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Theoretical Revisit of a Fe(CO)s-Catalyzed Water—Gas Shift Reaction
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We have revisited the water—gas shift reaction catalyzed by iron pentacarbonyl at the DFT-B3LYP level. The reaction
mechanism proposed by Rozanska and Vuilleumier (Inorg. Chem. 2008, 47, 8635—8640) has been followed and
revised. The results show that transition states TS4/5 and TS5/2_a actually connect other intermediates rather than
those suggested by Rozanska and Vuilleumier. Furthermore, the entire reaction has been proven to proceed with
processes 1 —2—3—4—6—7— 2. ltis the first time that species 6 and 7 are reported as intermediates for this

reaction mechanism.

Introduction

The water—gas shift reaction (WGSR), eq 1, plays an
important role in the chemical industry worldwide. It can be
used to regulate the CO/H, molar ratio in synthesis gas and in
fuel cells.

CO(g) + H20(g) — Ha(g) +COx(g) (1)

Homogeneous catalysis of the WGSR by transition-metal
carbonyls has attracted considerable attention because of its
mild conditions. Among all of those homogeneous catalysts,
iron pentacarbonyl is often chosen to extensively analyze the
reaction mechanisms e><perimentl¥.1’2 After extensive inves-
tigation, Sunderlin and Squires® postulated a Fe(CO)s-
catalyzed WGSR catalytic cycle based on experimental re-
sults, where species Fe(CO),, (CO)4FeH ™, and (CO)4FeH,
were included as intermediates. Torrent and co-workers®
precisely inspected Sunderlin and Squires’ mechanism by
means of theoretical methods and proposed a more detailed
mechanism as shown in Scheme 1.

In that catalytic cycle, the OH™ desorption from an iron
complex is, however, very energy-demanding, with an en-
thalpy change of AH = 308 kJ/mol in the gas phase, which
makes Scheme 1 unlikely to proceed, partly or entirely. In
view of that reason, Barrows® presented an associative
reaction mechanism where no OH ™ desorption was required
(Scheme 2).
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Nevertheless, the catalytic cycle in Scheme 2 is still not
perfect because the experimentally observed (CO)4FeH ™ was
not included. After a systematical analysis of the gas-phase
mechanisms in basic conditions, Rozanska and Vuilleumier
(RV)® developed a novel mechanism. This mechanism not
only included species (CO)4FeH™ but also excluded the
energy-demanding OH™ desorption, which made the reac-
tion cycle impossible (Scheme 3).

Although the mechanism in Scheme 3 seems to have
explained all observations, other paths are still possible. To
get more details and to facilitate a comparison with corre-
sponding complexes of other members in the iron group, i.¢.,
Ru(CO)s and Os(CO)s, we decided to revisit the iron penta-
carbonyl catalyzed reaction mechanism.

We recalculated the reaction pathways proposed by RV.°
The calculation results indeed showed a new transition state.
Extended investigations indicated that the transition states
TS4/5 and TS5/2_a provided by RV® should connect other
intermediates rather than those proposed. In this study, we
describe the reaction mechanism in detail.

Theoretical Methods

All reactions in Scheme 3 were traced carefully by using the
Frenking group’s standard basis set II,” which is the same as
that which Torrent et al.* applied for the WGSR. This basis
set uses a small-core effective core potential with a (441/2111/
41) valence basis set for the Fe atom and 6-31G(d,p) basis sets
for other atoms. Our previous works®? demonstrated that
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Scheme 1. Mechanism Proposed by Torrent et al. for a Fe(CO)s-
Catalyzed WGSR
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Scheme 3. Mechanism Proposed by Rozanska and Vuilleumier for a
Fe(CO)s-Catalyzed WGSR
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this basis set can very well reproduce the structures of
transition-metal complexes, such as Fe(CO)4L, where L
stands for a series of ligands. Geometrical optimizations
and vibrational frequency calculations were performed
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at the level of DFT-B3LYP' in Gaussian 03."' An extra
ffunction'> was added to the Fe atom for a better description.
Single-point energy calculations of B3LYP/II-optimized geo-
metries were carried out at the B3LYP level with a larger basis
set II++ for all reaction steps involved in the reaction
mechanism. [14+ is the same as I1 plus the addition of diffuse
functions for C, H, and O atoms, i.e., using 6-31++G(d,p).
All energy values are given at the B3LYP/II++//B3LYP/II
level with zero-point energy (ZPE) corrections.

Results and Discussion

Figure 1 displays our calculated energy profile for the
Fe(CO)s-catalyzed WGSR.

Obviously, the first half of this reaction cycle, namely, 1 —
2—3—4 (F igure la and Scheme 3), is consistent with RV’s
conclusion.® Differences appear regarding how compound 4
evolves back to co éoound 2 to complete the reaction cycle.

According to RV,” complex F eHz(CO)3COOH (4) trans-
formed to Fe(CO);COOH ™ (5) via transition state TS4/5 and
then to Fe(CO);COOH™ (2) via TS5/2_a. However, as we
can see from Figure 2, 5, 2, and TS5/2_a have different
relative configurations with respect to the COOH group. In
TS5/2_a, the H atom syn to C=0 in the COOH group is far
away from the Fe atom and equatorial CO groups. In
contrast, in both 5 and 2, this H atom is anti to C=0 in the
COOH group and adjacent to the iron carbonyl fragment.
This means that for the process of 5— 2 the COOH group has
to undergo a configurational or conformational change
twice, through either H migration or H rotatlon This change
might be possible but is surely difficult'® and indirect. The
process TS4/5—5 is also. Thus, there should be some other
paths or intermediates. Just as anticipated, we localized a new
transition state structure TS5/2_b. This find seemed to have
shed light on a possible solution for the aforementioned
problem because TS5/2_b s calculated to be 8.4 kJ/mol lower
in energy than RV’s type® TS5/2_a. Besides that, the relative
configuration of carboxyl for the transition state TS5/2_b is
obviously similar to that of both reactant 5 and product 2,
and the bond length of the C—O single bond in the COOH
group (1.378 A) is reasonably just between that of reactant 5
(1.374 A) and product 2 (1.392 A) Nonetheless, replacing
TS5/2_a with TS5/2_b alone is still not enough to perfect
the reaction mechanism. Therefore, we shifted focus from
the process S — 2 to the more complicated process 4 — 2,
which might, but not necessarily, include 5§ — 2. We
found three routes for the change of 4 — 2 (Figure 1b):
route A(4—6—7—2), route B4—6—8—5—2), and
route C (4—9— 10— 5—2). Itis obvious that 4 — S is not
a single step but a three-step process. One step is dehydro-
genation, and the other two are conformational changes by H
rotation around the C—O single bond and configurational
conversion through H transfer in the COOH group, respec-
tively. What is interesting is that, out of the three competing
paths, route A is the only one that contains no intermediate 5

(13) Additional calculations show that extra energy is required for both
rotational isomerization and migration of the H atom of the COOH group in
the iron carbonyl complexes. To activate an anti—syn isomerization, 5— 8, it
costs 43.7 kJ/mol (see Figure 1b and the Supporting Information). The H
migration will be even more difficult to perform because the energy barrier is
predicted to be 98.8 kJ/mol for 8 — 6. Note that the calculated energy
barriers for cis—trans transformation (rotational isomerization) and trans-
—trans conversion (H transfer) in HCOOH are 25.7 and 127.5 kJ/mol,
respectively.
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Figure 1. Energy profile of the gas-phase WGSR catalyzed by Fe(CO)s/OH ™ in Scheme 3, calculated at the level of B3LYP/II++ including ZPE

contributions at the level of B3LYP/II (in kJ/mol).

but is still the most favorable one! For this reason, in Figure 3,
only structures related to route A are displayed. The other
geometry structures are shown in the Supporting Information.
Figures 1 and 3 show that the intermediate 4 can directly
change into 6 through dehydrogenation, followed by the
formation of 7 via coordination of CO to 6. Finally 7
transforms into 2 by H rotation around the C—O bond of
the COOH group. Characterizations of the transition states
by means of intrinsic reaction coordinate calculations has
verified that TS4/6, TS6/7, and TS7/2 are all correct transi-
tion states that link individual reaction partners directly.
Surprisingly, the structure of TS4/6 is fully identical with that
of TS4/5, while the structure of TS6/7 is the same as that of
TS5/2_a. That is to say, it is not 5 but its isomer 6 on the
product side of TS4/6 or TS4/5, although 6 is 12.2 kJ/mol
less stable than 5 (see Figure 1a). As for TS5/2_a or exactly
TS6/7, the situation is even more interesting because it
actually connects the intermediates 6 and 7. The follow-up

conversion from 7 to 2 via TS7/2 can take place easily with an
energy barrier of 43.5 kJ/mol, releasing CO, and H,.

So far, the configurational changes of the COOH group for
those structures involved in the reaction mechanism are
reasonably clarified. The reaction cycle should be as follows:
processes 1 —2—3—4 followed by pathways4—6—7—2.
Our ongoing theoretical investigations of the WGSR with
ruthenium- and osmium-based catalysts will provide more
insight into the mechanism of this reaction.

Conclusions

Our calculation results show that TS5/2_a proposed by
RV® does not connect 5 and 2 directly. It actually connects
new intermediates 6 and 7, which are reported for the first
time. The single-step reaction 4 — 5 cannot take place as
suggested by RV® because there are two other intermediates
in this transformation process. In addition, neither of the two
routes that include 5, namely, route B(4 —~6—8 —~5—2)
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TS4/5
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Figure 2. Optimized geometries of 4, 5, 2, TS4/5, TS5/2_a, and TS5/2_b. Bond distances are given in angstroms.

TS7/2

Figure 3. Optimized geometries of 6, 7, and TS7/2. The bond distances are given in angstroms.

and route C (4 — 9 — 10 — 5 — 2), is favorable in energy.
The reaction may proceed with sequence 1 — 2 — 3 —
4 —6—7— 2 via TS4/6 and TS6/7.
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