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/. Introduction 

The chemistry of cyclometalated complexes is un­
doubtedly one of the most advanced areas of modern 
organometallic chemistry. The evidence is both a 
number of special reviews1-10 and a monograph,11 which 
are, in general, preparatively oriented. It is now clear 
why metallacycles have attracted so much attention in 
the past two decades. The compounds are successfully 
used in organic synthesis,12 catalysis,13-15 asymmetric 
synthesis,16 and photochemistry.17-19 They mimic some 
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key intermediates in catalytic transformations1'20 and 
are rather promising as potential biologically active 
materials21 and constituents of ordered mesophases.22 

The rapid growth of the chemistry of cyclometalated 
complexes stimulates the fundamental investigations 
aimed, in particular, at elucidation of the basic mech­
anisms of the formation of metallacycles, among which 
the most attractive are those involving direct metalation 
of the C-H bonds (eq 1). Here, Y is any center either 

Y 

M H 
M. 

) + [H] (D 

coordinating with or forming a covalent bond with the 
central metal. Designation of the leaving hydrogen as 
[H] reflects the fact that at present we specify neither 
the nature of the leaving atom (proton, hydride, or 
radical) nor whether it remains bound to the metal or 
dissociates with the appropriate ligand. These points 
will be discussed in this review, the main goal of which 
is to provide a general look at mechanisms of cyclo­
metalation associated with C-H bond cleavage. In 
contrast to all previous surveys,1-12 the backbone of this 
review is built on thermodynamic and kinetic data of 
reactions of type 1 supported by the corresponding 
stereochemical results as well as by the common chem­
ical evidence relevant to reaction mechanisms. 

Evidently, the intramolecular activation of C-H 
bonds (eq 1) is closely related to the corresponding 
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intermolecular activations (eq 2). The latter processes 

M + C -*- M- [H] (2) 

are now so much investigated and spoken about (for 
reviews, see refs 23-29) that no comments are required 
but one. Whitesides wrote recently:30 "The problem 
of activating alkanes via soluble metal complexes is 
similar to solving Rubik's cube: there are many solu­
tions, none of which is particularly obvious until after 
the fact". It is clear that the purpose of mechanistic 
studies of both intra- and intermolecular C-H bond 
metalations is to correct such an unfortunate situation 
by finding out general principles of handling it. It is 
also clear that mechanisms of reactions 1 and 2 have 
much in common and, thus, must and will (in reason­
able proportion) be treated together. Besides, it should 
always be remembered that if, for example, reaction 1 
is of interest and intramolecular metalation is carried 
out in a solvent with C-H bonds, external metalation 
is always probable. On the other hand, when reaction 
2 is under study, the concurrent intramolecular cyclo-
metalation of adjacent ligands is possible, if those have 
proper C-H bonds. The interrelation between intra-
and intermolecular C-H bond activation is also under 
discussion in this review. 

II. Cyclometalatlon: 
Answered 

Questions To Be 

The most intriguing, key questions providing a com­
plete mechanistic picture of cyclometalation are prob­
ably the following: 

1. How does a metal complex prepare for subsequent 
intramolecular activation of C-H bonds? Do the vacant 
coordinative sites develop in the course of cyclo­
metalation, and what is the driving force for their for­
mation? 

2. What can be said about the intimate mechanism 
of the C-H bond cleavage by the central atom? Does 
oxidative addition or electrophilic substitution occur, 
or does cyclometalation occur through some third 
pathway? 

3. How large is the activity of reactive complexes in 
the intermolecular metalation of C-H bonds of related 
molecules which do not form kinetically significant 
associates with the central atom? 

4. Are there any approaches to asymmetric and/or 
regioselective cyclometalation of complex organic 
molecules? 

Only the last question needs no comments. The re­
maining ones require some explanations, which are 
given below. 

A. Adjustment of Complexes for Subsequent 
Activation 

Equation 1 formally claims that the coordination 
number of the central atom may increase on cyclo­
metalation by one unit at the expense of the formation 
of a novel carbon-metal bond. If the leaving hydrogen 
[H] binds to the metal, the coordination number in­
creases by two units. Hence, cyclometalation may be 
accompanied by significant alteration, "perestroika" of 
the coordination sphere. The oxidation state of the 

central atom could be unchanged in the course of cy­
clometalation, or, more precisely, the oxidation state of 
the metal in the initial and final states could be the 
same. In this case the complex, before or in the course 
of cyclometalation, by necessity must part with one 
ligand if the leaving hydrogen dissociates, or with two, 
if the hydrogen binds directly to the metal, since the 
coordination number of the complex does not usually 
change when the oxidation state remains the same. At 
the same time a complex must often throw off some 
ligands to create the vacant sites in its coordination 
sphere which are necessary for the ready cleavage of 
C-H bonds. An ability of complexes to become coor­
dinated unsaturated is sometimes an important pre­
requisite of cyclometalation. 

B. The Mode of the C-H Bond Cleavage 

There are three generally accepted mechanisms of 
C-H bond cleavage:23-29 oxidative addition, electrophilic 
substitution, and the so-called multicentered pathway. 
The following features are typical of the first one. For 
a facile reaction of type 3 the reactive complex must 
have an empty <r-type MO and a high-energy MO con­
taining the lone pair which will be transferred into the 
a* orbital of the H-C bond during the oxidative addi­
tion reaction.29 The C-H bond formally receives two 
electrons from the central atom, the oxidation state of 
the metal (n) increasing by two units: 

I M(AI ) M(n +2) (3) 
H H ^ 

If the hydride remains in the coordination sphere after 
the cleavage of the C-H bond, one may with confidence 
speak about oxidative addition as a mechanism of cy­
clometalation. The metal can be considered here as a 
nucleophilic center. Pathway 3 is therefore referred to 
as nucleophilic. 

The absence of hydride in the coordination sphere of 
the product of cyclometalation, unfortunately, does not 
rule out oxidative addition, since subsequent reductive 
elimination of the hydride with suitable ligand X is 
possible: 

n C 

H M(A)) 
*1 %J *, ^\ 

- = ^ JM(n +2) — • C—M(A)) + HX 

X 

(4) 

The observed first-order rate constant, feobsd, is then 
given by 

_ kxk2 

°b8d ~ /M + k2 

If k2 » &-i, one obtains kohad ~ ku and if formally the 
"nonoxidative addition" product is formed, the reaction 
rate is determined by the nucleophilic, oxidative ad­
dition step. 

In straightforward electrophilic mechanisms metal 
hydrides do not form, the central atom does not change 
its oxidation number, and hydrogen dissociates as a free 
or bound proton: 

C M(n) C-M(A)) + H (5) 

Electrophilic reactions of type 5 are often nucleo-
philically assisted by coordinated or free bases B:, which 



Activation of C-H Bonds in Transition-Metal Complexes Chemical Reviews, 1990, Vol. 90, No. 2 405 

accept the leaving proton, for example: 

C M(n) 

H 

C">M(n) 
• • 
H««-:B 

C—M(n) + HB (6) 

Generally speaking, the discrimination between the 
mechanistic pathways "oxidative addition/reductive 
elimination" and "electrophilic substitution" appears 
to be rather complicated and has been discussed in the 
literature.31 It is also a problem in cyclometalation. 

Formally multicentered pathways can be written as 
nucleophilically assisted electrophilic ones (eq 6). The 
principal difference is that alkyl, benzyl, or phenyl 
groups (R) must be present instead of the base B. For 
the multicentered pathway to occur, the reactive species 
need only have empty acceptor MOs, at least one, to 
stabilize the entering a-bond electron pair in the tran­
sition state.29 This condition can be achieved for d0 

LmM-R compounds having m < 7 such as Cp2M-R (m 
= 6) or Cp2MRR' (m = 7), i.e., where the metal has a 
total coordination number lower than 9.29 

In order to characterize the reactivity of the central 
atom in cyclometalation, investigators often use the 
terms "nucleophile" and "electrophile", tacitly assuming 
that nucleophilic and electrophilic pathways are typical 
of the former and the latter, respectively. Therefore, 
it seems necessary to define these terms in some detail. 
The thermodynamic or, better to say, regioselectivity 
criterion was first used for this purpose: where a metal 
is located in the product when several, usually two, 
pathways of cyclometalation are possible. If the metal 
is u bound to the carbon of highest electron density, the 
pathway was termed electrophilic, but if to the most 
electron-deficient, the pathway was termed nucleophilic. 
The kinetic criterion, based on comparison of the rates 
of activation of C-H bonds, was for some time not taken 
into account, but is used in this review. It should be 
remembered, however, that the rate constants of cy­
clometalation may not give straightforward Hammett 
plots for the following reason. Consider an imaginary 
complex shown below in which the substituents are 
attached to the ligand undergoing cyclometalation, for 
certainty, via oxidative addition. The substituent X can 
affect both the reaction sites, i.e., the metal center and 
the C-H bond. An increase in the electron-donating 
power of X would favor the oxidative addition by in­
creasing electron density at the metal but may disfavor 
it by increasing electron density at the C-H bond. 
Which, if either, of the "electronic flows", to the metal 
or to the C-H bond, will dominate depends on a par­
ticular system. One can partly rule out this ambiguity 
by varying substituents Y in auxiliary ligands that are 
not cyclometalated. In this case one may expect larger 
changes of the electron density at the metal than at the 
C-H bond. 

X 
C M 

C. "Effective Molarities" in Cyclometalation 

Intuition suggests that intramolecular reactions pro­
ceed faster than their intermolecular counterparts. The 
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Figure 1. The elements of Mendeleev's table carrying out cy­
clometalation via nucleophilic (H), electrophilic (0), and multi-
centered (1) pathways. 

quantitative measure of the rate difference32 is the ratio 
of the first-order rate constant of the intramolecular 
reaction and the second-order rate constant of the 
corresponding intermolecular reaction. In terms of the 
present article, this is the ratio of the rate constants of 
reactions 1 and 2, i.e., &intra/&inter- The ratio is called 
"the effective molarity".32 The effective molarity is 
measured in M, and its physicochemical meaning is 
apparent: it is that concentration of the intermolecular 
reagent [Y~C-H] at which the second-order rate con­
stant of the intermolecular reaction (feinter[Y~C-H]) is 
equal to the first-order rate constant of the intramo­
lecular reaction. This can be alternatively expressed 
by saying that the effective concentration (molarity) of 
C-H bonds in the intramolecular reagent is equal to 
[Y~C-H].33 This approach, very visual, in particular, 
for understanding the high catalytic activity of enzymes, 
has been recently introduced into organometallic 
chemistry.34,35 The values of effective molarities are of 
predictive value. If lower than 10 M, one can expect 
both inter- and intramolecular activation of C-H bonds. 
If the effective molarity is much higher than 10 M, the 
intermolecular processes become less probable, and only 
cyclometalation is observed. 

/ / / . Cyclometalation: Systems Studied 

Figure 1 shows the elements of Mendeleev's table, the 
reactivity of which in cyclometalation is characterized 
by thermodynamic and kinetic data. The number of 
these is not, evidently, very impressive, but the variety 
of the mechanisms encompassed is substantial. 

It is the mechanism of the C-H bond cleavage (see 
section ILB) that seems to be the most convenient for 
the systematization of the material which then logically 
splits into three large classes: complexes reacting by 
nucleophilic (oxidative addition), electrophilic, and 
multicentered pathways. 

IV. Cyclometalation: Nucleophilic Pathways 

A. d8 Complexes of Rhodlum(I), Iridlum(I), 
and Ruthenlum(O) 

Consider reactions 734 and 836 as the most repre­
sentative. The stoichiometry of both necessitates the 
involvement of d6 metal complexes in the cleavage of 
the aromatic C-H bonds. In fact, the carbon-hydrogen 
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CpI. 
Rh'" 

Me2P^ H 

Ph cyctohexane C < 
Me2P, 

Rh'" 

\ 
PhH (7) 

^ // 

Cp. 

Ph3P^ 

^ m / 
Cp ^ H 

Ph5P-
H2 (3) 

v\ // 

Cp = n -Me5C5 

bonds are activated by d8 species. This comes from the 
facts that reaction 8, for example, is triggered by pho­
tolysis of 3, which induces reductive elimination of 
dihydrogen to afford the coordinately unsaturated d8 

intermediate Cp*Ir(PPh3).36 Similarly, photolysis of 
C6H6RuH2(P-J-Pr3), but not its osmium analogue, in a 
number of solvents provides initial loss of dihydrogen, 
and a d8 coordinately unsaturated intermediate formed 
rearranges into the four-membered metallacycle 
C6H6(H)RuCH2CH(Me)P-J-Pr2.37 In the case of rho­
dium complex 1, the reactive species are produced on 
thermolysis, which at 58 0C in cyclohexane-d12 leads to 
reductive elimination of benzene to give the d8 complex 
Cp*Rh(Me2PCH2Ph).34 The reductive elimination also 
occurs at 51 0C in benzene, but the reaction does not 
go to completion and affords the equilibrium mixture 
of 1 and 2 in the ratio 2.65:97.3. Equilibrium 9 is the 
key for understanding the chemistry observed, the 
equilibrium constant K9 = [2][C6H6]/[1] being equal 
to 397 M. Thermolysis of 1 leads to coordinately un-

M e 2 P - R h - - H 
* l _ 

Me2R. / = • 

+ PhH 
*-* 

f 
Me2P — Rh---H + PhH (9) 

saturated species 5 with the rate constant A1, and the 
value of A1 can be evaluated in C6D6 by integrating the 
signals from ortho protons of the phenyl group of 1. 
Measuring an area under the Cp* methyls of 1, one can 
obtain the rate of conversion of 1, which, applying the 
steady-state approximation with respect to 5, is equal 
to 

-d[ l ] /dt = 
A1[I] - MC6H6](A1[I] + A_2[2])/(A_1[C6H6] + A2) 

(10) 

Since K9 = 397 M, one can neglect the contribution 
from A_2 in the numerator of eq 10 and obtain the 
following expression for the observed rate constant of 
conversion of 1: 

fcobsd = H i / M l d[i]/dt = M 2 A M C 8 H 6 ] + k2) 
(H) 

TABLE I. Rate Constants A1 (in C6D6) and kohtd (in 95:5 
C6H6=C6D6) for the Conversion of Complex 1° 

T1K A1, s" 
295.5 
310.7 
320.0 
324.4 
332.0 
332.0 

"Fromref 34. 

4.06 X 10"7 

7.27 X 10"8 

2.86 X 10~6 

6.72 X 10"5 

3.10 X IO"46 

1.86 X 10"4 

b Reaction in C6D12. 

1.09 X 10"6 

1.72 X 10"6 

7.09 X 10~5 

1.36 X 10"4 

3.10 x IO"46 

3.265 X 10"4 

Figure 2. Free energy profile for the conversion of (C5Me5)Rh-
(PMe2CH2Ph)(Ph)(H) at 51.2 0C in benzene. Reprinted from ref 
34; copyright 1985 American Chemical Society. 

Evidently, in this case the ratio r a t e ^ a / rate J0481 = 
A2ZA^1[C6H6]. It comes from eq 11 that A2/A_x[C6H6] 
= kob8d/(ki - A0bsd)- The latter equation and the data 
in Table I allow the calculation of the ratio of the rates 
of intra- and intermolecular reactions, which is as low 
as 1.34 at 332 K. 

The cleavage of the aromatic C-H bonds by rhodi-
um(I) undoubtedly occurs as oxidative addition since 
the hydride is bound to the metal.34 Surprisingly, this 
step is not rate determining. It has been previously 
shown33 that in the related intermolecular activation of 
sp2 C-H bonds by Cp*Rh(PMe3) the slow step is the 
formation of ?j2-bound intermediates: 

last 

// % 

CP 

slow 

fast 

r 
+ R h x L 

L = PMe3 

Experiments with the migration of deuterium label in 
2 have shown34 that ^-coordination plays an important 
role in this case, too. All kinetic and thermodynamic 
results are available to construct the energy profile of 
the transformations of Cp+Rh(Me2PCH2C6H5)(C6H5)H 
(Figure 2), which leads to two important conclusions. 

1. For these d8 coordinately unsaturated systems 
reacting via oxidative addition, the cyclometalation is 
of no kinetic advantage over the intermolecular meta-
lation, and the energy barrier of the former is 1.05 
kJ/mol higher than that of the latter. 
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2. The thermodynamic picture is the reverse: the 
cyclometalation is more favorable by 9.66 kJ/mol. 

The contributions of AAH* and AAS* (the difference 
between activation parameters of the k_x and k2 path­
ways) to AAG* = 1.05 kJ/mol (51.2 0C), equal to 7.1 
kJ/mol and +18.8 J/(K mol), respectively, show that 
the intramolecular C-H bond activation is more fa­
vorable in entropy, but the enthalpy term levels off this 
advantage. 

It is interesting to note that the same tendencies are 
seen in the "sp3 C-H" version of the system, equilibrium 
12. The cyclometalation is by 2.5 kJ/mol less favorable 

I 

Me2P- Rh-H 

H 

Ky 

K. 
Rh 

Me2Pv 

? 
Rh-H + Me5P, O 

kinetically, but by 18.8 kJ/mol more favorable ther-
modynamically.34 The energy profile is, naturally, sim­
ilar to that in Figure 2 without, however, local minima 
due to ^-coordination. It should be pointed out, how­
ever, that later Bergman suggested and provided evi­
dence for ^-coordination of C-H bonds of alkanes with 
rhodium398 and of alkenes with iridium.39b 

For reaction proceeding in pure solvent, multiplica­
tion of the ratio rateintra/rateinter and the solvent con­
centration (of benzene in this case), taking into account 
the statistical correction (six and two sites of benzene 
and Me2PCH2Ph, respectively, are attacked), gives the 
value of the effective molarity. Its numerical values are 
equal to 5.5 and 3.3 for complexes 5 and 6, respectively. 
Qualitatively, the effective molarity is also low in the 
rhodium(I) complex [Rh(N(CH2CH2PPh2)^]+, since 
both intra- and intermolecular arene metalation can be 
achieved by slight variation of reaction conditions.40 

Remarkably, the intermolecular C-H activation dom­
inates in the case of (trifluoromethyl) benzene as ex­
pected for C-H activation by oxidative addition. One 
may approximately estimate the value for the Ir(I) 
complex Cp*Ir(PPh3), the intermediate in reaction 8, 
by comparing the relative yields of 4 and Cp*Ir-
(PPh3)(Ph)(H) in benzene.36 It should be, however, 
assumed that the product distribution is kinetically 
controlled. The effective molarity is then 12.6 M and 
only slightly higher than that for Rh(I) complexes. The 
complexes considered are thus excellently arranged for 
easy intermolecular metalation of various C-H bonds. 

Earlier an attempt was made to follow the substituent 
effect on the rate of cyclometalation in [IrCl(P (C6H4X-
P)3J3].

41 The reaction affords [IrCl](H)J(XC6H3)P-
(C6H4X-P)2JjP(C6H4X-P)3J2] and has a small kinetic 
isotope effect, and its rate increases in the order F < 
H < OMe < Me, the influence being, however, small. 
The dependence obtained suggests an electrophilic 
character of oxidative addition, but in light of the re­
sults presented above, one should treat these data with 
care, since predissociation of the phosphine ligand may 
contribute to the overall rate. Thus, the effect observed 
may not directly refer to the C-H bond cleavage. On 
the other hand, we will see later that oxidative addition 

O -^^ 
Figure 3. Reaction trajectory for C-H + M-* C-M-H. Isolated 
circles are the final positions of C and H in the product alkyl 
hydride. Reprinted from ref 46a; copyright 1985 American 
Chemical Society. 

at platinum can occur without preequilibrium loss of 
the bound phosphine ligand. Therefore, the question 
of predissociation needs special attention when mech­
anisms of cyclometalation are under investigation. 

There is another remarkable pathway of cyclo­
metalation at iridium(I) centers.42 Surprisingly, it is 
acid catalyzed. In contrast to oxidative addition, cy­
clometalation of [(cod)Ir(P(OC6H4Me-o)3}2]

+, where cod 
= 1,5-cyclooctadiene, to give [(cod)Ir(H)((MeC6H30)P-
(OC6H4Me-O)2HP(OC6H4Me-O)3J]

+ can proceed by a 
catalytic pathway (kohad = fe[H+] = ^ ^ [ H C I O , ] ^ / 2 

in acetone) that entails oxidation of Ir(I) by external 
protons, affording [(cod)Ir(H)(P(OC6H4Me-o)3)2]

2+ prior 
to the cyclometalation step. Ring closing, as suggest­
ed,42 most probably occurs by an electrophilic dis­
placement mechanism as the oxidative addition path­
way would require an Ir(V) dihydride intermediate, 
which seems unlikely. 

We now discuss the dynamics of nucleophilic cleavage 
of C-H bonds by metal centers and the mutual orien­
tation of the metal and C-H bond during the cleavage. 
From the theoretical standpoint of interest is the ge­
ometry, linear ("open", end-on approach) or triangular 
("closed", side-on approach), of the transition state of 
the C-H bond cleavage.43 The aspects of the transi-

C-H-
W 

tion-state structure are closely linked with the now very 
popular problem of agostic contacts.44 They are the 
nonbonding interactions between C-H bonds and metal 
centers registered by spectral or crystallographical 
means. With care they can be treated as inverted, re­
verse hydrogen bonds since the electron density from 
C-H bonds can be transferred to a metal. The energy 
of agostic contacts is also close to that of normal hy­
drogen bonds. For instance, the stabilization of 
Cp2WMe2 due to the agostic interaction of one methyl 
group with tungsten reaches 11.3 kJ/mol.45 The dy­
namics of the C-H bond cleavage by nucleophilic metal 
centers has recently been considered in detail by 
Crabtree.46" Valuable information, as suggested, may 
be gained from analyses of the dbp distance between the 
metal and the bonding pair of electrons (bp) of the C-H 
bond, point X. The latter corresponds to the point of 

meeting of covalent radii of atoms C and H. To min­
imize the effect of the metal nature on dhp, the param­
eter rbp was introduced: rbp = dbp - rM, where rM is the 
covalent metal radius. The value of rhp is thus char­
acterizing the effective covalent radius. If the value of 
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rbp is large («1.0-1.5 A), one can speak about weak 
agostic interactions; if rbp is small («0.4-0.5 A), strong 
contacts are implied. If rbp exceeds 1.9 A, these are the 
trivial van der Waals interactions. The dependencies 
of both dbp and the angles MHC on rbp can shed some 
light on the C-H + M - * C-M-H reaction trajectory 
by using the method of Burgi and Dunitz.47 As seen 
from Figure 3, the C-H bond is not significantly 
lengthened until the C-H bond approaches very close 
to the metal. This implies a late transition state. The 
M-H-C angle at H, 130° (not 180°) at large rbp, falls 
rapidly as rbp decreases. This implies that at the 
transition state considerable steric interference between 
the ligands at the metal and the substituents at the 
carbon of the C-H bond is to be expected. This may 
be the reason for the high activation barriers of nu-
cleophilic cyclometalation observed in rhodium(I) com­
plexes (Figure 2). The angle of 130° reflects the most 
favorable mutual arrangement of the C-H bond and the 
metal for the interaction of both the d„ metal orbital 
with the bonding pair of electrons of the a C-H bond 
and the dT orbital with the a* orbital of the C-H bond 
(back-donation). The interactions of both types favor 
C-H bond breaking. This discussion supports the 
triangular geometry of the transition state of nucleo-
philic cyclometalation. At the same time, it is obvious 
that in such systems the rigid orientation of the reacting 
fragments may result in a pronounced strain in com­
plexes, which seems to be very unfavorable for intra­
molecular metalations, thus opening channels for in-
termolecular processes. 

There is another important point in cyclometalation 
by any centers, i.e., the question of aromatic versus 
aliphatic C-H bond activation.25,26 It is generally agreed 
that examples of C-H bond oxidative addition are much 
more numerous for aromatic than for aliphatic or ben-
zylic C-H groups. According to Crabtree,46b two types 
of explanations can be advanced to account for this 
observation. One suggestion, based on kinetic argu­
ments, is that the arene group can bind to the metal, 
for example, in an ?j2 fashion38 followed by oxidative 
addition. A second explanation is thermodynamic. In 
this idea, the deciding factor is the greater bond 
strength for an M-C(aryl) over M-C(alkyl) or M-C-
(benzyl) bond. A recent report from Crabtree's group 
has shed some light on this problem4613 by a comparative 
study of reactions 13 and 14. The former, involving 
8-methylquinoline, leads to a compound with a C-H-Ir 
bridge, while the latter affords a cyclometalated de­
rivative of 7,8-benzoquinoline. The latter ligand, when 
it binds through the quinoline nitrogen presents an 
aromatic C-H bond to the metal in an end-on C-H-M 
fashion. Initial ?j2-binding is considered46b to be very 
unlikely, However, the cyclometalation of 7,8-benzo­
quinoline as well as the formation of the C-H-M bridge 
in reaction 13 occurs rapidly, suggesting that the dis­
crimination is not kinetic in nature. Note that the 
8-methyl group of 8-methylquinoline is isotopically la­
beled over ca. 90 min at 25 0C by exposure of the com­
plex to D2, indicating oxidative addition of the agostic 

Ir(COd)L2 

H2, mq 

25 °C 
(13) 

Ir(COd)L2 

H2,bqH 
»-

25 °C 

L2(H2O)Ii (14) 

mq = 8-methylquinoline, DqH = 7,8-benzoquinoline, L = 
cod = 1,5-cyclooctadiene 

PPh3 

C-H proton to the metal. These results confirm the 
importance of thermodynamic rather than kinetic fac­
tors in C-H activation. 

Since free arenes are not activated by Ir(cod)L2 under 
these conditions (the effective molarity is high in this 
case), it is reasonable to imagine that the quinoline 
nitrogen of 7,8-benzoquinoline binds before aryl C-H 
bond cleavage, rj2 intermediates are unlikely because 
this would lead to unacceptable strain in the chelate 
ring. As long as the arene remains planar, the C-H 
bond can only approach the metal end on rather than 
side on. However, as discussed above, the transition 
state must be of the side-on type. A possible way out 
of this contradiction is to allow the ligand to twist as 
shown in the following diagram: 

Partial rehybridization of the C-H carbon toward sp3 

in the transition state may be involved here, and this 
shows a possible bridge between oxidative addition and 
arene electrophilic substitution mechanisms. 

B. d6 Complexes of Rhenium(I), Osmium(II), 
and Other Species 

The d6 osmium(II) and rhenium(I) systems have 
much in common with d8 complexes of rhodium (I) and 
iridium(I) described in the previous section. The 
identity arises from the common nucleophilic pathways 
of the C-H bond cleavage and an ability to metalate 
both internal and external carbon-hydrogen bonds. 
Dissimilarities concern the preparation of the complexes 
for the C-H bond activation. The coordinately un­
saturated 16-electron species of osmium(II) are gener­
ated on thermolytic phosphine dissociation, while 15-
electron complexes of rhenium(I) are produced on 
photolytic departure of coordinated trimethyl-
phosphine. 

The following transformations occur in octahedral 
osmium(II) complexes.48 Neopentyl hydridic complex 
7 is cleanly thermolyzed in benzene at 80 0C according 
to eq 15. The reaction is strongly retarded in the 

Xt, 

L-Os-

La L X 

/y 
7,E = C 1 L=PMe 3 

8, E = Si, L = PMe3 

C6H, IV-
L-Os-C 6 H 5 

if L 

CMe4 (15) 
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presence of added trimethylphosphine, indicating the 
necessity of its preequilibrium departure. Experiments 
with P(CD3)3 have revealed that the deuterium-labeled 
ligand is first introduced into positions a and b; i.e., the 
phosphine ligands mutually trans are the most labile. 
Besides, thermolysis OfL4Os(H)[CH2C(CH3)(CDg)2] in 
C6H12 leads to randomization of the deuterium label. 
This is a consequence of reversible cyclometalation of 
the neopentyl ligand as shown in eq 16. Qualitative 

L—OS' 

/I 
L-rQS' 

A" 

\ /\ s L'?V\ 06) 

11 
10 

rate measurements by dynamic 1H NMR have demon­
strated that the rate of cyclometalation is somewhat 
lower than that of the exchange of the phosphine lig­
ands but higher than that of intermolecular metalation 
of benzene. Evidently, both the benzene metalation 
affording 9 and the cyclometalation to give 11 involve 
the common intermediate 10. The kinetic study of the 
formation of 9 allowed discrimination between the two 
principally different mechanisms of the C-H bond ac­
tivation: by d6 osmium(II) complexes (pathway A) or 
by d8 osmium(O) complexes (pathway B). The absence 
of both the inhibition of the reaction by CMe4 and 
intermolecular activation of added CMe4 is indicative 
of pathway A. The osmium(II) complex does not in­
crease its nucleophilicity prior to reaction by reductive 
elimination of CMe4, as complexes of rhodium (III) and 
iridium(III) do (section IV.A). 

" ^ s * -3[CMeJ /pathway 

L3Os 

Similar reactivity trends can be followed in rhenium-
(I) complexes.49 Irradiation of CpReL3 (L = PMe3) even 
at 5-10 0C in cyclohexane gives two similar complexes 
12 and 13. In solvents more useful for intermolecular 

CpReL3 

h v, cyclohexane 

L ^ ,.CH2 
"Re' I 

^ \ P M e 2 

12 

® L 
Re RMe2 

13 
L = PMe3 

C-H bond activations compared with cyclohexane, the 
irradiation, as expected, affords complexes such as 

CpRe(H)L2(R), where R = Ph, HC=CH2, C-C3H5, and 
M-C6H13. It should also be pointed out that thermolytic 
activation of 12 in the corresponding solvent also pro­
vides the products of intermolecular metalation, 
CpRe(H)L2(R). 

"Coordinative holes" in the rhenium complexes, 
where initial reductive elimination is principally im­
possible, may be created in two ways: via dissociation 
of L or r]5 -»• Tj3 isomerization of the cyclopentadienyl 
ligand. The latter was ruled out on the basis of the 
study of deuterium distribution in the products. 

The unique feature of these systems is the formation 
of 13. Three possible routes to the compound are dis­
cussed:49 (i) via clear-cut intermolecular activation of 
PMe3 by the coordinately unsaturated intermediate; (ii) 
via intramolecular activation of the C-H bond without 
preliminary dissociation of trimethylphosphine; and (iii) 
via intermolecular nucleophilic attack of complex 12 on 
trimethylphosphine. The second pathway was found 
to be operative. 

It should be emphasized that both complexes of os-
mium(II) and rhenium(I) were constructed as inter­
molecular "activators" of the C-H bonds. The ligands 
that underwent cyclometalation, especially in the case 
of rhenium complexes, were far from being the most 
convenient for internal metalation. Nevertheless, cy­
clometalation still occurs. Intermolecular processes 
become dominating only at lowered temperatures when 
kinetic control plays the key role.49 

It would be erroneous to associate oxidative addition 
cyclometalation solely with complexes of metals in low 
oxidation states. A striking example is the reactivity 
of the d2 rhenium(V) complex ReH5(Pcy3)2 (cy = cy-
clohexyl) formed on mild (60 0C, benzene) thermolysis 
of the fluxional complex ReH7(Pcy3)2.

50 This species 
exchanges hydrogen with hexadeuteriobenzene. Re­
markably, deuterium is incorporated into the complex 
not only as hydride ligands but also selectively at the 
C2 and C3 carbons of all cyclohexyl rings, indicating 
cyclometalation. Only one of the two methylene hy­
drogens at each of these carbons is exchangeable, the 
rate at C3 being higher than at C2. Oxidative addition 
of the corresponding C-H bonds is believed to be in­
volved, and the formation of the five-membered me-
tallacycle (metalation at C3) is faster than the four-
membered one (metalation at C2). 

It would also be erroneous to think that cyclo­
metalation via oxidative addition is always associated 
with the formation of coordinately unsaturated inter­
mediates. It is a rare example in platinum chemistry 
when rapid, reversible intramolecular C-H oxidative 
addition in heterodinuclear transition-metal complex 
14 occurs without dissociation of PMe3 from the met­
al.51* Thermal conversion of 14 to 16 is a smooth 
first-order process (k = 3.3 X 10"4 s"1 in benzene at 40 
0C), with AH* = 97.8 kJ/mol and AS* = 1.4 J/(K mol). 
The near-zero value for AS* is consistent with a non-
dissociative rate-determining step. The arguments 
against 17 as a possible intermediate were based on the 
rate measurements of both the reversible reaction, i.e., 
the phosphine-induced 16 -* 14 rearrangement (first 
order in PMe3), and the conversion of 16 to 17. The 
former reaction is by a factor of 36 faster than the latter, 
indicating different intermediates. Therefore, it was 
suggested that 14 undergoes cyclometalation through 
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/ * 1 
Cp-Ta — Pt = 

/ X v 

'" H H 

14 

v 
Cp2Ta^pR(L)2H 

H X H 

i n 3 " k o b s ' s " 1 

15 

* - 2 ML! 

Cp 2 Ta—R 

C H 3 / H X H 

17 

L = PMe3 

T a - R 

C p ' H X H
N H 

16 

15 in a way the reverse reaction does. 
The rearrangement of binuclear complex 14 is the 

only example of cyclometalation involving clusters 
considered in this review. Evidently, mechanisms op­
erating here are generally more complicated than those 
observed at mononuclear species (see, for example, ref 
51b). It is clear that cyclometalation involving clusters 
needs separate treatment, which is beyond the scope 
of the present review. 

V. Cyclometalation: Electrophilic Systems (d8 

Complexes of Palladlum(II) and d6 Complexes of 
Cobalt(III)) 

The chemistry of cyclopalladated compounds is very 
rich. Launched by Cope,52 it grew very rapidly because 
of the reasons stated in the Introduction. Dunina has 
recently devoted a special review with 232 references 
to these particular compounds.10 The reader will find 
there numerous examples of cyclopalladation with 
various ligands. Although practically every report on 
cyclopalladation concluded with mechanistic discussion, 
only a few of them were directly aimed at elucidation 
of intimate mechanisms and supported by kinetic data. 
Therefore, it seems reasonable to concentrate attention 
here on pure mechanistic aspects of cyclopalladation 
provided by the references to the previous works which 
go in line with present methodology. 

As an agent for the intramolecular activation of C-H 
bonds, palladium(II) was historically classified as a 
typical electrophile.52"55 Such a conclusion has been 
made on the basis of general properties of this element 
and its location in the products of cyclopalladation of 
complex molecules (section II.B). In particular, Tsuji 
was first to report53 that cyclopalladation of asym­
metrically substituted azobenzenes leads to a palladi­
um-carbon a bond formed preferentially with the 
benzene ring having an electron-donating group: 

"tX, 
-Q 

+ PdCl2 

1TQT(Tv, + HCI 

R = Me, OMe 

A similar study on fluoro-substituted azobenzenes was 
reported by Bruce.54 Hiraki presented a typical exam-

o ^ 
0 0 B9) 

[N1N-D)METMYLaBNZYLAMlNe ] , M 

Figure 4. Pseudo-first-order rate constants k^a of reaction 17 
plotted against the iV^V-dimethylbenzylamine concentration (25 0C, chloroform). Reprinted from ref 35; copyright 1985 Royal 
Society of Chemistry. 

pie utilizing asymmetrically substituted dibenzyl sul­
fide:55 

"'IXsXr" + Pd(OAc)2 

t«* .OAc 
Me. ^v . y 

Some other examples are discussed in section V.D. 
Recent studies have demonstrated that the single word 
"electrophilic" does not encompass the entire 
"cyclochemistry" of palladium(II). Examples are given 
below of instances where this "typical electrophile", on 
the basis of kinetic and thermodynamic evidence, be­
haves as a nucleophilic center in its reactions with 
aromatic C-H bonds. 

A. Mechanism of Cyclopalladation (Exemplified 
by Substituted /V,W-Dimethylbenzylamines) 

With the indulgence of other authors, historical as­
pects are not included in this section, and for conven­
ience, the discussion is concentrated around the kinetic 
investigation of reaction 17 carried out in the laboratory 
of the author.35 

R=' AA +1 Pd(OAc)2" - * • 

NMe2 

^OAc 

Me5 

+ HOAc (17) 

R , R = Cl, H, Me, OMe 

Reaction in Chloroform. As is known56'57 palladium-
(II) acetate exists as the Pd3(OAc)6 trimer in the ma­
jority of solvents, including chloroform. In the presence 
of an excess of amines (N ~ CH), the trimers are depo-
lymerized into the monomers £rcms-[Pd(N~CH)2-
(OAc)2].

58"60 If amines undergo cyclopalladation, the 
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TABLE II. Equilibrium and Kinetic Parameters of Reaction 17" 
[Pd(OAc)2(N-CH)2] 

102X, M 

2.7 
1.5 
1.35 
2.0 
2.9 

298 K 
103fe1; s"

1 

6.16 

5.0 
4.3 
2.7 
1.0 

Na2Pd2(OAc)6 
323 K 

104ZJ2- =-' «81. ' 

3,4-(MeO)2C6H3CH2NMe2 
4-Me06H4CH2NMe2 
C6H6CH2NMe2 
4-MeOC6H4CH2NMe2 
4-ClC6H4CH2NMe2 

0 From ref 35. b Statistically corrected doubled value. 

4.4 
4.2 
7.6 
3.5 

14.8 

SCHEME I 

N-CH 

AcO-Pd-OAc —— 
I 

HC-N 

I* 
A c O - P d - C + HOAc 

N-CH 
I 

AcO-Pd-OAc + N-CH 

N-CH 

HC-N 

AcO-Pd 
I 

OAc 

fast 

A c O - P d - C -— 
fast 

A c O - P d - C + HOAc 

latter complexes transform into the palladacycles [Pd-
(N ~ C)(OAc)]2.

35,59 Consequently, at least in an excess 
of amines, the monomers £rcms-[Pd(N ~ CH)2(OAc)2] 
should be considered as starting materials in cyclo-
palladation. 

Figure 4 shows the dependence of fcobsd of reaction 17 
as a function of iV,iV-dimethylbenzylamine concentra­
tion.35 We will also meet such plots when cyclo-
platination is considered. Kinetic eq 18, corresponding 

^obsd ~" 
^K + fe2[N~CH] 

K+ [N~CH] 
(18) 

to Figure 4, reflects the fact that cyclopalladation occurs 
via two parallel routes through the coordinately un­
saturated 14-electron complex [Pd(N ~ CH) (OAc)2] (̂ 1) 
and the coordinately saturated 16-electron complex 
[Pd(N-CH)2(OAc)2] (k2). In the case of iV,JV-di-
methylbenzylamine at 25 0C, ^1 = 4.3 X 10"3 s~\ while 
k2 = 3.1 X 10"5 s"1; i.e., Je1 » k2. In other words, the 
16-electron pathway is practically insignificant when 
comparable concentrations of palladium(II) and meta-
lating ligand are employed. Scheme I shows the cor­
responding mechanism of cyclopalladation.35 

The reversible dissociation of amine producing the 
14-electron reactive intermediate plays the key role in 
Scheme I. The necessity of the latter was first postu­
lated by Deeming,61,62 who studied the regioselectivity 
of cyclopalladation (see section IV.D.2). Nielson63 ar­
rived at the same conclusion, performing a 1H NMR 
investigation on the cyclopalladation of 1-tetralone 
oxime (18) by Li2PdCl4. It has also been proposed that 

W 
H8 N 

18 
OH 

the bis-adduct [PdCl2(N~CH)2] is not on the reaction 
coordinate, but the true intermediate is the 14-electron 
complex cis-[PdCl2(N~CH)], isolated as the tetraaqua 
solvate. In addition, another remarkable feature has 
been noted. The proton H8 in [PdCl2(N~CH)2] is 
deshielded and lies over the palladium plane. In the 
reactive 14-electron intermediate cis- [PdCl2(N ~ CH)], 
this proton, on the contrary, is shielded and localized 
in the palladium plane. The facts described convinc­
ingly show that cyclopalladation most readily occurs in 
the palladium plane of a 14-electron intermediate. 

Let us return to Scheme I. After the dissociation and 
isomerization of the T-shaped intermediate (which 
proceeds very fast in the square-planar complexes64'65), 
the rate-limiting C-H bond breaking takes place. The 
kinetic isotope effect Ze1(H)Z 1̂(D) is 2.2.35 Kinetically, 
this step is electrophilic since the rate constants kx 
progressively increase as the donor strength of the ring 
substituents in iV,iV-dimethylbenzyl amines increases 
(the slope of the corresponding Hammett plot is -1.6 
against <xm) (Table II). The activation parameters of 
the rate-limiting step, AH* and AS*, are 11 kJ/mol and 
-254 J/(K mol), respectively, and are in accord with 
"early", highly ordered transition state 19, in which the 
bond making dominates and the leaving proton is ac­
cepted by a base, acetate in particular. Such a ra-

t 

19 

tionalization of the rate-limiting step of cyclopalladation 
is strongly supported by the accepted views on cyclo­
palladation as an electrophilic process,53~55,66'67 direct 
evidence for the general-base catalysis in ortho-
palladation of azobenzene,68 and asymmetric induction 
during palladation of ((dimethylamino)methyl)-
ferrocene in the presence of the sodium salt of (S)-
(+)-AT-acetylvaline69 (eq 19). Incorporation of the op­
tically active carboxylate in the transition state of type 

& > 
I 
Fe 
I 
Cp 

+ Na2PdCI4 

T\cz> 
/ 

+ HCI + 2NaCI (19) 

I - ^ - C l 

Fe V 
i f t 

Cp 

20 
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19 results in the formation of the (#)-(+) enantiomer 
of 20. The base catalysis is even more pronounced in 
intramolecular metalation involving the d6 complex of 
cobalt(III).70 Here a base effectively removes the 
leaving proton from the agostic C-H bond to afford 
cobaltacvcle 21: 

H -BH 
/ '"JCo-; 

.O 

21 

We have already mentioned that the 16-electron 
pathway of cyclopalladation governed by the rate con­
stant k2 from the practical point of view is much less 
important than the 14-electron one (Zs1). But from a 
theoretical standpoint the pathway is worth mentioning, 
since its nature is still poorly understood. Actually, for 
reaction 17 it is only known that such a pathway does 
in fact exist and it is by a factor of 100 less effective 
than the 14-electron one. There are, however, some 
helpful analogies in the literature, for example, the 
thermolysis of the diethylpalladium(II) complexes 
trans-[PdEt2(PRs)2] liberating a mixture of ethane and 
ethene as the major organic products.71 Unexpectedly, 
the excess of the corresponding phosphine PR3 only 
slightly retards the thermolysis, and at high [PR3] the 
reaction rate levels off. The inhibitory effect decreases 
in the series PEtPh2 > PMePh2 > PEt2Ph, i.e., with a 
lowering of the Tolman cone angles of the phosphines,72 

but in the case of PMe2Ph, there is no retardation at 
all. The thermolysis rate also decreases in this series. 
The thermolysis proceeds mainly through a 16-electron 
pathway, occurring as a typical /3 elimination (eq 20) 

sphere and create a center for the C-H bond cleavage. 
To some extent the isomerization may be considered 
as an alternative to the ligand dissociation in the 14-
electron pathways. The necessary but not sufficient 
condition for its realization is the existence of the axial 
agostic contacts in 16-electron complexes [PdX2(Z ~ 
CH)2]. Such contacts are in fact observed in the azo-
benzene complex [PdCl2(PhN=NPh)2],73 which more 
likely undergoes cyclopalladation through the 16-elec­
tron pathway.68 A similar mechanism was suggested to 
account for cyclopalladation of the tert-hutyl group in 
the hydride complex irans-PdH(X)(P-t-Bu3)2 (X = Cl, 
CF3COO) which is accompanied by evolution of H2.

74 

At the same time several related structures with agostic 
contacts have been reported75 that do not undergo 
further cyclopalladation. 

Reaction in Acetic Acid. A remarkable feature of 
reaction 17 is observed when the process is performed 
in acetic acid solvent: palladium(II) is no longer a 
"typical electrophile" in this medium.35 In the presence 
of NaOAc, when the dominating species is Na2Pd2(O-
Ac)6,

76 the reaction rate is given by 

rate = fe21[amine][Pd(II)]/[NaOAc] (21) 

where the rate constants fe21 increase upon increasing 
the electron-withdrawing properties of the ring sub-
stituents of the /V,iV-dimethylbenzylamines. The cor­
responding Hammett coefficient p is now equal to +1.4 
(<rp).

35 It should be pointed out, however, that under 
these conditions, the cleavage of the ortho C-H bonds 
is not rate determining (k(R)/k(D) = 1.05). The same 
is likely true for palladation of 3,2'-annelated 2-
phenylpyridines by palladium(II) acetylacetonate.77 In 
these cases the ligand environment around palladium 
is very large and thick. Hence, the rate-limiting steps 
are associated with the necessity of its rupture. 

(i elimination I , 
L2MEt2 - L2M L2M + C2H4 + C2H6 (20) 

Et 

without deuterium scrambling, and is characterized by 
a kinetic isotope effect fe(H)/fe(D) of 1.4. To achieve 
the favorable interaction between the /3 hydrogen and 
the axial palladium(II) site, both the lengthening of the 
Pd-C bond and the bending of the Pd-C-C 3 angle are 
necessary. By bending away the two phosphine ligands 
from the plane and allowing the approach of a $ hy­
drogen of one of the ethyl groups toward palladium 
through the space above the molecular plane, the com­
plex is brought to a configuration close to trigonal-bi-
pyramidal 22. 

H - c 
Et - .p d . . - -C 

/ \ 
22 

This 16-electron pathway seems to be rather general 
for reactions of square-planar complexes, including 
cyclopalldation. Whether it will occur probably de­
pends on the ability to undergo a transition from the 
square-planar configuration with a hint of even weak 
axial agostic C-H—M contacts to a trigonal-bipyramid. 
The isomerization may relieve strain of the coordination 

B. Effective Molarities in Cyclopalladation 

The intermolecular activation of benzene by palla­
dium© is much more difficult than its intramolecular 
activation. Until recently, there were no such examples 
in aprotic solvents. The first reported activation by 
palladium(II) was carried out in benzene at 70 0C in the 
presence of dialkyl sulfides to afford the trimer 
[(R2S)PhPd(M-OAc)2Pd(Ai-OAc)2PdPh(SR2)], where R 
= t-Bu and S-BuCH2.

78 The reactions proceeding in 
acetic and trifluoroacetic acid media were studied in 
much more detail.79-82 In aqueous acetic acid the re­
action between benzene and palladium(H) gives bi-
phenyl as a final organic product, but the rate-limiting 
step is PhH + Pd(II) -* PhPh+ + H+.79 The estimate 
of the corresponding second-order rate constant in pure 
HOAc at 25 0C, when Pd(OAc)+ is the reactive species, 
is 3.7 X 10"5 M"1 s"1.35'79 If one uses the value of JJ1 for 
PhCH2NMe2 from Table II as the rate constant for the 
corresponding intramolecular process and takes into 
account the statistical correction, it is possible to es­
timate the lower limit for k^Jk-mia = 3.6 X 102 M. The 
real effective molarity is even higher, since the inter­
molecular process under the intramolecular conditions 
used simply does not occur and the rate constant cannot 
be measured. Thus, in electrophilic cyclometalation the 
effective molarities are large, accounting for the read­
iness of intramolecular processes. 
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TABLE III. Stability Constants of the Complexation of 
Ag(I) with Various Butylamines at 25 0 C 

amine 

M-BuNH2 
J-BuNH2 
t-BuNH2 
(n-Bu)2NH 
(S-Bu)2NH 
(n-Bu)3N 

1OgX1 

3.43 
3.38 
4.01 
3.14 
3.38 
2.22 

logK2 

4.05 
3.86 
4.25 
3.42 
2.94 
1.60 

"Taken from: Sillen, L. G.; Martell, A. E. Stability Constants of 
Metal-Ion Complexes; The Chemical Society: London, 1964. 

C. Comment on One Old Problem (Why Tertiary 
Amines Are the Best) 

There is a fundamental rule in the chemistry of or-
thopalladated compounds: direct activation of C-H 
bonds by palladium(II) to afford corresponding palla-
dacycles is the most feasible in the case of tertiary 
amines, whereas primary and secondary amines are 
usually inert toward such activation.52b Recent findings 
of Dunina,83 who developed a procedure to ortho-
palladate secondary amines via C-H bond cleavage, and 
Avshu,84 who showed a way to palladacycles with pri­
mary amines, did not, however, change the general 
situation, since both approaches have obvious limita­
tions. 

The unique properties of tertiary amines were first 
accounted for in terms of stronger binding to the metal 
of primary and secondary amines compared with ter­
tiary ones, thus preventing effective electrophilic attack 
of palladium(II) on the aromatic ring.52b Shaw, on the 
contrary, has suggested85 that steric factors are not less 
important than electronic factors. By analogy with 
known phenomena in organic chemistry, the gem-di-
alkyl effect was proposed to play a major role, since 
polysubstituted compounds lose less internal entropy 
on cyclization compared with the parent compounds. 
Although both explanations seemed reasonable, one 
could hardly imagine their mechanistic nature, since 
neither was bound to a true mechanism of ortho-
palladation. 

The mechanism of cyclopalladation in Scheme I, 
precisely its "dissociative" 14-electron pathway, allows 
one to propose the kinetic-thermodynamic rationali­
zation of the phenomena. Its quintessence is in the 
following: tertiary amines are, at least partly, the best 
for cyclopalladation because they have the most fa­
vorable equilibrium constants K to provide the reactive 
coordinately unsaturated species. Unfortunately, there 
are no appropriate literature data to support this 
statement in palladium chemistry. The corresponding 
data for the complexation of Ag(I) with various bu­
tylamines (Table III) do, however, support it. Silver(I) 
forms linear bis (amine) complexes that can mimic the 
square-planar Pd(II) species, since the behavior of only 
trans-coordinated amines is of particular interest now. 

Inspection of Table III clearly shows that log Kx 
values are almost independent of the nature of the 
amines. Only a small decrease in log K1 is observed for 
(H-Bu)3N. The situation is reversed for log K2. The 
latter drops from 4.05 to 1.60 on going from M-BuNH2 
to (^-Bu)3N. It is noteworthy that log K2 decreases to 
2.94 for the branched secondary amine as well. These 
data demonstrate that tertiary amines have an evident 
tendency to form weak bis complexes and can easily 

SCHEME II 

r? rc~H rc"H 

[H] + Y - M — Y - M — Y - M + [H] 
^ - C * - H ^ C * - H ^ C * 

SCHEME III 

provide coordinately unsaturated species. The same is 
probably true for highly branched secondary amines, 
the steric crowding of which lowers log K2, providing 
a channel for subsequent orthopalladation. 

Data in Table III also reveal that the pathway in 
question is impossible for primary amines: the second 
amine has no tendency to dissociate because of too 
strong binding to the metal. However, the vacant co­
ordination site at palladium in this case can be alter­
natively generated by removing one acido ligand X, as 
has been recently shown.84 Abstraction of iodide by 
Ag(I) from trans- [Pd(PhCH2NH2)2I2] in EtOAc initiates 
orthopalladation of the primary amine undoubtedly via 
the formation of a three-coordinate intermediate. 

D. Regioselectivlty of Cyclopalladation 

A ligand may have two or more activated C-H bonds 
(Scheme II). If metalation of several C-H bonds can 
occur, the problem of regioselectivity of cyclometalation, 
which has two different levels, arises. The first, more 
trivial level will be referred to as enforced regioselec­
tivity when electronic, steric, or other factors make only 
some one route of cyclometalation possible. The second 
level, referred to as regulated regioselectivity, has the 
advantage that by changing the reaction conditions one 
may drive cyclometalation along any path available. 

1. Enforced Regioselectivity 

Cyclopalladation, as was mentioned above, for a long 
time was thought to be an electrophilic process. This 
was concluded from studies of enforced regioselectivity. 
In particular, substituted azobenzenes were cyclo-
palladated at the electron-rich rings.53,54 A similar study 
was carried out on 4-methyl-4'-nitrodibenzyl sulfide,55 

and results of an exhaustive investigation of various 
aspects of enforced cyclopalldation are depicted in 
Scheme III.66 There are four possible ways to palladate 
1-arylazonaphthalenes. The unsubstituted molecule 
(RJ-R7 = H) gives complex A in accordance with the 
highest electron density at 2C-H. Even strong donors 
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at position 4' (R3 = Me, OH, OMe) enhancing the 
electron density at Na do not change the reaction 
pathway. Only when position 2 (R6 = Me) is protected 
does attack at the phenyl ring provide isomer B. 
Further, elimination of C-H bonds at positions 2', 6', 
and 2 (R1 = R5 = R6 = Me) gives only complex D if R3 

= OH. One can deactivate position 2 by electronic 
factors. If R3 = OMe and R7 = NO2 (remaining R = 
H), the ratio of isomers A and B is equal to 33:67, but 
if R3 = OH, R5 = Me, and R7 = NO2, complex B is 
exclusively formed (an interesting effect of the OH 
group). As shown here and from other data, the re-
gioselectivity of cyclopalladation of aromatic azo com­
pounds is governed by (i) the relative nucleophilicities 
of the aromatic palladation sites and (ii) the relative 
affinities of palladium(II) toward nitrogen donors Na 

and W. This can be achieved by (i) introduction of 
strong donors or acceptors, (ii) shielding of one of the 
two nitrogens of the azo bridge, and (iii) blocking C-H 
bonds by such groups that cannot be readily palladat-
ed.66 

Another way to achieve enforced regioselectivity is 
associated with the presence of strong donor centers in 
molecules that on complexing with palladium(II) can 
crucially affect the course of cyclopalladation.86 

2. Regulated Regioselectivity 

Consider first the examples when palladium(II) at­
tacks either sp2 or sp3 C-H bonds. The reaction be­
tween iV-thiobenzoylpyrrolidine and PdCl2 leads in 
methanol to the palladation of the phenyl ring, while 
in hexamethylphosphorous triamide (HMPTA), the 
saturated cycle is metalated87 (Scheme IV). The au­
thors provided no explanation for this remarkable ef­
fect. The situation is more apparent in methanol sol­
vent, where the electrophilic activation is probably re­
alized and, hence, aromatic C-H bonds appear to be 
more reactive than the aliphatic ones. Due to the high 
donicity of HMPTA,88 palladium(II) chloride must exist 
as the solvate Pd(HMPTA)2Cl2 in the medium. 
Therefore, the electrophilic strength of the metal should 
be considerably decreased, eliminating the sp2 pathway. 
The unresolved question is now why the activation of 
the pyrrolidine ring takes place. One of the possible 
reasons is an increase of the C-H acidity of the a C-H 
bond of the pyrrolidine cycle in very polar HMPTA, 
which facilitates palladation. 

The competition between sp2 and sp3 C-H bonds 
manifests itself also in cyclopalladation of 8-methyl-
quinoline-2-carboxaldehyde /V-methylimine by palla-
dium(II) acetate62'89 (Scheme V). In methanol 8-
metalation occurs, giving complex A. Addition of Cl" 
stimulates the formation of B, only the latter isomer 
being formed in a 52% yield when [Cl-]:[Pd(II)] = 5.5.62 

Note that if 8-R = Et or j'-Pr, only the products of 
3-metalation are produced; i.e., enforced regioselectivity 

SCHEME VI 

8-METALATION 

SCHEME VII 

3-METALATION 

is realized. The chemistry in Scheme V is in full accord 
with the mechanism of cyclopalladation discussed 
above. Its postulates about the 3-coordinate interme­
diate and the metalation in the palladium plane per­
fectly account for the effect of added chloride (Scheme 
VI). 

Next come the reactions in which C-H bonds of the 
same nature are cyclopalladated. Activation of aliphatic 
C-H bonds of the methylphenylhydrazone of pinaco-
lone follows the formation of the dimeric complex with 
the Pd-N1 bond90 (Scheme VII). The latter in benzene 
or methylene chloride rearranges to metallacycle A in 
which the methyl group is activated and N2 is the donor 
center. On the contrary, in methanol in the presence 
of NaOAc the tert-butyl group undergoes palladation 
to form B. The rationalization involved the equilibrium 
between the N1- and N2-bound coordination complex­
es.90 

Solely the nature of solvent is responsible for the 
regioselectivity of cyclopalladation of the bifunctional 
dibenzylamine91'92 (Scheme VIII). In chloroform, in 
which palladium (II) acetate exhibits electrophilic 
properties, the cyclopalladation is aimed at the di-
methoxy-substituted ring, while in acetic acid the ni-
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tro-substituted ring is metalated. Moreover, if isomer 
A is thermolyzed in HOAc at 70 0C for 4 h, it quanti­
tatively rearranges into B. The formation of B in HOAc 
is run by both the kinetic35 and thermodynamic91 af­
finity of palladium(II) to electron-poor aromatic rings 
of amines in acetic acid solvent. The intramolecular 
isomerization of A into B, related to various intermo-
lecular ligand-exchange processes,93 exemplifies the 
electrophilic version of the a C-H bond metathesis.94 

As an example of intermolecular exchange process, 
consider the palladium(II) migration from cyclo-
palladated iV,iV-dimethylbenzylamine to 2-phenyl-
pyridine that takes place on mild thermolysis in acetic 
acid:91 

Cc" 
,OAc 

V z + 2-Phpy 

„OAc 

PhCH2NMe2 

The mechanism of this exchange is dissociative; i.e., 
the cleavage of the starting palladacycle occurs in the 
transition state but not the formation of a new Pd-C 
bond. 

VI. Cyclometalation: 
Pathways 

Masked Nucleophlllc 

A. Mechanism of Thermal Metalation in 
Dineopentylbis(triethylphosphine)platinum( 11) 
and Related d8 Complexes 

The ardent debates on mechanisms of C-H bond 
cleavage by platinum started after Shilov and co­
workers reported on the activation of alkanes by solu­
tions of platinum (II) chlorides.95 Even now, after 20 
years, one can neither define the nature of the rate-
limiting step nor discriminate between oxidative ad­
dition, electrophilic substitution, or multicentered 
routes. This is also true for intramolecular metalation 
by platinum(II). Sometimes platinum(II) displays 
electrophilic features, for example, on cyclometalation 
of azobenzene52* and A^^V-dimethylbenzylamine,52b but 
sometimes it reacts via oxidative addition96 (see also 

SCHEME IX 
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section IV.B). There are examples when nothing can 
be said about its nature in cyclometalation.67 Valuable 
mechanistic information on cycloplatination can be 
found in a family of kinetic investigations of mecha­
nisms of reactions, of platinum(II) complexes performed 
by Whitesides' group.97-100 

At 157 0C in cyclohexane, i.e., under rather vigorous 
conditions, dialkylplatinum(II) complexes are thermo­
lyzed as follows:98,99 

L ^ ^CH2CMe3 C6H12.2.25 h L V X H 2 

Pt 

Lr"" ^CH2CMe3 

23 

0.02 M PEt3 

Me4C 

98-102% 

;CMe2 P t ^ 
S V C H 2 ^ 

24 

85-95% 

[Me3CCH2J2 + 

5-10% 

L3Pt" 

traces 

(22) 

L = PEt3 

The following main features are typical of this cyclo­
platination reaction: 

1. There is the intramolecular hydrogen transfer from 
the methyl group of the first neopentyl ligand to the 
methylene group of the second. 

2. The hydrogen atom transfer is characterized by 
a kinetic isotope effect k(H)/k(D) of ca. 3. 

3. The reaction follows rate law 23, indicative of the 
intermediate formation of the three-coordinate complex 
LPtR2. 

-d[23]/dt = ^3[231[L]"1 (23) 

4. Neopentyl radicals are not the intermediates. 
5. Methylene and methyl groups of the neopentyl 

ligand do not interchange in the course of reaction 22. 
The mechanism of reaction 22 based on this infor­

mation is shown in Scheme IX. Its key steps are the 
reversible dissociation of the phosphine ligand, oxida­
tive addition of the C-H bond to the coordinately un­
saturated three-coordinate complex, rate-limiting re­
ductive elimination of neopentane, and reassociation 
of triethylphosphine. The first step of the mechanism, 
i.e., the phosphine dissociation, resembles that in 
Scheme I, where the amine departure is necessary. 
Thus, this platinum case again demonstrates the im­
portance of coordinative unsaturation in square-planar 
complexes in order for cyclometalation to occur. 
Moreover, dramatic changes in reactivity patterns take 
place when a complex cannot adopt the intermediate 
three-coordinate configuration. In particular, cis-[bis-
(dicyclohexylphosphino)ethane]hydridoneopentyl-
platinum(II) (25), which is structurally related to 23 but 
contains the bidentate phosphine, thus precluding the 
dissociation of the coordinated phosphorus atom, is not 
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TABLE IV. Formation of Various Platinacycloalkanes in Cyclohexane (L = PEt3)" 

Ryabov 

~- L j p i C r + H> 
26 

100% 
1 ^ 

./^C CD, 

Î  „. 2 26b-d, P-

CD, 

26-cfe 26a-d 2 

9 8 % 

2Bb-CV3 

2 % 

Is" 1 23% 9% 
68% 

(D)H ^ - C D 2 C H 3 

27-Cf4 • - ° 1 7 % 44% 

28 
1 From ref 100. 

TABLE V. Activation Parameters, Relative Rates (87 0C), and Kinetic Isotope Effects of the Cycloplatination 
the Presence of 0.019-0.022 M PEt3 (L)" 

complex 

L2Pt(CH2CMe3)2 (23) 
L2Pt(CH2CMe2CH2Me)2 (26) 
L2Pt(CH2CMe2CH2CH2Me)2 (27) 
L2Pt(CH2CMe2CH2CMe3)2 (28) 

"From ref 100. 

AH*, kJ/mol AS', J / (K mol) k(H)/k(T» 

202 126 3.0 
172 126 3.2 
176 126 2.8 

in L2PtR2 in 

fcrel 

1 
9500 

50 
8000 

involved, if thermolyzed, in cyclometalation of the 
neopentyl ligand101 (cf. with the osmium(II) case (eq 16) 
or the iridium(I)102 case), but rather reductively elim­
inates neopentane to give [bis(dicyclohexyl-
phosphino)ethane]platinum(0), the latter intermediate 
being able to cleave a variety of C-H bonds.30 

$o< -P ' I 
H 

There is an obvious alternative to the mechanism 
shown in Scheme IX frequently realized in cyclo­
metalation at titanium (IV), thorium (V), and other 
high-valent metal centers discussed in the succeeding 
section. This is the already-mentioned multicentered 
concerted pathway, sometimes called electrophilic, the 
typical features of which are great activation enthalpies 
AH* (>80 kJ/mol) and large and negative activation 
entropies AS* (ordered transition states).103 Note in 
reaction 22 the value of AH* is unprecedentedly large 
(206 kJ/mol), while AS* is high and positive (126 J/(K 
mol)). It has been argued" that a multicentered 
mechanism 24 in the platinum case is inconsistent with 
the positive value of AS*. 

Y~NH 
- - C x 

H 

I 
+ C 

-x >r 
(24) 

It should be emphasized that despite the fact that 
complexes 23 readily rearrange to 24, the three-coor­
dinate intermediates LPtR2 do not activate external 
C-H bonds of the solvent in particular. Their effective 
molarities are thus very high. This inertness is thought 
to be due to unfavorable steric hindrance in the ground 
state." 

The influence of the nature of R in the L2PtR2 com­
plexes on cyclometalation is exemplified by the com­
pounds included in Table IV. All the complexes un­
dergo cycloplatination according to rate law 23, and the 
relative rates together with activation parameters are 
summarized in Table V. 

As seen from Table IV, complexes 26-d6,27, and 27-d4 
produce several, as shown100 kinetically controlled, 
products. The similarity of the activation parameters 
(Table V) suggests a common mechanism. If the 
mechanism in Scheme IX is realized, the following 
generalization can be made.100 Since the platinacy­
cloalkanes seem to be fully formed before the rate-lim­
iting transition states and since each reaction expels a 
similar alkane moiety in the transition state, the relative 
rates of formation of the metallacycles should reflect 
directly their relative strain energies. That is, to a first 
approximation, AAG* «= AAG, where AAG* is the dif­
ference in activation free energy for two reactions 
forming platinacycles and AAG is the difference in the 
strain energy of these rings. The estimate for the 
conversion of 26-d6, based on the assumptions that 
26a-cf2 and 26b-d3 are formed with the rate constants 
kx and k2, respectively, and k1/k2 = [26a-d2]/[26b-d3] 
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and AAG* = RT In (ki/k2), taking into account statis­
tical corrections and the value of the kinetic isotope 
effect, show that the strain energy for the four-mem-
bered metallacycle of 26b-d3 is 19.3 kJ/mol larger than 
that of the five-membered metallacycle of 26a-d2. This 
is maximal of the known strain energies in these com­
plexes. 

Thermal decomposition of £rans-chloroneopentyl-
bis(tricyclopentylphosphine)platinum(H) to yield 
trans- [PtCl(H)L2] and 1,1-dimethylcyclopropane pro­
ceeds through intermediate cyclometalation of the 
neopentyl group after reversible loss of the phosphine 
ligand.104 The mechanism is a copy of that in Scheme 
IX but reductive elimination of 1,1-dimethylcyclo­
propane is rate determining. 

Aromatic C-H bonds can also be activated in the 
same way (eq 25). An extensive mechanistic study of 
this reaction reported by Young105 revealed that the 
above-discussed aliphatic and this aromatic cyclo-
platinations have much in common. For instance, 

is believed that the first step of the reaction is given by 
eq 26 followed by cyclometalation of the second pyri-

L2 = dipy, 2, 2' -tfpyrimidyl, phen, 1, 7-Pr^phen, 1, 4, 7,10-Me«phen, 

[PEt3J2, [PPh3J2 

complexes with monodentate phosphine ligands are the 
most labile. When L = PEt3, the reaction is first order 
and a plot of the reciprocal of the rate constant against 
the phosphine concentration is linear. Both in the 
presence and in the absence OfPEt3 k(H)/k(D) = 3.40. 
The activation parameters, AH* and AS*, are 174 
kJ/mol and 248 J/(K mol) at [PEt3] = 0 and 193 kJ/ 
mol and 239 J/(K mol) at [PEt3] = 0.037 M. The co-
ordinative unsaturation is achieved by reversible loss 
of the coordinated phosphine, and the reductive elim­
ination is believed to be rate limiting. In the case of 
bidentate N donors, the vacant site is formed via the 
rate-limiting Pt-N bond rupture. As a result, the ki­
netic isotope effect drops 1.26 (L2 = dipy). We see here 
that 2V",JV-platinum chelates, in contrast to the P,P-
platinum ones, can provide coordinative unsaturation 
for subsequent cyclometalation. 

B. Other Examples 

Examples considered in this section were not as 
thoroughly mechanistically studied as the above 
transformations of the platinum(II) complexes, and the 
data are consistent with several pathways. Therefore, 
together with the original proposals, other possibilities 
will be briefly discussed where necessary. 

A very interesting example is a "rollover" thermal 
3-metalation of coordinated 2,2'-dipyridyl which 
transforms complexes 29 into a mixture of polymeric 
products where every dipy ligand is dimetalated.106 The 
reaction occurs in toluene and proceeds without both 
the formation of biaryls and the incorporation of deu­
terium into arenes formed in toluene-d8 as solvent. It 

+ R^O (26) 

30 

R = H (a), CMe3(Ij)1CF3 (C) 

dine ring of dipy either in the monomeric product 30 
or in various binuclear species. Details of this C-H 
bond-breaking process are unknown and a number of 
speculations are possible, but the cyclometalation is 
nucleophilic in nature since the comparison of the 
first-order rate constants shows that 29b reacts 62 times 
faster than 29c. 

The next is the iridium(III) case.107 The Ir(III)-di-
nitrogen complexes [IrCl(O3SY)Me(N2)(PPh8)J (Y = 
F, CF3) react with anions in methanol to give five-co­
ordinate Ir(III) species having the formula [IrClX-
(Me)(PPh3)2] (X = Cl, Br, I, etc.). The coordinately 
unsaturated chloro and bromo complexes undergo ready 
cyclometalation to afford 31 both in solution (1,2-Cl2-
C2H4) and in the solid state: 

[IrClX(Me)(PPH3J2] + MeH 

The solid-state cyclometalation is exothermic, AH° = 
-10.9 kJ/mol (X = Cl). The reaction in solution is 
unimolecular and only slightly retarded by added tri-
phenylphosphine. The bromo complex reacts twice as 
fast as the chloro complex, and the kinetic isotope ef­
fects k(H)/k(D) are 1.2 and 1.5, respectively. AH* is 
ca. 80 kJ/mol for both complexes, while AS* is negative, 
-64 and -38 J/(K mol) for the chloro and bromo com­
plexes, respectively. 

The original mechanism involved oxidative addition 
to form a seven-coordinate intermediate of Ir(V) fol­
lowed by reductive elimination of methane. As men­
tioned above, the Ir(V) intermediate is confusing. In 
the late seventies, the multicentered pathways were 
unknown and, hence, were not considered by the au­
thors. The data, however, could be accounted for in 
terms of such a pathway. Some objections can be raised 
due to the small isotope effects but the values of AH* 
and AS* are consistent with the multicentered mecha­
nism. 

The third example is another extreme. At first glance 
the methyl ligand in iron(II) complex 32 perfectly suits 
it for the multicentered mechanism but an oxidative 
addition mode of the C-H bond cleavage is realized 
instead.108 Near-UV irradiation of [(^-C5R4CH2Ph)-
Fe(CO)2Me] (R = Me, H) yields both loss of CO and 
methyl radicals, although loss of CO dominates. In the 
absence of two-electron donor ligands, the CO loss 
product undergoes oxidative addition to yield finally 
the cyclometalated product 33. 
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There are other examples where cyclometalation 
proceeds in transition-metal complexes bearing alkyl 
leaving groups and where mechanisms are uncer­
tain.54'109 The principal difficulty here is to make a 
choice between nucleophilic and multicentered path­
ways. 

VII. Cyclometalation: Multicentered Pathways 

A. d0 Complexes of Titanium(IV) and 
Zirconium(IV) 

The C-H bond activation in the complexes of four-
valent titanium and zirconium cannot be realized as 
oxidative addition/reductive elimination, since in the 
absence of readily eliminating groups one would assume 
at least intermediate formation of the six-valent species. 
Therefore, the nucleophilic pathways (sections IV and 
VI) must be excluded from consideration. Two distinct 
mechanistic possibilities remain for the conversion of 
these slightly distorted tetrahedral110 complexes of ti­
tanium 34 and zirconium 35 into the respective me-
tallacycles 36 and 37, which readily occur in toluene at 
73-130 0C103 (eq 27). Two distinct mechanisms are 

M(O-(T^)2R2 -

34, M = Ti 
35, M = Zr 

+ RH (27) 

36, M = Ti 
37, M = Zr 

R = CH2Ph 

plausible. The first involves the homolytic or radical 
pathway in which the breaking of the metal-benzyl 
bond occurs in the activation step to generate a benzyl 
radical, presumably caged, which then abstracts hy­
drogen from one of the tert-butyl groups of an aryl 
oxide ligand followed by ring closure to the product. 
The second, already briefly discussed, envisages a 
multicenter transition state in which the new M-C bond 
is being formed at the same time that the leaving 
group-metal bond is being broken. 

Reaction 27 strictly follows first-order kinetics, and 
the rate constants together with the corresponding ac­
tivation parameters can be found in Table VI. The 
mechanistic choice has been made here on the basis of 
the similarity of IH* for the titanium and zirconium 

TABLE VI. Rate Constants and Activation Parameters of 
the Cyclometalation of Complexes of Ti, Zr, and Ta with 
2,6-di-te/t-Butylphenolato (OAr) Ligand in Toluene" 

complex T 1
0 C 

105fe, 
o-l 

AH', 
kj/mol 

AS*, 
J/(K mol) 

Ti(OAr)2(CH2Ph)2 (34) 
Zr(OAr)2(CH2Ph)2 (35) 
Zr(OAr)2(CH2C6H4Me-4)2 
Zr(OAr)2(CH2C6H4F-4)2 
Zr(OAr)2(CH2C6H4F-3)2 
Ta(OAr)2Me3 (39) 
Ta(OAr)(OCH2)Me2 (40) 
Ta(OAr)2(=CH2)Me (42) 

"Fromrefs 103 and 117. 

114 
114 
114 
114 
114 
106 
106 
27 

126.0 
32.3 
39.2 
45.8 
18.4 
13.0 
0.42 
4.3 

97 
91 

111 
124 
60 

-55 
-80 

-29 
-25 
-130 

complexes.103 If the homolysis were rate limiting, one 
would expect basically different values of AH* for 
complexes 34 and 35,m since there is a significant in­
crease in the values of mean bond dissociation energies 
on going from first-row d-block elements to their sec­
ond-row analogues.112 In the case of homoleptic benzyls, 
the value of D(M-CH2Ph) has been measured as 206 
kJ/mol for M = Ti and 252 kJ/mol for M = Zr.113 The 
radical mechanism of reaction 27 is thus hardly ac­
ceptable. The multicentered mechanism is additionally 
supported by rather large and negative activation en­
tropies AS* (Table VI). 

The rate of metalation at titanium is faster than at 
zirconium, and analysis of the data shows that this rate 
difference is entropically based and can be rationalized 
in terms of the relative sizes of the coordination spheres 
of the two metals. The covalent radius of titanium is 
normally 0.14 A smaller than that of zirconium. Hence, 
the coordination sphere is more crowded in the titanium 
case and hence presumably less freedom of motion of 
the aryl oxide ligands will be present in the ground 
state. Slightly less entropy will, therefore, be lost on 
going to the four-centered transition state. (One may 
note that there are polar views on the role of steric 
factors in nucleophilic and multicentered cyclo-
metalations. The steric crowding is believed to be un­
favorable in oxidative addition (see above), but it en­
tropically favors multicentered activation as suggested 
here). 

An attempt to shed light on the effect of substituents 
in reaction 27 was without success. Data in Table VI 
are poorly informative and provide no evidence con­
cerning the nature of the metal center in cyclo­
metalation 27. It has been speculated103 that an end-on 
or linear interaction between the metal and the C-H 
bond is more favorable. However, one could imagine 
that the linear interaction could then lead to a side-on 
bonding mode with the metal now interacting directly 
with the carbon and hydrogen atoms as shown in the 
following: 

0 C 
1 I 

M H 
I 
R 

^ + R-H 

It was also pointed out103 that the overall sequence 
might be an SE2 displacement of the proton by the 
metal center, although this was considered unlikely. 
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Electronic effects in cyclometalation at zirconium(IV) 
centers are much better seen in reaction 28, showing 
internal metalation in (substituted benzylthio)-
methylzirconocene complexes 38.114 At 75-90 0C in 

x 

SCHEME X 

Cp2Zr 

Me 

+ PMe3 

H H 

38 

Cp2Zr 
# + MeH 

(28) 

X = CF3, Cl, H, OMe, NMe2 

C6H6, reaction 28 is first order in the complex, and 
added trimethylphosphine has no effect on its rate. If 
X = H, the activation parameters, AH* and AS*, are 
equal to 78.1 kJ/mol and -87.4 J/(K mol), respectively, 
while the kinetic isotope effect measured by Cp2Zr-
(Me)SCH(D)Ph is large: 5.2 at 80 0C and 7 at 25 0C 
(estimated value). The latter clearly show that the 
hydrogen is transferred in the rate-limiting step. 
Contrary to the systems considered above, a straight­
forward substituent effect is seen here, the reaction rate 
steadily increasing on going to the complexes with 
electron-withdrawing substituents. The slope of the 
corresponding Hammett plot is +0.39, and the value 
should not be treated as very low, since the reaction 
center is significantly separated from the X group. The 
mechanistic analysis, as above, drives to the concerted 
four-center process in which the transition state is po­
larized so that the hydrogen moves as a proton, the 
metal being positive. 

Interestingly, corresponding main-group complexes 
of tin(IV), namely, SnMe„(OAr-2,6-Ph2)4_n (n = 2, 3), 
failed to undergo multicentered cyclometalation.115 

Extended thermolysis of these species at temperatures 
up 250 0C did not give any evidence of cyclometalation 
occurring with loss of either methane or 2,6-diphenyl-
phenol. At the same time, SnCl4 or Sn(NMe2) 4 did give 
the cyclometalated derivatives of 2,6-diphenylphenol 
under much milder conditions. A possible reason is that 
the multicentered pathway is no longer operative and 
the cyclometalations proceed by some other, plausibly 
electrophilic mechanism, as previously suggested for 
orthometalation in (benzylideneimino)tin(IV) halides, 
SnCl3(N=CPh2), on the basis of a qualitative study of 
a substituent effect in the phenyl ring.116 

B. d0 Complexes of Tantalum(V) 

The trigonal-bipyramid complexes of tantalum(V) 39 
with aryl oxide axial ligands give cyclometalated prod­
ucts by many routes as shown in Scheme X.117 

Thermolysis of 39 in toluene at 90 0C for 24 h gives 
monocyclometalated complex 40. At temperatures 
higher than 100 0C, the latter transforms into di-
metallacycle 41. At the same time, on UV irradiation 
at 10 0C 39 almost quantitatively rearranges to me-
thylidene complex 42.117'118 In turn, 42 transforms into 
40 at room temperature. 

The kinetics of each step in Scheme X was inde­
pendently studied to reveal that the transformations 
39 — 40, 40 — 41, and 42 — 40 follow first-order ki­
netics. The rate constants and corresponding activation 
parameters are summarized in Table VI. The kinetic 
data and the experiments with deuterium-labeled com­
pounds have demonstrated that the mechanism oper-
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' T a M 

Me* O - C H 4 H z C O 

X 

12C - O 

V a P. 
Iz C* O 

^V 

O* ^ B e 

X = H , Me 

ating in this case is indistinguishable from the mecha­
nism of cyclometalation in the aryl oxide complexes of 
titanium and zirconium. It should only be pointed out 
that reactions of methyl complexes of tantalum(V) are 
characterized by higher values of AH* and less negative 
values of AS* compared with those of tetravalent tita­
nium and zirconium. An increase in AS* is accounted 
for in terms of higher steric demands of the five-coor­
dinate sphere around tantalum. This means that the 
limitation of the mobility of the tert-buty\ groups of the 
aryl oxide ligand around tantalum should compensate 
for the lowering of the rotational entropy on the for­
mation of a more ordered transition state.117 

Of interest is a dramatic decrease in AH* in the 
process 42 -»• 40 involving the methylidene complex, 
which is, however, partly compensated for by a decrease 
in the entropy of activation. The decrease in AS* could 
have a number of explanations. First, 42 is not a 
five-coordinated complex, as 39, but a four-coordinated 
complex. Therefore, a fixation of the required position 
of the tert-buty\ group undergoing activation in the 
transition state is less favorable entropically. Never­
theless, the value of AS* is still more negative compared 
with the reactions at four-coordinate titanium and 
zirconium. Therefore, the activation entropy is addi­
tionally lowered at the expense of the necessity of rigid 
orientation of the C-H bond to be cleaved with the 
methylidene IT bond and because there is no extra 
particle, a methane molecule, formed in the process 42 
-* 40 as observed in all other cases. Despite all this, 
the rate of C-H bond activation in the methylidene 
complex 42 is a factor of 2.4 X 103 higher than in 39, 
suggesting a high potential of the =CH2 group in pro­
moting cyclometalation. 

Kinetic isotope effects in cyclometalation at tanta-
lum(V) centers were measured by the phenyl analogue 
of 40, the transformations of which are presented in 
Scheme XL119 Additionally, the reactions revealed one 
more interesting detail. 

Comparing the rates of cyclometalation of 43 and 
43-d10 shows a definite, although rather slight, retar­
dation of the rate of cyclometalation of the second aryl 
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SCHEME XI 
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H ^ <* CJ 

TJ" 
oxide ligand. Mass spectrometric analysis of the 
product of thermolysis of 43-d10 at 118 0C showed a 
mixture of 44-d5 (92%) and 44-d4 (8%) indicative of the 
two biscyclometalated, monophenyl compounds. One 
involves direct combination of the ter£-butyl C-H bond 
hydrogen atom with the Ta-Ph leaving group 
("classical" multicentered mechanism) with k(H)/k(D) 
= 2.3, while the other involves the formation of an in­
termediate benzyne (o-phenylene) functionality with 
k(H.)/k(D) = 4.1. The latter pathway was confirmed 
by the thermolysis of deuteriated aryl oxide compound 
[TaOC6D2Bu f(CD3)2CD2-4-CH3](OC6D2BuV4-
CH3)(C6H5)2. 

The use of substituted aryl leaving groups (3-Me, 
4-Me, 3-F, and 4-F) shows the cyclometalation to ex­
hibit a negligible substituent effect. A pathway in which 
the hydrogen atom of the activated C-H bond is 
transferred to the aryl ipso carbon as an incipient 
proton to generate a "metallo-Wheland" intermediate 
can be ruled out.119 

The question that may arise here is how complexes 
of tantalum in lower oxidation states will react. An 
example from tantalum(III) chemistry indicates that 
these d2 complexes lose the ability to undergo multi-
centered cyclometalation. In particular, 45 does not 
cyclometalate the isopropyl groups, but rather un­
dergoes oxidative addition to form an unprecedented 
d0 "tucked-in" hexamethylbenzene compound 46, which 
was trapped by Me3CC=CH and H2C=CHCH2Cl.120 

The intramolecular metalation of a methyl C-H bond 
in 46 and the existence of a hydridic intermediate are 

TABLE VII. Rate Constants and Activation Parameters of 
Unimolecular Reactions 29-33 in C6D12" 

reaction 

29 
30 
31 
32 
33 

"From ref 121. 

106fe, s-1 

7.3 
0.39 
8.4 
8.2 
0.61 

AH ', kJ/mol 

89 
105 
81.5 
78 
90 

AS* J/(K mol) 
-67 
-44 
-87 

-101 
-84 

also inferred from various deuterium-labeling and ki­
netic studies. Disappearance of 45 follows first-order 
kinetics and apparently oxidative addition does not 
require coordinative unsaturation. 

C. d°f° Complexes of Thorium(IV) 

Thorium(V) complexes, eq 29-34, also do not contain 
easily dissociable ligands, and, thus, multicentered 
mechanisms of cyclometalation appear probable. 
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Triggered thermally, reactions 29-34 are all first-order 
processes, with the parameters presented in Table 
VII.121 The values of Atf* and AS* obtained corre­
spond adequately to those expected for the multicen­
tered pathways. Other data for these endothermic122 

reactions support the same pathway. In particular, the 
reactions of Cp*2Th(CHDSiMe3)2 and Cp*2Th-
(CD2CMe3)2 afford Cp*2ThCH2Si(CHD)Me2 + 
Me3SiCH2D and Cp*ThCH2C(CD2)Me2 + Me3CCD2H, 
with the isotopic purity of volatile products exceeding 
98%. The kinetic isotope effect measured by Cp*2Th-
[CH2Si(CD3)3]2 is also impressive, being equal to 10.0 
and 8.5 at 85 and 115 0C, respectively. 

According to the study of 47 by neutron diffraction 
techniques,121 the cyclometalation occurs in the strongly 
sterically distorted molecule. The neopentyl ligands are 
markedly asymmetric, Th-C(a) = 2.543 and 2.456 A, 
Th-C(a)-C(0) = 132.1 and 158.2°. Consequences of 
these distortions include the acute angles Th-C (a)-H-
(a) = 84.4 and 87.1° in the ligand with Th-C(a)-C(/?) 
= 158.2°. One must also pay attention to the significant 
interligand C(a)-C(7) interaction which involves the 
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groups engaged in the hydrogen transfer. It is tempting 
to accept that this ground-state structure to a great 
extent mimics the transition state of pathway 35. 

C p * 2 T h ^ 

,.CH2XMe3 

'CH2XMe3 

XMe3 
I 3 

m •Cn2* 
Cp'-Jh' 

/ "r>" 
C H 2 - X M e 2 

.CH2 

Cp*2Tr.;"' 
CH, 

- X - " 
Me 

+ XMe4 (35) 

Me 

Thermolysis of Cp*2Th[CH2Si(CD3)3]2 leads to for­
mation of both (CH2D)Si(CDg)3 (65%) and (CH3)Si(C-
D3)3 (35%), showing that reaction 30 only partly (65%) 
follows pathway 35 and the other reaction flow proceeds 
through a secondary mechanism involving rate-limiting 
abstraction of a hydrogen atom from a Cp* ring, fol­
lowed by hydrogen (deuterium) atom transfer from the 
remaining alkyl ligand to an intermediate T?5,??1-
(CH3)4C5CH2 species (eq 36). Similar complicated 
pathways are realized in some other systems,123'124 and 
one should take this into account when complexes with 
Cp* ligands are mechanistically investigated (see also 
section VILD). 

cpVhs 
..CH2XMe3 

N . T^-CH2XMe3
 + X M e < 

Cp< 

.CH2- Me 

Cp*2ThsV ^ x \ + X M e 4 (36> 
CH5 Me 

One of the most remarkable features of reactions 
29-34 is their regioselectivity. The latter arise from the 
kinetic control governing the reactions and is somehow 
related to the large negative activation entropies and, 
hence, to the highly ordered transition states. Conse­
quently, the complex Cp*2Th(CH2CH2Me)2 is inert to 
cyclometalation, while 50 affords exclusively the four-
membered metallacycle rather than the five-membered 
one as does the platinum complex 26 from Table IV. 
The selectivity in conversion of 49 is due to both the 
difference in D(Th-CH2CMe3) and D(Th-CH2SiMe3) 
(ca. 302 and 336 kJ/mol, respectively) and the differ­
ence in the strain energy of metallacycles 53 and 54 (67 
and 33.5 kJ/mol, respectively). The resulting gain in 
energy in the rearrangement of complex 49 into 54 
rather than into 53 is approximately 67 kJ/mol. 

Reactions 33 and 34 exemplify the regulated selec­
tivity. Thermolysis of 51 in toluene at 80 0C for several 
days affords the "kinetic" product 52 in 64% yield.121 

Under the same conditions, but at 100 0C, in a week 
complex 52 isomerizes into the "thermodynamic" 
product 55 in 75% yield. The rearrangement is driven 
by the bond energy difference: the stability of Th-Ph 
is higher than that of Th-CH2SiMe3 by 38 kJ/mol.122'126 

The ability of some thorium cyclobutanes to react 
with hydrocarbons by eq 37122 allows the consideration 
of the reactivity of thorium (IV) centers in terms of the 
effective molarity concept.126 At first glance the com-

.CH2 Me 

Cp*2ThC' ^0C + CH" 
CH, Me 

..Me 

CpVhC (37) 
^CH 2 CMe 3 

parison of reactions 29-34, on the one hand, and reac­
tion 37, on the other, is of no virtue since it is much less 
visual than in the case of the rhodium complexes con­
sidered above. Nevertheless, it is justified. In fact, 
instead of the reaction between external hydrocarbon 
and the complex Cp*2Th(R')(CH2CR3), we consider the 
reaction of its analogue Cp*2ThCH2CR2CH2. In order 
to obtain the effective molarity accepting this approach, 
the direct and reverse rate constants of reaction 30 
should be compared.126 In this case the effective mo­
larity is equal to the ratio &i/fe-i = K multiplied by the 
statistical correction (4/3). The equilibrium constants 
K increase with the temperature, but even at 100 0C, 
the K is only 8.4 M, the effective molarity being 11.2 
M! It should be, however, mentioned that related re­
action 29 is so much shifted to the right that the rate 
of the reverse process (similar to the platinum(II) case) 
cannot be measured. Therefore, only a rough estimate 
for 47 is available (K > 75 M at 60 0C). The effective 
molarity in this case is therefore higher than 100 M! 

In conclusion, let us sum up the features typical of 
thorium centers in cyclometalation. These are unimo-
lecular kinetics, kinetically controlled regioselectivity, 
congested ground-state structures, large and negative 
activation entropies, and an apparent absence of a 
high-energy, thorium-centered HOMO. They implicate 
a highly organized, sterically constrained, electrophilic 
transition state 56.121 

8 + T h " - C H 2
5 " 

j5 + 

A 
56 

D. Chain Mechanisms of C - H Bond Cleavage 

What is the chain mechanism of C-H bond cyclo­
metalation? It is such when the final C-H bond cy­
clometalation is preceded by activation of one or more 
C-H bonds of adjacent ligands. We have already come 
across such pathways (see Scheme XI or eq 36, for ex­
ample) but some emphasis is needed, since the path­
ways in question could be crucial for further progress 
in both cyclometalation and intermolecular activation 
of C-H bonds by metal centers. The chain pathways 
have clear-cut advantages. As in catalysis, a concerted 
process with a high energy barrier is replaced by several 
related reaction activation barriers that are significantly 
lower (such a case is shown in Figure 5). 

Consider first the cyclometalation of the methyl 
group of the Cp* ligand at the zirconium(IV) center (eq 
38).124a 

Cp*2Zr(C6H5)2 -
Cp*Zr(C6H5)(J?

5^1-Me4C5CH2) + C6H6 (38) 
57 

Reaction 38 follows first-order kinetics in toluene-d8 
at 50-104 0C and is characterized by the values of AH* 
and AS*, equal to 94.5 kJ/mol and -50 J/(K mol), re­
spectively. Measured by Cp*2Zr(C6D5)2, the kinetic 
isotope effect is 13.5 at 25 0C! The results strongly 
implicate a benzyne complex as the initial thermolysis 
product: 

CpVr(C6Hs)2 — C p V < j T T) + C6H6 — 57 + C6H6 
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TABLE VIII. An Attempt To Summarize the Most Typical Features of Cyclometalation by Oxidative Addition, Electrophilic 
Substitution, and Multicentered Mechanisms 

mechanism 
feature oxidative addition electrophilic substitution multicentered activation 

metal complexes 
involved 

observed kinetics 

transition metals in low 
oxidation states 

inhibition by added ligands 
(coordinative unsaturation 
is commonly needed) 

activation parameters a 

kinetic isotope effects 
(^C-H/^C-D) 

effective molarity 

from low to moderate (1-3) 

usually low 
0 More data are needed for generalizations. 

palladium(II) 

inhibition by added ligands; 
general-base catalysis 

a 

high 

early transition metals in highest 
oxidation states 

strict first-order kinetics unaffected 
by added ligands 

large AiJ'; large and negative AS* 
(ordered transition states) 

usually very high (>5) 

variable 

REACTION COORDINATE 

0 

REACTION COORDINATE 

Figure 5. (A) Enthalpy profile for the thermolytic transforma­
tions of Cp*2ZrPh2 based upon experimental bond enthalpy and 
kinetic data. (B) Free energy profile for the thermolytic trans­
formations of Cp*2ZrPh2 at 350 K based upon experimental bond 
enthalpy and kinetic data. The TAS contribution to AG for all 
processes creating (consuming) a particle is estimated to be -37.6 
kJ/mol (+37.6 kJ/mol). In both profiles, the position of the 
benzyne intermediate is approximate. Reprinted from ref 124a; 
copyright 1987 American Chemical Society. 

Analysis of the temperature dependence of k(H)/k(D) 
indicates a symmetrical transition state of the initial 
step with possible tunneling.1248 Both kinetic1248 and 
thermochemically derived bond enthalpy data124b were 
used to make the enthalpy and free energy profile for 
the Cp*2Zr(C6H5)2 thermolytic chemistry shown in 
Figure 5. It should be pointed out that benzyne tran­
sition-metal complexes may appear very powerful for 
both intra- and intermolecular metalation.127 

The next example is taken from hafnium (IV) chem­
istry.125 Thermal decomposition of Cp*2Hf(CH2C6H5)2 
in benzene-d6 cleanly affords toluene and hafnabenzo-
cyclobutane Cp*2HfCH2-o-C6H4. Deuterium labeling 
of the benzyl ligands indicates that decomposition of 
Cp= 2̂Hf(CY2CeHg)2 (Y = H, D) proceeds primarily by 
a-H abstraction to form a permethylhafnocene-
benzylidene intermediate [Cp*2Hf=CHC6H5], which 
rapidly rearranges to the metalated cyclopentadienyl 
or "tucked-in" benzyl complex C p ^ ^ ^ - M e ^ s C H ^ -
HfCH2C6H5. Finally, the latter rearranges to the ob­

served product Cp*2HfCH2-o-C6H4. Thus, there are 
three steps in the chain! The last one, eq 39, has been 
mechanistically probed in detail. If X = H, the values 

Me4C5CH2)Hf(CH2C6H4X-Hi) — - Cp^HfCH2-O-C6H3X-FtI (39) CpV, I 1 

R = CF31H1Me1NMe2 

of AH*, AS*, and k(H)/k(D) are equal to 84.8 kJ/mol, 
-71.8 J/(K mol), and 9.6, respectively. (For comparison, 
the primary a-H abstraction step is characterized by 
143 kJ/mol, 4 J/(K mol), and 1.07, respectively.) The 
slope of the Hammett plot p has been found to be -0.2, 
too low, as suggested, to accept an electrophilic aromatic 
substitution mechanism. The multicentered pathway 
with highly ordered transition state seems to be the only 
possibility. This is a magnificent chain system with 
three C-H bond-breaking processes, two of which have 
been kinetically characterized! 

VIII. Conclusion 

It is the goal of this survey to cover the main, known, 
updated mechanisms of cyclometalation. Rather than 
trying to compile as many examples as possible, only 
the most representative ones are cited. This review also 
touches the general problem of C-H bond activation by 
metal centers from the standpoint of cyclometalation, 
a problem in which the author has been involved for 
many joyful years. 

In Table VIII an attempt is made to sum up the 
features typical of the mechanistic patterns discussed 
in the present review. It is, of course, an oversimpli­
fication since one must keep in mind that only the first 
steps in elucidating mechanisms of cyclometalation 
have been made and more data are evidently needed 
for disclosing some reactivity patterns. It should also 
be remembered that several borderline mechanisms 
may be operative as well. The task of evaluating such 
mechanisms of intramolecular metalation is difficult, 
but it would be even much more difficult if the data on 
the most typical, "limiting" mechanism of cyclo­
metalation are left without some sort of generalization. 

IX. References 
(1) Parshall, G. W. Ace. Chem. Res. 1970, 3, 139. 
(2) Dehand, J.; Pfeffer, M. Coord. Chem. Rev. 1976, 18, 327. 
(3) Bruce, M. I. Angew. Chem., Int. Ed. Engl. 1977,16, 73. 
(4) Omae, I. Chem. Rev. 1979, 79, 287. 
(5) Omae, I. Coord. Chem. Rev. 1979, 28, 97; 1980, 32, 235; 1982, 

42 245* 1988 83 137 
(6) Abicht,'H.-P.;Issleib,R. Z. Chem. 1977,17,1. Pavlovski, V. 

I.; Poznyak, A. L. Z. Chem. 1989, 29, 6. 
(7) Constable, E. C. Polyhedron 1984, 3, 1037. 
(8) Rothwell, I. P. Polyhedron 1985, 4, 177; Ace. Chem. Res. 

1988, 21, 153. 



Activation of C-H Bonds in Transition-Metal Complexes Chemical Reviews, 1990, Vol. 90, No. 2 423 

(9) Newkome, G. R.; Puckett, W. E.; Gupta, V. K.; Kiefer, G. E. 
Chem. Rev. 1986, 86, 451. Evans, D. W.; Baker, G. R.; 
Newkome, G. R. Coord. Chem. Rev. 1989, 93, 155. 

(10) Dunina, V. V.; Zalevskaya, O. A.; Potapov, V. M. Usp. Khim. 
1988, 57, 434. 

(11) Omae, I. Organometallic Intramolecular-coordination Com­
pounds; Elsevier Science Publishers: Amsterdam, New York, 
1986. 

(12) Ryabov, A. D. Synthesis 1985, 233. 
(13) Karpeiskaya, E. I.; Godunova, L. F.; Levitina, E. S.; Lyu-

beznova, M. R.; Klabunovsky, E. L; Lubuzh, E. D.; Lutsenko, 
A. I. Izv. Akad. Nauk SSSR, Ser. Khim. 1984, 85. 

(14) Lewis, L. N. J. Am. Chem. Soc. 1986,108, 743. 
(15) Santra, P. K.; Saha, C. H. J. MoI. Catal. 1987, 39, 279. Bose, 

A.; Saha, C. H. J. MoI. Catal. 1989, 49, 271. 
(16) Sokolov, V. I. Pure Appl. Chem. 1983, 55, 1837. 
(17) Wakatsuki, Y.; Yamazaki, H.; Grutsch, P. A.; Southanam, M.; 

Kutal, C. J. Am. Chem. Soc. 1985, 107, 8153. 
(18) Cornioley-Deuschel, C ; Ward, T.; von Zalewsky, A. HeIv. 

Chim. Acta 1988, 71,130. Maestri, M.; Sandrini, D.; Balzani, 
V.; von Zalewsky, A.; Jolliet, P. HeIv. Chim. Acta 1988, 71, 
134. Schwartz, R.; Gliemann, G.; Jolliet, Ph.; von Zalevsky, 
A. Inorg. Chem. 1989, 28, 742. 

(19) Craig, C. A.; Watts, R. J. Inorg. Chem. 1989, 28, 309. 
(20) Ryabov, A. D.; Sakodinskaya, I. K.; Yatsimirsky, A. K. J. 

Chem. Soc, Perkin Trans. 2 1983, 1511. 
(21) Newkome, G. R.; Kawato, T.; Kohli, D. K.; Puckett, W.; 

Olivier, B. D.; Chiari, G.; Fronczek, F. R.; Deutsch, W. A. J. 
Am. Chem. Soc. 1981,103, 3423. Newkome, G. R.; Puckett, 
W.; Kiefer, G.; Gupta, V. K.; Fronczek, F. R.; Pantaleo, D. C; 
McClure, G. L.; Deutsch, W. A. Inorg. Chem. 1985, 24, 811. 

(22) Lanfredi, A. M. M.; Ugozzoli, F.; Ghedini, M.; Licoccia, S. 
Inorg. Chim. Acta 1984, 86, 165. Ghedini, M.; Armentano, 
S.; Neve, F. Inorg. Chim. Acta 1987,134, 23. 

(23) Shilov, A. E.; Shteinman, A. A. Coord. Chem. Rev. 1977, 24, 
97. Shilov, A. E.; Shulpin, G. B. Usp. Khim. 1987, 56, 754. 

(24) Shilov, A. E. Activation of Saturated Hydrocarbons by 
Transition Metal Complexes; D. Reidel: Hingham, MA, 
1984. 

(25) Crabtree, R. Chem. Rev. 1985, 85, 245; Comments Inorg. 
Chem. 1985, 4, 229. 

(26) Halpern, J. Inorg. Chim. Acta 1985, 100, 41. 
(27) Deem, M. L. Coord. Chem. Rev. 1986, 74, 101. 
(28) Ephritikhine, M. Nouv. J. Chim. 1986,10, 9. 
(29) Rabaa, H.; Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. Soc. 

1986, 108, 4327. 
(30) Hackett, M.; Whitesides, G. M. J. Am. Chem. Soc. 1988,110, 

1449. 
(31) Jawad, J. K.; Puddephatt, R. J. Chem. Soc, Chem. Commun. 

1977, 892. Jawad, J. K.; Puddephatt, R. J.; Stalteri, M. A. 
Inorg. Chem. 1982, 21, 332. 

(32) Page, M. I. Chem. Soc. Rev. 1973, 2, 295. Kirby, A. J. Adv. 
Phys. Org. Chem. 1980,17,183. Berezin, I. V.; Yatsimirsky, 
A. K. Zh. Fiz. Khim. 1980, 54, 1633. 

(33) Bender, M. L.; Bergeron, R. J.; Komiyama, M. The Bioor-
ganic Chemistry of Enzymatic Catalysis; Wiley: New York, 
1984. 

(34) Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1985,107, 620. 
(35) Ryabov, A. D.; Sakodinskaya, I. K.; Yatsimirsky, A. K. J. 

Chem. Soc, Dalton Trans. 1985, 2629. 
(36) Janowicz, A. H.; Bergman, R. G. J. Am. Chem. Soc. 1983,105, 

3929. 
(37) Werner, H.; Kleizin, H.; Roder, K. J. Organomet. Chem. 

1988, 355, 401. 
(38) Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1982,104, 4240; 

1984, 106, 1984; 1986, 108, 4814. 
(39) (a) Periana, R. A.; Bergman, R. G. J. Am. Chem. Soc. 1986, 

108, 7332. (b) Stoutland, P. O.; Bergman, R. G. Ibid. 1988, 
110, 5732. 

(40) Bianchini, C; Masi, D.; MeIi, A.; Perruzzini, M.; Zanobini, F. 
J. Am. Chem. Soc 1988, 110, 6411. 

(41) Bennett, M. A.; Milner, D. L. J. Am. Chem. Soc 1969, 91, 
6983. 

(42) de Waal, D. J. A.; Singleton, E.; van der Stok, E. J. Chem. 
Soc, Chem. Commun. 1978, 1007. 

(43) Suggs, J. W.; Pearson, G. D. N. Tetrahedron Lett. 1980, 21, 
3853. O'Ferral, R. A. M. J. Chem. Soc. B 1970, 785. 

(44) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 
250, 395. Ginzburg, A. G. Usp. Khim. 1988, 57, 2046. 
Fitzpatric, N. A.; McGinn, N. A. J. Chem. Soc, Dalton 
Trans. 1985, 1637. 

(45) Asano, M. F.; Cooper, S. R.; Cooper, N. J. J. Am. Chem. Soc. 
1986, 108, 5187. 

(46) (a) Crabtree, R. H.; Holt, E. M.; Lavin, M.; Morehouse, S. M. 
Inorg. Chem. 1985, 24, 1986. (b) Lavin, M.; Holt, E. M.; 
Crabtree, R. H. Organometallics 1989, 8, 99. 

(47) Burgi, H.; Dunitz, J. M. Ace. Chem. Res. 1983, 16, 153. 
(48) Desrosiers, P. J.; Shinomoto, R. S.; Flood, T. C. J. Am. Chem. 

Soc. 1986, 108, 1346, 7964. 

(49) Wenzell, T. T.; Bergman, R. G. J. Am. Chem. Soc. 1986,108, 
4856. 

(50) Zeiher, K. E. H.; DeWit, D. G.; Caulton, K. G. J. Am. Chem. 
Soc. 1984, 106, 7006. 

(51) (a) Jacobsen, E. N.; Goldberg, K. J.; Bergman, R. G. J. Am. 
Chem. Soc 1988,110, 3706. (b) McGhee, W. D.; Hollander, 
F. G.; Bergman, R. G. J. Am. Chem. Soc. 1988, 110, 8428. 
Chisholm, M. H.; Eichhorn, B. W.; Huffman, J. C. Organo­
metallics 1989,8, 67. Blondy, C ; Locke, S. A.; Young, S. J.; 
Schore, N. E. J. Am. Chem. Soc. 1988, 110, 7540. 

(52) (a) Cope, A. C; Siekman, R. W. J. Am. Chem. Soc 1965,87, 
3272. (b) Cope, A. C ; Friedrich, E. C. J. Am. Chem. Soc. 
1968, 90, 909. 
Takahashi, H.; Tsuji, J. J. Organomet. Chem. 1967,10, 511. 
Bruce, M. I.; Goodall, B. L.; Stone, F. G. A. J. Chem. Soc, 
Chem. Commun. 1973, 558; J. Chem. Soc, Dalton Trans. 
1978, 687. 
Hiraki, K.; Fuchita, Y.; Kage, Y. J. Chem. Soc, Dalton 
Trans. 1984, 99. 
Skapski, A. C.; Smart, M. L. J. Chem. Soc, Chem. Commun. 
1970, 658. 
Yatsimirsky, A. K.; Ryabov, A. D.; Zagorodnikov, V. P.; 
Sakodinskaya, I. K.; Kavetskaya, O. L; Berezin, I. V. Inorg. 
Chim. Acta 1981, 48, 163. 
Stephenson, T. A.; Morehouse, S. M.; Powell, R. A.; Heffer, 
J. P.; Wilkinson, R. J. Chem. Soc. 1965, 3632. 
Nielson, A. J. Transition Met. Chem. 1981, 6, 180. 
Dehand, J.; Mutet, C; Pfeffer, M. J. Organomet. Chem. 1981, 
209 255 
Deeming, A. J.; Rothwell, I. P. Pure Appl. Chem. 1980, 53, 
649. 
Deeming, A. J.; Rothwell, I. P. J. Organomet. Chem. 1981, 
205, 117. 
Nielson, A. J. J. Chem. Soc, Dalton Trans. 1981, 205. 
McCarthy, T. J.; Nuzzo, R. G.; Whitesides, G. M. J. Am. 
Chem. Soc. 1981, 103, 1676. 
Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. K. Bull. 
Chem. Soc. Jpn. 1981, 54, 1857. 
Hugentobler, M.; Klaus, A. J.; Mettler, H.; Rys, P.; Wehrle, 
G. HeIv. Chim. Acta 1982, 65, 1202. 
Hietkamp, S.; Stufkens, D. J.; Vrieze, K. J. Organomet. 
Chem. 1979, 168, 351. 
Yatsimirsky, A. K. Zh. Neorg. Khim. 1979, 24, 2711. 
Sokolov, V. I.; Troitskaya, L. L.; Reutov, O. A. J. Organomet. 
Chem. 1979, 182, 537. 
Kanamori, K.; Broderick, W. E.; Jordan, R. F.; Willett, R. D.; 
Legg, J. I. J. Am. Chem. Soc. 1986, 108, 7122. 
Ozawa, F.; Ito, T.; Yamamoto, A. J. Am. Chem. Soc. 1980, 
102, 6457. 
Tolman, C. A. Chem. Rev. 1977, 77, 313. 
Khare, G. R.; Little, R. G.; Veal, J. T.; Doedens, R. J. Inorg. 
Chem. 1975, 14, 2475. 
Clark, H. C; Goel, A. B.; Goel, S. Inorg. Chem. 1979,18, 2303. 
Yamane, T.; Ashida, T.; Suzuki, H.; Itoh, K.; Ishii, Y. Bull. 
Chem. Soc Jpn. 1978, 51, 3161. Dunina, V. V.; Zalevskaya, 
O. A.; Smolyakova, I. P.; Potapov, V. M.; Kuz'mina, L. G.; 
Struchkov, Yu. T. Zh. Obsch. Khim. 1986, 56, 1164. 
Pandey, R. N.; Henry, P. M. Can. J. Chem. 1974, 52, 1241. 
Thummel, R. P.; Jahng, Y. J. Org. Chem. 1987, 52, 73. 
Fuchita, Y.; Hiraki, K.; Komogawa, Y.; Suenaga, M. J. Chem. 
Soc, Chem. Commun. 1987, 941. 
Yatsimirsky, A. K.; Ryabov, A. D.; Berezin, I. V. Izv. Akad. 
Nauk SSSR, Ser. Khim. 1976, 1493. 
Fujiwara, Y.; Asano, R.; Moritani, I.; Teranishi, S. J. Org. 
Chem. 1976, 41, 1681. 
Yatsimirsky, A. K.; Ryabov, A. D.; Berezin, I. V. J. MoI. 
Catal. 1979, 5, 399. 
Kozhevnikov, I. V. React. Kinet. Catal. Lett. 1981, 17, 233. 
Gretz, E.; Oliver, T. F.; Sen, A. J. Am. Chem. Soc 1987,109, 
8109. 
Dunina, V. V.; Zalevskaya, O. A.; Potapov, V. M. Zh. Obsch. 
Khim. 1984, 54, 389. 
Avshu, A.; O'Sullivan, R. D.; Parkins, A. W.; Alcock, N. W.; 
Countryman, R. M. J. Chem. Soc, Dalton Trans. 1983,1619. 
Al-Salem, N. A.; Empsall, H. D.; Markham, R.; Shaw, B. L.; 
Weeks, B. J. Chem. Soc, Dalton Trans. 1979, 1972. Shaw, 
B. L. J. Organomet. Chem. 1980, 200, 307; Adv. Chem. Ser. 
1982, No. 196, 101. 
Holton, R. A.; Davis, R. G. J. Am. Chem. Soc 1977, 99, 4175. 
Tamaru, Y.; Kagotani, M.; Yoshida, Z.-i. Angew. Chem. 1981, 
91,1031. Dunina, V. V.; Zalevskaya, O. A.; Smolyakova, I. P.; 
Potapov, V. M. Zh. Obsch. Khim. 1984, 54, 2290. 
Gutman, V. Coord. Chem. Rev. 1976, 18, 225. 
Deeming, A. J.; Rothwell, I. P.; Hursthouse, M. B.; Malik, K. 
M. A. J. Chem. Soc, Dalton Trans. 1979, 1899. 
Galli, B.; Gasparini, F.; Maresca, L.; Natile, G.; Palmieri, G. 
J. Chem. Soc, Dalton Trans. 1983, 1483. 
Ryabov, A. D. Inorg. Chem. 1987, 26, 1252. 
Ryabov, A. D.; Polyakov, V. A.; Talebarovskaya, I. K.; Kat-
kova, V. V.; Yatsimirsky, A. K.; Berezin, I. V. Izv. Akad. 

(53 
(54; 

(55: 

(56: 

(57: 

(58, 

(59 
(60: 

(6i: 

(62: 

(63 

(64: 

(65: 

(66: 

(67: 
(68 

(69: 

(7o: 

(71 

(72 
(73: 
(74: 
(75: 

(76 
(77 

(78: 

(79: 

(so: 
(81 

(82: 

(83: 

(84: 

(85: 

(86 
(87: 

(88' 

(89: 

oo: 
(9i: 
02: 



424 Chemical Reviews, 1990, Vol. 90, No. 2 

7VaU* SSSR1 Ser. Khim. 1988, 175. 
(93) Ryabov, A. D.; Yatsimirsky, A. K. Inorg. Chem. 1984,23, 789. 

Ryabov, A. D.; Kazankov, G. M. J. Organomet. Chem. 1984, 
268,85. Ryabov, A. D. Koord. Khim. 1985, I i , 1532. Ryabov, 
A. D.; Eliseev, A. V.; Sergeyenko, E. S.; Usatov, A. V.; Zak-
harkin, L. I.; Kalinin, V. N. Polyhedron 1989, 8,1485. Gra-
nell, J.; Sainz, D.; Sales, J.; Solans, X.; Font-Altaba, M. J. 
Chem. Soc, Dalton Trans. 1986,1785. Ceder, R. M.; Gomez, 
M.; Sales, J. J. Organomet. Chem. 1989, 361, 391. 

(94) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; 
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. 
C. J. Am. Chem. Soc. 1987,109, 203. 

(95) Gol'dshleger, N. F.; Tyabin, M. B.; Shilov, A. E.; Shteinman, 
A. A. Zh. Fiz. Khim. 1969, 43, 2174. 

(96) Castan, P.; Laud, J.; Johnson, N. P.; Souls, R. J. Am. Chem. 
Soc. 1985, 107, 5011. 

(97) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, E. R. J. Am. 
Chem. Soc. 1972, 94, 5258. Reamey, R. H.; Whitesides, G. M. 
J. Am. Chem. Soc. 1984, 106, 81. 

(98) Foley, P.; Whitesides, G. M. J. Am. Chem. Soc. 1979, 101, 
2732. 

(99) Foley, P.; DiCosimo, R.; Whitesides, G. M. J. Am. Chem. Soc. 
1980, 102, 6713. 

(100) DiCosimo, R.; Moore, S. S.; Sowinsky, A. F.; Whitesides, G. 
M. J. Am. Chem. Soc. 1982,104, 124. 

(101) Hackett, M.; Ibers, J. A.; Whitesides, G. M. J. Am. Chem. 
Soc. 1988, 110, 1436. 

(102) Tulip, T. H.; Thorn, D. L. J. Am. Chem. Soc. 1981,103, 2448. 
(103) Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; Huffman, 

J. C. J. Am. Chem. Soc. 1985,107, 5981. 
(104) Brainard, R. L.; Miller, T. M.; Whitesides, G. M. Organo­

metallics 1986, 5, 1481. 
(105) Griffiths, D. C; Young, G. B. Organometallics 1989, 8, 875. 
(106) Skapski, A. S.; Sutcliffe, V. F.; Young, G. B. J. Chem. Soc, 

Chem. Commun. 1985, 609. 
(107) Smith, L. R.; Blake, D. M. J. Am. Chem. Soc. 1977, 99, 3302. 
(108) Blaha, J. P.; Dewan, J. C.; Wrighton, M. S. Organometallics 

1986. 5, 899. 

Ryabov 

109) Lehmkuhl, H.; Bellenbaum, M.; Grundke, J.; Mauermann, 
H.; Kruger, C. Chem. Ber. 1988,121, 1719. 

110) Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; Huffman, 
J. C. Organometallics 1985, 4, 902. 

111) Halpern, J. Ace. Chem. Res. 1982,15, 238; Pure Appl. Chem. 
1983 55 1059 

112) Connor, J. A. Top. Curr. Chem. 1977, 71, 71. 
113) Lappert, M. F.; Patil, D. S.; Pedley, J. B. J. Chem. Soc, 

Chem. Commun. 1975, 830. 
114) Buchwald, S. L.; Nielson, R. B. J. Am. Chem. Soc. 1988,110, 

3171. 
115) Smith, G. D.; Fanwick, P. E.; Rothwell, I. P. J. Am. Chem. 

Soc. 1989, 111, 750. 
116) Fitzsimmons, B.; Othen, D. G.; Shearer, H. M. M.; Wade, K.; 

Whitehead, G. J. Chem. Soc, Chem. Commun. 1977, 215. 
117) Chamberlain, L. R.; Rothwell, I. P.; Huffman, J. C. J. Am. 

Chem. Soc. 1986,108, 1502. 
118) Chamberlain, L. R.; Rothwell, I. P. J. Chem. Soc, Dalton 

Trans. 1986, 163. 
119) Chamberlain, L. R.; Kerschner, J. L.; Rothwell, A. P.; Roth­

well, I. P.; Huffman, J. C. J. Am. Chem. Soc. 1987,109, 6471. 
120) Ballard, K. R.; Gardiner, I. M.; Wigley, D. E. J. Am. Chem. 

Soc 1989, 111, 2159. 
121) Bruno, J. W.; Smith, G. M.; Marks, T. J.; Fair, C. K.; Schultz, 

A. J. J. Am. Chem. Soc. 1986,108, 40. 
122) Bruno, J. W.; Marks, T. J.; Morse, L. R. J. Am. Chem. Soc. 

1983, 105, 6824. 
123) Bulls, A. R.; Schaefer, W. P.; Serfas, M.; Bercaw, J. E. Or­

ganometallics 1987, 6, 1219. 
124) (a) Schock, L. E.; Brock, C. P.; Marks, T. J. Organometallics 

1987, 6, 232. (b) Schock, L. E.; Marks, T. J. J. Am. Chem. 
Soc 1988, 110, 7701. 

125) Sonnenberger, D. C; Morss, L. R.; Marks, T. J. Organo­
metallics 1985, 4, 352. 

126) Smith, G. M.; Carpenter, J. D.; Marks, T. J. J. Am. Chem. 
Soc 1986, 108, 6805. 

127) Hartwig, J. F.; Andersen, R. A.; Bergman, R. G. J. Am. Chem. 
Soc. 1989, 111, 2717. 


