Iridium PCP pincer complexes: highly active and robust catalysts for novel
homogeneous aliphatic dehydrogenations
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The PCP pincer complexes, IrH,{CsH3(CH,PR,),-2,6} (R =
But, Pri) are extraordinarily active and robust catalysts for
aliphatic dehydrogenation reactions. Their application to al-
kane dehydrogenation has resulted in the first efficient catalytic
systems for homogeneous thermochemical alkane dehydroge-
nation without the use of a sacrificial hydrogen acceptor and for
dehydrogenation of n-alkanes to a-olefins. The pincer catalysts
also effect other aliphatic dehydrogenations which had not
previously been accomplished via homogeneous catalysis in-
cluding the conversion of cycloalkanes to arenes, ethylbenzene
to styrene and tetrahydrofuran to furan. All of these catalytic
reactions are inhibited by even traces of nitrogen. This is
apparently due to the formation of the remarkably stable
dinitrogen complexes: [Ir{CsH3(CH,PR,),-2,6}]>(n-N,). Mech-
anistic studies have indicated that the high activity of the pincer
catalysts may be in part due to ‘agostic promotion’ by
phosphino aliphatic groups.

Introduction

The selective functionalization of aliphatic groupsis one of the
great unsolved problems of organic chemistry. The quest for
methods to effect thistype of transformation continuesto entice
chemical researchers through economic incentives and in-
tellectual challenge. One of the most commercialy tantalizing
possihilitiesis the production of major organic feedstocks such
as terminal akenes («-olefins) through regiosel ective aiphatic
dehydrogenation reactions. Two decades ago, Crabtree et al.
first reported the stoichiometric dehydrogenation of alkanes to
alkenes by soluble transition metal complexes® This was
followed by the 1983 discovery by Baudry et al. of the first
homogeneous catalyst for the transfer dehydrogenation of
alkanes to akenes.2 A variety of other complexes were found
during the next 12 years that operate in systems that are driven
by the hydrogen transfer from alkanes to hydrogen acceptors
(transfer-dehydrogenation),>° photoirradiation,51° and the
thermal evolution of hydrogen.11.12 The systems generally
suffered from very slow reaction rates and rapid catalyst
decomposition.1-581112 The first efficient thermochemical
system for the transfer dehydrogenation of alkanes was
achieved by Goldman and coworkers in 1991 using

Craig M. Jensenisa Professor of Chemistry at the University of
Hawaii. He was born and raised in Wenatchee, Washington,
USA. His undergraduate education began at the University of
Washington and was completed, after a sabbatical in the
Aleutian Idands, at the University of California at Santa
Barbara. He obtained his PhD at the University of California at
Los Angeles under the supervision of Professor H. D. Kaesz.
Following a postdoctoral appointment at the University of
California at San Diego, he joined the faculty at UH in 1986. In
addition to pincer catalysts, his research group is developing
advanced hydrogen storage materials.

Rh(CO)Cl(PMey), as catalyst under a hydrogen atmosphere.6
Unfortunately, this system also catalyzes a 4-20 fold excess of
direct (non-transfer) hydrogenation of the sacrificial akene. It
was subseguently found that closely related rhodium arsine” and
phosphine enolate® complexes function as efficient catalysts
under similar conditions. Notably the excess of acceptor which
is consumed is significantly reduced when the reaction is
catalyzed by arsine complexes.” While the state of the art of
homogeneous akane dehydrogenation catalysts had continu-
ously advanced, it was apparent that the development of
practical systems awaited the discovery of catalystswith greatly
improved thermal stability and enhanced reactivity with alkane
C—H bonds.

Hydrido complexes containing a tridentate monoanionic aryl
bis(phosphino), ‘PCP pincer’ ligand were first prepared by
Moulton and Shaw.13 The complexes IrCIH{ CgH3(CH,PBU,) -
2,6} la and RhCIH{ CgH3(CH.PBUt,),-2,6} 1b, were found to
possess unusualy high thermal stabilities and sublime at
180-200 and 245-350 °C, respectively, without decomposi-
tion.13 In 1979, it was observed that the intermediate resulting
from the dehydrochlorination of 1b with NaN(SiMes),, reacted
readily with pentane, octane and cyclohexane to produce
hydride  complexes.1415  Thus it seemed  that
‘M{CgH3(CH,PBU,),-2,6}" (M = Ir, Rh) might have the right
combination of thermal stability and high reactivity with
aliphatic C-H bonds to function as practical akane dehydroge-
nation catalysts. Unfortunately, ‘Rh{ CsHz(CH,PBUL,),-2,6}’
has proven to be too unstable to isolate. Attempts to utilize the
complex for the catalytic transfer dehydrogenation of akanes
upon in situ generation from 1b were also unsuccessful. Thus
we considered alternative methods of generating a PCP pincer
catalyst.

A number of dihydrido iridium bis(phosphine) complexes
had been found to be catalysts for alkane dehydrogena-
tion.3-58.11 Therefore, we reasoned that the dihydrido PCP
pincer complexes MH{ CeH3(CH,PBUY,)-2,6}, (M = Ir, 2a;
Rh, 2b) were logical catalyst candidates. As we began our
exploration of the pincer catalyst in the spring of 1996, we were
unaware that the groups of Goldmani6é and Leitnerl” had
independently identified rhodium complexes containing very
similar chelating phosphine ligands as likely candidates for
advanced alkane dehydrogenation catalysts and were embark-
ing on similar studies.

Synthesis and characterization of dihydrido
pincer complexes

The dihydrido complex 2a had not previously been synthesized
and isolated. A species previously generated in situ and
identified as 2al8 is actudly the tetrahydride complex,
IrH4{ CsH3(CH,PBU',)-2,6}, 3a. We have found methods
whereby the dihydride complexes can be prepared and isolated
in >85% yield.2® The iridium complex 2a was synthesized by
the two step procedure seen in Scheme 1. This reaction
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sequence had previously been developed by Kaska and
coworkers for the preparation of IrH{ HC(C,H4PBut,),} from
IrCIH{ HC(C,H4PBuUt,),} .20 In the first step of this procedure,
the hydrido chloride complex la is converted to the white
tetrahydride complex 3a through reaction with LiBEtzH under
an atmosphere of H,. Following isolation and recrystallization
of 3a, the brown dihydrido complex, 2a is obtained quantita-
tively upon heating finely powdered 3 at 130 °C in vacuo.

PBU', PBU',
el i H |

—_— Ir,
H f L\H
Bu' Bu',
1a 3

Ir

| ‘\\\H
r
L\H
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Scheme 1 Reagentsand conditions: i, LiEtsBH (1M in THF) 1 equiv., 1 atm
H», 25 °C, pentane; ii, 3 x 10-3 torr, 130 °C, 24 h.

An X-ray structure determination was carried out on asingle
crystal of 2a in order to verify the structural composition.’® A
diagram of the determined molecular structure is presented in
Fig. 1. This depiction underscores how the rigid coordination

Fig. 1 Projection of IrHx{ CeH3(CH,PBUt,),-2,6} 2a with the thermal
ellipsoids at 50% probability. Selected bond distances (A) and angles (°):
Ir-C(1) 2.12(1), Ir—P 2.308(2), P-r-C(1) 82.41(6), P-Ir—P(a) 164.8(1).

framework of the PCP pincer ligand effectively restricts the
access of the metal center to the P-C and C—C bonds of the
ligand thus rendering the complex to be sufficiently robust to
withstand high temperatures.

The synthesis of 2b is not complicated by the formation of a
tetrahydride. Thus the rhodium PCP dihydride can be prepared
directly from the hydrido chloro complex. It was initially
obtained among the products resulting from the treatment of 1b
with either NaN(SiMes), or KH under an atmosphere of
hydrogen.1> A much cleaner reaction occurs with LiBEtsH
under an atmosphere of H, and purified 2b can beisolated upon
recrystallization.2t

Dehydrogenation of alkanes to alkenes

Cyclooctane

The enthalpy of dehydrogenation of cyclooctane is 23.3 kcal
mol—1, 5-7 kcal mol—1 [ower than for most alkanes. This ‘ best
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case’ substrate has been the conventional starting point for most
studies of homogeneous catalysts for the dehydrogenation of
alkanes. As mentioned above, asacrificial hydrogen acceptor is
generally required in thermochemical catalytic systems.
Crabtree et al. found tert-butylethylene (tbe) to be aparticularly
effective acceptor in their early studies! and its use in these
systems has become standard.

Our initial attemptsto utilize the di- and tetra-hydrido pincer
complexes as catalysts for the generic cyclooctane-tbe system
were unsuccessful. No catalytic activity was observed when the
complexes were used either directly upon generation in situ or
in crude unpurified form. The key to the discovery of the
extraordinary catalytic activity of both 2a® and 3a2! was the
recrystallization of the complexes from pentane to remove
borate impurities introduced during its generation from Li-
BEtsH. At 150 °C the dehydrogenation of cyclooctane by 2a
proceeds at a rate of 82 turnovers h—1 while a rate of 12
turnovers min—1 is observed at 200 °C. Appreciable activity
(20.5turnoversh—1) isobserved aslow as 100 °C. Furthermore,
no significant decomposition of the catalyst occurs within the
time required for the complete consumption of the hydrogen
acceptor. The long term maintenance of catalyst integrity
contrasts with the short, ca. 12 h half lives which had typically
been found for alkane dehydrogenation catalysts.

Prior to our studies of the pincer catalysts, only rhodium
complexes had been found to exhibit high activity as alkane
dehydrogenation catalysts.6.7:9.10 Thus it is surprising that 2b
shows only very low catalytic activity. For example, a rate of
only 0.8 turnovers h—1 was observed for the dehydrogenation of
cyclooctane by 2b at 200 °C.21 Ab initio calculations have
shown?22 that addition of H, to Rh(PH3),Phis = 20 kcal mol—1
less favorable than addition to Ir(PH3).Ph, Rh(PH3).Cl or
Ir(PH3)-H.23 This suggests that addition of closely related C—H
bonds to rhodium PCP pincer complexes may aso be
unfavorable thus accounting for the low observed catalytic
activity. In support of this hypothesis, Milstein et. al. have
recently found the akyl rhodium pincer complexes
RhR{ CsH3(CH,PBuU,)»-2,6}1 (R = Pri, Prn, Et) to be excep-
tionally stable against intermolecular addition of the $-C-H
bonds of the alkyl ligands.24

Nitrogen and alkene inhibition

The catalytic activity of the pincer complexes is suppressed by
N>. In order to achieve the maximum catalytic rates, reaction
mixtures must be freeze-pump-thaw degassed prior to heating
to remove any vestiges of N,. Thisunusua N, inhibition of the
catalytic activity is due to the formation of the surprisingly
stable dinitrogen complex, [Ir{ CsHz(CH.PBUt,)2-2,6} 12(-N2)
425 The complex was isolated by treating a cyclohexane
solution 2a with a 15 fold excess of tbe under 1 atm of nitrogen
a 80 °C. The dinitrogen complex is produced in nearly
quantitative yield within 1 h. The formation of 4 is evidently
initiated by the reaction of nitrogen with the intermediate
resulting upon the dehydrogenation of 2a by tbe as nearly one
equivalent of tert-butylethane is produced in the reaction.

The molecular structure of 4 was elucidated through asingle
crystal X-ray structure determination2s and isdepictedin Fig. 2.
The dihedral angle between the planes defined by Ir(1), P(11),
P(12) and Ir(2), P(21), P(22) is89.5°. This nearly perpendicular
arrangement results in the encapsulation of the nitrogen ligand
and isapparently responsiblefor the surprising stability of 4 and
the pronounced inhibiting effect of nitrogen on the catalytic
reactions.

The dehydrogenation activity of 2a is inhibited by high
concentrations of alkene. Thustheloading of hydrogen acceptor
in the reaction mixture is restricted. For example, diminished
rates of catalysisarefound in solutionscontaining > 300: 1 ratio
of the to catalyst. In order to achieve high turnover numbers, a
limited amount of tbe must be periodically added to reaction



Fig. 2 Projection of [1r{ CsH3(CH,PBUL,),-2,6} ] 2(u-N2) 4 with the thermal
ellipsoids at 25% probability. Selected bond distances (A) and angles (°):
Ir(1)-C(13), 2.053(12), Ir(1)—P(11) 2.312(3), Ir(1)-N(1) 2.007(11), N(1)—
N(2) 1.176(13), C(13)-r(1)-P(11) 78.6(3), P(11)-Ir(1)—P(12) 160.22(10),
Ir(1)-N(1)-N(2) 178.7(9).

mixtures. Following incremental additions of tbe, the dehydro-
genation of cyclooctane isobserved to again proceed at arate of
12 turnovers min—1.21

At higher concentrations, the cyclooctene product inhibitsthe
catalyst and only ca. 10% of the cyclooctane can be dehydroge-
nated. Overcoming this problem of product inhibition is one of
the maor challenges to be met in the development of
synthetically useful methods based on pincer complex catalyzed
dehydrogenation reactions.

Linear alkanes

Termina akenes (x-olefins) are a major feedstock for the
production of plastics, detergents and lubricants. Their produc-
tion through the selective dehydrogenation of linear alkanes
would be an attractive alternative to the present commercial
processes based on hydrogen, ethylene and trialkylaluminium
catalysts.26 Several studies of akane activation by rhodium and
iridium complexes have shown that oxidative addition of
primary C—H bondsiskinetically preferred despite their greater
bond strength.2? Thusit is plausible that akinetically controlled,
catalytic system based on rhodium or iridium complexes could
be developed for the regioselective dehydrogenation of n-
alkanes to terminal alkenes. An early study by Felkin et al.
found that IrHs(PPris), catalyzes the transfer dehydrogenation
of n-hexane to hex-1-ene with >90% selectivity.3 However,
only 0.3 catalytic turnovers were achieved owing to the low
activity and stability of the catalyst. Other catalytic systems
were found to have higher activity with n-alkanes but the
observed product distributions were essentially thermodynam-
ically controlled and contained little or no terminal alkene.6.7.10
The hope of developing a system which capitalized on the
kinetic preference of iridium and rhodium complexes for the
activation of the terminal C—H bonds of alkanes was raised by
the discovery that RhCI(CO)(PMes), catalyzed a photo-
chemical system for the efficient, regioselective carbonylation
of the terminal position of n-alkanes.28 In view of the high
activity found for 2ain our studies with cyclooctane, it seemed
possible that its application to the dehydrogenation of n-alkanes
might lead to the selective production of the kinetically
preferred terminal alkenes.

Our initial studies of the dehydrogenation of n-octane with
the pincer catalyst 2a indicated that the reaction was highly
selective for internal octenes over oct-1-ene.2® However, a
study of product distribution vs. time at 150 °C revealed a more
complicated situation.30 The data presented in Fig. 3 clearly
illustrates the high kinetic selectivity of the reaction for oct-
1-ene. To our knowledge thisisthefirst catalytic system for the
efficient and selective dehydrogenation of linear akanes to
terminal alkenes. It can aso be seen that 2a also functions less
efficiently as an alkene isomerization catalyst. While the net
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Fig. 3 Distributions of octenes produced at various times from the transfer
dehydrogenation of n-octane catalyzed by 2a at 150 °C.

production of octenes begins to level off within the first hour
due to octene inhibition of the dehydrogenation reaction, the
distribution of octenes continues to slowly shift towards the
internal isomers. Although the practical utility of this systemis
limited by the secondary akene isomerization reaction, mod-
ification of the system may permit production of high yields of
terminal alkenes. For example, Goldman and coworkers have
found that the rate of the isomerization reaction is sensitive to
the steric bulk of hydrogen acceptor. Using the combination of
dec-1-ene as hydrogen acceptor and 2a as catalyst for the
transfer dehydrogenation of n-octane, a 68% selectivity for oct-
l-ene after 143 total turnovers is observed before its level
begins to decline due to secondary isomerization.3°

Acceptorless dehydrogenation of alkanesto alkenes

Both economical and environmental considerations preclude
systems requiring a sacrificial hydrogen acceptor from con-
sideration for the commercia production of alkenes. Thusthere
isgreat interest in the development of ‘acceptorless’ systemsin
which alkanes are transformed to alkenes upon the direct
eimination of Hy. In 1990 Fujii and Saito reported the first
thermochemical homogeneous catalytic systems for acceptor-
less dehydrogenation of alkanes.l! In order to circumvent
unfavorable equilibrium constraints, hydrogen was evolved
from the refluxing systems via a continuous purge with an inert
gas. Other systems for acceptorless alkane dehydrogenation
were developed using this approach but suffered from the usual
problems of very low catalytic activities (<2 turnovers h—1)
and catalyst instability.11.12

The iridium PCP pincer complexes have been found to be
much more efficient catalysts for acceptorless dehydrogena-
tion.2231 Asaresult of their high activity and long term stability
at very high temperatures, the turnover numbers which can be
achieved in continuously purged, open reflux systems are
increased by two orders of magnitude. Recently, Liu and
Goldman observed turnover numbers approaching 1000 for the
acceptorless dehydrogenation of cyclodecane in experiments
employing IrHx{ CgHz(CH,PPri,)-2,6} 6, the isopropyl analog
of 2a, as catalyst.3!

M echanistic studies

The overall mechanism of the transfer dehydrogenation of
akanes by 2a is largely unexplored. However, the initial
process in the catalytic sequence is undoubtedly the dehydroge-
nation of the dihydride by the hydrogen acceptor to produce the
key intermediate ‘Ir{ CgH3(CH,PBUL,),-2,6}". This reaction
occurs cleanly at 25 °C and has been studied in detail.25> The
dehydrogenation of 2a in neat the at 25 °C gives a stoichio-
metric amount of tert-butylethane (tba) within 1 h. As seen in
Scheme 2, experiments in neat H,C=CDCMe3 produce ex-
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clusively {3 labeled tha. We aso observed that no deuterium is
scrambled into 2a during the course of the dehydrogenation
reaction. These findings lead to the conclusion that hydride
migration to coordinated tbe is irreversible.

H

H D \
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|r<PBu2 + >:< . Ir/PB”2
P/ H t P/ AN
Baf H CMes BE H
H
H: — :D
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irreversible
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Scheme 2 Mechanism of the dehydrogenation of 2a by H,C=CDCMes.

Results of studies of dehydrogenation of 2a contrast with
those of our earlier study with the chloro complex IrCIH(P-
Pri3), 5.8 While coordination of tbe and subsequent hydride
migration are also facile with 5, the reductive elimination of tha
from the resulting alkyl hydride complex requires the addition
of an akane and heating to 150 °C. The high barrier to
elimination of thain the case of 5 renders the hydride migration
step reversible as demonstrated by the transfer of deuterium
from IrCID,(PPri3), (5-dy) to the B position of the.

It is possible that an agostic interaction with a methyl C-H
bond of atert-butyl methyl group triggers tba elimination from
the pincer complex. This hypothesis is supported by the
observation of deuterium scrambling in the dideuterio complex,
2a-d,. The exchange between the deuteride and the methyl
hydrogens of the tert-butyl methyl groups of the pincer ligand
was apparent within 2 h of dissolving 2a-d, in cyclohexane at 25
°C. In contrast, heating the dideuterio complex, 5-d, in toluene
solution at 150 °C for 24 h does not result in transfer of the
deuterium label to isopropyl methyl groups of phosphine
ligands.32 The ability of the phosphine alkyl groups of 2a to
interact with the iridium center may eliminate the requirement
of alkane association for tha elimination found for 5.8 Thus
‘agostic promotion’ by the pendent tert-butyl methyl groups
may partially account for 2a having much higher activity for the
catalytic transfer dehydrogenation of alkanes than 5.

The complex which is produced upon the dehydrogenation of
2a has been characterized by *H and 3P NMR spectroscopy.
These data confirm the presence of the pincer ligand and
absence of hydride ligands. However, it remains questionable
whether the product is the 14-electron species Ir{ CsHz(CHP-
But;)-2,6} as the spectroscopic data do not preclude the
possibilities of highly fluxional agostic interactions with
phosphine alkyl groups or the presence of tbe and/or solvent
ligands which undergo rapid exchange with the bulk solution.
As found for the rhodium analog, ‘Ir{ CsHs(CH,PBut,)>-2,6}’
is highly reactive and all attempts to isolate it as a crystalline
solid gave rise to a complicated mixture of unidentified
products. Similar, highly reactive intermediates have recently
been reported to result from the dehydrogenation of IrFH,(P-
Butzph)z by ethylene.33 The'l r{ CeHg(CHzpBUtz)z'z,G}' inter-
mediate reacts instantaneously at room temperature with N, to
form the dinitrogen complex 4 and is trapped with ethylene by
the formation of the stable complex Ir(CyH4){ CeHs(CH,P-
But;)-2,6} .30 Similar reactivity has been found for the
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analogous rhodium complexes Rh{ CgHz(CH,PBUL,),-2,6} 12
and Rh{ CH(CH,CH,PBu,)--2,6} .34+ Thus the nitrogen and
dkene inhibition of the pincer catalytic dehydrogenation
reactions apparently arise through this intermediate. The
surprisingly low alkene affinity, which has been ascribed to
crowding in the coordination sphere of the metal, accounts for
the occurrence of catalytic inhibition only at high alkene
concentrations.

The alkane dehydrogenation side of the catalytic cycle can be
envisioned to proceed via a reversal of the mechanism for the
hydrogenation of the: alkane substrate C-H oxidative addition,
B-hydride elimination from the resulting akyl group and
dissociation of the product akene to regenerate 2b. This
mechanism is complicated in the case of linear akanes by the
secondary catalytic alkene isomerization reaction. As seen in
Scheme 3, the dissociation of terminal alkenes from the metal
center isapparently much faster than hydride migration to the -
carbon of the coordinated alkene to produce a secondary alkyl
group. This kinetic preference for the production of terminal
alkenes can be ascribed to the pronounced steric constraints
conferred by the pincer ligand. Goldman3° has pointed out that
the partitioning of the dehydrogenation/isomerization catalytic
pathways can be viewed simply as a competition between the
initial termina alkene product and the sacrificial acceptor
akene for coordination to the dihydrido complex. This
hypothesis accounts for the high concentrations of termina
alkenes which are obtained early in the dehydrogenation
reaction when dec-1-ene is used as an acceptor in place of the
sterically encumbered the.30 The terminal alkenes do, however,
eventually reassociate and follow the thermodynamically
mandated isomerization pathway. The steric control of the
kinetics of the isomerization processis further evidenced by the
observation that the subsequent isomerization of alk-2-enes to
further internalized alkenes occurs at much slower ratesthan the
initial 1-2 isomerization.

The dehydrogenation of the dihydrido complexes in the
absence of a hydrogen acceptor must occur by the direct
reductive elimination of H, as seen in Scheme 3. Unlike the
reaction with sacrificial alkenes which occurs a room tem-
perature, the direct reductive elimination of H, occurs only at
elevated temperatures. The sizable increase in the barrier to
entering the dehydrogenation pathway results in the predom-
inance of the isomerization pathway and thus precludes the
possibility of production of significant concentrations of
terminal alkenes. Even at very short reaction times, only traces
of terminal alkenes are found when the catalytic dehydrogena-
tion of linear akanes are carried out in open reflux systems.

Dehydrogenation of cycloalkanes to arenes

The dehydrogenation of alkanes through catalytic reforming is
theleading commercial method of producing arenes.35 Platinum
(often with arhenium promoter) on alumina catalysts employed
in this reaction require temperatures of 450 to 550 °C.35 It is
anticipated that homogeneous systems for the dehydrogenation
of cycloalkanes to arenes would operate under milder condi-
tionsand give improved product selectivities. However, prior to
our development of the pincer catalysts, only afew examples of
such systems had been discovered.36-41 Pioneering studies by
Shilov and coworkers showed that K,PtCl, catalyzes the
reaction of H,PtCle with cycloalkanes to produce a mixture of
arenes, alcohols and chlorinated species at 100-120 °C in
aqueous trifluroacetic acid.3¢ Pd(OCOCF3), has been reported
to catalyze the dehydrogenation of cyclohexene to benzene3”
but reacts with cyclohexane only stoichiometrically in the
presence of CF;CO.,H to produce benzene.38 Ru(styre-
ne)z(PPhs)2, [Ir(cod)(PPhs)2]*, and [Ir(cod){ P(CeH4F-p)a}2]*
catalyze the dehydrogenation of cyclohexeneto benzene but are
unreactive with cyclohexane3® while PdSO, in the presence of
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Scheme 3 Proposed mechanism for the catalytic dehydrogenation of linear alkanes by 2a.

H,S0, effects only the stoichiometric conversion of cyclohex-
ane to benzene.40 Crabtree et al. found an oxidative addition
type system in which IrH{ OC(O)CF3} (PPri3), effects the
dehydrogenation of alkanesto arenes at 150 °C in the presence
of the hydrogen acceptor, the.4! This system fails to turnover
cataytically because hydrogenolysis of the phosphine P-C
bonds occurs at the temperatures of 135 °C or above that are
required for the release of the arenes from the intermediate
complexes. Thus the development of a homogeneous system
which was completely catalytic in precious metal awaited the
development of catalysts such asthe PCP pincer complexes that
did not decompose at temperatures required to achieve arene
elimination.

We have found 2a will catalyze the transfer dehydrogenation
of the six membered aliphatic ring of cyclohexane, methyl-
cyclohexane, and decalin at temperatures as low as 150 °C.19
The distribution of products arising after 1 h at 200 °C from
solutions of the cycloalkanes containing equal loadings of the
catalyst and tbe are given in Table 1. These data show that the
initial dehydrogenation of cycloalkanesto cycloalkenesis much
faster than the subsequent dehydrogenation of the cycloakenes
to arenes. It can also be seen that dehydrogenation reactions are
sensitive to the stringent steric constraints at the iridium center.
These conclusions are reinforced by the observation that the
conversion of significant amounts of decalin to naphthalene
occurs only after 72 h at 200 °C.

As mentioned previously, the dehydrogenation activity of 2b
is inhibited at tbe:catalyst ratios of >350:1. Thus, high
turnover numbers can be achieved only through periodic
incremental additions of tbe. After about 10% of the saturated
substrate has been consumed, product inhibition occurs and
thereisvirtually no net increase in the amount of hydrogen that
can be transferred to tbe. However, as is the case with linear
alkanes, the complex also catalyzes secondary hydrogen
transfer reactions. The dehydrogenation of methylcyclohexane
at 200 °C provides an excellent example of this reactivity. As
seen in Fig. 4, very little additional hydrogen elimination from
the substrate occurs between 1 and 24 h of reaction. However,
during this period the catalytic system remains active for the
conversion of 2- and 3-methylcyclohexene to the thermo-
dynamically preferred products, 1-methylcyclohexene and

Table 1 Product distributions [mol(mol 2a)—1] resulting after 1 h at 200 °C
from the transfer dehydrogenation of various substrates using 2a (5 uM) as
catalyst and tbe as hydrogen acceptor

Substrate Products (mol/mol catalyst)

O Q)

(720°

CsH
CoHia CoHis ST HC CsH14
~ \—/

—/ =/
(8
(86) (77
(41) (20) (8) (1)

(69)

o™ o
G OO0

(88) 6) (53)

HaC
@7 (26)

a |n al cases, the quantified amounts of dehydrogenated C—C bonds and
tert-butylethane balance within 5%. ® Accomplished through incremental
addition of the.

toluene. A similar time dependent shift in the product
distribution toward the ternary akene was observed in the
dehydrogenation of methylcyclohexane to methylcyclohexenes
by IrHs-(PPri3)..4 However, the further dehydrogenation of
methylcyclohexenes to toluene does not occur in this catalytic
system.
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Fig. 4 Comparison of the product distributions obtained from transfer
dehydrogenation of methylcyclohexane catalyzed by 2a after 1 and 24 h of
reaction at 200 °C.

Aliphatic dehydrogenation in the presence of
functional groups

The catalytic dehydrogenation of aliphatic C-H bonds in the
presence of functional groupsisof major industrial importance.
For example, the direct dehydrogenation of ethylbenzene
accounts for 85% of the commercial production of styrene.42
The reaction is carried out commercially at ca. 620 °C in the
vapor phase over catalystswhich primarily consist of iron oxide
and potassium salt promoters.42 Recently there has been
considerable interest in the development of higher activity
dehydrogenation catalysts which are also more selective for
styrene over the degradation products, benzene and carbon.42

Our finding that 2a remains catalyticaly active in the
presence of relatively high concentrations of arenes suggested
its application to the aliphatic dehydrogenation of alkyl
benzenes. As seen in Table 1, 2a will catalyze the transfer
dehydrogenation of ethylbenzene to styrene.43 However, the
production of styrene ceases after only 50 turnovers. Thus it
appears that the catalytic activity is inhibited by styrene at
concentrations that are much lower than those observed for
unfunctionalized alkenes. However, the observation of this
catalytic activity was significant as it represented the first
example of a homogeneous catalytic system for aiphatic
dehydrogenation of a substrate containing an aromatic function-
alization.

We have also investigated the reactivity of 1 with saturated
ethers®® and alcohols44 Surprisingly, the catayst is not
deactivated by either class of functionality. Asseenin Table 1,
the cyclic ether tetrahydrofuran (thf) istransfer dehydrogenated
to amixture of dihydrofurans and furan. However, pronounced
product inhibition limits the reaction to <200 turnovers. The
dehydrogenation of alcohols is much more efficient and up to
80% conversion to products can be achieved. However,
dehydrogenation of the aliphatic groups does not occur. Instead,
much more pedestrian dehydrogenation of the alcohol function-
ality occurs to produce aldehydes from terminal acohols and
ketones from the internal acohols.

Conclusions

Dihydrido iridium PCP pincer complexes have been found to be
extraordinarily active and robust catalystsfor aliphatic dehydro-
genation reactions. This unique reactivity can be ascribed to the
PCP pincer ligand which introduces a remarkable balance of
electronic and steric effects such that the metal center isreactive
with aliphatic C—H bonds but at the same time can not accessthe
P—C and C—C bonds of the ligand. The resulting combination of
high thermal stability and reactivity with aliphatic C-H bonds
can be used to great advantage. The unusual high thermal
stability of the pincer catalysts results in a two orders of
magnitude improvement in the efficiency of homogeneous
thermochemical systems for the dehydrogenation of alkanes
without a sacrificial hydrogen acceptor. The unprecedented
high reactivity of the pincer catalysts provides the basis for the
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first catalytic system of any kind for the selective dehydrogena-
tion of linear alkanes to «-olefins. The combination of the
pincer catalysts' high reactivity and stability has opened the
door to other diphatic dehydrogenations which had not
previously been accomplished via homogeneous catalysis
including the conversion of cycloalkanes to arenes, ethylben-
zene to styrene and tetrahydrofuran to furan. These reactions
represent major steps toward the development of viable
methods for the selective functionalization of aliphatic groups.
However, none are of practical value owing to the problems of
product inhibition and/or requirement of sacrificial acceptors.
Mechanistic studies have revealed the sources of these limita-
tions and suggest possible designs for advanced catalysts.
Modified PCP pincer complexes may well provide a means for
the commercia production of commodity chemicals from
alkanes and other abundant organic resources through catalytic
aiphatic dehydrogenation reactions.
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