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ABSTRACT: The mechanism of the photochemical reduction of carbon dioxide to carbon monoxide coupled to hydrocarbon
dehydrogenation catalyzed by a three-component hybrid construct has been studied by combining DFT and CASSCF/CASPT2
calculations. The electron and proton coupled transfer mechanism is summarized as follows. Graphitic carbon nitride (g-CN), as the
photosensitive semiconductor, absorbs visible blue light and transfers electrons to the polyoxometalate (POM), a process that is
driven by the relative energy of the LUMO levels of the two species. Then, the hydrocarbon substrate (cyclohexene or
cyclohexadiene) is dehydrogenated by the effect of holes formed during the photoexcitation of g-CN, which leads to the transfer of
electrons to the oxidized g-CN and protons to the reduced POM. Under red light irradiation, the reduced POM transfers two
electrons to the bimetallic Re(I) CO, reduction catalyst ([Re'(bipyNNH,)(CO);Cl-Re*(bipy)(CO);Cl], bipy = 2,2’-bipyridine). The
activated catalyst reduces CO, to CO while the proton-rich POM transfers two protons to generate the reduction co-product, H,O.
Acting as an electron/proton switch, the POM promotes hydrocarbon dehydrogenation by increasing the electron/hole separation
upon photoactivation of g-CN and facilitates the transfer of electrons and protons to the Re catalyst for CO, reduction. The first
electron transfer to the Re-complex is to the bipyNNH, ligand. The unpaired electron is then transferred to the Re-5dz* orbital,
activating the coordination of CO,. The combination of a strong interaction between the nearly degenerate d-n* orbitals of Re and
the bipyNNH, ligand, the low reduction potential of -0.85 V and an extremely low free energy barrier of +2.4 kcal mol™ for CO;

ligation makes the bimetallic Re compound one of the best catalysts for transforming CO, to CO.

1. INTRODUCTION

The photoreduction of CO, using solar energy into valuable
chemicals and especially more energy-dense organic
compounds such as CO, HCOOH, CH;0H, and CH, among
others is regarded as a promising but challenging strategy to
lessen our dependence on fossil fuels and guarantee sustainable
energy development.! In this respect, for decades chemists
have dedicated research to the establishment of synthetic
catalytic systems for the CO, photochemical reduction in a
laboratory setting, as summarized in a series of recent reviews.?
According to those reviews, transition-metal compounds
capable of photochemically catalyzing CO, reduction have
been actively sought.'*? Of those compounds that can catalyze
the reduction of CO, to CO, fac-Re(bipy)(CO);Cl (bipy = 2,2'-
bipyridine) and its analogs have been proven to be superior to
the majority others with regard to rates, selectivity, as well as
catalyst lifetime.* These reduction reactions are usually carried
out in organic solvents such as dimethylformamide or
acetonitrile with or without an explicit extrinsic proton source.
By adjusting the substituents at the 4,4'-positions of the bipy
ligand, the reduction potential of the Re(I)-catalysts can be

easily manipulated and a variety of substitutents have been
shown to modulate activity.” Simple experimental operating
conditions and easy-to-control reduction potentials make Re(I)-
catalysts very promising candidates for industrial CO,
photoreduction.

Although in some single-component photocatalytic systems,
the photo absorber and the catalyst are the same compound,®
the two processes of light absorption and catalysis are more
often implemented by different components in a hybrid
material.” Such hybrid constructs are usually composed of two
parts with different functions: a photosensitizing agent and a
CO; reduction catalyst. Upon light absorption, there is a one-
or two-electron transfer from the photosensitizing agent to the
catalyst, enabling the coordination of CO, and its subsequent
reduction. Polyoxometalates (POMs) are a rather unique class
of anionic metal oxide clusters formed by oxidation of d-block
transition metal oxides, typically of W', Mo%", or VI*V.® Due
to their distinctive redox behavior where multiple electrons can
be accepted and released while preserving their structural
stability, POMs can regulate electron transfer pathways and
thereby improve the activity and selectivity of catalytic



reactions.**® % ° Therefore, POMs are able to act as the relay of
electron/protons associated with catalysts.”® Related to this
research, a series of hybrid systems consist of rhenium
complexes and phosphotungstate, [PW,04]> were prepared
and corresponding reaction mechanisms were reported for the
photochemical reduction of CO, to CO incorporating the
reduction and protonation of [PW,04]*.%% " In another
instance [PW,04]* transfer multiple electrons from the amino
ligand of NH,-MIL-53 to the Pt-catalyst driven by the
irradiation and the hybrid material synergistically catalyze the
H, evolution which proceeds on the platform of Pt
nanoparticles.”” Recently, a Ti-substituted polyoxotungstate
embedded into the cavities of HKUST-1 together with Au
nanoparticles was reported that it can promote photoreduction
of CO, to CO and CH,, acting as an electron/proton pond.'®
All of these hybrid constructs demand photoexcited electron
transfer from the photo absorber to the catalyst, which
markedly affect the catalytic efficiency. Hence, the
majorization of the electron transfer pathway is essential for
efficient catalytic photoreduction.

Inspired by the above research background and considering
that the transformation of CO, to CO is a two-electron redox
reaction accompanied by the consumption of two protons to
form H,O, very recently, Neumann and coworkers proposed
the first example of a CO, photochemical reduction reaction in
the MeCN solvent coupled to a hydrocarbon dehydrogenation
reaction catalyzed by a hybrid construct.*® A three-component
construct (Figure 1) was reported that includes graphitic carbon
nitride  (g-CN) as a  visible-light photosensitive
semiconductor,”® a phosphotungstate POM, [PW,04]%, that
behaves as an electron relay transferring electrons from the g-
CN to a dimeric-rhenium-catalyst ([Re'(bipyNNH,)
(CO);Cl-Re*(bipy)(CO):Cl], bipy = 2,2’-bipyridine) for CO,
photoreduction. Upon photoactivation of g-CN, a cascade is
initiated involving a hydrocarbon dehydrogenation coupled to
the polyoxometalate reduction. Visible-light excites the
reduced polyoxometalate to transfer electrons to the rhenium-
based catalyst, enabling it to selectively reduce CO, to CO.

Based on this experimental research and previous
computational investigation on Re(I)-based organometallic
complexes,* we used computational methods to validate the
proposed mechanism for the hybrid system. To this end, we
first established the two-electron transfer pathway between the
three components and the photoreduction mechanism of CO, to
CO by the bimetallic Re-catalyst. Next, in order to couple CO,
reduction with hydrocarbon dehydrogenation, a multiple-
proton transfer route accompanied by electron transfer is also
proposed. Finally, we have analyzed the electronic properties
of several Re(I) catalysts to explain why the bimetallic
[Re'(bipyNNH,)(CO);Cl-Re?*(bipy)(CO);Cl] is one of the best
rhenium-based catalysts for transforming CO, to CO, as it
combines a low reduction potential with a small energy barrier
to reduce CO..

Re'(bipyNNH,)(CO),Cl — Re?(bipy)(CO),ClI
=[Re'—Re?]
(c)
H1

_+J
H3PWVI12040
o AR X © =H,POM

(b)

[g-CN] + H;POM + [Re'—Re?] = [g-CNH]* + [HPOM]? + [HRe'—Re?]*
AGr = -72.1 kcal-mol-!

Figure 1. The structural representation of the hybrid {[g-CN]
(a)/H;POM(b)/[Re'-Re?](c)} construct. The three components are
attached to each other by acid-base interactions. The transfer of
two protons from H3[PW;;04] to [g-CN] and to the catalyst
[Re'-Re?] is an exergonic process. Color code: C (dark gray), N
(blue), O (red), Cl (green), W (light gray), Re (cyan), H (pink).

2. RESULTS AND DISCUSSION

2.1. The absorption spectra and energy balance between
the three components of the hybrid construct. Initially,
computations showed that the strong Brgnsted acid H;PW 1,04
transfers one proton to a basic primary, terminal amine of g-CN
and another proton to the Re-catalyst. The molecular
electrostatic potential (MEP) map for [Re’-Re?] demonstrates
that the pyridine nitrogen is the most basic N site for
protonation and the structure protonated at the pyridine
nitrogen is more stable than the structure protonated at the
amino nitrogen by 13.8 kcal mol™, which provides additional
evidence that protonation is most likely to occur in pyridine
nitrogen. Thus, another proton of the POM transfers to the
pyridinyl nitrogen atom of the bipy ligand which is not
coordinated to the Re(I) center, forming three charged
components: [g-CNH]* (la), [HPW.O,]* (1b) and
[HRe'-Re?’]* (1c). These two proton transfer reactions
combined are very exergonic, AG, = -72.1 kcal mol™, as shown
in Figure 1, enabling the formation of a very stable three-



component hybrid construct. The computed absorption spectra
and corresponding frontier molecular orbitals at the B3LYP
level of the various components are presented in Figure 2a and
2b. The simulated absorption spectrum of 1a in blue shows that
it mainly absorbs blue visible light with an absorption
maximum at 360 nm. This corresponds to an electronic
transition from HOMO-7 to LUMO. The energy of the latter is
-3.05 eV, while the LUMO level of 1b is -4.21 eV (Figure 2b).
The large energy gap between the LUMO of 1a and the LUMO
of the POM (1b) provides a strong driving force for the transfer
of an excited electron from 1a to the LUMO of the POM (1b).
The simulated absorption spectrum of the reduced POM (2b) is
depicted by the red line in Figure 2a. The peak maximum is at
750 nm, corresponding to the electronic transition from the
SOMO to LUMO+5. The LUMO+5 lies at higher energy (-
2.85 eV) than the LUMO of 1c (-3.01 eV), making it possible
to transfer electrons from the reduced POM to 1c. Using this
level of theory, both the simulated spectra, that is those of 1a
and reduced 1b, were in good consistency with the
experimental spectra.*® Overall, the use of g-CN and reduced
POM as the photosensitizer enables the excitation energies to
envelop a large area of the visible spectrum and thereby allows
the absorption of a significant part of the solar spectrum.
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Figure 2. a) Simulated UV-vis-NIR spectra of [g-CNH]" (1a) in
blue and reduced [H;POM*]* (2b) in red at the B3LYP level; b)
Simplified molecular orbital energy diagram. The strongest light
absorption corresponds to the transition of 1a from HOMO-7 to
LUMO, and from SOMO to LUMO+5 for reduced 2b.

2.2. The central role of the POM as a shuttle for electrons
and protons. Figure 3 schematizes the overall electron and
proton transfer process. Excited by blue light, 1a generates two
higher-energy electrons with co-formation of two-electron
oxidized 2a (blue cycle). The hydrocarbon, for example,
cyclohexene (CgH,p) is hole oxidized to yield [C¢H;o]** with the
transfer of two electrons to 2a and recovery of la. 1b can

accept two photoexcited electrons from la and two protons
from intermediate [C¢Hyo]** generating two-electron reduced
2b, where the two extra electrons are distributed on the W
atoms of the POM (red cycle). After absorbing red light, 2b
acts as multiple electrons and protons donor transferring them
to the Re catalyst for CO, reduction (green cycle). The two-
electron/two-proton transfer process is an exothermic reaction
with a substantial negative AG, = -3.86 eV (the computational
details are described in Figure S6). The transfer of the two
protons is considered to be a single-step process, because the
hypothetical intermediate involving a loss of a single proton,
[CeHo], is a highly unstable radical, which requires free energy
about +12 eV, obviously unreachable at room temperature.
Irradiation by red light excites the reduced-2b leading to the
transfer of two electrons to 1c, thereby activating the rhenium-
based photoreduction catalyst. In the following subsections, we
will add more details to the description of the mechanism.

This discussion of the overall process shows that the POM,
acting as the electron/proton switch, promotes hydrocarbon
dehydrogenation by boosting the electron/hole separation and
facilitates the transfer of electrons and protons to the Re-based
catalytic CO,-reduction system. Other divalent anionic POM
SyStelTlS, such as [SW12040]2-, [HzSinzom]Z-, [H4COW12040]2-,
[H4P2W18062]2_, [MOGOlg]z_ and [HPM012040]2_ were Studied,
and we observed that the Keggin polyoxotungstates exhibit
probably the optimal electronic structure to act as electrons and
protons shuttle between 1a and 1c. While the LUMO levels for
the Keggin polyoxotungstate anions depend not too much on
the central ion, the Dawson polyoxotungstate, [H,P,W506:]*
and the polyoxomolybdate, [MosO]* and [HPMo;,04]*
anions would not be appropriate carriers because their LUMOs
would be too low or too high (Figure S4).
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Figure 3. Schematic general view of the mechanism for the
coupling CO, photoreduction and dehydrogenation of the substrate
catalyzed by the hybrid [g-CNH]*(1a)/[HPOM]*
(1b)/[HRe'-Re?]*(1c) system.

2.3. Details of the catalytic cycle. We then carried out a
detailed analysis of the CO, reduction -catalyzed by
[HRe'CI-Re*Cl]", 1c. According to the known photochemistry
of rhenium-based bipyridine complexes, a ligand, typically CO
or CI;, can be eliminated by UV-blue light irradiation giving a
solvent molecule such as MeCN the opportunity to occupy the
created vacancy." In this case, the rhenium catalyst is not
symmetrical, that is, Re' is bound to one pyridinyl moiety and
the bridging hydrazinyl group, while Re® is bound to two



pyridinyl moieties. The peak maximum of the simulated
absorption spectrum of [HRe'Cl-Re?Cl]" is located at 300 nm
and the corresponding transition is from o orbitals between Re
and Cl to m* orbitals of the bipy ligands, as shown in Figure
S5. Hence, blue light irradiation could in principle de-
chlorinate both rhenium centers, thereby allowing coordination
of CO,. However, the calculations show that the reaction Gibbs

to Re? are +16.8 kcal mol™ and ~ +20 kcal mol™, respectively,
while for CO, addition to Re' they are only +0.7 kcal mol™ and
+2.4 kcal mol™, respectively. These values clearly indicate that
Re' is the preferred catalytic center. Catalysis at the Re' site
will be the focus of the further study of the CO, reduction
mechanism. Reasons for the different catalytic reactivity at Re*
and Re? will also be analyzed below.

free energy (AG,) and activation barrier (AG,*) for CO, addition
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Figure 4. Reaction free energies and activation barriers (in kcal mol™) for the catalytic cycle. Only ligands of the active Re' center are
shown for clarity. In all the species represented, the Re center acts as a Re(I) since the 1e-reduction of 2c and 4c leads to 3c and 5c¢ with the
additional electron being delocalized over the bipyNNH, ligand. The coordination of CO, and protonation on the ligand promote the
electron transfer to the metal center from the organic ligand (see text). The potential addition and elimination steps of MeCN (2¢ - 2c' -
3c) are shown in dotted arrow lines. Energies associated with 5¢ — 5¢'— 6c steps are obtained considering that the protons are transferred

from H,POM and HPOM, respectively.

The AG, and AG,* of the reaction steps associated with the
catalytic cycle are summarized in Figure 4. After the
elimination of CI to yield 2c, the solvent molecule MeCN is
likely coordinated in an actually photoactivated ligand
exchange reaction step giving 2c'. The binding energy of
MeCN to Re' is -19.5 kcal mol™ and AG, of this reaction is -8.9
kcal mol™. The elimination of MeCN requires a free energy of
+3.2 kcal mol™ with reduction of the Re® center. Although the
addition and elimination of MeCN are thermodynamically
favorable, as shown by the dotted arrow line (2c¢ — 2¢' - 3c)
in Figure 4, the reaction is not necessarily faster than the
electron transfer from the POMs (2¢ — 3c). After one-electron
transfer to 2c (or 2c’), 3c with a 5-coordinated Re center is
generated, in which the spin density is largely localized on the
bipyNNH, ligand. Only a small fraction of the spin density is
found on the coordinatively unsaturated Re center while the

three CO ligands have negligible spin populations (Figure 5).
Hence, 3c is considered as a [Re(I)-bipyNNH,(1-)] compound
as opposed to a [Re(0)-bipyNNH(0)] intermediate. This is
consistent with previous spectroscopic evidence that
demonstrated a shift of about 21 cm™ in the high-energy band
that was attributed to the formation of a bipy radical.” Whereas
the d-orbitals of first-row transition metal ions are relatively
tightly bound to the nucleii and display a low orbital energy,
the 5d orbitals of the Re atom are more diffuse and higher in
energy. Thus, the bipy m* orbital is predicted to be lower in
energy than the Re 5dz* orbital. The initial formation of [Re(I)
—bipyNNH,(1-)] indeed shows that the first one-electron
reduction is at the bipyNNH, ligand. This is also supported by
experimental observations that the reduction potential of the
Re(I)-catalyst can be manipulated by adjusting the substituents
at the 4,4'-positions of the bipy ligand (see section 2.4).
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Figure 5. Structure of 1c (a), free energy profile (b) and spin
density distribution (c) for the CO, ligation steps. Since the single
electron is only (de)localized over the ligands of Re' center in 2c,
only the atoms around the Re' center are shown in 3¢, TS3, and 4c,
where all atoms around of Re? are omitted for clarity.

Furthermore, complete active space self-consistent field
(CASSCEF) calculations were carried out to better understand
the electron transfer in the process of CO, approaching the Re
center. The CASSCF spin populations of the ground and first
excited state as function of the distance between Re and CO,
and corresponding active orbitals are shown in Figure S7-8.
The two active orbitals marked as “Re—CO, o/m* bipyNNH,”
are the two orbitals that are singly occupied in the first two
roots of the CASSCF calculation. A unitary transformation of
these two orbitals leads to localized orbitals, either on the
bipyNNH, ligand or on Re-CO, Because of the
multiconfigurational character of the wave function, localized
and delocalized descriptions are equivalent and, as can be seen
in spin population plots, the lowest root has one unpaired
electron on bipyNNH, ligand at a large distance, which is
transferred to Re—-CO, at a shorter distance. The low
occupation of the 5dz? orbital on Re' in 3c facilitates the
approach of CO, as there is initially no electron-electron
repulsion between the ligand and Re. In a later stage, when the
CO, is closer to the Re' center, the unpaired electron is
transferred from bipyNNH, to the Re-5dz’ orbital and the
Re—C bond formation is initiated. Therefore, we postulate that
the interaction between the bipyNNH, m* orbital and the Re' d
orbitals and their succeeding occupations after reduction has a
major impact on the CO, ligation, which is confirmed in the
next section. The CASSCF calculated energy barrier for CO,
coordination is much higher than the one predicted with the
DFT calculation. This is not unexpected since the CASSCF
wave function does not account for the so-called dynamic
electron correlation. This effect is commonly included with
second-order perturbation theory (CASPT2). Indeed, the
corresponding potential energy surface depicted in Figure S9
(right) shows a barrier of the same order of magnitude as the
DFT barrier. The inversion of the stability of the [Re(I)
—bipyNNH,(1-)] and [Re(0)-bipyNNH,(0)] electronic states

occurs when the distance between Re and CO, is around 3.1 A
during the approach of CO, to Re.

The ligation of CO, to intermediate 3c by forming a Re-C
bond is a little bit endothermal by ~0.7 kcal mol™ to generate
4c. Figure 5 presents the free energy profile and structural
changes for the CO, ligation, which shows that the activation
barrier for the CO, coordination is only +2.4 kcal mol™ where
the Re—C bond is belike 3.0 A and the O=C=0 angle is about
158° in the transition state structure (TSs4), while the Re—C
bond length is 2.5 A and the O=C=0 angle is 140° in
intermediate, 4c¢. This indicates that the interaction between Re
center and CO; is stronger than in the previous studied Re-
polyoxometalate hybrid construct, where the Re—C bond length
is ~2.9 A and the O=C=0 angle ~165°.*

When a second electron is transferred from the POM to the
catalyst, the additional electron is also located on the
bipyNNH, ligand of Re' center generating 5c [Re(l)
-bipyNNH,(1-)]. Later, it is transferred to the Re' center,
forming the [Re(0)-bipyNNHy(0)] electronic state. The
potential energy surface and structural changes for the second
electron transfer and CO elimination are presented in Figure 6.
The reduction does not significantly affect the Re—CO, bond.
The O=C=0 angle remains 140° and the Re—C distance is still
~25 A. On the basis of previous experimental and
computational investigation,'® 4 19 4. 15 two subsequent
protonation steps are demanded to generate CO. As presented
in Figure 5c, the electron of the [Re'(bipyNNH,)(CO);(CO,)]
part in 4c is largely distributed on the CO, ligand; which leads
to a fractional negative charge on the CO, and promotes the
first protonation of the bound CO, ligand to form a
hydroxycarbonyl complex 5¢’, which is about 59 kcal mol™
lower in energy. Previous computational research on Re-based
catalytic systems has demonstrated that these protonation steps
are barrier-free.’® The protonation step weakens one of the
C=0 bonds and elongates it to 1.37 A in 5¢ from 1.22 A in 5¢,
while the Re—C(COOH) bond is strengthened with the length
decreasing considerably by 0.34 A. Due to a fractional negative
charge still on the COOH ligand in 5¢’, further protonation can
occur, which leads to the cleavage of C-OH bond and the
generation of H,O and the cationic tetracarbonyl complex 6c,
releasing CO after photoreduction. This step is exothermal by
about -34 kcal mol”, assuming the reduced POM to be the
proton source. The departure of H,O is a slightly endothermal
process by 0.6 kcal mol™ from 6¢ to 7c. At this point, there are
two alternatives involving the removal of a CO and 1le-
reduction step. As shown the blue path in Figure 4, the free
energy barrier for the direct cleavage of the Re—CO bond of 7c
is not very high, +13.4 kcal mol™'. Similar results (~12 kcal
mol ™) have been found in studies on related compounds.'®
However, when CO is released from the previously reduced 7c,
the energy barrier is slightly lower, +10.4 kcal mol™ (the purple
path in Figure 4). Although this latter pathway is more
favorable from the energy point of view, we can not rule out
that both can occur simultaneously.
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Figure 6. The schematic diagram for the potential energy surface of the second electron transfer and CO elimination. All distances are in A

and angles are in degrees and the free energy barriers are in kcal mol™. For other numerical values see Figure 4.

Chart 1. The comparison of the previously reported classical Re(I) catalysts (1-9) and the present work ([Re'-Re?])

DFT Exp.
Compound Structure
LUMO? AG'™ \%A \A
1 R=H; R’=H -2.49 +21.2 -1.34 -1.34%
2 R R R=CH;; R’=H -2.39 -1.53 -1.43%
3 - ) R R=tBu; R’=H -2.34 -1.56 -1.45%
4 N ;/r\ R=0CH;; R’=H -2.19 -1.62 -1.49%
5 ocC Se ~co R=0H; R’=H -2.36 -1.55 -1.53%
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6 R=COOH; R’=H -3.05 +10.6 -0.88 -0.94%
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%n eV; "free energies barriers in kcal-mol™; “the first reduction potential in V (vs SHE).



2.4. Influence of substituents on the bipy ligand on the
properties of the catalyst. The redox potential and the overall
catalytic activity are significantly influenced by substituents on
the bipy ligand. As shown in Chart 1, the experimental
reduction potentials of a series of Re(I)-catalysts ranging from
-0.73 V to -1.70 V, are nicely reproduced by our present DFT
calculations. Unlike the previously studied monometallic-Re(I)
catalysts (1-9), the catalyst analyzed here contains two Re(I)
centers, one Re? center has the classical [Re*(bipy)(CO);Cl]
coordination where both sp?> N-atoms of the bipy ligand are
ligated to the metal while the other Re center, Re!,
[Re'(bipyNNH,)(CO);Cl], has a less conventional coordination
sphere with only one Re—N(bipy) bond and a second Re'-N
bond with the NNH, ligand with a sp® hybridization (see Chart
1 for a schematic view of the structure). The main consequence
of this non-symmetric coordination is that the LUMO of the
bimetallic catalyst is localized on the bipyNNH, ligand of the
Re' center, with a lower energy than most of the other rhenium
compounds reported in Chart 1. Therefore, the spin density of
the bimetallic catalyst after one-electron reduction 3c is also
localized on the bipyNNH, ligand of Re'. This confirms again
that the CO, reduction occurs at the Re® center. In fact, if we
replace the entire Re’*bipy(CO);Cl moiety with a methyl group,
the properties of the catalyst (summarized in Table S1,
[Re'-CHj3]) change only marginally compared to the bimetallic
[Re'-Re?] catalyst, supporting the conclusion that the Re’
center does not play a direct role on the CO, reduction cycle.
Among the compounds examined in Chart 1, 6 and 7 were of
special note because of their low reduction potential, -0.88 V
and -0.99 V, respectively. Compound 6 has two carboxyl
groups at the 4,4 '-positions of the bipy ligand and compound 7
has two alkynyl groups at the 3,3'-positions of the bipy ligand.
The difference between the two compounds lies in the AG,* for
the CO, addition, which were computed to be +10.6 kcal mol™*
and +22.1 kcal mol?, respectively. The latter AG,* is very
similar to the value computed for the parent compound with an
unsubstituted bipy ligand, 1. However, the carboxyl groups in 6
reduces AG,* by more than 10 kcal mol™® with respect to 1.
These carboxylate electron-withdrawing groups reduce the
energy of the Re-d and the bipy-n* orbitals. The stabilization is
larger for the Re-d orbitals and the overall effect is a reduction
of the gap between the bipy-m* and the Re-d orbitals from 0.85
eV in 1 to 0.46 eV in 6. The smaller gap favors electron
transfer from bipy to the Re atom explaining the lower AG," for
the CO, addition of 6.

Compared to the aforementioned compounds, the Re' center in
[Re'-Re?] exhibits both a very low reduction potential (-0.85
V) and a very low AG," (+2.4 kcal mol™) for the CO, addition.
Thus, the bimetallic [Re'-Re?] compound is expected to be a
superior catalyst for the reduction of CO, to CO. By
exchanging one N (sp®) coordination site with a sp* hybridized
N atom, the o donating character of the coordination sphere is
reduced. This significantly lowers the ligand-field exerted on
the metal and stabilizes the Re-d orbitals in comparison to the
classical symmetric bidentate bipy coordination complexes.
The d-m* orbital energy gap is further reduced, leading to an
extremely low AG," for CO, addition. Specifically, the energy
gap in 6 of 0.46 eV is reduced to almost 0 eV, allowing a strong
interaction between the Re' center and the bipyNNH, ligand.
The frontier molecular orbitals, Figure S10, show that the Re-d
orbitals and the bipy-m* orbital are completely separated in
compounds 1 and 6, while [Re'~Re?] shows nearly degenerate
d-r* orbitals of Re and the bipyNNH, ligand. Therefore, when

CO, approaches Re, the electrons on the bipyNNH, ligand can
be easily transferred to Re' to interact with CO, without any
barrier, very significantly reducing the AG,* for CO, addition.
These results confirm our previous hypothesis based on
CASSCF calculations that the CO, additive affinity is mainly
influenced by the energy gap between the bipy m* orbital and
the Re d orbitals and the succeeding occupations after
reduction.

3. CONCLUSIONS

In summary, a detailed computational study has been
accomplished for the mechanism of the photochemical
reduction of CO, to CO coupled to hydrocarbon
dehydrogenation catalyzed by a three components of hybrid
construct, {[g-CN]-POM-[Re'-Re’]}. We first rationalize the
electron/proton  transfer pathway between the three
components. After absorbing blue light, [g-CN] transfers two
electrons to the polyoxometalate (POM), which is driven by a
large LUMO energy difference between the two compounds.
Then, the hydrocarbon, transfers two electrons to the holes of
oxidized g-CN and two (or even more) protons to the reduced
POM, leading to the dehydrogenation of the hydrocarbon. The
transfer of the two protons is considered as a single-step
process with the formation of [Ce¢Hs], skipping the highly
unstable radical [CsH,] due to the loss of a single proton. Next,
the reduced POM is excited by red light and then transfers two
electrons to Re(I) species. Finally, the activated catalyst
captures and reduces CO, and in the process the hydrogen-rich
POM transfers two protons to the CO,-coordinated Re-species
to generate the reduction products, CO and water. Throughout
the process, the POM is crucial. On the one hand, it acts as an
electron acceptor to facilitate electron-hole separation, and on
the other hand, it serves as an electron donor to a Re-based
CO, catalytic reduction system. By studying the catalytically
photochemical reduction cycle of CO, to CO by the Re(I)-
catalyst, the formation of the species [Re'(I)~bipyNNH,(1-)]
indicates that it is a ligand-based reduction instead of a metal-
based reduction and thus the bipyNNH, ligand is responsible
for the first reduction potential. Moreover, the energy gap
between the bipyNNH, m* orbital and the Re dz? orbitals and
the succeeding occupations after reduction is predicted to be
the main reason of the CO, binding affinity. The particular
environment of Re' in the bimetallic complex, [Re'-Re?]
makes this catalyst exceptional, with a very low reduction
potential and high affinity for CO, coordination after its
reduction.

COMPUTATIONAL DETAILS.

All DFT calculations were performed by employing the
Gaussian 16 A.03 program package.” The geometries were
optimized by the hybrid B3LYP exchange-correlation functional.'®
The LanL2DZ effective core potential (ECP) basis set' commonly
used for Re complexes* ** ? was applied for Cl, W and Re atoms,
while the 6-31G(d,p) basis set* was applied for the remaining H,
C, O, and N atoms. Vibrational frequency calculations were
carried out at 298.15 K and 1 atm using the same level of theory as
for the geometry optimizations for all intermediates to confirm
that those geometries locate at the lowest point of the potential
energy surface. The single imaginary frequency of the transition
state structure is related to the normal mode of vibration linking
reactants and products. The visible absorption spectra were
acquired through TDDFT calculations.?? The M06,2 O3LYP,* and



CAM-B3LYP?* functionals were applied to calculate the spectra.
The solvent MeCN effect (¢ = 36.6, refractive index = 1.334) was
included adopting the IEF-PCM solvent model.*

The CASSCF/CASPT2 calculations were done with the
OpenMolcas code.” Single point calculations were carried out on
DFT optimized structures, restricting the Re-CO, distance. The
basis sets taken from the ANO-RCC internal library, which
contains basis sets optimized for scalar relativistic corrections and
semi-core valence electron correlation.”® The following
contractions of the primitive set of functions were used:
Re(7s,6p,5d,2f,1g); C, N, O (4s,3p,1d) and H (2s,1p). The active
space contained 13 electrons distributed in all possible ways over
13 active orbitals (see Figure. S6). A state-average optimization of
the energy over the lowest eight doublets was performed to ensure
that the active orbitals keep their character along the whole
potential energy surface.

In order to compare with other reported compounds, we also
calculated the reduction potential of POMs and Re-catalysts
involved in the current work by computing the free energy
associated with the process. The reduction potentials were

obtained using the formula F = oxVred

, where AGoyed 1S
the free energy change of the reduction process. Eqs = -4.24 V was
taken as the absolute standard potential of this half reaction,
%Hy(g) » H'(aq) + 1e".® A data set collection of computational
results is available in the ioChem-BD repository and can be
accessed via ttps://doi.org/10.19061/iochem-bd-2-46.%
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