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In this review a detailed overview is given of the (electronic)
structure and reactivity of open-shell (paramagnetic) alkene
rhodium and iridium complexes Mx(alkene) (M = Rh, Ir; x =
0, +II). In most cases these species are highly reactive, but
some notable exceptions of stable species for which not much
reactivity has been described are also included (section 2).
Understanding the electronic structure of the reactive nitro-
gen-ligand-based [MII(por)(alkene)] and [MII(alkene)(N-
ligand)]2+ species (section 3) is complicated by a substantial
spin distribution over the metal and the alkene ligand. This
dual-mode metallo-radical and ligand radical behavior is re-
flected by their high and diverse reactivity. Metallo-radical
character is demonstrated by a variety of metal-to-radical
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coupling reactions with a series of other radicals, as well as
metal-based allylic hydrogen atom abstractions from MII(α-
alkene) species. On the other hand, (donor induced) ligand
radical character is crucial in a variety of M–C and C–C radi-
cal coupling reactions, C–O bond formation by oxygenation
of MII(alkene) species and alkene “insertions” into (por)M–H
bonds. The review concludes with some speculations about
possible roles of paramagnetic M(olefin) (M = Rh, Ir) species
in catalytic olefin oxygenation and carbene transfer reac-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction
Our understanding of Rh and Ir organometallic chemis-

try is mainly based on studies of diamagnetic complexes in
homogeneous solutions. Much less is known of the struc-
ture, reactivity and physical properties of their paramagnetic
analogs. Interest in the properties and reactivity of such
open-shell organometallic species is however rising.[1] This
is triggered by the idea that such species might reveal spe-
cial reactivity patterns, perhaps even as crucial intermedi-
ates in some catalytic reactions.[2]



B. de Bruin, D. G. H. HetterscheidMICROREVIEW
Paramagnetic Rh and Ir species are frequently more re-

active than their closed-shell counterparts, and reveal a very
different reactivity. Most of these metallo-radicals are low-
spin 17- or 19-VE (valence electron) species with the un-
paired spin-density located at the metal. Consequently,
most of these species reveal metal-centered radical-type re-
activity like halogen-atom abstraction, hydrogen abstrac-
tion and capture of other radicals by the metal (which in-
cludes dimerization with formation of metal–metal
bonds).[3] Even more reactive RhII porphyrin species are
capable of breaking C–H bonds of rather inert substrates
such as methane and methanol.[4] The reactivity of these
“metallo-radicals” thus closely resembles that of an organic
radical.

With increasing number of papers reporting about para-
magnetic mononuclear Rh and Ir species,[5] their alkene ad-
ducts are still quite rare. This is not surprising, because
these species tend to be very reactive and reveal a remark-
able diversity of different radical-type reactions, both at the
metal and at the alkene fragment.

Interestingly, the π-accepting alkene fragment is a poten-
tially “redox non-innocent”[6] ligand (Figure 1), and
“metallo-radical” and “alkene radical” descriptions both
contribute to the electronic structure of a paramagnetic
Mx(alkene) complex (M = Rh, Ir; x = 0, +II). Species with
an increased “alkene radical” contribution generally have a
stronger tendency to undergo ligand-centered radical-type
reactions. Such reactions are potentially useful as new al-
kene functionalization reactions, very different from those
in traditional organometallic chemistry. Such species might
participate in (new or existing) catalytic alkene transforma-
tion reactions, such as oxygenation, cyclopropanation and
other alkene functionalization reactions.

Figure 1. Ligand “redox non-innocence” in open-shell alkene tran-
sition-metal complexes.

In most cases the “metallo-radical” and “alkene radical”
descriptions are limiting resonance structures of the real
electronic structure, and frequently the “metallo-radical”
description prevails (Figure 1). But the other extreme, in
which the alkene accepts most of the spin density, can also
play an important role. For example, “alkene radicals” of
the type IrIII–CH2–CH2

· are plausible intermediates in a
series of radical-type reactions triggered by coordination of
an additional ligand to otherwise stable IrII(ethene) spe-
cies.[7,8]

In this review we provide an up-to-date overview of the
unusual chemistry of paramagnetic Mx(alkene) species (M
= Rh, Ir; x = 0, +II). We start with a short description of
species for which not much reactivity has been reported; i.e.
sterically protected species and species where spin delocal-
ization over other parts of the molecule deprives much of
the radical character of the M(alkene) fragment. This re-
view however focuses at the intriguing reactivity of para-
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magnetic M(alkene) species, underlining their dual-mode
“metallo-radical” and “alkene-radical” behavior.

2. M(Alkene) Species Deprived of Metal- and
Alkene-Radical Behavior

In this section we summarize the properties of a few
rather inert paramagnetic M(alkene) radicals (M = Rh, Ir)
for which not much reactivity has been reported. This in-
cludes sterically protected species and a series of species in
which the unpaired spin is highly delocalized and/or located
at another part of the molecule, thus depriving much of the
radical character of the M(alkene) fragment.

2.1 Highly Delocalized Radicals and Paramagnetic
M(Alkene) Species Bearing the Spin Density at Other
Parts of the Molecule

Compared to alkenes, some well-known other “redox
non-innocent” ligands are even more inclined to accept un-
paired electrons from the metal to form ligand radicals.
Paramagnetic M(alkene) species containing other “redox
non-inocent” ligands are less inclined to undergo metal- or
alkene-centered radical reactions. The radical is usually sub-
stantially stabilized when the spin density is spread out over
an extended π system of the “redox non-innocent” ligand.
Delocalization of unpaired spin density over multiple metal
atoms of multinuclear species and clusters is another way
to stabilize open-shell M(alkene) species (M = Rh, Ir). Such
examples are summarized in this section.

Spin Delocalization over Multiple Metal Atoms

Several paramagnetic organometallic clusters, multinu-
clear wires and dinuclear species involving platinum, palla-
dium, rhodium and iridium have been reported, among
them a number of alkene complexes. The unpaired electron
of such species is usually strongly delocalized over multiple
metal centers, and consequently they do not behave like re-
active M(alkene) radicals. It is not our intention to give a
full comprehensive overview of all paramagnetic multinu-
clear species here. We will restrict ourselves to a very con-
cise description of some of these species, and then proceed
with a focus on the radical-type chemistry of mononuclear
M(alkene) species.

Most multinuclear paramagnetic clusters and wires are
connected by metal–metal bonds, often supported by bridg-
ing ligands. Examples are the wire-like tri- and tetranuclear
Rh and Ir compounds of the type [Rh3(µ3-L)2(CO)2(η4-
cod)2]2+,[9] [Rh2Ir(µ3-OMe2napy)2(CO)2(cod)2]2+,[10] and
[M4(µ-PyS2)2(bis-alkene)4]+ (M = Rh, Ir).[11] These “molec-
ular wires” have the unpaired electron delocalized over mul-
tiple metal centers, suggestive of potential conducting prop-
erties of such wires. The delocalization of the unpaired spin
density contributes to the relative stability of these species.
Several mixed-valent dinuclear rhodium and iridium com-
plexes of the type [M2]3+ and [M2]5+ have been reported (M
= Rh, Ir). These species are formally MII species bound to
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closed-shell MI or MIII ions by metal–metal interactions.
However, the actual electronic configuration of the [Rh2]5+

species is highly dependent on the type and number of li-
gands bound to the axial sites.[12–15] For example, in the
complexes [Rh(η4-cod)(µ-RNNNR)2Ir(CO)2]+ and [Ir(η4-
cod)(µ-RNNNR)2Rh(CO)2]+, the M(cod) fragment con-
tains most of the unpaired electron density (80% and 75%,
respectively).[16] This is even more drastic in case of
[I2Rh(µ-RNNNR)2Pd(η3-C3H5)]–, which has 90% of the
unpaired electron spin density located at the rhodium atom,
with only 10% at palladium.[17] The steric bulk of these
species likely protects these cod species from decomposing
via allylic C–H activation (vide infra).

Semiquinone-Type Ligands

Catecholate/quinone-type ligands are nowadays well-
known “redox non-innocent” ligands.[18] The metal qui-
none, MI(Q), metal semi-quinone, MII(SQ·–), and metal cat-
echolate, MIII(Cat2–), are description of either one elec-
tronic ground state (mesomeric form) or are distinct elec-
tronic states which are in equilibrium (redox isomerism)
(Figure 2).

Figure 2. “Redox non-innocence” of catecholate/quinone-type li-
gands.

In 1992, when the “redox non-innocent” behavior of
such ligands was not as well established as it is by now,
formation of a paramagnetic IrIV(cod) species containing
two 3,6-di-tert-butylcatecholate (3,6-DBCat) ligands was
claimed.[19] A broad EPR resonance (200 G, g = 1.986) was
observed in solution. In frozen solution, the signal splits to
give a rhombic spectrum with components g11 = 1.948, g22

= 1.942 and g33 = 2.006, indicative of a mainly ligand-cen-
tered radical. Considering the meanwhile well-known “re-
dox non-innocence” of catecholate/quinone-type ligands,
the [IrIII(3,6-DBCat)(3,6-DBSQ)(cod)] might thus be a bet-
ter description of the electronic structure of this stable spe-
cies.

Pyridine-2,6-diimine Complexes

Pyridine-2,6-diimine ligands are meanwhile also well-
known to be “redox non-innocent”.[20] This also seems to
play a role in their Rh chemistry. Reaction of alkyl pyridine-
2,6-diimine rhodium(I) complexes with dihydrogen (Fig-
ure 3) leads to the formation of a paramagnetic [RhIII(H)2-
(L–1)] or [RhI(L–1)(X)] species (X = arene solvent, dinitro-
gen or dihydrogen).[21] The EPR spectrum of this species in
frozen toluene shows an axial signal indicative of an S =
1/2 species [g� = 1.9775, g� = 2.0169, A�(N) = 40 MHz] with
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the unpaired electron being mainly located in one of the π*
orbitals of the 2,6-pyridine-diimine ligand.[21,22] The mecha-
nism by which these species are generated is not entirely
clear.

Figure 3. Chemistry of pyridine-diimine-supported alkyl rhodi-
um(I) compounds involving open-shell intermediates.

Treatment of this species with an excess of alkenes
eventually yields diamagnetic [RhI(L–H)(alkene)] species.
The paramagnetic intermediate seems to be a hydrogena-
tion catalyst of primary and secondary alkenes in the pres-
ence of H2. The unpaired spin density in the π system of
the pyridine-2,6-diimine ligand apparently has little influ-
ence on the intrinsic reactivity of Rh, as hydrogenation ac-
tivity is most commonly observed for closed-shell Rh spe-
cies.[21,22]

Aminyl Radical Complexes and Related Species Based on
Trop-Type Ligands

The Grützmacher group has extensively used tropylidene
(trop) type ligands to stabilize a series of paramagnetic rho-
dium and iridium complexes (Figure 4, Figure 5). Remarka-
bly, these complexes all appear to be “ligand radicals” and/
or highly delocalized radicals.

For example, trop-type ligands allow isolation of RhI-
coordinated aminyl radicals. Deprotonation of cationic
[RhI(trop2NH)(bpy)]+ species generates a stable (under in-
ert atmosphere) neutral amido complex [RhI-
(trop2N–)(bpy)]. Remarkably, one-electron oxidation of the
latter with [Fc]+ does not result in the expected RhII species,
but yields an aminyl radical complex [RhI(trop2N·)(bpy)]+

(see Figure 4). This is the first example of a stable aminyl
radical coordinated to a transition metal ever reported.[23]

Both detailed EPR spectroscopic investigations (g11 =
2.0822, g22 = 2.0467, g33 = 2.0247, AN

iso = 45 MHz), and
DFT calculations revealed that the unpaired electron is de-
localized over the R2N (ca. 57%) fragment and Rh (ca.
30%), but with a clear preference for the N atom (Figure 4,
top).

The nitrogen-centered radical is stable in organic solvents
for days, and even when samples are brought in contact
with air or water the EPR signals persist for hours. The
aminyl radical fragment nevertheless behaves as a nucleo-
philic radical, capable of hydrogen atom abstraction reac-
tions from Bu3Sn–H or RSH (R = Ph, tBu, CH2COOMe),
thus regenerating the [RhI(trop2NH)(bpy)]+ starting com-
pound and Bu3Sn–SnBu3 or RS–SR coupled products. De-
spite a still significant spin density at the metal, metal-cen-
tered radical reactions were not observed. In later studies
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Figure 4. Top: Formation of a stable aminyl-RhI radical complex by one-electron oxidation of a amido-RhI complex. Middle: Formation
of a trop-based N–M–N delocalized radical. Bottom: Formation of a highly delocalized rhoda-aza-cyclopropane radical from trop2N-
Me ligands.

Figure 5.“Low-valent” species based on the trop-type ligands.

the group also demonstrated the synthesis of a square-
planar analog, in which the radical is substantially delocal-
ized over Rh (ca. 41%) and the N atoms of two NR2 frag-
ments (ca. 24–28% each), see Figure 4.[24] The species still
behaves as a nucleophilic N-centered radical, abstracting a
hydrogen atom from Bu3Si–H, despite a reduced spin local-
ization per N atom.

Similar experiments were performed with a rhodium
complex of the methyl-substituted trop2N–Me ligand (Fig-
ure 4, middle). Deprotonation of [RhI(trop2N–Me)(PPh3)]+

occurs at the methyl moiety of the trop2N–Me ligand, re-
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sulting in formation of a rhoda-aza-cyclopropane ring
structure.[25] The [RhI(trop2N–CH2–)(PPh3)] complex re-
veals a reversible oxidation wave in the cyclic voltammog-
ram at a remarkably low potential (–0.51 V vs. Fc/Fc+). Pre-
parative one-electron oxidation of this species yields a stable
cationic radical analog. The EPR data (g11 = 2.121, g22 =
2.014, g33 = 2.016) reveal hyperfine couplings to Rh, N, the
aza-cyclopropane methylene carbon and hydrogen atoms,
and the trop olefinic carbon and hydrogen atoms. DFT cal-
culations reveal that the unpaired electron is strongly delo-
calized over rhodium (47%), the methylene (14%), and the
four olefinic carbon atoms (15%, 15%, 3% and 3%). This
species is perhaps best described as a highly delocalized rad-
ical.

“Low-Valent” Species

Tropylidene (trop) type ligands have also been used to
stabilize a series of “low-valent” species. Electrochemical re-
duction of [MI(tropdad)] complexes, containing a “redox
non-innocent” α-diimine fragment (Figure 5, top), leads to
species in which the unpaired electron is located in the α-
diimine π system.[26] Consistent with this formulation, the
axial EPR spectra (M = Rh: g� = 2.0113, g� = 1.9977, M
= Ir: g� = 2.0332, g� = 1.9870) have small deviations of the
g values from ge, and reveal small hyperfine couplings with
Rh (no Ir hyperfine couplings were observed), and compa-
rably stronger superhyperfine couplings with two equivalent
N nuclei and two equivalent protons.

A further series of “low-valent” M(alkene) complexes
were supported by tropylidene-phosphane (tropp) ligands
(Figure 5). These species were also prepared by one-electron
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reduction of their MI precursors (requiring strong reducing
agents, such as metallic Li, Na or K). With the bidentate
troppPh ligands, mixtures of cis and trans isomers of
[M0(troppPh)2] (M = Rh, Ir) were obtained. The EPR spec-
tra reveal axial g tensors (cis-[(Rh0(troppPh)2]: g� = 2.030,
g� = 2.014; trans-[(Rh0(troppPh)2]: g� = 2.050, g� = 2.030;
cis-[(Ir0(troppPh)2]: g� = 2.030, g� = 2.060; trans-[(Ir0-
(troppPh)2]: g� = 1.980, g� = 2.150. Detailed EPR charac-
terization of these species reveal (super)hyperfine couplings
with Rh (16–23 MHz) and the two equivalent P atoms of
the tropp ligand (40–80 MHz). Remarkably, Ir hyperfine
couplings were not observed, and Rh hyperfine couplings
are quite small. The [(Rh0(1,3-bis-tropp-propane)] analog
(Figure 5) was prepared as a mixture of the rac and meso
forms, but also in a pure rac form. The solution EPR spec-
trum of the rac form (giso = 2.021) reveals superhyperfine
coupling with two equivalent P nuclei (84 MHz). The meso
form (giso = 2.014) reveals superhyperfine coupling with two
non-equivalent P nuclei (82 MHz and 51 MHz), likely
caused by a distortion along one of the P–Rh bonds.

The g values of these “zero-valent” M(alkene) complexes
are quite close to g = ge. Their small g anisotropy and quite
weak metal hyperfine couplings suggest that these species
might not be real d9 metal-centered radicals, but are per-
haps better described as highly delocalized systems in which
the unpaired spin density is substantially spread out over
the metal and the trop ligand fragments. This is, however,
not very clear and theoretical investigations are probably
required to understand the electronic structure of these spe-
cies. Spin delocalization to π-accepting CO and olefin li-
gands seems to be more general, and other Rh0 complexes
also reveal small deviations from g = ge (with weak metal
hyperfine couplings), e.g. [Rh0(cod)2]: giso = 2.030 (ARh

iso

not resolved);[27] [Rh0(CO)4]: giso = 2.006 (ARh
iso =

21 MHz).[28] The same holds for a series of Rh0 complexes
with π-accepting P ligands, which reveal larger phosphorus
superhyperfine couplings than metal hyperfine couplings.[29]

DFT calculations are in progress, and will hopefully lead to
a more detailed understanding of the electronic structure of
these Rh0 species in the near future.[30] Notably, Rh0 com-
plexes of phosphinine-ring (P-analogs of pyridines, R5C5P)
containing macrocyclic ligands (known to accommodate
electrons) reveal similar EPR parameters (giso = 2.0016,
AP

iso = 49, ARh
iso not resolved; giso = 2.0180, AP

iso =
271 MHz, ARh

iso = 27 MHz). According to DFT calcula-
tions (supported by EPR property calculations) these latter
species are best described as ligand radicals.[31]

2.2 Sterically Protected Species

Sterically Protected M0(alkene) Species

Rh0(cot) complexes (cot = cyclooctatetraene) with the
very bulky CpPh5

– ligand have been prepared electrochemi-
cally.

Electrochemical reduction of [RhI(CpPh5)(1,5-η4-cot)]
(cot = cyclooctatetraene) initially leads to the 1,5-COT Rh0

analog, but this species quickly converts to the more stable
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1,3-cot Rh0 isomer (Figure 6). As a consequence, reoxi-
dation of the Rh0(1,3-cot) species occurs at a less negative
potential (–1.37 V vs. Fc/Fc+, Fc/Fc+ = ferrocene/ferrocen-
ium) than reduction of the RhI(1,5-cot) species (ca. –2.7 V
vs. Fc/Fc+). The EPR spectrum of [Rh0(CpPh5)(1,3-η4-cot)]
reveals a rhombic spectrum with g1 = 2.064, g2 = 2.014
and g3 = 1.893. The g2 line reveals a resolved Rh hyperfine
coupling (ca. 20 MHz). No further reactivity has been re-
ported.

Figure 6. Formation of [Rh0(CpPh5)(1,3-η4-cot)] upon one-elec-
tron reduction of [RhI(CpPh5)(1,5-η4-cot)].

Not much is known about the intrinsic reactivity of
“zero-valent” M(alkene) species. Metal or alkene reactivity
has not been reported for any of the above species, but this
might be because these species are protected by steric bulk
and/or substantial delocalization of their spin density. The
situation might be different for species which are less delo-
calized and better accessible. This seems to be the case for
[Rh0(cod)2], the only “zero-valent” species for which metal
and alkene radical reactivity has been reported (to our best
knowledge). [Rh0(cod)2] was prepared by electrochemical
reduction of the [RhI(cod)2]+ precursor (cod = Z,Z-1,5-cy-
clooctadiene).[32] At low temperatures, the 17 VE (VE = val-
ence electron) species is sufficiently long-lived for EPR mea-
surements, revealing rhombic g values g1 = 2.056, g2 =
2.019 and g3 = 2.016. Poorly resolved Rh hyperfine coup-
lings (ca. 40–60 MHz) were observed. In chlorinated sol-
vents such as CH2Cl2, the species abstracts a Cl atom from
the solvent to form [{RhI(µ2-Cl)(cod)}2]. In acetone, the
fate of [Rh0(cod)2] is less clear, but NMR spectroscopic
data point to formation of diamagnetic species containing
π-allylic moieties derived from cod, as is also observed for
MII(cod) species with an accessible metal center (see section
3.3).
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Sterically Protected MII(alkene) Species

Most divalent MII(alkene) complexes are based on hard
multidentate N-donor ligands (see section 3). Exceptions
are a couple of stable MII-cod complexes (cod = cyclooc-
tadiene) stabilized by very bulky σ-aryl C6Cl5– and penta-
phenylcyclopentadienyl (η5-CpPh5

–) type ligands, namely
[IrII(C6Cl5)2(cod)],[33] [RhII(C6Cl5)2(cod)],[34] [RhII(η5-
C5Ph5)(1,5-cod)]+,[35] and [RhII(η5-C5Ph5)(1,3-cod)]+,[35] see
Figure 7. Steric shielding of the metal by the bulky ligands
apparently results in stable species, and these complexes can
be kept in solution for many hours without decomposition.

Figure 7. Stable MII(alkene) complexes stabilized by η5-CpPh5 and
σ-aryl-type ligands.

Rhombic EPR spectra have been observed for [IrII-
(C6Cl5)2(cod)] (g11 = 3.00, g22 = 2.79, g33 = 1.85) and [RhII-
(C6Cl5)2(cod)] (g11 = 2.55, g22 = 2.45, g33 = 1.99). The large
g anisotropies are consistent with the proposed electronic
structures, with the unpaired electron mainly residing in a
dxy or dz2 orbital (with the z axis perpendicular to the coor-
dination plane of rhodium). Substantially larger spin–orbit
couplings are observed for the Ir compound (gav = 2.55)
than for the Rh compound (gav = 2.32) which is usual for
third row-compared to second-row transition metals. As ex-
pected, the [RhII(η5-C5Ph5)(1,3-cod)]+ radical also gives rise
to a rhombic EPR spectrum (g11 = 2.329, g22 = 2.120, g33

= 2.003). The 1,5 isomer [RhII(η5-C5Ph5)(1,5-cod)]+ reveals
an axial EPR spectrum (g� = 2.181, g� = 1.997) indicative
of an approximate C2v symmetry. Neither of the species re-
veals resolved hyperfine couplings with the 103Rh nucleus,
preventing assignments of the orbital composition of the
SOMO.

Electrochemically reversible oxidation has been reported
for the related complex [RhI(Cp)(ethene)2]. Coulometrically
generated samples revealed a broad spectrum around g =
1.9855 without a resolved hyperfine structure in dimethoxy-
ethane solution at –70 °C (frozen solutions at 20–100 K
would have probably resulted in more informative spec-
tra).[36,37] A detailed characterization of this radical cation,
which is only stable at low temperatures, is lacking so far.
Clearly such Cp– complexes are much less stable than the
above sterically protected CpPh5

– species.
More information about the intrinsic reactivity of MII-

(alkene) species has been gathered using N-ligands. This is
described in section 3.
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3. Reactive MII(alkene)(N-ligand) Species. Metal
or Alkene Radicals?

Apart from the above exceptions, all other MII(alkene)
complexes (M = Rh, Ir), and reactions of MII radicals with
alkenes, have been studied using mononuclear complexes
with multidenate N-donor ligands. Neutral-type complexes
of the [MII(por)]-type based on dianionic porphyrinato
(por2–) ligands and dicationic complexes of the type
MII(N4-ligand)]2+ and [MII(N3-ligand)]2+ based on neutral,
podal N{CH2Py}n (n = 2, 3) type ligands have so far domi-
nated these studies (Figure 8).

Figure 8. Structure of neutral [MII(por)] and dicationic [IrII(N4-
ligand)(ethene)]2+, [RhII(N3-ligand)(nbd)]2+ and [MII(N3-ligand)-
(cod)]2+ species.

3.1 Geometries and Electronic Structures

Before we continue with a more detailed description of
the geometry and electronic structures of complexes of the
type [MII(por)] and [MII(N{CH2Py}n)]2+ (n = 2, 3) (section
3.1.2 and 3.1.3), let us first consider the most important
differences between these types of species which are most
relevant for their reactivity.

3.1.1 Metal or Ligand Radicals?

First of all, the porphyrinato complexes have trans vac-
ant sites, and although perhaps not entirely impossible, cis
reactivity patterns of alkenes and other substrates are not
very likely for [MII(por)(alkene)] species. This should not be
a problem for the dicationic [MII(alkene)(N4-ligand)]2+ and
[MII(bis-alkene)(N3-ligand)]2+ species, having a “vacant
site” cis to the alkene (half occupied by the unpaired elec-
tron). Alkenes have a low affinity for [MII(por)] radicals,
and once formed such alkene adducts tend to be very reac-



Paramagnetic (Alkene)Rh and (Alkene)Ir Complexes MICROREVIEW
tive. As a result, alkene adducts of [MII(por)] radicals can-
not be isolated, although they do reveal interesting reac-
tions towards alkenes (section 3.2.1–3.3). Alkenes bind
much stronger to dicationic [MII(N4-ligand)]2+- and
[MII(N3-ligand)]2+-type complexes, allowing isolation and
detailed characterization of the alkene adducts (section
3.1.2).

For the neutral [MII(por)] species, alkene�metal σ
bonding is expected to be weaker than the dicationic
[MII(N4-ligand)]2+ and [MII(N3-ligand)]2+ complexes (Fig-
ure 8). On the other hand, metal�alkene π(back)bonding,
which contributes substantially to the metal–alkene interac-
tion (Chatt–Dewar–Duncanson model), is expected to be
stronger for the neutral [MII(por)] species. Therefore, one
cannot ascribe the different alkene affinities only to the
charge differences.

Another important difference between these types of
complexes is the orbital symmetry. The [MII(N4-ligand)]2+

and [MII(N3-ligand)]2+ complexes have an empty dx2–y2 and
an empty p orbital available for alkene�metal σ bonding.
The planar [MII(por)] species, however, have the half-filled
dz2 orbital and the higher lying empty p orbital available for
alkene�metal σ bonding, further weakening this interac-
tion (Figure 9). A consequence of the dz2 orbital being in-
volved in binding of the alkene in 17-VE [MII(por)(alkene)]
species is that the alkene ligand will always bear a signifi-
cant part of the unpaired spin density, thus making the al-
kene fragment sensitive to radical reactions. This is clearly
reflected by the reactivity of [MII(por)(alkene)] species (see
sections 3.2–3.3).

Figure 9. Alkene�metal σ bonding in [MII(por)(alkene)] species.

The alkene ligands of the 17-VE dicationic [MII(alk-
ene)(N4-ligand)]2+ and [MII(di-alkene)(N3-ligand)]2+ com-
plexes do not bear much spin density (� 5%). The dz2 or-
bital, in which the unpaired electron is located, predomi-
nantly interacts with Namine donors, leaving the alkene li-
gands virtually unaffected.

Donor-Induced Metal to Ligand Radical Transformations in
“19-VE” Species

Binding of a 6th ligand to 17-VE five-coordinate MII-
(alkene) species substantially influences the reactivity of
these species. Binding of an additional σ-donor ligand with-
out loss of the alkene should be more easy for the dica-
tionic [MII(alkene)(N4-ligand)]2+ and [MII(bis-alkene)(N3-
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ligand)]2+ complexes compared to the neutral [MII(por)-
(alkene)] species. Indeed, indications for formation of such
19-VE intermediates have thus far only been obtained for
[IrII(ethene)(Mentpa)]2+ (n = 2, 3) complexes.

Although the PyMe groups shield the “vacant site” of
[IrII(Mentpa)(ethene)]2+ species (n = 2, 3) from attack by
bulky reagents, MeCN is small enough to coordinate to
iridium trans to the amine (Figure 10). Obviously, this is
most easy for the least hindered Me2tpa species (n = 2).
Binding of MeCN (or other small ligands) causes these
otherwise inert species to undergo alkene radical reactions
(see sections 3.2.1 and 4).

Figure 10. Spin density plots of [IrII(Me3tpa)(CH2=CH2)]2+

(above) and [IrIII(-CH2-CH2
·)(Me3tpa)(NCMe)]2+ (below).

According to DFT calculations, these MeCN adducts
have the ethene fragment coordinated in a “slipped” way.
Whereas the α-carbon of the “slipped alkene” fragment
seems to be tetrahedral and sp3-hybridized, the β-carbon
atom is planar and sp2-hydridized. A spin-density plot (Fig-
ure 10) reveals that these species are not real 19 VE species,
but are intermediate between a 19 VE “slipped alkene” de-
scription IrII–CH2–CH2

+ and an 18 VE ethyl radical de-
scription IrIII–CH2–CH2

·, but the 18 VE ethyl radical de-
scription prevails.[7] Thus, MeCN binding apparently leads
to a donor induced shift of the spin density from the metal
to the alkene with formation of IrIII–CH2–CH2

· radicals.
This substantially influences the reactivity of these species
(see sections 3.2.1 and 4), and constitutes a new approach
to tuning the reactivity of open-shell metal-alkene com-
plexes.

3.1.2 (Electronic) Structure of Dicationic 17-VE
MII(alkene)(N{CH2Py}n) Radicals

Species of the type [IrII(N4-ligand)(ethene)]2+,[7,38,39]

[RhII(N3-ligand)(nbd)]2+[40] (nbd = norbornadiene) and
[MII(N3-ligand)(cod)]2+[41,42] have been obtained from their
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MI precursors by one-electron oxidation using either [Fc]+

or Ag+ as an oxidant (Figure 8).
Cyclic voltammograms of these complexes revealed re-

versible waves for the MI/MII couple in all cases, except for
some of the less bulky cyclooctadiene complexes. The MII/
MIII couple was not observed at potentials below oxidation
of the solvent. Direct electron-transfer (ET) disproportion-
ation of the dicationic MII species to monocationic MI and
tricationic MIII species is substantially endergonic (� 92–
125 kJmol–1 in both acetone and CH2Cl2), and thus an un-
likely decomposition pathway of these species.

The X-ray structures of [IrII(Me3tpa)(ethene)]2+[7,38] and
[RhII(Bn-bla)(cod)]2+ [42] as well as their MI precursors have
been reported. The MI species adopt a trigonal-bipyramidal
geometry. Upon oxidation the geometry changes to a
square pyramid with the amine at the apical position and
the alkene(s) and the pyridines coordinating in the basal
plane. The pyridylmethyl groups shield the “vacant posi-
tion” trans to the amine (Figure 11). On going from MI to
MII, the M�alkene π backbonding becomes weaker, re-
sulting in longer M–C and shorter C=C bonds. The M–N
interactions become stronger. The structures elucidated by
X-ray diffraction are consistent with DFT calculations and
EPR data.

Figure 11. Sterically protected [IrII(Mentpa)(ethene)]2+ and
[RhII(Bn-bla)(cod)]2+ species.

[RhII(N3-ligand)(nbd)]2+ and [RhII(N3-ligand)(cod)]2+

show EPR spectra with gx, gy � 2 and gz ≈ 2, with gz reveal-
ing a strong (super)hyperfine coupling with both the metal
and the apical Namine donor.[40–42] These data suggest that
the unpaired electron resides in the dz2 orbital, in good
agreement with results from DFT calculations. For all anal-
ogous Ir compounds the gz value is notably lower than ge,
pointing to some mixing of the dz2 orbital with a dx2–y2 or-
bital (dxy for the cod complexes) in the SOMO.

The EPR parameters calculated with DFT are in satis-
factory agreement with the experimentally derived param-
eters. Experimental ENDOR measurements, as well as
DFT spin density plots reveal that the spin density is sub-
stantially delocalized over the Namine donor (15–18%) and the
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metal (73–78%).[42] Delocalization of the unpaired electron
over the metal and the amine might contribute to the rela-
tive stability of these species.

3.1.3 (Electronic) Structure of Neutral 17-VE
MII(alkene)(por) Radicals

Radical-type chemistry of neutral square-planar N4-li-
gand RhII species has been mainly studied with porphy-
rinato (por2–) ligands, but similar chemistry for the dian-
ionic planar coordinating N4-ligands TMTAA,[43] OE-
TAP,[44] and DBPB[45] (Figure 12) has been reported.

Figure 12. Porphyrinato RhII and IrII complexes and related N-
ligands used in the organometallic chemistry of planar RhII

metallo-radicals.

Generally, mononuclear [MII(por)] species (Figure 12)
are prepared by thermally or photo-chemically induced
homolytic M–M, M–H or M–C bond splitting of their cor-
responding M–M, MIII–Me or MIII–H precursors.[46] Occa-
sionally, also (electro)chemical reduction or oxidation has
been applied.[47–49]

In all cases the mononuclear square planar d7 complexes
are very reactive. As a result, the least hindered complexes
containing the porphyrins OEP (octaethylporphyrinato),
TPP tetraphenylporphyrinato, TTP (tetratolylporphyrinato)
and TXP [tetrakis(3,5-dimethylphenyl)porphyrinato] easily
dimerize (Figure 13) to form diamagnetic metal–metal-
bonded dinuclear species (in which a description as MI–
MIII is indistinguishable from a antiferromagnetically cou-
pled MII–MII system). The Rh–Rh bond is, however, rather
weak and allows thermal homolytic Rh–Rh bond splitting
to study the reactivity of the mononuclear species. To pro-
mote dissociation of the dinuclear Rh–Rh species in mono-
nuclear square planar d7 species, porphyrin ligands have
been supplied with bulky groups at their periphery. The ste-
ric bulk of the porphyrin dianion decreases in the order
TTiPP � TTEPP � TMP � TXP � TTP � TPP � OEP
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(see Figure 12). More bulky porphyrins result in weaker
Rh–Rh bonds (Rh–Rh bond dissociation enthalpies: OEP:
69 kJmol–1; TXP: about 50 kJmol–1; TMP: about
0 kJmol–1) and consequently more reactive systems.[50–52]

Figure 13. Formation of dinuclear M–M bonded species from
[MII(por)] species (M = Rh, Ir).

The complexes [RhII(TMP)], [RhII(TTEPP)], [RhII-
(TTiPP)], [IrII(TTEPP)] and [IrII(TTiPP)] are sufficiently
bulky to completely prevent dimerization [TMP = tetrames-
itylporphyrinato; TTEPP = tetra(2,4,6-triethylphenyl)por-
phyrinato TTiPP = tetra(2,4,6-triisopropylphenyl)porphy-
rinato]. EPR spectroscopy, 1H NMR paramagnetic shifts
and line broadening studies have proven useful to study the
(electronic) structure of these paramagnetic complexes (and
their adducts with ethene, see below).[52–54] EPR parameters
of the rhodium complexes [RhII(TMP)] and [RhII-
(TTiPP)] are consistent with a prevalent dz2 SOMO associ-
ated with a (dxy)2(dxz,yz)4(dz2)1 ground state. Remarkably,
the iridium complex [IrII(TTiPP)] does not reveal an ob-
servable EPR spectrum, which was explained by the pres-
ence of one or more excited states with energies close to the
ground state, causing rapid electron-spin relaxation.[55] This
was further confirmed by the thermal behavior of the pyr-
role chemical shifts. While a linear dependence of the para-
magnetic shift of [RhII(TTiPP)] against 1/T (inverse of the
temperature) indicates a simple Curie paramagnetic behav-
ior associated with a single contributing state [(dz2)1], the
curvature of the plot for [IrII(TTiPP)] suggests that several
states are thermally populated. The upfield chemical shifts
of the pyrrole hydrogen atoms (δpyr = –20.9 ppm) compared
to the downfield chemical shift of [RhII(TTiPP)] (δpyr =
+17.5 ppm) was taken as evidence for spin population of
the porphyrin π*-orbitals in case of iridium. This can be
explained by assuming an (dxy)2(dz2)2(dxz,yz)3ground state,
in contrast to the (dxy)2(dxz,yz)4(dz2)1 ground state observed
for the rhodium analog.

3.2 Reactivity of MII(alkene)(N-ligand) Species without
Allylic Hydrogen Atoms

3.2.1 M–C and C–C Coupling Reactions

A variety of alkenes react with [RhII(OEP)] (Figure 12)
to form binuclear alkyl-bridged [RhIII(OEP)(µ-CH2CHR-)-
RhIII(OEP)] complexes (Figure 14). The reaction of [RhII-
(OEP)] with styrene was claimed to proceed by a radical
chain mechanism.[56] In the absence of [RhIII(OEP)(H)], the
initially formed [RhII(OEP)(CH2=CHPh)] intermediate
reacts with another [RhII(OEP)]2 complex abstracting a
[RhII(por)] radical, thus yielding the alkyl-bridged species
[RhIII(OEP)(µ2-CH2CHPh-)RhIII(OEP)]. In the presence of
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[RhIII(OEP)(H)], the intermediate [RhII(OEP)(CH2=CHPh)]
abstracts a hydrogen atom from [RhIII(OEP)(H)] to form
a mononuclear alkyl complex [RhIII(OEP)(CH2CH2Ph)]
(Figure 14).

Figure 14. Reactivity of [RhII(por)] and [RhIII(por)(H)] towards al-
kenes without allylic hydrogen atoms.

Other alkenes like acrylates[57] give similar alkyl-bridged
species [RhIII(OEP)(µ2-CH2CHR-)RhIII(OEP)], and acetyl-
enes give the corresponding µ2-CH=CR-bridged species
[RhIII(OEP)(µ2-CH=CHR-)RhIII(OEP)].[58]

A series of more hindered [RhII(por)] complexes with por
= TMP, TTEPP and TTiPP provide further insight in the
behavior of the [RhII(por)(alkene)] intermediates. Like
[RhII(OEP)], the least hindered [RhII(TMP)] reacts with
ethene to form the diamagnetic ethylene-bridged species
[RhIII(TMP)(µ2-C2H4-)RhIII(TMP)] by a bimolecular M–C
coupling reaction.[59] Increasing the steric bulk by using
TTEPP prevents direct M–C coupling, and [RhII(TTEPP)]
reacts with ethene via a bimolecular C–C coupling between
two rhodium–ethene radicals to form the butylene-bridged
species [RhIII(TTEPP){µ2-CH2CH2–CH2CH2–RhIII-

Figure 15. The reactivity of [MII(por)] species changes from M–C
to C–C coupling to no coupling at all upon increasing the steric
bulk.
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(TTEPP)}], see Figure 15.[60] A similar intermolecular
Calkene–Calkene bond formation involving two cot ligands
was observed following oxidation of [RhI(Cp)(cot)].[61]

Neither for [RhII(TMP)] nor for [RhII(TTEPP)] any in-
termediates were observed with EPR spectroscopy. How-
ever, a further increase of the steric bulk by using [RhII-
(TTiPP)] gives rise to a reasonably stable paramagnetic eth-
ene adduct [RhII(TTiPP)(CH2=CH2)]·, revealing a rhombic
EPR spectrum at 90 K (g values: g1 = 2.323, g2 = 2.222 and
g3 = 1.982). A substantial spin population at ethene (ca.
0.29) was derived from the 13C hyperfine couplings of
[RhII(TTiPP)(13CH2=13CH2)] (Azz: 38 MHz, Axx = Ayy ≈
5 MHz).[60,62] The spin population at rhodium was esti-
mated at about 0.67. The equivalence of the two 13C atoms
in the EPR spectrum reveals a symmetrically bound ethene
π complex, and the delocalization of the unpaired electron
to the ethene fragment (29%) occurs almost entirely by the
C2p orbitals. At temperatures � 200 K [RhII(TTiPP)-
(ethene)] loses the ethene fragment to form [RhII-
(TTiPP)].[63]

Reactions of the iridium complexes [IrII(TMP)] and
[IrII(TTEPP)] with ethene proceed analogously to the above
described rhodium analogs (Figure 16).[64] Like its rhodium
analog, reaction of [IrII(TTiPP)] with ethene does not result
in M–C or C–C coupling, and formation of the ethene ad-
duct is witnessed by NMR, UV/Vis (λmax = 444 nm and
730 nm) and EPR spectroscopy [�g� = 1.987 (290 K); g�

= 1.96, g� = 1.998 (90 K)]. However, these spectroscopic
data are indicative of a donor-induced intramolecular elec-
tron transfer from the IrII center to the porphyrin ligand π*
orbital to yield a IrIII(por· 3–) species. This contrasts the re-
sults obtained by ethene binding to [RhII(TTiPP)], where
the unpaired electron remains in the dz2 orbital.

Figure 16. Reaction of alkenes with tethered (por)RhII complexes.

Selective binding of ethene and butadiene between the
two rhodium sites of a tethered bimolecular bis(por)Rh spe-
cies with steric demands comparable to TMP, results in se-
lective intramolecular coupling (Figure 16).[65] This gives
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further support to the idea that formation of alkyl-bridged
species from alkenes and [MII(por)] requires a concerted ac-
tion of two metallo-radical sites.[60]

The reactions of [RhII(por)] with alkenes reveal that the
[RhII(por)(alkene)] intermediates have a substantial spin
density at the alkene fragment. This prompted the Wayland
group to investigate attempts to initiate radical polymeriza-
tion of acrylates with these species.[57] Although photo-pro-
moted radical initiation (involving homolytic Rh–C bond
splitting) was achieved, direct radical initiation with [RhII-
(OEP)] or [RhII(TMP)] proved not possible.

On the basis of an estimated Rh–CH2R bond dissoci-
ation enthalpy (BDE) of ca. 209 kJmol–1, the energy associ-
ated with alkene binding to [RhII(por)] estimated at 0–
33 kJmol–1,[57,63] and the energy required to convert ethene
into its diradical ·CH2–CH2

· (268 kJmol–1), formation of
an intermediate [RhIII(por)(CH2–CH2

·)] species with 100%
spin population at the β-carbon atom requires about
59 kJmol–1. Relaxation of this species to the more stable
π complex [RhII(por)(CH2=CH2)] should be exothermic by
about 59–92 kJmol–1.[57] On the basis of these arguments
(and the above EPR results), the authors argued that [RhII-
(por)(alkene)] complexes are not authentic alkyl radicals
and therefore cannot initiate alkene polymerization reac-
tions (Figure 17).

Figure 17. [RhII(por)(alkenes)]; metal- or carbon-centered radicals?

These arguments also imply that formation of “slipped
olefin”/ethyl radical species [MII(por)(CH2–CH2

·)] could be
rather unfavorable for these complexes. On the other hand,
coupling of two [MII(por)(alkene)] species with C–C bond
formation to yield MIII–CH2CH2–CH2CH2–MIII are most
likely to proceed via species having at least some [RhIII-
(por)(CH2–CH2

·)] contribution to their electronic structure.
Furthermore, substituents known to stabilize radicals
should favor the [RhIII(por)(CH2–CHR·)] contribution [e.g.
R = Ph, C(O)R, CN, alkyls in Figure 17].

Binding of an additional σ-donor ligand to neutral 17-
VE [MII(por)(alkene)] species might not be very easy, but
might nevertheless facilitate formation of such bent [RhIII-
(por)(CH2–CH2

·)] intermediates. This is inspired by recent
investigations concerning the reactivity of [IrII(Me3tpa)-
(ethene)]2+ with a variation of substrates in MeCN as a sol-
vent. Unlike the [MII(por)(alkene)] species, these [IrII-
(Me3tpa)(ethene)]2+ complexes do not spontaneously form
butylene or ethylene-bridged dinuclear MIII–CH2-
CH2CH2CH2–MIII or MIII–CH2CH2–MIII species. In the
presence of MeCN, however, such reactivity is triggered
(Figure 18). These reactions likely proceed via the IrIII–
CH2–CH2

·-type radicals shown in Figure 10 (see section
3.1.1). A stronger M–C bond of Ir compared to Rh is per-
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haps a further contributing factor to stabilization of the
bent alkene structure in [IrIII(Me3tpa)(MeCN)(CH2–
CH2

·)]2+ compared to [RhII(por)(alkene)].

Figure 18. Formation of IrIII–CH2CH2–IrIII and IrIII-TEMPO via
IrIII(CH2CH2

·)(NCMe) and IrII(NCMe) species.

Dissociation of ethene from [IrIII(CH2CH2
·)(Me3tpa)-

(NCMe)]2+ leads to the reactive metallo-radical [IrII(Me3-
tpa)(NCMe)]2+. This species contains only N-donor ligands
and has its unpaired electron located in an orbital which
is not sterically shielded by the ligand bulk. Although
there is no spectroscopic evidence for formation of
[IrIII(CH2CH2

·)(Me3tpa)(NCMe)]2+ nor [IrII(Me3tpa)-
(NCMe)]2+, their existence can be rationalized from the re-
action products of the IrII(ethene) species in acetonitrile. In
the presence of the stable radical TEMPO, radical coupling
of the metallo-radical [IrII(Me3tpa)(NCMe)]2+ with
TEMPO takes place, leading to the formation of [IrIII-
(TEMPO–)(Me3tpa)(NCMe)]2+. In the absence of
TEMPO, [IrII(Me3tpa)(NCMe)]2+ couples with [IrII(Me3-
tpa)(CH2CH2)]2+, or perhaps more likely [IrIII(CH2CH2

·)-
(Me3tpa)(MeCN)]2+ to form an ethylene-bridged species
(Figure 18).[7,39] The increased reactivity on going from
Me3tpa to the less bulky Me2tpa complex in formation of
the ethylene-bridged species, is in good agreement with the
proposed associative addition of acetonitrile to [IrII-
(Mentpa)(ethene)]2+ being the first step of the dimerization
process.

In contrast to reactions of [MII(por)] with alkenes, no
butylene-bridged species were formed. Apparently, the con-
centration of [IrIII(CH2CH2

·)(N4-ligand)(MeCN)]2+ is too
low for carbon–carbon coupling reactions to take place,
and metal–carbon couplings with [IrII(N4-ligand)-
(NCMe)]2+ species prevail.
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The formation of the similar products
[{IrIII(Me3tpa)(NCMe)}2(µ2-CH2CH2)]4+, [{IrIII(Me3tpa)-
(NCPh)}2(µ2-CH2CH2)]4+ and [{IrIII(Cl)(Me3tpa)}2(µ2-
CH2CH2)]2+ indicate that this chemistry is not restricted
to acetonitrile and expands to other σ-donors (nitrils, Cl–,
H2O).[7,8]

3.2.2 [RhII(por)(alkene)] Intermediates in Alkene
Insertions into Rh–H Bonds

Insertion reactions of alkenes into the Rh–H bonds of
the less hindered porphyrinato complexes [RhIII(OEP)(H)]
and [RhIII(TPP)(H)] are strongly related to the above de-
scribed reactivity of [MII(por)] radicals with alkenes. Be-
cause [RhIII(por)(H)] species lack any cis vacant sites, these
insertion reactions are quite remarkable and do not likely
proceed via a common (migratory) insertion requiring coor-
dination of the olefinic substrates cis to the Rh–H bond. In
fact the insertion reactions are reported to proceed through
radical mechanisms. The hydride species are in equilibrium
with the [RhII(por)]2 dimeric species (Figure 14) through bi-
molecular reductive elimination of H2 (a process not access-
ible for the more hindered TMP or TTiPP complexes).[66]

Then, thermal homolytic bond splitting of the Rh–Rh bond
allows formation of a reactive mononuclear RhII(alkene)
adduct, which subsequently reacts with H2 or [RhIII-
(por)(H)] to abstract a hydrogen atom to give the “inser-
tion” product [RhIII(por)(CH2CH2R)]. Similar “insertions”
of alkenes into the Rh–H bond of [RhIII(TPP)(H)] (via sim-
ilar radical pathways) have been used to obtain RhIII–CH2–
(alkyl)–NuH species (NuH = OH, NH) using alkenes func-
tionalized with end-on -OH and -NH functionalities. Under
basic conditions, intramolecular SN2-type attack of the Nu
at the α-carbon atom of RhIII–CH2–(alkyl)–Nu yields
[RhI(TPP)]– and cyclic organic products [–CH2–(alkyl)–
Nu–], see Figure 19. Protonation of [RhI(TPP)]– then allows
regeneration of [RhIII(TPP)(H)]. The combination of these
reactions constitutes a new method for selective intramolec-
ular anti-Markovnikov hydrofunctionalization of alkenes
with O–H and N–H functionalities.[67] In this way three-
and five-membered ring compounds (epoxides, furan deriv-

Figure 19. Selective intramolecular anti-Markovnikov hydrofunc-
tionalization of alkenes with O–H and N–H functionalities via rad-
ical insertion of alkenes in the Rh–H bond.
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atives, pyrrolidine derivatives) were readily obtained. For-
mation of four- or six-membered rings proved not possible,
and lead to regeneration of the starting alkenes instead (by
a net β-hydrogen elimination).

The (TPP)Rh system efficiently mediates all steps, but
the system is not capable of mediating the anti-Markovni-
kov hydro-functionalization reactions in a one-pot catalytic
reaction. So far, the reaction conditions required for the
different reaction steps proved incompatible.

3.2.3. [MII(por)(alkene)] Intermediates in Reactions of
[MIII(por)(alkyl)] Species with Nitroxyl Radicals

[MII(por)(alkene)] species (M = Rh, Ir) also seem to be
important intermediates in reactions of [MIII(por)(alkyl)]
species with TEMPO and related nitroxyl radicals (M =
Rh, Ir, por = TTP, TMP and some less common OMP,
BTPP and BOCP porphyrinato ligands shown in Fig-
ure 20).

Figure 20. Ligand coding of the porphyrins BTPP, BOCP and
OMP.

The [MIII(por)(alkyl)] complexes lacking β-hydrogen
atoms do not react with nitroxyl radicals, but (por)Rh–alkyl
species with β-hydrogen atoms eliminate alkene fragments
upon heating in the presence of TEMPO.[68,69] For R =
–CH2–CH2–Ph, formation of styrene was confirmed with
NMR (Figure 21).

Abstraction of β-hydrogen atoms from alkyl species
[MIII(por)(–CH2CH2R)] yields alkyl radical species [MIII-
(por)(–CH2CHR·)], which are in fact the same activated β-
alkyl radicals resulting from increasing the M–C–C angle
of [MII(por)(CH2=CHR)] species. These [MIII(por)-
(–CH2CHR·)] species should thus easily relax to the more
stable alkene complexes [MII(por)(CH2=CHR)]. Because
[RhII(por)] species have only a weak affinity for alkenes,[63]

[MII(por)(CH2=CHR)] should readily lose the alkene (Fig-
ure 21). The resulting 15 VE [RhII(por)] species sub-
sequently react with TEMPO to form [RhIII(por)(CH3)] by
a C–C bond activation reaction with net abstraction of a
methyl radical from TEMPO. Formation of [RhII-
(TMP)(R)] species by a net abstraction of an alkyl radical
R· from a nitroxyl radical (R�R2C)2NO· has also been ob-
served for isolated [RhII(TMP)] species in the presence of
nitroxyl radicals (see Figure 21).[70] The mechanisms of the
latter reactions are not very clear yet.
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Figure 21. Reaction of TEMPO and related nitroxyl radicals with
[MIII(por)(alkyl)] species (M = Rh, Ir) via [MII(por)(alkene)] inter-
mediates.

For the analogous iridium complexes [IrIII(TTP)(R)],
similar results were obtained upon reaction with TEMPO.
Complexes lacking β-hydrogen atoms did not react, and
non-aromatic alkyl complexes eliminate alkenes allowing
formation of [IrIII(TTP)(CH3)] by C–C activation of
TEMPO by [IrII(TTP)]. Arylethyl complexes [IrIII(TTP)-
(–CH2CH2Ar)], however, reveal different products, which
further support the proposed radical abstraction mecha-
nism.[71] Under N2, TEMPO oxidizes the [IrIII(TTP)-
(–CH2CH2Ar)] species selectively at the β position to yield
[IrIII(TTP){–CH2C(O)Ar}] (Figure 21). The mechanism
proposed for this reaction involves abstraction of a β-hydro-
gen atom from [IrIII(TTP)(–CH2CH2Ar)] by TEMPO to
give [IrIII(TTP)(–CH2CH·Ar)] and TEMPOH. Apparently,
due to stabilization of the β-carbon radical by the aromatic
group and a substantially stronger Ir–C bond compared to
a Rh–C bond, this species is sufficiently long-lived to react
with a second TEMPO moiety. Coupling of the [IrIII-
(TTP)(–CH2CH·Ar)] radical with the TEMPO radical was
proposed to yield a [IrIII(TTP)(–CH2CHAr–O–NR2)] inter-
mediate. The latter could then decompose to the observed
[IrIII(TTP){–CH2C(O)Ar}] species, either directly through
a hydrogen shift (with elimination of R2NH) or by abstrac-
tion of the remaining β-hydrogen by an additional TEMPO
moiety.

3.3 Reactivity of MII(alkene)(N-ligand) Species Bearing
Allylic Hydrogen Atoms

Reaction of [RhII(OEP)] with alkenes (CH2=CHR) con-
taining allylic hydrogen atoms such as allylbenzene (R =
CH2Ph), allyl cyanide (R = CH2CN) and 1-hexene (R =
CH2C3H8) results in formation of σ-allyl complexes [RhIII-
(OEP)(CH2CH=CHR)] in about 50% yield (Figure 22).[58]

A more detailed study concerning the behavior of [RhII-
(OEP)] towards propene was reported.[72] Propene initially
forms the alkyl-bridged species [RhIII(OEP){µ2-
CH2CH(Me)-}RhIII(OEP)]. This species reveals an interest-
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ing 1,2-exchange of the two metal sites, reflecting the la-
bility of the Rh–C bond. The species is not stable and con-
verts over the course of some days to a 1:1 mixture of the
σ-allyl species [RhIII(OEP)(CH2CH=CH2)] and the propyl
species [RhIII(OEP)(CH2CH2CH2)], which likely involves a
net transfer of an allylic hydrogen atom from [RhII(OEP)-
(propene)] to another [RhII(OEP)(propene)] species (ob-
tained from [RhIII(OEP)(µ2-CH2CH(Me)-)RhIII(OEP)] by
Rh–C homolysis), see Figure 22.

Figure 22. Reactivity of [RhII(por)] species towards alkenes con-
taining allylic hydrogen atoms.

A comparable allylic activation of methyl methacrylate
[CH2=C(Me)(COOMe)] was reported to give a 1:1 mixture
of [RhIII(OEP){CH2C(COOMe)=CH2}] and [RhIII(OEP)-
{CH2CH(Me)(COOMe)}]. Reaction of the sterically more
hindered [RhII(TMP)] with methyl metacrylate yields a 1:1
mixture of [RhIII(TMP){CH2C(COOMe)=CH2}] and
[RhIII(TMP)(H)]. The reactions were proposed to proceed
by abstraction of an allylic hydrogen atom from the
metallo-radical alkene complex [RhII(por){CH2=C-
(Me)(COOMe)}] by the metallo-radical [RhII(por)] to yield
directly the σ-allyl complex [RhIII(por){CH2C-
(COOMe)=CH2}] and the hydride species [RhIII(por)(H)].
As described above, the OEP complexes allow “insertion”
reactions into the Rh–H bond, which for methyl methacry-
late yields [RhIII(OEP){CH2CH(Me)(COOMe)}]. Alkene
“insertion” into the Rh–H bond of the TMP complexes
does not occur, presumably for steric reasons.

Further evidence for allylic C–H activation of MII(α-al-
kene) species proceeding via bimolecular abstraction of an
allylic hydrogen by another MII species was gathered by
studying the decomposition of dicationic [MII(cod)(N3-li-
gand)]2+ species. Although the [MII(cod)(N3-ligand)]2+ spe-
cies can be isolated as pure compounds, in solution they
decompose through an allylic C–H activation process. The
[MII(N3-ligand)(cod)]2+ complexes invariably decompose to
1:1 mixtures of [MIII(N3-ligand)(cyclooctadienyl)]2+ and
species that could be described as “protonated MI(cod)”
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species. For the “protonated MI(cod)” species the position
of the proton depends on the nature of the metal. The pro-
ton ends-up at the metal for iridium, forming [IrIII(H)(N3-
ligand)(cod)]2+, and at the N3-ligand Py moiety for rho-
dium, forming [RhI(N3-ligandH)(cod)]2+ (Figure 23).[41,42]

The reaction rates decrease upon increasing the steric bulk
of the N3-ligand.

Figure 23. Selective conversion of the [MII(N3-ligand)(cod)]2+ com-
plexes to allyl species [MIII(cyclooctadienyl)(N3-ligand)]2+ (M =
Rh, Ir) and equimolar amounts of [RhI(N3-ligandH)(cod)]2+ (for
M = Rh) or [IrIII(H)(N3-ligand)(cod)]2+ (for M = Ir).

The product ratio can be explained by a hydrogen-atom
transfer from one MII(cod) species to another MII(cod) spe-
cies. An electron-transfer (ET) disproportionation reaction
between two MII(cod) species to give MI(cod) and MIII-
(cod) followed by a proton transfer from an allylic position
of MIII(cod) to MI(cod) was ruled out.[41,42] A direct hydro-
gen-atom abstraction (at least in case of the more hindered
Bn-dla ligands) of an allylic hydrogen atom of MII(cod) by
another MII species also seems unlikely, because the metal
is rather shielded by the N3-ligand PyMe bulk. The kinetic
rate expression v = kobsd. [MII]2 in acetone, with kobsd. =
k[H+][S] and [S] being the concentration of additional coor-
dinating reagents (MeCN), is in agreement with a solvent-
assisted dissociation of one of the pyridine donors.[42] Pyri-
dine dissociation results in formation of more open, reactive
species. Protonation of the non-coordinating pyridine in-
creases the concentration of this species, and thus [H+] ap-
pears in the kinetic rate expression. Both the rate expression
and the kinetic activation parameters (∆H# =
50�8 kJmol–1, ∆S# = –113�42 JK–1 mol–1 and ∆G289K

#

= 84�21 kJmol–1) are in agreement with a subsequent bi-
molecular hydrogen-atom transfer from an allylic MII(cod)
position to another MII species (Figure 24).

Formation of MIII(allyl) species from MII(alkene) species
(M = Rh, Ir) bearing allylic hydrogen atoms seems to be a
more general decomposition pathway of such species. As
described above, it has been observed as a decomposition
pathway of [MII(cod)(N3-ligand)]2+ compounds, and in re-
actions of α-alkenes with [RhII(por)] species. Formation of
[RhIII(R3-Cp)(allyl)]+ (allyl) species was also reported for
in situ generated [RhII(R3-Cp)(cod)]+.[73] Furthermore, one-
electron oxidation of [IrI(Me2tpa)(propene)]+ with [Ag]PF6

in acetonitrile afforded the IrIII(allyl) species [IrIII(η3-pro-
penyl)(Me2tpa)]2+ in about 50% yield (Me2-tpa = N-(2-pyr-
idylmethyl)-N,N-bis[(6-methyl-2-pyridyl)methyl]amine), see
Figure 25.[42]
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Figure 24. Proposed mechanism for the hydrogen-atom transfer be-
tween two MII(cod) species.

Figure 25. Formation of an IrIII(allyl) species by oxidation of
[IrI(propene)(Me2tpa)]+.

Notable exceptions to the general tendency of MII(α-al-
kene) species (M = Rh, Ir) decomposing to MIII(allyl) spe-
cies are the complexes [MII(C6Cl5)2(1,5-cod)] (M = Rh, Ir),
[RhII(η5-C5Ph5)(1,5-cod)]+ and [RhII(η5-C5Ph5)(1,3-cod)]+,
which are stable at room temp.[33–35] These species are steri-
cally rather shielded around the metal, which might explain
their relative stability. This can be taken as a further indica-
tion that such decomposition pathways proceed through bi-
molecular allylic H-atom abstraction by metal-centered rad-
icals.

4. MII(alkene) Species as Intermediates in Rh-
and Ir-Catalyzed Alkene Oxygenation?

Though less well-known than Pd, both Rh and Ir are
able to catalyze oxidation of alkenes with O2 and H2O2,[74]

Rh generally being more effective than Ir. Oxidation of ter-
minal alkenes almost invariably results in formation of
methyl ketones. Oxidation of internal alkenes leads to epox-
ides, allylic alcohols, ethers or ketones. The mechanistic pic-
ture of rhodium-catalyzed oxidations is complex with sev-
eral mechanisms being proposed for various catalysts under
different conditions: Wacker-type reactivity, reaction of a
metal peroxide with the alkene to a peroxymetallacycle, for-
mation of an intermediate hydroperoxo or alkylperoxo
complex which reacts with the alkene, and some early work
on alkene oxidation with peroxo Rh and Ir complexes was
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shown to proceed through free-radical pathways. In
attempts to collect mechanistic information about rhodium-
and iridium-catalyzed oxygenation of alkenes, stoichiomet-
ric oxygenation of N-ligand RhI- and IrI-alkene complexes
by O2 has been investigated in detail over the past
years.[74,75] Oxygenation products strongly vary with the N-
ligand, the alkene (ethene, propene, 1,5-cyclooctadiene and
other dienes) and the central metal (Rh, Ir), see Figure 26.

Figure 26. Oxygenation products from reaction of [MI(alkene)(N-
ligand)]+ species with O2.

The reactivity of N-ligand RhI and IrI-alkene fragments
towards dioxygen varies between alkene displacement, for-
mation of mixed O2-alkene complexes, C–O bond forma-
tion (giving a 3-metalla-1,2-dioxolane), and combined O–O
bond breaking/C–O bond making (giving a 2-metallaoxet-
ane). Isolated peroxo complexes showed no further reactiv-
ity towards alkenes or alkene complexes, and isolated per-
oxo–ethene complexes did not contract to the correspond-
ing peroxo-metallacycles (Figure 26). Isolated 3-metalla-
1,2-dioxolanes, which were proposed as key-intermediates
in the catalytic reactions, do not eliminate methyl ketones
at all, but instead convert to formylmethyl-hydroxido com-
plexes (Figure 26). The isolated 2-metalla(III)oxetanes, de-
spite not being proposed in the catalytic reactions pre-
viously, proved actually much more likely candidates to be
such key-intermediates. These species readily eliminate
methyl ketones (acetaldehyde in case of the ethene precur-
sor); the exact same products as obtained in the catalytic
reactions. Formation of methyl ketones could not be dem-
onstrated for any of the peroxo, peroxo–alkene or metal-
dioxolane species. An important unanswered question is the
mechanism of 2-metalla(III)oxetane formation in these re-
actions. Formation of 2-metalla(III)oxetanes from MI-
(alkene) and H2O2 seems straightforward (a net OH+ trans-
fer to the metal, followed by alkene insertion into the
MIII–OH fragment,[74] see Figure 26), but the essential C–O
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Figure 27. Formation of metallaoxetanes from reaction of IrI-alkene fragments with O2 and the detection of possible IrII and Ir–O2
·–

intermediates.

bond making step in oxygenation reactions of MI(alkene)
species with O2 remains rather unclear.

Notably, for some of the more interesting reactions in
Figure 26 leading to C–O bond formation with O2, para-
magnetic species were detected accompanying product for-
mation. For example, reaction of [IrI(ethene)(Metpa)]+ and
[IrI(cod)(bpaMe)]+ with O2 in CH2Cl2 leads to formation
of the corresponding 2-metallaoxetanes (Figure 27) in
about 50% and 95% yield, respectively. These reactions
consume only one O atom of O2 per metal complex. The
fate of the other O atom is not known.[76,77] Interestingly,
during the course of these reactions, weak EPR signals were
observed pointing to formation of paramagnetic Ir species,
which are either intermediates or side products.[78,79]

To shed some light on the possible role of paramagnetic
MII(alkene) complexes in the essential C–O bond formation
steps of these reactions, the reactivity of isolated [MII-
(alkene)(N-ligand)]2+ species towards O2 has been investi-
gated in detail.

Treatment of [IrII(Me3tpa)(ethene)]2+ and [MII(dpa)-
(cod)]2+ with dioxygen leads to formation of new EPR spec-
tra.[8,38,41,42] A substantial decrease in the g anisotropy indi-
cates a shift of the spin density from the metal to dioxygen.
The observed spectra are consistent with formation of the
superoxide complexes [IrIII(O2

·)(Me3tpa)(ethene)]2+ and
[MIII(O2

·)(dpa)(cod)]2+. Formation of superoxide com-
plexes from [MII(N3-ligand)(cod)]2+ and O2 appears to be
reversible. Increasing the N-ligand steric bulk decreases the
oxygen affinities. Reaction of [RhII(pla)(cod)]2+ with O2

only leads to small concentrations of [IrIII(O2
·)(pla)(cod)]2+.

The [RhII(R-bla)(cod)]2+ (R = H, Bn) and [RhII(pla)-
(nbd)]2+ complexes proved to be air stable as a result of
shielding by the bulky Py–Me groups.

No C–O bond-formation reactions were observed for any
of the [MIII(O2

·)(N3-ligand)(cod)]2+ complexes. These spe-
cies decompose to the same mixture of compounds as ob-
served for [MII(N3-ligand)(cod)]2+ in absence of O2 (see
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above).[41,42] Thus, unless these species play a role as co-
catalysts, it seems unlikely that MII(cod) species are inter-
mediates in formation of 2-metalla-oxetanes from MI(cod)
complexes and O2. For ethene complexes the situation
might be different. [IrII(Me2tpa)(ethene)]2+ reacts rapidly
with O2, but not selectively (all solvents). The fate of the
more hindered analog [IrIII(O2

·)(Me3tpa)(ethene)]2+ de-
pends on the solvent. The reaction in acetone leads to yet
unidentified products. The reaction in MeCN takes a dif-
ferent course (as described hereafter). To shed some light
on these reactions, [IrIII(O2

·)(ethene) (Me3tpa)]2+ was
trapped with DMPO.[8] This led to dissociation of ethene
and formation of a C–O bond between the superoxide and
DMPO (Figure 28). The peroxide-bridged species likely re-
arranges to a species with an acetal group, thus explaining
the absence of proton hyperfine couplings in EPR. The un-
usual large N hyperfine coupling (AN

average = 74 MHz)
compared to trapped organic radicals (AN = 42 MHz) indi-
cates that the unpaired electron resides mainly at the nitro-
gen part of the nitroxyl group.[80] Therefore, DMPO ap-
pears to be coordinated to the iridium center. This is con-
firmed by the unusually large g anisotropy (g11 = 2.036, g22

= 2.014, g33 = 1.986) for a DMPO-trapped radical (Fig-
ure 28). At room temperature this species converts to a dia-
magnetic species with a coordinated oxygenated DMPO
fragment. This likely involves hydrogen abstraction from
the solvent and elimination of H2O (Figure 28). Remarka-
bly, such obtained solvent radicals were trapped by IrII spe-
cies, rather than the spin-trap DMPO. ESI-MS indicated
clear formation of [IrIII(CH2CN)(Me3tpa)]2+ in acetonitrile
and [IrIII(CH2COCH3)(Me3tpa)]2+ in acetone.

The reactions of [IrIII(ethene)(N4-ligand)]2+ species with
dioxygen in the presence of MeCN result in formation of
IrIII–CH2C(O)H species. These reactions likely proceed via
[IrIII(CH2CH2

·)(N4-ligand)(MeCN)]2+ intermediates, which
are easily formed upon contact with MeCN as described in
section 3.1.1 (Figure 10). Quite likely, the triplet biradical
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Figure 28. Proposed mechanism for the oxygenation of DMPO at IrII and the EPR spectra belonging to the paramagnetic Ir–O2–DMPO
intermediate.

dioxygen reacts directly with the β-carbon-centered radical
of [IrIII(CH2CH2

·)(N4-ligand)(MeCN)]2+ to give IrIII–
CH2CH2OO· species. The latter alkylperoxo radical species
then abstracts a hydrogen atom from acetonitrile, leading
to a hydroperoxo intermediate IrIII–CH2CH2OOH, which
eliminates water to give the observed IrIII–CH2C(O)H spe-
cies (Figure 29).[8,38] Also in this case, the remaining solvent
radical is trapped by the IrII starting material. An alterna-

Figure 29. Proposed mechanism for the mono-oxygenation of [IrII-
(Me3tpa)(ethene)]2+ in acetonitrile.
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tive mechanism via [IrIII(O2
·)(N4-ligand)(ethene)]2+ species

cannot be ruled out completely though.
With the exception of MII(ethene) species, MII(α-alkene)

species are not very likely to be directly involved in the C–O
bond-making processes of rhodium- and iridium-catalyzed
alkene oxygenation reactions described by Mimoun, Read,
Drago and others.[74] It seems that even in the presence of
O2, allylic C–H activation is the preferred kinetic decompo-
sition pathway of such α-alkene complexes. Generally, such
obtained (kinetically inert) MIII(allyl) species are not reac-
tive towards O2. MII species without a coordinated alkene
might be involved though, perhaps facilitating formation of
peroxides from O2 and a sacrificial reductant (often an
alcohol in the catalytic reactions). Such peroxides easily re-
act with MI(α-alkene) species to yield methyl ketones [via
2-metalla(III)oxetanes as intermediates, as described above,
see Figure 26].

Somewhat related to this topic, MII(nbd) species are po-
tential Wacker-type catalysts for oxidation of norbornadi-
ene to norbornenone. Dicationic [MII(bis-alkene)(N3-li-
gand)]2+ species are stable towards ET disproportionation.
The situation, however, changes in the presence of chloride
anions, which trigger ET disproportionation. Formation of
dicationic [MIII(Cl)] products is probably less unfavorable
than formation of tricationic MIII species. Interestingly, Cl–

triggered disproportionation of [RhII(pla)(nbd)]2+ in the
presence of water or alcohols led to formation of [RhI-
(pla)(nbd)]+ and [{RhIII(Cl)(nbd-OR)(pla)}2]2+ (Figure 30).
The latter species likely result from a Wacker-type attack of
water/alcohols to the [RhIII(Cl)(pla)(nbd)]2+ intermediate.
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Heating [{RhIII(Cl)(nbd-OH)(pla)}2]2+ in the presence of
an excess of the oxidant FeCl3 led to catalytic formation of
norbornenone, albeit with only low total turnover num-
bers.[40] These reactions are nevertheless noteworthy, be-
cause no Wacker oxidation catalysts for norbornadiene
have been reported and oxidation of other bis-alkenes also
gives poor results or diketones.[81] The main problem with
palladium-mediated Wacker oxidation of bis-alkenes is that
attack of OH– or H2O to the PdII(bis-alkene) complex usu-
ally yields a η3-3-hydroxy-enyl σ–π complex, in which coor-
dination of the second double bond prevents easy β elimi-
nation.[82]

Figure 30. Catalytic formation of norbornenone through chloride-
triggered disproportionation of [RhII(pla)(nbd)]2+.

5. RhII-Alkene Species as Intermediates in
Catalytic Carbene Transfer Reactions?

Diamagnetic dinuclear carboxylate-bridged RhII–RhII

species have been extensively studied as a catalysts for car-
bene-transfer reactions.[83] It has always been assumed that
the RhII–RhII species stay intact during catalysis, but this
was never really proven. A study by Bergman clearly reveals
that mononuclear RhII species can also be active catalysts
for carbene-transfer reactions. [RhII(Cl)(Tf)(bisoxozaline)]
(Tf– = triflate) is an active alkene cyclopropanation catalyst.
Although the catalytic precursor does not contain Rh-al-
kene fragment, the carbene-transfer reaction is highly likely
to involve such species as intermediates.

The catalytic activity is enhanced by addition of NaBArF,
yielding [RhII(bisoxozaline)(Cl)(CH2Cl2)]+ {BArF

– = tet-
rakis[3,5-bis(trifluoromethyl)phenyl]borate}.[84] The active
species is believed to be a low-valent 15 VE species with
two (bis)oxozaline nitrogen atoms in mutual trans positions
and a chlorido ligand occupying a third position. Two sites
of the rhodium center are sterically hindered by the (bis)-
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oxozaline methyl groups and the bridging arene. In the
trans position to the chloro ligand, a labile triflate anion or
dichloromethane ligand is bound allowing easy formation
of a vacant site. In the presence of diazoacetates, dimeriza-
tion to fumarates and maleates takes place, indicative of
carbene-transfer reactions.[84] Also selective cyclopropan-
ation (Figure 31) of alkenes and formation of aziridines
from imines is catalyzed by these complexes. With these re-
sults, one might consider open-shell species to play an
active role in other carbene-transfer reactions as well.

Figure 31. Cyclopropanation of styrene-mediated by a mononu-
clear [RhII(Cl)2(benbox)]+ complex.

For example, in the recently discovered Rh-mediated
stereoselective polymerization of carbenes from diazoace-
tates, RhII(alkene) radicals might well be important (Fig-
ure 32).[85] It was shown that [RhI(prolinate)(cod)] is a cata-
lyst precursor for polymerization of carbenes from diazo-
acetates, leading to formation of new, stereoregular (most
likely syndiotactic) ester-functionalized polymethylenes.
This new family of polymers contain a functional side
group at each carbon of the polymer backbone. Polymers
with molecular weights up to 190000 (Mw) were obtained as
solid materials with interesting material properties. Notably,
only about 1% of the Rh material becomes active in the
polymerization reaction. Therefore, it is interesting to note
that EPR measurements have indicated formation of (very)
low concentrations of radical species during the reaction.[78]

Whereas these radicals are just side products, or are in-
volved as intermediates in the polymerization reaction
needs to be established in future studies.

Figure 32. Are radical species involved in the recently discovered
stereoselective Rh-mediated polymerization of “carbenes”?
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6. Conclusions

Paramagnetic rhodium and iridium alkene species, espe-
cially the nitrogen-ligand-based [MII(por)(alkene)] and
[MII(alkene)(N-ligand)]2+ species, reveal a remarkable vari-
ety of radical-type reactions. The five-coordinate [MII(por)-
(alkene)] species, for which mixing of the dz2 and alkene
orbitals ensures that part of the unpaired electron density
is located at the olefinic ligand, are especially reactive.
These alkene adducts cannot be isolated due to fast M–
C and C–C radical couplings leading to alkylene-bridged
species. Attempts to sterically prevent these reactions leads
to alkene adducts which easily lose the alkene. Alkenes bind
stronger to dicationic five-coordinate [MII(N4-ligand)] and
[MII(N3-ligand)] complexes containing neutral tetradentate
or tridentate podal N{CH2Py}n (n = 2,3) type ligands. The
orbital arrangement of these species is different, so that the
dz2 orbital containing the unpaired electron interacts with a
Namine donor instead of the alkene. Consequently, the al-
kene fragments do not reveal much radical-type reactivity
without activation. The situation changes upon binding of
a strong coordinating solvent (e.g. MeCN), resulting in a
donor-induced shift of the spin-density from the metal to
the π* orbitals of the alkene. Most of the spin density of
the resulting MIII(NCMe)(CH2CH2

·) species is located at
the β-carbon of the “slipped” alkene, thus triggering radi-
cal-type reactivity at the alkene/ethyl radical fragment. This
donor-induced shift of the spin density from the metal to
the alkene constitutes a new approach to tuning the reactiv-
ity of open-shell metal-alkene species.

Stable examples of MII(α-alkene) complexes, containing
reactive allylic hydrogen atoms, all have their metal center
sterically protected. All other examples tend to decompose
with formation of MIII(allyl) and MIII(H) species. The pres-
ence of unpaired spin density at the alkene is of less concern
for these decomposition pathways, as they proceed through
a dinuclear pathway in which an allylic hydrogen atom of
one MII(alkene) species is abstracted by another MII-
(alkene) radical at the metal.

Although limited in number, there are a few examples in
which experimental evidence for the involvement of para-
magnetic rhodium and iridium species in catalytic reactions
is quite strong. For example, paramagnetic intermediates
might play a role in the catalytic alkene oxygenation reac-
tions described in the 1970s and early 1980s by Mimoun,
Drago, Read and others.[74,75] Whether or not this concerns
paramagnetic alkene species remains a question. MII(α-
alkene) species perhaps too easily undergo allylic C–H acti-
vation, making them less attractive candidates to be inter-
mediates in the C–O bond formation processes. C–O bond
formation through oxidation of diamagnetic MI(alkene)
species (by peroxides for example) to 2-metalla(III)oxetane
intermediates seems a more likely pathway. Paramagnetic
MII species might nevertheless be important in these reac-
tions, e.g. by facilitating peroxide formation from O2 and a
sacrificial reductant (e.g. an alcohol). On the other hand,
the situation may strongly depend on the olefinic substrate.
Model reactions of [IrII(ethene)(N4-ligand)]2+ species with
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O2 have revealed that with these ethene species, lacking re-
active allylic hydrogens, facile C–O bond formation is cer-
tainly possible. This reaction likely proceeds via external at-
tack of the “alkene radical” species MIII(NCMe)(CH2CH2

·)
by O2. This demonstrates the potential of donor induced
generation of “alkene radicals” from MII(alkene) species as
a new approach to steer the reactivity of open-shell M(alk-
ene) species.

Catalytic cyclopropanation of alkenes with ethyl diazo-
acetate mediated by well defined RhII(alkene) species has
been demonstrated,[84] and it is well possible that open-shell
MII(alkene) species are also active in other carbene-transfer
reactions. Wacker-type oxidation of norbornadiene to nor-
bornenone is another reaction which definitely proceeds via
discrete RhII(alkene) species.[40]

The rich chemistry displayed by paramagnetic M(alkene)
species is fascinating. Whether or nor these species will turn
out to be important in new or existing catalytic reactions
remains a question to be answered in the future.
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