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Reactions of Fe+ and FeL+ [L = 0, C4H 6, c-CSH6, CsHs, C6H 6, CSH4(=CH2 ) ] with
thiophene, furan, and pyrrole in the gas phase by using Fourier transform mass spectrometry
are described. Fe+, Fe(CsHs)+, and FeC6Ht yield exclusive rapid adduct formation with
thiophene, furan, and pyrrole. In addition, the iron-diene complexes [FeC4Ht and Fete
CSH6)+], as well as FeCsH 4(=CH2)+ and FeO+, are quite reactive. The most intriguing
reaction is the predominant direct extrusion of CO from furan by FeC4Ht, Fe(c-CsH 6)+, and
FeCsHi=CH2) +. In addition, FeC4Ht and Fe(c-CsH6)+ cause minor amounts of HCN
extrusion from pyrrole. Mechanisms are presented for these CO and HCN extrusion reac
tions. The absence of CS elimination from thiophene may be due to the higher energy
requirements than those for CO extrusion from furan or HCN extrusion from pyrrole. The
dominant reaction channel for reaction of Fe(c-C sH 6)+ with pyrrole and thiophene is
hydrogen-atom displacement, which implies OO(Fe(CsH s)+-C4H&X) > OO(Fe(CsHs)+-H) =

46 ± 5 kcal mol-I. OO(Fe+-C4H4S) and OO(Fe+-C4HsN) =::: 0 (Fe+-C4H 6 ) = 48 ± 5 kcal
mol-I. Finally, 55 ± 5 kcal mol- l = OO(Fe+-C6H6 ) > OO(Fe+-C4H40) > OO(Fe+-C2H 4 ) =
39.9 ± 1.4 kcal mol-I. FeO + reacts rapidly with thiophene, furan, and pyrrole to yield initial
loss of CO followed br additional neutral losses. OO(Fe+-CS) > OO(Fe+-e

6H 4S) =::: 48 ± 5
kcal mol- l and OO(Fe -e4HsN) =::: 48 ± 5 kcal mol "! > OO(Fe+-HCN) > 0 (Fe+-C2H 4 ) =

39.9 ± 1.4 kcal mol-I. (J Am Soc Mass Spectrom 1996, 7, 938-952)

Catalytic hydrodesulfurization (HDS) [1], hydro
deoxygenation (BOO) [2], and hydrodenitro
genation (HDN) [3] are important processes for

removal of sulfur, oxygen, and nitrogen from
petroleum feedstocks. Industrial HOS, HDN, and HOO
catalysis, in general, involves the use of heterogeneous
catalysts that consist of either cobalt-molybdenum
sulfides (CoMo) or nickel-molybdenum sulfides
(Nilvlo) supported on alumina under conditions of
high temperatures and elevated hydrogen pressures
[4]. Although Ru-, Os-, Rh-, and Ir-based catalysts are
more active than Mo-based catalysts, Mo-based cata
lysts most commonly are used in industry owing to
their availability and economic feasibility [5]. A num
ber of iron complexes, due to their low cost and
environmental acceptability, also have been examined
as potential catalysts in heteroatom removal [6]. These
catalysts convert organosulfur, -nitrogen, and -oxygen
to H 2S, NH3, and H 20 , which are removed from the
feedstock.

There are several reasons for removal of organosul
fur, -nitrogen, and -oxygen from petroleum feedstocks.

Emissions of SOx and NO:c from combustion con
tribute to acid rain. Large quantities of oxygen-contain
ing species are rather unstable; for example, they
quickly form deposits when exposed to air. The basic
nature of the nitrogen-containing species effectively
poisons the acidic hydrocracking and reforming cata
lysts used in the refining process. The sulfur-contain
ing compounds poison sulfur-sensitive precious metal
catalysts used in catalytic converters of automobiles.
Often, petroleum feedstocks are hydrogenated during
the refining process, and many reactive organo-oxygen,
-nitrogen, and -sulfur compounds are converted to
H 20 , NH3 , and H 2S. Most heterogeneous catalysts are
poisoned by these species [7]. In contrast, CoMo and
NiMo catalysis of HOS, HDN, and HOO are not poi
soned by these species. In fact, these catalysts often
experience rate enhancement in the presence of H 2S
[8].

Despite the large scale use of HDS, HON, and HOO
catalysts, the mechanisms likely to be involved in
these processes (eq 1) are poorly understood.

metal catalyst
CxHyX + nH 2 ) hydrocarbons + H 2X
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The mechanisms for HDS have been studied most
intensely, and these studies have employed thiophenic
compounds as models. Although petroleum feedstocks
contain a variety of organosulfur compounds which
include thiols, cyclic sulfides, and thiophenes; thio
phenes were selected for model studies because they
contain the most refractory form of sulfur. Because the
CoMo-A1203 catalyst surface is complex, the models)
of thiophene absorption and reaction is (are) still not
well established. Consequently, the interaction (reac
tion) of thiophenes with both highly characterized
transition-metal surfaces and homogeneous transition
metal complexes has been the focus of recent studies
that are aimed at gaining an understanding of HDS
catalysis. Studies of thiophenes on surfaces [5, 9-12]
and of homogeneous transition-metal-fhiophenic com
plexes [13] have been focused on binding geometry
and subsequent reactivity. Several different binding
geometries have been characterized for homogeneous
transition-metal-thiophene complexes including 711-S
bound [14, IS], 712-bound [16], 714-bound [17-19], and
71s-bound [17, 20-22], 1-4.
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The binding geometry of thiophene is affected by steric
and electronic properties of other ligands on the metal
center.

In spite of intense efforts to study the reactions of
thiophenes in organometallic complexes, desulfuriza
tion of thiophene to yield gas-phase products has not
been observed. Although most of the early 711-5-bound

thiophene complexes were weakly bound and conse
quently, easily displaced, more recent results have
demonstrated that 71 1-5- and 714-bound thiophenes can
undergo oxidative cleavage of the C-S bond. For
example, Jones and co-workers [23]have reported C-S
oxidative addition, which occurs by initial coordina
tion of the thiophene sulfur (711_S-bound), followed by
migration of the a-carbon to the metal center to yield a
six-membered metallathiohexadiene ring (eq 2).

'Cp(PMe,lRh-(:J ~ 'CP(PMe'lRh0 (2)

*Cp = c-CsMes

Angelici and co-workers [24] also observed C-S ox
idative addition in a related iridium complex, al
though the immediate precursor was an 714-thiophene
ligand.

By analogy to thiophene, furan and pyrrole
organometallic complexes may serve as models for
HDO and HDN catalysts, respectively. In contrast to
thiophene, there is much less known about the coordi
nation geometry and reactivity of furan and pyrrole in
organometallic complexes [25]. 71s-Bound pyrrolyl [26]
and 71s-bound pyrrole [27] complexes are known.
However, furan is not as likely to form rr-complexes as
thiophene because the electronegativity of oxygen is
increased, which limits electron delocalization and
thereby reduces 7T-interaction with the metal [25]. An
71s-bound furan complex *CpRu(71S-furan)+, however,
was recently prepared [28].

In an investigation of Fe-based catalysts Rauchfuss
and co-workers [6k], studied the reactions of Fe(CO)s
and Fe3(CO)12 with thiophene and benzo{b]thiophene,
respectively. In the reaction of Fe(CO)s with thiophene,
a thiaferrole complex, Fe2(C4H4SXCO)6' which goes
onto a ferrole product, was proposed as the intermedi
ate. In a study by Chivers and Timms [6j], a similar
ferrole product was obtained upon the reaction of
gaseous atomic iron with thiophene in a CO atmo
sphere. In related work, Angelici and co-workers [13a]
reported the iron promoted removal of sulfur from
2,3-dihydrothiophene (2,3-DHT) in the decomposition
of Fe(CO)i2,3-DHT). The black solid residue obtained
from the reaction was characterized as FeS. The FeS
elimination was facile at 120°C, but became slower at
room temperature. The mechanism for the elimination
of the butadiene, however, was not well understood.
The formation of an iron-sulfur-carbonyl cluster fol
lowed by a single concerted step for butadiene loss
was proposed as a possible mechanism. Iron also has
been used in Chevrel phase catalysts, where it has
comparable HDS activity to Mo-based catalysts [29].

Apart from the interest in stereoelectronic effects of
ligands, an increasing amount of effort has been di
rected to explore the utility of metal oxides in the
desulfurization process [30]. Lew et al. [30a] reported
high temperature H 2S removal from fuel gases by
bulk Zn-Ti-G and ZnO. They demonstrated enhanced
efficiency of zinc oxide-titanium dioxide mixtures over
neat zinc oxide for the desulfurization of coal-derived
fuel gases. Grindley and Steinfeld [30b] studied the
H 2S removal efficiency of mixed oxide compound zinc
ferrite (ZnFe204)' They observed comparable efficien
cies for both Zno and ZnFe204' Sasaoka et al. [30e]
examined the reactivity of iron oxide high temperature
desulfurization sorbents. An increase in conversion of
FeO to FeS was observed at elevated temperatures and
with increased addition of the binder Si02. It was
proposed that the reactivity of iron oxide was con
troled by Si02 addition and temperature.

Here we describe the reactivity of Fe+ and FeL+
[L = 0, C4H6, c-CSH6 (1,3-butadiene), c-CsHs, C6H6

(benzene), CSH4(=CH2) (fulvene)] with furan, thio
phene, and pyrrole in the gas phase [31]. Freiser and
co-workers [32] reported a novel, direct desulfuriza-
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tion reaction of ethylene sulfide by Fe+ in the gas
phase (eq 3).

n = 0-5

The iron-sulfide ion formed in eq 3 was studied subse
quently [33]. The reaction of Fe+ withisothiocyanates
also was studied in the gas phase and desulfurization
reactions were observed [34]. We observe novel CO
and HCN extrusions, respectively, from furan and
pyrrole by the Fetdiene)" complexes (FeC4Ht and
Fe-c-CsHt) as well as CO abstraction from furan by
FeCsH4(=CHz)+. In addition, FeO+ reacts with
C4H4X (X = S, 0, NH) by ring cleavage to yield initial
CO elimination.

J Am Soc Mass Spectrom 1996, 7, 938-952

The product of eq 5 was structurally characterized by
reaction with propene-a, and benzene-s, where only
two HID exchanges were observed [44]. In contrast,
authentic Pefbenzene)" does not yield HID exchange
with either propene-a, or benzene-rig. Therefore, a
Fetfulvene)" structure was assumed for the product
obtained from eq 5. FeO+ was generated by reaction of
Fe" with NzO (eq 6) [45].

(6)

Details for CAD in conjunction with FfMS were
described elsewhere [46, 47]. CAD breakdown curves
were obtained by variation of the kinetic energy of the
ions (typically between 1 and 50 eV) by adjustment of
the duration of the electric field pulse (typically be
tween 100 and 600 p..s). The maximum kinetic energy
acquired by an irradiated ion (in excess of thermal
energy) was calculated by using eq 7,

Fe++ CsHs(=CHz) -+ FeCsH4(=CHz)++ 2H z
(5)

Experimental Section

The theory, instrumentation, and methodology of ion
cyclotron resonance (ICR; for reviews on ICR, see [35])
spectrometry and Fourier transform mass spectrome
try (FfMS; for reviews on FfMS, see [36]) were dis
cussed at length elsewhere. All experiments were per
formed by using a modified Nicolet (Madison, WI)
FTM5-1000 Fourier transform mass spectrometer
equipped with a 5.08-cm cubic trapping cell and 3.0-T
superconducting magnet [37]. A Bayard-Alpert type
ionization gauge was used to monitor pressure [36].
Pressures of reagent neutrals subsequently were cor
rected by using ionization cross sections [38]. Absolute
pressure uncertainties are believed to be <50% with
relative uncertainties < 10% for furan, thiophene, and
pyrrole. The uncertainty in pressure is the largest con
tributor to the uncertainty of the measured rate con
stants. As a consequence, rate constants are assigned
an absolute error of ±50%. Chemicals were obtained
commercially in high purity and were used as sup
plied except they were subjected to multiple
freeze-pump-thaw cycles to remove noncondensable
gases.

Fe+ was generated by laser desorption-ionization
from a high purity iron foil attached to the rear trap
ping plate of the cell [39]. FeC4Ht, Fe-c-CsHt, and
FeC6Ht were generated by dehydrogenation of, re
spectively, I-butene, cyclopentene, and cyclohexadiene
by Fe+ [40]. Fe-c-CsHt was formed by collision
activated dissociation (CAD) [41, 42] of Fe-c-CsHt (eq
4) [43], FeCsH 4(=CHz)+ (fulvene) was generated by
dehydrogenation of methylenecyclopentane (eq 5).

-C + CAD F -C + HFe-e sH 6 - e-c sH5 + (4)

(7)

where ErE is the electric field amplitude, q is the
electric charge, t is the duration of the electric field
pulse, and m is the mass of the ion [35a]. (It has been
suggested [48] that the kinetic energy obtained by an
irradiated ion is much less than that calculated from eq
7.) CAD fragment ion abundances were plotted as a
fraction of the initial parent ion abundance (no excita
tion) versus kinetic energy. This allows both the en
ergy dependency for fragmentation and the fragmenta
tion efficiency to be compared directly for related sys
tems. CAD breakdown curves are reproducible with
< 3% absolute variation in ion abundances for repli
cate curves. The spread in ion kinetic energy is depen
dent on the total average kinetic energy and is 65% at
1 eV, 19% at 10 eV, 11% at 30 eV, and 6% at 100 eV
[49]. In addition to conventional on-resonance FTMS
CAD, CAD by using sustained "off-resonance" irradi
ation (SORI) [50] was used also. SORI-CAD is analo
gous to infrared multiphoton dissociation (IRMPD)
[51] to probe the lowest energy pathway for ion disso
ciation.

All precursor hydrocarbons were admitted into the
vacuum chamber by using a pulsed solenoid inlet
valve to minimize complicating side equations with
background neutrals. (A detailed description of pulsed
valve introduction of reagent gases in conjunction with
FfMS can be found elsewhere [52],) The pulsed valve
was triggered .off the quench pulse, and the valve
duration was varied (typically between 2 and 3 ms) to
control the amount of pulsed reagents. The ballast
pressure in the pulsed valve assembly was < 1 torr . A
variable delay following ionization (- 1 s) was em
ployed to allow the pulsed neutral precursor to be
removed from the vacuum chamber; following this,
desired ions were isolated by swept-ejection pulses
[53]. The isolated ions subsequently were allowed to
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react with a static pressure of specific reagents or were
induced to fragment by CAD. A static pressure of
1 X lO- s torr of Ar was maintained throughout these
experiments and served as a bath gas to facilitate ion
thermalization prior to reaction and as the target for
CAD. Pressure of reactive neutral reagents were typi
cally on the order of 2-5 X 10-8 torr.

Results and Discussion

Fe" and FeL + IL = C4H6 , c-CSH6 , c-CsHs,
C6H6 , CsH/=CHz)]
Fe + yields exclusive adduct formation (no neutrals
eliminated) with thiophene, furan, and pyrrole; the
rate constants (k) are 0.8 ± 0.9) X 10- 11

, (1.7 ± 0.8) X
10- 10, and (6.5 ± 3.2) X 10- 10 crrr' molecule- 1 S-I,

respectively. These adducts are presumably stabilized
by infrared radiative emission [54]. CAD of these
adducts yields exclusive formation of Fe+.

The product distributions and rate constants for
reaction of FeL + [L = C4H 6 , c-CSH6, c-CsHs, C6H6,
CSH4(=CH 2 ) ] with thiophene, furan, and pyrrole are
summarized in Table 1. In many cases, either exclusive
or significant adduct formation is observed. For exam
ple, Fe-c-CsH; and FeC6Ht yield exclusive rapid
adduct formation with thiophene, furan, and pyrrole
(Table 1). CAD of these adducts yields exclusive initial
elimination of the heterocycle. The heterocycles in the
Fe(c-CsHsXC4H 4X)+ and Fe(C6H6)(C4H4X)+ (X = 5,
0, NH) ad ducts are probably molecularly bound and

are similar to structures 1-4 for thiophene; however, C
-H and C-X insertion species cannot be ruled out.
The mixed sandwich compound, Fe(c-CsH s)
(7]s-C4R45)+ was generated and characterized in
solution [55, 56]. The rr-coordinated thiophene de
rivatives of Cr [57], Mn [58], and Ru [59] are also
known. In addition, an 7]s-pyrrole-iron complex
[Fe(c-C sH sXC4H4NMe)+] has been synthesized [27e]
along with [Cr(C 4H 4NMe)(<;:0)3] [27] and
[Co(C SH SXC4Me4NMe)] [27], although the pyrrole li
gands are only weakly coordinated in these species.
The 7]1-5-bound thiophene adducts are unlikely due to
the weakly coordinating nature of sulfur atoms in
thiophene [13a]. Theoretical calculations have revealed
that metal-sulfur rr-back bonding of a filled metal d
orbital with the empty 3b1( 1T *) orbital (lowest unoccu
pied molecular orbital) of thiophene is weak, which
results in a weak 7]1-5 interaction [60]. Therefore, 7]1-5
bonding of thiophene to 3d metals is relatively weak.
Based on analogies to' studies of solution-phase phe
nomena, it is highly likely that the foregoing thiophene
and pyrrole adducts contain thiophene and pyrrole
rr-bound to Fe(c-CsHs)+ and FeC6Ht. Furan, on the
other hand, may form either rr-coordinated [28] or
7]1-0-coordinated metal complexes [25].

The chemistry of the iron-diene complexes
[FeC4Ht and Fe(c-CsH6)+] and the fulvene complex
[FeCsHi=CH2)+] is considerably more complicated,
especially in reactions with furan and pyrrole (Table
1). The most intriguing reactions are the predominant
direct extrusion of CO from furan (eqs 8, 9, and 10)

Table 1. Summary of kinetic data and percentages of neutrals lost in the primary reactions of FeL+ with C 4 H 4X (X = 0, S, and NH)

Neutral losses

Reaction H H2 NH CH2N (CH2 0 ) C2H 2 C2H 2 0 C2H 4 0 C3H 4 C4H a C2H 4 HCN CO Adduct kex p
• Etf.b

FeC4Ht+ C4H4S 27 73 9.8(4.9) x 10- 10 1.2

FeC4Ht+ C4H sN 2 7 17 2 72 1.6(0.8) X 10 - 9 1.2

FeC4Ht+ C4H4O 14 25 2 7 40 12 7.5(3.7) X 10 -10 0.92

Fe-c-CsHt+ C4H 4S 98 2 1.2(0.6) X 10 - 9 1.5

Fe-c-CsHt+ C4H sN 70 3 3 17 7 1.110.5) x 10 - 9 0.87

Fe-c-CsHt+ C4H 4O 100 1.110.5) x 10 - 9 1.3

Fe-c-CsHt+ C4H 4S 100 1.110.5) x 10 - 9 1.3

Fe-c-CsHt+ C4H sN 100 1.6(0.8) x 10 - 9 1.2

Fe-c-CsHt+ C4H 4O 100 8.2(4.1) X 10- 10 1.0

FeCaHt+ C4H4S 100 7.2(3.6) x 10- 10 0.92

FeCaHt+ C4H sN 100 1.1(0 .5) x 10 - 9 0.91

FeCaHt+ C4H4O 100 3.7(1.8) X 10- 10 0.47

FeCsH 4(=CH 2)++ 39 61 9.2(4.6) x 10- 10 1.2
C4H4S

FeCsH4(=CH 2)++ 100 1.7(0 .8) X 10 - 9 1.3
C4H sN

FeCsH 4(=CH 2)++ C4H4O 9 86 5 8.5(4.2) X 10- 10 1.1

"Observed bimolecular rate coefficient for disappearance of reactant ion in the units of cubic centimeters per molecule per second with
uncertainties (±50%) in parentheses.

bOverall reaction efficiency is equal to kob./kcoll ' Collision rates calculated by using the average dipole orientation approximation .
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and the minor amount of HCN extrusion from pyrrole
(eqs 11 and 12).

We will summarize some aspects of the binding ener
gies of these heterocycles to Fe + and FeL+ before we
consider the mechanisms of CO and HCN extrusion
from furan and pyrrole.

The absence of benzene displacement for reaction of
the heterocycles with FeC6Ht combined with specific
heterocycle loss for CAD of the Fe(C6H6)C4H4X+
adducts (vide supra) indicates that DO(Fe+-C4H4X)
are all less than DO(Fe+-C6H6), which is 55 ± 5 kcal
mol- 1 [61]. The dominant channel for reaction of Fete
CSH6)+ with thiophene and pyrrole is hydrogen dis
placement (eq 13), which implies that DO(Fe(c-CsHs)+
C4H4X) > DO(Fe(c-CsHs)+-H) = 46 ± 5 kcal mol "!
[44]. Collisional activation of the products of the reac
tion in eq 13 yields exclusive initial loss of the hetero
cycle.

Thiophene and pyrrole yield both adduct formation
and C4H 6 (1,3-butadiene) displacement with FeC4Ht
(eq 14).

FeC,Ht+ c,H.ol FeC,Hi, + CO

FeC7Ht+(H2CO)

Fe(c-CsH6) + + C4Hp -+ FeCsHro + CO

FeCsHi=CH2)+

+ c,H.ol FeC,Hi, + CO

FeCgHt + (H 2CO)

FeC4Ht + C4HsN -+ FeC7H~o+ HCN

Fe(c-C sH 6)+ + C4HsN -+ FeCsHio+ HCN

x = S,NH

(8a)

(8b)

(9)

(lOa)

(lOb)

(l1)

(12)

(13)

yields competitive C4H6(0.66) and C4H4S(0.34) losses.
These results suggest that DO(Fe+-C4H 4S) =:: DO(Fe+
C 4H6) = 48 ± 5 kcal mol- I [61]. 1,3-Butadiene (C4H6)
reacts with FeC4HsN+ to yield both adduct formation
(,... 0.90) and C4H5N displacement (,... 0.10) along with
a small amount of C3H4 elimination. SaRI-CAD of
the Fe(C4H6)C4HsN+ adduct yields competitive C4H 6
(,... 0.63) and C4HsN (,... 0.37) losses. These results also
suggest that DO(Fe+-C4HsN) :=:: DO(Fe +-C4H 6 ) = 48 ±
5 kcal mol- 1 [61]. Finally, furan displaces ethene from
FeC2Ht, which indicates that DO(Fe+-C4H40 ) >
DO(Fe+-C 2H4) = 39.9 ± 1.4 kcal mol-I [62], but less
than DO(Fe+-C6H 6 ) = 55 ± 5 kcal mol"! [61].

We now consider mechanisms for CO extrusion
from furan (eqs 8a, 9, and lOa). A proposed mecha
nism that involves initial insertion into the C-H bond
ex to the heteroatom is presented in Scheme I. The
C-H insertion forms the furanyl complex (5). Hydro
gen migration leads to c-o bond cleavage, which
produces 6, which subsequently extrudes co. Elec
tron-rich low-valence organometallic complexes prefer
entially insert into C-H bonds of furan [63, 64], pyri
dine [64], and thiophene [65] ex to the heteroatom. The
heteroatom in these heterocycles makes the proton on
the carbon ex to the heteroatom more acidic . Because
the acidity of the C-H proton seems to play an
important role in C-H oxidative addition reactions
[66], it is not surprising that it is the more acidic
proton that adds to the metal [63-65]. Direct CO ab
straction from furan on Mo surfaces (100 and 110) was
recently reported, where insertion into the ex C-H
bond was the proposed initial step [67].

Support for initial C-H bond insertion involves the
reaction of FeCsHi=CH2)+ with benzene-rig. where
exclusive rapid adduct formation is observed (eq 16):

FeCsHi=CH2)+ + C6D6 ---+ Fe{CsH4(=CH 2))C6D:

(16)

x = S,NH

(14a)

(14b)

Upon collisional activation, this adduct yields exclu
sive benzene loss as C6D6 (0.25), C6DsH (0.39), and
C6D4H 2 (0.36), which indicates that HID scrambling

Scheme I

The adducts of eq 14a undergo rapid subsequent C4H6
displacement with the heterocycle (eq 15).

Fe(C 4H6)(C 4H4X)+ + C4H4X-+ Fe(C 4H 4X); + C4H6

X = S, NH (15)

The outcome of this latter reaction indicates that
DO(FeC4H4X+-C4H4X) > DO(FeC4H4X+-e4H6)' 1,3
Butadiene (C4H 6) reacts with FeC4H4S+ to yield
adduct formation (,... 0.85) and C4H4S displacement
(,...0.15). SaRI-CAD of the Fe(C4H6)C4H 4S+ adduct

s
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1J'e+ :
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-LFe+C,..... -
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has occurred. The isotopolog distribution for benzene
losses upon SaRI-CAD of this adduct is shown in eq
17:

0.52(0.54) +
....-----4 FeC6H 4D2 + C6H 2D4 (l7a)

SORI·CAD 0.44(0.43) FeC
6H5D

++ C
6HDs

(l7b)

0.04(0.03) FeC
6H t + C

6D6
(l7c)

It is significant that only two hydrogen atoms on the
fulvene ligand are exchangeable. A mechanism for this
HID exchange is presented in Scheme II and involves
metal ion insertion into the aromatic C-D bond and
migration of D to the methylene group of fulvene.
Scheme II predicts that only the methylene hydrogens
of fulvene are exchangeable. The isotopolog distribu
tion for random scrambling where only the two methy
lene hydrogens are exchangeable is shown in parenthe
ses in eq 17. The experimental distribution agrees quite
well with the calculated random distribution predicted
by Scheme II. The exclusive loss of benzene upon
SORI-CAD of the fulvene-benzene complex indicates
that DO(Fe+-fulvene) > DO(Fe +-benzene) = 55 ± 5 kcal
mol-I [61]. The observation that FeCsHi=CH2)+

inserts into aromatic C-H bonds supports initial
C-H insertion of furan (Scheme I). The Fe(c-CsH 6)+

undergoes facile hydrogen-atom displacement with
benzene and FeC4Ht yields facile C4H6 displacement
with benzene. Consequently, it was not possible to
probe aromatic C-H bond insertion for these two
species. Both Fe(c-CsHs) + and FeC6Ht do not un
dergo HID exchange with benzene-sg.

co extrusion also may involve direct C-O inser
tion . Direct C-S insertion of thiophene was observed
for discrete organometallic species [23, 24, 63]. Here,
initial, direct C-O insertion would yield furanometal
lacycle 7 (Scheme ill) with subsequent hydrogen mi
gration to yield 8, which may rearrange to either 6 or 9
followed by CO extrusion. To our knowledge, there
are no reports of the direct insertion of a discrete
organometallic complex into the C-0 bond of furan.

A third mechanism, which may be applicable only
to Fe(c-CsH 6)+, is presented in Scheme IV and in
volves hydrogen migration from the cyclopentadiene
ligand to an a-carbon atom of furan, which results
in C-O cleavage to yield the l-oxapentadienyl com
plex 10. Hydrogen migrations subsequently result in
CO extrusion. It was demonstrated that Fe(c-CsH 6)+

readily undergoes hydrogen-atom migration to
yield (H)Fe(CsHs)+ upon reaction with ethene [68]. A
Re(PPh3)2H7 complex was reported to undergo ring
cleavage of furan to yield propene and CO, presum
ably by hydrogen migration to furan that resulted in C
-0 bond cleavage [69]. In addition, C-S bond cleav
age of a thiophene by hydride addition to Ru(CpX T/s
thiophene)" was reported (eq 18) [70].

+
(Cp)Ru(T/s-thiophene) + XH-

Other nucleophiles [SMe-, S£t -, SU·pr), and
CH(C02Me;)] also react with Ru(CpXT/s-thiophene)+

O
ds

+ I
#

m1zm

Scheme II
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to give ring-opened products analogous to those in eg
18. In contrast, Mn(1]5-thiopheneXCO)3 undergoes hy
dride addition to yield an allyl sulfide closed-ring
species [70].

CO extrusion from the decomposition of a tetrahy
drofuran-like Mo complex also was observed [68]. The
small amount of HCN eliminations (eqs 11 and 12)
may proceed by processes similar to that for CO extru-

sion of furan (Schemes I, III, and IV). The difference in
the reactivity of thiophene, pyrrole, and furan with the
FeL+ complexes, on first glance, appears puzzling.
One possible explanation is that it is more difficult to
insert into C-X and C-H bonds of thiophene and
pyrrole than of furan. This seems unlikely based on the
examples of C-H and C-S bond insertion of thio
phenes by organometallic species [23, 24, 63, 64]. Con-

II ..

10

!

Scheme IV
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sideration of the overall thermochemistry, however,
indicates that CO extrusion from furan is 25 kcal
mol- 1 more favorable than the corresponding abstrac
tion of HCN from pyrrole and 55 kcal mol "! more
favorable than CS elimination from thiophene. (Aux
iliary thermochemical information taken from Ref. 72,)
These calculations assume formation of identical C3H4

species upon heteroatom extrusion. Hence, CS extru
sion simply may be energetically inaccessible. De
hydrogenation of thiophene by FeCsHi=CHz) +
(Table 1) supports initial C-H insertion (Scheme I).
In this case, dehydrogenation may result in formation
of a fused-ring system. Surprisingly, pyrrole yields
exclusive adduct formation with FeCsH 4(=CHz) +
(Table 1).

The selectivity for CO extrusion by FeC4H6, Fe(c
CSH6)+, and FeCsH 4(=CHz) + is intriguing. To gain
further insight into ligand effects for this process,
the reactivity of Feltoluene)", Pefnorbornadiene) ".
Fetcycloheptatriene) +, and Petethenylcyclopenta
diene) " with furan was examined. Fe(toluene) + and
Petcycloheptatriene)" both yield exclusive rapid
adduct formation with furan. Felnorbornadiene)" re
acts with furan to give primarily adduct formation
(0.65) along with CO (0.08) and (HzCO) (0.27) elimina
tions with furan. Ferethenylcyclopentadiene)" formed
by dehydrogenation of ethenylcyclopentadiene (eq 19)
yields predominant facile [k = (8.6 ± 4.3) X 10-10 crrr'
molecule - 1 S -1 ; Eff.= 1.1; overall reaction efficiency
(Eff.) is taken as kobslkcoll; kcoll was calculated by
using the average dipole orientation approximation
[73]] CO extrusion (eq 20):

Fe++ ethenylcyclopentane
..... Fetethenylcyclcpentadiene) + + 2H z (19)

Fe(ethenylcyclopentadiene) +

o.os Fe(C
7Hs)C4H40 + (20a)

+c.H.o-E FeC"Hj, + CO (20bl

0.22 FeC1oHi'"o +(HzCO) (20c)

Both FeC4Ht and Fe{c-CsH 6)+ contain 1]4-bound
conjugated diene ligands [40]. A number of transition
metal fulvene complexes were synthesized and struc
turally characterized, and a number of different bind
ing modes were observed [74]. In many cases, the
exocyclic carbon atom is bent toward the metal atom.
For example, the exocyclic carbon atom in Cr(CO)3
(fulvene) is bent down by 30° [75]. The tetramethylful
vene ligand is generally bound in an 1]6 fashion to
early transition metals and it has been described as
intermediate between two extremes (11 and 12) [76].

~~
M M

11 12

A different bonding of the fulvene group is observed .
in late transition-metal fulvene complexes, where in
some cases the ligand appears to be bonded as 1]4-di
ene [77] (13) or 1]z-olefin [78], and extrusion of the
fulvene ligand is observed [79].

ey=
M

13

It is quite appealing to invoke 1]4-bound Fetful
vene)" (13) for the reaction in eq lOa. The Fetethenyl
cyclopentadiene)" species also may be 1]4 bound
through the ring-diene system. This interpretation then
suggests that it is 1]4-bound diene ligands that are
required for CO extrusion from furan. The nonconju
gated diene-bound ligand norbomadiene yields pre
dominant adduct formation with furan (vide supra). If
fulvene is bound to Fe" in an 1]4-fashion, then it
should be displaced by traditional 1]6-ligands such as
benzene. However, benzene is more weakly bound to
Fe+ than fulvene, and this suggests that fulvene acts
as an 1]6-ligand (vide supra). In addition, the ethenyl
group of the ethenylcyclopentadiene ligand also may
interact with the metal center. Consequently, it ap
pears too simplistic to attribute 1]4-bound conjugated
diene-Fe + complexes to CO abstraction from furan.
There are no other simple factors such as ionization
potential that also can account for the observed reac
tivity .

The structures of the products for CO extrusion
from furan (eqs 8a and 9) were probed by CAD. CAD
of FeCsHio, formed in eq 9, yields Hz, CZH 4, C3Hs,
and CSH10 eliminations (Figure 1). These losses are
identical to those reported for CAD of FeCsHio formed
in eq 21, where structure 14 was proposed [44].

However, structures 15 and 16 are also possible, and it
is quite likely that all three of these structures can
readily interconvert upon activation.

~ Q QI
Fe+ Fe+ Fe+

W ...L_ .L=
14 15 16

Therefore, the FeCsHii, ions formed in eqs 9 and 21
probably have similar structures. Finally, FeCsHio
produced in eq 9 is inert with fulvene.

The mechanism for CO abstraction from furan by
FeC4Ht is probably complicated by butadiene-furan
coupling. Such coupling easily can account for the
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Figure 1. Variation of fractional fragment ion abundances as a
function of kinetic energy (laboratory frame) for CAD of FeCsH io
formed in eq 9: FeCsHt W ); FeC6Ht (.); FeCsH; (a); Fe"
(.).

Figure 2. Variation of fractional fragment ion abundances as a
function of kinetic energy (laboratory frame) for CAD of FeC7Hio
formed in eq 8a: FeC7Ht (Ell); FeC7H ~ (e); FeCsHt (*);
FeCsH ; (a); Fe+ (.).

additional products observed for this system (Table 1).
The structures of FeC,Hio, and FeC,H; formed by
the reaction in eq 8 were probed by both CAD and
reaction with furan. CAD of FeC,Hio (Figure 2) and
FeC,Ht (Figure 3) shows that C2H4 elimination is the
dominant decomposition channel for FeC,Hio with
significant H 2 elimination also observed (Figure 2).
Significant H 2 elimination (Figure 2) suggests that the
reaction in eq 8b may proceed by sequential CO and
H 2 losses. Although there are some qualitative differ
ences, the CAD breakdown curve (Figure 3) for
FeC,Ht is not clearly d istinguishable from that for
CAD of authentic Fetcycloheptatriene)" (Figure 4),
Femorbomadiene)" (Figure 5), or Fetethenylcyclopen
tadiene)" (Figure 6; same fragmentations and similar
distributions); however, it is clearly distinguished from
that for Feltoluene)". which yields exclusive loss of
C,Hs. If ligand coupling does not occur during CO
extrusion, then an Fe(butadiene)C3Ht complex would
be formed, where the C3H4 ligand would most likely
be propyne or allene. We recently showed that
Fefbutadiene)" reacts rapidly with propyne to yield
Fettoluene)" ([80] and Bakhtiar, R; Jacobson, D. B.,
unpublished results). Allene reacts in an analogous
fashion to yield Fe(toluene) + ([80] and Bakhtiar, R.;
Jacobson, D. B., unpublished results). Consequently,
ligand coupling must occur prior to CO extrusion in
the reaction of FeC4Ht with furan because
Fettoluene)" is not the product of eq 8b.

Further insight into the structure of FeC,Ht formed
in eq 8b is obtained by studying reactions of FeC,H;
with furan. FeC,Ht formed in eq 8b reacts with furan

[k = (2.2 ± 1.1) X 10- 10 crrr' molecule -] s - \ Eff. =
0.28 [73]] to yield significant CO extrusion (eq 22).

(22a)

(22b)

(22c)

This is in contrast to authentic FeC,Ht isomers
(cycloheptatriene and norbornadiene) that react to yield
either exclusive or predominant adduct formation with
furan (vide supra). Although Petethenylcyclopent
adiene)" yields the same products when it reacts with
furan (eq 20), the product distributions and reaction
rate constants are dramatically different. Conse
quently, we were unable to determine the structure of
FeC,Ht produced in eq 8b. It seems quite likely,
however, that a single ion structure is produced in eq
8b because the subsequent reaction with furan occurs
by pseudo-first-order kinetics.

FeO+

The product distributions and rate constants for reac
tion of FeO+ with furan, thiophene, and pyrrole are
summarized in Table 2. FeO+ reacts with furan to
yield Fe+ and FeC2Ht (eq 23). The product was con-
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Figure 6. Variation of fractional fragment ion abundances as a
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Table 2. Swnmary of kinetic data and percentages of ion product distribution in the primary reaction of FeO+ with
C4H 4X (X = 0,5, and NH)

Neutral Percent ion product distribution

reactant Fe+ FeS+ FeCH3N+ FeC2Ht" FeCS+ FeC3H4S+ FeCH2S+ Fe(HCN)+ FeC3H sN+ k••p
b Eft.C

C4H 4S 6 58 31 5 1.07(0.5) X 10 9 1.2

C4HsN 30 15 35 20 1.9(0.9) X 10 - 9 1.3

C4H 4O 76 24 9.4(4.7) X 10- 10 1.1

·Confirmed by exact mass measurement.
bObserved bimolecular rate coefficient for disappearance of reactant ion in the units of cubic centimeters per molecule per second with

uncertainties (±50%) in parentheses. .
"Overall reaction efficiency is equal to kob./kcoll' Collision rates calculated by using the average dipole orientation approximation.

firmed as FeC2Ht (eq 23b) by exact mass measure
ment.

SORI-CAD of FeC3H sN+ yields both C2H4 (- 0.64)
and C2H2 (- 0.36) eliminations. FeC3HsN+ is inert
with C2D4 , but gives exclusive adduct formation
with pyrrole. The absence of CZH 4 displacement in
FeC3HsN+ by C2D4 rules out a Fe(C2H4XHCN)+

structure and is consistent with an intact C3HsN li
gand in the complex. In addition, C2H 4 does not
undergo dehydrogenation with Fe(HCN)+ as is ob-

affords predominant elimination of C2H 4 (0.93); some
CZH 2 (0.07) elimination also is observed at low ener
gies. FeCS+ is inert with ethene and yields exclusive
adduct formation with thiophene. The structure of
FeC3H4S+ produced according to eq 24b was probed
by reaction with ethene-13Cz, ethene-d4 , and thio
phene. No reaction was observed for FeC3H4S+ with
ethene-13C

z and ethene-dj: however, thiophene yields
exclusive adduct formation. These results suggest that
FeC3H4S+ formed according to eq 24b does not have
an Fe(C2H4)(CS)+ structure, but rather contains a sin
gle intact C3H4S ligand. The structure Fe(CzH 4XCS)+

should yield ethene displacement with isotopically la
beled ethene. Failure with either ethene or thiophene
to displace CS from FeCS+ implies DO(Fe+-CS) >
DO(Fe+-C2H 4 ) = 39.9 ± 1.4 kcal mol- 1 [62] and
DO(Fe +-CS) > DO(Fe +-thiophene) :=: 48 ± 5 kcal mol- 1

(vide infra). The DO(Fe+-CO) = 31.3 ± 1.8 kcal mol- 1

[81] indicates that CS is much more strongly bound to
Fe+ than is CO. Both CO and CS are bound to transi
tion metals through the carbon atom and each acts as a
2e- ligand [82].

The reaction of pyrrole with FeO+ also is more
complicated than that for furan (see eq 25). CAD of
FeC3HsN+ yields losses of C2H4, C2H2, and C3HsN
(Figure 8).

3010 20

E (eV, Lab)
Ir

0.010
0.0

3
c
.:I
c
::J

~ 0.10
!
~
~

1.0

FeO++ \) 1 FeCS++(C2H 4 + CO) (24a)

FeC
3H4S++

CO (24b)

FeO++ \.) 1 Fe++(C2H 4 + 2CO) (23a)

FeC2Ht + (2CO) (23b)

Thiophene yields several products in reaction with
FeO+; they include primarily FeCS+ and FeC3H4S+
(Table 2; eq 24).

CAD of FeCS+ results in loss of CS, exclusively. CAD
of FeC3H4S+ results in losses of C2H4, C2H 2, C3H4,

and C3H4S (Figure 7). SORI-CAD [50] of FeC3H4S+

Figure 7. Variation of fractional fragment ion abundances as a
function of kinetic energy (laboratory frame) for CAD of
FeC3H 4S+ formed in eq 24b; FeCSHi (e); FeCS+ (.); FeS+ (0);
Fe+ (0).
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FeO++ C4H 4X -. Fe++ CX + C 2 H 4 + CO (27)
X = O,S,NH

This is precisely what is observed for reaction of furan
with FeO+ (eq 23b; sequential CO losses). Unfortu
nately, stable sulfur and nitrogen analogs to propenal
are not available to test further the mechanism pre
sented in Scheme V.

We now consider thermochemical implications for
reaction of FeO+ with these heterocycles. Equation 27
is 9.3 kcal mol- I exothermic for furan, but it is 15.2
and 45.3 kcal mol " endothermic, respectively, for
pyrrole and thiophene (for pyrrole, CX is assumed to
be hydrogen cyanide) [72, 83].

A proposed mechanism for reaction of FeO+ with
these heterocycles is presented in Scheme V. The initial
process is proposed to be insertion of FeO+ into the C
-X bond to form either the seven-membered ring, 17,
directly or a six-membered ring species, 18, followed
by ring expansion to 17. Hydrogen migrations then
result in initial elimination of CO to yield 19. Product
ion 19 subsequently may decompose further to yield
the products listed in Table 2. Scheme V predicts
formation of an Fe(propenaI)+ complex upon CO ex
trusion of furan. Fe+ reacts rapidly with propenal
(CH2=CH-CHO) to cause exclusive CO loss (con
firmed by exact mass measurement; eq 26).

30

0.010

0.0

1.0

J
c
::>

~
~ 0.10
.Ii!,.
.t

served for CAD of FeC3HsN+ (C2H 2 loss). Finally,
HCN in Fe(HCN)+ is readily displaced by pyrrole
[k = 0.7 ± 0.85) X 10-9 em? molecule- I S-I; Eff. =

1.2 [73]]; however, ethene does not displace HCN from
Fe(HCN)+. This implies that the binding energy of
HCN to Pe" is between that of pyrrole [DO(Fe+-pyr
role) := 48 ± 5 kcal mol - I; vide infra) and ethene
[D O(Fe+-C

2H4 ) = 39.9 ± 1.4 kcal mol-I] [62].
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Figure 8. Variation of fractional fragment ion abundances as a
function of kinetic energy (laboratory frame) for CAD for
FeC3HsN+ formed in eq 27c: FeCH3N+ (.); FeHCN+ (e); Fe+
<0).
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Observation of significant Fe+ formation (eq 25a) sug
gests that C 3H sN is eliminated as either
CH 2=CH-CH=NH (2.6 kcal mol "! exothermic)
or CH 3CH2CN (17.3 kcal mol "! exothermic) [72, 83].
In addition, eq 25a may include some elimination of an
intact C3Hp species, presumably CH 2=CH-CHO
(13.4 kcal mol "! exothermic). The absence of Fe+ for
mation for reaction of FeO+ with thiophene is due to
the fact that elimination of intact C3H4S species is
endothermic [72, 83] [D298(Fe+-0) = 3.57 ± 0.06 eV
(82.3 ± 1.4 kcal mol"" )]. Equation 28 requires DO(Fe +
HCN) to exceed 15.2 kcal mol "! and DO(Fe+-CS) to
exceed 45.3 kcal mol- 1 for it to be energetically acces
sible [both DO(Fe +-HCN) and DO(Fe +-CS) binding en
ergies exceed these values; vide supra].

FeO+ + C4H 4X ~ FeCX++ C2H 4 + CO (28)
X = S,NH

Conclusions

FeC4Ht, Fe(c-C sH 6)+, FeCsHi=CH 2)+, and
Felethenylcyclopentadiene) + all cause predominant di
rect CO extrusion from furan (Table 1). Mechanisms
that involve initial C-H insertion (Scheme I) and
C-X insertion (Scheme III) are proposed for this pro
cess. Insertion into aromatic C-H bonds by
FeCsH 4(=CH2)+ combined with dehydrogenation of
thiophene by FeCsH 4(=CH2)+ provides support for
mechanisms that involve initial C-H insertion
(Scheme I). Another mechanism is presented for CO
extrusion from furan by Fe(c-CsH 6)+, and the process
involves hydrogen-atom migration from the CSH 6 ring
to an a-carbon (Scheme IV) [68]. There is support for
such a process in organometallic complexes in solution
[69,70] . In contrast to CO elimination from furan, only
a small amount of HCN extrusion from pyrrole is
observed (eqs 11 and 12), and no CS extrusion is found
for thiophene. HCN extrusion from pyrrole may in
volve mechanisms similar to that for CO extrusion
from furan. The decreased reactivity of pyrrole and
thiophene compared to that of furan may be due to the
increased energy required for CS and HCN extrusions
or to a poorly favorable insertion into C-H and C-X
bonds. Dehydrogenation of thiophene by
FeCsHi=CH2)+ suggests that C-H bond insertion
can occur; however, CS extrusion simply may be en
dothermic.

FeCsH;, FeC6Ht, Fettoluene)", and Pefcyclohep
tatriene)" all react to give exclusive adduct formation
with furan. Pelnorbomadiene)" yields predominant
adduct formation with a small amount of CO extrusion
with furan. We do not understand why there is this
dramatic difference in reactivity of these unsaturated
rr-complexed-Pe" species. One possibility is that 7J4_Co
ordinated l,3-diene ligands are required for CO extru
sion of furan. However, this simplistic explanation is
unlikely on the basis of the range of reactive FeL+
species [L = C4H6, c-CSH6, CSH4(=CH2)+, ethenyl
cyclopentadiene].

FeO+ is very reactive with thiophene, furan, and
pyrrole, and CO extrusion is the initial process (Scheme
V). FeC3H4X+ (X = S, 0, NH) formed from CO extru
sion decomposes further. The extent of decomposition
of the FeC3H4X+ is governed by the overall energet
ics: FeC3H40+ (from furan) dissociates completely to
FeC2Ht and Fe+, but to a lesser degree for FeC3H4S+

(from thiophene).
These results reveal that Fe(LXC4H4X)+ (X = S, 0,

NH) have a rich chemistry in the gas phase. We are
expanding this study and will probe stereoelectronic
effects of ligands on the reactivity of FeL+. In addition,
reaction with substituted furans, pyrroles, and thio
phenes as well as with isotopically labeled heterocy
cles will reveal insight into the reaction mechanism.
Finally, the reactivity of dihydro- and tetrahydrohete
rocycles will be explored. These results should comple
ment the growing body of organometallic chemistry of
heterocyclic species in solution.
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