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Ru-Catalysed C—H Arylation of Indoles and Pyrroles with Boronic
Acids: Scope and Mechanistic Studies

Carina Sollert,”” Karthik Devaraj,’”’ Andreas Orthaber,™ Paul J. Gates,” and

Lukasz T. Pilarski*®

Abstract: The Ru-catalysed C2—H arylation of indoles and
pyrroles by using boronic acids under oxidative conditions is
reported. This reaction can be applied to tryptophan deriva-
tives and tolerates a wide range of functional groups on
both coupling partners, including bromides and iodides,
which can be further derivatised selectively. New indole-

based ruthenacyclic complexes are described and investigat-
ed as possible intermediates in the reaction. Mechanistic
studies suggest the on-cycle intermediates do not possess
a para-cymene ligand and that the on-cycle metalation
occurs through an electrophilic attack by the Ru centre.

Introduction

Transition metal-catalysed C—H activation has received enor-
mous attention in recent years as a viable synthetic strategy; it
offers previously impossible transformations, new selectivities
and shortened routes in the preparation of organic mole-
cules.? The importance of indole and pyrrole units in bioac-
tive molecules has fuelled continued efforts to develop new
approaches to their selective C—H functionalisation.” For in-
stance, the 2-arylindole unit appears in several natural prod-
ucts,” potential microtubulin polymerisation inhibitors, and
molecules of interest for their antifungal and antimicrobial
properties.” To date, indole and pyrrole C—H arylation has
been developed most extensively by using aryl halide® and
hypervalent iodine'” electrophiles. Meanwhile, the complemen-
tary method in which anionic coupling partners® and an exter-
nal oxidant are employed has received less attention. The de-
hydrogenative coupling of two (hetero)arene C—H units® rep-
resents, in principle, the most atom economical and desirable
of these approaches. However, at present, the conjunction of
two selective, compatible C—H activation processes often pres-
ents regioselectivity/scope limitations, the need for a large
excess of one coupling partner, harsh conditions, and/or ex-
pensive additives. In this context, organoboronates'” are an
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attractive alternative for oxidative direct arylation reac-
tions,l""' by offering low cost, diversity, and ease of activation,
amongst other advantages.

In Ru-catalysed C—H functionalisation reactions, which have
attracted considerable recent interest (Figure 1),>'® the use of
boronates has remained rare. Ru’-catalysed C—H arylation reac-
tions developed by the groups of Kakiuchi"” and later
Sames!"® and Schniirch,"® require protected boronates. Unpro-
tected boronic acids have been used in Ru"-catalysed C—H ary-
lation reactions with only a handful of substrates®” and virtual-

ly no accompanying mechanistic investigation, despite
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Figure 1. Selected Ru-catalysed C—H transformations relating to this study.
Pym = 2-pyrimidyl.
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a recent surge in the development of various related oxidative
transformations.”” In addition, the use of aryl halides by Acker-
mann and Lygin® under carboxylate-assisted conditions®?
stands as the only example to date of Ru-catalysed indole or
pyrrole C—H arylation.?

Herein, we report the use of unprotected, diversely function-
alised arylboronic acids in the Ru-catalysed C2—H arylation of
indoles and pyrroles. We also describe the synthesis of new
ruthenacyclic complexes and examine their role in the reaction,
which is of direct relevance to commonly proposed mecha-
nisms.

Results and Discussion
Reaction optimisation

We undertook our investigation with indole derivative 1a as
the test-bed substrate. Sames and co-workers® and Acker-
mann and Lygin®?¥ pioneered the use of pyrimidine as a versa-
tile, removable directing group™ for catalytic C—H functionali-
sation. A number of groups have since described the use of
this species in both the synthesis'**?* and derivatisation of in-
doles and pyrroles by using various metals.”’=?

In our initial experiments, we isolated 2a in 37 % yield from
the coupling of 1a and 4-tolylboronic acid with 2.5 mol%
[{RuCl,(p-cymene)},] and 1.5 equivalents of Ag,0 in THF
(Table 1, entry 1). Replacement of the oxidant with Cu(OAc),
-H,O (1 equiv) improved the yield to 64% and including water
raised the yield further to 86% (Table 1, entry 3). A combina-
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tion of substoichiometric amounts of Cu(OAc),-H,O (0.5 equiv)
and O, proved less effective (Table 1, entry 4). As an additive,
AgSbF¢ proved superior to AgBF,, AgPF,, and KPF,. The addi-
tion of organic or inorganic bases, including carboxylates and
carbonates (see Table 1, entry 5 and Table S5 in the Supporting
Information),®® was detrimental to the catalysis, whereas HOAc
(up to 4 equiv) had no effect on the yield.?¥ Replacement of
the catalyst precursor with [Ru(OAc),(p-cymene)] (5 mol%) or
the more expensive [{RhCp*Cl,}] (2.5 mol%; Cp*=1,2,3,4,5-
pentamethylcyclopentadienyl) gave lower yields (Table 1, en-
tries 9 and 10, respectively). As solvent, iPrOH proved slightly
superior to the THF/H,O system (Table 1, entries 7 and 8), pre-
sumably due to the formation of alkoxyboronates in situ,
giving improved nucleophile solubility and slower proto-
deborylation."” Accordingly, iPrOH was selected as the default
solvent for the rest of our exploration of the reaction scope.
All the arylation reactions occurred exclusively at C2. The de-
sired reaction was not observed if the Ru catalyst, oxidant, or
silver additive were excluded. Under the same conditions, ary-
lation did not occur with indoles bearing oxygen-based direct-
ing groups, nor with a variety of other substrates commonly
used in Ru-catalysed C—H arylation reactions (see the Support-
ing Information for further details). Thus, the pyrimidyl group
seemed uniquely privileged under the conditions we explored.

Substrate scope

The reaction showed high tolerance towards a wide range of
arylboronic acids, including those bearing nitro (2h), ketone
(21), alkenyl (2k), silyl (21), sulfonyl (2m), ferrocenyl
(2w), and halogen groups (Scheme 1). Tolerance of

Table 1. Selected results from optimization studies.”

aryl iodides (2 f) is both rare and complementary to
their frequent use as oxidants/electrophiles in C—H

H,0 (3.7)

@ B(OH), c(%ﬁ O N O e arylation reactions. To the best of our knowledge,
,\3\ + © wadiive® N this C—H arylation of indoles is the first in which the
NJ e 120°C, 18 h pym C—I functionality is preserved. Reactions with 4-tri-

1a 2a fluoromethyl- and 4-acetylphenylboronic acids gave

higher yields when iPrOH was replaced with the

Entry Catalyst Oxidant Additives Solvent Yield" THF/H,0 solvent system. Protected boronic
[mof%] [equiv) [equivi el acids,"*3 such as their pinacol boronate (-Bpin), N-

1 [{RuCly(p-cymene)},] (2.5) Ag,0 (1.5) AgSbF, (0.12) THF 374 methyliminodiacetyl boryl (-Bmida),®® or potassium
2 [alomeecs CIORNON NOLO1 I & | wituoroborse (9707 deraties, e o afc
H,0 (3.7) tive under our conditions. This outcome is in line

4 [{RuCl,(p-cymene),}] (2.5) Cu(OAc),-H,0 (0.5) AgSbFs (0.12) THF 56 with the requirement for their prior hydrolysis and
0, (balloon) H,0 (3.7) the rate acceleration observed under acidic condi-

> [RuCl,(p-cymene)l,] (2.5) - Cu(OAC)H,0 (1) QgibF61(g'12) THE 0 tions in related C—H arylation reactions.®¥ Variously
H20§3(-75) substituted indoles also selectively underwent the

6 [{RuCl,(p-cymene)},] (2.5) Cu(OAc),:H,0 (1)  AgOAc (0.12) THF 0 C—H arylation reaction (Scheme 2). Good yields were
, . bs CuloCOc i :22&7)012 oo s obtained with bromide and iodide groups on either
’ SRECIEEZZEZ:SE :225; CEEOAC)Z-HZ)(Z)(U)) AngFz 20:12; :_PIOH o8 or both coupling partners (Scheme 2; 3e and 3i-k).
9 [RUOAC),(p-cymene)] (5) Cu(OAQ,H,0 (1)  AgSbF, (0.12) THF 53 The 3-methylindole derivative 3g was obtained in
10 [{Cp*RhCl,},] (2.5) Cu(OAc)yH,0 (1)  AgSbF, (0.12) THF 52 75% vyield, despite the proximate steric bulk, where-

as indoles with 6-methoxycarbonyl (3 c), 5-nitro (3 f),

product.

[a] 1a (0.15 mmol), boronic acid (0.45 mmol), solvent (0.5 mL). [b] Yield was deter-
mined by 'HNMR spectroscopic analysis with respect to 1,3,5-trimethoxybenzene
(0.05 mmol), which was added after the end of the reaction. [c] Yield of the isolated

and 3-cyano (3h) groups gave worse performance,
hinting at the importance of the nucleophilicity of
the indole unit. The protocol could further be ex-
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Scheme 1. Scope of the boronic acids in the Ru-catalysed indole C2—H aryla-
tion reaction (the yields given are for the isolated products). Conditions: 1a
(0.5 mmol), boronic acid (1.5 mmol), [{RuCl,(p-cymene)},] (2.5 mol%), AgSbF,
(12 mol %), Cu(OAc),-H,0 (0.5 mmol), and iPrOH (1.5 mL). [a] 2 mmol boronic
acid was used. [b] t=4h, T=100°C. [c] Solvent system: THF (1.5 mL + 3.7
equiv water). [d] t=3 h. [e] The crystal structure ellipsoids are shown at 50 %
probability.
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Scheme 2. Scope of the indoles and boronic acids (the yields given are for
the isolated products). Conditions as in Scheme 1, except for [a] t=6 h.
[b] The crystal structure ellipsoids are shown at 50 % probability.
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ative 1m® (Scheme 3). In addition to standard analysis by
NMR spectroscopy and mass spectrometry, products 2t, 3j,
and 3 m were characterised by X-ray crystallography studies.

Oy, oMme -y
& )! oy
NPhth (i) L3 b ?
N - o -
o o ) W }
'T‘ © o] 4\\
< \ 1N
m &
b 1% .=
2
m 3m: 76%0

Scheme 3. Arylation of a tryptophan derivative. Conditions: i) Tm

(0.25 mmol), ferroceneboronic acid (1.0 mmol), [{RuCl,(p-cymene)},]

(2.5 mol %), AgSbF, (12 mol %), Cu(OAc),-H,0 (0.25 mmol), iPrOH (2.0 mL),
120°C, 18 h. [a] The crystal structure ellipsoids are shown at 50% probability.
Phth = phthalate.

Pyrroles also proved amenable to the arylation reaction with
various boronic acids (Scheme 4). Substrate 4a (R'=H) gave
a separable mixture of mono- (5a) and diphenylated (5a’)

HO. _on RUCh(p-cymene)l;]

" // \\ . “B” (2.5 mol%)

N B AgSbF (12 mol%) N
pym X CulOAckHz0 pym
4 R? /PrOH, 120 °C, 16 h 5

N * ) PN
pym pym BTNy O
5a: 26% 5a': 16% ; ,IJym
f Separable mixture of mono- and di-arylated products. ‘
e e e e e e ; 5b: 84%
F
I\ /\ I\
Et N o Et ,\‘] MeO,C N
|
Fl’ym pym E pym
5c: 67% 5d: 80% 5e: 0%

Scheme 4. Arylation of pyrrole derivatives. Reagents: 4 (0.5 mmol), boronic
acid (1.5 mmol), [{RuCl,(p-cymene)},] (2.5 mol %), AgSbF, (12 mol %),
Cu(OACc),H,0 (0.5 mmol), iPrOH (1.5 mL).

products in a combined yield of 42%. The 2-ethylpyrrole deriv-
atives 4b-d afforded good-to-excellent yields, with arylation
occurring exclusively at C2 for both electron-poor and elec-
tron-rich boronic acids to give products 5b-d. 2-Methoxycar-
bonyl-substituted pyrrole 5e was not formed, which is consis-
tent with the nucleophilicity requirements of the indole sub-
strates.

The iodide group of 3i underwent selective and efficient
Heck alkenylation, highlighting the potential for derivatisation
of the newly installed aryl group whilst retaining an electro-
philic coupling substrate on the indole (Scheme 5).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

\\,* ChemPubSoc
st Europe
. Br
3i Pd(OAC), (5 mol%)

+

Z > CO,E

KOACc (2.5 equiv)

Seve A
TBAB i N
(1 equiv) \

o pym .
(2 equiv) DMF, 50 °C, 18 h 6: 95%

Scheme 5. Selective derivatisation of the aryl halide functionality. TBAB =te-
trabutylammonium bromide.

Mechanistic Considerations

Investigation of putative ruthenacyclic intermediates

We prepared the previously unreported complexes [7]CI,
[710Ac, and [7-OH,]SbF, (Scheme 6)*” to probe the potential
role of ruthenacyclic intermediates.'®*?>39 |n addition to stan-
dard 'H and *CNMR spectroscopy and mass spectrometry,
complex [7]Cl was characterised by means of X-Ray crystallog-
raphy (see the Supporting Information for further details).

0) N/
1a — N Ru\
> N/ Cl

®
\@(
| Rl [ >~

NN N y SbFg
)N OAc N/ OH,
N _ \ N/ \
[710Ac [7-OH,]SbFg

Scheme 6. Preparation of ruthenacycles [7]Cl, [7]0Ac, and [7-OH,]SbF,. Con-
ditions: () [{RuCl,(p-cymene)},] (0.5 equiv), MeOH, RT, 24 h, 78 %; i) AgOAc
(2.5 equiv), MTBE, RT, 24 h, 80 %; iii) AgSbF (1.1 equiv), H,0 (6.9 equiv),
[DgITHF, RT. ORTEP representation of complex [7]Cl. Ellipsoids are drawn at
the 50% probability level with the MeOH solvate omitted for clarity.

MTBE =methyl tert-butyl ether.

Replacing [{RuCly(p-cymene)},] with [7]Cl, [7]OAc, or
[7-OH,]SbF, gave 86, 60, and 40% spectroscopic yields of 2b,
respectively, under the standard reaction conditions shown in
Scheme 1. Thus, species 7 are either catalytically active or are
converted into catalytically active species in situ (see below).

Species [7]tol was not observed on exposure of [7]C,
[710Ac, or [7-OH,]SbF, to 4-tolylboronic acid with or without
Cu(OAc),-H,0 present (Table 2). Product 2a formed in the ab-
sence of Cu(OAc),H,0 from both [7]0Ac and [7-OH,ISbF,,
(15% and trace yields, respectively), indicating that transmeta-
lation and reductive elimination are possible for Ru" species.
These results complement the finding by Lan and co-workers
that a Rh"Cp* analogue of [7]CI underwent transmetalation
and reductive elimination with benzothiophene in the absence
of an oxidant® Traces of 2a were also observed for both
[710Ac and [7-OH,ISbF, in the presence of Cu(OAc),-H,0. An

Chem. Eur. J. 2015, 21, 1-8 www.chemeurj.org
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Table 2. Transmetalation experiments.

T o oo
"

N\§) Q

B

HO
(10 equiv)

AgSbFg (1.2 equiv
7 AgSbFe (1.2 equiv)
with or without
Cu(OAc),*H,0 (1 equiv)

[Dg]THF, Hy0 (11 equiv)

120°C, 18 h I 28
Entry Complex Cu(OAc),H,0 [7]tol 2a
1 [71CI yes - -
2 [71Cl no - -
3 [7]0Ac yes - traces
4 [710Ac no bl 15%
5 [7-OH,]SbF¢ yes - traces
6 [7-OH,]SbF¢ no - traces

[a] A symmetrical complex of the type [Ru(p-cymene)]X, was observed by
'H NMR spectroscopic analysis at the end of the reaction."”

intractable mixture of indole-containing species constituted
the mass balance of these reactions.

Hydrogen-deuterium exchange studies

Compound 1a gave no H/D exchange at either C2 or C3 in the
presence of D,0O, catalytic [{RuCl,(p-cymene)},], and AgSbF,
(Table 3, entry 1) at 23°C, although the 'H NMR spectrum of
the reaction mixture revealed the complete conversion of the
catalyst precursor to ruthenacycle [7-OD,]SbF,. Substrate 1a
underwent significant C3—H/D and modest C2—H/D exchange
when the same experiment was performed at 60 °C, again with
the quantitative formation of [7-OD,]SbF, (Table 3, entry 2). On
heating to 80°C, only traces of [7-OD,ISbF; were observed,
with the concomitant formation of uncoordinated para-
cymene and 64% deuterium incorporation at C3 (Table 3,
entry 3). On heating to 100°C, no [7-OD,ISbF; remained and
uncoordinated para-cymene was observed, but C—H/D ex-
change increased only incrementally (Table 3, entry 4). Finally,
heating to 120°C gave no observable Ru-cymene complexes,

Table 3. Hydrogen—deuterium exchange studies.
H [{RuClx(p-cymene)},] (3.3 mol%) H/ID
AgSbFg (12 mol%)
| N - | D H/D
N [Dg]THF, D,0 (3.7 equiv) N
1a bym temp, 18 h pym
Entry [7-OD,]SbF T[] C2—H/C2-D C3-H/C3-D
1 yes 23 100:0 100:0
20 yes 60 94:6 69:31
3 traces™ 80 85:15 36:64
no® 100 75:25 32:68
5t no 120 40:60 41:59
6 - 120 85:15 32:68
79 - 120 100:0 100:0
[a] Average of two runs. [b] Free para-cymene observed by 'H NMR spec-
troscopic analysis. [c] [{RuCl,(p-cymene)},] was excluded. [d] [{RuCl,(p-
cymene)},] and AgSbF, were excluded.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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with 1a showing 60% C2—H/D exchange (Table 3, entry 5).
Thus, the greatest degree of reversible C2—H activation oc-
curred after complete loss of para-cymene from the Ru centre.
When [{RuCl,(p-cymene)},] was excluded from the reaction
mixture, 15% C2—H/D and 68% C3—H/D exchange was ob-
served at 120°C. Kanai and co-workers found that simple
Lewis acids, such as Sc(OTf);, promote similar levels of C3-se-
lective exchange for 1a,7 which we attribute to the presence
of Ag' ions in our reaction (Table 3, entries 6 and 7). Analogous
experiments with N-acetylindole or 1-(pyrimidin-2-yl)benzimi-
dazole did not give C2—H/D exchange, which is consistent
with the requirement for nucleophilicity of the heteroarene
and the inability of the acetyl group to effect C2 arylation
under our catalytic conditions (see Figure S1 in the Supporting
Information).

Importance of the para-cymene ligand

Cymene-ligated Ru complexes have frequently been invoked
as catalytic intermediates in C—H functionalisation reactions.
For the phenylation of 1a under our conditions, complete loss
of the cymene ligand from the Ru coordination sphere could
be confirmed by 'H NMR spectroscopic analysis on cooling the
reaction mixture to room temperature after just 10 minutes
(Scheme 7). Conversion into 2b was 50% at this point. The re-
action mixture was reheated to 120°C for a further 7 hours,
after which the conversion into 2b increased to 67%, with
cymene remaining uncoordinated.

[{RuCl,(p-cymene)},] * On cooling after 10 min:

(2.5 mol%) ©\\/\>7Ph Dissociation of p-cymene
AgSbFg (12 mol%) N ligand from Ru observed by
1a Cu(OAc),*H,0 N)\N "H NMR. Conversion to 2b: 50%
Dg]THF, H,0 (3.7 equiv. y
[Odl 1220 °(C quiv.) \Q) « On reheating to 120 °C for 7 h:

Conversion to 2b: 67%

Scheme 7. The catalytic phenylation of 1a continued despite the loss of the
para-cymene ligand from the Ru centre.

Discussion of the mechanism

We suggest that although initial ruthenation of the indole-pyr-
imidine unit occurs easily under our conditions, [7-OH,]SbFg
acts as a precursor rather than as a true catalytic intermediate.
The inferior performance of several other transition-metal salts
in our optimisation studies (see Table S2 in the Supporting In-
formation) may indicate that the formation of such ruthenacy-
cles at the beginning of the reaction—but prior to the cataly-
sis—is advantageous. Facile exchange of the para-cymene
ligand in ruthenacycles in the presence of excess nitrogen
donors is well documented. For example, Jutand and co-work-
ers reported that complexes of the type [Ru{ik?-C,N-(2-phenyl-
pyridine)}(MeCN),JOPiv (OPiv = dimethylpropanoate) formed
easily in the presence of excess MeCN, but were catalytically
inactive in the arylation of phenylpyridines with aryl halides.®
We propose that under our catalytic conditions the pyrimidine
groups of substrates 1 or 4 displace the para-cymene ligand of
cyclometalated species 7 and on-cycle intermediates may have

Chem. Eur. J. 2015, 21, 1-8
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more than one pyrimidyl heteroarene ligand in the ruthenium
coordination sphere. Thus, 1 or 4 could act as spectator li-
gands in the cycle prior to their own C2 ruthenation. This out-
come would be consistent with the poor performance of com-
plexes [7]Cl, [710Ac, and [7-OH,ISbF, in attempts to induce
transmetalation and reductive elimination in the absence of
unmetalated substrates 1 (Table 2). It is also in agreement with
the need for a sufficiently strongly o-donating directing group,
hence why oxygen-based directing groups™? proved ineffec-
tive.

With respect to the on-cycle C—H activation, the following
observations suggest electrophilic attack by the ruthenium
centre on the heteroarene: 1) the significant increase in effi-
ciency when silver additives are used, 2) higher yields with
electron-rich substrates, 3) failure of 1-(pyrimidin-2-yl)benzimi-
dazole to undergo C—H/D exchange or C2 arylation, 4) that
using Ag,O as an oxidant gives 2a in a moderate yield
(Table 1, entry 1) in the absence of carboxylates, 5) that C—H
ruthenation of 1a occurred in the absence of carboxylates
during H/D exchange experiments (Table 3), suggesting the
plausibility of an analogous on-cycle ruthenation reaction. In
addition, KOAc had a detrimental effect on the catalysis
(Table 1, entry 5) and no significant effect on the rate of C2—H/
D exchange, whereas Cu(OAc), inhibited the rate of C2—H/D
exchange (see Table S7 in the Supporting Information).

Therefore, our proposed mechanism is complementary to
the carboxylate-assisted Ru-catalysed C—H functionalisation re-
actions™ studied in depth by the groups of Ackermann® and
Dixneuf,*¥ in which aryl halide coupling partners were used.
This mechanism also agrees with recent mechanistic proposals
for related reactions in which electrophilic cationic Ru" inter-
mediates have been suggested."*”

Conclusion

We have developed an oxidative, Ru-catalysed C2—H selective
arylation reaction of indoles and pyrroles with boronic acids as
the aryl source. The reaction shows high functional-group tol-
erance for both coupling partners, including halides, thus pre-
serving the scope of the reaction for selective subsequent ma-
nipulation of the products. para-Cymene-ligated ruthenacycles
give, at best, poor yields in attempts at transmetalation, but
lose the para-cymene ligand under our catalytic conditions;
therefore, these complexes are unlikely on-cyclic intermediates.
Efforts to broaden this methodology to other transformations
and substrates are ongoing in our laboratory.

Experimental Section
General arylation procedure

[{RuCl,(p-cymene)},] (7.6 mg, 0.013 mmol, 2.5 mol %), substrate 1 or
4 (0.5 mmol), boronic acid (1.5 mmol), Cu(OAc)»H,O (100 mg,
0.50 mmol), and AgSbF, (21 mg, 0.06 mmol, 12 mol %) were added
to a microwave vial (20 mL) equipped with a magnetic stirrer bar.
The vial was evacuated and backfilled with argon. iPrOH (1.5 mL)
was added by syringe, the vial sealed, and the mixture heated to
120°C for 18 h with vigorous stirring. The reaction mixture was

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cooled to room temperature and loaded directly onto silica gel.
The product was isolated by flash column chromatography
(eluent=EtOAc/pentane).
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Scope and Mechanistic Studies by using boronic acids (see picture; cycles are described and their role in
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A key mechanistic finding...... in the pyrimidine-
directed Ru-catalysed C—H arylation of indoles is that
the catalyst loses its cymene ligand. This is described in
detail in the Full Paper by L. T. Pilarski and co-workers
on p. l Hff. The picture illustrates this by way of

a ruthenium “magician” standing on a pyrimidine
directing group and breaking the indole C—H bond by
casting a spell with his wand. With his other hand, the
magician is raising a hat in the shape of the cymene
ligand. An aryl boronic acid, floating nearby, represents
one of the other reagents used in the reaction.
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