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ABSTRACT: The chemical conversion of CO, has been
studied by numerous experimental groups. Particularly the use
of rhenium tricarbonyl-based molecular catalysts has attracted
interest owing to their ability to absorb light, store redox
equivalents, and convert CO, into higher-energy products.
The mechanism by which these catalysts mediate reduction,
particularly to CO and HCOQT, is poorly understood, and
studies aimed at elucidating the reaction pathway have likely
been hindered by the large number of species present in

solution. Herein the mechanism for carbon monoxide production using rhenium tricarbonyl catalysts has been investigated using
density functional theory. The investigation presented proceeds from the experimental work of Meyer’s group (J. Chem. Soc,
Chem. Commun. 1985, 1414—1416) in DMSO and Fujita’s group (J. Am. Chem. Soc. 2003, 125, 11976—11987) in dry DMF. The
latter work with a simplified reaction mixture, one that removes the photo-induced reduction step with a sacrificial donor, is used
for validation of the proposed mechanism, which involves formation of a rhenium carboxylate dimer, [Re(dmb)(CO),],(0OCO),
where dmb = 4,4-dimethyl-2,2"-bipyridine. CO, insertion into this species, and subsequent rearrangement, is proposed to yield
CO and the carbonate-bridged [Re(dmb)(CO);],(OCO,). Structures and energies for the proposed reaction path are presented

and compared to previously published experimental observations.

B INTRODUCTION

The utilization of carbon dioxide is a primary environmental
objective due to its role as a greenhouse gas.'~® The abundance
of CO, also makes it an attractive feedstock, similar to H,O and
N,, but the thermodynamic stability of these species makes
chemical conversion an energy-intensive process.9 With regard
to CO,, several metal-centered catalysts are capable of
mediating chemical conversion to higher-energy products,
including nickel, 10716 cobalt,"*”7** ruthenium,>>™3* rhe-
nium,>*™** and iron'®**~* complexes. The work herein is
focused on rhenium tricarbonyl photocatalysts, in particular
[fac-Re(2,2"bipyridine) (CO),X]", where the bipyridine may be
bare or functionalized and X is an axial ligand such as a halide
(n=0) or a solvent molecule (n = +1). Herein we use “axial” to
describe ligands perpendicular to the “equatorial” plane formed
by bipyridine, the metal, and two carbonyl ligands. Prior work
has shown that this catalyst, once irradiated in a CO,-saturated
solvent, yields two products: CO (major) and
OCHO™*****% The mechanisms for product formation,
however, are not well understood.

Mechanistic studies are hindered in part by the large number
of species present in solution, especially in the case of
photochemical reduction with a sacrificial electron donor,
which makes spectroscopic analysis difficult. Since catalytic
CO, reduction is preceded by reduction of the metal center,
sacrificial donors must be included in solution to quench the
excited metal center after irradiation. These sacrificial species,
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often tertiary amines, are added in excess, and the oxidized,
open-shell products participate in several decomposition
pathways.***” Subsequent byproducts continue to react with
species in solution, which makes elucidation of the specific
reaction path difficult. Previously, amines have been proposed
as both proton and electron sources for reduction,”™ > but
CO, can also be reduced in the absence of such species.*>”'

We note that in published mechanistic studies, several steps
have been observed after the metal center has been
reduced."”*>! First the axial ligand (X) dissociates, leaving a
S-coordinate (17 ) complex. This neutral radical is trapped
by coordinating solvents such as acetonitrile and dimethylfor-
mamide (DMF) to form a 6-coordinate (“19 ™ ”) species with
the unpaired electron on the bipyridine ligand. An equilibrium
between the 5- and 6-coordinate species allows for potential
CO, coordination at the axial position.>” Further steps have
been postulated in previous experimental publications to
include dimer formation,™ carboxylic acid formation,>* and/
or outer-sphere electron transfer.*

One way to simplify the reaction is to remove the
photoexcitation step. This can be achieved by monitoring
CO, reduction on an electrode-immobilized catalyst, or a
catalyst in a solution with supporting electrolyte using an
electrochemical method.>** Alternatively, the one-electron-
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Scheme 1. Proposed Reduction Pathway
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Figure 1. Standard enthalpy profile. AH*(DMF) energies shown in kcal mol™". The isomerization of 3 is indicated in red.

reduced (OER) center can be prepared by photocleavage of a
Re—Re dimer in a CO,-saturated solvent.*> We have focused
on studies using the latter, which mitigates the inclusion of
excess electrolyte but forgoes the catalytic cycle. Thus, the
reactants are simply the OER rhenium catalyst [where the
active species is Re(bpy)(CO);*], CO,, and solvent.

Of special interest to us is the experimental work of Hayashi,
Kita, Brunschwig, and Fujita, who prepared the OER rhenium
catalyst by photocleaving the Re—Re bond of [Re(dmb)-
(CO);], where dmb = 4,4"-dimethyl-bpy, which was prepared
using Na—Hg reduction.>® Briefly, they observed that several
products formed in CO-saturated DMF: carbon monoxide, a
rhenium carbonate dimer, [Re(dmb)(CO),;],(0CO,), and
Re(dmb)(CO);(OCO,H). They were also able to observe a
long-lived intermediate, [Re(dmb)(CO);],(C(O)0O), using
NMR. This species decomposes with a rate that is first-order
in [CO,] and produces CO with a 25—50% vyield based on
[Re]. From this work we propose a mechanistic pathway for
CO production that begins with the formation of a rhenium
carboxylate dimer, as observed, and proceeds with CO,
insertion into the rhenium—oxygen bond. We present energies
and structures from our density functional theory (DFT)
investigation in the following sections.

5181

B THEORETICAL METHODS

All computations were performed using DFT as implemented in
Gaussian 09.%° Geometry optimization and vibrational analysis were
computed in the gas phase. Molecular size precluded geometry
optimization with implicit solvent, but solvation was included in
subsequent single-point energy computations using the polarizable
continuum model (CPCM) with default parameters for DME.>”3®
Stationary points were verified using vibrational analysis, and
transition-state structures were connected to minima using intrinsic
reaction coordinate computations.sg_61

We chose to employ the popular B3LYP functional, which includes
Becke’s three-parameter hybrid functional with the Lee—Yang—Parr
correction for correlation.®>** Additionally, we have included energy
values computed with MO6-L, a local density functional recently
developed by Zhao and Truhlar.%® Prior work has shown that these
functionals are appropriate for studying complexes containing
transition metals,*~ and for rhenium specifically.”*”*

To parametrize the rhenium center we chose the LANLOSF basis
set with Hay—Wadt relativistic effective core potential. In prior work,
this uncontracted triple-{-quality basis set has been shown to provide
an appropriate description of rhenium’s core and valence shells.”' ™"
For light atoms (H, C, N, and O), the 6-31++G(d,p) Pople basis set
was used.”*”> Where appropriate, a correction was applied to account
for the standard state of 1 M for non-gases in solution.
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TS 4
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Figure 2. Optimized geometries for the isomerization, CO, insertion, and rearrangement transition-state structures. Bond lengths shown in
Angstroms. Geometries were optimized at the B3LYP/LANLOSF (Re), 6-31++G(d,p) (H, N, C, O, Cl) level of theory.

TS 8

B RESULTS AND DISCUSSION

Our proposed mechanism for CO production is outlined in
Scheme 1. We first discuss the pathways that are depicted in
this scheme before relating them to experiment. Relative
standard enthalpies for the reaction steps shown in Scheme 1
are listed in Table 1, with a depiction of the energy profile
shown in Figure 1. Geometries for the transition state
structures are shown in Figure 2. We reference the solvent-
phase MO06-L enthalpies in our discussion, but provide
additional results from computations using B3LYP and MO06-
L functionals for later comparison.

Mechanism. Our investigation begins with the OER
rhenium catalyst, 2, which is formed regardless of the reduction
mechanism. That is, Re(bpy)(CO);* may be formed from
photocleavage of the Re—Re bond in 1, the one-electron
reduction of Re(bpy)(CO);X using an electrical bias, or the
photochemical reduction of Re(bpy)(CO);X using tertiary
amines. This OER species exists in an equilibrium between the
S- and 6-coordinate configurations, the latter having been
solvated by a coordinating solvent. In the S-coordinate
arrangement there is a vacant coordination site at an axial
position that allows for CO, coordination. In the event that two
OER centers are in the proximity of CO, (10), a carboxylate
dimer, 3, may form. This process is not favored entropically,
however, as three bodies must converge to one, but we find that
it is a significantly exothermic step (—36.0 kcal mol™").

The geometry of 3 is a skewed “trans” configuration with
respect to the bipyridine rings; the bipyridine ligands oppose
each other but are not parallel, so no symmetry plane exists. In
our investigation we considered the rotation of the monomer
units around the bridging CO, moiety while searching for the
lowest-energy structure by considering “cis”, “trans”, and
skewed arrangements, but in each case optimization yields a
skewed “trans” minimum. From further analysis we found that
the dimer may then follow two potential pathways: one leading
to isomerization and the other to CO, insertion. We are
primarily concerned with the latter, but briefly discuss the
former.
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Isomerization of 3 proceeds through TS4. The original
dimer, 3, contains a bridged CO, species, with a carbon atom
bound at the axial position of one rhenium center and an
oxygen atom bound at the axial position of the other. The first
step of isomerization is formation of a bond between the
rhenium-bound oxygen of CO, and an equatorial carbonyl
ligand coordinated to the opposing rhenium center. This yields
the transition state TS4. Next, the original oxygen—carbon
bond in the bridging CO, species is cleaved, leaving a carbonyl
ligand at the axial position of one rhenium center. After
cleavage, the rhenium centers are still bridged by CO,, but with
an oxygen atom bound at the axial position of one rhenium
center and a carbon atom bound at the equatorial position of
the other. There exists a high activation barrier to this process
(26.6 kcal mol™), and the isomerization is overall endothermic
by 12.3 kcal mol™". Thus the original dimer, 3, is favored.

If an additional CO, molecule is available in solution, it may
insert into the carboxylate dimer, 3, at the rhenium—oxygen
bond. CO, insertion is a stepwise process beginning with the
insertion transition-state TS6, leading to 7, a local minimum.
The complex then rearranges through TS8 to yield 9. It is
important to note that the initial insertion step mirrors that of
CO, insertion into a rhenium—hydride bond.*>”® In both cases
the carbon atom of the attacking CO, molecule acts as a Lewis
acid, and forms a covalent bond with the electron-rich axial
ligand bound to rhenium. At the same time, an oxygen atom of
CO, donates a lone pair of electrons to form a rhenium—
oxygen dative bond. In the case of the dimer, the electron-rich
ligand is an oxygen atom that belongs to the bridging CO,
species. This first step yields 7, a dimer with an elongated
bridging ligand consisting of two CO, monomers. Insertion,
therefore, may be viewed as the oligomerization of CO,.
Importantly, the activation barrier to forming TS6 (22.0 kcal
mol™") is lower than that of isomerization. Overall this step is
endothermic by 7.8 kcal mol ™.

Following insertion, the new dimer complex, 7, undergoes
rearrangement. This is a critical step that yields carbon
monoxide. The rearrangement step involves migration of one
rhenium center from the carbon atom of the original CO, to
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the oxygen atom of the attacking CO,. The result of this
process is cleavage of a carbon—oxygen bond within the
original CO, to yield CO (11), in addition to CO;, which has a
formal —2 charge (i, carbonate) and bridges the two Re(I)
centers to yield 9. The activation barrier for this step, through
TS8, is 15.3 kcal mol™". This process, 3 + 10 — 9 + 11, is
endothermic by 5.9 kcal mol™". Overall the two steps of the
insertion process can be viewed as disproportionation of two
CO, molecules with two electrons (one from each of the two
Re centers) to yield carbonate and carbon monoxide.

Tryk and co-workers previously investigated electrochemical
CO, reduction using metal-supported nanoporous activated
carbon fiber electrodes in aqueous KHCO,.”” They proposed
the involvement of (CO,),*” formed by the reaction of CO,
with CO,*”. Subsequent reduction of this species forms
(CO,),*", which produces CO and CO;* by disproportiona-
tion. Our system also produces (CO,),*” [in the form of Re'
-(C0O,),*-Rel], but from the direct two-electron reduction of
CO, rather than through a radical intermediate.

Another way to describe the insertion process is through the
movement of electrons. The initial metal—metal dimer, 1, is a
neutral complex with a 34-electron dinuclear core. Homolytic
cleavage of the weak Re—Re bond in this dimer yields two S-
coordinate, 17-electron monomers that are neutral radicals. As
mentioned, the monomer exists in an equilibrium between the
S-coordinate 17-electron species and the solvated, 6-coordinate
“19-electron” species with the unpaired electron on the
bipyridine ligand.

The carboxylate dimer, 3, forms through the addition of the
two radical Re metal centers across a CO double bond to give
CO,>” with a bent structure. Thus each metal center is oxidized
by one electron, leaving each rhenium with a +1 formal charge.
Overall, the carboxylate dimer is a neutral singlet.

Insertion of an additional CO, into 3 of course has no effect
on the overall charge. The two electrons that form a dative
bond between the oxygen atom of CO, and the rhenium center
are used to form a covalent bond with the carbon atom of the
inserting CO, molecule. Subsequently a double bond in the
attacking CO, breaks heterolytically, which allows for a dative
bond to form between a new oxygen atom and rhenium.
Therefore, the two electrons that originated from the reduced
metal centers are still contained within the bridging moiety,
which has a formal —2 charge. Disproportionation of this
moiety through rearrangement yields neutral CO and the
dianion CO,*", which bridges the two cationic metal centers to
yield the neutral dimer 9. It is important to note that the first
equivalent of CO,, the one used to form 3, contains the carbon
atom that is part of the CO product. The second equivalent of
CO,, on the other hand, contains the carbon atom that
becomes part of the CO,*~ moiety in 9.

Comparison to Experimental Work. Sullivan and co-
workers>" and Hayashi and co-workers>® have both studied the
reduction of CO, using a reduced Re—Re dimer. Homolytic
cleavage of the weak metal—metal bond in this species yields
two neutral radical monomers, which react with CO,. The same
monomer is produced in photocatalytic reduction, but requires
the presence of sacrificial donors in solution. As mentioned,
removing the photoreduction step has the consequence of
eliminating the catalytic cycle, but the benefit of greatly
simplifying the reaction mixture.

To produce the reduced rhenium dimer, Sullivan and co-
workers began with Re,(CO) . In a reflux of xylenes and 2,2"-
bipyridine (bpy), they exchanged four CO ligands for the
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bidentate bpy to produce 1. Conversely, Hayashi and co-
workers started with two rhenium monomers, Re(dmb)-
(CO);0Tf, and reduced them with Na—Hg amalgam to
produce [Re(dmb)(CO);],. In either case, the neutral radical
monomer can be produced from the metal—metal dimer, and a
CO product is observed when using a CO,-saturated solvent. It
is important to note that for our investigation we have used
bpy, like Sullivan and co-workers, instead of dmb, like Hayashi
and co-workers, in an effort to reduce the size of our
computations. Therefore, in the following discussion we refer
to our structures in Figure 1 for simplicity, in spite of the fact
that they contain bare rather than functionalized bpy ligands.

Sullivan and co-workers carried out experiments with the
reduced dimer in CO,-saturated dimethylsulfoxide. They
observed CO and Re(bpy)(CO);(OC(O)OH) as products,
but were unable to observe intermediates. They conjectured
that it was possible that the radical monomers, 2, reacted
directly with CO,. Hayashi and co-workers began with a similar
experiment, employing the Re—Re dimer in a '*CO,-saturated
solution of DMF with incident irradiation. By monitoring the
reaction with '"H NMR, *C NMR, FTIR, and GC, they were
able to identify '*CO, [Re(dmb)(CO),],(0"CO,), and
Re(dmb)(CO),;(0"*C(O)OH) as products. They note that
the Re(dmb)(CO);(OC(O)OH) product, left to stand,
converts to [Re(dmb)(CO);],(OCO,). Importantly, they did
not observe H,, '*CO, or HCOO™ production, but identified
the carboxylate dimer [Re(dmb)(CO),],(0"*CO) as a long-
lived intermediate.

Our proposed insertion pathway agrees well with the
experimental observations. To begin, we find that the first
equivalent of CO, bridges two reduced monomers, 2, to form
3. While a carboxylate bridge could conceivably be formed
through other routes, the observation of [Re(dmb)-
(CO);],(0"CO) using *CO, indicates that the first
equivalent of CO, becomes the bridging species. From 3, we
predict the activation barrier for isomerization or insertion to
be relatively high (>20 kcal mol™"), adding to the stability of
the carboxylate dimer as a long-lived intermediate. The high
barrier to insertion (21.5 kcal mol™"), which is the energetically
favored route, also agrees with the relatively slow reaction rate
of 0.003 s7'.* Similarly, the decay of [Re(dmb)-
(C0),1,(03CO) is first-order in ['*CO,];* therefore
formation of the products '*CO and [Re(dmb)-
(C0O),],(0*CO,) agrees with our proposed insertion step, 3
+ 10 — TS6, which is required for CO production.

Subsequent rearrangement of the dimer with an -O(CO)O-
(CO)- bridge, 7, may be difficult to observe experimentally.
The activation barrier for this step, 7 — TS8, is modest (16.5
keal mol™"), and rearrangement is overall slightly exothermic
(—0.3 kcal mol™'). Again, this step is supported by
experimental observations. We find that both of the products,
9 and 11, contain carbon atoms from added CO, equivalents.
Therefore, if *CO, is employed, the carbonate moiety of 9 and
the CO product, 11, should be *C-labeled. This aligns with the
observations of Hayashi and co-workers, who observed
[Re(dmb)(CO),],(0*CO,) and *CO using *CO,.**

More importantly, Hayashi and co-workers>® did not observe
2CO when employing *CO,. This eliminates the possibility
that CO production is the result of ligand dissociation. Initially
we had considered the possibility of a tetracarbonyl
intermediate, Re(bpy)(CO),’, but the presence of both
isotope-labeled and unlabeled axial carbonyl ligands should
produce both labeled and unlabeled CO products. This is an
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important argument against the isomerization pathway, which
we predict to be energetically unfavorable. The isomerization
product § contains axial CO ligands that could dissociate to
yield CO, but would yield both labeled and unlabeled products
when employing '*CO,. Furthermore, isomerization would
form a dimer with an unlabeled carboxylate bridge, which does
not match experimental observations. We did, however, “probe”
the isomerized dimer for reaction with an additional equivalent
of CO, at the carbon and oxygen atoms of the carboxylate
bridge, but observed dissociation of the added CO, (i.e., no
reaction) in each case. Conversely, we cannot account for the
small amount of Re(dmb)(CO);(OC(O)OH) that is observed.
The formation of this species requires a proton source, likely
trace water in solution.

Energetics. Standard enthalpies of reaction computed with
the B3LYP and MO6-L functionals are presented in Table 1. As

Table 1. Relative Enthalpies for Steps of the Present
Mechanism for Given DFT Functionals®

B3LYP MO06-L

reaction step AH°(gas) AH°(DMF)” AH*(gas)® AH*(DMF)?

2(2) +10 >3 =307 —34.8 -329 -36.0
3 > TS4 24.8 25.8 25.6 26.6
355§ 10.0 124 10.1 12.3
3+ 10 > TS6 254 22.0 25.8 22.0
34107 7.7 8.6 7.1 7.8
7 - TS$ 22.8 14.5 23.6 153
759+11 —47 —-0.6 —6.0 -1.9

“Energies shown in kcal mol™'. Thermal correction to the enthalpy
(Heorr) computed with B3LYP in the gas phase. Energy values include

ZPVE correction. "H = E[MO06-L(gas)] + H.,. “H = E[B3LYP-
(DMF)] + H,,,. °H = E[M06-L(DMF)] + H,,.

the MO06-L functional was designed for use with transition
metals,®>”® we chose to utilize it for comparison to our B3LYP
values. Overall we find that enthalpies computed in solvent with
the MO6-L functional yield a description of the potential energy
surface that is more consistent with experiment, but both
functionals yield roughly the same trend in enthalpies across
the reaction coordinate. Using both functionals, we also find
that the change in energy as a result of including an implicit
solvent model (CPCM) is small for each reaction step (<1.§
kcal mol™"), which is in part a consequence of all species being
charge-neutral. For comparison, we briefly discuss the reaction
pathways with regard to results from solvated enthalpies
computed with B3LYP and MO06-L.

For the formation of carboxylate dimer, the step 2 (2) + 10
— 3, B3LYP yields an enthalpy that is roughly 3 kcal mol™
higher than that obtained with M06-L (—32.9 vs —36.0 kcal
mol™). This trend persists in the activation barrier for
insertion, with B3LYP returning a value 3.5 kcal mol ™! higher
than MO6-L (25.5 vs 22.0 kcal mol™). For the barrier to
isomerization, however, both functionals yield a relatively
similar value, deviating by only 1 kcal mol™". As a result, BALYP
predicts a 0.1 kcal mol™" preference for the insertion route
rather than isomerization. On the other hand, M06-L gives a
larger difference of 4.7 kcal mol™". There is little experimental
evidence for the formation of the axial—equatorial dimer, §, and
the high barrier to isomerization, especially with respect to the
insertion pathway, is aligned with the M06-L results.

Following the insertion pathway, we find that for the
activation barrier to rearrangement, the step 7 — TS8, B3LYP
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and MO6-L values deviate substantially, at 23.6 vs 15.3 kcal
mol™!, respectively. Given that with B3LYP the barrier to
isomerization is roughly equal to the activation barrier for both
insertion and isomerization steps, those processes would likely
be slow, if not prohibited, under the reaction conditions. On
the other hand, the decreased barrier for rearrangement using
MO6-L generally agrees with the experimental observation that
rearrangement is not a rate-limiting step, and 7 is not a long-
lived intermediate. Both functionals predict rearrangement to
be overall exothermic, but B3LYP returns a value roughly 4 kcal
mol™! lower than M06-L (—6.0 vs —1.9 kcal mol™).

B SUMMARY

We have investigated the production of CO from a CO,-
saturated solution containing reduced rhenium complexes.
Using density functional theory, we have proposed a pathway
involving CO, insertion into a long-lived carboxylate dimer
intermediate. This pathway generally agrees with the
experimentally observed products described by Sullivan and
co-workers and Hayashi and co-workers. Furthermore, our
mechanism aligns with labeling studies performed by the latter.
From our investigation, we propose the formation of a stable
[Re(dmb)(CO);],(OCO) intermediate via the two-electron
reduction of CO,. The high barrier to isomerization of this
dimer and the significant exothermicity of the formation step
support the long-lived nature of this species. In the presence of
CO,, [Re(dmb)(CO);],(OCO) undergoes attack via the
insertion of CO, into the rhenium—oxygen bond. Subsequent
rearrangement produces CO and [Re(dmb)(CO),],(0CO,),
both experimentally observed products. The insertion step also
agrees with the kinetic dependence on the concentration of
[Re(dmb)(CO),],(OCO) and CO, for the production of CO.
We find that from the reduced monomer, Re(dmb)(CO),*,
and 2 equiv of CO,, the overall reaction is exothermic by —30.2
kcal mol™, with the largest barrier being that of insertion at
21.9 keal mol ™.
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