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ABSTRACT: In the search for the two-electron-reduced
intermediate of the tetraaza catalyst [Co"N,H(MeCN)]**
(N,H = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[11.3.1]-
heptadeca-1(17),2,11,13,15-pentaene) for CO, reduction and
elementary steps that result in the formation of CO product,
rapid-scan FT-IR spectroscopy of the visible-light-sensitized
catalysis, using Ir(ppy); in wet acetonitrile (CD;CN) solution,
led to the observation of two sequential intermediates. The
initially formed one-electron-reduced [Co'™N,H]*—CO, adduct
was converted by the second electron to a transient [Co'N,H]*—
CO,” complex that spontaneously converted CO, to CO in a
rate-limiting step on the second time scale in the dark under
regeneration of the catalyst (room temperature). The macrocycle
IR spectra of the [Co'™N,H]*—CO,” complex and the preceding
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one-electron [Co'N,H]*—CO, intermediate show close similarity but distinct differences in the carboxylate modes, indicating
that the second electron resides mainly on the CO, ligand. Vibrational assignments are corroborated by *C isotopic labeling.
The structure and stability of the two-electron-reduced intermediate derived from the time-resolved IR study are in good
agreement with recent predictions by DFT electronic structure calculations. This is the first observation of an intermediate of a
molecular catalyst for CO, reduction during the bond-breaking step producing CO. The reaction pathway for the Co tetraaza
catalyst uncovered here suggests that the competition between CO, reduction and proton reduction of a macrocyclic multi-
electron catalyst is steered toward CO, activation if the second electron is directly captured by an adduct of CO, and the one-

electron-reduced catalyst intermediate.

1. INTRODUCTION

Cobalt and nickel heteroaromatic macrocycle complexes are
well known for their ability to reduce carbon dioxide to carbon
monoxide or formate in aqueous or wet orlganic solvents in
competition with the generation of hydrogen.'~” In light of the
sparsity of molecular catalysts for CO, reduction when
compared with the considerable variety of molecular catalysts
for H* reduction,®”"” steering the selectivity toward CO,
conversion at the expense of hydrogen generation with the
goal of expanding the pool of carbon dioxide activation catalysts
for electrocatalysis or artificial photosynthesis is highly
desirable. This requires a detailed understanding of the
mechanistic aspects that direct the catalysis from proton
reduction toward CO, activation.

Intermediates of molecular CO, reduction catalysts have
been spectroscopically observed under reaction conditions for
several organometallic systems. In early work, Fujita and co-
workers identified a S-coordinated Co' tetraazadiene—CO,
complex as one-electron reduction intermediate of visible-
light-sensitized CO, reduction of the Co" tetraaza catalyst and
detected the subsequently formed 6-coordinated solvent—
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Co™—=CO,>” complex by nanosecond optical absorption
spectroscopy.'® The structure of the as-synthesized Co'
complex was determined by FT-IR and NMR spectroscopy.
By reducing Ni' tetraaza catalyst by pulse radiolysis, the same
group reg)orted more recently UV—vis spectra of a Ni'=CO,
adduct.” For Co phthalocyanine catalysts, two-electron-
reduced species prior to interaction with CO, were observed
by UV—vis spectroscopy.'”*° For Re and Mn bipyridyl carbon
monoxide type catalysts, Kubiak discovered the CO, reduction
intermediate Re(tert-butyl-bpy)(CO);(COOH(n')) of the
Re'(4,4'-di-tert-butyl-2,2-bipyridyl) (CO);CI catalyst by stop-
ped-flow/rapid-scan FT-IR spectroscopy,” which was preceded
by detection of the precursor complex [Re(tert-butyl-bpy)-
(CO);]” by IR spectroelectrochemistry.””** Inoue subse-
quently detected the same intermediate for Re(dimethyl-
bpy)(CO),;Cl under photocatalytic reaction conditions by
FT-IR as well cold-spray ionization mass spectroscopy.”* This
intermediate forms a Re carboxylate dimer upon insertion of a
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second CO, molecule prior to spontaneous conversion to CO
and carbonate-brid§ed dimer according work by the
Brookhaven group.”*”® The one-electron intermediate or its
dimer for related Mn catalysts [Mn'(di-tert-butyl-bpy)-
(CO);Br] and [Mn(dimethyl-bpy)(CO);Br] were detected
by pulse radiolysis coupled with IR laser spectroscopy”’ and
pulsed EPR spectroscopy,”” respectively. Knowledge of these
intermediates has greatly advanced the mechanistic under-
standing of these reactions. However, intermediates spectro-
scopically identified todate under reaction conditions are still
one or more elementary steps short of the bond rearrangement
step that converts CO, to CO or formate.

In a recent electrochemical study of the macrocycle complex
[Co"™N,H(Br),]* (N,H = 2,12-dimethyl-3,7,11,17-tetraaza-
bicyclo[11.3.1]heptadeca-1(17),2,11,13,15-pentaene), Lacy et
al. found in CO,-saturated wet acetonitrile (10 M H,O)
solution a Faradaic efficiency of 45% for CO generation and a
CO to H, ratio of 3:2 near the Co"° potential.”” This is
interesting because Co N,—macrocycle complexes typically
favor H* over CO, reduction.””' In an effort to detect a
possible intermediate formed at the Co"® potential with a
structure-specific spectroscopy that might provide mechanistic
insight into the competition between the two reaction products,
Zhang et al. employed in situ FT-IR spectroscopy and observed
a CO, adduct of the one-electron [Co'N,H]* intermediate in
wet acetonitrile solution using [Ru(bpy);]** as visible light
sensitizer (catalyst complex shown in Figure 1).”" Interpreta-
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Figure 1. Structure of (A) [Co"(N,H)(MeCN)]** and (B)
[Co'(N,H)(MeCN)]".

tion was guided by concurrent electronic structure calculations
that predict a weak interaction of the [Co'N,H]* complex with
CO,.”> While no CO product was detected in experiments with
the Ru sensitizer, use of Ir(ppy); sensitizer with sufficient
reduction potential to reduce the Co' catalyst (¢° = —1.46 V
(SCE)) led to the observation of CO, consistent with the
substantially larger reduction potential of the Ir(ppy),
compared to the [Ru(bpy);]** sensitizer (—1.73 and —1.33 V
(vs SCE), respectively). However, a reaction intermediate
following transfer of the second electron to the Co catalyst,
which is expected to provide critical insight into factors steering
the pathway toward CO, reduction, has so far escaped
detection.

We report here IR detection and monitoring of the kinetics
of a two-electron-reduced transient intermediate of CO,
reduction starting from the [COHN4H]2+ resting state in wet
acetonitrile solution by rapid-scan FT-IR spectroscopy. Experi-
ments were conducted by visible light photosensitization in a
mixture of CD;CN and H,0, which allowed us to record large
sections of the macrocycle IR spectrum of the one- and two-
electron transfer intermediates. This is the first observation of
an intermediate of a molecular catalyst for CO, reduction
during the bond breaking step that produces CO. IR
spectroscopy of the preceding one-electron reduction step
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revealed that the [Co'™N,H]*—CO, carboxylate intermediate is
formed with high selectivity. Based on these observations,
mechanistic factors emerge that may lead to preferential CO,
reduction over proton reduction of macrocycle catalysts.

2. EXPERIMENTAL SECTION

2.1. Chemicals. The catalyst [Co"N,H (MeCN),](BPh,), and the
one-electron-reduced complex [Co'N,H(MeCN)](BPh,) were syn-
thesized following a previously reported method.”” While the Co"
complex in the solid bis-BPh, salt has two acetonitrile ligands, once
dissolved in acetonitrile, the complex is S-coordinated and has just one
acetonitrile ligand as shown by UV—vis spectroscopy.”” Ru(bpy);Cl,:
(H,0)¢ (bpy = 2,2'-bipyridine), Ir(ppy); (ppy” = phenylpyridine
anion), triethylamine (TEA), acetonitrile-d; (99.8 atom % D), and
BCO, (99 atom % °C, <3 atom % '®0) were purchased from Sigma-
Aldrich and used as received.

2.2. Spectroscopy of Photocatalysis. To prepare the sample for
FT-IR measurements, 3 mM [Co”"N,H (MeCN),](BPh,), 1 mM
Ru(bpy);** (or 0.2 mM Ir(ppy);) and 50 mM TEA were dissolved in
wet CD;CN (0.1 or 1 M H,0) followed by bubbling of Ar and '*CO,
(or CO,) gas for a few minutes inside a N, glovebox. To minimize
the presence of O,, the resulting solution was sealed in a 200 ym path-
length CaF, liquid cell in the glovebox.

A FT-IR spectrometer Bruker model Vertex 80 equipped with a
HgCdTe PV detector (Kolmar Technologies model KMPV11-1-J2, 14
um band gap) was used. In the rapid-scan mode, the spectra were
recorded in a double-sided/forward—backward mode with the mirror
velocity of 160 kHz and spectral resolution of 4 cm™". The photolysis
source for the photocatalytic reaction was a 405 nm diode laser
(Spectra Physics, 200 mW max. power). Light pulses were generated
by intercepting the laser beam by a mechanical shutter with variable
opening times (Vincent Associates model Uniblitz, controlled by a
BNC pulse/delay generator model 565). For precise synchronization
of photolysis pulse and spectral data acquisition, opening of the shutter
was triggered by the forward motion of the interferometer mirror. The
sample in the CaF, cell was irradiated for 7.2 s, and the FT-IR data
were recorded in situ both during the irradiation and the following
dark period. Samples were discarded after each measurement, and the
results of three consecutive experiments were averaged for further
signal-to-noise improvement.

3. RESULTS

3.1. Interaction of [Co''N,H(MeCN)]?** and
[Co'N,H(MeCN)]* with CO,. IR spectra of
[Co"N,H(MeCN)]** catalyst complex (5 mM) in wet
CD;CN solution (0.1 M H,0) after bubbling of CO, showed
new bands at 1640 (**CO,: 1590 cm™) and 1674 cm™
(*CO,: 1628 cm™') originating from HCO;~ (bicarbon-
ate)>>™° coordinated to the Co" complex, while all other
bands of the catalyst remained unchanged, as shown in Figure
2a)b. No free bicarbonate was observed. For clarity, the IR
bands of the CD;CN, H,O and the [B(C4H;),]” counterion at
1267, 1427, 1481, and 1581 cm™" were subtracted in all spectra
shown in this paper using the spectrum of NaB(CsHy)s in
CD;CN as reference (Figure S1). The complete list of the IR
bands of the [Co"N,H(MeCN)]** and the [Co"N,H]**—
HCO;~ complexes are given in Table 1. While IR absorptions
of the sensitizer [Ru(bpy),]** or Ir(ppy), were very weak at the
low concentration used, the sacrificial donor TEA (triethyl-
amine) readily showed absorptions presented in Figure S1. In
the presence of 0.05 M TEA, the [Co"N,H]*" catalyst gives rise
to additional peaks at 1268 and 1338 cm™', higher intensity of
the 1403 cm™! band, and additional intense bands at 1474,
1590, and 1684 cm ™! as shown in Figure 2¢ and summarized in
Table 1, which are attributed to complex formation between
TEA and the nucleophilic Co™ center of the catalyst. At the
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Figure 2. FT-IR spectra of the [Co"N,H(MeCN)]* catalyst. (a)
[Co"™N,H(MeCN)]** (5 mM) in CD;CN containing 0.1 M H,0. (b)
The same solution after bubbling of CO,. (c) After adding 50 mM
TEA and bubbling of CO,. Inset shows the NH stretch mode of the
three samples. In all spectra, bands of solvent CD;CN, H,O, and
counterion B(C4H;),” were subtracted.

Table 1. IR Frequencies of [Co"™N,H(MeCN)]** in Wet
CD,CN (0.1 M H,0), When Saturated with '*CO, (**C0O,),
and in the Presence of TEA

[Co"N,H(MeCN)]**  [Co"N,H(MeCN)]*
w/CO, w/CO, w/TEA
[Co"N,H(MeCN)]** co, co, co, Bco,
3237 3237 3217
1578 1674 1628 1674 1628
1471 1640 1590 1684
1434 1578 1640 1590
1403 1471 1590
1374 1434 1474
1364 1403 1434
1324 1374 1403
1278 1364 1374
1256 1324 1364
1278 1338
1256 1324
1278
1268

same time, the bicarbonate absorptions at 1640 and 1674 cm™

are much more intense than in the absence of TEA
(corresponding *CO, spectrum shown in Figure S2). This is
due to additional formation of HCO;~ since TEA acts as a base
in the presence of H,O and CO,,” Small amounts of CO;*~
(carbonate) are also formed as indicated by a weak band at
1529 em™ (C: 1491 ecm™).**” The substantial red shift of
20 cm™! of the NH stretch, from 3237 to 3217 cm™" (inset of
Figure 2), shows the H bonding interaction between the
bicarbonate O and the macrocycle amine group of the

[Co"N,H]**—HCO;~ complex according to the structure
shown in Figure 3.

As-synthesized one-electron-reduced [Co'N,H(MeCN)]*
catalyst in CD;CN (0.1 M H,0) has an IR spectrum shown
in Figure 4, trace (a) with frequencies presented in Table 2.
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Figure 4. FT-IR spectra of one-electron-reduced catalyst. (a) FT-IR
spectrum of [Co'™N,H(MeCN)]* (5 mM) in CD;CN containing 0.1
M H,0. (b) The same solution after bubbling of >CO,. (c) Solution
after bubbling of *CO,. In all spectra, bands of solvent CD;CN, H,0
and counterion B(C¢H;),” were subtracted.

Table 2. IR Frequencies of [Co'™N,H(MeCN)]*, [Co'N,H]*—
CO,, and (Two-Electron-Reduced) [Co'N,H]*—CO," in
Wet CD;CN (0.1 M H,0)

[Co'N,H]*—CO, [Co'NH]*—CO,~

[Co'N,H(MeCN)]* 2co, 3co, 2co, 3¢co,
3251 3230
1522 1656 1611 1587
1500 1635 1466
1471 1587 1437
1456 1466 1364
1437 1437 1356 1310
1425 1364 1324
1398 1347 1308 1269
1370 1324 1251
1355 1269
1339 1251
1310
1269
1251

After bubbling CO,, new bands appeared at 1324, 1347, 1364,
1466, 1587, 1635, and 1656 cm™'(broad) (Figure 4, trace (b)).
As shown in trace (c) of Figure 4, in the presence of *CO, the
1347 cm™" band shifts to 1308 cm™" (overlapped by the 1310
cm™" macrocycle mode). For clarity, the same '*C and *C
spectra but with the bands of [Co'N,H(MeCN)]* subtracted
are shown in Figure SB. Frequency and "C shift of the 1347

Figure 3. Proposed structure of complex of bicarbonate with [Co™N,H]*".
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Figure 5. FT-IR spectra of one-electron-reduced catalyst. (A) v(N—
H) region of spectra (a), (b), and (c) of Figure 4. (B) Spectrum (b) of
Figure 4 with the bands of [Co'™N,H(MeCN)]* species subtracted. (c)
Spectrum (c) of Figure 4 with bands of [Co'™N,H(MeCN)]* species
subtracted. In all spectra, bands of solvent CD;CN, H,O, and
counterion B(C4H;),” were subtracted. Spectral deconvolution on (A)
was conducted with Origin software.

cm™" band are consistent with the symmetric stretch of
carboxylate that interacts with the Co' center through carbon,
which is confirmed by broad absorption of the asymmetric
carboxylate stretch at 1656 cm™ (*C: 1611 ecm™).
Furthermore, in the presence of CO, the v(NH) mode of
[Co'N,H(MeCN)]* at 3251 cm™" is accompanied by a band at
3230 cm™! indicating engagement of the amine moiety in H
bonding with the carboxylate ligand (Figure SA), in agreement
with prediction by DFT calculations.”” The formation of a
carboxylate complex of CO, with the Co' reflects the
nucleophilic property of the reduced Co center. IR stretch
modes of CO, adducts on Co centers in the formal oxidation
state 1+ stabilized by secondary sphere interactions have been
reported previously.”® ** Spectral deconvolution of the NH
absorption indicates that approximately half of the reduced
catalyst species form a [Co'N,H]'"*—C0,° (") carboxylate
complex as illustrated in Figure 6. The new absorptions at

D

P
S N\/Co'—N
=\_

Figure 6. Proposed structure of complex of CO, with [Co'™N,H]".

+CH3CN

1324, 1364, 1466, 1587, and 1635 cm™* point to structural
distortion and electron redistribution of the macrocycle as a
result of CO, coordination. No significant spectral changes of
[Co'N,H]*—CO, or [Co'N,H(MeCN)]* species were ob-
served upon addition of TEA to the solution. IR bands of the
various Co' complexes are summarized in Table 2.

3.2. CO, Reduction with [Ru(bpy);]** Sensitizer. Upon
illumination of a wet CD;CN solution (0.1 M H,0) containing
3 mM [Co"N,H(MeCN)]*, 1 mM [Ru(bpy);]** and 50 mM
TEA donor (no CO, added) with a 40S nm (170 mW) light
pulse of 7.2 s duration, growth of [Co'N,H(MeCN)]* was
observed under loss of [Co"N,H(MeCN)]*" according to first-
order kinetics (the mechanism of visible-light-induced electron
transfer from sensitizer [Ru(bpy);]** or Ir(ppy); to catalyst is
described in Figures S3 and S4). A series of spectral traces and
the kinetic behavior of representative bands are shown in
Figure 7A, traces (a), and Figure 7B, respectively. The
assignment of the photolysis product can directly be discerned
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from comparison with the spectrum of as-synthesized
[Co'N,H(MeCN)]* reproduced in Figure 7A, trace (b).
While as-synthesized [Co'N,H(MeCN)]* is stable for hours
in wet acetonitrile solution, [Co'N,H(MeCN)]* formed by
visible-light-sensitized reduction spontaneously decreased in
the dark on the tens of seconds time scale under regeneration
of Co" catalyst complex as indicated by growth at 1278 cm™
(Figure 7A, traces (c), with kinetics shown in Figure SSA). The
reaction is attributed to the formation of acidic N(CH,CHj,),*
radical cation upon photosensitized generation of the reduced
sensitizer [Ru(bpy),;]* (Figure S3). As has been reported
previously, [Co'N,H]* in acetonitrile solution exposed to
strong acid evolves H, under regeneration of Co" catalyst on
the time scale of seconds." In addition to the Co' macrocycle
bands, growth of absorption occurs at 1725 cm™ originating
from CH3;CH=O co-product of TEA oxidation. Acetaldehyde
is an established product of the oxidized/deprotonated TEA
donor radical in reaction with H,0,""

N(CH,CH,), + H,0 + 2[Co"'N,H]**
— HN(CH,CH,), + 2[Co"'N,H** ~H"~

+ CH,CH=0 (1)

When photosensitizing the [Co"N,H(MeCN)]* catalyst
with the [Ru(bpy);]**—TEA system in CO,-saturated wet
CD;CN solution, a markedly different IR spectrum emerges. As
shown in Figure 8a, growth during the initial 3 s of photolysis is
at 1324, 1347, 1364, 1435, and >1575 cm™ (the latter overlaps
with decreasing bicarbonate bands) characteristic of
[Co'N,H]*—CO, as can be seen by comparison with an
authentic spectrum of the complex (Figure 8b). Growth of a
broad absorption at 1522 cm™ (**C counterpart at 1499 cm™),
which shows different kinetics than all other increasing bands, is
attributed to the formation of some carbamate adduct with the
amine group in agreement with the characteristic IR frequency
of the CNH bending more around 1500 cm™ and its modest
13C isotope shift.”**> Consumption of [Co"N,H]**~HCO;" is
most clearly seen by decrease of the intense bands at 1278,
1640, and 1674 cm™" (the latter preventing observation of IR
growth in the region 1580—1700 cm™ region). The result was
confirmed by an experiments with *CO,, which gave the
corresponding spectrum of [Co'N,H]*—"*CO, (Figure S6). In
the later part of the light pulse between 3 and 7.2 s, growth is
dominated by bands at 1310 and 1398 cm™', which are the two
most intense absorptions of [Co'N,H(MeCN)]*. The
induction period of these features is clearly evident from the
kinetic curves shown in Figure 9. Monitoring of the subsequent
dark period shows that the [Co'™N,H]*—CO, complex is stable
while [Co'N,H(MeCN)]* is depleted by reaction with protons,
as expected (Figure 8c and Figure SSB). We conclude that
driving the Co"N,H(MeCN)]** catalyst for CO, reduction
with [Ru(bpy);]** photosensitizer generates the [Co'N,H]*—
CO, complex with complete selectivity at the onset of reaction
(Figure 10), followed by conversion to [Co'N,H(MeCN)]*
under continued illumination. While the [Co'N,H]*-CO,
complex is stable in the dark, its conversion to
[Co'N,H(MeCN)]* under illumination points to dissociation
of the initially formed [Co'N,H]*—CO, by interaction with
photogenerated [Ru(bpy);]* and TEA radical cation species.
This side reaction is a phenomenon originating from the choice
of the photosensitization system and of no relevance to the
CO, reduction catalysis of interest. It is important to note that

DOI: 10.1021/jacs.6b05248
J. Am. Chem. Soc. 2016, 138, 9959—9967


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05248/suppl_file/ja6b05248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05248/suppl_file/ja6b05248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05248/suppl_file/ja6b05248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05248/suppl_file/ja6b05248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05248/suppl_file/ja6b05248_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b05248

Journal of the American Chemical Society

(A)

‘ Irradiation
0.002
)
Q
[ =
G NG
o
w
Ke)
<

t 7.2s
14.4s

21.6s

Dark

1450 1400 1350
Wavenumbers / cm’

1750 1700 1500

1300

b —e—1310 10.0000
0.0059%  _o—1278 oo
[~ ]
o 1-0.0003
0.004 | oy
o
g \ 2 1-0.0006
£0003{ Y /
S °
5 o 1{-0.0009
£0.002 /° N
d N 1-0.0012
0.001 / \
J %o, 100015
T 0.000 _oll T T T hd
1250 o 2 4 6 8

Irradiation time / s

Figure 7. [Ru(bpy);]** visible-light-sensitized reduction of [Co"N,H(MeCN)]** in solution containing CD;CN (0.1 M H,0), [Ru(bpy);]** (1
mM), [Co"N,H(MeCN)]** (3 mM) and TEA (50 mM). (A) (a) FT-IR difference spectra during 7.2 s photolysis, (b) authentic spectrum of
[Co'™N,H(MeCN)]*, and (c) evolution of spectra during subsequent dark period of 22.8 s. (B) Kinetics of [Co'™N,H(MeCN)]* increase (1310
em™") and [Co"N,H(MeCN)]** consumption (1278 cm™") during irradiation.
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Figure 8. [Ru(bpy);]** visible-light-sensitized reduction of
[Co"™,H(MeCN)]* in CO,-saturated solution containing CD;CN
(0.1 M H,0), [Ru(bpy);**] (1 mM), [Co"™N,H(MeCN)]** (3 mM)
and TEA (S0 mM): (a) FT-IR difference spectra during 7.2 s
photolysis, (b) authentic spectrum of [Co'N,H]*~CO,, and (c)
evolution of spectra during subsequent dark period of 22.8 s.
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Figure 9. Kinetics of [Co'N,H]*—CO, growth (1324 cm™’,
[CoN,H(MeCN)]* increase (1310 cm™), and [Co"N,H(MeCN)]**
consumption (1278 cm™) during irradiation.

the observed stability of the [Co'N,H]*—CO, complex in the
dark after the end of the photosensitization pulse (Figure 8c)
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Figure 10. Visible-light-sensitized one-electron reduction of
[Co"N,H]** bicarbonate complex to [Co'™N,H]* complex with CO,.

rules out any interaction of the reduced [Co'N,H]*—CO,
complex with transient TEA radical;"”** the latter reacts with
H,0 to yield CH;C=0 instead according to the process
described in Figure S3.

3.3. CO, Reduction with Ir(ppy); Sensitizer. Photo-
sensitization of [Co"N,H(MeCN)]** catalyst (3 mM) in
CD;CN solution (0.1 M H,0O) using Ir(ppy); sensitizer (0.2 M,
maximum concentration in wet acetonitrile) and TEA donor
(50 mM) with 405 nm light (170 mW) showed growth of
[Co'N,H(MeCN)]* under depletion of [Co"N,H(MeCN)]*
as in the case of the experiment with [Ru(bpy);]*" sensitizer
(Figure S7, upper part). The [Co'N,H(MeCN)]* complex
reacted spontaneously with protons as shown in the bottom
part of Figure S7. Hence, the process induced by the reduction
of the catalyst in the absence of CO, is independent of the
photosensitizer employed.

When photosensitization of [Co"N,H(MeCN)]** was
conducted in CO,-saturated wet CD;CN solution with
Ir(ppy); sensitizer for the duration of 7.2 s, growth of an IR
spectrum was observed with most but not all bands in
agreement with those of the [Co'N,H]*—CO, complex.
Specifically, increasing absorptions at 1324, 1364, 1435, and
>1575 cm™ are the same as those of the [Co'N,H]*—CO,
complex observed in the [Ru(bpy);]**-sensitized experiments,
and also show first-order growth kinetics (Figure 1la).
However, the profile of the symmetric carboxylate stretch
absorption in the 1340—1360 cm ™' region is distinctly different,
as will be described in detail below. Furthermore, in contrast to
the [Ru(bpy);]**-sensitized experiment, negligible growth of
[Co'N,H(MeCN)]* caused by a secondary photolysis process
was detected; i.e., sensitization by Ir(ppy); does not result in
significant dissociation of the [Co'N,H]"—CO, complex. Most
importantly, the intermediate produced by Ir(ppy); photo-
sensitization decreased spontaneously on the tens of seconds
time scale under regeneration of the starting [Co"N,H]*—
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Figure 11. Ir(ppy); visible-light-sensitized reduction of
[Co"N,H(MeCN)]** in CO,-saturated solution containing CD;CN
(0.1 M H,0), Ir(ppy); (0.2 mM), [Co"™N,H(MeCN)]** (3 mM), and
TEA (S0 mM): (a) FT-IR difference spectra during 7.2 s photolysis
and (b) evolution of spectra during subsequent dark period of 22.8 s.

HCO;™ complex as indicated by growth of the peaks at 1278,
1640, and 1674 cm™ (Figure 11b; BC counterparts at 1590
and 1628 cm™!, as shown in Figure S8). Therefore, despite
similarities of parts of the spectra, the transient intermediate
observed with the Ir(ppy); sensitizer is not the [Co'N,H]*—
CO, species, as the latter was found to be stable after
termination of the photosensitization pulse.

A detailed study of the spectral changes in the 1300—1400
cm™" region of Ir(ppy)s-sensitized experiments with '*CO, and
BCO, provided the critical insights into the structure of the
new intermediate. The upper part of Figure 12 compares time
slices in the 1450—1250 cm™" region during photosensitization
recorded at 0.6, 3.0, and 6.6 s for (A) [Ru(bpy),;]**/"*CO,, (B)
Ir(ppy);/"*CO,, and (C) Ir(ppy);/"*CO, systems, with each
trace showing the result of spectral deconvolution. The
[Ru(bpy);]** and the Ir(ppy),-sensitized experiments of Figure

12A and 12B were conducted with '>CO, and exhibit first-order
growth of the 1324, 1364, and 1435 cm™! bands mentioned
above. Figure 13A shows the growth kinetics of the 1324 cm™
absorption for the Ir(ppy); run (for the [Ru(bpy);]**
experiment, the 1310 cm™ band of [Co'™N,H(MeCN)]* due
to dissociation of [Co'N,H]*—CO, is observed to grow in with
an induction period). A distinct feature of the Ir(ppy)s-
sensitized experiment is that the 1347 cm™ band of the
carboxylate ligand of the one-electron-reduced [Co'N,H]"—
CO, complex decreases after initial sharp rise and then remains
unchanged, as can be seen from the red spectral component of
Figure 12B, traces (a)—(c), and Figure 13A. By contrast, in the
[Ru(bpy);]** run the 1347 cm™' mode of [Co'NH]*—CO,
increases with first-order kinetics during the photolysis pulse
(Figure 12A, red-colored component of traces (a)—(c)). In the
Ir(ppy); run, a new band at 1355 cm™ grows in with an
induction period, as can be seen by the blue component in
Figure 12B, traces (a)—(c), and the kinetic curve in Figure 13A.
This band is absent in Ru-sensitized experiments. When
conducting the Ir(ppy);-sensitized experiment with *CO,, the
1355 cm™! band does not appear while a new band is seen to
grow in at 1310 cm™' with the same kinetic behavior as the
1355 cm ™" absorption (Figure 12C, traces (a)—(c), and Figure
S8). The isotope shift confirms assignment of the 1355 cm™
peak to the symmetric stretch of carboxylate. The kinetic
behavior of the 1347 and 1355 cm™" bands of the carboxylate
ligand indicates that the same [Co'N,H]*—CO, one-electron-
reduced intermediate is produced in the Ir(ppy); and
[Ru(bpy);]**-sensitized experiment, but followed by a second
reduction step that yields a new intermediate when using the Ir
sensitizer. The added electron of the new intermediate
essentially resides on the CO, ligand because the IR bands of
the macrocycle are the same within our spectral resolution (4
cm™!) as those for the one-electron-reduced intermediate. The
blue shift of the symmetric carboxylate stretch mode is
consistent with the increased negative charge on the CO,

(A) 1347 (B)
' (a)

135651347
'

C) 1310
(a) L_AQ&_WQ

Absorbance

T T T T T 1 T T T -
1400 1350 1300 12501400 1350
Wavenumbers / cm’’

-1
Wavenumbers / cm

T T 1 T T T M - T T 1
1300 12501400 1350 1300 1250
Wavenumbers / cm’

Figure 12. Visible-light-sensitized reduction of [Co"N,H(MeCN)]** in CO,-saturated solution containing CD,CN (1 M H,0), 3 mM
[Co™N,H(MeCN)]*, and 50 mM TEA. (A) [Ru(bpy);]** (1 mM), 2CO,. (B) Ir(ppy); (0.2 mM), 2CO,. (C) Ir(ppy); (0.2 mM), *CO,. Spectra
(a)—(c) were recorded during illumination at 0.6, 3.0, and 6.6 s (spectra taken before illumination as background). Spectra (d)—(f) were collected
during subsequent dark period at 7.2, 14.4, and 21.6 s after the end of illumination (spectrum at 0.3 s after illumination taken as background).
Spectral deconvolution was conducted with OPUS software. (When increasing the water concentration from 0.1 to 1 M, the cycling of
[Co'™N,H(MeCN)]* became much faster, so the accumulation of [Co'N,H(MeCN)]* during photolysis with [Ru(bpy);]** as sensitizer is much less

than that with 0.1 M water.).
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Figure 13. Kinetic behavior of [Co'N,H]*—CO, (1347 cm™) and [Co'N,H]*—CO,~ (1355 cm™) intermediates upon photosensitization with
Ir(ppy)s (A) During 405 nm photosensitization period of 7.2 s. (B) During subsequent 20 s dark period. The 1324 cm™' band of the macrocycle is
common to both intermediates. The 1278 cm™" trace shows the depletion (panel A) and regeneration (panel B) of the [Co™N,H]** catalyst.

ligand.* We conclude that the two-electron-reduced inter-
mediate is a [Co'N,H]"—CO,” complex.

In the subsequent dark period following Ir(ppy); photo-
sensitization for 7.2 s, the 1355 cm™" band together with 1324,
1364, 1435 cm ™" decrease under regeneration of [Co"N,H]*'—
HCO;™ as indicated by growth at 1278, 1640, and 1674 cm™,
Figure 11b shows consecutive spectral traces at 7.2, 14.4, and
21.6 s after the end of the photolysis pulse, while traces (d)—(f)
of Figure 12B present on an expanded scale the behavior of the
individual spectral components. The stretch mode of the CO,~
ligand at 1355 cm™ (blue-colored band) decreases along with
the macrocycle absorptions at 1324, 1364, 1435 cm™'. For
Ir(ppy);-sensitized reduction of *CO, in shown in Figure 12C,
traces (d)—(f), the decrease of the corresponding isotopically
shifted CO, mode is observed at 1310 cm™. Over an identical
22 s dark period following 7.2 s photosensitized reduction of
BCO, using Ir(ppy)s, growth of free *CO product in solution
is observed at 2080 cm ™", as shown in Figure 14. Because of the
weak IR band of dissolved CO in wet acetonitrile, chloroform
was added to the CH;CN (1.0 M H,0) solution for this

6.0x10° 7

4.0x10° A

2.0x10° 1

Absorbance

0.0

-2.0x10° 4

T T T 1
2080 2070 2060 2050

El
Wavenumbers / cm

T T
2100 2090

Figure 14. Growth of “CO in solution during 20 s dark period
following Ir(ppy)s;-photosensitized reduction of 'CO, in wet
acetonitrile-chloroform mixture (CHCL;:CH;CN 1:1 v/v, 0.1 M
H,0) for 7.2 s (red trace). Control experiment with *CO, (black
dashed trace).
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experiment which allowed to increase the concentration of
Ir(ppy); to 1 mM and enhance the solubility of CO. It is
important to note that during the dark period, any effect of the
decomposition products of the oxidized TEA donor on
reactivity is absent because these are known to be limited to
the sub-millisecond time range.** We conclude that photo-
sensitization with Ir(ppy); results in the reduction of
[Co"N,H]**~HCO;~ complex to [Co'N,H]*—CO, and
subsequently to a two-electron-reduced catalyst intermediate
with [Co'N,H]*—CO, structure. This catalytic intermediate
spontaneously eliminates CO under regeneration of the catalyst
[Co"N,H]**~HCO;~ complex on the time scale of several
seconds at room temperature, as summarized in Figure 185.

Figure 1S5. Sequential one- and two-electron intermediates of CO,
reduction to CO by [CoN,H(MeCN)]** catalyst in wet acetonitrile
solution.

4. DISCUSSION

The virtually unchanged IR bands of the macrocycle ligand of
the two-electron-reduced [Co'N,H]*—CO,” intermediate
formed upon delivery of the second electron to the one-
electron-reduced [Co'N,H]*—CO, complex reveal that the
electronic structure of the macrocycle of the two intermediates
closely resemble one another. The significant blue shift of the
symmetric CO, stretch of the [Co'N,H]*—CO," intermediate
indicates that the added electron mainly resides on the CO,
ligand rather than on the macrocycle. This finding is in
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remarkable agreement with the previously published DFT
electronic structure calculations, which predicted a stable
adduct of two-electron-reduced Co tetracycle and CO, in
acetonitrile.”> As shown in Figure 8 of ref 32, the computed
structure features a carboxylate moiety interacting with the Co
center through carbon and has substantial density of the second
added electron on the Co'~CO, bond as well as the oxygen
atoms of CO,. The stability of the [Co'N,H]*—CO,"
intermediate relative to the dissociated form in acetonitrile
was calculated as 7.6 kcal mol™!, for which hydrogen bonding
between CO,~ and the N—H group of the macrocycle plays a
significant role. The spontaneous dissociation of the CO, ligand
of the transient [Co'N,H]*—CO," intermediate to CO under
regeneration of the [Co"N,H]" resting state observed here by
FT-IR spectroscopy on the time scale of seconds (Figures
11—14) indicates a barrier of just a few kcal mol™ for this rate-
limiting step. The C—O bond dissociation of the CO,~ ligand
might be aided by transfer of the departing O to a free CO,,
resulting in the formation of the bicarbonate ligand of the
emerging [Co"N,H]" catalyst complex. While speculative, such
a direct role of dissolved carbon dioxide as a Lewis acid in
assisting CO bond dissociation has been invoked in a previous
IR spectro-electrochemical study of CO, reduction by a Ni
cyclam catalyst.*®

In contrast to the two-electron-reduced intermediate, the
complex of the one-electron-reduced [Co'N,H]" macrocycle
with CO, is substantially less stable (by 10 kcal mol™)
according to the DFT study.’” Nevertheless, we find distinct IR
signature of the interaction of CO, with the one-electron-
reduced catalyst. Specifically, the symmetric and asymmetric IR
stretch modes of the CO, ligand of the S5-coordinate
[Co'N,H]*—CO, complex (Figures 4, 5, and 8) indicate a
significantly bent carboxylate structure. Furthermore, this fifth
ligand markedly influences the structure of the macrocycle as
evidenced by substantial differences of the IR macrocycle
modes of the [Co'N,H]*—CO, and the [Co'N,H(MeCN)]*
complexes. The structure of the latter was previously
established by single crystal XRD.”” Weak H bonding between
the N—H group of the macrocycle and O of the CO, ligand of
[Co'N,H]*—CO, predicted by the DFT calculation is borne
out by the 21 cm™ red shift of the N—H stretch mode seen in
the FT-IR spectra of Figure 5. The formation of the
[Co'N,H]*'—CO, intermediate is completely selective both
when using the Ru or Ir sensitizer, an important finding
regarding the quest for steering the competition between CO,
reduction and proton reduction toward CO, activation (the
observed dissociation of the complex by a secondary photolysis
process to generate [Co'N,H(MeCN)]* when using Ru
sensitizer is a phenomenon caused by the chosen photo-
sensitization method, and is not an intrinsic property of the
[Co'N,H]*—CO, intermediate. As the Ir-sensitized experiment
shows, transfer of a second electron with sufficient reducing
power to the [Co'N,H]*—CO, intermediate eliminates the
formation of [Co'N,H(MeCN)]*).

A key finding of the present study is that the one-electron-
reduced [Co'N,H]*—CO, intermediate is sufficiently stable in
wet acetonitrile at room temperature to directly capture a
second electron. Because the ensuing [Co'N,H]*—CO,~
intermediate spontaneously dissociates to CO, the selectivity
of molecular catalysts toward CO, reduction can be enhanced
by maximizing the fraction of one-electron catalyst inter-
mediates forming an adduct with CO,.
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5. CONCLUSIONS

In summary, FT-IR monitoring of the reduction of CO, by the
Co tetracycle catalyst [Co"N,H(MeCN)]*" in wet acetonitrile
solution driven by Ir(ppy); visible light sensitizer allowed the
detection and identification of a two-electron-reduced inter-
mediate [Co'N,H]—CO, (complex of the Co tetracycle with
CO,"). This intermediate spontaneously dissociates in a rate-
limiting step to CO on the time scale of seconds at room
temperature under regeneration of the catalyst in the resting
state. The macrocycle IR modes indicate that the electronic
structure of the two-electron intermediate is close to that of the
one-electron-reduced complex [Co'™N,H]*—CO, with a Co'
center, neutral N,H ligand, and a second electron residing
mainly on the carboxylate moiety. This finding is in good
agreement with a previous DFT electronic structure calculation
which predicted that the two-electron-reduced intermediate is a
stable adduct of Co' tetracycle and CO,, with substantial
density of the second electron on the carboxylate ligand.*”

An important result regarding design features for steering
molecular catalysts from proton toward CO, reduction is that
the second electron delivered to the [Co'N,H]*—CO, complex
(one-electron-reduced catalyst) selectively generates an even
stronger [Co'N,H]*—CO,” complex that spontaneously
dissociates to free CO under regeneration of the catalyst.
This suggests that the ability to form an adduct with CO, upon
transfer of the first electron plays a critical role. This adduct
needs to have sufficient lifetime to receive a second electron
while still intact. There is likely an optimal stability range for
the one-electron [Co'N,H]*—CO, adduct; too strong inter-
action might lead to an unreactive complex upon reduction by
the second electron, while too little interaction would result in
insufficient lifetime (concentration) of the [Co'N,H]*—CO,
adduct for capturing a second electron.
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