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1. Understand the characteristic properties of pincer complexes

2. Understand the development of dehydrogenative bond activation

3. Understand the new concept of ligand design
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Metal!Ligand Cooperation Gunanathan and Milstein

Interestingly, dearomatization of the central acridine ring
was also observed upon reaction of 34 with ammonia,
leading to complex 37 (Scheme 12). The X-ray structure of
37 shows an unusual fac configuration of the PNP ligand.
Presumably, decoordination of the acridine nitrogen fol-
lowed by NH3 coordination places the bent acridine ring in
a favorable position for hydride transfer to C9. The flexibility
of the acridine PNP ligand enables formation of both mer
(i.e., 34!36) and fac (i.e., 37) PNP complexes.

Facile Transformation of Alcohols into Esters,
Amides, and Imines with Liberation of H2

Esters, amides, imines, and amines are important funda-
mental building blocks in the chemical industry. Conven-
tional syntheses of these compounds involve carboxylic
acids and their derivatives, often using promoters or cou-
pling reagents and leading to much waste.23,24 Green
processes for their production are highly desirable. Guided
by our metal!ligand cooperation studies, we have devel-
oped catalytic processes for the syntheses of these products
directly from alcohols with liberation of molecular H2 (or H2O)
as the only byproduct, using no toxic reagents and producing
no waste.

Reaction of the dearomatized complex 11 with alcohols
results in O!H activation to provide the aromatic coordina-
tively saturatedhydrido!alkoxy complex38 (Scheme13). This
observation, together with the fact that dearomatized pincer
complexes react with H2 reversibly to form trans-dihydrides
(Scheme 2), suggested to us the possibility of new catalytic
reactionsbasedon thedehydrogenationof alcohols7 (Figure5).

Refluxing a toluene solution of primary alcohols with
complex 11 (0.1 mol %) as catalyst resulted in formation
of the corresponding esters in excellent yieldswith liberation
of H2 (Scheme 14).7 Ester yields of over 90% (TON > 900)
were obtained undermild, neutral conditions. Only traces of
aldehydes were formed. As opposed to the normal ester-
ification of an acid and alcohol, in which an equilibrium
mixture is generated, the evolved hydrogen shifts the equi-
librium toward completion.

Mechanistically ester formation could occur by a Tischen-
ko type condensation,25 or hemiacetal formation followed
by its dehydrogenation.26 Our studies establish that the
latter pathway is operative.7 Thus, no ester is formed upon
reaction of benzaldehyde with a catalytic amount of 11,
while reaction of equivalent amounts of benzaldehyde and
benzyl alcohol results in quantitative formation of benzyl
benzoate (Scheme 15).7

The dehydrogenative coupling of alcohols can be carried
out using the air stable saturated complexes 4 or 10 as
precatalysts in the presence of one equivalent of base
(relative to these complexes).7,27 Similarly, 7 catalyzes the
acceptorless dehydrogenation of secondary alcohols to
ketones.28

Furthermore, complex 11 catalyzes the acylation of sec-
ondary alcohols by nonactivated esters, such as ethyl acet-
ate, with liberation of H2 (Scheme 16).29 When symmetrical
esters are used as acylating substrates, both the acyl and

FIGURE 5

SCHEME 13

SCHEME 14

SCHEME 15

SCHEME 16

imines (TON=830).[15] These catalysts can activate/
form chemical bonds via intramolecular interactions
between the metal center and the ligand!s functional
sidearm (Figure 1).

Upon experimentation with the catalyst 1,[16] we ob-
served that dehydrogenation of 1-phenylethanol per-
formed under longer reaction times and in the pres-
ence of a catalytic base (e.g., 24 h versus the usual 6 h
in the presence of 5 mol% of Cs2CO3, as was disclosed
in our original protocol) gives rise to the formation of
a homo-coupled by-product, 1,3-diphenylbutan-1-one
in low yield. A brief optimization study showed that
with the use of an equimolar amount of KOH, KO-t-
Bu or Cs2CO3 (organic bases, such as DBU, Et3N or
morpholine were found to be inefficient) in the pres-
ence of 1 mol% of 1 and molecular sieves,[17] this
product forms exclusively after heating in xylene at
130 8C for 12 h [Eq. (1)]. As in our previous studies,

we found that the ruthenium-based 2 is less efficient,
but still capable of catalyzing this transformation if
used in a higher loading (2 mol%) and allowed to
react for longer reaction times (24 h) (Table 1, en-
tries 1 and 2). Apparently, this can be explained by
a slow dissociation of the CO ligand required to
create a vacant coordination site.

Fortunately, we found that the same reaction condi-
tions are applicable to the cross-coupling of the pri-
mary and secondary alcohols according the same
scheme. Thus, a stoichiometric mixture of benzyl alco-
hol and 1-phenylethanol resulted in the formation of
1,3-diphenylpropan-1-one in 94–95% yield, the reac-
tion being catalyzed by 1 or 2 (Table 1, entry 3). Ex-
cellent yields (87–94%) of the corresponding cross-
coupled products were obtained between 1-phenyl-ACHTUNGTRENNUNGethanol and differently substituted benzyl alcohols, be
they electron-rich and electron-deficient (Table 1, en-
tries 4–6). Remarkably, in all cases, the Ru-based 2

showed a diminished reactivity. However, an attempt-
ed reaction between 1-phenylethanol and diphenyl-
methanol yielded the mixture of 1,3-diphenylbutan-1-
one and benzophenone with no traces of the desired
adduct indicating that electrophilicity of the coupling
partner maybe decisive even at a relatively high reac-
tion temperature. A similar negative outcome was ob-
served during an attempted self-coupling of ethyl
phenyl ketone (Table 1, entries 16 and 17).

We also found that aliphatic primary alcohols are
suitable coupling partners despite the fact that upon
dehydrogenation they acquire an enolizable nature.
Thus, no self-coupling was observed under the sug-
gested conditions, indicating again the importance of
the electrophilicity over other parameters (Table 1,
entries 7, 10–12). Also aliphatic alcohols show satis-
factory reactivity under the suggested reaction condi-
tions. For example, cyclohexanol, 3,4-dihydronaphtha-

Figure 1. Catalysts used in this work.

Table 1. Representative cross-coupling results.[a–c]

[a] 1 mol% of 1 or 2 mol% of 2, R1OH/R2OH/KOH= 1/1/1,
xylene, 130 8C, molecular sieves.

[b] Isolated yields are reported.
[c] Yields are an average of two runs.
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X = NR2, PR’3, OR, SR 
Y = CH2, O, NH 
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R = EDG, EWG
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Group Major Effects

X (Arm) Steric control,  
Electron density

Y (Joint) Indirect steric control,  
Ligand’s Cooperativity

Z (Core) Trans effect

R (Tail) Remote control of  
electron density

Backbone 
(Body)

Flexibility,  
Other functional groups

M (Center)
Selectivity in activation of 
molecules (C-H, O-H, etc)
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Common features: 
• Stable to moisture and air (high valent) 
• Stable to high temperature 
• Controllable electronic and steric properties 
• Ligand’s Non-innocence of bond activation 
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systematic investigation of electronic and steric effects and
greatly facilitates optimization (e.g., catalyst tuning).10,26

For example, in the case of the archetypal structures derived
from aryl rings with substituents at the 2 and 6 positions,
variations in the ERn group (Figure 1) can dramatically influence
steric crowding at the metal center with only a minimal electronic
effect. Conversely, variations in Z can be used to exert well-
controlled electronic effects independent of any complicating
steric factors. Variations in X can exert profound electronic effects,
particularly through the trans influence, while variations in Y can
result in significant but complicated electronic and steric effects.

The references noted in the discussion above comprise a very
small (and not fully representative) sample of the literature.
As a testimony to the intense interest in pincer-ligated com-
plexes, many reviews regarding these topics have been
published.8-11,27-30 The focus of this review is on dehydrogena-
tion and related reactions catalyzed by iridium pincer complexes,
an area of particularly intense research activity since 1996, when
Jensen and Kaska first used iridium pincer complexes for alkane
transfer-dehydrogenation.31 This review is divided into three
main parts: (1) alkane dehydrogenation and its applications, (2)
dehydrogenation involving heteroatom-H bonds, and (3) reac-
tions related to dehydrogenation mediated by iridium pincer
complexes. More general information about the dehydrogena-
tion of alkanes27,32-34 and amine-boranes35,36 can be found in
recently published reviews.

2. DEHYDROGENATION OF ALKANES

2.1. Background: Alkane Dehydrogenation Catalyzed by
Non-Pincer-Ligated Transition-Metal Complexes

Olefins are perhaps the most important and versatile feed-
stocks in the chemical industry, but are far less naturally abundant
than alkanes. Thus, the direct production of alkenes from alkanes
via dehydrogenation has drawn great attention. Selective dehy-
drogenation is attractive for applications ranging in scale from
fuels to fine chemicals. Many heterogeneous catalysts are known
to effect dehydrogenation at high temperatures (ca. 500-
900 !C), but applications are limited to simple molecules such
as ethane or ethylbenzene due to the low selectivity of these
catalyst systems.37-41 In the case of higher alkanes, lack of
selectivity (including catalyst-deactivating coking) severely im-
pacts the utility of dehydrogenation.41-45

The first stoichiometric dehydrogenation of alkanes by a
soluble homogeneous metal complex was reported by Crabtree
in 1979.46 The cationic complex [IrH2(acetone)2(PPh3)2]
[BF4] was reported to dehydrogenate cyclopentane or cyclo-
octane (COA) in the presence of tert-butylethylene
(TBE; 3,3-dimethyl-1-butene), which functions as a hydrogen
acceptor, to produce the corresponding cyclopentadiene or

cyclooctadiene complexes (eq 1). Subsequently, Felkin and co-
workers reported similar types of dehydrogenation of cycloalk-
anes with (PPh3)2ReH7.

47,48 Soon thereafter, the first examples
of catalytic alkane transfer-dehydrogenation by homogeneous
complexes were reported independently by Felkin49-51 and
Crabtree,52-54 with both researchers having the greatest success
with bis(trialkylphosphine) complexes of iridium. Crabtree also
reported that IrH2(O2CR)(PCy3)2 effected acceptorless dehy-
drogenation of cyclooctane, to give up to 36 turnovers of
cyclooctene in 48 h.55 Turnover numbers were limited in these
systems by catalyst decomposition due to the high temperatures
required and the tendency of the metal centers, which are
necessarily highly reactive, to attack their own ligands via either
intra- or intermolecular paths. The rhodium complex Rh-
(PMe3)2(CO)Cl, by contrast, was found to be a very robust
catalyst for photochemical alkane dehydrogenation56 and subse-
quently for thermochemical transfer-dehydrogenation with a
wide range of alkanes and hydrogen acceptors. Thermochemi-
cally, however, it was only operative (surprisingly) under a
dihydrogen atmosphere (eq 2).57,58 The requirement of a H2
atmosphere severely limited the utility of this system as more
than 1 mol of acceptor was inevitably hydrogenated per mole of
dehydrogenated product.

alkaneþ hydrogen acceptor ðAÞsf
RhðPMe3Þ2ClðCOÞ

H2 atm
alkeneþ AH2

ð2Þ

2.2. Dehydrogenation of Alkanes by Pincer Iridium
Complexes

The application of pincer-ligated iridium complexes to alkane
dehydrogenation was first reported by Jensen, Kaska, and co-
workers in 1996.31 Given the high thermal stability of pincer
complexes and the effectiveness of iridium and rhodium bis-
(trialkylphosphine) complexes in the catalytic dehydrogenation
systems noted in the previous section, the pincer-ligated com-
plexes (

tBu4PCP)IrH2 (3-H2) and (
tBu4PCP)RhH2 (4-H2)

(R4PCP = κ3-C6H3-2,6-[CH2PR2]2) were prepared (eq 3) and
tested for activity toward the transfer dehydrogenation of COA
in the presence of the sacrificial hydrogen acceptor TBE (eq 4).
The iridium complex 3-H2 showed high activity for COA/TBE
transfer dehydrogenation, affording 82 turnovers/h at 150 !C. In
contrast, 4-H2 and the less crowded (

MePCP)Rh analogue59 were
found to be poor catalysts, yielding <1 turnover/h under the
same conditions. Complex 3-H2 displayed excellent thermal
stability at elevated temperatures, yielding 12 turnovers/min
and no observable decomposition over one week at 200 !C. High
concentrations of TBE and trace amounts of N2 were found to
inhibit the reaction. Subsequently, Kaska and Jensen reported
that other cycloalkanes such as cyclohexane, methylcyclohexane,
and decalin were efficiently dehydrogenated by 3-H2, in some
cases to give aromatic products (eq 4).60 It should be noted that
the use of pincer iridium tetrahydrides as catalyst precursors has

Figure 1. Variable pincer ligand parameters for control over steric and
electronic properties.
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
(
tBu4PCP)Ir was determined by a kinetic study of its constituent
segments, TBE hydrogenation and COA dehydrogenation,
in conjunction with detailed kinetic study of the full cat-
alytic reaction.63 Insertion of TBE into an Ir-H bond of
(
tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
cies (

tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
(PCP)Ir(CHdCHtBu)(H). In that limit, the turnover-limiting
step is hydrogenation of TBE and the catalytic reaction is first
order in [TBE].63 In the limit of high [TBE], the resting state is
(PCP)Ir(CHdCHtBu)(H). In that case, the turnover-limiting
step is the reaction with COA, which follows a pre-equilibrium
loss of TBE; the rate is therefore inversely dependent on [TBE].

In the case of acceptorless dehydrogenation, the active com-
plex 3 is generated via thermolytic loss of H2 from 3-H2; this is
the turnover-limiting step of the cycle in the limit of effective
removal of H2 from the system.68-71 Catalytic activity is in-
hibited by the buildup of olefin product due to the formation of
(
tBu4PCP)Ir(olefin) and perhaps due to an increased rate of back-
reaction (olefin hydrogenation).

Catalysts 3 and 5 show high kinetic selectivity for dehydro-
genation of the terminal position of n-alkanes to give R-olefins.
This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
more stable internal olefins (eq 6).72 The mechanism of this
observed olefin isomerization has therefore been the subject of
careful study. It was initially assumed that olefin isomerization by
3-H2 occurred via 2,1-insertion of the terminal olefin, followed by
β-hydride elimination from carbon-3 (addition-elimination
mechanism, Scheme 2a).72 However, recent studies indicate that
isomerization proceeds predominantly through (

tBu4PCP)Ir-
(1-alkene), which forms (

tBu4PCP)Ir(η3-allyl)(H), which then
rearranges to give (

tBu4PCP)Ir(2-alkene). This π-allylic mechan-
ism is shown Scheme 2b.66

In part to develop improved catalysts for dehydrogenation of
alkanes, a wide range of modified PCP pincer ligands with varying

Scheme 1. Proposed Mechanism of n-Alkane/TBE Transfer
Dehydrogenation by 3-H2

Jensen, C. M., Kaska, W. C., et al. Chem. Commun. 1996, 2083
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
(
tBu4PCP)Ir was determined by a kinetic study of its constituent
segments, TBE hydrogenation and COA dehydrogenation,
in conjunction with detailed kinetic study of the full cat-
alytic reaction.63 Insertion of TBE into an Ir-H bond of
(
tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
cies (

tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
(PCP)Ir(CHdCHtBu)(H). In that limit, the turnover-limiting
step is hydrogenation of TBE and the catalytic reaction is first
order in [TBE].63 In the limit of high [TBE], the resting state is
(PCP)Ir(CHdCHtBu)(H). In that case, the turnover-limiting
step is the reaction with COA, which follows a pre-equilibrium
loss of TBE; the rate is therefore inversely dependent on [TBE].

In the case of acceptorless dehydrogenation, the active com-
plex 3 is generated via thermolytic loss of H2 from 3-H2; this is
the turnover-limiting step of the cycle in the limit of effective
removal of H2 from the system.68-71 Catalytic activity is in-
hibited by the buildup of olefin product due to the formation of
(
tBu4PCP)Ir(olefin) and perhaps due to an increased rate of back-
reaction (olefin hydrogenation).

Catalysts 3 and 5 show high kinetic selectivity for dehydro-
genation of the terminal position of n-alkanes to give R-olefins.
This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
more stable internal olefins (eq 6).72 The mechanism of this
observed olefin isomerization has therefore been the subject of
careful study. It was initially assumed that olefin isomerization by
3-H2 occurred via 2,1-insertion of the terminal olefin, followed by
β-hydride elimination from carbon-3 (addition-elimination
mechanism, Scheme 2a).72 However, recent studies indicate that
isomerization proceeds predominantly through (

tBu4PCP)Ir-
(1-alkene), which forms (

tBu4PCP)Ir(η3-allyl)(H), which then
rearranges to give (

tBu4PCP)Ir(2-alkene). This π-allylic mechan-
ism is shown Scheme 2b.66

In part to develop improved catalysts for dehydrogenation of
alkanes, a wide range of modified PCP pincer ligands with varying

Scheme 1. Proposed Mechanism of n-Alkane/TBE Transfer
Dehydrogenation by 3-H2

First transfer dehydrogenation by the Ir-pincer complex(3)

Catalyst Turnovers / h (150 °C)
3-H2 82
4-H2 <1

No decomposition over 1 week 
at 200 °C, highTBE and N2 inhibit 
the reaction
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
(
tBu4PCP)Ir was determined by a kinetic study of its constituent
segments, TBE hydrogenation and COA dehydrogenation,
in conjunction with detailed kinetic study of the full cat-
alytic reaction.63 Insertion of TBE into an Ir-H bond of
(
tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
cies (

tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
(PCP)Ir(CHdCHtBu)(H). In that limit, the turnover-limiting
step is hydrogenation of TBE and the catalytic reaction is first
order in [TBE].63 In the limit of high [TBE], the resting state is
(PCP)Ir(CHdCHtBu)(H). In that case, the turnover-limiting
step is the reaction with COA, which follows a pre-equilibrium
loss of TBE; the rate is therefore inversely dependent on [TBE].

In the case of acceptorless dehydrogenation, the active com-
plex 3 is generated via thermolytic loss of H2 from 3-H2; this is
the turnover-limiting step of the cycle in the limit of effective
removal of H2 from the system.68-71 Catalytic activity is in-
hibited by the buildup of olefin product due to the formation of
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tBu4PCP)Ir(olefin) and perhaps due to an increased rate of back-
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Catalysts 3 and 5 show high kinetic selectivity for dehydro-
genation of the terminal position of n-alkanes to give R-olefins.
This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
more stable internal olefins (eq 6).72 The mechanism of this
observed olefin isomerization has therefore been the subject of
careful study. It was initially assumed that olefin isomerization by
3-H2 occurred via 2,1-insertion of the terminal olefin, followed by
β-hydride elimination from carbon-3 (addition-elimination
mechanism, Scheme 2a).72 However, recent studies indicate that
isomerization proceeds predominantly through (

tBu4PCP)Ir-
(1-alkene), which forms (

tBu4PCP)Ir(η3-allyl)(H), which then
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
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tBu4PCP)Ir was determined by a kinetic study of its constituent
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in conjunction with detailed kinetic study of the full cat-
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tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
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tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
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This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
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observed olefin isomerization has therefore been the subject of
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
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tBu4PCP)Ir was determined by a kinetic study of its constituent
segments, TBE hydrogenation and COA dehydrogenation,
in conjunction with detailed kinetic study of the full cat-
alytic reaction.63 Insertion of TBE into an Ir-H bond of
(
tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
cies (

tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
(PCP)Ir(CHdCHtBu)(H). In that limit, the turnover-limiting
step is hydrogenation of TBE and the catalytic reaction is first
order in [TBE].63 In the limit of high [TBE], the resting state is
(PCP)Ir(CHdCHtBu)(H). In that case, the turnover-limiting
step is the reaction with COA, which follows a pre-equilibrium
loss of TBE; the rate is therefore inversely dependent on [TBE].

In the case of acceptorless dehydrogenation, the active com-
plex 3 is generated via thermolytic loss of H2 from 3-H2; this is
the turnover-limiting step of the cycle in the limit of effective
removal of H2 from the system.68-71 Catalytic activity is in-
hibited by the buildup of olefin product due to the formation of
(
tBu4PCP)Ir(olefin) and perhaps due to an increased rate of back-
reaction (olefin hydrogenation).

Catalysts 3 and 5 show high kinetic selectivity for dehydro-
genation of the terminal position of n-alkanes to give R-olefins.
This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
more stable internal olefins (eq 6).72 The mechanism of this
observed olefin isomerization has therefore been the subject of
careful study. It was initially assumed that olefin isomerization by
3-H2 occurred via 2,1-insertion of the terminal olefin, followed by
β-hydride elimination from carbon-3 (addition-elimination
mechanism, Scheme 2a).72 However, recent studies indicate that
isomerization proceeds predominantly through (

tBu4PCP)Ir-
(1-alkene), which forms (

tBu4PCP)Ir(η3-allyl)(H), which then
rearranges to give (

tBu4PCP)Ir(2-alkene). This π-allylic mechan-
ism is shown Scheme 2b.66

In part to develop improved catalysts for dehydrogenation of
alkanes, a wide range of modified PCP pincer ligands with varying
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never shown any significant difference from use of the corre-
sponding dihydrides, other than requiring one additional mole of
hydrogen acceptor in the case of transfer-dehydrogenation.

The high thermal stability of catalyst 3 enabled demonstration of
the first example of efficient acceptorless dehydrogenation under
reflux conditions (eq 5).61 The sterically less crowded isopropyl
analogue (

iPr4PCP)IrH4 (5-H4) afforded close to 1000 turnovers in
the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).62

The mechanism of COA/TBE transfer dehydrogenation by
(
tBu4PCP)Ir was determined by a kinetic study of its constituent
segments, TBE hydrogenation and COA dehydrogenation,
in conjunction with detailed kinetic study of the full cat-
alytic reaction.63 Insertion of TBE into an Ir-H bond of
(
tBu4PCP)IrH2 (3-H2) followed by reductive elimination of
tert-butylethane (TBA) generates the reactive 14-electron spe-
cies (

tBu4PCP)Ir (3). Within the catalytic cycle, complex 3 then
undergoes oxidative addition of a C-H bond of the alkane
substrate, and subsequentβ-hydride elimination produces the olefin
product and regenerates 3-H2 (Scheme 1). Significantly, however,
the 14-electron species 3 can also undergo out-of-cycle oxidative
addition of the TBE vinylic C-H bond trans to the tert-butyl group
as indicated in Scheme 1. The resulting vinyl hydride and 3 are in a
rapid pre-equilibrium, the kinetics of which were independently
quantified by dynamic NMR at low temperature.64 Likewise, recent
experimental results have shown that the resting state of the catalyst
during the transfer-dehydrogenation of n-octane is (

tBu4PCP)Ir(1-
octene).65,66 Thus, in general, olefin can bind to (PCP)Ir, either by
π-coordination or by C-Haddition; in either bindingmode, olefin,
as either the sacrificial acceptor or dehydrogenated product, can
thereby significantly inhibit activity. Indeed, the more facile dehy-
drogenation of cyclooctane vs n-alkane is not due to any selectivity
for the former alkane ((

tBu4PCP)Ir in fact shows 6:1 selectivity for
n-octane vs cyclooctane) but rather due to weaker binding of the
corresponding dehydrogenated product (cyclooctene) and there-
fore lesser inhibition.67

The kinetic dependence on the sacrificial acceptor concentra-
tion is not simple. For example, although TBE can add to 3 and
inhibit activity, in the limit of low [TBE], the catalyst resting state

during COA/TBE transfer-dehydrogenation is 3-H2, not
(PCP)Ir(CHdCHtBu)(H). In that limit, the turnover-limiting
step is hydrogenation of TBE and the catalytic reaction is first
order in [TBE].63 In the limit of high [TBE], the resting state is
(PCP)Ir(CHdCHtBu)(H). In that case, the turnover-limiting
step is the reaction with COA, which follows a pre-equilibrium
loss of TBE; the rate is therefore inversely dependent on [TBE].

In the case of acceptorless dehydrogenation, the active com-
plex 3 is generated via thermolytic loss of H2 from 3-H2; this is
the turnover-limiting step of the cycle in the limit of effective
removal of H2 from the system.68-71 Catalytic activity is in-
hibited by the buildup of olefin product due to the formation of
(
tBu4PCP)Ir(olefin) and perhaps due to an increased rate of back-
reaction (olefin hydrogenation).

Catalysts 3 and 5 show high kinetic selectivity for dehydro-
genation of the terminal position of n-alkanes to give R-olefins.
This regioselectivity holds great promise with respect to the
formation of valuable R-olefins and products derived from them
in tandem catalytic systems. Unfortunately, however, subsequent
isomerization leads to the formation of the thermodynamically
more stable internal olefins (eq 6).72 The mechanism of this
observed olefin isomerization has therefore been the subject of
careful study. It was initially assumed that olefin isomerization by
3-H2 occurred via 2,1-insertion of the terminal olefin, followed by
β-hydride elimination from carbon-3 (addition-elimination
mechanism, Scheme 2a).72 However, recent studies indicate that
isomerization proceeds predominantly through (

tBu4PCP)Ir-
(1-alkene), which forms (

tBu4PCP)Ir(η3-allyl)(H), which then
rearranges to give (

tBu4PCP)Ir(2-alkene). This π-allylic mechan-
ism is shown Scheme 2b.66
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electronic and steric properties have been explored synthetically
and computationally. DFT calculations indicated that electron-
donating substituents such asmethoxy groups in the para position
of the ligand aryl ring favor oxidative addition of alkane C-H
bonds to derivatives of the 14-electron complex 3.26 Experimen-
tally, the p-methoxy-substituted complex (MeO-

tBu4PCP)IrH2
(6a-H2; Figure 2) gave a 2-3-fold increase in turnovers for
acceptorless dehydrogenation of cyclodecane as compared to 3-
H2.

73 In particular, the sterically less bulky (MeO-
iPr4PCP)IrH4

(6b-H4) was extremely effective in the acceptorless dehydrogena-
tion of cyclodecane, with a total of 3050 turnovers obtained after
72 h under reflux conditions (201 !C). However, methoxy
substitution did not greatly enhance catalytic activity in acceptor-
less dehydrogenation of n-alkanes or in the transfer dehydrogena-
tion of COA or n-alkanes.73

Although iridium pincer complexes have excellent thermal
stability, they are still generally subject to decomposition at
temperatures above ca. 200 !C for extended periods of time. This
decomposition is of particular concern for acceptorless dehy-
drogenation, which requires much higher temperatures and
longer reaction times to overcome the high enthalpic barrier of
this reaction. Haenel, Kaska, Hall, and co-workers developed an
anthraphos-supported iridium pincer complex (7a-H2; Figure 2),

which was expected to be thermally very stable.74 Indeed, the
complex 7a-H2 tolerated reaction temperatures up to 250 !C, but
was found to be significantly less reactive than 3-H2 under
comparable conditions. The authors proposed that the inflexible
anthraphos backbone forced the phosphino tert-butyl groups to
block the metal center more so than in the case of pincers with
the simple PCP m-xylyl backbone, thus inhibiting access of the
alkane substrate to the metal center. It was proposed that the
replacement of tert-butyl groups with isopropyl groups (complex
7b) would enhance reactivity by reducing steric crowding. In
another effort to prepare a more thermally stable complex
without sacrificing catalytic activity, Punji et al. recently reported
a thermally stable adamantyl-substituted iridium pincer complex,
(Ad4PCP)Ir (8).75 The adamantyl group was expected to be
similar to a tert-butyl group with respect to both steric and
electronic properties, but could offer more resistance to cyclo-
metalation and/or P-C bond cleavage, which might be respon-
sible for catalyst decomposition. Complex 8 indeed showed high
thermal stability at 250 !C, which translated into improved
catalytic activity for the acceptorless dehydrogenation of cyclo-
decane. Initial turnover frequencies obtained with 8-H2 were
slightly less than those with 3-H2 and 5-H4, but overall turnover
numbers from 8-H2 exceeded those from both 3-H2 and 5-H4.

75

One of the most notable modifications of the PCP ligand is
represented by the bisphosphinite iridium pincer complexes
(R4POCOP)Ir (R4POCOP = κ3-2,6-C6H3(OPR2)2) indepen-
dently prepared by the Brookhart (9, R = tBu)20 and Jensen
(10, R = iPr)21 groups. Both catalysts displayed higher catalytic
activity in the benchmark COA/TBE transfer dehydrogenation
reactions than 3; (

tBu4POCOP)Ir in particular showed activity
an order of magnitude greater than that of 3 for this alkane/
olefin couple. Conveniently, the catalytically active species
is easily generated in situ from the reaction of air-stable
(
tBu4POCOP)Ir(H)(Cl) with NaOtBu. Variation of the substit-
uents at the para position of the aryl ring of 9 was investigated,
but no direct correlation between dehydrogenation activity and
electron-donating ability was observed. Interestingly, in spite of
its high activity for COA/TBE transfer-dehydrogenation, 9a
shows significantly lower reactivity than 3 for n-alkane/TBE
transfer-dehydrogenation.65,76

While the mechanism proposed for COA/TBE transfer-
dehydrogenation by 9 (Scheme 3) is similar to that of
(
tBu4PCP)Ir (Scheme 1), there are subtle but significant mechan-
istic differences between the two catalysts.20 While (

tBu4PCP)Ir
(3) reversibly reacts with TBE to give a vinylic C-H addition
product, (

tBu4POCOP)Ir forms a π-coordinated complex. More
importantly, alkene hydrogenation by 9b-H2 is much more facile
than by 3-H2. For example, TBE hydrogenations by 9b-H2 and 3-
H2 proceed with comparable rates at -70 and 55 !C, respec-
tively. Recent DFT calculations indicate that these differ-
ences are attributable to the fact that the metal center of
(
tBu4POCOP)Ir is much less sterically hindered than that of
(
tBu4PCP)Ir, as indicated in Figure 3.65,66,76 The lesser crowding
in (

tBu4POCOP)Ir is supported, for example, by Koridze’s crystal-
lographic characterization of (

tBu4POCOP)Ir(CO), which can be
compared with that of (

tBu4PCP)Ir(CO) (P-Ir-P angles are
157.55(3)! and 164.510(8)!, respectively).77 A more acute P-
Ir-P angle results in a more open geometry in POCOP
complexes; this is attributable to the shorter bonds to oxygen
(P-O and C-O) and the wider bond angle (P-O-C) as
compared with the analogous bond lengths and angles of the
PCP methylene carbons.

Scheme 2. Possible Pathways for the Ir-Catalyzed Isomeri-
zation of Terminal to Internal Olefins

Figure 2. Various iridium pincer complexes used for alkane dehydro-
genation.

Isomerization to internal olefin was observed 
in Dehydrogenation of acyclic alkane

Allylic C-H activation by low-valent Ir complex 
is responsible for the isomerization

Modification of  Pincer -Tail-
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Very recently, Brookhart and co-workers reported that the
bis-phosphinite catalysts (X-tBuPOCOP)IrH2 (RPOCOP ) κ3-
C6H3-2,6-(OPR2)2) are more effective than (tBuPCP)IrH2 for
cyclooctane/tert-butylethylene (COA/TBE) transfer dehydro-
genation.11 The metal centers of the POCOP complexes might

be expected to be less electron-rich than their PCP analogues.
This expectation was supported by measurement of the C-O
stretching frequencies of the respective CO adducts,12 the
standard indicator for electron richness of metal centers. These
observations seemed at odds with the greater catalytic effective-
ness of the p-methoxy-PCP derivatives (as described below),
since the latter complexes are more electron-rich than the parent
catalysts. Computational results, however, resolve this apparent
contradiction. We demonstrate in this work that key thermo-
dynamic and kinetic properties are affected similarly by the
presence of p-methoxy substituents or by the substitution of
the phosphorus-linked methylenes of PCP by oxygen atoms (to
give POCOP), even though these substitutions affect νCO values
in opposite directions. We believe these kinetic and thermody-
namic similarities are closely linked to the greater catalytic
activity of both POCOP and MeO-PCP catalysts.

Results and Discussion
1. Experiments with (X-RPCP)Ir Catalysts. 1.1. Accep-

torless Dehydrogenation of Cyclodecane. Acceptorless dehy-
drogenation is a reaction that is potentially even more valuable
than transfer dehydrogenation.4,13,14 Cyclodecane (CDA) is a
convenient substrate for screening this reaction owing to the
equivalence of all HCCH units and its high boiling point (201
°C).4,14 CDA solutions of (tBuPCP)IrH2 and (MeO-tBuPCP)-
IrH2 (1.0 mM) were prepared and subjected to vigorous reflux
with argon flowing above the condenser to permit loss of H2,
as described previously.4,14

As seen in Table 1, the initial rate of dehydrogenation was
greater with the MeO-tBuPCP complex than with the parent

tBuPCP complex (158 turnovers (TO) vs 60 TO after 1 h15).
After 24 h, the p-methoxy-substituted catalyst afforded 820 TO
as compared with 360 TO from the parent catalyst. These values
obtained using the MeO-tBuPCP catalyst are essentially equal
(within20%)tothosepreviouslyreportedusingthebis(di-isopropyl-
phosphino) catalyst (with no methoxy substituent), (iPrPCP)-
IrH4. The latter complex was reported to give turnover numbers
(TONs) higher than any previously reported alkane dehydro-
genation catalyst.14

Since the p-methoxy substitution of the aryl ring and the
presence of i-Pr groups on phosphorus (in lieu of t-Bu) each
lead to significant improvements in rate and TONs, we naturally
wished to explore the effect of both these substitutions on the
same complex. (MeO-iPrPCP)IrH4 was synthesized (see Ex-
perimental Section) and indeed found to be extremely effective
for CDA dehydrogenation. Under conditions identical to those
described above, 360 TO are obtained with (MeO-iPrPCP)-
IrH48 after 1 h of reflux. After 24 h, 2100 TO are obtained, and
after 72 h a total of 3050 TO is observed (see Table 1). These
are the highest turnover numbers, by a factor of ca. 3,
reported to date for homogeneous acceptorless alkane dehy-
drogenation.
1.2. Acceptorless Dehydrogenation of an n-Alkane. The

superiority of (MeO-tBuPCP)IrH2 over (tBuPCP)IrH2 was not
reproduced with the acceptorless dehydrogenation of n-undecane
(bp 196 °C). There was little difference in rates at early reaction
times (18 vs 23 TO, respectively, after 0.5 h) and only a slight
advantage at longer times (108 vs 83 turnovers after 24 h). Even
more disappointing, (MeO-iPrPCP)IrH2 gave significantly
poorer results for acceptorless n-undecane dehydrogenation than
did either of the tBuPCP-based catalysts (see Table 2).
1.3. Transfer Dehydrogenation of n-Alkanes. Despite the

poor results obtained for acceptorless dehydrogenation of
n-alkane, (MeO-iPrPCP)IrH2 has proven to be a highly effective
catalyst for transfer dehydrogenation of n-alkanes (and also for
other n-alkyl group containing species16). For example, in runs
with 0.79 M norbornene (NBE) added to n-octane catalyst

(7) Goldman, A. S.; Czerw, M.; Renkema, K. B.; Singh, B.; Zhu, K.; Krogh-
Jespersen, K. Abstracts of Papers; 222nd ACS National Meeting, Chicago,
IL; American Chemical Society: Washington, DC, 2001; INOR-016 AN
2001:639203.

(8) Both (X-tBuPCP)IrH4 and (X-tBuPCP)IrH2 are suitable precursors of
“(X-tBuPCP)Ir”. The tetrahydrides lose H2 reversibly and rapidly under
even ambient conditions. We have never observed any difference in catalytic
activity with the two precursors (although presumably an additional mole
of sacrificial acceptor is consumed with the tetrahydrides). The tetrahydrides
are more stable and are stored more conveniently. The difference in ease
of isolation is more pronounced for the X-iPrPCP complexes; preliminary
attempts to isolate the (MeO-iPrPCP)IrH2 were unsuccessful. Thus, all
reactions of “(MeO-iPrPCP)Ir” reported in this work use the tetrahydride
precursor.

(9) Renkema, K. B.; Kissin, Y. V.; Goldman, A. S. J. Am. Chem. Soc. 2003,
125, 7770-7771.

(10) Zhu, K.; Emge, T. J.; Zhang, X.; Goldman, A. S. Abstracts of Papers;
226th National Meeting of the American Chemical Society, New York,
September 7-11; American Chemical Society: Washington, DC, 2003;
AN 2003:632907.

(11) Göttker-Schnetmann, I.; White, P.; Brookhart, M. J. Am. Chem. Soc. 2004,
126, 1804-1811.

(12) Göttker-Schnetmann, I.; White, P. S.; Brookhart, M. Organometallics 2004,
23, 1766-1776.

(13) (a) Fujii, T.; Saito, Y. J. Chem. Soc., Chem. Commun. 1990, 757-758. (b)
Fujii, T.; Higashino, Y.; Saito, Y. J. Chem. Soc., Dalton. Trans. 1993, 517-
520. (c) Aoki, T.; Crabtree, R. H. Organometallics 1993, 12, 294-298.

(14) Liu, F.; Goldman, A. S. Chem. Commun. 1999, 655-656.
(15) One TO ) 1 mol product/mol iridium; products are cis- and trans-

cyclodecene and 1,2-diethylcyclohexane, which is formed via dehydroge-
nation/Cope rearrangement/hydrogenation, as reported previously (ref
14).

Table 1. Acceptorless Dehydrogenation of CDA (bp 201 °C)a
Catalyzed by (X-RPCP)IrHna

catalyst; total turnovers () mM)

time/h
X) H;
R) t-Bu

X) MeO;
R) t-Bu

X) MeO;
R) i-Pr

1 60 158 357
2 110 275 450
4 170 430 714
6 220 575 868
24 360 820 2120
48 360 820 2970
78 - - 3050

a Conditions: catalyst, 1.0 mM; 1.5 mL of CDA; 250 °C oil bath;
concentrations determined by GC.
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electronic and steric properties have been explored synthetically
and computationally. DFT calculations indicated that electron-
donating substituents such asmethoxy groups in the para position
of the ligand aryl ring favor oxidative addition of alkane C-H
bonds to derivatives of the 14-electron complex 3.26 Experimen-
tally, the p-methoxy-substituted complex (MeO-

tBu4PCP)IrH2
(6a-H2; Figure 2) gave a 2-3-fold increase in turnovers for
acceptorless dehydrogenation of cyclodecane as compared to 3-
H2.

73 In particular, the sterically less bulky (MeO-
iPr4PCP)IrH4

(6b-H4) was extremely effective in the acceptorless dehydrogena-
tion of cyclodecane, with a total of 3050 turnovers obtained after
72 h under reflux conditions (201 !C). However, methoxy
substitution did not greatly enhance catalytic activity in acceptor-
less dehydrogenation of n-alkanes or in the transfer dehydrogena-
tion of COA or n-alkanes.73

Although iridium pincer complexes have excellent thermal
stability, they are still generally subject to decomposition at
temperatures above ca. 200 !C for extended periods of time. This
decomposition is of particular concern for acceptorless dehy-
drogenation, which requires much higher temperatures and
longer reaction times to overcome the high enthalpic barrier of
this reaction. Haenel, Kaska, Hall, and co-workers developed an
anthraphos-supported iridium pincer complex (7a-H2; Figure 2),

which was expected to be thermally very stable.74 Indeed, the
complex 7a-H2 tolerated reaction temperatures up to 250 !C, but
was found to be significantly less reactive than 3-H2 under
comparable conditions. The authors proposed that the inflexible
anthraphos backbone forced the phosphino tert-butyl groups to
block the metal center more so than in the case of pincers with
the simple PCP m-xylyl backbone, thus inhibiting access of the
alkane substrate to the metal center. It was proposed that the
replacement of tert-butyl groups with isopropyl groups (complex
7b) would enhance reactivity by reducing steric crowding. In
another effort to prepare a more thermally stable complex
without sacrificing catalytic activity, Punji et al. recently reported
a thermally stable adamantyl-substituted iridium pincer complex,
(Ad4PCP)Ir (8).75 The adamantyl group was expected to be
similar to a tert-butyl group with respect to both steric and
electronic properties, but could offer more resistance to cyclo-
metalation and/or P-C bond cleavage, which might be respon-
sible for catalyst decomposition. Complex 8 indeed showed high
thermal stability at 250 !C, which translated into improved
catalytic activity for the acceptorless dehydrogenation of cyclo-
decane. Initial turnover frequencies obtained with 8-H2 were
slightly less than those with 3-H2 and 5-H4, but overall turnover
numbers from 8-H2 exceeded those from both 3-H2 and 5-H4.

75

One of the most notable modifications of the PCP ligand is
represented by the bisphosphinite iridium pincer complexes
(R4POCOP)Ir (R4POCOP = κ3-2,6-C6H3(OPR2)2) indepen-
dently prepared by the Brookhart (9, R = tBu)20 and Jensen
(10, R = iPr)21 groups. Both catalysts displayed higher catalytic
activity in the benchmark COA/TBE transfer dehydrogenation
reactions than 3; (

tBu4POCOP)Ir in particular showed activity
an order of magnitude greater than that of 3 for this alkane/
olefin couple. Conveniently, the catalytically active species
is easily generated in situ from the reaction of air-stable
(
tBu4POCOP)Ir(H)(Cl) with NaOtBu. Variation of the substit-
uents at the para position of the aryl ring of 9 was investigated,
but no direct correlation between dehydrogenation activity and
electron-donating ability was observed. Interestingly, in spite of
its high activity for COA/TBE transfer-dehydrogenation, 9a
shows significantly lower reactivity than 3 for n-alkane/TBE
transfer-dehydrogenation.65,76

While the mechanism proposed for COA/TBE transfer-
dehydrogenation by 9 (Scheme 3) is similar to that of
(
tBu4PCP)Ir (Scheme 1), there are subtle but significant mechan-
istic differences between the two catalysts.20 While (

tBu4PCP)Ir
(3) reversibly reacts with TBE to give a vinylic C-H addition
product, (

tBu4POCOP)Ir forms a π-coordinated complex. More
importantly, alkene hydrogenation by 9b-H2 is much more facile
than by 3-H2. For example, TBE hydrogenations by 9b-H2 and 3-
H2 proceed with comparable rates at -70 and 55 !C, respec-
tively. Recent DFT calculations indicate that these differ-
ences are attributable to the fact that the metal center of
(
tBu4POCOP)Ir is much less sterically hindered than that of
(
tBu4PCP)Ir, as indicated in Figure 3.65,66,76 The lesser crowding
in (

tBu4POCOP)Ir is supported, for example, by Koridze’s crystal-
lographic characterization of (

tBu4POCOP)Ir(CO), which can be
compared with that of (

tBu4PCP)Ir(CO) (P-Ir-P angles are
157.55(3)! and 164.510(8)!, respectively).77 A more acute P-
Ir-P angle results in a more open geometry in POCOP
complexes; this is attributable to the shorter bonds to oxygen
(P-O and C-O) and the wider bond angle (P-O-C) as
compared with the analogous bond lengths and angles of the
PCP methylene carbons.

Scheme 2. Possible Pathways for the Ir-Catalyzed Isomeri-
zation of Terminal to Internal Olefins

Figure 2. Various iridium pincer complexes used for alkane dehydro-
genation.
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electronic and steric properties have been explored synthetically
and computationally. DFT calculations indicated that electron-
donating substituents such asmethoxy groups in the para position
of the ligand aryl ring favor oxidative addition of alkane C-H
bonds to derivatives of the 14-electron complex 3.26 Experimen-
tally, the p-methoxy-substituted complex (MeO-

tBu4PCP)IrH2
(6a-H2; Figure 2) gave a 2-3-fold increase in turnovers for
acceptorless dehydrogenation of cyclodecane as compared to 3-
H2.

73 In particular, the sterically less bulky (MeO-
iPr4PCP)IrH4

(6b-H4) was extremely effective in the acceptorless dehydrogena-
tion of cyclodecane, with a total of 3050 turnovers obtained after
72 h under reflux conditions (201 !C). However, methoxy
substitution did not greatly enhance catalytic activity in acceptor-
less dehydrogenation of n-alkanes or in the transfer dehydrogena-
tion of COA or n-alkanes.73

Although iridium pincer complexes have excellent thermal
stability, they are still generally subject to decomposition at
temperatures above ca. 200 !C for extended periods of time. This
decomposition is of particular concern for acceptorless dehy-
drogenation, which requires much higher temperatures and
longer reaction times to overcome the high enthalpic barrier of
this reaction. Haenel, Kaska, Hall, and co-workers developed an
anthraphos-supported iridium pincer complex (7a-H2; Figure 2),

which was expected to be thermally very stable.74 Indeed, the
complex 7a-H2 tolerated reaction temperatures up to 250 !C, but
was found to be significantly less reactive than 3-H2 under
comparable conditions. The authors proposed that the inflexible
anthraphos backbone forced the phosphino tert-butyl groups to
block the metal center more so than in the case of pincers with
the simple PCP m-xylyl backbone, thus inhibiting access of the
alkane substrate to the metal center. It was proposed that the
replacement of tert-butyl groups with isopropyl groups (complex
7b) would enhance reactivity by reducing steric crowding. In
another effort to prepare a more thermally stable complex
without sacrificing catalytic activity, Punji et al. recently reported
a thermally stable adamantyl-substituted iridium pincer complex,
(Ad4PCP)Ir (8).75 The adamantyl group was expected to be
similar to a tert-butyl group with respect to both steric and
electronic properties, but could offer more resistance to cyclo-
metalation and/or P-C bond cleavage, which might be respon-
sible for catalyst decomposition. Complex 8 indeed showed high
thermal stability at 250 !C, which translated into improved
catalytic activity for the acceptorless dehydrogenation of cyclo-
decane. Initial turnover frequencies obtained with 8-H2 were
slightly less than those with 3-H2 and 5-H4, but overall turnover
numbers from 8-H2 exceeded those from both 3-H2 and 5-H4.

75

One of the most notable modifications of the PCP ligand is
represented by the bisphosphinite iridium pincer complexes
(R4POCOP)Ir (R4POCOP = κ3-2,6-C6H3(OPR2)2) indepen-
dently prepared by the Brookhart (9, R = tBu)20 and Jensen
(10, R = iPr)21 groups. Both catalysts displayed higher catalytic
activity in the benchmark COA/TBE transfer dehydrogenation
reactions than 3; (

tBu4POCOP)Ir in particular showed activity
an order of magnitude greater than that of 3 for this alkane/
olefin couple. Conveniently, the catalytically active species
is easily generated in situ from the reaction of air-stable
(
tBu4POCOP)Ir(H)(Cl) with NaOtBu. Variation of the substit-
uents at the para position of the aryl ring of 9 was investigated,
but no direct correlation between dehydrogenation activity and
electron-donating ability was observed. Interestingly, in spite of
its high activity for COA/TBE transfer-dehydrogenation, 9a
shows significantly lower reactivity than 3 for n-alkane/TBE
transfer-dehydrogenation.65,76

While the mechanism proposed for COA/TBE transfer-
dehydrogenation by 9 (Scheme 3) is similar to that of
(
tBu4PCP)Ir (Scheme 1), there are subtle but significant mechan-
istic differences between the two catalysts.20 While (

tBu4PCP)Ir
(3) reversibly reacts with TBE to give a vinylic C-H addition
product, (

tBu4POCOP)Ir forms a π-coordinated complex. More
importantly, alkene hydrogenation by 9b-H2 is much more facile
than by 3-H2. For example, TBE hydrogenations by 9b-H2 and 3-
H2 proceed with comparable rates at -70 and 55 !C, respec-
tively. Recent DFT calculations indicate that these differ-
ences are attributable to the fact that the metal center of
(
tBu4POCOP)Ir is much less sterically hindered than that of
(
tBu4PCP)Ir, as indicated in Figure 3.65,66,76 The lesser crowding
in (

tBu4POCOP)Ir is supported, for example, by Koridze’s crystal-
lographic characterization of (

tBu4POCOP)Ir(CO), which can be
compared with that of (

tBu4PCP)Ir(CO) (P-Ir-P angles are
157.55(3)! and 164.510(8)!, respectively).77 A more acute P-
Ir-P angle results in a more open geometry in POCOP
complexes; this is attributable to the shorter bonds to oxygen
(P-O and C-O) and the wider bond angle (P-O-C) as
compared with the analogous bond lengths and angles of the
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electronic and steric properties have been explored synthetically
and computationally. DFT calculations indicated that electron-
donating substituents such asmethoxy groups in the para position
of the ligand aryl ring favor oxidative addition of alkane C-H
bonds to derivatives of the 14-electron complex 3.26 Experimen-
tally, the p-methoxy-substituted complex (MeO-

tBu4PCP)IrH2
(6a-H2; Figure 2) gave a 2-3-fold increase in turnovers for
acceptorless dehydrogenation of cyclodecane as compared to 3-
H2.

73 In particular, the sterically less bulky (MeO-
iPr4PCP)IrH4

(6b-H4) was extremely effective in the acceptorless dehydrogena-
tion of cyclodecane, with a total of 3050 turnovers obtained after
72 h under reflux conditions (201 !C). However, methoxy
substitution did not greatly enhance catalytic activity in acceptor-
less dehydrogenation of n-alkanes or in the transfer dehydrogena-
tion of COA or n-alkanes.73

Although iridium pincer complexes have excellent thermal
stability, they are still generally subject to decomposition at
temperatures above ca. 200 !C for extended periods of time. This
decomposition is of particular concern for acceptorless dehy-
drogenation, which requires much higher temperatures and
longer reaction times to overcome the high enthalpic barrier of
this reaction. Haenel, Kaska, Hall, and co-workers developed an
anthraphos-supported iridium pincer complex (7a-H2; Figure 2),

which was expected to be thermally very stable.74 Indeed, the
complex 7a-H2 tolerated reaction temperatures up to 250 !C, but
was found to be significantly less reactive than 3-H2 under
comparable conditions. The authors proposed that the inflexible
anthraphos backbone forced the phosphino tert-butyl groups to
block the metal center more so than in the case of pincers with
the simple PCP m-xylyl backbone, thus inhibiting access of the
alkane substrate to the metal center. It was proposed that the
replacement of tert-butyl groups with isopropyl groups (complex
7b) would enhance reactivity by reducing steric crowding. In
another effort to prepare a more thermally stable complex
without sacrificing catalytic activity, Punji et al. recently reported
a thermally stable adamantyl-substituted iridium pincer complex,
(Ad4PCP)Ir (8).75 The adamantyl group was expected to be
similar to a tert-butyl group with respect to both steric and
electronic properties, but could offer more resistance to cyclo-
metalation and/or P-C bond cleavage, which might be respon-
sible for catalyst decomposition. Complex 8 indeed showed high
thermal stability at 250 !C, which translated into improved
catalytic activity for the acceptorless dehydrogenation of cyclo-
decane. Initial turnover frequencies obtained with 8-H2 were
slightly less than those with 3-H2 and 5-H4, but overall turnover
numbers from 8-H2 exceeded those from both 3-H2 and 5-H4.
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and computationally. DFT calculations indicated that electron-
donating substituents such asmethoxy groups in the para position
of the ligand aryl ring favor oxidative addition of alkane C-H
bonds to derivatives of the 14-electron complex 3.26 Experimen-
tally, the p-methoxy-substituted complex (MeO-

tBu4PCP)IrH2
(6a-H2; Figure 2) gave a 2-3-fold increase in turnovers for
acceptorless dehydrogenation of cyclodecane as compared to 3-
H2.
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(6b-H4) was extremely effective in the acceptorless dehydrogena-
tion of cyclodecane, with a total of 3050 turnovers obtained after
72 h under reflux conditions (201 !C). However, methoxy
substitution did not greatly enhance catalytic activity in acceptor-
less dehydrogenation of n-alkanes or in the transfer dehydrogena-
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uents at the para position of the aryl ring of 9 was investigated,
but no direct correlation between dehydrogenation activity and
electron-donating ability was observed. Interestingly, in spite of
its high activity for COA/TBE transfer-dehydrogenation, 9a
shows significantly lower reactivity than 3 for n-alkane/TBE
transfer-dehydrogenation.65,76

While the mechanism proposed for COA/TBE transfer-
dehydrogenation by 9 (Scheme 3) is similar to that of
(
tBu4PCP)Ir (Scheme 1), there are subtle but significant mechan-
istic differences between the two catalysts.20 While (

tBu4PCP)Ir
(3) reversibly reacts with TBE to give a vinylic C-H addition
product, (

tBu4POCOP)Ir forms a π-coordinated complex. More
importantly, alkene hydrogenation by 9b-H2 is much more facile
than by 3-H2. For example, TBE hydrogenations by 9b-H2 and 3-
H2 proceed with comparable rates at -70 and 55 !C, respec-
tively. Recent DFT calculations indicate that these differ-
ences are attributable to the fact that the metal center of
(
tBu4POCOP)Ir is much less sterically hindered than that of
(
tBu4PCP)Ir, as indicated in Figure 3.65,66,76 The lesser crowding
in (

tBu4POCOP)Ir is supported, for example, by Koridze’s crystal-
lographic characterization of (

tBu4POCOP)Ir(CO), which can be
compared with that of (

tBu4PCP)Ir(CO) (P-Ir-P angles are
157.55(3)! and 164.510(8)!, respectively).77 A more acute P-
Ir-P angle results in a more open geometry in POCOP
complexes; this is attributable to the shorter bonds to oxygen
(P-O and C-O) and the wider bond angle (P-O-C) as
compared with the analogous bond lengths and angles of the
PCP methylene carbons.

Scheme 2. Possible Pathways for the Ir-Catalyzed Isomeri-
zation of Terminal to Internal Olefins

Figure 2. Various iridium pincer complexes used for alkane dehydro-
genation.
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POCOP-Ir ⇒ metal center is more open
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R-olefin was the kinetically favored product of dehydro-
genation, while subsequent isomerization led to the forma-
tion of a mixture that was predominantly internal olefin.
In the case of (tBuPOCOP)IrH2, however, a product mixture
of predominantly internal olefins was observed even at
the earliest times at which dehydrogenation product was
detectable.34 Additional evidence for the different regioselec-
tivity of (tBuPOCOP)Ir versus either (tBuPCP)Ir or (iPrPCP)Ir was
obtained from intermolecular competition experiments be-
tween the dehydrogenation of n-alkane and cycloalkanes.
Consistent with the apparent preference of (tBuPOCOP)Ir for
dehydrogenation at the internal position of n-alkanes, dehy-
drogenationof n-alkane/cycloalkanemixtures by (tBuPOCOP)Ir
showed a strong preference for cycloalkane (cyclooctane or
cyclotetradecane) whereas (tBuPCP)Ir showed a strong prefer-
ence for dehydrogenation of n-alkane.34

Inspection of DFT-based models or crystal structures13,29

of (tBuPOCOP)Ir and (tBuPCP)Ir complexes reveals that
the Caryl!O and O!P bonds of POCOP are shorter than the
corresponding Caryl!CH2 andCH2!Pbonds of PCP,while the
Caryl!O-P angle is greater than the Caryl!CH2!P angle
(Figure 3). As a result, the P!Ir!P angle is smaller, and
the gap between the opposing phosphino-t-butyl groups is
substantially less in (tBuPCP)Ir than in (tBuPOCOP)Ir (Figure 4).

DFT-based investigations of the origin of the respective
regioselectivity of the different fragments are ongoing, but
preliminary results suggest that terminal selectivity can arise

from either of two distinct sets of conditions. In the case of the
relatively uncrowded species (iPrPCP)Ir (or truncated computa-
tionalmodelswith even less severe crowding), C!Haddition is
the rate-determining step in alkane-to-metal hydrogen trans-
fer. C!H addition is in all cases more favorable at the terminal
position; therefore, R-olefin formation is favored by these less-
crowded species. In the case of themoderately crowded species
(tBuPOCOP)Ir, β-hydrogen elimination is slower and is rate-
determining; β-H elimination to give internal olefin is more
favorable than β-H elimination to give terminal olefin in this
case, for reasons based on electronic effects (including, per-
haps, the same factors that stabilize the free internal olefin, but
this remains to be determined). Finally in the case of the very
bulky species (tBuPCP)Ir, β-H elimination is still rate-determining
but severe crowding leads to domination of steric effects and
R-olefin formation is again favored.34

Heterogenized Alkane Metathesis Systems
For large-scale applications, the AM catalyst systems must be
heterogeneous for ease of catalyst separation and recycling.

SCHEME 6. Formation of (POCOP)Ir(H)(η3-allyl) and (POCOP)Ir(η2-propene)

FIGURE 4. Space-filling models of structures of (tBuPCP)Ir and
(tBuPOCOP)Ir (calculated usingDFTwith PBE functional)with closest H!H
distances indicated. From ref 33.FIGURE 3. From ref 33.
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Goldman, A. S., et al. Acc. Chem. Res. 2012, 45, 947
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Alkane Metathesis
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Fischer-Tropsch Process: 
!
(2n + 1)H2 + nCO → CnH(2n+2) + nH2O 
(Fe, Co or Ru as a catalyst) 
!
Sources of CO and H2:  

C + H2O → H2 + CO (Gasification of coal) 
-CH2- + H2O → CO + 2H2 (Gasification of  
-CH2- + 1/2O2 → CO + H2   natural gases)

Conversion of Feedstock to Liquid Fuel

Alkane Metathesis can convert a surplus of 
alkanes to those of more desirable numbers 
(e.g. C9 - C19 is valuable as a clean-burning 
         diesel component)

Goldman, A. S., et al. Acc. Chem. Res. 2012, 45, 947
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Product Concn (mM)
Ir catalyst time (h) C2 - C5 C7 - C9 C10 > C11 total (M) C10/(C7 - C10)

(tBu4PCP)IrH2 23 740 241 232 38 1.25 49.0
(tBu4POCOP)IrH2 24 1350 548 95 53 2.05 14.8

Reaction conditions: Ir catalyst (10 mM), 15 (16 mM), TBE (20 mM) in 7.6M n-hexane at 125 °C
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(
tBu4POCOP)Ir catalysts via three different methods: (1) cova-
lent attachment to a Merrifield resin, (2) covalent bonding to
silica, and (3) adsorption on γ-alumina. The (

tBu4POCOP)Ir
catalysts on Merrifield resin and silica showed low to moderate
activity for the transfer dehydrogenation of cyclooctane and were
reported to decompose under the reaction conditions. However,
(
tBu4PCP)Ir and (

tBu4POCOP)Ir derivatives possessing Lewis
basic para substituents (e.g., NMe2) bind strongly to γ-alumina
and form thermally robust and recyclable catalysts. These γ-
alumina-supported catalysts showed excellent activity toward
COA/TBE transfer-dehydrogenation, with turnover numbers
up to 7000 reported.

2.3. Alkane Metathesis
The ability to effect the metathesis of alkanes (which has

also been referred to as disproportionation or molecular re-
distribution82,83) has potential applications in fuel and bulk
chemical production (eq 7). Oil refining and natural gas processing
often yield a surplus of alkanes of certain carbon numbers;
metathesis could potentially convert these to alkanes of more
desirable molecular weights. A particularly promising applica-
tion of alkane metathesis is in the context of Fischer-Tropsch
(FT) catalysis. FT is likely to become increasingly important as
both gas and coal become more plentiful relative to petroleum
and perhaps as a route for the conversion of biomass to liquid
fuel.84-86 Moreover, world demand for diesel fuel, the major FT
fuel product, is increasing strongly relative to demand for gaso-
line, and this trend is projected to continue.87

H3C-ðCH2Þm-CH3 þH3C-ðCH2Þn-CH3 f

H3C-ðCH2Þmþn-x-CH3 þH3C-ðCH2Þx-CH3 ð7Þ

FT plants produce n-alkanes with carbon numbers ranging
from 1 to >100. Waxes, C20 or higher, are typically hydrocracked
to lower MW. The resulting fraction from ca. C9 to C19 is
particularly valuable as a clean-burning diesel component. This
leaves a large fraction of n-alkane from C3 to C8, which is not
in great demand as a transportation or heating fuel. Alkane
metathesis potentially offers a route toward converting this

fraction into the diesel range, along with lesser amounts (by
weight) of ethane.

The first example of alkane metathesis was achieved by
Burnett and Hughes82 in 1973 using a mixture of two hetero-
geneous catalysts. At 400 !C, platinum/alumina acted as an
alkane transfer-dehydrogenation catalyst, and tungsten oxide/
silica catalyzed the metathesis of the resulting olefins. The
reaction gave primarily n-alkanes, with a broad distribution of
chain lengths. Later, Basset reported that silica-supported tanta-
lum hydride complexes catalyzed alkane metathesis at lower
temperatures (typically 150 !C).88,89 However, reports have
been limited to low-MW reagents and products (mainly Cn <
C5), and yields and turnover numbers are relatively low. For
example, silica-supported tantalum hydrides catalyzed the me-
tathesis of propane to give 60 turnovers (6.1% conversion) after
120 h at 150 !C, producing mostly methane, ethane, and
butanes.90 Alumina-supported tungsten hydrides gave slightly
greater turnover numbers for propane metathesis.90

In 2006, Goldman, Brookhart, and co-workers reported alkane
metathesis by tandem alkane dehydrogenation and olefin me-
tathesis using combinations of an iridium pincer complex, 3 or
9a, and the Schrock catalyst 15.91 The pincer iridium complexes
act as transfer-dehydrogenation catalysts, while the metathe-
sized olefin products serve as hydrogen acceptors (Scheme 4).
The systems exhibit high efficiency with overall product con-
centrations of 1.25 and 2.05 M obtained from 7.6 M n-hexane
using 10 mM 3-H2 and 9a-H2, respectively, in combination with
15 (16 mM) after 1 day at 125 !C (eq 8 and Table 1).

The strategy underlying the tandem process is similar to that
of the “hydrogen-borrowing methodology”92,93 commonly used
in alcohol transformation, in which hydrogen is temporarily
removed from substrates to enhance or change their chemical
reactivity and is then returned to the products resulting from a
chemical transformation.

Table 1. Metathesis of n-Hexane by 3 or 9a and 15: Distribution of n-Alkanes and Selectivity for Decanea

product concn (mM)

Ir catalyst time (h) C2-C5 C7-C9 C10 >C11 total product concn (M) C10/(C7-C10) (%)

(
tBu4PCP)IrHn (3) 23 740 241 232 38 1.25 49.0

(
tBu4POCOP)IrH2 (9a) 24 1350 548 95 53 2.05 14.8

aReaction conditions: 3 or 9a (10 mM), 15 (16 mM), TBE (20 mM) in 7.6 M n-hexane at 125 !C.

Scheme 4. Proposed Mechanism of Dual-Catalyst Alkane Metathesis

Goldman, A. S., Brookhart. M., et al. Science 2006, 312, 257

Hydrogen Autotransfer
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In what may be viewed as the ideal case, the pincer iridium
catalyst effects dehydrogenation of Cn n-alkane at the terminal
position to give R-olefin (as given in Scheme 4). Olefin metath-
esis then yields ethylene and the C2n-2 olefin, which are
hydrogenated to the corresponding alkanes. When 9a was used
as the dehydrogenation catalyst, however, there was no selectivity
for such products; instead the most abundant products were the
Cnþ1 and Cn-1 n-alkanes with decreasing amounts as the carbon
number either increased or decreased from the carbon number of
the substrate. In the case of 3, the most abundant heavy product
was in fact the C2n-2 n-alkane (specifically, n-decane from n-
hexane) although selectivity was far from complete. The n-
decane represented 49% of the total of “primary” heavy products
(n-heptane, n-octane, n-nonane, and n-decane; higher MWs
presumably result from the secondary metathesis of the primary
alkane products).

It was initially proposed that primary products other than
C2n-2 and ethane were predominantly formed via isomerization,
prior to olefin metathesis, of the presumed R-olefin dehydro-
genation product (Scheme 5b). Indeed, the known terminal
regioselectivity72 of n-alkane dehydrogenation by 3 would seem
to require isomerization to account for the relatively modest
selectivity observed in the alkane metathesis. However, the
complete lack of MW selectivity in alkane metathesis by 9a
may be more attributable to a lack of regioselectivity in the initial
n-alkane dehydrogenation by this catalyst.65,76

Differences in catalyst resting states were observed for alkane
metathesis reactions catalyzed by 3-H2 and 9a-H2. For
(
tBu4PCP)Ir, the corresponding dihydride complex was observed
to be the catalyst resting state, implying that olefin hydrogenation
is likely the turnover-limiting step. For (

tBu4POCOP)Ir, olefin-
coordinated complexes were found to be the resting state, so loss
of olefin from (

tBu4POCOP)Ir(olefin) followed by n-alkane
dehydrogenation is likely to be the turnover-limiting sequence.
This situation is related to that of the 3-catalyzed COA/TBE
transfer-dehydrogenation (Scheme 1) wherein, depending

upon the concentration of TBE, the turnover-limiting step could
be either half of the overall cycle. (Note that under the alkane
metathesis reaction conditions the steady-state concentration of
olefin is very low and, accordingly, the hydrogenation part of the
cycle is turnover-limiting in the case of alkane metathesis
using 3.)

Turnover numbers resulting from alkane metathesis by 3 and
15, or by 9a and 15, are limited by the decomposition of the
olefinmetathesis catalyst 15; this is not unexpected in view of the
required high temperatures and long reaction times. This con-
clusion was confirmed by experiments in which addition of 15 to
alkane metathesis reaction samples reinitiated catalytic activity
after it had ceased. Therefore, a more thermally stable olefin
metathesis catalyst, Re2O7/Al2O3, was investigated in lieu of 15.
This heterogeneous system was less reactive than the homo-
geneous Schrock complex 15, requiring a higher temperature
(175 !C) to achieve similar (although still slower) reaction rates.
However, the reaction system indeed maintained catalytic activ-
ity for a longer period of time. The combination of 3-H2 (9 mM)
and Re2O7/Al2O3 (16 mM effective Re2O7 concentration)
yielded 3.62 M total n-alkane products (from C2 to C28) from
5.1 M n-decane after 11 days at 175 !C. The p-methoxy-
substituted catalyst 6b-H4 gave even higher conversion, 4.37 M
after 9 days.91

As noted above, Lewis basic substituents at the para position
of the pincer ligands allow binding to γ-alumina without
inhibiting catalytic dehydrogenation activity (Figure 4). Such
systems, in combination with Re2O7/Al2O3, have been investi-
gated for alkane metathesis and have afforded even greater
turnover numbers.94 Quite interestingly, the γ-alumina-sup-
ported dehydrogenation catalysts are compatible not only with
Re2O7/Al2O3, but also with the Schrock catalyst 15. Under these
conditions, the Mo catalyst 15 is bound to alumina, a
support which has not been previously reported for Schrock-
type catalysts; the nature of this binding has not yet been
determined.94

Scheme 5. Product Formation Pathways for n-Hexane Metathesis: (a) Ideal Pathway To Produce n-Decane and Ethane
Selectively, (b) Possible Pathway for Formation of n-Pentane and n-Heptane

Figure 4. Iridium pincer complexes immobilized on alumina.
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“Hydrogen Autotransfer” strategy

which catalytic steps require base, a basic moiety (located
within a bifunctional ligand, or as a reactant) is seen as a
requirement for a dehydrogenation mechanism via a mono-
hydride intermediate.41

The first report of N-alkylation via homogeneous catalysis
was by Grigg and co-workers in 1981.48 Heterogeneous
catalysts such as Cu49 and Pd50 had previously shown activity
for this reaction. After finding that imines could be hydro-
genated by alcohols via hydrogen transfer catalyzed by
[RhH(PPh3)4],51 Grigg and co-workers attempted an N-
alkylation of alcohols, no doubt with the expectation that
the aldehyde generated from oxidizing the alcohol would
react with an amine to form an imine in situ. Several iridium,
rhodium, and ruthenium complexes were shown to be
competent for the formation of secondary and tertiary amines
from alcohols and primary or secondary alkyl amines under
mild conditions (Scheme 9).48 The synthesis of N-heterocy-
cles from amino alcohols was also reported. Watanabe
demonstrated an N-alkylation of an azole with methanol
using [RhH(PPh3)4] under harsh conditions.52 Several ruthe-
nium complexes and iridium catalysts were also capable of
the transformation with higher yields.

3.2.1. Ruthenium Catalysis

Several ruthenium compounds (Chart 1) give N-alkylation
of alcohols, with much early work performed by Murahashi
and co-workers and Watanabe and co-workers (Scheme 10).53

A wide variety of amines have been utilized in N-alkylation
reactions. In 1982, Murahashi and co-workers showed
aliphatic amines are competent substrates for N-alkylation
using a [RuH2(PPh3)4] catalyst (3).54 Curiously, aryl amines
were ineffective substrates for this catalytic system, as
they were for Grigg’s Rh hydride complex. However,
aminoarenes were used with success both by Watanabe et
al. and by others using [RuCl2(PPh3)3] (4)55 and monophos-
phine complexes of type [RuCl3L].56 N-Alkylation of het-
erocyclic aryl amines has also been reported using a variety
of ruthenium complexes.57 Ammonium salts have been
utilized as a nitrogen source in a N-alkylation reaction using
[RuH2(PPh3)4].58

Watanabe identified a selectivity advantage in an early
N-alkylation report.55c Selectivity for conventional monoalky-
lation of primary amines poses a challenge where the
monosubstituted amine product from the first alkylation,
being a more nucleophilic base than the amine starting
material, can preferentially attack the electrophile. This effect
is seen in conventional N-alkylations using alkyl halides,
leading to a mixture of differently alkylated products. A great
advantage of the alcohol activation strategy is that the initial
secondary amines formed by alkylation of a primary amine
tend not to react further because this would require the
formation of an iminium cation as an intermediate; its
formation tends to be unfavorable, particularly in the
nonpolar solvents often used for N-alkylation reactions.
Watanabe demonstrated that different ruthenium catalysts
show widely varying selectivity in N-alkylations with both
mono- and dialkylated amines possible, depending on the
complex employed and the conditions used (Scheme 11).57

Additionally, it was shown that more sterically encumbered
amines are generally poorer substrates for N-alkylation.

Selectivity for monoalkylation has been well established
in several systems. The [RuCl2(PPh3)3] complex was shown
to selectively convert primary amines to N,N-dialkylated
amines with longer reaction times and excess alcohol;55a

conversely, monoalkylated amines can be generated in good
yield by utilizing equimolar amounts of alcohol.55c Watanabe
and co-workers found that of several ruthenium complexes,

Scheme 9. N-Alkylation Products Generated Using
[RhH(PPh3)4] as Catalyst48

Chart 1. Ruthenium Catalyst Precursors for the Alkylation of Amines with Alcohols

Scheme 10. Ruthenium-Catalyzed Amine Alkylation
Reactions54,55a,d,e
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R,! unsaturated imine is apparently reduced to the amine;
no quinoline is isolated.113

3.3.2. Activated Methylene Nucleophiles

Beyond enolate chemistry, several Knoevenagel-type ad-
ditions have been performed within the context of dehydro-
genative activation (Chart 3 and Scheme 28). Early work
found that fluorene alkylation could be achieved with ethanol
using sodium ethoxide at high temperatures (210-220 °C).114

Grigg and co-workers reported some of the first examples
of homogeneous transition-metal-catalyzed C-C bond for-
mation via alcohol activation.115 An aryl acetonitrile was
alkylated by primary alcohols in the presence of stoichio-
metric base using several rhodium catalysts as well as
[RuH2(PPh3)4]. Grigg later reported this transformation using
[Cp*IrCl2]2 with stoichiometric KOH,116 and it has been
reported elsewhere using iridium and rhenium hydrides.117

Grigg and co-workers also reported the use of other activated
nucleophiles,118 including indoles.119 Madsen recently re-
ported an analogous addition using oxindoles as activated
nucleophiles.120

Ishii and co-workers also investigated the activity of
[Ir(cod)Cl2] in the presence of PPh3 for alkylation and found
that several activated methylene species, including alkyl
cyanoacetates and !-keto nitriles, could be utilized in the
absence of base, albeit at slightly higher temperatures.121 The
ability of this catalyst to function without base suggests that
unlike many other alcohol activation catalysts, a metal
dihydride intermediate may be formed in the catalytic cycle,
with hydride now acting as an internal base. Williams
achieved a similar result with [Ru(PPh3)3(CO)H2] and
xantphos in the presence of a mild base.122

Williams explored the nitro aldol reaction in the context
of hydrogen transfer reactions as well as analogous reactions
with other nucleophiles.122,123 [Ir(cod)Cl2] and dppf are added
to form the active catalyst in situ in the presence of mild
base. It was found that the addition of a suitable hydrogen
acceptor, such as crotononitrile, allows access to the unsatur-
ated products prior to their reduction.124

Williams and co-workers also explored ruthenium com-
plexes for alkylation of activated methylene species with
alcohols.32e Mild base, [Ru(PPh3)3(CO)H2], and xantphos
effected the reaction in good yield. In an interesting
mechanistic result, alkane side products were traced to an

inhibiting decarbonylation side reaction in transfer hydro-
genation reactions of primary alcohols. Williams saw de-
carbonylation products when the active catalysts was exposed
to an aldehyde and suggested that the ability of a complex
to perform decarbonylation is related to its capacity for
certain alcohol activation processes. Other results support
this claim: [Ir(cod)Cl]2, a precursor to catalysts active for
alcohol activation, has been used in a decarbonylation of
aldehydes under similar reaction conditions.125 Ruthenium
phosphine hydride species, similar to complexes employed
in alcohol activation reactions, have also been seen to
perform decarbonylation.32b Williams and co-workers later
attempted to improve the reaction by synthesizing a Ru-NHC
xantphos catalyst but found that the resulting complexes were
susceptible to intramolecular C-H activation of the NHC
side chains.126

An interesting advance from Williams and co-workers uses
generated aldehydes as coupling partners in Wittig-type
reactions (Scheme 29).123a,127 The nascent aldehyde generated
from dehydrogenation reacts with a phosphonium ylide, and
the resulting adduct is reduced. By the aza-Wittig reaction,128

amine products were also generated using this strategy by
analogous reaction with an iminophosphorane (Scheme 30).86

In addition to [Ir(cod)Cl]2/dppf, Williams et al. also utilized
[Ru(PPh3)3(CO)H2] and Ru-NHC complex 22 successfully
for this transformation, which could perform the reaction in

Chart 3. Representative Activated Nucleophiles Employed in Alcohol Activation Reactions

Scheme 28. Alkylation of Activated Nucleophiles by
Alcohols

Scheme 29. An Oxidation-Wittig-Reduction Pathway for
Alcohols

Scheme 30. Wittig-Type Processes within an Alcohol
Activation Sequence86,127b
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mechanism due to the inability of [RuH2(PPh3)4] to form
esters from aldehydes in substantial yields under the condi-
tions employed for alcohol esterification.132c Shvo’s complex,
[(η4-C4Ph4CO)Ru(CO)3]2 (30), is capable of Tishchenko
reactions133 as well as oxidative esterification.43 These
ruthenium complexes as well as Ru3(CO)12

134 are capable
of ester and lactone formation at elevated temperatures in
the absence of base. Shvo’s complex and RuH2(PPh3)4 are
capable of performing acceptorless dehydrogenation (pre-
sumably through formation of a ruthenium hydride), where
Ru3(CO)12 requires a hydrogen acceptor. If Ru3(CO)12 is
reacted with diols besides 1,4 and 1,5 diols, polyesters are
synthesized.135 Lactone formation was performed using
ruthenium bis-phosphine diamine complex 27, capable of
an acceptorless dehydrogenation at elevated temperatures.136

Another complex with activity for oxidative esterification
is Ru PNN pincer complex 28 developed by Milstein and
co-workers, which gives dehydrogenation of primary alcohols
to esters in the absence of base (Scheme 35).137 This same
complex was found to perform acceptorless oxidative ami-
dation as well (see section 3.4.2).

Heterocoupled products have also been seen in oxidative
esterification using ruthenium catalysts by using methanol
as a coupling partner. Williams and co-workers demonstrated

the synthesis of methyl esters from primary alcohols in the
presence of methanol. The [Ru(PPh3)3(CO)H2]/xantphos
system demonstrated good activity for this reaction in the
presence of a hydrogen acceptor (crotonitrile).124b,138 Grütz-
macher and co-workers have seen oxidations to esters and
carboxylic acids using cationic rhodium catalyst precursor
31 at room temperature using a hydrogen acceptor (Scheme
36).139 The neutral complex is competent for oxidative
amidation (section 3.4.2).

Several iridium metal species are also known to catalyze
this reaction, including an iridium hydride species140 and a
Cp*Ir complex with a chelating N,O ligand (29, Chart 4)
capable of reaction at room temperature in the presence of
acetone.141 A similar catalyst was employed for a Tishchenko
reaction of aldehydes at room temperature in the presence
of base.142 An asymmetric variant of this lactonization
methodology was successfully performed using a chiral N,O
ligand from prochiral diols (Scheme 37).143 Ishii et al. have
shown that [Ir(coe)Cl]2 (26, Chart 4) can perform the
oxidative dimerization of primary alcohols to esters without
base in the presence of air.144

Two alcohols can form other products besides esters via
dehydrogenative activation. Milstein and co-workers found
the formation of acetals upon reaction of alcohols with Ru
PNP pincer complex 7 with extrusion of dihydrogen (Scheme
38).145 The ester is obtained in the presence of base, while
at neutral conditions the acetal is formed. Peris and co-
workers found that a Cp*Ir NHC complex can perform
etherification of alcohols (an alcohol/alcohol coupling).81

3.4.2. Amide Formation

Amide bond construction appears to be conceptually
similar to ester formation from the perspective of the
oxidation state changes, but the competing N-alkylation
process greatly complicates the picture (Scheme 39). Cur-
rently there is little mechanistic information suggesting to

Scheme 34. Oxidative Esterification of Primary
Alcohols132c,136

Chart 4. Catalyst Precursors for the Oxidative
Esterification of Primary Alcohols

Scheme 35. Acceptorless Oxidative Esterification of Primary
Alcohols137

Scheme 36. Dehydrogenative Activation Products in the
Carboxylic Acid Oxidation State139

Scheme 37. Asymmetric Lactone Formation from a
Meso-Diol143
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what extent the N-alkylation and alcohol amidation pathways
may overlap. The number of complexes so far found to be
active for amide formation is far smaller than the wide array
of catalysts active for N-alkylation (Chart 5).

Murahashi saw the formation of an amide from alcohol
and amine using [RuH2(PPh3)4] in the presence of a hydrogen
acceptor (Scheme 40).146 Five- and six-membered lactam
rings were synthesized from amino alcohols in an intramo-
lecular process. The addition of two equivalents of water to
the reaction mixture was required to form the lactam product;
without it, the authors report forming cyclic amines. As both
N-alkylation and amidation likely proceed through a hemi-
aminal intermediate, presumably the presence of water
inhibits dehydration to generate the imine. Instead, the
hemiaminal is irreversibly dehydrogenated, forming an
amide. It is currently unclear what properties predispose a
complex for one pathway or the other, and more mechanistic
studies are needed. Water has an inhibitory effect on the same
catalyst in the Tishchenko reaction of aldehydes.131 A
rhodium-based catalyst was later found to generate cyclic
5-, 6-, and 7-membered lactams from aromatic amino
alcohols.147 [Cp*RhCl2]2 was employed as a catalyst in the
presence of acetone as a hydrogen acceptor and mild base.
A sealed tube was required to attain temperatures (100 °C)
where good yields could be reached.

Milstein and co-workers performed a similar transforma-
tion in the absence of a hydrogen acceptor (Scheme 41).148

Dihydrogen gas is evolved as the substrate is oxidized.
Notably, the reaction can be performed in an intermolecular
fashion; aliphatic primary alcohols and primary and second-
ary amines were successfully used to form secondary and
tertiary amides in excellent yields. The PNN-pincer ruthe-
nium complex 28 employed as catalyst functions in the

absence of base or catalyst activators. The authors think that
the pincer ligand, which contains an unusual dearomatized
ring, can alternatively aromatize and dearomatize during the
catalytic cycle to facilitate the formation of dihydrogen. This
reaction can also be performed in the presence of a Ru-NHC
complex, as reported by Madsen and co-workers (Scheme
41).149 They form the active complex in situ from [Ru-
(cod)Cl2] (34, Chart 5), imidazolium salt 35, phosphine 36,
and catalytic base added to the reaction mixture. Secondary
amides were formed in good to excellent yields, and a single
tertiary amide was reported in fair yield. Longer reaction
times were needed than in the Milstein report. Williams and
co-workers reported the formation of amides from alcohols
and amines from [Ru(p-cymene)Cl]2 in the presence of dppb
and Cs2CO3 and a hydrogen acceptor in refluxing tert-
butanol.150

Grützmacher and co-workers have seen an array of net
oxidations of alcohols to amides using hydrogen acceptor
37 and rhodium complex 33 with unprecedented activity at
room temperature (Scheme 42).139 Both primary amines and
ammonia were successfully employed to generate primary

Scheme 40. Lactam Synthesis from Amino Alcohols146

Scheme 41. Intermolecular Amide Bond Formation via
Dehydrogenative Alcohol Activation148,149

Scheme 38. Base-Dependent Selectivity in an Acetal and
Ester Formation145

Scheme 39. Possible Products from Alcohol Activation in the Presence of Amine

Chart 5. Precursor Complexes Implicated in the Amide Formation from Amines and Alcohols
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Metal!Ligand Cooperation Gunanathan and Milstein

Interestingly, dearomatization of the central acridine ring
was also observed upon reaction of 34 with ammonia,
leading to complex 37 (Scheme 12). The X-ray structure of
37 shows an unusual fac configuration of the PNP ligand.
Presumably, decoordination of the acridine nitrogen fol-
lowed by NH3 coordination places the bent acridine ring in
a favorable position for hydride transfer to C9. The flexibility
of the acridine PNP ligand enables formation of both mer
(i.e., 34!36) and fac (i.e., 37) PNP complexes.

Facile Transformation of Alcohols into Esters,
Amides, and Imines with Liberation of H2

Esters, amides, imines, and amines are important funda-
mental building blocks in the chemical industry. Conven-
tional syntheses of these compounds involve carboxylic
acids and their derivatives, often using promoters or cou-
pling reagents and leading to much waste.23,24 Green
processes for their production are highly desirable. Guided
by our metal!ligand cooperation studies, we have devel-
oped catalytic processes for the syntheses of these products
directly from alcohols with liberation of molecular H2 (or H2O)
as the only byproduct, using no toxic reagents and producing
no waste.

Reaction of the dearomatized complex 11 with alcohols
results in O!H activation to provide the aromatic coordina-
tively saturatedhydrido!alkoxy complex38 (Scheme13). This
observation, together with the fact that dearomatized pincer
complexes react with H2 reversibly to form trans-dihydrides
(Scheme 2), suggested to us the possibility of new catalytic
reactionsbasedon thedehydrogenationof alcohols7 (Figure5).

Refluxing a toluene solution of primary alcohols with
complex 11 (0.1 mol %) as catalyst resulted in formation
of the corresponding esters in excellent yieldswith liberation
of H2 (Scheme 14).7 Ester yields of over 90% (TON > 900)
were obtained undermild, neutral conditions. Only traces of
aldehydes were formed. As opposed to the normal ester-
ification of an acid and alcohol, in which an equilibrium
mixture is generated, the evolved hydrogen shifts the equi-
librium toward completion.

Mechanistically ester formation could occur by a Tischen-
ko type condensation,25 or hemiacetal formation followed
by its dehydrogenation.26 Our studies establish that the
latter pathway is operative.7 Thus, no ester is formed upon
reaction of benzaldehyde with a catalytic amount of 11,
while reaction of equivalent amounts of benzaldehyde and
benzyl alcohol results in quantitative formation of benzyl
benzoate (Scheme 15).7

The dehydrogenative coupling of alcohols can be carried
out using the air stable saturated complexes 4 or 10 as
precatalysts in the presence of one equivalent of base
(relative to these complexes).7,27 Similarly, 7 catalyzes the
acceptorless dehydrogenation of secondary alcohols to
ketones.28

Furthermore, complex 11 catalyzes the acylation of sec-
ondary alcohols by nonactivated esters, such as ethyl acet-
ate, with liberation of H2 (Scheme 16).29 When symmetrical
esters are used as acylating substrates, both the acyl and
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probably forming a Ru(0) intermediate 30, which converts to
complex 11 by protonmigration from themethylene group of
the phosphine arm to the ruthenium center. The liberated
hydrogen peroxide is then rapidly catalytically decomposed
(possibly by 11, which is, as we have observed in a separate
experiment, an excellent catalyst for H2O2 disproportionation)
into dioxygen and water. This is a new approach toward a
complete cycle for thegenerationof dihydrogenanddioxygen
fromwater promoted by a solublemetal complex. In addition,
isotopic labeling experiments using H2

17O and H2
18O demon-

strateunequivocally that theprocess of oxygen!oxygenbond
formation is intramolecular, establishing a fundamentally
new mode of O!O bond formation, by photolytic coupling
of OH groups. DFT calculations by Hall show that the
photolytic reductive elimination of H2O2 can take place
from a dissociative triplet state via a singlet!triplet

crossing.18b Another DFT study by Fang concludes that a

lower energy pathway for triplet O2 formation, consistent
with all experimental findings, involves a nonadiabatic

two-step process in which concerted hydrogen transfer

and dehydration involving two molecules of complex 29
take place. ThisO!Obond formation is intramolecular, and

occurs along the T1 pathway, as a result of the S1 to T1

intersystem crossing being very efficient.18c

b. N!H Activation. N!H activation by metal!ligand co-
operation involving ligand aromatization was demonstrated
with the dearomatized complex 8. When 8 was reacted with
electron-poor anilines, N!H activation took place with proton
transfer to the unsaturated ligandarm, leading to aromatization
of the central pyridine ring (Scheme 10).19 4-Nitroaniline and
2-chloro-4-nitroaniline reacted at room temperature with 8 to
provide the complexes 32a and 32b, respectively. Reactions of
2-bromoaniline and 3,4-dichloroaniline resulted in equilibria
involving the activated aromatic complexes 32c and 32d,
and the starting 8, even in the presence of an excess of the
halogenated anilines. The reversibility of N!H bond acti-
vation at room temperature in these complexes suggests
that the barrier for this process is low and that potential
catalytic cycles based on such systems could readily elim-
inate product amines.

Thermodynamically, coordinated amine complexes of
type 31 are the preferred forms for electron rich amines
and ammonia. When ND3 was reacted with complex 8,
formation of the deuterated complex 33 was observed after
5 min at room temperature, indicating N!D activation
(Scheme 11). The reaction is highly stereospecific, and only
one of the two CH2 arm hydrogen signals in the 1H NMR
spectrum disappeared. No exchange of the vinylic hydrogen
took place. Such dramatic selectivity suggests that the activa-
tion process occurs on only one face of the ligand in an
intramolecular manner with one coordinated molecule of
ND3. The reverse reaction would affect only the (endo)
hydrogen on the same face as the coordinated ND3 moiety.
This result also suggests that N!H activation, and perhaps
O!Hactivation (seebelow) of other substrates,might occur in
a stereoselective fashion.

Upon heating complex 8 with an excess of isopropyla-
mine at 80 !C in a closed NMR tube, formation of the trans-
dihydride 9 was observed. Presumably, after N!H activa-
tion, H2 elimination involving the hydride ligand and
an arm proton takes place, as suggested for complex 28

SCHEME 10

SCHEME 11
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methylene carbon). Deprotonation of the armmethylene by
Ir (30!230) is endergonic (ΔG298 = 11.1 kcalmol!1). Transition
states involved in the direct deprotonation by Ir (ΔG‡

298 =
35.9 kcal mol!1) involving one water molecule (ΔG‡

298 =
26.5 kcal mol!1) and two water molecules (ΔG‡

298 = 20.7
kcal mol!1) were identified as depicted in Figure 3. The
smaller barrier involving two water molecules is reasonable

for a room temperature reaction.
Like the Ir(I) phenyl complex 3, the Ir(I) acetonyl complex

19 also reacts with H2 (1 equiv) in benzene-d6 to provide
exclusively the trans-dihydride Ir(III) complex 26, whose
structure was corroborated by an X-ray diffraction study

(Scheme 7).13 Further, reaction of 19 with D2 in benzene

leads to formation of the trans-H!Ir!D complex 27, with

incorporation of one deuterium atom in the benzylic

position. Mechanistically, H2 and D2 activation proceed via
intermediacy of the Ir(III) complex 21. DFT studies reveal
similar reactivity patterns of phenyl and acetonyl complexes
3 and 19.

Cooperative H2 activation and catalytic ammonia borane
dehydrogenation by aliphatic pincer PNP-Ru complexes
were recently reported.16

O!H and N!H Activation Based on
Metal!Ligand Cooperation

a. Water Splitting. The dearomatized PNN complex 11
readily cleaves the O!H bond of water. Upon reaction with
water at room temperature, aromatization takes place to
quantitatively form the trans-hydrido!hydroxo complex 28
(Scheme 8).17 This compound is probably formed by a
mechanism involving water coordination at the vacant site
trans to the hydride, followed by proton migration to the
side arm, as indicated by DFT studies.18

Interestingly, further reaction of complex28withwater at
100 !C releases H2 and forms the cis-dihydroxo complex 29.
DFT studies, independently carried out by Yoshizawa et
al.18a and Hall and Yang,18b indicate that this process
involves H2 liberation from 28 by coupling of the hydride
ligandwith a proton from the side arm, followed by addition
of H2O to the generated dearomatized intermediate. Sig-
nificantly, irradiation of complex 29 in the 320!420 nm
range results in O2 liberation with regeneration of complex
28 (Scheme 8). Combining these separate stoichiometric
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SCHEME 5

SCHEME 6

C-H and H-H Activation by PNP-Ir

!33
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DFT studies, independently carried out by Yoshizawa et
al.18a and Hall and Yang,18b indicate that this process
involves H2 liberation from 28 by coupling of the hydride
ligandwith a proton from the side arm, followed by addition
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nificantly, irradiation of complex 29 in the 320!420 nm
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reactions, a stepwise cycle inwhichH2andO2are released in
consecutive steps is attained (Scheme 9). Following the
thermal reaction of complex 28 with water to liberate

dihydrogen and give complex 29, photolysis of 29 may
release hydrogen peroxide by reductive elimination,

FIGURE 3. M06/SDD optimized structures of TS(30!230)þ nH2O (from top
to bottom: n=0, 1, 2). Symbol (0) indicates themodel complexes with PMe2
ligands. H's on methyl groups are omitted for clarity. Structures modified
from ref 14. Reproduced by permission of The Royal Society of Chemistry.
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imine hydrogenation taking place (Scheme 20). A range of

alcohols andamines containing either electron-donating or -

withdrawing substituents react to yield the corresponding

imines in very good yields. Sterically hindered amines are

also tolerated. This new catalytic reaction works very well in

the challenging synthesis of unstable aliphatic imines. Con-

venient to practical applications, the reaction can be carried

out in air.35

A common, simplified catalytic cycle for the direct ester-
ification, amidation, and imination reactions based on alco-
hols with liberation of hydrogen is proposed in Figure 6.
Upon reaction of dearomatized complexes (5, 8, or 11) with
alcohols, facile O!H activation takes place to provide the
saturated hydrido-alkoxy complexes. This is followed by β-
hydride elimination, the mechanism of which is not clear at
this stage. It may occur by arm opening to provide a cis
coordination site, as depicted in Figure 6, but other mechan-
isms are also possible, including alkoxide dissociation from
the saturated complex accompanied by hydride abstraction.36

This step generates an intermediate aldehyde and the
known trans-dihydride complexes (6, 9, or 12, respectively),
which were demonstrated to liberate H2 and regenerate the
dearomatized complexes. The generated aldehyde is in

equilibrium with the corresponding hemiacetal (X = O),
which undergoes a similar catalytic cycle providing the
ester.7 In the presence of amines, the course of reaction
differs based on L2 (i.e., P

tBu2 or NEt2). With the PNN complex

11, the intermediate hemiaminal (X = NH, but see next
paragraph) undergoes dehydrogenation to provide amides,31

SCHEME 20

FIGURE6. Proposed simplified catalytic cycle for the synthesis of esters,
amides, and imines from alcohols, catalyzed by PNP and PNN ruthe-
nium pincer complexes. Note that mechanisms not involving amine
arm dissociation are also possible (see text).
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amine (34.6 %; Table 1, entry 6). 2-Phenylethanol reacted
similarly but the formation of secondary amines was less
favored (Table 1, entry 7). 2-methoxyethanol exhibited very
good selectivity for the primary amine, providing 2-methoxy-
ethylamine in 94.5 % yield (Table 1, entry 8). Although the
selectivity for linear aliphatic primary amines is still to be
improved, excellent selectivity was attained for the synthesis
of aryl and heteroaryl methylamines. Increasing the steric
hindrance at the b-position of alkyl alcohols diminished the
formation of imines and the corresponding secondary amines
and hence increased the selectivity and yields of primary
amines (Table 1, entries 9–11). It is noteworthy that the
strained four-membered ring in the oxetane alcohol (Table 1,
entry 11) remained intact, resulting in high yield of the
primary amine. The reaction took place effectively also in
neat alcohols, requiring no added solvent (Table 1, entries 6,
9).

Since the generation of a stoichiometric amount of water
in the reaction did not adversely affect the catalysis by
complex 1, we explored the possibility of using water as a
reaction medium. Interestingly, the direct amination of
alcohols with ammonia by complex 1 proceeded “on water”
very well with excellent selectivity for primary amines. While
water is the natural, “greenest” possible solvent, its current
applications in catalysis are limited.[25] The presence of water
in large excess was advantageous since it may have led to the
hydrolysis of imines formed from further reactions of the
primary amines, and thus enhanced the selectivity towards
primary amines (Table 2, entries 1–3). The benzyl alcohols
and phenethyl alcohol, which are insoluble in water at room
temperature, formed a homogeneous solution on heating and
thus the reaction might be considered “in water”. Aliphatic

alcohols such as 1-hexanol were not miscible with water even
on heating and the reaction took place “on water” (Table 2,
entry 4).[26] Surprisingly, when water-soluble alcohols (pyri-
din-2-yl-methanol and 2-methoxyethanol) were subjected to
direct amination reaction “in water”, the reaction became
very sluggish even after prolonged heating (30 h) and the
conversions were minimal,[27] in sharp contrast to excellent
reactions in toluene (Table 2, entries 4 and 8).

Although reactions in water alone do not improve the
selectivity to the linear aliphatic primary amines, they have
several practical advantages as the aqueous and organic layers
separate at the end of the reaction upon cooling, and further
purification of products could be carried out by vacuum
distillation. The selectivity for the linear primary amines is
improved by the use of co-solvents such as toluene or dioxane
in water (Table 2, entries 5–7).

Although insufficient data exist at present to describe a
detailed mechanism, a possible mechanism for the direct
amination of alcohols with ammonia by complex 1 could
involve intermediate aldehydes as delineated in Scheme 4.
The aldehyde can react with ammonia to generate a hemi-
aminal intermediate D. Upon water elimination, the hemi-
aminal forms a terminal imine E which is reduced to a
primary amine by the ruthenium dihydride intermediate C
(transfer hydrogenations or “borrowing hydrogen”).[28]

Table 2: Direct synthesis of amines from alcohols and ammonia
catalyzed by the ruthenium complex 1 in and on water.[a]

Entry RCH2OH t [h] Conv. RCH2NH2 Yield
[%][b]

1 18 100 95.4 (86)

2 18 100 91.7

3 36 100 80.4[c]

4 24 92.4 54.8[d]

5[e] 28 89.4 74.3

6[f ] 30 99 79.7

7[f ] 30 98.7 70.0

[a] Complex 1 (0.01 mmol), alcohol (10 mmol), ammonia (7.5 atm), and
water (3 mL) were heated at reflux in a Fischer–Porter reactor.[23]

Conversion of alcohols and yield of products were analyzed by GC;
yield of isolated product in parenthesis. [b] Corresponding imine was the
major byproduct in entries 1–3; corresponding acid was the byproduct in
entries 5–7. [c] Corresponding acids were found in aqueous layer.
[d] Hexamide was found in aqueous layer. [e] Mixture of 2 mL water
and 2 mL toluene was used as solvent. [f ] Mixture of 1 mL water and
2 mL dioxane was used as solvent.

Scheme 4. Proposed mechanism for the direct amination of alcohols
with ammonia catalyzed by complex 1.
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complex 33 was synthesized and displayed efficient catalytic
activity for transfer dehydrogenation of alcohols in the presence
of a base (eq 23).143 Advantages associated with this system
include high functional group tolerance and the ability to per-
form the reaction in air.

Primary and secondary amines are also subject to dehydro-
genation by pincer iridium complexes. Jensen and Morales-
Morales reported that 3-H2 catalyzed the dehydrogenation of
secondary amines to form imines (eq 24).144 Two possible
pathways for dehydrogenation of secondary amines were pro-
posed: (1) initial N-H addition followed by β-H(alkyl) elim-
ination or (2) initial C-H addition followed by β-H(amino)
elimination. The authors favored the N-H bond activation
pathway, which may receive some support from Hartwig and
Goldman’s reports of facile N-H bond activation by pincer
iridium complexes.145,146 Unlike the dehydrogenation of tertiary
amines,111 the dehydrogenation of secondary amines was con-
ducted at very high temperature (200 !C).

The reaction of 3 with N-ethyl-substituted secondary
amines at ambient temperature has been reported by Zhang
et al. to effect the stoichiometric dehydrogenation and
cleavage of the aminoethyl C-C bond, giving two isomers of
(PCP)Ir(H)(Me)(CNR), 34a and 34b.147 The proposed mech-
anism is shown in Scheme 11. The initial step involves the
dehydrogenation of a secondary amine to generate an imine, as
reported in the work by Jensen and Morales-Morales. Oxidative
addition of the resulting sp2 C-H bond gives an iminoacyl

hydride. In analogy to metal acyl decarbonylation (CO
deinsertion), migration of the imino methyl group to iridium
gives isomeric isonitrile complexes 34a and 34b. Formation of
these species, which are stable and presumably catalytically
inactive at ambient temperature, can explain the need for
elevated temperatures observed by Jensen and Morales-Morales
and the less than quantitative yields of simple dehydrogenated
product.144

The transfer-dehydrogenation of primary amines by
(
tBu4POCOP)Ir (9a) has been reported to yield nitriles
(Scheme 12).148 The mechanism of this reaction was extensively
investigated in a series of kinetic and isotopic labeling experi-
ments. Oxidative addition of an amine N-H bond, followed by
turnover-limiting β-hydride elimination, produced intermediate
37, which was readily converted to nitrile complex 38 via
dehydrogenation. An equilibrium study and kinetic isotope effect
measurements indicated that pre-equilibria (among 38, 35, and
36) before the turnover-limiting β-hydride elimination signifi-
cantly affected the overall reaction rate. Surprisingly, the conver-
sion of imines to nitriles (37 to 38) was apparently a rapid step.

4. RELATED REACTIONS

4.1. Hydrogenation of CdO Bonds
Pincer iridium complexes have been found to be effective for

the catalytic hydrogenation of ketones and aldehydes under mild
conditions. Abdur-Rashid, Gusev, and co-workers reported
that air-stable [(iPr2PC2H4)2NH]IrH2Cl (32) catalyzed the
transfer-hydrogenation of various ketones with 2-propanol in
the presence of KOtBu.149 The amidodihydride complex
[(iPr2PC2H4)2N]IrH2 (39) and trihydride complex
[(iPr2PC2H4)2NH]IrH3 (40), synthesized independently, were
also catalytically active, without requiring the use of base. These
complexes were also able to catalyze ketone hydrogenation under
a dihydrogen atmosphere.150 An ionic hydrogenation mecha-
nism was proposed (Scheme 13), related to the mechanism of
ketone dehydrogenation byNoyori- or Shvo-type catalysts,141,151

in which an iridium hydride and a ligand-bound proton are
donated in a concerted fashion. As noted above in the context of
alcohol dehydrogenation, Gelman reported that air-stable com-
plex 33 and derivatives thereof catalyze alcohol/ketone trans-
fer-hydrogenation (eq 23); this has been applied to the
transfer-hydrogenation of various acetophenones.152,153

Scheme 11. C-C Bond Cleavage in Aminoethyl Groups in Secondary Amines

Advantages Disadvantages

Carried out under air Requires Hydrogen 
acceptor (acetone)

High FG tolerance 
(-Br, -CN, -OMe)

Limited to secondary 
benzyl alcohol

Gelman. D., et al. Catal. Commun, 2009, 11, 298
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• 1° and 2° alcohols can be dehydrogenated  
• Aliphatic alcohol can be dehydrogenated
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+ H2
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In recent years, metal complexes, in which both the metal
center and the ligand play active and cooperative roles, have
emerged as very promising catalysts, capable of activating
and forming chemical bonds through nonoxidative pathways
(i.e., alternative to the conventional oxidative addition/re-
ductive elimination sequence). The key mechanistic steps
usually include a reversible switching between the coordina-
tion modes of the ligands that are bound to the catalytically
active metal center (Scheme 1).

For example, metal–amide/metal–amine interconversion,
originally described by Noyori and Ikariya,[1] led to the dis-
covery of very efficient asymmetric hydrogenation cata-
lysts.[2] Aromatization/dearomatization in heteroaromatic
PNP and PNN pincer ligands made nonoxidative activation
of H!H,[3] C!H,[4] and N!H[5] bonds possible and a family
of hydrogenation/dehydrogenation catalysts was established
by Milstein.[6] Nonaromatic switchable PNP pincer systems
have been proven to facilitate heterolytic bond cleavage and
catalyze transfer[7] and acceptorless dehydrogenation/hydro-
genation reactions.[8]

So far, ligand–metal cooperation relies on a dynamic in-
terplay between carbometalated and a- or b-H eliminated

species in electron rich C ACHTUNGTRENNUNG(sp3)-metalated pincer complexes,[9]

as well as on keto–enol[10] or lactam–lactim tautomerism.[11]

These systems established a basis for the design of mild cat-
alysts for nonoxidative (de)hydrogenation processes[12] and
chemoselective H/D exchange.[13]

The examples are impressive, however, they provide only
a hint of the real synthetic potential concealed in ligand–
metal cooperation. Therefore, we strongly believe that fur-
ther extension of this concept to new reaction schemes will
eventually lead to the discovery of conceptually novel catal-
ysis.

Herein, we wish to report on the development of IrIII- and
RhIII-based catalysts that are capable of promoting olefin
hydroformylation through the unprecedented metal–ligand
cooperating mechanism. In our previous work, we devel-
oped the IrIII PC ACHTUNGTRENNUNG(sp3)P pincer complex 1, which forms mo-
lecular hydrogen by an intramolecular interaction that in-
volves both the metal center (hydride) and a polar O-based
ligand sidearm (Scheme 2).[14] The catalyst showed very high

activity in the acceptorless dehydrogenation of primary and
secondary alcohols. We also observed that the release of
molecular hydrogen is efficiently intercepted by the pres-
ence of unsaturated substrates.

Based on this observation, we hypothesized that the hy-
droformylation of double bonds may proceed through a re-
versed metal–ligand cooperating mechanism (Scheme 3).
The hypothetical catalytic cycle is likely to include the fol-
lowing elementary steps: i) heterolytic nonoxidative H2 acti-
vation by the species a through alkoxide ring-opening to
form the M!H complex b ; ii) migratory insertion of an
alkene into the Ir!H bond, resulting in the formation of c ;
iii) carbonylation of c, followed by migratory insertion of
CO into the M!C bond to form e and f (iii–iv), which re-
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Scheme 1. Ligand–metal cooperation in bond activation/formation.

Scheme 2. H2 activation/formation through ligand–metal cooperation in
bifunctional IrIII PC ACHTUNGTRENNUNG(sp3)P pincer complexes.
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be performed as a one-pot operation and without isolation of
the intermediate); 3) an essentially quantitative reaction of
the resulting phosphine with [{IrCl(cod)}2]. 31P{1H} NMR
analysis of 7 shows the expected set of doublets at around d =
26 ppm, which are due to the presence of two different
phosphine groups (JP-P = 10 Hz), whilst the hydride signal
appears as a deceptively simple triplet at d =!19.86 ppm
(JP-H=12 Hz) in the 1H NMR spectrum. The remarkably small
JP-P and JP-H coupling constants suggest a cisoid arrangement
of the three ligands around the metal center, which is atypical
for the traditional PCP complexes.[16] In addition, a room
temperature 1H-NOESY experiment displayed a clear cross-
peak between the Ir!H and the methylene hydrogen atoms
(Ha in 7; Figure 2), which is consistent with the expected close
intramolecular contact between the hydride ligand and the
hydroxymethylene sidearm.[17] These NMR data indicate
trigonal bipyramid-like geometry around the metal center
with equatorial hydride and phosphine groups, as depicted in
the Figure 2.

Our attempts to grow single crystals of 7 for more detailed
structural investigations revealed that it is moderately stable
in solution and gradually, but selectively, transforms into a
new compound, which features no hydride signals in the
1H NMR spectrum and a different set of doublets at d = 15.8
and !1.6 ppm (JP-P = 13 Hz) in the 31P{1H} NMR spectrum.
The X-ray analysis of the product led to the conclusion that
7[18] decomposes by extrusion of molecular hydrogen, which
apparently originates from the intramolecular hydride–
proton interactions. This decomposition gives rise to the
formation of the arm-closed species 8, which features a
strongly distorted trigonal bipyramidal geometry around the
iridium center (Scheme 1).[19] The presence of H2 in the
headspace above the heated sample of 7 in [D6]DMSO was
unequivocally detected using GC (TCD) and IR-MS tech-
niques. More interestingly, addition of isopropyl alcohol to
the resulting [D6]DMSO solution of 8 recovers the parent 7 as
the original 1H and 13P{1H} NMR spectroscopy patterns are
observed.

Remarkably, this simple stoichiometric experiment points
to a hypothetical catalytic cycle through which the accep-

torless dehydrogenation of alcohols[13, 20–23] may proceed, thus
following this sequence of mechanistic events (Scheme 2):
a) H2-forming step, leading to the formation of the arm-closed
iridium species 8 ; b) ligand exchange step, leading to the arm-

open iridium alkoxide species 9 ; and c) regeneration of the Ir-
H catalyst 7 by b-hydride elimination with subsequent
formation of the oxidized product.

Indeed, this fascinating transformation was realized under
catalytic conditions. Thus, oxidation of 1-phenylethanol under
acid- or base-free conditions in the presence of 0.1 mol% of 7
in p-xylene, with heating under reflux and in a N2 atmosphere
led to the formation of the desired acetophenone as the sole
product after 10 hours. Similar activity was essentially dem-
onstrated by the complex 8 (Table 1, entry 1), whilst none of
the iridium hydride complexes that lack acidic sidearms,
which were reported by us earlier,[15] were found to be active
under these reaction conditions.

Further optimization revealed that the employment of a
catalytic base improves the performance of our catalyst and
the best results were obtained using 5 mol% of Cs2CO3 to
give the corresponding ketones in excellent yield after only
6 hours (Table 1, entries 3 and 6); K3PO4, K2CO3, KOH and
Et3N were found to be much less, if at all, effective. We
speculated that the superior acceleration induced by Cs2CO3

may indicate that the formation of the arm-opened species 9
(Scheme 2, step b) is difficult and, therefore, benefits from the
formation of a more nucleophilic cesium alkoxide species.[24]

Alternatively, the positive effect of the base could originate
from a competing mechanism that involves interaction of the
cesium alkoxide with the axial chloride ligand in 7 leading to
the formation of the cisoid dihydride species capable of the
thermal H2 loss.[21, 25] However, when the stoichiometric
experiment (Scheme 1) was repeated in the presence of
cesium isopropoxide the formation of a new hydride species
was not detected and, the base had essentially no effect on the
hydrogen-forming step (7!8). In contrast, the reverse
reaction (8!7) proceeded with almost 10-fold acceleration;
this behavior is more consistent with the first mechanistic
scenario.

Nevertheless, the presence of the catalytic base does not
represent a drawback; both aromatic and aliphatic alcohols
(Table 1, entries 1–6) react cleanly leading to the correspond-
ing ketones that remain stable under the described reaction

Scheme 2. Possible mechanism for dehydrogenation of alcohols by 7
or 8.

Scheme 1. ORTEP drawing with the ellipsoids shown at 50 % proba-
bility. Hydrogen atoms and solvent molecules are omitted for clarity.
Selected bond lengths [!] and angles [deg.]: C1–Ir1 (2.037(7)), Ir1–P1
(2.365(2)), Ir1–P2 (2.203(2)), Ir1–O1 (2.236(6)); P1-Ir1-Cl1 (97.14(7)),
C1-Ir1-P1 (84.0(2)), O1-Ir1-P1 (88.58(16)), P2-Ir1-O1 (156.15(16)), P2-
Ir1-P1 (109.83(8)), C1-Ir1-Cl1(175.0(2)).
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coupled to get free as H2 
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Pincer complexes have big potential as completely new catalysts!
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In recent years, metal complexes, in which both the metal
center and the ligand play active and cooperative roles, have
emerged as very promising catalysts, capable of activating
and forming chemical bonds through nonoxidative pathways
(i.e., alternative to the conventional oxidative addition/re-
ductive elimination sequence). The key mechanistic steps
usually include a reversible switching between the coordina-
tion modes of the ligands that are bound to the catalytically
active metal center (Scheme 1).

For example, metal–amide/metal–amine interconversion,
originally described by Noyori and Ikariya,[1] led to the dis-
covery of very efficient asymmetric hydrogenation cata-
lysts.[2] Aromatization/dearomatization in heteroaromatic
PNP and PNN pincer ligands made nonoxidative activation
of H!H,[3] C!H,[4] and N!H[5] bonds possible and a family
of hydrogenation/dehydrogenation catalysts was established
by Milstein.[6] Nonaromatic switchable PNP pincer systems
have been proven to facilitate heterolytic bond cleavage and
catalyze transfer[7] and acceptorless dehydrogenation/hydro-
genation reactions.[8]

So far, ligand–metal cooperation relies on a dynamic in-
terplay between carbometalated and a- or b-H eliminated

species in electron rich C ACHTUNGTRENNUNG(sp3)-metalated pincer complexes,[9]

as well as on keto–enol[10] or lactam–lactim tautomerism.[11]

These systems established a basis for the design of mild cat-
alysts for nonoxidative (de)hydrogenation processes[12] and
chemoselective H/D exchange.[13]

The examples are impressive, however, they provide only
a hint of the real synthetic potential concealed in ligand–
metal cooperation. Therefore, we strongly believe that fur-
ther extension of this concept to new reaction schemes will
eventually lead to the discovery of conceptually novel catal-
ysis.

Herein, we wish to report on the development of IrIII- and
RhIII-based catalysts that are capable of promoting olefin
hydroformylation through the unprecedented metal–ligand
cooperating mechanism. In our previous work, we devel-
oped the IrIII PC ACHTUNGTRENNUNG(sp3)P pincer complex 1, which forms mo-
lecular hydrogen by an intramolecular interaction that in-
volves both the metal center (hydride) and a polar O-based
ligand sidearm (Scheme 2).[14] The catalyst showed very high

activity in the acceptorless dehydrogenation of primary and
secondary alcohols. We also observed that the release of
molecular hydrogen is efficiently intercepted by the pres-
ence of unsaturated substrates.

Based on this observation, we hypothesized that the hy-
droformylation of double bonds may proceed through a re-
versed metal–ligand cooperating mechanism (Scheme 3).
The hypothetical catalytic cycle is likely to include the fol-
lowing elementary steps: i) heterolytic nonoxidative H2 acti-
vation by the species a through alkoxide ring-opening to
form the M!H complex b ; ii) migratory insertion of an
alkene into the Ir!H bond, resulting in the formation of c ;
iii) carbonylation of c, followed by migratory insertion of
CO into the M!C bond to form e and f (iii–iv), which re-
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Scheme 1. Ligand–metal cooperation in bond activation/formation.

Scheme 2. H2 activation/formation through ligand–metal cooperation in
bifunctional IrIII PC ACHTUNGTRENNUNG(sp3)P pincer complexes.
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Metal!Ligand Cooperation Gunanathan and Milstein

Interestingly, dearomatization of the central acridine ring
was also observed upon reaction of 34 with ammonia,
leading to complex 37 (Scheme 12). The X-ray structure of
37 shows an unusual fac configuration of the PNP ligand.
Presumably, decoordination of the acridine nitrogen fol-
lowed by NH3 coordination places the bent acridine ring in
a favorable position for hydride transfer to C9. The flexibility
of the acridine PNP ligand enables formation of both mer
(i.e., 34!36) and fac (i.e., 37) PNP complexes.

Facile Transformation of Alcohols into Esters,
Amides, and Imines with Liberation of H2

Esters, amides, imines, and amines are important funda-
mental building blocks in the chemical industry. Conven-
tional syntheses of these compounds involve carboxylic
acids and their derivatives, often using promoters or cou-
pling reagents and leading to much waste.23,24 Green
processes for their production are highly desirable. Guided
by our metal!ligand cooperation studies, we have devel-
oped catalytic processes for the syntheses of these products
directly from alcohols with liberation of molecular H2 (or H2O)
as the only byproduct, using no toxic reagents and producing
no waste.

Reaction of the dearomatized complex 11 with alcohols
results in O!H activation to provide the aromatic coordina-
tively saturatedhydrido!alkoxy complex38 (Scheme13). This
observation, together with the fact that dearomatized pincer
complexes react with H2 reversibly to form trans-dihydrides
(Scheme 2), suggested to us the possibility of new catalytic
reactionsbasedon thedehydrogenationof alcohols7 (Figure5).

Refluxing a toluene solution of primary alcohols with
complex 11 (0.1 mol %) as catalyst resulted in formation
of the corresponding esters in excellent yieldswith liberation
of H2 (Scheme 14).7 Ester yields of over 90% (TON > 900)
were obtained undermild, neutral conditions. Only traces of
aldehydes were formed. As opposed to the normal ester-
ification of an acid and alcohol, in which an equilibrium
mixture is generated, the evolved hydrogen shifts the equi-
librium toward completion.

Mechanistically ester formation could occur by a Tischen-
ko type condensation,25 or hemiacetal formation followed
by its dehydrogenation.26 Our studies establish that the
latter pathway is operative.7 Thus, no ester is formed upon
reaction of benzaldehyde with a catalytic amount of 11,
while reaction of equivalent amounts of benzaldehyde and
benzyl alcohol results in quantitative formation of benzyl
benzoate (Scheme 15).7

The dehydrogenative coupling of alcohols can be carried
out using the air stable saturated complexes 4 or 10 as
precatalysts in the presence of one equivalent of base
(relative to these complexes).7,27 Similarly, 7 catalyzes the
acceptorless dehydrogenation of secondary alcohols to
ketones.28

Furthermore, complex 11 catalyzes the acylation of sec-
ondary alcohols by nonactivated esters, such as ethyl acet-
ate, with liberation of H2 (Scheme 16).29 When symmetrical
esters are used as acylating substrates, both the acyl and

FIGURE 5

SCHEME 13

SCHEME 14

SCHEME 15

SCHEME 16

Metal-Ligand Cooperation 
provides new mechanistic 
insight into catalyst design
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PNO-Ir(III) complex

N

PR2

O

Ir(III) Cl

Bifunctional cooperative ligand 
• Core: Activate C-H bond by Metal-Ligand Cooperation 
• O-Arm: Strongly basic for deprotonation 
• Gem-Me Joint: Stabilize the complex 
• Ir-Center: Electron rich for C-H activation
*solvent or olefin ligand should be incorporated 
  because this is still an unstable 14 e- species

Target reaction: Dehydrogenative C-C Coupling 
Target bonds:    Allylic C-H and Acidic C-H

R1 H + H R2
PNO-Ir(III)

H2O or ROH
+ H2

R1 R2
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Thank You Very Much!!
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Br

Br

P(tBu)2

P(tBu)2

1. (tBu)2PH
    acetone, reflux

2. NaOAc
    H2O

IrCl3

iPrOH/H2O
reflux

P(tBu)2

P(tBu)2

Ir
H

Cl

LiEt3BH

pentane, H2

P(tBu)2

P(tBu)2

Ir
H

H

Jensen, C. M., Kaska, W. C., et al. Chem. Commun. 1996, 2083

Cl

N

PtBu2

NEt2

Ru CO

H

N N

NEt2

1. NBS, AIBN
    CCl4, reflux

2. Et2NH, THF

nBuLi; (tBu)2PCl

-78 °C to rt
N

P(tBu)2

NEt2

HClRu(PPh3)3(CO)

THF, 65 °C

David Milstein, et al. JACS, 2005, 127, 10840

• (tBu4PCP)IrH2 complex

• Milstein’s PNN-Ru complex
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• Gelman’s PC(sp3)P-Ir complex

PPh2 PPh2

+ OEt
EtO

O

O
xylene

reflux

Ph2PPh2P

EtO2C
CO2Et

LiAlH4

THF

Ph2PPh2P

HOH2C
CH2OH

[IrCl(COE)2]2

CH3CN/iPrOH

PPh2Ph2P

HOH2C
CH2OH

Ir

Cl

H

Gelman. D., et al. ACIE, 2011, 50, 3533

Other Cooperative Catalysts
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• Yamaguchi’s Cp*Ir catalyst

Yamaguchi, R., et al. JACS, 2012, 134, 3643

• Nozaki’s CpOH-Rh/Ir catalyst

Acceptorless Dehydrogenation of C−C Single Bonds Adjacent to
Functional Groups by Metal−Ligand Cooperation
Shuhei Kusumoto, Midori Akiyama, and Kyoko Nozaki*

Department of Chemistry and Biotechnology, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-Ku,
Tokyo 113-8656, Japan
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ABSTRACT: Unprecedented direct acceptorless dehy-
drogenation of C−C single bonds adjacent to functional
groups to form α,β-unsaturated compounds has been
accomplished by using a new class of group 9 metal
complexes. Metal−ligand cooperation operated by the
hydroxycyclopentadienyl ligand was proposed to play a
major role in the catalytic transformation.

Since the first report by Bergman, Graham, and Jones in the
early 1980s, cyclopentadienyl rhodium or iridium phosphine

complexes have been known to undergo oxidative addition of
unactivated sp3 C−H bonds to form alkylmetal hydride species.1

Because the resulting alkylmetal hydride is a coordinatively
saturated 18-electron complex (complex B in Scheme 1a),
further chemical transformation of the alkyl group was rather
limited, and examples have been confined to a few stoichiometric
reactions.1a Hence, catalytic functionalization of a sp3 C−Hbond
had required photoirradiation to make vacant site(s) except for a
few thermal dehydrogenations.2,3 In 1996, Jensen reported a
PCP-type pincer iridium dihydride 16-electron complex, which
shows quite high activity in thermal alkane dehydrogenation
reaction.4 Intensive efforts have been devoted to further
development of pincer-type complexes by Jensen, Goldman
and Brookhart in alkane and amine dehydrogenation.5−7 As
another type of sp3 C−H functionalization, rhodium-catalyzed
alkane borylation via σ-bond metathesis established by Hartwig
may be also referred.8

In the field of dehydrogenation of alcohols or hydrogenation
of carbonyl groups, metal−ligand cooperation has attracted
much attention.9 A pioneering work by Shvo with cyclo-
pentadienone−hydroxycyclopentadienyl based ruthenium com-
plex established a heterolytic formation of dihydrogen from
proton and hydride (from complex D to C in Scheme 1b) and
heterolytic cleavage of dihydrogen into proton and hydride
(from C to D).10 As another example of efficient metal−ligand
cooperation, highly active acceptorless dehydrogenation of
alcohols was reported by Fujita with pyridone−hydroxypyridine
based iridium catalyst, which can release hydride on the metal as
dihydrogen by the assistance of proton on the hydroxypyridine
ligand.11,12

Here in this work, we designed hydroxycyclopentadienyl
group 9 metal complexes E in the aim of metal−ligand
cooperation in C−H functionalizations (Scheme 1c). While
the 18-electron Cp* complex B does not have a coordination site
for further functionalizations (Scheme 1a), we hypothesized the

18-electron alkyl hydride complex F having a hydroxyl group on
the Cp ring would release dihydrogen via metal−ligand
cooperative heterolytic bond formation to form a 16-electron
alkyl complex G (Scheme 1c). Coordinatively unsaturated G is
expected to be active for further functionalizations, e.g., β-
hydride elimination to afford an alkene and hydride complex H,
which would exist under equilibrium with E.13 By developing
these hydroxycyclopentadienyl group 9 metal complexes, we
have accomplished the first direct acceptorless dehydrogenation
of C−C single bonds adjacent to functional groups with metal−
ligand cooperation. In the precedents for α,β-dehydrogenation of
carbonyl compounds, stoichiometric oxidants such as DDQ,14

IBX15 and O2
16,17 for palladium catalysts or alkenes for

ruthenium catalysts18 were indispensable.19
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