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Experimental Section

General Considerations. All manipulations were carried out using standard Schlenk or
glovebox techniques under a N, or Ar atmosphere. Unless otherwise noted, solvents were
deoxygenated and dried by thoroughly sparging with Ar gas followed by passage through an
activated alumina column. Non-halogenated solvents were tested with a standard purple
solution of sodium benzophenone ketyl in tetrahydrofuran in order to confirm effective oxygen
and moisture removal. All reagents were purchased from commercial vendors and used without
further purification unless otherwise stated. {(u-PNP)Co},, 1a, (*"PNP)Li(THF) and
[DBUH][Formate] were prepared according to literature method.'-* Elemental analyses were
carried out at KAIST Central Research Instrument Facility on Thermo Scientific FLASH 2000
series instrument. Deuterated solvents were purchased from Euriso-top, degassed, and dried
over activated 4 A molecular sieves prior to use.

X-ray Crystallography. The diffraction data of 2a and 2b were collected on a Bruker D8
QUEST. A suitable size and quality of crystal was coated with Paratone-N oil and mounted on
a MiTeGen MicroLoop. The data were collected with graphite-monochromated Mo Ka
radiation (A = 0.71073 A) at 120 K. Cell parameters were determined and refined by SMART
program.* Data reduction was performed using SAINT software.”> An empirical absorption
correction was applied using the SADABS program.® The structures were solved by direct
methods and all non-hydrogen atoms were subjected to anisotropic refinement by full-matrix
least squares on F? by using the SHELXTL/PC package.” Unless otherwise noted, hydrogen
atoms were placed at their geometrically calculated positions and refined riding on the
corresponding carbon atoms with isotropic thermal parameters. Full crystallographic details
can be obtained free of charge from the Cambridge Crystallographic Data Center via
www.ccde.cam.ac.uk/data_request/cif (CCDC 1958471-1958472 for 2a and 2b).

Spectroscopic Measurements. Bruker 400 spectrometers were used to measure 'H NMR
spectra. The chemical shifts for '"H NMR and '3C NMR spectra were quoted in part per million
(ppm) referenced to residual solvent peaks. The following abbreviations were used to describe
peak splitting patterns when appropriate: s = singlet, d = doublet, t = triplet, q = quartet.
Coupling constants, .J, were reported in hertz unit (Hz). The chemical shifts for 3'P NMR
spectra were quoted in part per million (ppm) referenced to external phosphoric acid as 0.0
ppm. Solution magnetic moments were determined by the Evans’ method.® UV-Vis spectra
were measured using an Agilent Cary 60 UV-Vis spectrophotometer with a 1 cm two-window
quartz spectrophotometer cell sealed with a screw-cap purchased from Hellma Analytics
(117.100-QS). Infrared spectra were recorded in KBr pellet by Agilent Cary 630. Frequencies
are given in reciprocal centimeters (cm™!) and only selected absorbances are reported.

CW and Pulsed-EPR Spectroscopy. All EPR measurements were carried out at Korea Basic
Science Institute (KBSI) in Seoul, Korea. CW X-band EPR spectra of 2a and 2b were collected
on a Bruker EMX plus 6/1 spectrometer equipped with an Oxford Instrument ESR900 liquid
He cryostat using an Oxford ITC 503 temperature controller. Spectra were collected with the
following experimental parameters: microwave frequency, 9.6 GHz; microwave power, 0.96
mW; modulation amplitude, 10 G; modulation frequency, 100 kHz; temperature, 10 K. The
CW-EPR simulations were performed using EasySpin.’



Synthesis of (*"'"PNP)Co(OCHO) (2a). In a 100 mL Schlenk tube, a solution of (*"PNP)CoH
(168 mg, 318 umol) in 10 mL of benzene was degassed by four freeze-pump-thaw cycles on
the Schlenk line. CO,(g) was charged at ambient pressure and temperature. Volatiles were
removed under vacuum. The resulting product (*"PNP)Co(OCHO) (2a, 171 mg, 147 pmol,
94%) was obtained as green powder after washing with pentane. 'H NMR (400 MHz, C¢Dg) &
32.6 (s), 30.0 (s), 12.5 (s), , 7.84 (s), 6.78 (s), 3.27 (s), 1.13 (s), —6.37(s). IR (KBr, cm!):
Ve, formate = 2811, veo = 1623, va, = 1619. pegr: 2.45 pp (CsDg, 25 °C, Evans’ method). UV-Vis
[THF, nm (L mol~! cm™)]: 285 (18,000), 312 (16,000), 381 (4,500), 446 (1,300), 600 (1,100).
Anal. Calcd. for C;0HssCoNO,P,: C, 62.93; H, 7.92; N, 2.45. Found: C, 63.01; H, 7.96; N,
2.37. Crystals suitable for X-ray diffraction were obtained by recrystallization of saturated
pentane solution of 2a at —35 °C.

Synthesis of (PNP)Co(OCHO) (2b). In a 100 mL Schlenk tube, a solution of {(u-PNP)Co},
(147 mg, 146 umol) in 10 mL of benzene was degassed by four freeze-pump-thaw cycles on
the Schlenk line. H,(g) was exposed at ambient pressure. The reaction mixture was stirred at
100 °C for 2 hrs. After the solution was frozen, the head-space gas was eliminated under
vacuum and CO, was charged at ambient pressure. Volatiles were removed under vacuum. The
resulting product (PNP)Co(OCHO) (2b, 143 mg, 269 umol, 92.6%) was obtained as dark green
powder after washing with pentane. "H NMR (400 MHz, C4Dg) 6 29.3 (s), 24.3 (s), 8.41 (s),
3.38 (s), 2.10 (s), 1.25 (s), 1.04 (s), —23.2 (s). IR (KBr, cm!): vey formate = 2811, veo = 1623, va,
= 1606. per: 2.18 up (C¢Dg, 25 °C, Evans’ method). UV-Vis [THF, nm (L mol™! cm™)]: 277
(18,000), 322 (17,000), 387 (3,600), 434 (1,500), 579 (1,000). Anal. Calcd. for
C,7H4,CoNO,P,: C, 60.78; H, 7.93; N, 2.63. Found: C, 60.90; H, 7.76; N, 2.63. C, 60.87; H,
7.33; N, 2.48. X-ray quality crystals were grown by cooling down of a saturated pentane
solution of 2b at —35 °C.

Synthesis of (**iPNP)H. To a (*'PNP)Li(THF) (226 mg, 428 umol) in 10 mL of toluene, 100
mL of degassed water was added under N, atmosphere via cannula transfer. The reaction
mixture was stirred at room temperature for 30 min. Volatiles are removed under vacuum. The
resulting product (*""PNP)H (201 mg, 400 umol, 93.4%) was obtained as pale yellow powder
after washing with pentane. 'H NMR (400 MHz, C¢Dg) 8 9.79 (t, Jpy = 9.2 Hz, 1H), 7.22 (s,
2H), 7.09 (s, 2H), 2.29 (s, 6H), 2.09 (m, 4H), 1.54 (s, 6H), 1.16 (q, /= 16 Hz, 8 Hz, 12H), 0.98
(g, J = 12 Hz, 8 Hz, 12H). 13C NMR (101 MHz, C¢Dg) & 143.29 (s), 143.06 (s), 131.16 (s),
129.51 (t, J=3 Hz), 126.83 (s), 117.70 (d, /= 17 Hz), 37.06 (t, J = 2 Hz), 29.65 (s), 23.99 (s),
23.89 (s), 21.39 (s), 20.55 (s), 20.35 (s), 19.35 (s), 19.25 (s). 3'P NMR (141 MHz, C¢Dg) 6 —
16.90 (s). Anal. Calcd. for C,9HysNP,: C, 74.17; H, 9.66; N, 2.98. Found: C, 74.50; H, 9.92; N,
2.63.

Standard procedure for hydrogenation of carbon dioxide. To a stainless Parr reactor, a 5
mL solution of catalyst and 1,8-diazabicycloundec-7-ene (DBU) in THF was added and
pressurized by equimolecular CO, and H, mixture gas. The reaction mixture was stirred at
appropriate temperature. N,N-Dimethylformamide (100 mg, 1.37 mmol) was added to the
reaction mixture as an internal standard and the mixture was dissolved in D,O for an estimation
of the yield by using 'H NMR spectrum. A representative spectrum of the reaction mixture is
shown in Figure S6.

Quantification of free ligands after hydrogenation of carbon dioxide. After the standard
procedure for hydrogenation of carbon dioxide, the gas was released at ambient temperature
and the reactor was taken into the drybox. 2 equivalent of OPPh; solution in THF is added to



the reaction mixture and dried over vacuum. The mixture was dissolved in C¢Dg for an
estimation of the yield by using 3'P NMR spectrum.

Reaction of 2a and 2b with [DBUH][Formate] followed by NMR experiments. To a
mixture of 2 (49 pmol) and triphenylphosphine oxide (28 mg, 98 umol) as internal standard in
5 mL of THF, [DBUH][Formate] (49 mg, 250 umol) was added at room temperature and the
reaction mixture was stirred at room temperature for 30 min. 500 pL of the reaction mixture
was added to the 100 pL of C4Dg. The resulting product (PNP)H!? was detected and quantified
by 3P NMR spectroscopy in the presence of triphenylphosphine oxide as an internal standard.

Reaction of 2a and 2b with [DBUH][Formate] followed by UV-Vis experiments. In a 20
mL of volumetric flask, 2a and 2b (17 pmol) was dissolved by THF and 4 mL of the solution
was added to the [DBUH][Formate] (4 mg, 20 umol) in a UV cell. The UV-Vis data (400 nm
< A < 800 nm) were collected after 5 min. The time stacked UV-Vis spectra show the
consumption of 2b.

Reaction of 2a with DBU, LiOTf and H,. In a NMR tube equipped with J-Young valve, DBU
(15 pL, 95 umol) and LiOTf (14mg, 95 umol) were added to a solution of 2a (11 mg, 19 umol)
was dissolved in 0.3 mL of 1:1 THF:C¢D¢. The reaction of 2a and LiOTf reveals that the
significant change of 2a were observed from 32.3 (s), 29.6 (s), 12.3 (s), 7.69 (s), —6.54 (s) to
34.0 (s), 30.7 (s), 13.2 (s), 7.87 (s), —6.87 (s), in 'H NMR spectra, respectively. After degassed
by three freeze-pump-thaw cycles on the Schlenk line, H,(g) was charged at ambient pressure
and room temperature. The reaction mixture was shaken at room temperature for 1 hr and the
generation of 1a was observed in 'H NMR spectrum.



Figure S1. 'H NMR spectrum of (*iPNP)Co(OCHO) (2a) in C¢Ds at room temperature.
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Figure S2. 'TH NMR spectrum of (PNP)Co(OCHO) (2b) in C¢Dg at room temperature.
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Figure S3. 'H NMR spectrum of (*iPNP)H in C¢D¢ at room temperature.
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Figure S4. 3C NMR spectrum of (*"PNP)H in C¢D¢ at room temperature.
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Figure S5. 3'P NMR spectrum of (*"PNP)H in C¢D at room temperature.
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Figure S6. '"H NMR spectrum for CO, hydrogenation with (2<'PNP)Co(OCHO) in D,0 at room
temperature (*: formate, *: N,N-dimethylformamide).
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Figure S7. 3'P NMR spectra of 2 equivalent of triphenylphosphine oxide and 1 equivalent of
(a) a (*"PNP)H ligand and (b) a (PNP)H ligand in C¢Dg (*: triphenylphosphine oxide, °:
(*"PNP)H, *: (PNP)H).
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Figure S8. 3'P NMR spectra of (a) (*"PNP)Co(OCHO) (2a) in C¢D¢ and (b) the reaction of 2a

and 5 equiv. of [DBUH][Formate] in C4Dg at room temperature in the presence of
triphenylphosphine oxide as an internal standard (e: triphenylphosphine oxide).
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Figure S9. '"H NMR spectrum of (PNP)H from the reaction of (PNP)Co(OCHO) (2b) and
[DBUH][formate] in C¢Dg at room temperature (*: unknown species).
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Figure S10. 3'P NMR spectra of (a) (PNP)Co(OCHO) (2b) in C¢Dg and (b) the reaction of 2b
and 5 equiv. of [DBUH][formate] in C¢D¢ at room temperature in the presence of
triphenylphosphine oxide as an internal standard (e: triphenylphosphine oxide, *: (PNP)H).
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Figure S11. 'H NMR spectra of resulting products of catalytic CO, hydrogenation with (a) 2a
and (b) 2b in C¢Dg.

9.58
9.55

\ 9.53
—7.08

e

(@)

N—H of free (2"PNP)H

= N O D I~
Soo ® &
00 0 0 o w
ot Ne

(b)

N—H of free (PNP)H i
III

100 98 96 94 92 90 88 86 84 82 80 7.8 76 7.4 7.2 7.0 6.8
f1 (ppm)

Figure S12. 3'P NMR spectra of resulting products of catalytic CO, hydrogenation using 2a
after (a) 0 hr, (b) 0.5 hr, (¢) 1 hrand (d) 2 hr in C¢Dg (: triphenylphosphine oxide, *: (*'PNP)H).
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Figure S13. 3'P NMR spectra of resulting products of catalytic CO, hydrogenation using 2b
after (a) O hr, (b) 0.5 hr, (¢) 1 hr and (d) 2 hr in C¢Dg (*: triphenylphosphine oxide, : (PNP)H),
«: unknown species).
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Figure S14. 'H NMR spectra of (a) 2a and the reaction of 2a with (b) DBU, (¢) LiOTf, and (d)
DBU and LiOTf and (¢) DBU, LiOTf and H, in 1:1 THF:C¢Dg at room temperature (*: 2a, °:

unknown species, *: 1a and °: free formate.
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Figure S15. Solid-state structure of (*"PNP)Co(OCHO) (2a). All hydrogen atoms of an
acripNP ligand are omitted for clarity.

Table S1. Selected bond distances and angles for 2a (A and °).

Bond distance Bond angle
dcot-p1 2.2063(4) Z/P1-Col-P2 171.56(2)
dcol-p2 2.2178(4) /N1-Co1-01 162.02(6)
dcor-ni 1.897(1) ZCo01-01-C30 108.1(1)
dcor-o1 1.961(1) Z01-C30-02 123.6(2)
desoor 1.257(2)

dc30.0 1.226(3)




Figure S16. Solid-state structure of (PNP)Co(OCHO) (2b). All hydrogen atoms of a PNP
ligand are omitted for clarity.

Table S2. Selected bond distances and angles for 2b (A and °©).

Bond angle
dcor-pi 2.2258(9) /P1-Col-P2 167.00(3)
dcor-p2 2.2272(8) /N1-Co1-01 177.0(1)
dcotnt 1.899(2) ZCo1-01-C27 114.23)
dcot-o1 1.928(2) £01-C27-02 126.8(4)
derron 1.237(5)
derron 1.233(6)




Table S3. Crystallographic data of complexes 2a and 2b.

Complex 2a 2b
Temperature 120 K 120 K
CCDC Deposition # 1958471 1958472
Formula C30H46CoNO2P2 C27H41CoNO2P2
Crystal description Platy Platy
Crystal size, [mm)] 0.400x0.270x0.270 | 0.250x0.220x0.200
FW, [g/mol] 573.55 532.48
Space group P21/c Pna2l
Crystal system Monoclinic Orthorhomibic
a, [A] 13.9653(8) 16.8714(6)
b, [A] 13.9491(8) 16.8263(7)
c, [A] 16.1003(9) 9.7085(3)
o, [°] 90 90

B, [°] 105.571(2) 90

Y, [°] 90 90

Z 4 4

Peaclds [g/cm] 1.261 1.283
Absorption coefficient 0.700 0.762

No. of reflections 97502 51231

No. of unique reflections 6928 7639
20max, [°] 54.998 64.038
Rint 0.0281 0.0669
No. of parameters(restraints) 337(0) 308(1)
Final R 0.0350 0.0401
GoF 1.079 1.016




Figure S17. UV-Vis spectra of (*"'PNP)Co(OCHO) (2a) in THF at room temperature.
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UV-Vis spectrum of (PNP)Co(OCHO) (2b) in THF at room temperature.
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Figure S19. UV-Vis spectra of (*PNP)Co(OCHO) (2a, black) and the reaction mixture of 2a
and [DBUH][Formate] (red) in THF at room temperature.
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Figure S20. UV-Vis spectra of (PNP)Co(OCHO) (2b, black) and the reaction mixture of 2b
and [DBUH][Formate] (red) in THF at room temperature.
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Figure S21. IR spectra of (*'PNP)Co(OCHO) (2a) and (*"PNP)Co(O'3CHO) (2a-13CO,, red)

(KBr pellet).
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Figure S22. IR spectra of (PNP)Co(OCHO) (2b, black) and (PNP)Co(O'3*CHO) (2b-13CO,,

red) (KBr pellet).
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Figure S23. X-Band EPR spectra of (*"PNP)Co(OCHO) (2a) in toluene (black) at 10 K with

a simulated spectrum (red).
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Figure S24. X-Band EPR spectra of (PNP)Co(OCHO) (2b) in toluene (black) at 10 K with a

simulated spectrum (red).
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Table S4. Summary of EPR spectroscopic parameters for 2a and 2b.

2a 2b
g 3.44,2.09,1.73 3.48,2.12,1.66
A 750, 0,0 150,0,0
gstrain 0.24,0.12, 0.09 0.24,0.14,0.13
Astrain 150, 150, 0 150,0,0

Table SS. Base screening for a and b catalyzed CO, hydrogenation.

Entry Catalyst Base Time TONP

1 a Verkade’s 2 26
Base

2 a NEt; 2 0
3 a DBU 1 950
4 a DBU 2 1,300
5 b DBU 1 30
6 b DBU 2 550

aReaction condition: 40 bar of 1:1 CO, and H, mixture gas, 0.8 mM catalyst, 2.3 M of base in
5 mL of THF at 100 °C. "Average TON for three or more trials.

Table S6. Solvent screening for 2a catalyzed CO, hydrogenation.
Entry Solvent TONP

1 toluene 940
2 THF 1,600
3 MeCN 1,100

aReaction condition: 40 bar of 1:1 CO, and H, mixture gas, 0.8 mM catalyst, 2.3 M DBU in 5
mL of solvent at 100 °C for 2 hr. ®PAverage TON for three or more trials.

Table S7. Reaction profiles for 2a and 2b catalyzed CO, hydrogenation at 80 °C.

Entry Catalyst Time (hr) TONP
1 2a 0.5 710
2 2a 1 810
3 2a 2 950
4 2a 3 1100
5 2a 4 1400
6 2a 6 1300
7 2a 8 1400
8 2b 0.5 240
9 2b 1 290
10 2b 2 290
11 2b 3 410




12 2b 4 380
13 2b 6 390
14 2b 8 445

aReaction condition: 40 bar of 1:1 CO, and H, mixture gas, 0.16 mM catalyst, 790 mM of DBU
in 5 mL of THF at 80 °C. YAverage TON for three or more trials.

Table S8. Reaction profiles for 2a and 2b catalyzed CO, hydrogenation at 100 °C.

Entry Catalyst Time TONP
1 2a 30 min 900
2 2a 1 hr 1,200
3 2a 2 hrs 1,600
4 2b 1 hr 144
5 2b 2 hrs 300

aReaction condition: 1:1 CO, and H, mixture gas, 0.8 mM catalyst, 2.3 M of DBU in 5 mL of
THEF at 100 °C. ®Average TON for three or more trials.

Computational details. Geometry optimizations were performed with the Gaussian 09'! with
the BP86 functional.'?* The def2-tzvp basis set'> was used for describing all atoms. NBO
analysis were performed with the Gaussian 09'! with the B3LYP functional.'®-!® The initial
geometry for (*'PNP)Co(OCHO) (2a) and (PNP)Co(OCHO) (2b) computational model was
obtained from their corresponding X-ray crystal structure. Optimized structure of 2a and 2b
were verified using frequency calculations to confirm the absence of any imaginary frequency.



Figure S25. Experimental (black) and TD-DFT-predicted (red) absorption spectra of
(*"PNP)Co(OCHO) (2a).
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Figure S26. Experimental (black) and TD-DFT-predicted (red) absorption spectra of
(PNP)Co(OCHO) (2b).
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Table S7. Selected bond indices for (*"PNP)Co(OCHO) (2a) and (PNP)Co(OCHO) (2b) from
NBO analysis.

Wiberg Bond Index  (*"PNP)Co(OCHO) (PNP)Co(OCHO)

Co-P 0.7044/0.7026 0.6806/0.6760
Co-N 0.6084 0.5579
Co-O 0.4743 0.4525
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