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Vibrational Spectroscopy of Intermediates in
Benzene-to-Pheno Conversion by FeO™

Gokhan Altinay and Ricardo B. Metz

Department of Chemistry, University of Massachusetts Amherst, Amherst, Massachusetts, USA

Gas-phase FeO" can convert benzene to phenol under thermal conditions. Two key interme-
diates of this reaction are the [HO-Fe-C,Hs]"* insertion intermediate and Fe*(C,H;OH) exit
channel complex. These intermediates are selectively formed by reaction of laser ablated Fe™
with specific organic precursors and are cooled in a supersonic expansion. Vibrational spectra
of the sextet and quartet states of the intermediates in the O-H stretching region are measured
by infrared multiphoton dissociation (IRMPD). For Fe" (C4HsOH), the O-H stretch is observed
at 3598 cm . Photodissociation primarily produces Fe* + C¢H;OH; Fe" (C¢H,) + H,O is also
observed. IRMPD of [HO-Fe-C,Hs]" mainlly produces FeOH" + C¢H; and the O-H stretch
spectrum consists of a peak at ~3700 cm™" with a shoulder at ~3670 cm™'. Analysis of the
experimental results is aided by comparison with hybrid density functional theory computed
frequencies. Also, an improved potential energy surface for the FeO" + C¢H reaction is
developed based on CBS-QB3 calculations for the reactants, intermediates, transition states,

and products.
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9 million metric tons produced worldwide. It is

used to make materials such as polycarbonate,
nylon, and epoxy resins, drugs such as aspirin, and
cosmetics such as sunscreens and hair dyes [1]. Indus-
trially, phenol is mainly produced from benzene via the
cumene process: benzene — cumene — cumene hy-
droperoxide — phenol. This three-step process is en-
ergy intensive and has a low phenol yield. Thus, direct
conversion of benzene to phenol has attracted great
attention due to its economical and industrial impor-
tance. Promising direct benzene-phenol oxidation tech-
niques include Fe-doped ZSM-5 zeolites with N,O as
the oxidant [2, 3] and direct oxidation using O, and H,
through a Pd membrane [4]. Some bacteria can directly
convert benzene to phenol under mild conditions using
toluene monooxygenases, which have a di-iron active
site [5]. The biotoxicity of benzene in mammals is
enhanced by its conversion to phenol by cytochrome
P450, which has an Fe-heme active site [6, 7].

Schwarz and coworkers showed that under thermal
conditions, several gas-phase metal oxide cations MO™
react efficiently with benzene to produce phenol with
good selectivity [8]. The reaction of FeO" has been
particularly well-studied. It primarily produces Fe™ +
phenol (56%) and Fe(CsHg)™ + CO (37%) [9]. They
subsequently produced several [FeC;HO] * isomers by
reacting Fe" with different precursors in a chemical

Phenol is an important commodity chemical, with
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ionization source and characterized them using frag-
mentation patterns observed following collisional acti-
vation in a tandem mass spectrometer [10].

This prototypical arene oxidation reaction has also
been studied computationally. Yoshizawa et al. calcu-
lated the energetics of reactants, intermediates and
transition states for benzene-phenol conversion by
FeO" using B3LYP hybrid density functional theory
[11]. They considered a mechanism in which FeO™ first
binds to the ring, forming a OFe"(C,H,) entrance
channel complex, then hydrogen abstraction via transition-
state TS1 forms the insertion intermediate HO-Fe™-
C¢Hs. Phenyl or hydroxyl migration through TS2 pro-
duces the Fe*(C4H;OH) exit channel complex, which
subsequently dissociates to Fe" + C,H;OH. Molecular
dynamics simulations on this potential energy surface
predict that the reaction is rapid, and that the hydrogen
transfer at TS1 leads to O-H stretch excitation in the
insertion intermediate [12]. They later also considered
two other possible mechanisms. A radical mechanism
involving direct H atom abstraction via a Fe-O-H
transition-state was considered unlikely on energetic
grounds. An oxygen insertion mechanism that pro-
ceeds via an arenium intermediate [FeOC,H,]" with
covalent Fe-O-C bonds was considered to be favor-
able if the FeO" was also ligated [13]. The oxygen
insertion mechanism was also studied by Kwapien
and Broclawik [14].

Our group has studied the vibrational and electronic
spectroscopy of intermediates of methane to methanol
conversion by FeO™ [15, 16]. By extending these studies
to benzene-phenol conversion by FeO", we can evalu-
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ate the effect of the aromatic ring on the reaction
mechanism.

Experimental and Theoretical Methods

Vibrational spectra are measured using a dual time-of-
flight reflectron photofragment spectrometer [17, 18].
Iron cations are generated by laser ablation of an iron
rod (Sigma-Aldrich, St. Louis, MO, USA, 99.8% pure).
Fe" cations react with either 0.01% phenol in helium or
a mixture of 2% N,O and 0.5% benzene in helium to
produce the target molecule. The choice of precursors is
guided by the collisional activation (CA) studies of
Becker et al. [10], and is discussed in more detail below.
Ions produced in the source expand supersonically into
vacuum and cool to a rotational temperature of ~10 K
[19]. Ions are accelerated to 1800 V kinetic energy, then
re-referenced to ground potential before entering the
field-free flight tube. Mass-selected ions are photodis-
sociated at the turning point of the reflectron. Energet-
ically, photodissociation of [HO-Fe-C,Hs]" requires at
least four photons in the O-H stretching region. So,
vibrational spectra are obtained using infrared multi-
photon dissociation (IRMPD) of [HO-Fe-C¢Hs]™ and
Fe"(C¢H;0H). The photodissociation efficiency is
greatly improved using a multi-pass mirror arrange-
ment [20] in which the laser makes 21 passes through
the ion cloud. The light source is a Nd:YAG pumped
optical parametric oscillator, which is tunable from 2 to
5 um, producing ~10 mJ/pulse near 3600 cm '. The IR
beam path is purged with nitrogen to minimize absorp-
tions by water vapor. The laser wavelength is calibrated
using H,O absorptions. Fragment ions and undissoci-
ated parent ions are detected by a dual micro-channel
plate detector. The ion signal is amplified, collected on
a digital oscilloscope, or a gated integrator, and aver-
aged with a LabView based program. The photodisso-
ciation spectrum is obtained by monitoring the yield of
the fragment ion of interest as a function of wavelength
and normalizing to parent ion signal and laser fluence.
In this study, we separately and simultaneously moni-
tor the Fe™ and FeOH™" fragments. The photodissocia-
tion spectrum is the product of the absorption spectrum
and the photodissociation quantum yield.

Computations are carried out with the Gaussian 2003
program package [21]. Optimized geometries of the
reactants, intermediates, transition states, and products
are calculated using the Becke-Lee-Yang-Parr hybrid
HF/DFT method (B3LYP) with the 6-311+G(d,p) basis
set. Vibrational frequencies are computed to ensure that
all optimized geometries correspond to a local mini-
mum or a first-order saddle point (for transition states).
To obtain more accurate energies, we calculated single-
point energies using the complete basis set CBS-QB3
method, which is optimized for thermodynamics [22,
23]. All energies include zero point energy and corre-
spond to 0 Kelvin values.
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Results and Discussion

Potential Energy Surface for the FeO™ + CzH,
Reaction

To establish the accuracy of the computational method
used, we compare calculated and accurate experimental
results for the sextet-quartet energy splitting in Fe™, the
Fe"-O bond enthalpy, and the overall exothermicity of
the FeO" + C¢Hg — Fe® + C¢H;OH reaction. Experi-
mentally, the ground state of Fe™ is °D (3d° 4s), with the
“F (3d”) state 23.9 kJ/mol higher. Calculations at the
B3LYP/6-311+G(d,p) level incorrectly predict a quartet
ground state, 19.8 k] /mol below the sextet state. This is
a well known failure of the B3LYP method [24, 25]. An
attractive alternative to rigorous and expensive high
level correlated ab initio calculations are hybrid meth-
ods developed for accurate thermochemistry, such as
the complete basis set CBS-QB3 approach [22, 23]. In
CBS-QB3, one first optimizes the geometry and calcu-
lates harmonic frequencies at the B3LYP level. Then,
from a series of single point energy calculations at
various levels of theory and with different basis sets,
one extrapolates the result of a large basis set calcula-
tion at a very high level of theory. CBS-QB3 thermody-
namics have similar accuracy to an extrapolated series
of CCSD(T) calculations with very large basis sets, and
are significantly more accurate than a single CCSD(T)
calculation with a modest basis set [26]. CBS-QB3
calculations correctly predict the ordering of the Fe™*
states, with the quartet 30.1 k] /mol above the sextet. For
the dissociation enthalpy of FeO", CBS-QB3 calcula-
tions predict 337.8 k] /mol, in excellent agreement with
experiment (340 = 2 kJ/mol [27]; 335 = 5 k] /mol [28]).
For the FeO" + CH, — Fe* + C,H;OH reaction
enthalpy, CBS-QB3 predicts —88 kJ/mol, in excellent
agreement with experiment, —85 * 2 kJ/mol [27, 29].
Figure 1 shows the potential energy surface for the
FeO" + C,H, reaction calculated using the CBS-QB3
method. Phenol production occurs in a two-step con-
certed manner through the formation of the hydroxy
intermediate [HO-Fe-C¢Hs]". The minimum energy
path involves first producing the OFe™ (C¢Hg) entrance
channel complex. For the sextet state, the FeO™ is not
centered on the ring, but rather binds to adjacent
carbons in a m, configuration, with r(Fe-C) = 2.34 A.
Quartet FeO™ is nearly centered on the ring, with
r(Fe-C) = 2.32 A. Hydrogen abstraction via TS1 leads to
the key [HO-Fe-C¢H;]" insertion intermediate. For the
quartet state, the Fe-O-H group is perpendicular to the
ring, with r(Fe-C) = 1.878 A, r(Fe-O) = 1.705 A, and
r(O-H) = 0.964 A. In the sextet state, the Fe-O-H group
is in the plane of the ring, with slightly longer bonds to
iron: with r(Fe-C) = 1.908 A, r(Fe-O) = 1.729 A and
r(O-H) = 0.961 A. The FeO" reactant and Fe* product
have sextet ground states [19]. The minimum energy
pathway involves quartet intermediates. However,
since both sextet TS1 and sextet TS2 lie below the
reactants, the reaction can proceed completely along the
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Figure 1. Schematic potential energy surface for the FeO" + C;Hy — Fe' + C,Hz;OH reaction and
structures of intermediates and transition states. Energies (in kJ/mol) are calculated at the CBS-QB3
level of theory. The solid line represents the sextet and dashed line the quartet surface. The imaginary
frequencies for transition states TS1 and TS2 are 1930i and 390i for quartet states and 1916i and 352i
for sextet states, respectively. The corresponding vibrations are shown with red arrows in the figure.

All geometries shown are those of the quartet states.

sextet pathway without changing spin. The overall
reaction efficiency is determined by the probability that
reactants will cross TS1, which can occur in two ways:
by crossing sextet TS1, or by changing spin and crossing
the low-lying quartet TS1. This is a major difference
from the FeO" + methane reaction, where sextet TS1
lies above reactants. As a result, FeO" reacts with
benzene at the collision rate [9], while it reacts with
methane at only ~20% of the collision rate [30, 31]. Once
produced, the [HO-Fe-C¢H;]" insertion intermediate
can isomerize via TS2 to form the Fe*(C,H;OH) exit
channel complex, which subsequently dissociates to
Fe® + C¢HsOH. The calculations predict that produc-
tion of FeOH" + C¢Hj is 20 k] /mol endothermic. So, it
is not surprising that is not observed as a product of
the FeO™ + C¢H, reaction [9]. This is another signif-
icant difference with the FeO™ + CH, system, where
FeOH" + CHj is energetically allowed, is a significant
product at thermal energies, and dominates at high
collision energy [31]. Manganese is the only first-row
transition-metal for which MOH" is observed as a
product of the MO™ + benzene reaction [8]. The calcu-
lations predict two isomers of the Fe"(CsH;OH) exit
channel complex. A o-complex in which the Fe™ binds
to the oxygen lone pair, and a m-complex, where the Fe™
binds to the ring. The m-complex is predicted to lie
lower in energy, at —284 k] /mol (sextet state) and —363
kJ/mol (quartet state), relative to FeO* + C,Hg. In the
o-complex, the Fe™ is not in the plane of the ring, and is

1.952 A from the oxygen for the quartet state. The Fe-O
distance is substantially longer for the sextet state, at
2.071 A. The quartet m-complex has a very interesting
geometry. The carbons ortho and meta to the —OH
group pucker towards the Fe*, leading to m, coordina-
tion, with r(Fe-C) = 2.20 A. Sextet Fe* binds much more
weakly and leads to much less distortion of the ring.
The Fe™ is slightly displaced towards a meta carbon,
with r(Fe-C) = 253 A. The electron in the large 4s
orbital leads to much weaker noncovalent interactions
for sextet Fe™ (3d° 4s electron configuration) than for
quartet Fe™ (3d” configuration). Our potential energy
surface for the FeO" + C¢Hg reaction is similar to one
calculated by Yoshizawa et al. at the B3LYP/6-
311+G(d,p) level [11]. One key difference is that the
B3LYP calculations predict that the [HO-Fe-C.Hs]™
insertion intermediates are ~20 kJ/mol more stable
relative to reactants. As a result, TS1 and TS2 are also
predicted to be ~20 kJ/mol lower. Previous studies of
the FeO" + C,Hg reaction have also considered two
other mechanisms: a radical and an oxygen insertion
mechanism [13, 14]. We measure the spectra of
[FeCcHO] " intermediates in the O-H stretching re-
gion. The C-H stretches are weak and they are not
distinctive for different intermediates. We did not carry
out calculations on the intermediates in the alternate
mechanisms as they do not contain an O-H bond. In
addition, as our experiments measure spectra in the
O-H stretching region, we are not sensitive to the pres-
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ence of other likely intermediates such as the OFe ™ (C4Hj)
entrance channel complex or the key arenium intermedi-
ate [FeOC¢H,]™ in the proposed oxygen insertion mecha-
nism, as these species do not contain O-H bonds.

IRMPD Spectroscopy of [FeCsHgOI™

A major challenge in studies of intermediates of ion-
molecule reactions is to find suitable precursors and
reaction conditions to selectively produce specific inter-
mediates. The identity of the intermediates produced is
deduced from their vibrational spectrum and dissocia-
tion pathways. Vibrational spectra of [HO-Fe-CqHs]"
and Fe"(C4H5OH) in the O-H stretching region were
measured using photofragment spectroscopy. A challenge
in obtaining vibrational spectra using photofragment
spectroscopy is that absorption of a photon needs to lead
to bond breaking. One photon in the O-H stretching
region only has ~43 kJ/mol of energy, so photodissocia-
tion of [HO-Fe-C¢Hs] ™ or Fe™ (C4HsOH) requires at least
four photons. So, vibrational spectra were measured
using infrared multi-photon dissociation (IRMPD). We
previously used IRMPD to measure vibrational spectra

Fe' + Phenol

Fragment Intensity
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of the [HO-Fe-CH,;]* and Fe*(CH,OH) intermediates of
the FeO™ + CH, — Fe® + CH,;OH reaction [15]. They
are not ideal candidates for IRMPD due to the high
binding energy and small size of the molecules, which
leads to relatively slow intramolecular vibrational dis-
tribution (IVR) of energy. Intermediates of the FeO™ +
C¢Hg reaction are much better suited to IRMPD studies,
and we observe higher dissociation yields and signifi-
cantly narrower spectra for the larger system.

In this study, we find that reacting ablated Fe* with
phenol or benzene + N,O produces [HO-Fe-C.Hs]™
and Fe™(C,H;OH), with the relative amounts depend-
ing on the precursor. IRMPD of ions generated by
reacting Fe" with 0.01% phenol in helium primarily
produces Fe" and FeOH" photofragments. Along with
a small amount of Fe*(C4,H,) + H,O, trace amounts of
Fe"(CsHy) + CO and Fe*(CsHs) + HCO are also
observed. The maximum dissociation yield is ~15%.
Figure 2 (top) shows IRMPD spectra obtained by mon-
itoring Fe" (blue) and FeOH" (red). The two channels
give completely different vibrational spectra, indicating
that two or more intermediates are produced in the
source, and each channel monitors a different interme-

! !
3500 3600

Fe" + N,O + Benzene

Fragment Intensity

I I
3500 3600

I I
3700 3800

Photon Energy (cm'1)

Figure 2. Vibrational spectra of [FeC;H,O] " in the O-H stretching region. Spectra are obtained by
IRMPD of ions produced by reacting Fe* with C;H;OH (top) and by reacting Fe* with N,O and CH,
(bottom). Spectra obtained by monitoring Fe* and FeOH™" are in blue and red, respectively. The two
product channels are formed by dissociation of different [FeC,H,O]" isomers, and the relative

amounts of these isomers depends on the precursor.
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diate or group of intermediates. The Fe*(C¢H,) and Fe™*
channels have a similar wavelength dependence. Pho-
todissociation of [FeC¢H¢O]" ions produced using 0.5%
benzene and 2% N,O in helium also gives Fe* and
FeOH™ as the major fragments. Again, spectra obtained
by monitoring Fe” and FeOH" are different (Figure 2,
bottom). The observed dissociation products and vibra-
tional frequencies (see below) indicate that IRMPD of
Fe*(C¢H5sOH) produces Fe* + C¢HsOH while IRMPD
of [HO-Fe-C¢H;s]" forms FeOH™' + CcHs. Becker et al.
generated several [FeC¢H¢O]" isomers by reacting Fe™*
produced by electron bombardment of Fe(CO)s; with
organic molecules in a chemical ionization source and
characterized them by collisional activation (CA) [10].
CA of Fe"(CcHsOH) primarily leads to Fe*(C.H,) +
H,O and Fe™ + phenol, while Fe*(CsHg) + CO and
FeOH" + C¢H; are major products in CA of [HO-Fe-
C¢Hs]". So, the fragment ions observed by CA and
IRMPD are similar.

In the O-H stretching region, IRMPD of [FeCcH,O] "
produced by reacting Fe* with phenol in helium pro-
duces FeOH™" + C¢H; or Fe™ + C;H;OH, depending on
wavelength. The spectrum of Fe"(CsH;OH), obtained
by monitoring Fe™, consists of a 45 cm™' FWHM peak
at 3598 cm ™. This is 59 cm ™' red shifted from the O-H
stretch in bare phenol (3657 cm™') [32]. Under the same
conditions, the FeOH"* channel gives a much less in-
tense, 50 cm ' FWHM peak at ~3700 cm ™. Dissociat-
ing [FeCsHgO]" formed by reacting Fe™ with N,O/
benzene in helium also produces Fe* and FeOH". The
relative intensity of the FeOH " channel increases 8-fold
(Figure 2 bottom), but its peak position and shape are
unchanged. This is consistent with reaction of Fe™ with
N,O and benzene producing more [HO-Fe-C¢Hs]* than
reaction of Fe" with phenol. The peak obtained by
monitoring Fe™ is slightly narrower for the N,O/
benzene precursor than for phenol. This suggests that
more than one isomer or spin state of Fe™(C;H;OH)
contributes to the spectrum or, more likely, that the ions
have slightly different vibrational temperatures in the
two cases. IRMPD spectra are more sensitive to inter-
nally excited molecules than one-photon spectrosco-
pies, as fewer photons may be required to dissociate hot
molecules.
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To help assign the spectra, we calculated geometries,
energies, and frequencies of the quartet and sextet states
of insertion intermediate [HO-Fe-C,Hs]" and exit chan-
nel complexes Fe™(C¢H;OH) (Table 1). Calculations
were carried out using the B3LYP hybrid density func-
tional with the 6-311+G(d,p) basis set. Calculated har-
monic frequencies are scaled by 0.954, which is the ratio
of the experimental to calculated O-H stretching fre-
quencies in bare phenol.

Vibrational Spectroscopy of the [HO-Fe-CoH] ™
Insertion Intermediate

IRMPD of the [HO-Fe-C H:]" insertion intermediate
produces FeOH* + C,Hs. Reacting laser-ablated Fe*
with N,O and benzene produces significantly more
[HO-Fe-C¢Hs] ™ than does reaction with phenol. Both
precursors lead to a vibrational spectrum with a peak at
~3700 cm ™! and a shoulder at ~3670 cm ™! (red traces
in Figure 2 and Figure 3). The calculations predict O-H
stretch vibrations at 3700 cm™"' and 3674 cm ™! for the
sextet and quartet states of the insertion intermediate,
respectively. The sextet has somewhat higher oscillator
strength, while the quartet is predicted to lie 36 kJ /mol
lower in energy. Both spin states appear to contribute to
the spectrum: the peak at 3700 cm ™" is due to the sextet
state, and the quartet state is responsible for the shoul-
der at ~3670 cm™'. In our study of the insertion
intermediate for the FeO" + CH, reaction, we also
found that both spin states contribute to the vibrational
spectrum. IRMPD of [HO-Fe-CH,]" gives an asymmet-
rical peak at 3623 cm ™! with a shoulder at 3576 cm ™,
which were assigned to the sextet and quartet states,
respectively [15]. Adding argon atoms to [HO-Fe-CH;] "
removes charge from the metal center and leads to
progressively larger blue shifts in the O-H stretch
frequencies. The O-H stretch in neutral HO-Fe-CHj,
shows an even larger blue shift, to 3745 cm ™" [33, 34].
Mulliken population analysis shows a charge of +0.77
for the Fe-O-H moiety in [HO-Fe-CH;]", which drops
to 0.56 in [HO-Fe-C,Hs]". Relative to [HO-Fe-CH,]",
the O-H stretches of [HO-Fe-C¢Hs] " exhibit a ~80 cm ™!
blue shift. Thus, this system continues a trend we

Table 1. Harmonic vibrational frequencies for intermediates of the FeO* + C;H, — Fe™ + C,H;OH reaction at the B3LYP/6-311+G(d,p)
level. IR intensities (km/mol) in parentheses. Frequencies are scaled by 0.954

O-H stretches (cm™)

C-H stretches (cm™)

CsHsOH 3657(61)
OFe™(CgHg) quartet —
OFe™(CgHg) sextet -
[HO-Fe-CgHs]™ quartet 3674(467)
[HO-Fe-CgHs]™ sextet 3700(849)
Fe"(C¢HsOH) quartet m-structure 3619(158)
Fe*(C¢HsOH) sextet m-structure 3617(175)
Fe*(C¢HsOH) quartet o-structure 3605(195)
Fe"(C¢HsOH) sextet o-structure 3562(173)

3049(4), 3042(17), 3029(17), 3003(14)

3063(0), 3058(42), 3050(0), 3049(0), 3044(0)
3064(5), 3057(13), 3053(9), 3048(3), 3045(3), 3037(0)
3056(2), 3050(3), 3041(1), 3027(5)

3058(1), 3052(0), 3041(0), 3027(0), 3016(0)

3063(3), 3059(10), 3052(1), 3047(0), 3032(1)
3065(7), 3058(14), 3051(3), 3046(1), 3033(2)
3060(0), 3054(0), 3046(1), 3039(0), 3037(1)

3061(0), 3056(0), 3048(0), 3042(1), 3039(7)
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Figure 3. Experimental and calculated vibrational spectra of
[HO-Fe-CcHs] ' in the O-H stretching region. The experimental
spectrum is obtained by IRMPD of ions produced by reacting Fe™
with N,O and C¢Hg and monitoring FeOH" fragments (red).
Calculated spectra (right axis) are at the B3LYP/6-311+G(d,p)
level, with frequencies scaled by 0.954. For the simulations, solid
lines represent sextet states and dashed lines quartet states.

observed previously: removing charge from the Fe-
O-H group blue-shifts the O-H stretch frequency.

Our spectroscopic observation that reaction of Fe™
with N,O and benzene produces [HO-Fe-C¢H;] ™ is a bit
surprising in light of CA and ion cyclotron resonance
(ICR) studies, which find no clear evidence for the
[HO-Fe-C¢Hs] ™ intermediate in the FeO™ + C4H, reac-
tion [8-10]. A possible explanation is that this reaction
can occur via several mechanisms and the different
conditions in our laser ablation source and in the ICR
favor different reaction pathways. Our IRMPD results
do not address whether other intermediates, such as the
OFe*(C¢Hg) entrance channel complex or intermediates
proposed for the oxygen insertion mechanism [13, 14],
are also present. These intermediates do not contain an
O-H bond and thus would not be detected in our study.
Another possibility is that, in our laser ablation source,
[HO-Fe-C¢Hs] " is not produced by

Fe* +N,O—FeO" + N, (1)

followed by reaction of FeO™ with benzene, but rather
is formed by

Fe' + C,;H, —Fe*(C,H,) @)

followed by reaction of Fe"(CgHg) with N,O. Although
we use a 4:1 N,O:CHg ratio, kinetics favors reaction 2.
The high-pressure limiting bimolecular rate k, is 1.2 X
10~° cm® molecule 's ! for Co™ and should be similar
for Fe" [8]. At thermal energies reaction 1 is much
slower: [35] k; = 3.1 X 107" em® molecule !s™
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However, CID and ICR reaction studies [36] as well as
flow tube studies [37] show that the Fe™(C,H,) + N,O
reaction produces OFe*(C4Hy) (the entrance channel
complex in Figure 1) rather than the insertion interme-
diate. Our spectroscopic results show that reacting
laser-ablated Fe* with N,O and benzene produces
[HO-Fe-C¢Hs] ". However, our experiments do not de-
termine whether [HO-Fe-C¢Hs] " is formed by reaction
of FeO™ with benzene, or by reaction of Fe*(benzene)
with N,O.

Vibrational Spectroscopy of the Fe™ (C;H;OH) Exit
Channel Complex

The Fe " (C¢HsOH) exit channel complexes are predicted
to have the lowest O-H stretching frequencies, with two
different possible geometries. The Fe* can bind above
the benzene ring (7-complex) or to the oxygen lone pair
(o-complex). The CBS-QB3 calculations predict that the
lowest energy structure is clearly the quartet state of the
m-complex, which is predicted to be bound by 275
kJ/mol relative to sextet Fe™ + phenol. The sextet
m-complex is bound by 196 k]/mol, while the quartet
and sextet o-complexes are bound by 166 and 161
kJ/mol, respectively. The preference for Fe™ to bind to
the aromatic ring rather than to oxygen is consistent
with the greater measured binding energy for Fe™-
benzene (207 + 10 kJ/mol) than for Fe*-H,O (128 + 5
kJ/mol) [38]. The quartet and sextet m-complexes and
quartet o-complex are predicted to have very similar
O-H stretching frequencies. All are in excellent agree-
ment with the observed O-H stretch at 3598 cm ™'
(Figure 4). The O-H stretch for the sextet o-complex is
predicted to lie well below the observed peak.

The O-H stretching frequency in Fe™ (phenol) is 3598
cm ™!, which is 59 cm ™! below the O-H stretch in bare
phenol (3657 cm™') [32]. Vaden and Lisy measured
vibrational spectra of M* (phenol)(Ar) (M = Na, K) in
the O-H stretching region, monitoring argon loss [39].
For K* they observed a narrow, symmetric peak at 3636
cm™', which was assigned to the m-complex. The spec-
trum of the Na™ complex consists of a peak at 3641
cm ™! with a clear shoulder at 3632 cm ™!, which were
assigned to the o- and m-complexes, respectively. So,
binding to Na™ or K* leads to a ~20 cm ™' red shift in
the O-H stretching frequency of bare phenol; signifi-
cantly smaller than the 59 cm ™' red shift due to Fe"
binding. The observed red shifts correlate with the
binding energies of M (phenol), which are measured
[40] to be 74 kJ/mol for K*, 102 kJ/mol for Na™, and
calculated to be 275 kJ/mol for Fe®. Recent IRMPD
experiments in the fingerprint region show that Ag*
also forms a m-complex with phenol [41].

Conclusions

Vibrational spectra of two intermediates of the gas-
phase FeO" + CiHy — Fe* + C,HsOH reaction have
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Figure 4. Experimental and calculated vibrational spectra of
Fe*(C¢HsOH) in the O-H stretching region. The experimental
spectrum is obtained by IRMPD of ions produced by reacting Fe™
with C;HsOH and monitoring Fe* fragments (blue). Calculated
spectra (right axis) are at the B3LYP/6-311+G(d,p) level, with
frequencies scaled by 0.954. Spectra of Fe*(C;H;OH) with Fe™
bound to the oxygen (o-complex) and above the ring (7-complex)
are shown. For the simulations, solid lines represent sextet states
and dashed lines quartet states.

been measured in the O-H stretching region. Spectra of
the quartet and sextet states of [HO-Fe-C¢H;s]™, the key
insertion intermediate, are obtained from IRMPD, mon-
itoring the FeOH " fragment. With the aid of B3LYP/6-
311+G(d,p) calculations the main peak observed at
3700 cm™ ' is assigned to the sextet state and the
shoulder at ~3670 cm ™" to the quartet state. IRMPD of
the Fe™(C,H5OH) exit channel complex primarily pro-
duces Fe* + C,H;OH; Fe*(C4H,) + H,O is a minor
product. The spectrum consists of a peak at 3598 cm™".
Calculations suggest that it is due to the quartet
Fe" (C¢HsOH) m-complex, although the sextet m-complex
and the quartet o-complex could also contribute. The
spectrum of ions produced by reacting Fe™ with N,O
and benzene is narrower than that obtained using
Fe® + phenol. This could be due to different popula-
tions of the isomers or to different vibrational temper-
atures in the two cases. In addition, a potential energy
surface for the reaction has been calculated at the
CBS-QB3 level.
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