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ABSTRACT: Durable catalysts based on abundant metals are needed for the
photocatalytic CO, reduction reaction (PCO,RR). Thus, we synthesized a series
of low-valent cobalt(I) complexes, [(CNC)Co(CO),]*[Co(CO),]", with H
(1c,.) or OMe (2,.) in the 4-position of the pyridyl N donor group (where CNC
=L1 and L2 from double deprotonation of the [CNC]*" preligands L1(HOTf), = i yraratt - Dl oS rararih
1,1’-(pyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) ditriflate and L2- Moclum: TON =722 g OV =270
(HOTf), = 1,1’-(4-methoxypyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-ium) BTN o
ditriflate). Anion exchange for [BArF,,]” (tetrakis(3,5-trifluoromethyl)phenyl)- e beced)
borate) produced 1 and 2 and phosphine substitution produced 1ppes, 1ppps, and cili B i
2ppn3 complexes with the structure [(CNC)Co(CO)(PR’;)]*[BArF,,]™. In 1pppp,

the DPPP ligand bridges two Co(I) centers (DPPP = 1,3-bis(diphenylphosphino)propane). All complexes were fully characterized,
and electrochemical measurements suggest that for most of the phosphine complexes, CO, binding by the complex occurs prior to
reduction due to a vacant coordination site. Intriguingly, the introduction of a phosphine ligand resulted in a geometry change from
trigonal bipyramidal to square pyramidal which correlates to preassociation of CO, to the complex and higher reactivity in the
PCO,RR. Complexes 1, 1pyes, lppnss lpppps 25 2pphyy and Na[Co(CO),] are PCO,RR catalysts with a methoxy substituent
deactivating and a phosphine ligand activating. With monodentate phosphines, catalyst 1pp,; (1 M) had the highest turnover
frequency (TOFy = 3.9 h™) and turnover number (TON = 199). The dinuclear 1pppp complex was the most active and robust
catalyst with TON = 278 and TOF = 21.1 h™' at 1 M loading. Under dilute conditions (1 nM), 1ppp; produced up to 36,000 TON
with TOF = ~800 h™" over 6 days, which shows that this is a durable molecular catalyst acting with fast rates in the PCO,RR. Thus,
stabilizing low-valent cobalt can offer a unique entry point to highly active PCO,RR catalysts. While cobalt(I) has been proposed as
a catalytic species, catalysts that start from Co(I) have not been made previously and the use of phosphine co-ligands has allowed
these catalysts to achieve high activity.

KEYWORDS: photocatalysis, cobalt, pincer ligands, carbon dioxide reduction, phosphine ligands, N-heterocyclic carbenes,
organometallic compounds

H INTRODUCTION to CO is —0.53 V (eq 1) and —0.61 V for HCO,H formation

. 9
Fossil fuels are a nonrenewable source of energy, and replacing (eq 2) (both potentials are vs NHE).

these fuels with solar fuels will require catalysis." The reduction CO, +2H" +2¢” - CO + H,0 E°=-033V (1)
of carbon dioxide (CO,) could allow for the use of our current
fuel infrastructure in a renewable carbon neutral cycle.” A key CO, +2H" +2¢” - HCO,H E° =061V (2)
piece of such a process is the source of energy to power the Proton reduction to form H, (E° = —0.414 V) is often
reduction. The photocatalytic CO, reduction reaction competitive with these processes.”'® Thus, product selectivity
(PCO,RR) is a potential key reaction for obtaining a carbon among these commonly formed products (CO, HCO,H, and
neutral cycle. The supply of solar energy is vastly greater than H,) is an important consideration."' *® Homogeneous
our world’s current consumption and can provide a sustainable catalysis can often address this SeleCtiVity Chauenge by precise
energy source.

The direct one-electron reduction of CO, is very energy- Received: March 14, 2022
intensive, at —1.9 V vs normal hydrogen electrode (NHE).”* Revised:  June 8, 2022
Therefore, the reduction of CO, usually occurs by proton Published: July 6, 2022

coupled electron transfer (PCET) due to the decreased energy

requirement of this pathway.””~® With both protons and
electrons available, the reduction potential for CO, conversion
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control of the catalyst structure and uniform control of
reaction conditions.”’ Targeting CO can lead to a viable
solution for fuel production via the well-established Fischer—
Tropsch process (FTP) and allows for simple gas phase
separation of the CO product from the reduction reaction
solution.””*

In 1993, Fujita and co-workers were the first to demonstrate
that cobalt(IlI) cyclam complexes have activity in PCO,RR
with selective reduction of CO, to CO.">** This discovery
initiated a focus on cobalt by many research groups (Figure
1)."#!93°737 Notably, a pentadentate Ns donor in Lit-1
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Figure 1. Selected literature catalysts for photocatalytic CO,
reduction featuring Co(II) and Ru(II). In this work, we use Co(I)
catalysts shown above, with the best catalysts including phosphine
ligands.

supports the formation of CO (TON = 270) with cobalt(1I).°
Likewise, a cobalt(II) cryptate complex (Lit-2) is highly robust
in the PCO,RR to give CO (TON as high as 51,392).%'
Catalyst Lit-3 with a pentadentate N donor ligand chelating
Co(1I) demonstrates that methoxy substituents (relative to the
H analogues) serve to increase CO production.”” Similarly, in
Ru(II) CNC pincer complexes methoxy groups led to
substantial improvements in PCO,RR with catalyst Lit-4
relative to the analogue bearing an H in place of methoxy
(TON = 1006 vs 120, respectively).'””'**%*” These differences
were attributed to more favorable reduction potentials with
methoxy groups for electron transfer from the reduced
photosensitizer (PS) to the catalyst.” The strong donor
properties of the NHC rings’®”’ combined with an electroni-
cally tunable pyridine ring presents a unique opportunity for
catalysis with cobalt.*>*!

However, the use of Co(II) or Co(III) with CNC pincer
ligands leads to the formation of bis ligand complexes (e.g.,
[(CNC),Co]**).** There are two basic strategies to prevent
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the formation of bis(ligand) complexes. The first strategy is to
rely on steric bulk (typically via mesityl or 2,6-diisopropyl-
phenyl wingtip substituents on the NHC) to form 1:1
complexes between CNC or CCC ligands and Co(II) or
Co(I11).”~* The second strategy, which is used herein, relies
upon a low-valent Co(I) to favor a lower coordination number.
There is precedence in the literature for taking the latter
approach, and Co(I) tends to favor four- and five-coordinate
complexes.””***~* Furthermore, the catalytic cycle for CO,
reduction is believed to access Co(I) intermediates,””>" and
access to a Co(I) species during catalysis is proposed to
influence product selectivity.”> However, the impact of
choosing a ligand set which stabilizes Co(I) has not been
explored in the PCO,RR because most, if not all, cobalt
catalysts used in this reaction feature Co(II) or Co(III)."**’
To the best of our knowledge, Co(I) starting materials have
been used for stoichiometric but not catalytic CO, reduction.”

In this report, a series of Co(I) CNC pincer complexes were
synthesized and studied for the activation of CO, (Figure 2).
The Co(I) complexes are all five-coordinate with a tridentate
pincer ligand and two supporting monodentate ligands.
Complex 1 is the parent complex [(CNC)Co(CO),]" and
phosphine substitution of one of the CO groups gives two
derivatives (1ppps, lpmes) (Table 1). Herein, phosphine
substitution is used to easily achieve a range of complexes
with more electron donating (PMe;) compared to less electron
donating (PPh;) phosphines. We note that a wide range of
phosphines can rapidly be explored with this ligand manifold.
A bidentate phosphine, 1,3-bis(diphenylphosphino)propane
(DPPP), leads to a dicobalt(I) complex with DPPP bridging
two metal centers in 1pppp. Methoxy substitution on the CNC
pyridine ring gives complex 2 as a derivative of 1. Phosphine
substitution of a CO on 2 leads to 2ppy;. These modifications
have allowed us to study structure—function relationships in
the PCO,RR starting from Co(I) as a unique way to access the
catalytic cycle through Co(I) complexes that are more similar
to the active catalyst species than has been done in the
literature.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of the cobalt(I) complexes starts
with the deprotonation of the previously synthesized bis
imidazolium salts (L1(HOTf), and L2(HOTf),)"”'® with
triethylamine (TEA) as the base in the presence of Co,(CO),
(Figure 3). The cobalt(0) source undergoes a disproportiona-
tion reaction in ~50% yield producing a CNC pincer bound
Co(I) cation and a Co'” anion as [Co(CO),]”, which is
observed by FTIR.>*>> Thus, 1c,. and 2,. are formulated as
[(L1)Co(CO),][(Co(CO),)] and [(L2)Co(CO),][(Co-
(CO),)] (for L1: R = H and for L2: R = OMe), respectively,
and their structures have been confirmed crystallographically.
To avoid the presence of two unique cobalt ions in the
PCO,RR, salt metathesis was performed with the sodium salt
of Kobayashi’s anion, tetrakis(3,5-trifluoromethyl)phenyl)-
borate (BArF,,)”, producing complexes 1 and 2. To further
modulate the activity of these complexes, one carbonyl was
substituted with PPh; or PMe;. The ligand substitution was
achieved in nearly quantitative yields by introducing the Co(I)
pincer complex to excess PR’; in dichloromethane producing
complexes lpyes, lpphy and 2ppps3. The bisphosphine DPPP
was added to complex 1, leading to DPPP bridging two Co(I)
centers rather than displacing two carbonyl ligands on a single
cobalt(I) center regardless of the ratio of DPPP to 1 employed.

https://doi.org/10.1021/acscatal.2c01281
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Table 1. Cobalt(I) Complexes Designated Labeling
Scheme®

oy 1 X a\ SNy ]2 e
N-‘J‘\ L N-_J\ L L )L- N
= P — —
R—QN:?)O\CO R ’Njoico OC):{N\ )R
N N =N
AN AN N2
compound designation R co-ligands anion
1c,. H CO, CO [Co(CO),]
2¢o. OMe CO, CO [Co(CO),]
1 H €O, CO [BAIF,,]
2 OMe CO, CO [BArF,,]”
Loohs H CO, PPh, [BArF,,]"
Loaes H CO, PMe, [BArE,,]”
Lppop H CO, PPhy(CH,);PPh,  [BArF,,]"
2o0ms OMe CO, PPh, [BArE,,]”

“All reported complexes are monomers with the structure below
(left), except 1pppp, Which is a phosphine bridged dimer (right).

Single Crystal X-ray Diffraction. Crystals suitable for X-
ray diffraction were grown by evaporation of CH,Cl, (for 1.
and 2,. in the SI as Figure S36), by evaporation of diethyl
ether (for 1 and 2), or from a concentrated solution of diethyl
ether layered with hexanes (for 1ppys, Ipmes 2pph3 and lpppp)-
The latter six structures are shown in Figure 4. In each
structure, the Co(I) center is five-coordinate with a tridentate
CNC pincer and two monodentate ligands. Addison’s 7
parameter is used to measure geometric distortion with
extreme values of 0 = square pyramid and 1 = trigonal
bipyramid.56 The 74 values for complexes 1¢,., 2¢,., 1, and 2
are ~0.53—0.55, which results from a distorted trigonal
bipyramid geometry with the pincer ligand restricting the
C1—Co1—Cl11 angle to ~159° (see Table 2, Figure 4, and the
SI). However, the geometric distortion is not toward a square
pyramid, because neither carbonyl ligand lies in or near the
plane of the pincer ligand. Upon PPh; substitution for a CO
ligand, the geometry changes to a distorted square pyramid for
1ppp3 and 2ppy3 with the phosphine apical and 75 ~ 0.3. Herein,
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the N3—Col—C14 angle (~139—142°) is larger than in 1 and
2, and the CO ligand is nearly coplanar with the pincer ligand.
The steric bulk of the PPh; ligand seems to prevent an
idealized square pyramid geometry. The bis(phosphine)
complex, 1pppp, is also a distorted square pyramidal structure
with a 75 of 0.301. Complex lpy; is nearly square pyramidal
with 75 = 0.127 and N3—Co1—C14 angle of 151.20(6)°.

The bond distances and angles are similar for 1, 2, and their
cobaltate analogues 1¢,. and 2, which shows that the cobalt
anion in the latter structures does not alter the structure of the
cobalt cations. The bond distances around cobalt shown in
Table 2 show that phosphine substitution for CO results in
shorter Co—C and Co—N distances. For complexes 2¢,., 2,
and 2ppy; the average C6—O bond length is ~1.35 A,
indicating a structure with significant double bond character
due to 7 donation from the methoxy substituent. The effects of
the methoxy groups are also observed in the slightly elongated
averaged C6—CS5 and C6—C7 bonds (1.381(6) A in 1 vs
1.404(4) A in 2). These trends reflect partial dearomatization
of the pyridyl ring as seen in other Ru(II) pincer complexes
with oxygenated substituents.'”'® The carbonyl ligands of 1
and 2 have Co—C and C—O average bond lengths of 1.775(4)
and 1.145(4) A, respectively, which reflects a high degree of #-
backbonding.”” This observation is expected due to the
electron-rich nature of Co(I) and the highly electron donating
carbenes in the pincer. Within the phosphine ligated
complexes, the carbonyl C14—01 bond lengthens and there
is a noticeable contraction of the Col—C14 bond showing an
increase in 7-backbonding from the metal center as compared
to the dicarbonyl series.

Vibrational Spectroscopy. FTIR spectroscopy confirms
the presence of the [Co(CO),]™ anion in complexes 1,. and
2¢,. (Table 3). The IR spectra of the anion displays a large and
broad peak between 1844 and 1870 cm™" (see Figures S3 and
$25 in the SI).”**>® The dicarbonyl ligand stretches of the
Co(I) complexes were also observed as sharper peaks at higher
energy (e.g,, 2001 and 1952 cm™ for 1¢,. and typically falling
from 1944 to 2025 cm™' for 1, 2, and 2,.). These Co(I)
cations have C,, symmetry, and the peak at 2000—2025 cm™
is of lower intensity and has been tentatively assigned as an A,
symmetric stretch while the peak at 1944—1968 cm™ is of

https://doi.org/10.1021/acscatal.2c01281
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procedures can be found in the Supporting Information.'”'®

1 2 1pPh3 2pph3
75 = 0.548 75 = 0.545 75 = 0.264 75 = 0.322

Figure 4. Molecular diagram of the cobalt(I) complexes based on crystallographic data with solvent molecules (for 1py;s), hydrogen atoms (for
1pppp), and the BArF,, anions removed in all cases for clarity. Coordination sphere views are also shown along with the 7 parameter. Thermal
ellipsoids are drawn at the 50% probability level.

greater intensity and assigned as a B, asymmetric stretch.’” since the motion leads to a strong change in dipole moment.
These peaks shift to higher energy upon exchange of the The A’ stretch occurs at a significantly lower frequency (cf. A,
cobaltate anion for the BArF,, anion. Complex 2 shows that and B,) because the remaining carbonyl is the only z-acceptor.
the OMe group on the pincer leads to slightly weaker carbonyl Complexes 1ppy; and lpppp show the same CO stretching
stretches (cf. 1) due to increased d to z*-back-donation and frequency, indicating that any electronic changes are minimal.
weakening of the C—O bond due to the higher electron However, the electron donating phosphine (PMe;) produces a
density at the metal in 2 vs 1. In the phosphine series, the CO stretch of 1932 cm™ indicating increased electron density
Co(I) cation has approximate C, symmetry, and the observed at the metal center in 1pygs. Similarly, 2pp; shows the impact
carbonyl stretch is from an A’ vibrational mode. The A’ of the methoxy group on the pincer for increasing the electron
stretches are also quite intense, like the B, vibrational modes density at the metal center via 7 donation with a CO stretch of
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Table 2. Selected Bond Lengths, Angles, and 75 Parameter for Co(I) complexes”

designation 1 1ppns
bond angles (°)
N3-Col—~Cypic.ag 79.4(1) 79.70(8)
N3—Col~Ccoayg 125.4(1) 142.48(6)
N3—Col—P1 105.42(4)
C14—Col-L" 109.2(2) 112.08(5)
C1-Col-C11 158.8(1) 158.30(6)
T 0.548 0.264
bond lengths (A)
Col=Cytic ag 1.922(4) 1.909(2)
Col-N3 1.916(3) 1.900(1)
Co1=Cco.ag 1.775(4) 1.741(1)
Col—P1 2.2428(5)
C—Oco-ag 1.145(6) 1.153(2)

lPMeS 1DPPP 2 2’PPh3
79.90(8) 79.85(7) 79.3(1) 79.7(3)
151.20(6) 141.26(5) 125.2(1) 139.3(2)
101.42(4) 102.15(3) 106.7(1)
107.38(5) 116.57(5) 109.7(1) 114.0(2)
158.79(6) 159.34(5) 158.6(1) 158.6(2)
0.127 0.301 0.545 0.322
1.892(1) 1.897(1) 1.914(3) 1.899(6)
1.892(1) 1.9014(9) 1.918(2) 1.914(4)
1.739(2) 1.740(1) 1.775(4) 1.727(4)
2.2150(5) 2.2173(7) 2.248(1)
1.154(2) 1.154(1) 1.144(6) 1.164(6)

“Averages are used when applicable. L = C15 or P1 depending on respective metal bounded atom.

Table 3. Carbonyl Stretching Frequencies Collected via
FTIR-ATR for Co(I) Complexes and [Co(CO),]™

anion carbonyl  computed
cation carbonyl frequencies  CO frequency
complex frequencies [cm™] cm! [em™!

I, 2001 (A,), 1952 (B,) 1852
1 2025 (A,), 1968 (B,) 2086, 2037
Lops 1942 (A') 2003
Ipmes 1932 (A') 2000
1pppp 1942 (A") 2003
2¢,. 2005 (A,), 1944 (B,) 1870
2 2011 (A;), 1958 (B,) 2083, 2032
2pons 1927 (A') 1996
Na[Co(CO),] 1844

“Computed CO stretching frequencies are also tabulated (see Figure
S52).

1927 cm™'. For selected examples, computed stretching
frequencies have been generated, and these show good
agreement with the experimental values (Figure S52).
Electrochemical Studies. Electrochemical studies were
performed on complexes 1, 1ppps, lppes, lopeps 25 2pphyy and
Na[Co(CO),] for comparison purposes in acetonitrile. Cyclic
voltammetry (CV) experiments with each complex under N,,
under CO,, and CO, after a rinse test for homogeneity were
conducted (Figures $37—S43). Changes in the current passed
under each atmosphere were analyzed as a ratio (i,/i,) where
the current of the reduction peak under CO, is divided by the
current of the reduction peak under N,.”° Each cobalt complex
studied herein had a reduction peak more positive than fac-
Ir(ppy); (—2.61 V vs Fc'/Fc) indicating thermodynamically
downbhill electron transfer from the reduced photosensitizer to
the catalyst (Table 4 and Figure 5).”” Assuming a pK, value of
18.5 for protonated triethylamine (the strongest acid in the
photocatalysis conditions below) in acetonitrile®”®’ and a
standard reduction potential of CO, in MeCN at —0.12 V vs
Fc'/Fc (ferrocenium/ferrocene),’” then the reduction poten-
tial of CO, under the Ehotocatalysis conditions is —1.21 V vs
Fc*/Fc (Figure 5).°”% The electron transfer from a reduced
Co complex to CO, is favorable for each complex at even the
least negative onset potential (—2.00 V for 1) by 0.79 V. The
first reduction potential onset values under CO, are all within
300 mV between the complexes. Only 1py.; exhibited an
observable second potential within the electrochemical
window of these studies. Complex 1 has both the highest
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Table 4. Electrochemical Data Collected via CV for CO,
Reduction with Various Co(I) Complexes and
[Co(CO),]™

Erep Erep overpotential i,/
catalyst peakny/con [V]  onsetyy/con [V] [v] i

1 —2.11/-2.25 —2.00/-2.00 0.79 4.8
Looks —231/-234  —220/-2.14 0.93 1.7
Tpnes —245/-226"  —235/-2.13 0.92 1.1
Ippep -232/-285  —215/-2.15 0.94 46
2 —2.19/-2.30 —2.07/-2.10 0.89 3.7
2opms —243/-245  —229/-220 0.99 1.8
Na[Co(CO),] —273/-278  —244/-244 123 2.1

“Electrochemical experiments were conducted with 1 mM analyte and
100 mM potassium hexafluorophosphate in acetonitrile with a scan
rate of 100 mV/s. The electrochemical study used a three electrodes
setup: glassy carbon (working), Pt° (counter), and Ag® wire
(reference). Potentials are reported vs Fc'/Fc. YA second reduction
wave is observed at —2.51 V vs NHE.

Ir(ppy); SED
-2.61

1 Tppn; lpme; loeer 2
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—2.50—
—2.25—
—2.00—
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Figure S. Energy level diagrams based on cyclic voltammetry of the
catalyst, PS (CV and optical data), and sacrificial electron donors
(SEDs) in acetonitrile. Solid lines are estimated reduction onset
potentials under inert atmosphere, dashed are the reduction onset
potentials under CO,, and short dashes are oxidation potentials. TEA
is triethylamine. *BIH and TEA are onset values.””

ic/i, (4.8) and the lowest overpotential of 0.79 V. The
overpotential for 1ppys, 0.93 V, is slightly higher and the i,/i,
is significantly lower at 1.7. These general trends are also
observed in the series utilizing L2 (2 and 2ppy3), although the
complexes reduce at more negative potentials upon the
addition of a methoxy substituent. Interestingly, the first
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reduction potential onset of 1ppes, 1pphs, and 2ppp3 under CO,
is less negative than that under N, by up to 190 mV from peak-
to-peak measurements. This result suggests that the complexes
undergo a chemical change in a CO, atmosphere prior to
reduction, which likely involves CO, binding. The crystallo-
graphic studies show that these phosphine complexes (1pys,
1pphs and 2ppy;) have a distorted square pyramidal geometry
with a vacant coordination site in contrast to 1 and 2.
Therefore, associative CO, binding or an associative
interchange mechanism should be more facile for the
phosphine complexes than the bis-CO complexes. A shift in
the reduction potential toward more positive values under CO,
is not observed for lpppp suggesting that it reduces CO,
through a different mechanism than that of the other
phosphine complexes. The salt, Na[Co(CO),], is reduced at
the most negative potential (—2.73 V) which is expected due
to the oxidation state of the cobalt center although the
reduction is still feasible due to the stabilization imparted by
the carbonyls (Figure S43). Upon rinsing the working
electrode after CV studies under CO, and collecting CV
data in a catalyst-free fresh electrolyte solution, no signal is
observed for the catalyst which is consistent with the catalysts
being homogenous rather than heterogenized on the electrode
surface.

Photocatalytic CO, Reduction. PCO,RR studies were
conducted using neutral white light LEDs as the photon source
set to 1 Sun intensity from 400 to 700 nm (~64 mW/cm?).
The photoreactions were undertaken in acetonitrile solutions
saturated with CO, containing catalyst (1 X 107 M), fac-
Ir(ppys) as the photosensitizer (PS, 1 X 107 M), BIH as the
sacrificial electron donor (SED, 1 X 107> M), and triethyl-
amine (TEA, 0.36 M) as a base to deprotonate the BIH cation
after electron transfer to the excited PS which drives the
irreversible electron transfer from BIH to the PS (Figures 2
and 5).°*% The PS (fac-Ir(ppy);) has a 160 mV downhill
electron transfer from BIH when photoexcited and a minimum
of a 410 mV downhill electron transfer driving force to the Co
catalysts under CO, from the reduced PS. Aliquots of the
headspace of the photocatalysis reaction were collected and
analyzed by gas chromatography (GC) for the formation of
products. The resulting solution after irradiation was also
analyzed for formate as well by '"H NMR. Only CO was
observed with no appreciable CH,, H,, or HCO,™ observed.
Isotopic labeling experiments with '*CO, confirmed by both
GC—MS and C NMR methods that external CO, is the
source of CO generated (Figures S50—S51; S56—S57). The
catalytic performances are reported as turnover numbers
(TON, where TON = moles of CO/moles of Co catalyst).
This study primarily focuses on the TON at 72 h as a practical
stopping point; however, it is worth noting that the catalysts
are still active past 72 h in many cases. The turnover frequency
(TOF, where TOF TON/h) for each complex was
calculated at 1 and 72 h which represents the initial (TOF;)
and last measured turnover frequencies (TOF.,), respectively.
A turnover frequency max (TOF,) was also calculated to
determine the highest obtained rate throughout the duration of
each experiment. These values are used to distinguish the
activity and durability of the active catalytic species.

In every case, the cobalt(I) complexes were 100% selective
for the reduction of CO, to CO in the PCO,RR. This
selectivity for photoreduction of CO, to CO is also observed
for sodium tetracarbonyl cobaltate. These complexes show
exceptionally robust activity, and this continuous activity is
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important for the development of an enduring CO, reduction
process (Figure 6). Among the dicarbonyl series, complexes 1

350
—_
==-2 — 2ppp,

1pph, — 1pMe, — ToPPP
300 Na[Co(CO),]
2504

200+

TON

1504
100

50

40
time (hours)

80

Figure 6. CO TON vs time plot of the PCO,RRs. The fit lines are
simple exponential fits only to help track the data points except 1ppys,
which uses a power fit due to an induction period.

and 2 had similar TON values of 30 and 17, respectively
(Table S). The substitution of a carbonyl for a phosphine
ligand universally improves photocatalysis. For example,
complex lppy; is nearly an order of magnitude more active
over 72 h (TON = 199) than complex 1 (TON = 30) without
a phosphine ligand. Thus, phosphine is highly activating. Better
TON values are achieved with the phosphine precoordinated;
for example, catalyst 1 with 1 equiv of PPh; as an additive
achieves a TON of 96 (Figure S47). In contrast to L1
complexes, the methoxy derivative with PPh; coordinated L2
complex (2ppy;) showed significantly less CO production
(TON = 26) vs the unsubstituted analogue 1pp,; (TON =
199). Thus, the methoxy group is deactivating for these Co(I)
complexes which is in contrast to the catalytic trends for these
same ligands bound to Ru(II) or with pendatentate Co(II)
complexes (e.;., Lit-4 and Lit-3, respectively, Figure 1, TON:
OMe > H).!"8262737 Thig suggests different ligand design
trends may be necessary for optimal low-valent Co(I) catalysts
in the PCO,RR.

Having established that 1pR; complexes appear to be optimal
for the PCO,RR, we set out to investigate other phosphine
derivatives. Catalyst 1py.3 also led to a large (~3-fold) increase
in activity relative to 1 with TON = 86 at 72 h. However, the
dinuclear catalyst 1pppp (at 0.5 uM to provide the same
number of Co(I) centers as 1pye; and lppy; at 1 uM) was the
most active catalyst with TON = 278. Future work will aim to
elucidate the origins of the high activity for 1pppp, which may
include cooperation between two cobalt centers or unique
electronic and steric factors present from the DPPP ligand.
Overall, the order of activity with phosphine ligands is 1pp3 <
1pphs < lpppp (at 1 uM Co(1)) based upon TON values.

Complex 1ppy; was then subjected to Maitlis’ test to probe
homogeneous vs heterogeneous catalysis pathways being
present (Figure $45).°° The test was performed by irradiating
a catalytic solution under typical conditions until catalysis is
observed for 4 h. The solution was then subjected to in-line
filtration through Celite under an inert atmosphere, and the
collected solution was degassed with CO, followed by
irradiation for the remaining time to reach 72 h. The filtration
is meant to remove any formed nanoparticles. The test results
in modest changes in TON (from 199 to 155) and suggest that
the active catalyst is homogeneous. Early time points after the
filtration reveal very similar catalytic behavior compared with
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Table 5. CO Production Data of Photocatalytic Reductions with Co(I) Complexes and [Co(CO),]™

complex change TON
1 none 30 +£2
1ppps none 199 + 18
Ippes none 86 + 6
1pppp none 278 + 25
2 none 17+ S
2pph3 none 26+ 7
Na[Co(CO),] none 16 + 5
1pphs 1 nM catalyst 36,000 + 6100
Ippes 1 nM catalyst 20,000 + 5700
1 +1.0 PPhy at 0 h 96 + 5
1 +0.2 PPhy at 0 h 43+3
1 +1.0 PPhy at 0 & 10 h 253 + 46

TOF, [h™!] TOFy [h7']” TOF,, [h™']
¢ 0.7 + 0.5 0.5 + 0.1
‘ 3.9 + 0.0 3.9 + 0.0
15+ 0.1 15+ 0.1 12 + 0.1
211 + 99 211 + 99 41+12
< 1.5+ 1.0 0.1 +02
43 +02 43+ 02 0.3 + 0.1
04 + 0.6 0.7 + 0.3 0.1 + 0.1
¢ 796 + 185 19.4 + 3.4
< 423 + 72 10.8 + 2.8
5.8 + 2.6 58 +26 1.8 + 0.2
3.7 +09 3.7 + 09 (107 + 0.1)° 0.3 + 0.0
S1+10 57 + 12 (87 +29) 34+ 11

“TONs are reported at a maximum of 72 h and are the average of at least three experiments. TOFs calculated at 1 h for initial and 72 h for final,
respectively. TOFy; calculated at the maximum rate recorded. “Maximum values reported between 1 and 72 h unless otherwise noted. “Value below
the limit of detection. “Induction period observed via change in TOF over time. “Value at 0.5 h.*Value at 0.12 h.

the standard reaction. Maitlis’ test was also performed on the
Na[Co(CO,)] complex (Figure $46). In this test, the complex
had a 7X increase in TON, from 16 to 114. This is likely due to
the removal of a poison which could be NaOH which is a
common impurity in the simple salt, Na[Co(CO,)], as
reported in the literature synthetic procedure.”**”% The
activity exhibited by this simple salt is extraordinary due to the
ease of access and low cost for producing this compound.
Notably, no evidence of heterogeneous catalysis was found via
Maitlis’ test.

Na[Co(CO,)] was further tested for nanoparticle formation
by the addition of Hg® after 4 h of irradiation (Figure $46).°”7
While it is apparent from the literature that Co metal has
limited solubility in Hg’, some solubility seems likely based on
literature reports.””’” Thus, if any Co metal nanoparticles are
forming it is possible that added Hg” would result in decreased
catalytic rates as the Co metal dissolves into the Hg out of the
active catalytic layer. The trials were continued in the presence
of Hg” for a cumulative 40 h without a significant reduction in
TON. These tests have not provided evidence for a
heterogeneous catalyst, and the active photocatalytic species
present for both 1pp,; and Na[Co(CO),] appears to be
homogenous.

The rates of the photocatalytic reaction were quantified
through TOF;,, TOF,,, and TOF (Table S). By taking all
three variables into consideration, inferences can be made
about the nature of the Co complexes in the catalytic cycles.
Catalysts 1pyges 2ppn3 and lpppp all produce CO initially and
thus the active catalytic species is rapidly formed. Complex
Ipmes (TOFy = 1.5 h™'), shows a nearly constant catalytic
output and maintains a catalytic activity from the first hour and
throughout the entire 72 h experiment. Complex 2ppy; reaches
its TOF, within the first hour (TOF,; = TOF; = 4.3 h™! for
2pphs) but then declines in activity. Complex 1pppp is the most
active catalyst with TOF,; = TOF; = 21.1 h™! at 0.5 uM, and
while it does decline in activity over 72 h (TOF,, = 4.1 h™"),
the catalyst remains active for over 3 days and thus is a robust
catalyst.

All the other complexes (1, 1ppy;, and 2) are more slowly
activated precatalysts as they undergo a transformation to enter
the catalytic cycle and over time the rate increases as the active
catalyst is formed, which is denoted by the difference between
TOF,; and TOF;. Comparing TOF, to TOF,, gives a sense of
the stability of the active catalytic species. In this comparison,
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1ppp; Maintains 100% of its TOF,; after 72 h (TOF,; = 3.9 h™,
TOF,, = 3.9 h™!). Therefore, 1ppp; has struck a balance
between both reactivity and stability of the active catalytic
species leading to a relatively high TON of 199. Interestingly,
in all cases the mononuclear phosphine complexes show
increased reactivity in the PCO,RR relative to the bis-carbonyl
complexes. This observation correlates to the change in
geometry from trigonal bipyramidal to square pyramidal when
phosphine ligands are introduced and the observation of
binding of CO, prior to reduction of the complex in the
electrochemical studies above. This prebinding of CO,
induced by a geometry change with a strongly donating trans
phosphine ligand to the open coordination site could be
beneficial for increasing the rate and durability of the
phosphine ligated complexes in a range of catalytic reactions.

Reducing the catalyst loading has been reported by several
teams to result in increased photocatalyst TOF and TON
values."*”3~7¢ Thus, to probe the maximum observable TON
values from the most active catalysts rather than a practically
time limited analysis, a photoreaction with 1.0 nM
concentration of 1ppy; was irradiated for 6 days. Under these
conditions, catalysis ceases after 4 days with 36,000 turnovers
being observed (Figure 7). A maximum TOF of 796 h™' is
observed during this time period. After 3 days, catalysis had
slowed to 19.4 h™". The robust and rapid nature of this catalyst
is exceptional. Similarly, 1pye; at 1.0 nM gives a TON of

40000+
— 1pph,
— 1pMe,
300004
&
2 20000
10000
O -

T
0 20 40 60 80 100 120 14
time (hours)

Figure 7. CO TON vs time plot of the PCO,RRs conducted at 1 nM
concentration for 6 days. The fit lines are simple exponential fits only
to help track the data points.
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20,000 a TOF,, of 423 h™'. These TON and TOF values are
exceptional in the homogeneous photocatalysis field.

The difference in behavior of 1 and 1ppy; in the PCO,RR
prompted us to examine the influence of added phosphine
ligand in the reaction. Interestingly, the addition of 1
equivalent of PPh; with respect to 1 to the PCO,RR results
in a reaction showing no detectable induction period, which
indicates the active catalyst is rapidly obtained (Figure S47).
Furthermore, 1 with added PPh; shows a higher TOF; and
TOF, relative to lppy; with the PPh, precomplexed (e.g.,
TOFy, of 5.8 vs 3.9, Table S). Reducing the amount of PPhy
from 1 equivalent to 0.2 equivalents or using 1 equivalent of
DPPP gave a TOF of ~4 h™! at 1 h; however, when earlier
times were evaluated a TOF of 10.7 h™' is observed at 0.5 h for
the added PPh, experiment (Figures S47 and $48). Phosphines
are believed to reversibly bind to CO, in a manner similar to
carbenes and electron-rich imine-type nitrogens.””*’ This
reversible binding could serve to bend the CO, molecule into a
more reactive geometry than the linear form which would
allow PPh; to serve the role of a catalytic CO, activator
operating at a rate faster than the Co(I) catalyst in the
PCO,RR.*!

Notably, the addition of PPh; to 1 leads to a lower TON
than with 1ppp3 (96 vs 199) despite a much higher TOF,. To
elucidate whether the lower TON was due to decomposition
of 1 or decomposition of PPh;, 1 additional equivalent of PPh;
was added at 10 h and reactivity was observed to increase to
near the original rate and a TON near that of lpp,; was
obtained (253 vs 199; Figure S49). This clearly indicates that
the active catalyst was still present in similar amounts to the
start of the reaction and that the PPh; had been consumed.
Attempting to make sense of the reactivity of 1pp; complexes,
it appears that their robust nature with sluggish activation
relates to stabilizing PRy and releasing it slowly during the
reaction.

The importance of added free PPh; may also explain the
induction period observed with 1pp,; where the role of the
phosphine ligand in increasing the reaction rate is to first
dissociate and activate CO,. The dissociation of CO or
phosphine could be photochemically initiated because there is
antibonding character between the cobalt center and the
ligands corresponding to the excitations computed at 4 = 354
nm for 1 and 356 nm for lppy; (see Figures S53—S54). Initial
computational studies also suggest that PPh; is the most labile
ligand on the 1pp,; complex (Figure SSS, see also Tables S3
and S4). However, NMR studies on 1py; suggests that CO
loss to some small extent is also possible upon irradiation in
the presence of free phosphine (Figure S58), but other
experiments suggest that both CO and phosphine ligands (in
1pphs) are mostly stable upon irradiation (Figures SS9—S60).
However, a small amount of dissociation of either CO or
phosphine to generate the active catalyst cannot be ruled out,
and in fact this mechanism invoking reduction followed by
ligand loss (Figure SSS) is plausible given that the starting
complexes are 18 electron complexes that lack a free site for
CO, binding.

B CONCLUSIONS

We have reported a new synthetic method for the isolation of
Co(I) CNC pincer complexes. These pincer complexes have
been used as catalysts for the photochemical CO, reduction
reaction, and to the best of our knowledge this is the first study
of CO, reduction to use Co(I) photocatalysts directly. Co(II)

and Co(III) catalysts have been used in the past, and it has
been groposed that they form Co(I) catalytic species in
situ.'>*” This study examined the advantages of stabilizing
Co(I) and using it for catalysis. Several interesting observations
about these catalysts can be made. Unlike our results for
octahedral Ru(Il) pincer complexes (e.g., Lit-4) wherein a
methoxy substituent was activating, herein a methoxy
substituent was deactivating and better catalytic output was
observed with the L1 complexes having a hydrogen in place of
the methoxy. Phosphine ligands were highly activating, with
the most robust catalysts (based on TON) being 1pppp at 0.5
#M and 1ppy; at 1 nM. The latter catalyst produced 36,000
TON with TOF,; = ~800 h™'. Interestingly, the geometry
change induced by the introduction of a phosphine ligand to
the complexes is correlated to binding of CO, prior to
electrochemical reduction and higher reactivity in the PCO,RR
among the mononuclear complexes. However, the role of the
phosphine ligands proved multifaceted with added external
phosphine accelerating the reaction and several roles being
possible. We propose that free phosphine plays a catalytic role
and serves to activate CO,. Further mechanistic studies
clarifying the role of phosphine and the active Co(I) catalytic
species are currently in progress.

Given the ease of synthetic access to new low-valent Co
complexes (including Co(I) and Co(—1) as explored herein),
this study has opened the door to a new area of exploration
within photocatalytic CO, reduction as well as potentially
other catalytic reactions. These results suggest that the
exploration of low-valent metal complexes in varied geometries
is an attractive path forward in designing more active and
durable catalysts in the PCO,RR and in other reductive
catalytic manifolds. There appear to be advantages to
stabilizing Co(I) and using it directly rather than attempting
to access the proposed intermediates in situ.
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