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Abstract: After generation of Fe(CO)3 by 308-nm gas-phase photolysis of Fe(CO)5, 1-pentene adds to Fe-
(CO)3 to form Fe(CO)3(η2-1-pentene) with a bimolecular rate constant ofka ) (4 ( 1) × 10-10 cm3 molecule-1

s-1. Rapidâ-hydrogen transfer, by way of intramolecular C-H bond insertion to form HFe(CO)3(η3-C5H9),
follows rate-limiting addition of 1-pentene to Fe(CO)3 and proceeds with a lower bound ofk1 g 109 s-1.
Under experimental conditions, HFe(CO)3(η3-C5H9) decays on a millisecond time scale with concurrent
formation of Fe(CO)3(η2-pentene)2 by addition of 1-pentene to an Fe(CO)3(η2-pentene) intermediate. It is
Fe(CO)3(η2-pentene) that is in equilibrium with HFe(CO)3(η3-C5H9) that adds 1-pentene to form Fe(CO)3(η2-
pentene)2, which may contain an isomerized olefin. CO may add to Fe(CO)3(η2-pentene) that is in equilibrium
with HFe(CO)3(η3-C5H9) to form Fe(CO)4(η2-pentene). Fe(CO)4(η2-pentene) remains stable on the time scale
of catalytic turnover and its formation serves as a termination pathway for thermal catalysis. This system is
compared to the analogous propene system (Long, G. T.; Wang, W.; Weitz, E.J. Am. Chem. Soc.1995, 117,
12810). The major difference in behavior between these systems is attributed to an∼3 orders of magnitude
shift in the equilibrium constant toward HFe(CO)3(π-allyl) relative to Fe(CO)3(olefin) when the starting olefin
is 1-pentene instead of propene. The magnitude of the equilibrium constants indicates that there is an∼4 kcal
mol-1 greater enthalpy difference between HFe(CO)3(η3-C5H9) and Fe(CO)3(η2-pentene) than for the
corresponding species in the propene system.

I. Introduction

Metal carbonyls are a well-studied and well-characterized
class of organometallic compounds.1-5 Their photolability, by
near-UV light, as well as the thermal lability of ligands in many
compounds, allows for facile generation of coordinatively
unsaturated metal carbonyls. These reactive species can catalyze
a variety of reactions such as olefin isomerization, olefin
hydrogenation, hydroformylation, and hydrosilation.1-5

Iron pentacarbonyl is a particularly well-investigated metal
carbonyl that has been the focus of a wide variety of both
thermal and photochemical studies of transition metal-catalyzed
olefin isomerization. Some relevant studies are cited in refs
6-15. The mechanism that is now generally accepted for iron
pentacarbonyl-induced isomerization of olefins is shown in

Scheme 1 and involves an Fe(CO)3(olefin) complex. Once this
species is generated, either by photochemical or thermal
processes, aâ-hydrogen transfer process, which can be quite
facile, can lead to formation of aπ-allyl hydride. Reversion of
this species back to a monoolefin adduct can be accompanied
by isomerization of the olefin. Formation of a labile bisolefin
complex can occur by addition of olefin to the monoolefin
adduct. Loss of the isomerized olefin from this bisolefin species
will regenerate the monoolefin complex and lead to reentry of
Fe(CO)3(olefin) into the catalytic cycle.
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The details of this cycle and related catalytic processes have
been of great interest and have motivated a variety of studies
of these and similar systems. For example, the lability of the
cyclooctene ligands in Fe(CO)3(η2-cis-cyclooctene)2 make it a
quantitative “synthetic” source of Fe(CO)3 because the cy-
clooctene moieties undergo facile thermal substitution by
1-pentene which results in extensive isomerization with turnover
numbers up to 2000.7 In a revealing study of the thermal
isomerization of 3-ethyl-1-pentene-3-d1, Cyr and Casey showed
by NMR scrambling experiments that isomerization proceeds
by intramolecular 1,3-hydrogen shifts.6

As indicated, photolysis can be another method to produce
coordinatively unsaturated intermediates.5 Using extended con-
tinuous photolysis of an olefin/Fe(CO)5 mixture, Schroeder and
Wrighton showed that any one of the linear pentenes isomerizes
to the thermodynamic ratio with a quantum yield approaching
500.8 In an in situ FTIR investigation of 1-pentene isomerization
induced by continuous UV irradiation, Chase and Weigert
followed the spectroscopic changes associated with intermediates
that occurred during irradiation and the termination of isomer-
ization after irradiation.9

Pulsed photolysis allows for the study of reactions in a
catalytic cycle under thermal conditions between the laser pulses
that generate coordinatively unsaturated species and initiate a
catalytic cycle. Grant and co-workers measured the rate of net
isomerization and reported turnover numbers of 4000 s-1 for
the pulsed photolysis of iron pentacarbonyl in neat 1-pentene.11

In a related investigation, their analysis of the isomerization
cycle indicated their results were compatible with the mechanism
shown in Scheme 1.12 They reported catalytic turnover rates of
∼104 s-1 and an activation energy of∼2.8 kcal mol-1 for the
rate-limiting step in the catalytic cycle.

Matrix isolation has proven very valuable in identifying and
spectroscopically characterizing proposed intermediates in iron
carbonyl-catalyzed olefin isomerization. Photolyzing Fe(CO)4-
(olefin) in a methylcyclohexane (MCH) matrix at 77 K,
Mitchner and Wrighton observed the formation of Fe(CO)3-
(olefin) for olefins without â-H’s (olefin ) ethylene, 3,3-
dimethyl-1-pentene) and HFe(CO)3(π-allyl) for olefins with
â-H’s (olefin ) propene, 1-pentene).13 When Barnhart and
McMahon photolyzed Fe(CO)4(η2-C3H6) in Ar and MCH
matrices at 10 K, they observed both Fe(CO)3(η2-C3H6) and
HFe(CO)3(η3-C3H5).14 Further, at 5 K they observed the thermal
conversion of Fe(CO)3(η2-C3H6) to HFe(CO)3(η3-C3H5), show-
ing the latter to be thermodynamically more stable.

Laser flash photolysis coupled with time-resolved IR spec-
troscopy provides a powerful method for studying reaction
intermediates and pathways in real time.16-27 The considerable
infrared extinction coefficients of the CO ligands provide for a
convenient spectroscopic probe of these species that potentially

allows for direct monitoring of reaction intermediates.4,17 The
sensitivity of the M-(C-O) infrared stretching frequencies to
the environment surrounding the metal center makes this a
structure-sensitive probe.17 This technique has been applied to
study the reactive behavior of metal carbonyls and for measure-
ments of the kinetics and energetics of systems of ligands weakly
bound to metal carbonyls.28 In addition, it has been shown that
in the gas phase an increase in the energy of the photolysis
photon generally leads to the production of more highly
coordinatively unsaturated metal carbonyls.29,30 In the context
of Scheme 1, the ability to produce Fe(CO)3 in a single
photolysis step provides conditions under which this species
can react with olefin and directly enter into the catalytic cycle.
The method of pulsed generation of the starting coordinatively
unsaturated species also facilities studies of the details of the
kinetics and mechanism of olefin isomerization.

Transient infrared spectroscopy has recently been used to
determine the kinetics and energetics for the Fe(CO)5/propene
system in which aπ-allyl metal hydride, HFe(CO)3(η3-C3H5),
invoked as a key intermediate in olefin isomerization, was
characterized.16 That study either measured or provided an
estimate for the rate constants and energetics of each step in
the proposed catalytic cycle in Scheme 1. The current study of
the Fe(CO)5/1-pentene system is complimentary in that isomer-
ization can occur and lead to production of the more thermo-
dynamically favoredcis- and trans-2-pentene isomers. In
addition, the generality of the mechanism and the kinetics
deduced in this prior study can be evaluated and the effect of
chain length on the microscopic kinetics and thermodynamics
of the system can be assessed.

II. Experimental Section

The experimental apparatus used in this study has been described
in detail elsewhere.16,17,31,32Briefly, experiments were performed in
either a flow cell or a static cell, both made of Pyrex and terminated
by CaF2 windows. In flow experiments, calibrated mass flow controllers
regulated the flow of ligand and buffer gases to a 35× 1.5 cm (i.d.)
flow cell. A needle valve metered the Fe(CO)5 and its pressure was
determined from its absorbance. Capacitance manometers measured
the pressure of sample gases delivered to a 42× 2.5 cm (i.d.) static
cell.

This study used two infrared probes. Reactions occurring on either
a microsecond or millisecond time scale were monitored by a tunable
diode laser. The diode laser beam double-passed the cell and a fast
InSb detector monitored the absorption of radiation by photoproducts.
The response time of the detector was determined to be∼70 ns from
single-exponential fits of the detector-limited photolytic decay of Fe-
(CO)5. The detector output was amplified, digitized, and signal averaged
before being stored on a PC for data manipulation. Time-resolved
spectra with four wavenumber resolution were constructed by con-
necting transient waveforms that spanned the spectral region of interest
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at common delay times. Reactions occurring on time scales of minutes
or longer were followed with a time-resolved FTIR spectrometer. The
“GC” mode of the FTIR is most conveniently used to monitor processes
taking place on a time scale of hundreds of milliseconds or longer.

When using the diode laser probe, the photolysis source consisted
of the unfocused 308-nm output of an excimer laser running on XeCl.
When probing by FTIR spectroscopy, the 355-nm radiation generated
by a frequency-tripled Nd:YAG laser was employed. For both systems
typical fluences of∼7 mJ cm-2 were measured at the front cell window.
At these fluences the photolysis of Fe(CO)5 has been shown to be
dominated by a single photon process.33,34

Reaction kinetics were monitored by collecting transient waveforms
at frequencies of interest as a function of reactant pressure and sample
temperature. Transient waveforms were fit to exponentials using
Scientist35 or Mathcad36 software. Unless otherwise stated, all rate
constants were measured at 296( 2 K with an assigned error of 2σ as
determined by linear regression.

For experiments above room temperature, the temperature of the
cell was varied over a range of 296-318 K by wrapping a cardboard
shroud, which encompassed the cell, with heating tape. The use of the
shroud facilities temperature uniformity along the length of the cell,
which was monitored by thermocouples placed at the center and ends
of the cell and had an estimated uncertainly of(1 K.

Experiments directed toward the measurement of the rate constant
for formation of HFe(CO)3(C5H9) used 50 mTorr of Fe(CO)5, 25-300
mTorr of 1-pentene, and a balance of He up to a total pressure of 50
Torr. The helium buffer gas acts as a collisional relaxer of excited
vibrational and rotational states and as a “third body” in collisionally
stabilizing association reactions, ensuring that reactions occur in the
“high-pressure” limit.17 Experiments to measure the decay of HFe(CO)3-
(C5H9) and the concomitant growth of Fe(CO)3(1-pentene)2 used 100
mTorr of Fe(CO)5 and 50-400 Torr of 1-pentene.

Fe(CO)5 (Aldrich) was degassed prior to use and purified by several
freeze-pump-thaw cycles. 1-Pentene (Aldrich; 99% pure) was also
purified by freeze-pump-thawing. He (Linde; 99.999%) was used as
received.

III. Results

As shown in Figure 1, the 308-nm photolysis of 50 mTorr
of Fe(CO)5 and 3 Torr of He gives rise to principally, if not

exclusively, a single photoproduct, which can be identified as
Fe(CO)3 based on the position of the absorption at∼1950
cm-1.37 A prior report of the product yield after 308-nm
photolysis of Fe(CO)5 indicates that Fe(CO)3 is clearly the
dominant photoproduct.29a The Fe(CO)3 absorption is centered
at ∼1940 cm-1 in the first transient spectrum after photolysis.
The sharpening and blue shifting of the Fe(CO)3 absorption that
occurs over the first∼2 µs following photolysis is characteristic
of the relaxation of an internally excited primary photoproduct.17

As shown in Figure 2, when Fe(CO)5 is photolyzed in the
presence of∼500 mTorr of 1-pentene the spectrum changes
considerably. The decay of the absorption due to Fe(CO)3 is
accompanied by the simultaneous formation of a species with
infrared absorption bands at 2067 and 2000 cm-1. This spectrum
was collected over a time scale of 0.2-1.4 µs and is shown in
increments of 0.3µs. The contribution to the spectrum due to
the depletion of Fe(CO)5 can be removed by subtracting
subsequent traces from the first one. When the subtraction
spectrum, shown in the inset, is compared to the original
spectrum it is clear that photolytic depletion of the overlapping
parent absorption in the original spectrum obscured much of
the lower frequency product band that now appears in the inset
with a maxima at∼2006 cm-1. The rate of appearance of the
higher frequency band of species I, at 2067 cm-1, which is not
overlapped by an absorption band of Fe(CO)5, was studied as
a function of 1-pentene pressure under pseudo-first-order
conditions. The slope of the plot of the rate of decay of Fe-
(CO)3 at 1951 cm-1, as a result of reaction of 1-pentene with
Fe(CO)3, yields a rate constant ofk ) (5 ( 2) × 10-10 cm3

molecule-1 s-1. The rate constant measured for formation of
species I, at 2067 cm-1 (Figure 3), as a function of the pressure
of 1-pentene, was (4( 1) × 10-10 cm3 molecule-1 s-1. These
rate constants are within experimental error of each other and,
as will be shown, formation of species I is rate-limited by the
addition of 1-pentene to Fe(CO)3. These rate constants are
comparable to those measured for the addition ofcis-2-pentene,
trans-2-pentene, and propene to Fe(CO)3

44a and approach the
gas kinetic rate constants for these systems of∼7 × 10-10 cm3

molecule-1 s-1.38
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Figure 1. A time-resolved diode laser flow cell spectrum of∼50 m
Torr of Fe(CO)5 in the presence of 3 Torr of helium generated by 308-
nm photolysis. The spectrum displays the time interval in 0.5µs
increments from 0.5 to 2.5µs after the photolysis pulse. The first and
last time increments are solid traces and the arrows indicate the direction
of evolution of the absorptions over this time interval.

Figure 2. A time-resolved IR diode laser flow cell spectrum of∼50
mTorr of Fe(CO)5, 489 mTorr of 1-pentene, and the balance He up to
a total pressure of 12.1 Torr. The spectrum was collected over a time
scale of 0.2-1.4 µs and is shown in increments of 0.3µs. The solid
line is the first trace and the arrows show the progression of the spectral
features. The inset shows a difference spectrum generated by subtracting
subsequent spectra from the first one.
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The absorption of species I at 2006 cm-1 decays on the
millisecond time scale with concomitant formation of species
II, with an absorption band at 1985 cm-1. A time-resolved IR
diode laser spectrum shown in Figure 4 illustrates this process
for the 308-nm photolysis of a cell fill of 100 mTorr of Fe-
(CO)5 and 380 Torr of 1-pentene. The absorption of a new
species at 1985 cm-1, though apparent in this spectrum, is even
clearer in individual traces taken at this frequency. There also
appears to be an isobestic point at∼1998 cm-1 that is consistent
with the conversion of species I to species II occurring by a
direct process.

The rate of formation of species II was typically monitored
at 1984 cm-1. These signals are larger for higher pressures of
1-pentene and appear to be superimposed on either a sloping
baseline or a slow exponential decay. This latter feature does
not appear to vary significantly in amplitude with the pressure
of 1-pentene. Thus, the signal due to species II is larger and
better defined at higher 1-pentene pressures and the slower
component of the signal makes analysis at lower pressures more

difficult. However, within experimental error, the signals taken
below 317.5 K, which are large enough to be successfully
analyzed, have rates that have no systematic dependence on
pentene pressure. For example, the rate of rise of species II for
pressures of 200 and 401 Torr of 1-pentene, when fit as single
exponentials, givesk ) 20.1 ( 0.7 and 21.6( 0.6 s-1,
respectively. For one data set taken at 317.5 K, the lower
pressure curves analyzed to give rates that appeared to have a
weak but monotonic dependence on 1-pentene pressure. How-
ever, when these curves were visually compared to higher
pressure curves no pressure-dependent trend was apparent. We
feel the variations in rate, obtained from the analysis program,
is a result of the smaller signal-to-noise levels for the lower
pressure, higher temperature data. There was no evidence in
any of these data at any temperature for prompt formation of
species II.

The signals due to species I, monitored at 2067 cm-1, are
more difficult to analyze than the signals at 1984 cm-1 since,
as will be discussed in Section III.B.3, the amplitude of the
2067 cm-1 exponential decay is only a fraction of the total
amplitude of the signal (see Figure 5). Analysis of these signals
is also complicated by an apparent second, much more slowly
decaying portion of the signal. Since theamplitudeof the more
rapidly decaying portion of the signal increases with increasing
pressure of 1-pentene the best quality data are obtained at the
highest pentene pressure. Nevertheless, even under these condi-
tions the rates obtained from analysis of these signals have
significant error brackets. However, as shown in the inset in
Figure 5, a visual comparison of the fast decay at 2067 cm-1

and the rise of the 1984 cm-1 signal demonstrates that these
processes have very similar rates. Though the signals at 2067
cm-1 degrade at lower pressures, as with the data at 1984 cm-1,
there is no apparent pressure dependence. As might be
anticipated for such a situation, somewhat different rates are
obtained from our analysis program for the data at these two
wavelengths. This situation leads to activation energies for the
process being monitored at both 2067 and 1984 cm-1 that differ
in reported magnitude, but have overlapping error brackets (vide
infra). The correspondence between the rate of the faster decay
of species I and the rate of the rise of species II at 1984 cm-1

and the isobestic point at∼1998 cm-1 support species I decaying
to form species II. The slow decay that is seen at 2067 cm-1

(38) Steinfeld, J. I.; Francisco, J. S.; Hase, W. L.Chemical Kinetics and
Dynamics; Prentice Hall: Englewood Cliffs, NJ, 1989; Chapter 2.

Figure 3. A plot of the pseudo-first-order rates of decay of Fe(CO)3

at 1951 cm-1 (b) and the formation of Species I at 2067 cm-1 (9)
measured at 296 K as a function of 1-pentene pressure.

Figure 4. Time-resolved IR diode laser static cell spectrum of 100
mTorr of Fe(CO)5 and 380 Torr of 1-pentene. The spectrum is shown
over a time scale of 2-22 ms in increments of 4 ms. The solid line is
the first trace and the arrows show the progression of the spectral
features.

Figure 5. A transient waveform at 2067 cm-1 for a cell fill of 101
mTorr of Fe(CO)5 and 400 Torr of 1-pentene (0). The inset displays
a signal taken at 1984 cm-1 under comparable conditions and the falling
portion of the 2067 cm-1 signal which has been inverted. The data
have been scaled to facilitate a comparison of the signals.
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could be due to limitations on the low-frequency response of
the detection electronics or to a slow decay of species II.

The signals at 2006 cm-1, assigned to species I, have a shape
that is qualitatively similar to those at 2067 cm-1. Less data
were collected in this region since signals taken in this region
could be perturbed by underlying absorptions due to Fe(CO)4

and/or Fe(CO)5. However, visual comparisons of better quality
(higher pressure) signals taken at 2006 cm-1 gave good
agreement with the rise rate of the signals at 1984 cm-1, which
are due to the growth of species II.

Though the rise rate of the absorption of species II at 1984
cm-1 is pressure independent over the range of pressures studied,
it is temperature dependent. The rise rate increases as a function
of temperature, as shown in an Arrhenius plot presented in
Figure 6. The slope of this plot yields an activation energy of
Ea ) 19.6 ( 0.7 kcal mol-1 and the y-intercept gives a
preexponential factor ofA ) 5.3 × 1015 s-1. The analogous
activation energy for the decay of species I at 2067 cm-1, Ea )
16.3( 5.3 kcal mol-1, agrees, within experimental error, with
that obtained for species II at 1984 cm-1.

The “GC” mode of the FTIR was employed to probe the
behavior of the system on a longer time scale. To improve
signal-to-noise, a transient population was built up with multiple
laser pulses prior to the collection of spectra. A laser repetition
rate of 4 Hz was used since higher repetition rates have been
reported to lead to substrate turnover that becomes less than
linear as a function of laser pulses, presumably due to the
photolysis of catalytically active species.15 A cell fill of 100
mTorr of Fe(CO)5, 20 Torr of 1-pentene, and a balance of He
up to 50 Torr total pressure was photolyzed for up to tens of
minutes. On the time scale of the collection of “GC” FTIR
spectra, obtained after photolysis, Fe(CO)5, which has absorp-
tions at 2035 and 2014 cm-1, has been depleted and species III
had already formed at 2089 and 1995 cm-1 (Figure 7).
Photolysis also promotes isomerization as evidenced by the
formation of 2-pentene (not shown). This observation of olefin
isomerization is consistent with Whetten and co-worker’s study
of the isomerization of 1-pentene.15 When they photolyzed a
mixture of 1 Torr of Fe(CO)5 and 340 Torr of 1-pentene over
tens of minutes they observed isomerization to bothcis- and
trans-2-pentene.15 In a related experiment, FTIR detection after
10 min of photolysis of a cell fill of 100 mTorr of Fe(CO)5, 5
Torr of CO, 20 Torr of 1-pentene, and a balance of He up to 50
Torr total pressure resulted in a larger amplitude for the bands
of species III than that for an analogous cell fill without added
CO.

IV. Discussion

A. Microsecond Time Scale: Formation of Species I. 1.
Assignment.The reaction of Fe(CO)3 with 1-pentene leads to
the formation of species I with gas-phase absorption bands at
2067 and 2006 cm-1. Table 1 contains a compilation of the gas
phase and matrix assignments of intermediates resulting from
studies of the Fe(CO)5/1-pentene and the Fe(CO)5/propene
systems. Reference to this table shows that the gas-phase bands
of species I lie 8 and 17 cm-1 to higher frequency than the
bands assigned to HFe(CO)3(η3-C5H9), which are at 2059 and
1989 cm-1 in a MCH matrix. A shift of this magnitude is typical
for an absorption band in the gas phase relative to the
corresponding band in a matrix.39

Further, the positions of the absorptions and the behavior of
species I are consistent with what has been observed for the
π-allyl metal hydride complex formed in the Fe(CO)5/propene
system. The gas-phase absorptions of HFe(CO)3(η3-C3H5) occur
at 2080 and 2011 cm-1, 13 and 5 cm-1 to higher energy than
those of species I (Table 1). HFe(CO)3(η3-C3H5) can form after
the reaction of Fe(CO)3 and propene as a result of aâ-hydrogen
transfer process. The net electron donating character of the larger
pentyl moiety relative to the propyl moiety would be expected
to result in greaterσ-donation1,3 in HFe(CO)3(η3-C5H9) relative
to HFe(CO)3(η3-C3H5). The greater electron density on the metal
would be expected to lead to greater back-donation into the CO
antibonding orbitals, which leads to a weaker C-O bond that
will be reflected in a red shift of the M-CO IR stretching
frequency, as observed. Based on similarities with matrix work
and the parallels with the analogous propene system, species I
is assigned as HFe(CO)3(η3-C5H9).

2. Mechanism.Thus, in the presence of 1-pentene, Fe(CO)3

decays with concurrent formation of HFe(CO)3(η3-C5H9).
However, the rate for formation of HFe(CO)3(η3-C5H9) appears
to depend on the pressure of 1-pentene. As indicated, its rate
of formation can be characterized by a bimolecular rate constant,
ka ) (4 ( 1) × 10-10 cm3 molecule-1 s-1, as measured at 2067
cm-1. Analogous behavior was observed with propene. A
mechanism involving the rate-limiting addition of propene to
Fe(CO)3 and subsequent rapidâ-hydrogen transfer leads to the
apparent propene pressure dependence for the rise of HFe(CO)3-
(η3-C3H5).

(39) Hllam, H. E., Ed.Vibrational Spectroscopy of Trapped Species;
Wiley: New York, 1973.

Figure 6. An Arrhenius plot for the rate of formation of Species II at
1984 cm-1.

Figure 7. A gas-phase FTIR spectrum of Species III collected using
100 scans at 4 cm-1 resolution resulting from the 355-nm photolysis
of a static cell fill of 100 mTorr of Fe(CO)5 and 20 Torr of 1-pentene
and a balance of He up to 50 Torr. The unphotolyzed cell was used as
the reference.
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When Fe(CO)3 reacts with ethylene in the gas phase, the
unsaturated mono-ethylene adduct, Fe(CO)3(η2-C2H4), is pro-
duced with a bimolecular rate constant of (2.2( 0.2) × 10-10

cm3 molecule-1 s-1,40 within a factor of 2 of the rate constant
for reaction of Fe(CO)3 with 1-pentene. The formation of a
monoolefin adduct as the initial product is a recurring theme in
the reaction of coordinatively unsaturated metal carbonyls and
olefins.41 Matrix isolation studies also support the initial
formation of a monoolefin complex and show theπ-allyl metal
hydride to be more thermodynamically stable.14 These observa-
tions suggest a mechanism for the formation of HFe(CO)3(η3-
C5H9) that is an analogue of the mechanism that has been
proposed for propene.16

Thus, as with the Fe(CO)3/propene system, the lack of
observation of Fe(CO)3(η2-1-pentene) in the gas phase, at 296
K, results from rapidâ-hydrogen transfer that follows the rate-
limiting addition of 1-pentene to Fe(CO)3 (Scheme 2). Therefore,
the initial steps in the Fe(CO)5/1-pentene system exhibit the
characteristic behavior of an Af B f C process where A)
Fe(CO)3, B ) Fe(CO)3(olefin), and C) HFe(CO)3(π-allyl),
with a sufficiently fast Bf C step that the intermediate B is
not observed.38 These reactions are shown in Scheme 2 with
rate constantska andk1, respectively. B is not observable even
after an equilibrium is established since it has a very small
equilibrium concentration (vida infra).

Though the monoolefin and bisolefin adducts in Scheme 2
are identified asη2-complexes of 1-pentene, as the monoolefin
complex comes into equilibrium with HFe(CO)3(η3-C5H9),
isomerization of 1-pentene can occur. This will be discussed in
more detail in Section IV.B.2. Due to the possibility of
isomerization, from this point on, the mono- and bisolefin
complexes will be referred to “generically” as Fe(CO)3(pentene)
and Fe(CO)3(pentene)2.

B. Millisecond Time Scale: Formation of Species II. 1.
Assignment.HFe(CO)3(C5H9) decays on the millisecond time
scale with concurrent formation of species II at 1985 cm-1.
Reference to Table 1 reveals that in neat 1-pentene at 195 K,
Fe(CO)3(1-pentene)2 absorbs at 2048 and 1972 cm-1. The 13

cm-1 gas to condensed phase red shift of the lower frequency
band is once again of a typical magnitude for a gas phase relative
to the corresponding matrix absorption.39 Table 1 also shows
that the absorption bands of Fe(CO)3(C3H6)2 occur at 2060 and
1988 cm-1 in the gas phase, the latter of which is virtually
identical with that for species II. The higher frequency band of
Fe(CO)3(olefin)2 is considerably weaker than the lower fre-
quency band, being in the ratio of 1:11 and 1:16.6 in
hydrocarbon glasses for olefin) propene and 1-pentene,
respectively.42 Due to its much smaller absorbance, the higher
frequency absorption of Fe(CO)3(C3H6)2 was not readily ap-
parent in a time-resolved spectrum but was evident in individual
traces taken at 2060 cm-1.16 The analogous higher frequency
band of Fe(CO)3(pentene)2 was not observed in these gas-phase
studies, presumably due to a lower signal-to-noise ratio. In light
of the correspondence with matrix absorptions and the similarity
in behavior of this species with the analogous species in the
propene system, species II is assigned as the bispentene adduct,
Fe(CO)3(pentene)2. As alluded to above and discussed in more
detail in the next section, this bispentene adduct may be either
a bis-1-pentene species or a mixed bispentene adduct.

2. Mechanism.On a millisecond time scale, HFe(CO)3(η3-
C5H9) decays and formation of Fe(CO)3(η2-pentene)2 is ob-
served. This behavior is consistent with the kinetics shown in
Scheme 2 in which Fe(CO)3(η2-pentene) is shown in equilibrium
with both HFe(CO)3(η3-C5H9) and Fe(CO)3(η2-pentene)2. The
potentially more direct pathway, which could lead to formation
of Fe(CO)3(η2-pentene)2 and involves stepwise addition of two
1-pentene ligands to Fe(CO)3, does not occur initially because
at the experimentally accessible pressures of 1-pentene, the
addition of the second 1-pentene ligand cannot compete with
rapidâ-hydrogen transfer, i.e.,k1 is sufficiently larger thank+-
[1-pentene]. Analogous behavior was observed in the Fe(CO)5/
C3H6 system.16

As a consequence of this rapidâ-hydrogen transfer the rate
constant for the addition of C3H6 to Fe(CO)3(C3H6) cannot be
directly measured. However, it can be estimated. This was done
in the propene system by determining the rate constant for
addition of C2H4 and C3H6 to Fe(CO)3(C2H4). Monitoring this
addition step was possible because C2H4 does not have
â-hydrogens and thusâ-hydrogen transfer cannot occur for the
Fe(CO)3(C2H4) adduct.16 Instead, ethylene undergoes stepwise
olefin addition to form Fe(CO)3(C2H4) and Fe(CO)3(C2H4)2 after
UV photolysis of Fe(CO)5 in the presence of C2H4.40 Similarly,
the rate of propene addition to Fe(CO)3(C2H4) can be measured.
These same measurements16 can be used to provide an estimate(40) Hayes, D. M.; Weitz, E.J. Phys. Chem.1991, 95, 2723.

(41) (a) Hill, C. L., Ed.ActiVation and Functionalization of Alkanes;
Wiley: New York, 1989. (b) Parshall, G. W.Homogeneous Catalysis;
Wiley: New York, 1980; Chapter 7.

(42) Wuu, Y.; Bentsen, J. G.; Brinkley, C. G.; Wrighton, M. S.Inorg.
Chem.1987, 26, 530.

Table 1a

Fe(CO)3(C3H6) (gas, 296 K) 16
Fe(CO)3(C3H6)2 (gas, 296 K) 2060, 1988 16
Fe(CO)3(C3H6)2 (MCH matrix, 90 K) 2051 (1.0), 1971 (11) 42
Fe(CO)3(pentene) (gas, 296 K) this study
Fe(CO)3(pentene)2 (gas, 296 K) 1985 this study
Fe(CO)3(1-pentene)2 (1-pentene, 195 K) 2048 (1.0), 1972 (16.6) 42

HFe(CO)3(C3H5) (gas, 296 K) 2080, 2011 16
HFe(CO)3(C3H5) (Ar matrix, 10 K) 2070 (1.0), 2004 (2.9), 2001 (2.3) 14
HFe(CO)3(C5H9) (gas, 296 K) 2067, 2006 this study
HFe(CO)3(C5H9) (MCH matrix, 90 K) 2059 (1.0), 1989 (1.5) 42

Fe(CO)4(C3H6) (gas, 296 K) 2089, 2014, 1988 16
Fe(CO)4(C3H6) (matrix, 10 K) 2088 (1.0), 2006 (3.7), 1986 (2.4) 14
Fe(CO)4(pentene) (gas, 296 K) 2089,e1995b this study
Fe(CO)4(1-pentene) (3MP, 298 K) 2083 (1.0), 2002 (5.4), 1981 (4.2) 42

a MCH ) methylcyclohexane; 3MP) 3-methylpentane.b See text in Section IV. C.1 for details.

Scheme 2
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for the rate constant for the addition of 1-pentene to Fe(CO)3-
(pentene) ofk+ ) 1.6 × 10-11 cm3 molecule-1 s-1.

For the Fe(CO)5/1-pentene system, the fact that initially no
Fe(CO)3(1-pentene)2 and only HFe(CO)3(C5H9) is observed,
following the reaction of Fe(CO)3 and 1-pentene, up to readily
accessible pressures of 1-pentene (∼400 Torr) is compatible
with k1 . k+[1-pentene] in Scheme 2, as was observed in the
propene system. This behavior can also be used to estimate a
lower limit for k1. Computingk+[1-pentene] at 400 Torr and
taking into account that theinitial formationof 20% of the final
amount of the bispentene adduct could be readily observed leads
to an estimation of a lower bound fork1 of ∼109 s-1.

The distribution of photoproducts in a given system can have
a pressure dependence.29,30Though we have no direct evidence
for a shift in product distribution as a function of olefin pressure,
it is possible, at least in principle, that for 308-nm photolysis,
at the highest pressure of 1-pentene (400 Torr), which has
allowed us to establish the lower bounds forâ-hydrogen transfer,
the product distribution shifts to produce primarily or exclusively
Fe(CO)4. If this were to happen then the initially formed reaction
product would be Fe(CO)4(1-pentene). Since the rate of forma-
tion of the bisolefin species was measured in a static cell,
photolysis of Fe(CO)4(1-pentene) by subsequent laser pulses
could produce Fe(CO)3(1- pentene). However, there would then
still be a competition betweenâ-hydrogen transfer and formation
of the bisolefin species that would effectively be identical with
the competition that occurs after Fe(CO)3 adds 1-pentene. Thus,
even in this case, the lack of observation of a significant quantity
of initially formed bisolefin species can be taken as evidence
thatk1 g 109 s-1 for 1-pentene. In Scheme 2 the initially formed
unsaturated 16-e- Fe(CO)3(η2-1-pentene) adduct will form a
saturated 18-e- species either byâ-hydrogen transfer to give
HFe(CO)3(η3-C5H9) or by the bimolecular addition of 1-pentene,
which generates Fe(CO)3(η2-1-pentene)2. However, once HFe-
(CO)3(η3-C5H9) is formed by rapidâ-hydrogen transfer, forma-
tion of Fe(CO)3(η2-1-pentene)2 is much slower than would be
anticipated based simply on the magnitude of the rate constant,
k+. There is also the question of why the rate of formation of
the bisolefin complex isindependentof 1-pentene pressure. Both
the slow rate of formation of Fe(CO)3(η2-1-pentene)2 and its
pressure independence can be understood based on the kinetics
of the system.

3. Kinetics. The behavior of the 1-pentene system as well as
the propene system16 is consistent with the mechanism shown
in Scheme 1 and delineated in eqs 1-4 below.

Taking Fe(CO)3(η2-pentene) as a steady-state intermediate, with
appropriate simplifications (namely: (1)k+[olefin] . kd and
(2) k1 . k2), and inclusion of mass conservation the following
expression for the rate of change of the bisolefin species, which
is indicated as dB/dt, can be derived:

In this expressionA0 is the sum of the concentrations of the
π-allyl hydride, the monoolefin, and the bisolefin (B) complexes.
Both inequalities hold for the propene system and the first
inequality holds, at experimentally relevant pressures, for a
variety of bisolefin species.28,47 As will be shown in the
subsequent development, these inequalities hold for 1-pentene.

Rearranging the expression in eq 5 gives:

The left-hand side of this equation has the form

where

and

provided the argument of the ln term in eq 7 is positive. Since
the first term in the denominator of eq 6 is negative, this
condition is equivalent tob > -aB. SinceB is a maximum at
equilibrium, if b > -aB at equilibrium, then the solution to eq
7 is valid for all conditions for this system.

From mass conservation and the relationship between the
relevant rate constants and the equilibrium concentrations of
the species in this system the following expression can be
derived.

Solving for A0 using eq 10 and substituting in eq 9 and
simplifying reduces the inequality that must be satisfied to:

Thus, it is clear the inequality,b > -aB must hold sincek2kd

is a positive quantity. Therefore, eq 6 can be integrated as
indicated and the resulting expression obtained forB(t) is:

In this expression-a is the observed rate of formation of the
bisolefin species which we designate askobs. The exact form of
the expression forB(t) can be obtained by substituting ina and
b from eqs 8 and 9. However, the expression fora in eq 12,
and thuskobs, can be further simplified by applying the inequality

(43) Seder, T. A.; Ouderkirk, A. J.; Weitz, E.J. Chem. Phys.1986, 85,
1977.

(44) (a) Long, G. T. Unpublished results. (b) Long, G. T. Ph.D. Thesis,
Northwestern University, 1998.

(45) Holbrook, K. A.; Pilling, M. J.; Robinson, P. J.Unimolecular
Reactions, 2nd ed.; Wiley-Interscience: London, 1997.

(46) McMillen, D. F.; Golden, D. M.Annu. ReV. Phys. Chem.1982, 33,
493.

(47) House, P. G.; Weitz, E.Chem. Phys. Lett.1997, 266, 239.

Fe(CO)5 + hν98
308 nm

Fe(CO)3 + 2CO (1)

Fe(CO)3 + olefin 98
ka

Fe(CO)3(η
2-olefin) (2)

Fe(CO)3(η
2-olefin) y\z

k1

k2
HFe(CO)3(η

3-allyl) (3)

Fe(CO)3(η
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k+

kd
Fe(CO)3(η

2-olefin)2 (4)

dB/dt )
-B[k1kd + k2k+[olefin]] + k2k+[olefin]A0

k1 + k+[olefin]
(5)

∫ dB
-B[k1kd + k2k+[olefin]]

k1 + k+[olefin]
+

k2k+[olefin]A0

k1 + k+[olefin]

) ∫dt (6)

∫dB/(aB + b), which is equal to 1/a(ln(aB + b)) (7)

a ) -
[k1kd + k2k+[olefin]]

k1 + k+[olefin]
(8)

b )
k2k+[olefin]A0

k1 + k+[olefin]
(9)

A0

Beq
) 1 +

kdk1

k2k+[olefin]
+

kd

k+[olefin]
(10)

-k2kd < 0 (11)

B(t) ) b
a
(eat - 1) (12)
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k1 . k+[olefin] to give:

Recall that the inequalityk1 . k+[olefin] was established based
on the absence of any observableinitial (prompt) formation of
a bispentene complex.

Interestingly, there are two limiting cases for the expression
in eq 13 depending on the relative magnitudes of the two terms,
Keqk+[olefin] andkd. For a given value ofKeq andk+, when the
olefin pressure is such thatkd is sufficiently larger thanKeqk+-
[olefin] that this latter pressure-dependent term makes a
negligible contribution tokobs, kobswill be independent of olefin
pressure. This can account for the effectively pressure-
independent rise rate of the absorption due to the bisolefin
complex that is observed for 1-pentene over the experimentally
accessible pressure range. Under these circumstanceskd can be
directly determined (i.e.,kd ≈ kobs) and, with a knowledge of
k+, an upper limit onKeq can be established based on the fact
that kd must sufficiently exceedk+Keq[olefin] that kobs reduces
to kd within experimental error. Given the estimated value of
k+ of 6 × 105 Torr-1 s-1, and the readily available maximum
pressure of 400 Torr for 1-pentene,Keq must be on the order of
∼2 × 10-8 or less to give, within experimental error, the
observed pressure independence for the rate of formation of the
bispentene complex. The value ofkobs is then approximately
kd, which for this system is 20 s-1 at 296 K, and the activation
energy for this process is 19.6( 0.7 kcal/mol. A computer
model of the kinetics, based on numerical integration of eqs
1-4, provided additional verification thatKeq must be on the
order of 10-8 to give a pressure-independent rate for the rise of
species II and, given reasonable values for the expected error
on kobs, when this occurs,kobs≈ kd. The pressure independence
of the rate of rise of species II further validates the inequality,
k1 . k2.

If kd does not exceedKeqk+[olefin] by a suitable amount, then
Keq can be directly determined from the pressure dependence
of kobs using the estimated value fork+. For propene,Keq was
determined to be 2.4× 10-5.16 Sincekd has been estimated as
10 s-1 for Fe(CO)3(C3H6)2 andk+ as 6× 105 s-1 Torr-1, it is
clear thatkd can be neglected relative toKeqk+[propene] even
at a pressure as low as∼10 Torr. Under these circumstances,
eq 13 will reduce tokobs ) Keqk+[propene]. From this
comparison is it clear that it is possible to neglect the
dissociation of Fe(CO)3(propene)2 in eq 4 at the pressures at
which formation of the bispropene species was monitored.
Neglect of the dissociation of the bisolefin adduct in eq 4 leads
to a more direct derivation ofkobs as Keqk+[propene] via the
steady-state approximation. This approach was taken in ref 16.

It is interesting to note that eq 13 is analogous to what would
be expected for the approach to equilibrium for a reversible
first-order (or in this case, first-order in one direction and
pseudo-first-order in the other direction) reaction. This of course
implies that the decay of theπ-allyl hydride and the rise of the
monoolefin species should be the same since one is decaying
to form the other. Figure 5 shows a typical transient waveform
taken at 2067 cm-1, characteristic of theπ-allyl hydride. In the
inset to this figure this signal has been inverted and the data
have been scaled to facilitate a visual comparison with a
transient waveform taken under comparable conditions at 1984
cm-1. The agreement in rates that was anticipated is apparent
from visual inspection. Since the monoolefin adduct and the
π-allyl hydride reach equilibrium, with theπ-allyl hydride being
present in much higher concentration than the monoolefin
species, well before they equilibrate with the bisolefin complex,

the forward rate constant for the approach to the subsequent
equilibrium is weighted byKeq. Thus a shift inKeq by a suitable
amount can lead to either apressure-dependent or a pressure-
independentrise of the bisolefin species in such a system.

The extent of the decay of the transient waveforms of HFe-
(CO)3(η3-C5H9) can be used as another means of determining
a value forKeq. The traces at 2067 cm-1, such as the one shown
in Figure 5, decay to∼60-80% of their initial amplitude when
∼400 Torr of 1-pentene is present. This amplitude change can
be related to the equilibrium ratio of Fe(CO)3(η2-pentene)2 to
HFe(CO)3(η3-C5H9) (see Scheme 2) as shown in the following
equation where the percent (%) refers to the remaining percent-
age of HFe(CO)3(η3-C5H9) after an equilibrium is established
between HFe(CO)3(η3-C5H9) and Fe(CO)3(η2-pentene)2.

The equilibrium ratio of Fe(CO)3(η2-pentene)2 to HFe(CO)3-
(η3-C5H9) can be expressed as the ratio of the equilibrium
constants for the equilibria in Scheme 2. Thus the right-hand
side of eq 14 is equal to:

and

Using a value ofk+ ) 1.6 × 10-11 cm3 molecule-1 s-1, as
discussed above, and the measured value ofkd ) 20 s-1, if %
) 60, Keq ) ∼6 × 10-8 and a value of %) 80 givesKeq ∼ 2
× 10-8. The range ofKeq ∼ 2 × 10-8 to 6 × 10-8 determined
from amplitude data is similar to the value ofKeq e 2 × 10-8

determined from rate data (vide supra) and from this comparison
∼2 × 10-8 is taken as the value ofKeq to be used in subsequent
calculations. However, clearly this value forKeq has significant
uncertainty associated with it.

It is interesting to note that the backâ-hydrogen transfer from
HFe(CO)3(η3-C5H9) in Scheme 2 may be either to the C3 carbon
to regenerate Fe(CO)3(η2-1-pentene) or to the C1 carbon, which
gives rise to an isomerized monoolefin adduct, Fe(CO)3(η2-2-
pentene). For the latter case, subsequent addition of 1-pentene
to Fe(CO)3(η2-2-pentene) generates a mixed bisolefin adduct,
Fe(CO)3(η2-1-pentene)(η2-2-pentene). It is questionable whether
the infrared absorptions of Fe(CO)3(η2-1-pentene)2 and Fe(CO)3-
(η2-1-pentene)(η2-2-pentene), in the CO stretching region, are
sufficiently different to render them distinguishable by time-
resolved IR spectroscopy. If Fe(CO)3(η2-1-pentene)(η2-2-pen-
tene) does form, and the material discussed in this section
suggests it does, the measured value ofkd and its temperature
dependence would then reflect a weighted average for the loss
of 1-pentene and 2-pentene from Fe(CO)3(η2-pentene)2. The
Arrhenius plot of Figure 6 gives an activation energy ofEa )
19.6( 0.7 kcal mol-1 and a preexponential factor ofA ) 5.3
× 1015 s-1 for this process. The similarity of this value to those
for the loss of olefin from Fe(CO)3(olefin)2 for olefin ) propene,
Ea ∼ 19 kcal mol-1,16 and for olefin) ethylene,Ea ) 21.7
kcal mol-1,28aboth of which occur by a dissociative mechanism,
suggests that the loss of pentene from Fe(CO)3(pentene)2 or
Fe(CO)3(pentene)(pentene′) proceeds by a similar mechanism.

-a ) kobs) Keqk+[olefin] + kd (13)

[Fe(CO)3(η
2-pentene)2]

[HFe(CO)3(η
3-C5H9)]

) 1 - %
%

(14)

k2k+(olefin)

k1kd
(15)

Keq )

(1 - %)
%

kd

k+(olefin)
(16)
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4. Thermochemistry. Thermochemical information can be
determined from the equilibrium constant for the equilibrium
between HFe(CO)3(η3-C5H9) and Fe(CO)3(η2-pentene) using the
standard relation

At the standard ambient temperature of 298 K and a pressure
of 1 bar (SATP),∆G is calculated to be∼10.5 kcal mol-1 for
the process, HFe(CO)3(η3-C5H9) f Fe(CO)3(η2-pentene). The
uncertainties inKeq should be taken into account in the
interpretation of∆G and other thermodynamic parameters
derived fromKeq.

Though the two additional methylene groups in both HFe-
(CO)3(C5H9) and Fe(CO)3(pentene) would be expected to affect
the absolute entropy of each species, it seems plausible that
they would not have a significant effect on theentropy difference
between theπ-allyl hydride and the monoolefin complexes, in
the respective systems, since the bond-breaking and bond-
making steps in these reactions do not involve the additional
methylene groups. Thus, it seems reasonable to assume that the
entropic contributions to the free energy are similar for this
conversion in the pentene system to what has been determined
for the analogous process for propene. With this assumption, a
∆S of 3 ( 2 cal K-1 mol-1, as determined for the propene
system16 for the processes HFe(CO)3(η3-C3H5) f Fe(CO)3-
(η2-C3H6), can be used to calculate a∆H of ∼11.4 kcal mol-1

for the process HFe(CO)3(η3-C5H9) f Fe(CO)3(η2-pentene) at
SATP.

Thermochemical parameters can also be determined for the
equilibrium between Fe(CO)3(η2-1-pentene) and Fe(CO)3(η2-
pentene)2 (Scheme 2) and yield∆G ∼ -9.9 kcal mol-1 for the
process Fe(CO)3(η2-pentene)f Fe(CO)3(η2-pentene)2 at SATP
based on a value forK′eq (where the prime is used to distinguish
the equilibrium constant for this equation fromKeq used for the
π-allyl hydride monoolefin equilibrium) calculated from reported
data. The resulting bond enthalpy,∆H ) 20.2+ 0.7 kcal mol-1,
may reflect a weighted average for loss of 1-pentene and
2-pentene (vide supra).∆S for the same process can be
calculated to be ca.-35 cal K-1 mol-1 at 298 K. These
parameters show that the enthalpy serves as the thermodynamic
driving force for the formation of Fe(CO)3(η2-pentene)2, as∆H
exceeds the product of the temperature times the entropy lost
in formation of this complex. Since there are estimates inherent
in the determination ofK′eq, most notably the exact value of
k+, the values of the thermodynamic parameters derived from
K′eq should be regarded as estimates, albeit ones that are likely
to be very good.

C. Long Time Scale Formation of Species III. 1. Assign-
ment. Species III, with infrared absorption bands at 2089 and
1995 cm-1, is observed by time-resolved FTIR spectroscopy
following 355-nm photolysis of a mixture of Fe(CO)5, 1-pentene,
and helium (see Figure 7). Table 1 shows that these absorption
bands are consistent with the highest and lowest frequency
absorptions of Fe(CO)4(1-pentene) in 3-methylpentane at 298
K, which absorbs at 2083, 2002, and 1981 cm-1. The middle
absorption band of Fe(CO)4(1-pentene), anticipated to be at
∼2012 cm-1 in the gas phase, is probably obscured by the
overlapping absorption of Fe(CO)5 centered at 2014 cm-1. Also,
the low-frequency band probably peaks a few cm-1 higher than
the observed peak since its high-frequency edge is truncated
by the Fe(CO)5 absorption (Figure 7). In the analogous propene
system the gas-phase bands of Fe(CO)4(C3H6) were at 2089,
2014, and 1988 cm-1 (Table 1). The correspondence between
the observed IR absorptions and those reported for Fe(CO)4-

(olefin) complexes in the gas phase and other media are
consistent with species III being Fe(CO)4(1-pentene). However,
it is not clear whether an Fe(CO)4(pentene) complex involving
another pentene isomer could be distinguished, via its IR
absorptions in the CO stretching region, from Fe(CO)4-
(1-pentene). An enhancement in the quantity of species III
produced when CO is added to the photolysis cell is also
consistent with the assignment of species III as Fe(CO)4-
(pentene).

2. Mechanism.Fe(CO)4(pentene) can form by a number of
pathways. Based on the product distribution measured after 351-
nm photolysis43 and the expected trend for the energy depen-
dence of the yield of photoproducts,29 the 355-nm output of a
frequency tripled Nd:YAG laser, used as the photolysis source
in time-resolved FTIR experiments, is expected to generate both
Fe(CO)4 and Fe(CO)3 as primary photoproducts. The most direct
pathway for formation of Fe(CO)4(1-pentene) involves addition
of 1-pentene to photolytically generated Fe(CO)4. Other path-
ways involving secondary photolysis and/or addition of pho-
tolytically generated CO (or added CO) to an unsaturated
Fe(CO)3(olefin) adduct are also possible.37,44b For example,
Fe(CO)4(pentene) can form via an Fe(CO)3(pentene) complex
which contains an isomerized olefin. Thus, in principle, the
Fe(CO)4(pentene) complex generated in this study could also
involve a mixture of pentene isomers. It should be noted that
though formation of Fe(CO)4(pentene) can terminate a thermal
catalytic cycle, photolysis of Fe(CO)4(pentene) by the next laser
pulse, which can lead to formation of Fe(CO)3(pentene), allows
this species to reenter the catalytic cycle.

It should also be noted that even though Fe(CO)4(pentene)
is formed on the time scale of the collection of FTIR data, under
experimental conditions, this species is not evident on the time
scale of formation of HFe(CO)3(η3-C5H9) or Fe(CO)3(pentene)2.
Photolysis using 308-nm radiation was employed in studies of
the rates of formation and generation of transient spectra of
species I and II. The lack of evidence for formation of Fe(CO)4-
(pentene) on the time scale for formation of HFe(CO)3(η3-C5H9)
or Fe(CO)3(pentene)2 is consistent with Fe(CO)3 being the only
coordinatively unsaturated product produced in significant yield
using 308 nm photolysis radiation, even at a few hundred Torr
of total pressure. Under these conditions Fe(CO)4(pentene)
would have to form by addition of CO to Fe(CO)3, with
subsequent addition of pentene, or via addition of CO to an
Fe(CO)3(pentene) intermediate. For either pathway the addition
of CO to these two intermediate species must compete with
addition of 1-pentene. In the absence of added CO, the only
source of CO is from photolysis of Fe(CO)5. The kinetics of
addition of 1-pentene to Fe(CO)3(pentene) were studied in a
static cell at a minimum pentene pressure of 50 Torr. Thus,
even assuming complete photolysis of all Fe(CO)5 in the cell,
which would generate 2 CO molecules per Fe(CO)5 molecule,
the 1-pentene-to-CO ratio would be at least 250:1. Though the
rate of addition of CO to Fe(CO)3(pentene) is not known, this
rate can be estimated using a procedure similar to that used to
estimate the rate of addition of 1-pentene to Fe(CO)3(pentene).
Based on the ethylene system the ratio of rates for addition of
olefin versus CO to Fe(CO)3(olefin) is ∼2.47 Thus, negligible
Fe(CO)4(pentene) would form via this pathway. The formation
of Fe(CO)3(1-pentene) as a result of addition of 1-pentene to
Fe(CO)3 was studied in a flow cell in the absence of added
CO. Since the flow rate was set such that the cell empties
between laser pulses the only CO present is produced as a result
of ca. one photolysis pulse. Since this addition process was
studied at a much lower pressure of 1-pentene, the data in Figure

∆G ) -RT ln Keq (17)
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1 provide relevant evidence that formation of Fe(CO)4 is
expected to be negligible. Similarly, formation of Fe(CO)4-
(pentene) under these conditions is expected to be negligible.

However, in a static cell, on the much longer time scales
involved in the collection of FTIR data, the bisolefin species
has the potential to undergo multiple cycles of olefin loss.
Fe(CO)4(pentene) could form, via CO addition, at some point
during these cycles. As depicted in Scheme 4 in Section V,
each time an olefin is lost CO has the opportunity to add to
Fe(CO)3(pentene) to form a species that is stable on the relevant
time scale for observation and is thus at least temporarily
removed from the reaction cycle (it can be reintroduced by
photolysis). Additionally, the FTIR experiments were conducted
using 355-nm radiation which produces Fe(CO)4 as well as
Fe(CO)3. As indicated in the discussion above, addition of
1-pentene to Fe(CO)4 provides a direct route to formation of
Fe(CO)4(pentene). However, we have no evidence that Fe(CO)4

is produced in significant quantities with 308-nm photolysis
under experimental conditions. Thus, the lack of direct photolytic
production of Fe(CO)4 would preclude a significant role for this
potentially direct pathway to Fe(CO)4(pentene).

Permanent loss pathways for iron-containing species are also
possible. Fe(CO)5 can react with unsaturated species such as
Fe(CO)3(pentene) or Fe(CO)4 to form polynuclear complexes.37

Formation of such complexes can occur with rate constants that
approach the gas kinetic limit.37 However, in the presence of a
large excess of 1-pentene, the formation of binuclear iron
complexes is unlikely to be important in the kinetics of an
individual catalytic cycle. None of the data from this study
suggest a significant role for a reaction of parent with any
unsaturated species in a given catalytic cycle. Such reactions
would be expected to make only a minor contribution to any
subsequent kinetics as these types of binuclear iron complexes
are usually nonvolatile. Nevertheless, formation of polynuclear
iron complexes would be anticipated to contribute as a
permanent loss pathway in the catalytic turnover cycle since in
each reaction step it is possible to form polynuclear iron species.

D. Comparison with the Fe(CO)5/Propene System.The
qualitative mechanism for olefin isomerization in the Fe(CO)5/
propene and Fe(CO)5/1-pentene systems is identical (see eqs
1-4). For readily accessible pressures of both propene and
1-pentene,â-hydrogen transfer in the Fe(CO)3(η2-olefin) com-
plex is faster than the immediate addition of another olefin to
Fe(CO)3(η2-olefin). For propene, it is possible to set a somewhat
higher lower bound for the rate ofâ-hydrogen transfer (k1) due
to the fact that the vapor pressure of propene, at or near room
temperature, is higher than that for 1-pentene. Thus, the reported
differences in the lower limits of the rate ofâ-hydrogen transfer
in the two systems may result from this factor rather than any
intrinsic difference in the actual kinetics ofâ-hydrogen transfer
in the systems.

Though the propene and 1-pentene systems can be described
by the same set of kinetic equations (1-4) the ∼3 orders of
magnitude shift in equilibrium constant for the equilibrium
between HFe(CO)3(π-allyl) and Fe(CO)3(olefin) (toward the
π-allyl metal hydride) for olefin) 1-pentene relative to propene
leads to different observations for the kinetics of these systems,
particularly for the formation of the bisolefin species. As
discussed in Section IV.B.3, this shift alters the form of the
observed rate of formation of Fe(CO)3(olefin)2, being dependent
on olefin pressure in the Fe(CO)5/propene system and indepen-
dent of olefin pressure in the Fe(CO)5/1-pentene system.

The difference in the BDEs for theâ-hydrogens of propene
and 1-pentene may have important ramifications in iron car-

bonyl-catalyzed olefin isomerization. The BDE for theâ-hy-
drogen in propene has been measured to be 86( 2 kcal mol-1.46

Although to our knowledge the BDE for theâ-hydrogens in
1-pentene has not been measured, the analogousâ-hydrogen
BDE in 1-butene has been determined to be 82( 1 kcal mol-1.46

The ∼4 kcal mol-1 smaller BDE for the C3-H bond relative
to the C1-H bond suggests that backâ-hydrogen transfer to
the C1 carbon in HFe(CO)3(η3-C5H9) should form Fe(CO)3-
(η2- 2-pentene) preferentially. If Fe(CO)3(η2- 2-pentene) does
form preferentially, the presence of excess 1-pentene in the
current study would lead to the formation of a mixed bisolefin
adduct, Fe(CO)3(η2- 1-pentene)(η2- 2-pentene), upon the addi-
tion of 1-pentene to Fe(CO)3(η2- 2-pentene). As indicated in
Section IV.B.4, if Fe(CO)3(η2-1-pentene)(η2-2-pentene) does
form, the measurement of the unimolecular rate constant for
loss of pentene from Fe(CO)3(pentene)2, kd, will correspond to
a weighted average for the loss of 1-pentene and 2-pentene.

E. Thermochemistry. As indicated in Section IV.B.4, the
equilibrium constant,K′eq ) k+[1-pentene]/kd, for the equilib-
rium between Fe(CO)3(η2-olefin) and Fe(CO)3(η2-olefin)2 can
be used to determine thermochemical information. Since the
same value ofk+ was used as an estimate for the rate constant
for the addition of olefin to Fe(CO)3(olefin) for both propene
and 1-pentene, the difference in theK′eq for the two systems
lies in the rate constant for unimolecular dissociation of olefin
from Fe(CO)3(olefin)2, kd, which has a value of 20 s-1 for
1-pentene and 10 s-1 for propene.16 From these values ofkd,
K′eq ∼ 4 × 107 and∼2 × 107 bar-1 for propene and pentene,
respectively, at 296 K. Substituting these values into eq 5 yields
free energies of∆G ∼ -10.3 and-9.9 kcal mol-1 for propene
and 1-pentene, respectively, at SATP for the process Fe(CO)3-
(olefin) f Fe(CO)3(olefin)2. Given the uncertainties in the value
for Keq for the 1-pentene system and ink+ for both systems,
these differences should not be considered as significant. The
bond enthalpy for the loss of olefin from Fe(CO)3(olefin)2 has
been estimated as∼19 kcal mol-1 for olefin ) propene. The
value for pentene, though it is likely to involve both a bis-1-
pentene and a mixed bispentene species, can be computed from
measured experimental data as 20.2( 0.6 kcal mol-1. Using
these values leads to∆S ∼ -29 and-35 cal K-1 mol-1 at
SATP for olefin) propene and pentene, respectively. Though
there are uncertainties involved in the calculation of these
parameters, they clearly indicate a large change in entropy on
association of a second olefin to form an Fe(CO)3(olefin)2
complex. This large change in entropy can be verified by another
approach.

The overall entropies for ligand addition can also be
calculated from the difference of the entropies of activation for
ligand addition and for unimolecular loss of ligand using
activated complex theory. As the process in (18) is the reverse

of that in (19), by microscopic reversibility these processes

proceed through a common transition state.38 Thus, it is possible
to determine how these processes contribute to the overall
entropy change. The overall entropy change for the process
shown in (18) can then be computed from the magnitudes of
the activation entropies for (18) and (19) (Scheme 3). This
scheme and Table 2, which contains tabulated values of the
entropies of activation for the processes in (18) and (19), show

M(CO)xLy-1 + L 98
k+

M(CO)xLy (18)

M(CO)xLy 98
kd

M(CO)xLy-1 + L (19)
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that the addition of ligand to M(CO)xLy-1 to form the transition
state, M(CO)xLy

q, has a larger contribution to the overall entropy
than that for the shortening of the M-L bond in going from
the transition state M(CO)xLy

q to M(CO)xLy. For the Fe(CO)5
system, the addition of CO to Fe(CO)4 to form Fe(CO)5 is a
spin-forbidden reaction since Fe(CO)4 has a triplet ground state
and Fe(CO)5 has a singlet ground state.43 A similar spin change,
occurring on ligand addition, is consistent with existing data
for rate constants for the addition of CO and olefin to Fe(CO)3-
(olefin).47 Such a spin change is expected to lead to a highly
constrained transition state.17

As with the Fe(CO)3(olefin)2 system, the analogouskd for
the loss of olefin from Cr(CO)5(olefin) increases with olefin
size and has been attributed to an increasingA factor48 that can
be related to the entropy of activation,∆Sq, using transition state
theory.38 An increasing and positive∆Sq reflects the release of
a larger number of degrees of freedom in the larger olefin that
results from scission of the metal-olefin bond in Cr(CO)5-
(olefin).48 In addition to the overall entropies for the addition
of olefin to Fe(CO)3(olefin) for olefin ) propene and that for
1-pentene determined in the present study, Table 2 also includes
calculated entropies for the addition of C2H4 to Fe(CO)3(C2H4)
and to Cr(CO)5 using literature data for necessary rate con-
stants.28,47TheA factor for loss of olefin from Fe(CO)3(C3H6)2

was not determined in the study in ref 16. Rather, theA factor
for the process was estimated based on theA factor for the
corresponding process for Fe(CO)3(C2H4)2.

The thermochemical parameters associated with the equilibria
in Scheme 2 can be presented in the form of a two-dimensional
potential energy surface. Figure 8 shows such a potential energy
surface for the enthalpies of the relevant species. The value
determined for the enthalpy difference for Fe(CO)3(η2-pentene)
relative to that for HFe(CO)3(η3-C5H9) has been rounded to 10
kcal/mol and indicated as an approximate value as a conse-
quence of the previously mentioned uncertainties inherent in
this value. It is interesting to note that by considering the
enthalpy alone (Figure 8), the lower energy of the minima of
Fe(CO)3(η2-pentene)2 relative to that for HFe(CO)3(η3-C5H9)
would significantly favor the former species. However, an
analogous potential energy surface for the free energy shows

the potential wells of HFe(CO)3(η3-C5H9) and Fe(CO)3(η2-
pentene)2 to be more nearly even in energy (Figure 9). Though
again the values for the free energy differences have been
rounded as a consequence of the uncertainties inherent in the
determination of these values, it is still quite clear that the
entropy contributes significantly to the free energy to partially
offset the enthalpic contribution associated with ligand addition
to Fe(CO)3(η2-pentene).

F. Implications for Iron Carbonyl-Catalyzed Isomeriza-
tion of Olefins. Previous studies of iron carbonyl-catalyzed
olefin isomerization in both solution11 and the gas phase15 have
shown that pulsed laser photolysis can generate a thermally

(48) (a) McNamara, B.; Becher, D. M.; Towns, M. H.; Grant, E. R.J.
Phys. Chem.1994, 98, 4622. (b) McNamara, B.; Towns, M. H.; Grant, E.
R. J. Am. Chem. Soc.1995, 117, 12254.

Table 2. Overall Entropies for the Reactions Fe(CO)3L + L f Fe(CO)3L2 and Cr(CO)5 + C2H4 f Cr(CO)5(C2H4)

M(CO)x or M(CO)xL L T (K)
1011‚k+

(cm3 molec-1 s-1)
∆Sq(18)

(cal K-1 mol-1) kd (s-1) ln A
∆Sq(19)

(cal K-1 mol-1)
∆S

(cal K-1 mol-1)

Fe(CO)3(C2H4)a C2H4 297 1.1( 0.8 -23.9 0.15 33( 3 5.1 -29
Fe(CO)3(C3H6)b C3H6 296 ∼1.5 -23.3 10 33 5.1 -28
Fe(CO)3(pentene)c 1-C5H10 296 ∼1.5 -23.3 20 36 11.4 -35
Cr(CO)5d C2H4 303 19( 2e -18.4 0.17 38 15.4 -34

a Reference 28a.b Reference 16.c This work. d Reference 48b.e Reference 28b.

Scheme 3

Figure 8. A two-dimensional representation of a proposed potential
energy surface for the enthalpy in the Fe(CO)5/1-pentene system.

Figure 9. A two-dimensional representation of a proposed potential
energy surface for the free energy in the Fe(CO)5/1-pentene system.
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active catalyst at ambient temperatures. This catalyst, though it
was not directly observed, was reported to have a lifetime on
the order oft ∼ 0.2 s,11,15 with turnover numbers of several
thousand per second. The observed behavior of both propene
and 1-pentene as substrates is consistent with the proposed
catalytic cycle shown in Scheme 1.

In each system, the lifetime of the Fe(CO)3(olefin)2 complex
is on the order of at least hundreds of milliseconds in the
presence of excess olefin. In the context of Scheme 1, this
observation implicates Fe(CO)3(olefin)2 as the catalytic “res-
ervoir” species. The lability of the olefin in Fe(CO)3(olefin)2,
which provides a source of Fe(CO)3(olefin), is necessary for
efficient substrate turnover in the catalytic cycle.

V. Conclusions

Scheme 4 presents an overview of the mechanism for
isomerization of 1-pentene formulated as a result of this study.
The processes in this mechanism occur on three distinct time
scales. On the microsecond time scale, HFe(CO)3(η3-C5H9)
forms by a two-step process. When Fe(CO)3 is generated by
308-nm gas-phase photolysis of Fe(CO)5 in the presence of
1-pentene, the 1-pentene adds to Fe(CO)3 to form Fe(CO)3(η2-
1-pentene) with a bimolecular rate constant ofka ) (4 ( 1) ×
10-10 cm3 molecule-1 s-1. Rapidâ-hydrogen transfer, by way
of intramolecular C-H bond insertion to form HFe(CO)3(η3-
C5H9), follows rate-limited addition of 1-pentene to Fe(CO)3

and proceeds with a lower bound ofk1 g 109 s-1. Assuming a
preexponential factor ofA ) 1013 s-1,16 an upper bound ofEa

e 5.4 kcal mol-1 can be determined for the barrier to
â-hydrogen transfer. At readily accessible pressures of 1-pen-
tene, HFe(CO)3(η3-C5H9) decays on a millisecond time scale
with concurrent formation of Fe(CO)3(η2-pentene)2, by way of
an Fe(CO)3(η2-pentene) intermediate. This decay occurs as a
result of an equilibrium established between HFe(CO)3(η3-C5H9)
and Fe(CO)3(η2-pentene). It is Fe(CO)3(η2-pentene) that is in
equilibrium with HFe(CO)3(η3-C5H9) that adds 1-pentene to
form Fe(CO)3(η2-pentene)2. The rate of the formation of
Fe(CO)3(η2-pentene)2, shown in eq 13, is independent of
1-pentene pressure over the experimentally accessible pressure

range. The behavior of the Fe(CO)5/1-pentene system can be
contrasted with the Fe(CO)5/propene system, both of which can
be described by a common set of kinetic equations. However,
for propene the formation of Fe(CO)3(η2-C3H6)2 is dependent
on the propene pressure with a rate that is equal toKeqk+[C3H6].
This difference in behavior is attributed to an equilibrium
constant that is shifted by∼3 orders of magnitude toward HFe-
(CO)3(π-allyl) for 1-pentene relative to propene. This shift leads
to the dominance of the pressure-independent term (kd) in eq
13 for pentene, while for propene the pressure-dependent term
is dominant. Hence, for the 1-pentene system the rate of
formation of the bisolefin adduct is equal tokd ∼ 20 s-1, where
kd is the unimolecular rate constantfor lossof 1-pentene from
Fe(CO)3(η2-pentene)2. The change in the magnitude of the
equilibrium constant between the two systems implies a∼4 kcal
mol-1 enthalpy difference between HFe(CO)3(η3-allyl) and
Fe(CO)3(η2-olefin) for 1-pentene as the starting olefin relative
to propene. CO may add to Fe(CO)3(η2-pentene) that is in
equilibrium with HFe(CO)3(η3-C5H9) to form Fe(CO)4(η2-
pentene). Fe(CO)4(η2-pentene) remains stable on the time scale
of catalytic turnover and its formation serves as a termination
pathway for thermal catalysis.

This study has a number of important implications for the
generally accepted mechanism for transition metal catalyzed
olefin isomerization which is shown in Scheme 1 and strongly
supported by the results of this study and a prior study on
intermediates formed by the interaction of propene with Fe-
(CO)3.16 Data are now available on both the rate constants and
the thermochemistry for the principal steps in this mechanism
for both this system and the propene system. Differences in the
kinetics and thermodynamics between these systems result
principally from the differences in magnitude of the equilibrium
constant for the HFe(CO)3(η3-allyl) a Fe(CO)3(η2-olefin)
equilibrium. The source of the difference in these equilibrium
constants is not yet clear but is of interest for future investiga-
tions. Future studies should help elucidate the generality of the
kinetic model (eqs 1-4) for the iron carbonyl induced isomer-
ization of olefins. The data from this study and the prior study
of the propene system16 both strongly implicate the bisolefin
species as the “catalytic reservoir” species because the lability
of the bound olefin can generate Fe(CO)3(olefin), which is
required for efficient catalytic turnover.
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