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A. INTRODUCTION

Recently, there has been some considerable interest shown in a new class
of organometallic compounds of she “‘cyclometallated” type. These are so called

because they contain the ring system M< Y] with a coordination bond between
C
a transition metal “M’’ and a Group V (N, P, As) or Group VI (O, S) donor

atom “Y”’, and a covalent metal-—carbon bond. The M—C bond is formed by
intramolecular rupture of a C—H bond from an M<Y coordination complex, thus

Y Y
~me” \ Sm” ] tHX
M ~x CH - ¢

where “X” is a halogen or alkyl group. This method cf formation of the M—C ¢
bond is more convenient than the classical approach using organomagnesium or
organolithium reagents. Their formation by the cyclometallation reaction, to-

gether with their potential catalytic properties, has prompted the current inter-
est in these compounds. The study of these complexes is rapidly increasing; it is
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therefore our purpose to complete and develop the general articles already
known [1—3] with the following review.

B. CYCLOMETALLATED COMPOUNDS IN WHICH Y = NITROGEN
(i) M = Ni, Pd, Pt

In 1963, Kleinmann and Dubeck {4] reported the first cyclcmetallated com-
pound formed by the reaction of azobenzene on nickelocene (I)

Xo .

This compound was found to be monomeric, soluble in organic solvents, and
stable in air. Azobenzene has been extensively employed in the formation of
other metal—aryl 6 bonds. Thus, with platinum and palladium chlorides Cope
and Siekman [5] described the dimer (II)

| X
N
4 \N
M= Pd, Pt ()
C @

and the analogues formed from N,N-dimethylbenzylamine (11) [6].

Ct
re
M M= Pd. Pt (H)
‘ H2C\ Vol
7N
Me Me
2

Using the ligands C¢Hg(CH,),,.NH (CH;3),_. (m = 0—3; n = 0—2) Cope and
Friedrich [6] determined the conditions for a donor nitrogen atom ligand to
perform the cyclometallation reaction. These were found to be:

N
(1) The M< ] ring must contain 5 atoms
C

Where the ligands L have m = 0, 2, 3; n = 0 which could givea 4, 6 or 7-
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membered ring by substitution of an ortho-hydrogen of the phenyl group,
only the compounds of typz ML,Cl; (where L is only coordinated by the ni-
trogen to the metal) were obtained.

(2) The nitrogen atom must be tertiary
Benzyiamine and N-monoalkylbenzylamine (n = 1 or 2) also only form
ML.Cl, compounds.

(3) The carborn atom must be substituted by electrophilic attack

The para nitro-N,N-dimethylbenzylamine (in which the carbon atom ortho
to the CH,—N(CH;), group is deactivated) yields a compound containing
only a coordinated amine group, where no M—C o bond is formed. There ap-
pear to be no exceptions to the first “rule”. To the second, it would be more
true to say that the nitrogen atom coordinated to the metal must be sterically
hindered, since Table 1 contains two compounc: not containing tertiary nitro-
gen (triphenylmethylamine and N-methyltriphenylmethylamine). For the
thixd ‘“‘rule”, nucleophilic attack can take place on the carbon atom when the
metal is other than platinum or palladium.

All the compounds listed in Tables 1 and 2 are obtained after substitution
of a hydrogen atom of the ligand by the metal. Other compounds of the type

Y
M‘\/ ] exist, but they are not formed by the cyclometallation reaction.
C

Cope et al. [27] reported reaction (1V)

MeO /CL
MeOH o
H,C=CHCH, N(CH3), + LipPdCly, ——— A (IX)
/N\ 2

In this case, the Pd—C bond is formed by the addition of OMe and Pd across
the double bond. Another such example [90] is discussed below.

(ii) Compounds with other transition metals

Table 3 lists some of the known cyclometallated compounds formed from
transition metals other than Ni, Pd, Pt. We have not mentioned in this table
the very numerous complexes which may be obtained from those here cited
by reactions such as nucleophilic substitutions or halide bridge cleavage. Ex-
amples of these reactions are given on page 346.

C
The compound ( >Cc>(CO)3 (C—N = azobenzene) Was not formed by the
N

action of azobenzene on Cog(CO)g but rather by the reaction (V) [31]

[ Ci N C
~
Sed” Sed” ) + 2 NaColCO), —-2( ColCO), + 2CO + 2Pd® + 2 NaCl (¥)
N’ \Cl’ ~ N

Thus, there has been a transfer of azobenzene from the palladium to the
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TABLE 1
. /C\ /Cl\ ‘/N
Nitrogen donor ligands giving compounds of the type \N"M\q /'M\CD (M = Pt, Pd)
Ligands @ : M Refer-
ence
OO N,N-dimethyl a-naphthylamine Pd [6]
~—N(CH3),
s
1-phenylpyrazole Pd 7
(____ N
S
| _ azoxybenzene Pd [8]
O/“\Nz
b
4
~ N,N-di.nethyl a-naphthyimethylamine Pd {9}
HC A
“SNICH,),
R1=Ph, Me, H; R2 = H
] benzophenone-acetophenone-
é - benzaldehyde-phenylhydrazones Pd 9,10}
/N——Ni | R = Me; R2 = Ph, Me
rR? X acetophenone-diphenylhydrazone
acetophenone-N methyl, N phenyl-
hydrazone Pd [10]
Q

H"’CE E N-benzyl-4-piperidinone Pd {91

N,N-dimethyl-1-phenyl cyclo-
hexylamine Pd 9]

N
(CHa),
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Ligands 2 M Refer-
ence
; R {R =H, Me
QC — N< iN-methyltriphenylmethylamine
¥H or triphenylmethylamine Pd {9}
SCREIFF’S bases Pd
Ri=H;R"’=CGH5 . f11]
PPN R =H, CH; C,H,; R4=CH,, C Hy [12}
ke
hJ 2-phenyl pyridine Pd [13]
re
O - 2-phenyl quinoline Pd [13]
\
N
o
/) R =H, Me
N 8-methyl quinoline P4, Pt [14]
b 8-ethyl quinoline Pd {151}
_cn”
R
7 N\
= N\ benzo(h)quinoline Pd, Pt [14,9]
7\
2 -
C=N benzophenone oxime Pd 116}
g
acetophenone oxime Pd [16]
Ve
c=N
4 N\

o
n
[0}
I
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TABLE 1 (continued)

Ligands ® - : M Refer-
ence ’
N-(1-pyridinio)benzamidate Pd- [17,18]
o >
+k

N-(trimethylamino)benzamidate Pd [18]

2 Substituted phenyls are not included in this table.

TABLE 2

N
Other cyclometallated compounds containing the M‘: :l ring (M = Ni, Pd, Pt) 2
C

Ligand Complex Reference
| S
—
benzylidene alkylamine Pd‘@ {7,19]
'l
)
R R=CHy.t-CgHg

2,3,4,5,6-pentafluoro-azobenzene l /Pd@ [20]

benzylidene aniline ; \N,@ [211
/
H
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Reference

Ligand Complex
| RS
. R . ~_
3,3-dimethyl-2-phenylindoleamine
(CH,3),C
-
L
v
ofc\-N/ ct
+
’
§
NS
L

\/\‘N.—@ (21)
T

21,0 M= Pt Pd[18]

N-(1-pyridinio)benzamidate (L) < ©\ /©
Pt

N
diacetyl-bis-(N-methyl,N-phenyl) hydrazone He?

N
4
C—
7 N
HyC CH;

N,N,N',N'-tetraethy! @,a'-diamino,p-xylene ﬁ

~

P
Vi

d *
C
e e (221
7
C

ANCHS),
<
Ci

HyC

7]

N
(CHs),
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TABLE 2 (continued)

- Ligand Compiex Reference
c
A Q.
}Pd Pd
’ 14 s - -
N,N,N’,N'-tetraethyl @,¢-diamino m-xylene (CaHglN__ _N(CHg), {71
Ha Hz
Hy
M3C
k) >N/
- ' e . e N, /Gl
N,N'-dibenzyl N,N'-dimethyl-1,2 diaminoethane 1 M= Pd, Pt [23]
H2C /
N
H3C/ \C
2
(
N
\ Ct
Hz / m” M = Pd,Pt [23]
u c Hz
N,N'-diber.zyl N N'-dimethyl-1,3 diaminopropane <
HaC M /
H2C \
Pt [23]
Hzc\ /
N
Hs c” \C
Hz

/ ©\ 4O [24]

azohenzene ﬁ

R = CHysOCH,

AR
@@
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TABLE 2 {continued)

Ligand Complex Reference
r
RoN R = CHy \ CoHg
J CHp M= Ni,Pd, Pt
M
HaC A~
NR2 (26,71
-~ H2c
N,N-dialkylbenzylamine #* xx @’\ \MRQ
NS R = CHy Cis
M\ M = Pd, Pt
NR, [26]
CH,
~

2 Monomers derived from Table 1 compounds by bridge breaking are not listed.
* The X-ray crystallographic structure is reported.
*%* Obtained from the dimers (Pd(C—N)Cl), in the presence of Fe(CO)GZ'”.

Ls
** Prepared from
@ c-NRe

Ha

cobalt, the latter passing from oxidation state —1 (in Co{CO)7) to +1 (in the
cyclometallated compound), whilst the palladium (II) is reduced to the free
metal state O.

The manganese and rhenium analogues may also be prepared i1 this man-
ner, but may alternatively be synthesised from azobenzene and My(CO),, or
CH;M(CO)5 (M = Mn, Re).

The action of the ligands which verify the condition above, deseribed by
Cope on transition metals, often results in the formation of complexes in
which the ligands have undergone modification. For example, azobenzene
with Fex(CO)q or M3(CO);2 (M = Fe, Ru) gives orthosemidine complexes
(V1) [25,37]

Ph
[

N-m(coy,
>(r~!1{co . H/‘f ?\Pn M = Fe,Ru (D)
N— 23 (OC1M MICOM

N

1
M
H (CoN



Cyclometallated complexes with a nitrogen donor ligand (M =+ Pt, Pd, Ni)

c~
Complexes <N’ Ref
c azobenzene {28}
( I\'Mc(CO)z(n-C_',HS) { 8-methylquinoline [29]
N | benzo(h)quinoline [30]
azobenzene [{28,31]
benzo(h)quinoline [30]
c benzilidene aniline (M=Mn) * [19,32,33]
( >M(CO)4 M = Mn, Re benzilidene methylamine [19}
~N N,N-dimethyibenzylamine {M=Mn)} ¥ [34]}
l 2,3,4,5,6-pentafluoroazobenzene 7 0
2H nonafluoroazobenzene _' (20]
> Mn(CD),
|
AN l Y azobenzene 351
(QC )yMn ~
cO
© \.—-‘-e‘/ Ny 4,4-dimethoxyazchenzene [251
kb./'f '\C}
co
(IMCoNm-CHy M= Fe,Ru azobenzene [28]
et
(" SR azobhenzene {36}
\n"¢
co
N/_ (l: o benzylidene aniline {191
N benzylid ethylamine 191]
LRI benzylidene methylamin [19]
e { benzo(h)quinoline {30]
co —_
ocC oC, \
b:—}Rtu\—\R:u-— N azobenzene {37}
¢ €0 co®C
. /T \
W decafluoroazobenzene * (381
— Ru=—-~FPh
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~
C 1
omplexes (N/ Ref.
Ph Ph
c Cll;N=N:.(I:l N b (391
N N azobenzene
SR
cL ct
/‘(]: co
N
\Os/ benzo(h)quinoline [30]
rd 4 N
C co
~—N
~
N/Co(CO):, a) azobenzene (31}
azobenzene [40,41]
c = benzo-, aceto-, propio and n-butyro [42]
Nl €L phenone oximes
c/?h 2-phenylpyridine {431}
N benzo(h)quinoline [43]
1-phenylpyrazole [44]
C
( >Rh c, ) 8-methylquinoline {45}
N
('DMe
c (l:l a ’3‘"\(: O-msthylbenzophenone oxime
( =~ ‘: : < O-methyl p-tertiobutylacetophenone [42]
-~ .
N ct :l JC oxime
OMe (l)Me
—c azcbenzene * {40,41 .46}
N /Cl\ /CO benzylidene-aniline [19,40]
>Rh\ /Rh\ benzo(h)quinoline [30]
C\_L -l co 2,3,4,5,6-pentafluoroazobenzene [20]
Ny S
n-8u3P_ | P 2-vinylpyridine I P [47}
RR N
7| ~pn-
Ct Cl Pn-Buy ‘
Rntc =N, H00; ]t N-(1-pyridinio)benzamidate {18}
Irtc—nptH,00C), 3 HO N-(1-pyridinio)benzamidate [18]
7~ c
N\IIr‘/Cl
't i1-phenvyipyrazole [44]

N
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TABLE 3 (continued)

Complexes ( ~ Ref.
N
NH
N
pPhy |t
(\'\.; _—Cl - e .. * N
C/ITF\ 8F, (4-fluorophenyl)-di-imide | P [48]
CO
FPhs
F
N
C/\_{ PP, azoben.zene [49,50]
Ir\ benzylidene methylamine
Ph,P 1'-; Ct benzylidene aniline _CH3
4—-N§
D (0]
2-methylazo propene ¢c=c
s ~
H CH,

{(a) Sece text for synthesis.
(b) Unknown stereochemisiry.
* The X-ray crystallographic structure is reported.

Azokenzene is also rearranged to orthosemidine when reacting with cobalt
[51], rhodium [52] and molybdenum [28] complexes. With RhCl3 and (Rh-
(CO),Cl),, the N=N bond is broken, and the aniline complexes ((PhNHjy)o-
RhCl3), and (PhNH,)Rh(CO),Cl respectively are isolated. The C=N bond of
benzylidene aniline (PhCH=NPh) is broken in the presence of palladium, plat-
inum (iI) or rhodium (I1I) salts, yielding free benzaldehyde and aniline—metal
complexes [9,53]. The mechanism is, as yet, unclear.

C. CYCLOMETALLATED COMPOUNDS IN WHICH Y = PHOSPHORUS
(i) Phosphines

In the case of phosphines, the Cope rules for ligands of donor nitrogen arz
not applicable, since 4 atom rings are found. There are several compounds oi

this type of triphenylphosphine with manganese, ruthenium, rhodium, iridi-
um and platinum (VII)

PP, PPhy PPhy
@U » @; - @1 Ba
Mn(CO), I}u—Cl lzu —@

FPh, PPh5



FPhe M =Rn [B71
l M=1Ir 58]
l\?d« PPh,

PPh,

PPh,
l E0)
IrHCICOPPh,

g
IrHCI{PPh3 )2

Phy P PPN
2 \Pt/ 2

‘339

59 (D

61

2

Shaw and co-workers [62] have demonstrated that phosphines hindered by
t-butyl groups are required for the cyclometallation reaction with platinum,

for example (VIII), (IX)

But
{
p\F’h PBUY,
1 1 X « Cl,Br,I
Pt—X Bt—X
t -
PBuUt PN, PPhBu,
(VL) (IX)

In such compounds the 4 atom ring is very strained, and in case (VIII) where
X = NOg, the P—Pt—C angle is 68° [2], and CO is easily inserted in the M—C
bond [1]. In fact, a 5 atom ring is formed preferentially, as with 1-dimethyl

naphthylphosphine (L) (X).

Pyte, /
% \J\ (631 and

OsCl(P—C)L,

pP—C)(COIL
RuClL( ) 2 64l
Os (P—C),(COYL

RhCL(P—C)L,
IrCl(P-CL, (3
IrCl (P—C)oL

Ir(P—=C)l;

(X)

When the phenyl ring is o alkyl substituted, z five atom ring is formed, the

metal being linked to the alkyl group as follows (XI})
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~
o-tolyl o- toiyt -
= t
= ‘/PE:I /X X=Ct,8r,1 p\g‘u /Cl
~ E Pt B2] P
CH, PPhlo-tolvt), : %‘lg PBut (0-tolyl),
> 68

PBu

A Y

D
C PBu,; o-tolyl
Hy

-

[_ o-tolyl 'l
PBut Lt (X1)
@ Rea
c/
Hz >
- r<
P 671
i PBU, CL PBuY
@ x,fd/c‘\ ©: \uf/d el
7 Ve M = Pt,Pd
c L]
H, \\ /C\
= -2/ H CHy
2
T (o_toiyl), 1"
< ~
| /RhClz [e9]
X ¢
L Hz d3

or with dipropyl-tert-butylphosphine (XII) [62]

/P\P:‘"But
HaG™ Npy B xm

"‘2(:\c{l2 PBLtPry
With the latter compound, Shaw and co-workers have isolated a further 4-
membered ring (XIII) [62]

Br
pr"eu‘P-—»Fl’:«PBu‘Pr; (xam)

do

CH;

The tenden<y for a hindered phosphine to giv= 1 cyclometallated ring is so
strong that platinum complexes were isolated with two cyclometallated phos-
phines (XIV)

& c P P PaU! (o-tolyvl)
~ :/ ) and ( \Pg‘, when P—C « vz ®Be) (X7}
< ¢ PBut (o-tolyl),



341

o-tolyl g ;

A CHa -
The analogous conipound (XV) (C@, Py was formed by the pyrolysis
CHe

)
o-tolyl @

P(o-tolyl)z (=)

of (XVI) e with the evolution of methane [23].
N
P{o-tolyl),
(xa1)
There are reports [70] of analogous compounds formed with nickel, palla-
dium or platinum and phosphine previously metallated by potassium .(XVII)
Pn\

P (X))

Ph”

CH,K

With 2-alkoxy phenylphosphine it is possible to isolate cyclometallated com-
pounds containing 6 atom rings (XVIII) [71]

Pth c1—|
@o and @ (ZT)
—CH —<:H2

(ii) Triphenylphosphite

Table 4 lists the known cyclometallated compounds of triphenylphosphite
and group VIII metals.

As in the case of the phosphines, it appears that the C—H bond is activated
via an oxidative addition on the metal followed by the reductive elimination
of HX. The appearance of a Pt'V intermediate may explain why more plati-
num than palladium compounds are known, the latter being more difficult to

oxidise.

D. CYCLOMETALLATED COMPOUNDS IN WHICH Y = ARSENIC, OXYGEN OR SUL-
PHUR

Several attempts have been made at cyclometallation with benzyldimethyl-
arsine {9}, methylthio-benzyl [7,9], phenylthiobenzyl [87] and Pd! salts,
but only PdL,Cl, compounds resulted.
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TABLE 4

Cyclometallated compounds of tripheaylphosphite *

Complexes Ref. Complexes Ref.
(Mrecsa [72,73] T (74]
7 ’ \Rlu/c
~T
o]
Ve
(PhO),F, O@ co
>}J\ “~:fn.-.:’_p (751 Ru(CO),(P—C), (761
oc A )
(PRO),P=0" C
OsLy(P—C),, Os(P—C)LPPh3(CO)H  [77]
F
( Senis 78] e [79]
C
IS POl N
(TS [80-82] e N - b @ X=H.Cl [82-84]
e
C f X
[
% M = Pt, Pd
I(P-—C) (82} Emtimt X - 1 Br, 1 85,861
X
CGHSO o
L - 7oRg BT

* (a) The X-ray crystallographic structure is reported.

(i) Arsines

Only the following arsenic-donor ligand cyclometallated compounds have

been reported (XIX)

AsMe.
N ic'l

Pt\]
L

631
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But o-tolyt
A
A58u2 Cl As\ /C[
nd Pt s13)] (XIX)
pd
CHz CH,
2

These “hindered’’ arsines cyclometallate in a similar, but slower, manner to
their phosphine analogues.

Dehalogenation of (17-CsHg)Mo(CQO)sI {CI(CH )3 AsMey} by sodium amal-
gam yields {(XX) [89]

MolCO), (n-CHg)

Me2A5 CHﬁ c‘H/CMZ, (XX)
2

Nyholm and co-workers [90] have isolated a cyclometallated compéund
whose ligand contained an arsenic donor atom. It was formed by addition
across a double bond, similar to the case of NN-dimethylalkylamine discussed
above.

(ii) Ligands with oxygen and sulphur donors

Few examples of this type of compound are known (XXI)

Mn(CO),
\
P fo1]

/
Ph, P —eMn(CO),PPhy

O —+=M(CO),
l 1

M(CO), - M = Mn, Re
o | B3
C// S k= Me, Ph

X o
R (XXTD)

E
O/
1_s

H—C” "\ >Fe(CO);

H—C/S\Fe(CO)3 i
Fe(CO }3

B3 (04}

Fe(CO);

Pn S
\C//

Mn{CO), M ‘ el
| l s | | \
l_ M= Pd., Pt



344

Recently, Alper [97] reported the first cyclometallated compound to contain
a metallated carbon atom from a cyclopentadienyl moiety, synthesized from
thiopivaloylferrocene and sodium tetrachloropalladite (XXII)

CMe
\S
,_-;e /\L gi (XXI)
o
Cl
2

E. MECHANISM OF CYCLOMETALLATION

The pathway of the cyclometallation reaction depends on the nature of the
atom Y.

When the ligand contains nitrogen as a donor atom, and the metal is palla-
dium or platinum, the reaction is by way of an electrophilic substitution of
the metal on the carbon. For paramonosubstituted azobenzene, the metal
binds to the substituted ring in the order of ease: OCH3; > CHz > H > CI [98].
For the methoxy moiety, the most electron donating, only the substituted
ring is attacked by the metal, whereas in the case of the chloride the unsubsti-
tuted ring is preferentially attacked. Parshall [1] has proposed the following
mechanism for cyclopalladation with azobenzene (XXIII)

Ct
|
PACI2™ + PhM=NPh T Ct—Pd—Clt

+Cl~ t
PAN=N

H

Ct Cl
—CL | |- ST
T—= Ci-pd f— Ci—Fd 4} (XXTI)
+Cl- t t e,
PhN=N

PRN=N"’

-
(l:l Ci™ C
-H* - !
+H* i +Ct~ N
[
PhN=N Y
it 2

The reaction proceeds with the evolution of hydrogen chloride, and hence is
often accelerated by the addition of a base to the medium, although there are
excepticns here, like: (C4HsPz). In this case it appears that acid is necessary
to replace one of the ligands (by protonation) from Pd(CgH;Pz).Cl, to
[(Ce¢HzP2z)PdCl, ] which forms the required dimer [7].
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Stone and co-workers [99] have shown that, for certain electron-rich metals,
it is more convenient to postulate a mechanism in which the first step is a nu-
cleophilic attack of the metal on the aromatic ring.

In meta fluoroazobenzene the ortho position of the substituted ring is the
most deactivated and least susceptible to electrophilic attack. It is this carbon
atom which binds to the manganese atom when the ligand reacts with methyl
manganese pentacarbonyl. (With palladium, Stone and co-workers have dem-
onstrated the preferential attack on the ortho carbon atom of the unsubstitut-
ed ring, this being the most favourable to electrophilic attack.)

Most of the examples discussed so far are formed by the substitution of a
hydrogen atom by the metal, although several cases are known in which a
halogen atom on a carbon atom is substituted. Orthochloroazobenzene [100]
and nickelocene form the complex of Kleinmann and Dubeck [4] by this
method, and cycloruthenated complexes are formed by the breaking of a
C—F bond of decafluoroazobenzene [38] (Table 3). These examples also illu-
strate the nucleophilic attack of the metal on the aromatic ring.

The mechanism of formation of complexes containing a donor phosphorus
ligand is somewhat different. The key step is an oxidative additinn on the
metal, followed by a reductive elimination. Parshall [1] postulates the follow-
ing pathway for the ruthenium cyclometallation of triphenylphosphite (XXIV)

-t
((CHZOI; PYRUHCL === ((CgHEO) PI;RuHCL

H

{ a H
SN N
== ((CHO),P), R1U (UCgHLO,P), ?’u

(CgHgOL, P-O (CgHD),P —O

|

(XX

CLHH Ct

Nl |
((CgHg 0K P, Rfu -H, UCgH0 PY RTU
+Hp

(CgHg0), P—O (CgHgO,P —O

f

Ci
——= ((CH0),P),Ru

(CeHg0), P—O

A different mechanism is proposed by Duff and Shaw [65] for the hexacoor-
dinated iridium (III) compounds where oxidative addition cannot occur. The
iridium is here an electrophile (XXV)
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7 N\ HH

T H
+ H
Ir=—=p 0 l{ “ - Ifr O s

It is thus evident that the more the donor atom Y is hindered, the more the
cyclometallation is favoured. If the substituents on this atom are small, there
is a large rotational entropy, and rotation abcut the M—Y bond is possible.
When the ligands are bulky, no rotation can occur and the rotational entropy
is low {2].

F. CHEMICAL REACTIONS OF CYCLOMETALLATED COMPOUNDS

These compounds have some interesting properties because of different types
of bonds, which may further react.

(i) Reactivities of the metal—halogen and metal—Y bonds

Tn the case of the metal—halogen bond, several examples of breaking of the
halogen bridges in dimers by neutral ligands (CO, pyridine, phosphine, diphos-
phine, ethylene diamine) or anionic ligands (thiocyanate, acetyl acetonate,
haiides) are known.

For example (XXVT) [3,7,9,101—104]

C X N C L
~ N_ ~

( P pal ) + 2L —-2 < ~pa?
NTTx c N

(XXM

X N c L?

v i
Npg” \Pa‘(> + 4L —= 2 Npd + 2x
NS x N

~ ‘, N /x - R=n—Bu,Et
< pa® ) + 2R4NX —= 2 ( + 2 RaN*
/ \ ” Ne A \x X=Ct,B8r,I

It is also possibie to cleave the cocrdination bond N-Pd (XXVII) {12,101,
103,105,1061
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C X N N\c .

M= P, Pd
M

d (EXT)
\x L = phosphine

A similar reaction is reported [36] for the dimer (Ru(C—N)(CC),Cl), where
the reaction with-NaCsHy and TIC H, gives n-CgH;Ru(C—N)(CO) and
N-CsHgRu(C—N)(CO), respectively. The cyclopentadiene anion breaks the
chlorine bridges, substitutes a chlorine atom and a CO in the first case, and
displaces the N—=Ru bond in the latter, so that the azobenzene is only bonded
to the metal by a Ru—C bond.

The complex (Rh(C—N),Cl), where C—N = azobenzene undergoes an un-
usual reaction [40,107] with a dimer of rhodiun (I), yielding the asymmetric
dimer (XXVIII)

c c
N\l/Cl\l/N
c—t Y~a-—" ] "~c¢

\./N N\—/
(RNCL(CO), ), \RncuPF3 Yo (XX
/\(I: cl co /\? cl PF:
N N
TSapne T T~Rn*” S R
ct ~a-—" “Sco ¢t YSa-T ™~er
N N

(ii) Reactivity of the metal—carbon bond

The lability of the metal—carbon bond may be of interest in organic syn-
thesis. For example, one of the first kiilown reactions of cyclometallated com-
pounds was the formation of indazolone from an azobenzene cyclopallatated
compound (XXIX) [98]

l AN
= _a €O 180 atm
N Pd T EtOH 100 °C
/
Y]
| |
PR 2

The indazolone obtained was probably formed by the insertion of CO in the
C—Pd bond, followed by breaking of the N—+Pd bond. Before this reaction
using cyclometallated compounds, indazolone had been synthesized from
azobenzene in the presence of Co,(CO)g [108], probably by way of a cyclo-
cobaltated intermediate [31].

Alper and Chan [93], and Alper et al. [109] have reported a similar reac-
tion involving donor sulphur ligands and have isolated an intermediate com-
pound in which the carbonyl is inserted in the C—M bond (XXX)

C=0 - Pd (XXTX)
|
HN —'fil

Ph
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PPh
_PPhy _ - S H—C/S

F'e(CO) 9 Fe(CO)3 c=0 (XEX)
3 /F'e(CO)zPPha
Fa(c0)3

Stone and co-workers [110] obtained a substituted N-anilinoquinolone and
a m-acryloyl complex of cobalt from the reaction of hexafluorobut-2-yne on
prhenylazophenyl-2C,N cobalt tricarbonyl (XXXI).

X -
‘ CFy
= =NPh X CF3
Colco); + RC—c=c-cg — € \"Co(C0)2 + (XXZD)
/' N o
\\

|
Ph NHPh

Here, there has been an insertion of the alkyne and the carbonyl into the co-

balt—phenyl! bond.
Ortho-chloroazobenzene reacts with n-CsH;Ni(PhN=NCgH,) to yield 4-4H-

phenylcyclopental|c]-cinnoline (XXXII) [100]

(XXXI)

by virtue of the condensation of the complexed azobenzene with the cyclo-
pentadienyl group. A metal—carbon bond, where the carbon belongs to an
aromatic ring, may also be used in the synthesis of disubstituted ortho phenyls.
Fahey [111] has described the chlorination of azobenzene in the pres-
ence of PdCl,, and reports the product as being a mixture of 2-chloro-(12%),
2,6-dichloro-(22%), 2,2'-dichloro-(30%), 2,6,2"-trichloro-(33%) and 2,6,2',6"
tetrachloro-(3%}-azobenzene.

It is also possible to cleave the metal—carbon bond reductively with LiAlD,
to yield an ortho-deuterated aromatic ring (XXXIII) {5]

{Q /Cl L1 A{Dg
Pd

5%

|
P 2

+ prd° (XXXT)

V4
2z

O
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Similarly, an aromatic ring may be substituted at the ortho position by a vi-
nylic group (XXX1V) [112]

NMa,
7 -2
/N"Q‘ez /c‘ CHy
CH2 Pd CH=CHPh
—_ (XXZIV'}
| A + 2PnCH=CH, —— 2
=

2

Furthermore, in the case of olefin hydrogenation, the existence of similar
cyclometallated complexes has been proposed to explain the catalytic reac-
tion mechanism [1,113]. The following catalytic cycle using a ruthenium
complex may be postulated (XXXV)

H H CH
PhyP H\R - -Ha iy S C,H PhyP b
3P—Ru— —C,Hg —RU —
+Hy t — ()
PP te) PrP—\ /> PhP
¢ ‘PP“31 l PPhs H(c) (XXXY)
CH
CoH ~CHs
(PPh3)aRUHCl —a—2= (PPhy) RUHCI— CyH, Prna)RUL

(a) l
(x=2 or 3)
Hzl(c’)

{PPh3)RUHCI + CHg

Step (XXXV) (b), in the presence of hydrogen, would liberate ethane and re-
generate (PPh3), RuHCl (XXXV) (c'). Ethane may equally be liberated in the
absence of hydrogen assuming the cyclometallation of a pheny! group of a
phosphine (oxidative addition) followed by the release of ethane (reductive
elimination). Hence the hydrogen would serve only to regenerate the depart-
ing (PPh3)3;RuHCI. An analogous scheme has been proposed for the hydride
complexes of cobalt with triphenylphosphite [114]. Recently, the following
reaction under stoichiometric conditions has been determined (XXXVI) [55]:

Ph3P, Ct
~~_ 7
HRUCI(PPR3 3+ RCH=CHR —= Ru + RCH,CH,R + PPhy (XXXVT)

/ —_—
Pn,P.
O

It was reported that the departing compound HRuCIi(PPh3)3 may be regen-
erated by the action of hydrogen followed by triphenylphosphine on the cy-
cloruthenium cempound.
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