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Electrocatalytic CO, reduction by M(bpy-R)(CO),4
(M = Mo, W; R = H, tBu) complexes.
Electrochemical, spectroscopic, and
computational studies and comparison with group
7 catalystst
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Melissa L. Clark,f Kyle A. Grice, 1§ Curtis E. Moore, Arnold L. Rheingold
and Clifford P. Kubiak*

The tetracarbonyl molybdenum and tungsten complexes of 2,2’-bipyridine and 4,4’-di-tert-butyl-2,2'-
bipyridine (M(bpy-R)(CO)4; R = H, M = Mo (1), W (2); R = tBu, M = Mo (3), W (4)) are found to be active
electrocatalysts for the reduction of CO,. The crystal structures of M(bpy-tBu)(CO)4 (M = Mo (3), W (4)),
the singly reduced complex [W(bpy)(CO)4l[K(18-crown-6] (5) and the doubly reduced complex [W(bpy-
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Introduction

The electrocatalytic reduction of CO, to value-added products
and fuels is an area that has seen significant progress over the
last several decades.'” In particular, the use of homogeneous
electrocatalysts is an attractive approach because they can be
studied with a variety of techniques and modified via synthesis
to affect reactivity. Previous work from our group focused on the
study of complexes of the type M(bpy-R)(CO);X (M = Re, Mn; R
= H, (Bu, etc.), based on the 2,2"-bipyridine system originally
reported by Lehn.® Our more recent studies have shown that the
4,4'-di-tert-butyl-2,2'-bipyridine (bpy-tBu) ligand is effective in
increasing the activity of rhenium-based CO, reduction cata-
lysts compared to the complexes of their 2,2'-bipyridine
counterparts.””

Many homogeneous electrocatalysts for CO, reduction are
based on expensive and rare metals such as Ru and Re. The cost
of these metals makes it difficult to envision their use in large-
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complexes that have been studied extensively for CO, reduction.

scale deployment of systems for the synthesis of renewable
chemicals and fuels from CO,. Significant progress has been
made towards developing electrocatalysts based on more
abundant metals (for example: Mn,'*** Ni,**> Fe,"*** and Cu®).
Notably, there are very few reports of electrocatalytic CO,
reduction catalysts based on complexes of group 6 metals (Cr,
Mo, W),'*" even though this group contains the metals
commonly found in the active sites of formate dehydrogenase
(FDH) enzymes, which interconvert CO, and formate.'® Aerobic
bacteria also utilize molybdenum in the active site of carbon
monoxide dehydrogenase (CODH) enzymes that are capable of
oxidizing CO to CO,."

Stoichiometric reactions of dianionic Cr, Mo and W penta-
carbonyl complexes with CO, lead to the formation of coordi-
nated CO (Scheme 1),* and there are other examples of
stoichiometric CO, reduction at homogeneous group 6 metal
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Scheme 1 Reactions of group 6 dianions with CO, (M = Cr, Mo, W).2°

This journal is © The Royal Society of Chemistry 2014


https://doi.org/10.1039/c3sc53470g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC005005

Published on 17 February 2014. Downloaded by De Paul University on 6/6/2019 3:06:48 PM.

Edge Article

complexes.”*** The coupling of CO, with olefins,* as well as
hydrogenation of CO, to formic acid* or alkyl formates® have
been observed at group 6 complexes. Given the precedent for
CO, reactivity with group 6 complexes, we were curious to see if
2,2'-bipyridine complexes of these group 6 metals could be used
as electrocatalysts for the reduction of CO, to produce value-
added products such as CO.

The spectroscopic, photochemical, and electrochemical
properties of group 6 complexes of the type M(L)(CO), (M = Cr,
Mo, W, L = diimine ligand) are well known.>” It has been
proposed that the reduction of these metal complexes by two
electrons leads to the loss of a CO ligand and generation of a
five-coordinate [M(L)(CO);]*>~ species,””?® although spectro-
scopic characterization of such species has not been reported.
We note the parallel between this postulated [M(L)(CO);]*~
species and the dianionic [M(CO)s]>~ complexes reported by
Cooper and co-workers to react with CO, to form M(CO),* thus
reducing CO, to CO. The group 6 dianionic [M(bpy-R)(CO);]*~
complexes are also formally isoelectronic to the five-coordinate
[Re(bpy-tBu)(CO);]” and [Mn(bpy-tBu)(CO);]” anions, the crit-
ical intermediates that react with CO, in electrocatalytic reduc-
tion of CO, by Re(bpy-tBu)(CO);X and Mn(bpy-tBu)(CO);X."*

Herein we report electrochemical studies of the group 6
complexes M(bpy-R)(CO), (R=H,M =Mo (1), W (2); R=tBu, M
= Mo (3), W(4)). We find that these complexes are electro-
catalysts for the reduction of CO,. Particular focus is placed on
complex 4, as it is isoelectronic with previously published highly
active rhenium and manganese systems. NMR spectroscopy, X-
ray crystallography, and Density Functional Theory (DFT)
studies are also used to examine the species relevant to catalytic
CO, reduction. The comparisons between the group 6 and
group 7 complexes contribute to a clearer understanding of the
specific characteristics that lead to more active CO, reduction
catalysts.

Results and discussion

Synthesis and characterization

The known complexes M(bpy-R)(CO), (M = W, Mo; R = H, ¢Bu,
1-4, Fig. 1), were synthesized similar to literature procedures.>
These complexes were isolated as bright orange-red (M = Mo) or
dark red (M = W) air-stable solids. Although complex 4 has been
mentioned in the literature,*3 its '"H and '>C NMR spectra had
not been previously reported, and this data is included in the
ESI.7 The FT-IR spectra of these complexes display the standard
four-signal pattern (2A4, By, and B,) in the »(CO) region (1700~
2100 cm ™, Fig. S1 in the ESIt) for tetracarbonyl complexes of
this type with values that are in agreement with the literature

R co
- N | _WCO (1)M=Mo, R=H
M (2)M=W,R=H
\N/|\co (3) M = Mo, R = tBu
R — o (4)M =W, R = tBu

Fig. 1 Tetracarbonyl complexes of molybdenum and tungsten
examined in this work.
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(Table S1 in the ESI}).**** The addition of the ¢Bu groups
increases the solubility of 3 and 4 in organic solvents compared
to 1 and 2.

In order to compare with the reported X-ray structures of
M(bpy)(CO), (M = Mo (1),** W (2)***"), X-ray quality crystals were
grown of the tert-butyl derivatives M(bpy-tBu)(CO), (M = Mo (3),
W (4); see Fig. 2) by vapor diffusion of pentane into concentrated
toluene solutions of the complexes. The molecular geometries of
3 and 4 are similar to the corresponding complexes with the
parent bipyridine ligand (1 and 2), with slightly shorter M-N
bonds (Table S21), indicating slightly stronger donation from
the tert-butyl ligand and slightly stronger back donation to the
M-CO groups. This is also observed in the FT-IR data for
complexes 1-4, in which the »(CO) frequencies are shifted to
lower wavenumbers on the ¢Bu-substituted complexes
compared to the parent complexes. The C-C bond lengths
between the two pyridyl rings (C9-C10) for all of the complexes
are consistent with a neutral bipyridine ligand.*®

A search of the Cambridge Crystallographic Database did not
yield any other tetracarbonyl tungsten or molybdenum
complexes with 4,4’-disubstituted bipyridine ligands.*
However, a comparison of the structures of 1-4 with previously
reported isoelectronic [Re(bpy-R)(CO),](OTf) complexes reveals
interesting similarities and differences. The bending of the axial
CO ligands away from the bipyridine ligands in complexes 1-4
(as seen in the M-C1-O1 and M-C4-04 angles of ca. 171-172°)
is a common feature of group 6 tetracarbonyl complexes, and

Fig. 2 Molecular structures of 3 (top) and 4 (bottom), with ellipsoids
shown at 50% probability and hydrogen atoms excluded for clarity.
Selected bond lengths and angles are listed in Table S2 in the ESI+.

Chem. Sci,, 2014, 5, 1894-1900 | 1895
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has been explained in terms of back donation from a 7v* orbital
on the bidentate diimine ligand.*® This structural deviation of
the metal carbonyls from linearity is also apparent in the
structure of the d® [Re(bpy-R)(CO)4](OTf) complexes (R = H,
tBu).*"** Notably, complex 4 has significantly longer C-O bond
lengths compared to [Re(bpy-tBu)(CO),](OTf), which is evidence
of stronger back donation from the tungsten metal center. This
is also reflected in the FT-IR spectra of 4 and the corresponding
rhenium complex. They have similar patterns for the »(CO)
stretches in their FTIR spectra, but the stretches for the tung-
sten complex 4 are 116-138 cm ' lower in energy than the
rhenium complex in acetonitrile.

Electrochemical studies

The cyclic voltammograms of complexes 1-4 in acetonitrile are
very similar, displaying one reversible reduction at ca. -1.6 V vs.
SCE followed by an irreversible reduction at ca. -2.1 V vs. SCE
(voltammogram for 1 shown in Fig. 3, reduction potentials for
1-4 are listed in Table 1 and voltammograms of 2—-4 are shown
in Fig. S2t). This data is similar to previously reported electro-
chemistry for 1 and 2 that was obtained in THF,**** acetonitrile
(1st reduction only),* and dimethoxyethane.***” The first
reduction of 3 has also been reported in multiple solvents.*® The
first reduction of these complexes is primarily localized on the

0.6 4
0.4+
0.2+

0.0

Current Density (mA/cmz)

02" T T T T
0.5 -1.0 1.5 2.0 25

Potential (V vs. SCE)

Fig. 3 Representative cyclic voltammogram of 1 at a scan rate of 100
mV s~t under N, (black line) and CO, (red). Conditions: 1 mm diameter
glassy carbon working electrode, platinum wire counter electrode, Ag/
AgCl reference, decamethylferrocene (FeCp*;) internal reference, 1
mM 1, 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg),
room temperature. Complexes 2, 3, and 4 exhibit similar behavior (see
ESIT).

Table 1 Reduction potentials vs. SCE for complexes 1-4. All
complexes were studied under the same conditions as stated for 1

Complex Eip (V) 2nd” (V)
1 —1.58 —2.14
2 —1.49 —2.08
3 —1.66 —2.20
4 —1.58 —2.15

“ Irreversible, reported as the location of the peak of the irreversible
wave vs. SCE during the reductive sweep in the cyclic voltammogram
at 100 mv s .
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Table 2 Comparison of the catalytic activity of complexes 1-4 to
relevant group 7 complexes™*

Complex fcatlip TOF* (s™)
Mo(bpy)(CO), (1) 2.3 1.0
W(bpy)(CO), (2) 3.4 2.2
Mo(bpy-tBu)(CO), (3) 3.1 1.9
W(bpy-tBu)(CO), (4) 3.9 2.9
[Re(bpy-tBu)(CO);(CH,CN)](OTf)? 3.3 2.1
Mn(bpy-tBu)(CO);Br” 1.0 0.0
[Re(bpy-tBu)(CO);(CH;CN)](OTf)* 54 570
Mn(bpy-tBu)(CO);Br? 42 340

“ TOF for 1-4 obtained using method described by Smieja et al'
b Activity under similar conditions to those used for 1-4. © 1.4 M 2,2,2-
trifluoroethanol (TFE) added. ¢ 1.6 M TFE added.

bipyridyl ligand, forming stable 19-electron [M(bpy-R)(CO),]"™~
species that have been previously characterized for the parent
bipyridine complexes 1 and 2 by FT-IR,** UV-Vis,”® and EPR
spectroscopies.***

When acetonitrile solutions containing complexes 1-4 are
exposed to a CO, atmosphere, the first reduction in the cyclic
voltammograms is similar to the reduction under inert atmo-
sphere. However, at the second reduction potential, a current
increase is observed (ic./i, = 2.3, 3.4, 3.1, and 3.9 for 1, 2, 3,
and 4, respectively, Fig. 3), which is attributed to catalytic
reduction of CO,. These current enhancements occur at
potentials that are similar to the peak potential of CO, reduc-
tion by Re(bpy-tBu)(CO);Cl (—2.1 V vs. SCE).” The i.,/i,, and the
corresponding turnover frequencies (TOF, Table 2) show that
the tungsten complexes are more active than the molybdenum
complexes, and the tert-butyl groups enhance the activity for
both metals. Complex 4 was selected for further study as it was
the most active catalyst based on cyclic voltammetry (icae/ip of
3.9), but more importantly because it is isoelectronic with the
well-studied fac-Re(bpy-tBu)(CO);X species so that the most
appropriate comparison can be made.

Scan-rate dependence studies for complex 4 (Fig. S3 in the
ESIt) show that the second reduction remains irreversible even
at high scan rates (ca. 10 Vs~ ). The irreversibility of the second
reduction indicates that a chemical reaction occurs following
this reduction. This can be postulated as a loss of one CO ligand,
although there is only brief mention of this in the literature, and
full characterization for the dianions has not been previously
reported.”””® The small oxidation wave observed at ca. =700 mV
only appears after the second reduction is reached.

Controlled potential electrolysis

In order to study the catalytic reduction of CO,, controlled
potential electrolysis experiments were carried out with
complex 4. Care was taken to separate the counter electrode
from the solution with a glass tube packed with a plug of glass
wool during bulk electrolysis, because it has been shown that
electrochemical oxidation of group 6 M(L)(CO), complexes
leads to the liberation of CO.** Bulk electrochemical reduction
at —2.3 Vunder a CO, atmosphere led to formation of CO with a

This journal is © The Royal Society of Chemistry 2014
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109 + 7% faradaic efficiency, as detected by gas chromatog-
raphy (Fig. S4t). Carbon monoxide was also observed by gas
chromatography when the same experiment was performed
under inert atmosphere, due to the loss of a carbonyl ligand that
occurs after the second reduction. The current density under
CO, initially decreased after the start of the bulk electrolysis but
stabilized at 0.66 mA cm ™2, whereas under N, it stabilized at
0.44 mA cm™> (Fig. S51). This verifies the catalytic activity
observed in the cyclic voltammograms, and also indicates that
the catalyst is highly selective for CO formation. There was no
evidence of carbonate, formate, or other CO,-derived products
by NMR or FT-IR measurements of complex 4, and therefore the
reaction is likely of the form CO, + 2e” + 2H" — CO + H,0,
similar to the group 7 catalysts. The catalytic activity was
observed to be stable over the course of several hours (Fig. S67),
indicating that the compound remains active over time.
Hydrogen was observed only in small quantities (less than 3%
faradaic efficiency).

Chemical reduction and characterization of the reduced
species

Crystallographic characterization of the mono or di-reduced
forms of M(bpy-R)(CO), have not been reported, nor have the di-
reduced species been characterized by spectroscopy. While the
oxygen and proton sensitivity of these highly reduced forms
makes isolation challenging, the anions and dianions of 2 and 4
were produced in yields of 40-70% and characterized by FT-IR
and NMR (ESIt). After many attempts, crystal structures of the
anion [W(bpy)(CO),]~ (5) and dianion [W(bpy-tBu)(CO);]>~ (6)
were obtained. Addition of 1 equivalent of KCg to a solution of 2
and 18-crown-6 in THF led to the formation of a dark orange
solution of the new species 5. Vapor diffusion of pentane into a
solution of 5 in THF led to black-orange crystals suitable for
X-ray diffraction. Consistent with analogous anionic
complexes,”®'" the anionic tungsten complex crystallizes with
the potassium cation enclosed in the crown ether, seen in Fig. 4.
The potassium is both associated with an axial carbonyl (K-O
bond length of 2.813(3) A) and a THF solvent molecule. The
bond length alteration in the 2,2'-bipyridine ring of 5 is
suggestive of substantial electron density on the ligand, sup-
porting the assignment of the first electrochemical reduction as
being ligand based.*

Dianionic species 6 was formed by the addition of 2.2
equivalents of KCg to a THF solution of 4 in the presence of 18-
crown-6. The "H NMR spectrum of the black-purple solution of
complex 6 in THF-dg (Fig. S91) showed signals for a diamagnetic
compound, with bipyridine ligands that were significantly
shifted upfield from the starting material (4.80, 6.60, and 8.47
ppm for 6 vs. 7.58, 8.40, and 9.10 ppm for 4). This upfield shift
in the C-H protons on the bipyridine ligand has also been
observed in the [Al(bpy-H),] anion, which has been assigned as
possessing two (bpy-H)>~ ligands.**

A diffracting crystal of 6 was obtained after multiple crys-
tallization attempts. Although several issues exist with the
structure, it was found to be the [W(bpy-tBu)(CO);][K(18-crown-
6)], species. The dianion crystallizes between two layers of the

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Molecular structure of [W(bpy)(CO),4][K(18-crown-6)-THF] (5).
Ellipsoids are shown at 50% probability. Hydrogen atoms are omitted
for clarity.

18-crown-6 ligands, which display significant disorder (Fig. S7
in the ESIt). The C9-C10 distance in 6 is significantly shorter
than the corresponding bond in 4 (1.483 A). The C-O distances
in the carbonyl ligands of 6 are also significantly longer than
those in 4.

The lengthening of the metal-carbonyl bonds in 5 and 6 due
to the increased back bonding from the metal is consistent with
the FT-IR spectra of these complexes. The carbonyl stretching
frequencies of complex 4 shift to a lower frequency by roughly
30 cm ' upon the first chemical reduction, and the subsequent
reduction leads to the dianion 6, which exhibits a band at 1837
cm ' and a broad band at 1713 cm ™" as shown in Fig. 5 (the IR
spectra of 5 and of the dianion [W(bpy)(CO);]*>~ are shown in
Fig. S8 in the ESIT). These »(CO) bands are observed at much
lower frequencies than [Re(bpy-tBu)(CO);]~ (1940 cm ' and
1835 cm ') and Mn(bpy-tBu)(CO);]” (1911 cm " and 1813
cm ') anions that are isoelectronic with 6. This indicates that

Absorbance
o
b
I

T T J
2000 1800 1600

Energy (cm™)

Fig. 5 FT-IR spectra of the chemically reduced species of W(bpy-
tBu)(CO)4 (4) in THF under N,. The neutral species 4 (black) has »(CO)
stretches of 2004 cm™?, 1886 cm™?, and 1837 cm™. The chemically
reduced anion (red) »(CO) stretches are 1982 cm™, 1854 cm™, 1835
cm™! and 1798 cm™% the doubly reduced species 6 (blue) »(CO)
stretches are 1837 cm™* and 1713 cm ™.
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the anion 6 has much stronger back donation to the anti-
bonding 7* orbitals of the CO ligands than the corresponding
Re or Mn monoanions with the same ligand sets.

DFT calculations of catalytically relevant complexes

In order to obtain a deeper insight into the species formed upon
electrochemical reduction of 4, the DFT-optimized structures of
the reduced species obtained from 4 were calculated. Geometry
optimized structures were obtained by using the X-ray coordi-
nates of 4 and 6 as the initial inputs to obtain the structures of
the neutral form (A) and the five-coordinate dianion (D). The
geometry of the mono-reduced species [W(bpy-tBu)(CO),] " (B)
and the doubly-reduced species structure [W(bpy-tBu)(CO),] >
(C) were then optimized from A (Scheme 2). Frequency calcu-
lations were used to establish that the optimized structures
were not transition states. The crystal structure for 6 and the
DFT-optimized structure of D are intermediate between a
square pyramid and a trigonal bipyramid (t5 = 0.44 and 0.46,
respectively)®® (Fig. 6). Pertinent bond distances for the calcu-
lated structures and coordinates for the optimized structures
are included in the ESI.f The calculated »(CO) stretching
frequencies for species D (1822, 1734, and 1724 cm ™ ') agree well
with the »(CO) band energies observed in IR for the reduced
species 6 in THF (1837 cm ™' and a broad band at 1713 cm ™ !). A
comparison of the calculated and experimental »(CO) stretching
frequencies for species A-D is included in the ESI (Table S5).}
The central C-C bonds in the bipyridine ligands in the dianions
C and D are significantly shortened compared to A and B, with
C-C bond lengths of 1.390 and 1.398 A for the central C-C bond
in the bipyridine ligand in the octahedral (C) and five-coordi-
nate (D) complexes. The bond lengths for C and D are shorter
than the bond lengths in the neutral complex (1.463 and 1.481 A
for geometry optimization (A) and X-ray structure of 4), and the
monoanion (B) (1.423 A). These results are consistent with our
understanding of the system from the electrochemical and
structural studies, indicating that the bipyridine accepts a
significant amount of the electron density from both 1le™
reductions observed in the electrochemistry of 1-4.
Examination of the calculated highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOSs) of complexes A-D provides further insights about these

-1

co co
tBu B | . tBu B | i
S Ny, | .CO e = Niu,, W aneo te
N | “co =N | “co
— —
tBu co fBu co
A B
co 2 co 2
tBu e tBu e |
o Ny, 1 WCO -CO o N, | WwCco
—_—
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e —
tBu co tBu
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Scheme 2 Complexes based on complex 4 that were studied using
DFT calculations.
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complexes. The calculated HOMO of the dianion D is delocalized
over the bipyridine and somewhat over the tungsten center (Fig. 6).
In comparison, the LUMO, singly occupied molecular orbital
(SOMO) and HOMO of A, B, and C are primarily localized on the
bipyridine with some electron density on the CO ligands (see ESIt).
The calculated HOMO for species D is qualitatively similar to the
calculated HOMO for the [Re(bpy-tBu)(CO);] " anion, which is the
reactive species in catalysis with Re(bpy-tBu)(CO);X catalysts.?
Calculations on a related species, [Mn(bpy-H)(CO);] " also showed
that the HOMO of this species is delocalized over the bipyridine
ligand as well as the metal center.”

Comparison with group 7 catalysts

A comparison of the catalytic activities of 1-4 with analogous
group 7 complexes is shown in Table 2. The group 6 species are
similar in activity to [Re(bpy-tBu)(CO);(CH;CN)](OTf) and more
active than the corresponding Mn species under the same
conditions (Mn complexes do not exhibit catalysis without
added protons). Upon the addition of a proton source, the
group 7 catalysts greatly outperform the W and Mo species. The
effect of adding a Bronsted acid could not be quantified for the
group 6 species due to the negative potentials of the second
reductions being too close to the direct reduction of the acids at
the electrodes in the cyclic voltammetry experiments.

While the Mo and W complexes reported herein are not
exceptional electrocatalysts for CO, reduction, their study is very
valuable because it provides a framework in which to understand
similar electrocatalysts, such as the group 7 species. Through
comparisons of the structurally similar and isoelectronic group 6
M(bpy-R)(CO), species and the group 7 M(bpy-R)(CO);X species,
we can understand what characteristics lead to efficient and active
catalysts.

The first electrochemical reduction of both the group 6 (1-4)
and group 7 M(bpy-R)(CO);X (M = Re, Mn) electrocatalysts
proceeds through reduction of the bipyridine ligand. In the

[5

Fig. 6 Ball and stick representation of the geometry optimized
structure (top) and the DFT-calculated HOMO (bottom left: top view;
right: side view) of the five-coordinate dianionic species D.

This journal is © The Royal Society of Chemistry 2014
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rhenium system, ligand loss (dissociation of the chloride or other
X ligand) subsequently occurs from [Re(bpy-R)(CO);X] ™ leading to
a species that can be assigned as a Re(0) center and a neutral
bipyridine ligand. Ultimately, a Re(0)-Re(0) dimer is formed, and
characterization of the dimer gives clear indication that the
reduction has occurred at the metal center.* For manganese,
reduction of a Mn(bpy-R)(CO);X species leads to extremely rapid
dimerization such that monomeric [Mn(bpy-R)(CO);X]|™ species
have not been observed spectroscopically. In stark comparison, the
group 6 complexes do not lose a ligand or dimerize upon reduc-
tion, but rather the axial carbonyl becomes somewhat more
susceptible to substitution.*® However, the electron density
remains primarily over the bipyridine ligand, and the carbonyl
ligand remains strongly coordinated enough that we were able to
crystallize the [W(bpy)(CO),]” anion (complex 5), wherein the
bipyridine ligand is clearly reduced. Notably, reduction of a
[Re(bpy-R)(CO)4]" cation does not lead to an observable Re(bpy-
R)(CO), species,” indicating that the group 6 complexes bind CO
more strongly than the group 7 complexes.

A second reduction in both the group 6 and the group 7
systems leads to a diamagnetic complex with five-coordinate
geometry and a similar HOMO delocalized over the metal and
the bipyridine. For the rhenium complexes, XANES data
suggests that these species are best described as M°(bpy ). The
second reduction in the Re(bpy-R)(CO);Cl systems is 300-400
mV more negative than the first, however the second reduction
potentials of 1-4 are 540-590 mV more negative than their first
reduction. This is similar to the separation observed between
the 2,2'-bipyridine monoanion and dianion.*® Thus it seems
reasonable that they are described as M°(bpy ™) species, rather
than M~ *(bpy ') or M ?(bpy°) complexes. Further studies are
needed to unambiguously assign these ground states.

These comparisons lead to two important conclusions about
electrocatalysts for CO, reduction. The first is that having
catalytically relevant electrons stored in both the bipyridine
ligand and the metal center leads to a lower overpotential
compared to having two electrons stored on the bipyridine
ligand. The second conclusion about these electrocatalysts is
that having a complex that strongly back-donates to CO is
undesirable because it will hinder release of the product and
slow overall catalysis, i.e. CO poisoning of the catalyst.

Conclusions

Electrochemical experiments on groups 6 complexes 1-4 M(bpy-
R)(CO), (R =H, M = Mo (1), W (2); R = tBu, M = Mo (3), W (4))
have shown that these complexes are competent catalysts for CO,
reduction through a two-electron reduction process to generate a
diamagnetic dianionic complex. The reduced species have been
studied using X-ray crystallography, IR spectroscopy and DFT
calculations. These catalysts display stronger back donation to CO
than group 7 catalysts, which may explain why they operate at
slower rates. Future studies will include studying the stoichio-
metric reactions of the reduced species with CO, and H' sources,
as well as attempting to elucidate the full catalytic cycle. The
catalytic cycle of CO, reduction by Re(bpy)(CO);Cl has recently
been elucidated by computational methods, and similar study of
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group 6 catalysts would be very informative.* Complexes 1-4 are
rare examples of group 6 electrocatalysts for CO, reduction and
future work will focus on developing more efficient and selective
catalysts based on these relatively abundant metals.
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