Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2015

Supplementary Information

Highly Selective Hydrogenation of CO, into C,. Alcohols by
Homogeneous Catalysis

Qingli Qian*, Meng Cui, Zhenhong He, Congyi Wu, Qinggong Zhu, Zhaofu Zhang, Jun Ma,
Guanying Yang, Jingjing Zhang and Buxing Han*

Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Colloid, Interface and Chemical

Thermodynamics, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China.

Supplementary Figures

Chromatogram (TIC)

Library
Target
Line#:1 R.Time: (Scand:126) MassPeaks:33 BascPeak:31.15(16111)
RawMode Averag 233.1.2500125-127)  RG ModeCale. from Peak
100 4
1
|
|
i 2| M
T T T T T T T
o 10 20 30 40 50 o0 0 80

ibrary:NIST107 LIB
H40 CAS:67-56-1 MolWeight:32 Retlndex:0

M ¥l Alcohol $5 Methanol §8 Carbinol $5 Methyl hydroxide $5 Methylol 5 Monohydroxymerhane 5§ Woad alcobol § CHIOH $8 ¢
H H
‘l " I |+()
i ‘ !
1 bl Il
T T T T T T T T T T T T
[} 0] 20 30 40 50 &0 0 80




<< Target ==
Line#2 R.Time:l 308{Scan# 134) MassPeaks:44 BasePeak:31.15(209859)
RawMede: Averaged 1.300-1.317(133-135) BG Mode:Cale, from Peak

100 -

100

x| ]
T T T T T T 1 T T T T T T T T T T T T
o 1] 20 30 40 50 &0 0 80
Hir#:1 Emiry:51 Library:NIST107 LIB
S92 Formola:CIZHEO CAS:64-17-5 MolWeight:46 Retlndex:0
CompName:Ethanol $3 Ethyl alcohol $§ Alcohol $8 Alcohol anhydrous S8 Algrain §5 Anliydrol $§ Denatused ethanol $§ Ethyl hydsate $5 Ethyl liyds

] ' \\/OH
LA T (A il
T T T T ¥ T T T T T T T T T T T T T
o 0] 20 30 40 50 &0 0 80
<< Target >>
Linet:3 R Time:1.508(Scan®: 158) MassPeaks:35  BasePeak:31.20(118710)
RawMode Averaged 1.500-1.517(157-159) BG Mode:Cale. from Peak
: 3l
2 2 59
20 ol L) [
T T T T T T 1 T T T T T T T T T T T T
[ 10 20 30 40 50 60 o 80

Hit#:] Entry:144 Library:NISTOS.LIB
S1:96 Formula:C3HS0 CAS:71-23-8 MolWeight:60 Retindex:362
CompName: 1-Propanol $3 Propyl alcohol 53 n-Propan-1-ol $5 n-Propanol $8 n-Propyl alcohol $8 Ethiylearbinel $3 Opral $8 Osmoscl exira $§ Propa

100 E
] OH
./\\,/
-
T 42 E
i o i [
T T T t T T T T f t T T 1 T T T T T T

0 10 20 30 a0 50 60 70 80

<< Tﬁ[g{l 3=

Linet#:4 R.Tone:1.783(Scan#:191) MassPeaks: 44 BascPeak:43.20070853)

RewMode: Averaged 1.775-1.792(190-192) BG Mede:Cale, from Peak

¥
-
4
2 iy ‘ . il Ll
T T T T T 1 1 T T T T T T T T
o 10 20 k] 40 S0 o0 0 80

Hirw:] Entry:468 Library NIST21.LIR

5194 Formula CAH100 CAS:78.83-1 MolWeight:74 Retindex:0

CompName: 1-Propanol. 2-methyl-

100 Ed

» \ CH

. e Y || PO A ;

0 10 20 Y 40 a0 L] 0 i
<< Target ==
Line#5 R.Time:2008(Scan¥:218) MassPeaks:55 BasePeak:31.20(61330)
RawMode: Averaged 2.000-2.017(217-219) BG Mode:Calc. from Peak

i
43
B 27
[‘.,‘,,.,‘1,.‘,,,.‘,1‘.,%"r1 ,h ;l,,,;llJ J J}h,.ru»JJ I RS R R AR RS R R RN
a 1] 20 30 40 50 o0 0 50
itf:] Entry:3%6 Library:NIST0S LID

Fornula:CAHI00 CAS.T1-36-3 MolWeight:74 Retlndex:662
CmnpName'l-Bulmlul 5% Butyl alcohol $% n-Butan-1-0] $5 n-Butanol §5 n-Buryl alcolol $5 Buryl 1 ide §8 CCS 203 85 H p 88 Methyloly
10 v

45
2
4 | //\V/\__OH
1, \ | | ‘ | || ‘ Ll ] 7
T T T T T T T RAARS R T T T T T T T T T
o 1] 20 30 40 50 0 0 80

2/9



<< Target >>
Line# 6 R.Time:2 775(5can#310) MassPeaksi4l BasePeak:56.20(14784)
RawMode:Averaged 2.767-2.783(309.311) BG Mode:Cale. from Peak

]

37‘

: . : . 25) | | | | || |
o 10 0 30 an 50 60 70
Hit#:1 Entry:1045 Library NISTO8s LIB

5195 Formnla:CSHI20 CAS:137-32-6 MolWeight88 RetIndex:697

8

CompName: 1-Butanol, 2-methyl- $5 sec-Butylcarbmol 33 Active Amyl alcohol $% Active primary amyl alcohiol 38 Primary active amyl alcohol $5 2-

100 .

| o

Hir#:1 Enfry:16 Library NISTOS.LIB
5196 Formmla.CHAO0 CAS67-536-1 MolWeight 32 Reiludex.0

CompNune:Methyl Alcobol 5% Methanol 55 Carbinol $5 Methyl hydroxide $5 Methylol $5 Monohydroxymethane 55 Wood alcoliol 55 CH30L 88 €

= 5 N
. . :."l-i- |i'||= 'u--|'| . ! . . .
] 10 20 30 40 50 60 0 80
Fig. S1. GC-MS spectra of the product of Entry 1 in Table 1.
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Fig. S2. GC-MS spectra of CH;OH-"C tracer experiment.
Reaction conditions: 28.2 pmol Ru3(CO);;and 51.5 pumol Rhy(C0O)4Cl, (based on metal), 2.26 mmol

Lil, 2 mL DMI, 25 pL methanol-**C (0.62 mmol), 4 MPa CO, and 4 MPa H, (at room temperature),
200 °C, 12 hrs.

4/9



Chromatogram (TIC)

[500.000
I
i
[ |
I
|
|
|
|
\
|
A
= -
f A \J’{\M__;_ TIC*1.00
10 20 30
min
Library
<< Target >>

Line#:1 R.Time:l.258(Scan#:128) MassPeaks:15 BasePeak:31.10(5336)
RawMode:Averaged 1.250-1.267(127-129) BG Mode:Calc. from Peak

0 23 ‘I
T T f T 1 T T T T T T T T T T T
10 0 30 a0 50 60 0
Hil Entry:15 Library:NIST147 LIB
SL92 Formula:CH40 CAS:67-56-1 MolWeight:32 Retlndex:0

CompName:Methyl Alcohol $3 Methanol $8 Carbinol §5 Methyl hydroxide 58 Methylol §5 Monohydroxymethane $5 Wood alcoliol 8% CH3OH 858 €

100+ ]
H o
/
] H 0]
. H
IEN| i
T T T T T T T T T T T T T T T T T T T
0 10 0 30 a0 0 60 7o 50
<< Target >>
Line#2 R.Time:1.333(Scan#:137) MassPeaks:37 BasePeak:32.10{(8%9468)
RawMode:Averaged 1.325-1.342(136-138) BG Mode:Cale. from Peak
] 47
||‘ |
S-S 1 1 1§ R 1] N
a 10 20 30 40 50 60 70 80
Hir#:1 Entry:60 Library:NIST21.LIB
SI:  Formula:C2H60 CAS:64-17-5 MolWeight:46 Retlndex:0
CompName:Ethanol
100
] ~__OH
27
L= L I | I | I |
T T T T f 1 T T f T T T T T T T
0 10 20 30 40 50 60 70 80
<< Target ==
Line#:3 R.Time:1.533(Scan#:161) MassPeaks:28 BasePeak:31.10(10605)
RawMode:Averaged 1.525-1.542(160-162) BG Mode:Cale. from Peak
i Ell
0 7 "y g
T T T T T T T - T T - T T T T T
0 10 20 30 40 50 60 o 80

Hit#:1 Entry:150 Library’NIST02s LIB
SEET FormulaC3HEO CAS:71-23-8 MolWeight:60 Retlndex:562

‘CompName: 1-Propancl $3 Propyl aleohol 55 n-Propan-1-ol $5 n-Propanol 5% n-Propyl alcohol $5 Ethylcarbinol $3 Optal $5 Osmosol extra §5 Propar
100
10+

P




<= Target ==
Line#:4 R.Time:1.803(Scani 193) MassPeaks:38 BasePeak:43.10(7527)

RawMode: Averaged 1.792-1.808(192-194) BG Mode:Calc. from Peak
100

I

-

N

e . ‘lo....J‘flr; Iy e
0 10 20 30

Hi#:4 Entry:379 Library:NIST107.LIB

SI:92 Formula:C4H100 CAS:78-83-1 MaolWeight:74 Reflndex:0
CompName: 1-Propanol, 2-methyl- $3 Isobutyl alcohol $$ Isobuianol $3 Isopropylearbinel $5 2-Methyl-1-propanol $$ iso-C4HIOH $% Fermentation

100 -
OH

Fig. S3. GC-MS spectra of C,HsOH-"3C, tracer experiment
Reaction conditions: 28.2 pmol Ru3(CO);2and 51.5 pmol Rhy(C0O)4Cl; (based on metal), 2.26 mmol
Lil, 2 mL DMI, 25 pL ethanol-"*C; (0.43 mmol), 4 MPa CO, and 4 MPa H, (at room temperature),

200 °C, 12 hrs.
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Fig. S4. Representative GC trace of reaction solution after CO, hydrogenation with internal standard

toluene. The reaction condition is the same as that given in Entry 1 of Table 1.



Table S1. The performances of various catalytic systems for CO, hydrogenation to C,. alcohols
(with every alcohol).?

STY (C-mmol/L-h) Ca.alcohol
Entry Catalyst Promoter Solvent Methanol  Ethanol  Propanol 2-methyl o o 2-methyl Total selectivity,
propanol butanol %
Ru3(CO)yof ;
1 Rh,(CO).Cl, Lil DMI 0.46 6.09 1.76 1.52 2.28 0.75 12.86 96.4
b Ru3(CO).o/ B . - R -
2 RN,(CO).Cl, DMI 0.35 0.01 0.36 2.8
Ru3(CO)yo,
3 Rh,(CO),Cl, Kl DMI 13.17 0.90 0.11 0.09 0.06 0.03 14.36 8.3
Ru3(CO)yz, : i i
4 Rh,(CO).Cl, LiCl DMI 13.3 2.43 0.34 0.10 16.17 17.7
5 Ru3(CO), Lil DMI 2.42 0.01 - - - - 2.43 0.4
6°  Rh,(CO),CL Lil DMI 1.04 0.03 - - - - 1.07 2.9
Ru3(CO)yo, :
7 Rh,(CO).Cl, Lil NMP 141 1.07 0.49 0.68 1.19 0.27 5.11 724
b RU3(CO)12, R l'MethyI _ _ _ _ _
& Rnconcl, M piperidine %Y 207 0.0
b Ru3(CO)yo, ; . . - R -
9 Rh,(CO).Cl, Lil DMF 7.64 7.64 0.0
b Ru3(CO)yo, : } ) ) ) } ) ) )
10" oh(CONCl, Lil THF
11° Ruz(CO)y,, Lil Cyclohex i i i i i i i i
Rhy(CO),Cl, ane
b Ru3(CO)yo, ; . - R -
12 Rh,(CO).Cl, Lil Water 1.36 0.09 1.45 6.5
b RuCl;-3H,0, : ) . - ;
13 Rh,(CO),Cl, Lil DMI 2.52 0.21 2.73 7.4
Ruz(CO)y,, .
b 3 12 _ _ _ _
14 RhCly- 110 Lil DMI 3.20 0.18 3.38 5.7
Ruz(CO)y,, .
15° 3 12 Lil DMI 2.54 0.82 0.04 - - - 3.40 254
Rhs(CO)s6

[a] Reaction conditions: 28.2 umol Ru catalyst and 51.5 pmol Rh catalyst (based on the metal), 2.26 mmol promoter, 2
mL solvent, 4 MPa CO, and 4 MPa H, (at room temperature), 200 °C, 12 hrs. STY stands for space time yield.
[b] Precipitate was observed after the reaction.



Table S2. Effect of reaction parameters on hydrogenation of CO, to alcohols (with every alcohol).?

Ru/Rh Lil CO,/H, STY [C-mmol/L-h] C,.OH

Entry [umol] [mmol] [MPa]  Methanol Ethanol  Propanol ,zgr?;atgg: Butanol Zt;umt:;ho){l Total selec;;:wty,
1 28.2/51.5 2.26 1/1 0.26 0.45 0.14 0.23 0.05 0 1.13 77.0
2 28.2/51.5 2.26 212 0.32 1.19 0.41 0.57 0.75 0.15 3.39 90.6
3 28.2/51.5 2.26 3/3 0.40 2.06 0.75 0.86 1.03 0.27 5.37 92.6
4 28.2/51.5 2.26 4/4 0.46 6.09 1.76 1.52 2.28 0.75 12.86 96.4
5 28.2/51.5 2.26 5/5 0.55 8.19 1.65 1.38 1.75 0.58 14.10 96.1
6 28.2/51.5 2.26 2/6 12.61 5.43 0.85 0.45 1.13 0.19 20.66 39.0
7 28.2/51.5 2.26 6/2 0.50 1.09 0.39 0.28 0.68 0.23 3.17 84.2
8 28.2/51.5 1.13 4/4 8.47 2.38 0.90 0.62 1.61 0.27 14.25 40.6
9 28.2/51.5 3.39 4/4 0.17 2.76 0.96 0.77 0.91 0.31 5.88 97.1
10 8.0/71.7 2.26 4/4 0.53 1.46 0.59 0.27 0.42 0.05 3.32 84.0
11 39.9/39.9 2.26 4/4 2.79 5.51 0.94 0.82 1.72 0.29 12.07 76.9
12 55.8/23.9 2.26 4/4 1.68 3.48 0.61 1.05 1.37 0.38 8.57 80.4
13 0/0 2.26 4/4 0 0 0 0 0 0 0 -
14 14.1/25.8 2.26 4/4 2.34 0.95 0.28 0.32 0.48 0.11 4.48 47.8
15 42.3/77.3 2.26 4/4 0.99 7.89 2.20 1.93 2.37 0.93 16.31 93.9

[a] Reaction conditions: Ruz(CO);,/Rh,(C0O),Cl, was used as catalysts and their dosage was based on metal, Lil was used as promoter,
2 mL DMI, 200 °C,12 hrs.
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Table S3. The results to test the recyclability of catalyst for CO, hydrogenation reaction.

Reaction STY [C-mmol/L-h] C,.0H
cycles Methanol ~ Ethanol  Propanol Zmethyl g anot ZMEYE oy selectivity,
propanol butanol %
1 0.46 6.09 1.76 1.52 2.28 0.75 12.86 96.4
2 0.43 5.92 1.85 1.48 2.35 0.79 12.82 96.6
3 0.49 6.18 1.69 1.55 2.12 0.67 12.70 96.1
4 0.38 5.99 1.70 1.61 2.31 0.63 12.62 97.0
5 0.47 6.02 1.66 1.58 2.10 0.66 12.49 96.2

[a] Reaction conditions: 28.2 pmol Ruz(CO), and 51.5 pmol Rh,(CO),Cl, (based on metal), 2.26 mmol Lil, 2 mL DMI, 4 MPa CO,
and 4 MPa H, (at room temperature), 200 °C, 12 hrs.



