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A novel synthetic strategy for phenazine formation is reported
following self coupling of anilines by Pd-Ag binary nanocluster-
catalysed synchronous double C-N bond formation via non-radical
mode of ortho-aryl C-H activation.

The phenazine unit is a privileged heterocyclic scaffold widely
present in various natural products and biologically active
compounds and plays important role in several biochemical
events such as behavioural and ecological fitness of bacteria,
inhibits the angiotensin-converting lipid
peroxidation, exhibits antimalarial
These make phenazines demanding synthetic

enzyme and

and anticancer and
activities."
targets.™

While designing new synthetic strategy to construct the
phenazine scaffold we realised that the use of transition
metal-catalyst might present milder and better method.
Efforts made towards this direction are based on the
palladium-catalysed aryl—amination2 that requires multistep
synthetic sequence such as nitration, bromination, and
reduction to generate the desired intermediate for the final
cyclisation-oxidative transformations, high reaction
temperature with special up, and pre-
functionalized starting materials.’

We hypothesised that a C-H activation route involving
synchronous double C-N bond formation for the amination-
cyclization-oxidation cascade (Scheme 1) would be a novel

synthetic strategy for phenazine synthesis.
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Scheme 1 New synthetlc strategy for phenazines via C-H activation.
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In recent years transition metals catalyzed oxidative C-H
functionalization have emerged as new synthetic tool* and
provides a straight forward method for direct heteroatom
insertion to the aryl moiety.5 Aryl C-N bond formation via C-H
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activation is also feasible with the help of transition metal
catalysis6 and the ruthenium-catalysed ortho C-H bond
activation of aryl amines leads to heterocycle ring
construction.”

The recent report on phenazine synthesis via Rh(lll)-
catalyzed C-H activation® requires azoarenes and aryl azides as
starting materials and is not atom economical as it involves the

elimination/loss of one equivalent of aryl amine (Scheme 2).
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Initial attempts on the self coupling of aniline (1a) using
various Pd compounds in the presence of stoichiometric
amounts of Ag, Cu(ll), or Fe(lll) compounds as terminal
oxidants in DMF at 100 °C did not produce any significant
amount of phenazine (2a) (ESI: Table IA).Jr As metal
nanoparticles (MNP) exhibit enhanced catalytic activity in
comparison to the corresponding metal salts/complexes9
MNPs are used as catalyst in various organic transformations.™
Recently, the use of MNP has been gaining popularity as
catalyst system for C-H functionalization.”’ Towards the
endeavor of using MNP as catalyst for the desired C-H
activation, we were delighted to observe that the use of
bromide (TBAB) (1 equiv) as
to prevent aggregation of the MNP, that exerts
action by electrostatic, steric, and electrosteric (combination
of steric and electrostatic) means,10 led to the formation of 2a
(> 60% vyield) along with the azobenzene 3a (ESI: Table IB).T

Further studies on the variation of the catalytic conditions
included the use of varying amounts of different Pd
compounds (as catalyst), various Ag compounds and other
non-metallic agents as co-oxidant, different stabiliser and
solvent, variation of reaction temperature and time etc. These
led to the two best operating reaction conditions: (i) Method A

tetrabutylammonium

o 11d,
stabilizer,” ¢
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using [Pd(PPhs),Cl,] (1 mol %), Ag,COs (2 equiv), TBAB (20 mol
%) in diethylformamide (DEF) at 100 °C under O, bubbling for
20 min to afford 2a (87%) along with 3a (10%), and (ii) Method
B using [Pd(PPh;),Cl,] (1 mol %), TBAB (20 mol %), Ag,CO; (1
equiv) and Cs,CO;3 (1 equiv) in DEF at 100 °C under O, bubbling
for 60 min to afford 2a (79%) along with 3a (13%) (ESI: Tables
I-C - I—I).* The lack of formation of significant amount of 2a in
using only [Pd(PPhs),Cl,] (1 mol %) or Ag,CO; (2 equiv) as well
as using other organic co-oxidant in place of Ag,CO; revealed
synergistic/co-operative role of the Pd-Ag binary nanocluster
(NC).12 The formation of the Pd-Ag binary NC was indicated by
blackening of the reaction mixture in the initial phase (after 10
min) of mixing all components in DEF. The high resolution
transmission electron microscopy (HRTEM) image and energy
dispersive acquired X-ray (EDAX) spectra confirmed the
presence of Pd (3-8 nm) and Ag (20-40 nm) particles (SI: Figure
A and B).T The inferior results obtained with other Pd
compounds such as PdCl, and Na,PdCl, could be correlated
with the larger size of the Pd NP (10-15 and 12-20 nm,
respectively) formed from these Pd compounds (ESI: Figure C
and D).T The binary Pd-Ag NC was recovered and reused for
five consecutive times affording 2a in 83, 80, 76, 71, and 63%
yields. The decrease in catalytic activity of the recovered Pd-Ag
binary NC after fifth cycle could be due to the increase in size
to 20-25 and 50-60 nm for the Pd and Ag NP, respectively (ESI:
Figure G).T The influence of the solvent can be rationalised due
to their ability to offer conducive environment for the
formation of the NP and aprotic polar solvents proved to be
effective (ESI: Table I—I).f The best results obtained with DMF
and DEF could be due to their reducing ability to assist the
formation of the NP.” The comparable results obtained with
N,N-dimethylacetamide (DMA) is due to its favourable
physico-chemical properties14 to enhance the reducing power
of the base (CO32') to form the NP.****® From the different
stabilisers used to prevent aggregation of the NP, TBAB was
found to be the most effective (ESI: Table IH).Jr

The treatment of various anilines with the in situ formed
Pd-Ag NC afforded the corresponding phenazines in moderate
to good yields (Table 1).

Anticipating that the phenazine formation during the self
coupling of aniline proceeds through C-H activation, kinetic
isotope effect studies were planned. Aniline and aniline-ds
were separately subjected to self coupling (Table 2). Mass
spectrometry-based ion-fishing has emerged as important tool
in understanding mechanistic course of organic reactions.’® A
guantitative estimation of the formation of the corresponding
made by
current of the mass peak
corresponding to the potassium adduct (M+K') of the
respective phenazine by subjecting a measured volume of the
individual reaction mixture, withdrawn after specified time
interval to, ESI-MS analysis.17 The ratio of the ion current
provided the ku/kp values that reflected the kinetic isotope
effect during the phenazine formation and provided evidence
for C-H activation.

phenazine from aniline and aniline-ds was

determination of the ion

2| J. Name., 2012, 00, 1-3

Table 1. Pd-Ag NC-catalyzed self coupling of anilines to form
phenazines.’

Entry  Aniline Phenazine Method Time  Yield
(min) (%)™
NH; slt'
P R~ N A R
Rz"l“x.:i-ﬂu R2 “N/\:ﬁl*ns
R]‘ RI
1 R'=R’=R’=H A 20 87(10)
B 60 79(13)
2 R'=R’=H, R’ = Me A 20 87(10)
3 R'=R’=H, R*=0Bn A 20 86(10)
B 60 78(12)
4 R'=R*=R’=0OMe A 40 66(29)
B 60 60(23)
5 R'=R’=H, R* = OMe A 20 61(31)
6 R'=R’=H,R’=F A 20 56(40)
B 60 49(31)
7 R'=R’=H, R’ = SMe A 30 31(66)
B 60 25(53)
l”‘k\ = f“q/‘RTR
R™ 7 "NH, RS
8 R =Me A 20 59(30)
9 R = OMe A 20 40(57)
10 R=F A 20 43(54)
B 60 37(41)
[ ﬂ;\ M
r/\ ’:QV.NH? L:\‘/D\ N'_’I\;]\
11 “ee,jlj\/l “‘:»J A 20 30(65)

*Method A: Anilines (2 mmol) were reacted in the presence of [PdCl,(PPhs),] (1 mol %),
TBAB (20 mol %) and Ag,CO; (2 equiv) under O, bubbling (10 psi) in DEF/DMA (2 mL) at
100 °C; Method B: Anilines (2 mmol) were reacted in the presence of [PdCl,(PPhs),] (1
mol %), TBAB (20 mol %), Ag,CO; (1 equiv) and Cs,CO; (1 equiv) under O, bubbling (10
psi) in DEF/DMA (2 mL) at 100 °C. "Isolated yield of the phenazine. “The data in the
parenthesis is the isolated yield of the corresponding azoarene

Table 2. Determination of ky/kp during phenazine formation from
aniline and aniline-ds.’

hH, Pa(PPNS),C 1% ® R
R\,)\ R TBAIB (t(:.z ec?l?iv][.;’.lﬂlg‘z::'g‘, (2] equiv) R\T/AT Nq,-%TR
R/\k'] R 0y, DfF.I‘IDO °C R.&xl/ \'Nf/\‘f. ‘R
R R=HD) R R
Entry Time (min) lon current of the (M+K") peak
X(R=H)° Y(R=D)" ku/ko*
1 5 1.45 X 10° 3.30X 10" 439
2 10 2.03X10° 469X 10" 433
3 15 236X 10° 4.75x 10" 4.98
4 20 2.50 X 10° 4.84X 10" 5.18

?Aniline (1 mmol) and aniline-ds (1 mmol) were separately subjected to the
reaction and after the specific time interval 10 pL of the respective reaction
mixture was withdrawn and subjected to ESI-MS analysis. “The area of the ion
peak of the potassium adduct of the corresponding phenazine. “The relative rate
(kn/kp) is represented by the ratio X/Y.

In view of this, a plausible mechanism for the phenazine
formation is depicted in Scheme 3. Some of the surface Ag
atoms in Pd-Ag NC would be oxidized to Ag(l) under 0218 that
would coordinate to N atom of the anilide anion, generated
through the proton abstraction'* by the C05%, and would
transfer electron density to the adjoining Pd center through
metal-metal bond.'® This would make the Pd centre electron
rich and direct ortho-palladation to form I/la wherein the Pd
centre is engaged in two electron three centred bond with the
ortho-aryl C-H. Oxidative insertion of palladium,20 under the
influence of Ag,CO3, to the C-H bond followed by abstraction
of the ortho-aryl proton in I/la, by the CO32', generates the

This journal is © The Royal Society of Chemistry 20xx
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Pd(Il) containing metallacycle Il. Two molecules of Il are
converted to the Pd(IV) species21 Il through oxidation by
0,/Ag,C0:.'*¥?>  |ntramolecular  mutual  nucleophilic
displacement of the Pd centres of Ill by the anilide nitrogen
triggers the C-N bond formation to form the dihydrophenazine
4 which on dehydrogenation by the molecular oxygen (or the
Ag,CO; when used in 4 equiv in the absence of oxygen) is
converted to 2.
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mechanism for Pd-Ag NC-catalysed
synchronous double C-N bond formation via C-H activation for

Scheme 3. Plausible
phenazine formation from anilines.

Although silver salts used in stiochiometric amounts® or in
catalytic quantities in the presence of stoichiometric amounts
of other oxidants®* are reported/known to promote oxidative
C-H activation, the inability of Ag,CO; used in stoichiometric or
catalytic amount alone or along with O, bubbling in the
absence of Pd salt to form the phenazinei indicate specific role
of the Pd salt as the catalyst for C-H activation.

Control experiments with the preformed dihydrophenazine
4a by separately treating (i) under O, bubbling, (ii) with Ag,CO3
(1 equiv), (iii) with Ag,COs3 (1 equiv) under O, bubbling, and (iv)
with Ag,CO; (10 mol%) under O, bubbling in DEF (2 mL) at 100
°C were carried out to further investigate the mechanistic
course of the phenazine formation (Table 3). The experiment
for case (i) gave 2a in 96% yield after 20 min and treatment for
case (ii) afforded 2a in 94% vyield after 30 min. However, the
experiment for case (iii) afforded the 2a in 96% vyield after 5
min. However, the similar results obtained for case (i) and case
(iv) revealed that the additional (1 equivalent) amount of
Ag,CO; present in Method A promotes the 4a to 2a conversion
at a faster rate due to which the reactions under Method A
require shorter time period. These clearly demonstrate the
synergistic role of O, and Ag,CO; for the oxidation of 4a to 2a.
Although the conversion of 4a to 2a may occur in the presence
of O, and is not dependent on the presence of Ag,CO;, the
indispensable role of Ag,CO; is to maintain the Pd(Il)/Pd(IV)

cycle.
Table 3. Treatment of 4a under various conditions to form 2a.’
H
AN permece. Ay Nees
[“e:.j\ N Al\g E\tzl”rwl\;’
i 2
Entry  Condition Time (min) Yield (%)b
1 0, bubbling 20 96
2 Ag,CO; (1 equiv) 30 94
3 0, bubbling + Ag,CO; (1 equiv) 5 96
4 0, bubbling + Ag,COs (10 mol%) 20 96

4a (1 mmol) was treated under the various conditions in DEF (2 mL) at 100 °C.
PIsolated yield of 2a.

This journal is © The Royal Society of Chemistry 20xx

It is essential to perform the reaction under oxygen as the
yields decreased drastically when the reaction was performed
under nitrogen even after prolonging the reaction time from
20 min to 5 h. It is necessary to pass (bubble) O, into the
reaction mixture. As comparable yields were obtained with the
cylinder outlet pressure of 10, 15 and 25 psi the reactions were
performed by bubbling O, with 15 psi outlet pressure.
However, the product yield drastically decreased when the
reaction was performed under oxygen atmosphere using O,
filled balloon.” In the absence of oxygen, large excess (4 equiv)
of Ag,CO3, as the oxidant, was required to afford comparable
yields indicating the essentiality of O, during the oxidative
transformation of the transient species and the intermediate
during the progress of the reaction (ESI, Table I-G).Jr

The involvement of free radical pathway is ruled out by the
fact that no significant decrease in yield of 2a was observed
when the reaction of 1a was performed in the presence of

TEMPO as a radical scavenger (Scheme 4).
NH,

[Pd{PPhy),C15] (1 mal %) N
I::lxlj TBAB (0.2 equiv). Ag;CO; (2 equiv) & Moy ¥ \:—N
o N~
La TEMPO (30 mol %), O, e - W
Pt DEF, 100 °C, 20 min- ) Wi

83% 10%

Scheme 4. Pd-Ag NC-Catalysed self coupling of 1a in the presence of
TEMPO.

The 4- and 3-substituted anilines lead to the same
phenazine (entries 2 vs 8, 5 vs 9, and 6 vs 10; table 1). The 3-
substituted anilines are expected to form regioisomeric
phenazines. However, in each case a single regioisomer was
formed. In case of the 3-substituted anilines (entries 8 - 10;
table 1), the palladation (C-H activation) occurs at the less
hindered ortho position of the amine group and accounts for
the regioselectivity.

The self coupling of N-methylaniline (5) afforded
exclusively the 4,4'-di-N-methylbiphenyl (6) (Scheme 5) and
demonstrated the involvement of C-H activation. Due to the
steric effect of the N-Me group, the ortho C-H activation is not
feasible and the palladation takes place at the para-position.
No decrease in the yield of 6 was observed in performing the
reaction in the presence of TEMPO (30 mol %). This indicated
non-radical mode para C-HZ>

N [PA{PPh3),CL;] (1 mol %) M
£ Noe TBAB (0.2 equiv), Ag;CO4 (2 equiv) i I g M
[ :I[ : HN— o4, NH
e 0j, DEF, 100 *C, 20 min A S W
5 Yield = 90% 8

[without or with {30 mol %) TEMPO]

Scheme 5. Evidence for C-H activation and the influence of steric
effect on its regioselectivity.

The lack of formation of phenazine from 2-aminodiphenyl
Scheme IV-D)f
that a synergistic double C-N bond formation via C-H activation
process involving two aniline molecules is operating rather
than sequential C-H activation and C-N bond formation.

In conclusions, a novel strategy on synchronous mode
double C-N bond formation via C-H activation has been
achieved catalysed by Pd-Ag binary NC for the synthesis of
phenazines from substituted anilines. The reaction proceeds

amine under similar condition (ESI: indicates

through non-radical mode of ortho C-H activation as evidenced
by mass spectrometry-based kinetic isotope effect studies and
radical scavenging experiments.

J. Name., 2013, 00, 1-3 | 3



ChemComm

Financial support received from DST (No. SR/S1/0C-

33/2008) and CSIR (senior research fellowship to KS and SRR),
New Delhi, India.

Notes and references

1

10

11

(@) A. Cimmino, A. Evidente, V. Mathieu, A. Andolfi, F.
Lefranc, A. Kornienko and R. Kiss, Nat. Prod. Rep., 2012, 29,
487; (b) L. S. Pierson Il and E. A. Pierson, Appl. Microbiol.
Biotechnol., 2010, 86, 1659; (c) J. B. Laursen and J. Nielsen,
Chem. Rev., 2004, 104, 1663.

(a) T. Emoto, N. Kubosaki, Y. Yamagiwa and T. Kamikawa,
Tetrahedron Lett., 2000, 41, 355; (b) M. Tietze, A. Iglesias, E.
Merisor, J. Conrad, I. Klaiber and U. Beifuss, Org. Lett., 2005,
7, 1549; (c) O. Tverskoy, F. Rominger, A. Peters, H.-J. Himmel
and U. H. F. Bunz, Angew. Chem. Int. Ed., 2011, 50, 3557; (d)
B. D. Linder, J. U. Engelhart, O. Tverskoy, A. L. Appleton, F.
Rominger, A. Peters, H. J. Himmel and U. H. F. Bunz, Angew.
Chem. Int. Ed., 2011, 50, 8588; (e) J. K. Laha, K. S. S.
Tummalapalli and A. Gupta, Eur. J. Org. Chem., 2014, 37,
4773.

The recent reports on phenazine formation involve oxidative
degradation of 10,11-dihydro-5H-
dibenzo[b,e][1,4]diazepines [J. K. Laha, K. S. S. Tummalapalli
and A. Gupta, Org. Lett., 2014, 16, 4392] and oxidative
skeletal rearrangement of 1,1'-binaphthalene-2,2'-diamines
[Y. Takeda, M. Okazaki and S. Minakata Chem. Commun.,
2014, 50, 10291] but does not work with 1,1'-biphenyl-2,2'-
diamine leading to intramolecular azo formation and affords
poor yield along with the intramolecular azo product with
biaryldiamines bearing one naphthyl unit.

(a) X. Chen, K. M. Engle, D.-H. Wang and J.-Q. Yu, Angew.
Chem. Int. Ed., 2009, 48, 5094; (b) L. Ackermann, R. Vicente
and A. R. Kapdi, Angew. Chem. Int. Ed., 2009, 48, 9792; (c) T.
W. Lyons and M. S. Sanford, Chem. Rev., 2010, 110, 1147; (d)
A. E. Wendlandt, A. M. Suess and S. S. Stahl, Angew. Chem.
Int. Ed., 2011, 50, 11062; (e) N. Kuhl, M. N. Hopkinson, J.
Wencel-Delord and F. Glorius, Angew. Chem. Int. Ed., 2012,
51, 10236; (f) S. A. Girard, T. Knauber and C.-J. Li, Angew.
Chem. Int. Ed., 2014, 53, 74; (g) D. Alberico, M. E. Scott and
M. Lautens, Chem. Rev., 2007, 107, 174; (h) S. H. Cho, J. Y.
Kim, J. Kwak and S. Chang, Chem. Soc. Rev., 2011, 40, 5068.
K. Seth, M. Nautiyal, P. Purohit, N. Parikh and A. K.
Chakraborti, Chem. Commun., 2015, 51, 191 and references
cited therein.

F. Collet, R. H. Dodd and P. Dauban, Chem. Commun., 2009,
45, 5061.

(a) C. S. Cho, B. H. Oh, J. S. Kim, T.-J. Kim and S. C. Shim,
Chem. Commun., 2000, 1885; (b) C. S. Yi, S. Y. Yun and I. A.
Guzei, J. Am. Chem. Soc., 2005, 127, 5782.

Y. Lian, J. R. Hummel, R. G. Bergman and J. A. Ellman, J. Am.
Chem. Soc., 2013, 135, 12548.

(a) J. D. Aiken IIl and R. G. Finke, J. Mol. Catal. A: Chem.,
1999, 145, 1; (b) A. Roucoux, J. Schulz and H. Patin, Chem.
Rev., 2002, 102, 3757; (c) D. Astruc, F. Lu and J. R. Aranzaes,
Angew. Chem. Int. Ed., 2005, 44, 7852; (d) E. Roduner, Chem.
Soc. Rev., 2006, 35, 583; (e) D. Astruc, Inorg. Chem., 2007,
46, 1884.

(a) A. Balanta, C. Godard and C. Claver, Chem. Soc. Rev.,
2011, 40, 4973; (b) A. Fihri, M. Bouhrara, B. Nekoueishahraki,
J.-M. Basset and V. Polshettiwar, Chem. Soc. Rev., 2011, 40,
5181; (c) L. L. Chng, N. Erathodiyil and J. Y. Ying, Acc. Chem.
Res., 2012, 46, 1825; (d) K. Seth, S. Raha Roy, B. V. Pipaliya
and A. K. Chakraborti, Chem. Commun., 2013, 49, 5886; (e) X.
Feng, A. Sun, S. Zhang, X. Yu and M. Bao, Org. Lett., 2013, 15,
108.

(a) L. L. Chng, J. Zhang, J. Yang, M. Amoura and J. Y. Ying,
Adv. Synth. Catal., 2011, 353, 2988; (b) G. Park, S. Lee, S. J.
Son and S. Shin, Green Chem., 2013, 15, 3468; (c) Y. Huang,

4| J. Name., 2012, 00, 1-3

12

13

14

15

16

17

18

19
20

21

22

23

24

25

T. Ma, P. Huang, D. Wu, Z. Zu and R. Cao, ChemCatChem.,
2013, 5, 1877; (d) T. J. Williams, A. J. Reay, A. C. Whitwood
and 1. J. S. Fairlamb, Chem. Commun., 2014, 50, 3052; (e) L.
Djakovitch and F.-X. Felpin, ChemCatChem., 2014, 6, 2175; (f)
S. Korwar, K. Brinkley, A. R. Siamaki, B. F. Gupton and K. C.
Ellis, Org. Lett., 2015, 17, 1782; (g) K. D. Collins, R. Honekar,
S. Vasquez-Céspedes, D. T. D. Tang and F. Glorius, Chem. Sci.,
2015, 6, 1816.

K. Seth, P. Purohit and A. K. Chakraborti, Org. Lett., 2014, 16,
2334,

(a) K. Seth, S. Raha Roy, D. N. Kommi, B. V. Pipaliya and A. K.
Chakraborti, J. Mol. Catal. A: Chem., 2014, 392, 164; (b) I.
Pastoriza-Santos and L. M. Liz-Marzan, Langmuir, 1999, 15,
948.

The role of aprotic polar solvents in enhancing the reactivity
of CO; [(a) A. K. Chakraborti, L. Sharma and U. Sharma,
Tetrahedron, 2001, 57, 9343] and other anion [(b) A. K.
Chakraborti, L. Sharma and M. K. Nayak, J. Org. Chem., 2002,
67, 6406; (c) A. K. Chakraborti, L. Sharma and M. K. Nayak, J.
Org. Chem., 2002, 67, 2541; (d) A. K. Chakraborti, M. K.
Nayak and L. Sharma, J. Org. Chem., 2002, 67, 1776; (e) A. K.
Chakraborti, M. K. Nayak and L. Sharma, J. Org. Chem., 1999,
64, 8027; (f) L. Sharma, M. K. Nayak and A. K. Chakraborti,
Tetrahedron, 1999, 55, 9595; (g) M. K. Nayak and A. K.
Chakraborti, Chem. Lett., 1998, 297; (h) M. K. Nayak and A. K.
Chakraborti, Tetrahedron Lett., 1997, 38, 8749] has been
demonstrated in various organic reactions.

(a) R. E. Huie, C. L. Clifton and P. Neta, Radiat. Phys. Chem.,
1991, 38, 477; (b) B. G. Ershov, E. Janata, M. Michaelis and A.
Henglein, J. Phys. Chem., 1991, 95, 8996.

(a) L. S. Santos, Eur. J. Org. Chem., 2008, 235; (b) A. K.
Chakraborti, S. Raha Roy, D. Kumar and P. Chopra, Green
Chem., 2008, 10, 1111; (c) A. K. Chakraborti and S. Raha Roy,
J. Am. Chem. Soc., 2009, 131, 6902.

(a) S. Raha Roy and A. K. Chakraborti, Org. Lett., 2010, 12,
3866; (b) N. Parikh, D. Kumar, S. Raha Roy and A. K.
Chakraborti, Chem. Commun., 2011, 47, 1797.

The reduction potential of Ag" and Pd** are 0.799 V and 0.83
V, respectively (CRC handbook of chemistry and physics. Ed.
R. C. Weast, 57 th ed, CRC press, USA, 1976).

J. A. Rodriguez and D. W. Goodman, Science, 1992, 257, 897.
(a) C. Jia, T. Kitamura and Y. Fujiwara, Acc. Chem. Res., 2001,
34, 633; (b) J. A. Labinger and J. E. Bercaw, Nature, 2002,
417, 507.

(a) K. Muiiiz, Angew. Chem. Int. Ed., 2009, 48, 9412; (b) L.-M.
Xu, B.-J. Li, Z. Yang and Z.-). Shi, Chem. Soc. Rev., 2010, 39,
712; (c) A. Hickman and M. S. Sanford, Nature, 2012, 484,
177; (d) J. J. Topczewski and M. S. Sanford, Chem. Sci., 2015,
6, 70; (e) N. Dastbaravardeh, T. Toba, M. E. Farmer and J.-Q.
Yu, J. Am. Chem. Soc., 2015, 137, 9877; (f) J. Miao, K. Yang,
M. Kurek and H. Ge, Org. Lett., 2015, 17, 3738; (g) Q. Zhu, D.
Ji, T. Liang, X. Wang and Y. Xu, Org. Lett., 2015, 17, 3798.

(a) V. G. Zaitsev, D. Shabashov and O. Daugulis, J. Am. Chem.
Soc., 2005, 127, 13154; (b) T. Maekawa, Y. Segawa and K.
Itami, Chem. Sci., 2013, 4, 2369.

T. Wang, S. Chen, M. Gao, Y. Huang and A. Lei, Org. Lett.,
2015, 17, 118.

(a) G. Shi, C. Shao, S. Pan, J. Yu and Y. Zhang, Org. Lett., 2015,
17, 38; (b) Y. Fujiwara, V. Domingo, I. B. Seiple, M. D. B.
Gianatasio and P. S. Baran, J. Am. Chem. Soc., 2011, 133,
3292.

Limited examples of para C-H activation [(a) C. L. Ciana, R. J.
Phipps, J. R. Brandt, F. M. Meyer and M. J. Gaunt, Angew.
Chem. Int. Ed., 2011, 50, 458; (b) X. Wang, D. Leow and J.-Q.
Yu, J. Am. Chem. Soc., 2011, 133, 13864; (c) Y. Saito, Y.
Segawa and K. Itami, J. Am. Chem. Soc., 2015, 137, 5193].

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



