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Reaction of the new highly electron-donating PNP ligand [2,6-bis-(di-tert-butylphosphi-
nomethyl)pyridine] (1) with [Rh(COE)2Cl]2 (COE ) cyclooctene) at room temperature resulted
in formation of the neutral Rh(I) complex [Rh(PNP)Cl] (2). Unsaturated cationic complexes
[Rh(PNP)(CH3CN)]BF4 (3) and [Rh(PNP)(C2H4)]SO3CF3 (4) were obtained in reaction of 1
with [(COE)2Rh(CH3CN)2]BF4 and [(C2H4)2Rh(THF)2]SO3CF3, respectively. Upon reaction
of the PNP ligand 1 with [Ir(COE)2Cl]2, facile vinylic C-H activation takes place, yielding
the hydrido-vinyl complex [ClIr(PNP)(H)(C8H13)] (5). Also, coordination of ligand 1 to the
cationic iridium complex [Ir(COD)2]BF4 (COD ) cyclooctadiene) in RCN (R ) CH3, CH(CH3)2,
C(CH3)3) led to iridium insertion into a vinylic C-H bond, resulting in complexes [(RCN)-
Ir(PNP)(H)(C8H11)]BF4 (6a-c). The hydrido-vinyl complexes 6a,c readily react with H2

(2 atm) at room temperature, affording the iridium dihydride complexes [(RCN)Ir(PNP)-
(H)2]BF4 (R ) CH3, C(CH3)3) (7a,b).

Introduction

Multidentate ligands play an important role in tran-
sition metal chemistry, enhancing stability of complexes
and allowing the manipulation of steric and electronic
parameters which control reactivity at the metal center.
An attractive multidentate ligand is a neutral mixed
nitrogen-phosphorus tridentate ligand of the PNP type,
in which the central pyridine-based ring donor contains
phosphine substituents in the ortho positions.1 Upon
coordination to transition metals, the rigid bis-chelate
framework may confer on such complexes interesting
stoichiometric2 and catalytic 3,5 reactivities. Although
several PNP-based late transition metal complexes have
been reported,1-4 examples of the related Ir complexes
are extremely scarce. To our knowledge, only one
example of a PNP-Ir complex has been reported.5
Moreover, in all PNP systems reported to date, the
phosphine donors bear phenyl substituents. Following
our interest in the chemistry of electron-rich tridentate

PCP,6 PCN,7 and PCO8 systems, we have synthesized
a novel highly electron-donating PNP ligand bearing
tert-butyl groups as substituents on the phosphines. We
report here the synthesis, structure, and reactivity of
new Rh and Ir complexes, bearing this PNP ligand [(2,6-
bis-(di-tert-butylphosphinomethyl)pyridine]. Significantly,
in contrast to the reported PNP(C6H5)9-based Ir com-
pound,5 the new PNP-Ir complexes undergo facile
vinylic C-H bond activation, resulting in metal hydrido-
vinyl complexes. Such species are increasingly impli-
cated in a number of interesting chemical transforma-
tions.10,19a

* Corresponding author. E-mail: david.milstein@weizmann.ac.il.
† Department of Organic Chemistry.
‡ Department of Chemical Services.
(1) For the first synthesis of a PNP ligand, see: Dahlhoff, W. V.;

Nelson, S. M. J. Chem. Soc. (A) 1971, 2184.
(2) (a) Vasapollo, G.; Giannoccaro, P.; Nobile, C. F.; Sacco, A. Inorg.

Chim. Acta 1981, 48, 125. (b) Steffey, B. D.; Miedaner, A.; Maciejewski-
Farmer, M. L.; Bernatis, P. R.; Herring, A. M.; Allured, V. S.; Carperos,
V.; DuBois, D. L. Organometallics 1994, 13, 4844. (c) Hahn, C.; Sieler,
J.; Taube, R. Chem. Ber. 1997, 130, 939. (d) Jia, G.; Lee, H. M.;
Williams, I. D.; Lau, C.-P.; Chen, Y. Organometallics 1997, 16, 3941.
(e) Rahmouni, N.; Osborn, J. A.; De Cian, A.; Fisher, J.; Ezzamarty,
A. Organometallics 1998, 17, 2470. (f) Hahn, C.; Sieler, J.; Taube, R.
Polyhedron 1998, 17, 1183. (g) Hahn, C.; Vitagliano, A.; Giordano, F.;
Taube, R. Organometallics 1998, 17, 2060. (h) Hahn, C.; Spiegler, M.;
Herdtweck, E.; Taube, R. Eur. J. Inorg. Chem. 1999, 435.

(3) Jiang, Q.; Van Plew, D.; Murtuza, S.; Zhang, X. Tetrahedron Lett.
1996, 37, 797.

(4) (a) Andreocci, M. V.; Mattogno, G.; Zanoni, R.; Giannoccaro, P.;
Vasapollo, G. Inorg. Chim. Acta 1982, 63, 225. (b) Sacco, A.; Vasapollo,
G.; Nobile, C.; Piergiovanni, A.; Pellinghelli, M. A.; Lanfranchi, M. J.
Organomet. Chem. 1988, 356, 397. (c) Li, Z.; Che, C.; Poon, C. J. Nat.
Sci. 1996, 1, 230. (d) Abbenhuis, R. A. T. M.; del Rio, I.; Bergshoef, M.
M.; Boersma, J.; Veldman, N.; Spek, A. L.; van Koten, G. Inorg. Chem.
1998, 37, 1749.

(5) Sablong, R.; Osborn, J. A. Tetrahedron Lett. 1996, 37, 4937.
(6) For example: (a) Vigalok, A.; Milstein, D. J. Am. Chem. Soc.

1997, 119, 7873. (b) Ohff, M.; Ohff, A.; van der Boom, M. E.; Milstein,
D. J. Am. Chem. Soc. 1997, 119, 11687. (c) Vigalok, A.; Uzan, O.;
Shimon, L. J. W.; Ben-David, Y.; Martin, J. M. L.; Milstein, D. J. Am.
Chem. Soc. 1998, 120, 12539. (d) Vigalok, A.; Rybtchinski, B.; Shimon,
L. J. W.; Ben-David, Y.; Milstein, D. Organometallics 1999, 19, 895.
(e) Rybtchninski, B.; Milstein, D. Angew. Chem., Int. Ed. 1999, 38,
870. (f) Cohen, R.; van der Boom, M. E.; Shimon, L. J. W.; Rozenberg,
H.; Milstein, D. J. Am. Chem. Soc. 2000, 122, 7723. (g) Ashkenazi, N.;
Vigalok, A.; Parthiban, S.; Ben-David, Y.; Shimon, L. J. W.; Martin, J.
M. L.; Milstein, D. J. Am. Chem. Soc. 2000, 122, 8797.

(7) (a) Gandelman, M.; Vigalok, A.; Shimon, L. J. W.; Milstein, D.
Organometallics 1997, 16, 3981. (b) Gandelman, M.; Vigalok, A.;
Konstantinovski, L., Milstein, D. J. Am. Chem. Soc. 2000, 122, 9848.

(8) Rybtchinski, B.; Oevers, S.; Montag, M.; Vigalok, A.; Rozenberg,
H.; Martin, J. M. L.; Milstein, D. J. Am. Chem. Soc. 2001, 123, 9064.

(9) This abbreviation will be used for PNP-based systems bearing
phenyl groups as substituents on the phosphines.

(10) (a) Iwasawa, Y.; Hamamura, H. J. Chem. Soc., Chem. Commun.
1983, 130. (b) Faller, J. W.; Felkin, H. Organometallics, 1985, 4, 1488.

812 Organometallics 2002, 21, 812-818

10.1021/om010719v CCC: $22.00 © 2002 American Chemical Society
Publication on Web 02/07/2002

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 F

eb
ru

ar
y 

7,
 2

00
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

01
07

19
v



Results and Discussion

Ligand Synthesis. The new PNP-type ligand 1 was
synthesized from the commercially available 2,6-bis-
(chloromethyl)pyridine. Reaction of this compound with
2 equiv of di-tert-butylphosphine resulted in the corre-
sponding diphosphonium salt (Scheme 1), which was
deprotonated with an excess of triethylamine, affording
the crude PNP ligand. Purification of the reaction
mixture by chromatography on a silica column yielded
the pure compound 1 as a white solid in 79% yield.

Synthesis and Characterization of PNP-Based
Rh Complexes. When a benzene solution of ligand 1
was slowly added at room temperature to [(COE)2RhCl]2
(COE ) cyclooctene, 1 equiv), formation of the neutral
PNP-based Rh chloride complex 2 was observed (Scheme
2). The 31P{1H} NMR spectrum shows one doublet at
59.28 ppm (JRhP ) 145 Hz), indicating that the two
phosphorus atoms are magnetically equivalent and that
the complex is symmetric. This is confirmed by the 1H
NMR spectrum, that shows the same chemical shift for
both CH2-P protons, which appear at 2.57 ppm as a
virtual triplet due to coupling with the P and Rh atoms.

Interestingly, the dimeric byproduct Rh2Cl2(PNP)3,
which was found in the analogous reaction of PNP-
(C6H5),2a was not observed here. Its formation is pre-
vented, most likely, by the bulky substituents on the
phosphine ligand.

Ligand 1 can also coordinate to cationic Rh precur-
sors, resulting in stable PNP-based Rh(I) cationic
complexes. A monomeric Rh species [(COE)2Rh(CH3-
CN)2]BF4 was prepared by chloride abstraction from
[(COE)2RhCl]2 in CH3CN.11 This species reacted with
ligand 1 to give, after stirring for 10 min at room
temperature, the 16-e cationic rhodium complex 3
(Scheme 3). The rhodium center in this complex is
stabilized by coordination of a CH3CN molecule as a
fourth ligand, as confirmed by IR spectroscopy (νC≡N )
2272 cm-1). The phosphines exhibit a doublet at 67.95
ppm, ca. 8 ppm downfield from that observed for the
neutral complex 2. The tetrafluoroborate anion gives
rise to a sharp singlet at 151.91 ppm in 19F NMR,
indicating a free, noncoordinated BF4

-.
A similar reaction takes place with [(C2H4)2Rh(solv)2]-

OTf, obtained by reaction of [(C2H4)2RhCl]2 with 2 equiv
of AgOTf in THF. Upon reaction of this complex with
the PNP ligand 1, the cationic complex 4 was obtained

as a red solid (Scheme 3). The ethylene protons appear
at 3.42-3.47 ppm as a multiplet in the 1H NMR
spectrum, indicating coordination of C2H4 to the metal.
The chemical shift is significantly upfield from that of
free ethylene, indicating strong back-bonding from the
metal to the olefin ligand. Complex 4 is similar to the
analogous compound [PNP(C6H5)Rh(C2H4)]OTf, recently
reported by Taube et al.2c

Synthesis and Characterization of PNP-Based
Iridium Complexes. Iridium-Mediated Vinylic C-H
Bond Activation. In contrast to the rhodium com-
plexes 2-4, the analogous iridium compounds exhibit
high activity in vinylic C-H bond activation. Thus,
reaction of the neutral iridium dimer [(COE)2IrCl]2 with
ligand 1 results in facile room-temperature insertion of
the metal into the Csp2-H bond of cyclooctene (Scheme
4).

The resulting hydrido-vinyl complex 5 was fully
characterized by multinuclear NMR techniques. The
31P{1H} NMR spectrum of 5 exhibits a singlet at 39.58
ppm, indicating the existence of a N-Ir-H plane of
symmetry. In the 1H NMR spectrum the signal due to
the hydride ligand appears at -22.54 ppm as a broad
singlet. The cyclooctenyl ligand gives rise to a charac-
teristic set of signals in the aliphatic area.

The molecular structure of 5 was confirmed by an
X-ray diffraction study of colorless single crystals ob-
tained by slow evaporation of its benzene solution. The
crystal contains two independent, structurally analo-
gous molecules in the asymmetric unit. An ORTEP
drawing of one of these molecules is shown in Figure 1,
and the averages of selected bond distances and bond
angles for two independent molecules are given in Table
1.

The iridium atom of complex 5 is located in the center
of a distorted octahedron with the hydride group oc-
cupying the position trans to the chloride. The metal-
carbon(vinylic) bond distance is 2.094(8) Å, which is
slightly longer then the only other known Ir(III)-
cyclooctenyl bond distance (2.054(7) Å) in [IrH(HB-
(pyrazolyl)3(σ-C8H13)(η2-C8H14)].12 However, the CdC

(11) Schrock, R. R.; Osborn, J. A. J. Am. Chem. Soc. 1971, 93, 3089.
(12) Fernández, M. J.; Rodriguez, M. J.; Oro, L. A.; Lahoz, F. J. J.

Chem. Soc., Dalton Trans. 1989, 2073.

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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bond distance in 5 (1.329(12) Å) is practically identical
to that in the latter complex (1.335(6) Å) as well as to
the CdC bond length in free trans-cyclooctene (1.332-
(17) Å),13 indicating that no significant interaction is
present between the vinylic double bond and iridium.
Notably, compound 5 represents the first example of a
PNP-based Ir(III) complex.

As in the case of the neutral complex, cationic iridium
complexes of the ligand 1 are also active in vinylic C-H
activation. Thus, the compounds [(COD)Ir(RCN)2]BF4
(COD ) cyclooctadiene; R ) CH3, HC(CH3)2, C(CH3)3),
prepared by reaction of [(COD)2IrCl]2 with AgBF4 in the
corresponding alkyl nitrile, react with 1 at room tem-
perature to give the Ir(III) hydrido-vinyl complexes
6a-c in high yield (Scheme 5).

The compounds were fully characterized by multi-
nuclear NMR spectroscopy. The 31P{1H} NMR spectra
of 6a-c show a broad signal at 23 °C. Also, the hydride
protons appear as a very broad peak at an upfield
region, indicating a dynamic behavior of these com-
pounds. Variable-temperature NMR studies were car-

ried out for compound 6a in order to clarify the nature
of the dynamic process. At -30 °C, two sharp singlets
were observed by 31P{1H} NMR at 36.01 and 40.82 ppm,
and the 1H NMR spectrum showed two metal-hydride
signals as triplets at -20.83 and -20.25 ppm. These
observations indicate the presence of two species in
equilibrium. Coalescence of the phosphine signals and
that of the hydrides took place at around +30 °C. Only
one clear triplet at -20.57 ppm for Ir-H and a sharp
singlet in the 31P NMR spectrum at 39.72 ppm were
observed at elevated temperatures (+70 °C). The re-
versible coordination of the CH3CN molecule in 6a is,
most likely, responsible for the presence of the two
equilibrating complexes in solution. The possible dis-
sociation of the nitrile ligand is supported by the
observation of an easy exchange of tert-butylnitrile in
6c with CH3CN when the complex is dissolved in the
latter. Spin saturation transfer experiments indicated
that an equilibrium between 6a and the corresponding
Ir(I)-olefin species is unlikely at room temperature.

The molecular structures of 6a and 6b were confirmed
by X-ray diffraction studies. Single crystals suitable for
X-ray analysis were obtained by slow evaporation of a
benzene solution in both cases. The structures display
a distorted octahedral geometry around the metal, with
the PNP ligand coordinated in a meridional fashion
(Figures 2 and 3). The hydride is located trans to the
nitrile ligand, and the cyclooctadienyl unit is trans to
the pyridinic ring in both molecules. The bond distances
and bond angles in complexes 6a and 6b are very
similar. Selected values are given in Tables 2 and 3.

Complexes 5 and 6a-c represent a second example
of PNP-based iridium complexes. The only reported
PNP-Ir complex, the monovalent [(PNP)Ir(η2-COD)]-
ClO4, was synthesized by reaction of the corresponding
cationic iridium precursor with PNP(C6H5).5 Interest-
ingly, this compound coordinates cyclooctadiene in an
η2 fashion and does not undergo vinylic C-H activation.
Thus, changing the phenyl substituents on the phos-
phines in the PNP system to the more electron-donating
tert-butyl groups sufficiently increases the electron
density on the iridium center to make it highly active(13) Traetteberg, M. Acta Chem. Scand., Ser. B 1975, 29, 29.

Figure 1. ORTEP drawing of a molecule of 5 (50% of
probability). Hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Bond
Angles (deg) for 5

Ir(2)-N(7) 2.148(7) Ir(2)-Cl(2) 2.536(2)
Ir(2)-C(81) 2.094(8) Ir(2)-P(3) 2.335(2)
Ir(2)-P(5) 2.323(2)

C(81)-Ir(2)-N(7) 178.6(3) P(5)-Ir(2)-P(3) 157.18(8)
C(81)-Ir(2)-P(5) 101.3(3) C(81)-Ir(2)-Cl(2) 95.0(3)
N(7)-Ir(2)-P(5) 79.6(2) N(7)-Ir(2)-Cl(2) 85.93(19)
C(81)-Ir(2)-P(3) 97.1(3) P(5)-Ir(2)-Cl(2) 93.81(8)
N(7)-Ir(2)-P(3) 81.86(19) P(3)-Ir(2)-Cl(2) 98.09(8)

Scheme 5

Figure 2. ORTEP drawing of a molecule of 6a (50% of
probability). Hydrogen atoms and BF4

- are omitted for
clarity
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in C-H oxidative addition. Notably, a closely related
PCP-based iridium system bearing tert-butyl substitu-
ents on the phosphines was also active in Csp2-H
activation.14

It should be noted that Ir(I) complexes were not
observed in the reactions leading to the formation of 5
and 6a-c; only stable metal hydrido-vinyl species were
detected. Such species are proposed as active intermedi-
ates in various metal-catalyzed processes, such as C-C
coupling,15 deuteration of vinylic protons,16 and dimer-
ization of olefins.17 Hydrido-vinyl compounds can be
obtained from Ir(I) and an olefin both photochem-
ically18,19a and thermally.12,18b,19 Many Ir(H)(vinyl) spe-
cies are kinetic rather than thermodynamic products,
rearranging to a more stable Ir(I)(η2-olefin) at elevated

temperatures.18a,c,19b Compounds 5 and 6a-c are very
likely thermodynamic products, because they are ob-
tained, most probably, from the corresponding (PNP)-
Ir(I)-olefin intermediates. Moreover, complex 6a was
stable upon heating to 70 °C. Other examples of
thermodynamically stable metal hydrido-vinyl com-
pounds were reported.12,19a,20

Reaction of Complex 6 with H2. Formation of
(PNP)-Ir Dihydride Species. Recently it was dem-
onstrated that a PCP-based Ir(III) dihydride complex
can be used as a catalyst for dehydrogenation of
hydrocarbons.21 To prepare a related PNP-based iridium
dihydride derivative, we have explored the reaction of
6 with H2.

When compounds 6a,c were reacted with 2 atm of
hydrogen, formation of the cis-dihydride complexes 7a,b
was observed by NMR after 18 h (Scheme 6).

Complex 7a gives rise to two high-field signals at
-20.97 and -19.40 ppm in the 1H NMR spectrum,
indicating a mutually cis-configuration of the hydride
ligands. These signals, which are broad at room tem-
perature, appear at -30 °C as two clear double triplets.
Upon raising the temperature, the hydride signals shift
toward each other and a coalescence is observed at about
+50 °C. Thus, exchange of the hydrides takes place at
room temperature or above, probably involving revers-
ible dissociation of the acetonitrile ligand. Complex 7b
exhibits similar NMR characteristics.

Colorless single crystals of 7a suitable for X-ray
diffraction were obtained by slow evaporation of a
benzene solution. The geometry around the iridium
atom in this complex is distorted octahedral, with the
two hydrides occupying mutually cis positions (Figure
4). Selected bond lengths and bond angles are given in
Table 4.

Reaction of complex 7a with D2 led to H/D exchange,
forming an Ir(D)2 complex. One of the possible mecha-
nisms for this reaction may involve generation of an Ir(I)
intermediate by a possible Ir(H)2 ) Ir(H2) equilibrium.
If this equilibrium is operative, reaction with an H2/D2
mixture should lead to the formation of the Ir(D)2

(14) Kanzelberger, M.; Singh, B.; Czerw, M.; Krogh-Jespersen, K.;
Goldman, A. S. J. Am. Chem. Soc. 2000, 122, 11017.

(15) Trost, B. M.; Toste, F. D.; Pinkerton, A. B. Chem. Rev. 2001,
101, 2067.

(16) Torres, F.; Sola, E.; Martı́n, M.; López, J. A.; Lahoz, F. J.; Oro,
L. A. J. Am. Chem. Soc. 1999, 121, 10632.

(17) Alvarado, Y.; Boutry, O.; Gutiérrez, E.; Monge, A.; Nicasio, M.
C.; Poveda, M. L.; Pérez, P. J.; Ruı́z, C.; Bianchini, C.; Carmona, E.
Chem. Eur. J. 1997, 3, 860.

(18) For example: (a) Bell, T. W.; Haddleton, D. M.; McCamley, A.;
Partridge, M. G.; Perutz, R N.; Willner, H. J. Am. Chem. Soc. 1990,
112, 9212. (b) Bianchini, C.; Barbaro, P.; Meli, A.; Peruzzini, M.; Vacca,
A.; Vizza, F. Organometallics 1993, 12, 2505. (c) Bell, T. W.; Brough,
S.-A.; Partridge, G.; Perutz, R. N.; Rooney, A. D. Organometallics 1993,
12, 2933.

(19) For example, see: (a) Slugovc, C.; Padilla-Martı́nez, I.; Sirol,
S.; Carmona, E. Coord. Chem. Rev. 2001, 213, 129. (b) Stoutland, P.
O.; Bergman, R. G. J. Am. Chem. Soc. 1985, 107, 4581.

(20) Peng, T.-S.; Gladysz, J. A. Organometallics 1995, 14, 898.
(21) (a) Gupta, M.; Hagen, C.; Flesher, R. J.; Kaska, W. C.; Jensen,

C. M. Chem. Commun. 1996, 2083. (b) Xu, W.; Rosini, G. P.; Gupta,
M.; Jensen, C. M.; Kaska, W. C.; Krogh-Jespersen, K.; Goldman, A. S.
Chem. Commun. 1997, 2273. (c) Liu, F.; Pak, E. B.; Singh, B.; Jensen,
C. M.; Goldman, A. S. J. Am. Chem. Soc. 1999, 121, 4086.

Figure 3. ORTEP drawing of a molecule of 6b (50% of
probability). Hydrogen atoms (except Ir-H) and BF4

- are
omitted for clarity

Table 2. Selected Bond Lengths (Å) and Bond
Angles (deg) for 6a

Ir(1)-N(4) 2.127(4) Ir(1)-N(1) 2.147(3)
Ir(1)-C(51) 2.091(4) Ir(1)-P(3) 2.3225(12)
Ir(1)-P(2) 2.3184(13)

C(51)-Ir(1)-N(4) 93.30(14) N(1)-Ir(1)-P(2) 80.19(11)
C(51)-Ir(1)-N(1) 179.75(16) C(51)-Ir(1)-P(3) 97.62(11)
N(4)-Ir(1)-N(1) 86.78(13) N(4)-Ir(1)-P(3) 98.28(9)
C(51)-Ir(1)-P(2) 100.05(11) N(1)-Ir(1)-P(3) 82.13(11)
N(4)-Ir(1)-P(2) 92.34(10) P(3)-Ir(2)-P(2) 158.79(4)

Table 3. Selected Bond Lengths (Å) and Bond
Angles (deg) for 6b

Ir(1)-N(2) 2.134(4) Ir(1)-N(5) 2.149(3)
Ir(1)-C(10) 2.101(4) Ir(1)-P(3) 2.3348(12)
Ir(1)-P(4) 2.3234(12) Ir(1)-H(1) 1.43(4)

C(10)-Ir(1)-N(2) 95.71(15)
C(10)-Ir(1)-N(5) 178.25(15) N(5)-Ir(1)-P(4) 80.20(9)
N(2)-Ir(1)-N(5) 86.04(13) C(10)-Ir(1)-P(3) 98.16(12)
C(10)-Ir(1)-P(4) 99.61(12) N(2)-Ir(1)-P(3) 97.61(10)
N(2)-Ir(1)-P(4) 91.95(10) N(5)-Ir(1)-P(3) 81.69(9)
C(10)-Ir(1)-H(1) 88.1(17) P(3)-Ir(2)-P(4) 158.85(4)
N(2)-Ir(1)-H(1) 176.2(17) P(4)-Ir(1)-H(1) 87.5(17)
N(5)-Ir(1)-H(1) 90.2(17) P(3)-Ir(1)-H(1) 81.7(17)

Scheme 6
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complex (in addition to the starting Ir(H)2) as the only
product. However, reaction of 7a with 1:1 H2/D2 led to
formation of mixed Ir(H)(D) derivatives together with
Ir(D)2 as observed by 1H and 2H NMR spectroscopy.
Thus, the possibility of an Ir(I)-mediated (reductive
elimination-oxidative addition) mechanism in the reac-
tion of 7a with D2 is unlikely. The reaction products
might be formed by σ-bond metathesis or by involve-
ment of an Ir(V) intermediate such as (PNP)Ir(H)4,22

formed by oxidative addition of H2. The reversible
formation of a similar (PCP)Ir(H)3(vinyl) species was
also observed in the reaction of (PCP)Ir(H)2 with tert-
butylethylene.23 Furthermore, a mechanism involving
Ir(V) intermediates was proposed for Ir(III)-mediated
C-H bond actvation.24

Summary

Rh and Ir complexes bearing a new highly electron-
donating PNP ligand were synthesized. The latter
complexes represent the first examples of PNP-based
Ir(III) compounds. The PNP-Ir complexes are highly
active in vinylic C-H bond activation, resulting in
thermodynamically stable hydrido-vinyl compounds.
The new (PNP)Ir(III) compounds can easily activate H2

under mild conditions. Our efforts are currently directed
toward investigation of the reactivity of such compounds
in the activation of various strong bonds and their
catalytic activity.

Experimental Section

General Procedures. All experiments with metal com-
plexes and phosphine ligands were carried out under an
atmosphere of purified nitrogen in a Vacuum Atmospheres
glovebox equipped with a MO 40-2 inert gas purifier or using
standard Schlenk techniques. All solvents were reagent grade
or better. All nondeuterated solvents were refluxed over
sodium/benzophenone ketyl and distilled under argon atmo-
sphere. Deuterated solvents were used as received. All the
solvents were degassed with argon and kept in the glovebox
over 4 Å molecular sieves. Commercially available reagents
were used as received. The complexes [Rh(COE)2Cl]2,25 [Rh-
(C2H4)2Cl]2,26 and [(COE)2IrCl]2

27 were prepared according to
literature procedures.

1H, 13C, 19F, and 31P NMR spectra were recorded at 400, 100,
376, and 162 MHz, respectively, using a Bruker AMX-400
NMR spectrometer. All spectra were recorded at 23 °C. 1H
NMR and 13C{1H} NMR chemical shifts are reported in ppm
downfield from tetramethylsilane. 1H NMR chemical shifts
were referenced to the residual hydrogen signal of the deu-
terated solvents (7.15 ppm, benzene; 7.24 ppm, chloroform;
1.96 ppm, acetonitrile; 5.32 ppm, dichloromethane). In 13C-
{1H} NMR measurements the signals of C6D6 (128.0 ppm),
CDCl3 (77.0 ppm), CD3CN (1.3 ppm), and CD2Cl2 (53.8 ppm)
were used as a reference. 31P NMR chemical shifts are reported
in parts per million downfield from H3PO4 and referenced to
an external 85% solution of phosphoric acid in D2O. 19F NMR
chemical shifts were referenced to C6F6 (-163 ppm). Screw-
cap 5 mm NMR tubes were used in the NMR follow-up
experiments. Abbreviations used in the description of NMR
data are as follows: b, broad; s, singlet; d, doublet; t, triplet;
q, quartet, m, multiplet, v, virtual. Elemental analyses were
performed by H. Kolbe, Mikroanalytisches Laboratorium,
Germany.

Synthesis of 2,6-Bis(di-tert-butylphosphinomethyl)-
pyridine (1). Di-tert-butylphosphine (1.25 g, 8.6 mmol) was
added dropwise to a suspension of 2,6-bis(chloromethyl)-
pyridine (710 mg, 4.0 mmol) in methanol (3 mL). The mixture
was heated to 45 °C for 2 days. After cooling to room
temperature, triethylamine (1.25 mL) was added slowly, and
a white precipitate was formed. The solvent was evaporated
under vacuum, and compound 1 was isolated from the residue
by column chromatography (silica, solvent: chloroform) as a
white solid (second fraction). Yield: 1.25 g (79%). 31P {1H}
NMR (CDCl3): 37.49 (s). 1H NMR (CDCl3): 1.14 (d, 3JPH )
11.0 Hz, 36H, PC(CH3)3), 3.01 (d, 2JPH ) 3.3 Hz, 4H, CH2P),
7.25 (d, 3JHH ) 7.7 Hz, 2H, pyridine-H3,5), 7.47 (dd, 3JHH )
7.8 Hz, 1H, pyridine-H4). 13C{1H} NMR (CDCl3): 29.69 (d, 2JPC

) 13.2 Hz, PC(CH3)3), 31.67 (d, 1JPC ) 23.4 Hz, CH2P), 31.83
(d, 1JPC ) 21.4 Hz, CH2P), 120.69 (dd, 3JPC ) 10.8 Hz, 5JPC )
1.35 Hz, pyridine-C3,5), 136.08 (s, pyridine-C4), 161.89 (d, 2JPC

) 14.6 Hz, pyridine-C2,5) (assignment of 13C{1H} NMR signals
was confirmed by 13C DEPT). MS (EI), m/z (%): 396 (5) [M+],
338 (100) [M+ - C(CH3)3]. Anal. Calcd: C, 69.75; H, 10.87.
Found: C, 69.36; H, 11.08.

Reaction of the PNP Ligand 1 with [Rh(COE)2Cl]2.
Formation of [C5H3N(CH2P(tBu)2)2]RhCl (2). A benzene
solution of 1 (0.5 mL, 27 mg, 38 mmol) was added within 5
min. to a stirred solution of [Rh(COE)2Cl]2 (30 mg, 76 mmol)
in benzene (1.5 mL). The color changed to red and finally to
brown. The solvent was removed under vacuum, and the
residue was washed with pentane, resulting in the pure
compound 2. Yield: 14 mg (35%). 31P{1H} NMR (C6D6): 59.28
(d, 1JRhP ) 145 Hz). 1H NMR (C6D6): 1.46 (vt, JPH ) 6.4 Hz,
36H, PC(CH3)3), 2.57 (vt, JPH ) 3.4 Hz, 4H, CH2P), 6.31 (d,
3JHH ) 7.7 Hz, 2H, pyridine-H3,5), 6.92 (t, 3JHH ) 7.7 Hz, 1H,
pyridine-H4). 13C{1H} NMR (CD2Cl2): 29.49 (vt, JPC ) 3.6 Hz,(22) Likewise, reaction of 6a with H2 might involve an Ir(V) complex

such as (PNP)Ir(H)3(cyclooctadienyl).
(23) Lee, D. W.; Kaska, W. C.; Jensen, C. M. Organometallics 1998,

17, 1.
(24) Alaimo, P. J.; Bergman, R. G. Organometallics 1999, 18, 2707.

(25) Herde, J. L.; Senoff, C. V. Inorg. Nucl. Chem. Lett. 1971, 7, 1029.
(26) Cramer, R. Inorg. Chem. 1962, 1, 722.
(27) Bennett, M. A.; Saxby, J. D. Inorg. Chem. 1968, 7, 321.

Figure 4. ORTEP drawing of a molecule of 7a (50% of
probability). Hydrogen atoms (except Ir-H) and BF4

- are
omitted for clarity

Table 4. Selected Bond Lengths (Å) and Bond
Angles (deg) for 7a

Ir(1)-N(2) 2.101(6) Ir(1)-N(5) 2.145(5)
Ir(1)-H(1A) 1.65(7) Ir(1)-P(3) 2.3150(18)
Ir(1)-P(4) 2.3123 (19) Ir(1)-H(1B) 1.55(6)

H(1B)-Ir(1)-N(2) 179(2)
H(1B)-Ir(1)-N(5) 91(2) N(5)-Ir(1)-P(4) 82.80(15)
N(2)-Ir(1)-N(5) 89.7(2) H(1B)-Ir(1)-P(3) 87(2)
H(1B)-Ir(1)-P(4) 83(2) N(2)-Ir(1)-P(3) 92.79(16)
N(2)-Ir(1)-P(4) 97.16(16) N(5)-Ir(1)-P(3) 81.12(15)
H(1B)-Ir(1)-H(1A) 85(3) P(3)-Ir(2)-P(4) 161.02(6)
N(2)-Ir(1)-H(1A) 94(2) P(4)-Ir(1)-H(1A) 98(2)
N(5)-Ir(1)-H(1A) 176(2) P(3)-Ir(1)-H(1A) 97(2)
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PC(CH3)3), 34.83 (dvt, JPC ) 5.0 Hz, 2JRhC ) 1.6 Hz, PC(CH3)3),
36.44 (dvt, JPC ) 5.0 Hz, 2JRhC ) 1.0 Hz, CH2P), 119.75 (dvt,
JPC ) 5.4 Hz, 2JRhC ) 1.5 Hz, pyridine-C3,5), 128.35 (s,
pyridine-C4), 164.29 (dvt, JPC ) 6.5 Hz, 2JRhC ) 1.4 Hz,
pyridine-C2,6) (assignment of 13C{1H} NMR signals was
confirmed by 13C DEPT). Anal. Calcd: C, 51.69; H, 8.05.
Found: C, 51.87; H, 7.95.

Reaction of the PNP Ligand 1 with [(COE)2Rh-
(CH3CN)2]BF4. Formation of [C5H3N(CH2P(tBu)2)2Rh-
(CH3CN)]BF4 (3). A THF solution of 1 (0.5 mL, 15 mg, 38
mmol) was added to a solution of [(COE)2Rh(CH3CN)2]BF4

(14.5 mg, 38 mmol) in acetonitrile (1.0 mL). The mixture was
stirred for 10 min. The solvent was removed under vacuum,
and the residue was washed with pentane. Yield: 16 mg (67%).
31P{1H} NMR (CD3CN): 67.95 (d, 1JRhP ) 137 Hz). 1H NMR
(CD3CN): 1.37 (vt, JPH ) 6.7 Hz, 36H, PC(CH3)3), 3.43 (vt,
JPH ) 3.8 Hz, 4H, CH2P), 7.25 (d, 3JHH ) 7.8 Hz, 2H, pyridine-
H3,5), 7.63 (t, 3JHH ) 7.8 Hz, 1H, pyridine-H4). 13C{1H} NMR
(CD3CN): 29.90 (vt, JPC ) 3.4 Hz, PC(CH3)3), 36.07 (dvt, JPC

) 7.6 Hz, 2JRhC ) 1.6 Hz, PC(CH3)3), 36.30 (dvt, JPC ) 7.6 Hz,
2JRhC ) 0.7 Hz, CH2P), 122.04 (dvt, JPC ) 5.6 Hz, 2JRhC ) 1.1
Hz, pyridine-C3,5), 137.13 (vt, JPC ) 1.1 Hz, pyridine-C4),
167.18 (dvt, JPC ) 6.1 Hz, 2JRhC ) 1.6 Hz, pyridine-C2,6)
(assignment of 13C{1H} NMR signals was confirmed by 13C
DEPT). Anal. Calcd: C, 47.94; H, 7.40. Found: C, 48.11; H,
7.34.

Reaction of the PNP Ligand 1 with [(C2H4)2Rh(solv)2]-
OTf. Formation of [C5H3N(CH2P(tBu)2)2Rh(C2H4)]OTf (4).
AgOTf (7.0 mg, 27 µmol) was added to a suspension of [Rh-
(C2H4)2Cl]2 (5.5 mg, 14 µmol) in THF (0.5 mL). The dark
mixture was stirred for 10 min and filtered over Celite. A
suspension of 1 (10 mg, 25 µmol) in THF (0.5 mL) was added
to the filtrate, and the mixture was stirred for another 3 h.
The solvent was removed under vacuum, and the red residue
was washed with pentane and ether. Yield: 6 mg (39%). 31P-
{1H} NMR (CD3CN): 65.04 (d, 1JRhP ) 121 Hz). 1H NMR
(C6D6): 1.01 (vt, JPH ) 6.5 Hz, 36H, PC(CH3)3), 3.42-3.47 (m,
4H, CH2CH2), 3.60 (vt, JPH ) 3.6 Hz, 4H, CH2P), 7.60 (d, 3JHH

) 7.7 Hz, 2H, pyridine-H3,5), 8.07 (t, 3JHH ) 7.8 Hz, 1H,
pyridine-H4). MS (EI), m/z (%): 526 (100) [M+ - OTf].

Reaction of the PNP Ligand 1 with [Ir(COE)2Cl]2.
Formation of [C5H3N(CH2P(tBu)2)2]IrH(C8H13)Cl (5). A
benzene solution (0.5 mL) of 1 (20 mg, 51 µmol) was added
within 30 min to a suspension of [Ir(COE)2Cl]2 (23 mg, 26
µmol) in benzene (1.5 mL). The mixture was stirred for 24 h,
after which the color changed to red and a colorless precipitate
was formed. The precipitate was filtered off and washed with
a little pentane. Yield: 25 mg (68%). 31P{1H} NMR (CD2Cl2):
39.58 (s). 1H NMR (CD2Cl2): -22.54 (bs, 1H, Ir-H), 1.21 (vt,
JPH ) 6.4 Hz, 18H, PC(CH3)3), 1.43 (vt, JPH ) 6.4 Hz, 18H,
PC(CH3)3), 1.99-2.05 (m, 3H, cyclooctene-CH2), 2.72-2.75 (m,
2H, cyclooctene-CH2), 3.28-3.34 (m, 2H, cyclooctene-CH2), 3.95
(vt, JPH ) 3.4 Hz, 2H, CH2P), 3.99 (vt, JPH ) 3.4 Hz, 2H, CH2P),
5.86 (t, 4JPH ) 7.3 Hz, 1H, cyclooctene-H), 7.21 (d, 3JHH ) 7.7
Hz, 2H, pyridine-H3,5), 7.55 (t, 3JHH ) 7.7 Hz, 1H, pyridine-
H4). 13C{1H} NMR (CD2Cl2): 29.18 (s, PC(CH3)3), 30.36 (s, PC-
(CH3)3), 38.61 (vt, JPC ) 7.9 Hz, PC(CH3)3), 39.87 (vt, JPC )
10.8 Hz, CH2P), 119.20 (vt, JPC ) 3.9 Hz, pyridine-C3,5), 136.20
(s, pyridine-C4), 162.97 (vt, JPC ) 2.2 Hz, pyridine-C2,6)
(assignment of 13C{1H} NMR signals was confirmed by 13C
DEPT). MS (EI), m/z (%): 698 (100) [M+ - Cl], 588 (80) [M+ -
Cl - C(CH)(CH2)6]. Anal. Calcd: C, 50.77; H, 7.84. Found: C,
50.85; H, 7.78.

Reaction of the PNP Ligand 1 with Ir(COD)2BF4 in
Acetonitrile. Formation of [(C5H3N(CH2P(tBu)2)2)IrH-
(C8H11)(NCCH3)]BF4 (6a). Ligand 1 (75 mg, 190 mmol) was
added slowly to a solution of Ir(COD)2BF4 (94 mg, 190 mmol)
in acetonitrile (5 mL). The mixture was stirred for 24 h, after
which the color changed to light red. The solvent was removed
under vacuum, and the residue was washed with pentane and
diethyl ether. Yield: 137 mg (88%). 31P{1H} NMR (CD3CN):

40.96 (s). 1H NMR (CD3CN): -20.35 (bs, 1H, Ir-H), 1.21 (vt,
JPH ) 6.7 Hz, 18H, PC(CH3)3), 1.33 (vt, JPH ) 6.7 Hz, 18H,
PC(CH3)3), 2.15 (s, 3H, IrNCCH3), 2.15-2.74 (m, 8H, cyclooc-
tadiene-CH2), 3.71 (m, 4H, CH2P), 5.40-5.90 (m, 3H, cyclooc-
tadiene-CH), 7.42 (d, 3JHH ) 7.7 Hz, 2H, pyridine-H3,5), 7.74
(t, 3JHH ) 7.7 Hz, 1H, pyridine-H4). 13C{1H} NMR (CD3CN):
29.83 (s, PC(CH3)3), 30.52 (s, PC(CH3)3), 38.02 (vt, JPC ) 12.2
Hz, PC(CH3)3), 40.54 (vt, JPC ) 11.9 Hz, CH2P), 121.95 (vt,
JPC ) 4.0 Hz, pyridine-C3,5), 139.54 (s, pyridine-C4), 164.40
(s, pyridine-C2,6) (assignment of 13C{1H} NMR signals was
confirmed by 13C DEPT). MS (ESI), m/z (%): 588 (100) [M+ -
BF4 - CH3CN - C(CH)3(CH2)4], 532 (22) [M+ - BF4 - CH3-
CN - C(CH)3(CH2)4 - C(CH3)3]. Anal. Calcd: C, 48.11; H, 7.10.
Found: C, 47.96; H, 7.14.

Reaction of the PNP Ligand 1 with Ir(COD)2BF4 in
Isopropyl Cyanide. Formation of [(C5H3N(CH2P(tBu)2)2)-
IrH(C8H11)(NCCH(CH3)2)]BF4 (6b). Ligand 1 (50 mg, 126
mmol) was added in portions to a solution of Ir(COD)2BF4 (62.5
mg, 126 mmol) in isopropyl cyanide (2.5 mL). The mixture was
stirred for 24 h. During the reaction the color changed first to
red and became colorless again after 1 h. The solvent was
distilled off, and the residue was washed with pentane, diethyl
ether, and a small portion of benzene. Yield: 72.4 mg (66%).
31P{1H} NMR (CD2Cl2): 40.91 (s). 1H NMR (CD2Cl2): -20.09
(bs, 1H, Ir-H), 1.23 (vt, JPH ) 6.8 Hz, 18H, PC(CH3)3), 1.28 (d,
JPH ) 6.7 Hz, 6H, (CH3)2CHCN), 1.36 (vt, JPH ) 6.8 Hz, 18H,
PC(CH3)3), 2.15-2.71 (m, 8H, cyclooctadiene-CH2), 2.97 (m, 1H,
(CH3)2CHCN), 3.60-3.66 (m, 4H, CH2P), 5.43-5.95 (m, 3H,
cyclooctadiene-CH), 7.45 (d, 3JHH ) 7.8 Hz, 2H, pyridine-H3,5),
7.75 (t, 3JHH ) 7.8 Hz, 1H, pyridine-H4). 13C{1H} NMR (400
MHz, CD2Cl2): 19.31 (s, (CH3)2CHCN), 29.24 (s, PC(CH3)3),
29.90 (s, PC(CH3)3), 37.19 (vt, JPC ) 12.2 Hz, PC(CH3)3), 39.80
(vt, JPC ) 11.3 Hz, CH2P), 121.12 (s, pyridine-C3,5), 138.78
(s, pyridine-C4), 162.68 (s, pyridine-C2,6) (assignment of 13C-
{1H} NMR signals was confirmed by 13C DEPT). MS (ESI),
m/z (%): 696 (12) [M+ - BF4 - (CH3)2CHCN], 588 (100) [M+

- BF4 - (CH3)2CHCN - C(CH)3(CH2)4], 531 (21) [M+ - BF4

- (CH3)2CHCN - C(CH)3(CH2)4 - C(CH3)3]. IR (KBr): ν 2255
cm-1 (CN). Anal. Calcd: C, 49.35; H, 7.34. Found: C, 49.22;
H, 7.40.

Reaction of the PNP Ligand 1 with Ir(COD)2BF4 in
tert-Butyl Cyanide. Formation of [(C5H3N(CH2P(tBu)2)2)-
IrH(C8H11)(NCC(CH3)3)]BF4 (6c). Ligand 1 (50 mg, 126
µmol) was added in portions to a solution of Ir(COD)2BF4 (63
mg, 126 µmol) in tert-butyl cyanide (2.5 mL). The mixture was
stirred 24 h. During the reaction the color changed first to red
and became colorless again after 1 h. The solvent was removed
under vacuum, and the residue was washed with pentane and
diethyl ether. Yield: 64 mg (59%). 31P{1H} NMR (CD2Cl2):
41.14 (s). 1H NMR (CD2Cl2): -20.06 (bs, 1H, Ir-H), 1.23 (vt,
JPH ) 6.8 Hz, 18H, PC(CH3)3), 1.32 (s, 9H, (CH3)3CCN), 1.36
(vt, JPH ) 6.8 Hz, 18H, PC(CH3)3), 2.14-2.70 (m, 8H, cyclooc-
tadiene-CH2), 3.61 (s, 4H, CH2P), 5.44-5.98 (m, 3H, cyclooc-
tadiene-CH), 7.47 (d, 3JHH ) 7.8 Hz, 2H, pyridine-H3,5), 7.77
(t, 3JHH ) 7.8 Hz, 1H, pyridine-H4). 13C{1H} NMR (CD2Cl2):
27.75 (s, (CH3)3CCN), 29.21 (s, PC(CH3)3), 30.33 (s, PC(CH3)3),
37.20 (vt, JPC ) 12.2 Hz, PC(CH3)3), 39.63 (vt, JPC ) 11.2 Hz,
CH2P), 121.17 (s, pyridine-C3,5), 138.94 (s, pyridine-C4),
162.55 (s, pyridine-C2,6) (assignment of 13C{1H} NMR signals
was confirmed by 13C DEPT). MS (ESI), m/z (%): 588 (100)
[M+ - BF4 - (CH3)3CCN - C(CH)3(CH2)4], 531 (20) [M+ - BF4

- (CH3)3CCN - C(CH)3(CH2)4 - C(CH3)3]. IR (KBr): ν 2298
cm-1 (CN). Anal. Calcd: C, 49.95; H, 7.46. Found: C, 50.11;
H, 7.55.

Reaction of [(C5H3N(CH2P(tBu)2)2)IrH(C8H11)(NCCH3)]-
BF4 (6a) with H2. Formation of [(C5H3N(CH2P(tBu)2)2)-
Ir(H)2(NCCH3)]BF4 (7a). An acetonitrile solution (3 mL) of
6a (50 mg, 61 µmol) was loaded into a Fischer-Porter pressure
tube, charged with 2.0 bar (200 kPa) H2, and stirred at room
temperature for 18 h. The solvent was evaporated, and the
colorless residue was washed with pentane. Yield: 27 mg

Ir-Mediated Vinylic C-H Bond Activation Organometallics, Vol. 21, No. 5, 2002 817

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 F

eb
ru

ar
y 

7,
 2

00
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

01
07

19
v



(62%). 31P{1H} NMR (CD3CN): 59.49 (s). 1H NMR (CD2Cl2):
-20.97 (bs, 1H, Ir-H), -19.40 (bs, 1H, Ir-H), 1.28 (s, 36H, PC-
(CH3)3), 3.68-3.74 (m, 4H, CH2P), 7.47 (d, 3JHH ) 7.7 Hz, 2H,
pyridine-H3,5), 7.75 (t, 3JHH ) 7.7 Hz, 1H, pyridine-H4). 13C-
{1H} NMR (CD3CN): 29.89 (s, PC(CH3)3), 36.90 (s, PC(CH3)3),
40.93 (vt, JPC ) 10.6 Hz, CH2P), 121.91 (vt, JPC ) 4.3 Hz,
pyridine-C3,5), 139.28 (s, pyridine-C4), 164.95 (vt, JPC ) 3.1
Hz, pyridine-C2,6) (assignment of 13C{1H} NMR signals was
confirmed by 13C DEPT). MS (ESI), m/z (%): 588 (100) [M+ -
BF4 - CH3CN - H2], 574 (24) [M+ - BF4 - CH3CN - H2 -
CH3]. Anal. Calcd: C, 41.84; H, 6.74. Found: C, 41.73; H, 6.71.

Reaction of [(C5H3N(CH2P(tBu)2)2)IrH(C8H11)(NCC-
(CH3)3)]BF4 (6c) with H2. Formation of [(C5H3N(CH2P-
(tBu)2)2)Ir(H)2(NCCH3)]BF4 (7b). A benzene solution (4 mL)
of 6c (15 mg, 17 mmol) was loaded into a Fischer-Porter
pressure tube, charged with 3.0 bar (300 kPa) H2, and stirred
at room temperature for 18 h. The solvent was evaporated,
and the colorless residue was washed with pentane. Yield: 2.7
mg (21%). 31P{1H} NMR (C6D6): 61.12 (s). 1H NMR (250 MHz,
C6D6): -21.01 (s, 1H, Ir-H), -19.10 (s, 1H, Ir-H), 0.93 (s, 9H,
(CH3)3CCN), 0.98-1.39 (m, 36H, PC(CH3)3), 3.58-4.09 (m, 4H,
CH2P), 7.46 (d, 3JHH ) 7.7 Hz, 2H, pyridine-H3,5), 7.68 (t, 3JHH

) 7.7 Hz, 1H, pyridine-H4).
X-ray Crystal Structure Determination of 5, 6a,b, and

7a. Colorless crystals of complexes 5, 6a,b, and 7a were
obtained by slow evaporation of their benzene solutions. The
crystals were mounted on the nylon loop and flash frozen in a
nitrogen stream at 120 K. Data were collected on a Nonius
KappaCCD diffractometer mounted on a FR590 generator
equipped with a sealed tube with Mo KR radiation (λ ) 0.71073
Å) and a graphite monochromator. The four structures were
solved using direct methods with SHELXS-97 and refined by
full-matrix least-squares technique with SHELXL-97 based on
F2.

Complex 5: 2(C31H56NP2ClIr)+2(C6H6), colorless plates, 0.2
× 0.1 × 0.1 mm3, monoclinic, C2/c (No. 15), a ) 35.238(7) Å,
b ) 11.561(2) Å, c ) 35.895(7) Å, â ) 99.51(3)°, V ) 14422(5)
Å3, Z ) 8, fw ) 771.41, Dc ) 1.421 Mg/m3, µ ) 3.888 mm-1.
The final cycle of refinement based on F2 gave an agreement
factor R ) 0.048 for data with I > 2σ(I) and R ) 0.070 for all
data (10 127 reflections) with a goodness-of-fit of 0.949. Ideal-
ized hydrogen atoms were placed and refined in the riding
mode.

Complex 6a: C33H55N2P2Ir+BF4+1/2(C6H6)+1/2(H2O), col-
orless plates, 0.3 × 0.15 × 0.05 mm3, orthorhombic, Fddd (No.
70), a ) 27.020(5) Å, b ) 28.044(6) Å, c ) 41.915(8) Å, V )
31761(11) Å3, Z ) 32, fw ) 867.79, Dc ) 1.452 Mg/m3, µ )
3.490 mm-1. The final cycle of refinement based on F2 gave
an agreement factor R ) 0.033 for data with I > 2σ(I) and R
) 0.054 for all data (7817 reflections) with a goodness-of-fit of
1.123. Idealized hydrogen atoms were placed and refined in
the riding mode, with the exception of H1 (Ir-H), which was
located in the difference map and refined independently.

Complex 6b: C35H66N2P2Ir+BF4+C6H6, colorless, paral-
lelogram, 0.4 × 0.1 × 0.1 mm3, monoclinic, P2(1)/c (No. 14), a
) 21.268(4) Å, b ) 10.623(2) Å, c ) 19.277(4) Å, â ) 96.17(3)°,
V ) 4330.0(15) Å3, Z ) 4, fw ) 933.96, Dc ) 1.433 Mg/m3, µ )
3.204 mm-1. The final cycle of refinement based on F2 gave
an agreement factor R ) 0.035 for data with I > 2σ(I) and R
) 0.050 for all data (8501 reflections) with a goodness-of-fit of
1.008. Idealized hydrogen atoms were placed and refined in
the riding mode, with the exception of H1 (Ir-H), which was
located in the difference map and refined independently.

Complex 7a: C25H48N2P2Ir+BF4, colorless, thin plates, 0.3
× 0.2 × 0.01 mm3, monoclinic, P2(1)/c (No. 14), a ) 16.996(3)
Å, b ) 10.584(2) Å, c ) 18.266(4) Å, â ) 108.75(3)°, V ) 3111.3-
(11) Å3, Z ) 4, fw ) 717.60, Dc ) 1.532 Mg/m3, µ ) 4.434 mm-1.
The final cycle of refinement based on F2 gave an agreement
factor R ) 0.034 for data with I > 2σ(I) and R ) 0.071 for all
data (4460 reflections) with a goodness-of-fit of 1.004. Idealized
hydrogen atoms were placed and refined in the riding mode.
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