Catalytic dehydrogenation of ethylbenzene and tetrahydrofuran by a dihydrido

iridium P—C—P pincer complex
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The P-C-P pincer complex, [IrH,{CsHs(CH,PBut,)-2,6}]
catalyses the transfer dehydrogenation of the donor-bearing
substrates, ethylbenzene and tetrahydrofuran at tempera-
tures as low as 150 °C.

The catalytic dehydrogenation of aliphatic C-H bonds in the
presence of functional groupsis of major industrial importance.
For example, the direct dehydrogenation of ethylbenzene
accountsfor 85% of the commercial production of styrene.l The
reaction is carried out commercially at ca. 620 °C in the vapour
phase over catalysts which primarily consist of iron oxide and
potassium salt promoters. 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.! Severa soluble
metal complexes have been found which catalyse the dehydro-
genation of alkanes under moderate conditions.24 However,
none of these species have been reported to effect the catalytic
dehydrogenation of aliphatic C—H bonds of functionalized
substrates. This is apparently due to catalyst deactivation
through strong coordinative interactions with donor groups. For
example, [IrHx{ OC(O)CF3} (PPris),] effects the dehydrogena-
tion of alkanes to arenes at 150 °C but fails to turnover
catalytically since arenes are released from the metal centre
only at temperatures at which complex decomposition oc-
curs.5

We recently found that the iridium P-C—P pincer complex,
[IrHo{ CeH3(CH.PBUL,)-2,6}] 1 is a highly active homoge-
neous catalyst for transfer dehydrogenation of cycloalkanes to
alkenesand arenes.4 In this system, the P-C—P framework of the
catalyst is sufficiently robust that decomposition does not occur

Complex 1 was prepared as previously described.4 The
catalytic activity was investigated using solutions consisting of
4 ml of substrate (ethylbenzene, 32.6 mmol; thf, 49.3 mmol)
tert-butylethene (tbe) (0.2 ml, 1.55 mmol) and 1 (3 mg, 0.005
mmol). The orange solutions were sealed in tubes under argon
and fully immersed in an oil-bath for the prescribed reaction
periods. The solutions became red upon heating and gradually
change colour to yellow—orange during the reaction period. The
reactivity was unaffected by the addition of metallic mercury to
the solution indicating that metallic iridium is not involved in
the hydrogen transfer.6

The results of the catalytic dehydrogenation experiments are
summarized in Table 1. The products were identified by
GCMSt analysis and quantified by gas chromatography.¥ Our
product quantification balances the number of dehydrogenated
C—C bondswithin 5% to the amount of tbe hydrogenated to tert-
butylethane (tba) in all experiments. No significant difference
was found in either the amounts or distributions of products
upon increasing the reaction time of the 200 °C experiments
beyond 0.5 h. The amounts of products obtained in the 150 °C
experiments increase over a longer period of time but are
limited to lower levels than the 200 °C experiments. These
results indicate that the amounts of products that are obtainable
by these systems are restricted by thermodynamics. The direct
dehydrogenation of ethylbenzene was explored at higher
temperatures where a hydrogen acceptor such as tbe is not
thermodynamically required. Unfortunately, 1 rapidly decom-

at temperatures required to achieve arene elimination. It was PBU,

therefore of interest to explore whether alkylbenzenes and other _H

weaker donor substrates such as cyclic ethers could be "~y

dehydrogenated by this catalytic system. We have found 1 will |

in fact catalyse the transfer dehydrogenation of ethylbenzene PBu'

and tetrahydrofuran (thf). 1

Table 1 Catalytic dehydrogenations with 1

Dehydrogenated/
hydrogenated

Substrate t/h T/°C Products (mol/mol of 1) C—C bonds
thf 1.0 150 Dihydrofurans: 2,3 (46); 3,4 (< 1) furan (31), tba (103) 1.05
thf 3.0 150 Dihydrofurans: 2,3 (41); 3,4 (5), furan (57), tba (154) 1.04
thf 05 200 Dihydrofurans: 2,3 (84); 3,4 (5), furan (54), tba (190) 1.04
thf 1.0 200 Dihydrofurans: 2,3 (86); 3,4 (6), furan (53), tha (192) 1.03
Ethylbenzene 1.0 150 Styrene (8), tha (8) 1.00
Ethylbenzene 12.0 150 Styrene (10), tha (10) 1.00
Ethylbenzene 05 200 Styrene (50), tha (51) 0.98
Ethylbenzene 1.0 200 Styrene (50), tha (52) 0.96
Ethylcyclohexane 1.0 150 Ethylcyclohexenes (3.5), ethylbenzene (8), styrene (7), tba (84) 1.04
Ethylcyclohexane  12.0 150 Ethylcyclohexenes (47), ethylbenzene (18), styrene (35), tha (274) 1.05

Ethylcyclohexane
Ethylcyclohexane2

0.5
1.0

200
200

Ethylcyclohexenes (58), ethylbenzene (35), styrene (34), tha (310)
Ethylcyclohexenes (13), ethylbenzene (43), styrene (76), tha (441)

a An additional 0.2 ml (1.55 mmol) of tbe was added to the reaction mixture after 0.5 h.

Chem. Commun., 1997

461



poses at temperatures in excess of 200 °C and no dehydrogena-
tion activity was observed.

The catalytic activity of 1 for the dehydrogenation of the
functionalized substrates is significantly lower than previously
found for cycloalkanes.34 This suggests that arene and oxygen
donor interactions with the metal centre inhibit the catalytic
system. Thefindings of product inhibition and tbe concentration
sensitivity in the transfer dehydrogenation of cyclooctane and
cyclohexane also suggest that the catalytic activity of 1 is
inhibited by species bearing donor groups.3 In order to probe
thispossibility, the activity of 1 for thetransfer dehydrogenation
of ethylcyclohexane was investigated. As seen in Table 1,
significantly higher styrene production was observed than in the
case of ethylbenzene. This is apparently due to the reduced
arene concentration in the ethylcyclohexane experiments.
Nitrogen has been found to poison the transfer dehydrogenation
of cyclooctane by 1.3 Similarly, no dehydrogenation of either
ethylbenzene or thf was observed in experiments conducted
under 1 atm of N, in place of argon at 150 °C. Thusthe catalytic
system is sensitive to even the weak donor, No.

Despite the limitations of this catalytic system, it representsa
step forward in the development of improved catalysts for the
production of styrene. It is aso the first report of a homo-
geneous catal ytic system for dehydrogenation of saturated C—H
bonds in presence of functionalization. Modified catalysts of
thistype could provide an entrance into new chemical processes
through previously inaccessible catalytic pathways.
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Footnotes

11995 J. J. Zuckermann fellow.
¥ GC analyses were performed on a temperature programmed (ethylben-
zene, 70 °C isothermal for 1 min, 5 °C min—1 to 130 °C; thf, 35 °C

462 Chem. Commun., 1997

isothermal for 1 min; 1 °C min—1 to 45 °C; ethylcyclohexane, 60 °C
isothermal for 1 min, 5 °C min—1 to 150 °C) Hewlett Packard 5890 gas
chromatograph using 2250 um x 25 m OV-1 capillary column. For GCMS
analyses the column was coupled to a VG 70SE dual sector high-resolution
mass spectrometer.
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