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Introduction

Our understanding of the organometallic reactivity of rhodi-
um and iridium is primarily based on studies of diamagnetic
complexes. Much less is known about the reactivity of their
paramagnetic analogues.[1] In general, open-shell organo-
ACHTUNGTRENNUNGmetallic species reveal rather different reactivity patterns
with respect to their closed-shell counterparts, broadening
the scope of organometallic chemistry for catalytic process-
es, which explains the rapidly growing interest in such com-
pounds.[2] A number of such interesting reactions, unique to
those of paramagnetic organometallic complexes or inter-
mediates, have already been uncovered. One-electron oxida-
tive addition of organic halides to the metal is a key step in
Ru-catalyzed atom-transfer radical polymerization[3] and in
Ru-,[4] and Rh/Ir-catalyzed[4d] atom-transfer radical addition
of polyhalogenated compounds to olefins. In addition, RhII–
porphyrin complexes are capable of homolytic cleavage of

inert C�H bonds of methane[5] or methanol[6] and cleave the
C�C bonds of ketones,[7] nitriles,[8] and the 2,2,6,6-
tetramethyl ACHTUNGTRENNUNGpiperidine-N-oxide radical (TEMPO).[9] A recent
study by Chan describes the selective formation of [RhIII-
ACHTUNGTRENNUNG(CH2COOEt)ACHTUNGTRENNUNG(por)] (por= tmp= tetramesityl porphyrin)
upon reaction of [RhII

ACHTUNGTRENNUNG(por)] with ethyl diazoacetate
(EDA),[10] likely via an open-shell carbenoid species, which
is relevant to the work described in this paper.

Bergman reported enantioselective carbene transfer from
diazo compounds to olefins and imines mediated by [RhII-
ACHTUNGTRENNUNG(benbox)Cl]+ (benbox= benzyl bis(oxazoline)), thus pre-
senting a rare example of a catalytically active paramagnetic
mononuclear RhII complex.[11] Although a variety of
Group 9 complexes are capable of carbene-transfer cataly-
sis,[12] this area of research is clearly dominated by investiga-
tions of diamagnetic Doyle-type dinuclear, acetate-bridged,
RhII–RhII species (and analogues) and a couple of mononu-
clear diamagnetic MIII catalysts.[12, 13] Remarkably, the reac-
tivity of both mononuclear (diamagnetic) MI and mononu-
clear (paramagnetic) MII complexes (M= Rh, Ir) towards
diazo compounds has received almost no attention. We pre-
viously set out to investigate the reactivity of MI complexes
towards diazo compounds, which led to our recent discovery
that mononuclear MI–diene complexes (M =Rh, Ir) mediate
the formation of polymers from ethyl diazoacetate.[14] Moti-
vated by these initial results, we became interested in the in-
fluence of the oxidation state on the reactivity of mononu-
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clear Rh– and Ir–carbene complexes. Further inspired by
our general interest in the reactivity of paramagnetic RhII

and IrII species, we now report on the reactivity of a mono-
nuclear IrII–ethene complex towards ethyl diazoacetate and
trimethylsilyldiazomethane, which are common carbene pre-
cursors.

Results and Discussion

We concentrated on the reactivity of our previously report-
ed paramagnetic IrII–ethene complex [IrII

ACHTUNGTRENNUNG(ethene)-
ACHTUNGTRENNUNG(Me3tpa)]2+ (1) (Me3tpa=N,N,N-tris(6-methyl-2-pyridyl-
ACHTUNGTRENNUNGmethyl)amine). Interestingly, complex 1 reveals both “met-
alloradical” and “alkene radical” behavior (Scheme 1).[1a,b, 15]

The “vacant” site cis to the ethene ligand is sterically shield-
ed by the three methyl groups of the Me3tpa ligand, and
therefore not accessible for larger molecules. However, the
small and linear MeCN can bind to this position, by which it
induces ethene-ligand-centered radical reactivity. We previ-
ously proposed that b-ethyl radicals of the type [IrIII-
ACHTUNGTRENNUNG(CH2CH2)C ACHTUNGTRENNUNG(Me3tpa)]2+ (2) could be intermediates in a series
of radical-type reactions triggered by coordination of MeCN
to the otherwise stable metalloradical 1.[15] Ethene loss from
intermediate 2 should be easy, giving access to the metallor-
adical [IrII

ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)]2+ (3). Somewhat similar behav-
ior of [IrII

ACHTUNGTRENNUNG(por)] species in their reactivity towards ethene
has been reported.[16]

Hence, we were not sure what to expect for the reactivity
of complex 1 towards diazo compounds. Would they react
directly with 1, or would such reaction preferably take place
via 2 or 3 in the presence of MeCN? One-electron activa-
tion of diazo compounds may allow radical-type reactions of
its “carbene” moiety. Such reactivity might be useful for ex-
panding carbon chains of olefins.

The reaction of complex 1 towards ethyl diazoacetate
(EDA) in acetone leads to a complex mixture of com-
pounds. In contrast, the reaction of 1 with EDA in MeCN
proceeds selectively as judged from the 1H NMR spectrum.
The reaction results in formation of the tetracationic dinu-
clear C3-bridged species [(Me3tpa) ACHTUNGTRENNUNG(MeCN)IrIII

ACHTUNGTRENNUNG{CH2CH2CH-
ACHTUNGTRENNUNG(COOEt)}IrIII

ACHTUNGTRENNUNG(MeCN)ACHTUNGTRENNUNG(Me3tpa)]4+ (4) in 74 % isolated yield,
see Scheme 2.

Addition of excess EDA does not have any influence on
the outcome of the reaction. The reactivity of 1 with EDA
in MeCN could reflect the metalloradical behavior of 3, the
ethene-ligand–radical behavior of 2, or both. In absence of

EDA, 1 in MeCN slowly converts to the ethylene-bridged
dinuclear iridium complex [(Me3tpa) ACHTUNGTRENNUNG(MeCN)IrIII(m2-
CH2CH2)IrIII

ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)]4+ (5).[15a] Complex 5, howev-
er, does not react with EDA, so carbene insertion (from
EDA) into the Ir�C bond of 5 to form 4 can be excluded as
a mechanistic pathway.

Two mechanistic pathways seem conceivable: A) Dissoci-
ation of ethene from 1 with formation of 3, followed by co-
ordination of the diazo compound to iridium (to give 6)
with subsequent loss of dinitrogen to form the “carbenoid–
radical” 7, which in turn attacks the ethene fragment of 1 or
2 to form the new C�C bond of 4 ; or B) attack of the
ethene carbon-centered radical of 2 at the diazo carbon
atom of EDA to form the g-alkyl radical IrIII–CH2CH2CHC-
ACHTUNGTRENNUNG(COOEt) species 9, which would eventually couple with the
Ir-centered radical 3. These routes are depicted in Scheme 3.

EPR measurements did not allow us to detect any inter-
mediates during the conversion of 1 to 4 ; even in the pres-
ence of a large excess of EDA only gradually disappearing
signals of 1 were detected. Also the reaction kinetics did not
allow us to discriminate between the reaction pathways A
and B in Scheme 3. The kinetic measurements revealed that
the reaction is first-order in [1] and zero-order in [EDA],
and proceeds at exactly the same rate as observed for the
formation of 5 in absence of EDA (kobs1=kobs2=

0.0075 min�1). So ethene dissociation from 2, or MeCN coor-
dination to 1 are the most likely rate limiting steps
(Scheme 3, formation of 2 or 3).

In absence of more experimental details we resorted to
DFT calculations to obtain more information about the pos-
sible reaction mechanisms leading to 4. We used methyl di-
azoacetate to model EDA. Given the importance of the
three methyl fragments on the reactivity of [IrII

ACHTUNGTRENNUNG(ethene)-
ACHTUNGTRENNUNG(Me3tpa)]2+ , we decided to model the complete dications.

Scheme 1. Reactivity of [IrII
ACHTUNGTRENNUNG(ethene)ACHTUNGTRENNUNG(Me3tpa)]2+ towards MeCN.

Scheme 2. Reaction of 1 with EDA in MeCN to give 4. In absence of
EDA compound 1 converts to 5. The observed rate constants for the two
reactions are identical (kobs1=kobs2).
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Due to the substantial size of the full Ir–Me3tpa system, we
did not try to calculate the transition states or energies asso-
ciated with the final radical couplings in Scheme 2 (3+9!4
or 2+7!4). Besides, this would not be very useful, because
DFT energies of reactions that involve spin-state changes,
such as radical–radical coupling reactions, are generally not
very reliable.[9a, 17] The reaction pathways prior to the actual
coupling, however, all deal with S= 1=2 systems, and the rela-
tive energies of the minima and transition states along the
pathways 1!2!8!9 and 1!2!3!6!7 should be mean-
ingful.

Both reaction pathways (A and B in Scheme 3) are ther-
modynamically favorable, with an overall stair-case decrease
of free energies along the reaction coordinates (Scheme 4).

Formation of 2 from 1 is slight-
ly uphill, but this is mainly due
to (gas-phase) entropy effects
associated with the approach of
MeCN, which do not play a
large role in the experimental
system in which MeCN is used
as a solvent.

The transition state (TS) for
ethene loss from 2 (TS2) repre-
sents a very low barrier (DG2!

TS2=++0.3 kcal mol�1) for for-
mation of 3. This barrier is
most likely too low, as DFT
tends to underestimate the iri-
dium–ethene interactions.[18]

This becomes evident, and
worse, upon using the hybrid
HF-DFT functional b3-lyp, at
which level (TZVP basis) spe-
cies 2 proved unstable and con-
verged to 3 by spontaneous
ethene dissociation.[19] For rea-
sons of comparison, we thus

used the BP86 (SV(P) basis) throughout. Although the
actual barrier for ethene loss from 2 might be somewhat
higher than calculated, it is unlikely to be very high. There-
fore the involvement of species 2 can only be relevant for
low-barrier follow-up reactions. This is not the case in the
reaction of 2 with MDA to form 8, which has a relatively
large barrier (TS1, DG2!TS1= +13.5 kcal mol�1). In contrast,
the approach of MDA to bind to the Ir center of 3 (reaction
3!6) has a very flat energy profile and is essentially barrier-
less (see Supporting Information, Figure S11). Thus MDA
binding to the b-carbon atom of 2 seems unlikely, since
pathway A is kinetically preferred over pathway B according
to the DFT calculations.

Once formed, the MDA ad-
ducts 6 and 8 both reveal a re-
markably low barrier for N2

loss (TS4 �0.1 kcal mol�1, TS3
is essentially barrierless once
entropy corrections are ap-
plied). This is in marked con-
trast with substantially higher
calculated barriers (in the range
of 7–12 kcal mol�1) for N2 loss
from MDA and diazoalkane ad-
ducts of closed-shell RhI

species.[14a, 20]

We argued that we might
obtain additional experimental
evidence for the reaction pro-
ceeding by pathway A by using
a bulkier substituted diazo com-
pound. Sufficient steric bulk
should prevent the organo-

Scheme 3. Conceivable pathways to the C3-bridged bis-iridium species 4.

Scheme 4. Calculated free energies (energies) in kcal mol�1 of the intermediates and transition states in routes
A and B leading to formation of 4 (see also Scheme 3).
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ACHTUNGTRENNUNGmetalic radicals from coupling, and if the reaction would
proceed through pathway A, the expected final product
would be a mononuclear iridium compound derived from a
bulky analogue of 7. In fact, trimethylsilyldiazomethane
(TMSDM) proved to be a proper reagent for checking this
hypothesis.

The reaction of 1 with TMSDM in MeCN affords the
mononuclear iridium compound 11 in 41 % isolated yield.
Compound 11 has a methylene(trimethylsilyl) group bound
to the metal (Scheme 5). This is consistent with the above

DFT calculations predicting the “carbenoid–radical” path-
way (A) to be kinetically preferred over a direct C�C cou-
pling between the diazo carbon atom and the b-carbon of
ethyl–radical complex 2.

The “carbenoid–radical” intermediate 10 abstracts a hy-
drogen atom from the reaction medium. The solvent is not
the source of the hydrogen atom, as experiments in deuter-
ated solvents did not lead to incorporation of deuterium.
The most likely source is the (trimethylsilyl)diazomethane
reagent.[10]

The key reactive species responsible for the formation of
4 and 11 thus seem to be the carbenoid–radical species 7
and 10, respectively. Such [IrII

ACHTUNGTRENNUNG(carbene) ACHTUNGTRENNUNG(N-ligand)] com-
plexes cannot be classified as regular Fischer- or Schrock-
type carbenes, and their unusual electronic structure
(Scheme 6) requires some additional comments. As shown
in Figure 1 for complex 7, the species are primarily carbon-
centered radicals. Most of the spin density of 7 is located at
its carbenoid carbon atom (Mulliken spin densities: Ccarbene:

86 %, Ir: 5 %, Ocarbonyl : 12 %, Ccarbonyl : �4 %, OMe: 5 %,
Hcarbene: �5 %).

The SOMO of 7 is primarily built from the carbenoid
carbon p orbital in antibonding combination with an Ir d or-
bital with a smaller orbital coefficient (dxz if we define the z
axis along the Ir�C bond and the x axis along the Ir�Namine

bond), with some expected delocalization over the adjacent
carbonyl fragment (Figure 1). The carbenoid–radical 7 is
thus best described as a one-electron-reduced Fischer-type
carbene complex (Figure 2, top).[22] In good agreement with

occupation of an electron in the Ir�C antibonding orbital
(p*), which reduces the Ir�C bond order, the calculated
Ir�C bond of 7 (2.02 Q) is comparably long compared to re-
lated closed-shell systems (�1.85–1.91 Q).[14a,20] A schematic
representation of the calculated d-orbital configuration of
all five 5d orbitals is presented in the Supporting Informa-
tion (Figure S12).

It is quite remarkable that the redox chemistry of transi-
tion-metal carbene complexes has thus far received so little
attention. The frontier orbitals of both Fischer- and
Schrock-type carbenes are such that the carbene fragment

Scheme 5. Formation of iridium (trimethylsilyl)methylene 11 consistent
with a carbenoid–radical pathway.

Scheme 6. “Redox non-innocence” of open-shell transition-metal carbene
complexes; The IrII–carbene complexes 7 and 10 are best described as
IrIII–carbon-centered radicals.

Figure 1. SOMO (left) and spin density (right) plots of 7.

Figure 2. Schematic representation of the frontier orbitals involved in for-
mation of carbon-centered radicals by one-electron reduction of Fischer-
type carbenes (top) or one-electron oxidation of Schrock-type carbenes
(bottom).
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must be “redox non-innocent” (Scheme 6). In a Fischer-type
carbene, the carbene-carbon p orbital lies higher in energy
than the transition-metal d orbital with which it interacts
through p-bonding. This leads to a primarily carbon-cen-
tered LUMO, giving the carbene fragment its intrinsic elec-
trophilic character. Apparently this orbital arrangement also
allows the formation of a carbon-centered radical upon one-
electron reduction of a Fischer-type carbene, as in case of 7
and 10 (See Figure 1). The carbon p orbital of a Schrock-
type carbene lies lower in energy than the transition-metal d
orbital with which it interacts leading to a primarily carbon-
centered HOMO. This gives the carbene fragment its intrin-
sic nucleophilic character and should allow the formation of
a carbon-centered radical upon one-electron oxidation (we
are not aware of any such reported examples yet), see
Figure 2.

Thus obtained carbon-centered radicals can not be de-
scribed as regular Fischer- or Schrock-type carbenes, and ac-
tually represent a new class of “one-electron-activated car-
benoids”. For Group 9 elements (Co, Rh, Ir), we are aware
of only one such previously claimed example.[21] More gener-
al, reactivity studies of open-shell carbenoid complexes
(one-electron-activated carbene complexes) are in an early
stage of development and only a few reports describe the
formation of C�C bonds through open-shell carbenoid–radi-
cal complexes.[22] The redox non-innocence of more stable
N-heterocyclic carbenes was addressed very recently.[23]

Conclusion

We demonstrated the unprecedented formation of a para-
magnetic iridium bound “carbenoid–radical” complex that
selectively couples to an IrII–ethene species with formation
of a C�C bond. A more bulky “carbenoid–radical”, ob-
tained by reacting trimethylsilyl diazomethane with the IrII–
ethene complex, abstracts a hydrogen atom from the reac-
tion medium instead of undergoing C�C coupling with an
IrII–ethene species. DFT calculations show that the unpaired
electron density of both “carbenoid–radical” species resides
mainly on the “carbenoid” carbon atom, explaining the re-
activity of the two complexes. This study expands the scope
of known reactivity of diazo compounds and allows the con-
sideration of “carbenoid radical” species in selective C�C
bond formation reactions. Further studies aiming at reveal-
ing further details of the remarkable reactivity of similar
carbenoid radicals of Rh and Ir are underway.

Experimental Section

General procedures : All manipulations were performed in an argon at-
mosphere by standard Schlenk techniques or in a glove box. Acetonitrile
was distilled under argon from CaH2. NMR experiments were carried
out on a Bruker DRX300 (300 and 75 MHz for 1H and 13C respectively)
and Varian Inova (500 MHz for 1H). Solvent shift reference:
[D3]acetonitrile d =1.94 and 1.24 ppm for 1H and 13C, respectively. Ab-
breviations used are s = singlet, d=doublet, t = triplet, m=multiplet. Ele-

mental analysis (CHN) was carried out by H. Kolbe Mikroanalytisches
Laboratorium (Germany). Kinetic measurements were performed on
Perkin–Elmer Lambda 5 UV/Vis spectrometer in a thermostated quartz
Schlenk cuvette at 20 8C. X-band EPR spectroscopy measurements were
performed with a Bruker EMX Plus spectrometer. Fast atom bombard-
ment (FAB) mass spectrometry was carried out on a JEOL JMS SX/SX
102 A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/
UPD system program. Samples were loaded in a matrix solution (3-nitro-
benzyl alcohol) on to a stainless steel probe and bombarded with Xenon
atoms with an energy of 3 KeV. During the high-resolution FAB-MS
measurements a resolving power of 10000 (10 % valley definition) was
used.

Ethyl diazoacetate and a 2 m solution of (trimethylsilyl)diazomethane in
diethyl ether were obtained from Aldrich, and used without further pu-
rification. Complex 1 ([IrII

ACHTUNGTRENNUNG(ethene) ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]2) was prepared as de-
scribed before.[15a]

Synthesis of [(Me3tpa) ACHTUNGTRENNUNG(MeCN)Ir(CH2CH2CHCOOEt)Ir ACHTUNGTRENNUNG(MeCN)-
ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]4 (4): Compound 1 (48 mg, 0.057 mmol) was dissolved in
MeCN (4 mL). Subsequently EDA (6 mL, 0.057 mmol) was added by
using a micropipette and the reaction was stirred overnight. The reaction
mixture was concentrated to approximately 0.5 mL and MeOH (4 mL)
was added causing precipitation of 4 as a white powder. Yield: 38 mg
(0.021 mmol, 74%). 1H NMR (500 MHz, CD3CN): d= 7.99 (t, 3J ACHTUNGTRENNUNG(H,H) =

7.5 Hz, 1H), 7.90 (m, 2 H), 7.82 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.5 Hz, 1 H), 7.65 (2 H, m),
7.53 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1H), 7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 2 H), 7.34 (m,
4H), 7.25 (d, 3J ACHTUNGTRENNUNG(H,H) = 8 Hz, 1H), 7.21 (d, 3J ACHTUNGTRENNUNG(H,H) = 7.5 Hz, 2H), 7.16
(d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1H), 7.13 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 1 H), 5.45 (d, 2J-
ACHTUNGTRENNUNG(H,H) =16 Hz, 1H), 5.38 (d, 2J ACHTUNGTRENNUNG(H,H) =15.5 Hz, 1H), 5.24 (d, 2J ACHTUNGTRENNUNG(H,H) =

16.5 Hz, 1H), 4.88 (d, 2J ACHTUNGTRENNUNG(H,H) =17.5 Hz, 1H), 4.85 (d, 2J ACHTUNGTRENNUNG(H,H) =17 Hz,
2H), 4.76–4.65 (m, 3H), 4.59 (s, 2 H), 4.48 (d, 2J ACHTUNGTRENNUNG(H,H) =16 Hz, 1 H), 3.79
(m, 1 H; -OCH2CH3), 3.63 (d, 3J ACHTUNGTRENNUNG(H,H) =11.5 Hz, 1H; Ir-CH-COOEt),
3.10 (s, 6H; PyCH3), 2.923 (s, 3 H; Ir-NCCH3), 2.917 (s, 3H; Ir-NCCH3),
2.81 (m, 1H; -OCH2CH3), 2.79 (s, 3H; PyCH3), 2.65 (s, 3 H; PyCH3), 2.60
(s, 3H; PyCH3), 2.32 (s, 3H; PyCH3), 2.29 (m, 2H; Ir-CH2), 1.05 (m, 1 H;
CH2CH2CHCOOEt), 0.67 (t, 3J ACHTUNGTRENNUNG(H,H)7 Hz, 3 H; OCH2CH3), �0.28 ppm
(m, 1H; CH2CH2CHCOOEt); 13C NMR (75 MHz, CD3CN): d=182.8
(COOEt), 165.9, 165.5, 165.2, 164.9, 164.8, 164.4, 164.0, 163.8, 163.4,
162.6, 159.1, 158.2 (Py-C2/6), 141.7, 141.4, 141.2, 140.6, 140.2 (Py-C4),
129.2, 128.8, 128.7, 128.6, 128.4, 127.7, 123.2, 122.7, 122.6, 122.2, 120.3,
120.1 (Py-C3/5), 74.7, 74.2, 71.1, 71.03, 70.96, 70.6 (Py-CH2-N), 60.6
(OCH2CH3), 33.5 (C-CH2-C), 27.5, 27.30, 27.25, 27.1, 26.6 (Py-CH3), 13.9
(OCH2CH3), 11.1 (Ir-CH ACHTUNGTRENNUNG(COOEt)), �2.0 ppm (Ir-CH2); elemental analy-
sis calcd (%) for C52H64F24Ir2N10O2P4: C 34.21, H 3.53, N 7.67; found:
C 34.50, H 3.64, N 7.32.

Synthesis of [IrACHTUNGTRENNUNG{CH2Si ACHTUNGTRENNUNG(CH3)3} ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(Me3tpa)] ACHTUNGTRENNUNG[PF6]2 (11): Compound 1
(57 mg, 0.068 mmol) was dissolved in MeCN (4 mL). Subsequently, a 2 m

solution of (trimethylsilyl)diazomethane in Et2O (34 mL, 0.068 mmol) was
added by using a micropipette and the reaction was stirred overnight.
The reaction mixture was concentrated to approximately 0.5 mL and
CH2Cl2 (4 mL) was added, causing a little precipitation of 5. The solution
was decanted and the solvent was removed under vacuum to afford
brown solid. The solid was redissolved in MeCN, and EtOH was added
causing precipitation of a brown oil which was discarded. Decanting and
removing the solvent under vacuum yielded 11 as an off-white powder.
Yield: 26 mg (0.028 mmol, 41%); 1H NMR (300 MHz, CD3CN): d=7.82
(t, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz, 2 H; PyA-H4), 7.65 (t, 3J ACHTUNGTRENNUNG(H,H) = 7.8 Hz, 1H; PyB-
H4), 7.38–7.29 (m, 5H; PyA-H3, PyA-H5, PyB), 7.15 (d, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz,
1H; PyB), 5.26 (d[AB], 2J ACHTUNGTRENNUNG(H,H) =16.2 Hz, 2H; N-CH2-PyA), 4.83
(d[AB], 2J ACHTUNGTRENNUNG(H,H) = 16.2 Hz, 2 H; N-CH2-PyA), 4.63 (s, 2 H; N-CH2-PyB),
3.14 (s, 3 H; PyB-CH3), 2.91 (s, 3 H; IrNC-CH3), 2.81 (s, 6 H; PyA-CH3),
1.50 (s, 2H; Ir-CH2-Si), �0.27 ppm (s, 9H; Si-CH3); 13C NMR (75 MHz,
CD3CN): d =165.7 (PyA-C6), 164.8 (PyA-C2), 162.8 (PyB-C6), 158.9 (PyB-
C2), 140.8 (PyA-C4), 140.1 (PyB-C4), 128.5 (PyA), 127.9 (PyB), 122.5 (PyA),
120.2 (PyB), 74.4 (PyB-CH2-N), 71.3 (PyA-CH2-N), 27.2 (PyA-CH3), 27.0
(PyB-CH3), 5.8 (IrNCCH3), �20.3 ppm (Ir-CH2-Si); the IrNCCH3 and Si-
CH3 signals were obscured by the solvent signal; FAB+-MS: m/z : 798.2
[M�PF6]

+ , 672.3 [M�2 PF6+F]+ , 631.2 [M�2PF6+F�MeCN)]+
.
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DFT calculations : The geometry optimizations were carried out with the
Turbomole program[24] coupled to the PQS Baker optimizer.[25] Geome-
tries were fully optimized as minima or transition states at the BP86[26]

level using the SV(P) basis set[27] on all atoms (small-core pseudopoten-
tial[28] on iridium). All stationary points were characterized by vibrational
analysis (numerical frequencies); ZPE and thermal corrections (entropy
and enthalpy, 298 K, 1 bar) from these analyses are included. The thus
obtained (free) energies (kcal mol�1) are reported in Scheme 3. Opti-
mized geometries of the species 1–9 and TS1–TS4 are supplied as pdb
files in the Supporting Information. The orbital and spin density plots
shown in Figure 1 were generated with Molden.[29]
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