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Direct arylation of C–H bonds is in principle a powerful way of preparing value-added molecules that contain carbon–aryl
fragments. Unfortunately, currently available synthetic methods are not sufficiently effective to be practical alternatives to
conventional cross-coupling reactions. We propose that the main problem lies in the late portion of the catalytic cycle
where reductive elimination gives the desired carbon–aryl bond. Accordingly, we have developed a strategy where the
Ir(III) centre of the key intermediate is first oxidized to Ir(IV). Density functional theory calculations indicate that the
barrier to reductive elimination is reduced by nearly 19 kcal mol–1 for this oxidized complex compared with that of its Ir(III)
counterpart. Various experiments confirm this prediction, affording a new methodology capable of directly arylating C–H
bonds at room temperature with a broad substrate scope and in good yields. This work highlights how the oxidation states
of intermediates can be targeted deliberately to catalyse an otherwise impossible reaction.

Catalytic reactions that convert carbon–hydrogen bonds into
carbon–carbon bonds are of central importance in chemical
synthesis1. In particular, the formation of carbon–aryl

bonds is highly desirable because biaryl or vinyl–aryl scaffolds are
ubiquitous in a wide range of biologically active molecules and
organic materials. Transition-metal-catalysed arylations of C−H
bonds are among the most promising strategies2–4 for developing
a robust and versatile methodology for these reactions. Using
aryl-containing organometallic reagents, aryl–aryl bonds may be
formed, providing a powerful alternative to conventional cross-
coupling reactions. Unfortunately, these reactions are difficult, as
C−H arylation procedures generally require harsh reaction con-
ditions such as high temperature and excess amounts of additives.
In most cases they are thought to proceed through concerted metal-
lation–deprotonation to activate the C−H bond5, followed by trans-
metallation and reductive elimination of the C−C coupled product,
analogous to conventional cross-coupling reactions (Fig. 1, left).

A central problem is that the catalyst is often optimized for the
initial portion of the reaction, and the transmetallation intermediate
[C−Mn−Ar] is relatively stable as a result. It is therefore plausible to
hypothesize that the reductive elimination may become the bottle-
neck6–9 of the desired catalytic cycle. If so, making the metal
centre electron-poor should increase the driving force for the final
step and improve the efficiency of this step. Unfortunately, modulat-
ing the electronics of the metal centre without jeopardizing the first
half of the reaction is difficult, if not impossible, with conventional
catalyst optimization strategies. A possible solution may be to selec-
tively oxidize the transmetallation intermediate to a high-valent
metal complex (Fig. 1, right), which should increase the driving
force for reductive elimination, but not impact the initial C–H
activation step. The fact that metals in higher oxidation states
generally undergo reductive eliminations more readily has been
recognized for a long time10–17, but examples of the rational and
purposeful exploitation of this feature to enable an otherwise prohi-
bitively difficult step in catalysis are rare. A few cases of carbon–
carbon or carbon–heteroatom forming reactions have been reported
recently that take advantage of a related strategy18–22, but many
features, such as the nature of the reactive catalyst and the action

leading to the key oxidation that triggers the reductive elimination,
have remained poorly characterized. In this Article we demonstrate
that selectively changing the oxidation states of intermediates is a
powerful complement to classical catalyst optimization techniques
and propose a precise mechanism that is supported by experiments
and computer simulations. We show that mechanism-based catalysis
engineering by accessing different oxidation states is practical and
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Figure 1 | Schematic representation of C–H arylation reactions with aryl
nucleophiles catalysed by transition-metal complexes. Plausible catalytic
cycles for the direct arylation of C–H bonds with nucleophilic arylating
reagents. Left: A transmetallation reaction followed by direct reductive
elimination (RE) is generally proposed. Right: An alternative reaction
pathway involving the oxidation (Ox.) of a transmetallation intermediate
(to oxidation state n+m) and its subsequent reductive elimination
(oxidatively induced carbon–aryl bond formation). This route is more facile
than the direct reductive elimination from its oxidation state n, but has
remained poorly characterized. [M]n is the catalyst—in this study an
Ir(III) complex. Mn+m is Ir(IV) or Ir(V). M′ is typically Sn, Mg, Zn, B or Si.
Ar, aryl group.
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convenient. The mechanistic details we present and the methods
used to exploit that insight are generally applicable to many reactions
involving oxidative additions and reductive eliminations.

Results and discussion
An ideal platform for implementing this strategy is the Ir(III)-
catalysed C−H arylation reaction using aryldiazonium salts as
electrophilic arylating agents23. The Cp*Ir(III) catalyst is thought
to activate the C−H bond readily24 to form the Ir(III) intermediate,
but the reductive elimination proved impossible even under
forcing conditions. If this intermediate can be selectively oxidized
to the Ir(IV) or Ir(V) analogue, a more efficient reductive elimination
may be possible, giving rise to an improved catalytic performance, as
explained above. After some explorations we chose arylsilanes as the
arylating reagent. Although only a few methodologies for direct
C−H arylation with arylsilanes have been reported25–31, the unique
advantages of organosilicon reagents, such as low toxicity, high
stability and high functional group tolerance compared to other
metalloarenes, make them a desirable class of reagents. As a first
step, we checked for stoichiometric reactions of the iridacycle Ia,
which can be prepared easily23, with triethoxy(4-(trifluoromethyl)
phenyl)silane (ArSi(OEt)3) 2a in the presence of oxidants (Fig. 2a(i)).
We found that the desired arylated product 3a was generated at

ambient temperature by using silver fluoride as both a fluoride
source and an external oxidant. Having observed the desired reactiv-
ity in the stoichiometric arylation, we endeavoured to find out
whether a catalytic version of the reaction could be engineered. A
number of reaction conditions were screened (see Supplementary
Table 1 for details) and we observed that a catalyst system consisting
of [IrCp*Cl2]2, AgNTf2 (Tf, trifluoromethanesulfonyl), AgF and Cu
(OAc)2 in THF/TFE (THF, tetrahydrofuran; TFE, 2,2,2-trifluor-
oethanol) co-solvent is optimal at ambient temperature. In the
presence of this catalyst, benzamide 1a reacted cleanly with 2a to
afford the desired arylated product 3a in 71% yield (Fig. 2a(ii)).

With the successful stoichiometric and catalytic reactions at
hand, we embarked on mechanistic studies to determine whether
and how the facile reductive elimination from a high-valent
iridium–aryl intermediate takes place. If our proposal has any
merit, it should be possible to observe the transmetallation inter-
mediate when no oxidant is added. Indeed, the transmetallation
product IIa could be isolated in very good yield (85%) even on a
gram scale from the reaction of Ia with in situ generated arylsilicate
2a′32 in the presence of Cu(OAc)2 at ambient temperature (Fig. 2a
(iii)) (Supplementary page 17). IIa then undergoes oxidatively
induced reduction elimination to form the desired product 3a
(Fig. 2a(iv)). The molecular structure of IIa was determined by
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Figure 2 | Mechanistic studies on the transmetallation and oxidatively induced carbon–aryl bond-forming step of the present arylation. a, The
stoichiometric reaction of Ia with arylsilane 2a forms the desired arylated product 3a (i). A catalytic version (ii), using an IrCp* catalyst, is engineered that
successfully converts 1a into 3a. The stoichiometric reaction of Ia with arylsilicate 2a′ in the presence of copper acetate additive (iii) affords the
post-transmetallation product IIa, which subsequently undergoes an oxidatively induced carbon–aryl bond-forming reaction in the presence of silver(I)
oxidant to form 3a (iv). b, Structure of IIa, confirmed by X-ray diffraction of a single crystal. Purple, Ir; black, C; blue, N; red, O; green, F. c, Examination of
additives strongly implies that copper facilitates the transmetallation. †Isolated yield. ‡1.0 equiv. of additive was used. NR, no reaction. d, Reactions of IIa with
various Ag(I) oxidants demonstrate that formation of a high-valent iridium–aryl intermediate is a prerequisite for the desired carbon–aryl bond formation.
§THF solvent. ¶Reaction conducted at 120 °C. A quantitative (∼100%) amount of IIa was recovered. AgNTf2, silver bis(trifluoromethanesulfonyl)imide;
THF, tetrahydrofuran; TFE, 2,2,2-trifluoroethanol; OTFA, trifluoroacetate; Ar, (4-CF3)C6H4.
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NMR and X-ray crystallographic analysis (Fig. 2b). The isolation
and characterization of this iridacyclic complex is significant
for two reasons. (1) This is a very rare example of successfully
capturing a catalytically relevant transmetallation intermediate in
a transition-metal-catalysed C–H arylation with aryl organometallic
reagents. (2) The observed high stability of IIa strongly supports
our hypothesis that the carbon–aryl bond-forming reductive
elimination is rate-limiting and occurs from a high-valent
iridium–aryl intermediate.

Next, we scrutinized the transmetallation step by systematically
varying the additive (Fig. 2c). Surprisingly, the copper additive is
crucial for transmetallation, as the reaction was completely shut
down without it. The use of n-Bu4NOAc instead of Cu(OAc)2
also failed to afford IIa, emphasizing that the copper cation is key
to promoting the desired transmetallation (Supplementary
Table 2). To gain more information on the role of the copper addi-
tive, stoichiometric reaction of Ia with the in situ generated aryl–
copper reagent33 was studied and it was found that the desired
post-transmetallation intermediate was formed in a very good
yield (Supplementary page 20). Whereas more extensive mechanis-
tic studies are required to fully understand all details, these exper-
iments strongly indicate the involvement of a copper–aryl species
in the transmetallation step of the arylation34–36, which is distinct
from the generally proposed transmetallation pathways for the
Hiyama-type cross-coupling reactions37,38. In addition, because it
was observed that the stoichiometric arylation proceeded in the
presence of Ag(I) salt as a sole additive (Fig. 2a(i)), the trans-
metallation of silver–aryl species with an iridacyclic intermediate
should also be considered (Supplementary Fig. 1)39,40.

The stoichiometric reaction of the transmetallation intermediate
under oxidative conditions was also investigated (Fig. 2d). The treat-
ment of IIa with various Ag(I) oxidants gave the desired arylated
product 3a at ambient temperature in moderate to very good
yields. In contrast, the desired carbon–aryl bond-forming reductive
elimination did not proceed without the silver oxidant, even at elev-
ated temperature (120 °C). It was also revealed that the reactions of
IIa with commonly encountered, non-redox-active Lewis acids did
not afford the desired arylated product, suggesting that the reductive
elimination from IIa is not facilitated by ‘Lewis acid acceleration’41

(Supplementary page 25).
To better understand these results, density functional theory

(DFT) calculations were carried out and they show that enhance-
ment of the reactivity follows the Hammond postulate: as illustrated
in Fig. 3, reductive elimination from the Ir(III) intermediate is ener-
getically uphill by 14.7 kcal mol–1 and is associated with a barrier of
34.4 kcal mol–1. The transition state is late with respect to the C−C
bond formation, displaying a C−C distance of 1.67 Å, whereas the
Ir–aryl bond is nearly cleaved at 2.33 Å. As anticipated, the reductive
elimination from the oxidized Ir(IV) analogue is energetically much
more preferable and our calculations estimate it to be downhill by
6.5 kcal mol–1 with a barrier of only 15.7 kcal mol–1. Illustrating
principles of the Hammond postulate, the transition state becomes
much more reactant-like and we found C–C and Ir–C distances of
1.87 and 2.21 Å, respectively. The trend continues when the
iridium centre is oxidized once more to give the putative Ir(V) inter-
mediate. The reductive elimination is predicted to become highly
favourable with a driving force of −33.6 kcal mol–1 and almost bar-
rierless with a transition state at 4.8 kcal mol–1. This transition state
is very early and shows a short Ir–C distance of 2.06 Å and a rela-
tively long C–C distance of 2.23 Å. As we make the reaction more
downhill by oxidizing the metal and the transition state becomes
more reactant-like, its energy also becomes more similar to that of
the reactant. In other words, the reaction barrier becomes smaller
as a consequence of the higher driving force, fully consistent with
the Hammond postulate. Thus, our calculated transition-state ener-
gies suggest that oxidizing the Ir(III) centre to Ir(IV) and Ir(V) gives a

theoretical acceleration of the reductive elimination rate by ∼14 and
∼22 orders of magnitude, respectively. Although these estimates are
probably a bit exaggerated, they are in good qualitative agreement
with experimental findings and chemical intuition that changing
the oxidation state of the metal centre has a profound impact on
the reactivity of the metal complex. Energy changes of this magni-
tude are extremely difficult, if not impossible, to achieve with con-
ventional catalyst functionalization strategies. In particular, it is
impossible to selectively change the reductive elimination barrier
while leaving the initial portion of the catalysis unchanged.

To directly probe for the scenarios suggested by the computer
simulations, additional experiments were carried out, as summarized
in Fig. 4. Two reaction trajectories can be envisioned, where pathway
(i) involves reductive elimination (RE) from Ir(IV) and in pathway (ii)
the reactive species is the Ir(V) intermediate (Fig. 4a). Cyclic voltam-
metry (CV) experiments suggest that both Ir(IV) and Ir(V) species
can be accessed by electrochemical oxidation at reasonable potentials
(Fig. 4b). The CV of IIa with 0.3 M n-Bu4NPF6 in THF shows a
quasi-reversible redox event at E1/2 ≈ +0.216 V versus Fc/Fc+, fol-
lowed by an irreversible second oxidation (Supplementary Figs 3−7).
As expected for an electrochemical–chemical mechanism where
an electrochemical step is coupled to a chemical step, the
positions of the peak potentials of both redox processes are
scan-rate-dependent. At 200 mV s–1 the second peak is seen at
+0.713 V. Thus, we assigned the first redox event to the Ir(III/IV)
and the second oxidation to the Ir(IV/V) redox couples, respectively.
The quasi-reversible first redox wave and irreversible second oxi-
dation indicate that within the timescale of the electrochemical
measurement, the reductive elimination from Ir(V) is fast and
renders the oxidation irreversible, whereas the Ir(IV)–aryl species
eliminates less rapidly, and can establish a quasi-reversible redox
equilibrium. Computer simulations confirmed that the highest
occupied molecular orbital (HOMO) of the IIa and the singly
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Figure 3 | Calculated energy profiles for the reductive elimination from
Ir(III)–aryl, Ir(IV)–aryl and Ir(V)–aryl intermediates. a, Calculated energy
profiles for reductive eliminations from the Ir(III)–aryl, Ir(IV)–aryl and
Ir(V)–aryl intermediates, leading to the Ir(I), Ir(II) and Ir(III) products,
respectively. The energy barriers for the reductive elimination (shown in
kcal mol−1) were significantly lower for the more oxidized Ir species (as
emphasized by double arrows). b, Calculated structures of transition states
and selected distances, as discussed in the main text. Yellow, Ir; black, C;
blue, N; red, O; green, F.
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occupied molecular orbital (SOMO) of the putative Ir(IV)–aryl
species are located primarily on the iridium metal centre,
further supporting the notion that the electrochemical events are
associated with oxidation of the iridium centre (Supplementary
Figs 13 and 14).

Having confirmed that the high-valent Ir(IV)– and Ir(V)–aryl
species can be accessed, stoichiometric reactions of IIa with one-
electron oxidants were performed to examine the feasibility of the
aforementioned pathways (i) and (ii). When IIa was treated with
only 1 equiv. of silver trifluoroacetate, 72% of the arylated product
3a was obtained (Supplementary page 24). Because the maximum
possible yield of the product in the presence of 1 equiv. of an exter-
nal oxidant is 100% in pathway (i), but only 50% in pathway (ii), the
observed yield of >50% suggests that pathway (i) is operative.
Furthermore, the treatment of IIa with acetylferrocenium tetrafluoro-
borate (AcFcBF4), which is expected to be sufficiently oxidizing to
promote the one-electron oxidation of IIa but less likely to mediate
oxidation of the putative Ir(IV)–aryl species (Supplementary Fig. 8),
afforded desired product 3a in 50% yield (Supplementary page 24),
also pointing to pathway (i) being operative. Finally, the treatment
of IIa with AcFcBF4 at low temperature (−35 °C) was analysed
in situ by electron paramagnetic resonance (EPR) spectroscopy
(Supplementary page 30). The obtained EPR spectrum reveals a
rhombic signal with gx = 2.384, gy = 2.107 and gz = 1.785. The simi-
larity of these g values to the previously reported values for the
three-legged piano stool Cp*Ir(IV) complexes42,43 suggests that the
paramagnetic species in the reaction mixture is the putative Ir(IV)–
aryl intermediate, thus, also suggesting pathway (i) as the relevant

mechanism. These findings are in good agreement with the DFT-
calculated barrier of 15.7 kcal mol–1, which predicts a moderately
rapid reaction for the Ir(IV) system.

Taken together, these mechanistic studies lend strong support to
a catalytic cycle as outlined in Fig. 5. First, Cp*Ir(OAc)2 (ref. 44)
formed from precursor [Cp*IrCl2]2 by reacting with Ag(I) and
copper acetate, cleaves the C–H bond of the benzamide substrate
to afford a cyclometallated Ir(III) intermediate I. This iridacycle
complex undergoes transmetallation to give key intermediate II,
which is practically inert to reductive elimination. We propose
that a copper– or silver–aryl species, produced by reaction of an
in situ generated arylsilicate with a copper or silver additive, trans-
metallates to the iridium metal centre of I, ultimately carrying out a
one-electron oxidation of complex II to form Ir(IV)–aryl inter-
mediate III. Because the post-transmetallation intermediate II is a
coordinatively saturated, 18-electron complex and could also be oxi-
dized by the acetylferrocenium salt, electron transfer from complex
II to Ag(I) oxidant probably proceeds through an outer-sphere
mechanism, rather than an inner-sphere mechanism that involves
the formation of an Ir−Ag bond15. In any case, this high-valent
species may proceed to complete the oxidatively induced reductive
elimination step, resulting in the desired arylated product. Finally,
the Ir(II) species generated from the reductive elimination may be
oxidized by another equivalent of the Ag(I) oxidant to regenerate
the catalytically active Ir(III) species, closing the catalytic cycle.
Although this catalytic cycle is well supported by the mechanistic
work mentioned above, an alternative pathway that proceeds
through an Ir(V)–aryl intermediate IV cannot be completely
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excluded at present23,45,46. Additional investigations such as the
identification and/or isolation of a putative Ir(IV)–aryl intermediate
are currently under way to further support the proposed
reaction pathway.

This catalytic method allows for directly arylating C−H bonds
and shows a very broad substrate scope, as summarized in
Table 1. A wide range of benzamides can be used with various
arylsilanes to afford C−C coupled products in good yields. Both
N-tert-butylbenzamide and its derivative with a methyl group at
the para-position underwent arylation in good yields (3a,b). The
reaction efficiency was slightly increased when the N-alkyl moiety
of benzamide was changed from tert-butyl to a more bulky adaman-
tyl group (3c,d). In addition, benzamides with less sterically bulky
N-alkyl substituents, such as a cyclohexyl or n-propyl group, also
underwent the arylation smoothly to give the desired arylated
products in synthetically acceptable yields (3e,f ). The arylation
efficiency was little affected by variations of the substituents on
the aromatic ring (3g,h). Arylsilanes substituted with bromo or
chloro substituents at the para-position reacted smoothly to form
the desired products in high yields (3i,j). Fluorinated arylsilanes
also participated in the reaction, leading to the corresponding
arylated products in very good yields (3k,l). To further challenge
the generality of this new method beyond the substrate class of
benzamides, we also tested a series of enamides and found that
they also undergo arylation without difficulty to form the desired
(Z)-styrenyl products 4a–c. Moreover, we were able to arylate
various arenes with different directing groups, including derivatives
of anilide (5), dihydroindole (6), chromone (7) and benzoquinoline
(8), demonstrating that the mechanism of enhancing the
reductive elimination by oxidation is a general strategy that may

work for a variety of similar reactions to give highly effective
new transformations.

Note that the reactions for the additional substrates 4–8 were not
optimized and it is likely that higher yields can be achieved if reac-
tion conditions are optimized for these substrate classes. The
present reaction development strategy is particularly interesting, as
it provides a route to selectively enhance the reductive elimination
component of the catalytic cycle without impacting the initial
portion of the catalysis. Key to this mechanistic decoupling is selec-
tive oxidation of the transmetallation intermediate. It is noteworthy
that this selective oxidation could be performed electrochemically,
providing a non-conventional, but highly efficient and convenient
way of delivering the required energy to the chemical system. It is
clear that changing the oxidation states of reactive intermediates
with electrochemical methods is a promising tool for expanding
the capabilities of synthetic methodology that deserves to be
exploited much further and more often47.

Conclusion
We have developed a rational catalysis design strategy where the
oxidation state of an otherwise unreactive intermediate encountered
in a catalytic cycle is selectively targeted. The underlying principles
of this approach are simple and intuitive. Namely, by increasing the
oxidation state of the metal centre, the driving force for reductive
elimination of the desired product is enhanced. In complete agree-
ment with the Hammond postulate, the transition states change
their characters from more product-like in the case of Ir(III) to
more reactant-like when Ir(V) is considered for the reductive elim-
ination step, leading to lower reaction barriers as the oxidation
state of the metal is increased. Despite the conceptual simplicity,
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Figure 5 | Proposed catalytic cycle of the present Ir(III)-catalysed C–H arylation. Plausible reaction mechanism based on experimental and computational
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oxidatively enhancing reductive elimination is an underutilized
method in developing practically useful and scalable catalytic
reactions. Our study suggests that the barriers of the reductive elim-
ination can be lowered by as much as ∼15–30 kcal mol–1 if the Ir(III)
centre is oxidized to Ir(IV) or Ir(V). As a proof of principle, we
developed a Cp*Ir(III)-catalysed direct C−Η arylation reaction
using arylsilanes as a nucleophilic aryl donor, which has been
impossible to achieve so far, even under harsh conditions. We
found that by oxidizing the key intermediate, this demanding
reaction can be accomplished smoothly under mild conditions in
reasonable yields and with a broad substrate scope. Several substrate
classes were tested and found to be compatible with the new aryla-
tion method. As an additional benefit, this work provides strong
evidence for the reductive elimination to be the rate-limiting step
in the original C−H arylation reaction, providing further insight
into the mechanism. These findings also suggest that arresting
and changing the oxidation states of unreactive intermediates is a
powerful general strategy for controlling reactions that involve
oxidative additions and reductive eliminations.

Methods
Detailed information about the experimental procedures as well as analytical data
are provided in the Supplementary Information.

Data availability. All data generated and analysed during this study are included in
this Article and its Supplementary Information, and also available from the authors
upon reasonable request. Atomic coordinates and structure factors for the crystal
structure of complex IIa have been deposited at the Cambridge Crystallographic
Data Centre (CCDC 1542387) and can be obtained free of charge from the CCDC
via http://www.ccdc.cam.ac.uk/data_request/cif.

Received 17 May 2017; accepted 26 October 2017;
published online 11 December 2017

References
1. Dyker, G. Handbook of C−H Transformations Applications in Organic Synthesis

(Wiley-VCH, 2005).
2. Ackermann, L., Vicente, R. & Kapdi, A. R. Transition-metal-catalyzed direct

arylation of (hetero)arenes by C–H bond cleavage. Angew. Chem. Int. Ed. 48,
9792–9826 (2009).

3. Liu, C., Zhang, H., Shi, W. & Lei, A. Bond formations between two nucleophiles:
transition metal catalyzed oxidative cross-coupling reactions. Chem. Rev. 111,
1780–1824 (2011).

4. Giri, R., Thapa, S. & Kafle, A. Palladium-catalysed, directed C–H coupling with
organometallics. Adv. Synth. Catal. 356, 1395–1411 (2014).

5. Lapointe, D. & Fagnou, K. Overview of the mechanistic work on the concerted
metallation–deprotonation pathway. Chem. Lett. 39, 1118–1126 (2010).

6. Chu, J.-H., Lin, P.-S. & Wu, M.-J. Palladium(II)-catalyzed ortho arylation of
2-phenoxypyridines with potassium aryltrifluoroborates via C–H
functionalization. Organometallics 29, 4058–4065 (2010).

Table 1 | Scope of the present Ir-catalysed C–H arylation with arylsilanes.

Si(OEt)3

+

[IrCp*Cl2]2 (5 mol%)
AgNTf2 (20 mol%)

Cu(OAc)2 (50 mol%)
AgF (220 mol%)

THF/TFE, 25 °C, 12 h 
R2

N
H

O

R

N
H

O

F

N
H

O

Cl

F

3k, 79% 3l, 85%

N
H

O

CF3

R

N
H

O

CF3

R = Cy, 73% (3e)
    = nPr, 58% (3f) 

F

N
H

O

CF3

N
H

O

Cl

N
H

O

CF3

4a, 78% 4b, 75% 4c, 73%

N
H

O

CF3

R

R = H, 71% (3a)
    = Me, 73% (3b)

N
H

O

CF3

R

R = H, 75% (3c)
    = Me, 81% (3d)

R = Br, 73% (3i)
    = Cl, 74% (3j)

DG

H

R1

DG

R1

R2

R = OMe, 80% (3g)
    = CF3, 61% (3h)

N
N

O
tBu

H
N tBu

O
O

O

CF3

5, 66%

CF3

6, 70%

CF3

7, 48%

CF3

8, 75%

Benzamides

Enamides (olefinic C–H bonds)

Substrates with other directing groups

Ad Ad

tBu Ad R Ad Ad

Ad Ad
tBu

Reaction conditions: substrate (0.2 mmol), arylsilane (2, 0.4 mmol), [IrCp*Cl2]2 (0.01 mmol), AgNTf2 (0.04 mmol), Cu(OAc)2 (0.1 mmol), AgF (0.44 mmol) in THF/TFE (1:1, 1.0 ml) at 25 °C for 12 h.
All yields are isolated yields. In all cases when a benzamide (1) was used as a substrate, only trace (<5%) amount of bis-arylated product was produced. DG, directing group; THF, tetrahydrofuran;
TFE, 2,2,2-trifluoroethanol.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.2900 ARTICLES

NATURE CHEMISTRY | VOL 10 | FEBRUARY 2018 | www.nature.com/naturechemistry 223

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://www.nature.com/compfinder/10.1038/nchem.2900_compIIa
http://www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1038/nchem.2900
http://www.nature.com/naturechemistry


7. Li, W., Yin, Z., Jiang, X. & Sun, P. Palladium-catalyzed direct ortho C–H
arylation of 2-arylpyridine derivatives with aryltrimethoxysilane. J. Org. Chem.
76, 8543–8548 (2011).

8. Romero-Revilla, J. A., García-Rubia, A., Goméz Arrayás, R., Fernández-
Ibáñez, M. Á. & Carretero, J. C. Palladium-catalyzed coupling of arene C–H
bonds with methyl- and arylboron reagents assisted by the removable
2-pyridylsulfinyl group. J. Org. Chem. 76, 9525–9530 (2011).

9. Spangler, J. E., Kobayashi, Y., Verma, P., Wang, D.-H. & Yu, J.-Q. α-Arylation of
saturated azacycles and N-methylamines via palladium(II)-catalyzed C(sp3)–H
coupling. J. Am. Chem. Soc. 137, 11876–11879 (2015).

10. Komiya, S., Albright, T. A., Hoffmann, R. & Kochi, J. K. The stability of organogold
compounds. Hydrolytic, thermal, and oxidative cleavages of dimethylaurate(I)
and tetramethylaurate(III). J. Am. Chem. Soc. 99, 8440–8447 (1977).

11. Lau, W., Huffman, J. C. & Kochi, J. K. Electrochemical oxidation–reduction of
organometallic complexes. Effect of the oxidation state on the pathways for
reductive elimination of dialkyliron complexes.Organometallics 1, 155–169 (1982).

12. Seligson, A. L. & Trogler, W. C. One-electron oxidative cleavage of palladium(II)
alkyl and phenoxo bonds. J. Am. Chem. Soc. 114, 7085–7089 (1992).

13. Pedersen, A. & Tilset, M. Oxidatively induced reductive eliminations. Kinetics
and mechanism of the elimination of ethane from the 17-electron cation radical
of rhodium complex Cp*Rh(PPh3)(CH3)2. Organometallics 12, 56–64 (1993).

14. Koo, K. & Hillhouse, G. L. Carbon–nitrogen bond formation by reductive
elimination from nickel(II) amido alkyl complexes. Organometallics 14,
4421–4423 (1995).

15. Lanci, M. P., Remy, M. S., Kaminsky, W., Mayer, J. M. & Sanford, M. S.
Oxidatively induced reductive elimination from (tBu2bpy)Pd(Me)2: palladium
(IV) intermediates in a one-electron oxidation reaction. J. Am. Chem. Soc. 131,
15618–15620 (2009).

16. Bour, J. R. et al. Carbon–carbon bond-forming reductive elimination from
isolated nickel(III) complexes. J. Am. Chem. Soc. 138, 16105–16111 (2016).

17. Watson, M. B., Rath, N. P. & Mirica, L. M. Oxidative C–C bond formation
reactivity of organometallic Ni(II), Ni(III), and Ni(IV) complexes. J. Am. Chem.
Soc. 139, 35–38 (2017).

18. Neufeldt, S. R., Seigerman, C. K. & Sanford, M. S. Mild palladium-catalyzed C–H
alkylation using potassium alkyltrifluoroborates in combination with MnF3.
Org. Lett. 15, 2302–2305 (2013).

19. Seigerman, C. K., Micyus, T. M., Neufeldt, S. R. & Sanford, M. S. Palladium-
catalyzed C–H arylation using aryltrifluoroborates in conjunction with a MnIII

oxidant under mild conditions. Tetrahedron 69, 5580–5587 (2013).
20. Tasker, S. Z. & Jamison, T. F. Highly regioselective indoline synthesis under

nickel/photoredox dual catalysis. J. Am. Chem. Soc. 137, 9531–9534 (2015).
21. Terrett, J. A., Cuthbertson, J. D., Shurtleff, V. W. & MacMillan, D. W. Switching

on elusive organometallic mechanisms with photoredox catalysis. Nature 524,
330–334 (2015).

22. Corcoran, E. B. et al. Aryl amination using ligand-free Ni(II) salts and
photoredox catalysis. Science 353, 279–283 (2016).

23. Shin, K., Park, S.-W. & Chang, S. Cp*Ir(III)-catalyzed mild and broad C–H
arylation of arenes and alkenes with aryldiazonium salts leading to the external
oxidant-free approach. J. Am. Chem. Soc. 137, 8584–8592 (2015).

24. Li, L., Brennessel, W. W. & Jones, W. D. C−H activation of phenyl imines and
2-phenylpyridines with [Cp*MCl2]2 (M = Ir, Rh): regioselectivity, kinetics,
and mechanism. Organometallics 28, 3492–3500 (2009).

25. Yang, S., Li, B., Wan, X. & Shi, Z. Ortho arylation of acetanilides via Pd(II)-
catalyzed C–H functionalization. J. Am. Chem. Soc. 129, 6066–6067 (2007).

26. Zhou, H., Xu, Y.-H., Chung, W.-J. & Loh, T.-P. Palladium-catalyzed direct
arylation of cyclic enamides with aryl silanes by sp2 C–H activation.
Angew. Chem. Int. Ed. 48, 5355–5357 (2009).

27. Senthilkumar, N., Parthasarathy, K., Gandeepan, P. & Cheng, C.-H. Synthesis of
phenanthridinones from N-methoxybenzamides and aryltriethoxysilanes
through Rh(III)-catalyzed C–H and N–H bond activation. Chem. Asian J. 8,
2175–2181 (2013).

28. Lu, M.-Z., Lu, P., Xu, Y.-H. & Loh, T.-P. Mild Rh(III)-catalyzed direct C–H bond
arylation of (hetero)arenes with arylsilanes in aqueous media. Org. Lett. 16,
2614–2617 (2014).

29. He, J., Takise, R., Fu, H. & Yu, J.-Q. Ligand-enabled cross-coupling of C(sp3)–H
bonds with arylsilanes. J. Am. Chem. Soc. 137, 4618–4621 (2015).

30. Zhao, S., Liu, B., Zhan, B.-B., Zhang, W.-D. & Shi, B.-F. Nickel-catalyzed
ortho-arylation of unactivated (hetero)aryl C–H bonds with arylsilanes using
a removable auxiliary. Org. Lett. 18, 4586–4589 (2016).

31. Nareddy, P., Jordan, F. & Szostak, M. Highly chemoselective ruthenium(II)-
catalyzed direct arylation of cyclic and N,N-dialkyl benzamides with aryl silanes.
Chem. Sci. 8, 3204–3210 (2017).

32. Shukla, K. H. & DeShong, P. Studies on the mechanism of allylic coupling
reactions: a Hammett analysis of the coupling of aryl silicate derivatives. J. Org.
Chem. 73, 6283–6291 (2008).

33. Saijo, H., Ohashi, M. & Ogoshi, S. Fluoroalkylcopper(I) complexes generated by
the carbocupration of tetrafluoroethylene: construction of a tetrafluoroethylene-
bridging structure. J. Am. Chem. Soc. 136, 15158–15161 (2014).

34. Nakao, Y., Imanaka, H., Sahoo, A. K., Yada, A. & Hiyama, T. Alkenyl- and aryl
[2-(hydroxymethyl)phenyl]dimethylsilanes: an entry to tetraorganosilicon
reagents for the silicon-based cross-coupling reaction. J. Am. Chem. Soc. 127,
6952–6953 (2005).

35. Herron, J. R. & Ball, Z. T. Synthesis and reactivity of functionalized arylcopper
compounds by transmetalation of organosilanes. J. Am. Chem. Soc. 130,
16486–16487 (2008).

36. Oeschger, R. J. & Chen, P. Structure and gas-phase thermochemistry of a Pd/Cu
complex: studies on a model for transmetalation transition states. J. Am. Chem.
Soc. 139, 1069–1072 (2017).

37. Nakao, Y. & Hiyama, T. Silicon-based cross-coupling reaction: an
environmentally benign version. Chem. Soc. Rev. 40, 4893–4901 (2011).

38. Amatore, C., Grimaud, L., Le Duc, G. & Jutand, A. Three roles for the fluoride
ion in palladium-catalyzed Hiyama reactions: transmetalation of [ArPdFL2] by
Ar′Si(OR)3. Angew. Chem. Int. Ed. 53, 6982–6985 (2014).

39. Whitaker, D., Burés, J. & Larrosa, I. Ag(I)-catalyzed C–H activation: the role of
the Ag(I) salt in Pd/Ag-mediated C–H arylation of electron-deficient arenes.
J. Am. Chem. Soc. 138, 8384–8387 (2016).

40. Lotz, M. D., Camasso, N. M., Canty, A. J. & Sanford, M. S. Role of silver salts in
palladium-catalyzed arene and heteroarene C–H functionalization reactions.
Organometallics 36, 165–171 (2017).

41. Shen, Q. & Hartwig, J. F. Lewis acid acceleration of C–N bond-forming reductive
elimination from heteroarylpalladium complexes and catalytic amidation of
heteroaryl bromides. J. Am. Chem. Soc. 129, 7734–7735 (2007).

42. Brewster, T. P. et al. An iridium(IV) species, [Cp*Ir(NHC)Cl]+, related to a water-
oxidation catalyst. Organometallics 30, 965–973 (2011).

43. Graeupner, J. et al. Electron-rich CpIr(biphenyl-2,2′-diyl) complexes with
π-accepting carbon donor ligands. Organometallics 31, 7158–7164 (2012).

44. Kang, J. W. & Maitlis, P. M. (Pentamethylcyclopentadienyl)rhodium and
-iridium complexes. V. Complexes with oxy-ligands and the exchange of
methyl protons by deuterium under basic conditions. J. Organomet. Chem. 30,
127–133 (1971).

45. Huang, L., Hackenberger, D. & Gooßen, L. J. Iridium-catalyzed ortho-arylation
of benzoic acids with arenediazonium salts. Angew. Chem. Int. Ed. 54,
12607–12611 (2015).

46. Gao, P. et al. Iridium(III)-catalyzed direct arylation of C–H bonds with
diaryliodonium salts. J. Am. Chem. Soc. 137, 12231–12240 (2015).

47. Yan, M., Kawamata, Y. & Baran, P. S. Synthetic organic electrochemistry:
calling all engineers. Angew. Chem. Int. Ed. https://doi.org/10.1002/anie.
201707584 (2017).

Acknowledgements
This research was supported by the Institute for Basic Science (IBS-R010-D1) in Korea.

Author contributions
K.S., Y.P., M.-H.B. and S.C. conceived and designed the project and wrote the manuscript.
K.S. and Y.P. carried out the experiments. Y.P. performed DFT calculations. S.C. organized
the research. All authors analysed the data, discussed the results and commented on
the manuscript.

Additional information
Supplementary information and chemical compound information are available in the
online version of the paper. Reprints and permissions information is available online at
www.nature.com/reprints. Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations. Correspondence and
requests for materials should be addressed to M.-H.B. and S.C.

Competing financial interests
The authors declare no competing financial interests.

ARTICLES NATURE CHEMISTRY DOI: 10.1038/NCHEM.2900

NATURE CHEMISTRY | VOL 10 | FEBRUARY 2018 | www.nature.com/naturechemistry224

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

https://doi.org/10.1002/anie.201707584
https://doi.org/10.1002/anie.201707584
http://dx.doi.org/10.1038/nchem.2900
http://www.nature.com/reprints
http://dx.doi.org/10.1038/nchem.2900
http://www.nature.com/naturechemistry

	Iridium-catalysed arylation of C–H bonds enabled by oxidatively induced reductive elimination
	Results and discussion
	Conclusion
	Methods
	Data availability

	Figure 1  Schematic representation of C–H arylation reactions with aryl nucleophiles catalysed by transition-metal complexes.
	Figure 2  Mechanistic studies on the transmetallation and oxidatively induced carbon–aryl bond-forming step of the present arylation.
	Figure 3  Calculated energy profiles for the reductive elimination from Ir�(III)–aryl, Ir(IV)–aryl and Ir(V)–aryl intermediates.
	Figure 4  Detailed mechanistic studies on the oxidation and reductive elimination step of the present iridium-catalysed C−H arylation.
	Figure 5  Proposed catalytic cycle of the present Ir(III)-catalysed C–H arylation.
	Table 1  Scope of the present Ir-catalysed C–H arylation with arylsilanes.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


