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ed Ir(III) reductive elimination
enables construction of seven-membered-ring
sulfoxides†

Wu Yang, Yingzi Li, Jiefeng Zhu, Wentan Liu, Jie Ke and Chuan He *

Iridium has played an important role in the evolution of C–H activation chemistry over the last half century

owing to its high reactivity towards stoichiometric C–H bond cleavage; however, the use of Ir(III) complexes

in catalytic C–H functionalization/C–C bond formation appears to have fallen off significantly. The main

problem lies in the reductive elimination step, as iridium has a tendency to form stable and catalytically

inactive Ir(III) species. Herein, with a rationally designed Lewis acid assisted oxidatively induced strategy,

the sluggish Ir(III) reductive elimination is successfully facilitated, enabling the facile C–C bond formation.

The X-ray crystal structure of a silver salt adduct of iridacycle and DFT calculations demonstrate that the

sulfoxide group acts as a key bridge connecting the Ir(III) metal centre with the silver Lewis acid, which

facilitates the reductive elimination of the Ir(III) metallacycle. Further identification of oxidants was carried

out by performing stoichiometric reactions, which enables the development of catalytic construction of

various highly functionalized seven-membered-ring sulfoxides, that are of great interest in medicinal

chemistry and materials science.
Introduction

The development of new catalytic transformations based on
converting carbon–hydrogen bonds into carbon–carbon bonds
is one of the most attractive goals of modern synthetic chem-
istry.1–3 Over the last decade, the extraordinary advances ach-
ieved by transition metal catalysis in the eld of C–H bond
activation have revolutionized the rules for assembling mole-
cules, enabling the rapid construction and late-stage diversi-
cation of functional molecules in a more efficient and
straightforward manner.4–8 Generally, transition metals can
react with carbon–hydrogen bonds in a certain way to produce
carbon–metal bonds, and the organometallic intermediates
open up opportunities for further carbon–metal functionaliza-
tion.9,10 In the realm of C–H bond activation and subsequent
C–C bond formation, the second-row platinum group metals,
particularly palladium salts, unambiguously stand out as priv-
ileged catalysts owing to their outstanding reactivity and
controllable reaction pathway.11–15 In contrast, the use of third-
row transition metals in catalytic elaboration of C–C bonds
from C–H bonds appears to have fallen off signicantly.16–31
f Chemistry, Guangdong Provincial Key
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Iridium complexes have been shown to be highly active for
stoichiometric C–H bond activation, while the relatively stable
metallacyclic Ir(III) intermediates usually hamper their catalytic
turnovers in the Ir(III)-catalyzed C–C bond forming reactions
(Scheme 1a).32–34 The main problem lies in the reductive elimi-
nation step furnishing C–C bond formation, which is identied
as the bottleneck in the catalytic cycle.

Given the intrinsic outstanding reactivity in C–H bond acti-
vation, iridium would undoubtedly hold great potential for
enabling catalytic C–H bond functionalization, in particular
C–C bond forming reactions, if the sluggish reductive elimina-
tion of Ir(III) intermediates can be accelerated deliberately in the
catalytic cycle, which may realize otherwise impossible reac-
tions with many exciting opportunities. Recently, Chang and co-
workers elegantly demonstrated that selectively changing the
oxidation states of Ir(III) intermediates enables the facile
oxidatively induced reductive elimination pathway, which
operates successfully in the Ir(III)-catalyzed C–H arylation reac-
tion with arylsilanes or arylboronic esters as the arylating
reagents (Scheme 1b).35,36 The alternative high-valent catalytic
pathway, where the reductive elimination is facilitated by
making the metal centre electron-poor with a high oxidation
state, has also been appreciated in palladium catalysis.37–41

As part of an overarching goal to develop new modes for
catalytic conversion of carbon–hydrogen bonds into carbon–
carbon bonds, we questioned whether some native functional
groups could tune the electronic environment around the Ir(III)
metal centre via coordination assisted by Lewis acids, which
would increase the driving force for the reductive elimination
Chem. Sci., 2020, 11, 10149–10158 | 10149
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Scheme 1 Ir(III) reductive elimination.
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step.42 Here we report the realization of this idea via a Lewis acid
assisted oxidatively induced reductive elimination, which
enables the facile Ir(III)-catalyzed C–C bond forming reaction
(Scheme 1c). The sulfoxide functional group plays a crucial role
in this transformation, allowing the selective C–H bond acti-
vation and acts as a key bridge connecting the Ir(III) metal centre
with the Lewis acid, which facilitates the reductive elimination
of the stable Ir(III) metallacycle intermediate. Based on the
designed strategy, a novel Ir(III)-catalyzed C–H functionaliza-
tion/C–C bond forming reaction is developed, which enables
the facile construction of a wide range of highly functionalized
seven-membered-ring sulfoxides in a chemo- and regio-selective
manner with air as the terminal oxidant.

Results and discussion

At the outset of this study, we were interested in identifying
effective ligands for Ir(III)-catalyzed C–H functionalization. One
interesting study reported by Ison and co-workers showed that
10150 | Chem. Sci., 2020, 11, 10149–10158
a DMSO (dimethyl sulfoxide) coordinated Cp*Ir acetate
complex enabled direct C–H activation of benzene, and only
DMSO was found to be effective for this transformation.43 Thus,
we questioned whether some tailored sulfoxides could be used
as ligands in Ir(III)-catalyzed C–H functionalization, or some
sulfoxides tethered with proximal C–H bond sites could
undergo facile C–H activation allowing the direct functionali-
zation of themselves, which might access novel sulfoxide
compounds of untapped potential. The studies began with the
investigation of stoichiometric reactions between Ir(III) salts and
various sulfoxides. When 2 equivalents of dibenzyl sulfoxide 1a
were treated with a stoichiometric amount of the Cp*Ir(III)Cl2
dimer in the presence of a silver salt and NaOAc in TFE (tri-
uoroethanol), we observed a new organoiridium complex (Ir-I)
where C–H activation had taken place twice at each of the
phenyl groups proximal to the sulfoxide group (Scheme 2).44

Inspired by this sulfoxide-steered Ir(III)-mediated C–H bond
activation mode, we questioned whether we could conduct the
direct reductive elimination of this sulfoxide iridacycle (Ir-I),
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Stoichiometric reaction of dibenzyl sulfoxide with Ir(III). Crystal structure of iridacycle (Ir-I): blue, Ir; gray, C; red, O; yellow, S.
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that might enable the C–C bond formation and construction of
a seven-membered-ring sulfoxide. Aer many efforts, it turned
out that this Ir(III) species (Ir-I) is quite stable. No reaction took
place even at 90 �C under oxidant-free conditions (Scheme 3,
entry 1). Preliminary theoretical study disclosed that the acti-
vation free energy for direct reductive elimination of the Ir(III)
intermediate (Ir-I) is enormous 45.8 kcal mol�1, which indi-
cated that the direct C–C bond reductive elimination of the Ir(III)
intermediate (Ir-I) would not occur under mild conditions (see
the ESI Fig. S17† for details). We next carried out reactions
under oxidative conditions. We were delighted to observe the
desired reductive elimination product, the seven-membered-
ring sulfoxide 2a, when heating under an air atmosphere,
albeit in low yields (Scheme 3, entries 2–4). A wide range of
Scheme 3 Reductive elimination of the sulfoxide iridacycle. Conditions
equiv. [Mn] in air), additive (0.2 equiv.), TFE (0.5mL), 24 h; NMR yields; CAN
TFA ¼ trifluoroacetate.

This journal is © The Royal Society of Chemistry 2020
commonly used oxidants, such as AgOAc, Cu(OAc)2, PhI(OAc)2,
Ce(IV) salts, V2O5, oxone, and MnO2 were ineffective in the
transformation at room temperature (Scheme 3, entries 5–12);
only Mn(OAc)3$2H2O produced 37% yield (Scheme 3, entry 13).
Further optimization around oxidants did not result in any
obvious improvements. Theoretically, making the metal centre
electron-poor should increase the driving force for reductive
elimination. Since the sulfoxide group coordinated to the Ir(III)
metal centre, if we could nd a method to reduce the electron
density around the metal centre through this sulfoxide bridge,
we may accelerate this challenging Ir(III) reductive elimination.
With this idea in mind, several Lewis acid (LA) additives were
employed in the reaction, which could reasonably coordinate to
the O atom of the sulfoxide and pull electron density away from
: Ir-I (0.05 mmol), oxidant (entries 5–13, 1.2 equiv.; entries 14–18, 0.2
¼ ceric ammonium nitrate; NTf2¼ bis(trifluoromethanesulfonyl)imide;

Chem. Sci., 2020, 11, 10149–10158 | 10151
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the Ir(III) metal centre. In the presence of magnesium or silver
Lewis acids, the conversion of iridacycle (Ir-I) dramatically
improved even with 20 mol% manganese(III) oxidant at room
temperature (Scheme 3, entries 14–18). Notably, even without
manganese(III) species, Mg(NTf2)2 alone could also produce the
reductive elimination product in 14% yield in air (Scheme 3,
entry 19). DFT calculations for this process indicated that
assisted by a Lewis acid, the facile oxidatively induced reductive
elimination of the C–C bond from Ir(IV) species occurs with
only a small activation energy of 16.9 kcal mol�1 (see the ESI
Fig. S17† for details).

To further conrm the effect of the Lewis acid, stoichio-
metric reactions of the iridacycle (Ir-I) with Mg(NTf2)2 and
Scheme 5 Silver Lewis acid adduct of the iridacycle. Crystal structure of

Scheme 6 Electrostatic potential surfaces of iridacycle Ir-I and Ir-II (red

Scheme 4 1H NMR studies of the Lewis acid effects.

10152 | Chem. Sci., 2020, 11, 10149–10158
several silver Lewis acids were investigated by NMR spectros-
copy. The 1H NMR spectra all show a signicant down-eld
chemical shi of the benzylic protons (Scheme 4), which
strongly suggests that the coordination of Lewis acids pulls
electron density away from the sulfoxide iridacycle (Ir-I). To our
delight, we also obtained one X-ray crystal structure of the silver
Lewis acid adduct of iridacycle (Ir-II), clearly displaying that one
molecule of AgTFA coordinated to the O atom of sulfoxide,
while another molecule of AgTFA had p-interactions with the
two phenyl groups (Scheme 5). Both effects signicantly
reduced the electron density around the Ir(III) metal centre,
allowing the facile Lewis acid assisted oxidatively induced
reductive elimination.

To support the above experimental results, electrostatic
potential (ESP) calculations were used to clarify the role of the
Lewis acid. The ESP surfaces showed that the negative charge is
mainly located on the central iridium atom and sulfoxide group
in Ir-I; while with the silver Lewis acid, the centre of the negative
charge is located on the Lewis acid in Ir-II (Scheme 6). These
results clearly suggest that the Lewis acid reduced the electron
density around the iridium metal centre.

With the successful stoichiometric reactions in hand, we
next embarked on catalytic studies to establish the synthetic
methodology for the construction of seven-membered-ring
sulfoxides. Since the sulfoxide iridacycle is the key interme-
diate, we rst used 10 mol% isolated iridacycle (Ir-I) as the
catalyst in the reaction to test the turnover. In the presence of
20 mol% Mn(OAc)3$2H2O, 38% yield of desired product 2a was
obtained (Scheme 7, entry 1). Based on the insights into the role
of the Lewis acid in the stoichiometric reaction, adding
20 mol% magnesium or silver Lewis acids in the catalytic
reaction enabled full conversion of 1a into 2a (Scheme 7, entries
2–4). Further examination of the catalyst precursors showed
Ir-II: blue, Ir; gray, C; red, O; green, F; yellow, S; light grey, Ag (marked).

indicating negative potential and blue indicating positive potential).

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Development of the catalytic reaction. Conditions: 1a (0.1 mmol), oxidant (20 mol%), additive (20 mol%), TFE (0.5 mL); NMR yields. [b]
1a (0.2 mmol), Mn(OAc)3$2H2O (5 mol%), AgNTf2 (4 mol%), TFE (1.0 mL). [c] AgNTf2 (10 mol%). [d] Isolated yield in parentheses.
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that the use of the 5 mol% Cp*Ir(III)Cl2 dimer along with
20 mol% Mn(OAc)3$2H2O and AgNTf2 provided the corre-
sponding seven-membered-ring sulfoxide 2a in 93% yield
(Scheme 7, entry 6). AgNTf2 was chosen owing to its ability to
Scheme 8 Substrate scope of symmetric sulfoxides. Isolated yields.

This journal is © The Royal Society of Chemistry 2020
grab the chloride in the catalyst precursor, as well as to act as
a Lewis acid. Without Mn(OAc)3$2H2O, almost no reaction
occurred (Scheme 7, entry 5). It is noteworthy that this reaction
could proceed smoothly even using a 1mol% Cp*Ir(III)Cl2 dimer
Chem. Sci., 2020, 11, 10149–10158 | 10153
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Scheme 9 Substrate scope of non-symmetric sulfoxides. Isolated yields, due to the conformation of non-symmetric biaryl units within the
seven-membered-ring sulfoxide, dr was observed, see the ESI† for details.
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catalyst precursor (Scheme 7, entry 7). However, the Ir(I) catalyst
precursor showed no reactivity in this process (Scheme 7, entry
8). In addition, Cp*RhCl2, (p-cymene)RuCl2 and Pd(OAc)2 cata-
lysts were also tested in the reaction, as these catalytic systems
usually display high reactivity in some sulfoxide directed C–H
10154 | Chem. Sci., 2020, 11, 10149–10158
functionalization reactions.45–53 However, for this typical trans-
formation, no yield of 2a could be obtained (see the ESI Table
S6† for details).

In assessing the scope of the catalytic reaction, we found that
a wide range of readily available symmetric sulfoxides containing
This journal is © The Royal Society of Chemistry 2020
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benzyl groups were suitable substrates for the construction of
seven-membered-rings (Scheme 8). Benzyl groups with substit-
uents at the para, meta and ortho positions of the aromatic ring
all provided the desired products in good yields (2b–2p). Both
electron-withdrawing and electron-donating groups, such as
methyl, tert-butyl, OCF3, CF3 and ester groups (2b, 2g, 2i–2m, and
2o), on the aromatic ring were well tolerated, and halogen
substituents (2c–2f, 2n, and 2p) could also be introduced to
produce the corresponding products without any problem
including the iodo group (2f). Extended aromatic or olen groups
(2h, 2l, 2q, and 2r) as well as heterocycle thiophene (2s) could
also be transformed into this seven-membered-ring sulfoxide
scaffold. Moreover, di-p-tolyl sulte could undergo similar
transformation in 43% yield (2t). It is noteworthy that only a few
reports demonstrated the construction of this type of seven-
membered-ring sulfoxide scaffold, and the substrate was
restricted to electron-rich aromatic rings.54,55

Besides symmetric sulfoxides, the reaction was also readily
extended to a variety of non-symmetric sulfoxides bearing
diverse functional groups in good to excellent yields (Scheme 9).
Methyl, halogen substituents, ester, OTBS, OCF3, SCF3, and
alkenyl groups at different substituted positions all worked well
giving the novel non-symmetric seven-membered-ring sulfox-
ides in 48–95% yields, which provided readily manipulatable
functional groups suitable for downstream modication of
varying substitution patterns (4a–4s). It is noteworthy that
normally the over-oxidation of sulfoxides to sulfones as well as
the oxidation of benzylic C–H bonds is an inevitable problem in
many oxidative coupling reactions. Herein, with this Lewis acid
assisted oxidatively induced strategy, we can selectively conduct
Ir(III) reductive elimination achieving C–C bond formation
under mild oxidative conditions without touching the sulfoxide
group and benzylic C–H bonds. To further illustrate the utility
of this transformation, we examined this Ir(III)-catalyzed C–H
functionalization/C–C bond forming reaction employing the
core structures of several bioactive molecules or
Scheme 10 Derivatizations of the bithiophene-based seven-membered

This journal is © The Royal Society of Chemistry 2020
pharmaceuticals, such as (+)-a-tocopherol (5a), lithocholic acid
(5b), dehydrocholic acid (5c), lyrica (pregabalin) (5d), diclofenac
(5e), naproxen (5f), isoxepac (5g) and indomethacin (5h). We
were delighted to nd that the corresponding seven-membered-
ring sulfoxide products could be obtained in good yields, irre-
spective of existing diverse functional groups and complex
molecular structures. This process transforms readily available
sulfoxides into their highly functionalized seven-membered-
ring derivatives, that have shown indication of applications in
medicinal chemistry.56

In addition, we showed that the bithiophene-based seven-
membered-ring sulfoxide product 2s could serve as
a substrate for a selection of straightforward transformations to
potentially useful building blocks in materials science
(Scheme 10). Tricyclic bithiophene-based compounds where the
3,30-positions of bithiophene are fastened by different bridging
atoms have been demonstrated as superior building blocks to
construct organic materials utilized in a range of diverse opto-
electronic applications.57,58 Herein, by using this methodology,
we developed a new tricyclic bithiophene-based system con-
taining an additional sulfur atom within the seven-membered-
ring. Simple reduction, oxidation or imidation of the sulfoxide
of 2s generated the corresponding seven-membered-ring sulde
6a, sulfone 6c, and sulfoximine 6b in good yields, respectively.
Bromination of these compounds successfully delivered the
dibromide derivatives 6d–6f. All of these compounds could
presumably be used as novel monomers for the access of new
donor–acceptor conjugated polymers of untapped potential,
which could be highly attractive to organic material chemists.
So far, we have done some preliminary studies which show that
copolymerization of the electron-decient sulfone bridged
bithiophene 6f with some precedented building blocks,
provided new high-performance polymer solar cells (PSCs) with
a relatively high power conversion efficiency (PCE). The results
of these investigations will be reported in due course.
-ring sulfoxide.

Chem. Sci., 2020, 11, 10149–10158 | 10155
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Scheme 12 Catalytic cycle of the Ir(III)-catalyzed reaction.

Scheme 11 KIE studies of the catalytic reaction.
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Finally, we investigated the kinetic parameters of this cata-
lytic reaction. Two types of kinetic isotope effect (KIE) experi-
ments were explored using 1a and d10-1a (Scheme 11). Both
parallel competitive reactions and same-ask intermolecular
competitive reactions exhibited signicant isotope effects,
suggesting that C–H bond cleavage occurs as part of the
turnover-limiting step.59 Therefore, in the presence of the Lewis
acid and manganese oxidant, the previous sluggish reductive
elimination is clearly no longer the turnover-limiting step.

Taken together, based on the stoichiometric reactions and
mechanistic studies, a catalytic cycle of this Ir(III)-catalyzed
reaction is proposed in Scheme 12. First, Cp*Ir acetate complex
A is generated from the precursor Cp*IrCl2 dimer by reacting
with Ag(I) and manganese(III) acetate. Coordination with sulf-
oxide 1a produces complex B, which undergoes C–H bond
activation affording the cyclometallated Ir(III) intermediate C (Ir-
III) and D (Ir-I) sequentially. Assisted by the Lewis acid, this
iridacycle adduct E is proposed to carry out a one-electron
10156 | Chem. Sci., 2020, 11, 10149–10158
oxidation using manganese(III) acetate giving the highly reac-
tive Ir(IV) intermediate F. The one-electron reduction of man-
ganese(III) to manganese(II) was observed by EPR spectroscopy
(See the ESI Fig. S8† for details). Finally, this high-valent Ir
species may proceed to complete the Lewis acid assisted
oxidatively induced reductive elimination step, enabling the
construction of seven-membered-ring sulfoxide product 2a,
while, the plausible Ir(II) species generated from the reductive
elimination may be oxidized by the manganese oxidant to
regenerate the catalytically active Ir(III) species, closing the
catalytic cycle.
Conclusions

In summary, we have successfully facilitated Ir(III) reductive
elimination by a rationally designed Lewis acid assisted oxida-
tively induced strategy, which enables the facile construction of
versatile seven-membered-ring sulfoxides in good to excellent
This journal is © The Royal Society of Chemistry 2020
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yields. The key X-ray crystal structure of the Lewis acid adduct of
the iridacycle suggests that the sulfoxide group plays a crucial
role in the transformation, acting as a bridge connecting the
Ir(III) metal centre with the Lewis acid, which allows the facile
reductive elimination of the stable and catalytically inactive
Ir(III) metallacycle intermediate. This process transforms readily
available sulfoxides into highly functionalized seven-
membered-rings that we believe will prove attractive to practi-
tioners of medicinal chemistry and materials science. Further-
more, this strategy by tuning the electronic density of the metal
centre via the sulfoxide bridge and Lewis acid not only facili-
tates the challenging Ir(III) reductive elimination, but also
provides insights into the elementary stages in general
transition-metal-catalyzed coupling reactions, leads to a prac-
tical and powerful complement to classical condition develop-
ment techniques, and offers an opportunity to explore
previously inaccessible reactions.
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