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Experimental Details

Materials and Physical Measurements:

All the synthetic manipulations were performed under air atmosphere. The solvents were dried
and distilled before use following the standard procedures.! Diiodo(p-cymene)ruthenium(II)
dimer,  Dichloro(p-cymene)ruthenium(Il)  dimer, [Cp*RhCl(x-Cl)],,  1,3,5-Triaza-7-
phosphaadamantane, Methanesulfonic acid, Bis(trifluoromethane)sulfonimide and p-
Toluenesulfonic acid monohydrate, Zinc metal granulated A.R. 99.9%, Concentrated HCI,
and CO, (>99.999%) were used as received. '"H and '3C NMR spectra were recorded on a
JEOL AL-400 FTNMR instrument using tetramethylsilane as an internal standard. 3'P NMR
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spectra were recorded on a JEOL AL-400 FTNMR instrument using phosphoric acid as an
internal standard. High-resolution mass spectra were recorded on electrospray mass
spectrometer. Gas chromatography was performed on a Shimadzu GC-2010 instrument

containing a DB-5/RtX-5MS-30Mt column of 0.25mm internal diameter.

Syntheses of the complexes [Ru(né-p-cymene)l,(PTA)] (1) and [Ru(n®-p-
cymene)CL(PTA)] (2):

[Ru(n®-p-cymene)l,(PTA)] (1):

A methanolic solution of [Ru(n®p-cymene)l,], (489 mg, 0.50 mmol) and PTA (1,3,5-
triaza-7-phosphatricyclo[3.3.1.1]decane) (158 mg, 1.00 mmol) was refluxed for 24 h.
The solution was allowed to cool to room temperature and filtered. The addition of
hexane (30 mL) to this solution led to red plate shaped diffraction quality crystals.
These were separated and washed with diethyl ether and dried. Yield: (0.265 g, 80%).'H
NMR (8 ppm, 400 MHz, CDCls, 298 K): 5.31 (q, J=3.04 Hz, 4H, n°-CsHy), 4.53 (s,
NCH,N), 4.36 (s, PCH,N), 2.78 (septet, CH), 2.08 (s, CH3), 1.22(d, CH3). 3'P{!H}: & -
37.68 (s) (Sharp).

[Ru(n®-p-cymene)Cl,(PTA)] (2):

This complex was synthesized following the method of Dyson et al.?
[Rh(#7°-CsMes)CL(PTA)] (3):

This complex was synthesized following the method of Dyson et al.3
[Rh(;>-CsMes)H;{N-B-PTA(BH3)}] (4):

This complex was synthesized following the method of Peruzzini et al.*
[Rh(#7°-CsMes)H,(PTA)] (5):

This complex was synthesized following the method A of Peruzzini et al.*



General procedure for formate ester hydrogenation:

Prior to use, the 100 mL two neck round-bottom (RB) flask was evacuated and repeatedly
purged with argon. Under an argon atmosphere, 100 mL two neck round-bottom (RB) flask
was charged with Tetrahydrofuran (5.0 mL) and ethyl formate/methyl formate (2.5 mmol),
complex 1/2/3/4/5 (0.0025 mmol) and 1.0 mL of methanesulfonic acid in THF. This two neck
round-bottom was connected to three neck round-bottom (RB) containing zinc metal
granulated through U-tube. The three neck round-bottom (RB) was connected to the gas burette
filled with water. Concentrated HCI was added to three neck round-bottom (RB) containing
zinc metal granulated in part wise to generate H, gas in-situ and this generate H, gas was
passed to 100 mL two neck round-bottom (RB) flask through U-tube. After evacuating the 100
mL two neck round-bottom (RB) flask was sealed off and hydrogen was admitted through this
apparatus. The mixture was stirred and heated at 60°C in an oil bath. After 24h, the mixture
was cooled to 0°C in an ice bath. The reaction solution was analyzed by '"H NMR spectroscopy
with an internal standard of mesitylene (0.5 mL). Caution: Reactions are associated with H,
gas. They should be carefully handled inside proper fume hoods without any flame, spark or

static electricity sources nearby. A picture of the typical reaction setup is provided below.
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Prior to use, the 100 mL two neck round-bottom (RB) flask was evacuated and repeatedly
purged with argon. Under an argon atmosphere, 100 mL two neck round-bottom (RB) flask
was charged with complex 1/2/3/4/5 (0.0025 mmol), THF (5.0 mL) and ethanol (10 mL), and
1.0 mL of methanesulfonic acid in THF. This two neck round-bottom was connected to three
neck round-bottom (RB) containing zinc metal granulated through U-tube. The three neck
round-bottom (RB) was connected to the gas burette filled with water. Concentrated HCI was
added to three neck round-bottom (RB) containing zinc metal granulated in part wise to
generate H, gas in-situ and this generate H, gas was passed to 100 mL two neck round-bottom
(RB) flask through U-tube. After evacuating the 100 mL two neck round-bottom (RB) flask
was sealed off and hydrogen was admitted through this apparatus. The mixture was stirred and
heated at 60°C in an oil bath by bubbling CO,(g) for 24 h at 1 atm. After 24h, the mixture was
cooled to 0°C in an ice bath. The reaction solution was analyzed by '"H NMR spectroscopy
with an internal standard of mesitylene (0.5 mL). Caution: Reactions are associated with H,
gas. They should be carefully handled inside proper fume hoods without any flame, spark or

static electricity sources nearby. A picture of the typical reaction setup is provided below.
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X-ray crystallographic study of complex 1.

Intensity data set for 1 was collected on a Bruker APEX Il CCD area detector
diffractometer using graphite monochromatized Mo-Ka radiation at 100(2) K. ApexIl,
and SAINT V8.34A software packages were used for data collection and data
integration for 1.° The structures were solved by direct methods using SHELXS-97, and
refined by full matrix least-squares with SHELXL-2014.°> The non-hydrogen atoms
were refined with anisotropic thermal parameters. All the hydrogen atoms were treated
using appropriate riding models. PLATON was also used for analyzing the
intermolecular interactions and stacking distances.®

Crystal structure description.

The crystal structure of 1 contains two independent molecules in the asymmetric unit. This
structure is exactly similar to [Ru(n®p-cymene)Cl,(PTA)] which was reported by Dyson and
coworkers in 2001.2 The metal center ruthenium in 1 is coordinated through phosphorus P1
from PTA, I, I2, and p-cymene ring in n® manner with an average Ru-C bond length of
2.215(4) A in each molecule (Fig. S28). Considering the p-cymene ring as a single
coordination site, overall coordination geometry about the metal center might be described as
typical “piano-stool” geometry. The p-cymene ring is almost planar, and ruthenium is
displaced by 1.711 A from centroid of the p-cymene ring. The Ru-I bond distances are
2.7004(5) A to 2.7234(5) A which are greater than that of Ru-Cl bond distances of [Ru(n%-p-
cymene)Cl(PTA)] [Ru-Cl=2.43A]. The Ru-P distances in complex 1 are 2.2859(11) A to
2.3013(11) A and comparable with Ru-P distances in [Ru(n®-p-cymene)Cl,(PTA)] [Ru-P
=2.296(2) and 2.298(3) A]. Crystal packing in 1 is stabilized by C-H---X type (X =1, N, O, =)
inter- and intramolecular hydrogen bonding. Relevant bond distances and bond angles (See

Table S2-4 & Figure S10, ESIY) are corroborated well with the reported values.”



Table S1. Catalytic hydrogenation of formate esters.?

0 [Ru(n®p-cymene)X,(PTA)|/[Rh(1n’-CsMes)X,(PTA/PTA-BH;)]
» MeOH + HOR

H OR H,

Entry Catalyst Acid® R P(H,) [atm] Reactant TON®

conversion
(%)

1 1 - Me 1 0 0

2. 1 MSA Me 1 96 1920
3. 1 MSA Et 1 93 930
4. 2 - Et 1 0 0

5. 2 MSA Me 1 81 1620
6. 2 MSA Et 1 78 780
7. 3 MSA Me 1 32 640
8. 4 MSA Me 1 0 0

9. 5 MSA Me 1 48 960
10. 5 MSA Et 1 44 440

aReaction  conditions: [Ru(n®-p-cymene)X,(PTA)]/[Rh(1)’-CsMes)X,(PTA/PTA-
BH3)] (0.0025 mmol), ethyl formate/methyl formate (2.5 mmol), THF (5 mL), H; (1
atm), 60°C, 24 h. ®Methanesulfonic acid (MSA) (I mL ). “TON= mol MeOH/mol
catalyst. In case of R=Me, Methyl Formate, Theoretical TON,,,x =2000. In case of R=Et,

Ethyl Formate, Theoretical TON,,,, =1000. The conversion of reactant with a

relative standard deviation of 0.10-2.01%.




Table S2. Crystal data and structure refinement for complex 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

Complex 1
C16H231,N3;OPRu
664.25

100(2) K
0.71073 A
Triclinic

P-1
a=7.2166(6) A
b=13.8579(14) A
c=21.181(2) A
2068.5(3) A3

4

2.133 Mg/m’
3.829 mm-1

1272

0.355 x 0.134 x 0.042 mm’
1.498 to 27.614°.

-7<h<9, -15<k<17, -23<1<27
22382

9536 [R(int) = 0.0347]

100.0 %

Semi-empirical from equivalents
0.3782 and 0.3254

Full-matrix least-squares on F2
9536 /8 /451

1.019

R;=0.0311, wR, =0.0578
R;=0.0468, wR, =0.0631
1.025 and -0.902 ¢.A”>

o= 79.132(6)°.
B=84.396(5)°.
v = 86.572(5)°.



Table S3. Bond lengths [A] and angles [°] for complex 1.

I(1)-Ru(1)
1(2)-Ru(1)
Ru(1)-C(2)
Ru(1)-C(3)
Ru(1)-C(4)
Ru(1)-C(1)
Ru(1)-C(6)
Ru(1)-C(5)
Ru(1)-P(1)
P(1)-C(11)
P(1)-C(15)
P(1)-C(14)
N(1)-C(16)
N(1)-C(12)
N(1)-C(11)
N(2)-C(15)
N(2)-C(13)
N(2)-C(12)
N(3)-C(13)
N(3)-C(14)
N(3)-C(16)
C(1)-C(2)
C(1)-C(6)
C(1)-C(7)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-C(10)
C(5)-C(6)
C(5)-H(5)
C(6)-H(6)
C(7)-C(9)

2.7004(5)
2.7144(5)
2.192(4)
2.189(4)
2.213(4)
2.217(4)
2.232(5)
2.252(5)
2.2859(11)
1.832(4)
1.834(4)
1.838(4)
1.446(5)
1.460(5)
1.466(5)
1.472(5)
1.475(5)
1.472(5)
1.455(5)
1.461(5)
1.468(5)
1.403(5)
1.423(6)
1.521(6)
1.422(6)
0.9500
1.397(6)
0.9500
1.425(6)
1.495(6)
1.380(7)
0.9500
0.9500
1.493(7)



C(7)-C(8)
C(7)-H(7)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)
C(13)-H(13B)
C(14)-H(14A)
C(14)-H(14B)
C(15)-H(15A)
C(15)-H(15B)
C(16)-H(16A)
C(16)-H(16B)
I(1A)-Ru(1A)
1(2A)-Ru(1A)
Ru(1A)-C(3A)
Ru(1A)-C(2A)
Ru(1A)-C(6A)
Ru(1A)-C(4A)
Ru(1A)-C(5A)
Ru(1A)-C(1A)
Ru(1A)-P(1A)
P(1A)-C(15A)
P(1A)-C(11A)
P(1A)-C(14A)
N(1A)-C(16A)

1.543(7)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
2.7234(5)
2.7031(5)
2.187(4)
2.199(4)
2.224(4)
2.224(4)
2.228(4)
2.228(4)
2.3013(11)
1.838(4)
1.843(4)
1.848(4)
1.452(5)



N(1A)-C(12A)
N(1A)-C(11A)
N(2A)-C(13A)
N(2A)-C(12A)
N(2A)-C(15A)
N(3A)-C(13A)
N(3A)-C(16A)
N(3A)-C(14A)
C(1A)-C(2A)
C(1A)-C(6A)
C(1A)-C(7A)
C(2A)-C(3A)
C(2A)-H(2A)
C(3A)-C(4A)
C(3A)-H(3A)
C(4A)-C(5A)
C(4A)-C(10A)
C(5A)-C(6A)
C(5A)-H(5A)
C(6A)-H(6A)
C(7A)-C(9A)
C(7A)-C(8A)
C(7A)-H(7A)
C(8A)-H(8AA)
C(8A)-H(8AB)
C(8A)-H(8AC)
C(9A)-H(9AA)
C(9A)-H(9AB)
C(9A)-H(9AC)
C(10A)-H(10D)
C(10A)-H(10E)
C(10A)-H(10F)
C(11A)-H(11C)
C(11A)-H(11D)
C(12A)-H(12C)
C(12A)-H(12D)

1.460(5)
1.467(5)
1.448(5)
1.468(5)
1.473(5)
1.472(5)
1.479(5)
1.477(5)
1.397(5)
1.429(5)
1.514(6)
1.409(6)
0.9500
1.393(5)
0.9500
1.420(5)
1.489(6)
1.384(6)
0.9500
0.9500
1.513(6)
1.518(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900
0.9900
0.9900

10



C(13A)-H(13C)
C(13A)-H(13D)
C(14A)-H(14C)
C(14A)-H(14D)
C(15A)-H(15C)
C(15A)-H(15D)
C(16A)-H(16C)
C(16A)-H(16D)
O(1S)-H(1SA)
O(1S)-H(1SB)
0(2S)-H(2SA)
0(2S)-H(2SB)

C(2)-Ru(1)-C(3)
C(2)-Ru(1)-C(4)
C(3)-Ru(1)-C(4)
C(2)-Ru(1)-C(1)
C(3)-Ru(1)-C(1)
C(4)-Ru(1)-C(1)
C(2)-Ru(1)-C(6)
C(3)-Ru(1)-C(6)
C(4)-Ru(1)-C(6)
C(1)-Ru(1)-C(6)
C(2)-Ru(1)-C(5)
C(3)-Ru(1)-C(5)
C(4)-Ru(1)-C(5)
C(1)-Ru(1)-C(5)
C(6)-Ru(1)-C(5)
C(2)-Ru(1)-P(1)
C(3)-Ru(1)-P(1)
C(4)-Ru(1)-P(1)
C(1)-Ru(1)-P(1)
C(6)-Ru(1)-P(1)
C(5)-Ru(1)-P(1)
C(2)-Ru(1)-I(1)

C(3)-Ru(1)-I(1)

0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.836(10)
0.852(10)
0.851(10)
0.850(10)

37.87(15)
67.67(15)
37.00(15)
37.09(14)
67.78(16)
80.46(16)
66.12(15)
78.17(16)
66.53(17)
37.31(15)
78.04(15)
65.99(15)
37.22(16)
66.51(16)
35.84(17)
91.78(11)
93.62(11)
120.26(12)
116.14(12)
153.37(12)
157.44(12)
119.32(11)
157.18(12)

11



C(4)-Ru(1)-I(1)
C(1)-Ru(1)-I(1)
C(6)-Ru(1)-I(1)
C(5)-Ru(1)-I(1)
P(1)-Ru(1)-I(1)
C(2)-Ru(1)-1(2)
C(3)-Ru(1)-1(2)
C(4)-Ru(1)-1(2)
C(1)-Ru(1)-1(2)
C(6)-Ru(1)-1(2)
C(5)-Ru(1)-1(2)
P(1)-Ru(1)-1(2)
1(1)-Ru(1)-1(2)
C(11)-P(1)-C(15)
C(11)-P(1)-C(14)
C(15)-P(1)-C(14)
C(11)-P(1)-Ru(1)
C(15)-P(1)-Ru(1)
C(14)-P(1)-Ru(1)
C(16)-N(1)-C(12)
C(16)-N(1)-C(11)
C(12)-N(1)-C(11)
C(15)-N(2)-C(13)
C(15)-N(2)-C(12)
C(13)-N(2)-C(12)
C(13)-N(3)-C(14)
C(13)-N(3)-C(16)
C(14)-N(3)-C(16)
C(2)-C(1)-C(6)
C(2)-C(1)-C(7)
C(6)-C(1)-C(7)
C(2)-C(1)-Ru(1)
C(6)-C(1)-Ru(1)
C(7)-C(1)-Ru(1)
C(1)-C(2)-C(3)
C(1)-C(2)-Ru(1)

152.62(11)
91.55(11)
91.31(13)

115.74(12)
86.81(3)

151.57(11)

113.96(12)
89.33(10)

158.34(11)

121.03(11)
93.91(11)
85.51(3)
88.833(14)
97.78(19)
98.79(19)
98.22(19)

116.79(15)

123.32(13)

117.32(14)

109.1(3)

110.6(3)

110.4(3)

110.4(3)

112.03)

108.3(3)

110.9(3)

108.6(3)

111.3(3)

117.3(4)

122.2(4)

120.2(4)
70.5(2)
71.9Q2)

133.3(3)

120.9(4)
72.42)

12



C(3)-C(2)-Ru(1)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
Ru(1)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-Ru(1)
C(2)-C(3)-Ru(1)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
Ru(1)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-C(10)
C(5)-C(4)-C(10)
C(3)-C(4)-Ru(1)
C(5)-C(4)-Ru(1)
C(10)-C(4)-Ru(1)
C(6)-C(5)-C(4)
C(6)-C(5)-Ru(1)
C(4)-C(5)-Ru(1)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
Ru(1)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-Ru(1)
C(1)-C(6)-Ru(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
Ru(1)-C(6)-H(6)
C(9)-C(7)-C(1)
C(9)-C(7)-C(8)
C(1)-C(7)-C(8)
C(9)-C(7)-H(7)
C(1)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)

71.0(2)
119.5
119.5
129.6
121.0(4)
72.42)
71.2Q2)
119.5
119.5
129.3
118.0(4)
120.6(4)
121.4(4)
70.6(2)
72.9(3)
129.2(3)
120.7(4)
71.3(3)
69.9(2)
119.6
119.6
132.2
121.9(4)
72.9(3)
70.8(2)
119.0
119.0
130.0
115.5(4)
111.2(4)
106.6(4)
107.7
107.7
107.7
109.5
109.5

13



H(8A)-C(8)-H(8B)
C(7)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(7)-C(9)-H(9A)
C(7)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(7)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(4)-C(10)-H(10A)
C(4)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(4)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
N(1)-C(11)-P(1)
N(1)-C(11)-H(11A)
P(1)-C(11)-H(11A)
N(1)-C(11)-H(11B)
P(1)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(1)-C(12)-N(2)
N(1)-C(12)-H(12A)
N(2)-C(12)-H(12A)
N(1)-C(12)-H(12B)
N(2)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
N(3)-C(13)-N(2)
N(3)-C(13)-H(13A)
N(2)-C(13)-H(13A)
N(3)-C(13)-H(13B)
N(2)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
N(3)-C(14)-P(1)
N(3)-C(14)-H(14A)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.8(3)
109.0
109.0
109.0
109.0
107.8
113.8(3)
108.8
108.8
108.8
108.8
107.7
114.3(3)
108.7
108.7
108.7
108.7
107.6
111.6(3)
109.3

14



P(1)-C(14)-H(14A)
N(3)-C(14)-H(14B)
P(1)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
N(2)-C(15)-P(1)
N(2)-C(15)-H(15A)
P(1)-C(15)-H(15A)
N(2)-C(15)-H(15B)
P(1)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
N(1)-C(16)-N(3)
N(1)-C(16)-H(16A)
N(3)-C(16)-H(16A)
N(1)-C(16)-H(16B)
N(3)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(3A)-Ru(1A)-C(2A)
C(3A)-Ru(1A)-C(6A)
C(2A)-Ru(1A)-C(6A)
C(3A)-Ru(1A)-C(4A)
C(2A)-Ru(1A)-C(4A)
C(6A)-Ru(1A)-C(4A)
C(3A)-Ru(1A)-C(5A)
C(2A)-Ru(1A)-C(5A)
C(6A)-Ru(1A)-C(5A)
C(4A)-Ru(1A)-C(5A)
C(3A)-Ru(1A)-C(1A)
C(2A)-Ru(1A)-C(1A)
C(6A)-Ru(1A)-C(1A)
C(4A)-Ru(1A)-C(1A)
C(5A)-Ru(1A)-C(1A)
C(3A)-Ru(1A)-P(1A)
C(2A)-Ru(1A)-P(1A)
C(6A)-Ru(1A)-P(1A)
C(4A)-Ru(1A)-P(1A)
C(5A)-Ru(1A)-P(1A)

109.3
109.3
109.3
108.0
111.7Q2)
109.3
109.3
109.3
109.3
107.9
115.003)
108.5
108.5
108.5
108.5
107.5
37.48(15)
77.95(15)
66.12(14)
36.82(14)
67.25(14)
66.48(15)
66.06(14)
78.32(14)
36.22(15)
37.21(14)
67.13(15)
36.80(14)
37.45(14)
80.00(15)
66.92(15)
93.56(11)
95.31(11)
158.82(10)
117.19(11)
154.13(11)

15



C(1A)-Ru(1A)-P(1A)
C(3A)-Ru(1A)-1(2A)
C(2A)-Ru(1A)-1(2A)
C(6A)-Ru(1A)-1(2A)
C(4A)-Ru(1A)-1(2A)
C(5A)-Ru(1A)-1(2A)
C(1A)-Ru(1A)-I(2A)
P(1A)-Ru(1A)-I(2A)
C(3A)-Ru(1A)-I(1A)
C(2A)-Ru(1A)-I(1A)
C(6A)-Ru(1A)-I(1A)
C(4A)-Ru(1A)-I(1A)
C(5A)-Ru(1A)-I(1A)
C(1A)-Ru(1A)-I(1A)
P(1A)-Ru(1A)-I(1A)
1(2A)-Ru(1A)-I(1A)
C(15A)-P(1A)-C(11A)
C(15A)-P(1A)-C(14A)
C(11A)-P(1A)-C(14A)
C(15A)-P(1A)-Ru(1A)
C(11A)-P(1A)-Ru(1A)
C(14A)-P(1A)-Ru(1A)
C(16A)-N(1A)-C(12A)
C(16A)-N(1A)-C(11A)
C(12A)-N(1A)-C(11A)
C(13A)-N(2A)-C(12A)
C(13A)-N(2A)-C(15A)
C(12A)-N(2A)-C(15A)
C(13A)-N(3A)-C(16A)
C(13A)-N(3A)-C(14A)
C(16A)-N(3A)-C(14A)
C(2A)-C(1A)-C(6A)
C(2A)-C(1A)-C(7A)
C(6A)-C(1A)-C(7A)
C(2A)-C(1A)-Ru(1A)
C(6A)-C(1A)-Ru(1A)

121.36(10)
116.95(11)
154.41(11)
115.61(10)
89.56(10)
89.78(10)
153.01(10)
85.56(3)
153.38(11)
115.98(11)
92.82(10)
156.42(10)
119.22(10)
90.30(10)
86.23(3)
89.599(14)
98.94(19)
97.64(19)
98.50(18)
116.88(14)
117.35(14)
122.98(12)
109.4(3)
111.4(3)
111.03)
108.2(3)
111.5(3)
111.2(3)
107.8(3)
111.1(3)
110.8(3)
117.2(4)
123.0(3)
119.7(3)
70.5(2)
71.1Q2)
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C(7A)-C(1A)-Ru(1A)
C(1A)-C(2A)-C(3A)
C(1A)-C(2A)-Ru(1A)
C(3A)-C(2A)-Ru(1A)
C(1A)-C(2A)-H(2A)
C(3A)-C(2A)-H(2A)
Ru(1A)-C(2A)-H(2A)
C(4A)-C(3A)-C(2A)
C(4A)-C(3A)-Ru(1A)
C(2A)-C(3A)-Ru(1A)
C(4A)-C(3A)-H(3A)
C(2A)-C(3A)-H(3A)
Ru(1A)-C(3A)-H(3A)
C(3A)-C(4A)-C(5A)
C(3A)-C(4A)-C(10A)
C(5A)-C(4A)-C(10A)
C(3A)-C(4A)-Ru(1A)
C(5A)-C(4A)-Ru(1A)
C(10A)-C(4A)-Ru(1A)
C(6A)-C(5A)-C(4A)
C(6A)-C(5A)-Ru(1A)
C(4A)-C(5A)-Ru(1A)
C(6A)-C(5A)-H(5A)
C(4A)-C(5A)-H(5A)
Ru(1A)-C(5A)-H(5A)
C(5A)-C(6A)-C(1A)
C(5A)-C(6A)-Ru(1A)
C(1A)-C(6A)-Ru(1A)
C(5A)-C(6A)-H(6A)
C(1A)-C(6A)-H(6A)
Ru(1A)-C(6A)-H(6A)
C(9A)-C(7A)-C(1A)
C(9A)-C(7A)-C(8A)
C(1A)-C(7A)-C(8A)
C(9A)-C(7A)-H(7A)
C(1A)-C(7A)-H(7A)

132.3(3)
120.9(3)
72.7(2)
70.8(2)
119.6
119.6
129.3
121.9(4)
73.0(2)
71.7(2)
119.1
119.1
128.5
117.6(4)
121.8(4)
120.6(4)
70.1(2)
71.5(2)
130.2(3)
120.8(4)
71.8(2)
71.2Q2)
119.6
119.6
130.0
121.7(4)
72.0(2)
71.4Q2)
119.2
119.2
130.1
113.7(4)
111.4(4)
109.1(4)
107.5
107.5
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C(8A)-C(7A)-H(7A)
C(7A)-C(8A)-H(8AA)
C(7A)-C(8A)-H(8AB)
H(8AA)-C(8A)-H(8AB)
C(7A)-C(8A)-H(8AC)
H(8AA)-C(8A)-H(8AC)
H(8AB)-C(8A)-H(8AC)
C(7A)-C(9A)-H(9AA)
C(7A)-C(9A)-H(9AB)
H(9AA)-C(9A)-H(9AB)
C(7A)-C(9A)-H(9AC)
H(9AA)-C(9A)-H(9AC)
H(9AB)-C(9A)-H(9AC)
C(4A)-C(10A)-H(10D)
C(4A)-C(10A)-H(10E)
H(10D)-C(10A)-H(10E)
C(4A)-C(10A)-H(10F)
H(10D)-C(10A)-H(10F)
H(10E)-C(10A)-H(10F)
N(1A)-C(11A)-P(1A)
N(1A)-C(11A)-H(11C)
P(1A)-C(11A)-H(11C)
N(1A)-C(11A)-H(11D)
P(1A)-C(11A)-H(11D)
H(11C)-C(11A)-H(11D)
N(1A)-C(12A)-N(2A)
N(1A)-C(12A)-H(12C)
N(2A)-C(12A)-H(12C)
N(1A)-C(12A)-H(12D)
N(2A)-C(12A)-H(12D)
H(12C)-C(12A)-H(12D)
N(2A)-C(13A)-N(3A)
N(2A)-C(13A)-H(13C)
N(3A)-C(13A)-H(13C)
N(2A)-C(13A)-H(13D)
N(3A)-C(13A)-H(13D)

107.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.5(3)
109.3
109.3
109.3
109.3
108.0
114.3(3)
108.7
108.7
108.7
108.7
107.6
114.9(3)
108.6
108.6
108.6
108.6
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H(13C)-C(13A)-H(13D)
N(3A)-C(14A)-P(1A)
N(3A)-C(14A)-H(14C)
P(1A)-C(14A)-H(14C)
N(3A)-C(14A)-H(14D)
P(1A)-C(14A)-H(14D)
H(14C)-C(14A)-H(14D)
N(2A)-C(15A)-P(1A)
N(2A)-C(15A)-H(15C)
P(1A)-C(15A)-H(15C)
N(2A)-C(15A)-H(15D)
P(1A)-C(15A)-H(15D)
H(15C)-C(15A)-H(15D)
N(1A)-C(16A)-N(3A)
N(1A)-C(16A)-H(16C)
N(3A)-C(16A)-H(16C)
N(1A)-C(16A)-H(16D)
N(3A)-C(16A)-H(16D)
H(16C)-C(16A)-H(16D)
H(1SA)-O(1S)-H(1SB)
H(2SA)-O(2S)-H(2SB)

107.5
111.7(2)
109.3
109.3
109.3
109.3
107.9
111.7(3)
109.3
109.3
109.3
109.3
107.9
114.1(3)
108.7
108.7
108.7
108.7
107.6
110(2)
106(2)
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Table S4. Hydrogen bonds for complex 1.

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(12)-H(12A)..0(1S)  0.99 2.65 3.517(5) 146.5
C(13)-H(13A)..N(1A)*  0.99 2.58 3.565(5) 174.9
C(13)-H(13B)...0(18)*2  0.99 2.60 3.502(5) 151.1
C(14)-H(14A)..12)* 0.9 321 4.174(4) 165.0
C(15)-H(15A)..1(2) 0.99 3.09 3.660(4) 117.8
C(15)-H(15B)...I(1) 0.99 3.09 3.669(4) 118.4
C(16)-H(16B)..0(1S)  0.99 2.58 3.466(5) 149.1
C(11A)-H(11C)..I(1A)* 0.99 3.29 4213(4) 156.5
C(11A)-H(11D)..IQ2"  0.99 3.29 4.182(4) 150.7
C(12A)-H(12D)..I(2A)* 0.99 3.28 4201(4) 154.9
C(13A)-H(13D)...I(2A)* 0.99 3.07 3.995(4) 155.9
C(14A)-H(14C)..I(1A)  0.99 3.13 3.701(4) 118.4
C(14A)-H(14D)..I(2A) 0.9 3.07 3.642(4) 118.1
C(15A)-H(15D)..I(2A)* 0.99 3.09 4.035(4) 160.8
O(1S)-H(I1SA)...0(2S) 0.836(10)  2.046(19)  2.751(4) 142(3)
O(1S)-H(I1SB)..N(3A) 0.852(10)  2.006(15)  2.845(4) 168(5)
0(2S)-H(2SB)..N(2)"** 0.850(10)  2.046(19)  2.858(4) 159(4)

Symmetry transformations used to generate equivalent atoms:
#l1= -x+2,-y+2,-z+1; #2= -x+1,-y+2,-z+1; #3= x-1,y,z; #4 =x+1,y,z; #5= -x+1,-y+1,-
z+1.



Table S5. Homogeneous catalysts reported in literature for CO, hydrogenation to methanol.
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Table S6. Summary of the heterogeneous catalysts for the hydrogenation of CO, to methanol.

Entry Pre-catalyst Solvent Additives Puzicoz (bar) T/°C t/h TOF/(h TON Ref.
mol)!
1. Ru(triphos)(TMM) THF/MeOH HNTY, 60/20 140 24 70 221 8
2. [Co/triphos] THF/EtOH HNTf, 70/20 100 96 ~1 78 9
3. Ru(tdppcy)(TMM) EtOH Al(OTH), 90/30 120 20 458 2148 10
4, [FeCl, {/3-HC(pz)s}] — PEHA 56/19 80 36 66 2387 11
5. Ru[P(CH,CH,PPh,);](H),, EtOH — 80/10 155 40 10.7 428 12
Sc(OTf);, Ir-PCP®Be
6. Ru-MACHO THF KOBu 50/— 140 72 1200 8700 | 13
(ZnBr,) —) (nBuyNBr) (—/40) (140) | 3)
7. Ru-MACHO THF KOBu 50/- 160 1 3600 3600 | 14
(Ru-MACHO) (THF) (Morpholine) (35/35) (120) (40)
8. Ru-MACHO-BH THF NHMe,, K5PO, 50/2.5 95 to | 18 + | 6 220 15
155 18
9. Ru-MACHO-BH Triglyme, THF, PEHA, K;PO, 67.5/7.5 145 200 70 >200 | 16
or 1,4- 0
dioxane/water
10. Ru-MACHO-BH 2-MTHF K;PO, 70/— 145 72 ~70 520 17
—) (Water) (PEHA) (—/0.07) (r.t) (4)
11. Ru-MACHO-BH THF Pyrrolizidines, K3PO4 65/10 155 134 >1 28 18
12. Ru-MACHO-BH THF Poly(ethyleneimine) 60/20 150 100 [ 599 19
13. Ru-MACHO-BH Triglyme PEHA, K;PO, 56/19 145 244 41 9900 | 20
14. Ru-MACHO-BH THF SSA 60/20 145 40 13 520 21
15. Ru-MACHO-BH Ethylene glycol — 70/— 140 20 10 200 22
(—) (Ethylene glycol) (KOH) (air) (r.t) 3)
16. Mn-PiPNPiPr THF — 80/— 150 36 1 36 23
(Mn-PiPrNPiPr) (THF) (Amine, KO'Bu) (30/30) (110) | (36)
17. Fe-PiPrNPiPr THF LiOTf, DBU 80/— 100 16 16 590 24
(Fe-Pi"NPiPr) (THF) (Morpholine, 3A | (80/17) (100) | (16)
malecularcular sieves)
18. Ru-bisPN Toluene iPr,NH, NaOEt 30/10 100 20 4500 8900 | 25
19. Ru-PBUNPYNPY/Ru-PBUNPYN®BURy- | THF 10-50/— 110 14-72 | ~1-2500 57- 26
PBUNPYNPY/Ru—PBUNPYNBu (n.r.) — (n.r.) (n.r.) (n.r.) 4700
20. Mn-PBUNPYNPY/Mn-PBuNPYNBu Toluene 20-50/— 130— | 50 ~1 ~50 27
(n.r.) KH/KO'Bu (n.r.) 150 (n.r.)
(hr)
21. Ru-PB"NPY N, DMSO KO'Bu 60/— 135 72 <1 30 28
(Cs,CO3) (DMSO) [ —3) (150) | (24)
22. Ru(PMe;),(OAc)Cl, Sc(OTf);,Ru- | MeOH, 29
PBUNPYNPY 1,4-dioxane — 30/10 75— 16 ~1 21
135
23. Ru-PBuNPYNPYNEt iPrOH BuOK, NHMe, 50/2.5 90 to | 48 + 173 2100 | 30
2
>170 | 72
24. [Ru3(CO),5] NMP KI 20/60 240 3 10 32 31




Catalyst H,/CO, ratio Tr Pr Conv. Sel. STY? | Ref.
°C) (MPa) | (%) (%)

Cu/ZnO based | Cu/plate ZnO/ALO; 22:1 270 4.5 10.9 72.7 N/A 35
Cu/Zn/Ga/hydrophobic SiO, 3:1 270 2 5.6 99.5 348.8 | 36
Cu/Ga/ZnO 3:1 270 2 6.0 88.0 378 37
CuZnGa-LDH 3:1 270 4.5 ~20 ~49 590 38
Cu@ZnOy (core-shell) 3:1 250 3 2.3 100 147.2 39
Cu/Zn/AllY 3:1 250 5 26.9 52.4 520 40

Cu/ZrO, based | Cu/ZnO/ZrO, 3:1 240 3 17.5 48.4 N/A 41
Cu/Zn/ZrO, 3:1 220 3 12.0 71.1 N/A 42
Cu/Zn/ZrO, 3:1 240 3 17.0 56.2 N/A 43
Cu/Ga,03/NC ZrO, 3:1 250 2 13.7 75.6 61.76 | 44
La-Cu/ZrO, 3:1 220 3 5.8 72 N/A 45
Cu/Zn0O/Zr0y/Ga,0; 3:1 250 8 N/A 75 324 46
Cu/Zn0O/Zr0,/Ga,0; 3:1 250 8 N/A 70 382 46
Ga-Cu-ZnO-ZrO, 3:1 250 7 22 72 704 47
Cu-ZnO-ZrO, 3:1 240 5 9.7 62 1200 48
Cu-ZnO/Zr0O, 3:1 240 3 9.0 N/A 1200 49
Cu-ZnO-ZrO, 3:1 240 3 12.1 54.1 N/A 50
Cu/ZrO, 3:1 240 2 6.3 48.8 360 51
Lay gZry>Cug7Zng 304 3:1 250 5 12.6 52.5 100 52
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Cu-MOF Pd- | CuZn@UiO-bpy 301 250 |4 33 100 ] 259 |53
Based Pd/ZnO 301 250 |2 10.7 60 774 | 54
Pd/Zn0-ALO; 301 180 |3 2.9 794 | N/A |55
PdZn-400 301 270 | 45 15.1 562 | 650 |56
Pd/plate Ga,0O; 3:1 250 5 17.3 51.6 N/A 57,58
Pd/Zn/CNTs 301 250 |3 6.3 996 |37.1 |59
Pd/In,0; 301 300 |5 20 70 890 | 60
Au-Based AWZnO 301 240 |05 03 83 NA | 61
Bi-Metallic | Pd-Cu/SBA-15 3:1 250 | 4.1 6.5 23 230 |62
Pd-Cu/SiO, 301 250 | 4.1 6.6 34 357 |62
Inter-metallic PdZnAl 3:1 250 3 0.6 60 N/A 63
NiGa/SiO, 301 200 | 0.1 N/A N/A | 90-125 | 64
Cur Iny-In;0; 301 280 |3 114 805 | 196 |65
Hybrid oxide | In,0+/ZrO, 4:1 300 |5 52 998 | 321 66
pressure
Zn0—Z10, 4:1 320 |5 10 91 720 | 67
GaaZrO, 301 300 |5 124 80 68
Cu-ZnO/ALO; 10: 1 260 | 36 65.8 773 | 7729.1 | 69

*STY (gMeOH kgcat-l h-l)n bgMeOH kgcu-1 h! .

Amount of reactant (HCOOR)= 2.5 mmol
Catalyst used =0.0025 mmol
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TON= mmol of product/ mmol of catalyst
Theoretically, from 2.5 mmol of product.
In case of R=Me, HCOOMe, equation would be:

[}

c| o, CH4OH + CH;OH
n l\OMe
2.5 mmol 2.5mmol 2.5 mmol (Theoretically)

This means, 2.5 mmol of substrate(methyl formate) would form 5 mmol of MeOH
theoretically. So,

Theoretical TON would be:

TON= mmol of MeOH/mmol of catalyst = 5/0.0025 = 2000.

In case of R= Et, HCOOEt, equation would be:

(V]

C| H, CH,OH + EtOH
n l\OEt
2.5 mmol 2.5mmol 2.5 mmol (Theoretically)

This means, 2.5 mmol of substrate(Ethyl formate) would form 2.5 mmol of MeOH
theoretically. So,

Theoretical TON would be:

TON= mmol of MeOH/mmol of catalyst =2.5/0.0025= 1000.
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Figure S1. 'H NMR spectrum of [Ru(n®-p-cymene)I,(PTA)] in CDCl;.
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Figure S2. 3'P NMR spectrum of [Ru(n®-p-cymene)l,(PTA)] in CDCls.
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Figure S3. '"H NMR spectrum of [Rh(7°-CsMes)CI,(PTA)] in CDCls.
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Figure S4. 3'P NMR spectrum of [Rh(°-CsMes)CI(PTA)] in CDCls.
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Figure S5. 'H NMR spectrum of [Rh(#°-CsMes)H; {N-B-PTA(BH3)}] in CgDs.
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Figure S6. '"H NMR spectrum of [Rh(7°-CsMes)H, {N-B-PTA(BH3)}] in CgDs.
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Figure S7. 3'P NMR spectrum of [Rh(#°-CsMes)H, {N-B-PTA(BH3)}] in C¢Ds.

32



——-14.4662
144931

l

IR N I R N N N RN NN
-10.0 -11.0 -12.0 -13.0 -14.0 -15.0 -16.0 -17.0 -18.0

X : parts per Million : 1H

Figure S8. '"H NMR spectrum of [Rh(#’-CsMes)H>(PTA)] in C¢Dg. The region
from -10 to -18 ppm showing Rh-H signal.
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Figure S9. 3'P NMR spectrum of [Rh(#°-CsMes)H,(PTA)] in CgDs.
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Figure S10. Ortep diagram of 1 showing inter- and intramolecular hydrogen bond interactions

in the crystal lattice.
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Figure S11. '"H NMR spectrum for reaction solution from ethyl formate hydrogenation in
CDCl; solvent with an internal standard mesitylene. Conditions: [Ru(n®-p-
cymene)l,(PTA)] (0.0025 mmol), 1.0 atm H,, ethyl formate (2.5 mmol),
Methanesulfonic acid (1.0 mL), 60°C, 24h, in 5 mL THF.
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Figure S12. '"H NMR spectrum for reaction solution from CO, hydrogenation in CDCl;
solvent with an internal standard mesitylene. Conditions: [Ru(n®-p-cymene)l,(PTA)]
(0.0025 mmol), ethanol(10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid (1.0
mL), 60°C, 24h, in 5 mL THF.
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Figure S13. '"H NMR spectrum for reaction solution from CO, hydrogenation in CgDy
solvent with an internal standard mesitylene. Conditions: [Rh(#°-CsMes)H,(PTA)]
(0.0025 mmol), ethanol(10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid (1.0
mL), 60°C, 24h, in 5 mL THF.
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Figure S14. '"H NMR spectrum for reaction solution from CO, hydrogenation in dmso-d;
solvent with an internal standard mesitylene. Conditions: [Ru(n®-p-cymene)l,(PTA)]

(0.0025 mmol), CD;0D (10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid (1.0

mL), 60°C, 24h, in 5 mL THF.

X : parts per Million : 1H
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Figure S15. 'H NMR spectrum for reaction solution from CO, hydrogenation in dmso-ds
solvent with an internal standard mesitylene. Conditions: [Ru(n®-p-cymene)l,(PTA)]
(0.0025 mmol), 3CD;0D (10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid (1.0
mL), 60°C, 24h, in 5 mL THF.
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Figure S16. '"H NMR spectrum for reaction solution from CO, hydrogenation in C¢Dg
solvent with an internal standard mesitylene. Conditions: [Rh(#°-CsMes)H(PTA)]

(0.0025 mmol), CD;0OD (10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid (1.0
mL), 60°C, 24h, in 5 mL THF.
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Figure S17. 'H NMR spectrum for a representative CO, hydrogenation using 5 together
with HNTHf; after 3h. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Rh(#3-CsMes)H(PTA)]
(0.0025 mmol), EtOH (10 mmol), HNTf; (0.0025 mmol) was run in SmL THF. The region
from -10.0 to -18.0 ppm showing Rh-H signal.
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Figure S18. Time-resolved 'H NMR spectra for a representative CO, hydrogenation
using 1 together with HNTf,. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Ru(n°-p-

cymene)l,(PTA)] (0.0025 mmol), EtOH (10 mmol), HNTf; (0.0025 mmol) was run in

SmL THF and 0.25 mL of the reaction mixture was dissolved into 1.0 mL of CDCl; with

internal standard mesitylene for analysis by NMR spectroscopy (Table 3, entry 10). The
region from 0 to 9 ppm showing formate and catalyst [Ru(n®-p-cymene)l,(PTA)]

signals are shown. Spectra were acquired at room temperature in CDCl; solvent with

internal standard mesitylene.
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Figure S19. 'H NMR spectrum for a representative CO, hydrogenation using 1 together
with HNTf, after 3h. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Ru(n’-p-
cymene)l,(PTA)] (0.0025 mmol), EtOH (10 mmol), HNTf; (0.0025 mmol) was run in
SmL THF. The region from -10.0 to -11.0 ppm showing Ru-H signal.
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Figure S20. *C NMR spectrum of reaction mixture for a representative CO, hydrogenation
using 1 together with HNTT, after 16h. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Ru(n°-
p-cymene)l,(PTA)] (0.0025 mmol), EtOH (10 mmol), HNTf, (0.0025 mmol) was run in
SmL THF.
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Figure S21. '3C NMR spectrum of reaction mixture for a representative CO, hydrogenation
using 1 together with HNTT; after 24h. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Ru(n°-

p-cymene)l,(PTA)] (0.0025 mmol), EtOH (10 mmol), HNTf, (0.0025 mmol) was run in
SmL THF.
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Figure S22. 3C NMR spectrum of reaction mixture for a representative CO, hydrogenation
using 5 together with HNTHT; after 16h. Conditions: 3.0 atm H,, 1 atm CO,, 60°C, [Rh(#>-

CsMes)H,(PTA)] (0.0025 mmol), EtOH (10 mmol), HNTf, (0.0025 mmol) was run in
SmL THF.
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Figure S23. 3'P NMR spectrum of the reaction solution from a CO, hydrogenation
reaction using 1 together with HNTT; after 24h in CDCl;.
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Figure S24. HR-ESI-MS measurement of a post-catalytic reaction mixture for a representative
CO, hydrogenation using 1 together with HNTT, after 3h in MeOH.
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Figure S25. HR-ESI-MS measurement of a post-catalytic reaction mixture for a representative
CO; hydrogenation using 1 together with HNTT, after 16h in MeOH.
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Figure S26. HR-ESI-MS measurement of a post-catalytic reaction mixture for a representative
CO, hydrogenation using 5 together with HNTT; after 16h in MeOH.
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Figure S27. Stack plot of the '"H NMR spectra showing the time course of a
typical reaction recorded over 24 h. Conditions: [Ru(n®p-cymene)l,(PTA)]
(0.0025 mmol), ethanol(10 mmol), 3.0 atm H,, 1 atm CO,, Methanesulfonic acid
(1.0 mL), 60°C was run in 5 mL THF.
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Figure S27. Representative gas chromatogram of the reaction solution from a CO,

hydrogenation reaction using 1 together with HNTT; after 24h.
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Figure S28. ORTEP view of 1 with 50% probability ellipsoids-one of the two
unique molecules and solvent water omitted for clarity.
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Figure 29. Plausible mechanism for the hydrogenation of CO, catalyzed by the
[Ru(n®-p-cymene)X,(PTA)]/[Rh(1)°>-CsMes)X,(PTA)] complex.
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Figure S30. Representative gas chromatogram of the reaction solution from a CO,
hydrogenation reaction using 1 together with HNTT, after 16h.
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