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The fragmentation mechanism of iron complexes bearing a bidentate ligand, dimethoxyethane (CH3OCH2-
CH2OCH3, labeled as DXE) has been investigated by means of FT-ICR mass spectrometry (ion-molecule
reactions) and infrared multiphoton dissociation spectroscopy. Two possible reaction mechanisms were
envisioned for the Fe(DXE)+ + DXE reaction, leading to the formation of the Fe(CH2O)(DXE)+ ion. The
two mechanisms differ in the nature of the neutral molecules formed: CH3OC2H5 or CH2dCH2 + CH3OH.
The combination of ion-molecule reactions, thermochemistry considerations, and IRMPD spectra leads us
to suggest that the mechanism involves successive elimination of the neutrals CH2dCH2 and CH3OH, the
first step of the mechanism being the insertion of the iron atom in the O-Ccentral bond.

Introduction

Bidentate ligands are widely used in organometallic chem-
istry. Beyond the larger binding energy brought by the presence
of a second binding site, the enhanced stability of the bidentate
complexes is generally explained by the “chelate effect” related
to the entropically favorable character of the complexation by
a bidentate ligand compared to a monodentate one.1 Geometrical
constraints within a bidentate complex may also play a role in
its specific reactivity. Under very dilute conditions such as those
of low-pressure gas-phase ion-molecule reactions, the chelate
effect may be viewed as the ability of partial decomplexation
without complete loss of the ligand. In energetic terms, this
means that a bidentate complex may accumulate a relatively
large amount of internal energy without spending it immediately
in metal-ligand dissociation. With internal energy increase,
conformational changes may occur in relation with partial
decomplexation. These features are expected to induce a specific
reactivity in the bidentate complex. Moreover, this reactivity
could be significantly dependent on its internal energy.

The successive reactions of iron carbonyl cations Fe(CO)n
+

(n ) 1-4) with oxygen-containing monodentate ligands such
as water,2,3 methanol4 or dimethyl ether CH3OCH3 (DME)5,6

have been studied in our group. The internal energy dependence
in the Fe(CO)+ + O2 system, characterized by the corresponding
radiative lifetime, was also reported.7 The present article deals
with the chemistry of iron complexes of 1,2-dimethoxyethane,
CH3OCH2CH2OCH3 (DXE), the simplest bidentate analogue of
dimethyl ether. While several studies have focused on the
binding energy of DXE and polyethers with various cationic
species such as H+, NH4

+,8 and alkali cations,9-11 and transition
metal cations such as Co+, Ni+, and Cu+,12,13little information
is available on the specific reactivity of DXE complexes. The
binding energies of metal cations have generally been deter-
mined using energy-controlled CID,9 ligand exchange reac-
tions,13 or association reactions.10,11These studies show that the
binding energies in the polydentate complexes increase with
increasing ligand size and the number of available oxygen
groups, and that due to the geometrical constraints the binding
energy of DXE is less than twice that of DME.

The reaction of FeL+ with the ligand L, where L) methanol
or DME, involves C-O cleavage. In the case of the DME
ligand,5 we have proven that a competition between homolytic
cleavage (CH3• loss) and cleavage with rearrangement (CH4 loss)
takes place. The branching ratio between these two channels is
strongly energy-dependent, the latter channel being preferred
(up to 60%) at low internal energies. We have recently reported
the experimental IRMPD (infrared multiphoton dissociation)
spectra and calculated structures of Fe(DME)2

+, Fe(DXE)+, and
Fe(DXE)2+.14 These results show that in the most stable form
of the complexes no metal insertion in the C-O bond occurs,
and that in both DXE complexes the DXE ligands are bound
by two oxygen atoms. The fragmentation products of Fe-
(DME)2

+ correspond to 85% CH4 loss along with 15% CH3•

loss. Since IRMPD is known to lead in most cases to the lowest
energy dissociation channel,15 this is fully consistent with the
reactivity trends in the Fe(DME)+/DME system. The IRMPD
fragmentation mode of DXE complexes Fe(DXE)+ and Fe-
(DXE)2

+ is completely different from Fe(DME)2
+ fragmenta-

tion, since it loses ethene.
The aim of the present work is (i) to investigate the

fragmentation mechanism in DXE complexes and (ii) to probe
the excited Fe(DXE)2+ system, termed as Fe(DXE)2

+*, at a
higher energy content than with IRMPD. To this end we have
studied the reactivity of DXE with more or less energetic Fe-
(DXE)+ reactant ions, using kinetic analysis of the successive
reactions in the Fe(CO)2

+ + DXE system. To explore inter-
mediate energy contents, we have also studied the reactivity of
the Fe(CO)(DXE)+ + DXE system. This system is probed at
low energy using the IRMPD study of the Fe(CO)(DXE)2

+ ion.
This new IRMPD spectrum is included here.

Experimental Methods and Data Analysis

1. Ion)Molecule Reactions: The Experimental Setup.
The triple cell FT-ICR spectrometer “Tricyclotron” used in this
study has been described previously.16 It consists of three ion
traps which are differentially pumped. The first trap is used as
an ion source. The second, maintained at a low residual pressure,
is alternatively used for relaxation of ions before reaction and
as a detection cell. The third is the reaction zone. Efficient* Corresponding author. E-mail: helene.mestdagh@lcp.u-psud.fr.
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differential pumping ensures a pressure drop by a factor 250
between the central cell and the two adjacent cells. This
configuration allows to perform ion-molecule reactions at
thermal kinetic energy.17,18

The three cascaded ICR cells are immersed in the same
magnet: ions can thus be transferred from one ion trap to the
next with a drift velocity perpendicular to the magnetic field.
The drift velocity is small compared with the thermal velocity,
so that the ions do not gain kinetic energy when drifted from
one cell to the next. The ions can be stored successively in each
trap for a well controlled time. The time needed to transfer the
ions from one cell to the next is in the millisecond range.

The Fe(CO)2+ ions are produced in the first cell (source) by
electron ionization of Fe(CO)5 at a typical pressure of 10-5 Torr
using a 20 eV electron beam. The Fe(CO)2

+ ions are then
isolated by selective ejection of all the other ions. The mass-
selected ions are then drifted to the second cell, where they
may be stored for a variable time, and transferred to the third
cell where they react with dimethoxyethane at a typical pressure
of (1-2) × 10-6 Torr. The reaction time was varied between 1
and 800 ms. After reaction, the ions are drifted back to the
second cell for FT-ICR detection. The collisional relaxation
experiments were performed by adding argon at a typical
pressure of (3-30) × 10-5 Torr in the reaction cell.

Radiative relaxation in the second cell allows thermalization
of the internal and/or kinetic energy of the reactant ions, as
electron ionization is known to produce excited ions. Using a
monitor reaction, radiative lifetimes or cooling rate constants
of excited ions can be derived.19,17,18The effect of Fe(CO)2+

radiative relaxation was studied by trapping the Fe(CO)2
+

reactant ions for a variable time (0-1200 ms) in the second
cell before reaction, keeping the pressure and the reaction time
in the third cell constant during the experiment. In the second
cell, the typical pressure is ca. 2× 10-8 Torr and the residual
gas is mainly water, which corresponds to ca. 1 collision per
second. Therefore, the relaxation of ions observed in the second
cell can be considered as mainly radiative. Collisional relaxation
is competitive only for cooling times longer than ca. 1 s.

2. Ion)Molecule Reactions: Data Analysis and Kinetic
Modeling. The intensity of each ion signal, normalized to the
total ion signal (sum of the ions with significant intensity) is
plotted as a function of the reaction time.

The rate constants of the different processes are obtained
using the KINET program as described previously.5 As ex-
plained in the discussion part, a given reaction may be
represented by several steps with different rate constants. This
allows energy-dependent reactions to be taken into account. The
program allows a global optimization of the parameters. All
abundance curves of an experiment are treated simultaneously
with a global analysis method based on the transfer matrix for
a set of pseudo-unimolecular reactions.20 Apparent rate constant
mean values and standard deviations are determined by Bayesian
data analysis of the complete set of time-resolved species
abundances.21 To account for the transfer times of ions to and
from the reaction cell, a small negative time shift is introduced
in the data analysis and optimized like the other parameters.
For all of the experiments the resulting time shift values were
within the expected range, 0.3-0.8 ms.

For several of the ion-molecule reactions the rate constants
are compared with the capture rate constants, which were
evaluated according to Su and Chesnavich.22 This method
requires the knowledge of the polarizability and the dipole
moment of the DXE molecule. The former is evaluated at 9.5
Å3 either from the polarizabilities of linear alkane and ether

molecules, or by adding the atomic polarizabilities.23 The dipole
moment of DXE in the gas phase has been calculated as an
average of the dipole moments of the different conformers of
DXE, weighted according to their respective population at room
temperature.24 We used this theoretical value of 1.6 D, which
is in agreement with the experimental dipole moment of DXE
in low polarity solvents.

3. IRMPD Spectroscopy.The IRMPD spectroscopy of ions25

was performed using the coupling of the Free Electron Laser
(FEL) CLIO at Orsay26 with MICRA, a compact and easily
transportable FT-ICR mass spectrometer developed in our
laboratory.27 This instrument, based on a structured permanent
magnet with 1.24 T nominal field, is very well suited for
temporary coupling to a FEL. The tuning range 110-3300 cm-1

is available with the FEL CLIO. Nevertheless, only the region
from 800 to 2200 cm-1 is used in the present experiments. The
FEL temporal structure consists of macropulses of 8µs duration,
at a repetition rate of 25 Hz. Each macropulse contains a series
of 1-2 ps micropulses at a repetition rate of 62.5 MHz. A
macropulse contains up to 40 mJ of energy, with a peak power
of 40 MW in each micropulse. The infrared light is focused in
the center of the ICR cell with a 1 mfocal length mirror. The
beam alignment and mirror position have been set so as to
optimize the photofragmentation rates of Fe(CO)5

+.
The ions of interest are prepared in the FT-ICR cell by a

sequence including pulsed Fe(CO)5 admission, electron ioniza-
tion of Fe(CO)5, mass selection of the Fe(CO)n

+ ions, DXE
admission, ion-molecule reaction and mass selection of the
desired ions. A relaxation delay of 500-1000 ms is allotted
before irradiation. The ions are then irradiated for a definite
time, and the resulting ions are detected. The sequence ends
with a quench, i.e., ejection of all the ions from the cell. Such
a sequence is repeated 20 times, and the mass spectrum is the
Fourier transform of the accumulated ion signal. The IR laser
wavelength is increased by 10 cm-1 between two consecutive
points and the same procedure is repeated at each successive
wavelength. For each mass spectrum the intensities of the parent
and fragment ions are corrected if necessary from the average
noise taken from a blank spectrum and normalized to the sum
of the intensities of significant ions. The global infrared spectrum
is obtained by plotting the fragmentation efficiency defined as
- ln(Iparent), whereIparent is the relative intensity of the parent
ion, as a function of the wavelength. The corresponding product-
resolved spectrum is the wavelength dependence of the relative
abundances of each fragment.

4. Theoretical Methods. Theoretical calculations were
performed with the GAUSSIAN 98 suite of programs28 using
the B3LYP hybrid density functional. For iron, we used the
[8s6p4d1f] contraction of the (14s11p6d3f) primitive basis set
as recommended by Bauschlicher.29 A polarized double-ú basis
set was used for the ligands.30 All the structures calculated were
characterized as minima.

5. Synthesis of Deuterated DXE, CD3OCH2CH2OCD3. To
check the origin of H atoms, the deuterated dimethoxyethane
CD3OCH2CH2OCD3 (labeled as dDXE) was synthesized as
follows from ethylene glycol and trideuterated iodomethane,
using a modification of the general procedure.31,32First, 40 mmol
of powdered KOH was added to 20 mL of dimethyl sulfoxide.
The mixture was stirred at room temperature for 5 min. Then 5
mmol of ethylene glycol immediately followed by 12 mmol of
CD3I were added. The mixture was stirred for 30 min and
filtered. The filtrate was then distilled. The product was then
characterized by mass spectrometry and1H NMR (200 MHz).
Its isotopic purity was better than 98%d6.
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Results and Discussion

1. Ion)Molecule Reactions. Kinetic studies of ion-
molecule reactions were performed using a triple cell Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer,
particularly suited for following the kinetics of successive ion-
molecule reactions and for varying ion relaxation.16 The data
were plotted as abundance curves giving the relative intensity
of each ion, characterized by itsm/z ratio, as a function of
reaction time. To derive the rate constants of the successive
processes, the data were analyzed using the KINET program
allowing global treatment of each set of abundance curves in a
bayesian data analysis framework.5 This method provides the
set of rate constants for a given kinetic scheme, along with
information about possible parametric identifiability problems.
This term refers to the situation where the optimum set of
parameters (rate constants in the present case) is not unique.
This point is crucial within the model we have developed for
kinetic analysis of energy-dependent reactions, which is based
on the use of kinetic schemes where a given observed
transformation is represented by more than one kinetic step. If
such a scheme is overparametrized, it may lead to a whole
family of optimal solutions where some of the rate constants
strongly depend from each other and correspond in fact to a
large range of possible values. The bayesian method addresses
this specific problem and supplies a confidence interval for each
of the parameters included in the kinetic scheme, along with
the correlation patterns existing between the parameters, includ-
ing nonlinear correlations.

Despite its limitations, our approach to the modeling of
energy-dependent reactions is considerably lighter in terms of
calculations than explicitly introducing continuous energy
distributions of ions and energy dependences of the rate
constants. For complex reaction schemes, it appears as a
convenient alternative to the explicit modeling of energy
distribution with master equation formalism.33,34 The latter
approach is more accurate but requires one to locate all the
transition states involved in the process and to evaluate their
vibrational frequencies, which is not trivial for transition metal
systems.

1.1. Reactivity of Fe(CO)+ with DXE: Qualitative Results.
The reaction of Fe(CO)+ with DXE yields four primary
products, and leads rapidly to complex reaction mixtures on
further reaction with DXE. These primary products correspond
to m/z118, 103, 100, and 146, by decreasing the order of relative
initial rate of formation. The latter one is Fe(DXE)+ resulting
from substitution of CO by a DXE molecule, and the three major
products result from fragmentation of excited Fe(DXE)+: [Fe,
C2, H6, O2]+ (m/z 118), [Fe, C, H3, O2]+ (m/z ) 103), and [Fe,
C2, H4, O]+ (m/z 100) correspond respectively to ethene loss,
[C3, H7] loss, and [C2, H6, O] loss from Fe(DXE)+. Dissociation
of metastable Fe(DXE)+ in a magnetic sector mass spectrometer
also involves ethene loss as a major pathway.35 Similarly,
IRMPD fragmentation of Fe(DXE)+ involves ethene loss.14 The
m/z 118 ion resulting from [Fe(DXE)+]* is probably the same
as the intermediate involved in decomposition of metastable
dimethylperoxide complex Fe+(CH3OOCH3), which yieldsm/z
103 and 100 fragment ions.36 Our assignment on the molecular
formulas of them/z 103 and 100 ions has been done in analogy
with this (dimethylperoxide+ Fe+) chemistry. The branching
ratio between the primary products from Fe(CO)+/DXE varies
with reaction time, in particular the relative importance of Fe-
(DXE)+ formation increases with increasing time. This is
consistent with collisional cooling of excited Fe(DXE)+ com-

peting with its fragmentation, so that Fe(DXE)+ can be stabilized
after a sufficient number of collisions.

Because of the complexity of the reaction scheme, joined to
the strongly energy-dependent reactivity, no quantitative kinetic
study was undertaken on the Fe(CO)+ + DXE system. Clearly
this system is not suited to our purpose, since the substitution
of CO by DXE is so exothermic that most of the Fe(DXE)+

ions produced are above their fragmentation threshold.
Therefore, we have focused on the reactivity of Fe(CO)2

+

with dimethoxyethane.
1.2. Reactivity of Fe(CO)2+ with DXE: Nature of the

Products. The time dependence of the relative abundances of
reactant and product ions is shown in Figure 1a. The ion
distribution observed at short reaction time shows two primary
products, resulting from substitution of one or two CO molecules
by DXE: Fe(CO)DXE)+ (m/z 174) and Fe(DXE)+ (m/z 146).
These ions lead to [Fe, C5, H12, O3]+ (m/z 176), [Fe, C6, H16,
O4]+ (m/z 208), and [Fe, C8, H20, O4]+ (m/z 236, Fe(DXE)2+)
ions. At longer reaction times ion [Fe, C9, H22, O5]+ (m/z 266)

Figure 1. (a) Dependence of ion distribution with reaction time for
the reaction of Fe(CO)2

+ with DXE (reaction pressure: 1.3× 10-6

Torr): abundance curves of all the ions. Solid lines are fits according
to Scheme 2 as explained in text. Them/z ratio is given into brackets.
(b) Dependence of ion distribution with reaction time for the reaction
of Fe(CO)2+ with DXE (reaction pressure: 1.2× 10-6 Torr): Fit of
the DXE reaction using a simple kinetic scheme (dashed lines)
compared with the advanced fit (solid lines). For clarity, them/z 208
ion is not shown, nor the time and intensity range above 300 ms and
0.7, respectively.
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is formed from m/z 176 by DXE association. Ion Fe(CO)-
(DXE)2

+ (m/z 264) resulting of DXE association to Fe(CO)-
DXE)+, is also detected in very minor amount (not shown in
Figure 1a).

To check the origin of H atoms, the ions produced in the
Fe(CO)2+ + DXE and in the Fe(CO)2

+ + dDXE system were
compared. The abundance curves obtained in the case of Fe-
(CO)2+ reacting with dDXE are very similar to those of DXE
depicted in Figure 1a, except that the correspondingm/z values
are shifted. Each product from dDXE appears as a singlem/z
value, indicating that in the course of the successive reactions
no scrambling occurs between the central H and terminal D
atoms.

Table 1 shows the mass differences between the Fe(CO)2
+

+ DXE and the Fe(CO)2
+ + dDXE systems. For example, the

m/z 176 ion with DXE becomesm/z 184 with dDXE. The Fe-
(CH2O)(DXE)+ structure was then attributed to this ion, the
methanal ligand coming from a terminal carbon atom in the
dimethoxyethane. Them/z208 ion becomesm/z220 with dDXE,
indicating that it includes four terminal methyl groups from
DXE. This suggests an Fe(OCH3)2(DXE)+ or related structure.
This ion is probably an analogue of them/z 118 ion obtained
in the Fe(CO)+ + DXE system, with an additional DXE ligand.
An accurate study ofm/z 118 ion from Fe(CH3OOCH3)+ has
shown that the initially formed structure Fe(OCH3)2

+ is easily
isomerized into Fe(OCH2)(CH3OH)+.36 Moreover, the corre-
sponding activation barrier may be significantly lowered by the
presence of an additional ligand, as demonstrated in a similar
case of isomerization, namely Fe(OCH3)+ to HFe(OCH2)+.37

Thus, them/z 208 ion may have either or both of the two
isomeric structures Fe(OCH3)2(DXE)+ and Fe(OCH2)(CH3OH)-
(DXE)+. In the following, it will be written as Fe(OCH3)2-
(DXE)+.

The product formulas and the shape of the abundance curves
suggest the reaction scheme depicted in Scheme 1. Channel 1a
corresponds to primary formation of Fe(DXE)+ which gives
exclusively Fe(CH2O)(DXE)+ through reaction with DXE, while
channel 1b corresponds to Fe(CO)(DXE)+ which leads to
various products. This filiation scheme was confirmed by
continuous selective ejection experiments.5

At this stage alternative schemes are also conceivable,
particularly concerning them/z 208 ion for which the selective
ejection experiments were inconclusive due to its low amount.
As will be shown in the following, this particular reaction
scheme has been chosen because of its consistency with the
whole set of experimental data.

Fitting of the kinetics of these successive reactions was
initially tried out by using the simple kinetic scheme obtained
by assignment of a rate constant to each of the successive and
parallel steps of the reaction scheme. The result is depicted in

Figure 1b (zoom of some significant ions of Figure 1a), showing
that this simple fit is not appropriate. Use of a simple kinetic
law with other conceivable reaction schemes could not fit the
experimental data either. This indicates that the reactivity of
the ions involved is strongly energy-dependent, as already
observed in the chemistry of dimethyl ether cationic iron
complexes. Therefore, the rate constants appear as time-
dependent, since the reactions of a given ion compete with
collisional relaxation which decreases its energy. For instance,
them/z 266 ion Fe(CO)(DXE)2+, resulting from DXE associa-
tion to Fe(CO)(DXE)+, appears with a time lag so that its short
time dependence is not accounted for by the simple kinetic fit.
This is due to the fact that the Fe(CO)(DXE)+ ions cannot
undergo efficient association as soon as they are formed, because
they are hot since they arise from an exothermic substitution
reaction. The method used to take this energy dependence into
account in the kinetic modeling has been previously described.5

It is based on the representation of an intermediate ion by two
or more species with different reactivities, corresponding to
different average internal energies. In the kinetic scheme, these
species are successively converted to each other through
relaxation steps. Obtaining an adequate fit of the experimental
curves requires that three species are used for Fe(CO)(DXE)+,
as for Fe(CH2O)(DXE)+. The reactivity of the former ion is
remarkably dependent on the energy, since it leads to four
different products: Fe(CH2O)(DXE)+, Fe(OCH3)2(DXE)+, Fe-
(DXE)2

+, and Fe(CO)(DXE)2+, seemingly in decreasing order
of Fe(CO)(DXE)+ average energy.

To confirm this hypothesis and to get more information about
the energy dependence of the reactivity, the reaction was
performed under different conditions of collisional and radiative
relaxation.

1.3. Radiative Relaxation of Fe(CO)2+. Studying the
dependence of product distribution with the relaxation time of
the Fe(CO)2+ reactant ions gives us qualitative information on
the energy dependence of the primary reaction and an estimation
of the characteristic time associated with radiative cooling of
the Fe(CO)2+ ions resulting from electron ionization.

These experiments are performed by varying the relaxation
time allowed to the Fe(CO)2

+ reactant ions trapped in the second
cell of the FT-ICR instrument before they are transferred to the
third cell for reaction. The relaxation of the Fe(CO)2

+ ions
trapped in the second cell proceeds mainly by radiative cooling,
since this cell is maintained at very low pressure. The third cell
contains DXE at a constant pressure of 1.0× 10-6 Torr. The
reaction time of the Fe(CO)2

+ ions with DXE in this cell is

TABLE 1: Proposed Connectivities for the Different Ions
Observed in the Fe(CO)2+ + DXE System, Based on the
Mass Differences between Corresponding Ions in the dDXE
and DXE Systems, Where the Hydrogen Atoms Replaced by
D in the dDXE System Are Indicated by Bold Characters

m/z in DXE
system

m/z (dDXE) -
m/z (DXE)
difference proposed structure

146 6 Fe(CH3OCH2CH2OCH3)+

174 6 Fe(CO)(CH3OCH2CH2OCH3)+

176 8 Fe(CH2O)(CH3OCH2CH2OCH3)+

208 12 Fe(OCH3)2(CH3OCH2CH2OCH3)+

236 12 Fe(CH3OCH2CH2OCH3)2
+

264 12 Fe(CO)(CH3OCH2CH2OCH3)2
+

266 14 Fe(CH2O)(CH3OCH2CH2OCH3)2
+

SCHEME 1: Ion-Molecule Reactions Observed in the
Fe(CO)2+ + DXE System
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kept constant, equal to 50 ms, while the relaxation time in the
second cell is varied up to 1 s. Note that contrary to the
experiments described in the preceding section, these experi-
ments do not involve following the reaction progress, but use a
fixed reaction time corresponding to incomplete consumption
of the reactant. Therefore, unreacted parent ions remain present
for all values of the relaxation time. Under these conditions,
the only ions observed are Fe(CO)2

+, Fe(DXE)+, Fe(CO)-
(DXE)+ and Fe(CH2O)(DXE)+. The relative intensity of Fe-
(CO)2+ ions is constant and equal to 0.05, whatever the
relaxation time. Ion Fe(DXE)+ is formed faster than Fe(CO)-
(DXE)+ and is rapidly converted to Fe(CH2O)(DXE)+, so that
we can estimate that the Fe(CH2O)(DXE)+ ion present at this
stage arises from Fe(DXE)+ through channel (1a), while Fe-
(CO)(DXE)+ has not yet reacted significantly. The sum of the
relative intensitiesIFe(DXE)+ + IFe(CH2O)(DXE)+, is therefore
proportional to the relative importance of channel 1a, while the
relative intensityIFe(CO)DXE+ is proportional to channel 1b. Figure
2 depicts the evolution of these two channels with Fe(CO)2

+

relaxation time.
Channel (1a) decreases when the relaxation time increases,

suggesting that these ions are issuing from excited Fe(CO)2
+*.

The sum of the relative intensitiesIFe(DXE)+ + IFe(CH2O)(DXE)+ is
directly related to the proportion of ions having enough internal
energy to lead to Fe(DXE)+, after a double substitution.
Assuming that the average energy of parent ions decreases
exponentially as a function of the relaxation time, theIFe(DXE)+

+ IFe(CH2O)(DXE)+ sum decreases according to an exponential. As
the sum of the intensities of the ions is equal to 1, the
dependences of the relative intensities of the different ions
against the relaxation timet can be fitted by the following
expressions:

As shown in Figure 2, this model accounts for the experi-
mental curves. The fit leads to a characteristic radiative cooling
time τ ) 170 ( 50 ms.

It may seem surprising that the relative intensity of Fe(CO)2
+

ions does not depend on the relaxation time, which means that

the global rate constant for the sum of the two channels is not
energy-dependent. As a possible explanation, both channels
probably begin with the same step: substitution of one CO
leading to Fe(CO)(DXE)+* which may fragment or not depend-
ing on its internal energy, itself related to the internal energy
of Fe(CO)2+ reactant:

This reaction is strongly exothermic (as CO is replaced by a
bidentate ligand). Its rate constant likely remains close to the
capture rate constant and does not depend on the energy of
reacting Fe(CO)2+. Consistently with this hypothesis, we find
that the global rate constant for Fe(CO)2

+ decay is 15.0× 10-10

cm3‚molecule-1‚s-1, i.e., 99% of the capture rate constant
kC(Fe(CO)2+ + DXE) ) 15.2× 10-10 cm3‚molecule-1‚s-1.

1.4. Cooling the Reaction Mixture with Argon. To adjust
the average energy contents of the reactant and intermediate
ions, the reaction mixture was cooled with argon by using a
variable argon pressure. Increase of the argon pressure has a
dramatic effect on the shape of the abundance curves, leading
for example to a strong decrease of the Fe(CH2O)(DXE)+

intensity.
All the sets of curves corresponding to different argon

pressures can be modeled using the same kinetic scheme,
outlined in Scheme 2. In this scheme, some of the ions are
represented by several species designated as a, b, ..., representing
decreasing energy content. These species concurrently undergo
collisional cooling, for instance from a to b, and reaction leading
to other chemical species. The number of intermediates used
for a given mass results from a compromise between two
requirements: obtaining a satisfactory fit and avoiding non-
identifiability of the parameters. Note that the bayesian method
supplies accurate information on both of these points. For
instance, it reveals a strong correlation between the individual
rate constants of successive collisional cooling steps, which
could be expected since the intermediate species are only defined
by their decreasing average energy. Thus, the values of these
rate constants have little meaning and are not mentioned in
Scheme 2. To get essential information about an energy-

Figure 2. Dependence of Fe(CO)(DXE)+ (1) and Fe(DXE)+ with its
daughter ion Fe(CH2O)(DXE)+ (2) with the relaxation time of Fe-
(CO)2+ ions in the second cell.

IFe(CO)2+ ) A ) 0.05

IFe(DXE)+ + IFe(CH2O)(DXE)+ ) B + C exp(- t
τ)

IFe(CO)(DXE)+ ) (1 - A - B) - C exp(- t
τ)

SCHEME 2: Kinetic Scheme of the Fe(CO)2+ + DXE
System Used Whatever the Argon Pressurea

a The m/z ratio of the different ions is indicated in brackets. The
rate constants for zero argon pressure are expressed in 10-10

cm3‚molecule-1‚s-1, along with their uncertainties. Two or more species
(for the same ion) labeled as a, b, ..., of different reactivities are used,
when necessary, in order to get a good agreement between experimental
and fitted curves.

Fe(CO)2
+* + DXE f Fe(CO)(DXE)+* + CO
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dependent reaction, it is preferable to derive average rate
constants for each reaction channel, as described further for the
Fe(CO)DXE+ ion.

The set of rate constants was separately optimized for each
argon pressure. For some of the reactions the rate constants
found for the different argon pressures are very similar, lying
within a (30% range in comparison with zero argon pressure.
This indicates that these reactions are not very energy-dependent.
Only the corresponding rate constants appear on Scheme 2. In
contrast, the rate constants of the steps involved in energy-
dependent reactions were found to depend strongly on the argon
pressure. Among these, the rate constants of the collisional
relaxation steps increase with argon pressure, i.e., with collision
frequency. The (1a)/(1b) branching ratio decreases when the
argon pressure increases, as expected since the direct substitution
of two CO by one DXE requires more energy than the
substitution of one CO.

The reactivity of Fe(CO)(DXE)+ ions was particularly
examined. Since the individual rate constants for energy-
dependent species have no direct chemical meaning, we
evaluated the average rate constant for each channel as described
in the following. The channel leading to ion 208, Fe(OCH3)2-
(DXE)+, will be taken as an example. This channel is the most
complicated one in the kinetic scheme relative to Fe(CO)-
(DXE)+, since 208 ions are formed both from 174a and 174b
species of Fe(CO)(DXE)+ ions. The average rate constant〈k208〉
is the sum of two terms: one is the individual rate constant for
the 174af 208 step, the other corresponds to the rate of the
global transformation 174af 174bf 208 and can be calculated
from the individual rate constants at the argon pressure
considered. The other average rate constants〈k176〉, 〈k236〉 and
〈k264〉 involving the transformations 174af 176, 174af
174bf 236, and 174af 174bf 174cf 264, respectively,
are determined similarly.

For each product ion and each argon pressure we also
evaluated the average number of collisionsNc undergone by
Fe(CO)(DXE)+ before leading to this particular product.2,3 For
a given argon pressureNc depends on the nature of the product
ion: it increases in the order 176, 208, 236, 264; i.e.,Nc is
smaller for the products formed from hotter ions. The average
rate constants are plotted against the corresponding average
number of collisions and are represented in Figure 3.

The average rate constant of the channel leading to 176
decreases with increasing number of collisions, and this channel
disappears completely at highNc. This suggests that formation
of Fe(CH2O)(DXE)+ from Fe(CO)(DXE)+ is an endothermic
reaction. By contrast, the average rate constant of simple CO
substitution leading to Fe(DXE)2

+ (m/z 236) increases with
increasingNc, while the rate constant of formation ofm/z 208
ion is nearly independent ofNc. The relative importance of the
association reaction leading to Fe(CO)(DXE)2

+ (m/z 264)
increases steadily with increasingNc, as could be expected for
an association reaction involving collisional stabilization of the
excited intermediate.

These results suggest that the energy contents required for
the four reaction channels of Fe(CO)(DXE)2

+ increase in the
following order:

The sum of the average rate constants relative to the three
nonassociative reaction channels undergoes little variation on
the whole pressure range, in contrast with the branching ratio

between these channels. A possible interpretation lies in rate-
determining initial CO substitution by DXE leading to Fe-
(DXE)2

+*, whose evolution depends on its internal energy. The
corresponding CO substitution rate constant (sum of the
nonassociative rate constants: (4-4.6)× 10-10 cm3‚s-1) is only
about one-third of the capture rate constantkC(FeCODXE+ +
DXE) ) 1.38× 10-9 cm3‚s-1. This indicates that ca. two-thirds
of the collisions are either unreactive or correspond to substitu-
tion of the DXE ligand by another DXE molecule.

The preceding considerations are also consistent with the
reactivity of Fe(CH2O)(DXE)+ and the corresponding kinetic
scheme involving collisional relaxation: substitution of CH2O
by DXE in “hot” Fe(CH2O)(DXE)+ gives Fe(DXE)2+* with a
high energy content, which leads back to Fe(CH2O)(DXE)+ with
the neutral losses discussed further on. Therefore, collisional
relaxation of Fe(CH2O)(DXE)+ increases its reaction rate to Fe-
(DXE)2

+.
2. IRMPD Fragmentation of the Complexes of Interest.

The IRMPD spectroscopy of selectively prepared gas-phase ions
has been made possible by the coupling of a mobile FT-ICR
mass spectrometer with the infrared free electron laser (FEL)
CLIO.25 Other IR spectra of gas-phase ions were reported using
this instrument14,38-41 or the FEL FELIX.42-45 Irradiation of
mass-selected ions at a given wavelength leads to multiphoton
absorption resulting in ion fragmentation, if this wavelength is
absorbed by the ion. The nature and relative amount of the
fragments are monitored by mass spectrometry. The wavelength
dependence of the fragmentation amount provides the IR
spectrum of the ion.

2.1. Fe(DXE)2+. The Fe(DXE)2+ ions were irradiated for 500
ms with photons of wavelength ranging from 800 to 2000 cm-1.
The IR spectrum obtained (appearing as dashed line in Figure
6) has already been reported.14 Under the conditions used (full
laser power) three photofragment ions were observed: Fe-
(CH2O)(DXE)+, Fe(OCH3)2(DXE)+, and Fe(DXE)(H)+ in smaller
amounts. Dividing the laser power by nine by using two
attenuators leads to the fragment-resolved spectrum depicted
in Figure 4, showing only the strongest absorption band.

Under these conditions Fe(OCH3)2(DXE)+ remains the major
fragment, while Fe(DXE)(H)+ is not detected. This suggests

Fe(CO)(DXE)2
+ < Fe(DXE)2

+ < Fe(OCH3)2(DXE)+ <

Fe(CH2O)(DXE)+

Figure 3. Dependence of the average rate constants with the average
collision numberNc (see text) undergone by the Fe(CO)(DXE)+ ions
before they react with DXE:m/z176, Fe(CH2O)(DXE)+ (green square);
m/z208, Fe(OCH3)2(DXE)+ (red triangle);m/z236, Fe(DXE)2+ (green
tilted square);m/z264, Fe(CO)(DXE)2+ (blue triangle); sum of all rate
constants (×); sum of all rate constants without association reactions
(+).
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that Fe(OCH3)2(DXE)+ is the primary fragmentation product.
It was confirmed by a separate experiment performed at a fixed
wavelength of 1018 cm-1, where the irradiation intensity was
changed by varying attenuation. The evolution of the photo-
fragment relative amount as a function of the irradiation
intensity, depicted in Figure 5, shows that Fe(OCH3)2(DXE)+

tends to be the only fragment at low intensity. In addition,
photofragmentation of mass-selected Fe(CH2O)(DXE)+ ion
performed at 1018 cm-1 allowed to check that this ion is not
fragmented to Fe(H)(DXE)+.

Therefore, we can suggest the following sequential fragmen-
tation scheme:

The secondary fragmentation step is probably due to light
reabsorption by Fe(OCH3)2(DXE)+ Since the absorption bands

of Fe(DXE)2+ (a strong one between 1000 and 1100 cm-1, and
a weaker one around 1450 cm-1) are characteristic of the DXE
ligand, they should also exist at similar wavelengthes in the
absorption spectrum of Fe(OCH3)2(DXE)+, allowing this reab-
sorption. Unfortunately the IR spectrum of Fe(OCH3)2(DXE)+

could not be recorded directly because of the very low relative
abundance available for this ion.

Alternatively, it cannot be excluded that IRMPD of Fe-
(DXE)2

+ produces some “hot” Fe(OCH3)2(DXE)+ ions having
enough internal energy to undergo further fragmentation. This
might be due to the energy barrier required for reaching the
transition state associated with ethene loss by the DXE ligand.
Such an effect would likely be favored by a high laser power.

The branching ratio of the secondary fragmentation step
clearly depends on the intensity of absorbed light, since Fe-
(H)(DXE)+ is not formed at low intensity. A tentative mech-
anism involving the isomerization ability of the groups Fe+-
(OCH3)2

46 and Fe+-OCH3
37 may be written as follows:

The [C, H3, O]• neutral formed from Fe(OCH3)2(DXE)+

fragmentation may be either a methoxy radical CH3O• or a
hydroxymethyl radical•CH2OH. While the latter is more stable
by 26 kJ mol-1,47 the former seems to result from a more direct
cleavage.

Homolytic methoxy (or hydroxymethyl) loss from Fe(OCH3)2-
(DXE)+ probably requires significantly more energy than the
pathway leading to Fe(CH2O)(DXE)+. This might explain why
HFe(DXE)+ is not observed under the “slow heating” conditions
corresponding to low laser power.

2.2. Fe(CO)(DXE)2+. The Fe(CO)(DXE)2+ ions were pre-
pared by reaction of mass-selected Fe(CO)n

+ (n ) 3 and 4)
with DXE. Mass-selected Fe(CO)(DXE)2

+ ions have been
irradiated for 1240 ms with photons of wavelength ranging from
930 to 2200 cm-1. The experimental spectrum for an average
laser power of 550 mW is presented in Figure 6.

The characteristic features of both types of ligands appear
on the spectrum: for wavenumbers below 1900 cm-1 a strong

Figure 4. Relative intensity of the different ions as a function of the
wavenumbers using a set of two attenuators, which divide the laser
power by nine. The intensity of the parent ion Fe(DXE)2

+ is represented
in black; the intensities of the two photofragment ions observed, Fe-
(OCH3)2(DXE)+ and Fe(CH2O)(DXE)+, are respectively represented
as dashed and gray lines.

Figure 5. Relative intensity of the different photofragments resulting
from Fe(DXE)2+ as a function of the laser intensity:m/z 147, Fe(H)-
(DXE)+ (b); m/z 176, Fe(CH2O)(DXE)+ (9); m/z 208, Fe(OCH3)2-
(DXE)+ (1). The lines are just interpolations of the experimental points.

Fe(DXE)2
+ f Fe(OCH3)2(DXE)+ + CH2dCH2

Fe(OCH3)2(DXE)+ f Fe(CH2O)(DXE)+ + CH3OH

f Fe(H)(DXE)+ + [C2, H5, O2]
•

Figure 6. Infrared spectrum of Fe(CO)(DXE)2
+. The infrared spectrum

of Fe(DXE)2+ is given as a dashed line for comparison.

Fe(OCH3)2(DXE)+ / Fe(OCH2)(CH3OH)(DXE)+

f Fe(CH2O)(DXE)+ + CH3OH

f Fe(OCH3)(DXE)+ + [C, H3, O]•

Fe(OCH3)(DXE)+ / [HFe(OCH2)(DXE)+]* f

HFe(DXE)+ + CH2O
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similarity is observed between the spectra of Fe(CO)(DXE)2
+

and Fe(DXE)2+, while the spectrum of the former presents an
additional band at 1972 cm-1, i.e., in the CdO stretching region.

Table 2 presents the positions and relative intensities of the
different bands observed. Although no quantum chemical
calculations were performed on Fe(CO)(DXE)2

+, the assignment
of the vibration modes can be made from comparison with the
Fe(DXE)2+ spectrum, in which the bands were assigned using
the theoretical spectrum from ab initio calculations.14

The fragment-resolved spectrum is depicted in Figure 7. Four
main photofragment ions are observed: Fe(DXE)2

+, Fe(OCH3)2-
(DXE)+, Fe(CH2O)(DXE)+, and Fe(CO)(DXE)+. This spectrum
was recorded with use of an attenuator (dividing the laser power
by three), to avoid the presence of additional ions from further
sequential fragmentation. Only two photofragments appear
around 1970 cm-1: Fe(DXE)2+ and Fe(CO)(DXE)+, corre-
sponding to the loss of CO and DXE ligands, respectively. The
two other fragments are those obtained from photofragmentation
of Fe(DXE)2+. This suggests the following fragmentation
scheme:

In the 1970 cm-1 range, where Fe(DXE)2
+ has no absorption

band, no further fragmentation occurs. By contrast, the other
bands of the Fe(CO)(DXE)2

+ spectrum are also present in the
spectrum of Fe(DXE)2+, so that Fe(DXE)2+ can absorb IR
photons and fragment according to

In the 1050 cm-1 region Fe(DXE)2+ has a strong absorption
band. Thus, the Fe(DXE)2

+ ions produced by primary photo-
fragmentation of Fe(CO)(DXE)2

+ undergo light reabsorption
and subsequent fragmentation as discussed above. This explains
the particular shape of the Fe(DXE)2

+ curve, showing an
intensity depletion in the 1050-1080 cm-1 region where the
absorption efficiency is highest for both Fe(CO)(DXE)2

+ and
Fe(DXE)2+ ions.

To check the proposed scheme, the number of macropulses
has been varied for a fixed wavelength (1039 cm-1). The
branching ratio between Fe(DXE)2

+ summed with its daughter
ions, and Fe(CO)(DXE)+, is plotted in Figure 8 against the
number of macropulses. This branching ratio remains constant
(0.61) with no visible trend, confirming that Fe(DXE)2

+ and
Fe(CO)(DXE)+ are both primary fragments from the Fe(CO)-
(DXE)2

+ ions. However, their branching ratio is observed to

be dependent on the laser intensity: the proportion of Fe(CO)-
(DXE)2

+ decreases at low laser intensity.
3. Thermochemistry. Ab initio calculations have been

performed on iron complexes, to determine the thermochemistry
of reactions experimentally observed. Results concerning Fe-
(CO)2+ 3 and Fe(DXE)+ bound by one or two oxygen atom(s),
as well as Fe(DXE)2+ bound by two, three, or four oxygen
atoms14 have been already published. Other structures have been
calculated, among which the Fe(CO)(DXE)+ (bound by one or
two oxygen atom(s)) and Fe(CH2O)(DXE)+ (bound by two
oxygen atoms) ions. Preliminary results are given below. Details
of ab initio calculations will be published elsewhere. The main
conclusions (concerning the reaction enthalpies at 0 K) are as
follows:

•The substitution reaction of one CO by one DXE, when
starting from the Fe(CO)2

+ ion, is always an exothermic process,
whatever the coordination mode of the dimethoxyethane.

•On the contrary, the substitution reaction of 2 CO by one
DXE is always an endothermic reaction. However, this endo-
thermicity is quite low (28 kJ mol-1) when dimethoxyethane

TABLE 2: Band Positions and Relative Intensities of the
Experimental IRMPD Spectra of Fe(DXE)2+ and
Fe(CO)(DXE)2+ Ions, along with an Approximate
Description of Each Mode

Fe(DXE)2+ [7] Fe(CO)(DXE)2+

tentative assignment
position
(cm-1)

relative
intensity

position
(cm-1)

relative
intensity ligand type of vibration

1056 1.00 1062 1.00 DXE Cterminal-O stretching
1188 0.20 1193 0.20 DXE }1244 0.20 1249 0.10 DXE CH2 twist; CH3 rock
1275 0.15 1287 0.10
1473 0.40 1456 0.33 DXE CH3 deformation;

CH2 scissoring
1972 0.88 CO CdO stretching

Fe(CO)(DXE)2
+ f Fe(CO)(DXE)+ + DXE

f Fe(DXE)2
+ + CO

Fe(DXE)2
+ f Fe(OCH3)2(DXE)+ + CH2dCH2

Fe(OCH3)2(DXE)+ f Fe(CH2O)(DXE)+ + CH3OH

Figure 7. Evolution of the photofragments resulting from Fe(CO)-
(DXE)2

+ as a function of energy (cm-1). m/z174, Fe(CO)(DXE)+ (red);
m/z176, Fe(CH2O)(DXE)+ (green);m/z208, Fe(OCH3)2(DXE)+ (blue);
m/z 236, Fe(DXE)2+ (dark green). The sum of the different photofrag-
ments is represented in gray.

Figure 8. Evolution of the branching ratioIFe(DXE)2+/IFe(DXE)2+ +
IFe(CO)(DXE)+ (each term referring to the intensity of the corresponding
ion) between Fe(DXE)2

+ (with its daughter ions) and Fe(CO)(DXE)+

as a function of the number of macropulses. The dashed line indicates
the average branching ratio value.
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interacts with the metallic center with its two oxygen atoms.
That is why this reaction is observed, as soon as Fe(CO)2

+ ions
have a small energy excess.

•The Fe(CH2O)(DXE)+ formation, when starting from Fe-
(DXE)+ ions and DXE, is always an exothermic reaction,
whatever the nature of neutrals in the reaction.

•The substitution reaction of methanal by DXE in the Fe-
(CH2O)(DXE)+ complex is exothermic when the four oxygen
atoms interact with iron in the final Fe(DXE)2

+ ion.
•When starting from Fe(CO)(DXE)+, the formation of ion

Fe(CH2O)(DXE)+ is either a thermoneutral reaction (7 kJ mol-1)
or an endothermic one (55 kJ mol-1), depending on the nature
of the neutral products: ethylmethyl ether, or ethene+
methanol. This is consistent with the fact that the more argon
there is in the reaction mixture, the less Fe(CH2O)(DXE)+ is
detected.

The relevant reaction enthalpies are used for the construction
of Scheme 5.

4. Mechanism of C)O Activation. 4.1. Regioselectivity.
The first step of the reactions or fragmentations involving DXE
activation is necessarily the insertion of the metal into a C-O
bond of DXE. By contrast with DME, insertion may involve
either of two nonequivalent sites, O-Cterminalor O-Ccentralbond.
The nature of all the reaction or fragmentation products obtained
indicates that the insertion which affords the products proceeds
into the O-Ccentralbond, as depicted in Scheme 3. Insertion in
the O-Cterminal bond would give a RCH2-O-Fe+-CH3 inter-
mediate leading to methane or methyl radical elimination, in
analogy with the reactivity of DME complexes.5 None of these
channels has been observed in any of our experiments. The same
regioselectivity (cleavage of the O-Ccentral bond and not the
O-Cterminal) has already been evidenced in the case of the
Fe+ + CH3(OCH2CH2)3OCH3 system.48 The observed regiose-
lectivity may result from either of two possible mechanisms:

(i) rate-determining iron insertion occurring preferentially into
the O-Ccentralbond, followed by fast dissociation of the inserted
intermediate, (ii) reversible insertion of iron into one or both
O-C bonds, followed by rate-determining dissociation which
would be faster for the O-Fe-Ccentralinserted intermediate than
for the O-Fe-Cterminal one.

4.2. Comparison of Ion-Molecule Reaction Products with
IRMPD Products. While it could have been expected that
IRMPD of Fe(DXE)2+ and ion-molecule reaction of Fe(DXE)+

with DXE would lead to the same primary products, it is
important to note that it is not the case: the ion-molecule
reaction affords Fe(CH2O)(DXE)+ only (we have checked that
this reaction does not give Fe(OCH3)2(DXE)+ ions) and the Fe-
(DXE)2

+ primary photofragmentation leads to Fe(OCH3)2-
(DXE)+. Similarly, the Fe(CO)(DXE)2+ photofragmentation
leads to the two products Fe(DXE)2

+ and Fe(CO)(DXE)+, while
the nonassociative reaction of Fe(CO)(DXE)+ with DXE gives
three products as depicted in Scheme 1. As explained in the
following, these differences are due to the energy dependence
of the evolution of the excited intermediate ions involved,
specifically Fe(DXE)2+*.

4.3. Mechanism of DXE Activation and Nature of the
Neutral Products. The intermediate formed in the reaction of
Fe(DXE)+ with DXE results from insertion of the iron atom in
the O-Ccentral bond of DXE (Scheme 3). Two possible mech-
anisms for the evolution of this intermediate are shown in
Scheme 4.

The two mechanisms differ in the nature of the neutral
molecules formed: CH3OC2H5 for the “A” mechanism and
CH2dCH2 + CH3OH for the “B” mechanism.

The first mechanism is similar to the one proposed in the
case of dimethyl ether complexes.5 The initially formed ion-
molecule complex may evolve through metal insertion in the
Ccentral-O bond of dimethoxyethane. The resulting species may
then undergo an H atom transfer from the methoxy ligand
leading to Fe(DXE)(CH2O)(CH3CH2OCH3)+ and finally to the
products Fe+(DXE)(CH2O) and CH3OC2H5. The formation of
CH3OC2H5 from CH2dCH2 + CH3OH is exothermic by 68
kJ‚mol-1;47 therefore, mechanism A corresponds to the most
exothermic channel.

However, the second mechanism is much more likely when
considering the whole set of data. It involves successive
elimination of the neutrals CH2dCH2 and CH3OH. The first
step leads to excited Fe(OCH3)2(DXE)+, which undergoes
isomerization to Fe(OCH2)(CH3OH)(DXE)+ followed by metha-
nol loss. This is consistent with the Fe(DXE)2

+ photofragmen-
tation pathway, leading to Fe(OCH3)2(DXE)+ as primary product
and Fe(DXE)(CH2O)+ from its further fragmentation. In the Fe-

SCHEME 3: First Step of the Fe(DXE)+ + DXE
Reactiona

a The insertion of iron can be either in the O-CTerminal (upper part)
or in the O-CCentral (lower part) bond.

SCHEME 4: Two Possible Mechanisms for the Fe(DXE)+ + DXE f Fe(CH2O)(DXE)+ Reaction, Corresponding to
Formation of Different Neutrals: CH 3OC2H5 for Mechanism A and CH2dCH2 + CH3OH for Mechanism B
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(DXE)+ + DXE ion-molecule system, the excited Fe(OCH3)2-
(DXE)+ intermediate has enough energy for immediate methanol
loss, leading directly to the Fe(CH2O)(DXE)+ ion.

The mechanism of the Fe(DXE)+ + DXE reaction can
therefore be described as the (B) mechanism, the neutrals
produced being CH2dCH2 + CH3OH.

4.4. Dependence of the Evolution of Fe(DXE)2
+* with Its

Internal Energy. The product distributions observed in the Fe-
(CO)(DXE)+ + DXE reaction and in the sequential photofrag-
mentation of Fe(CO)(DXE)2

+ are compared as follows: Fe-
(CO)(DXE)+ ions of high internal energy lead directly to
Fe(CH2O)(DXE)+ (tertiary photofragmentation product); ions
of intermediate energy give Fe(OCH3)2(DXE)+ (secondary
photofragmentation product), whereas ions of lower energy
afford Fe(DXE)2+ (primary photofragmentation product).

The primary photofragmentation of Fe(CO)(DXE)2
+ ions

leads to Fe(CO)(DXE)+ concurrently with Fe(DXE)2+. The
DXE loss becomes the major channel when the laser power
increases. This is consistent with thermochemistry since DXE
is more strongly bound than CO to Fe(DXE)+. This is also
consistent with the fact that the rate of conversion of Fe(CO)-
(DXE)+ to Fe(DXE)2+ is lower for “hot” Fe(CO)(DXE)+ ions
than for the “cold” ones (relaxation step in the kinetic modeling,
and Figure 3): the proportion of DXE loss in Fe(CO)(DXE)2

+

photofragmentation corresponds to the proportion of Fe(CO)-

(DXE)2
+* intermediate going back to the Fe(CO)(DXE)+ +

DXE reactants in the ion-molecule reaction.
The energetics of the relevant systems are figured in Scheme

5. The reactive and photofragmentation pathways interconnect-
ing these systems are summarized on the same scheme. For
each reactive pathway an energy range is available for the
product, since products with a lower energetic content than the
reactants can be reached through collisional relaxation.

Yet no attempt has been made to get a more accurate
characterization of the energy distribution of the reacting ions,
for instance in terms of effective internal energy.49,50The effect
of radiative or collisional relaxation on the effective internal
energies (or the effective temperature) of the reactant and
intermediate ions is an interesting point requiring further study.

Conclusion

The mechanism of C-O activation in the Fe(DXE)+ + DXE
system has been shown to involve ethene loss followed by
methanol loss (Scheme 4B). This pathway is definitely different
from the mechanism of C-O activation in the Fe(DME)+/DME
system, which proceeds by H transfer. A similar H transfer
reaction in the Fe(DXE)+ + DXE system (Scheme 4A), leading
to the same Fe(CH2O)(DXE)+ product ion and ethylmethyl
ether, would be more exothermic than the C-O activation
pathway which is actually followed. Therefore, we come to the
conclusion that the reaction is kinetically controlled and that
the successive ethene and methanol losses involve lower
activation barriers than those associated with H transfer leading
to ethylmethyl ether loss. The nature of the IRMPD products
of Fe(DXE)2+ has played a crucial role in this elucidation, since
the gradual energy supply to the system allows to separate the
two successive dissociation steps, while it is not possible in the
direct Fe(DXE)+ + DXE ion-molecule reaction.

The nature of the IRMPD fragmentation products also gives
qualitative information about the dissociation energy barriers
and the ligand effects associated with their heights. For instance,
in Fe(DXE)2+ the barrier for ethene loss from the DXE ligand
appears lower than the barrier for DXE loss, which is not
observed. By contrast, in Fe(CO)(DXE)2

+ ethene loss is not
observed, showing that the corresponding barrier is higher than
the barriers for the two possible ligand losses, i.e., DXE loss
and CO loss which corresponds to the lowest energy.

The IRMPD results and the results of kinetic studies of ion-
molecule reactions are consistent and complementary. While
IRMPD probes the lowest energy dissociation channels, kinetic
studies of ion-molecule reactions probe higher energy contents
of the system.

The reactivity of the Fe(CO)(DXE)+ + DXE system is
particularly dependent on its energy content. Among the
different reaction products, ion Fe(OCH3)2(DXE)+ (m/z 208),
obtained only within a restricted energy range, may call for
further structural and reactivity studies due to the versatility of
its binding mode. The energy dependence of the evolution of
the Fe(DXE)2+* intermediate ion is thus remarkable in a
relatively narrow energy range: a few tenths of an electronvolt.
In this respect, the kinetic modeling method which consists of
building a kinetic scheme using two or more species with
different reactivities for the same intermediate ion, along with
bayesian data analysis, appears as a very powerful tool in order
to model and understand these energy-dependent reactions.
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SCHEME 5: Energetics of the Different Ions Met in the
Fe(CO)2+ + DXE System (Energies indicated in kJ
mol-1)a

a The energies of the relevant systems, figured by thin horizontal
bars, result from ab initio calculations, and refer to the (Fe(CO)2

+ + 2
DXE) system taken as energy zero. The thermochemistry of Fe(OCH3)2-
(DXE)+ and Fe(CO)(DXE)2+ has not been calculated yet. The ap-
proximate energy levels of the corresponding systems are figured by
thick grey bars. The vertical rectangles indicate the energetic regions
which can be reached by the corresponding reaction. The gray arrows
show the fragmentation patterns observed in the IRMPD experiments.
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(5) Le Caër, S.; Heninger, M.; Pernot, P.; Mestdagh, H.Phys. Chem.
Chem. Phys.2002, 4, 1855-1865.
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