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l. INTRODUCTION

Among the selective methods for the preparation of oxygen-
containing organic compounds, catalytic methods involving carbon
monoxide play a special role. This industrially important field of
homogeneous catalysis was founded as a result of the studies by
Roelen! and Reppe? at the end of the 1930’s and the beginning of
the 1940’s. Roelen showed that, in the presence of cobalt-contain-
ing catalyst, alkenes interact with CO and H, to form aldehydes with
linear and branched structures containing one carbon atom more
than the initial alkene:

RCH=CH,+CO+H,—~RCH,CH,CHO+RCHMeCHO .

Reppe discovered a series of related reactions involving the car-
bonylation of alkenes, alkynes, and alcohols catalysed by carbonyl
compounds of Group VIII metals. The products of these reactions
are carboxylic acids, their derivatives, or alcohols, for example:

CH,=CH,+CO+H,0—~EtCO,H ,
CHe=CH+CO+ROH—CH,=CHCO.R,
MeCH = CH,+CO+H,0—+BuOH+CO, -
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After the publication of the above studies,'? vigorous investigation
of the reactions of organic compounds with carbon monoxide in the
presence of transition metal complexes began. As a result, pro-
cedures such as the carbonylation of olefins, acetylenes, polyunsa-
turated compounds, alcohols, and nitrogen-containing compounds
have been converted into large and independent branches of the
catalytic chemistry of CO. The experimental data accumulated in
this field as well as examples of the industrial use of the above
reactions have been reflected in numerous monographs and reviews
(see, for example, Refs.3—9).

The present review deals with the development of a comparatively
new aspect of the chemistry of CO, which is of interest mainly for
fine organic synthesis —the catalytic carbonylation of organoele-
mental compounds, organic halides, diazonium salts, arenes, and
other substrates of the type RX (X = M, Hal, N,BF,, H, etc.). We
have designated these reactions by the term "substitutional carbony-
lation", because the interaction of carbon monoxide with the
substrates RX results in the substitution of the group X by the
fragment CONu. Depending on the nucleophilic coreactant (Nu")
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used, various carbonyl-containing products RCONu are formed —
carboxylic acids and their derivatives, aldehydes, and ketones.
Typical examples of such reactions are presented below:
RHal+CO+R,’NH—-RCONR,’+HHal ,
RHgOAc+CO+R’OH—RCO,R’+HOAc+Hg,
RN,BF+CO+R,"Sn—+RCOR’+Ry'SnBF+N, .

The complexes of a number of transition metals, namely palla-
dium, nickel, cobalt, and rhodium, have been used as catalysts of the
substitutional carbonylation of organic compounds. The substitu-
tional carbonylation reactions have been studied most widely and in
greatest detail under the conditions of homogeneous catalysis by
palladium compounds. We have confined ourselves in the present
review to other catalytic systems only when their application pro-
vides definite advantages compared with palladium complexes.

ll. CARBONYLATION OF ORGANOELEMENTAL COMPOUNDS

Organic derivatives of many non-transition elements are known®
to react with CO, forming a wide variety of oxygen-containing
compounds. Unfortunately, such reactions can usually be achieved
only under severe conditions (high CO pressure and temperature)
and frequently proceed with a low selectivity. In many instances it
is possible to overcome these difficulties by using palladium com-
plexes as carbonylation catalysts. Catalytic carbonylation was first
achieved for organic derivatives of mercury,'® whose reactions with
CO have now been most thoroughly investigated and have found
applications in organic synthesis.

1. Reactions of Organomercury Compounds

It was noted in 1968!° that, in the presence of stoichiometric
amounts of PdCl,, the aryl derivatives of mercury Ar,Hg and
ArHgCl interact with CO under very mild conditions: 1 atm and
20 °C. The reaction products are the acid chlorides ArCOCI when
the carbonylation is carried out in an inert solvent or the esters
ArCO,R when an alcohol is used as the coreactant:

PhyHg + PACl, —pasm-» PhCOCI -k IIgCly |- P
219

ST 4-MeCyH,COpMe -+ HeCly -+ Pd .
27%

4-MeCyH,HgCl -+ PdCly

As a result of the reaction, palladium(lI) passes to the zero
oxidation state. The application of a suitable oxidant, for example,
CuCl,, makes it possible to regenerate palladium(Il) (Pd + CuCl; —
PdCl, + Cu,Cl,) and make the carbonylation catalytic:

10% PdCly, { atm CO
ArHgCl ——&@, HoA:
Ar=4-MeC,H, (31%), 4-HO,CC,H, (56%),

In some cases, symmetrical diaryl ketones are formed in consider-
able amounts together with carboxylic acid derivatives (1 —4 atm
CO, 20 °C):!!

ArCOoH |

PhigCl —Sehieielu 0 . PhCOCI + PhyCO
2240% 11—20%

Kasahara and co-workers''> achieved for the first time the car-
bonylation of organomercury derivatives of non-benzenoid aromatic
systems —ferrocene, furan, and thiophen (50 atm CO, 70—100 °C):

ArHEC! + LIyPACl, —for— ArCOsMe + ACO +Pd |
30—36%  32—40%

where Ar =
enyl.

ferrocenyl, 2-furyl, 2-(5-methoxycarbonylfuryl), and 2-thi-
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They used the method developed for the single-stage synthesis of
[1.1]ferrocenophane-1,12-dione from readily available 1,1’-di(chloro-

mercuri)ferrocene: 2
T (‘0
MoOfL @ ©+ Pd

I'e + Li,PdCly ——>
HgU
The reaction of arylmercury acetates with CO in the presence of
Pd(OACc), (one equivalent) and added sodium acetate (two equiva-
lents) takes place selectively at 1 atm in methanol or trifluoroacetic
acid and leads to the formation of the methyl esters or anhydrides of
arenecarboxylic acids respectively in high yields,'* for example:

PhHEOAc + Pd (OAC) —RsoRe oA~ PhCOsMe + Hg (OAc) + Pd ,

88%
1) H+/H,0
PhHgOAc +- Pd (OAc)g —m" PhCOsAc —5y N, — PhCOgMe .

86%

We may note that the initial organomercury compounds can be
synthesised by mercurating the corresponding arenes with mer-
cury(II) acetate and can be used in the subsequent carbonylation
without isolating them from the reaction mixture.

The active intermediates in the reactions of arylmercury(Il)
compounds in the reactions with CO described above are undoubt-
edly organic palladium c-complexes, formed in the first stages of the

process:
Ar,Hg+PdX,—~ArPdX+ArHgX ,

ArHgX+PdX,—~ArPdX-+HgX, ,
X=Hal, OAc.
In a CO atmosphere, the arylpalladium complex is readily car-
bonylated, affording acyl derivatives:'¢!?

ArPdX+CO—-ArCOPdX.

The possible pathways in the subsequent conversion of ArCOPdX
into the final carbonyl-containing organic products are presented in
the scheme below:'%1}-18

ArPdX
AryCO 53, -de.‘ I

ArCOPdX

P> i ArCOX ,

ArsHg(ArHgX)

Nu~
ArCO “<pg —mfgX(fghn ~  —pd.—x- — ArCONu .

The reductive elimination of ArCOPdX leads to ArCOX. In the
presence of a nucleophilic coreactant (Nu") in the reaction mixture,
its interaction with ArCOX or with ArCOPdX produces the carbox-
ylic acid derivatives ArCONu. Symmetrical diaryl ketones are
formed in the reaction of the acyl complex with the initial organo-
mercury compounds or with the g-aryl derivative of palladium.
Carbonylation of organomercury compounds is frequently compli-
cated by oxidation processes, which lead to the side products Ar,,
ArCl, etc.

The reactions of aryl derivatives of mercury with CO, catalysed
by phosphine complexes of palladium, are of great interest from the
synthetic point of view. These reactions are fairly selective, and, in
contrast to those examined previously, are catalytic in relation to the
palladium complex in the absence of specially added oxidants.

Thus, on catalysis with 0.5—2 mole% PdCL(PR3), (R’ = Ph or
Bu), organomercury salts of the benzene and naphthalene series
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interact with CO and alcohols to form esters of arenecarboxylic
acids:!%%
ArHgX B0 2m <O, ArCO,R + Hg,
30—99%
X=0Ac, O,CCF,
R=Me, Et, n-CgH,,, iso-Bu, CH,=CHCH,, Ph

ArHgX containing chlorine, methoxy-, methoxycarbonyl, dime-
thylamino-, and acetamido-groups in the aromatic ring readily enter
into the reaction. Primary unsaturated alcohols, allyl alcohol, and
phenol can be used as the nucleophilic coreactants. We may note
that the reaction is sensitive to steric hindrance: the use of sterically
hindered organomercury compounds or secondary or tertiary
alcohols reduces appreciably the yield of the ester and leads to the
preferential formation of ArH and ArCO,H.

The conversion of the organomercury compounds ArHgX and
Ar,Hg into symmetrical diaryl ketones has been achieved under very
mild conditions (1 atm CO, 20 °C) by using a system comprising
metal complex and nucleophilic (I” ion) catalysts and by carrying out
the carbonylation in inert solvents [hexamethylphosphoramide
(HMP), tetrahydrofuran (THF), and acetone):2!"?

1% PhPA(PPhy! . CO
ArHgX BuT

Ar,CO + HgX, + Hg ,
78—99Y%
X=Cl, Br, OAc

0,6% [Rh(CO)Cl]:. CO
At’Hg BugNI or Nal

Ar,CO+Hg |
77—90%

These reactions can serve as convenient methods of synthesis of
substituted benzophenones (YCgH4)2CO (Y = H, 4-Me;N, 4-H,N,
4-MeO, 4-Me, 4-C], or 2-HO). The method is also applicable to the
synthesis of heterocyclic ketones, which has been demonstrated for
the conversion of 2-thienylmercury bromide into (2-C4H3S),CO.

The mechanism of the carbonylation of aryl derivatives of
mercury in the presence of phosphine complexes of palladium differs
from that presented above. The catalytically active species in the
given case is the zerovalent palladium derivative PdL, (L = phos-
phine ligand) obtained by the reduction of the initial palladium
complexes by organomercury compounds. As an example, the
scheme for the catalytic cycle involving the formation of diaryl
ketones by the carbonylation of organomercury compounds in the
presence of PhPd(PPh;),X is presented below:*

PhPdL,X+RHgX—>PhR+HgX,+PdL, .

RHgX+PdL,—~RPd (HgX)L,—~RPdL.X+Hg ,
or
RHgPdL.X
RPdL,X+CO—-RCOPdL,X
RCOPAL,X+RHgX-—+RCOPdRL,+HgX, |
RCOPARL,~RCOR+PdL, .

As a result of the oxidative addition of the organomercury salt to
PdL, (the insertion of the zerovalent palladium complex in the
Hg—C or Hg— X bond?®) and the elimination of metallic mercury,
the aryl derivative of palladium RPdL,X is obtained. The carbon-
ylation of RPdL,X and the subsequent transmetallation reaction give
rise to the diorganic complex RCOPdRL,. The reductive elimina-
tion reaction of the latter leads to a ketone and the initial catalyti-
cally active PdL, species. We may note that the above scheme
shows only one of the possible pathways leading to the formation of
ketones in the carbonylation of organomercury salts. Clearly, the
reaction involving the exchange between RHgX and RPdL,X can
precede the insertion of CO in the C—Pd bond and metallic mercury
may be eliminated in the last stages of the process. The addition of
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the iodide ion plays an important role. The I" ion apparently acce-
lerates?? the exchange reaction of RCOPdL,X with RHgX (nucleo-
philic catalysis®*) and facilitates the insertion of the zerovalent palla-
dium complex in the Hg—C or Hg—X bond.

The use of vinyl derivatives of mercury as the initial substrates in
the carbonylation reactions opens up pathways to the synthesis of
af-unsaturated carbonyl compounds. Thus vinylmercury chlorides
react with CO and PdCl, (one equivalent) in the presence of water
or alcohols, forming af-unsaturated carboxylic acids or their esters
in high yields (1 atm CO, -78 —20 °C):'®

R

— + PdCl, € + HgCl, + Pd
B/ \Hgcl o> H” \COR"
72—100%
R, R'=Alk, Ar, vinyl; R"=H, Me, Et

The carbonylation takes place with complete retention of the
configuration of the viny! fragment. By adding oxidants for
zerovalent palladium [copper dichloride'® or iron(IIl) chloride®®), it
was possible to make the reaction catalytic:

X /\/HgCl 04540%"1’;;;{1‘ -02‘ atmco__ v /\./ CO,R
73—100%
«Pd»=PdCl,, Pd/C; Ox=CuCl,, FeCl,
X=Cl, Ph, Bu; R=H, Me, Et, Pr

The need to add oxidants disappears when the process catalysts
are phosphinepalladium complexes:'*2°

R\ _ N 1% PdC1p(PPh3)y, 1atm O R\ R’

R”™ \HgOAc Meort R” T \COMe -
R=R’'=R"=H (74%); R=R’=H, R"=Me (31%);

R==R‘'=Ph, R"=H (36%)

The cause of this phenomenon, which arises from the reaction mech-
anism, were considered in our previous communication in relation to
the carbonylation of aryl derivatives of mercury.

If the organomercury compound contains the hydroxy-group,
then under certain steric conditions the latter can behave as the
nucleophile in the carbonylation process.  Such a reaction results in
intramolecular cyclisation, which leads to the formation of a lactone.
This precise idea has in fact been the basis of an elegant method of
synthesis of B-chloro-A*-butenolides, which involves two stages: the
mercuration of propargyl alcohols and the subsequent carbonylation

of the resulting organomercury derivatives:?*%’
C\__ R
’ . _HgCli R == 10% PdCl2 1atm CO R
RR’'CCa=a(R* ——=—= /| \H 1 T >L
! R'xou e OO R 0/=°

OH
78—100%

The yield of the lactone increases when the reaction with CO is
carried out in the presence of magnesium, which binds the HCI1
evolved.

Symmetrical divinyl ketones have been synthesised by carbonyla-
ting vinylmercury chlorides at 1 atm at 25 °C in THF in the presence
of a rhodium catalyst:?®

R\__®  _ om mecopai co (R\_ R ) ©

41—100%
R=H, Ar, Alk; R'=H, Alk

The possibility of using palladium complexes as catalysts in this
reaction has not been investigated.

The interaction of alkylmercury compounds with CO has been
studied comparatively little. The difficulty of carrying out the
reaction is associated with the instability of the intermediate alkyl
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complexes of palladium and other transition metals, which tend to
undergo a rapid B-elimination reaction:

|1
H—?—C'-de — HPdX + >c=c/ .

As a result of this side process, the yield of the carbonylation
products is usually low:?

OMe OMe
m CQ ,
+ L‘z“c“ Mmu > +
1gcl CO,Me .

7%

The undesirable elimination reaction can be avoided by using
initial substrates containing an electron-accepting substituent in the
B-position relative to the mercury atom. Thus B-acetoxymercurike-
tones interact with PdCl, (one equivalent) and alcohols in a CO
atmosphere, forming y-ketoacid esters in satisfactory yields:°

0 0
I
R _'/_:\_ R —HE(OA R/\/\HgOA _11@_16_3__, R/\|/\C0,R' .
OSiMe, R ’

R
46—529%

The carbonylation of alkylmercury(lI) derivatives in methanol at
an elevated CO pressure (2—63 atm), catalysed by (Ph3P);RhCl,
leads to methyl esters of alkanecarboxylic acids, the yield of the
latter reaching 72%:'%%°

AIKCO,Me .
21-72%

A!ngX 0,4-1% (R;D, co

X =0Ac, Br
Alk = Et, n-C(H,;, n-C,,H,5, MeCO,(CH,),,
BuCH(OMe)CH,, 2-methoxycyclohexyl

The examples presented make it necessary to revise the initial
sceptical attitude towards the synthetic possibilities of the reactions
of alkyl derivatives of mercury with CO and show that it is essential
to investigate them more widely. The synthetic use of the stereo-
selectivity of this reaction, which proceeds with the preferential
retention of the configuration at the carbon atom linked to the
. metal, is promising.?’

Dialkynylmercurys interacts with CO in an alcoholic medium at
20 atm and 25 °C with formation of a substituted maleate as the
main product:*!

(RC=C), Hg + LipdCl =S Nt 1
2 18 2 . RO C/—\ COR’
. 40—62%
R=Et, Ph; R’=Me, Et

The authors believe that RC=CCO;R’ is formed in the first stage
of the process and subsequently undergoes hydroalkoxycarbonyla-
tion.

2. The Reactions of Other Organoelemental Compounds

The carbonylation of other organoelemental compounds has been
studied to a much lesser extent.

Tetraphenyl-tin and tetraphenyl-lead react with CO and palladium
chloride at 1 atm and 20 °C in acetic acid with formation of benzoic
acid, but the yields are low in both reactions:

Ph,Sn 4 PdCl, —y—+ PhCOH +Pd ,
18%
PhPb + PdC!, ~c5pr— PhCOH + Pd .
%
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The carbonylation of the readily available vinyl derivatives of
silicon — (E)-alkenylpentafluorosilicates — was achieved.>?> The
reaction takes place stereospecifically and leads to high yields of the
esters of (E)-af-unsaturated carboxylic acids (1 atm CO, 25 °C):

3) Bsicmipect, [R\ R’ ]_.
H” \SiF,

1 equiv. PdCly, CO__'> R\__/R

M
R/ T \coMe

61—919

RC=CR’

It is noteworthy that, in contrast to alkenylpentafluorosilicates,
the corresponding alkenyltrialkylsilanes are relatively unreactive:
they are carbonylated at a low rate. Phenyl- and benzylpenta-
fluorosilicates do not interact with CO under the conditions investi-
gated.

A convenient method of stereocontrolled synthesis of ap-unsatura-
ted acid esters, based on the reaction of alkenylboronates with CO
and methanol in the presence of palladium chioride (1 atm, 0 to
50 °C), has been proposed.>®> The use of p-benzoquinone as the
oxidant for zerovalent palladium makes this reaction catalytic:

Rl\ /R. 1_4%05‘3(:;"0(:‘0 R \. /R.
R NB(ORYs ' R N\COoMe
42939

RY, R?, R*=H, Alk, Ar; Ox = p-benzoquinone

It is of interest that, when the initial substrate contains a
silicon —carbon bond together with the boron —carbon bond, the
former is not involved in the reaction:

Bu, /SlMe. P>, CO  Bis _ ,SiMe,y
H”™ \B(OR), B’ \cogMe ’
87%

O.
-~B (OR)2=—{ \ll<)
No NV

The carbonylation of the monoaryl compounds of thallium
ArTI(O,CCF3), in methanol leads to the methyl esters of arenecar-
boxylic acid (1 atm CO, 20 °C):3***

0% thz, co
TUO,CCFy)y ——prir—>

TI(OZCCF,),
TR H

— @—COZMD .
-X

17-80%
X = t-Bu, 11, MeO, F, AcNH, H,NCONH, PhCO

The reaction is catalytic with respect to palladium in the absence of
specially added oxidants, because the thallium(III) salt, formed in
the exchange interaction of organothallium derivatives with PdCl,
regenerates. the catalyst:

TIX,+Pd—TIX+PdX, .

The initial arylthallium compounds can be obtained by the direct
electrophilic substitution of thallium in arenes. This reaction is
distinguished by high regioselectivity. Thus the fluorine atom and
the t-Bu groups in methanol direct the attack by the thallium-sub-
stituting reagent almost exclusively to the para-position, while
AcNH, PhCO, and other groups which are coordinated to the
thallium(III) salt direct the attack to the ortho-position in the ben-
zene ring. Among ortho-directing substituents, those which are
capable of acting as nucleophiles in the carbonylation stage, for
example CH,OH, (CH,),OH, CO,H, CONH,, etc. occupy a special
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place. In this case the thallium substitution process and subsequent
carbonylation result in intramolecular cyclisation:

u Tl(O,&:CF,)J
LF,mzu
1{0,CCF3),

The method has been used to synthesise a series of cyclic prod-
ucts —substituted y- and 8-lactones, phthalic and homophthalic

anhydrides, and phthalimide:**33
44 56%

23- 95%

83% )

The reaction of alkylbenzenes with CO (4—7 atm) in the presence
of thallium trifluoroacetate and catalytic amounts of a palladium(II)
salt leads to alkylbenzoic acids.>® For example, a mixture of iso-
meric methylbenzoic acids has been obtained from toluene
(para:meta:ortho = 91:5:4) in 81% yield relative to TI(O,CCF3);
[TI(II):Pd(II) ~~ 73:1]. The monoaryl derivatives of thallium(III),
formed in situ, are in all probability intermediates in these reactions.
The carbonylation of organic compounds of tellurium(II) and
tellurium(IV) in the presence of stoichiometric amounts of PdCl,
(1-20 atm CO, 20—30 °C) has been achieved in a recently pub-
lished study:>’

l) PdCh

3) CP{Nl R

RTeR’ or Ar,TeCl, RCO,Me or ArCOMe .

73—-85% 41—639%
R=PhCH=CH, R'=Ph; R=Ph, R'=n-C(H,,
Ar=Ph, 4-MeOC,H,

The reaction of the asymmetric telluride PhACH = CHTePh with
CO leads mainly to an ap-unsaturated acid ester, i.e. PhACH =
CHCO,Me. In the case of n-CgH;3TePh, a benzoic acid derivative
is formed, namely PhCO,Me.

Thus the carbonylation of organoelemental compounds in the
presence of palladium complexes makes it possible to obtain a wide
variety of carbonyl-containing products. In many instances, these
are chemoselective and stereoselective processes in which catalytic
amounts of palladium compounds are used.

lll. CARBONYLATION OF ORGANIC HALIDES

Not only organoelemental compounds but purely organic reagents
can serve as sources of organic groups in substitutional carbonyla-
tion reactions catalysed by palladium complexes. Among such
compounds, organic halides have found the widest application. The
possibility of achieving reactions of this kind is based on the forma-
tion of g-organopalladium compounds RPdL,X (L = ligand) as a
result of the oxidative addition of the halide RX to a zerovalent
palladium complex:*$~%

PdL,+RX— trans- RPAL,X+ (n—2)L .
In view of the importance of the oxidative addition reaction for

the understanding of the data described in this Section, we shall deal
briefly with its main features.** Firstly, aryl and vinyl halides as
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well as benzyl, allyl, and certain other halides can be used in the
reaction (in the case of alkyl halides containing a B-hydrogen atom,
the organopalladium compounds formed are unstable and tend to
undergo rapid P-elimination of palladium hydride). Secondly, the
reactivity of the organic halides towards zerovalent palladium usu-
ally falls in the sequence RI > RBr > RCI. Thirdly, in the case of
aryl halides, the rate of oxidative addition diminishes on passing
from substrates containing electron-accepting groups to halogeno-
derivatives containing electron-donating substituents. Fourthly, the
reaction with vinyl halides proceeds with complete retention of the
configuration of the vinyl group. Benzyl and allyl halides interact
with zerovalent palladium complexes with the preferential inversion
of the configuration of the carbon atom linked to the halogen.
Finally, zerovalent palladium is used in the atomic state in the oxi-
dative addition reactions. This can be achieved most simply by
using zerovalent palladium complexes. As a result of oxidative
addition, the coordination number of palladium increases by 2.
Hence it follows that the initial zerovalent palladium complexes must
be coordination-unsaturated or can readily dissociate under the
reaction conditions.

The first communications concerning the carbonylation of organic
halides under the conditions of catalysis by palladium compounds
appeared in 1963 —1964.*' 74  However, up to the middle 1970’s,
the number of studies were small and the initial substrates used were
mainly allyl halides. The carbonylation occurred under severe
conditions at high CO pressures and temperatures. Only after the
discovery of the reaction involving the oxidative addition of organo-
halides to zerovalent palladium complexes® and the elucidation of
the role which phosphine and certain other electron-donating ligands
play in the stabilisation of intermediate organopalladium com-
pounds, was it possible to reduce significantly the temperature and
pressure at which carbonylation takes place and to extend the reac-
tion to a wide range of organic halides.** ¥ Since then systematic
research into the catalytic carbonylation of organic compounds
began and this led to the development of new convenient methods of
synthesis of a wide variety of carbonyl-containing products.

1. The Synthesis of Carboxylic Acids and Their Derivatives

The reaction of organic halides RX with CO catalysed by
palladium complexes has found the widest application in the synthe-
sis of carboxylic acids and their derivatives —esters and amides:

RX 4 HNu 4 CO ——=— RCONn+HX.
Nu=OH, OR’, NR,

Carbonylation without the addition of a nucleophilic coreactant
has been least investigated and takes place under much more severe
conditions with formation of carboxylic acid halide:

RX 4-CO —£2_, RCOX.

For example, allyl chlorides and bromides interact with CO in the
presence of a palladium catalyst at a pressure of 77— 500 atm and a
temperature of 80—150 °C in benzene or in the absence of a salt,
forming the halides of aB-unsaturated carboxylic acids.*?4349 5!
The yield of the target product is fairly high under certain conditions
and can become quantitative.*> The palladium catalyst is usually
added to the reaction mixture in the form of a n-allyl complex**>%5!
or a palladium(ll) salt.*** The use of palladium black leads to the
formation of a less active catalytic system.*

Despite the fact that the carbonylation can be accompanied by
the allylic rearrangement, it is regioselective: only one product is
obtained, in which the carbonyl group is linked to the least

substituted carbon atom of the allyl fragment:***°

MeCH=CHCH,Cl —£*:<© , MeCH=CHCH,COCI ,
81% i

CH,=CHCHMeC] —££:_, MeCH==CHCH,COC! ,
84%
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In both reactions described above, the oxidative addition of the
initial substrate to zerovalent palladium results in the formation of
the same intermediate — bis(1-methyl-n-allylpalladium chloride).

In certain cases the carbonylation is complicated by the migration
of the double bond in the acid halide from the By-position to the
conjugated ap-position:*®

CH,=CHCH,Cl —22:%_, CH,=CHCH,COC! 4 MeCH==CHCOCI .

Allyl chlorides are less active than the corresponding bromides.
Thus the rates of carbonylation of CH,=CHCH,Cl and CH, =
CHCHS,Br are in the ratio 1:~0.08 under identical conditions.*
The structure of the allyl group also influences the reactivity of the
halogeno-derivatives. The relative rates of the reaction increase in
the sequence™

CH,==CHCH,C! > MeCH=CHCH,Cl = CH;=CHCHMeCl >
> 3-chlorocyclo-octene = CHy=CMeCH,Cl > CH,=
—CHCHCI, = CICH,CH=CHCH,CI,

in the ratios 1:0.5: 0.04: 0.01.

The carbonylation of a mixture of allyl chloride and a conjugated
diene leads to the formation of a derivative of the dienecarboxylic
acid together with the chloride of a By-unsaturated acid,*® for
example:

CH,=CHCH,CI + CH,=CHCH=CH, —££:° ,
- CH,=CHCH,COCI + CH,=CH (CH,), CH=CHCH,COCI.
36% 28%

Aryl, vinyl, benzyl, and alkyl chlorides, which are less reactive in
the oxidative addition reaction, do not interact with CO under the
conditions which are usually employed in the reactions of allyl
chlorides.*> The conversion of halogenoarenes into aroyl halides in
the presence of palladium catalysts can be achieved at high tempera-
ture and CO pressures.>*> Thus arenecarboxylic acid fluorides
have been obtained by carbonylating halogenoarenes at 300 —350 °C
and 600—900 atm in the presence of alkali metal fluorides:*

ArX 4 MF —22:%0 , ArCOF + MX ,
0.5—78%

“Pd” = PdCl, or Pd/C; M = alkali metals; X =F, Cl, Br, 1

Summarising, one may say that the synthesis of the acid halides
RCOX by the reaction of RX with CO is of limited importance and
is applicable mainly to the synthesis of the halides of py-unsaturated
acids from allyl halides. The catalytic cycle in the formation of
RCOX apparently includes stages involving the oxidative addition of
RX to zerovalent palladium, the insertion of CO in the C—Pd bond
in the complex RPdX, and the reductive elimination of RCOPdX
(we considered previously all the reactions of the palladium com-
plexes incorporated in the cycle described). Under the conditions
used in the synthesis of acid halides, palladium-containing intermedi-
ates readily decompose with the liberation of the relatively inactive
palladium black. The reason for their instability is the absence
from the reaction mixture of ligands capable of stabilising these pal-
ladium compounds. The deactivation of the homogeneous palla-
dium catalyst necessitates the carrying out of the carbonylation of
organic halides under very severe conditions. The carbonylation of
allyl substrates is an exception, probably because of the high reac-
tivity of allyl halides in the oxidative addition to zerovalent palla-
dium and the stability of the rn-allyl complexes of palladium obtained
as a result of the oxidative addition.

The palladium catalyst can be stabilised in solution by adding
phosphine ligands (other electron-donating ligands are used for this
purpose more rarely). However, the acid halides RCOX cannot be
obtained from RX and CO when the reacion is catalysed by phos-
phine complexes of palladium, because the oxidative addition of RX
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and the subsequent carbonylation of the resulting RPd(PRj )X leads
to the stable acyl derivative RCOPA(PR} ),X,!” which is incapable of
reductive elimination. It was found that such acyl complexes
readily react with certain nucleophiles. Thus the reaction with the
alcohols R”OH yields the esters RCO.R”.**%*  This makes it pos-
sible to realise the catalytic cycle and to achieve the conversion of
the halogeno-derivatives RX into the esters RCO,R” under the
conditions of homogeneous catalysis by phosphine complexes of
palladium:
RX+PdL,—~RPdLX+(n—2)L,
RPAL,X+CO—~RCOPIL:X,
RCOPdL,X+R”OH—RCO;R"+HPdL,X,
HPdL.X+ (n-—2) L—~HX+PdL,,
HX+B:—BHX .
L =Prjand/or CO and B: = base

The scheme presented reflects the generally accepted treatment of the
mechanism of the alkoxycarbonylation of organic halides.!”*
However, it is noteworthy that the available literature data do not
rule out an alternative version of the mechanism of this reaction
postulating the involvement in the catalytic cycle of the alkoxycarbo-
nyl and not acyl complexes of palladium:*

RX+L,PdCO—RPd (CO)LX+ (n—I1)L,
RPd(CO)LX+R”OH+B:+L—+RPd(CO,R”)L,+BHX,
RPd(CO,R”)L,+ CO+ (n—2) L-RCO,R” +L,PdCO ,

During the alkoxycarbonylation of RX, the strong acid HX
accumulates and can cause the protolysis of the intermediate o-
organopalladium compounds® and may thereby exert an inhibiting
effect on the course of the reaction. Organic or inorganic bases,
among which tertiary amines,**” potassium carbonate®® and sodium
acetates,*” have found the most extensive application, are usually
employed to remove the HX. One cannot rule out the possibility
that the role of the base is also manifested in the reactivation of the
nucleophile:*®

R'OH + B: 2 R'O"+BH*.

Aromatic halides are most often used as the initial substrates in
the alkoxycarbonylation reaction, for example:*

ArX + BuOH L5208 18t CO .. ArCO,Bu
46—969%
X=Br, I; Ar=4-YC,H, (Y=H, MeO, MeO,C, NC),
2,6-Me,C,H,, 1-naphthyl

The triphenylphosphine complexes of palladium PdX,(PPh;), and
PhPd(PPh;);X are effective catalysts of the process. In the case of
aryl iodides, which are more reactive in oxidative addition than
bromides, the reaction proceeds smoothly in the presence of
palladium acetate (apparently BuzN plays the role of the weak
stabilising ligand in this instance).

The reactivity of the halides depends on the structure of the allyl
group and decreases in the sequence 4-NCC¢H Br > PhBr >
4-MeOC¢HBr in the ratio 275:1:0.23 (the method of competing
reactions). Judging from the half-life in the carbonylation reaction,
iodobenzene is only slightly more reactive than bromobenzene.

This probably shows that the oxidative addition is not the rate-
limiting stage of the process.**t It is of interest that the steric
hindrance generated by the ortho-substituents in 1-iodo-2,6-dimethyl-
benzene does not prevent the reaction: 2,6-Me,CsH3;CO,Bu was
obtained in 63% yield.#

tAccording to Fauvarque et al.,” the reactivity of aryl bromides
in the oxidative addition to zerovalent palladium is significantly
lower than that of the corresponding iodides.
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The methoxycarbonylation of aryl halides can be achieved
successfully only at an elevated pressure: methyl benzoate is
synthesised by the reaction of iodobenzene with methanol and CO at
3—14 atm.*”** Under milder conditions, (18 °C, 1 atm CO) the
carbonylation takes place with a low yield.*®

It has recently been possible to extend the reaction to heterocyclic
halogenoderivatives.”” The ethyl esters of isoquinoline-4-carboxylic,
pyrimidine-5-carboxylic, and thiazole-5-carboxylic acids as well as
those of substituted pyridine-carboxylic acids have been obtained in
high yields:

PUCl,(PPhy);, 7 atm CO

H
etX 4+ EtOH e N

HetCO,Et

35-10,
X =Br, Cl 100%

Eeolefulat

The tin and sodium alkoxides Et;SnOMe and NaOMe can be
used conveniently as the coreactant in the alkoxycarbonylation
reactions of aryl iodides instead of alcohols: > ~¢°

2% PhPd(PPh3),1, 1 atm CO

T ArCOzMe .
75—99%

Arl 4- Et,SnOMe

or
NaOMe
Ar=4-XC¢H, (X=H, MeO,C, NC, NO,), 1-naphthyl

The use of such powerful nucleophiles made it possible to convert
Arl into ArCO,Me not only under very mild conditions but also at
a high rate. Thus the carbonylation of 1-iodonaphthalene in the
presence if NaOMe terminates after 4 h and leads to 1 MeO,CC,oH7
in 90% yield,® while that analogous reaction of 1-bromonaphtha-
lene with BuOH/BusN does not go to completion even after 80 h:
46% of 1-MeO,CCyoHy; degree of conversion of 1-CioHBr 81%.*
The alkoxy-derivatives of aluminium,®! boron,? titanium, and
zirconium® are less reactive in the reactions with aryl halides and
CO. The carbonylation in the ArBr—E(OR), system can be
achieved only at an elevated temperature in the presence of a zero-
valent palladium complex (E = Ti) or a mixed catalyst containing
zerovalent palladium and rhodium(l) complexes (E = Al, B, or Zr):
ArBr + E(OR), 02 ArCO,R
40-98%
E = Al, B(n = 3); Ti, Zr (n = 4); cat. = 6% Pd(PPh,), or
6-8% Pd(PPhj), + 9-11% [(hexa-1,5-diene)RHCI],
Ar = XCH, (X = H, 4-MeO, 4-CH, = CH, 3-Me), 1-naphthyl
R = Et, Pr, iso-Pr, Bu, t-Bu

Vinyl iodides and bromides interact with CO and ROH to form the
esters of ap-unsaturated carboxylic acids (1 —87 atm, 60—125 °C):#

75-15

RR’C=CR"Y + BuOH —8%£%.€0 , pR/C=CR'CO,Bu .
58—95%

X==Br, I; «Pd»==PdX, (PPhy),

A mixture of geometrical isomers is usually obtained in which the
product with retention of the configuration predominates. A
decrease of temperature to 60 —80 °C and the addition of an excess
of triphenylphosphine make it possible to increase the stereoselectiv-
ity of the process, but the rate of carbonylation then falls markedly.
Together with cis-trans isomerisation, the formation of side products
is observed in some cases as a result of the migration of the double
bond in the ester from the af- to the By-position.

The carbonylation of vinyl bromides in the presence of sodium,
aluminium, boron, titanium, and zirconium alkoxides has been
described only for individual examples.®* =% The limited amount of
experimental data precludes definite conclusions about the synthetic
possibilities of these reactions.
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The alkoxycarbonylation of allyl halides has been studied inade-
quately. The reaction is carried out in the presence of palladium
catalysts not containing phosphine ligands under severe conditions
(97 —500 atm, 80— 160 °C), which led to low yields of By-unsatu-
rated carboxylic acid esters (29— 52%).41 =4

The methyl and buty! esters of phenylacetic acid were obtained in
satisfactory yields by the carbonylation of PhCH,Cl1*’ or PhCH,Br>¢
catalysed by PdCI,(PPh3),. The reactions of benzyl halides can be
complicated by the formation of side products as a result of the
substitution of the halogen by the alkoxy-group, while in the case of
substrates of the type ArCH(Alk)Hal, containing a hydrogen atom
in the B-position in the alkyl chain, unsaturated compounds can be
produced. Thus the carbonylation of a-bromoethylbenzene in the
presence of methanol leads to methyl 2-phenylpropionate (49%), a-
methoxyethylbenzene (24%), and styrene (12%).%

The interaction of propargyl chloride with CO in methanol is
accompanied by the hydromethoxycarbonylation of the triple bond
and agords methyl itaconate CH, =C(CO,Me)CH,CO,Me in 66%
yield.

Yet another type of halide used as the initial substrates in the
synthesis of esters comprises a-halogenoketones. Thus the synthesis
of PhCOCH,CO,Me (64%) by the reaction of P\COCH,Br with CO
in methanol has been described.*’

The alkoxycarbonylation of halogeno-derivatives of saturated
hydrocarbons (primary bromoalkanes) and also of phenylethyl
bromide whose reactivity is similar to theirs has been achieved only
recently®>®* (1 atm CO, 90—150 °C):

RBr + E (OBu), —2t=€9_, RCO,Bu .

12889
E=B(n=23), Ti(n=4); R =n-CgH,y, n-C,,Hzs, PhCH,CH,
cat. = 6% Pd(PPhy), (E = Ti) or 6% Pd(PPh;),+
9% [(hexa-1,5-diene)RhCl], (E = B)

The diester BuO,C(CH,)¢CO,Bu (76%) is formed in the analo-
gous reaction of Br(CH,)¢Br with B(OBu);.5

At high CO pressures, double carbonylation of organic halides
can take place, which is of great interest as a method of synthesis of
derivatives of a-ketoacids (150 atm CO, 15—120 °C):%

RX 4 R'OH _L‘gﬁﬁci’-» RCOCO,R’ + RCO,R’ .
'3 0—629% 3-959%
RX==Phl, PhBr, 4-MeC,H,I, 4:MeOCH,I,2-iodothiophen, 5-bromothiazole,

(E)-PhCH=CHBr

Under these conditions, the interaction of the halides RX with
CO in alcohols leads to a mixture of the esters RCO,R’ and
RCOCO,R’, the mole fraction of the latter ranging from 0 to 91%
depending on the nature of the initial reactants, the catalysts, and
other factors. In order to increase the yield of a-ketoacid esters, it
is essential to use as catalysts the complexes PACl,L,, where L is the
phosphine ligand with a conical angle of 145—170 °C (for example,
Ph;P, iso-Pr3P, etc. and the process must be carried out at high
pressures and low temperatures. It is recommended that the alco-
hols R'OH with R’ = Bu, t-BuCH,, iso-Pr, or cyclo-CgH;; be used;
when R’ = Me, t-Bu, Ph, or PhCH,, the only reaction product is
RCO,R'.

The ester RCH(CO,Et)CH,CCl; (29 —60%) has been obtained
together with CCly, RCH=CH, and CO in ethanol together with the
products of the addition of carbon tetrachloride to the double bond
of the initial alkene RCHCICH,CCl; (16—33%).%” It is not pos-
sible to extend this method to other organic halides.
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It has been proposed®® that cyclic ethers, namely epoxides, oxetan,
THF, and tetrahydropyran, be used as nucleophilic coreactants in
the alkoxycarbonylation reaction (20 atm CO, 120—130 °C);

CHy), 1% PhPd(PPhy),1, CO
RX + | o " ’ —_— Rﬁ—O(Cﬂz)nX ,

4-75%

RX = Phl, PhBr, 4= AcCgH,Br, PACH=CHEr, PhCH=CICH,CI,
PhCII,ClL PhCOCH,Cl; n=2-5

On passing from epoxides to less strained oxygen-containing
heterocycles, the rate of carbonylation and the yield of products
(esters of halogenohydrins) decrease sharply: oxiran > oxetan >
THF > tetrahydropyran. The reactivity of tetrahydropyran does
not differ from that of the acyclic dibutyl ether and the compound is
almost inactive in this reaction.

The carbonylation of organic halides under the conditions of
homogenous catalysis by palladium complexes is used widely in the
synthesis of a wide variety of carboxylic acids. Thus the reaction of
aryl halides (substituted bromobenzenes and 1- and 2-bromonaph-
thalenes) with CO(2—3 atm) and H,O at 110—130 °C in the pres-
ence of the base BusN and catalytic amounts of PAX,(PPhs3), (X =
Cl or Br) or Pd(PPhj), leads to ArCO,H in a yield up to 94%.5°
The authors used the method to obtain anthranilic acids:

NHAc NHAc 1) OH” NH,
@( ra”, o0 @C 2) H+/H10
CO,H

-92%

The carboxylation of RX has been achieved’®” in a two-phase
system: an aqueous solution of sodium hydroxide —organic solvent
(CsHs, p-Me;CgH,, CH,CL,, or EtCMe,OH). Tetrabutylammonium
iodide,” tetrahexylammonium bisulphate,”>’* benzyltriethylammo-
nium chloride,””° etc. were used as the phase transfer catalysts. We
may note that the presence of a quatenary ammonium salt is not
obligatory, at least in reactions with participation of benzyl
halides.”> Depending on the structurre of the halogeno-derivative
RX, the following reactivity series were observed: PhCH,X > PhX
and RI > RBr > RCL7' The carboxylation in a two-phase system
usually takes place under very mild conditions. This is especially
important in the reactions of halides of the vinyl type, because it
makes it possible to convert them into af-unsaturated acids with the
retention of both (E)- and (Z)-configurations of the vinyl group
(1 atm CO, 20— 50 °C):.”>"

R\_/H 24y @, 00 R\ Ve H
R N\Br R T \COH
30—-929%

«Pd»=Pd (PPhy),, Pd (Ph,PCH,CH,PPh,);
R, R'=H, Ar, Alk

A convenient method of synthesis of cis-cinnamic acids from the
corresponding trans-isomers is based on this reaction (1 atm CO,
20 °C)Z73

___ 1} Br,
011 2) NaHCO, w , €O
/ Fon >
R

) 86-81% 35-56%
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Depending on the nature of the initial dibromide the organic
solvent employed, the interaction of 1,1dibromoalk-1-enes with CO
leads to different products —diynes, af-unsaturated monoacids, or
methylenemalonic acids (1 atm CO, 40—75 °C):™

1) «Pd», CO, NaOH

D hom & — (RC=C); or RCH=C (CO,H).’

(R=Ar}
RCH=CBr,

—R=A RCH=CHCOH or RCH=C (COsH), .

The carbonylation of benzyl halides in an aqueous sodium
hydroxide solution —organic solvent system (1 —5 atm CO, 20 to
95 °C) is used to synthesise arylacetic acids’® "% and their benzyl
esters.”? The reaction pathway is determined mainly by the nature
of the palladium catalyst and by the presence or absence of a qua-
ternary ammonium salt (phase transfer catalyst):

1) spas CO. NaOH
) HY/HO —» ArCH,COsH OF ArCHyCO,CHgAT |
62—85% 54847

ArCHX
X=Cl, Br

It is noteworthy that the product of the double carbonylation of
the initial halides, namely ArCOCO,H, as well as a small amount of
the aldehyde ArCHO are obtained together with ArCO,H from aryl
iodides and H,O at a high CO pressure (150 atm CO, 40—80 °C):’¢

Arl 4 H,0 1% PACLERI €O, ArCOCO,H + ArCO,H + ArCHO .
41—53% 6—-249% 13~16%

Ar==Ph, 4-MeC,H,, 2-thienyl
The mechanism of the formaion of the o-ketoacid and the
aldehyde proposed by the authors is presented in the Scheme below
(the ligands not involved in the reaction have been omitted from the
Scheme):

Arl 25 Arpdl 227, ArCOPACO,H ,
ArCOPACOH —pr— ArCOCO,H,

ArCOPACO,H —g5— ArCOPdH

ArCHO.

The interaction of the halides RX with CO and the amines
R’'R”NH (1 atm, 100 °C), catalysed by 1.5 mole% of PdX,(PPhj),,
leads to the carboxylic acid amides RCONR'R”.* Halogeno-deri-
vatives of the aryl and vinyl types can be used as the initial
substrates in the reaction. The amine base (BusN) is as a rule
added to neutralise, together with the amine reactant (R'R"NH), the
acid HX evolved in the carbonylation reaction:

RX 4+ R'R'NH —1%—;,——» RCONR'R",
57—94%
RX =4-YC,HBr (Y == H, MeO, MeQ,C, NO,),
3-bromopyridine, 2-bromothiophen, vinyl bromides and iodides
R’R’"NH=PhNH,, PhCH,NH,, (CH,), NH

The conversion of organic halides into amides is achieved at a higher
rate than that of the analogous alkoxycarbonylation reaction. For
example, the amide P\CONHCH,Ph is formed 17 times faster in the
reaction of PhBr with CO and PhCH,NH,; than the ester PhCO,Bu
in the carbonylation of PhBr in the presence of BUOH.*> It may be
that this difference between the rates is the reason why the conver-
sion of vinyl iodides and bromides into amides proceeds with com-
plete retention of the configuration of the alkenyl group®® in contrast
to the alkoxycarbonylatxon of these compounds.*

It has been shown® that Me;SnEt; reacts with Arl (Ar = Ph or
4-NO,CgHy) and CO under very mild conditions (20 °C, 1 atm) with
formation of ArCONELt, (82—90%). When the organo-tin nucleo-
phile is replaced by the corresponding amine (Et,NH), both the
selectivity and the rate of the amide formation reaction decrease
sharply.
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Initially two fundamentally different mechanisms were proposed
for the conversion of organic halides into amides in the presence
of palladium catalysts*® the acyl (RCOPAL,X) or carbamoyl
[RPd(CONR'R")L] complexes of palladium were initially considered
as intermediates (cf. with the alkoxycarbonylation mechanism
described above). The experimental data obtained in later stud-
ies™%%77 showed that the reaction apparently takes place via the
second pathway, i.e. the catalytic cycle in which the carbamoyl
complexes participate is realised:

RX+PdL,~»RPdLX+(n—2)L,
RPdL,X+CO==[RPd(CO)L,]*X~,
[RP4(CO)L.)*X-+R’'R"NH+B:—RPd(CONR’R”)L,+BHX,
RPd(CONR'R”)L;+ (n — 2) L~~RCONR'R” + PdL,, ,

L=PR, and/or CO

Under certain conditions the reactions of organic halides with CO
in the presence of primary or secondary amines lead to double
carbonylation products —o-ketoacid amides (10—40 atm CO,
20—100 °C):7%"

1% P €O, RCOCONR'R” 4 RCONR'R” .
0—98% 2—-929%
X=Br, I; R=4-YC,H, (Y==H, Me, MeO, Cl), 2-thienyl, 3-pyridyl, PhCH = CH
R'=R"=Me, Et, Pr, iso-Pr; R'R"==(CH,)s, (CH,), O(CH,),

RX 4+ R'R'NH

The overall yield of the mixture of acid amides is 3—100%. The
molar ratio RCOCONR'R”/RCONR'R" varies within wide limits
(0/100—98/2) and depends on a number of parameters. The
formation of the a-ketoamide is promoted by the increase in the CO
pressure, the decrease in the reaction temperature, the use of non-
polar solvents.”®# The nature of the catalyst —a phosphinepalla-
dium complex —plays a major role.”® In the case of complexes with
monodentate ligands —PdX,L, and PhPdL,X —the relative content
of RCOCONR'R” in the mixture of products increases with
increasing basicity of the phosphine L: Me,PhP > EtPh,P > Ph;P.
When the complexes PdU,L, where L is a bidentate ligand of the
type Pho,P(CH,),PPh,, are used as the catalysts, the reaction selec-
tivity calculated relative to RCOCONR'R” diminishes as a function
of n in the sequence 4 > 3 > 5 > 2. «a-Ketoacid amides are
obtained in high yields when RX is carbonylated in the presence of
Et,NH, Pr,NH, or piperidine.78'8° The reactions with weaker bases,
namely Me,NH and morpholine, and also with the sterically
hindered iso-Pr,NH afford mainly the monocarbonylation pro-
ducts.”%-%0

The method of synthesis of isatin and quinoline derivatives,
proposed by Ozawa et al.,?! is based on the double carbonylation of
o-iodoacetanilide:

H+/H,0 //jl"—/
NHA A AN \N/ No
C
O/ Et,NH, CO O(NH ¢ M
B T - 939
N “\COCONEt, "
st 8 e 2%
C N/ \R °
72—81%

The acylpalladium complexes RCOPdL, (L = X, PR} and/or
CO), formed as a result of the oxidative addition of RX to zero-
valent palladium and the subsequent interaction of RPdL, with CO,
are undoubtedly active intermediates in the double carbonylation
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reactions considered. The conversion of RCOPdL, into a-
ketoamides of carboxylic acids can be achieved in principle via two
different mechanisms:”>** via the stage involving the formation of
the acylformyl derivative of palladium (I) or of the acylcarbamoyl
complex (II):

HNR,
—a———’ L,‘PdCOCOR
RCOPAL, —2— 1, Pd< — M - RCOCONR, ,
COR . CONR,
"“‘_. Lpal 1
\COR

am

On the basis of a careful study of the reactions of the palladium
complexes RPdL,X, RCOPdL,X, and RCOCOPAL,X (L = phos-
phine ligands), modelling the possible pathways in the catalytic
process, it has been recently possible’”**** to demonstrate that the
double carbonylation of organic halides proceeds with participation
of compounds (II) (pathway ).

It is of interest that not only primary and secondary but also
tertiary amines can be used as the nucleophilic coreactants in the
conversion of the halogeno-derivatives RX into amides (20 atm CO,
120 °C):*

—0.6% PHPA(PPhAN. CO_, RCONR'R" +R'X .
11—75%

RX=Phl, PhCH=CHBr, Etl]

R’=R"=Et, Pr, Bu; R’=Et, R"=Ph

RX +R,R'N

On passing from triethylamine to tripropyl- and tributyl-amines,
which contain more bulky substituents, the yield of RCONR'R" falls
significantly. The fact that the carbonylation of EtI in the presence
of PhNEt; proceeds with the selective dissociation of the N—Et
bond and affords the N —ethyl-N-phenylamide of propionic acid in a
high yield (75%) is noteworthy.

Non-activated iodoarenes and iodoarenes containing weak elec-
tron-accepting substituents interact with CO and organo-tin mercap-
tides to form thiolocarboxylic acid esters (1 atm CO, 20 °C):>%°

Arl 4 Et,SnSR —S-12% Phed(PPhasl O, ArCOSR .
62—969%
Ar==Ph, 4-CIC;H,, 1-naphthyl, 2-thienyl; R = Ph, Et
When the initial halide contains strong electron-accepting groups,
ArCOSR cannot be obtained; the main reacion product is in this
case the sulphide ArSR.
Aryl jodides have been converted into a-ketonitriles®® (8 —20 atm
CO, 100 °C:

Arl 4 KCN — =% PIPAUPPRIL €0, ArCOCN + ArCN
45—9207  1-—-22%

Ar=4-XC,H, (X=H, Me, MeO), 2-thienyl.

The carbonylation in the RBr—KOAc—norbornene (or norbor-
nadiene) system, catalysed by tetrakis(triphenylphosphine)palladium,
is accompanied by the insertion of both the alkene and CO in the
C—Pd bond in the intermediate RPd(PPhs),Br (1 atm CO, 80 °C):¥’

0.5% “Pa”
RBr + + KOAc —5—>

R=Ph, PhCHy, Me0,CClly, PhCH=CH, n-C¢H;CH = CH

A mixed anhydride is apparently formed initially, but it is unstable
and readily disproportionates. The reactions considered above have
found application in fine organic synthesis.
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A method of synthesis of the macrolide(III) (curvularin), which is
encountered in nature, has been developed. The key stage is the
alkoxycarbonylation of 3,5-dimethoxybenzyl chloride:®

e S Al

(i

The dimethyl ether of zearalenone (V), a macrolide with a struc-
ture similar to that of curvularin, has been synthesised from the aryl
iodide (IV) usmg a catalytic reaction:®

R=Hor (CH2)4I ‘\J

MeO, 0%
-
0 .
MeO !

)

Hitherto, we have discussed the interaction of organic halides with
CO and a wide variety of nucleophilic coreactants without dealing
with the carbonylation of substrates containing a nucleophilic sub-
stituent (OH, NH,, etc.) in the same molecule. On the other hand,
the reactions of such halogenoderivatives with CO are of special
interest from the synthetic point of view, because, unless this is
prohibited by geometrical considerations, the latter can occur as
intramolecular reactions leading to various heterocyclic compounds.
For example, in the presence of an OH grup in the side chain of
halogenobenzene, cyclisation takes place readily with formation of
benzolactones (1 —4 atm CO, 50—130 °C).*%*! Special mention
should be made of the possibility of obtaining in this way derivatives
of the phthalide (n = 1) and 3,4-dihydroisocoumarin (n = 2) series,
many of which are encountered in natural objects and exhibit

biological activity:>
(CH,),0H
1-2% “Pd”, CO (ch,),
—_—
. Bu3N or K5C0O3 I .
R X R
o

X=Br,Lin=1,2,3 42-100%

The reactions of vinyl halides, containing a hydroxy-group, have
been used successfully for the synthesis of compounds of important
classes such as A*-butenolides®® and a-methylene-substituted y-, 8-,
and e-lactones:*>"*

R H R H
\—/"R' 0.4-8%"Pd”, 1-5atm CO \rj';R,
/—> K,CO - ’
1 24U3 =s.
HO <R’ N0/ Nrv

46—-100%
H 1-2% “Pd”, 1-3 atm CO "]
X KCOj or BugN
0
X=Br, | 24-93%

It has been found®® that a chloro-derivative of the allylic type—
cis-4-chlorobut-2-en-1-ol —interacts with CO under very mild condi-
tions (1 atm, 20 °C) in the presence of 4 mole% of Pd(CO)(PPh;);.as
the catalyst. The reaction leads to a four-membered ring lactone:
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( \(O __L_CCl Pdv, CO /\l"'I
L o - Wl

52%

o-Bromomethylbenzyl alcohol and 2-bromo-2-phenylethanol react
to form 3-isochromanone (VI) and the B-lactone of tropic acid (VII)
respectively in satisfactory yields:*®

O/\OH 2% ‘Pd”, 1 atm CO r)/\o
AN

VD), 71%
Ph—CH—CH, 4% ““Pd”, 1 atm CO p[-l_CH_clﬁ2
| =
Rr  OH 0=C—0
(ViD), 63%

The conversion of o-(aminoalkyl)bromobenzenes into y-, 8-, and
e-benzolactams hs been achieved®*** (1 atm CO, 100 °C):

N
/(CHg), NHR 4 P00 n (C|H2)n
N
AVANS R
i
o)
17—65%

n=1--3; R=H, PhCH,, Ac

When the intramolecular cyclisation can proceed via different
pathways affording both six- and five-membered lactams, the latter
is formed preferentially:*

\/Nﬂ/ji) U\ N O (]/\"}\ /Q.

Br
39% . 15%

The simplest alkaloids (VIII) and (IX), whose composition
includes the tetrahydroisoquinoline system, have been synthesised
using this elegant and convenient method for the construction of
nitrogen-containing rings:%’!’7

lh

ou
u "
CONM,

(V11 ? ax) X)

Recently there has been a growth of interest in benzo-1,4-diaze-
pines and their oxo-derivatives, among which substances active as
tranquillisers, soporifics, and antibiotics have been discovered. A
method has been developed for the synthesis of a series of physio-
logically active 1,4-benzodiazepines based on the cyclisation reaction
catalysed by palladium complexes. One of the antibiotics synthe-
sised in this way is anthramycin (X).”

o-Bromobenzamides interact with CO at 1 atm and 100 °C in the
presence of the Pd(OAc),—PPh; catalytic system with formation of
phthalimides:**

1
}/ \NHR _«P®,C0O_, \NR
N N\pr ]
o
R=H (72%), Me (84%)

Vinyl halides are also used as the initial substrates in the synthesis
of nitrogen-containing heterocyclic compounds. Thus the conver-
sion of (Z)-o-acetamido-B-bromostyrene into 2-quinolone can be
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readily achieved.®®> The carbonylation of the vinyl derivatives (XI)
leads to a wide variety of the substituted a-methylene-B-lactams,
a-methylene-y-lactams, and a-methylene-5-lactams:®>19%:104

@(_\'ir 2% 'P4”, 1atm CO_ m
N1 A

658%

a7, 1-4 atm CO
>——<—\Nun e — >—‘Q

(x1)
X=pr, I ~90%

The possible applications of this method in the synthesis of B-lac-

tam antibiotics are being sought.!%®

2. The Synthesis of Aldehydes

The halogen in organic halides can be readily replaced by the
formyl group using the carbonylation reaction.

In the presence of the synthesis gas (CO:H, = 1:1) and a palla-
dium catalyst, iodo- and bromo-arenes of the benzene and hetero-
cyclic series as well as vinyl derivatives are converted into the corre-
sponding aldehydes in satisfactory yields.*'% The reaction takes
place at approximately 100 atm and 80—150 °C in the presence of a
base (a tertiary amine or pyridine):

RX +CO+ H, =26 <% , RcHO ,
65—99%
«Pd»=PdX,, PdX,(PPhy),;; X=DBr, I; R=Ar, vinyl.

In the case of vinyl halides, side products may be formed as a
result of cis— trans isomerisation and the migration of the double
bond. Substituents in halogenoarenes such as the cyano- and
acetoxy-groups are not involved in the reaction. However, when an
attempt was made to obtain p-nitrobenzaldehyde by formylating
p-bromonitrobenzene, only polymeric products were isolated. In
certain cases the reduction of the carbon—halogen bond is observed.
Thus, the reaction of o-dibromobenzene leads to benzaldehyde
(66%). However, in the reaction involving p-dibromobenzene, the
normal product p-(HCO),. .C¢H,4 with two aldehyde groups was
obtained (74%).

The mechanism of the formylation of RX is in many respects
analogous to the mechanisms of the reactions examined before: the
active intermediate is the acyl complex of palladium RCOPdL,X, the
interaction of which with H; leads to the aldehyde RCHO.*¢

The use of tributyl-tin hydride as the reductant made it possible
to convert organic halides into aldehydes under much milder condi-
tions (1—3 atm CO, 50 °C).1%7 Apart from ary!l and vinyl iodides,
allyl chlorides and benzyl bromide can serve as the initial substrate:

OMe OMe
EtO,Cx_ /'\/CI + BuSpH —$&.€0_, EtO,C\ /I\/CHO ,
86%

PhCH,Br + Bu,SnH —£%:2_, phCH,CHO + PhMe
75% 129%

«Pd»=Pd (PPh,),
Formylation by the method of Baillargeon and Stille’®” is more
chemoselective than the analogous reaction using synthesis gas: the
methoxycarbonyl, keto-, and even nitro-groups are not involved in
the reaction. In the reaction of p-bromoiodebenzene it is possible
to achieve the selective substitution of iodine by the formyl group;
the yield of p-bromobenzaldehyde reaches 88%. The formation of
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aldehyde is sometimes complicated by a side reaction involving the
reduction of the initial halogeno-derivative RX to RH. For halo-
genoarenes containing strong electron-accepting substituents, this
reaction may become the main one. For example, the formylation
of p-NO,C¢H,I leads to p-nitrobenzaldehyde (38%) and nitroben-
zene (62%). Nevertheless, the yield of the aldehyde is usually high
and in many cases reaches 90 —100%.

Pri-Bar and Buchman'®® were able to replace tin hydride, which is
sensitive to atmospheric oxygen, by the mild reductant poly(methyl-
hydrosiloxane):

RX + [—SiMeH-—-0—],

“Pd”, 3 :ﬁtm €O _, RCHO .
14—96%
“Pd” = Pd(PPhj),, PACl,(PPh,),/polystyrene

RX = iodo- and bromo-arenes and benzyl bromide

PdCl,(PPhs), deposited on cross-linked polystyrene is an effective
catalyst. The immobilisaion of the palladium complex on a poly-
meric carrier made it possible, on the one hand, to retain the activity
characteristic of the homogeneous catalyst and, on the other hand,
to simplify significantly the problem of the separation of the palla-
dium compounds from the reaction products.

The possibility of using HCOONa as the reductant in the
formylation reaction (3 atm CO, 125 °C) has been demonstrated for
iodo- and bromo-benzenes.!% The yield of benzaldehyde was 80%
and 58% respectively.

3. The Synthesis of Asymmetric Ketones

Carbonylation in the RX (organic halide)— R'M (organometallic
compound) system, catalysed by palladium complexes, constitutes a
convenient method of synthesis of asymmetric ketones:

RX 4+ R'M —2£:€0_, RCOR’ 4+ MX .

The reaction mechanism is in broad outline analogous to the
mechanisms of the reactions considered in this Section. The first
stage of the catalytic cycle is the oxidative addition of RX to the
zerovalent palladium complex. The carbonylation of the RPdL,X
formed and the subsequent interaction of the acyl derivative
RCOPdL,X with R'M lead to the ketone RCOR’ and the initial
catalytically active zerovalent palladium species.

Tin derivatives have found the widest application as organometal-
lic reagents in this reaction. They are resistant to the action of
atmospheric oxygen and moisture, are readily available, and, what is
most important, are inert not only in relation to the keto-group of
the products COR’ but virtually in relation to any important func-
tional group. This permits the synthesis of ketones containing dif-
ferent substituents.

The carbonylation of the iodoarenes 4-XCgH,I in the presence of
aryl-, vinyl-, phenylethynyl-, and alkyl-stannanes leads to the corre-
sponding ketones in high yields (1—30 atm CO, 20— 120 °C);10%110

4-XC,H,I + RSnRg —52:20 - 4-XC,H,COR + ISnR;

X=H, Cl, MeO,C, CN, NO,; R=4-YC,H, (Y=MeO, Me, H, Cl, NO,),
C4F5, 2-thienyl, H,C=CH, PhC=C, Me, Bu
“Pd” = PhPd (PPhy), 1, (n-CyH,PdCI),

The reaction takes place under very mild conditions (1 atm CO,
20 °C) when it is catalysed by bis(n-allylpalladium chloride) (1
mole%).!'® In the reactions involving the most active tin
compounds RSnMe; (R =CH,=CH, 2-thienyl, or PhC=C), the
cross-coupling side product 4-XCgHyR is formed together with the
carbonylation product. This undesirable process can be suppressed
by carrying out the reaction in a less polar solvent —acetone.!!!
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The halides of the heterocyclic series react analogously. Thus
2-C4H,SCOPh (95%) and 2-CsH4NCOPh (91%) have been obtained
by carbonylating 2-iodothiophen and 2-iodopyridine in the presence
of trimethylphenyltin.'!!

The reactions of p-bromostyrene with tetramethyltin,'® of
1-iodohex-1-ene with tributylphenyltin, and of 1-iodopent-1-ene with
PrC=CSnBu; "> at 4—30 atm CO and 45—120 °C lead to the
corresponding af-unsaturated ketones in 46 —62% yields. A
method of synthesis of asymmetric divinyl ketones from vinyl iodides
and alkenyltin derivatives (4 atm CO, 45—50 °C) has been
developed:'!?

RIR*C=CR®] 4 R*R!C=CHSnAlk,
- Alk,Snl + R‘R’C:CR?CCH:CR‘R‘ .

2% Pds, CO_

O  45—93Y%
«Pd» = PdCl,L,, PhCH,PdL,Cl; L= PPh,

We may note that the trans-configuration of the alkenyl group in
the initial halide and the organostannane is retained in the reaction
product. In the case of cis-organostannanes the carbonylation also
takes place with the preferential retention of the geometry of the
double bond, but the subsequent isomerisation of the ketone under
the reaction conditions can lead to the trans-product, for example:

Ph ,
\M/

0
T0%

“pa”, CO Mo
Bu. .

\/\g/\/’

24 h: cis/trans = 2.5
48 h: only trans-isomer, 62%

“pd”, CO
Ph

Ph:
\/\[ + Buzsa N2 \py

B
NN Buss ANy,

cis/trans = 6

Allyl halides interact with aryl-, vinyl-, and allyl-trialkylstannanes
at 4—52 atm CO with formation of Py-unsaturated ketones.!!>1!5
Organotrimethylstannanes are usually employed in order to reduce
the steric hindrance generated by the alkyl substituents in the
organotin compound. The reactions of allyl bromides proceed less
selectively than those of allyl chlorides. Although the carbonylation
can be accompanied by the allylic rearrangement, it is regioselective
only one product is obtained in which the carbonyl grup is linked to
the least substituted carbon atom of the ally] fragment:!**

@b, c0 NN\
/ ’
\/\/Cl + Me,Sn/\ C") 36%
PN e e /m/
I %

As shown for compound (XII), the stereochemical result of the
reaction corresponds to inversion of the configuration at the carbon
atom linked to the halogen:!?’

CO,Me CO,Ma

+' Buj3SoPh ——)- ©\
COPh

cts/trans =70:30

(x1n)
cis/trans = 26:74

Vinylstannanes interact with allyl halides in a CO atmosphere
with retention of both the cis- and the trans-geometry of the vinyl
115
group.
Benzyl chloride reacts with tetramethyltin and CO to form
phenylacetone (86%).' p-Nitrobenzyl phenyl ketone has been
obtained analogously in 85% yield from p-nitrobenzyl bromide and
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trimethylphenyltin.''® The reaction of PhCHRBr (R = Me or Et)
with R4 Sn (R’ = Me or Ph) and CO is complicated by side
processes involving isomerisation and f-elimination,'*® for example:

PdCl,(AsPh3),, 20 atm CO

PhCHMeBr + Me,Sn T
~ PhCHMeCOMe + PhCH.CH,COMe + PhCH=CH, .
70% 14%

Carbonylation in an o-halogenocarboxylic acid ester —organotin
compound system constitutes a method of synthesis of B-ketoacid
derivatives. Thus the reaction of ethyl a-bromoacetate with CO
and tetraphenyltin leads to ethyl benzoylacetate (67%).'%° MeCH.
(COMe)CO,Et has been obtained from ethyl a-bromopropionate
and tetramethyltin (62%).

The conversion of halogeno-derivatives of saturated hydrocarbons
into ketones has been described for only one example: methyl iodide
interacts with trimethylphenylstannane in a CO atmosphere to form
acetophenone (94%).119

The organozinc compounds RZnX, obtained in situ from primary
or secondary iodoalkanes or benzyl chlorides using the zinc-—copper
couple, react with aryl iodides at 1 atm CO in the presence of 1 to
2 mole% of Pd(PPh;)‘;."7 The yield of the target product YCgH,.
.COR is 56—93% for aryl iodides containing electron-donating
substituents (Y = 4-MeO or 2- and 4-Me) and unsubstituted iodo-
benzene (Y = H), but in the presence of electron-accepting groups
in the benzene ring of the halogenoarene (Y = 4-Br or 2-MeO,C) it
falls to 0—38%. It is also noteworthy that primary alkyl iodides
are more reactive than secondary alkyl iodides:

1 + WPd”, GO
\ RX m’ OR
0-93%

X =1; R=Me, n-Pr, iso-Pr, iso-Bu, n-CgH,,, cyclo-C¢H,,
X=Br; R=PhCH,, 4-CICgH,CH,

Carbonylation in the RX —iso-Bu,AIR’ system under mild condi-
tions (1 atm CO, 20—55 °C) can serve as a convenient method of
synthesis of asymmetric ketones RCOR' of various classes:'!®

1% PdCl.(MeCN)s, CO

RX + iso-Bu,AIR’ RCOR’

41—99%
RX=4-YC,H,1 (Y==NO,, NC, Cl, MeO, H),2-iodothiophen,4-NO,C,H,CH,Br, Mel
R'=Ph, PhC=C, CH,=CH

The reaction of aluminium trialkyls and dialkylaluminium chlor-
ides with aryl iodides and CO (1 atm, 50 °C) takes place in a more
complex manner.!’®  Alkyl aryl ketones ArCOAlk obtained initially
are capable of bineg reduced and alkylated by the initial organoalu-
minium compounds, affording, ArCH(OH)Alk and ArC(OH)AIk,.
Thus the carbonylation of iodobenzene in the presence of Et;Al
leads to a mixture containing the three products indicated in com-
parable amounts. The use of Et,AlC] and iso-BusAl as reactants
made it possible to direct the process towards the preferential
formation of a ketone or secondary alcohol respectively:

__EWAl__ ArCOEt +ArCH(0H)Et+ArC(OH)Et,,

(Ar=Ph) 30% 25%
Arl «Pd», CO _M.i__,. ArCOEt y
61—79%
iso-BugAl ArCH(OH)Bu-iso .
55—959%

The ketones RCOC=CR'’ are obtained from the halides RX and
terminal acetylenes R'C=CH (R' = Ph, PhCH,CH_, or Bu) in a CO
atmosphere (20 atm, 80— 120 °C).'*°* The method is applicable over
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a wide range of organic halides: substituted iodo- and bromo-ben-
zenes, 1-bromonaphthalene, 2-bromothiophen, and vinyl bromides.
In order to increase the yield of the ketone and to reduce the
amount of the side products [RC=CR’, (R'C=C),], it is recommen-
ded that the complex PdCl, with the bidentate phosphine ligand 1,1'-
bis(diphenylphosphino)ferrocene be used:

RX + R'C=CH —%F% 2 , RCOC=CR’,
47—-93%

The reactions of aryl iodides with RC=CH at 1 atm CO and
approximately 60 °C in the presence of the zinc—copper couple lead
mainly to the enone ArCOCH =CHR after the hydrolysis of the
reaction mixture:!?!

1) cat., CO, Zn/Cu

Arl +RC=CH —2H20 | ArCOCH=CHR + ArCOCH==
33929, 0-~26%
=CArR + ArCOCH,CHRCOAr -+ ArC=CR

0—449% 0—-239%
cat. = 2% PdCl, (PPhy), + 4% (C;H,), TiCl,
R=Ph, Bu; Ar=YC,H, (Y==H, Me, MeO, Br), 2-thienyl.

The ArCOC=CR formed initially is apparently reduced by Zn/Cu
to ArCOCH = CRZnl whose subsequent interaction with water
affords ArCOCH = CHR.'?!

The possibility, in principle of synthesising symmetrical diaryldike-
tones by carbonylating aryl iodides in the presence of palladium
catalysts (8 atm CO, 111 °C) has been demonstrated recently'? for
the conversion of p-iodoanisole into p-bianisoyl:

4-MeOCgH,1 + EtySn, —%#: 0, (4 MeOC,H,CO), + Et,Snl ,
719

Thus the study of the reactions of organic halides with CO under
the conditions of homogeneous catalysis by palladium complexes has
led to the development of new convenient methods of synthesis of
carboxylic acids and their derivatives, aldehydes, and symmetrical
and asymmetrical ketones.

IV. CARBONYLATION OF OTHER ORGANIC SUBSTRATES

Not only organoelemental compounds and organic halides but
also other substrates, capable of interacting with zerovalent palladi-
um or palladium(II) complexes to form c-organopalladium com-
pounds, can serve as donors of organic groups in the carbonylation
reaction. Thus, as early as the 1960’s, it was shown*?* that ethers
and esters of allyl alcohols react with CO in the presence of
palladium catalysts. However, the severe conditions under which
the process takes place and the low yields of the products precluded
a wide-scale application of this synthetic method. Only much later
was it found'? that the readily available alkyl allyl carbonates
exhibit a high reactivity: their carbonylation takes place under mild
conditions (1 —10 atm, 50 °C) and leads to By-unsaturated acid
esters in satisfactory yields, for example:

ANAAS DO
/N VAN /\ M—y 4%

0CO,Bt
«Pd»,

t-Bu0,C0”" "
«Pd» == 2% Pd (OAc)y + 4% PPh,

co, t-BuO,c/
54%

The carbonylation is regioselective: only onc'product is formed in
which the alkoxycarbonyl group is bound to the least substituted
carbon atom of the allyl fragment. n-Allyl complexes of palladium

3N

(XIII), obtained as a result of the oxidative addition of allyl car-
bonates to zerovalent palladium on subsequent decarboxylation, are
intermediates in the reactions considered:

OCO,R  par, A o COR
Al —wor " PUORIL, =g 2 .

(X111

When diethylamine is introduced into the reaction mixture as a
nucleophilic coreactant, amides can be synthesised:'?

«Pds, CO
_—

CONEt,
/\/\I/\ + HNEt, VAVAY V4 X

OCO,Et 96%

The vinyl esters of trifluoromethanesulphonic acid (vinyl triflates)
interact with CO and various organotin compounds (alkyl-, aryl-,
vinyl-, ethynyl-, and allyl-trialkylstannanes) to form «f-ketones
(1—4 atm CO, 2075 °C):'**

RCH=CR'0OS0,CF, + R"SnAlk, —%PdPPhe: €2 , RCH—CR'COR” ,

70—959%

It is important to note that both the (Z)- and (E)-configurations
of the alkenyl group in the initial vinyl stannanes are retained in the
reaction. This constitutes an undoubted advantage of the given
method compared with the analogous method of synthesis based on
the carbonylation of vinyl halides'!? (see above). The ready
availability of vinyl triflates, the methods of synthesis of which from
the anhydride of trifluoromethanesulphonic acid and the correspond-
ing ketones have now been thoroughly developed, is also important
from the preparative point of view.

There has been an interesting communication about the synthesis
of compound (XV) using (E)-1-trimethylsilyl-2-trimethylstannyleth-
ylene (XIV) (Tf = CF3S0,):'%*

Me Me ¢}

Me Me
0 OT!
THO #PdY, co, (X1V)
Me Me Me SiMey

87%
0]

H 0T} H
{ @ WPd", €O, (X1V) {
—_— ———— | —_—
SiMey

Me Me
86%

Me Mo cH,

i H
—

Me H
(XV)

The carbonylation of alcohols in the presence of palladium cata-
lysts is of very limited importance and is applicable only to allyl
derivatives.**>* The reaction proceeds with low yields at high CO
pressures. Homogeneous catalytic systems based on rhodium com-
pounds proved to be much more promising. Thus, in the presence
of small amounts of added HI, certain carbonyl rhodium complexes
are capable of catalysing the conversion of methanol into acetic acid
at relatively low CO pressures (30 —40 atm) (the active substrate is
not the alcohol itself but the methyl iodide formed in situ by the
reaction of methanol with HI; the interaction of Mel with CO and
H,O leads to acetic acid with the simultaneous regeneration of HI).
This highly selective reaction served as the basis of a large-scale
industrial process developed by the Monsanto Company.?

The wide scale synthetic possibilities of the reactions involving the
carbonylation of arenediazonium salts have been demonstrated.'?*128
The interaction of arenediazonium tetrafluoroborates with sodium
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carboxylates at 9 atm CO and 25 °C yields mixed anhydrides of the
carboxylic acids:!?%1%

ArN,BF, + RCO,Na 2% PA©A: CO_, ArCOCR |
I n
00
28—86%

Ar=YC,H,(Y=H, Me, MeO, Cl, Br, I, NO,), 1-naphthyl
R=H, Me, Et, t-Bu, Ph

Heating of the mixed anhydrides to 100 — 120 °C in vacuo induces
their disproportionation to (ArCO),0 and (RCO),0 in nearly quan-
titative yields.'?® It is of interest that substituents in ArN,BF, such
as chlorine, bromine, and even iodine are hardly involved during the
carbonylation reaction. Thus an anhydride has been obtained from
p-io<11205benzoic acid in 86% yield relative to the initial diazonium
salt.

The reaction of PhN,BF, with CO and alcohols ROH (R = Me,
Et, Bu, or t-Bu) results in the formation of PhCO,R (0—21%) and
PhCO-H (7 —66%).'% '

In the presence of triethylsilane or better poly(methylhydro-
siloxane), CO, and a palladium catalyst, the conversion of ArN,BF,
into ArCHO can be readily achieved (9 atm CO, 25 °C).'” The
formation of diazonium salts is a more chemo-selective process than
the analogous reaction of halogenoarenes (see Section III): chlorine,
bromine, and iodine atoms and acyl, alkoxycarbonyl, and nitro-
groups are not reduced under the conditions used for the synthesis
of aldehydes.

Asymmetric ketones can be obtained from ArN,X and tetra-
organostannanes in a CO atmosphere (9 atm CO, 25 °C):'%

YC,H,N,X + R,Sn —24 P4k CO_, YC,H,COR + R,SnX ,
40—90%
X =BF,, PF,; Y=H, 2, 3-and 4-Me, 2- and 4-C], 4-Br,
4-F, 3- u 4-NO,;; R=Me, Et, Ph

We may note that the possibility of using arenediazonium salts
ArN,X as the substrates in various carbonylation reactions catalysed
by palladium compounds is due to the ease of formation of the
o-organopalladium complexes ArPdL,X:'%°

ArN.X+PdL,—+ArPdLX+N,+ (n—2) L.

Diaryliodonium halides exhibit a high reactivity in the reactions
with CO. Thus the alkoxycarbonylation of [Ar,I]X and their
conversion into amides proceed under extremely mild conditions (1
atm CO, 20 °C) in the presence of 2 mole% of PdCl, and lead to
quantitative yields of esters and amides respectively:'?

[Ary]] X 4 ROH —52:2+ ArCO,R + Arl ,

~100%
[Ar,]] X 4 PhNH, —E: 2, ArCONHPh + Arl,

~ 100%
X =ACl, Br, I, R=Me, Bu; Ar==YC,H,(Y=H, 4-MeO,
4-Me, 4-t-Bu, 4-Cl, 3-NO,), 2,4,6-Me,C,H, .

The steric hindrance generated by the substituents in the aromatic
ring does not prevent their reaction. For example, methyl 2,4,6-
trimethylbenzoate has been obtained in 100% yield.

Symmetrical diaryl ketones are formed in the presence of
reductants —copper or tin powder or best of all zinc dust (1 atm CO,
20 °C):1%0.131

5% Pd(OAc), CO

[Argl} X 4 Zn Ar,CO+ Arl 4 ZnX, .

38—68% 90—100%
X=Cl, Br, I, BF,; Ar=4-YC,H, (Y=H, Me, t-Bu, Cl, Br), 2,4,6-Me;C¢H, |
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The main side products are a-diketones (ArCO), (up to 24%) and
biaryls Ar, (up to 49%). The presence of electron-donating
substituents in the initial diaryliodonium salt increases and that of
electron-accepting groups decreases the yield of carbonyl-containing
compounds. The catalytic cycle proposed by Uchiyama et al.'*! is
presented schematically below:

[Arg]] X 8, ArPdX —Z—> Ar,Pd + Pd (0),
AriPd —_, ArCOPdAr —2+ (ArCO), Pd
Ar, 4 Pd(0) Ar,CO+ Pd(0) (ArCO), + Pd (0) ,

The metallation of arenes by palladium(lI) salts affords the
o-diorganopalladium compounds ArPdX,'*? which, as shown
previously, are key intermediates in various carbonylation reactions
catalysed by palladium complexes. The direct palladisation of
aromatic compounds thus opens a pathway to their use as the initial
substrate in the synthesis of carbonyl-containing products. The
possibility of the practical realisation of this idea has been demon-
strated in a number of studies.’¢1>*1% It has been shown'*? that
substituted benzenes as well as thiophen and furan react with
palladium acetate and CO at 15 atm and 100 °C to form the
corresponding carboxylic acids [the yields of the mixture of regio-
isomers are given relative to Pd(OAc),]:

ArH 4 Pd (OAc), —L— ArCO,H + Pd .
14—489%

ArH =C,H,, PhOMe, PhMe, PhCI, thiophen, furan

The sequence of the reactivities of the aromatic compounds
(PhOMe > PhMe > CgHg > PhCl) and the preferential ortho-,
para-directing effect in the carboxylation reaction in the presence of
ortho, para-directing substituents in the initial benzene (MeO, Me,
Cl) indicates the electrophilic character of the process. The
proposed mechanism of the carboxylation of arenes!?? is shown
schematically below:

ArH+Pd(OAc) —~ArPdOAc+HOAc ,
ArPdOAc+ CO—ArCOPdOAc,
ArCOPdOAc—+ArCOOAc+Pd ,

ArCOOAc+HOAc—+ArCO,H+Ac,0O .

It is of interest that, in the presence of certain organic halides, for
example, 1,2-dibromoethane, the interaction of ArH with CO and
Pd(OACc), does not lead to carboxylic acids but affords their
anhydrides (ArC0),0."*

According to the scheme presented above, in order to make the
reaction catalytic it is essential to add an oxidant capable of
converting the inactive zerovalent palladium into a palladium(II)
salt. It has been suggested that FeCls,'>* TI(O,CCF3); (in this case
the substrate may be an organothallium compound formed in situ
and not the arene itself —see Section II),>® CuCl,,'* Na,S,04, 13713
and t-BuOOH'® be used as the oxidants. However, the yield of the
carbonylation product and the selectivity of the catalytic process are
usually low, for example:!351%

CoH, 22042, 1 8tm €O, pLeo,H + Ph, + PhOH |
¢ 75 °C t-BuOOH Im‘% 1600% 200%

MePh o2t e+ 4-MeCHCOMH |
5209
The yields are quoted relative to the palladium(II) salt.
The reaction of substituted arenes frequently yields mixtures of
regioisomeric acids which are difficult to separate (1 atm CO,
75 °C):'¥

PhOMe —RiOA 0, MeOC,H,COH .

t-BuOOH
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The yields, calculated relative to Pd(OAc),, of the ortho-, meta-, and
para-products are 126, 8, and 123% respectively.

The interaction of substituted benzenes with palladium acetates in
a CO, atmosphere also leads to aromatic acids.*® In the presence
of t-BuOOH, the reaction becomes weakly catalytic with respect to
palladium (1 atm CO,, 70 °C):

RPh —EARA0 0, RCH,COH

R=Me (125%), H(127%), Cl (40%)
[the yields are quoted relative to Pd(OAc),]

Thus the carbonylation of arenes, which is of considerable interest
because of the ready availability of the initial reactants, encounters
major difficulties. The main problem is the low yield of the
products and the low selectivity of the reaction.

Apart from arenes, the hydrogen atom can be replaced by CO
only in the 1-position in terminal acetylenes (1 atm CO, 20 °C):'4!

RC=CH -+ R'OH —%: L0, RC=CCO,R’.

CuCly, NaOAc
58—749;

R = n-CHy,, Ph, PhOCH,; R'=Me, iso-Pr

The reaction is catalysed by 6 mole% of PdCl, using copper
dichloride or p-benzoquinone as the oxidants.
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