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Disadvantages of CO, and Advantages of CH,;OH

he Greenhouse Effect o
Harmful Effects of Carbon Dioxide

Some solar radiation Same of the infrared #Rising sea levels

is reflected by the radiation passes through ¢ Increased drought and wild fires
Earth and the thpe atmosphegne, 9

ks s and some is absorbed and ¢ Stress on forests
\ , re-emmitted in all directions ¢ Disruption of agriculture

by greenhouse gas
molecules. The effect of
this is to warm the Earth's
surface and the lower
atmosphere.
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anol Fuel Cell



Hydrosilylation of CO,
Catalysed by Ru Complexes

\gi/\ Catalyst (1 mol%) /[O]\ |
0=C=0 + k —» O,si\/
CO5, (30 kg/cm?)

1 2 benzene, 20 h 3

HSIiR3 Catalyst T(°C) 3 (mol %)
HSiMeEt; RuCl,(PPh3); 100 14
" " 80 1
" " 120 4
RuHy(PPhs3), 100 6
" Pd(PPh3)4 100 1
HSiMe(OMe),  RuCly(PPhs); 100 1

Koinuma, H.; Kawakami, F.; Kato, G.; Hirai, H. J.C.S. Chem. Comm. 1981, 213-214.



Hydrosilylation of CO,
Catalysed by Ru Complexes

r N
Inactive Catalyst
H
NeiTN Catalyst (1 mol%) j])\ | RhCI(PPh3)3
0=C=0 + k > S
CO, (30 kg/cm?) H™ 07 | Rh(CO)CI(PPhs),
1 2 benzene, 20 h 3 PdC|2
\_ J
Indication of higher reactivity of 2
towards CO, than towards 3.
H ') ,/ ﬁ
i !
K + H o~ ,\/ \ \// I\O/\O/Si\/
2 3

Koinuma, H.; Kawakami, F.; Kato, G.; Hirai, H. J.C.S. Chem. Comm. 1981, 213-214.



Pros and Cons of Ru Complexes for

Hydrosilylation of CO,
Pros Cons
#First insertion of Si-H bond #Use of pressure
into C=0 bond 30 Kg/cm? = 29 psi
¢ Some catalytic activity seen ¢ Use of heat

4 Catalysts not efficient

Koinuma, H.; Kawakami, F.; Kato, G.; Hirai, H. J.C.S. Chem. Comm. 1981, 213-214.



4 A
Ir(CN)(CO)dppe
| (7 mol %) /[C])\ ,
CO, + _SiH Si
<N 500 Torr H™ 077 I™
\ y

Dppe = 1,2-bis(diphenylphosphino)ethane

o
HJJ\ O’S;,\ G _— Ijlig\o’Si,\ + CO; 1 week at 60 °C
O 1da
JJ\ | ! ’ > gl o , Observed after
H O’Si\ t S 40 °C 770 \ 1 day
\ , | 2 weeks o 5
+ SH > 0N .~ NAa YN~ 7
/SI\O/\ \ S 40 °C s||\ + /Sl, S||\

Eisenschmid, T. C.; Eisenberg, R. Organometallics 1989, 8, 1822-1824.



Pros

¢ |dentified carbon transfer
by 13C labeling

¢ Identified the precursor later
used to make methanol

Eisenschmid, T. C.; Eisenberg, R. Organometallics 1989, 8, 1822-1824.

Cons

¢Long reaction times of
up to 2 weeks

¢ Requires temperature and
pressure



Transtorming CO, to Methane

| benzene, rt Ph_ | | pn
Ph—?iH + CO; /\Si\O,Si’\ + CHy
entry  catalyst (mol %) TOF (h'') TON  Yield (%) time (h)
1 1/B(CgF5)3 (0.45) 23 34 15 1.5
2 2/B(CgFs); (0.42) 31 46 19 1.5
(3 3/B(CeFs)3 (0.44) 150 225 98 1.5 )
4 3/[Ph3C][B(CgFs)4] (1.8) 0 1.5
5 B(CsFs)3 (1.9) 0 3 days
CH,Ph
PhH.C. CHaPh PhHAC, /772 PhH,C, CH2Ph
2 s/ - O/Z{\ ‘Bu /Zr\
t t
1 2

Matsuo, T.; Kawaguchi, H. J. Am. Chem. Soc. 2006, 128, 12362-12363.



PhH,C, CH2Ph

Silane Variation

3
I? catayst (0.5 mol %) R\Fl{ |? R ~
R—SiH + CO, »  CSi_ _Si] + CHy Catalyst =
R benzene, rt R™ 70" 'R 3/B(CFs)s (0.44)
Entry Substrate Product TOF (h'') TON  Yield (%) time (h)
1 Et,MeSiH  (EtzMeSi);,0 7.3 211 93 29
2 Et3SiH (Et3Si).0 1.1 180 93 162
3 Ph,SiH (Ph38IO)zCH2 0.13 50 64 384
(Ph3Si),0 28
4 Et,SiH, (Et2Si),0 0.57 108 45 189
5 Ph,SiH, (Ph2HSIi),0 0.29 49 46 168
6 PhSiH; (PhSiO 5), 1.1 162 74 145

Matsuo, T.; Kawaguchi, H. J. Am. Chem. Soc. 2006, 128, 12362-12363.



Proposed Mechansim

CH,(OSiR3),
[Ligand 3 Zr(CH,Ph)]
[PhCH,B(CgFs5)s] RS R3Si---H---B(CgF5)3
3 iH .
CO, | R5SiH
[Ligand 3 Zr(CH,Ph)CO,] B(CgFs)
A [PhCH,B(CFs)al ~/ e A

CH4 + R3SiOSiR3

( Starting Line ' ( Starting Line '

( Finish Line '

Matsuo, T.; Kawaguchi, H. J. Am. Chem. Soc. 2006, 128, 12362-12363.



NMR Study of Methane Formation
R

|
R—SiH
'? catayst (0.5 mol %) R Il? |'Q - F'QI
R—SiH + CO, »>  Si_ Si” 3 CH
IIR benzene, rt R”~07 o~ R ’
[
(A) 5124.8
65 min ry
. o
® 3845 [1 Methane
A CO,
7h @ CH,(OSiEt,),
I IS
1 week
J 644
()
. a




Pros and Cons of Zr Complex

Pros Cons
¢ Production of methane ¢ Transition metal catalyst
¢ Good yields

¢Decent Time

Matsuo, T.; Kawaguchi, H. J. Am. Chem. Soc. 2006, 128, 12362-12363.



Activation of TMSCN by N-Heterocyclic Carbenes
(NHC) for Cyanosilylation of Carbonyl Compounds

S

7 (0.5 mol %) TMSQ N
R > R
TMSCN, solvent, rt
Catalyst _ % conversion
Entry R Solvent 50,  time (% isolated yield)
1 H  THF 0.5 10 min 99 (91)
2 H THF 0.01 4h 97 (83)
3 Me DMF 0.5 1h 95 (80)
4 Me DMF 0.1 16 h 95 (74)

Song, J. J.; Gallou, F.; Reeves, J. R.; Tan, Z.; Yee, N. K.; Senanayake, C. H. J. Org. Chem. 2006, 71, 1273-1276.



Proposed Mechanism

l_\
%/N\"/N\é
O TMSO CN
>

R TR? TMSCN, solvent, rt R!"” TR2
~\ TMSCN‘ /—=\N
Ve
_S|I\
CN
TMSO CN @)
R "R? N‘_‘N R1J\R2
R~ Y R
7~
__SI‘"\
O
NC~ R?

Song, J. J.; Gallou, F.; Reeves, J. R.; Tan, Z.; Yee, N. K.; Senanayake, C. H. J. Org. Chem. 2006, 71, 1273-1276.



NCH for Cyanosilylation

l_‘
>ﬁN\../N\§
TMSO CN
.

Ji§
R1” "R2 TMSCN, solvent, rt R1” "R2
THF, 10 min Yield (%) DMF, 2 h Yield (%)
OTMS TMSO CN
OTMS TMSO  CN
95 84
CN Ph
OTMS TMSO, CN
/\)\ 93 83
Ph CN
OTMS
TMSO_, N
CN 87 83
Ph™ Ph

Song, J. J.; Gallou, F.; Reeves, J. R.; Tan, Z.; Yee, N. K.; Senanayake, C. H. J. Org. Chem. 2006, 71, 1273-1276.



NHC Utilized in CO, Transformation to CH;OH

R
R.I_R NHC R R
~ ” R I R ~ P e 0
co, + 3 T e e
H
_O R R
H,O
[ NHC A
T R Ff R
N\“/N "Si” + CHiOH
OH
\_ )

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



Proposed Mechanism

i
O —
H—~0 CO2
R—Sli—O)J\H RN R
R
. /\

( 0% S0
wx: (
R—Sli—O)]\H III )
Il? R—E—H
H
R1’N/\_/\N\R1 R—S:i—o
CO, oo R

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



Formation of Methanol

L . H H -
| R28|H2 I I RzSIHZ
R=8i—0" ~H R—Sli—O/\O—SIi—R
R R R
3
R=$i~0" ~H
H H H
| I | R
R-Si-O—Si—R + R-Si~O—CHj =
R R R
. e R,SiH R i
R—Sli—O/\O—SIi—R il R—Si—OMe + R-Si~0-Si—R
R R OMe R R
NaOH/H,O
CH;0H -
~ 90 % yield

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



\N\/.:.\/Nx\
SN
\—/

Catalyst (5 mol %), 4

e,
L

catalyst (5 mol %),

=
s

NHC Catalysts Variation

é )
DMF
' Ph,SiHOCH A~
Ph,SiH, C—02> 2SIHOCH; N N
\—/
Time = Full Conversion
of Silane
4 )
~ A o
\—/ \_/
Catalyst (5 mol %)
10 h Catalyst (5 mol %), 5 h
N J '\ y,
N
o’ N\J /\Oﬁ \\/N’\
Catalyst (2.5 mol %),
o S

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



Solvent Variation

g_z OH
! CO, Balloon éiH
P  MeOH +
solvent (2 mL), rt
1 mmol
Catalyst _
Entry (mol 32) Si-H) Solvent Time (h)a

1 1.25 DMF 24
2 1.25 THF 30
3 1.25 MeCN 88 P
4 1.25 CH,Cl, No Rxn N\ . ,N
5 5.00 DMF 6 L NHC
6 0.50 DMF 30
7 0.25 DMF 40
8 0.05 DMF 72

2 Time required for the full consumption of silane

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



Silane Variation

R I R NHC R
~ n” R I R ~ .7
CO, + 3 SII \si,i’ + R’SII ~sil
H
/O R
NHC b
H,O
N\/N
LN ] R $ R
‘sl,i’ + CH3OH
y,

OH

Activity of Silane

PhSiH; >> Ph,SiH, >> PhSiHMe, > Et,SiHMe > Et3SiH, Ph,SiHMe, Ph3SiH
No Reaction: Ph3SiH and Ph,SiHMe

Riduan, S. N.; Zhang, Y.; Ying, J. Y. Angew. Chem. Int. Ed. 2009, 48, 3322-3325.



Practicality of the NHC Assisted CO, Transformation

NHC CO, is still converted to MeOH
Therefore, catalyst is stable in
Silane oxygen conditions.




S0, why do we need
Carbon Dioxide?
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Why I Like This Topic

NaN; CF3COOH ’
\/\/\/\/\)]\ — = = \/\/\/\/\/N\ﬂ/ F
NBu,Br o
K,CO3 Karstedt's Cat. MeO\ NH
—_— U NH > MeO—/Si/\/\/\/\/\/ 2
CH30H, R0 HSi(OMe)s MeO
N
\ SI\O
| PN
S~ o —
Si—0O \"P‘t'- I
\sll—/’ , 7|
q. Pt
= Si
AN

Karstedt's Catalyst



Percent Conversion
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Hydrosilylation of Allylamine

+ N

Karstedt's Catalyst

70 °C

100 -

80 -

60 -

HN _~_Si(OMe);

Square/Diamonds = separate runs
Red/Blue = alkene
Purple/Green = silane product



Hydrosilylation of Amides

O O

~N ' )
£ N+ (I) Karstedt's Catalyﬁt F N/\M/\/S'(OMe)s
& ~o- St~ H 6

6 o F
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Percent Conversion

Hydrosilylation of Aldehydes

O
Karstedt's Catalyst
. J\M,Si(OMe)g,
50 °C 9

100 -

80 -

60 -
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Blue = alkene
Purple = silane product

2 4 6
Time (h)



Biosensor Formation

Oxone

HCI (rinse with18 MQ water)>

H,SO, (rinse with18 MQ water)
Silicon Wafer ' Clean Silicon Wafer

Dry with Nitrogen

Glassware cleaned in base bath
and rinsed with 18 MQ water.
Dried for 3 h in oven.

Tl
X-Si(OR | |
i(OR)3 ”“O‘S-I\O//Si'O/&Oﬂ\
OH OH - O Ho O X= (CH,),,NH,

Silicon Wafer or Biosensor



