
COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 12 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4112-2135 $ 20.00+.50/0 2135

Dioxygen Activation by a Mononuclear
IrII ± Ethene Complex
Bas de Bruin,* Theo P. J. Peters, Simone Thewissen,
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Jan M. M. Smits, and Anton W. Gal*

In an attempt to gain a mechanistic insight into the
rhodium- and iridium-catalyzed oxygenation of olefins, we
have recently investigated stoichiometric oxygenation of
N ligand RhI± and IrI ± olefin complexes by O2 (olefin�
ethene, propene, 1,5-cyclooctadiene).[1, 2]

The reactivity of RhI± and IrI ± ethene fragments towards
dioxygen varied between ethene displacement (Figure 1a),
formation of mixed O2 ± ethene complexes (Figure 1b), C�O
bond making (giving a 3-metalla(���)-1,2-dioxolane; Fig-
ure 1c), and combined C�O bond making and O�O bond
breaking (giving a 2-metalla(���)oxetane; Figure 1d) The
outcome of the oxygenation reaction varies with the N ligand
and the central metal.

Figure 1. Oxygenation products from the reaction of
[(N ligand)MI(olefin)]� (M�Rh/Ir) complexes with O2.

Recently, we described the oxygenation of the iridium(�) ±
ethene complex [(�4-Me3-tpa)IrI(C2H4)]� (1; Me3-tpa�
N,N,N-tri((6-methyl-2-pyridyl)methyl)amine) by O2 to the
peroxo ± ethene complex [(�3-Me3-tpa)IrIII(C2H4)(O2)]� (Fig-
ure 1b) and unidentified paramagnetic species.[2] We now
report the one-electron oxidation of the IrI ± ethene complex 1
to the unprecedented IrII ± ethene complex [(�4-Me3-
tpa)IrII(C2H4)]2� (2 ; see Scheme 1), and the reactivity of 2
towards O2.

Treatment of 1-PF6 with ferrocinium hexafluorophoshate
([Fc]PF6) in CH2Cl2 resulted in precipitation of 2-(PF6)2 as a
brown powder. Thus, one-electron oxidation of IrI ± ethene
complex 1 with Fc� results in the clean formation of the stable
IrII ± ethene complex 2 (Scheme 1).
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Scheme 1. Oxidation of 1 with Fc� yielding 2.

Dark brown crystals of 2-(PF6)2, suitable for X-ray dif-
fraction, were obtained from an acetone solution layered with
hexane, at 10 �C. Transparent brown-red crystals of 1-PF6 were
grown from a CH2Cl2 solution layered with hexane, at 4 �C.
The structures of both 1 and 2 were determined by single-
crystal X-ray diffraction (Figure 2 and Table 1).[3]

The structure of 1 is best described as distorted trigonal
bipyramidal (tbp), with N1 and N2 at the axial positions
and N3, N4, and ethene in the equatorial plane. Remark-
ably, upon one-electron oxidation of 1 to 2, the coordina-
tion geometry changes from tbp to distorted square
pyramidal (sqpy), with N4 at the apical position and N1,
N2, N3, and ethene in the basal plane.

Oxidation of 1 to 2 results in a stronger binding of Me3-
tpa to the Ir center; the Ir�N3 bond shortens by �0.12 ä,
whereas the N1�Ir1, N2�Ir1, and N4�Ir1 bonds do not

significantly change (Table 1). The shortening of the C1�C2
bond by 0.07 ä and the elongation of the Ir�C1 bond by
0.09 ä on going from 1 to 2 indicates weakening of the Ir ±
ethene interaction upon oxidation of IrI to IrII. Since one
cannot imagine a decrease in the ethene�Ir � bonding, the
weaker Ir ± ethene interaction must result from decreased
Ir�ethene � backbonding in 2. In 1, the Ir1�C2 bond is
approximately 0.1 ä longer than the Ir1�C1 bond, probably
because the axial Py-Me substituents of the Me3-tpa ligand
hinder a closer approach of C2 to the iridium center.

The EPR spectrum of 2 is shown in Figure 3a. Simulation of
the rhombic spectrum yielded: g11� 1.975, g22� 2.265, and
g33� 2.538. The (super)hyperfine coupling pattern for the g11
signal was satisfactorily simulated by assuming hyperfine
coupling with the iridium center (A11

Ir� 129 MHz) and
superhyperfine coupling with one nitrogen atom
(A11

N� 55 MHz). Contributions from other N nuclei
are not resolved in this direction. The g22 signal reveals
no resolved hyperfine coupling.

The nature of the observed five-line (super)hyper-
fine coupling pattern of the g33 signal is presently not
understood. It is satisfactorily simulated by assuming
superhyperfine coupling with four (nearly) equivalent
I� 1/2 nuclei, possibly the four H nuclei of the ethene
fragment of 2. However, the thus obtained super-
hyperfine coupling constant A33

H� 160 MHz seems
unusually large for hydrogen atoms.[4] Alternative
simulations, which assume coupling with two (nearly)
equivalent N nuclei or coupling with one N nucleus
and two (nearly) equivalent H nuclei, yield less
satisfactory results and still require unusually large
superhyperfine coupling constants (A33

N/H�
160 MHz). We are currently investigating the origin
of this fine structure.

We performed DFT calculations on both 1 and 2.[5] The
geometries of the optimized DFT structures match quite well
with the X-ray structures of 1 and 2 (tbp geometry for 1, sqpy
geometry for 2). The HOMO of 1 and the SOMO of 2 both
consist mainly of an iridium d orbital, with bonding contribu-
tions of the ethene �* orbital and antibonding contributions
of orbitals on N3 and N4. The oxidation of 1 to 2 removes one

Figure 2. Molecular structure of 1 and 2.

Figure 3. a) Experimental (exp) and simulated (sim) X-band EPR spectrum of
2. b) Experimental and simulated X-band EPR spectrum of intermediate 3.
Experimental spectra in acetone:MeOH (2:3) at 40 K, 9.30 GHz. (attn. 30 dB,
mod. 4 G).

Table 1. Selected bond lengths [ä] and angles [�] for 1 and 2.[a]

1 2

N1-Ir1 2.075(7) 2.071(5)
N2-Ir1 2.043(8) 2.062(5)
N3-Ir1 2.260(7) 2.136(5)
N4-Ir1 2.154(8) 2.146(5)
C1-Ir1 2.042(9) 2.136(6)
C2-Ir1 2.143(9) 2.149(6)
C1-C2 1.451(13) 1.380(9)

N4-Ir1-C1 109.2(4) 92.4(2)
N4-Ir1-C2 149.5(3) 129.8(2)
N3-Ir1-C1 173.3(3) 172.0(2)
N3-Ir1-C2 132.8(2) 150.2(2)
N3-Ir1-N4 77.4(3) 80.03(17)

[a] For atom labeling see Figure 2.
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electron from the HOMO of 1 to give the SOMO of 2 (see
Supporting Information, Figure S1). As a result, the
Ir�ethene � backbonding decreases and the Ir1 ±N3/Ir1 ±
N4 � interaction increases on going from 1 to 2. Actually,
we observe that only the Ir1�C1 distance increases and only
the Ir1�N3 distance decreases (Table 1), this is because
Ir1�C2 in 1 is already long as a result of steric hindrance by
the axial Py-Me substituents, whereas Ir1�N4 in 1 is already
short as a result of geometrical constraints by the �4-Me3-tpa
ligand.

Mononuclear complexes of RhII[6] and particularly IrII[7] are
rare. Most examples are stabilized by bulky dianionic
porphyrinate ligands (por2�). To our knowledge, only one
stable mononuclear IrII ± olefin complex has been reported,
[(C6Cl5)2IrII(cod)] (cod�Z,Z-1,5-cyclooctadiene).[8] Complex
2 is the first example of a stable MII ± ethene (M�Rh, Ir)
complex.

Recently, [(por)MII(ethene)] (M�Rh,[6] Ir,[9] por2�� a
bulky meso-tetra-arylporphyrinate dianion), formed in situ
from [(por)MII] and ethene, have been reported to undergo
bimolecular C ±C radical coupling to butylene-bridged dinu-
clear complexes. Quite remarkably, complex 2 does not
dimerize by radical coupling of the ethene carbon atoms.
Nevertheless, the DFT calculations suggest that the coordi-
nated ethene fragment may still have some radical character
(see Supporting Information, Figure S1 and S2).

The radical character of 2 seems to be reflected in its
reactivity towards O2. Upon exposure of a solution of 2 in
MeCN, acetone, or acetone:MeOH (2:3) to air or O2 at
�10 �C, the color of the solution changed from brown to
purple. Upon warming these solutions to ambient temper-
ature, the purple color vanishes, the solutions became color-
less, and the 1H NMR spectrum indicated the formation of
diamagnetic products. The main product in MeCN (�70%
based on 1H NMR spectroscopy) was identified as formyl-
methyl[10] complex 4 (Scheme 2). In acetone other types of
products were detected. The nature of these products and the
apparent solvent dependency of their formation are currently
under investigation.

Scheme 2. Oxygenation of 2 by O2 yielding 4 via intermediate 3.

The IrII ± ethene complex 2 thus seems capable of O2

activation and C�O bond formation. In marked contrast,
oxidation of IrI ± ethene complex 1 with O2 in solution did not
result in C�O bond formation, but yielded the peroxo ±
ethene complex [(�3-Me3-tpa)IrIII(O2)(C2H4)]� .[2]

The initial color change from brown to purple in the
conversion of 2 into 4 at �10 �C indicates the formation of an
intermediate (3). The EPR spectrum of 3 is shown in
Figure 3b.[11] Simulation of the rhombic spectrum yields

g11� 1.987, g22� 2.030, and g33� 2.191. The line shape for g22
suggests a small iridium hyperfine coupling (A22

Ir� 38 MHz).
Thus, on going from 2 to 3 a marked decrease in anisotropy of
the EPR signal is observed (Figure 3). This effect might
indicate a shift in spin density from the metal center to a
coordinated superoxy or superoxyethyl radical.

We have thus synthesized the unique IrII ± ethene complex 2
through the one-electron oxidation of IrI ± ethene complex 1.
The radical character of 2 may be responsible for the facile
C�O bond formation in this complex upon contact with O2.
The observed reactivity of 2 towards O2 points to a possible
role of IrII ± olefin and RhII ± olefin species in rhodium- and
iridium-catalyzed oxidation of olefins by O2. This insight is of
importance in the development of catalytic olefin oxygenation
by Group VIII metal centers.

Experimental Section

NMR spectroscopic experiments were carried out on a Bruker DPX200
spectrometer. X-band EPR spectra were recorded on a Bruker ER220
spectrometer. Mass Spectra were recorded on a MAT 900 XL mass
spectrometer. All procedures were performed under N2 using standard
Schlenk techniques unless indicated otherwise. Compound 1-PF6 was
prepared as reported in ref. [2]

2-(PF6)2: Complex 1-PF6 (230 mg, 0.33 mmol) was added to a solution of
[Fc]PF6 (86 mg, 0.26 mmol) in CH2Cl2 (12 mL). The resulting green/brown
mixture was stirred for 30 min at room temperature. The resulting brown
precipitate was collected by filtration. Yield 186 mg (0.221 mmol, 85%;
analytically pure). Deep brown/black crystals of 2-(PF6)2 , suitable for
X-ray diffraction, were obtained at 10 �C from a solution of the above
precipitate in acetone layered with hexane. Yield after crystallization:
72 mg (0.085 mmol, 33%). ESI�-MS: m/z 276.5 [M� (PF6)2]2�, 698 [M�
PF6]� ; elemental analysis calcd (%) for C23H28N4IrP2F12: C 32.78, H 3.35, N
6.65; found: C 32.64, H 3.33, N 6.67.

4-(PF6)2: Exposure of a solution of 2-(PF6)2 in MeCN to O2 leads to a
mixture of �70% 4-(PF6)2 and �30% of yet unidentified products. From
this mixture 4-(PF6)2 was characterized. 1H NMR (200 MHz, CD3CN,
298 K): �� 9.44 (t, 1H, 3J(H,H)� 4.55 Hz, IrCH2C(�O)H), 7.81 (t, 2H,
PyA-H4, 3J(H,H)� 7.6 Hz), 7.69 (t, 1H, PyB-H4, 3J(H,H)� 7.6 Hz), 7.40 ±
7.10 (m, 6H, PyA/B-H3/5), 5.32 (d[AB], 2H, 2J(H,H)� 16.4 Hz, N-CH2-
PyA), 4.90 (d[AB], 2H, 2J(H,H)� 16.4 Hz, N-CH2-PyA), 4.71 (s, 2H,
N-CH2-PyB), 3.55 (d, 2H, 3J(H,H)� 4.55 Hz, IrCH2C(�O)H), 3.18 (s, 3H,
CH3-PyB), 2.96 (2, 3H, Ir-NCCH3), 2.82 ppm (s, 6H, CH3-PyA); 13C{1H}
NMR (50 MHz, CD3CN, 298 K): �� 208.5 (IrCH2C(�O)H), {166.0,164.4,
163.4, 159.3 (PyA/B-C2, PyA/B-C6)}, 141.3 (PyB-C4), 140.7 (PyA-C4), 128.6
(PyB-C3), 128.2 (PyA-C3), 122.7 (PyB-C5), 120.4 (PyA-C5), 74.9 (N-CH2-
PyA), 71.4 (N-CH2-PyB), 27.3 (PyB-CH3), 27.2 (PyA-CH3), 10.4 (Ir-
CH2C(�O)H), 5.6 ppm (Ir-NCCH3) (Ir-NCCH3 signal obscured by solvent
signal); FT-IR (KBr): �� � 2848, 2733 (C�H of CH�O), 1676 (C�O of
CH�O), 825, 556 cm�1 (P�F); ESI�-MS (sample prepared in CD3CN): m/z
306 [M� (PF6)2]2�, 284 [M� (PF6)2�CD3CN]2�, 757 [M�PF6]� .
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A Highly Regioselective Synthesis of
Polysubstituted Naphthalene Derivatives
through Gallium Trichloride Catalyzed
Alkyne ±Aldehyde Coupling**
Ganapathy S. Viswanathan, Mingwen Wang, and
Chao-Jun Li*

Polysubstituted aromatic compounds have played an im-
portant role in the chemical and pharmaceutical industries as
well as in the fields of optical and electronic materials.
Traditionally, the regioselective construction of polysubstitut-
ed aromatic compounds has been carried out by the stepwise
introduction of substituents through electrophilic substitu-
tions.[1] More modern achievements in the regioselective

(�� 0.71073 ä). Data were collected at room temperature (�/2�-scan
mode). For both compounds, unit-cell dimensions were determined
from the angular setting of 25 reflections. Intensity data were
corrected for Lorentz and polarization effects. Semiempirical absorp-
tion correction (�-scan)[3a] was applied. For 1-PF6, this procedure by
itself was not adequate enough. The difference fourier map still
showed peaks up to 3.6 eä3 close to the Ir atom. Therefore an
additional absorption correction was applied using the DIFABS
procedure,[3b] resulting in final residual peaks up to 2.3 eä�3. The
structures were solved by the program system DIRDIF[3c] using the
program PATTY[3d] to locate the heavy atoms, and were refined with
standard methods (refinement against F 2 of all reflections with
SHELXL-97[3e] with anisotropic parameters for the non-hydrogen
atoms. The hydrogen atoms were initially placed at calculated
positions, refined isotropically in riding mode, and were subsequently
refined freely. For 1-PF6, based on geometrical considerations alone,
the unit cell could be transformed to an orthorhombic C-cell (a�
9.1795(19), b� 46.2562(78), c� 11.5840(17) ä), but this transforma-
tion is not supported by the symmetry of the data (Rint� 0.549) nor by
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