Understanding the Mechanism of CO: to CO Conversion by Ruthe-
nium Polypyridyl Catalysts

Xiaoyu Chen?, Ben A. Johnson®, Sacha Ott°, Marten S. G. Ahlquist**

* Department of Theoretical Chemistry & Biology, School of Engineering Sciences in Chemistry, Biotechnology and Health,
KTH Royal Institute of Technology, 10691-Stockholm, Sweden

® Department of Chemistry, Angstrdm Laboratory, Uppsala University, Box 523, 751 20 Uppsala, Sweden
Carbon Dioxide Reduction * Electrocatalysis * Ruthenium Polypyridyl * DFT * Mechanism

ABSTRACT: A detailed mechanistic study of ruthenium 2,2":6',2"-terpyridine (tpy) 2,2'-bipyridine (bpy) class of catalysts is pre-
sented, with all three key stages (i.e. solvent dissociation, C-O bond cleavage and CO dissociation) discussed. DFT calculations
together with kinetic studies revealed that the introduction of a methyl substituent on the bipyridine ligand eases solvent dissocia-
tion and hence allow catalysis to take place at the first reduction potential as the five coordinated Ru complex is easier to reduce.
This highlights the importance of steric effect in catalyst-design. For C-O bond cleavage, DFT calculations suggest that proton acts
as a much better oxide accepter compared to CO,, explaining the improved activity when water is added to the system. To further
understand how the electronic nature of the ring substitutes affects the reactivity, we designed a hypothetical catalyst with fluorine
substitutes and found out electron withdrawing groups lower the reductive potentials at a cost of harder solvent dissociation. For the
final CO dissociation, due to the special nature of carbonyl ligands, neither steric nor electronic alternations can ease the step and
here is where kinetic trans effect comes into play. In line with a recent experimental work, our DFT calculations showed that when

a carbene group is trans to CO, the dissociation rate is increased dramatically.

The dramatic increase in human activity, especially the burning of
fossil fuels, in the last few decades has caused a raise change in
atmospheric CO, concentration? . In nature, CO; is reduced by
green plants and photosynthetic bacteria, which has inspired re-
searchers to develop artificial strategies that can perform the same
overall reaction in a controllable manner?. Specifically, recent
research on CO; reduction focused on the reduction of CO; to: 1)
carbon monoxide?; 2) formic acid*; 3) formaldehyde’; 3) metha-
nol%; 4) longer chain hydrocarbons’ and 5) other reduced form of
carbon®. It is believed that recycling of CO, can be a potential
long-term solution to global warming and even the global energy
crisis.

At very high temperatures, certain transition metal oxides, such as
Ce0,, ZnO; or FeO,, can reduce CO; to produce carbon monox-
ide’. Although these thermochemical conversions are associated
with higher rate constants than the photo- or electrocatalytic re-
ductions, the equipment are expensive, which may be a limiting
factor for large scale industrial applications. As first introduced by
Honda and co-workers'® in 1979, CO; can also be reduced photo-
electrochemically to formaldehyde or methanol by semiconduc-
tors such as TiO»'!, ZnO/Cu'?, and CdS'3. In these systems, CO,
is reduced by the photo-excited electrons in the conduction bands.
However, the band gaps of these simple metal oxides do not
match well the reduction potential of CO,, resulting in a low
overall efficiency. Although the bandgaps can be adjusted by
processes such as doping, the ideal candidate has not yet been
found.

Another strategy to reduce CO; is via electrochemistry. It is pos-
sible to use electrical energy generated from a renewable source

making the whole process more sustainable. Thermodynamically,
the standard reductive potential required to reduce CO; to CO is -
1.28V (vs. F¢™) in CH3CN'* and -0.53V (vs. SHE) in water. One
advantage of conducting experiments in aprotic solvent is that
proton reduction, which competes with the proton assisted CO»
reduction, is completely eliminated. Moreover, CO, dissolves
better in organic solvents compared to in water. To be specific, its
solubility in acetonitrile'> is about 0.279 mol/L while it is only
0.033mol/L in water. As a result, several metal complexes that are
inactive under aqueous conditions show some reactivity in organ-
ic solvents'?.
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One major concern in electrochemical CO; reduction is that one-
electron reduction yields the highly energetic CO»" radical (-1.90V
vs. SHE). In order to avoid this intermediate, and thereby lower
the high reductive potential associated with the direct reduction of
CO», one strategy is to build multiple reductive equivalents at the
catalyst site, which can then act as a multiple electron reservoir®.

CO, +e COy E°=-1.90V vs. Fc*0

In aprotic, homogeneous systems, metal porphyrins'®, for example
tetraphenylporphyrin (TPP)'7, Re(bpy)(COs) '® as well as many
other species have been reported for their promising electrocata-
lytic properties. In heterogeneous systems, examples include
transition metal catalysts such as Ni(cyclam) '° Mn(bpy)(CO); %,
and Re(bpy)(CO); 2.




Among many transition metal based catalysts, a class of
Ru(tpy)(bpy) catalysts is particularly interesting since they
are relatively easy to tune electronically and sterically by
ligand modification®?. For molecular catalysts, a minimal
change in structure molecular catalysts can sometimes lead
to significant improvements in their reactivities™?. Until
recently, it was generally accepted that an initial two-fold
reduction is required to active this type of catalyst. In 2016,
S.Ott and co-workers®® reported that the introduction of a
methyl substituent on the bipyridine ligand (Catalyst B, Fig-
ure 1) can lower the over-potential significantly by triggering
electrocatalysis at the first reduction potential, which was not
known previously.
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Figure 1. The geometries of Catalyst A%* and B> involved in
this study

Results and Discussions

In electrochemistry, efficiency is linked to over-potential,
which is defined as the difference between the potential at
which the electrochemical reaction is observed and the ther-
modynamic reductive potential of the reaction. Based on
this definition, the over-potential for catalyst B is only -
0.48V (-1.76V — (-1.28V) = -0.48V), which is much lower
than what was observed for catalyst A (-2.09V — (-1.28V) = -
0.81V). However, we should also note that although catalyst
B shows some activity at the first reduction potential, the
maximum catalytic current is not achieved until the applied
potential reaches ca. -2.4 V, which is about the same as for
catalyst A.
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Scheme 1. The activation of the two catalysts

Catalyst Activation

The dissociation of CH3CN is crucial for catalyst activation
as it provides a vacant site for CO, binding. In general, it
takes place after the second reduction for [Ru(tpy)(bpy)]**
type of catalysts. What is special about catalyst B is that this
step can take place after only one reduction thanks to the
steric hindrance provided by the bpy methyl, which in turn,

weakens the CH3;CN-catalyst interaction through non-
optimal orbital overlap.

According to our calculations, the Ru-CH3;CN bond strength
is 25.1 kcal/mol for Cat. A" but merely 4.5 kcal/mol for
Cat.B", which is even lower than the binding energy for the
twice reduced Cat.A° (9.5 kcal/mol). For Cat.B°, CH;CN
dissociation is exergonic with a free energy change -7.4
kcal/mol, which explains why the second reduction is always
irreversible in the cyclic voltammetry (CV) even at faster
scan rates’. Both bonding energy calculations and the CV
data indicate that CH3;CN does not bind as strong with cata-
lyst B as compared to with catalyst A. Moreover, it was ob-
served experimentally that when the scan rate is very slow
(25 mV s, even the first reduction peak becomes irreversi-
ble? in the case of catalyst B, indicating that the dissociation
of CH3;CN can take place after only one reduction.

Two possible reaction pathways are presented in Scheme 2.
Our calculations suggest that a second reduction is required
otherwise the system has to overcome a high energy [Cat. B
-+ CO,)* transition state. Apart from a facile and rapid
CH3CN dissociation kinetics, in order for catalysis to take
place at the first reduction potential, the uptake of a second
electron has to proceed at a reductive potential that is not
more negative. Kinetic studies have suggested that Cat.B *
undergoes disproportionation to afford Cat.B°, which can
then bind with CO; easily.
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Figure 2. The frontier orbital occupation of catalyst B
through the activation stage

Spin density analysis confirmed that the first reduction is tpy
based. Since CH3;CN bonds through donating its nitrogen
lone pair to ruthenium’s d,? orbital, after its dissociation, the
previously occupied, lower lying, Ru d,? orbital is now ac-
cessible. As CH3;CN dissociation takes place, the injected
electron moves from the higher lying tpy n* orbital to the
lower lying Ru dz* orbital, which significantly lowered the
partial charge on Ru centre and hence facilitates CO» binding
(Figure 2).

Electrocatalysis
In the absence of a proton source, another molecule of CO,
acts as the oxide acceptor to assist C-O bond cleavage,
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Scheme 2. The activation of catalyst B at the first reduction potential (-1.94V)

CO° without difficulty (Scheme 3), note that the first reduc-
tion has a strong driving force at -1.94V. This mechanism
also explains why a decrease in Cat.B-CO** concentration
was observed after an initial increase in IR (Figure S1) as
time goes by.

releases CO;* and CO subsequently to close the catalytic
cycle. The relevant Gibbs free energies as well as reductive
potentials are calculated by DFT and are presented in
Scheme 5.
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Figure 3. The structure of cyclic [Cat.B-COOCO,]*’, with
the to-be-broken C-O bond highlighted in blue

However, C-O bond cleavage is very difficult (AG*=60.5
kcal/mol, Scheme 3), if not impossible, at the first reduction
potential (-1.94V). In our previous work (Paper II), we pro-
posed a new reaction mechanism via a cyclic [Cat.B-
COOCO,]*° intermediate (Figure 3): The flexibility of the
tpy framework allows one Ru-N bond to dissociate and
hence allows a terminal oxygen in [Cat.B-COOCO,]° to
bind with the ruthenium centre, which acts as an acid to
weaken the C-O bond of interest. As a result, the activation
free energy for C-O bond cleavage is lowered from 60.5
kcal/mol to merely 10.3 kcal/mol. Thereafter, the complex
undergoes one further reaction (-1.78V) and then releases
COs? to afford Cat.B-CO" (Scheme S2). This mechanism is
associated with an activation free energy of 20.0 kcal/mol,
which is in good agreement with the experimental rate con-
stant.

The 2001cm™, 1959cm™ and 1933 ¢cm™ peaks from the ex-
perimental IR (Figure S1) are assigned to Cat.B-CO*" (calc.
2003cm™!, Figure S2), Cat.B-CO™(calc. 1951cm!, Figure S3)
and Cat.B-CO%calc. 1919cm™!, Figure S4) respectively ac-
cording to our calculations, suggesting that Cat.B-CO™ un-
dergoes a disproportionation reaction to afford Cat.B-CO**
and Cat.B-CO°, while Cat.B-CO?*" can be reduced to Cat.B-

Scheme 3. The subsequent reductions of the Cat.B-CO**

It is also worth noting that there is not much difference in the
energy profiles for the two catalysts should the classical
COs?* dissociation mechanism (Scheme S1) be followed.
This is understandable as the binding of the second CO as
well as subsequent reactions happen further away from both
the ruthenium centre and the bipyridine-methyl, hence the
nature of the latter does not interfere much with the reaction
mechanism. For catalyst A, since a second reduction is re-
quired before the release of CH3;CN, it is not possible to form
the Cat.A-CO," complex at the first reduction potential.
Therefore, no catalysis was observed at this reductive poten-
tial.

Proton as Oxide Acceptor
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Scheme 4. The energy profile at the first reduction potential
at a proton concentration of 104 M

In the presence of a proton source, usually by adding phenol
or water to the system, it can act as the oxide acceptor. Our
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Scheme 5. The possible reaction pathways at different oxidation states for Cat.B-CO,

calculations suggest that even at very low proton concentra-
tion (pH=14), C-O cleavage can still take place much easier
(Scheme 4). This is in line with experimental observations —
when water was added to the system, the catalytic current
was greatly enhanced. In specific, when water concentration
was 5.1M, the catalytic current was tripled. However, one
should bear in mind that proton reduction acts as a compet-
ing reaction and also too much water can change the polarity
of reaction medium significantly hence reduce the solubility
of the catalyst.

Structural Modification

An earlier work also by Ott and co-workers® illustrated that
the reductive potentials for Ru(tpy)(bpy) type of catalysts
became less negative when the bpy ligand was modified with
electron-withdrawing groups due to their strong electron
accepting ability. If the ligands are modified with better
electron withdrawing groups, then not only the first two, but
also the subsequent reductions could become easier resulting
in a lowered over-potential for catalysis. This is true to some
extent, however, the reactivity for such catalysts are worse in
terms of turn over frequency (TOF). Hereby we present a
hypothetical catalyst C, which consists of a strong electron
withdrawing tpy ring modified by fluorine substitutes and a

6-mbpy ring that can weaken the Ru-NCCHj interaction
through steric hindrance as previously discussed.

The calculated reductive potentials are -1.44V and -1.50V
respectively (Scheme 6) providing an ECE mechanism (elec-
trochemical, chemical, electrochemical) is followed. Howev-
er, while the reductions are indeed easier, the catalyst—
CH;CN interaction becomes stronger as a direct result of a
relatively electron-poor metal center. Although CH3CN dis-
sociation is still possible after only one reduction (13.5
kcal/mol as compared to barely 4.5 kcal/mol for the Cat.B-
NCCHj; complex), the once reduced catalyst C is not electro-
negative enough to interact with CO,, Furthermore, the twice
reduced Cat.C-CO,° complex is again not reactive enough to
bond with another CO», without further reductions.

Figure 4. The structure of catalyst C



Scheme 6. The activation of the hypothetical catalyst C

In summary, although the reductions can be made easier
though the introduction of electron-withdrawing groups, the
chemical reactions (i.e. CH3CN dissociation and CO, bind-
ing) in turn become more difficult. Therefore, despite the
fact that catalysis may be observed at a lower reductive po-
tential, the rate is also significantly lowered as a result of the
harder chemical reactions.

CO Dissociation

The final step, CO dissociation have with very similar free
energy changes for catalyst A, B and C (15.6 kcal/mol, 15.9
kcal/mol and 16.1 kcal/mol respectively). In order to deepen
our understanding, we calculated the dissociation free energy
for the 2+, 1+ and neutral states for all three catalysts.

2+ state 1+ state Neutral
Catalyst A 42.8 35.1 15.6
Catalyst B 334 15.8 15.9
Catalyst C 413 23.1 16.1

Table 1. CO dissociation energy at varies oxidation state
(unit: kcal/mol)

The Ru-CO bond consists of two components: 1) ¢ donation
from the lone pair on carbon to a vacant metal d-orbital; 2) A
filled metal d-orbital interact with the empty n* orbital of
CO to compensate the increase in electron density through a
so-called m-backbonding. Although ¢ bonding is weakened
through reductions, n-backbonding is strengthened due to the
increased electron density at the metal center. The strength-
ened m-backbonding weakens and enlongates C-O bond as
the system becomes more reduced (2+ state: 1.15A. 1+ state:
1.16A, neutral state 1.17A for all three catalysts).

Therefore, if we compare CO dissociation and CH3;CN dis-
sociation that we discussed earlier, we can notice that the
latter (a pure o bond) is weakened significantly for both cata-
lyst A and B through reductions (Table 2).

2+ state 1+ state Neutral state
Catalyst A 41.0 25.1 9.5
Catalyst B 27.0 4.5 -7.4

Table 2. CH3CN dissociation free energy (unit: kcal/mol)
for Catalyst A and B

For catalyst B, a worse orbital overlap caused by the steric
effect produced bpy methyl leads to a lower dissociation
energy at the +2 and +1 oxidation states compared to catalyst
A. As for catalyst B and C, the only difference is that cata-
lyst C has an electron deficient tpy ring, which results in a
relatively lowered electron density at the Ru center at the
same oxidation state and hence significantly strengthened the
sigma donation portion of the Ru-CO bond, and hence larger
dissociation free energy.

However, when Cat.B-CO" is reduced to Cat.B-CO°, the
strengthened n-backbonding compensates the weakened o
bond and results in the negligible change in CO dissociation
free energy. It can be rate-limiting under main catalysis
(Scheme 3) as compared to the free energy changes of the
previous steps, at an applied potential of ca. -2.5V. That is,
all the modifications we have discussed so far have little
effect on the free energy required for this final step. Howev-
er, we have not yet altered the electronic nature of the biden-
tate ligand much.

A recent study by J.M. Miller and co-workers? illustrated
that for a Ru(tpy)(pyridyl-carbene) catalyst, where CO can
bond trans to either the pyridine (N-Ru-CO) or the carbene
(C-Ru-CO) site. Significant improvement in CO dissociation
rate was observed for the C-Ru-N isomer experimentally
(Scheme 7).

0.58 kcal/mol

—|0

< 7""Ru\*N \7/> +CO

LN

)

17.1 keal/mol

Scheme 7. Calculated CO dissociation energy for different
Ru(tpy)(pyridyl-carbene) isomers: C-Ru-CO (up) and N-Ru-
CO (down)

Conclusion

Through DFT calculations we demonstrated that the steric
hindrance introduced by the bpy-methyl weakens the Ru-
NCCH; bond and hence allows acetonitrile dissociation to
take place after only one reduction, which in turn, enables a
previously not accessible catalytic pathway without further
reductions via a cyclic [Cat.B-COOCO,]*° intermediate. At
more negative applied potential, the mechanism, as well as
activation energies are very similar for both catalyst A and



B, indicating that the effect of bpy-methyl remains local
while catalysis can occur further away from the metal centre.

Furthermore, our calculations confirmed that water is a su-
perb oxide acceptor compared to CO,. In the presence of
water, the free energy required for C-O bond cleavage is
significantly reduced. However, the final CO dissociation is
relatively unaffected by many steric and electronic altera-
tions. In line with a recent work®’ on the trans effect in elec-
trocatalytic CO, reduction, our work explained the improved
reactivity caused by a trans carbene group and hence offered
a sound design principle for this type of catalysts.
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