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Fischer-Tropsch Process

Late metal catalysis CHymsp + 1 HoO

nCO + (2n+1)H >
ent D2 ™ §0-300 °C, 1100 atm N= 10~ 20

Monsanto Acetic Acid Process

. o
Rh, |
MeOH + CO - 'é 99%
180 °C, 30 - 40 atm He” on

5=
= T
7
i

Fongarland, P. et al. Chem. Rev. 2007, 107, 1692-1744.



Background

1.128 A

BDE = 1072 kcal/mol

Y , SN
) r -
2s

C atom CO molecule O atom

Bond order = (6-0) /2=3
Bond order = (number of bonding electrons - number of antibonding electrons) / 2

Wu, X.-F. et al. Transition Metal Catalyzed Carbonylation Reactions, Springer: Germany, 2013, 1-234.



Background

Classic bond modes of CO towards transition metals

* orbital
empty d orbital empty n* orbita

m__ ¢ >c=o
filled d orbital
7 backdonation

Dewar-Chatt-Duncanson model

Terminal OC\Ni/CO
oc” co Q
p

/
(|:O co Cp \ /
|
OC>C0 Co—CO
oc” | 1,-CO

oc oc CO

free CO Terminal CO u2-CO u3-CO
d(C-0) 1.128 A 1.121 A 1.207 A 1.197(7)~1.209(7) A
v (CO) 2143 cm’ | 1850 ~2120 cm™ | 1700 ~ 1860 cm™ 1620 cm™"

Wu, X.-F. et al. Transition Metal Catalyzed Carbonylation Reactions, Springer: Germany, 2013, 1-234.



Background

Carbonylation chemistry of late transition metals catalysis

0 R—X
y: X = 1, Br, ClI, OTf, N,BFy, etc
R/ \R"' PdL,, X=B(OR'),, H, etc + Oxidant
?
G e N N
N Ar C—Pd'L, L pd” R-Pd'L X
R1 R n

>
3
ls
9
/\)Q
=0
JU\O 2

Shly
O\ co
R4 " \ Il
R"YH /C—Pd L, X L = PR,
Y=0,N,C,etc R
R"M
M =B, Zn, In, Sn, Si, etc n=1,24

X =1, Br, Cl, OTf, ONf, CH,CI, H, etc
[M] = late transition metal comounds

Wu, X.-F. et al. Transition Metal Catalyzed Carbonylation Reactions, Springer: Germany, 2013, pp1-234.

PR,

PR,



Background

H He
LI Be Main group elements = Blue block B Cc N o F Ne
Na || Mg Al Si P S Cl Ar

K Ca Sc Ti \) Cr || Mn | Fe Co Ni Cu Zn Ga || Ge As Se Br Kr

Rb || Sr Y Zr || Nb || Mo || Tc || Ru || Rh || Pd || Ag || Cd In || Sn Sb || Te | Xe

Cs || Ba La || Hf || Ta W || Re || Os Ir Pt || Au || Hg Tl || Pb Bi Po At Rn

Fr [| Ra || An || Rf || Db || Sg ||Bh | Hs || Mt || Ds || Rg || Cn || Nh || FI Mc || Lv Ts Og

Crustal element abundance

Element Si(2th)  Al(3th) Ca(5th) Na K Mg

Crustal content ratio 27.72% 8.13% 3.63% 2.83% 2.59% 2.30%

» Low environmental damage and low cost
» High natural abundance

Fongarland, P. et al. Chem. Rev. 2007, 107, 1692-1744.



empty d orbital empty n* orbital

O —NV0

(O

Jo 0o

filled d orbital filled p orbital
7 backdonation
Dewar-Chatt-Duncanson model

Background

v 0

RZ;'V' )—(>c=o

A

filled p orbital
M = main group elements

Low valent species

o\

Q
JdloL

filled d orbital

excitation electrons
Ae = alkaline earth
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Introduction

CeFs
co co CeFs
B B =\, €O
CeFs™ | — 1,
o5 | "CeFs 3T | cF, coF X CeFs
CsFs CF, 65 oF s
1 2 3
l§1 v(CO) = 2241 cm™ v(CO) = 2252 cm™  v(CO) = 2231 cm™
Oy - :
\
" F’is O o e
@
1 B N
M = Group 13 \/.\_r’\\\/{\ y.
/’\/\ \/“—’I\/\/\'\
Lewis acid 7 \ \\
' #
~
7

d(free CO) =1.128 A

d(C,-0;) = 1.115 A
d(B,—C,) = 1.609(3) A

Aubke, F. et al. 3. Am.Chem. Soc. 2002, 124, 15385-15398.
Parvez, M. et al. Chem. Sci. 2012, 3, 1814-1818.
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Introduction

Ambiphilic nature of low-valent species and FLPs

( >0 < )
I MesSis  -SiMes 13 14 15
C»C
QQ Dipp, /B.
‘ N—" B C N
Ar Al Si P
. N .. G A
™~ tBu. Si [ P—P Ga e S
/M @ us I\S" N

Ry (SiMes)sSi” \
0 Ar

Q s R o Mes,P----B(CgFs),
P—
O 5 v
»cO -/
@Y L

Bertrand, G. et al. Angew. Chem. Int. Ed. 2006, 45, 3488-3491.
Kutzelnigg, W. et al. Angew. Chem. Int. Ed. 1984, 23, 272.
Bielawski, C. W. et al. J. Am. Chem. Soc. 2009, 131, 16039-16041.
Philip, P. P. et al, Nature 2010, 463, 171-177.
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Group 14: Carbene

weak electrophilicity

- Ar< _C_ _Ar co

sp? N "N ———>——> no reaction
\J
NHCs

o

Il

Are. .C. _A o

- ~ - r
O%O 25°C OMO
Ar = Dipp or Mes 55% conversion
DACs Mes = 2,4,6-MesCeH, v =2100 cm”’ d(free CO) = 1.128 A
o 4 d(C,-C,) = 1.302(9) A
electrophilicity increased 12 A
@\ ’Np
| N\ Np
B N Fe C: + (o)
N Np | - S
@l\N’\p co @l\N/\ " Np Fe N\\c c/ N
Fe C:—m c=c=o NI W
N N =20\ \c N
== "np =\ Np N
Np —N !

electrophilicity increased T

Bertrand, G. et al. Angew. Chem. Int. Ed. 2006, 45, 3488-3491.
Bielawski, C. W. et al. J. Am. Chem. Soc. 2009, 131, 16039-16041.
Siemeling, U. et al. Chem. Sci. 2010, 1, 697-704.
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Group 14: Carbene

®
electrophilicity increased T o5 5 m!
.\ Cl .
& '\ |
sp? (|)| S &
O()
'C° (o]0 ﬁ
try~ 2 > C d(free CO) =1.128 A
B AN
“ NR RT ‘Bu” "NR; d(C,—C,) = 1.310(5) A
6 d(C,~0) = 1.174(4) A
R ='Pr or cyclohexyl
Qwio .
co 2 & o
CAAC > .“D LW
RT Qi!; o
¢ [
¢ S
Dipp = 2,6_iPr2C6H3 v = 2073 cm! d(free CO) = 1.128 A

d(C,—C,) = 1.334(5) A
d(C,~0,) = 1.186(5) A

Bertrand, G. et al. Angew. Chem. Int. Ed. 2006, 45, 3488-3491.
Bielawski, C. W. et al. J. Am. Chem. Soc. 2009, 131, 16039-16041.
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Phosphinidene

Singlet (Phosphino)phosphinidenes are Electrophilic

Ar ! Ar
N hv N\ 13CO N/
P-P-C=0 — . PP — P-
[N/ h -CO N\ (1 -2 atm) N’
\
Ar Ar ,\A\r

10 4

-10

+18.0 (+7.3) B3LYP-D3BJ-SMD(benzene)/def2-TZVP
+17.4 (+7.8) PBEO-D3/def2-TZVP
+17.0 (+8.2) B3LYP-D3B)/def2-TZVPP

+16.1 (+7.3) B3LYP-D3BJ/cc-pVTZ

AG [keal mol™')
(AE+ZPE [keal mol "))

H’( 8.2) HSSIISS I)?BJd R-TZVP

-12.7 (-23.8) PBE0-D3/def2-TZVP
13.2 (-23.3) B3LYP-D3BJ/def2-TZVPP

b6 (-24.6) B3LYP-D3BJ-SMD/def2-TZVP
14.9 (-24.8) B3LYP-D3BJ/cc-pVTZ

-16.2 (-25.9) TPSSTPSS-D3BJ/def2-TZVP

Bertrand, G. et al. 3. Am. Chem. Soc. 2016, 138, 8356—-8359.
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L(Br)Ga co f
LB G) i:l . L(BnGa y .
(Br)Ga 60°C  L(BrGa
v (CO) = 1945 cm"’
9

15
<
2 10
2s/2p
0.5 1 ! 1
C Si Ge Sn Pb

Group 14: Silylene

Ar
/
N
LGa = < Ga
N/
\
Ar
e-
N
R~ d(free CO) =1.128 A
Si : enlarged lone pair d(C-0) =1.136(7) A
Ry
2
T
0'

nucleophilic increased T

Schreiner, R. P. et al. Nat. Chem. 2020, 12, 608-614.
Inoue, S. et al. Nat. Chem. 2020, 12, 1131-1135.
Aldridge, S. et al. Angew. Chem. Int. Ed. 2019, 58, 1808-1812.



oC CcO . ]
1 atm CO Tip Tip
OC7M()\:B—Tip
80 °C . /B\
OoC co o//C \C\
10 o

Me,Si<  _SiMe
39l N ivies
Dipp,  _,B.-

N ° e ————

MegSix, -SiMes
|

Dipp, /B
1 atm CO N ‘\\*C\
~o
11 v =1956 cm™
T
Dipp, ‘//VB§C
1 atm CO N \\0
—_—
1.5 KCq
v =1945 cm™
12

Braunschweig, H. et al. Nature 2015, 522, 327-330.

Group 13: Borylene

d(free CO) =1.128 A
d(B-C) = 1.473(3)~1.475(3) A
d(C,-0,) = 1.150(2)~1.152(2) A

d(free CO) =1.128 A
d(C4—0,) = 1.1461(15) A
d(B,-C,s) = 1.4857(18) A
d(C,-B,) =1.5047(17) A
Stephan, D. W. et al. Angew. Chem. Int. Ed. 2014, 53, 13159-13163.

Braunschweig, H. et al. Angew. Chem., Int. Ed. 2021, 60, 2963—-2968.

17



M(CO),

- eg+tzu*t1u
M(CO) ST et +t,,
N-1)d  s—bf—. . ]
M = Ca, Sr, Ba i i
v (Ca(CO)g) = 1987 cm™”
ns

v (Sr(CO)g) = 1995 cm’”’
v (Ba(CO)g) = 2014 cm""’

A 1127 : j% i j :
{1.126}
“ 1125 P \g %
2,602

a

~
{2.751} — a,
[2.960] —H—
. M mco), ¢ 8CO
Ca Sr Ba

Calculated method: M06-2X/TZ2P-ZORA

Zhou, M. et al. Science 2018, 361, 912-916. 18



FLPs

[\ CO (2 atm) +/ \ - A
e > P B(CgF v(C=0) = 1757 cm
Mes,P B(CgF5), " 40°C Mes, \c/ (CeFs)2 ( )
I
(o)
13
CeF
BCoFsl o et
H —_— \
H C\\o
PMes, +P/
Mes,

14 y(C=0)=1791cm™

Mes,
P
PMes, co +\c—o v(C=0) = 1774 cm’
O — l
“B(CeFs); "'B(CeFs)2
15

d(free CO) =1.128 A
d(C,-0,) =1.191(2) A

Erker, G. et al. J. Am. Chem. Soc. 2013, 135, 18567-18574.
Erker, G. et al. J. Am. Chem. Soc. 2020, 142, 17260-17264.
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Introduction

Q (0]
(o] 0] c \
LMR —— “,4\ PR
— i i LM R
coordination L R migration
R—X

X =1, Br, Cl, OTf, N,BF,, etc

PdoL,, X=B(OR'),, H, etc + Oxidant

R-Pd''L X
. 0\\ ’ co PR,
R YH /C_Pd LnX L = PR3,
Y=0,N,C, etc R
RIIM PR2
M =B, Zn, In, Sn, Si, etc n=1,2,4

Wu, X.-F. et al. Transition Metal Catalyzed Carbonylation Reactions, Springer: Germany, 2013, 1-234.
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Insertion reaction

Bu.
co t C=0 ¢
t BU/, \ \Bu
Bu; Al —— Al Ar
20 °C tBu/ b:c’ /tBU
\
Bu
16
v(CO) = 1527 cm™” _
Bu. €
¢ co Bu,. /C:q Bu 3
BU3Ga —_— Ga Ga‘ ;:
50°C 8y b=¢ Bu 5
\ £
co Bu &
v(CO)=1559 cm™ | 17
co |
| , \N
Bu By a
tBU tBU /::
L tBU i

d(free CO) = 1.128 A
d(Al-C) = 2.007(4) A
d(C=0) = 1.252(3) A

d(Ga-C) =2.017(7) A
d(C=0) = 1.249(3) A

Alkyl aluminium / Alkyl gallium

—

co
| t
¢ M"/
Bu Bu
’Bu/ o
N
— ~C—Bu
- N a
g 5.5 By *~
1. =
(13) . Bu
‘—»
-71 ‘\‘
(-13.4)

Kirschbaum, K. et al. J. Am. Chem. Soc. 2004, 126, 11812-11813.
Hu, X. et al. Inorg. Chim. Acta. 2008, 361, 3332- 3337.
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Insertion reaction M-M bond system
—

/tBU i ,tBu ] t
¢ Bu ¢
Bu, % o. ,Bu tn,, Bu.
fBu—NﬁEl; T — ‘Bu—N s S I N-B~ ~C-B , B“\“\ B=Q /BJBu
~5 ~78°C uU—N,, €=0 B-Cs_ _B-N g-C  cli
B By’ 0" ' Bu g o=g' N;
\ , Bu u \ Bu
‘Bu i - ] ‘Bu
! 18
NIl g™ Tip
si . |
\ co /\ oo\ o /TP
Si=Si E—— /SI\‘Si —Tip™ SII (I:—S\I
, — ' RN i= i—Si
Tip™” N TP™ % i Tip/SI C\O’sf' Si~Tip
P [ T Tip
L (0] a Ip

Tip = 2,4,6-PrsCqH, 19

d(free CO)=1.128 A
d(B-O) = 1.360(5) A
d(O-C) = 1.453(5) A

Boese, R. et al. Angew. Chem. Int. Ed. 1990, 29, 900-902.
Sekiguchi, A. et al. Angew. Chem. Int. Ed. 2013, 52, 13247-13250.
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Insertion reaction

Boron / Silicon diradicals

c snvlefBu2
SiMefBu2 Et \
:[ ‘ I CO/ hv (>320 nm) EtJISI
suvlefBu2 SiMe'Bu
) ) 20
< SiMe'Bu, O
Et. _Si_ _FEt
Y
Et S|i Et
SiMe'Bus,
CAAC 2
.| C CAAC
I \ /
B co B
—_—
. B
: |
CAACH3 CAAC

v (CO) = 1690 cm’

v=1673 cm’

d(free CO) =1.128 A
d(C=0) = 1.199(2) A
d(Si-C) = 1.9730(17) A

d(free CO) =1.128 A
d(B-Cco) = 1.695(3) A
d(C=0) = 1.205(2) A

Sekiguchi, A. et al. Organometallics 2005, 24, 3368-3370.

Braunschweig, H. et al. Angew.Chem. Int. Ed. 2020, 59,19338-19343.
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transition metals

2 EH

(2) Oxidative addition (@)

et - = .
Ln Reductive elimination

M = low valent transition metal

Nikonov, G. |. et al. Chem. Rev. 2018, 118, 3608-3680.

E—M-H

main group elements

EH
Oxidative addition

-« ML,

h

Reductive elimination

M = low valent main group metals

26



Introduction

Reductive elimination at a carbon center under steric control

EH
Oxidative addition

Reductive elimination

Sg
. /N\
Dipp $Cj< Dipp/NC
h co,
-Ph,NH 7
Ph,N
Cy-NC
—_—
PhCCH
. N Sg, CO,, Cy-NC or PhCCH
Dlpp/%cj< & ¥P2 VY > no reaction
VRN
Ph,N~ H

Bertrand, G. et al. J. Am. Chem. Soc. 2019, 141, 9823-9826. 27



Metal free Carbene-catalyzed carbonylation with Gaseous CO

CAAC (10 mol%) o] @)

+ Co ~
Q Q CgDg, 60 °C, 40 h O

Lact
resting state

Bertrand, G. et al. J. Am. Chem. Soc. 2020, 142, 18336—18340.
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Validation of elementary steps

- CO (1atm)
@) N CgDg, 25 °C
6Ds: Dip

Dipp~
. fast Dipp,
- \ 0
BiCAAC O N c
,C y 7/ N\
(@) 5 (0] 6]
©) O CO (4 atm) O + unidentified products
co (1atm) < Fesrcien {4
—_—
Dipp™ Dg, 25 °© . N
c CgDg, 25 °C Dipp”” : Carbo-1
fast i Lact-1
I
CAAC o
Ket-2
2
CO (4 /c\
s, o ﬂ, (o} O +
(B) Lact- N * e O
THF-d8, 80°C, 16h  Dipp™ °C O Q
S (0
Thio-1 Carbo-1

Sg

Lact-2 . /N
THF-d8, 25°C, 16 h  Dipp

Bertrand, G. et al. J. Am. Chem. Soc. 2020, 142, 18336-18340. 29



Metal free Carbene-catalyzed carbonylation with Gaseous CO

CAAC (10 mol%) o ©

Q.O CeDg, 60 °C, 40 h O

BiCAAC (10 mol%) o) O

O« e

no observation

0) 0 \@\\\ CO (1atm)
+ N CeDg, 25 °C
Gy > ™

BiCAAC

Bertrand, G. et al. J. Am. Chem. Soc. 2020, 142, 18336—18340.
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0 ©
R—M
¢, —=¢C, co > C,0,™
O ®
R—M = Main group compounds contains polarized E-metal bonds, E can be B, C, N atom
O @ |
. R—M o o 20 |
| R 012 R R 12 ¢ :
: \C::‘C/ C:C/ (l: |
| \ PR |
| d R 6 o 0~ ~o |
| Il ]
e : 2) propagation
' Polarized E-metal bonds AN
-------------- -G;--G-)--------- ﬁ . CO O\\C M
- co 1,2-rearrangement C N / isomerization
R—M /C\ R/ \O/M Ne—o final products
R M /
N J . J
Y dimerization
Y
1) initiation _O— R 3) termination
ol
c M
R/ \0/
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C,0,% Benzyl potassium / Boryl lithium / Amino lithium
—

C,0,% o :
1) initiation: insertion of CO

2) propagation and termination: dimerization of carbene carbon

‘Bu _Li*
. E 5
>:N B Li Li*
\ (o]0) [ ]\ y I - |
Dipp~Neg N~ppy ———= 0 — 12O B
| I B e
Li(thf :
i(thf)s ] [B] _ 0
Dipp = 2,6-Pr,CgHs Li*
" 23
co |
P K T2 PN O N
|
BY _Li*
K+
i Cy,N_  Li i | ¢ NC
2 - N
Cy,NLi —— T é —
© CY2N/ . O
L - Li*
25

Stephan, D. W. et al. Chem. Asian J. 2021, 16, 3640-3644.
Stephan, D. W. et al. J. Am. Chem. Soc. 2016,138, 6650-6661.
Hou, Z. et al. J. Am. Chem. Soc. 2017, 139, 16967-16973. 33



C,0,*

1) initiation: insertion of CO
2) propagation: insertion of the second CO

3) termination: insertion of a carbine carbon into a C-C bond of a ligand

. Dipp
Dipp 0
Ge M co Q ¢ M
, es (1 atm) \ -
Dipp . c /Ge
Mes |Pr \\0
ipr  Mes
Mes = 2,4,6-M63C6H2 26
Dipp = 2,6-Pr,CgH3
co
o) Ar'
Il / Ar' Cﬂ Ar'
‘f o=¢ co (l: (’*/C (l: .
—_— = — /7, ~
A—Ge (|, Ge: 0 o 0 é\l >
Aru Aru/ dé_Ar

Power, P.P. et al. J. Am. Chem. Soc. 2009, 131, 6912-6913.

Germylene

d(free CO) = 1.128 A
d(C,-0,) = 1.403(3) A
d(C,-0,) =1.214(3) A




C,0,*

Alkyl Mg dimer

J;t\Ph Dep
Mg\t h A% —_— 5 Mg o E
Dep

d(free CO) =1.128 A
d(0-C)=1.331~1.414 A
d(C-C) =1.333(2) A

TS-1 TS-2
LoMa ' tthg oy < |
Ph_ CH, >L 2
- C-
g Ph \ TS-3
PR O
LMy L.Mg L,Mg :
3 . Ph CHZ\C¢O
£ > 11.8 N\ /Z\ Cg,
R ( N\ PR N Ph \o
< co N / N
0.0 \ , \ ~
g " co L.Mg Mg,
£ | LM 0.9 \ — ‘ H,
0| Ph_ CH o \ /oas7 N C—.
- L,Mg : | c¢c\/°
Ph Ph_ CH N / R \ Ph
Mng 2 X ; MalL 23.6 N \
c . \ ( / gblo H2 o v (o) MgLZ
Ph \ 287 C—c~ 22
(0] s \
LMg”™~ L,Mg c \
2Mg AN o Ph N\ \
I Ph CHz/C/ P |
>4C/ LZMg \
o o I ;
L2Mg/ ‘\\
f s—
T . . g Hy 763
1) initiation: insertion of CO Ph C>c_ _Mdl
L . >LC¢ o)
2) propagation: nucleophilic attack on the second CO Ph L/
3) termination: isomerization to thermodynamically stable products 0—MgL,
P

Jones, C. et al. J. Am. Chem. Soc. 2015, 137, 8944-8947.
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Mg—H dimer

3-
C3O3
H
H H
O O
Ar
Ar Ar ~O~ Ar
1 Hooo) Neia \ [ Tmg_ d(free CO) = 1.128 A
NN AN Cco g N
C YR > xs -1/ \\) d(C-C) = 1.526-1.532 A
N\/ N/ N Nar g /X/N d(C-0) = 1.400(2)-1.411(2) A
r
Ar AI'/ Ar\N N/
~c—o M
\ /
[Mg2]
! TS-1 Ar=DeP TS-2
PN * % \\\‘C\ +
[Mg1]1_ /[Mgzl [Mg1]— \/C_=O 28 \\co“ \(lj
Mg1] = _[Mg2
- —-_s:“-‘ et o [M91]/0/[M92]
0.0 ( 0.9 AN >
co - \?— 63\ ——>
® c-9 -36.9
£ Mg1]. _[Mg2] \ co
> _ ~
s e : mg11_| >[Mg2]
= Mg1l----0__ o
! \ IMg2]
iN_o
""" 1 [Mg3]
\ \ P S, \ _
c—c TS
—m» Ol \ Q o o
R . s o \
;JK v w67 ma11” i [Mg1] “[Mg2] Mg3]
C c
mg11_ 8 Vi Vil /\c/
Pt A ) Vil I 0\ c’) o
N\ -82.9 :
\\C\/ \Cl’ R Mgl D [Mig2]
O——[Mg2] 82.4 re—
~c—o [Mg3] '1P23'4
(193] Sen oo
! o 4 \
o
\[l\ﬂgﬁ\mgﬂ

Jones, C. et al. J. Am. Chem. Soc. 2015, 137, 8944-8947.
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C,0,%

1) initiation: insertion of CO

2) propagation and termination:
nucleophilic attack on the second CO

TS-1
_Dipp
(NONY)AI-N
t ©
C
I\
(0]
= e,
£ 485
= co
z 0.0 Dipp
E (NON)AI-N
=
w

© N
(NON)AIT 7
\ /C
N/
o
| S—)
;o812
\ '
7.7
© _Dipp
(NON")AI—N
C
Il
o

TS-3

N—Dipp

(NON")Al—C™~~
AN

\ /
-59.8

. 282
R —

_ N—Dipp;
(NON")AI—C™~
AN

% 1

) N—Dipp

(NON)AI-C*~
\_/
o
I

Aldridge. S et al. Angew. Chem. Int. Ed. 2020, 59, 4897.

Aluminium imide

d (free CO) =1.128 A
d(C,-0,) = 1.306(4) A
d(C,-0,) = 1.233(5) A
d(C,-C,) =1.535(3) A

\
\

+CO

. N—Dipp

\ (NONYAI—CZ
‘\‘ N x
\ %J c

\—»
N— .
/4 Dipp
(NON')AI—C\/
_—C~_
o] ~o

P
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C,05? Mg—Mg bond system

1) initiation: insertion of CO
2) propagation: nucleophilic attack on the second CO, insertion of the third CO into Mg-C bond

3) termination: isomerization to thermodynamically stable products
d(C-C) = 1.391(2)-1.402(2) A

/[MQ]
DMAP d(C-0) = 1.269(2)-1.288(2) A
_3xco A DMAP d(free CO)=1.128 A
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Jones, C. et al. J. Am. Chem. Soc. 2019, 141, 8764-8768. 40



Mg—Mg bond system

C,0,*
1) initiation: insertion of CO
2) propagation: nucleophilic attack on the second CO
3) termination: isomerization to thermodynamically stable products d(Mg,-Mg,) = 3.2077(10) A
_ d(Mg,-Na,) = 3.7229(13) A
/,\ | d(Mg-0) = 1.8904 A
<) =) d(Mg—O) =1.8959 A
/N/Si )co 5 < N’S' d(C-C)=1.196 A
AN e ~u N
Mg ) S \\;\o/"'g\ d(free CO)=1.128 A
si-N Sy si-N !
7 - 7 _Na
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== 31
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> | — e
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A iPr = iPr "‘Na/\ | |Pr Na \ |
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[ \M /\\C -Mg/ E M /N C Mg i
1 _— 9 \N‘Sl 9 \N_SI —
7 /

—
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McMullin. C.L., et al. J. Am. Chem. Soc. 2021, 143, 17851-17856.
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C,0.4 Aluminyl

Enthalpy (kcal/mol)

Aldridge. S. et al. J. Am. Chem. Soc. 2022, 144, 12942-12953.



C,0,% Silylene

—

i X = Fle O E

: <> O !

u : (T :

k - | dsi'..s"  4.316(1)  4.048 |

>4 O: 33
Driess, M.et al. J. Am. Chem. Soc. 2019, 141, 626-634. 43
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C,0,*

Enthalpy (kcal/mol)

Silylene

1) initiation: coordination of silylene to two CO, CO as lewis acid

2) propagation: two CO coupled
3) termination: isomerization to thermodynamically stable products

TS-3 TS-4
TS-2 24.9
y TS-1 23.4 P 19.0
17.3 c— = J/ N 137 S,
—. / ~. 10.0 K K ’ \
L ‘\\\ 4.3 / CO/\\E:/ ‘? N 1.5
0.0 I \ — 1]

(ef0] I v

@ 0 () 9 ) 2 % § P
O O O O Ls<&>sn_ '-Si/\/\\iis“- O 2
LSi_ SiL i

Si Ssi “ . c LSiij\/S\lL
.o C \
i ° ’ o
d(free CO) = 1.12 Ad(C-O) = 1.130 A
WBI = 2.26 d(C-0) = 1.326 A
WBI = 1.15

Jones, C. etal. J. Am. Chem. Soc. 2015, 137, 8944-8947. 44
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Summary

Coordination reaction

Ri @ O O Catalytic reaction

M = main group elements lo)
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Low valent species excitation electrons
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Ae = alkaline earth
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Reduction coupling reaction

ﬁ’ 2 o M !

b AN /C :

S) p .

—c=c-o |2 /\ ¢ :

//C C\\ c” o .

I ° ° o !

I :

1 - !

NCINC 5
R—M o 20 :
! R 0 12 R R 12° c :
\C:C/ \C:C/ é :

X~ i

0 R d o o~ o :

47



Outlook

Dilemma ER
E—M-R Oxidative addition _
| - -~ ML, M = low valent main group metals
Ln Reductive elimination

{ hinders its application in the field of catalytic synthesis ]+CO value-added products

strong M-O bond
A

R—O0—M

Outlook

Modulates the steric hindrance and electronic properties

/ of the ligand
ML, \

Switch to a main group element center with slightly lower
oxygen philicity
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2 Kt 4R M(CO)g

t. e +t, +t
np ——————— g 1u
M = Ca, Sr, Ba e, e+t +t,

(N-1)d e, i;ig ‘j i: I 2
» R a|g+ t|u+ a2u+ t?q
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C,0,% Silylene

Synthesis of Silicon Carbonyl Complexes

Fh Ph
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Driess, M.et al. J. Am. Chem. Soc. 2019, 141, 626-634. 30
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Coupling of CO by early transition metals

(0] THF B THF -2
L /O\ e ~N. |
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Wu, X.-F. et al.. Transition Metal Catalyzed Carbonylation Reactions, Springer: Germany, 2013, ppl1-234.



Background
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Monsanto Acetic Acid Process

o
Rh, I I
MeOH+CO 180° . > /C\ 99%
80°C, 30-40atm H,C~ OH
I[‘J
Me” “OH ~ HI N/ MeOH
AY Y,
I|I I|I
IIJ"H.I /J_HI‘
/N ) NG
. HAO
(g Miel
Me” [Fh(COM] ——
~ “ TN
/ N\
oxdative
| addition
reduc tive I_T*-'IEFJW CO)ds]
elimination J
'.'\ ] _ /
A }L o o
Me” “RMCOMs| v

Almost any source of Rh and
I- will work in this reaction as
they will be converted to the
actual catalyst.

The role of iodide is simply to
promote the conversion of
methanol to methyl iodide,
the species which then
undergoes reaction with the
Rh metal catalyst:



