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Summary: Deuterium-labeling studies show that vinyl
C—H oxidative addition of tert-butylethylene (tbe) to
IrH2{ Ce¢H3-2,6-(CH,PBuUY),} (1) is rapid and reversible,
while the stoichiometric hydrogenation of tbe by 1 is
slower and irreversible. The dinitrogen complex, [Ir-
{CsH3-2,6-(CH2PBUY)2} [2(u-N2) (3), results from the
reaction of 1 with excess tbe under 1 atm of nitrogen. A
single-crystal X-ray structure determination of 3 reveals
a perpendicular arrangement of the P—C—P pincer
ligands, which accounts for the surprising stability of 3
and the inhibiting effect of nitrogen on reactions cata-
lyzed by 1.

The P—C—P pincer complex IrH{Cg¢H3-2,6-(CH,-
PBu%),} (1) has been found to be a highly active and
robust catalyst for the transfer dehydrogenation of
cyclooctane to cyclooctene,! cycloalkanes to arenes,?
tetrahydrofuran to furan,® and ethylbenzene to styrene.?
Other iridium and rhodium hydride complexes including
|rH5(PPI’i3)2,4'5 IrH2{ OC(O)CF3} (PPr‘3)2,6v7 RhCl(EMe3)2-
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(CO) (E = P,B‘g ASlO), RhC|(PME3)2(PR3),9 |rC|H2(PPri3)2
(2),)1 and Rh{ OC(Ph)CHPPh,} (CO)(PAr3)!2 also catalyze
thermal transfer dehydrogenation of cyclooctane to
cyclooctene. Despite the structural resemblance of these
complexes, deuterium-labeling studies have revealed
they react quite differently with the hydrogen acceptor
tert-butylethylene (tbe).111314 Variation has also been
found in the mechanism of alkane activation in the
catalytic systems. Alkane oxidative addition to 14-
electron intermediates arising upon complex dehydro-
genation by tbe is thought to occur in several sys-
tems.>7915 However, we have found evidence for the
association of alkanes to the 16-electron neohexyl
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intermediate resulting upon hydride migration to tbe
coordinated to 2.1 It was, therefore, of interest to
examine the reactivity of 1 with tbe. All of the dehy-
drogenation reactions catalyzed by 1 are inhibited by
even traces of nitrogen gas.!=® In order to better
understand this unusual nitrogen inhibition, we have
examined the reaction of 1 with tbe both in the presence
and absence of nitrogen. We report here the mecha-
nistic details of the reaction of 1 with tbe as revealed
by deuterium-labeling studies and the results of an
X-ray crystal structure determination of [Ir{CsH3-2,6-
(CH2PBUY)}2(u-N2) (3).

We have observed that 1 undergoes a number of
reactions with tbe. The most facile process is the
reversible oxidative addition of thbe vinyl C—H bonds,
as shown in Scheme 1. This reaction was detected by
dissolving IrDy{ C¢H3-2,6-(CH,PBuUY,),} (1-d,)'® in neat
tbe at 25 °C under an atmosphere of argon. The
deuterium label was observed by 2H NMR spectroscopy
to be completely transferred to the trans o position of
tbe within 10 min. The deuterium scrambling appar-
ently results from the reversible oxidative addition of
the a-vinyl C—H bonds of tbe to form a vinyl hydride.
Deuterium incorporation exclusively into the o position
of the from IrHs(PPri3),/CsDg was previously shown to
involve the reversible oxidative addition of a-vinyl C—H
bonds.2? It is unclear whether these oxidative additions
of the vinyl C-H bonds proceed through a m-alkene
intermediate or an alternative mechanism, as observed
for the oxidative addition of the vinyl C—H bonds of
ethylene to (CsMes)Ir(PMe3).1”

At longer reaction times (>1 h), 1 reacts with neat
tbe at 25 °C under argon gas to give a stoichiometric

(16) The tetradeuterio complex IrD4{Ce¢Hs-2,6-(CH,PBuUY),} was
prepared by allowing a pentane solution of IrHs{C¢H3-2,6-(CH,-
PBut,),}2 to stir for 1 h under 1 atm of deuterium gas. The dideuterio
complex IrD{ CsH3-2,6-(CH,PBuUY,),} (1-dy) was obtained by allowing
the tetradeuterio complex to stand in vacuo for 48 h. The level of
hydride deuteration was over 95% based on H NMR.

(17) Stoutland, P. O.; Bergman, R. G. 3. Am. Chem. Soc. 1988, 110,
5732.

Communications

amount of tert-butylethane (tba).’® While coordination
of the and subsequent hydride migration are also facile
with the chloro complex 2, the reductive elimination of
tba from the resulting alkyl hydride complex requires
the addition of an alkane and heating to 150 °C.11 The
high barrier to elimination of tba in the case of 2 renders
the hydride migration step reversible, as demonstrated
by the transfer of deuterium from IrCID,(PPri3); (2-dy)
to the B position of tbe.!l No deuterium transfer is
observed when 1 is dissolved in neat H,C=CDCMej3, and
exclusively S-labeled tbha is produced.’® Thus, hydride
migration to coordinated tbe is irreversible. The sub-
sequent elimination of tba is clearly a monomolecular
process as no effect on the rate of tba production was
found upon 4-fold dilution. It is possible that an agostic
interaction with the tert-butyl methyl groups triggers
tba elimination from the pincer complex. This hypoth-
esis is supported by the observation of deuterium
scrambling in the dideuterio complex, 1-d,. The ex-
change between the deuteride and tert-butyl methyl
groups of the pincer ligand was apparent within 2 h of
dissolving 1-d; in cyclohexane at 25 °C.1° In contrast,
heating the dideuterio complex 2-d, in toluene solution
at 150 °C for 24 h does not result in transfer of the
deuterium label to the isopropyl methyl groups of the
phosphine ligands.2® The ability of the phosphine alkyl
groups of 1 to interact with the iridium center may
eliminate the requirement of alkane association for tba
elimination found for 21! and partially account for 1
having a much higher activity for the catalytic transfer
dehydrogenation of alkanes than 2.

We have characterized the intermediate arising upon
elimination of tba by 'H and 31P NMR spectroscopy.2!
The intermediate clearly contains the pincer ligand and
no hydride. However, it is not possible to ascertain on
the basis of this data whether the intermediate complex
contains the only the pincer ligand (with or without a
highly fluxional agostic interaction) or if it also contains
rapidly exchanging tbe and/or solvent ligands. The
intermediate is highly reactive, and all attempts to
isolate it as a crystalline solid gave rise to a complicated
mixture of unidentified products. Similar, highly reac-
tive intermediates have recently been reported to result
from the dehydrogenation of IrFH,(PBut;Ph), by eth-
ylene.??

As seen in Scheme 1, a tractable product is obtained
upon treatment of a cyclohexane solution 1 with a 15-
fold excess of the under 1 atm of nitrogen at 25 °C.
The dinitrogen complex [Ir{ CsH3-2,6-(CH,PBU'),} |2(u-
N>) (38)2 is produced in nearly quantitative yield within
1 h. The formation of 3 is evidently initiated by the
reaction of nitrogen to the intermediate resulting upon
the dehydrogenation of 1 by tbe as nearly 1 equiv of tha
is produced in the reaction.’® The molecular structure
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4H,CHy), 1.27 (vt, Jppy = 6.0 Hz, 36H, C(CHs3)3); 3'P{'H} NMR (161.9
MHz, cyclohexane-di,) 6 70.6 (s).
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Figure 1. Projection of [Ir{C¢H3-2,6-(CH,PBuU',),} ]2(1-N>)
(3) with the thermal ellipsoids at 25% probability. Selected
bond distances (A) and angles (deg): 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)—Ir(1)—P(11), 78.6(3); P(11)—Ir(1)—
P(12), 160.22(10); Ir(1)—N(1)—N(2), 178.7(9). The hydrogen
atoms are omitted for clarity.

of 3 was elucidated through a single-crystal X-ray
structure determination.?* A projection of the structure
and selected bond distances and angles are presented
in Figure 1. The linear, u-n': ' coordination mode of
the dinitrogen is well-known, although more common
for group 4 and 5 metals.?®> The nitrogen—nitrogen bond

(23) For 3: 'H NMR (400.032 MHz, methylcyclohexane-di4) 6 6.75
(d, Iy = 8.8 Hz, 2H, m-H), 6.49 (t, Iy = 7.3 Hz, 1H, p-H), 3.13 (vt,
Jpn = 3.7 Hz, 4H, CHy), 1.27 (vt, Jpn = 5.9 Hz, 36H, C(CHj3)3); 13C{*H]
NMR (100.595 MHz, cyclohexane-d;,) 6 166.65 (s, C-1), 154.33 (vt, Jpc
=11.9 Hz, 0-C), 124.12 (s, p-C), 120.31 (vt, Jpc = 9.15 Hz, m-C), 37.48
(vt, Jpc = 13.7 Hz, CHy), 36.70 (vt, Jpc = 10.1 Hz, C(CHs)s), 30.08
(two vt, Jpc = 20.1 Hz, C(CH3)3); 3*P{*H} NMR (161.9 MHz, cyclohex-
ane-djp) & 72.9 (s); IR(KBr) vyn = 2078 cm~1. Anal. Calcd for CygHgs-
Ir,NoP4: C, 48.07; H, 7.23; N, 2.33. Found: C, 47.95; H, 7.33; N, 2.40.

(24) Orange crystals of 3:(CgH12)1.5 were obtained from slow evapo-
ration of 1:1 cyclohexane: methylcyclohexane: triclinicP1,Z=2,a=
14.428(10) A, b = 14.639(5) A, c = 16.702(12 A, o =71.780(10)°, f =
75.590(10)°, y = 68.950(10)°, V = 3090(3) A3; 614 parameters were
refined on 4803 reflections having | > 20(1); R (Rw) = 4.85% (11.88%),
GOF = 1.073. The finding of the unusual cyclohexane solvate in the
crystals was unexpected and noteworthy.

(25) Hidai, M.; Mizobe, Y. Chem. Rev. 1995, 95, 1115.
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distance is 1.176(13) A. This is significantly longer than
the 1.0976(2) A distance found in free N2 or the 1.134-
(5) A N—N distance in the closely related Rh(l) dinitro-
gen complex [RhH(PPri3);]2(u-N2).2” While this signifies
a weakening of the nitrogen—nitrogen interaction, it is
within the 1.12—1.20 A range of dinitrogen (N>)° ligands
rather than the 1.25—1.34 A range of hydrazido (N2)*~
ligands.?>28 The dihedral angle between the planes
defined by Ir(1), P(11), P(12) and Ir(2), P(21), P(22) is
89.5°. This nearly perpendicular arrangement results
in the encapsulation of the nitrogen ligand and is
apparently responsible for the surprising stability of 3
and the pronounced inhibiting effect of nitrogen on the
catalytic reactions.

We have found that the unusual N inhibition of the
catalytic activity of 1 is due to the formation of a
dinitrogen complex which is stabilized by encapsulation
in the bis(P—C—P pincer) complex. Our results suggest
that the high activity of 1 as a hydrocarbon dehydro-
genation catalyst may be in part due to “agostic promo-
tion” by the pendent tert-butyl methyl groups.
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