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We report the first method for the direct, regioselective Ru(i)-cata-
lyzed oxidative arylation of C—H bonds in diverse N-heterocycles
with aryl silanes by exploiting solvent-controlled N-coordination.
The reaction takes advantage of the attractive features of organo-
silanes as coupling partners, providing proof of concept for
N-directed Ru(i)-catalyzed C—H arylation. This novel, operation-
ally-simple and versatile protocol utilizes the Ru(i)/CuF, reagent
system in which CuF, serves as a dual activator/oxidant in non-
coordinating solvents to accommodate for ligand N-coordination.
This first Ru(n)-catalyzed N-directed Hiyama C—H arylation offers
broad implications to achieve numerous C—H bond functionaliza-
tions by versatile ruthenium(i) catalysis manifold.

The Hiyama cross-coupling reaction is widely-recognized as
one of the most important methods for C-C bond formation
due to major advantages of organosilicon coupling partners,
including low toxicity, safe handling, accessibility and func-
tional group compatibility.”* The development of direct C-H
functionalization strategies has exerted a profound impact on
organic synthesis.” The use of organometallic reagents pro-
vides multiple sources of alternative carbon nucleophiles
under mild, functional group tolerant, oxidative conditions
with functional group tolerance and unique selectivity un-
attainable by other catalytic manifolds.*

Pioneering work demonstrated the utility of direct Hiyama
C-H arylation based on Pd and Ni catalysis.”*° More recently,
synthetically useful methods have been reported.”*” However,
despite these advances, the use of organosilanes as viable
cross-coupling partners in C-H functionalization remains
severely underdeveloped due to (1) low nucleophilicity of
organosilanes;'“? (2) incompatibility of silane activation and
metal re-oxidation steps within the C-H activation cycle.**
This manuscript reports the first Ru-catalyzed C-H arylation
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with organosilanes by N-coordination. The reaction manifold
is highly desirable for the following reasons:

(1) the manuscript describes the first Ru-catalyzed arylation
with arylsilanes exploiting N-coordination. This includes Ru(u)
and Ru(0) cycles,’® and could lead to the development of a
range of C-H arylation protocols by N-coordination in
common substrates.

(2) the method shows much higher chemoselectivity than
other methods for arylation of N-heterocycles using Ru-cata-
lysis. Specifically, our method tolerates aryl halides, such as
bromides which are beyond the scope of Ru(u)/(v) cycle by
N-coordination. In general, there are very few methods for
direct C-H arylation of N-heterocycles in the presence of aryl
bromides, and all of them limited to Pd and Rh catalysis.>*

(3) we demonstrate that the reaction rate with organosilanes
using Ru(u)-catalysis by N-coordination is much higher than
by O-coordination,” *® which may lead to the development of a
range of practical protocols for C-H arylation by this catalysis
manifold.

(4) we demonstrate that Ru(u)-catalyzed C-H arylation of
N-heterocycles using organosilanes proceeds with much
higher efficiency than when using organoboranes,” '® which
may lead to complementary selectivity in Ru(u)-catalyzed C-H
arylation.

Over the past decade, there have been remarkable advances
in ruthenium(u)-catalyzed C-H functionalizations owing to (1)
economic advantages of ruthenium; (2) operationally-simple
reaction protocols; (3) high functional group tolerance.® The
groups of Jeganmohan’ and Pilarski® have designed new cata-
Iytic systems for C-H arylation with boronic acids (Fig. 1A).
We have reported direct arylation of N,N-dialkyl benzamides by
weak O-coordination.’ More recently, we have achieved the
first Ru(u)-catalyzed C-H arylation with organosilanes in
N,N-dialkyl ~ benzamide  substrates  exploiting  weak
O-coordination.'® This is the only successful example of Ru(i)-
catalyzed direct Hiyama C-H functionalization with organo-
silanes accomplished to date.*

Herein, we report the first method for the direct, regio-
selective Ru(u)-catalyzed oxidative Hiyama arylation of C-H
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B. This work: the first Ru-catalyzed C—H organosilane coupling by N-chelation
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Fig. 1 (a) Ruthenium-catalyzed arylation using boronic acids (previous
studies), and (b) ruthenium(i)-catalyzed C—H arylation using organo-
silanes by N-coordination (this study).

bonds in diverse N-heterocycles with aryl silanes by exploiting
solvent-controlled N-coordination (Fig. 1B). Notable features of
our study include: (1) the first N-directed Hiyama cross-coup-
ling using cost-effective, versatile Ru(u) catalysis; (2) the use of
benign, functional group tolerant organosilanes, including tol-
erance for aryl halides; (3) Ru(u)/CuF, reagent system in which
CuF, serves as a dual activator/oxidant in non-coordinating
solvents to accommodate for ligand N-chelation;'* (4) syn-
thesis of biaryl N-heterocyclic motifs that are prevalent in
natural products, pharmaceuticals and advanced organic
materials;"*'* (5) key mechanistic studies that support revers-
ible cycloruthenation. Notably, we demonstrate that (i) the
present Ru(u)-catalyzed Hiyama cross-coupling shows higher
reactivity than the Ru(u)-catalyzed direct C-H arylation with
boronic acids; (ii) N-coordination leads to significantly
improved reactivity than O-coordination'® under oxidative
Ru(n)-Hiyama conditions. This first Ru(u)-catalyzed N-directed
Hiyama C-H arylation offers broad implications to
achieve numerous C-H bond functionalizations by versatile
ruthenium(u) catalysis manifold that is beyond the scope of
classic Ru(0)/(u) arylations.*V

We initiated our investigations by studying arylation of 1a
with trimethoxyphenylsilane (Table 1). At the outset, we
hypothesized that by fine-tuning the coordinating properties
of the solvent to accommodate for N-chelation may enable the
first direct Ru(u)-catalyzed C-H arylation of N-heterocycles
with aryl silanes. After extensive optimization, we were
delighted to find that the use of cationic Ru(u) catalyst,
[RuCl,(p-cymene)], (5 mol%), AgSbF (20 mol%), trimethoxy-
phenylsilane (3 equiv.), and CuF, (3.5 equiv.) in DCE (1,2-
dichlorethane) cleanly delivered the desired diarylation
product in 83% isolated yield (Table 1, entry 1). It is worth
noting that the reaction is efficiently promoted by a single and
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Table 1 Optimization of Ru(i)-catalyzed C-H arylation of l1la with
phenyltrimethoxysilane®

0 o O

N Si(oMe), RuCk(p-oymene), N SN
HOAA . A AgSbFe NP PSP
_ ‘\/ conditions _ ‘\//
1a 2a 3a 3b
Entry Additive Oxidant Solvent 3a:3b” (%) Yield”* (%)
1 CuF, — DCE 6:94 >95 (83)¢
2 CuF, — PhCH; 69:31 >95
3 CuF, — THF 75:25 >95
4 CuF, — i-PrOH  74:26 >95
5 CuF, — DMF  86:14 70
6 CuF, — CH,CN — <5
7 CuF, — CHCl; — <2
8 CuF, — NMP  — <2
9 CuF, AgF DCE — <2
10 AgF AZ,0 DCE >95:5 40
11 AgF Cu(OTf)2 DCE — <2
12 AgF Cu(OAc), DCE — <2
13 AgF Cu(OAc),H,0 DCE — <2
14 KF Cu(OTf), DCE — <2
15 CsF Cu(OTf), DCE — <2
16 CuF, Cu(OTf), DCE — <2

“2-Phenylpyridine (1.0 equiv.), [RuCly(p-cymene)], (5 mol%), AgSbFs
(20 mol%), PhSi(OMe); (3.0 equiv.), addltlve (3.5 equw) oxidant (2.0
equiv.), solvent (0.20 M] 140 °C, 20 h. ” Determined by 'H NMR and
GC. “Yield of 3a and 3b. ? Isolated yield of 3b. See ESI for details.

cheap additive, CuF,, which serves as a dual silane activator
and Ru(0)-re-oxidant."® Key optimization results are shown in
Table 1. Other solvents are inferior to DCE due to less efficient
arylation and decomposition (entries 2-8). Modest monoselec-
tivity using PhCHj;, THF, i-PrOH and DMF was observed.
As anticipated, the efficiency of the reaction is strongly depen-
dent of the nature of the catalytic system used (entries 9-16).
In agreement with our hypothesis, the combined use of
other well-established Ru(0)-re-oxidants (Ag,O, Cu(OTf),,
Cu(OAc),)” ™" and silane activators (AgF, KF, CsF) gave
inferior results (entries 9-16)." Notably, the attempted C-H
arylation of 1a with phenylboronic acid under various Ru(u)
conditions gave the desired product with low conversions
(vide infra, see ESIT), suggesting the high potential of the
Ru(u)-catalyzed Hiyama cross-coupling in C-H functionalization
of N-coordinating substrates.

With the optimized conditions in hand, the scope of this
new Ru(u)-catalyzed Hiyama C-H arylation of N-heterocycles
was surveyed (Table 2). We were delighted to find that the devel-
oped Ru(un)/CuF, catalyst system is effective for arylation of a
wide range of N-heterocycles with high arylation selectivity,
including medicinally-relevant pyridines, pyrazoles and quino-
lines."® The example with substoichiometric amount of 2-phenyl-
pyridine (entry 2, 3a) illustrates that monoarylation is possible
with high selectivity, a process difficult to achieve with aryl
halides."" The arylation proceeds in high yields for electron-
donating and withdrawing substrates (entries 3-5, 3c-3e). In
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Table 2 Ruthenium(i)-catalyzed C—H arylation of N-heterocycles with
phenyltrimethoxysilane®?

R
| 2 [RuCly(p-cymene)],
RiN (5 mol%)
I AgSbFg (20 mol%)
- Sy H CuF, (3.5 equiv)
R + Ph—Si(OMe); —————————>
S DCE, 140 °C, 20 h
1 2 3
| R
Z N
j/Ph
SN
7
Me OMe

3b: 83% yield 3a: 87% yieldc 3c: 89% yield 3d: 67% yield
(94:6) (>98:2) (>98:2) (4:1)

Me™
CF3
3e: 77% yield 3g: 66% yield 3h: 73% yield?
(>98:2) @2.5:1) (>98:2)

Phé\rPh

3k: 83% yield
(>98:2)

3i: 72% yield 3j: 69% yield

31: 81% yield

“N-heterocycle (1.0 equiv.), [RuCly(p-cymene)], (5 mol%), AgSbFs
(20 mol%), PhSi(OMe); (3.0 equiv.), CuF, (3.5 equiv.), DCE (0.20 M),
140 °C, 20 h. Isolated yields. ¢ PhSi(OMe); (0.50 equiv.).  PhSi(OMe),
(1.0 equiv.). Selectivity is indicated in brackets. See ESI for full details.

these examples, significant electronic effects favoring arylation
of electron-deficient arenes (3e vs. 3d) are observed (vide infra).
The sterically-demanding ortho-methyl substrate underwent
arylation in good yield (entry 6, 3f). Moreover, monoarylation
is selectively achieved with (1) substrates bearing ortho-substi-
tuents on the pyridine ring (entry 7, 3g); (2) substrates featur-
ing meta-substitution on the arene'” (entry 8, 3h), representing
another strategy to achieve selective mono-arylation.
Furthermore, substrates bearing other heterocycles such as
sterically-demanding naphthalene (entry 9, 3i), electronically-
biased benzothiophene (entry 10, 3j), as well as directing
groups such as pyrazole (entry 11, 3k), and quinoline (entry 12, 31)
were successfully arylated to deliver the C-H arylation pro-
ducts in high yields. Of note, our results provide the first
example of a direct arylation of 2-pyrimidyl-benzothiophene
(3j), providing a modular access to benzothiophenes that are
prevalent in functional material applications."”® Taken
together, these results clearly demonstrate that this Ru(u)-cata-
lyzed N-directed Hiyama protocol might set the stage for the
development of numerous C-H arylation methods with versa-
tile Ru(u) catalysts.
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Next, the substrate scope with respect to the aryl silane
component was evaluated (Table 3). The scope with respect to
the aryl silane component is also broad. We were pleased to
find that trimethoxyphenylsilane was similarly effective as tri-
methoxyphenylsilane without modification of the reaction
conditions (entry 1 vs. entry 2).> Electron-rich (entries 3 and 4)
and electron-deficient silanes (entry 5) are suitable cross-
coupling partners, affording the desired mono-arylation
product with high arylation selectivity. Especially noteworthy
is the finding that fluoro (entry 6), chloro (entry 7) and bromo
(entry 8) substituents on the silane component can be
employed, providing valuable handles for further manipu-
lation. Of note, these results provide the first example of an
aryl bromide tolerated in C(sp?)-H direct Hiyama cross-coup-
ling using N-coordinating groups.’ Selectivity for halides
(entries 7 and 8) is complementary to Ru(u)/carboxylate
systems,”'! paving the way for sequential techniques to con-
struct polyarenes.

Preliminary mechanistic studies were conducted (Schemes
1-3). (1) In agreement with silane activation, intermolecular
competition studies with different arylsilanes revealed that
electron deficient silanes react preferentially (Scheme 1A). (2)
Electron-withdrawing groups on the arene facilitate C-H ary-
lation (Scheme 1B). Selectivity trends observed in the aryla-
tion of electronically-differentiated substrates (Table 1)
provide additional insights into the arylation selectivity. (3)
Deuterium incorporation studies revealed reversibility of the
cycloruthenation step (Scheme 2).® Most notably, competition
experiments reveal that N-coordination leads to significantly
improved reactivity than O-coordination'® under oxidative
Ru(n)-Hiyama conditions (Scheme 3). Moreover, the utility of
this new Hiyama direct coupling is highlighted by the fact
that the attempted Ru(u)-catalyzed arylation of N-heterocycles
with boronic acids proceeds with low efficiency (Scheme 4,
see ESIt for details). Further studies to elucidate the mechan-
ism are ongoing.

In summary, we have developed the first direct
ruthenium(u)-catalyzed oxidative C-H Hiyama cross-coupling
method for regioselective arylation of diverse N-heterocycles
with aryl silanes by N-coordination. This strategy is character-
ized by low toxicity of arylsilanes, the functional group toler-
ance for aryl halides, and broad substrate scope with respect to
both components. The protocol provides an operationally-
simple method to produce a wide range of valuable hetero-
cyclic biaryls that are particularly common in natural products
and pharmaceuticals under mild oxidative conditions with
user-friendly Ru(u). This reaction employs CuF, as a dual
silane activator/Ru re-oxidant, and no added ligand or additive
is necessary. We anticipate that this study will set the stage for
the discovery of numerous valuable C-H bond functionali-
zation reactions with versatile ruthenium(u) catalysts.

Financial support was provided by Rutgers University. The
Bruker 500 MHz spectrometer used in this study was sup-
ported by the NSF-MRI grant (CHE-1229030). We thank SEED
Grant (Rutgers University) to the Center for Sustainable
Synthesis for partial support of this project.
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Table 3 Ruthenium(i)-catalyzed C—H arylation of N-heterocycles with various organosilanes?

| [RuCly(p-cymene)l, |
~N (5 mol%) =N

AgSbFg (20 mol%)
H
N CuF, (3.5 equiv) N
Re . + Ar—SiOMe); ————— Ry _
3

DCE, 140°C,20 h

1 2
Entry Organosilane 2 3 Yield” (%)
! Qi%suom)3 2a 3a 83
2 @Si(OEt)3 2b 3a 79
3 MeOSi(OMe)s 2¢ 3m 67
4 MeOOSi(OMeh 2d 3n .
5 F3C@Si(OMe)3 2e 30 67
6 FOSi(OMe)s 2f 3p 75
7 <:|4<j>—suom‘e)3 2g 39 70
8 OSKOM% 2h 3r 57
“See Table 2. Selectivity: 3m (4 : 1), 30 (2.5: 1), all other examples >98 : 2. See ESI for full details.
| \ [RuCly(p-cymene)], | o
A 2N (5 mol%) 20% N
: AgSbFg (20 mol%) °
; 2-Phpy (1a) He Ao D,0 (3 equiv) HID . H/D
Si(OMe);  Si(OMe); [RuCly(p-cymene)l, 2-py 2-py 20%
(5 mol%) N DCE, 140°C, 20 h
AngFs, Cqu \ 1a [D]-1al1a
+ =
OMe CF, D(;E 31:0 :Cs ﬁooh CF3 Scheme 2 Deuterium incorporation studies.
2d 2e - 30
PhSi(OMe); | ~ | =
_N _N [RuCly(p-cymene)l, _N _N | A PhSi(OMe); | ~ /\—/\
(5 mol%) [RuCly(p-cymene)], _N
AngFs, CuF, Ph Ph (5 mol%) N
+ AngFs CuF, Ph o
DCE 140 °C, 20 h .
OMe CF3 3d:3c =1.4:1.0 OMe CF, DCE 140°C,20 h Ph
3¢ 3d 3a:4b=7.3:1.0 3a 4b
Scheme 1 Mechanistic studies. Scheme 3 Selectivity studies: N- vs. O-coordination.
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L) [RuCly(p-cymene)l, | N
Z B(OH)2 (5 mol%) Z
AgSbFs (20 mol%) oh
Ag,0, CU(OTH),, H,0
_—_—

THF, 140 °C, 20 h
3b: 52% yield
[RuCly(p-cymene)),
(5 mol%)
AgSbFg (20 mol%)
Ag,0, Cu(OTf),, H,O
+ _—

THF, 140 °C, 20 h

B(OH),

Ph
31: 36% vyield

1k 2a’

Scheme 4 Ru(i)-catalyzed arylation of N-heterocycles using organo-
boranes. Representative examples are shown (see ESI¥).
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