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A INTRODUCTION

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

hecause they contain the ring system M(Y] with a coordination bhond between
c
a transition metal “M” and a Group V (N, P, As) or Group VI{Q, 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
~ ’\5 :M/] FoOHX
M . ~~c

where X" is a halogen or alkyl group. This method of 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 alréady
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 azohenzene on nickelocene (I}

; Ni n

SN @

r/J\[.

w
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 o bonds. Thus, with platinum and palladium chlorides Cope
and Siekman [5] described the dimer (11}

-
T M< >~| M= Pd, PL 418
%N/ ct

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

Ci
rg
M M=PRd. P (m)
I HQC\ i

P
Me Me
2

Using the ligands CgH5(CH2},.NH {CH;3)2_. {(m = 0—3; n = 0—2) Cope and
Friedrich [6] determined the conditions for a donor nitrogen atom ligand to
perform the cyclometailation 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 typ~ ML,Cl, (where L is only coordinated by the ni-
trogen to the metal) were obtained.

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

(3) The carbon 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
third “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 {(IV)

Mel cL
MeOH ol
HC=CHCHa N(CHa)k + LipFdCly ——= ’_d § 4]
N
P 2

In this case, the PAd—C bond is formed by the addition of OMe and Pd across
the double bond. Another such example [90] is Giscussed 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 (_co(cos, €N = azobenzene) Was not formed by the
M

action of azobenzene on Coq(CQO}g but rather by the reaction (V} {31]
oy Cl N C

( “pd” Tpd” 4+ 2 NaColCO), —-2( )CO(CO}3 +2C0O+ 2Pa + 2NaCi (¥}
Nf" ‘\Cl’ \c N

Thus, there has been a transfer of azobenzene from the palladium to the
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TABLE 1
c W] N
Nitrogen donor ligands giving compounds of the type < SmE S ) (M = Pt, Pd)
Nf' '\CI,-' \C
Ligands 2 . M Refer-
enca
N,N-dimethyl &-naphthylamine Pd [6]
=— N(CH1),
e
{ 1-phenylpyrazole Pd [7]
(\N S
- L
3
i P azoxybenzene Pd [81
O/u%N’,
n
=
N,N-di.nethyl a-naphthylmethylamine Pd [9]
-
HC A
R VISYR
RI=Ph, Me, H;RZ = H
R benzophenone-acetophenone-
(‘: P benzaldehyde-phenylhydrazones Pd [9,10]
NN |l 1 R*=Me;RZ="Ph, Me
AN N .
R acetophenone-diphenylhydrazone
acetophenone-N methyi, N phenyl-
hydrazone Pd [10]

H’-‘CE E N-benzyl-4-piperidinone Pd 191

N,N-dimethyl-1-phenyl eyclo-
hexylamine Pa 19]

N
H3)



TABLE 1 (continued}

a31

Ligands = M Refer-
ence
: e {R =H, Me
@—c — N< lN-methyltriphenylmel.hylamine
thH or triphenylmethylamine Pd ol
SCEIFF'’S bases Pd
R1=H;R2=CGH5 [11]
PN Rl =H, CH,, C.H,; RZ = CHj, C.Hy [12}
S
7N (T . :
. b“_// 2-phenyl pyridine Pd [13j
-~
7 N o 2.phenyl quinoline Pd [13}
_ N
N
-
R = H, Me
B8-methyl quinoline Pd, Pt [14]
8-ethyl quinoline Pd [15]
YN
C = N\ benzof{h)quincline Pd, Pt [14,9]
o
¢ =N benzophenone oxime Pd 116]
a2
acetophenone oxime Pd 116]
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TABLE 1 (continued)

Ligands ® : ’ M Refer-
. ence )
N-(1-pyridinio}benzamidate Pd {17,181
™" S
B

N-(trimethylaminc)henzamidate Pd f18]

2 Subhstituted phenyls are not included in this table.

TABLE 2

N
Other cyclometallated compounds containing the m* | ring (M = Ni, P4, Pt) 2
™~c

Ligand Complex Reference

| =
/
benzylidene alkylamine Pd‘@ {7,191
/C%N/
)

H
R R = CHy.t~C,Hg

2,.3,4,5,6-pentafluoro-azobenzene N; Pd—@ f20]
Sy
i

Cefs

HY

benzylidene aniline f \\NH@ [21]
N



TABLE 2 {continued}

Ligand Complex Reference

3,3-dimethyl-2-phenylindoleamine [ - _@ [21]
i

(CH4,C

Ct 2 HzO0 M= Pt Pd[18]

h\
Tk

g

N-{1-pyridinio}benzamidate (L) < @\ /@
Pt
N SR

C
o "‘:N/

[18]

T,

diacetyl-his-{ N-methyl,N-phenyl) hydrazone Hye™ TN ?——N fe2]

N,N,N',N'-tetracthyl &, a'-diamino,p-xylene T g, (7]

. / ..
L
{CaHg)
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TABLE 2 (continued}

. Ligand

Compiex

Reference

N,N,N' N'-tetraethy! &, ¢-diamino m-xylene

N, N*-dibenzyl N,N-dimethyl-1,2 diaminoethane

N, N'-diber.zyl N .N-dimethy}-1,3 diaminopropane <

azobenzene

{71

[231

{23]

{231

[24]

(25]
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TABLE 2 (continued)

Ligand Complex Referenee
(
RQN Rz CH] A CZHS
/ CHa M =Ni,Pa, Pt
M
HyG o, o~
NRa (26,7]
HoC
N, N-diaikyibenzylamine & »x ] o \"Ra
== / = CH: .C:HE
M\ M= Pd, Pt
/an [26]
CH,

2 Monomers derived from Table 1 compounds by bridge breaking are not listed.
* The X-ray crystaliographic structure is reported.
** Qbtained from the dimers (PA(C—N)Cl}, in the presence of Fe(CO) 42”‘.

L
**% Prepared irom
(:Ec ~NR2

Ha

cobalt, the latter passing from oxidation state —1 (in Co{CO)7) to +1 {in the
cyclometallated compound), whilst the palladium (11) is reduced to the free
metal state O.

The manganese and rhenium analogues may also be prepared ir: this man-
ner, but may alternatively be synthesised from azobenzene and Mz(CQ);q or
CH,M(CO)y; (M = Mn, Re).

The action of the ligands which verify the condition above, described hy
Cope on transition metals, often results in the formation of complexes in
which the ligands have undergone modification. For example, azobenzene
with Fep(CO)s or M3(CO)ys (M = Fe, Ru) gives orthosemidine complexes
(V1) (25,37]

~p(CO} :
Cl Fan - oo oo
N tHCON (OC)3 M o HCON
\M/

{CO)a

3

X
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TABLE 3

Cyelometallated complexes with 2 nitrogen danor ligand (M =+ Pt, Pd, Ni}

T~
Complexes ( P Rel.
]
e azobenzene 28]
([ Sreicorgtn-Cag) 8-methylquinoline (291
N benza(h)quinotine {30}
azobenzene [28,31]
benzof{h)quinoline [30]3
c benzilidene aniline (M=Mn) * [19,32,33]
( >M{CO}4 M = Mn, Re benzilidene methylamine 19}
N N,N-dimethylbenzylamine {M=Mn}* [34]
2.3,4,5,6-pentafluorcazobenzene 7
2H nonafluorcazobenzene J {20}
MalCO),
N
N&" azobenzene 3517
[{e o) )}Mn
o
(C \i‘e‘/N) 4,4-dimethoxyazobenzene [25]
K~ e
co
c
( >M(COJU:-C5H5} #1 = Fe,Ru azobenzene 28]
N
c Pa
( ~gu? arzobenzene {361}
Nt
< =
(? o benzylidene aniline {19]
>Ru/ benzylidene methylamine [19]
G EI ™co benzo(hiquinoline [30]
<O C
OCGTONT Y
N—=Ru—Ru=—N azobenzene {37}
C O o
decaflucroazobenzene * [38]
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~
C 1
omplexes (N/ Ref.
[ )
CI\N__N/ Cl
(N\ll___"_ N) azohenzene {391
[ ¢
Ci
S o
N
o benzof{h)quinoline [30]
/1. -
C o
i
S
(N/CotC0}3 ta) azohenzene {31}
azobenzene [40,41]
7 C ; henzo-, aceto-, propio and n-butyro [42]
N\‘Fl?h/a‘ phenont'.: oximes
ot 2-phenylpyridine f43]
SN benzo{h}quinoline 431
1-phenylpyrazole {441
C L.
(N/nnt:tz () 8-methylquinoline {45]
CI)ME
c ’ al 5 O-methylbenzophenone oxime
( g R —C O-methyl p-tertiobutylacetophenone [42]
~~ \‘Cl"? oxime
OMe I
Qe
r_c aznhenzene * [40,41 .46]
i L \ _co benzylidene-aniline [19,40]
/ g /Rh\ benzo{hl)quinoline [30}
\___34 ct o 2,3,4,5,6-pentafluoroazobenzene [20]
3
N . - |
n-BugP 3 2-vinylpyridine — [a7}]
)Rh r;
| ™pn-
al Pn BIJ]
[racc—n) 0%, N-{1-pyridinio}benzamidate {18}
[frtc—n1tH0ICt], 3 HO N-(1-pyridinio)benzamidate {181
~C
N\Iir_,,u
i-phenvlpyrazole [44]

<X
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TABLE 3 {cantinued)

Complexes ( ~ Ref.
N
//NH
N S
Fipn, +
Ct - =
r):r/ BF, {4-Mluorophenyl)-di-imide * | {481
C 1‘\CO =
PPhy
2
M
C/:l‘ PPN, azobenzene [49,50]
/3r‘\ benzylidene methylamine
Ph,F }_‘ ct benzylidene aniline P
4—-N‘\\
- A [60]
2-methylazo propene C=c
g \CH3

{a) Sce text for synthesis.
{b) Unknown stereochemisiry.
* The X-ray crystallographic siructure is reported.

Azobkenzene is also rearranged to orthosemidine when reacting with cobalt
{51], rhodium [52] and molybdenum [28] complexes. With RhCI; and {Rh-
{CO},Cl)z, the N=N bond is broken, and the aniline complexes ({PhNH;},-
RhCl;), and {PhINH,)Rh{CO}2Cl respectively are isolated. The C=N bond of
benzylidene aniline {PhCH=NPh) is broken in the presence of patladium, plat-
inum {(iI} or thodium (III} salts, yielding free benzaldehyde and aniline—metal
complexes [9,563]. The mechanism is, as yet, unclear.

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

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

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

PPy Pth PF'hz
Mal{CO), Ru Ci

PPh3
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FPhy, PPRy

l M =Rh (7} 1 50 (Y
M =1ir (58]

r;l-t—- PPhy ITHCULPPh3 )2

PPh,

PhyP PER
2 ‘\ / 2

PPh, Pt
l f60] 1
IrHCICOPPh,

Shaw and co-workers [62] have demaonstrated that phosphines hindered by
t-butyl groups are required for the cyclometallation reaction with ptatinum,
for example (VIII), (IX)

=]
i
P"‘Ph PBuY,
l l X = Cl,Br,I
pPr—x Pt—Xx
f b
PBUtPH, PPMBu;,
£} (X}

In such compounds the 4 atom ring is very strained, and in case (V1iI} 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 pireferentially, as with 1-dimethyl

naphthylphosphine (L) {(X).

Qe AP—CIL,
Os{P—CH(COIL

PME.‘,/
O‘ \\ 53] and (K

RuCi{P—C)!CO)Lz} 6]

RACL{P—CILg
IrCt(P—-CiL, 61
IrCE (P—ClL

Ir{(P—Cly

When the phenyl ring is & alkyl substituted, & five atom ring is formed, the
metal being linked to the alkyl group as follows (XI)
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u-toly! | o-tolyl

PFh X X=ClyBr,I Paut
- ‘( u M \u /Cl
~ b {62 P
CHp  PPnlo-tolyt), ’ c PEU* (o-totyl),
Ho
PBu'é/c;
Y
/m\ N
< PBus o-tolyl
Ha

> bel

-

[ o-tolyl 'I
PRt L (X1}
@ e
C/
2 Ha N
> 67
i PRt il PBEu
Ut e
d M
- ~ M = Pt,Pd
E‘-z ‘\'\ /C\
— =z H CHJ 2
*r to-toiyty, | 7
e P
| RhCtz 551
S
- 2 43

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

PPr But
-~
Hzc_l: \P ~Br <T)

M2Cn ), PBLtPTY

With the latter compound, Shaw and co-workers have isolated a further 4-
membered ring (XIII) [62]

ar
Pr"Bu‘P--FI’t-— PBUtPR] { XTI
i
CHa
The tendency for a hindered phosphine to giv= 1 cyclometallated ring is so
strong that platinum complexes were isolated with two cyclometallated phos-
phines (XIV)

P. < P P PBUl {o-toivi)
\p;/ ( Y when P—C = u": =13 (XIS
- ‘kp o PEUt (o-tolyl),
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o-toiy!l ; ;
=)

an ~CHs .
The analogous compound (XV} «©H,), :':Pt was formed by the pyrolysis
=]

s

CHe
P{D-10lyi}l (B
“w_ CHy . s
of (XVI} cHis Pt with the evolution of methane [23].
Pio—tolyﬁ:':
(x¥m)

There are reports {70] of analogous compounds formed with nickel, palla-
dium or platinum and phosphine previously metallated by potassium (XVII)
Pn\

p { X1

PR

CHK

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

PF\'::;, /c1 F'Paa /Cl.—l\
£t and @: P (X7
—ClH O—CH;, |

CH3
2 2

(ii) Triphenyiphosphite

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 SJL-
PHUR

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

Cyeloinetallated compounds of tripheaylphosphite *

Complexes Ref. Complexes Ref.
(p RuLCL [72,73) T [(74]
L »
o N4 C
) e
ta [y
o
-~
(PO, P o@ co
\}5‘ et e (751 Ru(CO),(P—C), [761
oc~" 4 mM J
(PrORP=0" C
OsLy(P—C)g, Os(P—C)LPPh3(COMH  [77]
F
( “SenL, {78] \;rf_Lp (78]
C/ T \C
F (F’\CI'_'\
(\IrHClL;. [80-82] ‘¢ Mraop ( X=H,Cl [82—84]
- 1Ny
L
f M = Pt, Pd
Ir(P-—C}, [82] CML X = C1. Br, 1 185,86]
X
CEHBO
L= P(Oph )3 p—c

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

(i) Arsines

Only the following arsenic-donor ligand cyclometallated compounds have

heen reported (XIX)

e
\J (53]
N
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Bat o-
\/
Ag
\

tobyt

A!‘-Q'-rz L g

{EIE}
CH;

These “hindered’ arsines cyclometallate in a similar, but slower, manner to

their phosphine analogues.
Dehalogenation of (n-CsHg IM0{CO 3.1 {CI{CH3); AsMe,} by sodium amal-
gam vields {XX) [89]

MoECO)L{N-CH}

Nvholm and co-workers [90] have isolated a cyclometallated compound
whose lipand 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)

M (CO),
,Q 4

&l
<’

i
Ph, P —=Mn(C0), PPhy
O —=MH{CO,
! L]
M{COl, Pl M = M, Re
o | B2
C// . R = Me, PR

R Q
R (X3T)
LES
S LS
H—C~" pFe(CO), o] H—C FeCo) [oa)
]
E
Fe{CO}; e{Con
[
Fh 5 5
e\ ! \C y

MN{CO), M . feel
f9s) | | \
M= Pd,. Pt
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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
oy
Fe p'f,_ (Zxm)
O

E. MECHANISM OF CYCLOMETALLATION

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

When the ligand contains nitrogen as a donor atom, and the metal is palla-
dium or platinum, the reaciion 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: OCH; > CH; > H > C1[98].
For the methoxy moiety, the most electron donating, only the substituted
ring is attacked by the metal, wlhereas in the case of the chloride the unsubsti-
tuted ring is preferentially attacked. Parshall [1] has proposed the following
mechanism for cyclepalladation with azobenzene (XXIII})

- Ct
-Cl t
Pdctf'+ PhHM=—MNPH T Cl— Pd—Ct

PhN =N
Ct L H
Gt j N
——/— Cl-—Pg — Cl—Fdg +; (XX
+CI1- ! T o
PHN=N

PRN=N*

-
(|:l i’ C
-H* - |
Ci—Pa Q - pa¥
+H' T +ci” N,
e
PRN=N =
Fr 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: {CgHgPz). In this case it appears that acid is necessary
to replace one of the ligands {by protonation) from Pd{C¢HsP2).Cl, to
[{C¢H5P2)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-
cleophilie 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 additinon on the
metal, followed by a reductive elimination. Parshall [1] postulates the follow-
ing pathway for the ruthenium cyclometallation of triphenylphosphite (XXIV)

({CgH-O}, Pl RUHCL ({CgH O, P)RUHCL

H ctH &
ol H i
_— {{CSHSO)BP)E F?.: f—— HCHO0LPY, ?u
{CgH.OL P-0 {CHLOL,P—0
(XT3
Ct I-l|/H Ci —
N 7 N\
((CEH50)3P32 Ru -1, (tC5H§O>3Plz Ru
—_— i _—
Ayp—rt ——
(CgHgO, P —O Rz {CgHONP — O

<l

+L |
— U HOLP),Ry
L 1

(CHgOr P—C

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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1t 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 ab-ut 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 knowrn.

For example (XXV?) [3,7,9,101—104}

c X N c L
- T
( 'F'd: Pd\ } + 2L —w2 ( :Pd(
' ¢ M

{EXENI)

R=n-—Bu,Et

N LN Cy X N
pa® ““pa ) + 2R4NX —= 2 ( Fd + 2 RNt
T ¢ N7 x X=Ci,Br,I

It is also possibie to cleave the cocrdination bond N-+Pd (XXVII} {12,101,
103,105,106]

N
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C b N N~ .
M

N N ~ -
(N/M\X/M\C) toar =2 Ny
A similar reaction is reported [36] for the dimer (Ru(C—N){CO),Cl), where
the reaction with-NaCsHyg and TIC,H, gives n-CoH,Ru{C—N}{CO} and
1n-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 rhodiwn (I}, vielding the asymmetric
dimer (XXVIII}

M= P
» £d (FEYI
LL = phosphine

HJ/ . J B
C/?"“‘*Ci/'i"“'c

PP N
{RNCLICOY, ), \mnct(PF3 Yala {XETM)
/A\CI rs PE
N-.__\Rh{.-cl-.,_‘_‘ nr_CO N““‘Rh/Clx‘“ -3
"t ™~a~" “co 8 T~arT ~eE

(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 kuiown reactions of cyclometallated com-
pounds was the formation of indazolone from an azobenzene cyclopallatated
compound {XXIX) [28]

|
P o €O 18O atm
Pg T Eton 100 ¢ o°
N‘\\N/ Ci = (EETE)
| | ——N
Fn 2 1

The indazolone obtained was probably forrned by the insertion of CO in the
C—Pd bond, followed by breaking of the N—+Pd bend. 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)
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; s I
PPhs o H—C I FeCON D e H—CS
Fe:c033 / C=0 (XXX}
 SFe(COnRPPN,
Fﬂ(COL_, "
s}

Stone and co-workers [110] obtained a substituted N-anilinoquinelone and
a m-acryloyl complex of cobalt from the reaction of hexafluorobut-2-yne on
phenylazophenyl-2C,N ¢obalt tricarbonyl {XXXI).

CFy

P N=NPh R CFs

N CowO); + Ro—c=c-Cr —a € '\‘*CO(COJ-‘, + (EX D)
N Q

/-

ba NHPP

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

balt—phenyl bond.
Ortho-chloroazobenzene reacts with 7-CsHsNi(PhN=NCgH, ) to yield 4-4H-
phenylcyclopental| c]-cinnoline (XX XII} [100]

(XXX

by virtue of thie 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%j-azobenzene.

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

L+AiDs + pPo® { XXX )

Ph 2

- 1
8
\Q
JR— |
z :
o
v}
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Similarly, an aromatic ring may be substituted at the ortho position by a vi-
nylic group (XXXIV) [112]

PLUZEN
/”'::'2 ci CHgz
CHz “pg* CH=CHPR
= {EXEIV )
| N 4+ 2PhCH==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 H C,H
~ c —ts Ph3F'\ /Ci Pat ol
PhsP—Ru—CI - o -CaHg PhyP—Ru —CYL
— -—
T +Hy t — CH 1
F’!‘Izl’-" 1) FPhigf \ /> PP
(1} ~PPRy l PPI H(c) (EZZEY}
~CHs

C,H
(PPhy)RUHCE =20 (PPhy) RUHCI— CpR, T (PPR3iRUl
@l |

(x=-2 or 1)
Hal(C'}

Ct

(PPh3), RUHCL + CHg

Step (XXXV) (b), in the presence of hydrogen, would liberate ethane and re-
generate (PPh;), RuHCI (XXXV} {c'). Ethane may equally be liberated in the
absence of hydrogen assuming the cyclometallation of a phenyi 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 {(PPh;}3 RuHCI. An analegous scheme has been proposed for the hydride
complexes of cobalt with triphenylphosphite [114]. Recently, the following
reaction under stoichiometric conditions has been determined (XXXVI} [686]:

Phy
HRUCI(PPRy 3+ RCH=CHR —=

Ct
-
Ry + RCHCH,R + PPy  (XEXVD)

f2
Y
/' —
PP,
\_/
It was reported that the departing compound HRuCi(FFPhs)s may be regen-

erated by the action of hydrogen followed by triphenylphosphine on the cy-
cloruthenium compound.
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