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ABSTRACT: Improving energy efficiency of electrocatalytic CO,
conversion to useful chemicals poses a significant scientific chal-
lenge. Recently we reported on using a colloidal nanographene as
the diimine ligand to form a molecular complex Re(diimine)(CO)Cl
to tackle this challenge, leading to significantly improved CO,
reduction potential. In this work, we use theoretical computations
to investigate the roles of the nanographene ligand in the reduction
and the reaction pathways. Remarkably, our results show that the
metal center merely provides a binding site for CO, and a conduit
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for electron transfer between the nanographene ligand and the sub- Nanographene-Re Comp|ex
strate instead of changing its own oxidation state in the processes.
Thus, despite its multiple oxidation states, the Re is redox “innocent” in the CO, reduction catalyzed by the nanographene

complex.

B INTRODUCTION

The negative environmental impact of the increasing levels of
carbon dioxide in the atmosphere can be profound, and miti-
gating its impact is an important scientific challenge. An impor-
tant avenue of exploration in this context is the electrochemical
or photochemical conversion of CO, to fuels or other value-
added chemicals using renewable energy sources.'”” Despite
substantial research efforts on various catalysts to drive such
chemical transformations, low energy efliciency is still the
major bottleneck preventing their large-scale implementation.
Molecular catalysts have the potential to selectively direct
chemical reactions along specific multielectron pathways and
have attracted substantial interest in this context to achieve
high efficiency in conjunction with selectivity.”> However, high
overpotentials still plague the catalysts being explored for
achieving CO, conversion, and new strate(%ies need to be
developed to improve their performance.””"'

Toward this end, we recently introduced nanographenes as a
new class of redox noninnocent ligands in metal complexes
that, because of their large conjugation size, enable an expanded
range of tunability in reduction potentials of the molecular
catalysts. For example, complex 1 (Scheme 1) can be readily
reduced electrochemically and in the presence of a proton
source can achieve the selective conversion of CO, to CO with
one of the lowest overpotentials reported for molecular cata-
lysts."" Our preliminary results have shown that the complex
undergoes two one-electron reduction steps to initiate the cata-
lysis, the first being ligand centered and the second delocalized
over both the ligand and the metal center. It is the electron
delocalization in the second reduction that decreases the
reduction potential for the CO, reduction." In this study, we
provide detailed computational studies of the associated
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catalytic reaction mechanisms. By studying the electronic
coupling between the ligand and the metal center, we show
that the Re center, instead of undergoing valence change
commonly believed to occur in the related Re(bpy)(CO),Cl
system, merely provides a binding site for CO, and a conduit
for electron transfer between the nanographene ligand and the
substrate.

B COMPUTATIONAL DETAILS

All calculations were carried out based on unrestricted Kohn—
Sham density functional theory (UKS-DFT) with the quantum
chemical program package ORCA 3.0.3'” using the hybrid
exchange—correlation functional B3LYP,"37'¢ following the
work of Carter and co-workers."”'® Dispersion interactions
were included using Grimme’s empirical pairwise D3
corrections'” in conjunction with the Becke—Johnson damping
scheme.”*™** Geometry optimizations of various chemical
species and vibrational mode calculations were done with the
def2-SVP basis set.>® For computational expediency, the core
electrons of Re were modeled using the Stuttgart/Dresden
effective core potential®* for that atom. A COSMO
(conductor-like screening model)*® continuum solvation
method was used to estimate the free energy of solvation in
THF (e = 7.25). Geometry optimizations have been performed
on a solvation-corrected potential energy surface (PES) since it
has been demonstrated that charge stabilization at the anionic
oxygens of activated CO, is needed to properly model CO,
binding at a reduced metal site in solution.”® With these
calculations we can obtain the free energy term used to
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Scheme 1. Structures of Nanographene—Re Complex (1) We Studied and the Ligand L

“L is partitioned and labeled.
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construct the PES, that is, Gpgs = Egcp + AGcogmo, Where Egep
is the energy calculated with DFT and AGcogyqo is the
COSMO solvation correction. Vibrational frequencies were
also calculated numerically with COSMO corrections, as it is
essential to calculate the Hessian matrices on the same PES as
the optimization to obtain meaningful results. No imaginary
frequencies were observed for the vibrational modes of the
ground-state structures, and only one imaginary frequency was
present for transition states.

Accurate energies were obtained by performing single point
calculations on the def2-SVP ogtimized geometries utilizing
the maug-def2-TZVPP basis set”’ 7 which is augmented with
an efficient set of diffuse functions appropriate for a system of
this size. Entropy and zero point energy (ZPE) were obtained
for polyatomic species from vibrational frequency calculations.
For single atom ions, translational entropy was estimated from
the Sackur—Tetrode equation by assuming free range of
motion in the solution phase, as described by the COSMO
protocol. All even electron species were calculated as both
singles and triplets with broken symmetry calculations carried
out using the high-spin state as a starting point.

The thermally corrected free energy of each species is
reported by combining the SCF energy, COSMO solvation
energy, ZPE, and the entropic contribution at 298.15 K, that is,
G2, = Escp + AGcogyo + ZPE — 298.15 K X S,.,,, where S =
Strans + Srot + Svib + Selec' The terms Strans) Srot) and Svib were
obtained from the harmonic oscillator and rigid rotor approx-
imations,®" and S,,. was estimated from the formula S, =
R1In(qeec), where R is the gas constant and g is the multi-
plicity of the species. All species were assumed to remain in the
solution phase unless released as a gas.

The standard states for the resulting G values were gases
under a pressure of 1 atm for CO, and CO and solution with
concentration of 1 M for nongaseous substances unless other-
wise stated. Data for the solubility of CO, at 298.15 K were
taken from the literature (2.7 X 1072 M),** and the solubility
of CO in THF was estimated from data on the solubility of CO
in dioxane (4 X 107*),** which is expected to behave similarly
to THF. The concentrations of Cl~ and any Re complexes
were set at 107* M, as this is the maximum concentration pos-
sible under our experimental conditions."" Concentration
effects were accounted for by relating the law of mass action
and the Gibbs free energy of reaction. Thus, for a reaction of
the form aA 2 bB, the effects of concentration outside the
standard state of 1 M would be calculated by the formula:

AG., = AG? +RTln< Bl

[B]

sol — sol [A]
ucts, the energy associated with compressing the gas from the
molar volume of a free gas at STP (22.4 L) was calculated by

). For gaseous reagents and prod-

the formula: AH,,; = —RT ln[ ! )} where A is a

24(5) x1a1(%
solvated gas.

Shifts in electron density were investigated via difference
densities and Hirshfeld charge analysis: Difference densities
were obtained by calculating an oxidized species with the same
structure as that of the species of interest and subtracting the
electron density of the oxidized species from that of the
original state. This is useful for visualizing sites that are likely
to undergo electrophilic attack and determining the change in
spatial distribution of electron density of species upon reduc-
tion. Hirshfeld charges,®* derived from a spatial based electron
density partitioning scheme, were used to gain a more quan-
titative view of the relative charge distribution. This scheme is
less prone to many of the artifacts generated by basis function-
based methods such as Mulliken charge analysis.*®

Free energy of a proton in THF was estimated from the pK,
value 41.20 of methanol reported in the literature®® and
applying the formulas pK, X 2.303 X R X 298.15 K = AGpyy in
conjunction with AGryp = Grgp(H") + Gryp(MeO™) —
Grir(MeOH) to create the expression Gp(H') = [pK, X
2.303 X R X 298.15 K] — [GIyr(MeO™) — Glygp(MeOH)].
Using calculated values of Gyp(MeO™) and Glyp(MeOH),
we achieved the result of Giyz(H') = —265.4 kcal/mol.
Solving for [H*] using the literature pK, and applying the con-
centration correction described above yields a Gpyp(H") value
of —293.8 kcal/mol which was used throughout the study.

Redox potentials were calculated by the formula
-AG

value of —4.11 V for the absolute value of the SHE as
determined by Williams and co-workers.””*

xn

E g = + Egyp where Egyp is the mean experimental

B RESULTS AND DISCUSSION

Electronic Structures of Nanographene Ligand L and
Nanographene—Re Complex 1. N-doped nanographenes
themselves can be reduced by two electrons.*” To understand
the role of the nanographene ligand L in the reduction of the
nanographene—Re complex 1 and CO,, we calculated the
single-electron frontier orbitals of L and 1, as shown in Figure 1
for HOMO up to (LUMO+4) along with the corresponding
orbital energies.

The frontier orbitals of L (upper panel, Figure 1) clearly
show partial electron localization over specific regions of the
molecule rather than delocalization throughout. For example,
the HOMO is mainly located on the hexabenzocoronene
moiety of the molecule, and the LUMO on the pyrazine moiety.
In the unoccupied orbitals, shown in order of increasing
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Figure 1. Calculated single-electron molecular orbitals for L (top) and 1 (bottom). All orbitals are rendered with an isovalue of 0.03 au with orbital

energies displayed.

energy, contribution from the bipyridine moiety remains
insignificant until (LUMO+3) and becomes dominant in
(LUMO+4). A similar partial localization of orbitals has been
previously reported in dipyridophenazine, a small-molecule
analog of L (marked blue in the left panel of Scheme 1), which
in metal complexes leads to energetically close states yet with
distinct optical properties.**** In L, however, because of the
large conjugation size of the hexabenzocoronene moiety, the
lowest unoccupied orbitals with significant bipyridine character
have much higher energy than the LUMO (at least ~1 eV
higher, Figure 1) and thus are not easily electrochemically
accessible. In the following discussion, to illustrate the con-
tributions of the specific regions in L for various electro-
chemical reduction processes, we qualitatively partitioned L
into three parts (Scheme 1), and we label them as HBC, Pyraz,
and Diim to represent the hexabenzocoronene, pyrazine, and
bipyridine (diimine) moieties, respectively.

When L reacts with Re'(CO)Cl to form complex 1" all
ligand-based orbitals are stabilized due to the polarization by
the metal center (Figure 1), with greater stabilization seen on
orbitals with significant bipyridine (or Diim) character. As a
result, a Diim-dominant orbital reminiscent of (LUMO+4) in
L becomes (LUMO+1) of 1, only slightly (~0.30 eV) above
the still Pyraz-dominant LUMO. (LUMO+2) and (LUMO+3)
both contain significant Diim-character as well, the former
being nearly degenerate with (LUMO+1). These changes in
the energy levels lead to drastically different redox properties
for 1 compared to L. Overall, 1 is more readily reduced due to
the lowered energies of the orbitals. In particular, the orbitals
with significant Diim character become readily electrochemi-
cally accessible, crucial for CO, reduction at the metal center
as we discuss later. Importantly, a detailed analysis showed that
the lowest unoccupied states contain little metal character
because of the higher energy of the Re d,»_,» and d.> orbitals
(vide infra).

Activation of the Electrocatalyst. Cyclic voltammetry
(CV) of 1 in dry THF under inert atmosphere shows two
separate one-electron reduction events: a quasi-reversible wave
at —0.40 V vs NHE followed by an irreversible reduction with
a peak potential at —0.78 V vs NHE."" The latter is indicative
of a change in molecular geometry associated with electro-
chemical reduction.” This is most likely the dissociation of the
axial chloride ligand from the complex based on previous work
on the Re(bpy)(CO);Cl system.'”'®** Indeed, in the presence
of CO, and a proton source (such as methanol, 5% vol),"" 1 is
able to electrocatalyze CO, reduction to CO upon the second
reduction, indirectly confirming the labilization of CI™. These
results are consistent with our calculations outlined in Scheme 2,

in which the energetics of the reduction processes is shown by
the reduction potential vs NHE and that of chemical changes
shown by the Gibbs free energy. In this study a total of five
classes of species are discussed: 2 is produced by the loss of
CI” from 1; 3 is generated by binding CO, to the resulting five-
coordinate Re center; 4 results from the protonation of bound
CO,; and § is the tetracarbonyl species resulting from the loss
of O as water by an addition protonation of metal bound
CO,H.

According to our calculations, the 1/1” reduction potential
is —0.72 'V, which is 0.32 V more negative than the exper-
imental value of —0.40 V. Though the discrepancy is somewhat
greater than the more typical deviations in such calculations of
+0.30 V, the values are still in fair agreement.”> The slightly
greater discrepancy may be caused by the difference in the
interaction between 1 and 17 with the glassy carbon electrode
used in the experiments, which will be further studied in the
future. In contrast, the calculated 17/1%~ reduction potential is
—2.30 V, much too different from the experimental value of
—0.78 V to account for the observed second reduction.
Instead, alternative and more energetically favorable processes
are the reduction of 1~ with concerted loss of CI™ at —1.14 V,
or a slightly uphill dechlorination step (AG® = +4.70 kcal/mol)
followed by a reduction at —0.93 V, both of which lead to the
coordinatively unsaturated complex 27. The potential asso-
ciated with either of the two pathways is more negative than
the experimental value of —0.78 V, though roughly by the same
amount as the difference of —0.32 V between the calculated
and the experimentally observed potentials for the first reduc-
tion. However, the quasi-reversible first reduction experimen-
tally observed indicates dechlorination of 1~ is slow on the
time scale of the CV measurements. Thus, the concerted
reduction and dechlorination of 17 is most likely to be the
cause of the experimentally observed second reduction, leading
to the coordinatively unsaturated complex 27 that performs the
subsequent binding and reduction of CO,.

Because of the importance of dechlorination for the catalytic
activity of 1, we conducted a careful analysis of its driving
force. The electronic structures of the reduced species 1~ and
1>~ were analyzed as well as the electron density changes
associated with the reduction processes. Figure 2 shows the
calculated electron density difference plots for the reduced
species 17 and 1*". Clearly ligand character is predominant in
both cases, though with significantly different spatial distri-
butions, suggesting an open-shell character in 1~. The open-
shell character of the ground state of singlet 1~ was confirmed
by its total spin (S?) value of 0.833 (compared to a value of 0.0
for a closed-shell singlet) and found to be 10.0 kcal/mol lower
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Scheme 2. Square Scheme Showing Possible Pathways for the Activation of 1 (blue rectangle) and the Binding and Reduction

of CO, (red square)”
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“The bold arrows represent processes more likely to occur according to comparison between our calculations and the experimental results. The
values in the unit of V are calculated reduction potentials in THF relative to the NHE. The values in kcal/mol are calculated Gibbs free energy

change of the processes in THF.

Figure 2. Difference density plots of 17 and 1>~ (top) showing loss (red)

or gain (blue) of electron density following the first and the second

reduction, respectively. The difference density was obtained relative to the species prior to reduction, that is, the plot for 1~ was obtained with the
relaxed geometry of 1, and 1?~ with the geometry of 1. A detailed description of the charge distribution is in the text (vide infra). Orbital plots
(bottom) show the Pyraz-centered LSOMO of 1>~ (left) and the Diim-centered HSOMO (right) at isovalues of 0.03 au.

in energy than the triplet state. The highest @ and /8 orbitals of
1>~ are shown in Figure 2 (lower panel), which have an
overlap of 42%, indicating significant spin polarization in the
spin unrestricted DFT solution. The higher-energy orbital is
centered on the Diim section of L, and we designated it as the
higher singly occupied molecular orbital (HSOMO). The

10551

lower-energy orbital primarily on Pyraz and HBC is designated
the lower singly occupied molecular orbital (LSOMO). The
calculated electron density difference plots for the reduced
species 1~ and 1>~ (Figure 2, upper panel) strongly resemble
the LSOMO and the HSOMO, respectively. Most importantly,
the electron density change at Re appears negligible in both the
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difference density and orbital plots, indicating that neither
reduction is metal-centered. This is in strong contrast with
previous work on the Re(bpy)(CO);Cl system suggesting that
the second reduction should be metal-centered (leading from
Re(I) to Re(0)) with consequent labilization of the CI™ ligand
by occupation of the Re d: antibonding orbital.** An alter-
native Cl~ loss pathway was found for Re(bpy)(CO),Cl after
the first ligand-centered reduction, though at a slower rate. 8

To understand the roles of the various segments in 1 in
initiation of the catalysis, we examined the charge redistribu-
tion associated with stepwise addition of two electrons to 1.
Our analysis shows that the reduction of 1 to 17, a change
totaling 1 au of charge, sees L taking on 0.94 au of charge
(0.30, 0.27, and 0.37 au for the moieties Diim, Pyraz, and
HBC, respectively) and the remaining distributed on CI~
(0.01 au) and the CO ligands (0.05 au). The charge at Re is
negligibly altered (0.002 au), consistent with the first reduction
being ligand-centered as in the Re(bpy)(CO);Cl case. More
importantly, our analysis shows that reduction of 17 to 1% is
also not a metal-centered reduction and results in no valence
change in Re. After the second reduction, the electron density
shifts (Figure 2) toward the Diim moiety of L adjacent to Re,
but not onto Re itself. Hirshfeld charge analysis comparing 1~
with 1>~ showed the additional portions of charge located on
Diim (0.55 au), HBC (0.26 au), the COs (0.10 au), Pyraz
(0.05 au), and CI~ (0.03 au) with <0.01 au on Re (Table S2).
The additional electron density on CI™ is due to a small degree
of axial ligand character in the HSOMO (vide infra), and the
lack of Re character results from the high energy of the Re d_2
of 127 (SI).

The effect of the electrochemical reduction and loss of CI™
on the electronic structure of the complex is illustrated with a
simplified MO diagram.*”** The frontier MOs of 1>~ are
schematically shown in the left column of Figure 3 and those of
27 in the right, with the orbital compositions qualitatively
reflecting the calculated orbitals. For reference we also show
MOs with predominant dz components, separated from the
higher MOs by a dashed line indicating the existence of other
L-centered MOs in between. Of special importance to
activation of the catalyst is the LSOMO and the HSOMO of
177, neither of which contains appreciable metal character. The
LSOMO is largely centered on the Pyraz moiety of L that does
not interact strongly with the metal center due to the large
distance. The HSOMO consists of Lz* forming an antibond-
ing 7-type interaction with an axial T,-like ligand orbital.

Loss of the axial CI” in 1*~ results in major effects on the
electronic structure of the complex. Most importantly, the
asymmetric coordination environment along the axial direction
leads to the formation of a Re d,/p, hybrid orbital.>" This
produces an orbital with the proper symmetry to couple with
the Lz* orbital (as in the HSOMO of 1*7) to form the
HOMO of 27. The hybrid Re d./p, orbital is still higher in
energy than the Lz orbital, as indicated by the relatively small
degree of Re character in the HOMO. The resulting orbital is
thus best described as a MO centered on L with some electron
donation to the Re d2/p, hybrid orbital. Our calculations show
that 27 is a closed-shell species with the triplet state of the
same complex less favorable by 5.1 kcal/mol. Attempts to
locate a broken symmetry solution only resulted in a closed-
shell singlet with an (S*) value of 0.0.

Dissociation of CI” from 1> to form 2~ decreases the
negative charge on L by 0.76 au, with the charge loss from
HBC (0.50 au,), Pyraz (0.26 au), and Diim (<0.01 au) being
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Figure 3. MO diagrams of 1>~ (left) and 2~ (right) showing the
consequent polarization and mixing of the Re p_, Re d_?, and L 7*. For
clarity only the interactions most relevant to the bonding of the metal
and the axial ligands are shown, and the L 7* system is represented by
a pair of p-like orbitals. The dashed lines in both columns indicate
existence of other L-centered MOs with energy in between the
frontier MOs and the dz-dominated ones. Orbital compositions were
based on calculated orbitals. A selection of these calculated orbitals is
available in the SI (Figure S1).

transferred to the CO ligands, Re, and Cl. The departing CI~
takes the greatest share of the negative charge (0.53 au) with
the three CO ligands sharing 0.15 au and Re gaining 0.09 au.
Loss of the CI™ ligand lowers the energy of the empty Re d_:
MO, increasing the contribution of Re in the HOMO of 2.
Nevertheless, the HOMO of 27 is still primarily located on L
since the Lz* orbitals remain lower than Re d even with an
open coordination site. As a result, the charge of Re in 27 is
0.0S au and quite similar to the 0.13 au of Re in 1.

The invariance of the Re oxidation state during the two
reductions indicates that Cl™ lability in 1>~ is not a result of a
reduced metal center, very different from what is commonly
believed for doubly reduced Re(bpy)(CO);Cl complexes.”®
Though the HSOMO of 1>~ does show a very small degree of
d,> character (Figure 2), it is <2% of the total orbital character.
Moreover, the Re—Cl bond length only increases by 0.03 A
upon the second reduction, a change much too small to
suggest an antibonding Re—Cl interaction being responsible.
In contrast, comparing 1>~ to 1, the distance from CI~ to the
centroid of the Diim moiety increases by 0.12 A, while the Re—
Diim centroid distance remains the same. This suggests that
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the negatively charged Cl™ is repelled by the negatively charged
ligand L in 1?~. The HSOMO of 1>~ shows the opposite phase
between the coordinating nitrogen atoms in L and Cl with
little Re character, indicating a repulsive interaction directly
between L and CI™. The large Diim involvement in the
HSOMO of 1% yields a chemical environment similar to that
of Re(bpy)(CO),Cl after the first reduction, since the first
electron added to 1 is located on HBC and far from the metal
center. It has been demonstrated that loss of an anionic ligand
can occur from the mono reduced [Re(bpy)(CO);Cl]*~ that
has little metal radical character,>* though at a slower rate. This
may be a reason for the low turnover frequency in the catalysis
of 1 (maximum value being 3.47 s™')'" and will be further
studied. Stabilization of the Lz* by the open Re coordination
site results in a closed-shell species upon dissociation of CI™. In
comparison to [Re(bpy)(CO);Cl]*”, more electron density is
affected in the case of 1>~ because L is nearly doubly reduced
(by 1.80 au). This leads to a greater Coulombic repulsion
experienced by CI™ and increases the favorability for the
dissociation of CI™ for 1>~ (AG = —26.6 kcal/mol) compared
to [Re(bpy)(CO),Cl]*~.*

The o-overlap between the Re d2/p, hybrid orbital and Lz*
in the HOMO of 27 with a majority of ligand character is
consistent with a dative covalent bond between Re and the Lz
space. Therefore, the overall process to form 2~ can be viewed
as a ligand substitution reaction with the CI” ligand being
replaced by the 7z system of L. The driving forces for this
displacement are entropic gain by releasing CI™ and enthalpic
stabilization from the interaction between the Lewis acidic Re
d_ and L. The slightly increased electron density at Re suggests
that the electron-donating power of the reduced L is greater
than CI7, though this change is too small to result in a change
in the Re oxidation state. This is consistent with a ligand
substitution process as it indicates superior Lewis basicity of
the Lz* as compared to Cl7, while preserving the oxidation
state of ligand and metal.

Activation of CO, and Cycling of the Catalyst.
Reduction of CO, by 27 proceeds with a nucleophilic attack
from Re to the carbon atom in CO, to form 3~ with an
activation barrier of +13.3 kcal/mol at the transition state
TS-3~ (Figures 4 and S2) and a slight thermodynamic cost

Figure 4. Contour plots (isovalue 0.03 au) of the HOMO of TS-3(left)
and 3~ (right) demonstrating increased CO, character of the HOMO
due to a transfer of electron density from Diim to CO, and the nearly
invariant density between Re and CO,. Overlap between the Diim 7
system and CO, appears to be present in both the species.

(AG® = +4.4 kcal/mol, red square in Scheme 2). At TS-37, the
O—C~O0 angle bends from 180° to 146.9° to decrease C—O
antibonding at the metal carboxylate.sz‘_56 Distortion of this
angle continues along the reaction coordinate to reach 131.6°
at the stationary point of CO, adduct 3~. Disfavoring the
binding is the loss of entropy (AS-T = +11.2 kcal/mol)

primarily due to the change in the translational entropy of CO,
and unfavorable enthalpic contributions due to filled—filled
orbital interactions between the 7 orbitals of CO, and the dz
orbitals of Re (Figures S3 and S4). In contrast, 3 is stabilized
largely by solvation. As solvation free energy is more favorable
as charge density increases, concentration of the negative
charge at the oxygen atoms leads to a greater solvation stabi-
lization for 3~ than for 27. Indeed, the combined ZPE and
electronic energy is 5.3 kcal/mol higher on the product side
than it is at the transition state, but this is compensated by
—13.8 kcal/mol of solvation stabilization in 3~ (Table S1). It
appears that the transition state is close to the point where
enough electron density is localized on the oxygen atoms of
CO, that the solvation term begins to dominate the energetics,
leading to further charge transfer from L to CO, and formation
of 37. It is worth noting that computational studies on Re(bpy)
(CO);Cl have also shown that CO, binding is possible only
when there is stabilization of charge on the oxygen atoms with
either solvation corrections or metal cations.*®

Initially higher than the Lz* orbital, the energy of the CO,
m* orbital is decreased significantly by interaction with the Re
center, resulting in transfer of electrons from L to CO, which is
driven to completion by solvation. Throughout this process
there is little change to the electron density at Re. The
invariant Re oxidation state indicates that this system acts as a
mediator in the reaction: facilitating transfer of two electrons,
while simultaneously stabilizing the resulting dianionic CO,
species as a Lewis acid. It is therefore cogent to characterize Re
as a conduit in this transaction to facilitate charge transfer
between two termini while itself maintaining a steady degree of
electron density. This can be visualized by comparing the
isodensity plots of the HOMOs of TS-3" and 3~ which
demonstrate a transfer of electron density from L to CO, with
nearly constant electron density at Re (Figure 4).

Despite the slightly unfavored CO, binding, at the applied
potential (—1.14 V), 37 can be readily depleted, shifting the
equilibrium to favor binding of CO,. According to our calcu-
lations, depletion of 3™ can proceed through two pathways
(Scheme 2). It can undergo a highly favored protonation (4),
followed by or concerted with a reduction (47). In 4, L is more
electron deficient by 0.04 au than that in 1, enabling further
reduction of 4 at the applied potential. Similarly, under the
applied potential, both 4 and 4~ can undergo further proton-
ation at oxygen and reduction/dehydration to produce $ and,
by eliminating a CO ligand, to regenerate 2~ (Scheme 2) for
more catalytic cycles. Similar to the results previously shown
for Re(bpy)(CO);Cl and Mn(bpy)(CO),Br, the dehydration
may occur through a “protonation-first” or a “reduction-first”
pathway, 175758

The lability of CO from $7 is similar to the loss of CI” from
177 in that both events involve replacing a ligand with the basic
Lz* orbital and gaining entropy by releasing a ligand molecule.
Even though CO binds more strongly to Re, the entropy gain
in losing the CO is sufficient to override the binding enthalpy,
making CO dissociation favorable by —0.4 kcal/mol under
1 atm of CO gas, and even more favorable under a lower partial
pressure of CO in experiments (~10~> atm)."" Further, CO
dissociation is kinetically favored. Relaxed surface scans show
that elongating the Re—CO distance has no visible barrier on
the potential energy surface, perhaps due to interactions between
the CO 7* and L7™* systems as the Re—CO distance increases
(Figure SS). Thus, regeneration of 2~ from 5~ by releasing CO
is expected to proceed rapidly at the applied potential.
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Again, the Re oxidation state is nearly constant, with a
Hirshfeld charge of 0.14 au calculated for 127, 0.05 au for both
2~ and TS-37, 0.07 au upon formation of the CO, adduct 37,
and 0.10 au upon protonation to 4. In contrast, for the same
reactions, L is oxidized from —1.18 au in 1?7 to —0.42 au in 2~
to —0.16 au in TS-37, 0.22 au when CO, is bound in 37, and
finally to 0.59 au upon protonation to 4, with a total variation
of 1.77 au in contrast to the 0.09 au at Re in these reactions
(Table S2). The lack of charge variation at Re in the transition
state of CO, binding is particularly striking. Even at the energy
maximum, L appears to transfer charge directly to CO, without
increasing the electron density at Re. MO diagrams (Figure 4)
support this picture as well, showing very little change in the
Re character during and after CO, binding, but a drastic
increase in CO, character and decrease in Diim character in
the HOMO.

B SUMMARY AND CONCLUDING REMARKS

Here we elucidated the mechanism for electrocatalytic CO,
reduction by the nanographene complex 1 with DFT calcu-
lations and Hirshfeld charge analysis. Our calculations revealed
the driving force for dissociation of CI” upon two-electron
reduction of 1 to form the catalytically active 27. Addition of
CO, to this species is followed by abstraction of oxygen by
protonation and concerted or stepwise two electron reduction
to generate water and the tetracarbonyl species 7. 27 is regen-
erated after release of an axial CO, enabling further catalytic
cycles.

One of the most unexpected observations in this study is the
invariance of the oxidation state of Re with Hirshfeld charges
varying no more than 0.10 au (being the highest in 1, 0.15 au,
and the lowest in 27, 0.05 au). Even though reduction of CO,
occurs at the metal center the overall catalytic reaction is better
described by transfer of electron density from a two-electron
reduced ligand L to CO,. This is evident starting from the
labilization of chloride to binding and subsequent reduction of
CO,. Upon binding CO, the Diim, HBC, and Pyraz moieties
contribute —0.55, — 0.06, and —0.04 au of charge, respectively,
to the substrate. Re and the COs only contribute —0.02 au and
—0.10 au in total leading to a total charge of —0.77 au on CO,.
At TS-37, the electron loss at L and the gain at the CO, is
equal so that the oxidation state of Re does not change
significantly. Thus, it is clear that the role of the metal is as a
conduit to facilitate electron transfer rather than a reductant or
oxidant. This perhaps should not be surprising, considering the
relative energies of the La* orbitals and the substrate. For Re
to change its oxidation state in this reaction, the Re d > level
would have to be even lower in energy than the Lz* orbitals.
Because L has a much larger conjugated 7 system and contains
several nitrogen heteroatoms, the Lz* orbital energy is already
lower than the CO, z*. Thus, under the reaction conditions,
the stabilization due to solvation is the primary factor driving
the electron transfer from L to CO,. If the orbital energy of the
metal is low enough for reduction to occur there, then the
electron transfer would be energetically much less favorable
and binding of CO, would not occur. Rather, the role of Re is
mostly that of a Lewis acid which acts to stabilize negatively
charged ligands in its coordination sphere through covalent
overlap with the Re d 2. This stands in contrast to experimental
and theoretical work on Re(bpy)(CO); which has been
explicit in identifying the metal as redox active.’*"’

It is well understood that d® metal electron configurations
and octahedral coordination environments are particularly

stable for metal complexes, and it appears that the metal center
for this system conforms well to that maxim. All the accessible
states are consistent with a Re(I) oxidation state and a six-
coordinate environment. This may include the approximately
square pyramidal 37 if we consider the covalency of the Re—
Lz* interaction to be a dative bond, an assertion supported by
the relatively small degree of metal character in its HOMO.
This is possible because the surrounding ligands are much
easier to reduce and oxidize than the metal center throughout
the catalytic cycle. However, this does not mean that the metal
center is unimportant. Its role appears different from what we
would have anticipated based on previous studies on similar
complexes with smaller diimine ligands. Based on our studies,
clearly Re is crucial for the polarization of L in 1, suppressing
the energy of unoccupied orbitals, especially those with signif-
icant Diim characters to make them electrochemically acces-
sible (Figure 1). This makes it possible to electrochemically
produce a species (1*7) with significant Diim character in its
HSOMO to drive labilization of the axial halide and formation
of 27. Labilization of the halide further stabilizes the Diim-
dominant orbitals, resulting in the HOMO, located primarily
on Diim, to facilitate binding and reduction of CO,. Thus,
another role of Re appears to be in stabilization of involved
orbitals through its Lewis acidity rather than participation as a
redox active component. Other more earth-abundant metals
may be able to play the same roles as well and are being inves-
tigated as potential substitutes for Re in the nanographene
complexes for electrocatalytic and photocatalytic CO, reduction.
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