a linear
pentene complex.

The CAD spectra of FeCgH,,* products from reactions 20, 23,
and 24 can be compared in Table VIII with the corresponding
reference spectra. The product from reaction 20 is a mixture of
Fe(2-hexene)* and Fe(1l-hexene)*. On the basis of the CAD
spectra, the product from reaction 23 is assigned to be Fe(3-
methyl-2-pentene)* whereas the product from reaction 24 is
Fe(2-methyl-2-pentene)*. These structural assignments are in
accord with the allylic insertion mechanism.

While the products shown in reactions 17-24 are the major
structures of the complexes of Fet* and CgH,4 isomers, other
structures must be invoked to account for the other fragments in
each CAD spectrum. The allylic hydrogen atom shift mechanism
shown in Scheme III accounts for the secondary CAD fragment
ions from the 3-octene, 4-octene, and cis-3-methyl-3-heptene

2-octene or 4-octene complex is consistent with the large FeCH,,*
and FeC H;* fragments observed. Furthermore, the FeC,Hg*
fragment is twice as large in the CAD spectrum of Fe(trans-3-
octene)* than in that of the cis complex. This suggests that the
trans complex isomerizes more readily to the 2-octene complex
than does Fe(cis-3-octene)*. Similarly the isomerization of the
4-octene complexes to Fe(3-octene)* results in a large FeCsHo*.
Again the trans complex fragments to give a larger FeCsH,*
fragment than does the cis complex.

The most intense fragment in the CAD spectrum of Fe(3-
methyl-3-heptene)* corresponds to the loss of C,H, by the allylic
insertion mechanism (reaction 23). The loss of C3Hg is nearly
as intense as the C,H, loss and probably occurs as shown in
reaction 25.

+ + .
B = Ul — L e
Isomerization of the double bond followed by the allylic insertion
mechanism gives rise to the observed FeCsH ,* product. The
Fe(2-methyl-1-butene)* structure is assigned to the FeCsH o*
product based on a comparison of CAD spectra (Table VI).
Other Fe(C,H,,)*. The CAD spectra of the complexes of Fe*
with other selected 1-alkenes are summarized in Table XIII. All
of the complexes principally lose C;H as predicted by the allylic
insertion mechanism. The complexes of dodecene and tetradecene
lose a second C3H presumably by a consecutive allylic insertion
and $8-H atom shift following the initial loss of propene.

Conclusion

Oxidative addition of the allylic C—C bond to the metal ion is
facile in reactions of Fe* with olefins. This is the dominant process
even in large olefins where addition of other bonds is energetically
possible and statistically favorable. Following the addition, a
B-hydrogen is transferred from the alkyl group to the metal and
ultimately to the allyl fragment to produce a bis(olefin) complex.
Upon activation, the complex loses the smaller olefin preferentially.
If no 8-H is available on the alkyl ligand, at least two alternative
processes may occur. (1) A 1,3 shift of an allylic H atom effects
a 1,2 shift of the double bond. Addition to the allylic C-C bond
may then result in the formation of a bis(olefin) complex. (2)
Loss of methane from complexes with no available 8-H occurs
possibly by a six-membered cyclic transition state.

The strained C—C bonds in the three- and four-membered rings
add to Fe* to form metallacyclic and carbenoid structures. The
five- and six-membered cycloalkanes react with Fe* via oxidative
addition of the C—H bonds, and the integrity of the ring is retained.

The interaction between Fe* and a complexed olefin is extensive
and very sensitive to structure. As a consequence, it is possible
to distinguish between cyclic and acylic isomers, to locate double
bonds in substituted olefins, and to identify differences in the
behavior of cis and trans isomers as shown in this investigation.
Some of these distinctions would be impossible with ion—molecule
reactions involving an organic reagent ion alone and would
probably be nearly as difficult with CAD in the low-energy regime
where fewer reactions are observed. Thus, high-energy CAD may
be uniquely suited to structural determination of gas-phase metal
ion complexes. The investigation of the analytical applications
of this chemistry is currently being pursued.
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Abstract: 2’Al longitudinal magnetization recovery curves were measured by using the inversion recovery method on molten
1-n-butylpyridinium chloride/AlCl, mixtures at various components of 39-80 mol % AICl; and between 30 °C and 75 °C.
The recovery curves did not show single exponential decays at the components located between the two stoichiometries (e.g.,
between 50 and 67 mol % AICl,), in contrast with the single exponential decays observed in melts at less than 50 mol % AICl,
and at 67 mol % AICl;. The composition dependence of the individual relaxation rates R, , and the individual concentrations
X, of each main chloroaluminate species, «, such as AICl,~, AL,Cl;~, AL,Cl,q, or Al,Clg, were obtained by fitting a model
associated with the chemical exchange process from species A to B into the observed nonlinear logarithmic recovery curve.
The remarkably slow exchange rate (i.e., the long exchange lifetime) was comparable with the relaxation rates in magnitude,
and it gave rise to the nonlinear nature in the logarithmic recovery curves. The chemical exchange from species A to B promotes
the individual relaxation of 2’Al in each species o. This is because the relaxation rate is the minimum in magnitude for the
melt at the BPCl-rich side of 50 mol % AIC]; or at the stoichiometric composition, in which the chemical exchange from species
A to B does not take place. Over all the compositions, the empirical rule among each R, ,, is as follows: R; si¢ o < Ryancne
Ry act < Ryancng and Ry anci, < Ry, Here the NMR relaxation of the 7Al nucleus in the melts originates mainly
from the interaction between the quadrupolar moment and the electric field gradient fixed at a central Al nucleus by sharing
electrons with the chlorines of the nearest neighbors in each species. The dependence of the mole fractions X(AICl,") and
X(AL,Cly7) of the AICL,~ and Al,Cl,™ species on the formal composition was consistent with the potentiometric and Raman
spectra investigations. Above 67 mol % AICl;, the other Al;Cl,;~ and Al,Clg species are present as the main species: a probable
peak in the X(Al,Cly;") values locates near the stoichiometry BPAI;Cl,, (or 75 mol % AICl;), and above 75 mol % AICl,,

the Al,Cly species becomes a main species upon successive additions of the AICl; component.

Considerable interest has been shown recently in chloro-
aluminate melts such as AICl;/MCl (M = Li, Na, etc.) and
AlCl,/alkylpyridinium halide because of their special properties
as acid-base solvents.! Raman spectroscopic studies have shown
that AICl, Al,Cl;m, ALCly,ey™ (2 2 3), and AL Clg are present
in their melts.>® The anionic species equilibrium for the disso-
ciation reaction

2A1C14_ = A12Cl7' + CI-
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has been investigated by potentiometry.»> Al nuclear magnetic
resonance studies on chloroaluminate melts have examined the
characteristics of these melts, which consist of the AICl,” and
AlL,Cl; ions.® To our knowledge, the relaxation phenomena on
the 2Al longitudinal and transverse magnetizations have not been
investigated, though the "Li and 2*Na spin-lattice relaxation rates

‘have been obtained in molten LiAlCl, and NaAICl,, respectively.’

This paper describes an examination of the formal composition
dependence of the individual relaxation rates, R, ,, and of the mole
fractions, X,, of the main species such as AlICl,", Al,Cl;~, Al,Clg
and a high polymer assigned tentatively to Al;Cl,5~ by measuring
the ?’Al longitudinal magnetization recovery curves for the
room-temperature melt of 1-n-butylpyridinium chloride (BPCl)
+ AICI; mixtures and by reproducing the experimental recovery
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