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Abstract

A study has been carried out of the gas phase reactions of the radical anion [Fe(CO),]” with
twenty-one C,-C; hydrocarbons, including acyclic, cyclic and isomeric alkenes, dienes, alkynes, and
aromatics. Dehydrogenation and decarbonylation processes have been identified in the principal reaction
channels, which were dependent on the hydrocarbon structure, while sequential ligand substitutions were
observed for the reaction of C,H, with [Fe(CO),] " to give the terminal product ton [(C,H,),-Fe] ™"

Introduction

Coordinatively unsaturated and electron-deficient carbonyl metallate ions have
long been recognized as reactive intermediates in solution phase organometallic and
catalytic chemistry [1-3]. The availability of recently developed experimental tech-
niques such as Fourier transform ion cyclotron resonance (FTICR) spectroscopy
now provides opportunities for new insights to be gained into the elementary
ion/molecule reactions of specifically synthesized organometallic ions in the gas
phase [4-6]. Such ions may be trapped for long periods (seconds) and at low
pressures (107 °~10~ 7 mbar) within ICR cells to enable simultaneous and consecu-
tive reaction channels, together with novel reaction products and intermediates, to
be identified from time resolved mass spectral data and high resolution mass
measurements [4,6,7-9]. As part of a continuing study of the ion/molecule chem-
istry of carbonyl metallate ions [10-14], results are now presented for the gas phase
reactions of the 13-electron radical ion [Fe(CO),]” " with a representative series of
hydrocarbons that includes acyclic, cyclic and isomeric alkenes, dienes, alkynes and
aromatics.

Experimental

All ion/molecule experiments were performed in a Spectrospin CMS-47 FTICR
spectrometer. Details of this experimental technique and instrumentation have been
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described previously [5,6.8.15]. The volatile reagents were admitted to the ICR cell
via a 40°C temperature regulated inlet system fitted with Balzers precision leak
valves type BDV-035. The ICR cell temperature was somewhat above ambient (ca.
35°C) owing to heat from the 4 c¢cm remotely positioned rhenium ribbon cell
filament. All pressures were measured with a magnetically shielded Baizers type
IMR-132 ionization gauge positioned in proximity {ca. 10 cm) to the Balzers TPU
330 turbomolecular pump. Low energy ionisation (5 ¢V) of Fe(CO) at a pressure of
5 10~* mbar gave the ionic products [Fe(CO),]7 (100%). [Fe(CO),]  (15%), and
[Fe(CO), ] (5%), which are consistent with other reported negative 1on mass
spectra [16]. As both anions and electrons are trapped in the ICR cell during
negative 1on experiments. electrons were ejected from the cell after the electron
beam pulse (25 ms) by the apphcation of an oscillating clectric field across the
trapping plates (5 ms at ca. 2 1. amplitude 4.2 MHz and 2.5V trapping voltage).
Mass selected [Fe(CO),]  ions were trapped in the cell after the applicauon of
broad band excitation pulses 1o gject other extrancous ions from the cell. Transla-
tional excitation of the reactant [Fe(CO),] ~ jons was mnimized by use of the
lowest possible radio frequency fields. Neutral reactants were admitted to the 1CR
cell in the pressure ratio 51 to the metal carbonyl and to a total indicated pressure
of 2.5 x 107 mbar. Except where otherwise indicated. reaction delays of 1 s were
used to establish ionic product distributions for all ion  molecule reactions. The
elemental formulae of all ionic reaction products were determined from mass
measurements and ion/moelecule reaction channels were deduced as ua resubt of
selective ion gjections or plets of the temporal variations of 1onic product distribu-
tions (time plots™).

Accurate estimates of neutral particle densities in the ICR cell, and hence rate
constant measurements, were not meaningfully obtainable because of well-estab-
lished low pressure inaccuracies in ionization gauge readings particalarly in high
magnetic field regions, and the present absence of absolute pressure calibration
instrumentation at these working pressures.

Iron pentacarbonyl was obtained from Strem Chemicals Inc. and the organic
reagents were high purity commercial samples from Matheson Gases, Phillips-66,
Aldrich. Fluka and B.D.H.. which were admitted to the CMS-47 FTICR spectrome-
ter after undergoing multiple freeze-pump-thaw cycles to remove non-con-
densables. Propene, methvi-d,. 99% D was obtained form Cambridge Isotope
Laboratories. Where appropriate, sample purities were checked from positive 1on
mass spectra run on the CMS-47 instrument.

Results and discussion

The twenty-one hydrocarbons whose reactions with [Fe(CO),] were examined
are listed in Table 1. Product distributions for the reactions between [Fe(CO)-]
and the T-alkenes. II, 11, VI, X, XV, XVIII and XIX are given in Table 2.

Except in the case of IIl. the principal reaction channel led to the formation of a
dehydrogenated ionic product, {C,H,, ,Fe(CO},}" in the case of I, this species
was detected along with a decarbonylated product. For the €, and higher alkenes
the dehydrogenation reaction channel parallels that previously identified for reac-
tions of the 13-electron ion [Cr(CO);]7 with alkenes [13]. That is, a necessary
structural feature of these 1-alkenes appears to be their ability, after dehydrogena-
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Table 1
[Fe(CO),]~ /hydrocarbon reactants

Hydrocarbon Isomer

I C,H, acetylene

I C,H, ethylene

8¢ C3H¢ propene

v C3H,D4 propene, methyl-d,
v CyH¢ cyclopropane

Vi C4Hg 1,3-butadiene

VII C4Hg¢ 2-butyne

VIII C4Hy 1-butene

IX C4Hyg trans-2-butene

X CsHyg 1-pentene

XI CsHyg cis-2-pentene

XII Ce¢Hg benzene

XIII Ce¢Hg 1,3-cyclohexadiene
X1V CeHyy cyclohexene

XV C¢Hy» 1-hexene

XVI C,Hg toluene

XVII C;H,, 1-methylcyclohexene
XVIII C,Hy4 1-heptene

XIX CgHy¢ 1-octene

XX CgHys 2,2,4-trimethyl-1-pentene
XXI CgHi 2,2,4-trimethyl-2-pentene

tion, to form an n*-conjugated double bonded complex with the metal centre via a
w-allyl metal-hydrido intermediate, and this is followed by B-hydrogen abstraction
and H,-elimination as shown in Scheme 1.

Support for this rationalization is provided by the ionic product data given in
Table 3 for the reactions of the isomeric CgH,, alkenes, XX and XXI with
[Fe(CO),]1~, which give as the predominant ionic products decarbonylated rather
than dehydrogenated species because of the inability of XX and XXI for structural
reasons to form n*-conjugated complexes with the metal centre.

A qualitative comparison of the rates of the dehydrogenation reaction channels
for the [Fe(CO),] " reactions with the C, and Cs 1-alkenes II and X, is given in

Table 2
Product distributions for reactions of [Fe(CO),] " with 1-alkenes “
Alkene Ionic products ®

[C.H;,_,Fe(CO),]1 [C,H,,Fe(CO) ™
11 C,H, 1.0 0
111 C;Hg 0.29 0.71
Vi C,Hy 1.0 0
X CsH,, 1.0 0
XV CeH,, 1.0 0
XVIII C,Hy, 1.0 0
XIX CgHy¢ 1.0 0

“ Reaction times of 1 s. * Based on 6Fe.
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Scheme 1.

Fig. 1. This plot shows the variation with time of product distributions for the
reaction

C,H., + [Fe(CO),] —[CH,., . Fe(CO),] +H,

and indicates that under the experimental conditions used complete reaction of
[Fe(CO),]  takes place within ca. 1 s and that the reaction rates for the two
systems are similar.

Whereas the C;-alkene Il gave only a decarbonylated reaction product with the
13-electron ion [Cr(CO);]" [13], both ionic dehydrogenated and decarbonylated
species were identified for the reaction of [Fe(CO),.] " with 111, Table 2; the former
product is thought to be a [#7-allene - Fe(CO),] complex. Such species were
identified in previously reported flowing afterglow studies of the reactions of
m-svstems with the 15-electron 1on [Fe(CO),] " [17]. However, the complexity of the
present reaction has been established from the results for the [Fe(CO).}

Table 3

Product distributions for reactions of [Fe(CO),]"" with 1someric alkenes

Alkene fonic products "
[C,Ha, Fe(CO [C,Ha, Fe(CO)l
IX C4Hg. rrans-2-butene 1.0 0
X1 CsH,,. as-2-pentene 1O 0
XX CyHy. 2.4.4-trimethyl-1-pentene 4] 1.0

XXI CyHy,, 2.44-trimethyi-2-pentene 0.03 (.97

P . - ' 6
Reaction delays of | 5. © Based on 7 Fe,
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Fig. 1. Variations of ion abundances with time for the reaction of [Fe(CO),]™" with 1-pentene, X, (a) and
ethylene, I1, (b). /21 = ion abundance/sum of product ion abundances. ¢Fe considered.

CD;CH=CH, (IV) system for which the variations of ionic product distributions
with time are given in Fig. 2.

Four ionic reaction products were identified from mass measurements of the
species shown in Fig. 2, namely those with m/z 155, [(CO),Fe- C;H D317 m/z
154, [(CO),Fe- C;H,D,]17; m/z 138, [(CO),Fe - C,H,]™; and the decarbonylated
species m/z 129, [(CO)Fe - C;H;D;]. From the measured ionic elemental composi-
tions and the product distribution profiles, the m/z 155 and m/z 154 species appear
to owe their origins to neutral losses of H, and HD from a common complex
hydrido precursor whereas alkane elimination [12] appears to be involved in the
formation of the m/z 138 ion, [(CO),Fe- C,H,]7". This latter ion was observed
previously in a (higher pressure) flowing afterglow investigation of the reaction of
[Fe(CO),]™" with acetylene, the implication being that the acetylene ligand func-
tions as a four-electron donor, thereby occupying two coordination sites on the
metal [17]. In the present work the reaction of isomeric C;H¢ cyclic alkane V with
[Fe(CO),] " gave the dehydrogenated species [C,H, - Fe(CO),]™, m/z 152, as the
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Fig. 2. Variations of ion abundances with time for the reaction of [Fe(CO),]™" with propene, methyl-d,
(IV), with the reactant ion [Fe(CO),]™, m/z 112; and product ions [(CO)Fe-C;H;D5]7, m/z 129;
[(CO),Fe-C,H,]7, m/z 138; [(CO),Fe-C;H,D,]17", m/z 154; and [(CO),Fe-C,;HD;]™, m/z 155.
1/21 = ion abundance/sum of product ion abundances. *Fe considered.
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sole ionic product. Although at this juncture a concomitant ring cleavage process
leading to the formation of the C;H, moiety cannot be excluded. the observation of
only this single ionic reaction product makes it unlikely that the reaction proceeds
via a metallocyclobutane intermediate of the type postulated for the reactions of
metal-containing ions with cycloalkanes [18]). However 1t is significant that in a
recent flowing afterglow study of C~H bond activation in acvclic and cyclic alkanes
by carbonyl metallate ions, Cy and C, alkanes were also shown to form [adduct--
H,] " ions in their reactions with [Fe(CO),] " [19].

In reactions much slower than those between [Fe(CO),] " and C;-C, alkanes,
single ionic products were formed in the reactions between [Fe(CO).]" and the
C.—~C, cyclic hydrocarbons XI1. XI1I. XIV, XVI and XVII. Ligand exchange/
decarbonylation reactions only were identified for the aromatic system reactions of
XH and XVI with [Fe(CO),] " to give the 17-electron products {n°-R - C, H. -
Fe(CO)] ., with R = H and CH; for XII and XVI. respectively. The hydrocarbons
XTIV and XVII in their reactions with [Fe(CO),}  gave the corresponding 17-elec-
tron dehydrogenated [n*-cyclodiene - Fe(CO),]” products, whereas XIII reacted
very slowly with [Fe(CO),1 " to give the 1onic products [C H, - Fe(CO),] . m,/z
192, 62%, and [CH - Fe(CO)] . m/z 162, 38%. Both of these ions can be regarded
as 17-electron species if n*- and 7°-hydrocarbon metal bonding. respectively, is
involved. In contrast, reaction of the acychic diene VI with [Fe(CO),1  gave as the
sole ionic product [7*-C,H,Fe(CO)] .

Whereas the alkyne VII underwent a very slow reaction with [Fe(CO),] " to form
only the decarbonylated product [adduct-CO] ™, sequential CO displacement was
observed for the [Fe(CO)-] "/ acetylene (I1) reaction the product distribution /time
plot for which is shown in Fig. 3.

[t is relevant here that w-bonding is favoured bhetween acetylene and the iron
atom in the decarbonylated species [C,H, - Fe(CO),]  that was identified from the
flowing afterglow reaction of the 15-electron ion Fe(CO),  with acetylene [17]
rather than hydrogen bonded or metal C-H insertion species [20]. In the reaction
studied in the present work between [Fe(CO),]  and I1, exothermic substitution of
C,H, for CO to give the 15- and 17-electron C,H, =-bonded complexes [ H- -

VZI
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Time (s)
Fig. 3. Variations of ion abundances with time for the reaction of [Fe(CO),]" with acetylene, I,
{ /21 =1on abundance /sum of product ion abundances. *Fe considered.
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Fe(CO)]™ and [(C,H,), - Fe] " is feasible in terms of the known [CO - Fe-CO]™
bond strength of (1.0 +0.3) eV, the linear geometry of [Fe(CO),]™, and the
predicted destabilization of the occupied Fe~CO n-orbitals in this ion that would be
expected to occur upon reaction with II [21].
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