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ABSTRACT
Complexes containing bonds between heteroatoms such as nitro-
gen and oxygen and “late” transition metals (i.e., those located on
the right side of the transition series) have been implicated as
reactive intermediates in numerous important catalytic systems.
Despite this, our understanding of such M-X linkages still lags
behind that of their M-H and M-C analogues. New synthetic
strategies have now made possible the isolation and study of a
variety of monomeric late-metal alkoxide, aryloxide, and amide
complexes, including parent hydroxide and amide species. The
heteroatoms in these materials form surprisingly strong bonds to
their metal centers, and their bond energies do not necessarily
correlate with the energies of the corresponding H-X bonds. The
M-X complexes typically exhibit nucleophilic reactivity, in some
cases form strong hydrogen bonds to proton donors, and even
deprotonate relatively weak acids. These observations, as well as
thermodynamic investigations, suggest that late metal-heteroatom
bonds are strongly polarized and possess significant ionic character,
properties that play an important role in their interactions with
organic compounds.

Introduction
Studies of organometallic reaction mechanisms have
identified a number of primary transformations such as
migratory insertion, â-elimination, oxidative addition, and
reductive elimination that are essential to a wide range
of metal-mediated processes.1,2 These primary steps act
as “building blocks” for more complicated, multistep
transformations that result in the formation of organic
compounds with new carbon-carbon and carbon-
hydrogen bonds (e.g., hydroformylation, hydrogenation,
carbon-carbon coupling reactions, etc.). The large major-
ity of intermediates in these reactions have reactive
metal-carbon and metal-hydrogen bonds, and conse-

quently most of the understanding that we now have
about the mechanisms of organometallic reactions relates
to processes involving such bonds.

Organotransition metal complexes also catalyze the
formation of bonds between carbon and more electroneg-
ative atoms (“heteroatoms”), such as nitrogen, oxygen,
phosphorus, and sulfur.3-12 Such processes have long been
known in synthetic oxidation chemistry,5,6 they are being
increasingly identified in biological systems,8,9 and many
new metal-catalyzed processes useful in synthesizing
organic compounds with carbon-heteroatom bonds have
recently been discovered.3,4,12 Often these reactions have
been proposed to proceed through transient intermediates
having low-valent late transition metal centers bound to
heteroatomic groups, such as unbridged alkoxide (OR) or
amide (NR2) ligands. However, until relatively recently, few
general methods had been developed for the synthesis of
isolable examples of such complexes. As a result, little
detailed information has been available on the chemistry
of simple monomeric complexes with late metal-het-
eroatom bonds, or about the mechanisms of their reac-
tions with organic compounds.7,13

It is our view that organometallic chemistry, with the
benefit of concepts derived from its classical focus on the
study of metal-carbon bonded complexes, can make
important contributions to our understanding of trans-
formations that take place at low-valent metal-hetero-
atom bonds (hereafter referred to as “M-X bonds”),
including those that form new bonds between carbon
atoms and heteroatoms. To this end, several years ago we
set out to develop reliable methods for preparing simple,
monomeric metal alkoxides, hydroxides, and amides so
that their behavior could be studied systematically. This
Account reviews some of the synthetic methodology used
by and developed in our group, the novel chemistry
exhibited by several of these M-X compounds, and what
we have learned so far about the nature of the M-X bond
and its relevance to metal-catalyzed carbon-heteroatom
bond-forming processes.

Catalytic Reactions Proposed To Involve Reactions at
M-O and M-N Bonds. As noted above, complexes with
metal-heteroatom single bonds have been implicated in
a wide range of biologically and synthetically important
catalytic transformations. One important biological case
study is the lipoxygenase (a non-heme-iron-containing
enzyme)-mediated conversion of 1,4-fatty dienes to alkyl-
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hydroperoxides (eq 1),14 which is commonly proposed to
involve abstraction of an allylic hydrogen atom by an iron
hydroxide functionality (eq 2).15,16 Jonas and Stack have

shown that an FeIII(OMe) lipoxygenase model readily
oxidizes 1,4-cyclohexadiene to benzene and the corre-
sponding FeII(MeOH) complex,17 implying that the meth-
oxy group can act as an odd-electron fragment by
abstracting an H atom from a weak allylic C-H bond of
the organic substrate.

Among the most industrially important synthetic het-
eroatom-transfer processes are the Wacker process (eq 3)
and its mechanistic relative, hydroamination (eq 4).18,19

The key step in these transformations, the net metal-

mediated addition of a heteroatom nucleophile to an
alkene to form a new carbon-oxygen or -nitrogen bond,
has been proposed to take place by either migratory
insertion of a coordinated olefin into an M-X bond
(Scheme 1, path A) or external nucleophilic attack of water
(or amine) at a coordinated olefin (Scheme 1, path B).
While there is evidence favoring both of these routes, the
mechanism has yet to be definitively established.20,21

A third important example is transfer hydrogenation
of ketones, which is a highly efficient method for enan-
tioselective synthesis of chiral alcohols (eq 5).22-24 Many

of the metal catalysts for this transformation have been
shown to operate by forming metal alkoxides which
subsequently undergo â-hydride elimination. Noyori has
also proposed for his catalytic system a novel mechanism
involving concerted transfer of two hydrogen atoms from

the catalyst complex to the substrate’s carbonyl group
(Figure 1).23

Direct Studies of the Primary Reactions of Metal
Alkoxides and Amides. Reactivity studies provide a good
indication of the lability of metal-oxygen and -nitrogen
bonds. In the modest number of late transition metal
examples that have been examined so far, reactivity at
M-O and -N bonds is superficially more analogous to
chemistry that might be expected of alkali metal or “free”
alkoxides and amides than to the reactivity of charge-
neutral organic ethers or amines.7,25 Late-metal alkoxides
(and a smaller number of amides) have been observed to
attack electrophilic organic compounds such as acid
chlorides and also deprotonate a variety of weak acids
such as phenylacetylene, alcohols, and amines. Direct
observation of migratory insertion reactions with less
electrophilic reagents, such as CO and alkenes, appears
to be much less common than with metal-carbon
bonds.26,27 In an important example, Bryndza and co-
workers have observed the migratory insertion reactions
of fluorinated alkenes into the M-O bonds of platinum
alkoxides.28 However, the lack of reactivity of Bryndza’s
complex toward ethylene itself might be taken as evidence
of a polar transition state for the fluorinated alkene
reaction.

One important issue that has been discussed frequently
is the thermochemistry of the metal-heteroatom bond.
It has often been asserted that late metal-oxygen and
-nitrogen bonds are weaker than their early-metal coun-
terparts, but if we focus on specific homolytic bond
dissociation energies (BDEs), rather than average bond
energies, only a few studies have been carried out to test
this expectation.29,30

More systematic information is available about relative
(rather than absolute) bond energies. In a widely cited
study by Bryndza, Bercaw, and co-workers, a correlation
was proposed between the relative bond strengths of
metal-heteroatom bonds (M-X) and their corresponding
acids (H-X).30 In these systems, a case was made that a
strong H-X bond correlates to a strong M-X bond, and
a weak H-X bond correlates to a weak M-X bond (X )
OR, NR2, CR3). More specifically, the difference in the
BDEs between the [Pt]-OMe and H-OMe bonds is
approximately the same as the difference in the BDEs
between [Pt]-NMePh and H-NMePh bonds (eq 6).

Finally, there has been substantial discussion of whether
the energies of metal-heteroatom bonds are affected by

Scheme 1

FIGURE 1. Noyori’s proposed transition state for transfer hydro-
genation.

(DPPE)(Me)Pt-OMe + Ph(Me)N-H {\}
Keq ) 1

(DPPE)(Me)Pt-N(Me)Ph + MeO-H (6)
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p-π/d-π repulsion between the heteroatom lone pair
electrons and electrons in filled d shells on the metal
center.31 Caulton has made a strong case that the filled
π-symmetry orbitals of the heteroatom of late transition
metal M-X complexes can either stabilize the complex if
there is an empty d-orbital (such as in 16-electron com-
plexes or intermediates) or undergo a filled/filled repul-
sion with a filled metal d-orbital, resulting in a higher
energy π-orbital (Figure 2). This translates into a relatively
reactive heteroatom lone pair, explaining both the nu-
cleophilic and basic reactivity observed at the heteroatom.

In our group we have investigated the various proper-
ties of late-metal M-X bonds described above. Our
approach has focused on the syntheses of complexes
containing M-X bonds and the detailed mechanistic
investigation of processes involving these complexes. The
remainder of this Account summarizes the progress of our
recent efforts in these areas.

General Synthetic Routes and Problems
Alkoxides and Amides. Although we have been able to
synthesize several late transition metal alkoxo, aryloxo,
and amido complexes, we have found that no single
synthetic technique is applicable to all systems. A tech-
nique that has proven very convenient in several systems
is the metathesis of metal chloride or triflate complexes
with alkali metal alkoxides and amides. The syntheses of
nickel methoxide 1 and toluidide 2 shown in Scheme 2
use this method, as do the syntheses of the iridium
phenoxide and anilide complexes 3 and 4 shown in
Scheme 3.32 Similarly, addition of sodium methoxide to
fac-(CO)3(PPh3)2Re(OTf) yields the corresponding rhenium

methoxide (5, eq 7).33,34 The preparation of Cp*(PPh3)Ir-

(H)(OEt) (6) proceeds via metathesis from the iridium
dichloride (eq 8).35,36 This intriguing process apparently
involves one â-hydride elimination by an intermediate
ethoxide complex to produce the hydride ligand, but no
further elimination by the product to yield the dihydride.

Exchange of one heteroatom group for another has also
proven to be a useful synthetic technique in several
instances. For example, addition of alcohols and amines
to 6 yields the corresponding alkoxides and amides,
respectively (eq 9).36 This method is also applicable in the

rhenium-alkoxide systems (7) shown in Scheme 4, al-
though in this case it is necessary to use 4 Å molecular
sieves (which sequester the methanol that is generated)
in order to drive the equilibrium toward the desired
products.37 The heteroatom exchange method also allowed
access to silica-bound complexes of iridium (8), 38 nickel
(9), 29 and ruthenium (10)39 via simple treatment of the
respective alkoxides with silica (Scheme 5). In some cases,
exchange of a heteroatom for a methyl group (yielding

FIGURE 2. Interaction between a π-symmetry lone pair (LP) orbital
on X ()O, N) and the empty and filled d-orbitals of a transition metal.

Scheme 2

Scheme 3
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methane) has proven a viable route to either an alkox-
ide40,41 (11, 12; eqs 10 and 11) or an intermediate triflate
complex (Scheme 2).29

Synthesis of ruthenium tetrakis phosphine amides 13-
15 and aryloxide 16 can be achieved using either the
appropriate ethylene complex or (PMe3)3Ru(η2-CH2PMe2)-
(H), as shown in Schemes 6 and 7.42,43 These processes
are thought to proceed via initial protonation of the
ruthenium center, as demonstrated by the observation of
the [(DMPE)2Ru+(H)(C2H4)][-OTol] ion pair at -30 °C
(Scheme 7).43

Synthesis of Hydroxo and Parent Amido Complexes.
With this range of synthetic routes to alkoxide, aryloxide,
and amido complexes available, we were able to devise
related methodologies for the synthesis of the much less
common parent hydroxo (M-OH) and amido (M-NH2)
complexes. In analogy to the oxidative addition of alcohols
to (PMe3)4Ru(C2H4) to generate alkoxide complexes, ad-
dition of 1 equiv of water resulted in the formation of cis-

(PMe3)4Ru(H)(OH) (18) in 80% conversion at room tem-
perature and 30% isolated yield (eq 12).44 Treatment of

(DMPE)2Ru(C2H4) (DMPE ) Me2PCH2CH2PMe2) with ex-
cess water at 80 °C resulted in the formation of a trans-
(DMPE)2Ru(H)(OH) dimer bridged by two hydrogen-
bonded water molecules (Scheme 8), and this complex
was characterized by an X-ray diffraction study. The free
hydroxo complex trans-(DMPE)2Ru(H)(OH) (19) was then
obtained upon treatment of a solution of the dimer with
3 Å molecular sieves. This material can also be prepared
by treating (DMPE)2Ru(H)2 with 1 equiv of N2O (Scheme
9).39

Salt metathesis has also been successfully used to
generate late-metal hydroxo and parent amido complexes,
although choice of cation and solvent system is crucial to
the success of these reactions. Addition of CsOH to a
solution of Cp*(PMe3)(Ph)Ir(OTf) in THF resulted in the
formation of Cp*(PMe3)(Ph)Ir(OH) (20) in 78% isolated
yield (eq 13).45 Synthesis of the corresponding M-NH2

compounds proved to be more difficult. After substantial
experimentation, we found that treatment of trans-
(DMPE)2Ru(H)(Cl) with NaNH2 yields (DMPE)2Ru(H)-
(NH2) (21) in 81% yield (eq 14), but only when a 1:1
mixture of liquid ammonia and THF is used as the sol-
vent system.46 This material is the first structurally char-

acterized monomeric late-metal parent amido complex.

Scheme 4

Scheme 5
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Similarly, treatment of Cp*(PMe3)(Ph)Ir(Cl) with NaNH2

under the same solvent conditions afforded Cp*(PMe3)(Ph)-
Ir(NH2) (22) with 95% conversion (eq 15).46 This complex
is sensitive to concentration and is stable only in solution.

Chemistry of the M-X Bond
Nucleophilic Reactivity with Organic Electrophiles. With
these new synthetic techniques in hand, we were able to
begin to study the nature of late metal-oxygen and -nitro-
gen single bonds. Heterocumulenes (CO2, CS2, RNCO)
have commonly been used to probe the nucleophilicity
of metal alkoxide and amide complexes. Iridium ethoxide
6 reacts quite readily with these substrates to generate
products of net nucleophilic attack at the electrophilic

Scheme 6

Scheme 7
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carbon of the heterocumulene (eq 16).36 For example,

addition of CO2 to 6 results in the formation of the
metallocarbonate complex Cp*(PPh3)(H)Ir(OC(O)OEt). The
corresponding amido complex Cp*(PPh3)(H)Ir(NHPh) (23)
undergoes similar nucleophilic insertion chemistry with
carbon disulfide to form the metalloxanthate Cp*(PPh3)-
(H)Ir(SC(S)NHPh) (eq 17). Methyl isocyanate undergoes

an overall insertion into the N-H bond to produce Cp*-
(PPh3)(H)Ir(NPhC(O)NHMe) (eq 18), although this product
is likely the result of rearrangement following initial
insertion into the M-N bond.

The rhenium series also displays nucleophilic insertion
behavior toward heterocumulenes, and the reactivity is
dependent on the type of alkoxide complex involved.
Addition of CO2 or CS2 to the rhenium methoxide com-

plexes (CO)3L2Re(OMe) (7) results in rapid formation of
the metallocarbonate and metalloxanthate complexes,
respectively (eq 19).34,47 However, the cresolate complexes

of the same series (24) react with CS2 only at elevated
temperatures (140 °C; eq 20). No reaction is observed with
CO2. This emphasizes the apparent higher stability of aryl-
over alkyl-substituted M-OR and M-NR2 complexes.

We have observed other examples of apparent nucleo-
philic reactivity as well. The Ir-OEt complex 6 reacts with
phenyl acetate to generate an Ir-OPh complex and ethyl
acetate36 (eq 21), and the same complex also induces the
nucleophilic ring opening of cyclic anhydrides to generate
an iridium carboxylate complex (eq 22). The rhenium

Scheme 8

Scheme 9
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methoxide complex 7 displays similar behavior toward
these electrophiles (eqs 23 and 24).47 The rhenium com-
plexes also react with acetyl chloride to generate the
corresponding rhenium chloride complex.

Hydrogen Bonding. Additional evidence for the con-
siderable polarization of these bonds is provided by
several observations of hydrogen bonding to the oxygen
atoms of late-metal alkoxides and aryloxides. We first
observed hydrogen bonding to the iridium ethoxide
complex 6 (Scheme 10),35 and shortly thereafter we noted
similar behavior on the part of the rhodium aryloxide
complex 11 (Scheme 11, eq a).40 Treatment of either 6 or
11 with phenol produced an equilibrium mixture of the

starting material and the hydrogen-bonding adduct 25 or
26, respectively. Both adducts were also stable in the solid
state.

X-ray diffraction studies of the rhenium ethoxide/cresol
adduct 27a (Scheme 12)48 and the hydrogen-bonded
nickel aryloxide 29 (eq 25)29 proceeded well enough to
locate the bridging hydrogen atoms and refine their
positions and isotropic thermal parameters. In both

structures, the hydrogen atoms are very asymmetrically
disposed along nearly linear O-H-O linkages (172° and
166°, respectively). The bond distances in these complexes
fall within the range that is typical for hydrogen bonding,
and the short O-O and O(ethoxide)-H distances in 27a (2.53
and 1.77 Å, respectively) indicate that this bonding is
strong.49-51

We have investigated the persistence of these hydro-
gen bonds in solution using 1H NMR spectroscopy.
When rhodium complex 26 is treated with excess p-cresol,

Scheme 10

Scheme 11

Scheme 12
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the hydrogen-bonded cresol molecule is rapidly ex-
changed with the free species (Scheme 11, eq b). This
process is sufficiently facile that even at -80 °C, the ortho
protons of both bound and free cresol appear as a single
resonance in the 1H NMR spectrum. The analogous
exchange in the rhenium complex 27a is rapid on the
NMR time scale at room temperature. Even under vacuum,
the hydrogen bonding in the latter case appears to be
robust.

The thermodynamics of hydrogen bonding of cresol to
rhodium aryloxide 26 were studied both by calorimetry
and by 1H NMR using the Scatchard method. The hydro-
gen bond enthalpy of -11.4 kcal/mol and association
constant of 1.56 × 103 thus determined (at 25 °C in
benzene) confirm that the hydrogen bond is relatively
strong. For comparison, the ∆H value for hydrogen
bonding between phenol and anisole is only -3.5 kcal/
mol,52 and even between cresol and pyridine it is only
-6.88 kcal/mol (both measured in CCl4).53 Larger forma-
tion energies for hydrogen bonds have been observed only
for bonds to anionic species, and most of these energies
have been measured in the gas phase (e.g., -19.3 kcal/
mol for HOEt with PhO-).54 The interaction in the 11/26
system appears to fall between these two extremes,
suggesting that the Rh-O bond is covalent but highly
polarized, and that the metal-bound oxygen is thus
unusually basic for a formally neutral atom.

H-X/M-X Exchange
In all of the systems in which hydrogen bonding was
observed, as well as the others shown in Schemes 4 and
13-16, we also observed exchange of metal-bound alkox-
ides and aryloxides with free alcohols and phenols. Both
the iridium ethoxide 6 and rhenium alkoxides 7 readily
undergo exchange with alcohols at room temperature, but
their exchange processes with phenols (in which the
hydrogen-bonded species 26 and 27a are observed) occur
only at 45 °C.36,40 Exchange takes place between rhodium
aryloxide 11 and p-cresol (Scheme 11, eq c) at room
temperature. We have also observed exchange in nickel
aryloxide 28 (Scheme 13)29 and the iridium hydroxide 20
(Scheme 14).45 After observing the generality of this
alkoxide exchange, we were able to exploit it as a synthetic
tool (vide supra).

Exchange processes are not limited to cases involving
interchange of one oxygen ligand for another. Iridium
complex 6 also undergoes exchange with aniline to
produce an anilido species,36 and the ruthenium toluido
complex 15 exchanges with cresol to generate a ruthenium
aryloxide (17, eq 26).42 Both rhenium alkoxides 7 and

nickel aryloxide 28 undergo reversible exchange with
amines and irreversible exchange with thiols (Schemes 4
and 13).29,37 Finally, the rhenium complexes 7 displayed
exchange chemistry with molecules less often involved in
such reactions (Scheme 12).37 Exchange with several
phosphines yielded phosphido complexes and liberated
alcohol, and reactions with alkyl boranes generated rhe-
nium alkyl species by transferring a boryl group (rather
than a proton) to the alkoxide. While the last reaction
appears to be a substantially different type of transforma-
tion than the other exchanges discussed above, it none-
theless involves the cleavage of a polarized bond (Bδ+-
Cδ- rather than Hδ+-Xδ-) to place the more electropositive
fragment on the heteroatom and the more electronegative
moiety on the metal center. It is additionally intriguing
due to its relevance to the Suzuki coupling reaction.55

Several mechanisms can be proposed for the more
general type of H-X/M-X exchange reaction (Scheme 15).
One possibility (Scheme 15, path a) is an ionic dissociation
of the alkoxide and subsequent protonation of this species
by the alcohol, followed by recombination of the metal
center and the newly generated alkoxide. However, both
the high rates of these exchanges in nonpolar solvents and
the considerably slower exchange rates for phenols relative
to alkoxides seem to cast doubt on this possibility.

Scheme 13

Scheme 14
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Additionally, a crossover experiment involving two doubly
labeled rhenium alkoxides showed that no alkoxide/
alkoxide exchange occurred at room temperature when
all traces of alcohol were scavenged from the system.48

While the source and role of alcohol in the reaction remain
unclear, and further investigation is warranted, these
observations nonetheless argue against the involvement
of initial ionization in the exchange reactions.

The other mechanistic alternatives (Scheme 15, paths
b and c) involve transfer of a proton or hydrogen atom to
the bound alkoxide and transfer of the new heteroatom
to the metal center. To address these possibilities, we took
advantage of the stability of the hydrogen-bonding ad-
ducts in the rhenium system48 and studied the kinetics of
exchange for the conversion of adducts 27b to exchange
products 24b (Scheme 12). The rates of these reactions
all displayed clean first-order dependence on [27b] and
no dependence on [phenol], suggesting that the hydrogen-
bonded species is indeed an intermediate in the exchange
process. However, the Hammett plot obtained from these
kinetic data was bowl-shaped, with the fastest exchange
reactions occurring with both the most electron-donating
and the most electron-withdrawing substituents. While
such results can be rationalized on the basis of competing
BDE and pKa trends, it is difficult to draw any persuasive
mechanistic conclusions from these data.

We have observed direct evidence for exchange involv-
ing initial proton transfer (Scheme 15, path c) in the case
of (DMPE)2Ru(H)(NH2) (21).56 This unusually basic com-
plex deprotonates a wide variety of complexes, and in
some cases the resulting coordinated ammonia is replaced
by the associated anion. This chemistry is discussed below.

Thermodynamic Investigations. Throughout this work
we have observed qualitative differences in the relative
stabilities of various late-metal M-X bonds relative to the
corresponding H-X bonds. Some trends are clear: equi-
libria favor late-metal M-S bonds over M-O bonds, and
these are generally favored over M-N bonds. Additionally,
M-OAr and M-NHAr are favored over M-OR and
M-NHR bonds, respectively. With the intent of quantify-
ing and explaining these differences, exchange reactions
(Scheme 13) of the nickel amido complexes 30 were
studied in detail, using both calorimetry and the precise
measurement of exchange equilibria.29 Utilizing known
H-X bond energies, the equilibrium constants obtained
were used to construct a scale of relative M-X bond
energies.

While a strong correlation between Ni-N and H-N
bond energies was observed in the exchange reactions
between complexes 30 and 31, the equilibrium constants

for the exchange reactions investigated were not equal to
1 as predicted by the 1:1 model of Bercaw and Bryndza.30

Rather, electron-withdrawing anilines favored nickel bind-
ing, and electron-donating anilines favored proton bind-
ing. While the 1:1 model suggests that the difference
between any two H-N bond strengths should be matched
by an identical difference between the two corresponding
Ni-N bond strengths, we observed a 1.9 kcal/mol Ni-N
bond strength difference for every 1 kcal of difference in
the H-N bond strengths. The equilibrium constants
observed showed a strong correlation with the Hammett
parameter σp

- (defined by phenol deprotonation), with a
F value of 3.4. Results deviating from the predictions of
the 1:1 model were also observed in exchange reactions
involving alkoxide and aryloxide ligands.

These observations are most simply explained by the
strong ground-state polarization of late-metal M-X bonds.
Because of the substantial ionic component of these
bonds, which has been demonstrated repeatedly by their
reactivity, stabilization of partial negative charge on the
X atom should stabilize the metal complex. In the less
ionic H-X bond this stabilization is less marked, so more
electronegative atoms bearing delocalizing or electron-
withdrawing substituents are favored in binding to the
metal center over groups less capable of stabilizing
negative charge. We have also analyzed this phenomenon
using Drago’s E-C method57,58 and found that this ap-
proach complements the qualitative description offered
above.29,59 These results reinforce the notion that at least
these Ni-X bonds (and possibly M-X bonds involving
other late transition metals) include a very large electro-
static component, and suggest that the 1:1 model should
be amended to include this consideration.

Unusual Reactivity of Parent M-OH and
M-NH2 Complexes
Nucleophilic and Basic Properties. Some of our most
intriguing recent results have come from studies of the
novel hydroxo and parent amido complexes prepared in
our group. In addition to undergoing the insertion and
exchange reactions typical of late-metal alkoxides, these
complexes have also displayed exceptional nucleophilicity
and basicity. For example, 19 reacts with hexafluoroac-
etone to release trifluoromethane and generate the flu-
orinated complex trans-(DMPE)2Ru(H)(OC(O)CF3) (Scheme
16).39 The ruthenium hydroxide will also add to p-
tolualdehyde to afford a new ruthenium carboxylate
complex and dihydrogen. While this chemistry could be
explained by initial M-X heterolysis to give an outer-

Scheme 15
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sphere hydroxide anion, results involving the parent
amido complex 21 suggest otherwise (vide infra).

The amido complex 21 undergoes exchange with vari-
ous weak acids to liberate ammonia. Evidence suggests
that ion pairs formed by initial proton transfer are inter-
mediates in this exchange (Scheme 17).56 The ion pair re-
sulting from triphenylmethane deprotonation, [(DMPE)2Ru-
(H)(NH3)][Ph3C], was spectroscopically observed in equi-
librium with the starting materials. When the bulky acid
fluorene was used, the exchange process stopped at the
ion pair, and the resulting salt 32 was structurally char-
acterized by X-ray diffraction. In cases involving very weak
acids, neither the ion pair nor the ammonia-displacement
product is observed. However, even with acids as weak
as toluene, deuterium-transfer experiments show that
deprotonation still takes place. Equilibrium and bracketing
studies place the pKa of the protonated ruthenium amide
33 in the vicinity of 31, although this does not consider
ion-pairing effects. The pKa of the cationic ruthenium
aquo complex [(DMPE)2Ru(H)(OH2)]+ was determined,
using the same methodologies, to be approximately 23.

Although rapid H/D exchange occurs between the

amido complex and ND3, no 15N is incorporated into 21
upon treatment with 15NH3. This clearly indicates that the
Ru-N bond does not dissociate during these proton-trans-
fer reactions, and casts additional doubt on the notion
that dissociation of the heteroatom could play a part in
other reactions of the amido and hydroxo complexes.

Migratory Insertion with Nonelectrophiles. Early stud-
ies of the reaction of hydroxoiridium complex 20 with
ethylene yielded 34, formed by overall insertion of eth-
ylene into the Ir-OH bond (eq 27).45 Since this reaction

Scheme 16

Scheme 17
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is similar to a proposed step in the Wacker process (eq
3), the mechanism was studied in detail. This investigation
revealed that different batches of 20 gave widely varying
insertion reactivity,60 and repeatedly recrystallized 20
showed no reactivity toward ethylene at all. This result
suggested that a catalyst was required for the reaction,
and it was found that addition of trace amounts of the
triflate complex Cp*(PMe3)(Ph)Ir(OTf) (a precursor to 20)
to the purified hydroxide complex 20 renewed its reactivity
toward ethylene. Since the triflate ligand can easily
dissociate from the iridium metal center, we postulate the
binuclear mechanism illustrated in Scheme 18. Here, the
cationic center activates ethylene toward nucleophilic
attack by the iridium hydroxide complex 20 to generate
the hydroxyethyl complex 34 and regenerate the ethylene-
coordinated iridium cation 35. A similar process is also
observed with arylnitriles.61 The iridium hydroxide com-
plex does not react with benzonitriles, but addition of a
catalytic amount of Cp*(PMe3)(Ph)Ir(OTf) to the reaction
mixture results in nitrile hydration to form the iridium
amide complex Cp*(PMe3)(Ph)Ir(N(H)C(O)Ar) (eq 28).

Conclusion and Future Prospects
The number of well-characterized complexes with late
transition metal-oxygen and -nitrogen bonds has in-
creased dramatically during the past 20 years. Synthetic
methods were developed that initially provided only M-X

complexes where the X group was an aryl or electron-
deficient moiety, but these have since been extended to
give access to much more reactive metal alkoxide and
alkylamide complexes. Most recently, even syntheses of
monomeric M-OH and M-NH2 complexes have been
achieved. The availability of all these materials has allowed
our group and others to carefully investigate the chemical
transformations of M-X complexes. Studies of these
complexes have begun to yield an understanding of the
fundamental chemical properties of M-X bonds, as well
as the roles they play in a wide range of oxidative and
other catalytic processes.

These studies have provided a number of important
results, some of which challenge widely accepted ideas
about the properties of M-X bonds in low-valent com-
plexes. An important conclusion from our work is that the
oft-cited model predicting a general 1:1 correlation be-
tween M-X and H-X bond strengths needs to be re-
evaluated. Additionally, it now seems clear that late
metal-nitrogen and -oxygen bonds in simple late-metal
alkoxides and amides are quite strongly polarized in the
ground state. An expected consequence of this charac-
teristic is that they react most readily with electrophilic
organic substrates. This polarization also results in the
ability of such complexes to form surprisingly strong
hydrogen bonds with organic acceptors and even, in some
cases, to display unusually high basicity. The evidence we
have obtained indicates that, despite the strong polariza-
tion of M-X bonds, the majority of their reactions are
initiated not by ionization, but rather by direct interaction
of the metal-bound X group with the incoming organic
reagent.

We feel certain that these properties are only the first
of many that will be revealed as synthetic methods
become more general and systematic classes of late
transition metal M-X complexes become more readily
available. Such progress should lead to increased funda-
mental understanding of the properties of such complexes

Scheme 18
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and to the application of this understanding to the
development of new catalytic C-X bond-forming reac-
tions.

We thank our graduate student, postdoctoral fellow, and faculty
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for their role in generating many of the most significant ideas and
results described in this paper. We are also grateful for early
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most recently for support from the National Science Foundation
(Grant No. CHE-0094349).
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