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ABSTRACT

Carbon dioxide hydrogenation with base to generate formate salts can provide a means of storing
hydrogen in an energy dense solid. However, this application requires catalytic CO; hydrogenation,
which would ideally use an earth abundant metal catalyst. In this article, six new (CNC)Co'L,
pincer complexes were synthesized and fully characterized, including single crystal X-Ray
diffraction analysis on four new complexes. These complexes contain an imidazole-based (1r) N-
heterocyclic carbene (NHC) ring or a benzimidazole based NHC ring (2r) in the CNC pincer. The
R group is para to N on the pyridine ring and been varied from electron withdrawing (CF3) to
donating (Me, OMe) substituents. The L type ligands have included CO and phosphine ligands (in
PPh32 and PM32). Thus, two known Co complexes (1, 1ome) and six new complexes (1me, 1cF3, 2,
20Me, FPP32, PMe32) were studied for the CO, hydrogenation reaction. In general, the unsubstituted
CNC pincer complexes bearing two carbonyl ligands led to the highest activity. The best catalyst,
2, remains active for over 16 h and produces a turnover number of 39,800 with 20 bars of 1:1 CO»
/ Ho mixture at 60 °C. A computational study of the mechanism of CO, hydrogenation is also

reported.
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INTRODUCTION

The combustion of fossil fuels contributes to global warming due to increasing levels of
CO: in the atmosphere.! Carbon dioxide also represents an abundant carbon source which could
be used for hydrogen storage.”* Carbon dioxide hydrogenation in the presence of base (e.g.
NaHCO:s) typically leads to formate salts (e.g. sodium formate) which can be used to store
hydrogen in an energy dense solid.*’ (Scheme 1) These formate salts can be used as hydrogen

storage materials with hydrogen and CO; release upon acidification of the compounds.?
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Scheme 1. CO; hydrogenation and to produce formate salts

The development of the homogeneous CO; hydrogenation has made significant progress
in the past 30 years and has been summarized in several reviews.% %13 Several reports have used
homogeneous catalysts based upon precious metals including Ir, Ru, Pd, and Rh.!#26 For example,
Nozaki’s PNP iridium(III) catalyst (Lit-1, Figure 1) achieves 3.5 x 10° turnovers (TON) for CO»
hydrogenation to form potassium formate.'* However, iridium is one of the rarest elements in the
Earth's crust. A more sustainable process can be envisioned by using earth abundant 3d transition
elements for catalytic CO2 hydrogenation and Mn,?” Fe,?® Co,%-3! Ni*? and Cu*3-** complexes have
been used as homogeneous catalysts for this reaction. Hazari and Bernskoetter reported that the
(PNP)Fe(Il) catalyst (Lit-2, Figure 1) hydrogenates CO in the presence of the base 1,8-
diazabicycloundec-7-ene (DBU) with nearly 60,000 TON due to rate acceleration from a Lewis
acid (LiOTf) and metal-ligand cooperativity involving the nitrogen of the PNP ligand.?® Similarly,
the (PNP)Co(I) complex Lit-3 (Figure 1) also takes advantage of the same factors (DBU and

LiOTF) to produce 29,000 TON for CO, hydrogenation.?’
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Figure 1. Previous examples of CO; hydrogenation.

We recently reported cobalt(I) and nickel (II) CNC pincer complexes that are active
catalysts for photochemical CO» reduction via sacrificial electrons and protons to form CO and/or
formate.?>3” The CNC pincer ligand was derived from pyridine and N-heterocyclic carbene (NHC)
donor groups wherein the pyridine electronic properties can be modulated by changing the
substituent para to nitrogen.’®** We speculated that these cobalt(I) complexes may be viable

catalysts for thermal CO> hydrogenation.

In this report, a series of Co(I) CNC pincer complexes (Figure 2) were synthesized and
studied for CO» hydrogenation. The “1” series of compounds uses an imidazole derived NHC ring
whereas the “2” series has a benzimidazole derived NHC ring in the CNC pincer. In our “1g and
L2k nomenclature, L (when present) is the ligand that replaces a CO on cobalt(I) and R is the para
substituent on the pyridine ring of the CNC pincer. Two of the complexes (1 and 1ome) were
previously reported.® Six of the complexes are new including 1me, 1cr3, 2, 20me, PP32, and PMe32,

All eight complexes were studied herein for the CO; hydrogenation reaction to produce formate.
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Figure 2. Structures of Co(I) CNC pincer catalysts used for CO, hydrogenation.

Results and Discussion

Synthesis. The synthesis of the cobalt(I) complexes (Figure 2) followed the procedures previously
developed in the group.®® Each preligand (L1r(HOT); and L2r(HOT);) was deprotonated with
triethylamine in presence of Co2(CO)s to make corresponding 1r’ and 2r" complexes (Scheme 2).
This disproportionation of Co2(CO)s yielded the Co(I) CNC pincer complexes and a [Co(CO)4]
anion (as the major product with some [OTf] present) as observed in our prior publication and in
the literature with other ligands.?> 44! To avoid the presence of two Co sources during catalysis,
a salt metathesis with sodium tetrakis(3,5-trifluoromethyl)phenyl)-borate (NaBArF24) was
performed to obtain pure 1r and 2r with the BArF»4 anion. Catalysts of type 1r and 2r were

synthesized with a wide variety of R groups (R = H, OMe, Me, and CF; for 1g and R = H and



OMe for 2Rr) to test both electron donating and withdrawing substituents. The yields of complexes
1r and 2r are reported in Scheme 2 and the supporting information and they range from 8 to 52%
for two steps. With complex 2 (R = H), we also substituted one CO ligand with triphenyl phosphine
(PPP32, >99% vyield) or trimethyl phosphine (PM¢32, >99% vyield). These compounds were
characterized by 'H, 13C, '°F, and 3'P (for phosphine complexes) NMR, IR, and high res. MS or
elemental analysis as described in the experimental section and the supporting information.

Crystallographic data is reported for selected complexes as described below.
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Scheme 2. Synthesis of cobalt(I) complexes used for CO, hydrogenation.

Single Crystal X-ray Diffraction. Crystals suitable for single crystal X-ray diffraction were
obtained for 2ome by slow evaporation of diethyl ether with a drop of acetonitrile. The other

crystals were obtained by layering hexanes on top of either a concentrated solution of 2 or PP132 in



diethyl ether or a concentrated solution of PM®2 in dichloromethane. The structures of the
complexes are shown in Figure 3 with a view of the primary coordination sphere to emphasize the
change in geometry at the metal center upon phosphine coordination. The geometry index value
15 was also calculated and shown below each structure.*? The parameter ts ranges from 0 to 1, with
the extreme values corresponding to a perfect square pyramid and a perfect trigonal bipyramid,
respectively. As shown in Figure 3 and Table 1, all the dicarbonyl complexes have t5 values in the
range around ~0.5 to 0.6 (including previously published values for 1 and 1ome). These distortions
from trigonal bipyramid geometry are due to the chelate ring constraints, and do not represent
distortions towards a square pyramid geometry since the carbonyl ligands are both equidistant
from the plane of the pincer ligand. Compared to the dicarbonyl complex 2 (15 = 0.559), its
phosphine derivatives PP"32 (ts = 0.284) and PMe32 (15 = 0.222) are closer to a square pyramid

geometry. This geometry change creates a free site trans to phosphine on the metal center.

2 20Me PMe32 PPh32
15 = 0.559 15 = 0.530 15 = 0.222 15 = 0.284

Figure 3. Molecular diagram of the new cobalt(I) complexes based on crystallographic data with

hydrogen atoms and the BArF»4 anions removed for clarity. The cobalt first coordination sphere is



also shown for each complex along with the ts parameter. Thermal ellipsoids are drawn at the 50%

probability level.

As shown in Table 1, the Co-C(NHC) bond length decreased slightly from the imidazole
derived complexes (1r) to the benzimidazole complexes (“2r). The other distances around the
metal center (Co-CO and Co-N) were similar across the series of dicarbonyl complexes. The
substitution of one CO ligand for a phosphine results (in PM¢32 and P*%32) in a shortened Co-CO
distance by ~0.04 A which may be due to enhanced back bonding due to a more electron rich metal.
The C6-03 distance in 2°M¢ is 1.343(2) A which shows that the methoxy group has partial double
bond character due to resonance; similar bond distances have been noted in other methoxy

substituted pincer complexes. 3> 38 43-44



Table 1. Selected bond lengths, angles, and ts parameter for Co(I) complexes.? Complexes 1 and

1ome were reported in a prior publication and are shown here for comparison.

Designation 1 lome 2 20Me PPh3) PMe3p
bond angles (°)
N3—-Col—Cnuc-avg 79.4(1)  79.3(1)  79.72(6)  79.67(7) 80.05(6)  80.25(6)

N3-Col-Ccoag 125.4(1) 1252(1) 123.90(7) 124.33(8) 142.55(6) 146.14(6)

N3-Col-P1 102.53(4)  104.09(8)
C14-Col-LP 109.2(2) 109.7(1) 112.08(7) 111.3(1) 114.90(5) 109.76(9)
C1-Col-C11 158.8(1) 158.6(1) 159.28(6) 159.28(8) 159.59(6) 159.43(6)
Ts 0.548 0545  0.559 0.530 0.284 0.222

bond lengths (A)

Col1-Cnnc-ave 1.922(4) 1.914(3) 1.888(1) 1.894(2) 1.884(2) 1.876(1)
Col1-N3 1.916(3) 1.918(2) 1.908(1) 1.919(1) 1.902(1) 1.897(1)
Co1-Cco-avg 1.775(4)  1.775(4) 1.786(2) 1.769(2)  1.743(1)  1.743(2)
Col-P1 2.2483(4) 2.236(3)
Cco—0co-avg 1.145(6) 1.144(6) 1.138(2) 1.1433) 1.153(1) 1.151(2)

aAverages are used when applicable. °L = C15 or P1 depending on respective metal bounded atom.
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Vibrational Spectroscopy. Complexes 1 and lome were previously studied by FTIR
spectroscopy.® The dicarbonyl Co(I) cations have Cay symmetry (Table 2 entries 1-6) and show
A symmetric carbonyl stretches of weak intensity between 2011 and 2034 cm™! and B, asymmetric
carbonyl stretches of strong intensity between 1958 and 1982 cm'. The phosphine substituted Co(I)
cations (Table 2 entries 7 and 8) have Cs symmetry and only one carbonyl stretch is observed and
is assigned as an A' vibrational mode. These phosphine complexes display a much lower CO
stretch (at 1948-1949 cm'!) than the dicarbonyl complexes (at 1958-2034 cm™") which reflects the
electron donation from phosphine to the Co(I) center which allows for substantial backbonding to
CO. For both type 1 (imidazole derived) and type 2 (benzimidazole derived) complexes, changing
the R group on the pyridine ring from H to OMe (in 1 vs. 1ome or 2 vs. 2ome) increased the electron
density at metal center for more back bonding to CO and decreased the carbonyl stretch by 10 —
21 cm’!. It appears that Me and OMe are similarly electron donating, as 1me and 1ome display
similar CO stretches. In contrast, changing the R group from H to the more electron withdrawing
CF3 has no influence on the A, stretch but it increased the B> mode by 9 cm™ which is consistent

with a less electron rich metal.

11



Table 2. Carbonyl stretching frequencies collected via FTIR-ATR for Co(I) complexes.

Entry Complex Carbonyl Frequencies
[em™]

1 1° 2025 (A1), 1968 (B2)
2 lome? 2011 (A1), 1958 (B2)
3 Ime 2012 (A1), 1960 (B2)
4 1crs 2025 (A1), 1977 (B2)
5 2 2034 (A1), 1982 (B2)
6 20Me 2013 (Ay), 1962 (B2)
7 PPh3) 1949 (A")

8 PMe3) 1948 (A")

2 The values were previously reported.*
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CO: hydrogenation. CO> hydrogenation reactions were studied by using a Parr reactor
pressurized with 1:1 CO; and H». The reactions were run in tetrahydrofuran (THF) solution
containing Co complex, lithium triflate (LiOTf) as a Lewis acid, and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) as base to trap the product generated by the CO»
hydrogenation (Scheme 3). While the role of DBU has been discussed and debated in the
literature,* the current consensus is that DBU acts as a base and does not bind COs». In dry solvent,

there is no evidence for a zwitterionic complex forming between DBU and CO».%

Co Cat.
DBU
LiOTf o
cCo, + H, J_- n*pBU
(1:1CO,/ H, mixture) THF H™ 0
heat

Scheme 3. CO; hydrogenation reaction catalyzed by Co(I) CNC pincer complex.

Several control experiments were run initially to determine the extent of background
reaction in the absence of a catalyst (Table 3). The product (HDBU" HCOx>) is isolated in small
amounts in the absence of cobalt or in the presence of a cobalt anion source (entries 1 and 2,
respectively). Entry 2 shows that NaCo(CO)4 produces less product than no cobalt catalyst, and

thus shows no rate acceleration.

13



Table 3. Control experiments for CO, hydrogenation to form [HDBU] [HCO,] .2

Entry Catalyst LiOTf [HDBUJ*[HCO:]
1 N/A 0.32 mmol 40(3) umol
2 0.3 pumol of 0.32 mmol 32(5) pmol
NaCo(CO)4

2All experiments were done in triplicate. Conditions: Parr reactor was pressurized with 40 bars of CO2 / H2 mixture
and 4.8 mmol of DBU and heated at 80 °C for 4 h after placing reaction mixture into the reactor in glovebox. Reaction
mixture was prepared in S mL THF. See the Supporting Information for further details.

With control experiments completed, we tested eight catalysts for CO» hydrogenation in
the presence of LiOTf and DBU (Table 4). These results show that with the imidazole derived
NHC rings, catalyst 1 is most active with 11,000 TON. Surprisingly, any R group substitution
within 1r catalysts gives a slight decrease in activity to ~3,000 to 4,000 TON for 1ome, 1me, and
1cr3. We suggest that this trend is due to side reactions that lead to catalyst decomposition for 1r
derivatives, with possible decomposition pathways involving reactivity at the R group or
hydrogenation of the aromatic ring within the CNC pincer.*” A similar trend was observed between
2 and 2ome (14,900 vs. 2,200 TON, respectively). Overall comparing 1 vs. 2 and 1ome VS. 20Me,
there is no clear trend with respect to benzimidazole vs. imidazole derived NHC rings, but 2 is the
best catalyst of the group. Phosphine substitution for CO appears to decrease the TON values from
14,900 (2) to 12,000 (PMe32) or 6,900 (PP"32) (entries 8 and 9), but phosphine is not as detrimental
as R group substitution on the pyridine ring. With the reasons for these trends being unclear, we
proceeded with further experiments on 2 given that 2 is the best catalyst. Using these same

conditions but stopping the reaction at different time points for analysis, it is apparent that the

14



catalyst 2 is most active at the beginning of the reaction but it maintains activity for the full 16

hours (Table 5 and Figure 4).

Table 4. Catalyst activity for CO; hydrogenation.?

Entry Complex TON (x10%)°
1 1 11(2)

2 Tome 3.8(9)

3 Tye 2.74(7)

4 Ters 4.2(6)

5 2 14.909)

6 20Me 2.2(8)

7 PMe3) 12(2)

8 PPh3) 6.9(9)

aAll experiments were done in triplicate or quadruplicate and were analyzed by 'H NMR. Conditions: Parr reactor was
pressurized with 40 bars of CO2 / H2 mixture and heated at 80 °C for 4 h after placing reaction mixture into the reactor
in glovebox. Reaction mixture contains 6 uM Co complex, 0.384 M DBU, 64 mM LiOTf in THF solution. See the
Supporting Information for further details. *Turnover number is calculated based on DMF internal standard added

while preparing the NMR sample.
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Table 5. Influence of reaction time.?

Entry Time (h) TON (x10%)°
1 1 2.53)

2 2 5.3(1)

3 4 8.5(9)

4 8 11.03)

5 16 14(1)

aAll experiments were done in triplicate or quadruplicate and were analyzed by 'H NMR. Conditions: Parr reactor was
pressurized with 40 bars of COz / H2 mixture and heated at 80 °C after placing reaction mixture into the reactor in
glovebox. Reaction mixture contains 45.5 uM Co complex 2, 1.92 M DBU, 64 mM LiOTf, and in THF solution. See
the Supporting Information for further details. *Turnover number is calculated based on DMF internal standard added

while preparing NMR sample.
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Figure 4. Turnover numbers with different reaction times for complex 2.
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Further studies on catalyst 2 were performed by varying the pressure and the temperature
of the reaction (Table 6). Keeping the temperature constant at 80 °C and varying the pressure in
entries 1-6 showed that 20 bar was the optimal pressure of 50/50 CO> and H». This may represent
a compromise between having sufficient reactants, but too high a pressure may inhibit CO loss
which would be necessary to generate a free site for catalysis. In entries 7-10, we used constant
pressure and varied the temperature, which showed that 60 °C was optimal. This may represent a
compromise between having sufficient activation energy, but avoiding high temperatures which
may lead to decomposition. A full study of the initial rates as a function of temperature and
measuring catalyst spectra before and after the reaction would be necessary to clarify this

temperature dependence, however this is beyond the scope of the current work.

Table 6. The influence of pressure and temperature with catalyst 2.2 The optimal TON values were

obtained with the conditions highlighted in red.

Entry Pressure (bar) Temperature (°C) TON (x10%)°
1 60 80 5.9(4)

2 40 80 8.5(9)

3 30 80 10.0(3)

4 20 80 22(1)

5 10 80 7.2(5)

6 5 80 6.5(5)

7 40 100 9.7(7)

8 40 60 2103)

9 40 40 4.0(4)

17



10 40 22 4.1(4)

aAll experiments were done in triplicate or quadruplicate and were analyzed by 'H NMR. Conditions: Parr reactor was
pressurized with COz / H2 mixture and heated for 4 h accordingly after placing reaction mixture into the reactor in
glovebox. Reaction mixture contains 45.5 pM Co complex 2, 1.92 M DBU, 64 mM LiOTf, in THF solution. See the
Supporting Information for further details. *Turnover number is calculated based on DMF internal standard added

while preparing NMR sample.

With these optimized conditions, the reaction was run on larger scale with 32.5 uM of
complex 2, 91.4 mM of LiOT{, and 2.7 M of DBU in 3.5 mL of THF solution under 20 bars of 1:1
CO» / H, mixture and heated at 60 °C for 16 h. The best TON observed for complex 2 under these

conditions was 3.98(8) x 10%.

Mechanism and Computational Results. Using the above information along with studies

of similar catalysts in the literature,?’-?% 48

we can propose a mechanism for CO> hydrogenation.
The initial [(CNC)Co(CO).]" complex (e.g. 1 or 2) is an 18 e- complex, which must lose a CO
ligand to enable H; binding. The 16e- [(CNC)Co(CO)]" complex can bind Hx to form a Co(I)-n?-
H> complex or a Co(III) dihydride, both of which have 18 electrons. Deprotonation with DBU then
leads to a cobalt(I) hydride, [(CNC)Co(CO)H], which is poised to nucleophilically attack CO,.
The resulting formate complex can be O bound or H bound. Formate dissociation then returns to
the [(CNC)Co(CO)]" intermediate. The optimal rate involving intermediate pressure of CO2/Ha
suggests that CO dissociation is required. Rate acceleration in the presence of Lewis acids has

generally been attributed to Li* binding to formate and assisting in formate dissociation.?’-2% 48

We calculated the catalytic cycle of CO> hydrogenation using 1 as a catalyst (Figure 5) and

find a plausible reaction mechanism. To initiate the catalytic cycle, 1 loses a CO ligand to form
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INTI. This reaction is endergonic (reaction free energy, AG; = 8.0 kcal/mol) and has no electronic
energy barrier according to our potential energy surface scan. The catalytic cycle starts with H»
coordination that is a barrierless and slightly endergonic step (INT2, AG; = 2.2 kcal/mol). Next,
DBU deprotonates INT2, forming a cobalt hydride complex (INT3) in an exergonic step (AG, = -
5.9 kcal/mol). This reaction step has a 10.4 kcal/mol free energy barrier relative to INT2 and 20.6
kcal/mol barrier relative to 1, which indicates that this reaction step can occur under the

experimentally applied catalytic conditions (60 °C).

COz can then react with the cobalt hydride, INT3, to form a weakly-bound H-coordinated
Co-formate complex (INT4). INT4 has a zwitterionic resonance structure that can be stabilized by
a neighboring ion. Thus, we consider three ways how this reaction step can proceed: (i) no ion
coordination (INT4), (ii) with [HDBU]" coordination (INT4"), and (iii) with Li" coordination
(INT4"). Without any ion coordination, the formation of INT4 is highly endergonic (AG: = 10.5
kcal/mol) while subsequent formate release is slightly exergonic (AG;= -3.2 kcal/mol). Formate
release formally closes the catalytic cycle; however, this reaction is uphill relative to INT1 by 3.6
kcal/mol hence it is not thermodynamically feasible. In the presence of [HDBU]", the energetics
are more favorable. The formation of INT4' is also highly endergonic (AG: = 11.9 kcal/mol) but
release of the formate [HDBU]* complex is highly exergonic (AG;= -10.5 kcal/mol). The catalytic
cycle is now slightly exergonic (-2.3 kcal/mol), hence it is favorable thermodynamically. As a third
option, we also analyze the effect of Li*. This pathway is very strongly exergonic. The formation
of INT4" is highly exergonic (AG: = -19.9 kcal/mol) and Li-formate formation is another
barrierless and highly exergonic step (AG, = -14.6 kcal/mol). We note that INT4" can isomerize to
an alternate structure, in which formate is coordinated through O rather than H. This structure is

6.1 kcal/mol downbhill from INT4" but uphill relative to Li-formate formation by 8.5 kcal/mol, thus

19



we do not show it in Figure 5. The overall catalytic cycle is highly favorable when Li" is present
(-38.2 kcal/mol) and the strong thermodynamic driving force also explains the lack of an energy
barrier in these steps. We expect that there is a free energy barrier due to entropic effects in the
formation of INT4" that involves the association of multiple species; however, we presume this
barrier is small when Li" is present given the high thermodynamic driving force. We note that as
the reactions go to completion (e.g. 3.98(8) x 10* TON corresponds to 1.3 M of formate produced),
the quantity of LiOTf (91.4 mM) will be limited and formate stabilization by [HDBU]" (from 2.7

M of DBU used) will play a greater role.

Our results demonstrate that the proposed mechanism for CO; hydrogenation on catalyst 1
is kinetically feasible and thermodynamically favorable in the presence of DBU and LiOTf
explaining the high observed TON values. Our results also suggest that the role of LiOTf is in
stabilizing the cobalt-formate intermediate and promoting formate release from the catalyst,

making the step kinetically viable and thermodynamically favorable.
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Figure 5. A DFT derived reaction mechanism for CO, hydrogenation using 1 as catalyst. All calculations
were done at the DLPNO-CCSD(T)(SMD=THF)/def2-TZVPP//0B97X-D(SMD=THF)/def2-SVP level of

theory. See the supporting information (.xyz) for cartesian coordinates of all optimized stationary points.

Experimental

General considerations. Reactions were prepared and performed under an inert atmosphere (N2)
using glovebox or Schlenk line techniques in oven dried glassware unless otherwise stated. Work
up and purifications were done open to air except cobalt containing compounds. All the cobalt
containing compounds were worked up and purified under an inert atmosphere (N2).

Solvents and reagents. Dry solvents (either commercial or dried on a glass contour solvent
purification system built by Pure Process Technology, LLC) were used for reactions unless
described otherwise. Reagent grade solvents were used for work up and purification. All the

reagents were used as received from the commercial supplier without further purification.

Instruments and Services. NMR spectra were recorded using a Bruker AVANCE 360 (360 MHz,
'H frequency) or an AVANCE 500 (500MHz, 'H frequency) NMR spectrometer. FT-IR spectra
were recorded in a Bruker Alpha ATR-IR spectrophotometer. Mass spectra were obtained in a
Waters AutoSpec-Ultima NT mass spectrometer or Waters Xero G2-XS QTOF. Elemental analyses

were done by Atlantic Microlab, Inc. and Robertson Microlit Laboratories.

NMR chemical shift reference. '"H and {'H}'*C chemical shifts were assigned with respect to the
residual peaks from deuterated NMR solvents.*’ No reference was used for '°F and *'P chemical
shifts, only the number of peaks were checked.

Synthesis of 1me precursor (1me'). In a Schlenk flask, 1,1'-(4-methylpyridine-2,6-diyl)bis(3-
methyl-1H-imidazol-3-ium) trifluoromethanesulfonate (L1me(HOTT)2, 588 mg, 2.30 mmol) and

21



Co2(CO)s (398 mg, 1.16 mmol) were added under inert atmosphere (Scheme 2). A solution of
triethylamine in acetonitrile (0.8 mL, 0.36 M) was added with stirring. An additional 14 mL MeCN
was added. Bubbles were formed while stirring. The reaction mixture was heated to 70 °C for 16
h. The reaction was cooled to room temperature and concentrated in vacuo after heating. The
residue was then washed with Et;O. The product was recovered by filtration and dried under
vacuum overnight. Complex 1wme precursor was obtained as yellow solid (217 mg, the counter ion
is a mixture of [Co(CO)4]" and [OT{]"). 'H-NMR (DMSO-d¢, 500 MHz, ppm): 6 8.63 (d, 2H, J =

1.9 Hz), 8.10 (s, 2H), 7.78 (d, 2H, J = 1.9 Hz), 3.93 (s, 6H), 2.67 (s, 3H).

Synthesis of 1me. In a vial, 1me' (144 mg, ~0.247 mmol) and dichloromethane (DCM, 2.5 mL)
were added (Scheme 2). A solution of sodium tetrakis|3,5-bis(trifluoromethyl)phenyl]borate (241
mg 0.272 mmol) in DCM (2.5 mL) was added in 3 portions to the vial with stirring. The reaction
was stirred overnight at room temperature. White precipitate formed during the reaction. The result
reaction mixture was filtered over Celite, and the Celite plug was rinsed with 1 mL additional
DCM. The combined solution was then concentrated in vacuo. The residue was washed with
hexanes and dried under vacuum overnight. Product was obtained as yellow powder, and the yield
is 265 mg (0.215 mmol, 15.2 % for 2 steps). 'H-NMR (DMSO-d6, 500 MHz, ppm): & 8.62 (d, 2H,
J =23 Hz), 8.10 (d, 2H, J= 0.4 Hz), 7.78 (d, 2H, J = 2.2 Hz), 7.72 (s, 4H), 7.61 (t, 8H, J=2.2
Hz), 3.93 (s, 6H), 2.66 (s, 3H). "?’F-NMR (DMSO-d6, 471 MHz, ppm): & -61.61. {'H}'"*C-NMR
(DMSO0-d6, 126 MHz, ppm) 8 195.8 (s, Cnen), 184.1 (s, Cco), 160.9 (q, Jc,s = 50.3 Hz, Cipso-BArF),
151.1 (s, Cppy), 147.7 (s, Copy), 134.0 (s, Co-BarF), 128.5 (q, Jcr =31.9 Hz, Ci-arr), 126.3 (s, Cim),
124.0 (q, Jcr = 276.8 Hz, Ccrz-arr), 117.7 (s, Cim), 117.5 (s, Cp-Barr), 107.0 (s, Cmpy), 45.7 (s,
CMe-p-py)> 37.2 (s, Cnme). HRMS (ESI) calculated for CoCisHisNsO (M-BArF24-CO): 340.0609,

found 340.0619. HRMS (ESI) calculated for Cs2H12BF24 (BArF24): 863.0649, found 863.0643.
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FT-IR (ATR, cm™): 2012, 1960, 1933, 1643, 1610, 1558, 1541, 1491, 1414, 1352, 1274, 1160,
1117, 1029, 947, 927, 885, 833, 794, 746, 714, 697, 679, 667, 639, 578, 560, 531, 498, 456, 420,

409.

Synthesis of 1,1'-(4-trifluoromethylpyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-
ium)chloride. In a pressurized tube, added 2,6-Dichloro-4-(trifluoromethyl)pyridine (250 mg,
1.157 mmol) and 1-methylimidazole (603 mg, 11.6 mmol) with a stir bar (Scheme 4). The reaction
was sealed and heated at 150 °C for 1 h. The crude product was partially precipitated out. The
reaction mixture was dissolved in methanol (2 mL), and diethyl ether (10 mL) was added to get
the product precipitated out of the solution as off white solid. The solid was collected by a vacuum
filtration, and washed with diethyl ether (20 mL). Yield of the product is 187.8 mg (42.7 %). 'H-
NMR (DMSO-d6, 500 MHz, ppm): & 10.86 (s, 2H), 8.92 (t, 2H, J= 1.9 Hz), 8.72 (s, 2H), 8.07 (t,

2H, J = 1.8 Hz), 4.05 (s, 6H).

2+ 2+
1 con | oy
~ 7 N/
o ) @
Cl -4/ N AgOTf N
_ N _ MeOH —
FsC N > FsC N — > FsC N
: Q 150°C, 1 h A\ ft.3h \_4
Cl N.—_‘\ N:\
Q\/'N\ Q/‘N\

L1cg3(HOT),

Scheme 4. Synthesis of L1cr3(HOTY)s.

Synthesis of 1,1'-(4-trifluoromethylpyridine-2,6-diyl)bis(3-methyl-1H-imidazol-3-
ium)triflate, (L1cr3(HOTY)2). In round bottom flask, added 1,1'-(4-trifluoromethylpyridine-2,6-
diyl)bis(3-methyl-1H-imidazol-3-ium)chloride (150 mg, 0.395 mmol) and methanol (2 mL) with

a stir bar (Scheme 4). While stirring, silver triflate (203.0 mg, 0.790 mmol) was added in form of
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powder. The reaction was continue stirred for 3 h. The precipitates were filtered off, and the filtrate
was concentrated to generate the crude product. The crude product was then washed with
dichloromethane to yield the pure product as a white solid (197.6 mg, 82.4 %) '"H-NMR (DMSO-
d6, 500 MHz, ppm): & 10.66 (s, 2H), 8.88 (t, 2H, J=2.2 Hz), 8.70 (s, 2H), 8.08 (t, 2H, J= 1.9 Hz),

4.04 (s, 6H). '°F-NMR (DMSO-d6, 471 MHz, ppm): § -63.02, -77.75.

Synthesis of 1cr3 precursor (1crs'). In a Schlenk flask, 1,1'-(4-trifluoromethylpyridine-2,6-
diyl)bis(3-methyl-1H-imidazol-3-ium)triflate (L1cr3(HOTY),, 170 mg, 0.280 mmol) and
Co2(CO)s (138 mg, 0.363 mmol) were added under inert atmosphere (Scheme 2). A solution of
triethylamine in acetonitrile (4.5 mL, 0.36 M) was added with stirring. Bubbles were formed while
stirring. The reaction mixture was heated to 70 °C for 16 h. The reaction was cooled to room
temperature and concentrated in vacuo after heating. The residue was then washed with Et,O. The
product was recovered by filtration and dried under vacuum overnight. Complex 1cy3 precursor
was obtained as yellow solid (143 mg, the counter ion is a mixture of [Co(CO)4]" and [OT{]"). 'H-
NMR (DMSO-d6, 500 MHz, ppm): & 8.83 (s, 2H), 8.74 (s, 2H), 7.84 (s, 2H), 3.98 (s, 6H). °F-

NMR (DMSO-d6, 471 MHz, ppm): & -61.64, -77.75.

Synthesis of 1cr3. In a vial, 1cr3' (143 mg, ~0.250 mmol) and dichloromethane (DCM, 1.5 mL)
were added. A solution of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (222 mg 0.250
mmol) in DCM (1.5 mL) was added in 3 portions to the vial with stirring (Scheme 2). The reaction
was stirred overnight at room temperature. White precipitate formed during the reaction. The result
reaction mixture was filtered over Celite, and the Celite plug was rinsed with 1 mL additional
DCM. The combined solution was then concentrated in vacuo. The residue was washed with
hexanes and dried under vacuum overnight. The product was obtained as reddish yellow powder.

(30 mg, 0.023 mmol, 8.0 % for 2 steps) 'H-NMR (DMSO-d6, 500 MHz, ppm): § 8.84 (s, 2H), 8.74
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(s, 2H), 7.84 (s, 2H), 7.73 (s, 4H), 7.62 (s, 8H), 3.98 (s, 6H). "F-NMR (DMSO-d6, 471 MHz,
ppm): & -61.61. {'H}'"*C-NMR (DMSO-d6, 126 MHz, ppm) & 195.0 (s, Cncn), 184.2 (s, Cco),
160.9 (q, Jc, = 50.4 Hz, Cipso-arr), 148.2 (s, Co-py), 136.3 (q, Jc,r = 34.0 Hz, Cppy), 134.0 (s, Co-
BArF), 128.5 (q, Jcr = 31.5 Hz, Cin-BarF), 126.6 (s, Cim), 124.0 (q, Jcr = 273.4 Hz, Ccr3-Barr), 118.0
(s, Cim), 117.7 (s, Cparr), 103.1 (s, Cmopy), 45.7 (S, CcF3-p-py) 37.3 (s, Came). HRMS (ESI)
calculated for CoCisH12N5O2F3 (M-BArF24): 422.0275, found 422.0281. HRMS (ESI) calculated
for C32H12BF24 (BArF24): 863.0649, found 863.0646. FT-IR (ATR, cm™): 3101, 2025, 1977, 1948,
1897, 1878, 1610, 1559, 1542, 1493, 1466, 1416, 1398, 1353, 1272, 1115, 1039, 947, 929, 889,

855, 838, 794, 746, 713, 681, 668, 639, 580, 547, 529, 490, 465, 448, 424.

Synthesis of 2 precursor (2'). In a Schlenk flask, 1,1'-(pyridine-2,6-diyl)bis(3-methyl-1H-
imidazol-3-ium) trifluoromethanesulfonate (L2(HOTY),, 500 mg, 0.782 mmol) and Co2(CO)sg (381
mg, 1.00 mmol) were added under inert atmosphere (Scheme 2). A solution of triethylamine in
acetonitrile (10 mL, 0.36 M) was added with stirring. Bubbles were formed while stirring. The
reaction mixture was heated to 70 °C for 16 h. The reaction was cooled to room temperature and
concentrated in vacuo after heating. The residue was then washed with Et;O. The product was
recovered by filtration and dried under vacuum overnight. Complex 2 precursor was obtained as
yellow solid (275 mg, the counter ion is a mixture of [Co(CO)4]" and [OT{]). 'H-NMR (DMSO-
d6, 500 MHz, ppm): 6 8.61 (b, 5H), 7.98 (b, 2H), 7.66 (b, 4H), 4.23 (s, 6H). ’F-NMR (DMSO-

d6, 471 MHz, ppm): o -77.77.

Synthesis of 2. In a vial, 2' (200 mg, ~0.330 mmol) and dichloromethane (DCM, 5 mL) were
added. A solution of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (293 mg 0.330 mmol)
in DCM (5 mL) was added in 3 portions to the vial with stirring (Scheme 2). The reaction was

stirred overnight at room temperature. White precipitate formed during the reaction. The result
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reaction mixture was filtered over Celite, and the Celite plug was rinsed with 1 mL additional
DCM. The combined solution was then concentrated in vacuo. The residue was washed with
hexanes and dried under vacuum overnight. The product was obtained as yellow powder (401 mg,
0.304 mmol, 51.7 % for 2 steps). 'H-NMR (DMSO-d6, 500 MHz, ppm): & 8.64 — 8.58 (m, 4H),
8.58 — 8.51 (m, 1H), 8.01 — 7.95 (m, 2H), 7.73 (s, 4H), 7.70 — 7.65 (m, 4H), 7.63 (t, 8H, J = 2.7
Hz), 4.23 (s, 6H). ’F-NMR (DMSO-d6, 471 MHz, ppm): & -61.59. {'H}!*C-NMR (DMSO-d6,
126 MHz, ppm) 6 197.4 (s, Cnen), 195.3 (s, Ceo), 160.9 (q, Jes = 50.4 Hz, Cipso-Barr), 148.4 (s,
Cppy), 139.4 (s, Copy), 135.9 (s, CBzim), 134.0 (s, Co-Barr), 130.3 (s, CBzim), 128.5 (q, Jcr=31.5 Hz,
Cm-BarF), 125.1 (s, Czim), 124.7 (s, CBzim), 124.0 (q, Jcr = 273.4 Hz, Ccr3-Barr), 117.8 (s, Cp-BArF),
112.4 (s, Cgzim), 111.8 (s, Cgzm), 107.2 (s, Cmpy), 34.8 (s, Cnme). Anal. Calcd. For
CssH20BCoF24N502: C, 50.14; H, 2.22; N, 5.32. Found: C, 50.02; H, 1.93; N, 5.12. FT-IR (ATR,
cm™): 2034, 1982, 1602, 1574, 1491, 1465, 1449, 1408, 1353, 1274, 1215, 1186, 1112, 1091, 1019,

931, 898, 887, 839, 808, 769, 741, 711, 681, 670, 647, 625, 595, 550, 523, 488, 462, 449, 425.

Synthesis of 2ome precursor (2om.’). In a Schlenk flask, 1,1'-(4-(methoxy)pyridine-2,6-
diyl)bis(3-methyl-1H-imidazol-3-ium) trifluoromethanesulfonate (L2ome(HOT)2, 0.493 g, 0.736
mmol) and Co2(CO)sg (0.948 mg, 2.495 mmol) were added under inert atmosphere (Scheme 2). A
solution of triethylamine in acetonitrile (25 mL, 0.36 M) was added with stirring. Bubbles were
formed while stirring. The reaction mixture was heated to 70 °C for 16 h. The reaction was cooled
to room temperature and concentrated in vacuo after heating. The residue was then washed with
dichloromethane (DCM) until the solid was bright yellow and the filtrate was pale in color.
Complex 2ome precursor was obtained as yellow solid (0.186 g, 0.284 mmol, 39%). 'H-NMR
(DMSO0-d6, 360 MHz, ppm): 6 8.67 (d, 2H, J = 7.9 Hz), 8.00 (s, 2H), 7.96 (d, 2H, J = 7.0 Hz),

7.65 (q, 4H, J = 7.2 Hz), 4.34 (s, 3H), 4.22 (s, 6H). {'H}'*C-NMR (DMSO-d6, 126 MHz, ppm) &
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198.7 (s, Cnen), 0 196.2 (s, Cco), 6 169.5 (s, Cppy), 0 149.6 (s, Copy), 6 136.4 (s, Cizim), 0 130.6 (s,
Cgzim), 0 125.6 (s, Cizim), 6 125.1 (s, CBzim), 0 113.1 (s, CBzim), 6 112.1 (s, CBzim), 6 94.8 (s, C-py),
8 58.4 (s, Come), 8 35.3 (s, Cnme) FT-IR (ATR, cm™): CO(%T): 2023 (m), 1964 (s); [Co(CO)4]:

1862 (br-vs).

Synthesis of 2ome. A round bottom flask was charged with complex 2ome’ (0.107 g, 0.163 mmol)
and filled with dichloromethane (15 mL) resulting in a yellow solution. With stirring, sodium
tetrakis-[ 1,3-bis(trifluoromethyl)phenyl]borate (147.34 g, 0.166 mmol) was added to the solution
(Scheme 2). The resulting solution was stirred for 4 h. resulting in the formation of a white
precipitate. The mixture was filtered over celite and the plug was rinsed further with
dichloromethane (DCM) until the filtrate was colorless. The filtrate was evaporated to dryness in
vacuo leaving a yellow residue, 2ome (0.159, 0.118 mmol, 72%). '"H-NMR (DMSO-d6, 360 MHz,
ppm): 6 8.64 (d, 2H, J= 7.7 Hz), 7.96 (s, 2H), 7.93 (d, 2H, J = 8.2 Hz), 7.70 (s, 4H), 7.62 (q, 4H,
J=9.1 Hz), 7.62 (s, 8H), 4.33 (s, 3H), 4.20 (s, 6H) '"F-NMR (DMSO-d6, 339 MHz, ppm): § -
61.65. {'H}'3C-NMR (DMSO-d6, 126 MHz, ppm) & 198.8 (s, Cnen), 8 196.1 (s, Cco), 8 169.5 (s,
Cppy), 0 161.4 (q, J = 50.6 Hz, Cipso-Barr), 0 149.6 (S, Copy), 0 136.4 (S, CBzim), & 134.5 (s, Co-BArF),
0 130.6 (s, Cizim), 6 128.9 (q, J = 33.7 Hz, Cim-arF), 8 125.6 (s, Cizim), 6 125.0 (s, Cpzim), 8 124.2
(q,J=273.2 Hz, Ccr3-Barr), 0 118.1 (s, Cp-Barr), 8 113.1 (s, Cizim), 0 112.0 (s, Cizim), 6 94.8 (s, Cm-
py)s 0 58.3 (s, Come), 0 37.2 (s, Cnme) Anal. Calcd. for CssH31BCoO3F24Ns: C, 49.91; H, 2.32; N,
5.20. Found: C, 48.37; H, 2.28; N, 5.04, we note that the discrepancy in the elemental analysis

results may be due to air sensitivity. FT-IR (ATR, cm™): CO(%T): 2013 (m), 1962 (s).

Synthesis of PP"32. In a vial, 2 (198 mg, 0.15 mmol) and dichloromethane (DCM, 2 mL). The
solution was stirred and the triphenyl phosphine (157 mg, 0.600 mmol) was added (Scheme 2).

After stirring over 3 days, the solution had become a clear red. The solvent was removed to half

27



volume and hexane was added dropwise with vigorous stirring. A red precipitate formed, and
hexane was added continually until the solvent was colorless or nearly colorless. The precipitate
was collected on a frit and washed several times with hexanes to yield the product as a red powder.
(236 mg, 0.152 mmol, quantitative) 'H-NMR (DMSO-d6, 500 MHz, ppm): 6 8.49 — 8.41 (m, 4H),
8.39 - 8.34 (m, 1H), 7.73 (s, 4H), 7.66 — 7.58 (m, 10H), 7.58 — 7.50 (m, 4H), 7.23 (td, 3H, J="7.5
Hz, J= 1.4 Hz), 7.05 (td, 6H, J= 7.6 Hz, J= 1.6 Hz), 6.68 (td, 6H, J=9.1 Hz, J = 1.8 Hz), 3.59
(d, 6H, J = 1.1 Hz). "F-NMR (DMSO-d6, 338.83 MHz, ppm): & -61.55. 3'P-NMR (DMSO-d6,
202 MHz, ppm): § 31.63. {'H}'*C-NMR (DMSO-d6, 126 MHz, ppm) & 202.2 (d, /= 10.1), 160.9
(q,/=50.3 Hz), 146.9 (d,/J=3.8 Hz), 136.2 (d, /= 2.5 Hz), 136.1 (d, J=3.8 Hz), 134.0 (s), 133.2
(d, J=32.7 Hz), 131.1 (d, J = 12.6 Hz), 129.8 (s), 129.7 (s), 128.5 (qq, J = 31.5 Hz, J = 2.5 Hz),
128.5 (d, J= 8.8 Hz), 124.8 (s), 124.0 (q, J = 271.7 Hz), 124.0 (s), 117.8 (s), 111.3 (d, J=114.5
Hz), 106.0 (s), 54.9 (s), 33.8 (s). Anal. Calcd. For C72H44BCoF24NsOP: C, 55.73; H, 2.86; N, 4.51.
Found: C, 55.64; H, 2.60; N, 4.47. FT-IR (ATR, cm™"): 3852, 3749, 3075, 1949, 1609, 1569, 1492,
1479, 1439, 1400, 1352, 1325, 1272, 1181, 1111, 1092, 1030, 1017, 999, 956, 933, 884, 838, 815,

804, 762, 745, 735, 712, 697, 680, 670, 647, 618, 595, 551, 522, 503, 490, 466, 449, 428.

Synthesis of PM32. In a vial, 2 (198 mg, 0.15 mmol) and dichloromethane (DCM, 2 mL). The
solution was stirred and the trimethyl phosphine (45.65 mg, 0.600 mmol) was added (Scheme 2).
After stirring over 3 days, the solution had become a clear red. The solvent was removed to half
volume and hexane was added dropwise with vigorous stirring. A red precipitate formed, and
hexane was added continually until the solvent was colorless or nearly colorless. The precipitate
was collected on a frit and washed several times with hexanes to yield the product as a red powder.
(208 mg, 0.152 mmol, quantitative) 'H-NMR (DMSO-d6, 500 MHz, ppm): & 8.54 (d, 2H, J= 7.4

Hz), 8.50 (d, 2H, J = 7.9 Hz), 8.38 — 8.30 (m, 1H), 7.85 (d, 2H, J = 7.7 Hz), 7.73 (s, 4H), 7.65 —
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7.52 (m, 12H), 4.20 (s, 6H), 0.78 (d, 9H, J = 8.6 Hz). '’F-NMR (DMSO-d6, 338.83 MHz, ppm):
8 -61.55. 3'P-NMR (DMSO-d6, 202 MHz, ppm): & -4.11. {'H}'*C-NMR (DMSO-d6, 126 MHz,
ppm) 6 204.3 (d, /= 13.8), 160.9 (q, J = 50.3 Hz), 146.2 (s), 136.3 (s), 134.3 (s), 134.0 (s), 129.9
(s), 128.5(q, J=31.5 Hz), 124.1 (d, J = 138.4 Hz), 124.0 (q, J = 273.0 Hz), 117.8 (s), 111.8 (s),
111.0 (s), 105.5 (s), 54.9 (s), 34.7 (s), 16.8 (d, J=22.6 Hz). Anal. Calcd. For Cs;H3sBCoF24NsOP:
C, 50.13; H, 2.80; N, 5.13. Found: C, 48.88; H, 2.54; N, 4.80, we note that the discrepancy in the
elemental analysis results may be due to air sensitivity. FT-IR (ATR, cm™): 2961, 1948, 1791,
1612, 1595, 1558, 1491, 1478, 1441, 1399, 1354, 1327, 1275, 1113, 1028, 941, 898, 887, 838, 813,

763,741,712, 681, 668, 647, 618, 597, 579, 551, 533, 501, 466, 447, 425, 411.

General Co> Hydrogenation Procedures. In each test tube, 365.4 mg DBU, 0.5 mL LiOTf
solution (1.2481 g, 8 mmol in 50 mL THF), 0.75 mL catalyst solution (5 umol Co catalyst in 50
mL THF) were added. The reactions were stirred for 15 min or more before placing the test tubes
into Parr reactor. The tubing was purged by 50 : 50 H> / CO; mixture before pressurizing the Parr
reactor. The Parr reactor was purged 7 times with 50 : 50 H / CO2 mixture between 40 bar and 10
bar. The Parr reactor was then pressurized to the desired pressure. Heating time was recorded after
the temperature reached target reaction temperature. After reaction, the reactor was removed from
heating source, and cooled in ice / water bath to below 15 °C before depressurizing the reactor.
For each reaction, 100 uL DMF was added as internal standard, followed by 0.5 — 1 mL D>O to
form a homogeneous solution or suspension. The mixture was stirred for at least 5 min. A sample

was taken and diluted with D>O for NMR analysis.

Computational Methods. We perform all density functional theory (DFT) calculations with
Gaussian 16 and use ORCA 5.0.4°! for domain-based local pair natural orbital coupled-cluster

theory®? (DLPNO-CCSD(T)) calculations. We performed a conformer search for each stationary
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point using the GFN2-xTB?>? semi-empirical method in CREST** as implemented in the xTB
program> (Version 6.7.0) and the most stable conformer is supplied for further DFT calculations.
To account for solvation effects, we use the SMD model.>® The reaction mechanism and related
energetics are calculated at the DLPNO-CCSD(T)(SMD=THF)/def2-TZVPP//®B97X-
D(SMD=THF)/def2-SVP3-8 level of theory. We tested low and high spin states for each
stationary point and found that the low spin state is more favorable in every case. We confirm all
stationary points by a normal mode analysis. Calculations also consider experimental reaction
conditions. Using GoodVibes,> we correct all computed energetics from gas phase standard state
to experimental reaction concentrations and conditions: temperature of 333 K, 20 bars of 1:1
CO2/H2, 32.5 uM of catalyst, 91.4 mM of LiOTf, and 2.7 M of DBU. Optimized cartesian

coordinates (.xyz) are provided in the Supporting Information (SI).

Single Crystal X-Ray Diffraction (SC-XRD) Structure Determination. CCDC Deposition Numbers
2349716- 2349719 contain the supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic Data Centre and

Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.

A suitable single crystal of each sample was selected and mounted on a Mitegen cryoloop
in a random orientation on a XtalLAB Synergy R, DW system, HyPix diffractometer. The crystals
were kept around 100.00(6) K during data collection. The structures were solved with the ShelXT
2014/5% solution program using dual methods and Olex 2 1.3-alpha®! as the graphical interface.
The models were refined with ShelXL®2 2018/3 using full matrix least squares minimization on F2.
All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated
geometrically and refined using the riding model. Data reduction, scaling and absorption

corrections were performed using CrysAlisPro 1.171.40.80a.%° Numerical absorption correction
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based on gaussian integration over a multifaceted crystal model and empirical absorption
correction using spherical harmonics were performed as implemented in SCALE3 ABSPACK

scaling algorithm.®*
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Crystal Data of Complex 2. Single clear yellow block-shaped crystals of 2 were obtained by
recrystallisation from layering hexanes on top of Et,O. A suitable crystal 0.21 x 0.17 x 0.13 mm®
was selected and mounted. CssH20BCoF24NsO2, M, = 1317.57, monoclinic, P2i/c (No. 14), a=
13.4973(10) A, b =19.6676(5) A, c =19.6806(11) A, =94.942(7)", a =y =90°, ¥ = 5205.0(5) A?,
T=100.00(10)K, Zz=4, Z'= 1, (Mo K,) = 0.466, 82566 reflections measured, 17947 unique
(Rint = 0.0247) which were used in all calculations. The final wR> was 0.1283 (all data) and R; was
0.0461 (1>2 a(I)).

Crystal Data of Complex 2ome. Single clear yellow block-shaped crystals of 2ome were obtained
by recrystallisation from slow evaporation of Et,O with a drop of MeCN. A suitable crystal 0.28 x
0.15 x 0.13 mm? was selected and mounted. Cs¢H31BC0F24.03N503, M, = 1348.17, orthorhombic,
P2:2121 (No. 19),a=16.39310(10) A, b = 16.56500(10) A, ¢ =20.4893(2) A, a=p=y=90", V =
5563.90(7) A3, T=100.00(11)K, Z=4, Z'= 1, u(Mo K,) = 0.439, 71031 reflections measured,
18011 unique (Rine = 0.0218) which were used in all calculations. The final wR> was 0.0872 (all
data) and R; was 0.0331 (I>2 o(1)).

Crystal Data of Complex PP'32, Single clear orange block-shaped crystals of PPh*2 were obtained
by recrystallisation from layering hexanes on top of Et2O. A suitable crystal 0.19 x 0.12 x 0.08
mm? was selected and mounted. C7¢.54Hss0sBCoF24Ns01 73P, M, = 1629.20, triclinic, P-1 (No. 2),
a=14.5870(2) A, b=16.7388(2) A, ¢ = 16.9022(2) A, a = 111.0930(10)", = 101.0440(10)", y =
103.2730(10)°, V= 3572.69(8) A3, T=100.01(10)K, Z= 2, Z'= 1, u(Mo K,) = 0.377, 106597
reflections measured, 24282 unique (Rine = 0.0278) which were used in all calculations. The final

wR> was 0.1087 (all data) and R; was 0.0413 (I>2 o(])).
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Crystal Data of Complex PM¢32, Single clear yellow block-shaped crystals of "M¢32 were obtained
by recrystallisation from layering hexanes on top of dichloromethane (DCM). A suitable crystal
0.22 x 0.13 x 0.09 mm?® was selected and mounted. Cs7H3sBCoF24NsOP, M, = 1365.63, triclinic,
P-1 (No. 2), a= 12.7418(2) A, b= 15.2252(2) A, ¢ = 16.6789(2) A, a= 92.3250(10)", f=
107.0130(10)°, y = 98.4410(10)°, ¥ =3048.58(7) A3, T=100.00(10) K, Z=2, Z'= 1, u(Mo K,) =
0.425, 90080 reflections measured, 20665 unique (Rint= 0.0247) which were used in all

calculations. The final wR> was 0.1241 (all data) and R; was 0.0449 (1>2 a(])).
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Conclusions

Six new Co(I) CNC pincer complexes are reported with full characterization data including
single crystal X-Ray diffraction on four complexes. A change in geometry from trigonal bipyramid
to square pyramid is observed upon phosphine coordination. The vibrational spectra show the
electronic influence of the R group on the pincer ring with electron donor groups (OMe, Me)
resulting in CO stretch that is decreased due to increasing back-bonding from an electron rich Co(I)
metal center. A similar influence is observed by coordination of an electron donating phosphine
ligand. Eight complexes (six new and two previously reported) have been used as catalysts for
COz hydrogenation with DBU as the base and LiOTt as a Lewis Acid. Herein, the three most active
catalysts (all with TON >10,000) are 2, PM¢32, and 1 in order of decreasing activity (Table 4). It
appears that R groups on the pincer ring which are either electron donating or withdrawing tend to
decrease catalytic activity which may relate to catalyst decomposition pathways. Catalyst 2 was
studied further, and it appears that moderate temperature (60 °C) and pressure (20 bar of 1:1 COx:
H>) results in higher catalytic activity. This may relate to key steps in the catalytic cycle involving
CO ligand loss and CO> or H> coordination, which are thus favored by intermediate pressures.
Likewise, faster rates at intermediate temperatures may relate to having sufficient activation
energy but avoiding decomposition pathways. Using these optimized conditions, nearly 40,000

TON is achieved which surpasses other studies with Co(I) catalysts.?’

The mechanism of the reaction was computationally studied and shown to involve CO loss
and H» coordination to generate a Co(I) dihydrogen complex. DBU then serves as a base to
generate the catalytically active hydride intermediate, [(CNC)CoH(CO)], which can attack CO to

yield bound formate. Formate release can be promoted by assistance of either Li* or [HDBU]*
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leading to reformation of the [(CNC)CoCO] intermediate and catalyst turnover. Future studies will

aim to study this mechanism further by the method of initial rates with each catalyst.
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