Efficient thermochemical alkane dehydrogenation and isomerization catalyzed

by an iridium pincer complex
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(i—PrPCP)IrH, is found to be a remarkably effective solution-
phase catalyst for the ‘acceptorless’ thermochemical dehy-
drogenation of cycloalkanes (and isomerization in the case of
cyclodecane), and the first such catalyst reported to effect
the dehydrogenation of n-alkanes.

Alkanes are the world's most abundant organic resource, yet
methods for their conversion to useful chemicals remain
extremely limited. Alkenes, by contrast, are probably the single
most useful and versatile class of feedstock for commodity-
scale organic chemical syntheses. Methods for the dehydroge-
nation of akanes to give alkenes are therefore of great
interest.t

In general, the yields and selectivity afforded by heteroge-
neous a kane dehydrogenation catalysts are very low.1 Soluble
transition metal complexes, however, have held promisein this
respect since the early 1980s when Crabtree and Felkin reported
the development of catalysts for transfer-dehydrogenation.2
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Theinitially reported catalysts suffered from ligand degrada-
tion which severely limited turnover numbers. Systems were
later developed that afforded much higher turnover numbers;3
of these, the most important in the context of the present work
was the ‘pincer’ complex, (*BUPCP)IrH, [1; *BuPCP =
2,5-C6H3(CH2PBUt2] A
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Recently [egn. (1)] it was reported that refluxing alkane
solutions of 1 resulted in dehydrogenation with evolution of
dihydrogen; no sacrificial hydrogen acceptor was required.5
Although this was by far the most efficient catalyst to date for
such ‘acceptorless’ dehydrogenation,®7 the observed rates were
till fairly low by the standards of practical catalytic systems.
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To asignificant extent, the pincer geometry ‘holds back’ the
phosphinoalkyl groups such that they are further removed from
the metal, and the moleculeis sterically less congested, relative
to a hypothetical analogous complex of monodentate ligands
[e.g. Ir(PRMe),(Ph)H,]. Nevertheless, Milstein and coworkers
recently reported that H, adds to the carbonyl complex
(-PrPCP)Ir(CO)8 whereas, in contrast, we find that the -BuPCP
anal og undergoes no observable addition of H, (800 Torr). Thus
in spite of the‘ pincer effect’ thetert-butyl groups are apparently
still bulky enough to inhibit H, addition; this led us to suspect
that akyl hydrides and other presumed intermediates of a

dehydrogenation cycle may be even more sterically disfavored
by the tert-butyl groups. Accordingly we synthesized™ and
investigated the i-""PCP analog of 1, i.e. (i-P"PCP)IrH, (2).

Vigorously refluxing (151 °C) a cyclooctane solution of 2
(1.0 mM) leads to the formation of 47 mM cyclooctene (47
turnovers) after 30 min. The reaction rate subsequently levelled
off; 105 mM cyclooctene was present after 15 h. This initial
dehydrogenation rate (>94 turnover h—1) may be compared
with 11 turnover h—1 resulting from cyclooctane dehydrogena-
tion catalyzed by 1 under similar conditions,5 and 1.41 turnover
h—1 reported for IrH,(O,CCF3)(PCy3)..”

Cyclodecane, with areflux temperature of 201 °C, undergoes
dehydrogenation at a much greater rate than cyclooctane: for
example 460 turnovers cyclodecene are obtained after 1 h of
reflux, (cis:trans ratio of 4.6: 1; see Table 1). This compares,
for example, with 170 turnover after 4 h obtained from the use
of catalyst 1.5 The isopropyl derivative 2 is thus an extremely
efficient catalyst for acceptorless dehydrogenation of cycloalk-
anes, yielding turnover rates a full order of magnitude greater
than the tert-butyl derivative.

The dehydrogenation enthalpy of cyclooctane, and probably
that of cyclodecane as well, is anomalously low.%-12} Accord-
ingly, with n-alkanes, the -BuPCP catalyst 1 gave no observable
yields of acceptorless dehydrogenation product.§ By contrast, 2
is able to catalyze the acceptorless dehydrogenation of n-
alkanes, though the efficiency is less than that with cyclode-
cane. Refluxing an n-undecane solution of 2 (1.0 mM; 196 °C)
yields 35.4 mM undecenes, as amixture of internal isomers (not
fully characterized), after 0.5 h. Unfortunately, theyield quickly
levelled off and after 1 and 45 h the respective concentrations of
undecenes were 42.3 and 44.1 mM. This represents the first
report of a homogenous catalytic system for the dehydrogena-
tion of n-alkanes.

To determine whether product concentrationslevel off dueto
catalyst decomposition or product inhibition, we alowed an n-
decane solution of 2 to reflux (174 °C) until the decene
concentration reached aconstant value.8 Vol atiles (decenes and
decane) were then removed and fresh n-decane was added; upon
refluxing, the kinetics of decene production were identica to
those of the initia run indicating that the catalyst did not
decompose. Thisresult issimilar to that obtained previoudly for
1-catalyzed dehydrogenation of cyclooctane.5 In the case of n-
akanes, however, the removal of product, if sufficiently rapid,
could have an additional and very significant benefit. When n-
akane dehydrogenation is conducted (at 150 °C) using a

Table 1. Dehydrogenation and isomerization of cyclodecane catalyzed by
2a

t/h cis-Cyclodecene trans-Cyclodecene cis-DECP trans-DEC
1 378 82 16 10
4 619 145 38 59
8 692 163 42 79

20 700 163 43 81

a Refluxing cyclodecane; 1.0 mM 2; values are turnover numbers (equal to
concentration/mM). b DEC = diethylcyclohexane.
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sacrificial acceptor, the major kinetic product istheterminal («)
olefin which then undergoes isomerization to the more stable
internal olefins.13 Presumably the same kinetic product is
formed in the absence of an acceptor but isomerization is much
morerapid rel ative to dehydrogenation; accordingly, added dec-
1-eneisrapidly isomerized (>99% in 2.5 min) in refluxing n—
undecane. Thus, efficient dynamic removal of product from the
mixture might lead not only to high turnover numbers, but also
to high regioselectivity for «-olefins in the case of n-alkanes.

Returning to the 2-catalyzed dehydrogenation of cyclode-
cane, two intriguing products other than cis and trans-
cyclodecene are observed to accumulate in significant concen-
tration (by GC and GC-MS); GC-MS and H NMR data
indicate them to be diethylcyclohexanes (DEC). When cis- and
trans-1,2-DEC were independently generated by the hydro-
genation of 1,2-diethylbenzene; *H NMR, GC and GC-M S data
were in complete agreement with those of the cyclodecane
reaction products.

The unprecedented isomerization of cyclodecane to cis- and
trans-1,2-DEC might seem to suggest the involvement of a
cyclodecane C—C bond activation step. It is difficult, however,
to envisage such a mechanism that would account for the
selectivity of this ring-contraction. Furthermore, the formation
of DEC’ s appeared to be a secondary reaction since the ratio of
the DEC’s to cyclodecenes significantly increased with time
(Table 1). Thisleads usto propose, for the overall isomerization
reaction, the mechanism of Scheme 1 which receives strong
additional support from the following observations:

(i) A mixture of 2 (1.0 mM) and cyclodecene (200 mM) in n-
undecane solvent was refluxed (196 °C). After 30 min, 4.2 mM
diethylcyclohexane had appeared (ca. 2:1 trans:cis);f in
addition, ca. 50% of the cyclodecene had been transfer-
hydrogenated to cyclodecane (with commensurate formation of
undecenes), while 98 mM cyclodecene remained. This rate of
DEC formation (8.4 turnover h—1; 149 mM time-averaged
concentration of cyclodecene) is proportional to the time-
averaged concentration of cyclodecene present in the reactions
that began with cyclodecane only; i.e. this result is entirely
consistent with the DEC being derived from cyclodecene (not
directly from cyclodecane).

(if) transtrans-1,5-cyclodecadiene has been reported to
undergo a thermal Cope rearrangement to give trans-1,2-di-
vinylcyclohexane.14|| Extrapolating the rate datato 201 °C gives
arateof 1.2 s—1,24** which is clearly consistent with Scheme 1
and the lack of build-up of observable quantities of the
cyclodiene. Presumably, cyclodecadienes other than the
1,5-isomers are initially formed and these undergo isomeriza-
tion to the 1,5-diene which then undergoes rearrangement.

(iii) Since divinylcyclohexaneis not formed in an observable
guantity, the mechanism of Scheme 1 requires that this
intermediate is rapidly hydrogenated under the reaction condi-
tions. Accordingly, when a cyclodecane solution of 2 (1.0 mM)
and added vinylcyclohexane (100 mM) was refluxed, after only
10 min 100% conversion to ethylcyclohexane was observed.

In summary, we describe the first homogeneous catalyst
system to dehydrogenate akanes at rates that might be
considered suitable for a practical and useful system. It would
appear that efficient removal of the olefin product, by either
physical or chemical means, might lead to dramatically
increased yields and even regioselectivity. The formation of
DEC represents anovel example of catalytic alkane functional -
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ization proceeding via dehydrogenation and a secondary olefin
reaction.
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Notes and references

T The protonated i-P"PCP ligand was synthesized according to Milsteing and
reacted with [Ir(cyclooctene),Cl] in refluxing toluene for 3 days. The
resulting (-P"PCP)IrHCI was isolated and converted to (-P"PCP)IrH, using
the procedure previously reported for (-BUPCP)IrH,.4

¥ The dehydrogenation enthalpy of cyclooctaneisca. 23.8(5) kcal mol—1 as
determined by either direct measurement of hydrogenation or on the basis
of enthalpies of formation.210 The value for cyclodecane is less certain.
Based on available data for enthalpies of formation it would appear to be
rather high, at least 30 and 33 kcal mol—1 for formation of cis- and trans-
cyclodecene respectively.®-11 However, direct hydrogenation measure-
ments yield values of —20.7(1) and —24.0(9) kcal mol—1, respectively, in
acetic acid solvent.22 Enthalpies of other cycloalkene hydrogenations in
acetic acid, determined by the same workers, are ca. 1.3 kcal mol—1 less
negative than reliable values in hydrocarbon solvent.®12 Thus, 22 and 25
kcal mol—1 are probably the best estimates for the dehydrogenation of
cyclodecane to give cis- and trans-cyclodecene respectively.

§ An attempt to dehydrogenate n-decane using catalyst 1 gave no detectable
decene. It isdifficult to set an upper limit on the amount of decene produced
since as many as eight major isomers could be formed. Nevertheless, the
reaction of n-decane catalyzed by 2, unlike that of 1, gave very easily
detectable decene GC peaksindicating total concentrations of 14.4 and 16.1
mM after 0.5 and 5 h respectively.

1 Both our dehydrogenations and our independent synthesis gave mixtures
of the two DEC's; we are unable to assign their respective stereochemistry
with high confidence. However, the ratio changes with time during the
cyclodecane dehydrogenation and we tentatively assign the product that
relatively increases in concentration as the more stable trans-DEC.

|| The product of the uncatalyzed reaction of 1,5-transtrans-cyclodecadiene
is exclusively the trans-DEC isomer in contrast with our observation of a
mixture of trans and cis. However, MOPAC calculations indicate that the
1,5-cistrans-cyclodecadiene is the more stable diene; molecular modeling
suggests that this isomer would yield cis-1,2-diethylcyclohexane. Fur-
thermore, Cope rearrangements can be metal-catalyzed which might
represent another pathway leading to the cis isomer.

** The measured rates (40-90 °C) give the following activation parameters:
AH* = 24.32 kcal mol—1; ASH = —7.81 cal mol—-1 K—114
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