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Hemilability is the property of hybrid ligands to undergo a
reversible metal chelate opening process by rupture of the
weakest coordinative bond, yielding a coordinatively unsatu-
rated complex. While experimental evidences of the process
rely on the observation of fluxional behavior in the metal
complex or on the spectroscopic detection of the species with
different chelating bites, various effects are speculatively at-
tributed to hemilability. In this review, this property is dis-
cussed in the context of its effects on the rate and mecha-
nisms of bimolecular reactions. Examples of kinetics per-
formed on ligand substitution, oxidative addition, alkyne tau-

1. Introduction

Bidentate or polydentate ligands characterized by the
presence of different donor atoms (X) bind to metal centers
forming complexes with one or more metallacyclic rings.
Because of the different strengths of the metal–heteroatom
bonds, the metal complex may undergo a ring-opening pro-
cess by the preferential rupture of the weakest coordinative
bond. When the ligand free arm is easily recoordinated, the
process becomes reversible (Scheme 1).[1,2]

Scheme 1. Hemilability of a bifunctional ligand X1–X2.
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tomerization, and dehydrobromination reactions illustrate
that the ligand hemilability process can be detected through
simple kinetic analyses and can be quantitatively evaluated
with respect to alternative reaction pathways. Since this con-
cept affects various fields of chemistry, e.g. catalysis, supra-
molecular chemistry, molecular sensing, and materials, the
kinetic approach may assist the rational design of ligands
with the expected properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

This feature, defined as hemilability, arises from the
mixed bonding characteristics of hybrid ligands. It should
be emphasized that while the term hybrid identifies the bi-
functional structure of the ligand, the term hemilabile refers
to the property of undergoing selective metal-donor bond
breaking in the corresponding metal complex.[3]

Hemilability has been discussed in excellent reviews writ-
ten in the last few years, which have focussed on definition
and properties, and have described either the different
classes of ligands according to the donor atoms involved
in the chelate[1] or specific ligand systems with hemilabile
character.[2] The use of potentially hemilabile ligands in ca-
talysis has also been reviewed.[4]

The expression “hemilabile ligands” was first formulated
by Jeffrey and Rauchfuss,[5] following from the early exam-
ples of transition metal complexes with bifunctional li-
gands.[6] These investigations were motivated by the expec-
tation that bifunctional, for instance phosphane-amine or
phosphane-ether, ligands would bind strongly enough to
form chelate complexes but would readily dissociate the
hard (N or O) ligand component in order to create a vacant
site for substrate binding. Since then, the transition metal
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coordination chemistry of hemilabile ligands has expanded
impressively and, while the initial motivation still remains
the essential leitmotiv, hemilability is now considered a use-
ful approach to induce molecular activation and create new
systems for homogeneous catalysis and functional materi-
als. Ligand design, synthesis of transition metal complexes
with enhanced reactivities, biomimetic modelling, enantio-
selective catalysis, supramolecular coordination chemistry,
and sensing of small molecules are some of the topics which
have been affected by this concept.[1,2]

As a striking example of the impact that may arise from
the strategic use of hemilability in catalysis, it is worth men-
tioning the case of the Hoveyda–Grubbs catalysts, which
have significantly expanded the application profile of olefin
metathesis in organic chemistry,[7] a subject now at the fore-
front of the chemical scenario.[8]

The key feature of these ruthenium complexes is the pres-
ence of the bidentate o-isopropyloxybenzylidene ligand,
which binds to ruthenium through both the carbene func-
tionality and the ethereal oxygen atom. When in action, the
molecule allows the coordination of the olefinic substrate
by substitution of the bound oxygen moiety (Scheme 2). On
the other hand, the ethereal group stabilizes the complex
when dormant in solution, thus reducing the decomposition
pathways that occur more easily in the corresponding
benzylidene phosphane complexes. In addition, this stabiliz-
ing effect allows for the recovery of the complex at the end
of the reaction by column chromatography.

Scheme 2. Activation of a Hoveyda–Grubbs metathesis catalyst by
substitution of the oxygen-bound chelate by an olefin.

The combination of a strong, substitutionally inert, and
a weak, substitutionally labile, donor atom within the li-
gand molecular frame is the rationale for obtaining hemil-
ability, which results from the relative metal–donor bond
strengths in the complex. In fact, the strong bond ensures
stability to the system when monocoordinated, while the
weak bond allows for ring opening and closing of the
metallacycle. Although it can be generically stated that the
net effect arises from a combination of steric and electronic
properties, it is nowadays difficult to predict a hemilabile
character because of the variety of factors coming into play,
for instance relative donicity toward a specific metal ion,
interplay of soft and hard donor properties, ring size of the
chelate, influence of ancillary ligands, ring substituents,
solution effects, etc. The net outcome is that the game of
hemilability is ruled by subtle and elusive energy differ-
ences, still difficult to control. It is with regard to this that
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an understanding of this property at a kinetic level may
assist a rational design of ligands and complexes with the
expected functions.

2. Properties of Hemilabile Complexes

The most significant feature exhibited by transition metal
complexes of bifunctional ligands with hemilabile character
is a fluxional behavior arising from the dissociation and
rebinding of the weakly bonding moiety by intramolecular
ligand exchange processes (Scheme 1).[9] The exchange in-
volves a transient species which is either coordinatively un-
saturated if formed from a dissociative pathway or saturated
by solvent or by a counterion molecule. The intimate mech-
anistic features of fluxional processes of hemilabile systems
have been documented in detail and are understood in
depth, with a corresponding development of appropriate
spectroscopic techniques and evaluative criteria.[1] A second
important feature that may arise from hemilability in the
complex is the facility to undergo ligand displacement reac-
tions with external molecules, in which a monodentate li-
gand, a small molecule, or an organic substrate coordinates
to the metal ion via the door opened by the substitutionally
labile group. Reversible decoordination followed by chelate
formation corresponds to hemilability (Scheme 3).[10]

Scheme 3. Substitution reaction in the complex with a hemilabile
ligand.

This property moves hemilability from a strictly intramo-
lecular process toward a bimolecular phenomenon, with the
obvious implications for molecular sensing, supramolecular
design, and enhanced catalytic activity. However, in ad-
dition to the isolation of the corresponding substituted
complexes and the qualitative observation of intriguing ef-
fects in stoichiometric or catalytic reactions, attributed to
hemilability, the reaction mechanisms of transition metal
complexes with bifunctional ligands in bimolecular reac-
tions have not been studied extensively from the point of
view of hemilability. In this regard, since the ring opening
represents an easy access to a structural isomer of the che-
late complex with altered reactivity, kinetic studies can pro-
vide an additional criterion for the identification of hemi-
lability and a quantitative evaluation of its role along the
reaction coordinate. In fact, it is within the exclusive realm
of chemical kinetics that many reactive species are detected
and evaluated, specifically when these are elusive toward
any spectroscopic detection.

3. Kinetic Studies

Although the mechanisms of metal-chelate ring-opening
processes of polydentate ligands have been studied exten-
sively from a kinetic viewpoint,[11] the first article dealing
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with the reaction of a metal complex of a bifunctional li-
gand was described by Knebel and Angelici in 1974.[12] The
purpose of the work was to study the effect of the chelate
ring structure on the rates of ring opening for reactions in
which the product contained a bidentate ligand in the mon-
ocoordinated mode. This effect was obtained using a series
of bifunctional ligands Ph2P(CH2)2NR2 (R = Me, Et, H)
and Ph2P(CH2)3NMe2 (P-N) in the reaction of the com-
plexes [M(CO)4(κ2-P,N)] (1) with carbon monoxide, by tak-
ing advantage of the different binding abilities of a relatively
inert phosphorus-donor and a labile nitrogen-donor atom.
In fact, the substitution reactions of analogous bidentate
N–N, S–S, CS–CS, As–As ligands in Cr, Mo, and W com-
plexes had always proceeded with complete displacement of
the bidentate ligand, affording no experimental evidence for
the ring-opened monodentate species.

The reactions of complexes 1 with CO to give [Mo(CO)5-
(κ1-P,N)] (2) were found to be first order in the metal com-
plex and in CO, and second order overall. Such a relatively
simple kinetic behavior is in agreement with at least two
mechanisms, implying either direct attack of CO on the
starting complex or reversible dissociation of the N-donor
group followed by CO attack on the five-coordinate inter-
mediate [Mo(CO)4(κ1-P,N)] (3), this latter case being out-
lined in Scheme 4.

With the assumption that k–2 is negligible, application
of the steady-state approximation to the open intermediate
yields the rate expression (1) (L = CO), which implies a
first-order dependence on the CO concentration in the rea-
sonable case that k–1 �� k2[CO]. This is in agreement with
the observed linear dependence of the kobs values on the
concentration of carbon monoxide.

kobs =
k1k2[L]

k–1 + k2[L]
(1)

Since the second-order behavior does not give direct evi-
dence for the existence of an intermediate along the reac-
tion pathway, discrimination between the two mechanisms
was possible from the observation that the reactivity, ex-
pressed by kobs, became independent of [CO], hence zero
order, upon performing the reaction in the presence of tri-
fluoroacetic acid. This is because of the fast protonation of
the nitrogen atom of the intermediate, which prevents any

Scheme 4. Mechanism of the substitution reaction of complexes [M(CO)4(κ2-P,N)] with carbon monoxide.

Scheme 5. Mechanism of the substitution reaction of complexes [M(CO)4(κ2-P,N)] with carbon monoxide in the presence of acid.
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possibility of ring closing, resulting in the starting complex,
and allows rapid trapping of the five-coordinate species by
CO to give the product [Mo(CO)5(κ1-P,NH+)] (4)
(Scheme 5).

Under these conditions, the rate is only limited by the
value of k1. Therefore, the kinetics in the presence of acid
allowed the rate constant of the ring-opening process to be
obtained, i.e. the Mo–N bond breaking, being kobs = k1.
The operation of a purely dissociative mechanism yielding
the “open arm” five-coordinate intermediate [Mo(CO)4(κ1-
P,NH+)] was supported from the evidence of zero-order de-
pendence on [CO] for the substitution reactions of corre-
sponding monodentate N-ligand complexes under analo-
gous conditions, with a lack of rate enhancements in the
presence of acid. The k1 values were found to increase by
an order of magnitude with the bulkiness of the N substitu-
ents (H = Me � Et) in the five-membered chelate complexes
[Mo(CO)5(κ2-P,N)-Ph2P(CH2)2NR2], while a 50-fold rate
increase was observed in the corresponding six-membered
chelate (R = Me) as the result of the larger release of ring
strain in the transition state.

Having established from kinetic data the hemilabile char-
acter of the P–N complexes, the kobs/[CO] values in the ab-
sence of acid yield k1k2/k–1, from which the ratio k2/k–1 can
be derived. This value represents the competition for the
intermediate species between ring closure and reaction with
CO. The data indicated that ring closure (k–1) is approxi-
mately one thousand times faster than the uptake of CO
(k2) and that the five-coordinate intermediate is insensitive
to the nature of the N donor group or to the size of the
incipient ring. Thermodynamic parameters in addition to
kinetic data were determined for the reactions of complexes
[M(CO)4(κ2-P,N)] with carbon monoxide, P–N being a
series of o-phosphanepyridyl ligands.[13]

These articles represented the most informative kinetic
studies on the reaction of a bifunctional system proceeding
by substitution of the weakly bound donor moiety with an
external ligand, and showing in quantitative terms the com-
petition of the monodentate intermediate between ring clo-
sure (k–1) and the bimolecular reaction (k2). In these cases,
(i) the only reactive pathway is provided by chelate-ring
opening, and (ii) the incoming ligand does not participate
in further reactions. The backward reaction can be sup-
pressed by trapping the ligand free arm into a group that is
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unsuitable for rebinding, such as by protonation. Kinetics
of the acid-promoted chelate-ring opening have often been
reported for a variety of transition metal complexes with
hybrid ligands.[14]

The case of competitive reactivity of the chelate molecule
and of the open monodentate species has emerged during
our studies on the reaction of the rhodium(I) carbonyl com-
plex [Rh(κ3-L)(CO)]PF6 (5) with methyl iodide, in which L
is the tridentate NS2 ligand 2,6-bis(benzylthiomethyl)pyri-
dine binding to rhodium in a square-planar geometry
through a trans-dithioether coordination. The complex, as
well others from the same family containing the NS2 ligand
set, exhibits a fluxional behavior at room temperature aris-
ing from configurational inversion at the stereogenic sulfur
centers and occurring by the debinding and rebinding of
the sulfur donor groups.[15] The reaction of 5 with methyl
iodide proceeds by consecutive oxidative addition–carbonyl
insertion reactions, which is typical of many monodentate
and bidentate rhodium(I) carbonyl complexes, and results
in the isolation of the final RhIII acyl complex [Rh(κ3-L)-
(COMe)I]PF6 (6) (Scheme 6).[16]

Scheme 6. Consecutive oxidative addition–migratory insertion
steps in the reaction of complex 5 with methyl iodide.

Rate studies on the oxidative addition step, giving the
intermediate RhIII methyl species [Rh(L)(CO)(Me)I]PF6

(first stage in Scheme 6), have been carried out in solvents
of different polarity. The data indicated the presence of two
parallel routes, one involving the four-coordinate complex
5, and one involving a rearranged form of this complex.
This evidence emerged from a relatively simple kinetic be-
havior expressed from the plots of kobs vs. the concentration
of MeI in acetonitrile, acetone, and dichloromethane (Fig-
ure 1), which showed a linear dependence on MeI and a
nonzero intercept on the y axis. While the linear depen-
dence identifies a reaction route characterized by the pres-
ence of both the rhodium complex and the electrophile in
the rate-determining step, overall second-order, the nonzero
intercept indicates an alternative pathway that is first order
in the rhodium complex but zero order in MeI, in which
the electrophile comes into play after the rate-limiting step.

The concept arising from the observed kinetic behavior,
represented graphically in Scheme 7, corresponds to the
case of a generic substrate S that can react as such (second-
order route) or in the form of a more reactive species S*
(first-order route) to give the same final product P.[17] The
transient molecule S* is either captured by the reagent R
with rate k2 or transformed back into the original complex
with rate k–1. Since both of these steps are faster than its
formation, this rearranged form of the starting material is
subject only to kinetic but not to spectroscopic detection.
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Figure 1. Plot of kobs values for the oxidative addition of methyl
iodide to complex [Rh(κ3-L)(CO)]PF6 (5) [L = 2,6-bis(benzylthio-
methyl)pyridine] in acetonitrile, acetone, and dichloromethane, at
31 °C.

Scheme 7. Schematic representation of parallel first- and second-
order routes in the reaction of substrate S with reagent R to give
product P.

The kinetic analysis of Scheme 7 yields Equation (2)
from the application of the steady-state approximation to
the intermediate S*.

kobs = k1 + k3[R] (2)

At this stage, the next step takes us from facts to in-
terpretation. Although various speculations can be done as
to the origin of a highly reactive species arising from the
tridentate complex, logic and indirect evidences suggest that
hemilability of the NS2 ligand plays a role in the pathway
which is zero order in MeI. In fact, the fluxional character
of this system indicates the presence of an equilibration pro-
cess specifically involving the methylene groups of the li-
gand. The dissociation of one ligand arm by rupture of the
sulfur–rhodium bond would provide a 14 electron and co-
ordinatively unsaturated complex, expected to be highly re-
active toward the electrophilic methyl iodide. The mechan-
istic version of Scheme 7 in terms of the structural features
of complex 5 is represented in Scheme 8.

The intercept on the y axis represents the rate of forma-
tion of the κ2-N,S complex (k1), which is slower than the
reaction with MeI (k2) or the rebinding of the thioether
group (k–1). Analysis of the first-order rate constants, k1,
reveals a small dependence on the nature of the solvent,
which is typical for a limiting-ligand dissociative step from
a platinum group metal.[18] This is in sharp contrast with
the values of the second-order rate constants, k3, which vary
by a factor of 20 between the polar solvent acetonitrile and
the less polar dichloromethane, implying separation of
charge in the attack of rhodium to the methyl group during
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Scheme 8. First (k1: slow; k2: fast) and second-order (k3) routes for
the reaction of complex 5 with methyl iodide.

the slowest step, clearly associated with methyl iodide bond
rupture.[19] Values of k1 and k3, along with the ratios k1/
([MeI]×k3), which represent the relative weight of the two
pathways at different concentrations of methyl iodide, are
reported in Table 1.

Table 1. Values of rate constants for the reaction of complex
[Rh(κ3-NS2)(CO)]PF6 (5) with MeI in different solvents (31 °C).

Solvent ε[a] k1 / s–1 k3 / –1 s–1 k1/k3 × [MeI][b] k1/k3 × [MeI][c]

CH2Cl2 9.1 1.1×10–5 6.4×10–6 3.4 1.7
Me2CO 20.7 6.7×10–6 5.9×10–5 0.23 0.11
MeCN 37.5 1.7×10–5 1.4×10–4 0.24 0.12

[a] Dielectric constant. [b] c = 0.5 . [c] c = 1.0 .

In addition to the fluxional character of complex 5, a
convincing indirect evidence that supports the interpret-
ation based on hemilability is that the reactions of rhodi-
um(I) complexes with MeI, as well as those of platinum
group metal complexes in general, display kinetic plots
characterized by linear dependence on the electrophilic con-
centrations and zero intercepts on the y axis, indicating the
availability of only one reactive route.[20] Moreover, signifi-
cant solvent effects are observed in these reactions, which
proceed by means of an SN2 pathway, in contrast to the
lack of any correlation with the solvent donor ability in the
clockwise route (k1) of Scheme 8. A kinetic pattern showing
a nonzero intercept was found once in the case of the rhodi-
um(I) complex [Rh(cupf)(CO)(PPh3)], containing the biden-
tate anionic ligand N-nitrosophenyloxyamine PhN(NO)-
O– (cupf).[21] In this case, the presence of mixed first- and
second-order pathways was interpreted as the result of an
intramolecular rearrangement of the complex induced by
the attack of solvent and involving a change of the coordi-
native mode of the bifunctional ligand, thus generating a
reactive species in equilibrium with the starting material.
Linear plots with a positive intercept on the y axis and de-
scribed by an equation formally identical to 2 are found for
equilibrium processes in which substrate and product re-
main spectroscopically observable at the end of the reac-
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tion. Such a case can be found in the oxidative addition of
methyl iodide to the iodocarbonyl complex [Rh(CO)-
(LMe)2I] containing the N-heterocyclic carbene 3,5-dimeth-
ylimidazoline-2-ylidene (LMe) ligand.[22] It is usually easy to
differentiate between parallel and reversible processes from
the final spectra.

An interesting kinetic pattern was observed for the reac-
tion of complex 5 in methanol, in which the kobs values as
a function of [MeI] exhibit a saturation behavior, i.e. tend
toward a limiting value with increasing concentration of the
electrophile.[15] This situation corresponds to the formation
of a reactive species in equilibrium with the substrate, often
induced by solvent, with comparable values of the forward
reaction with the reagent and of the step leading back to
the starting material.[23] The kinetic analysis on treatment
of the intermediate under steady-state conditions yields the
same Equation (1) (L = MeI) which was derived from the
case of the P–N complexes 1, the saturation effect here aris-
ing from the similarity of k–1 and k2. Although the separate
values cannot be determined, the analysis yields the ratio
k–1/k2 and the rate constant k1. In the present case, these
correspond to 1.8, and to the same rate of methyl iodide
attack and ring closure at [MeI] = 1.8 , and to
1.7×10–4 s–1, respectively. Therefore, it appears that in
methanol the preferred route is the one involving a meth-
anol solvated bidentate κ2-N,S complex, along the clock-
wise pathway of Scheme 8, with no evidence for the second-
order route. For the sake of comparison with the reaction
of the bidentate P–N complexes 1 with carbon monoxide,
the ratio of ring closure to CO attack (k–1/k2) from the five-
coordinate intermediate [Mo(CO)4(κ1-P,N)] is about one
thousand at the conditions employed ([CO] = 5×10–3 ,
69.6 °C in 1,2-dichlorobutane), while extrapolation at a
concentration of carbon monoxide of about 1  yields a
similar ratio to the one observed for the reaction of 5 in
methanol.

We have performed rate studies on the second step of the
reaction of complex 5 with MeI (Scheme 6), which is the
migratory insertion process giving the isolable product
[Rh(κ3-L)(COMe)I]PF6 (6). The reaction is characterized
by no rate dependence on the MeI concentration as ex-
pected for an intramolecular process, and we had no experi-
mental evidence for any role of hemilability. However, in
light of more information now available about the reactivity
of rhodium(I) complexes with tridentate ligands, it appears
that the presence of harder donor atoms or of less flexible
ligand structures inhibit the migratory-insertion step. In
fact, the oxidative addition of MeI stops at the methyl car-
bonyl rhodium(I) species for [N–N–N] complexes of 2,6-
bis(oxazoline)pyridine,[24] bis(imino)carbazolide,[20q] or
of [C–N–C] 2,6-bis(alkylimidazol-2-ylidene)pyridine li-
gands,[20r] while it proceeds to spontaneous migratory CO
insertion for rhodium(III) complexes of hybrid [P–N–O] or
[N–O–N] ligands.[25–26] The contribution of the association/
dissociation process of a dangling ligand arm in carbon-
ylation reactions was proposed for rhodium(I) complexes of
mixed phosphane-phosphite or phosphane-ether bidentate
ligands.[2a,c,20e,27]
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Analogous cases of parallel first- and second-order kinet-

ics were found in the study of the reactions of ruthenium
complexes coordinated by the hybrid allylphosphane li-
gand, Ph2PCH2CH=CH2, which acts in a bidentate fashion
through the coordination of both the phosphorus atom and
the allylic double bond to the metal center. Mixed alkenyl-
phosphane or alkynyl-phosphane ligands have attracted a
large interest because of the potential hemilabile character
in the corresponding transition metal complexes.[28] The
Cp* ruthenium complex [Ru(η5-C5Me5){κ1-P-Ph2PCH2-
CH=CH2}{κ3-P,C,C-Ph2PCH2CH=CH2}][PF6] (7), con-
taining two molecules of allylphosphane in different, mono-
dentate and bidentate, coordinative modes, reacts with nu-
cleophiles (L = NaNCS, CO, PhC�CH) yielding corre-
sponding neutral or cationic complexes in which both mole-
cules are monodentate. In addition, complex 7 reversibly
binds acetonitrile (Scheme 9).[29]

Scheme 9. Reversible coordination of acetonitrile to complex 7.

These reactions occur readily by substitution of the coor-
dinated alkenyl group, which forms a weaker bond to the
metal than the phosphorus donor. The specific hemilabile
character of allylphosphane was suggested by a fluxional
behavior exhibited by complex 7 at room temperature, and
confirmed by variable temperature NMR spectroscopic
studies. Substitution reactions and dynamic properties have
been interpreted as the result of a dissociative mechanism
involving binding and rebinding of the allylic moiety, typi-
cal of hemilability. In analogy, the cationic indenyl com-
plexes [Ru(η5-C9H7)(PPh3){κ3-P,C,C-Ph2PCHRCH=CH2}]-
PF6 (8, R = H; 9, R = Me) containing allylphosphane de-
rivatives undergo substitution reactions of the allylic double
bond by nitriles (MeCN, BzCN) or by sodium azide yield-
ing the corresponding monodentate cationic or neutral
complexes.[30] In contrast with the behavior of the Cp* com-
plex 7, dynamic processes were not observed in the 1H or
31P NMR spectra of complexes 8 or 9, performed between
–90 and 50 °C. Because of their rich chemistry, rate studies
were performed on the reactions of these indenyl complexes.

Scheme 10. Reaction of complex 8 with terminal alkynes.
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In particular, complex [Ru(η5-C9H7){κ3-(P,C,C)-
PPh2(CH2CH=CH2)}(PPh3)][PF6] (8) reacts with terminal
alkynes RC�CH (R = Ph, p-MeC6H4, SiMe3) yielding bicy-
clic cyclobutadienylidene compounds.[31] This reaction
stems from the action of the allylphosphane ligand, which
first decoordinates the allylic double bond allowing the in-
coming alkyne to π-coordinate to ruthenium and then un-
dergoes an unprecedented [2+2] cycloaddition with the tau-
tomerized vinylidene moiety (Scheme 10). The reaction is
highly diastereoselective yielding only one isomer of the bi-
cyclic derivative, which contains three stereogenic centers.

In the case of aryl alkynes, the intermediate vinylidene
species, observable by 31P NMR spectroscopy, were also in-
dependently prepared from the corresponding alkynyl de-
rivatives and shown to proceed under thermal activation to
the same bicyclic products. In addition to the novelty of
such a [2+2] cycloaddition occurring smoothly just above
room temperature, the process appears peculiar among
those of complexes with hybrid ligands since it involves
both a transformation of the alkyne at the metal center and
its further reaction with the dissociated arm of the bifunc-
tional molecule.

Although the first step of this process, i.e. the formation
of the vinylidene intermediates, is associated with a change
of the binding mode of the allylphosphane ligand from κ3-
P,C,C to monodentate κ1-P coordination, a case of hemi-
lability cannot be identified due to the lack of fluxional be-
haviour. Kinetic experiments were performed by 31P NMR
spectroscopy for the formation of the vinylidene species
from complex 8 and the aryl alkynes p-XC6H4C�CH (X =
H, Cl) in chloroform-d solution.[32] The reactions were
found to be first order in 8 and the values of kobs were
obtained at different concentrations of the alkynes. Figure 2
shows the corresponding plots. Analogous to the results ob-
tained for the rhodium complex 5, the graph reveals finite
intercepts on the y axis and points to the mechanistic hy-
pothesis of Scheme 7, which when adapted to the structural
features of complex 8 yields Scheme 11. In this case the pos-
itive values of the intercepts on the y axis represent the rate
of dissociation of the allylic double bond from ruthenium
(k1). These were found to be k1 = 9(±2.5)×10–5 s–1 for
phenylacetylene and 7(±1.5)×10–5 s–1 for p-chlorophen-
ylacetylene, corresponding to the rate of formation of the
vinylidene species [Ru(η5-C9H7)(=C=CHC6H4-p-X){κ1-
(P)-PPh2(CH2CH=CH2)}(PPh3)]+, existing in equilibrium
with the chelate complex. It is worth mentioning that a che-
late complex analogous to 8 coordinated by the homoal-
lylphosphane ligand PPh2(CH2CH2CH=CH2) is inert to-
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ward reactions with either nitrile or alkynes.[28] This infor-
mation indicates that enlarging the chelate by one ad-
ditional methylene group in the carbon chain imparts
greater stability to the ring and to the ruthenium–olefin
bond, which does not undergo either spontaneous or in-
duced ring opening.

Figure 2. Plot of kobs values for the substitution reaction of com-
plex [Ru(η5-C9H7){κ3-(P,C,C)-PPh2(CH2CH=CH2)}(PPh3)][PF6]
(8) with CD3CN (�), compared with the kobs values for the reac-
tions with PhC�CH (�) and p-ClC6H4C�CH (�), in [D1]chloro-
form at 38.1 °C.

Scheme 11. Direct SN2 attack of the alkyne at complex 8 (k3, slow)
or at the transient [Ru(η5-C9H7){κ1-(P)-PPh2(CH2CH=CH2)}-
(PPh3)][PF6] (k2, fast).

With regard to the mechanistic analysis presented for the
reaction of complex 5, there is an additional feature of rele-
vance in the concept of kinetic detection of hemilability. In
fact, the rate data in the case of the NS2 rhodium complex
[Rh(κ3-L)(CO)]PF6 were obtained for the reaction with the
same MeI in different solvents, while here different alkynes
have been made to react with the indenyl ruthenium com-
plex. The zero-order dependence on the alkyne implicit in
the finite y intercept and the observation of Scheme 11
points out that k1 values must be independent not only of
the concentration of the alkyne but also of its nature, since
the alkyne is supposed to interact with the ruthenium com-
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plex after the rate-determining dissociation of the allylic
double bond. In agreement with this consideration, the val-
ues of the intercept on the y axis obtained from phenyl-
acetylene and p-chlorophenylacetylene are the same within
experimental error of the measurements. In line with the
basic principle of chemical kinetics for which information
is attainable only up to the rate-limiting step along the reac-
tion coordinate, the rate of dissociation of the weakest bond
of the hybrid ligand is not affected by the evolution of the
resulting intermediate. In contrast, the values of the second-
order rate constants obtained from the slopes of the linear
plots, which are k2 = 5.5(±0.4)×10–4 for phenylacetylene
and 2.8(±0.3)×10–4 –1 s–1 for p-chlorophenylacetylene, de-
pend on the nature of the alkyne interacting with the metal
complex in the slowest step of this pathway. In particular,
the smaller value for the p-chloro derivative indicates that
an electron-withdrawing ring substituent reduces the elec-
tron density on the triple bond and its reactivity toward the
ruthenium center.

The concept that the rate of formation of a monodentate
intermediate arising from ring opening must be indepen-
dent of the concentration and nature of the reagent found
a further example in the reactions of complex 8 with nitriles
(L), proceeding quantitatively to the formation of
the substituted complexes [Ru(η5-C9H7)(PPh3){κ1(P)-
Ph2PCH2CH=CH2}(L)]PF6 (L = MeCN, BzCN),[30] dif-
ferently from that of the equilibrium observed for the bis-
allyl Cp* complex 7 (Scheme 9). The kinetics for the reac-
tion with [D3]acetonitrile exhibited mixed first- and second-
order routes, with the second-order rate constant k2 =
4.2(±0.1)×10–3 –1 s–1, in agreement with a larger nucleo-
philic character of a nitrile with respect to an arylalkyne.
In contrast, the first-order rate constant k1 =
1.5(±0.6)×10–4 s–1 was within experimental error of the val-
ues obtained from the reactions with p-XC6H4C�CH (X =
H, Cl). Therefore, because of the nature of k1 its value is
independent of the reaction in which the coordinatively un-
saturated intermediate becomes involved, i.e. of its final
destiny. This concept is represented graphically in
Scheme 12.

As previously pointed out, consistent circumstantial evi-
dence should assist the proposal of a reaction mechanism,
especially when highly reactive or spectroscopically unde-
tectable species are involved. The possibility of an interme-
diate arising from the dissociation of PPh3 instead of the
allylic double bond was excluded by the observation that
the rate of the reaction of complex 8 with phenylacetylene
was not depressed in the presence of a large excess of the
monodentate phosphane. In addition, the attribution of the
first-order pathway to a rate-limiting η5-η3 shift of the in-
denyl ring can be excluded from the fact that substitution
reactions of indenyl complexes exhibit second-order behav-
ior.[33] The substitution reaction in the indenyl complex is
first-order overall when the rate-determining dissociation of
another ligand generates a 16-electron coordinatively unsat-
urated species and the free ligand, the indenyl group re-
mains η5-bound.[34] What occurs in the case of complex 8
is exactly the intramolecular version of this phenomenon,
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Scheme 12. The reactivity of complex [Ru(η5-C9H7){κ3-(P,C,C)-PPh2(CH2CH=CH2)}(PPh3)][PF6] is dominated by the rate of dissociation
of the allylic double bond (k1).

with the allylphosphane ligand remaining bound to the ru-
thenium through the phosphorus atom. Cases of parallel
first- and second-order kinetics involving monodentate li-
gands and exhibiting the same kinetic pattern observed here
were also reported.[35]

A simple analysis of the plots in Figure 1 and Figure 2
allows the contribution of the arm-off mechanism to the
overall reactivity to be estimated. This is done graphically
from the ratio of k1 over the interpolated kobs value on the
y axis at a given concentration of the reagent. For instance,
the rhodium complex 5 reacts with MeI via the κ2-N,S in-
termediate for about 10% in acetone or in acetonitrile, and
for about 60% in dichloromethane, at [MeI] � 1 . The
contribution of hemilability increases to about 19% in the
more polar solvents and to 78% in dichloromethane at
[MeI] � 0.5 . The reaction of the indenyl ruthenium com-
plex 9 proceeds via the monodentate intermediate for about
25% in the case of phenylacetylene and 33% in the case of
the p-chloroderivative, at an alkyne concentration of 0.5 .
At the same concentration of phenylacetylene, only 5% of
the reaction with [D3]acetonitrile occurs via the open arm
intermediate of the allylphosphane complex. The effect of
hemilability is minimized under those conditions of solvent
or reagent that favor the SN2 attack to the chelate complex,
while it tends to become dominant at concentrations of the
reagent approaching zero.

Scheme 13. Equilibrium between dimeric monodentate and monomeric bidentate complexes, and the transition state structure in the 1,2-
dehydrobromination of (±)-2-exo-bromonorbornane, mediated by lithium diisopropylamide complexes.
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The substitution reactions of the homoditopic S–S li-
gands of [Pt(Ph)2{κ2-(S,S)-Ph2S(CH2)nSPh2}] (n = 2,3) by
a diphosphane were found to proceed according to Equa-
tion (2), indicating the formation of a monodentate κ1-S
transient species.[36] Parallel first- and second-order kinetics
were also observed for the acid-promoted ring opening
and displacement by chloride of the bidentate chelate
ligand from dichloro[pyridine-2-(α-methoxymethanolato)]-
gold(III).[14d]

The effect of hemilabile ligands on the rates of 1,2-dehy-
drobromination reactions mediated by lithium diisopro-
pylamide (LDA) were studied in detail by Collum and co-
workers. The process itself served as the reference reaction
for addressing key issues in organolithium chemistry, in
particular aggregation and solvation effects.[37] The reaction
in the presence of hemilabile O–N ligands instead of Bu-
OMe can be accelerated by up to four orders of magnitude
because of the intervention of monomer and dimer based
pathways. Kinetic and spectroscopic experiments carried
out using either BuOMe, bidentate ethers such as dimethoxy-
ethane, or different hybrid aminoethers have shown that
ground state structures are dimeric complexes bearing a
monodentate ligand, while transition state structures are
chelated monomeric species (Scheme 13).

The subject has been investigated with various ap-
proaches, including thermodynamic, kinetic, and computa-
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tional work, which has allowed the authors to show and
prove some fundamental mechanistic concepts. In particu-
lar, effects on relative reaction rates were dissected into the
rate retarding influence due to ground state stabilization
and the rate accelerating influence due to transition state
stabilization. The rate acceleration imparted by dimethoxy-
ethane and related aminoethers is due to selective stabiliza-
tion of the transition state structure arising from a chelate
effect of the hybrid ligands, and not to an increased sol-
vation ability with respect to a monodentate ligand. This
case, when compared with the examples described pre-
viously, shows an opposite situation among the effects,
which hybrid hemilabile ligands may exert on the reactivity
of a metal center. In fact, while complexes 1, 5, and 8 are
chelated in the ground state and change into monocoordin-
ated complexes by the arm-off mechanism to become reac-
tive toward a substrate, the lithium diisopropylamide com-
plexes are dimeric monodentate species in solution but use
bidentation at the transition state to access lower energy
pathways for the reaction. The transition state stabilization
and hence the reaction rates can be tuned by changing the
structure of the hybrid ligand in the following ways: (i) al-
tering the length of the hydrocarbon chain and so the che-
late ring size, (ii) varying the alkyl substituents on both the
oxygen and nitrogen donors, (iii) introducing ramification
on the carbon chain. A recent work addressing the last issue
has concluded that rate accelerations based on the gem-di-
methyl effect are nonexistent for lithium ion chelation.[38]

The gem-dimethyl effect applies when destabililizing effects
due to unfavorable steric interactions of alkyl substituents
in an open carbon chain are alleviated by ring closure and
can give pronounced substituent-dependent rate accelera-
tions.[39]

Although many hybrid ligands have been used success-
fully in catalysis,[2,4] the establishment of contributions from
the reversible association/dissociation of one labile function
during the catalytic cycle remains a key question, which ap-
pears more difficult to address than it is for stoichiometric
reactions.[40] Because of the interchange of various metal
species, the alternation of dangling or chelate ligand modes
may occur frequently during the cycle and affect the relative
stability/reactivity in each step. To devise kinetic experi-
ments that are as informative for catalysis as they are for
stoichiometric reactions represents an important challenge,
however, it is fundamental for understanding the role of
hemilability in cyclic multistep processes.

4. Concluding Remarks

This review describes the information attainable from
kinetic studies about the hemilability of hybrid ligands co-
ordinated to transition metal complexes. In particular, it
shows that the kinetic method allows for the detection of
the reversible association/dissociation process of the hemil-
abile ligand function, even in the absence of fluxional be-
havior, as well as a quantitative evaluation of its weight
along the coordinate of a bimolecular reaction. Cases in
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which the only available reaction pathway involves a tran-
sient species arising from dissociation of the ligand arm,
cases in which such species reacts in parallel with the che-
late complex, and opposite cases in which only the chelate
is reactive are described. The kinetic approach may serve as
a basis for the rational design of hemilabile systems and for
the development of targeted applications.
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