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ABSTRACT: The mechanism of the reverse water—gas shift
reaction (CO, + H, — CO + H,0) was investigated using the
3d transition metal complexes L'M (M = Fe, Mn, and Co, L' =
parent [>-diketiminate). The thermodynamics and reaction
barriers of the elementary reaction pathways were studied with
the B3LYP density functional and two different basis sets: 6-311
+G(d) and aug-cc-pVTZ. Plausible reactants, intermediates,
transition states, and products were modeled, with different
conformers and multiplicities for each identified. Different
reaction pathways and side reactions were also considered.
Reaction Gibbs free energies and activation energies for all
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steps were determined for each transition metal. Calculations indicate that the most desirable mechanism involves mostly
monometallic complexes. Among the three catalysts modeled, the Mn complex shows the most favorable catalytic properties.
Considering the individual reaction barriers, the Fe complex shows the lowest barrier for activation of CO,.

B INTRODUCTION

Carbon dioxide interacting with transition metals has been the
focus of research in many fields, including catalytic reductlon of
CO,, metal corrosion, CO, capture, and CO, fixation." ' Recent
experimental and computational studies have focused on CO,
reacting with metal/ metal oxide surfaces,” $13-16 1 etal— organic
frameworks,'’ > and transition metal complexes29 22! because
of their significance to greater utilization and sequestration of this
greenhouse gas.

The thermodynamic stability of carbon dioxide provides a
major challenge in converting CO, to more useful products. Its
reactions often require high temperatures and/or high pressures.”>*’
Thus, activation of CO, by catalytic means is extremely impor-
tant. Transition metal complexes have shown the ability to
activate the C=0 bond of CO,. First-row transition metals have
become a great focus of interest.””” "' Some have been chosen
by nature to activate CO,; reduction of CO, to CO can be
mediated by enzymes such as n1trogenase (e.g, MoFeP and FeP)
and carbon monoxide dehydrogenase.'® Other first-row transi-
tion metal complexes have been studied as well, especially middle
to late series.'"'>*"** For example, Lu et al.*' studied Fe(I)-
mediated reductive cleavage and couzplm of CO,; the tris-
(phosphino)borate complex [PhBP“"*“7] of Fe reacts readily
with CO, at ambient temperature to generate two products with
a Fe(u-CO)(u-O)Fe core and a Fe(u-1°:1°-oxalato)Fe core.
Isaacs et al.'' reported the electrocatalytic reduction of CO,
using aza-macrocyclic complexes of Ni(II), Co(II), and Cu(II).
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The electronic spectra indicate that the electrochemical reduc-
tion of CO, is due to the presence of a formal 1+ metal, although
the presence of the reduced ligand is also essential. Li et al.'*
reported DFT (density functional theory) studies on cou-
pling reactions of CO, with alkynes using Ni(0) complexes,
Ni(DBU),(HC=CX) (DBU = diazabicycloundecene, X = Me,
OMe, or CN). Calculations show that an associative mechanism
is preferred in the coupling reactions. Of three model terminal
alkynes, X = OMe gives the lowest barrier (17.1 kcal/mol).

In addition to interest in varying transition metal centers,
research has shown that some ligands also have a significant
impact upon the bonding and activation of small molecules and
complexes. For example, 3-diketiminate ligands have received
increased attention because of the1r ability to stabilize low
coordinate transition metal centers,” wh1ch contributes to activa-
tion of small molecules.””** Smith et al.*” studied the interaction
of N and iron(I) complexes [L"FeCl], and [L*FeH];, (L" =
B-diketiminate, R = Me, ‘Bu). In the product, L"FeNNFeL", the
N—N bond is substantially weakened, and calculations (DFT
and multiconfiguration self-consistent field) indicate that the
bond weakening arises from back -bonding into the N, 7*
orbitals. Slmllarly, Ding et al*® synthesized dicobalt(I)—N,
complexes L® CoNNCoL and also observed N—N weaken-
ing. Pfirrmann et al® investigated N, and H, activation using
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Scheme 1. Proposed Reaction Pathways and Side Reactions for RWGS Reaction Catalysis
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Ni B-diketiminate complexes, [L™°Ni], and L™°Ni(u-Br)Li-
(thf),],. The XRD (X-ray diffraction) results show that reaction
with H, generates LY*Ni(u-H),, while N, inserts into the
Ni—Ni bond to form [(LM*Ni),(N,)]. Pierpont and Cundari®'
investigated methane C—H bond activation by L,M=E (L,, =
p-diketiminate, dihydrophosphinoethane (dhpe); M = Fe, Nj,
Co; E = NCF;, NCHj, O) using hybrid DFT (B3LYP) calcula-
tions. Activation of methane via L,M=E is both thermodyna-
mically and kinetically feasible, and lower overall reaction Gibbs
free energies were found with the proximity of fluorinated
substitutes to the metal center, with the f-diketiminate ligands
exhibiting the greatest sensitivity to substituent effects. One
recent study by Sadique et al.*> described reduction of CO, to
CO and carbonate using a low-coordinate iron—dinitrogen com-
plex, LP"FeNNFeL™" (where L™ = 2,2,6,6-tetramethyl-3,5-bis-
[(2,6-diisopropylphenyl)iminoJhept-4-yl), by forming a four-
coordinate iron dicarbonyl complex, L"Fe(CO),, and a bridging
carbonate complex, L™"Fe(u-OCO,)FeL™. Recently, Ariafard
et al. reported a very interesting DFT study of the mechanism of
the reductive cleavage of CO, by LM®FeNNFEeL™®; CO, inserts
between two Fe atoms of LM FeNNFeL™®, then N, is released,
followed b&cleavage of CO, and formation of an L™*Fe—O—
Fe(CO) L™ structure. The overall reductive cleavage reaction
was predicted to be exergonic by 120 kJ/mol.** L"*Fe—O—
Fe(CO)LM® then releases CO to form LM®Fe—O—FeL™¢, which
can readily react with CO, to give L™*Fe—O—Fe(CO) LM.*

Recently, we reported a modeling study of the thermody-
namics of the component reactions of a RWGS (reverse water—
gas shift) catalyst (CO, + H, — CO + H,0) using (-diketimi-
nate complexes L'M of all 3d metals (L' = -diketiminate; M =
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn).' B3LYP calculations
showed that the [-diketiminate metal catalyst models were
thermodynamically viable for coordination of CO,. These metals
generally displayed two linkage isomers for the binding of CO,:
17*(C,0) and 57°(0), between which 77°(C,0) is predominant for
the first eight metals from Sc to Ni. In general, metals from the
middle of the 3d series, Mn and Fe catalyst models, displayed
more favorable thermodynamics for the component reactions for
the RWGS reaction than the other metals, arising from a balance
between more favorable CO, activation by early 3d metals and
more favorable reduction reactions by late 3d metals.

On the basis of the aforementioned thermodynamic results, it
is interesting to investigate the reaction barriers of these reactions
for the metals that display the most promising thermodynamics.
Therefore, in this paper, possible reaction pathways are assessed
for the RWGS reaction catalysis. The research is focused on
p-diketiminate complexes of Fe, Mn, and Co. Under experi-
mental conditions side reactions need to be considered, for
example, ligand degradation; however, in this study, we focus on
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intrinsic CO, chemistry with different late 3d metal centers. The
proposed reaction pathways are shown in Scheme 1 and are
inspired by recent experimental reports from the Peters”' and
Holland””~?***** groups. The first reaction (step A) occurs
between L'M and CO, and forms a L'M(CO,) complex, which
then goes through a TS (transition state) for C=O activation to
form L'M(CO)(O) (steps B and C). Subsequently, L'M(CO)(O)
may release CO and form L'M(O) (step D) or react with
L'M and form a bimetallic complex L'M(CO)OML’ (step M).
In step D, the oxo complex L'M(O) may react with another L'M
to give a ¢4-oxo complex (L'M),O (step P) or react with H, and
form a L'M(OH) and H radical (steps E and F). The species
L'M(OH) and H mixture may form either an aqua complex
L'M(OH,) (step G) or a hydroxyl/hydride L'M(OH)(H). The
latter may then form L'M(OH,) via a hydrogen migration TS
(steps H, I, K, and L). The final product of the hydrogenation,
L'M(OH,) versus L'M(OH)(H), depends on the thermody-
namic stability of these two complexes. It is notable that L'M-
(OH,) will release H,O and yield back the model catalyst;
however, 'M(OH) (H) may also react with CO,."> On the other
hand, 'M(CO)OML' may split into L'M(CO) and L'M(O) or
release CO to form (L'M),0, which may react with another CO,
and generate a bridging carbonate complex L'M(CO3)ML'. Since
CO is one of the products in the RWGS reaction, it may
conceivably ligate metal centers. The complex L'M(CO) may
ligate another CO molecule and form a dicarbonyl complex
L'M(CO),. The detailed reaction in Scheme 1 provides insight
as to the feasibility of the RWGS catalysis, including reaction
barriers and side reactions. Combined with our previous re-
search, we are able to describe reaction mechanisms and compare
the favorability of the various pathways for Fe, Mn, and Co
catalyst models.

Bl COMPUTATIONAL METHODS

The Gaussian09* program was used to fully optimize all of the
structures reported in this paper using DFT methods. Geometry
optimizations and frequency calculations were carried out using the
B3LYP functional.*® Reaction barriers were also calculated using the
B-97D functional,*” and results showed good agreement (within a few
keal/mol) with B3LYP results. However, B-97D geometry optimizations
of complexes in this paper took much longer than B3LYP optimizations;
therefore, in the present research only B3LYP results are reported.
Frequency calculations were performed to identify all of the stationary
points as minima or transition states and to provide Gibbs free energies
at 298.15 K and 1 bar in the gas phase. The 6-311+G(d) basis set was
used for initially identifying all pertinent minima, and then the larger
aug-cc-pVTZ basis set was used for further optimizing all found
stationary points and obtaining the vibrational frequencies (unscaled)
needed for the free energy calculations at STP. These two basis sets gave
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very similar results on reaction Gibbs free energies and reaction barriers
(see Supporting Information). The maximum differences in reaction Gibbs
free energies are 3.7 kcal/mol for Fe complexes, 3.9 kcal/mol for Mn
complexes, and 2.1 kcal/mol for Co complexes.

Solvent effects were calculated for the reaction barriers using two
n-pentane (& = 1.8371) and diethyl ether (& = 4.2400) and the polarizable
continuum modeling (PCM) solvent model in Gaussian 09.* The results
indicate that continuum solvent effects do not have a significant contribu-
tion to free energies (See Supporting Information).

The metals in the L'M catalyst models have a 1+ formal oxidation
state to best coincide with complexes reported by Holland and co-
workers.”® All reasonable conformations and possible multiplicities of
the complexes are taken into account.

B RESULTS AND DISCUSSION

a. Geometries and Ground State Multiplicities. The path-
ways and side reactions considered are summarized in Scheme 1.
Scheme 2 shows the optimized structures of all Fe complexes
studied using the B3LYP/aug-cc-pVTZ level of theory; L'Fe,
L'Fe(CO), L'Fe(O), L'Fe(CO,), and L'Fe(OH,) have been
discussed in our previous report.” The structures of Mn and Co
complexes show strong similarity with Fe complexes (Schemes
S1 and S2, Supporting Information); thus, for the sake of brevity,
only the Fe complexes are shown in Schemes 1 and 2. Taking
Fe complexes as an example, for steps A—F, Scheme 1, the
reactions go through two transition states, Fe-TS-1 and Fe-TS-2
(Scheme 2). The imaginary mode of Fe-TS-1, C=0 oxidative
addition, was found to entail vibration between C4 and O2 (C4
and O2 move away from each other), indicating formation of
intermediate L'Fe(CO)(O). In Fe-TS-2, which connects L'Fe-
(O) and the system of L'Fe(OH) and H, the vibration in the
imaginary mode occurs between the two hydrogen atoms, H6
and H7, in which H6 tends to bond O1 (coordinated to Fe) while
H7 is moving to the Fe atom. This leads to generation of L'Fe-
(OH) and an H radical, which may then plausibly form either
L'Fe(OH,) or L'Fe(OH)(O) if the H atom adds to the oxygen
or metal, respectively. Another transition state, Fe-TS-3, con-
necting L'Fe(OH,) and L'Fe(OH)(H) involves vibration of
atoms H7 and O1 (Scheme 2).

In addition to monometallic intermediates, some bimetallic
complexes may also participate in the catalysis. L'Fe(CO)OFeL’
may be formed from the reaction of L'Fe(CO)(O) and L'Fe. The
calculations show that during this reaction the Fe atom of L'Fe is
more likely to bond with O1 in L'Fe(CO)(O) instead of C7 or
02 in L'Fe(CO)(O) (Scheme 2). Then, L'Fe(CO)OFeL/ is
possibly split into L'Fe(O) and L'Fe(CO) or may release a CO
and form (L'Fe),0. The latter may also form from reaction of
L'Fe(O) and L'Fe. The complex (L'Fe),O formally has two lone
pairs on O1 and could attract another CO, molecule and form
a carbonate bridge molecule L'Fe(CO;)FeL’ in which Fe2 bonds
to 02 and O3 while Fel only bonds to O1; the two [5-diketiminate
ligands are in different planes. The bridgin ng. carbonate is one
of two products isolated by Holland et al.** in the reaction of
L*FeNNFeL" with CO..

The calculated structures of (L'Fe),0, L'Fe(CO;)Fel/, and
L'Fe(CO), are in good agreement with some bulkier 3-diketimi-
nate derivatives experimentally characterized by the Holland
group.*** The corresponding bond lengths and bond angles from
calculations and experiments are organized in Table S1 (Supporting
Information). For instance, (L'Fe),O shows similar structure
with (L™"Fe),O that can be synthesized from (L™"FeH), or

Scheme 2. Optimized Structures of Fe Complexes (B3LYP/
48
aug-cc-pVIZ)
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(L™"FeN),.** It has been reported that (L™®"Fe),O reacts with
CO, rapidly at room temperature to generate a carbonate—
diiron complex L®"Fe(CO;)FeL™", which illustrates step Q in
Scheme 1. The calculated structure of L'Fe(CO5)FeL’ is in %ood
agreement with the crystal structure of L'™®"Fe(CO;)FeL™"*
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Table 1. Ground State Multiplicity of All Complexes

metal LM L'M(CO,) MTS1 L'M(CO)O) L'M(O)
Fe 4 4 4 4 4
Mn 7 s 3 3 s
Co 3 3 3 3 s

metal MTS2 L/M(OH) L'M(OH,) M-TS-3 L'M(OH)(H)
Fe 6 s 4 4 4
Mn s 6 7 7
Co 5 4 3 3 3

metal LM(CO) L'M(CO), L'M(CO)OML’ (L'M),0 L'M(CO;)ML’

Fe 4 2 3 9 9
Mn N 11 11 11
Co 3 S 7 7

Moreover, L'Fe(CO), was found to have a similar geometry to
the crystal structure of L®"Fe(CO),, in which the C—Fe—C
angle (81.44°) is smaller than that in L'Fe(CO), (89.58°),
perhaps due to the steric effect of the bulky fBu ligands.>

Mn and Co complexes show very similar structural behaviors
with Fe complexes (Scheme S1 and S2, Supporting In-
formation). One exception for Mn complexes is L'Mn(CO)(O),
which has a tetrahedral coordination geometry about the Mn
while the Fe complex has a planar structure. For Co complexes,
one exception is the transition state Co-TS-2: the position of H7
is quite far away (Co—H7 bond length is 2.86 A) from the Co
atom and thus quite different from Fe-TS-2 and Mn-TS-2, in
which the vibrations of H7 show that H7 tends to move toward
the metal center while increasing its distance from H6 (Scheme
S1, Supporting Information). Also, the Mulliken atomic spin
densities in L'Co(OH) show that the spin density at the Co atom
(2.46 ¢") is significantly lower than those of Fe and Mn (Mn 4.72
e, Fe 3.65 e™), which implies that in Co-TS-2 O1 has a greater
propensity to react with H7 from a spin-coupling perspective and
form L'Co(OH,), compared with the O1 atoms in Fe-TS-2 and
Mn-TS-2. However, the stability of the two tautomers, L'Co-
(OH,) and L'Co(OH)(H), depends on the thermodynamic
calculations.

b. Ground State Multiplicity and Spin-State Crossing. All
teasible multiplicities for all of the complexes are considered in
the present calculations (Table 1). Generally, most mono-Fe
complexes maintain a multiplicity of 4. The bis-carbonyl com-
plex, L'Fe(CO),, shows a lower multiplicity of 2, which is
reasonable due to coordination of the strong field ligand CO.
L'Fe(CO;)Fe'L has a multiplicity of 9, indicating weak interac-
tion between the two metal centers mediated by the bridging
CO5>" group. The calculated Mulliken spin densities of L'Fe-
(OH) (Fe, 3.65 e ; O, 0.22 e ) suggest that L'Fe(OH)(O) is
more likely to form based on the Fe being a more “radical” center.
However, the final structure significantly depends on the ther-
modynamics; BDE(O—H) is expected to be much stronger than
BDE(Fe—H). For Mn complexes, three transition states Mn-TS-1,
Mn-TS-2, and Mn-TS-3 were found to have similar imaginary
frequencies as compared with the corresponding Fe transition
states. Most Co complexes maintain a consistent triplet state.
Since the spin states of the intermediates/transition states play an
important role in the energetic landscape, we discuss below
several examples of spin state crossing.

Scheme 3. Reaction Coordinate and Relative Energies of
Involved Spin States (B3LYP/6-311+G(d))
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Hydrogenation of L'Fe(O) involves two spin states, a quartet
and sextet (Scheme 3a). The ground state of L'Fe(O) is a
quartet, while the sextet is 3.8 kcal/mol higher. The calcula-
tions indicate that there is a spin-state crossover on the way to the
transition state Fe-TS-2 and another spin crossover leading to a
quartet product, L'Fe(H,0). A minimum energy crossing
point (MECP) was indentified using the partial optimization
method;**” MECP1 lies 19.1 kcal/mol above quartet-L'Fe(O) +
H,. L'Fe(OH) has a lower multiplicity (Table 1) than L'Fe(O)
(step F). Thus, the lowest energy pathway of reaction involves
crossing from an initial quartet state L'Fe(O) to a sextet
transition state and eventually back to a quartet L'Fe(H,0).

Another interesting spin-crossing reaction is dissociation of
CO from L'Fe(CO)OFeL/(Scheme 3b). Three spin states
participate in the reaction: triplet, septet, and nonet. Calculations
found that the ground state of L'Fe(CO)OFeL' is a triplet state,
which has coplanar L' rings (we call it S-L'Fe(CO)OFeL/, “S”
stands “same plane”), while a septet ground state for L'Fe-
(CO)OFeL’ with the two L’ rings perpendicular to each other
only is 04 kcal/mol higher energy than S-L'Fe(CO)OFel/
(termed P-L'Fe(CO)OFel/, “P” stands for “perpendicular”).
The tiny energy difference suggests that the rotation of L’ rings
around the Fe—O—Fe axis should be facile and the spin-state
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Scheme 4. Reaction Gibbs Free Energy Diagram for Fe
Complexes Reactions (B3LYP/aug-cc-pVTZ)
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crossing from triplet S-L'Fe(CO)OFel’ to septet P-L'Fe-
(CO)OFeL’ should also be quite feasible. Interestingly, calcula-
tions predict that (L'Fe),0 keeps a nonet ground state, whether
or not the L' rings are in the same plane. Thus, the proposed
reaction coordinate is that L'Fe(CO)OFeL/ starts with a triplet
S structure, undergoes a quick internal rotation to cross to a
septet P structure, and then experiences another intersystem
crossing from septet to nonet, yielding P-(L'Fe),O + CO and
finally giving S-(L'Fe),0 + CO. The spin-state crossover from the
septet P-L'Fe(CO)OFeL' to the nonet P-(L'Fe),0 agrees with
the report of Ariafard et al.** It is notable that in their report they
found the ground state of L *Fe(CO)OFeL™® to be a septet
P structure instead of a triplet S structure. This is possible
because the methyl groups on the ligands could generate a steric
effect to favor the perpendicular structure. Similar structural
phenomena were observed for (L"*Fe),O0.

Reactions of Mn complexes also involve multiple spin states.
An example is the dissociation of CO from L'Mn(CO,)
(Scheme 3c). The ground state triplet L'Mn(CO,) was found
to have a much lower energy (24.7 kcal/mol) than the quintet.
However, the calculations did not locate either the triplet transi-
tion state Mn-TS-1 or the triplet intermediate L'Mn(CO)(O).
Optimization of the triplet Mn-TS-1 and L'Mn(CO)(O) always
result in L'Mn(CO,). We suggest that the triplet Mn-TS-1 and
L'Mn(CO)(O) probably have very high energy. Therefore, the
lowest energetic pathway involves a triplet L'Mn(CO,) under-
going a quintet transition state Mn-TS-1 and a quintet inter-
mediate L'Mn(CO)(O) and finally giving triplet L'Mn(O) + CO.

c. Reaction Gibbs Free Energies and Reaction Barriers. 1.
Fe Catalyst Models. Scheme 4 and Table 2 show the relative
reaction Gibbs free energies and reaction pathways for Fe com-
plexes. L'Fe first binds CO, to form L'Fe(CO,) with a binding
energy —9.3 kcal/mol, and L'Fe(CO,) then goes through an
endergonic reaction to form L'Fe(CO)(O) via transition state
Fe-TS-1 with a reaction barrier of 24.1 kcal/mol (steps B and C,
AG, (B + C) =20.1 kcal/mol). Then L'Fe(CO)(O) experiences
an endergonic dissociation reaction (step D, AG, = 4.6 kcal/mol)
and forms L'Fe(O), which then has a endergonic reaction with H,
to generate L'Fe(OH) and H radical through a transition state
Fe-TS-2, with a reaction barrier of 21.1 kcal/mol (steps E and F,
AG, (E + F)= 10.5 kcal/mol). In the following reaction, L'Fe-
(OH) and H form L'Fe(OH,) (step G, AG, = —18.2 kcal/mol),

Table 2. Reaction Gibbs Free Energies (AG,, kcal/mol)
Calculated Using B3LYP/aug-cc-pVTZ

pathway

metal A B C D E F G(U) HK) IL) AH*F

Fe —93 241 —-32 4.6 21.1 —10.6 —182 10.7 —20.5 465
Mn —-9.0 365 —7.6 =54 151 =37 —109 172 —40.7 38.6
Co —10 330 —46 31 191 —10.6 —23.7 121 —184 50.6

metal M N (@) P Q R S

Fe —589 365 -84 -—-719 74 270 -—l121

which then may go through a small barrier (step H, 10.7 kcal/mol)
and rearrange to L'Fe(OH)(H). L'Fe(OH,) can also release a
H,O molecule and form the catalyst again (discussed in ref 1).

On the other hand, it is easy to see that all diiron complexes
have much lower energies than the mono-Fe systems: formation
of L'Fe(CO)OFeL' is highly exergonic (step M, AG, = —58.9
keal/mol), while cleavage of L'Fe(CO)OFeL' to afford L'Fe(O)
and L'Fe(CO) is very endergonic (step N, AG, = 36.5 kcal/mol),
indicating that formation of L'Fe(CO)OFeL’ is a thermody-
namic sink and so dissociation to form L'Fe(Q) and L'Fe(CO) is
then difficult. Thus, it is more likely favorable for a catalytic
process if L'Fe(CO)(O) dissociates into CO and L'Fe(O)
directly, rather than reacting with another equivalent of L'Fe
to form a diiron complex and then splitting into L'Fe(CO) and
L'Fe(O). However, (L'Fe),O can be formed by reaction of
L'Fe(CO)OFel’ and L'Fe (AG, = —8.4 kcal/mol, step O) or by
reaction of L'Fe(O) and L'Fe (AG, = —71.9 kcal/mol, step P).
Subsequently, L'Fe(CO3)FeL’ may be generated by an exergonic
reaction of (L'Fe),0 and CO, (step Q, AG, = —7.4 kcal/mol),
and then this carbonatediiron complex L'Fe(CO;)FeL’ could
dissociate into CO5>~ and the original catalyst model L'Fe.
The relative energies of L'Fe(CO)OFeL/, (L'Fe),0, and L'Fe-
(CO;3)Fel’ agree quite well with the previous research by
Ariafard et al.** In the side reactions, additions of CO to L'Fe
are strongly exergonic (step R, AG, = —27.0 kcal/mol) as well as
coordination of a second equivalent of CO to L'Fe(CO) (step S,
AH, = —12.1 kcal/mol).

In summary, from an energetic perspective, L'Fe(CO)(O) is
very likely to react with an extra L'Fe and form a stable diiron
complex L'Fe(CO)(O)FeL’, which will make ensuing catalytic
steps difficult. The stability of diiron complexes (L'Fe),O and
L'Fe(CO3)Fel is consistent with the experimental research by
Holland et al,**** and the relative energies of L'Fe(CO)OFeL,
L'Fe),0, and L'Fe(CO;)FeL’ are in good agreement with the
research of Ariafard et al.** Obviously, bimetallic complexes
engender thermodynamic sinks in the reaction coordinate and
would thus retard RWGS catalysis. Thus, one important issue for
realistic CO, catalysis by late metal complexes would require
avoidance of dimetallic pathways and favoring monometallic
pathways. For example, upon L'Fe(CO)(O) splitting into the
reactive transient L'Fe(O) plus CO, the former could react with
H, to favor the subsequent steps in RWGS catalysis. One may
obviously attempt to inhibit formation of bimetallic complexes
via the use of very bulky f-diketiminate substituents or seques-
tering complexes to a surface. Additionally, different metals may
have different thermodynamic predilections for formation of
bimetallic complexes. Hence, in order to explore the reactivity of
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Scheme 5. Reaction Gibbs Free Energy Diagram for Mn
Complex Reactions (B3LYP/aug-cc-pVTZ)
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the catalyst models, we choose to compare and contrast catalytic
pathways for Fe complexes as well as Mn and Co complexes.

2. Mn Catalyst Models. Many mono-Mn [-diketiminato
complexes have been studied experimentally as well as some
bimetallic versions.”**"*> For Mn complexes, the catalytic path-
ways display similar trends to the reactions of Fe complexes,
where the monometallic reactions (steps A—I) delineate the
preferred catalysis but bimetallic reactions (steps M—Q) generate
unfavorable thermodynamic sinks. Generally, the energetic trend
of Mn monometallic reactions is very similar to the trend of Fe
reactions (Table 2 and Scheme 5), except that dissociation of CO
from L'Mn(CO)(O) is exergonic (AG, = —5.4 kcal/mol, step
D) while for Fe it is endergonic (AG, = 4.6 kcal/mol). Relative to
Fe, bimetallic Mn complexes such as L'Mn(CO)OMnL’ tend to
be “deeper” thermodynamic sinks, e.g., Mn has a calculated AG,
that is about 10 kcal/mol more exergonic for step M than Fe but
10 keal/mol higher AG, for step N, which forms L'M(CO3;)ML'
(see Supporting Information). Qualitatively, however, di-Mn
reactions show the same thermodynamic trends as di-Fe reactions.

3. Co Catalysts Models. The results of the reaction Gibbs free
energies and barriers show that Co complexes display similar
energetics as compared to Fe and Mn complexes (Table 2 and
Scheme 6). As expected, calculated thermodynamic data show
that the final structure of the hydrogenation is more likely to be
L'Co(OH,), which has a slightly lower energy (3.9 kcal/mol
lower) than L'Co(OH)(H). Dimetallic reactions were also
calculated, as Fe and Mn reactions, to form a thermodynamic
sink (see Supporting Information). However, compared to Fe
and Mn, bimetallic Co complexes tend to be less exergonic in
relation to monometallic complexes, e.g, formation of L'Co-
(CO)(O)Col/ from the reaction of L'Co(CO)(O) and L'Co is
less exergonic than that of Fe and Mn complexes (step M,
AG, (Co) = —57.5 kcal/mol, AG, (Fe) = —58.9 kcal/mol,
AG, (Mn) = —69.2 kcal/mol) and the later step, splitting
L'Co(CO)(0)CoL’ to L'Co(O) and L'Co(Co), is less endergo-
nic than that of Fe and Mn complexes (step N, AG, (Co) =
32.9 kcal/mol, AG, (Fe) = 36.5 kcal/mol, AG, (Mn) = 46.6 kcal/
mol) (see Supporting Information). These results indicate that
varying transition metal centers could steer the catalysis toward
more favorable monometallic pathways.

d. Comparison of Different Transition Metals. In our
previous research, which focused on the calculated thermody-
namics of RWGS model component reactions, the middle
members of the first-row transition metals were identified as
the most promising catalysis. In this paper, therefore, the com-
parison is focused on the three middle transition series catalyst
models, L'Fe, L'Mn, and L' Co. Assuming that ligand sets could be
constructed to avoid/reduce formation of the bimetallics, this

Scheme 6. Reaction Gibbs Free Energy Diagram for Co
Complex Reactions (B3LYP/aug-cc-pVTZ)
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paper has focused on monometallic reactions. The kinetics of
the whole catalysis process significantly depends on the effective
reaction barrier, AG*.g the Gibbs free energy difference bet-
ween the highest energy TS and the lowest energy point that
precedes it. According to the mechanism we modeled, L'Mn
shows the lowest AG'.¢ (38.6 kcal/mol, Table 2), implying the
highest reaction rate. L'Fe has a higher calculated effective barrier
(46.5 kcal/mol) than L'Mn, while a much higher AH 4 was
calculated for L'Co complexes (50.6 kcal/mol).

Considering the individual reaction barriers, for activation of
CO, (step B, Table 2), Fe shows the lowest barrier (23.9 kcal/mol)
while Mn (38.1 kcal/mol) and Co (35.1 kcal/mol) have much
higher barriers. For hydrogenation of L'M(O) (step E, Table 2),
Mn has a slightly lower barrier (19.0 kcal/mol) than the other two
metals (Fe 24.8 kcal/mol; Co 21.0 kcal/mol). In the rearrangement
between L'M(OH,) and L'M(OH) (H) (step H(K)), Fe also hasa
smaller barrier (11.6 kcal/mol) than Mn (15.8 kcal/mol) and Co
(13.9 kcal/mol).

Bl SUMMARY AND CONCLUSIONS

The catalytic cycle of a model reverse water—gas shift reaction
using middle series 3d metal catalysts, L'M (M = Fe, Mn, and Co;
L’ = parent -diketiminate) has been investigated. The thermo-
dynamics and reaction barriers of the elementary reaction path-
ways and side reactions were studied at two levels of theory:
B3LYP/6-311+G(d) and B3LYP/aug-cc-pVTZ. All of the reac-
tions were modeled in the gas phase at STP. Plausible catalytic
mechanisms and a few side reactions were modeled, includ-
ing formation of a set of monometal complexes (L'M(CO,),
L'M(CO)(0), L'M(0O), U'M(OH), L'M(OH,), L'M(OH)(H),
L'M(CO), L'M(CO),) and dimetal complexes (L'M(CO)-
OML/, (L'M),0, L'M(CO3)ML'). According to the calculated
thermodynamic and kinetic data, the most favorable catalytic
cycle primarily involves monometallic complexes: the catalyst
model L'M first reacts with CO, and forms a carbon dioxide
complex L'M(CO,), which then forms a carbonyl oxo complex,
L'M(CO)(0); L'M(CO)(O) then releases CO and generates
L'M(0O), which reacts with H, to form either an aqua complex
L'M(OHS,) (for Co) or a hydroxo hydride L'M(OH)(H) (for Fe
and Mn). A transition state between the two tautomers, L'M-
(OH,) and L'M(OH)(H), was also calculated.

The L'Mn model shows the smallest calculated fluctuation in
calculated reaction Gibbs free energies. The complex L'Mn yields
the lowest calculated effective reaction barrier, AG¥ g, calculated
to be ~8 kcal/mol lower than the calculated AG? 4 for L'Fe.
However, Fe also shows favorable kinetic properties, with the
lowest barriers for the activation of CO, (breaking the C=0
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bond) and for the conversion between L'M(OH,) and L'M-
(CO)(0). In summary, monometallic Mn [3-diketiminato com-
plexes provide the most desirable catalytic properties for the
reverse water—gas shift reaction among the systems studied here.

In experiments, formation of bimetallic intermediates (e.g,
from reaction of L'M(CO)(O) and L'M(O) with the catalyst
L'M) would be a problem due to the great stability of the
bimetallic complexes. Therefore, avoiding formation of such
intermediates would be a challenge for this homogeneous cata-
lysis. One direction to solve this problem is to modify the
functional groups on the [3-diketiminate ligand. For instance,
substitution of hydrogen on the nitrogen and carbon atoms of the
backbone with bulky groups would retard formation of bimetal-
lics. Recently, several monometallic, monovalent complexes with
p-diketiminate supportin Iilgation have been reported, for
example, L*Ni(lutidine),>> L"Co(PPh;),** and L*Fe(PPh;).*®
Another direction would be to explore heterogeneous reactions.
Metal centers play a significant role in catalysis; ">~ %5~ thus,
metal surface mediated scission of CO, is a possible strategy
to avoid dimerization and oligomerization pathways to catalyst
inactivation. On the other hand, according to the reaction
Gibbs free energy diagrams of the monometallic reactions
(Schemes 4—6), AG'.¢ depends on the energy difference bet-
ween L'M(CO,) and M-TS-2. Therefore, “pushing up” the
energy of L'M(CO,) by changing metal centers or perhaps using
mixed metal complexes could reduce AG .
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