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Abstract

The dihydrido P-C-P pincer complex, IrH,{C(H;-2,6-(CH,PBu’,),} (1), was successfully pre-
pared from the reaction of the hydrochloride complex, IrCIH{C(H,-2,6-(CH,PBu’,),}, and super
acid (LiBEt;H) under 1 atm of hydrogen in pentane solution at room temperature and followed by
heating at 130°C in vacuo. Jensen recently found that the dihydrido P-C-P pincer complex 1 is a
highly active homogeneous catalyst for the transfer dehydrogenation of alkanes with unusual long-
term stability at temperatures as high as 200°C. The treatment of dihydrido complex 1 with nitrogen,
water, carbon dioxide, and carbon monoxide in presence of rerr-butylethylene (tbe) at room tem-
perature in an appropriate solution gave the dinitrogen complex, [Ir{C¢H,-2,6-(CH,PBU,),} 1,(1-N,) (2),
the hydrido hydroxyl complex, IrH(OH){C:H,-2,6-(CH,PBU’,),} (3), the carbon dioxide complex,
Ir(n*-C0O,){CH;-2,6-(CH,PBU,),} (including the bicarbonato complex, IrH(k*-0,COH){CH,-2,6-
(CH,PBu,),} (4)), and the carbonyl complex, [r(CO){C(H,-2,6-(CH,PBU,),} (5) (including the
carboxyl complex, [rH(C(O)OH){C4H;-2,6-(CH,PBU,),} (6)), in good yield, respectively. These P-
C-P iridium complexes were isolated and characterized by 'H, *C, *'P NMR, and IR spectroscopy.
In addition, the complexes (1-6) were characterized by a single crystal X-ray crystallography.
These complexes account for these small molecules’ inhibition of dehydrogenation of alkanes cat-
alyzed by the dihydrido complex 1.
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1. Introduction

Alkanes (especially methane) are abundant and
relatively inexpensive. Therefore, they would be
ideal chemical feedstocks. However, alkanes are
very poor electron donors and/or acceptors and acti-
vation of alkane C-H bonds is difficult. Therefore,
the selective functionalization of alkanes is as fun-
damentally challenging as it is potentially useful.
Although alkane C-H bonds are difficult to activate,
they are not completely inert. During the past 20
years, many chemists have sought to develop cata-
lysts for the functionalization of saturated hydrocar-
bons.'” Pioneering work in this area was carried
out in the research groups of Crabtree,” Bergman,”
and Graham.” During the past decade there has
been a great deal of continued activity focused upon
discovering and understanding C-H bond activation
by soluble transition metal complexes.'™ The goal
of these studies is not simply to find new C-H bond
activation reactions, but to gain an understanding of
these processes such that catalysts can be developed
for the selective transformation of inexpensive
alkanes to more valuable compounds. In order to
achieve a successful system it has to satisfy at least
three requirements: (1) the alkane C-H activation by
the metal complex is not just stoichiometric, but
catalytic, (2) catalytic activity, often called turnover
number, should be higher under mild reaction con-
ditions, and (3) high product selectivity.

Currently, the catalytic dehydrogenation of alkanes
to alkenes stands as the greatest practical advance
in the use of soluble transition metal complexes for
alkane C-H bond activation. Several methods of
dehydrogenation of alkanes using transition metal
complexes as homogeneous catalysts have been
developed. The most common method is transfer
dehydrogenation. In this reaction hydrogenation is
transferred from alkanes to hydrogen acceptors such
as fert-butylethylene (tbe) as shown in Scheme 1a.”*”
The major drawback to transfer dehydrogenation is
that the use of a sacrificial hydrogen acceptor is
wasteful. Nonetheless, this method is the most com-
mon in catalytic dehydrogenation of alkanes because
it is usually efficient. “Acceptorless™ catalytic dehy-
drogenation of alkanes has been achieved through
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a. Transfer Dehydrogenation

RCH,CH; + CHy=CHC(CHy); —C2 » RCH=CH, + CH:CHyC(CHy)s

b. Photoirradiation
hv
RCH,CH;, o ROHSCH: + H
at.

¢. Thermal Evolution of Hydrogen

heat
RCH,CH;, -———->( RCH=CH,; + H;
“at.

Scheme 1. Methods of catalytic dehydrogenation of
alkanes.

methods involving photoirradiation as shown in
Scheme 1b.2"?® However, such photochemical meth-
ods are not applicable to industrial scale operations.
Dehydrogenation of alkanes can also be effected by
the thermal evolution of hydrogen as shown in
Scheme 1¢.”" This reaction, however, is very
endothermic. Very high temperatures or continuous
removal of molecular hydrogen from the system are
required to achieve significant levels of conversion
to the alkene product.

Jensen and coworkers found that the iridium PCP
pincer complexes are highly active robust catalyst
for the dehydrogenation of alkanes.'™'” The practi-
cal application of the pincer catalyzed reaction is
limited by its sensitivity to high concentration of
alkene products. It was also found that the reaction
must be carried out under an argon atmlosphere as
even traces of nitrogen, carbon dioxide, and water
act as catalyst poisons. In order to design an
improved second generation catalyst, it is important
to determine the origin of these inhibitive effects as
well as catalytic mechanism. Reactions of the irid-
jum PCP pincer complex with N,, H,0, CO,, and
CO were carried out. The products were isolated
and their molecular structures were determined by a
single crystal X-ray diffraction studies. This paper
is thus an account of our contribution toward the
quest for the “Holy Grail™” of the development of a
transition metal complex catalyst for the selective
transformation of alkanes to functionalized organic
compounds.

2. Experimental

General Information. All syntheses were carried
out under purified argon using standard Schlenk
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techniques. The pincer ligand C4H;-2,6-(CH,PBU',),
was prepared by the literature method.”” The com-
plexes IrCIH{C(H;-2,6-(CH,PBU’),} and IrH,{CH;-
2,6-(CH,PBu’,),} (1) were prepared by cited litera-
ture method.”” The followings were purchased and
used without further purification: IrCl;:3H,0 (Johnson
Matthey), LiBEt,H (1.0 M in THF, ACROS Organ-
ics). Unless specified, all other reagents were received
from commercial sources and used without further
purification. All solvents were dried by the standard
methods.™

Characterizations. All prepared compounds were
characterized by 'H and C{'H} and *'P{'H} NMR
(Varian Unity Inova 400 MHz FT-NMR Spectrom-
eter) spectroscopy. Chemical shifts were reported in
ppm relative to tetramethylsilane (TMS) and were
referenced to the residual solvents for 'H NMR and
to the solvent peaks for “C{'H} NMR. *'P{'H}
chemical shifts are reported in ppm relative to 85%
H,PQO, as an external peak.

Syntheses of PCP Pincer Complexes. (1) Synthe-
sis of [Ir{CH;-2,6-(CH,PBu"),}|,(u-N,) (2).Y A
pentane (5 mL) solution of IrtH,{C¢H,-2,6-(CH,PBu),}
(1) (20 mg, 0.034 mmol) was treated with rert-butyl-
ethylene (tbe) (66 mL, 0.51 mmol) under 1 atm of
nitrogen at 25°C and allowed to stir for 1 hr
Removal of the solvent in vacuo gave [Ir{C¢H;-2,6-
(CH,PBU",),} ,(u-N,) (2) as a pale yellow solid in
nearly quantitative yield. (2) Synthesis of IrH(OH)
{C,H;-2,6-(CH,PBu’,),} (3).” A pentane (5mL)
solution of irH,{CH,-2,6-(CH,PBU,),} (1) (20 mg,
0.034 mmol) was treated with tert-butylethylene (tbe)
(66 uL, 0.51 mmol) under 1 atm of argon at 25°C.
After 1 hr of reaction, the resulting red-purple solu-
tion was treated with degassed, deionized water (0.1
mL, 5.6 mmol). Removal of the solvent in vacuo
gave IrH(OH){C4H;-2,6-(CH,PBu,),} (3) as a deep
orange solid in nearly quantitative yield. (3) Syn-
theses of Ir(n-CO,){C,H,-2,6-(CH,PBu,),} and
IrH(x’-0,COH){CH,-2,6-(CH,PBu’),} (4. A
pentane (5 mL) solution of TrH, {C4H;-2,6-(CH,PBU,),}
(1) (50 mg, 0.085 mmol) was treated with terr-butyl-
ethylene (tbe) (125 puL, 1.28 mmol) under 1 atm of
carbon dioxide gas at 25°C. Removal of the solvent
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in vacuo gave a mixture of the very air- and mois-
ture-sensitive, red-orange m’-carbon dioxide com-
plex, Ir(n*-C0,){C(H,-2,6-(CH,PBu,),} and the air-
stable pale yellow bicarbonato complex, IrH(ic’-
0,COH){C4H;-2,6-(CH,PBU,),} (4). (4) Synthesis
of Ir(CO){CH,-2,6-(CH,PBu’),} (5).” A cyclo-
hexane (5 mL) solution of [Ir{C4H,-2,6-(CH,PBu,),}1,
(1-Ny) (2) (20 mg, 0.017 mmol) was placed under
latm of carbon monoxide at 25°C for 1 min.
Removal of the solvent in vacuo gave Ir(CO){C¢H;-
2,6-(CH,PBu,),} (5) as an air-stable yellow-orange
solid in nearly quantitative yield. (5) Synthesis of
IrH(C(0)OH){CH,-2,6-(CH,PBu’,),} (6).® A cy-
clohexane (5 mL) solution of IrH(OH){C/H;-2,6-
(CH,PBU,),} (3) (20 mg, 0.034 mmol) was placed
under 1 atm of carbon monoxide at 25°C. Removal
of the solvent in vacuo gave mixtures of Ir(CO){C¢H;-
2,6-(CH,PBU,),} (5) (>80% yield) and IrH(C(O)OH)
{C4H;-2,6-(CH,PBU,),} (6) as an air-sensitive yel-
low solid.

Crystallographic Studies. Crystals of IrH,{C.H--
2,6-(CH,PBuUS),} (1), [Ir{CeH,-2,6-(CH,PBUY), }];
(B-N)(CH 5)1 s (2(CeHyp)s),  IrH(OH){CH;-2,6-
(CH,PBU,),} 3), [rH(x*>-0,COH){CH;-2,6-
(CH,PBU,),} (4), I(CO){CH,-2,6-(CH,PBUY),) (5),
and IrH(C(O)OH){C(H-2,6-(CH,PBU',),}-(H,0)
(6-(H,0)) suitable for X-ray diffraction were obtained
from concentrated solutions of appropriate solvents.
The crystals were mounted on glass fibers with
epoxy and centered automatically on a Nicolet P3
Diffractometer using 25 reflections with 15° < 26 <
30°. Three check reflections were monitored every
97 reflections, showing no decrease intensity over
the duration of the data collection. The structures
were solved by Patterson methods, completed by
conventional Fourier Transform techniques, and
refined by full-matrix least-squares procedures using
SHELXTL-93 computer programs. Semi-empirical
ellipsoid absorption corrections from psi-scan were
applied to 2-(C¢H,,),5) and 3. Semi-empirical lam-
ina (0 0 1) absorption correction from psi-scan
was applied to 4. All non-hydrogen atoms were
refined with anisotropic displacement coefficients.
Hydrogen atoms were treated as idealized contri-
butions.
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PBUY, LiBELH 3. Results and Discussion
‘\\\\CI 1 atm H, i

‘r“\H T e Synthesis of IrH,{C.H;-2,6-(CH,PBu’,);} (1)."”

LBu‘Z pentane As seen in Scheme 2, treatment of a pentane solu-

tion of the hydrochloride complex, IrHCH{C¢H;-2,6-

‘1’33‘:3'" (CH,PBU,),}, under 1 atm of hydrogen with super

24 hr \ y acid (LiBEt;H) at 25°C produces the white tetrahy-

2 drido complex, IrH,{CsH;-2,6-(CH,PBu’,),}, in 85%

PBu’ yield. The brown dihydrido complex, IrH,C¢H,-2,6-

WH (CH,PBu,),} (1), is obtained quantitatively upon

‘r“\H heating finely powdered tetrahydrido complex to

PBU, 130°C in vacuo. The complex 1 was characterized

1

Scheme 2. Synthesis of dihydrido iridium PCP pin-
cer complex (1).

by 'H, ®C, P NMR, and IR spectroscopy. An X-
ray structure determination was carried out on a sin-
gle crystal of 1 in order to verify the structural
composition. Details relating to the crystal data, the

Table 1. Summary of crystal data for iridinm PCP pincer complexes

1 2(CHyo)y s 3 4 5 6-H,0
Formula IrC,,P,H,s CsHypleNP, CyHysIrOP,  CH IrOsP,  CpsHysItOP, G, iHyIrO,P,
Formula weight 587.74 1325.70 603.74 647.75 613.73 649.77
Crystal system Tetragonal Triclinic Orthorthombic Orthorhombic  Monoclinic  Tetragonal
Space group P4, PI Pbca Pbca P2)/n 14(1)/a
Color of crystal Orange Orange Yellow Yellow Yellowish Pale Yellow

Orange

Crystal dimensions, mm 0.5x04x02 05x05x05 05x03x02 02x02x05 04x04x03 03x03x0.2
a A 11.710(4) 14.428(10) 11.520(7) 11.996(3) 15.443(4) 23.685(6)
b, A 11.710(4) 14.639(5) 16.094(10) 15.461(3) 11.619(3) 23.685(6)
c, A 9.701(5) 16.702(11) 28.53(2) 30.267(10) 30.608(8) 20.355(8)
o, deg 90 71.780(10) 90 90 90 90
B, deg 90 75.590(10) 90 90 93.22 90
Y, deg 90 68.599(10) 90 90 90 90
v, A’ 1330.2(9) 3090(3) 5291(6) 5614(3) 5483(3) 11419(6)
4 2 2 8 8 8 18
u, cm™ 51.46 4440 51.80 48.93 49.99 54.12
Transmission Coeff. min, 0.631, 0.970  0.001, 0.008 0.055, 0.127 0417, 0.888  0.389, 1.000  0.070, 0.102
max
T, K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
%, A (MoKa radiation) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
20 range, deg 345 3-40 340 3-55 3-45 345
Independent reflections 1766 5744 2429 5625 7143 3699
Unique data with 1744 4803 1547 1760 1980 2396
>20(1)
Parameters refined 137 614 272 295 526 283
Goodness of fit’ 0.920 1.0731 0920 0771 0.986 1.109
Peaier gfem’ 1.467 1.425 1.516 1.533 1.487 1.701
Scan type 26 ® ® ® (0] ®
R®, % 3.05 4.85 442 6.48 3.78 8.30
R, % 6.21 11.88 9.78 13.60 8.87 20.54

‘GOF = [WE(F,| — [EDY(N, — N)I'*. °R = Z[F | — |F/ZF,. ‘R, = [WE(IF,| — [F)/ZwF,]"
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Fig. 1. Projection of TrH,CHy-2,6-(CH,PBu’,),} (1)
with the thermal ellipsoids at 50% probability.
Selected bond distances (A) and angles (deg): Ir-
C(1), 2.12(1); Ir-P, 2.308(2); P-Ir-C(1), 82.41(6); P-
Ir-P(a), 164.8(1). The hydrogen atoms are omitted
for clarity.'”

data collection, and solution and refinement are
summarized in Table 1. A projection of the struc-
ture 1 is seen in Fig. 1. The hydride could not be
reliably located. The angle P-Ir-P(a) is 164.8(1)".
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Jensen and coworkers found that the iridium P-C-P
pincer complex 1 is a highly active homogeneous
catalyst for the transfer dehydrogenation of cyclooc-
tane with unusual long-term stability at tempera-
tures as high as 200°C."**”

Synthesis of |Ir{C H;-2,6-(CH,PBu’),}],(1-N,)
(2).* As seen in Scheme 3, treatment of a pentane
solution of 1 with a 15 fold excess of tert-butyleth-
ylene (tbe) under 1atm of nitrogen at 25°C gives
the dinitrogen complex, [Ir{CsH;-2,6-(CH,PBu’,),}1,
(n-N,) {2) in nearly quantitatively yield within 1 hr.
The formation of 2 is evidently initiated by the
reaction of nitrogen with the intermediate, [Ir{CsH,-
2,6-(CH,PBu)),}], which results from the dehydro-
genation of 1 by tbe, as nearly one equivalent of
tert-butylethane (tba) is produced in the reaction.
The dinitrogen complex 2 is rapidly converted back
to 1 upon exposure to 1 atm of H, at 25°C.

The dinitrogen complex 2 was characterized by
'H, "°C, *'P NMR, and IR spectroscopy. The nitro-
gen-nitrogen stretching frequency in IR spectrum
appeared at 2078 cm™', which is in usual metal-
hydride region. The elemental analysis data for C,
H, and N are in accordance with the calculated

Fig. 2. Projection of [Ir{C¢H;-2,6-(CH,PBu’,),}],(4-N;) (2) with the thermal ellipsoids at 50% probability.
Selected bond distances (A) and angles (deg): Ir(1)-C(13), 2.053(12); Ir(1)-P(1l), 2.312(3); Ir(1)-N(1),
2.007(11); Ir(2)-N(2), 1.987(11); N(1)-N(2), 1.176(13); P(11)-Ir(1)-P(12), 160.22(10); N(1)-Ir(1)-C(13), 179.6(4);
N(1)-Ir(1)-P(12), 98.6(2); Ir(1)-N(1)-N(2), 178.7(9). The hydrogen atoms are omitted for clarity.*
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PBu!,

. wwH / N.
2 rQH + 2 _\\/ ———2——--—-—->

pentane
bBu, room temp.
PBuY, Bul,P
/
F——Ne=N—1r + 2 _/\

PBu’, Bu
2

Scheme 3. Synthesis of dinitrogen PCP pincer com-
plex (2).

data. The molecular structure of 2 was elucidated
through a single crystal X-ray structure determina-
tion. Details relating to the crystal data, the data
collection, and solution and refinement are summa-
rized in Table 1. A projection of the structure is
seen in Fig. 2. The inclusion of a cyclohexane sol-
vate is unusual. Recrystallization from methylcyclo-
hexane also produces crystals containing a methyl-
cyclohexane solvate. Solvate free material can be
obtained by recrystallization from pentane solution.
The dinitrogen ligand is bonded in linear, p-n'm'
coordination mode. While not as common as the
terminal, end-on coordination mode of dinitrogen, it
is quite common for Group 4 and 5 metals.”® The
nitrogen-nitrogen bond distance is 1.176(13) A.
This is significantly longer than the 1.0976(2) A
distance found in free N,*¥ or the 1.134(5) A N-N
distance in the closely related Rh(I) dinitrogen com-
plex, [RhH(PPr’,),],(11-N,).”” 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
(N,)* ligands.®**” The dihedral angle between the
planes defined by Ir(1), P(11), P(12) and Ir(2),
PQ21), P(22) is 89.5".

Dinitrogen is typically a very weak binding ligand.***
Several studies of alkane dehydrogenation using
rhodium and iridium complexes as catalysts have
been carried out a nitrogen atmosphere.****** Thus,
observations that even trace of nitrogen poisons all
catalytic dehydrogenation activity of 1 even at 200°C
were quite unexpected.'®”” The dinitrogen complex

- o=y =24 5 3]#]
2 was found to be completely inactive as a catalyst
for alkane dehydrogenation. Thus the reaction of 1
with nitrogen to give 2 is apparently responsible for
the suppression of catalytic activity. A priori it
seems unlikely that a dinitrogen complex could have
sufficient stability at 200°C to act as a thermody-
namic sink. However, an explanation of this effect
may be provided by the molecular structure which
has been determined for 2. The bridging nitrogen
ligand is essentially encapsulated by nearly perpen-
dicular pincer ligands. It is likely that this arrange-
ment provides a kinetic stabilization of the dinitrogen
ligand while preventing substrates from coordinat-
ing to the iridium centers. Thus, upon formation of
2 the iridium center is rendered unreactive with
cycloalkanes and catalytically inactive.

Synthesis of IrH(OH){C H;-2,6-(CH,PBu’,),}
(3).* A red-purple pentane solution of the interme-
diate, [Ir{C¢H,-2,6-(CH,PBU’,),}], becomes deep
orange within a few minutes upon treatment with
excess deoxygenated water under 1 atm of argon at
25°C as seen in Scheme 4. Deep orange crystals of
the hydrido hydroxyl complex, IrH(OH){C¢H;-2,6-
(CH,PBU,),} (3), are obtained in nearly quantita-
tively yield upon removal of solvent.

Complex 3 was characterized by 'H, “C, *'P
NMR, and IR spectroscopy and its molecular struc-
ture was elucidated through a single crystal X-ray
structure determination. Details relating to the crys-
tal data, the data collection, and solution and refine-
ment are summarized in Table 1. A projection of

Bul,
| o mo
| \H pentane
room temp.
But, P
But,
wH /
IFQ + \/
| “Now
PBuU/;

3

Scheme 4. Synthesis of hydrido hydroxy PCP pin-
cer complex (3).
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Fig. 3. Projection of IrH(OH){C H,-2,6-(CH,PBu"),}
(3) with the thermal ellipscids at 50% probability.
Selected bond distances (A) and angles (deg): Ir-
C1), 2.01(2); Ir-O(1), 2.003); Ir-P(1), 2.304(4);
P(1)-Ir-P(2), 166.9(2); C(1)-Ir-P(2), 83.9(5); O(1)-Ir-
P(2), 95.3(7). The hydrogen atoms are omitted for
clarity.*®

the structure is seen in Fig. 3. The hydride ligand
and the hydroxyl hydrogen could not be reliably
located. The most intriguing structural feature is the
Ir-O bond distance of 2.00(3) A. This distance is
significantly shorter than that found for the 18-electron
iridium complex cis-IrH(OH)(PMe,), PF,” (2.119(5)
A).* Similar variation in Ir-O bond distances has
been noted for a pair of formally 16- and 18-elec-
tron iridium(II) alkoxide complexes (2.032 vs.
2.169 A).* Caulton has explained these differences
in terms of O—Ir n-donation in the formally unsat-
urated complex. The molecular structure determined
for 3 also provides evidence that such m-donation
extends to late transition metal hydroxide com-
plexes.

To our knowledge, complex 3 is the first example
of a structurally characterized 16-electron transition
metal hydrido hydroxyl complex. The spectroscopic
data obtained for 3 are in accordance with the struc-
ture determined by X-ray diffraction and that reported
for the closely related OsH(OH)(CO)(PPY,),.* Another
interesting variation is provided by RhH(OH){CH;-
2,6-(CH,PBU’,),}, the rhodium analog of 3. The
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rhodium complex was prepared by the reaction of
RhHCI{C H,-2,6-(CH,PBu’,),} with NaOH rather
than the oxidative addition of water as in this case
of 3. The presence of a hydroxide ligand in the
resulting complex was inferred from the observa-
tions of an absorption in the infrared spectrum at
3300 cm ™.

Syntheses of Ir(n’-CO,){CH,-2,6-(CH,PBu’,),}
and IrH(*-0,COH){CH;-2,6-(CH,PBu’),} (4).*®
Treatment of a pentane solution of 1 with a 15 fold
excess tbe under 1 atm of carbon dioxide at 25°C
yields a mixture of two complexes: the very air-
and moisture-sensitive red-orange carbon dioxide
complex, In(n*-CO,){C¢H;-2,6-(CH,PBU’),}, and the
relatively air-stable pale yellow bicarbonato com-
plex, IrH(i*-0,COH){CH;-2,6-(CH,PBU}),} (4) as
seen in Scheme 5. The product ratio is dependent
upon the amount of water vapor present in the car-
bon dioxide. The initial product of this reaction is the
1°-CO, complex, Ir(n*-CO,){CH,-2,6-(CH,PBU,),},
which reacts with water to produce the bicarbonato
complex 4. Complex 4 is also obtained in good
yield from the reaction of the hydrido hydroxyl
complex 3 with carbon dioxide. Thus bicarbonato
product is obtained regardless of the order of the
carbon dioxide and water reaction sequence.

The 1>-CO, complex was characterized by 'H,
“C, *'P NMR, and IR spectroscopy. Evidence for
the presence of coordinated CO, is provided by the
solid state infrared spectrum. Very strong absorp-
tions are observed at 1756 and 1149 cm™', which

Bu', B,
] wnH CO, “\\“\T
e 7z . pe
entane
j \H :)om tem } \C§
Buf, P PRu,  ©
+

S —/

Scheme 5. Synthesis of bicarbonato PCP pincer
complex (4).
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Fig. 4. Projection of IrH(x*-0,COH){CH,-2,6-
(CH,PBu),} (4) with the thermal ellipsoids at 50%
probability. Selected bond distances (A) and angles
(deg): Ir-C(1), 2.04(2); Ir-O(1), 2.358(12); Ir-O(2),
2.280(13); O(1)-C(25), 1.27(2); O(2)-C(25), 1.31(2);
0(3)-C(25), 1.27(2); Ir-P(1), 2.321(5); Ir-P(2), 2.331(5);
P(1)-Ir-P(2), 163.02); C(1)-Ir-P(1), 83.6(5); O(1)-Ir-
0(2), 57.1(4); O(1)-C(25)-0(2), 118.0(14). The hydrogen
atoms are omitted for clarity.’®

correspond respectively to asymmetric and symmet-
ric stretches of the carbonyl group. As seen in
Scheme 4, the 1’-CO, complex reacts with water to
give bicarbonato complex 4 which was character-
ized by 'H, °C, >'P NMR, and IR spectroscopy. The
presence of bicarbonato ligand in 4 is supported by
NMR and IR spectroscopic data. The resonance for
the bicarbonate carbon is observed at 162.2 ppm in
the °C NMR spectrum.

The molecular structure of 4 was elucidated
through a single crystal X-ray structure determina-
tion as seen in Fig. 4. Details relating to the crystal
data, the data collection, and solution and refine-
ment are summarized in Table 1. The geometry
around the iridium shows a distorted octahedron
with a bicarbonato moiety in a plane perpendicular
to the P-C-P pincer ligand. The hydride and bicar-
bonate hydrogen could not be reliably located.
However, an approximately octahedral geometry
around the iridium is completed by assuming the
hydride to be located at the frans position to O(1).
The pronounced frans influence of hydride is evi-
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Scheme 6. Synthesis of carbonyl PCP pincer com-
plex (5).

dent upon comparison of the Ir-O(1) and [r-O(2)
bond distance (2.36(1) vs. 2.28(1) A). The bite
angle of the bicarbonate group is 57.1(4)°, quite
similar to that which has been found for related
bicarbonato complexes.*”

Synthesis of Ir(CO){C(H;-2,6-(CH,PBu’),} (5).””
The treatment of a cyclohexane solution of dinitro-
gen complex 2 under | atm of carbon monoxide at
25°C gives the air-stable yellow-orange carbonyl
complex, Ir(CO){C¢H;-2,6-(CH,PBW,),} (5) in nearly
quantitative yield within a minute as seen in Scheme
6. The corresponding aliphatic backbone pincer
complex IrH,{HC(CH,CH,PBU',),} reacts with car-
bon monoxide to give a mixture of two isomers of
a dihydrido monocarbonyl complex and dicarbonyl
complex which were characterized by *'P NMR
spectroscopy.’” However, the rhodium analog of 1,
Rh(H,){CsH;-2,6-(CH,PBU’,),} gives only the corre-
sponding monocarbonyl complex.*®

The carbonyl complex 5§ was characterized by 'H,
BC, P NMR, and IR spectroscopy. A resonance
for the carbonyl carbon appears at 197.6 ppm in the
BC NMR spectrum. The infrared spectrum of §
shows a carbonyl stretch at 1923 em™. No hydride
peak was observed in the 'H NMR spectrum of 5.
The elemental analysis data for C and H are in
accordance with calculated data.

The molecular structure of § was elucidated through
a single crystal X-ray structure determination as
seen in Fig. 5. Details relating to the crystal data,
the data collection, and solution and refinement are
summarized in Table 1. The geometry around the
iridium metal is a slightly square plane. The carbon-
oxygen bond distance (even though this showed
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Fig. 5. Projection of IrH(CO){C(H;-2,6-(CH,PBu’),}
(5) with the thermal ellipsoids at 50% probability.
Selected bond distances (A) and angles (deg): Ir(1)-
C(1a), 2.102(8); Ir(1)-C(25a), 1.873(10); Ir(1)-P(1a),
2.298(2); Ir(1)-P(2a), 2.291(2); O(1a)-C(25a), 1.167(10);
P(1a)-Ir(1)-P(2a), 164.51(8); C(1)-Ir-P(1), 83.6(5); C(1a)-
Ir(1)-P(1a), 82.9(2); C(1a)-Ir(1)-C(25a), 178.1(3); Ir(1)-
C(252)-O(1a), 176.8(8). The hydrogen atoms are omitted
for clarity.””

two different bond distances) is between triple
(1.128 A) and double (1.26(1) A) bond distance.™
The bond distance (1.87(1) A) between iridium and
the carbon of carbonyl group is significantly short
compared to that (2.10(1) A) between iridium and
carbon of aromatic ring. The bond C(1)-Ir-C(25)-
O(1) is almost linear. There are two molecules con-
taining some different orientations, which are respon-
sible for the monoclinic (space group P2(1)/n) instead
of the usual orthorhombic (space group Pbca).

Synthesis of IrH(C(O)OH){CH,-2,6-(CH,PBU’,),}
(6).® The treatment of a cyclohexane solution of
hydrido hydroxyl complex 3 under | atm of carbon
monoxide at 25°C gives a mixture of two com-
plexes: an air-stable yellow-orange carbonyl com-
plex 5 (>80% yield) and an air-sensitive pale yellow
carboxy! complex, IrH(C(O)OH){CsH;-2,6-(CH,PBU’,),}
(6) (<5% yield) as seen in Scheme 7. Hydrogen
bonding and water interaction with 6 result in frans
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Scheme 7. Reaction of hydrido hydroxy PCP pin-
cer complex with CO.

Fig. 6. Projection of IrH(C(O)OH){CH,-2,6-(CH,PBu,),}
H,0 (6-H,0) with the thermal ellipsoids at 50%
probability. Selected bond distances (A) and angles
(deg): Ir-C(1), 2.07(2); Ir-C(25), 2.10(2); Ir-P(1),
2.323(5); Ir-P(2), 2.291(6); Ir-O(3), 2.69(4); C(25)-
0(1), 1.26(3); C(25)-0(2), 1.32(3); O(1)-0(2), 2.65(2);
P(1)-Ir-P(2), 159.5(2); C(1)-Ir-C(25), 173.4(9); O(1)-
C(25)-0(2), 116(2). The hydrogen atoms are omitted
for clarity.’®

and cis geometric isomers.

The carboxyl complex 6 was characterized by 'H,
BC, *'P NMR, and IR spectroscopy. The carboxyl
complex 6 shows resonances at 61.2 (major) and
65.1 (minor) ppm on the *'P NMR spectrum which
correspond to the two geometric isomers. The molec-
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ular structure of 6-H,0 was elucidated through a
single crystal X-ray structure determination as seen
in Fig. 6. Details relating to the crystal data, the
data collection, and solution and refinement are
summarized in Table 1. The short bond distance
(2.66(2) A) and between O(la) and O(2b) or O(2a)
and O(1b) indicates the strong hydrogen-bonding
between hydrogen and oxygen of carboxylic groups
of two molecules. The formation of 5 from 1 could
result from the coordination of CO upon dehydro-
genation of 1 by tbe. The carboxyl complex 6 could
result from the insertion of carbon monoxide into
hydrido hydroxyl complex 3. Decarbonylation of

the carboxyl group of 6 could give rise to an 18-

electron carbonyl hydrido hydroxyl complex that
could then undergo reductive elimination of water
to give 5. Another possibility is that the reductive
elimination of water from 3 could precede CO coor-
dination.

4. Summary

Jensen and coworkers found that the iridium PCP
pincer complex, IrH,{C¢H;-2,6-(CH,PBU),} (1), is
highly active robust catalyst for the dehydrogena-
tion of alkanes."™" It was found that the reaction
must be carried out under an argon atmosphere as
even traces of nitrogen, carbon dioxide, and water
act as catalyst poisons. In order to design an improved
second generation catalyst, it was important to
determine the origin of these inhibitive effects as
well as catalytic mechanism. Reactions of the iridium
PCP pincer complex with N,, H,0, CO,, and CO
were carried out. The products were isolated and
their molecular structures were determined by a sin-
gle crystal X-ray diffraction studies. The formations of
the dinitrogen complex, [Ir{C,H,-2,6-(CH,PBu,),}],
(n-N,) (2), the hydrido hydroxyl complex, IrH(OH)
{C4H;-2,6-(CH,PBUY,),} (3), the carbon dioxide
complex, Ir(n*-CO,){C¢H,-2,6-(CH,PB,),} (includ-
ing the bicarbonato complex, IrH(1>-O,COH){CH,-
2,6-(CH,PBu},),} (4)), and the carbonyl complex,
Ir(CO){C4H;-2,6-(CH,PBU}),} (5) (including the
carboxyl complex, [rH(C(OYOH){C4H-2,6-CH,PBuU,),}
(6)), are clearly responsible for the poisoning effects
of nitrogen, water, carbon dioxide, and carbon mon-
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oxide on the catalytic dehydrogenation activity of
the dihydrido P-C-P pincer iridium complex 1. The
ability to isolate such species also foreshadows the
development of new catalytic processes. This paper
is thus an account of our contribution toward the
quest for the “Holy Grail™® of the development of a
transition metal complex catalyst for the selective
transformation of alkanes to functionalized organic
compounds.
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