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CH,
ED)  Br Pd(PPh3), SsPh
(20) +  =CHy — >
PhS K2CO3
73-81%

sz(dba)g
1) ¢ H-s(0m, + arroro=cH— Y —2 =5 ¢ Ncuen=cn~ )
cho3

73%
4.6.7. Carbonylation Reactions:

Carbonylation reactions involve coordination of carbon monoxide to palladium and a transfer of an organic
group from plladium to the coordinated carbon monoxide.

O+
Il N

| C=0 I |
—Pd—R ——> —PdV)-R —> —Pd—R

I I I
Carbonylation reactions have been observed using both Pd(11)-alkene complexes and o-bonded Pd(I1) spe-
cies formed by oxidative addition. Under reductive conditions, the double bond can be hydrocarbonylated,
resulting in the formation of a carboxylic acid or ester. In nucleophilic solvents, the intermediate formed by
solvopalladation is intercepted by carbonylation and addition of nucleophilic solvent. In both types of reac-
tions, regioisomeric products are possible.

RHC=CH,
i%_,, Pd',CO
b R'OH o
|
RHC—CH3 + RH,CH,C—Pd" o=C—Pd'" + RCIZHCHzc—Pd”
lco RCHCH,—OR'  OR'
o R'OH
O=¢=Pd ., Reton y:—Pd”
RCH—CHs axie R?HCHZOR' R(I:HCHZCOZR'
+
lR-OH CO,R! OR!
COLR solvocarbonylation
+ RCH,CH,CO5R'
RCHCH3
hydrocarbonylation

4.6.8. Hydrocarbonylation :

The hydrocarbonylation reaction can be applied to the synthesis of a-arylpropanoic acids of the NSAIDS
type. For this synthesis to be effective, selective carbonylation of the more-substituted sp? carbon is required.
Although many carbonylation conditions are unselective, PACL,(PPh,), with p-toluenesulfonic acid and LiCl
achieves excellent selectivity. The selectivity is thought to involve the formation of a benzylic chloride interme-
diate.

C7H7SO3H Pd(0)
ArHC=CH, ———— > ArCHCHz ————> ArCHCH3;
LiCl [ CO,H0O [
cl CO,H

[
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2 mol % PdC'Z(PPh3)2 CH3
NCH 20 mol % LiCl
OO 2 20mol % TsOH _ ‘O CO,H
H3CO ; -
3 12 equiv H,O H;CO 89%

2-butanone, 115°C

The reaction has been done with good enantioselectivity using 1, 1’-binaphthyl-2, 2’-diyl hydrogen phosphate
(BNPPA) as a chiral ligand.

CHj
XN 15 mol % PdCl,
5 mol % S-BNPPA ‘O CO,H
H3CO 1 atm CO, O, HsCO
HCI, H,O, THF 89% yield, 83% e.e.

When conducting hydrocarbonylations with dienes, it was found that a mixture of nonchelating and bidentate
phosphine ligands was beneficial.

1.5 mol % PPh3

. ppb
N > N CO,H
HsC 0.5 mol % Pd/C Hsc)\/\/
2 equiv HCO,H, 60%

6.2 atm CO, DME

1.5 mol % PPh3
3.0 mol % dppb

\ > HyC CO,H
Y 05 mol%prdc Mg

CHs 2 equiv HCO,H, CHs o0,
6.2 atm CO, DME

10 mol % Pd(OAc), o 10 mol % Pd(dba), o
| 1 atm CO 1 atm CO
1 equiv BusNCI | 5) 1 equiv BusNCI Cd
CH 2 equiv pyridine B 2 equiv pyridine
CH3 DMF, 100°C CHs; DMF, 100°C 87%
100%

Solvocarbonylation: In solvocarbonylation, a substituent is introduced by a nucleophilic additionto an
complex of the alkene. The acylpalladium intermediate is then captured by a nucleophilic solvent such as an
alcohol. Acatalytic process that involves Cu(l1) reoxidizes Pd(0) to the Pd(11) state.

2Cul H,C=CHR
Pd"
ﬁ “k
MeOCCHZCHR Pd°
OMe d”
MeOH Pd"!

—CCHZCHR H,C=CHR

& /(/ -
Pd”—CHZCHR

OMe

[
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EXAMPLES:

Pd(PPhs),Cl,, ﬁ
0,
- COeond) e w10
Co, K2C03 86%
0
PhCH,PdCI/PPh; |
@) | + (n-Bu)3SNHC==CH, > CCH=CH,
(o]
CO, 50°C 93%
s
Sn(CH3)3 CH2CH=C(CH3)2
(H3C)2C=CHCHCI + J/ \ >/ \
o 75%
0 0
CH,OTIPS Q
NN _C + Pd,(dba)s, 2.5 mol %
\ Ph3As, 2.2 mol % CH,OT
& (H3C)3Sn . >
I o CHs CO, LiCl, THF L
CHs 3 oo
Pd(PPhg)Z(OAC)z,
5 Ph—O—O SCF < Ph—O—CO H
©®) 22~"3 70, NaOAc 27 8o
Q  Pd©A), %
dppp
6 co
F3CSO;3 CH,oH  H3CO2C 86%
o} o}
HsC HsC
HaC, ~% Pd(OAc),, 8 Mol % e =
0
0sSCF3 PPhs, 16 mol /o CO,CH3
) CO, CH3OH
i-Pr,NH
75%
CH(CH2), CH(CHa), o%
HaC
1S, Pd(OAC),, ¥,

2,
HaC 03SCF3

©)

PPhs, Et,N
—_—
CO, CH30H

HaC CO,CH; 93%

Pd(OAc),, 5 mol %
PPhj, EtsN

CO, CH3OH

[
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4.7. ORGANONICKEL COMPOUNDS:

The early synthetic processes using organonickel compounds involved the coupling of allylic halides, which
react with nickel carbonyl, Ni(CO),, to give rt-allyl complexes. These complexes react with a variety of halides
to give coupling products.

/ N
. ~N . Bra A
2 CH,=CHCH,Br + 2 Ni(CO), — <‘(NI\Br’NI\>

CH,=CHBr + [(CH,=CH=CH)NiBr], — CH,=CHCH,CH=CH,
70%

<:>—| + [(CHo,=CH=CH,)NiBr), —» <:>—CH2CH=CH2

91%
Nickel carbonyl effects coupling of allylic halides when the reaction is carried out in very polar solvents such as
DMF or DMSO. This coupling reaction has been used intramolecularly to bring about cyclization ofbis-allylic
halides and was found useful in the preparation of large rings.

Ni(CO)4
BrCH,CH=CH(CH,);,CH=CHCH,Br ——>

76-84%
O 0

4
BrH,CHC=CHCH,CHCL  Njco), A\
o — o)
7/ F 70-75%

BrH,CHC=CHCH,CH,CH,
Nickel carbonyl is an extremely toxic substance, but a number of other nickel reagents with generally similar

reactivity can be used in its place. The Ni(0) complex of 1,5-cyclooctadiene, Ni(COD),, can effect coupling of
allylic, alkenyl, and aryl halides.

H Ph
H Br ni(ccopb), H
~ :
Ph  H B e
Ni(COD),
N=C Br —  » N=C O O C=N

81%
Tetrakis-(triphenylphosphine)nickel(0)-is an effective reagent for coupling aryl halides, and mediumrings can
be formed in intramolecular reactions.
The homocoupling of aryl halides and triflates can be made catalytic in nickel by using zinc as a reductant for in
situ regeneration of the active Ni(0) species.

Zn, NaBr
NiCl, (5 mol %
O=CH—©—CI 2 0 O=CHHC=O
PPhs (5 mol %) 62%

Ni(dppe)Cl,, 10 mol %
CH30—©—038CF3 p— > CHgOOCHg
n!

Cl Nl(dppe)2C|2 CH2CH2CH2CH3
+ CH3CH2CH2CH2MgBr —_—

94%

cl CH,CH,CH,CHg

[
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(CH2)10

cl
/
C 18%

Nl(dpp6)2C|2
+ BrMg(CH,);1,MgBr
Cl
2
Ni(Il)/C
—@—(CH2)3CH3
7%

10 mol % PPh;
H3C—©—CI +N-C4HgMgCl ———— H3C
THF, 65°C
1.8 mol % NiCl,(dppp) OO
CHMgBr 89%
(HsC)NO,C 0,CN(CHa), aMg HaC Cha

Ni(acac),
X ———> (H3C),HC

R
Hs

Ol

Vinyl carbamates are also reactive
OTBDMS
+ RMg

O2CN[CH(CHg),l,

(H3C),HC
H3

R=CH,=CH, Ph

Similarly, nickel catalysis permits the extension of cross coupling to vinyl phosphates, which are in some cases

more readily obtained and handled than vinyl triflates.
__ OPO(OPh), Ni(dppe),Cl,
O + Phmger —=Mo% O .
Nickel can aldo be used in place of Pd in Suzuki-type couplings of boronic acids. The main advantage of nickel
in this application is that it reacts more readily with aryl chlorides and methanesulfonates than dothe Pd system

These reactants may be more economical than iodides or triflates in large-scale syntheses
Ni(dppe)ZCIz
- H3CCN
97%

3 equiv K,CO3

Ol

H30—©— B(OH); + CH3SO3—©— CN
4.8. ORGANORHODIUM. & ORGANOCOBALIT COMPLEX
Rhodiumand cobalt participate in severalreactions that are of value in.organic syntheses. Rhodiumand cobalt
are active catalysts for the reaction of alkenes with hydrogen and carbon monoxide to give aldehydes, known

H

s hydroformylation.
Rh203 O/C— O
_—_—
’ 82-84%
CHs

@ +CO + H2
100°C
50-150 atm
CH2CH2CH=O
Sauiiog
H

[Rh(acac)(CO),]
P(C6H5303Na)3
100% vyield, 3.2:1 ratio

O/C CH2
2,6-dimethyl-S-cyclodextrin
The key steps in the reaction are addition of hydridorhodiumto the double bond of the alkene and migration of
the alkyl group to the complexed carbon monoxide. Hydrogenolysis then leads to the aldehyde
M

<:>+HRh(CO)—><:>—Rh C£0" —» Rh— c 2 mh—H+HC

[
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Carbonylation can also be carried out under conditions in which the acylrhodium intermediate is trapped by
internal nucleophiles.

Rh(OAc),, CH,
_ PPh,
CHaCHCH,CH=CH, — 5> .
CO, H,,
NH; CoHsoH & N O Hec” "N 70 gogs yield,

H H 70:30 ratio

The steps in the hydroformylation reaction are closely related to those that occur in the Fischer-Tropsch
process, which is the reductive conversion of carbon monoxide to alkanes and occurs by a repetitive series of
carbonylation, migration, and reduction steps that can build up a hydrocarbon chain.
+H2 +CO
M+CO —» M—CO —» M—CHz —» OC—M—CHj3
o)
Il +H2
OC—M—CHz —» M—C—CHz — M—CH,CHj3
0
co I +H,
M—CH,CH3 ———» M—C—CH,CH3; ——— M—CH,CH,CHg3; etc.
The Fischer-Tropsch process is of considerable economic interest because it is the basis of conversion of
carbon monoxide to synthetic hydrocarbon fuels, and extensive work has been done on optimization of cata-
lyst systems.
The carbonylation step that is involved in both hydroformylation and the Fischer-Tropsch reaction can be
reversible. Under appropriate conditions, rhodium catalyst can be used for the decarbonylation of aldehydes
and acyl chlorides.
i i
RCH + Rh(PPh3)sCl — RH RCCI + Rh(PPh3)3Cl — RCI
An acylrhodium intermediate Is involved in both cases. The elimination of the hydrocarbon or halide occurs by
reductive elimination.

O o cl Cl

Il 1 |
RCH + Rh(PPhg)3Cl —> RC—ITh(PPhg,)Z == R—RR(PPhg), + CO—>= R-X Rh(PPhs),Cl
X=H, Cl
X X

Although the very early studies of transition metal-catalyzed coupling of organometallic reagents included co-
balt salts, the use of cobalt for synthetic purposes is quite limited. Vinyl bromide and iodides couple with
Grignard reagents in good yield, but a good donor ligand such as NMP or DMPU is required as a cocatalyst.

Co(acac)2

0,
PhCH=CHBr + <:>—MgCI _3mol% PhCH=CH—<:>
THF

! 0
4 equiv NMP 87%

Co(acac), also catalyzes cross coupling of organozinc reagents under these conditions.

Co(acac)2,
20 mol %
CH3(CH2)5CHCH| + CH3(CH2)3ZH| _— CH3(CH2)5CH:CH(CH2)3CH3
HF, NMP 80%

[
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