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Abstract This account summarizes our recent works on metal-quinoid carbene
(QC) chemistry including (1) [Rh2(esp)2]-catalyzed QC C(sp2)–H insertion
reaction enabled by a C-centered carbene transfer reactivity, (2) isolation,
characterization, and dual reactivity feature of Ru(II) porphyrin QC complexes,
and (3) Ir(III) porphyrin-catalyzed QC C(sp3)–H insertion reaction initiated by
an O-centered hydrogen atom transfer (HAT) reactivity of metal-QC species.
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1 Introduction
Metal-quinoid carbene (QC) species, which can be regarded

as replacing one of the oxygen atoms in an organic quinone by a
m e t a l  a t o m / i o n ( S c h e m e  1 a ) ,  a r e  a  p r o m i s i n g y e t
underdeveloped class of reactive species for carbene transfer
and insertion reactions.1 Different from other reactive carbene
groups (e.g., acceptor carbenes, donor-acceptor carbenes) which
generally act as alkyl synthons, metal-QC species can act as aryl
synthons since after the initial transfer/insertion step, the
carbene groups can undergo aromatization to give functionalized
phenol moieties. Although early works on transition metal-
catalyzed QC transfer reactions have been reported in the late
1980s, it is not until the last decade that a growing interest has
been dedicated to this field,2 and up to now, cyclopropanation,3
C(sp2)–H insertion,4 C(sp3)–H insertion,4k, 5 X–H insertion,5a, 6 and
other C–C and C–X bond formation reactions6-7 have been
developed (Scheme 1a). Despite these advances, the electronic

structure and reactivity of the plausible metal-QC intermediates
which have not been isolated or spectroscopically detected
remain elusive. Previously, only two examples of metal-QC
complexes , a  Ru and an Fe complex (also  termed as
ruthenaquinone and ferraquinone), have been reported in the
literature,8 both of which are stabilized by chelating phosphine
ligands but have not been reported to display carbene transfer

Scheme 1 Literature reports on the carbene transfer reactivity (a) and oxidative
reactivity (b) of metal-QC species. (c) Summary of our works in this account
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and insertion reactivity. Interestingly, the ferraquinone complex
could undergo a formal 1,6-addition with H2, HCl, and alcohols
(Scheme 1b).8b However, no crystal structures of these metal-QC
complexes in a quinoid form were obtained.

In this account, we present our recent works on metal-QC
chemistry (Scheme 1c), with particular foci on the understanding
of reactive QC intermediates and also on how the understanding
helps in the development of new catalytic methodologies. Firstly,
a [Rh2(esp)2]-catalyzed intermolecular QC C(sp2)–H insertion
reaction via a canonical carbene transfer mechanism is
described.9 Secondly, a series of stable Ru(II) porphyrin QC
complexes have been isolated and characterized (including X-ray
crystallography), and these complexes exhibit dual reactivity
feature, i.e., a C-centered 2e- carbene transfer reactivity and an O-
centered 1e- hydrogen atom transfer (HAT) reactivity.10 Lastly,
the HAT reactivity of metal-QC complexes has led us to design an
Ir(III)-catalyzed intermolecular QC C(sp3)–H insertion reaction
passing through a unique radical pathway which is less common
in catalytic C–H functionalization reactions by metal-carbene
species.11

2 Catalytic QC Insertion into C(sp2)–H
Bonds Enabled by Carbene Transfer Reactivity
Previously, Rh2(II,II) carboxylate catalysts were reported to
catalyze the transfer of QC groups onto alkenes3a-c, 4a and enol
ethers,7c and insertion into C–H bonds,4b, 5b O–H bonds,5a and alkyl
halides;7e the synthetic utility of some of these reactions have
been demonstrated by Baran3c and others3a,b in the preparation
of natural products and bioactive molecules. Insertion of QC into
C(sp2)–H bonds affording biaryl coupling product is another
promising methodology as it circumvents the use of
prefunctionalized aryl substrate which is required in traditional
biaryl coupling reactions. Such a transformation has been
achieved with directing group (DG)-containing substrates,4d-g,i,j

yet installation/removal of DGs would reduce the atom-economy
and limit the substrate scope. We envisioned that, by harnessing
the high electrophilicity of the Rh-QC intermediates, biaryl
products could be obtained by using DG-free arenes as
nucleophilic substrates via direct QC C(sp2)–H insertion (Scheme
2a). Although similar reactions have been reported before,4b,c,h

they are either intramolecular reactions or suffer from limited
scope of arene/QC partner. An intermolecular reaction between
simple and readily available arenes as well as a wide scope of QCs,
including both p- and o-quinone diazides, is therefore highly
desirable. With [Rh2(esp)2] as the catalyst and anisole as a
nucleophilic C(sp2)–H substrate, the insertion product 1a could
be obtained in high yield with high regioselectivity (> 20:1) at the
para position.9 [Rh2(esp)2] showed superior activity to
[Rh2(OAc)4] and other common carbene transfer catalysts (Table
1). The plausible Rh-QC intermediate was computed to adopt a
quinoid form with a Rh–Ccarbene distance of 1.980 Å (Scheme 2b).
An important piece of mechanistic information is the kinetic
isotope effect (KIE). By using anisole/anisole-d5 as substrates, an
inverse KIE value of ca. 0.87 was obtained (Scheme 2e), and such
a secondary KIE supports the nucleophilic addition of anisole to
the carbene carbon atom as a rate-determining step since it
involves an sp2-to-sp3 rehybridization. This is corroborated by
DFT calculations (Scheme 2d) suggesting a relatively high barrier
for nucleophilic attack (11.8 kcal mol-1), and the C–H bond is
cleaved in the subsequent rearomatization step via proton

transfer with a relatively low barrier (3.5 kcal mol-1). As depicted
in Scheme 2c, the TS structure of nucleophilic attack (TS1)
features a QC group that is bent yet still s-bonded to Rh.

Table 1 Reaction Optimization (Selected)a

Entry Catalyst Conv. (%) Yield of 1a (%)
1 [Rh2(esp)2] 100 87
2 [Rh2(OAc)4] 100 14
3 [Cu(CH3CN)4(PF6)] 51 8
4 [Co(TTP)] 44 17
5 [Ru(TTP)(CO)] 9 36
6 [Ir(TTP)Me] 100 0
7 [(Ph3P)AuCl]/AgSbF6 14 7

a See ref 9 for more details in reaction optimization

Scheme 2 (a) Proposed catalytic cycle of the Rh2(II,II)-catalyzed QC C(sp2)–H
insertion reaction. (b) Calculated structure of the Rh-QC intermediate. (c)
Calculated TS structure of the carbene transfer step TS1. (d) Secondary KIE
determined by anisole/anisole-d5

This method can be extended to a number of simple arenes
and electron-rich hetereoarenes, as well as substituted p- and o-
quinone diazides, providing direct access to biaryl products
(Scheme 3). Regioselectivity is controlled by both electronics and
sterics. Insertion of Rh-QC intermediates into arene substrates
follows the sequence of para > ortho > meta (1a,b in Scheme 3),
and high r.r. (> 16:1) could be achieved with electron-rich arenes.
Electron-deficient arenes (e.g., PhBr, PhF) can also be arylated,
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albeit with decreased yield and selectivity. While insertion into
pyrrole occurs at the more electron-rich C2 position, reactivity
can be tuned to the C3 position when a bulky substituent is
present on the pyrrolic nitrogen (1c,d in Scheme 3). Synthetic
application of this protocol has been demonstrated by the late-
stage functionalization of drugs and functional materials (1e–g in
Scheme 3); it can also be used to prepare a bioactive compound,
transthyretin amyloid inhibitor (1i, inset of Scheme 3), in a
simple two-step synthesis.

Scheme 3 Selected substrate scope of catalytic QC C(sp2)–H insertion reaction.
See ref 9 for the full substrate scope and detailed experimental conditions

3 Ru(II) Porphyrin QC Complexes and
Dual Reactivity

Our previous work showed that the quinoid form of a metal-
QC intermediate is likely responsible for the carbene transfer
reactivity. In the literature, it has been reported that the quinoid
form of ruthenaquinone complex easily underwent
tautomerization to its aromatic form, e.g., during crystallization
process;8a no crystal structure of metal-QC complexes in a
quinoid form has been reported before. To address this issue, we
turned to Ru(II) porphyrin system which is well-known for
stabilizing a variety of Ru-carbene units,12 including those of
acceptor-acceptor, donor-acceptor, and acceptor carbenes. Ru-
carbene complexes are generally prepared from [Ru(Por)(CO)]
and the corresponding diazo precursors. Similarly, the Ru
porphyrin QC complexes [Ru(Por)(QC)] (Por = porphyrinato
dianion) can also be readily synthesized from [Ru(Por)(CO)] and
the diazo compounds of QCs, i.e., quinone diazides (Scheme 4a).10

The carbene ligands of these [Ru(Por)(QC)] complexes are in the
quinoid form in the solid state according to X-ray crystal
structures (Scheme 4b) and IR spectroscopy. Solvatochroism of
the ruthenaquinone complex was previously observed and
attributed to the tautomerization between a quinoid form and an
aromatic form. However, [Ru(Por)(QC)] complexes are stable in
either nonpolar or polar solvents, and their quinoid form in the
solution state is corroborated by 13C NMR where two low-field
signals assignable to Ru=C and C=O have been observed for each
complex. Cyclic voltammetry revealed the redox-noninnocent

feature of QC ligands as the Ru-QC complexes display two
reversible reduction waves, and the reduction potentials of QC
ligands (–1.26 ~ –0.67 V vs Fc+/0 in dichloromethane, same as
below) are comparable to that of organic quinones (ca. –1 V). The
first oxidation (0.28–0.54 V) is ascribed to be porphyrin-centered
based on UV-vis spectroelectrochemistry, from which the p-
acidity of QC ligands could be inferred to be comparable to and
even stronger than a carbonyl ligand (0.32 V for [Ru(TMP)(CO)]);
by contrast, a Ru(III/II) couple is observed as the first oxidation
event for Ru porphyrins bearing phenyl-/ester-substituted
carbene ligands.12f,j This can also rationalize the lack of a quinoid-
aromatic tautomerization since the QC ligands are not capable of
oxidizing the Ru(II) centers in Ru-QC complexes, whereas in the
previous ruthenaquinone complex, a formally Ru(0) center might
be reducing enough to induce such a tautomerization.8a In
addition to the above spectroscopic characterizations, the
electronic structure of [Ru(Por)(QC)] has further been studied by
DFT calculations. Different from many metal-carbene species in
which the carbene p* orbitals are mainly localized at the carbene
carbons, Ru-QC complexes feature a unique delocalized and low-
lying carbene p* orbital throughout the whole QC plane (Scheme
4c). We conceive that this delocalization is crucial for the dual
reactivities of Ru-QC complexes taking place at both carbene
carbon (C-centered) and carbonyl oxygen (O-centered) as
discussed below.

Scheme 4 (a) Synthesis of [Ru(Por)(QCR)] complexes. (b) Crystal structure of
[Ru(TTP)(QCtBu)(AcOEt)]. (c) Calculated QC p* orbital of [Ru(TTP)(QCtBu)].

[Ru(Por)(QC)] complexes can undergo stoichiometric
carbene transfer reactions with nitrosoarenes (ArNO) to give
nitrone compounds in high yields (Scheme 5a); such a
transformation has been regarded as a key step in the previous
examples of Ru porphyrin-catalyzed three component coupling
reactions of diazo compound, ArNO, and dipolarophiles.13 The
corresponding [Ru(Por)(CO)]-catalyzed nitrone formation
reaction from quinone diazide and ArNO can also be developed,
albeit with only moderate product yields. The stoichiometric
reaction was first-order to both [Ru(Por)(QC)] and ArNO, and no
apparent induction period could be observed, both suggesting
that the five-coordinate [Ru(Por)(QC)] complexes are directly
reactive toward ArNO without the need of activation by a sixth
axial ligand.12i, 14 This is further supported by DFT calculations as
well as by the finding that no binding between [Ru(Por)(QC)] and
ArNO could be detected by UV-vis titration experiment. Hammett
studies on the reactivity of [Ru(Por)(QC)] and ArNO revealed
some intriguing features. While a negative r value characteristic
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of a nucleophile was found for ArNO, the r value for substituents
on the QC ligands was also negative (Scheme 5b), which leads to
a counterintuitive conclusion that an electron-donating
substituent can enhance the reactivity of an electrophilic carbene
group. Furthermore, a similar negative r value was also found for
QC substituent in the catalytic nitrone formation reaction. To
explain this reverse carbene substituent effect, computational
studies have been performed to compare the transition states
(TSs) of the most active [Ru(TTP)(QCtBu)] and the least reactive
[Ru(TTP)(QCBr)]. The calculated rate constants could well
reproduce the experimental data, and the kinetic barrier of
[Ru(TTP)(QCtBu)] is ca. 1 kcal mol-1 lower in energy than that of
[Ru(TTP)(QCBr)]. Early TSs were found for both species, in which
the QC planes are significantly bent while still s-bonded to the Ru
centers. Both TSs are highly similar in structure, and the most
distinct difference between them is the bending angle of the QC
plane, as the more reactive QCtBu group bends ca. 10o less than the
less reactive QCBr group, which we conceive to account for the ca.
1 kcal mol-1 energy difference (Scheme 5c). A mechanistic model
has been proposed as follow: in such an early TS, the major event
taking place is the breaking of the metal-carbene p bond; since
QC ligand with a more electron-donating substituent is less p-
accepting and forms a weaker p bond with the Ru center, a
smaller distortion is needed to break the Ru–Ccarbene p bond and
thus a lower energy barrier to reach the TS. Other factors
potentially contributing to the kinetic barrier such as
electrostatics and sterics can be precluded since only negligible
differences in these factors have been found between
[Ru(TTP)(QCtBu)] and [Ru(TTP)(QCBr)]. In summary, this is the
first example of metal-QC species capable of undergoing carbene
transfer reactions.
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Scheme 5 (a) Stoichiometric reactions between [Ru(TTP)(QCR)] and ArNO. (b)
Hammett study on the carbene substituent R (R = tBu, Ph, F, Br). (c) Transition
state structures derived from [Ru(TTP)(QCtBu)] (TS1tBu) and [Ru(TTP)(QCBr)]
(TS1Br)

The O-centered HAT reactivity of [Ru(Por)(QC)] complexes is
discovered serendipitously. During the investigation of potential
C(sp3)–H insertion reactivity of [Ru(Por)(QC)] by using 1,4-
cyclohexadiene as substrate, the oxidized benzene product was
obtained in high yield, along with a Ru(III)-aryl product which is
likely formed via HAT and redox-induced electron transfer
(RIET)15 from the Ru(II) center to the QC ligand (Scheme 6a). The
Ru(III)-aryl species could be readily oxidized back to the Ru(II)-
QC complex, thereby forming a 1H+/1e- couple reminiscent of the
organic quinone/semiquinone couple; it is noteworthy that the
previous ferraquinone/ferrahydroquinone redox couple

involves a 2H+/2e- process similar to the organic
quinone/hydroquinone couple (Scheme 1b).8b By making use of
such a redox couple, an aerobic oxidation reaction catalyzed by
the Ru(II)-QC complex could be developed with a turnover
number of up to 48. The HAT mechanism is corroborated by a
primary KIE of ca. 6.6 with 9,10-dihydroanthracene(DHA)/DHA-
d4 as substrates (Scheme 6b), and also by activation parameters
including a negative activation entropy suggestive of an
associative HAT step (Scheme 6c). Lewis acid effect and
porphyrin effect further support that the HAT reactivity is O-
centered rather than C-centered. The proposed HAT and RIET
may occur concomitantly as only one TS could be found by DFT
calculations, in which the aromaticity of QC moiety is midway
between those in the Ru(II)-QC and in the Ru(III)-aryl species.
Such a HAT reactivity is unprecedented for metal-carbene
complexes to the best of our knowledge, and is closely related to
the low-lying and delocalized carbene p* orbitals which is unique
to metal-QC species.

Scheme 6 (a) Stoichiometric HAT reactivity of [Ru(Por)(QCBr)]. (b) Primary KIE
measured with DHA/DHA-d4. (c) Activation parameters determined by Eyring
plot

4 Catalytic QC Insertion into C(sp3)–H
Bonds Enabled by HAT Reactivity

QC C(sp3)–H insertion is another appealing strategy since it
allows direct arylation of C(sp3)–H bonds. Nevertheless, the
mechanism for C(sp2)–H insertion described in Section 2 is barely
applicable to C(sp3)–H bonds given the low nucleophilicity of
saturated hydrocarbons, though it might still be operative for a
few intramolecular reactions.5 On the other hand, the HAT
reactivity of Ru(II)-QC complexes offers the possibility of a
stepwise C(sp3)–H insertion process via HAT followed by radical
rebound, which resembles that of metal-oxo species. In the
system of Ru(II)-QC, formation of the Ru(III)-aryl product as a
thermodynamic sink prohibits the subsequent rebound step, and
the alkyl radical generated by HAT is simply oxidized to
arene/ketone. An electrophilic and less reducing metal center
could likely promote rebound reactivity due to increased radical
character of the QC ligand. After initial screening we discovered
that Ir(III) porphyrins are highly efficient catalysts for the QC
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C(sp3)–H insertion reactions with quinone diazides as QC sources
(Table 2),11 and this is reasonable since Ir(III) is barely reducing
and Ir(IV) porphyrin/porphyrinoid species have only been
detected spectroscopically and never been isolated.16 Detailed
mechanistic studies on all elementary steps and reaction
intermediates were conducted to support such a radical
mechanism (Scheme 7a) since it is not common for carbene
C(sp3)–H insertion reactions.17 The first elementary step is
decomposition of quinone diazide to form the Ir-QC intermediate,
which has been characterized by 1H NMR and mass spectroscopy;
formation of the azine product in the absence of aliphatic
substrate also infers the existence of Ir-QC species since azine
formation has been observed for reactive metal-carbene species
in the presence of excess diazo compounds.18 DFT calculations on
the Ir-QC intermediate reveal a very similar electronic structure
to the Ru(II) analogue including a characteristic low-lying and
delocalized carbene p* orbital. The second elementary step is
HAT, and a primary KIE value of ca. 3.2 has been determined with
THF/THF-d8 as substrates (Scheme 7c). Radical trapping
experiments with TEMPO strongly support the intermediacy of
alkyl radical, and steric control experiments are in favor of an O-
centered HAT process. The crucial Ir-QC-H· intermediate has
been characterized by EPR, and the anisotropic signals (gꞱ =
2.055 and g‖ = 1.961) suggest the presence of Ir-centered spin
density (resonance form B); however, these signals are less
anisotropic (especially the g‖ component) than authentic Ir(IV)
salen complexes (gx, gy = 2.10–2.17 and gz = 1.51–1.55) which
adopt a similar geometry, indicating significant contribution of
QC ligand-radical form (resonance form A) to the electronic
structure of the Ir-QC-H· intermediate (Scheme 7b). DFT
calculations complied with EPR data, since major spin density
was calculated to be located at the QC ligand (40%) rather than
at the Ir center (20%); for the QC ligand, 75% of the spin density
is localized at the carbene carbon, which could promote radical
rebound to occur at the carbene carbon. The final rebound step
also has a nontrivial kinetic barrier which is likely caused by the
steric effect of the porphyrin ligand,12j as suggested by catalyst
(including porphyrin ligand) screening, substrate scope study,
and the aforementioned steric control experiments.

Catalyst efficiency is significantly affected by the steric
environment of the porphyrin ligand. While bulky porphyrins
generally retarded the reaction, the use of non-bulky OEP ligand
that is free of porphyrin meso-substituents (Scheme 8) gave
much improved product yield. Substrate scope was then studied
with [Ir(OEP)Me] as the catalyst. Substituents on quinone

Table 2 Reaction Optimization (Selected)a

Entry Catalyst x (equiv) Yield of 2a (%)
1 [Ir(OEP)Me] 5 62
2 [Rh2(esp)2] 5 5
3 [Cu(CH3CN)4(BF4)] 5 <1
4 [Co(TTP)] 5 <1
5 [Ru(TTP)(CO)] 5 <1
6 [Fe(TTP)Cl] 5 <1
7 [Ir(OEP)Me] 10 86

a See ref 11 for more details in reaction optimization

diazides with various electronic properties can be well tolerated.
Aliphatic substrates containing doubly activated C(sp3)–H bonds
could readily undergo QC insertion with moderate to excellent
product yields (Scheme 8, 2a–f), though 10 equiv of the aliphatic
substrate was needed. For less activated substrates, more forcing
conditions (50 oC; neat) were required to achieve satisfactory to
moderate yields (2g–j). The high sensitivity of this reaction to
steric factor results in the following intriguing features in
regioselectivity: 1) for substituted 1,4-cyclohexadienes, high
regioselectivity could be observed even with a small Me or OMe
substituent (2d,e in Scheme 8); 2) for the 1-cyclohexene
substrate, primary insertion was favored over insertion into
other secondary C–H bonds (inset of Scheme 8); 3) for 3-

Scheme 7 (a) Proposed catalytic cycle and mechanistic studies of the Ir(III)-
catalyzed QC C(sp3)–H insertion reaction. (b) Calculated spin density and
proposed resonance structures of Ir-QC-H· intermediate. (c) Primary KIE
determined with THF/THF-d8

Scheme 8 Selected substrate scope of catalytic QC C(sp3)–H insertion reaction.
See ref 11 for the full substrate scope and detailed experimental conditions
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cyclohexene substrate which contains reactive secondary and
tertiary C–H bonds, primary insertion product 2j was obtained as
the major product (inset of Scheme 8), which supports our
proposed radical mechanism and infers that the radical rebound
step is slower than the isomerization of alkenes. Potential
synthetic utility of this reaction is further demonstrated by gram-
scale synthesis (2a in Scheme 8) and product transformations.

5 Perspective and Outlook
Our works have provided fundamental understanding on the

dual reactivity of metal-QC species, and both reactivities can be
elevated and developed into C–H activation catalysis by changing
the metal and/or ligand environment (Scheme 9). Nevertheless,
at this stage, catalytic QC C–H insertion reactions are still not
practical enough for real synthetic applications, and the current
major challenges are: 1) to make C–H substrates as limiting
reagents, 2) to activate more inert C–H bonds such as light
alkanes, 3) to improve efficiency and regioselectivity in complex
substrate molecules, and 4) to achieve enantioselective C–H
insertion reactions. Another intrinsic issue is that, after C–H
insertion, the QC group will generally rearrange to phenol which
contains a reactive O–H moiety, and attention has to be paid to
deal with this O–H bond, either to suppress or utilize its
reactivity. Based on our initial success, we conceive that some of
the above challenges may be overcome by using different
catalytic systems, and an appealing approach would be
biocatalysis given its high efficiency and selectivity in many
carbene transfer reactions. The HAT reactivity of metal-QC
species also opens up new opportunities in coupling with other
radical reactions including photocatalysis, electrocatalysis, and
other radical cascade transformations. The use of quinone
diazides as arylating reagents also merits further investigations,
and very recently we have discovered a metal-free C(sp2)–C(sp2)
bond formation reaction via cross coupling of quinone diazides
and alkenyl/aryl boronic esters.19

Scheme 9 Comparison of reactivity among Ru(II)-, Ir(III)-, and Rh2(II,II)-QC
species discussed in this account

Another inspiration lies in expanding the breadth of metal-
carbene species, as changing the carbene substituents not only
brings new functionalities to the product molecules, but may also
lead to new mechanism and ultimately to new reactivity in metal

carbene chemistry. In metal-QC species, the co-planarity of the
carbene group plays a pivotal role in the multi-site dual reactivity
as this gives rise to a conjugated and low-lying carbene p* orbital.
A quick extrapolation of this notion would land on other
carbocyclic metal-carbene species whose reactivity and/or
catalytic property remain underdeveloped.20
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