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Abstract: The transition metal-catalyzed C-H bond functionalization of azoles has emerged as one of
the most important strategies to decorate these biologically important scaffolds. Despite significant
progress in the C—H functionalization of various heteroarenes, the regioselective alkylation and
alkenylation of azoles are still arduous transformations in many cases. This review covers recent
advances in the direct C-H alkenylation, alkylation and alkynylation of azoles utilizing transition
metal-catalysis. Moreover, the limitations of different strategies, chemoselectivity and regioselectivity
issues will be discussed in this review.
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1. Introduction

Azoles are important heterocyclic scaffolds because of their wide application in pharmaceuticals,
natural products, and functional materials [1-3]. After the first report of the antifungal activity of
azoles in 1944 by Woolley, their functionalization and synthesis started attracting the attention of
researchers [4]. The functionalization of azoles has been well elaborated for decades by classical
metalation with strong bases such as n-BuLi [5]. However, these classical methods suffer from general
limitations, such as low chemo- and/or regio- selectivity, low atom economy, sophisticated reaction
conditions, and more importantly, poor reactivity in the case of electron-deficient azoles [6]. Moreover,
the cost of waste disposal and the need to handle reactive bases make these methods unsuitable for
industrial scale-up. As a consequence, over the last decade, continuous demand for these scaffolds in
the pharmaceutical industry and academia has resulted in several new approaches, mainly based on
C-H functionalization.

Direct transition-metal catalyzed C-H functionalization is an effective tool for streamlining
azole-based biologically important frameworks [7-11]. However, the presence of heteroatoms in an
azole framework renders the overall C-H activation more challenging and substrate-specific, owing to
their ligation tendency with transition-metal catalysts. Besides the heteroatom issue, the inherent
electrophilic nature of azoles favors either a nucleophilic attack via ring opening, or a direct attack
in the presence of metal catalysts. Furthermore, the alkylation of azoles with alkyl halides bearing a
B-hydrogen is challenging due to the possibility of f-hydride elimination and/or hydrodehalogenation
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in the presence of transition metal catalysts. Similarly, the alkenylation of azoles with alkenyl halides
is problematic due to the tendency of homocoupling of alkenyl halides, as well as the low stability of
moisture-sensitive iodides and triflates. In this context, researchers have proposed several strategies
to overcome these challenges, such as: (1) the use of directing groups to control regioselectivity,
(2) the development of moisture-sensitive coupling partners such as phosphates and carboxylic acids,
and (3) modulation of the innate reactivity of azoles via electronic and steric modifications.

Nevertheless, this field needs close inspection for the development of stable and reactive
electrophilic partners with improved catalytic systems. Recently, Evano and Theunissen [12] highlighted
the importance and challenges associated with the alkylation of various heteroarenes. Ackermann and
coworkers reviewed the alkenylation and alkylation of azoles, especially via 3d transition metals [13].
Many reviews have been published on C-H functionalization/activation strategies [14-16]; to the best
of our knowledge, none of them is truly focused on the direct C-H bond functionalization of azoles.
The continuously increasing demand for new azole-based antifungal agents still requires precise control
of regioselectivity and cost-efficient catalytic systems. Therefore, throughout this review, we highlight
the role of transition metals in the direct C—H alkylation, alkenylation, and alkynylation chemistry of
azoles. We substantiate the importance of these processes and outline common mechanistic patterns,
focusing primarily on the formation of new C-C bonds.

2. Alkenylation

The alkenylation of azoles has attracted much attention due to their widespread use in polymers
and materials chemistry [17]. There are four main synthetic approaches for transition-metal-mediated
alkenylation of azoles: (1) C-H/C-X alkenylation (X = halogen or triflate) of azoles with alkenyl
halides catalyzed by palladium or other transition metals; (2) C-H/C-H alkenylation (oxidative
Mizoroki-Heck reaction [18]) of azoles with simple alkenes catalyzed by palladium and rhodium
catalysts; (3) C-H addition of azoles to alkynes catalyzed by transition metal catalysts (i.e., Rh, Pd,
and Ni); and (4) decarbonylative C-H alkenylation. For clarity, we will discuss all the recent pioneering
developments in each category with some important mechanisms, as well as shortcomings.

2.1. C-H/C-X Cross-Coupling

Straightforward C-H/C—X cross-coupling is a classical and one of the most studied methods
for the alkenylation of azoles, due to the wide availability of diverse coupling partners (i.e., halides
and triflates). Moreover, the preparation of an organometallic coupling partner can be avoided with
this approach. In 2008, Doucet and coworkers reported an early example of the alkenylation of
azoles with C-H/C—X cross-coupling (Scheme 1) [19]. The authors employed a- or fS-substituted
alkenyl bromides for palladium-catalyzed coupling of electron-rich benzoxazoles, benzothiazoles,
or 2-n-propylthiazoles to afford the desired products via C-H bond activation. They performed the
reaction at high temperature (80 °C to 140 °C) and under an inert atmosphere (Ar) in the presence
of PACI(C3Hs)(dppb) as the catalyst. They overcame the decomposition of heterocycles otherwise
observed at high temperatures by using an excess quantity thereof. Interestingly, this process produced
minimal waste; i.e., HX associated with a base, instead of a metallic salt, rendering it intriguing in
terms of both atom economy and nontoxic waste.

R2

C[N\> N R?  PdCI(C3Hs)(dppb) (0.05 equiv) N \>_/8*R3
o) = Cs,CO; (2 equiv), DMF g

R' R? R
80-140 °C, 20 h, Ar
R' R2=H, Me 12 examples
R3=H, Me, Ph 27-69%

Scheme 1. Direct Pd-catalyzed alkenylation of azoles with bromoalkenes.
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Alami and coworkers employed a bimetallic Pd/Cu catalytic system for the direct alkenylation
of azoles with alkenyl halides to afford the corresponding 2-vinyl-substituted azoles in moderate to
good yields [20]. The reaction was not successful in the absence of Cul. Many heterocycles including
benzimidazole, benzoxazole, benzothiazole, and thiazole derivatives afforded the desired alkenylated
products with mono-, di-, or trisubstituted alkenyl bromides in good yields (Scheme 2).

o Pd(acac), (2.5 mol%) in >_>7
SN N Cul (5 mol%)
)\)H/I /> + Br/w/ > )\
o) IIJ N

P(o-tolyl)3 (5 mol%)
BUOLi (2 equiv)

THF, 130°C, 6 h 20 examples
_____________________________________________________ 4087% ..
Heterocycles used in this study:

O NH,
N N Bn
SsINIESS v ﬁ
v 07N" "N

X=NBn, O, S Y =S, NBn |
Scheme 2. Pd/Cu-catalyzed direct alkenylation of azole heterocycles with alkenyl bromides.

In 2010, Ackermann and coworkers reported Pd-catalyzed alkenylation of benzoxazoles by using
moisture-stable alkenyl phosphates as coupling partners. However, the scope of the reaction was
limited to only five examples (Scheme 3) [21].

_P(O)(OPh),
o)
o Pd(OAc)2 5 mol%

0 (0, it I
. N A KaPOs (1 oquiv), NMP =
S 4 3. SO 100°C. 160

o) o) o)
-0, OO 00
N Me N N
RZ=H, 72% 50% 56%
= n-Pent, 52%
=tBu, 63%

Scheme 3. Direct alkenylation of azoles with phosphates.

The microwave-assisted synthesis utilizing H,O as solvent is a cost-efficient and green approach
in organic synthesis. In 2012, Willis and coworkers employed such an approach for the coupling of
various alkenyl iodides with benzoxazoles using [Pd(dppf)Cl,.CH,Cl,], PPh3, and Ag,COj3 as the
catalytic system [22] (Scheme 4). They coupled a wide range of alkenyl iodides to afford the desired
products with good regioselectivity.

Ph
Pd(dppf)Clp.CHoCla( 5 mol%) ,
C[N\>_H Ph PPhs (10 mol%) @[XMZ
+ o
X ?\*2_\\_| AgoCOs (2 equiv), H,0 X~ N
100 °C, 1h
’ 14 examples

X=0, S, NMe Pyt

Scheme 4. Pd-catalyzed direct functionalization of benzoxazoles with alkenyl iodides.

Owing to the importance of monofluorinated alkenes in several areas, Hoarau and coworkers
developed a Pd’/Cu! bimetallic catalytic system for stereospecific direct C-H alkenylation of
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various 1,3-diazoles utilizing gem-bromofluoroalkenes as electrophiles (Scheme 5). A range of
electron-withdrawing and donating groups on gem-bromofluoroalkenes successfully afforded the
desired products in good yields without producing the undesired alkynylated product. The authors
used strong bases such as Cs;CO3 and 'BuOLi for alkenylation of less-acidic 1,3-diazoles to furnish the
desired monofluorinated products [23].

N-N R2 Pd(PPh3),Cl, (5 mol%) N-N F
| |\ X ~B" CuBr (10 mol%) 17N \
=z (@) + — R2
R | ~ F CsF(2equiv) toluene [© I © \ //
110°C, 2-6 h RZ\
R'=H, OMe, CF3; 12 examples
R2 = H, OMe, CN, NO, CO,Me etc. 77-96%

Scheme 5. Direct C-H fluoroalkenylation of 2-phenyl-1,3,4-oxadiazole.

Recently, nanoparticles have emerged as a robust catalytic system for many organic
transformations [24-26], providing an alternative to conventional homogenous catalysis. In 2014,
Wang and coworkers employed CuO (6.5 nm) nanoparticles for alkenylation of benzoxazoles,
benzothiazoles, and 1-methylbenzimidazoles with alkenyl bromides (Scheme 6) [27]. The authors
proposed a mechanism similar to the homogeneous catalytic system reported by Miura [28], in which
PPh; stabilized the surface of the nanoparticles and acted as a ligand. Moreover, the catalyst can be
used several times without losing its catalytic activity.

nano CuO (10 mol%)

N\> B\ /— PPhs (30 mol%) N
: \ |/ > Ny (T
X N7 K,COs (2 equiv), diglyme X —\ | /
R
R

reflux, 5 h

O, S, NMe;
H, OMe, CI;
0,1

24 examples
40-86%

S X
LT

Scheme 6. Nano CuO-catalyzed C-H functionalization of azoles with bromoalkenes.

In 2013, Yamaguchi and Itami disclosed an efficient nickel-catalyzed C-H/C-O coupling of
heteroarenes and enol derivatives [29]. A 1,2-bis(dicyclohexylphosphino)ethane (dcype) ligand was
necessary for this Ni(0) catalytic system (similar ligands displayed an extremely low or no promoting
effect; Scheme 7a). They employed styryl pivalate and carbamate as coupling partners with various
azoles such as oxazoles and benzoxazoles with substituents at the C5 position (methyl, methoxy,
and t-butyl) to afford the corresponding styrylated products in moderate to good yields. Moreover,
the authors showed the utility of this new method by synthesizing Siphonazole B in a convergent
manner as compared with previous reports. However, benzothiazoles did not react with styryl pivalates
and carbamates under the optimized reaction conditions. Later in 2015, the same group improved
the efficiency of this reaction by employing a Ni(Il)/dcypt catalytic system to deliver the alkenyled
imidazoles in high yields (Scheme 7b) [30].

In 2016, Kwong and coworkers disclosed a Pd/PhMezole-Phos-catalyst system for alkenylation
of oxazoles by employing readily available and stable alkenyl tosylates as coupling partners [31].
They reduced the catalyst loading to 250 ppm, providing an opportunity to minimize the residual
Pd-content in pharmaceutical products. Moreover, they synthesized a new class of Ir(Ill) complexes
by using C2-alkenyloxazoles, useful for applications such as cell imaging. In addition, they carried
out a gram-scale synthesis without altering the reaction conditions, affording the desired product in
85% yield (Scheme 8).

A year later, Chen and coworkers described an efficient method for C2-alkenylation of benzoxazoles
by using an economical Cu-atalytic system and allyl halides as coupling partners under ligand-free
conditions [32]. Interestingly, slightly modified reaction conditions produced a more conjugated
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2-(buta-1,3-dienyl)benzo[d]oxazole product in 75% yield from 1,4-dibromobut-2-ene and benzoxazole.
The reaction starts with deprotonation of the benzoxazole followed by metalation to form intermediate B.
The in situ intermediate then undergoes oxidative insertion with the allyl halide to generate intermediate
C, which further undergoes reductive elimination to afford the desired product (Scheme 9).

[Ni(cod),] (4 mol%) : :

R N RO dcype (8 mol%) . R

a) ﬂ: S—H + %l KsPO, (0.8 equiv) ﬂ: >_\_ /\ 5
SN Fh i :

Ph 1,4-dioxane, 130°C

'ff
i

= 1BUCO, Me,NCO 12-36 h 8 exaTbes wooo._. Nirdcype
= (]
Me,N._O Ni(OT#), (10 mol%) ST T \
N\>_ Y deypt (12 mol%) @[N\ ) ;\ Sz/ !
b H PIRN > >_\_ H '
) N * O\l 1 K3POy4 (3 equiv) N R2! b E
R n2” FamylOH,120 °C R’ 5 %:
R' = Me, BnO, Bn efc; 12-36 h 11 examples : % deypt
R2 = Ar, 1Bu etc. 29-87%  TTTTTTTTTTTTTThTTTTTTeY

Scheme 7. Ni-catalyzed alkenylation of azoles with (a) enol derivatives and (b) carbamate.

250 ppm Pd(OAG),

)
R O 1000 ppm PhMezole-Phos R 0
I ey e
R N n BuOLi, ‘BuOH r2Z N n
100 °C, 18 h

R'=R?>=Ar,n=1,2,6; 24 examples
R3 = Ar, Me, H, etc. 70-97%

Scheme 8. Direct C2-alkenylation of oxazoles with alkenyl tosylates.

CuCl (10 mol%)

N BuOLi (3 equw)
R Y+ XT Y OR?
@ O> /\R’(\ toluene o>_\>_\

flux, Np, 1 h
X =Br, I, CI: refiux, N2 R2
R= H Me CI Br CF3 NOZ, 16 examp|es
R' = R? = Me, cyclohex-1-ene 56-90%
Mechanism:

@om

1
/>—Cu R
/>—Cu

/\/\RZ

Scheme 9. CuCl-catalyzed direct C-H alkenylation of benzoxazoles with allyl halides.
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In 2019, Liang and coworkers followed Doucet’s Pd-catalytic approach for C2-alkenylation
of a variety of azole-based heterocycles by using a more efficient Ni-xantphos catalytic system
(Scheme 10) [33]. These modified reaction conditions presented a moderate scope for C2-alkenylation.
However, a higher reaction temperature was needed for sterically hindered bromoalkenes.

__________________

Pd,(dba)s (5 mol%)

Y1= O, S, NMe, Bn efc; 16 exambles pph2 PPh2
R'=H, Me, Et etc; Pt . NiXantphos
R2=R®=H,Meetc. 0 TeEER 0 mmmmmmmmmmEesmees

B RS 1 :

B N\> r>_< NiXantphos (10 mol%) [ N~ | y :
R _ + ) » R P \ ) : :
Y R'" R®  !BuONa (3 equiv) Y R2 :

THF, 24 h, rt R3 i o !

-

Scheme 10. Ni-catalyzed direct alkenylation of azole derivatives with alkenyl bromides.
2.2. C-H/C-H Cross-Coupling

From the viewpoint of sustainable and atom-economic development, C-H/C-H cross-coupling
offers the most straightforward approach in alkenylation of azoles. Also, substrate pre-activation is
not required.

Transition-metal-catalyzed oxidative olefination (typically from acrylates) of heteroarenes for
direct C-C bond formation via C-H bond cleavage is also known as the Fujiwara-Moritani reaction.
In 2010, Miura and coworkers reported direct alkenylation of 2-substituted azoles using Pd(OAc),
as catalyst and AgOAc as oxidant to deliver the corresponding 5-alkenylated azoles in moderate to
good yields (Scheme 11) [34]. Internal or aliphatic alkenes were not suitable under the optimized
reaction conditions and gave lower yields. They exemplified the utility of the process by synthesis of
ni-conjugated 2,5-dialkenylated thiazoles, which showed interesting solid-state fluorescence properties.

Pd(OAC), (10 mol%)

R2 R2
N X N 3
1/«‘§ + A R3 AgOAc (0.3 equlv): 1/« \ / R
R™ ™x EtCO,H, 120 °C, R™ *x

X=S8,0O; 8h 17 examples

- 0,
R" = Alkyl, Ar, OMe, SMe; R? = H, 40-95%
Me; R® = CO,"Bu, CO,'Bu, Ar

Scheme 11. Pd-catalyzed direct oxidative alkenylation of azoles.

In 2011, Antilla and coworkers replaced Ag with a cheaper Cu oxidant for C4-olefination
of oxazoles catalyzed by Pd(II) acetate via C-H bond activation under mild reaction conditions
(Scheme 12) [35]. They applied their optimized reaction conditions to a wide substrate scope including
various olefins such as electron-deficient alkyl acrylates, N,N-ethylphenylacrylamide and substituted
styrenes, with good functional group tolerance. Interestingly, more-challenging substrates such as vinyl
trimethylsilane and 1-phenyl-1,3-diene also afforded the desired products in moderate to good yields.

NN 10 mol % Pd(OAc), — R
D—OMe + —\R 2 equiv Cu(OAc), N{/
0 >
Ar 1\
CHg,CN,Geho °C, Ar Ar/ko OMe

R = CO,"Bu, COMe, Ar, TMS, 14 examples
OAc etfc. 26-87%

Scheme 12. Pd-catalyzed C4-olefination of oxazoles.

Gem-difluoromethylene exhibits extraordinary biological activities with potential pharmaceutical
applications [36]. Owing to its importance, Wu and coworkers reported synthesis of pyrazole
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derivatives containing a gem-difluoromethylene moiety through a Pd-catalyzed direct o-olefination of
CFs3-substituted pyrazoles (Scheme 13) [37].

CF; ><

N? (o e] Pd(OAc), (20 mol%)
4 ]+ CO,tBu _Ag2C05 (2 equiv)
0,
£ DMFé: 2hO C,
O
F NO,
Scheme  13. Pd-catalyzed reaction of 1,35-trisubstituted pyrazoles with

gem-difluoromethylenated acetonide.

Yao and coworkers reported a Pd(II)-catalyzed oxidative Heck coupling of thiazole-4-carboxylates
to deliver the desired alkenylation products in moderate to good yields (Scheme 14) [38].
This C-H functionalization uses neither ligands nor acidic additives to accelerate the reaction.
Thiazoles containing 2-alkyl and 2-carbonyl substituents mainly gave homocoupling byproducts
with n-butyl acrylates.

R\(S H Pd(OAc), (10 mol%) R\«S/ N\_-CO,"Bu
,}j / +Butyl Acrylate __AGOAC(20equiv)
CO,Me DMF/DMSO (10:1, v/v) CO,Me
(1.5 equiv) 115°C, 48 h
18 examples
R = Ar, Ph, alkyl, carbonyl 46-90%

Scheme 14. Pd(Il)-catalyzed oxidative Heck coupling of thiazole-4-carboxylates.

In 2012, You and coworkers reported an efficient trimetallic catalytic system using
Pd(OACc),/CuCl/Cu(OAc),-H,O for a dehydrogenative Heck coupling, achieving direct alkenylation of
various biologically relevant N-heteroarenes with alkenes [39]. They applied their reaction conditions
to caffeine and xanthine derivatives, and afforded the desired products in good to moderate yields
(Scheme 15). The authors highlighted the importance of this protocol by showing the fluorescence
emission ability of these new scaffolds.

0 R’ Pd(OAc); (2.5 mol%) 0 R!
R{N N CuCl (15 mol%) R2 \ N
)\ | /> + AR Cu(OAc).H,0O (1.5 equw); | />_\\_
0 N~ N Pyridine (1 equiv) 07N N R
| DMA, 120 °C, 20h |
R'=Me, "Bu, H; R? = Bn, allyl, Et; 9 examples
R =CO,"Bu, Ph 51-90%

Scheme 15. Pd/Cu-catalyzed dehydrogenative alkenylation of caffeine derivatives.

Inspired by You’s work, in 2014 Ong and coworkers employed a Pd(TFA), and 1,10-phenanthroline
catalytic system with Ag as oxidant for C-2 alkenylation of azoles (Scheme 16). The authors revealed
the considerable role of C-H bond cleavage of the alkene in the rate-determining step. Moreover,
they achieved direct and efficient synthesis of naturally occurring Annuloline and Siphonazole,
showing a promising opportunity in natural product synthesis [40].
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PA(TFA)2 (10 mol%) A Ph
A3 N 1.10-Phen (15 mol? oSN/
R I\) + Popp Lrhend n?O/o)=RL_i I\
U~y AgTFA (2 equiv) NI
toluene, 130 °C
X =0, NMg, S; 16 h 30 examples
R =H, Me, Ph, CI, CO,Me 55-87%

Scheme 16. Pd-catalyzed dehydrogenative alkenylation of azole motifs.

Kuang and coworkers performed an extensive experimental study for C2-selective alkenylation of
thiazoles. The overall selectivity of this process relies on the neutral reaction conditions and the ligand
choice (1,10-phenanthroline). The authors presented a broad substrate scope with good functional
group tolerance (Scheme 17) [41].

Pd(OAC), (5 mol%)

N
R - 17N
Y » * 2SR 1,10-phenanthroline (30 moI%)L R t’ >_\\_

S AgNO3 (2 equiv), DMSO, S R

R' = H, alkyl, pheny; 100°C, 12 h 23 examples
R = ester, amide, aryl 63-91%

Scheme 17. Pd-catalyzed C2-selective olefination of thiazoles.

Thiazolo[3,2-b]-1,2,4-triazole moieties are valuable molecules that exhibit a wide range of
biological activities [42]. In 2014, Wang and coworkers reported an atom-economical approach
to obtain alkenylation of thiazolo[3,2-b]-1,2,4-triazoles via a palladium-catalyzed, two-fold C-H
functionalization [43]. Interestingly, the synergetic effect of a metal oxidant, Cu(OAc),, with oxygen
plays an important role in the C-H activation step, affording the desired products in high
yields (Scheme 18).

)
Pd(OAC), (10 mol%) R

R1
N< C . N\N / R3
N u(OAc), (2 equiv) I/ N\
R2_</ /\g + P R »R —< _
Nél\s N’ks

O,, dioxane, 110 °C
12 h

1 .
R2 = Me, Ar; 30 examples
R< = Ph, Me, 4-CICgH4, 4-MeCgHy; 30-90%

R3= CO,Et, CO,"Bu, CO,'Bu, Ar
Scheme 18. Pd-catalyzed direct alkenylation of thiazolo[3,2-b]-1,2,4-triazoles.

In 2015, Shi and coworkers employed a semi-continuous approach to overcome the long-standing
homocoupling problem in direct oxidative cross-coupling to functionalize thiazole derivatives
(Scheme 19) [44]. Interestingly, {AmylOH and DMSO played an important role in increasing the yield
of the desired products. The authors showed a broad substrate scope with good to moderate yields.

Pd(OAc), (10 mol%)

RH/S Cu(OAc), (2.0 equiv) RH/S y R3
| 5-nitro-1,10-phen (10 mol%
N / + /\R3 P ( - ) - N| /
) Cs,CO3 (1 equiv),
R DMSO (6 equiv), -AmylOH, R?
R' = H, Ar, Me, SMe: Np, 100°C, 12h 32 examples
R? = Me, Ar, H; 22-88%

R® = CO,Et, CO,'Bu, CO,Bn, Ar etc

Scheme 19. Synthesis of multifunctionalized thiazole derivatives via regioselective and programmed
C-H activation.
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In 2016, Huang and coworkers utilized a well-established Pd-catalyzed direct C-H bond
functionalization strategy for dehydrogenative alkenylation of imidazo[2,1-b]thiazole derivatives
(Scheme 20) [45]. The reaction conditions were compatible with a wide range of alkenes and thiazoles.

R1
Ry’
R' = Ar; R?= Alkyl _ WR
> s
H 18 examples
) R Pd(OAc), (10 mol%) up to 94% yields
R2_/ .
e - R _A9AC B equiv) .
s H PivOH, 80 °C, P
24 h L o
R = CO,Me, Ph, CN efc. R=R=Me , o/
=L MW/ R
S
6 examples
78-89%

Scheme 20. Pd-catalyzed site-selective C-H alkenylation of imidazo[2,1-b]thiazoles.

In 2017, for the first time, Ackermann and coworkers introduced a Ni-catalyzed regioselective
hydroarylation of allenes with purines and imidazoles [46]. The authors successfully applied
this catalytic system for dienylation through C-H functionalization and concurrent C-O cleavage
(Scheme 21). The employed base plays a key role in the isomerization step to deliver the desired
products. The practical utility of this protocol was shown by the late stage-diversification of
diphophodiesterase inhibitors.

______________________

. Ni(cod), (10 mol%) R': jPr ipr
X >N RPromo%)  x* NN/ : N !
r | \>—H + Q > | \ R2 \/N E
Sy 7N R? BUONa (1.0 equiv) sy~ ~N ; = :
! ' '
R PhMe, 100 °C, 14 h R : i-Pr ipr :
NP ,

X,Y =N, C; R=Me, Bn, nBu, Ar, 36 examples

R1 =tBU 1-Ad: 50-95%

R? = "Pent, "Hex, (CH,),Ph, "Bu.

Scheme 21. Ni-catalyzed functionalization of imidazoles with allenes.

In 2018, Xu and coworkers employed cationic rhodium(IIl) for the direct olefination of imidazoles
with high regio- and stereo- selectivity [47]. Unlike the other reported methods, this catalytic system
requires a directing group for the selective C-2 alkenylation. A broad range of benzimidazoles
and activated olefins successfully delivered the desired products in good yields. In the proposed
mechanism, the reaction starts with the Rh(IlI)-mediated C-H bond activation to form the cyclorhodium
intermediate B, followed by coordination with olefin 2 to give intermediate C. Then a regioselective
migratory insertion of the olefin delivers the complex D. The p-H elimination furnishes the desired
product 3 and Rh(I). The Rh(I)-species is further oxidized by O,, regenerating Rh(III) to complete the
catalytic cycle (Scheme 22).

Later on, Joo and coworkers reported a systematic access to functionalized (benz)imidazoles via
direct C-H functionalization [48]. Molecular oxygen as an oxidant was found essential for the selective
C5-alkenylation of imidazoles. In this study, the authors highlighted the distinctive role of imidazole
as ligand for Pd(II) to regioselectively install alkenyl groups at the more nucleophilic C5 position of
the imidazoles (Scheme 23a,b). Notably, the reaction conditions were not compatible with related
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1,3-azoles, i.e., thiazoles and oxazoles. Furthermore, the installed C5-alkenylated imidazoles could be
subjected to additional alkenylation, affording unsymmetrically substituted benzimidazoles.

R1 R1
N N
]\ [CP*RNCly], (2.5 mol%) N\ /A
N~ R? AgSbFs (10.0 mol%) R N~ R?
P Z>R3 Cu(OAc), (60 mol%) P
N7 N S > NZN
| 0,, DME, 130°C, 2 h |
I W
R' = Me, "Pr, Cy, Br efc; 44 examples
R? = Me; R3= CO,"Bu 42-92%
Mechanism: [RhCp*Cl], i NI N
AgSbF Z
¢ °] 6 N)\N N
[O] [Rh'"Cp*] >7’
A

L/Y [Rh' Cp*]

||m|nat|on

/N 1
T/ R

D gg R® olefin R2
* insertion )\ " A R3
7

Scheme 22. Rh (III)-catalyzed selective direct olefination of imidazoles.

Pd(OAc), (10 mol%) N ‘
a) KOPiv (2 equiv) /
</ j COQ"BU > <N =

O, DMA,120 °C, R; CO,"Bu

R 24 h
12 examples
R ="Bu, Bu, Et, Me efc; 37-68%

b) Pd(OAc), (10 mol%)

N
Cu(OAc), (2 equiv) R /]\/\

1</

R j A>co,"Bu - —<N =

1,4-dioxane, 100 °C, I

CO,"Bu

R2 15 h R®
R'= Me, "Bu, Ph; 11 examples
46-80%

R2 = Bn, "Bn, Et etc.

Scheme 23. Regioselective C-H alkenylation for (a) C2-unsubstituted and (b) C2-substituted imidazoles.

Recently, Kumar and Kapur developed an interesting catalyst-driven selective C-H
functionalization of isoxazoles at the distal and the proximal position as shown in Scheme 24 [49].
The mode of activation in the case of cationic Rh involves the strong coordination with the isoxazole
nitrogen, favoring the proximal C-H activation of the arene ring. On the contrary, the Pd-catalyst prefers
to undergo the electrophilic metalation at the C(4)-H of the isoxazole to furnish the desired distal C-H
activation. Furthermore, the kinetic isotope studies elucidated the possibility of carbometallation or
the p-hydride elimination to be the rate-limiting step, instead of the C—H activation step. The synthetic
utility of this position-selective C-H olefination approach was demonstrated by the synthesis of densely
substituted pyrroles by employing a Ru- and Cu-mediated cooperative catalysis.
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Pd(OAc), (10 mol%)
Ag(OAc) (1 equiv)

AgSbFg (20 mol %)

. Cu(OAc)2.H20 (2 equiv) R Ag,CO3 (2 equiv) R2
[ /‘ 5 CHaCOH (Tequiv) ™% THF, 100 °C «
h THF,100 °C {/ 24-30 h u
5-30 h
50 examples
45-98% R'= Ph; R? = Me, OMe, NO,, F, Br, Cl, CN;
R®= CO,Et, SO,Ph, CO,Bu, CO,Bn etc.

R3

16 examples
84-95%

Scheme 24. Catalyst control in positional-selective C-H alkenylation of isoxazoles.

The regioselective alkenylation of 2,5-unsubstituted thiazole derivatives has been a challenging
issue among synthetic chemists. Maiti and coworkers overcame this challenge by using a tricoordinating
directing group (T) bearing a cyanide template for the selective metalation of thiazole at the C5 position
followed by reductive elimination to deliver the desired products [50]. The authors presented a wide
range of substrate scope with good functional group tolerance (Scheme 25).

. ' S '
T (1 equiv) ' | ) '

S PAOAG), (10mo%) S, Rt Oy N
Clve 0 | ' N—Pd—N :

Nf\/g_H + 2 Rr1 Ac-Gly-OH (20 m?lﬁ)) b 5 Pd O :
\ AgOAc (2.05 equiv) R E Me lTl Me E
HFIP, 80 °C, 30h ] CN NC :

R = H, Me, CI; 19 examples : O Me O '
R'= ester, arene efc. 74-98% 'l F ; F :

_______________________

Scheme 25. Pd-catalyzed template-directed C-5 selective olefination of thiazoles.

2.3. C-H Addition of Azoles to Alkynes

Alkynes are potentially good substrates for alkenylation because of their wide availability and
low cost. The transition metal-catalyzed direct cleavage of the C-H bond of azoles followed by
insertion of alkynes appears an ideal and atom economical method for the alkenylation of azoles.
This straightforward synthetic strategy was early reported by Miura [51]. Later, in 2009, Miura and
coworkers reported a Ni-catalyzed C-H alkenylation of 1,3,4-oxadiazoles [52]. At the same time,
Hiyama and coworkers also reported a similar approach for the alkenylation of imidazoles [53].
In 2010, Ding and Yoshikai reported a Cobased catalytic system for the addition of benzoxazoles
to unactivated internal alkynes (Scheme 26) [54]. The optimized reaction conditions showed good
regio- and chemo- selectivity possibly originating during the alkyne insertion step. Unfortunately,
the optimized conditions were not suitable for the alkenylation of benzoxazoles with terminal alkynes.

N = CoBr; (10 mol%) N ;
27N N\ DPEphos (10mol%) _ \D:N\ /R
R ﬂ: o> + | | MesSiCH,MgCl (50 mol%) R Gy R2
~ R2 THF, 20 °C, 12h
R = Cl, Me, CF; OMe, Br, CN etc; 24 examples
R' = Pr, "Bu, 'Bu, Ph, Benzyl ethers etc; 20-99%

R? = "Bu, SiMe3 Ph, Benzyl ethers etc

Scheme 26. Co-catalyzed addition of benzoxazoles to alkynes.

Later, Ding and Yoshikai observed the chemoselective alkenylation of (benzo)thiazoles in the
presence of (benz)oxazoles by changing the ligand from DPEphos to Xantphos. The authors could not
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provide the reason for the observed selectivity, but their work opens the door for further investigations
(Scheme 27) [55].

4 CoBry (10 mol%)
R Xantphos (10 mol%) e N R!
| MesSiCH,MgC (50 moi%) f ]: M

THF, 60 °C, 12h s R
RZ
R' = Pr, "Bu, Ph, 'Pr: 15 examples
23-90%

R2 = Pr, "Bu, Me, Ph

Scheme 27. Co-catalyzed alkenylation of thiazoles with alkynes.

The selective alkenylation of triazolopyridines using a Ni-catalytic system was reported by Driver
and coworkers. In this pioneering work, the authors highlighted the steering role of a Lewis acid
(AlMej3) interaction for the selective oxidative addition of the C7-H bond to generate intermediate B,
followed by alkyne insertion to obtain the desired products (Scheme 28) [56]. The alkyne insertion step
was mainly curbed by the substituent steric factor on the alkyne bond, favouring the new C-C bond
between the smaller alkynyl substituent and the C7 of the triazolopyridine.

R
R . Z N=
R, Ni(COD), (10 mol%) N
C%N . / PPhy (10mol%) N
- N~N' R¢ AlMe; (1.2 equiv) e i
R = H, Me, Ph; toulene, 70°C s R
L
Rs = Rsman = Me, Et, Ph, "Pr; 20 examples
RL = Riarge = IPT, Ph, CoHap-F; 51%-97%
! Z Z
! /, N® turnover /, NG9 4
! X N~N"  Jimiting step RsxN~N'© '
R > Rg TR > \ ----
H QAMe, |IF—Ni—H AlMes
| . |
[—iz---e pphs
RL
Rp A B

Scheme 28. Ni-catalyzed alkenylation of triazolopyridines.

Similar to this report, Ong and coworkers employed the same Ni/Al bimetallic catalytic system for
the remote C-H functionalization of imidazo[1,5-a]pyridines. Interestingly, the authors were able to
switch the regioselectivity of alkenylation from C5 to C3 by excluding AlMe3 from the catalytic system
(Scheme 29) [57]. A wide scope was presented with good functional group tolerance.

Z N= N
AlMej; (60 mol%) N~
R C5 selective o
PrX 17 examples
Z N= Ni(cod), (5 mol%) 23-99%
NN IMes (5 mol %) nPr
. toluene, rt, 6 h
z
nPr—=——nPr N//N
A
R = H, Me, ‘Bu, NMe, OMe, F; : > 23 examples
' C3 selective — 53-99%
CO,Et, CF3 Ar, styrene efc. nPr b
nPr

Scheme 29. C-H alkenylation of imidazo[1,5-a]pyridine with alkynes.
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In 2015, Huang and coworkers exploited an oxime as directing group in the selective alkenylation
of thiazoles employing a Rh-catalyst. This was followed by a tandem cyclization to deliver azole
fused pyridines (Scheme 30) [58]. Despite having lower reactivity at the C-4 position, various thiazoles
underwent smooth alkenylation with alkynes. In general, electron-rich alkynes gave better yields
than electron deficient alkynes. Notably, this catalytic system also successfully delivered the desired
products with unsymmetrical alkynes.

Me Me
_OH
R\ A M @—4N )
Q—(S | ] Ri [RNCPCLL 25 mo%) X T s AN
+ > R2
or or

NaOAc (2 equiv)

| 20 0 19 examples
60-70 °C, MeOH, 41-95%

R3
X2 Me 2
@\(S ! R 24h Ve
~7 "\ J “N-OH 3 S
N R\— | SN
H \ 7 N\~ -
R2

R'=aryl, Ph;
R? = aryl, n-Pr, Me, CH,CH,Br, CO,Me; 10 examples
R®=H, F, Cl, Br, OMe, Me, CF3 77-83%

Scheme 30. Rh(III)-catalyzed cyclization reaction of azoles with alkynes.

In 2017, You and coworkers exploited a Rh/Cu-catalytic system for the alkenylation of azoles via a
C-H addition/oxidation sequence to generate tetra(hetero)arylethylenes (Scheme 31). Interestingly,
control experiments and DFT calculations revealed that the C—H bond cleavage of azoles could be
facilitated by either Rh or Cu. The authors also supported the necessity of Cu(OAc); to obtain the
desired product by computational studies. Tetra-arylethylene (TAE) derivatives have widely been
used in OLED applications. This makes the protocol highly alluring for future developments in the
area of functional materials [59]. Employing this catalytic system, a broad range of alkenylated azoles
could be readily generated in good yields from alkynes.

o [RhCp'(MeCN)3]SbFgl, (10 mol%) @ Q
Cu(OAc), (2 equiv)
H X > —
@ ’ N y H PIVOH (0.5 equiv)
° DCE, 120°C, 10 h ° @

36 examples

S
63% 66%

Scheme 31. Rh/Cu-catalyzed highly trans-selective 1,2-diheteroarylation of alkynes with azoles.

Another interesting approach for the alkenylation of the C5-position of thiazoles using a
Pd/PCy3/RCO,H-catalytic system was disclosed by Joo and coworkers in 2019 [60]. The key intermediate
of this catalytic cycle is the alkenyl Pd(II)-carboxylate complex, which enables the concerted metalation
deprotonation of substituted azoles, followed by reductive elimination to deliver the corresponding
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products. The reaction conditions were not only compatible with substituted thiazoles but also with
oxazoles, benzoxazoles, and pyrazoles (Scheme 32). The hydroarylation of azoles occured at the C2
position if the C5 position was not available.

Pd(dba), (5 mol%) '; o 0 .
0 r
H o+ A= pr 220 Mol%) R)j\o—[Pd]j
r

PivOH (30 mol%) Ar
DMA,110°C, 14 h 53 examples via
L 2T88% .
Heterocycles:
R! ! R o 0 Me i NMe NOz
N T 5—n C[ )>—H N | //——\S_
\ / )—H N. H
HJIS)\R? N\e_ N O)\N N N
4 I
R Me Me
R'=H, Ph, Me, CO,Et; R3®=H, Ph;

R?=H, Me, COMe, ‘Bu, Ph  R*=H, Ph, CO,Et

Scheme 32. Pd-catalyzed syn-hydroarylation reaction of diaryl alkynes with azoles.

In 2019, Breit and coworkers introduced an interesting cascade sequence to achieve the trisallyation
of benzoxazoles catalyzed by Pd(OAc); using Ruphos as ligand [61]. In the proposed mechanism,
the reaction starts with the generation of a Pd-hydride species through oxidative addition of the
Pd-catalyst with HOPiv. Then, the Pd-hydride species facilitates the isomerization of the alkyne to
allene and affords the m-allylpalladium intermediate. Subsequently, intermediate A reacts with azoles
by C-H activation to produce mono-allylated product B, followed by isomerization and sequential
two-fold C(sp3)-H allylation with m-allylpalladium intermediate A to furnish the desired product D
(Scheme 33).

RJ™R
oY
AY P /
Pd(OAc); (2.5 mol%) ON
P N Me RuPhos (5 mol%)
RT |]: \> + \ KOAc (0.6 equiv) oh =
70 Ph  HOPiv (10mol%)  Ph._~ x_Ph
o}
R = Me, F, 'Bu, OMe, Ph, toluene, 120 °C, 24 h 19 examples
CO,Et, CHO efc. 38-95%
Mechanism:
Olefin 0
O Migration
\ -~ \N
7\ = .
PH c Ph B PdL, HOPiv
sp® C-H 5
allylation /<
Q Td \N
sp®C-H 3N Ph/YE
. Z H
allylation HPAOPiv
N
N .
Phr Ph ©:o> FI’dOFJV//\
D HOPiv Ph/\H( Me—==—Fph
A

Scheme 33. Pd-catalyzed trisallylation of benzoxazoles with an alkyne.

2.4. Decarbonylative C—H Alkenylation

In recent years, decarboxylative C—H bond functionalization has drawn growing attention, since
carboxylic acids are commercially available and are structurally diverse. Obviously, the use of
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transition-metal catalyzed vinyl carboxylic acids as olefin sources with heterocycles via direct activation
of C—H bonds is an attractive and atom-economic synthetic methodology. Several transition-metal
coupling methodologies for the direct decarboxylative olefination have been reported [62,63].
Decarbonylative cross-couplings for the alkenylation of azoles have remained elusive for some
time. In 2013, Itami and coworkers reported an inimitable method for the alkenylation of azoles
with a Ni/dcype catalytic system, using enol derivatives and a,-unsaturated esters [29]. Moreover,
this catalytic system can also efficiently enable decarbonylative alkenylation with enol derivatives
of styryl pivalate, styryl carbamate and phenyl cinnamate (Scheme 34). In general, the coupling
product of various azoles with carbamates delivered the corresponding products with higher yields as
compared to styryl pivalates.

o [Ni(cod),] (10 mol%)

A~ _N dcype (20 mol%) P %
Loty ol (T h %
=0 . 14-dioxane, 150°C

12-36 h . Nlldcype

R = Me, F, ‘Bu, OMe efc; 14 examples T ’

R'=Ph, Ar, Me, Et etc 31-92% yield

Scheme 34. Ni-catalyzed decarbonylative C-H alkenylation of various azoles.

Fluorinated heterocycles have always been attractive scaffolds for pharmaceuticals and organic
materials. In 2014, Hoarau and coworkers reported an efficient method for the direct C-H/C-CO,H
cross-coupling between azoles and a-fluoroacrylic acids via a decarboxylative process, using a
Pd/Cu-catalytic system [64]. The reaction mechanism is believed to start with a Cu-promoted
decarboxylation step generating an alkenylcopper intermediate. This is followed by a transmetalation
step with the Pd-azole intermediate. Finally, reductive elimination generates the desired product.
The various (Z/E)-a-fluroacrylic acids successfully delivered the Z/E-isomeric products in good to
moderate yields with good functional group tolerance (Scheme 35).

HO,C [Pd(acac),] (10 mol%)

N—N d o
ppe (20 mol%)
) S - > H_
R1/< H . 2 CuCOs (3.5 equiv) RVA

R

R1 Ph, Ar efc; DMA:DMSO (8 3) 13 examp|es
R? = Ar, Bn efc. MS 4 A, 140 °C, 12h 35-65%
ZES—B_-FIBB}BA?:}QIE_a_c_iaé_"_""""""""""""""N_ ________________
\
O
87% MeG 85%

Scheme 35. Decarboxylative/direct C—-H monofluoroalkenylation with fluoroacrylic acids.

Later in 2017, the same group developed a decarboxylative C-H alkenylation of various
azoles with a-alkoxylated acrylic acids [65]. This decarboxylative coupling proceeded smoothly
employing [Pd(acac);] as catalyst along with CuCO3.Cu(OH),. This transformation displays good
E/Z stereochemistry and a/p regiochemistry. For less acidic benzothiazoles, Cul played a key role
in increasing the acidity at the C2-H of the heteroarene, forming a [Cu]-heterocycle. Therefore,
depending on the acidity and the nucleophilicity of the azole, there could be two possible pathways
to activate the azoles and afford intermediate (I): (i) direct Pd-catalyzed heteroarenes (azoles) via
a base-assisted concerted or nonconcerted (carbanionic-type) process, or (ii) heteroarylcopper(III)
through a transmetalation step with Pd(OAc), (Scheme 36). Using these optimized conditions,
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the authors successfully reported a convenient approach to generate «,f-enolizable a-ketoazoles and
biologically active C2—-C4’ linked azoles.

) Pd(acac), (10 mol%) RN
RSN OR dppe (20 mol%) lHetAr|
| > ,
\'ietA,f]\H RJ\CO b CuCO;.Cu(OH), (3.5 equiv) == Y7 “R!
MS 4A, DMAc:DMSO (8:3) OR?
R'= Ar,2-Napthyl; 140 °C, 12h 32 examples
R? = Me, Bn, Ph 45-96%
Heteroarene | RS
N
N—-N [
N X
LY N o> rol Y Ry %
RIL Y0 RATC Z~o 28
Z 7
R®=H, CI, F; R*=H,CF3; OMe; R®=H,Me,Cl;  R'=H CFs
Rs = H, COOEL.

____________________

1 Side product
i Protodecarboxylation

C-H alkenlation CUC03

' HetAr
' HetA(/ /‘ H/\R

Pd 4 R
OMe

Scheme 36. Pd-catalyzed a-carboxyenol ether formation with various azoles via direct decarboxylative
cross-coupling and proposed mechanism.

3. Alkylation of Azoles

Friedel-Craft alkylation has been used as the first-line technique for the alkylation of azoles
before direct C-H functionalization came on the scene [6]. However, Friedel-Crafts alkylation mostly
encounters several difficulties such as low chemo-and/or regioselectivity, being limited to electron-rich
substrates, and harsh reaction conditions [12]. C-H activation is providing an efficient tool for the
direct alkylation of azoles with almost surgical precision. Great contributions by Fagnou, Miura and
Ackermann in the field of azole alkylation via C-H activation have made this field wide open for
further developments [66—68].

3.1. Primary C-H alkylation of Azoles

Among different C-H alkylations of azoles, primary alkylation has been widely investigated using
halides, pseudohalides and alkenes as coupling partners. Among the various metals used, it is no
surprise that Pd adopts a key role, though other metals like Rh, Ni and Cu are catching up, and some
astonishing discoveries have been made in recent years. Alkylation of heteroarenes through the direct
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cross-coupling with nonactivated alkyl halides containing a f-hydrogen atom, has been a challenging
issue. In 2010, Hu and coworkers reported a novel nickel complex for the alkylation of the C-H bond
of azoles with nonactivated alkyl halides containing a f-hydrogen atom, using Cul as a cocatalyst
(Scheme 37) [69]. A wide range of functional groups branching at the S-position of the halides showed
good reactivity, and high chemo- and regioselectivity.

~ A [(MENN,)NICI] (5 mol%) 5 TMez ;

T Cul (5 mol% 27N A : _ '

R I]: S—H + X-Alkyl ( ) o gL [ D Alky! ! N-Ni-CI !

STy ‘BuOLi (1.4 equiv) Sep~y : | :

. . . .

X =1, Br, Cl: dioxane, 140 °C, 16h 29 examples NMe, :

A=N, CH; 56-86% ; :
Y=0,S :

[(MNN)NiCI]:

Scheme 37. The Ni/Cu-catalyzed direct alkylation of heterocyclic C—H bonds.

Concurrently, Miura and coworkers reported a Pd-catalyzed direct alkylation of oxazoles with
nonactivated alkyl halides [70]. A variety of alkyl bromides possessing a benzyl ether, a silyl ether or
a pivaloyl ester functional group, transformed into the desired products in moderate to good yields
(Scheme 38). Moreover, unactivated alkyl chlorides were also well tolerated employing this catalytic
system. Unfortunately, 1-iodohexane gave a much lower yield (20%) while bromocyclohexane could
not provide the product due to the rapid decomposition and steric hindrance, respectively.

[{PdCI(7%-C3Hs)},] (3.75 mol%)

R{” [N\> + %R P('Bu); (30 mol%) R1.'—’/"A\[N\>_Rz
270 BuOLi (3.0 equiv) Y-~
diglyme, 120 °C, 4h
X =Br, Cl, I 23 examples
R' = Me, Ph, Cl, CF3 CN; 22-75%

R? = benzyl ether, silyl
ether, pivaloyl ester etc.

Scheme 38. Pd-catalyzed direct C-H alkylation of benzoxazoles with various alkyl halides.

In 2011, Ackermann and coworkers reported the alkylation of oxazoles with benzyl chlorides
and benzyl phosphate applying a Pd(II) complex [71]. The authors found that phosphinous acid
Pd(II) complex significantly improved the yield in comparison with other palladium catalysts. In the
presence of a prefunctionalized Pd(II) complex, a wide range of differently substituted benzyl chlorides
reacted efficiently with (benz)oxazoles, providing the corresponding products in moderate to high
yields (Scheme 39).

2~ _0 2=~ -0 ' :
r Cat. (5 mol% r~ : ~H< '
R— I]: )—=H + A CO,E Omoth) , o~ ﬂ,: ) 9o
. (O | | 1
Sy ~N Cs,CO3 (2.0 equiv) "N Ar o Ad,P. .PAd, !
1,4-dioxane, 11 examples Pd, i
110 °C, 18h 46 - 83% : OYO ;
O o~ Cat. (5 mol% O>_ 5 Me E
JI )—H +Ph”  OP(0)(0EY), _Cat- (S mol%) )I Y . palladium(ll) '
Et0,c~ N Cs,C03 (2.0 equiv) Eto,c” N Ph} complex !
NMP, a1

110 °C, 18 h °

Scheme 39. Benzylations on oxazol(in)es with a Pd- catalyst of a secondary phosphine oxide.
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In 2012, the first example of direct addition between azoles and alkenes via C-H bond activation
of heteroarenes was reported by Chang and coworkers using a [{Rh(cod)Cl},] catalyst (Scheme 40) [72].
A possible reaction pathway follows (i) formation of a mono-rhodium species I via ligand exchange
with cesium acetate, (ii) base-promoted deprotonation and metalation to generate the Rh/heteroaryl
species II, (iii) olefin insertion, (iv) f-hydride elimination and re-insertion affording intermediated I'V
and V respectively, and final protonation to deliver products VI with regeneration of the Rh(I) species.

L (5 mol%)

A N AN | _PPh,
e Rh(cod)Cl},] (2 mol% - !
v ”: \> . /\COZ‘Bu [{Rh(cod)Cl},] ( °)= L |]: N : [
Ry Ty CsOAc (25 mol%) STy CO,'Bu PPh,
toluene, 120 °C, 12 h 5 examples :\ L !
Y=NS 72.95%
Mechanism [{Rh(cod)Cll,] + CsOAc
~ t 2o~ _-N
s N CO,/Bu “S
oS | [N
Seo-~Y v Rh'OAc _ %7 7Y
|
AcOH AcOH
H t \ .
=7 CO,'Bu 27

Scheme 40. Rh- catalyzed alkylation by the addition of azoles to alkenes.

Styrene can act as an efficient alkylating reagent. In 2012, the Ong group reported a Ni-Al bimetallic
catalyzed alkylation of benzimidazoles with styrenes to deliver linear products [73]. The reaction was
successfully performed by using Ni(COD),/AlMej; cooperative catalysis along with amino-NHC (L)
as ligand (Scheme 41). Like in the previous reports, the binding of the Lewis acid (AICl3) to the
benzimidazole favors the linear chain product due to steric hindrance.

N Ni(COD), (10 mol%) N
y LY L(10mol%) @[ N —
N PR AlMe; (10 mol%) N
i

_______________

\ ) | _NH :
L toluene, 100 °C R \ ’\R2 : [
2-15h : N .
R" = Me, Bn, Ar, Pyridine; o 32 examﬁ)les : N/\N/Mes :
R2 = Me, OMe, F, Ph efc A= Ar 50-95% D s Lo
Nf _:/ | SR g A M
N\ ill
— |0
N . NHC

R

Scheme 41. Amino-NHC mediated C-H activation of benzimidazole via Ni-Al synergistic catalysis.

In 2015, Filloux and Rovis for the first time introduced the enantioselective alkylation of
benzoxazoles with a-substituted acrylates using a Rh(I)/chiralphosphine catalytic system to afford
2-substitued benzoxazoles in moderate to excellent yields with good enantioselectivities [74].
Mechanistically, Rh(I)-acetate first activates the C—H bond of the benzoxazole and migratory insertion
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follows, providing a Rh-enolate complex. Then, -H elimination and hydrorhodation deliver the
heterobenzyl-Rh intermediate. The authors proposed the crucial role of bulky chiral ligands to steer
enantioselectivity in the desired products by discouraging undesired ligation of heterocycles or by
attenuating coordination-promoted product epimerization (Scheme 42).

[Rh(cod)OAc)], (5 mol%) R
@ Y, COoEt L (10 mol%) NN COkt .
=< > R ' :
CsOAc (25 mol%) "G 5 OMe ;
0 ' N
R = Me. OMe. G, F: CH5CN, 100 °C, 48h §6e_)éa8rg/1oples i N7 |
12 ' / i
Ri=H Ne ,/\ 60 95%ee  MeO P(m-xyly)2;
i P o R"’_ MO A\ p(m-xyly),!
! RA 2 EtO C ____, ' :
: 2 ' . N .
)—2 RIS _\—o EtO c \ i :
A ’ N . Ome L |
|
\I_

Scheme 42. Rh(I)-bisphosphine catalyzed asymmetric, intermolecular hydroheteroarylation of
a-substituted acrylate derivatives with benzoxazoles.

In the same year, Joo and coworkers explored allylation and benzylation reactions of pyrazoles by
installing an electron-withdrawing group such as a nitro, a chloro, or an ester group at the C4 position.
Such substitution decreases the Lewis basicity of nitrogen atom and renders the C—-H bond more acidic,
thus enabling the Pd-catalyzed regioselective C-H functionalization (Scheme 43) [75].

EWG
ACO/\/
> | \ 45-86%
EWG 120°C 18 h N<y __ 9examples
Pd(OAc), (5.0 mol%) R
I\ PPh, (20 mol%)
N~N

\ KoCO3 (2.5 equiv)

R toluene cl EWG
R\
EWG = NO,, Cl, COsEt;

> N~y
R = Bn, Bu, CH3 SOZNMGQ 100°C. 18 h \ 73-96%

R 9 examples

Scheme 43. Pd-catalyzed C-H allylation and benzylation of pyrazoles.

Concurrently, Shao and coworkers reported a phosphine free NHC-Pd(II) complex-catalyzed
direct C-H bond benzylation of (benz)oxazoles with benzyl chlorides [76]. The authors presented a
broad substrate scope with good functional group tolerance (Scheme 44).

In 2017, Li and coworkers described a C5-alkylation of oxazoles with alkylboronic acids using
a Pd(OACc),/AgOAc catalytic system with DDQ as oxidant (Scheme 45) [77]. DDQ facilitates the
regeneration of Pd(II) in the catalytic cycle.

In 2018, Pan and Wang explored the use of quaternary ammonium triflates as a coupling partner
for the benzylation of (benz)oxazoles in the presence of a Pd/dcype/K3PO4-catalytic system [78].
Mechanistically, in situ generated Pd(0) undergoes oxidative addition with ArCH,NMe3;"OTf~ to form
the intermediate B. Subsequent ligand exchange and C-H activation forms the intermediate D via
intermediate C. Finally, reductive elimination delivers the desired product (Scheme 46).
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Scheme 44. NHC-Pd(II) complex-catalyzed benzylation of (benz)oxazoles with benzyl chlorides.
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Scheme 45. DDQ-promoted direct C5-alkylation of oxazoles with alkylboronic acids.
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Scheme 46. Pd-catalyzed C-H benzylation of (benz)oxazoles with benzylic quaternary ammonium
triflates and a plausible mechanism.

Recently, Herbert and coworkers synthesized Ni(Il)-complexes with phenanthridine-based ligands
for the alkylation of azoles with alkyl halides [79]. In this work, a wide range of alkyl halides
bearing different substituents such as carbazole, ester, aryl, arylether, thioether, alkenyl, and aliphatic
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groups show promising reactivity with benzoxazoles to generate the desired products in low to high
yields (Scheme 47).

Cat. (5 mol%)

@[’:?_ . Br/\/R BuOLi (1.0 equiv) @[ %/—R \@\N O

1,4-dioxane N O
140 °C, 16h 8 examples | MeaN—Ni—Nx
20-74% | Cl

e ales el osoaloety

20% 22% 39% 60%
Scheme 47. [Ni]-catalyzed alkylation of benzannulated azoles with alkylbromides.
3.2. Secondary C—H Alkylation of Azoles

Although significant progress has been made for primary alkylation, the introduction of a
secondary alkyl group is a much more difficult task. In 2010, Nakao et al. reported a Ni(0) catalyzed
hydroheteroarylation of vinylarenes to give 1,1-diarylalkanes through oxidative addition of C-H
bonds to heteroaryl groups [80]. [Ni(cod),] and carbene ligand 1,3- dimesitylimidazol-2-ylidene (IMes)
were employed as catalytic system in the nonpolar solvent hexane. A variety of vinylarenes that
contain a phenyl group bearing both electron-rich and electron-poor substituents, reacted successfully.
Several kinds of azoles including benzimidazole, benzoxazole, oxazole, and benzothiazole were also
well tolerated, affording 1,1-diarylalkanes with modest to good yields (Scheme 48).

[Ni(cod),] (5 mol%)
2 I \>—H . IMes (5 mol%) . . ﬂ:
Soy hexane, 130 °C \

X= NMe, 0,8 24-26 h

AN A=A

N 5 examples Ar = 2,4,6-Me3-CgHy:
| 25 2~ N 41-86% :
r E \>—Ni<L‘—: v “‘: \>—Ni/L ° IMes :
O | H IS Ve mmmmmmm———————— ,
Sy X Ry X )\
Ph Ar

Scheme 48. Ni/IMes-catalyzed hydroheteroarylation of azoles with styrene.

In a pioneering work of Wang and coworkers, N-tosylhydrazones have been exploited as a
secondary alkyl source for the direct alkylation of azoles with a Cu-catalyst, offering a general
method to introduce a secondary alkyl group on an azole framework [81]. Under basic conditions,
the authors proposed that a heterocycle-copper species was the intermediate, and a migratory insertion
of the Cu carbene species was the key step in this Cu-catalyzed C-H functionalization reaction as
shown in Scheme 49.
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Scheme 49. Cu-catalyzed direct benzylation or allylation of 1,3-azoles with N-tosylhydrazones.

In 2012, Sawamura and coworkers extended this concept for the allylic alkylation of
electron-deficient heteroarenes with internal secondary allylic phosphates resulting in excellent
y-regioselectivity and E-stereoselectivity (Scheme 50) [82]. In this reaction, steric factors played an
important role in determining the regioselectivity of the product.

CuCl (10 mol%) s

t \> w BUOLi (0.5 mmol) t >_<_/I

THF, 40°C, 10 h

= Ph (4-Cl, 4-CF3, 4-OMe) 24 examples
45-92%
Me etc

Scheme 50. Cu-catalyzed allylic alkylation of electron-deficient heteroarenes with internal secondary
allylic phosphates.

Miura and coworkers also utilized N-tosylhydrazones as a radical source in a Ni-catalyzed
alkylation of azoles [83]. The authors employed two different catalytic systems depending on the
azole, i.e., a nickel catalyst for benzoxazoles and a Co(II) catalyst for 5-aryloxazoles and benzothiazoles
(Scheme 51). Interestingly, the authors ruled out a carbene insertion pathway for this catalytic system.

R R’ NiBr, (10 mol%) R N R’
N 1,10-phenanthroline (10 mol% \
a) Y+ TsHNN= dnalled { )y o>_< )
o R2 BuOLi (3 equiv) R
1,4-dioxane, 100 °C, 8 h
R = H, Me, Ph, Cl 20364)(-32;8‘5/)0les

N R’ CoBr, (10 mol%)
b) & ﬂ: \> . TsHNN=< 1,10-phenanthroline (10 mol% Ir—’ ]: \> <
Sep X R? BUOLi (3 equiv) N
1,4-dioxane,120 °C, 7h.
X=0,8 15 examples
R" = R? = alkyl 40-81%

Scheme 51. Ni- and Co-catalyzed direct alkylation of azoles with N-tosylhydrazones bearing
unactivated secondary alkyl groups. (a) Ni-catalyzed; (b) Co-catalyzed.

In 2013, Van der Eycken and coworkers discovered a novel heteroarene-amine-ketone coupling
(HAK-coupling) for the direct secondary alkylation of azoles [84]. This unprecedented Cu-catalyzed
HAK coupling was operationally simple and allowed the facile installation of nitrogen-containing
alkyl or alkaloid side chains on the azole moiety, using readily available starting materials. The HAK
coupling reaction plausibly proceeded through the initial condensation of the aldehyde/ketone with
the amine, leading to the corresponding iminium ion which was attacked by the azole—Cu to afford the
final product (Scheme 52).
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Scheme 52. Cu-catalyzed direct secondary C-H alkylation of azoles.

Similar to Wang’s group report, in 2013, Das and coworkers also employed N-tosylhydrazones
for the direct benzylation of aryl substituted 1,3,4-oxadiazoles in the presence of a Cu-catalyst [85].
A wide range of substituted oxadiazoles were prepared in high yields (Scheme 53).

I G N =
\ 23 (4.
RS RZJJ\Me > Rkko)\(
o toluene, 110 °C, 3h Me
R' = Ar, heteroaromatic; 17 examples
R? = Ar, alkyl 80-89%

Scheme 53. Cu-catalyzed direct cross-coupling of 1,3,4-oxadiazoles with N-tosylhydrazones.

In 2014, Miura and coworkers employed diarylmethyl carbonates or pivalates as coupling partners
for the alkylation of oxazoles with a PdCl,(MeCN),/PPhCy, catalytic system [86]. This gives the access
to challenging heteroarene-containing triarylmethanes (Scheme 54).

1 1
J xR /R
\ —/  PdCly(MeCN), (10 mol%) N —
9 \
Nkt + RO PPhCy, (20 mol%) @[
o BuOLi, 1,4-dioxane, 0
R = Boc, Piv, CO,Me; Q 120 °C, 6h R Q

R'= Me, Ph, CI, CN, etc O
|

"""" 35 examples
10-90%

Scheme 54. Pd-catalyzed C—H/C—-O coupling of oxazoles and diarylmethanol derivatives.

In the same year, Chen and coworkers further evolved the direct C-H bond alkylation of azoles with
ferrocenyl ketone-derived N-tosylhydrazones using an inexpensive CuBr catalyst [87]. Without using
CuBr, the product was obtained in low yield, whereas replacement of CuBr with other transition metal
salts slowed down the reaction. This catalyst system displayed good tolerance towards a range of
functional groups on the ferrocenyl ketone derived N-tosylhydrazones (Scheme 55).
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Scheme 55. Cu-catalyzed cross-coupling of ferrocenyl ketone-derived N-tosylhydrazones
with benzoxazoles.

In 2015, Zhou and coworkers reported a challenging cyclopropylation of benzoxazoles using
stereoretentive cyclopropyl halides and a Pd(0) catalystic system [88]. The reaction started with the
oxidative addition to the cyclopropyl C-X bond followed by transmetalation of an anionic heterocycle.
Finally, reductive elimination delivered the desired coupling product (Scheme 56).

R

N

N [Pd(PPh3)4] (5 mol%) C[ \o
©E0> ! <f NaOMe (2 equiv) > > <f

PhCF3, 110 °C, 24h

; A 30 examples
| N + R 63-96%
; R @[O%Na L2F’d""<f

(I)Pd---d D LTRSS EERSP > N)\O

R = H, Ph, Decyl, CO,'Bu, Me, Cy etc

Scheme 56. Pd catalyzed cyclopropylation of benzoxazoles with cyclopropyl halides.

The first rhodium-catalyzed selective alkylation of benzimidazoles with N,N-dimethyl acrylamide
was successfully developed by Ellman and coworkers in 2017 [89]. The combination of the electron-poor
ligand dArfpe with a Rh(I) catalyst in the presence of K3POy selectively delivered the alkylation
product in high yields (Scheme 57).

[RhClI(cod)], (5 mol%)
dArFpe (12.5 mol%) CONMe2

X N (
S KsPO, (25 mol%) R
R1+( Y + Z>ConNmve, —2 s ) 5 I
kY/ N
\
2

PhMe, 120 °C, 24 h

X,Y =CH, N; 2ArFP/\/PArF2 ; 25 exampoles
= CO,Et, Cl, SO,Me, NC, CF3; - up to 96%

) ' dArfpe :
R“= Me, Ph, benzyloxymethyl ' ‘
AFF 3,5- CF3 CGH3 '

Scheme 57. Rh(I)-catalyzed branched alkylation of benzimidazoles.

In the same year, a Pd-catalyzed desulfonative deprotonative cross-coupling reaction of benzylic
sulfone derivatives with 1,3-oxazoles was reported by Crudden and coworkers [90]. The presented
methodology showed a high functional group tolerance and afforded excellent yields (Scheme 58).
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Scheme 58. Pd-catalyzed desulfonative cross-coupling reaction of benzylic sulfone derivatives with
1,3-oxazoles.

In 2017, Mandal and coworkers developed a Ni(COD), catalyzed regioselective
hydroheteroarylation of vinylarenes with benzoxazoles, providing an exclusively wide range of
1,1-diarylethane products [91]. The authors were able to isolate and characterize the active catalyst by
single-crystal X-ray crystallography (Scheme 59).

SN
S Cat. (5 mol%) 7\

O, . Ni(COD), (5 mol%) X0 Lo
D o R O vyl S - PN
exane, , :
N g N Me ! ~O

R = H, Me, Et, Ph, OMe, F, Cl, CF3; 19 examples
R' = Me, CI, OMe, Ph up to 98%

Scheme 59. N-heterocyclic carbene and Ni(COD),-catalyzed hydroheteroarylation of vinylarenes
with benzoxazole.

Similarly, Sun and coworkers also employed a NHCs-based nickel catalytic system for the
regioselective hydroarylation of vinylarenes with benzothiazoles, affording the desired product
in high yield [92]. In this reaction, the regioselectivity is controlled by the sterically demanding
Ni(IMes)[P(OEt)3]Br; catalyst (Scheme 60).

! P(OEt)3 .

N Ni(IMes)[P(OEt)3]Br; N ; Me g— ' gy Me :

X o e :

RE T S+ 2 Gmol%) N : PN ;

A A" Mg (1 equiv), THF R ‘Me N N Me !

X g (1 equiv), 2~ W . .

48h ! Mé :

X =8, NMe, NBn 31 examples ' Me
24-90% 3 Ni(IMes)[P(OEt),]Br,

Scheme 60. Ni-catalyzed hydroarylation of vinylarenes with benzothiazoles.

In 2019, Wang and coworkers exploited an economical Cu(I)-catalyst to achieve the
cross-coupling of bis(trimethylsilyl)diazomethane and benzoxazoles/oxazoles, affording a series
of 1,1-bis(trimethylsilyl)-methylated heteroaromatic compounds in moderate to good yields, through a
carbene migratory insertion process [93]. Mechanistic studies indicated that the main step is the
formation of a Cu(l) carbene species, followed by migratory insertion and protonation to produce the
final products, as shown in Scheme 61.

3.3. Tertiary C-H Alkylation of Azoles

The inclusion of a tertiary alkyl group in the azole scaffold is challenging due to the steric
effects and possible isomerization. In 2012, Xia and coworkers successfully reported a well-known
Pd-catalyzed C-H benzylation of azoles employing benzyl chlorides to generate a quaternary
carbon center [94]. Mechanistically, a Pd(0) species undergoes oxidative addition to generate the
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benzylpalladium(Il) complex B, followed by a transmetalation step with lithium/azole species A to form
intermediate C. Finally, reductive elimination delivers the mono-benzylated product D. The authors
used Na,COj as base to synthesize the tribenzylated products via nucleophilic substitution with benzyl
chloride (Scheme 62).

Cul (20 mol%)

; X TMS BuOLi (1.5 equw (l ]i />—<
o )=H e N

oSN TMS toluene, 110°C 0 I TMS
X=0.5S 8h examp es

. 52-99%
' A .
; ' protonation

X OX TS e _xTMS
L [ >—Cu( =< _migratory insertion _ g S TMS

\_/ TMS oo ~N Cu(l)

Scheme 61. Cu(I)-catalyzed reaction of bis(trimethylsilyl)diazomethane with benzoxazoles
and oxazoles.
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- 0,
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E
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@[(’})—Li %& @[Z}—H
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Scheme 62. Palladium-catalyzed functionalization of azoles with a quaternary carbon center.
4. Alkynylation

The transition metal-catalyzed alkynylation of azoles provides a straightforward method to access
diversely substituted azole acetylenes. In 2010, Piguel and coworkers disclosed copper-catalyzed direct
alkynylation of various azoles with 1,1-dibromo-1-alkenes (Scheme 63, left) [95]. The authors proposed
that the Cu(Ill)-intermediate readily undergoes reductive elimination to deliver the desired product in
moderate to good yields under mild reaction conditions. Later in 2012, Zhu and coworkers reported
alkynylations of oxazoles and benzothiazoles using a palladium catalytic system employing inexpensive
gem-dichloroalkenes as user-friendly electrophiles with a broad scope (Scheme 63, right) [96].

In 2010, Miura and coworkers reported a pioneering example of the metal-catalyzed direct C-H
alkynylation of azoles with terminal alkynes. The reaction proceeded by using a stoichiometric or
sub-stoichiometric quantity of copper. Subsequently, the same group further developed nickel-catalyzed
direct alkynylation of azoles [97]. In the presence of a NiBr;-diglyme catalytic system with O, as
oxidant, they coupled various arylacetylenes with benzoxazoles to afford the desired products in low to
moderate yields. In the proposed reaction mechanism, an (alkynyl)nickel intermediate, generated with
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Ni and a base, undergoes transmetalation with the heteroaryllithium. The desired product results after
reductive elimination (Scheme 64).

~
4Z

~ 7
(a) X = Br .r’ ”: Y—H (o)X=l
A CuBr.SMe; (15 mol%) S~ Y Pd(OAc), (5 mol%) 27

>

7 R
R——— /Ytﬂ\//:“. ‘DPE Phos (15 mol%) DPE-Phos (6 mol% . . ]: >——R

+
BUOLi (6 equiv) X R BuOLi (2.5 mmol) Sy

dioxane 120 °C — 1,4-dioxane, 120 °C
Z=C,N;Y=N,0,S 2h > 14h Z=N;Y=0,8
21 examples X 33 examples
20-81% 35-75%

Scheme 63. Transition metal-catalyzed direct alkynylation of azoles with 1,1-dihalo-1-alkenes.

NiBry (5 mol%)

N
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Scheme 64. Ni-catalyzed direct alkynylation of azoles with terminal alkynes.

In 2013, Lee and coworkers exploited the well-known Pd catalytic system for decarboxylative
C-H alkynylation of benzoxazoles with a,f-ynoic acids [98]. The authors showed the superior activity
of 1,3-bis(diphenylphosphanyl)propane (dppp) as ligand for Pd to inhibit dimerization. The proposed
mechanism involved (i) silver-oxide-catalyzed a,f-ynoic acid decarboxylation, (ii) transmetalation to
form intermediate B, (iii) carbopalladation with the C-IN double bond in the benzoxazole to afford C,
and (iv) f-hydride elimination (Scheme 65).

PdCl, (10 mol%)

XN (0] d ) XN
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R1'_<):o\>_H * / '2 f |// >__R
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R? AcOH Ad'
0
I e
AcO-Pd"-H U
Ny c Pd (OAc)22
g
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@ \( \FAQOAC \( z
RZ-=—pdloac R —— COAd
D AcO-Pd!| )N B T/ AgOH
H)(N /o/_ R2—=—=—CO,H
Ré< D
o)

Cc

Scheme 65. Pd-catalyzed decarboxylative C-H alkynylation of benzoxazoles with a,f-ynoic acids.

In 2014, Theunissen, Evano and coworkers developed an alternative strategy for the alkynylation of
azoles with copper acetylides [99]. The use of preformed copper acetylides provided many advantages
over other approaches, such as better functional group tolerance, mild reaction conditions, and the
possibility of forming complex scaffolds (Scheme 66).
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Scheme 66. Direct alkynylation of arenes with Cu acetylides.

In 2015, Mannepalli and coworkers developed an air- and moisture-stable Pd(II) carbene complex
for the alkynylation of azoles with terminal alkynes and aryl propiolic acids by cross-dehydrogenative
or decarboxylative coupling, respectively [100]. A wide range of azoles including benzoxazoles,
benzothiazoles, imidazoles, and benzimizoles afforded the desired alkynylation products in moderate
to high yields (Scheme 67).

Method 1: Pd Cat

w_y H—=R' £00 Cs:0C0s Ay X O o
1y DMF, 85 °C, 6h o — p1R? BNt :
R[_ ]: 2+ 9 o >R ,]: )RR BuNo-AIN !
N )\ Method 2: Pd Cat ~F N : i
HO NV 0 ' HO !

N R2 AG0, D_MF‘ 80°C 36 examples : ;

under air, -CO, 27-78% ' :

| PdCat ;

X=0, S, NBn; R" = Ph, Ar, CgH3, thienyl; Tt

R? = Ph, Ar, Naphthyl; R = Ph, Me, NO,, CH3, F, Br, Cl etc

Scheme 67. Dehydrogenative and decarboxylative C-H alkynylation of heteroarenes, catalyzed by a
Pd(II)-carbene complex.

Subsequently in 2018, Joo and coworkers further extended the substrate scope of the transition
metal-catalyzed alkynylation of azoles with terminal alkynes [101]. The nitro group at the
four-position of pyrazoles facilitates C-H cleavage to afford the desired alkynyl pyrazoles in
moderate yields (Scheme 68).

Pd(OAC), (5 mol%)

NO- PPh3 (20 mol%) NO,
(CH3),CHCO2H (1 equiv)
1Y+ H—=—r - > | N——=p'
N‘N Cs,CO3 (1 equiv), N~p
R AgCO3; (1.5 equiv) =

toluene, 90 °C, 24h
R' = Ar, C3Hg, C4Hg elc; 14 examples
R = Bn, Me, 2-(trimethylsilyl)ethoxymethyl, 21-67%
tetrahydropyranyl etc

Scheme 68. Palladium-catalyzed cross-coupling of nitropyrazoles with terminal alkynes.

Recently, Punji and coworkers reported a Ni(ll)-catalyzed C(2)-H bond alkynylation of
(benzo)thiazoles, (benz)imidazoles, and oxazoles with alkynyl bromides, with the use of neither
a copper cocatalyst nor phosphine ligands [102]. The reactions featured good functional group
tolerance and wide substrate scope, despite the high temperature required for the reaction (Scheme 69).
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Scheme 69. Ni (II)-catalyzed C-H bond alkynylation of benzothiazoles and related azoles.

5. Conclusions and Perspectives

In this review, we summarized recent developments in the transition metal-catalyzed direct
C-H functionalization of azoles. These functionalizations are some of the most efficient methods to
introduce various substituted olefins, alkanes, and alkynes to azoles. In addition to the importance of
Pd in this field, researchers have widely explored several other transition metals such as Cu, Rh, Co, Nj,
and Ru. The major advantage of transition metal-catalyzed direct C-H activation is that it requires no
prefunctionalization of the starting azoles, resulting in, e.g., a wide scope, modularity, and high yields.
Despite considerable advances, many challenges remain, e.g., overcoming the need for strong and
harsh bases such as LiO and !Bu anions, and the unavoidable use of activated derivatives such as halo
groups (Cl, Br, and I), carbonyl groups, and metal acetylides. Thus, compared with C—X/C—M coupling
reactions, organic chemists should prefer catalytic activation of inert C—-H bonds for new C-C bond
formation reactions, starting from inexpensive and structurally diverse alkanes, alkenes, or alkynes.
Furthermore, another challenge is to develop recyclable and highly efficient transition metal catalyst
systems with low catalyst loading. Finally, researchers have partially solved the chemoselectivity and
regioselectivity issues in these reactions by means of incorporating a directing group or using the
sterics/electronics of the substrates. However, it is feasible to develop a suitable catalyst or fine-tune
reaction conditions to change/control the regioselectivity.

Funding: This research received no external funding.

Acknowledgments: The authors wish to thank the FWO Fund for Scientific Research-Flanders (Belgium) and the
Research Fund of the University of Leuven (KU Leuven) for the financial support. PR is thankful to Marie-Curie
action (Grant No. 721290). We acknowledge the support of “RUDN University Program 5-100”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grimmett, M.R. Comprehensive Heterocyclic Chemistry II; Katritzky, A.R., Scriven, E.F.V., Eds.; Pergamon:
Oxford, UK, 1996; Volume 3, pp. 77-220.

2. Peng, X.M.; Cai, G.X.; Zhou, C.H. Recent developments in azole compounds as antibacterial and antifungal
agents. Curr. Top. Med. Chem. 2013, 16, 1963-2010. [CrossRef] [PubMed]

3.  Dismukes, W.E. Introduction to antifungal drugs. Clin. Infect. Dis. 2000, 30, 653-657. [CrossRef] [PubMed]

4. Woolley, B.Y.D.W. From the laboratories. J. Biol. Chem. 1944, 152, 225-233.

5. Khartabil, HK.; Gros, P.C.; Fort, Y.; Ruiz-Lopez, M.F. Metalation of pyridines with nBuLi-Li-aminoalkoxide
mixed aggregates: The origin of chemoselectivity. . Am. Chem. Soc. 2010, 132, 2410-2416. [CrossRef]

6. Roberts, RM.; Khalaf, A.A. Friedel-Crafts Alkylation Chemistry: A Century of Discovery; Marcel Dekker:
NewYork, NY, USA, 1984.

7. Mishra, N.K,; Sharma, S.; Park, J.; Han, S.; Kim, I.S. Recent advances in catalytic C(sp2 )-H allylation reactions.
ACS Catal. 2017, 7, 2821-2847. [CrossRef]

8.  Patonay, T.; Kénya, K. Synthesis and Modification of Heterocycles by Metal-Catalyzed Cross-Coupling Reactions
(Topics in Heterocyclic Chemistry); Springer International Publishing: Cham, Swizerland, 2016.

9.  Yang, L.; Huang, H. Transition-metal-catalyzed direct addition of unactivated C-H bonds to polar unsaturated
bonds. Chem. Rev. 2015, 115, 3468-3517. [CrossRef]


http://dx.doi.org/10.2174/15680266113139990125
http://www.ncbi.nlm.nih.gov/pubmed/23895097
http://dx.doi.org/10.1086/313748
http://www.ncbi.nlm.nih.gov/pubmed/10770726
http://dx.doi.org/10.1021/ja910350q
http://dx.doi.org/10.1021/acscatal.7b00159
http://dx.doi.org/10.1021/cr500610p

Molecules 2020, 25, 4970 30 of 34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hirano, K.; Miura, M. Copper-mediated oxidative direct C-C (hetero)aromatic cross-coupling. Chem. Commun.
2012, 48, 10704-10714. [CrossRef]

Cho, S.H.; Kim, ].Y.; Kwak, J.; Chang, S. Recent advances in the transition metal-catalyzed two fold oxidative
C-H bond activation strategy for C—-C and C-N bond formation. Chem. Soc. Rev. 2011, 40, 5068-5083.
[CrossRef]

Evano, G.; Theunissen, C. Beyond friedel and crafts: Directed alkylation of C—H bonds in arenes. Angew. Chem.
Int. Ed. 2019, 131, 7638-7680. [CrossRef]

Gandeepan, P.; Muller, T.; Zell, D.; Cera, G.; Warratz, S.; Ackermann, L. 3d Transition metals for C-H
activation. Chem. Rev. 2019, 119, 2192-2452. [CrossRef]

Newton, C.G.; Wang, S.G.; Oliveira, C.C.; Cramer, N. Catalytic enantioselective transformations involving
C-H bond cleavage by transition-metal complexes. Chem. Rev. 2017, 117, 8908-8976. [CrossRef]

Zheng, C.; You, S.L. Recent development of direct asymmetric functionalization of inert C—-H bonds. RSC Adv.
2014, 4, 6173-6214. [CrossRef]

Chen, X.; Engle, KM.; Wang, D.H.; Yu, J.Q. Pd(II)-catalyzed C-H activation/C—C cross-coupling reactions:
Versatility and practicality. Angew. Chem. Int. Ed. 2009, 48, 5094-5115. [CrossRef] [PubMed]

Boyarskiy, V.P,; Ryabukhin, D.S.; Bokach, N.A.; Vasilyev, A.V. Alkenylation of arenes and heteroarenes with
slkynes. Chem. Rev. 2016, 116, 5894-5986. [CrossRef] [PubMed]

Le Bras, J.; Muzart, ]. Intermolecular dehydrogenative Heck reactions. Chem. Rev. 2011, 111, 1170-1214.
[CrossRef]

Gottumukkala, A.L.; Derridj, F; Djebbar, S.; Doucet, H. Alkenyl bromides: Useful coupling partners for
the palladium-catalysed coupling with heteroaromatics via a C—H bond activation. Tetrahedron Lett. 2008,
49, 2926-2930. [CrossRef]

Sahnoun, S.; Messaoudj, S.; Brion, J.-D.; Alami, M. Pd/Cu-catalyzed direct alkenylation of azole heterocycles
with alkenyl halides. Eur. J. Org. Chem. 2010, 2010, 6097-6102. [CrossRef]

Ackermann, L.; Barfiisser, S.; Pospech, ]J. Palladium-catalyzed direct arylations, alkenylations, and
benzylations through C-H bond cleavages with sulfamates or phosphates as electrophiles. Org. Lett.
2010, 12, 724-726. [CrossRef]

Gerelle, M.; Dalencon, A.].; Willis, M.-C. Palladium-catalyzed direct functionalization of benzoxazoles with
alkenyl iodides. Tetrahedron Lett. 2012, 53, 1954-1957. [CrossRef]

Schneider, C.; Masi, D.; Couve-Bonnaire, S.; Pannecoucke, X.; Hoarau, C. Palladium- and copper-catalyzed
stereocontrolled direct C-H fluoroalkenylation of heteroarenes using gem-bromofluoroalkenes. Angew.
Chem. Int. Ed. 2013, 52, 3246-3249. [CrossRef]

Schroder, F.; Ojeda, M.; Erdmann, N.; Jacobs, J.; Luque, R.; Noél, T.; Van Meervelt, L.; Van der Eycken, J.;
Van der Eycken, E.V. Supported gold nanoparticles as efficient and reusable heterogeneous catalyst for
cycloisomerization reactions. Green Chem. 2015, 17, 3314-3318. [CrossRef]

Zuliani, A.; Ranjan, P; Luque, R.; Van der Eycken, E.V. Heterogeneously catalyzed synthesis of imidazolones
via cycloisomerizations of propargylic ureas using Ag and Au/Al SBA-15 systems. ACS Sustain. Chem. Eng
2019, 7, 5568-5575. [CrossRef]

Manno, R.; Ranjan, P.; Sebastian, V.; Mallada, R.; Irusta, S.; Sharma, UK., Van der Eycken, E.V,;
Santamaria, J. Continuous microwave-assisted synthesis of silver nanoclusters confined in mesoporous
SBA-15: Application in alkyne cyclizations. Chem. Mater. 2020, 32, 2874-2883. [CrossRef]

Zhang, W.; Tian, Y.; Zhao, N.; Wang, Y.; Li, J.; Wang, Z. Nano CuO-catalyzed C-H functionalization of
1,3-azoles with bromoarenes and bromoalkenes. Tetrahedron 2014, 70, 6120-6126. [CrossRef]

Yoshizumi, T.; Tsurugi, H.; Satoh, T.; Miura, M. Copper-mediated direct arylation of benzoazoles with aryl
iodides. Tetrahedron Lett. 2008, 49, 1598-1600. [CrossRef]

Meng, L.; Kamada, Y.; Muto, K.; Yamaguchi, J.; Itami, K. C-H alkenylation of azoles with enols and esters by
nickel catalysis. Angew. Chem. Int. Ed. 2013, 52, 10048-10051. [CrossRef] [PubMed]

Muto, K.; Hatakeyama, T.; Yamaguchi, J.; Itami, K. C-H arylation and alkenylation of imidazoles by nickel
catalysis: Solvent-accelerated imidazole C-H activation. Chem. Sci. 2015, 6, 6792-6798. [CrossRef] [PubMed]
Fu, W.C.; Wy, Y,; So, C.M.; Wong, S.M.; Lei, A.; Kwong, EY. Catalytic direct C2-alkenylation of oxazoles at
parts per million levels of palladium/PhMezole-Phos complex. Org. Lett. 2016, 18, 5300-5303. [CrossRef]
[PubMed]


http://dx.doi.org/10.1039/c2cc34659a
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1002/ange.201806631
http://dx.doi.org/10.1021/acs.chemrev.8b00507
http://dx.doi.org/10.1021/acs.chemrev.6b00692
http://dx.doi.org/10.1039/c3ra46996d
http://dx.doi.org/10.1002/anie.200806273
http://www.ncbi.nlm.nih.gov/pubmed/19557755
http://dx.doi.org/10.1021/acs.chemrev.5b00514
http://www.ncbi.nlm.nih.gov/pubmed/27111159
http://dx.doi.org/10.1021/cr100209d
http://dx.doi.org/10.1016/j.tetlet.2008.03.020
http://dx.doi.org/10.1002/ejoc.201000959
http://dx.doi.org/10.1021/ol9028034
http://dx.doi.org/10.1016/j.tetlet.2012.02.014
http://dx.doi.org/10.1002/anie.201209446
http://dx.doi.org/10.1039/C5GC00430F
http://dx.doi.org/10.1021/acssuschemeng.9b00198
http://dx.doi.org/10.1021/acs.chemmater.9b04935
http://dx.doi.org/10.1016/j.tet.2014.04.065
http://dx.doi.org/10.1016/j.tetlet.2008.01.042
http://dx.doi.org/10.1002/anie.201304492
http://www.ncbi.nlm.nih.gov/pubmed/23868790
http://dx.doi.org/10.1039/C5SC02942B
http://www.ncbi.nlm.nih.gov/pubmed/29861924
http://dx.doi.org/10.1021/acs.orglett.6b02619
http://www.ncbi.nlm.nih.gov/pubmed/27726381

Molecules 2020, 25, 4970 31 of 34

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Li, D.; Wu, X.-X,; Gao, T;; Li, B.; Chen, S. CuCl-Catalyzed direct C-H alkenylation of benzoxazoles with allyl
halides. Org. Biomol. Chem. 2017, 15, 7282-7285. [CrossRef]

Yao, Y.-X.; Fang, D.-M.; Gao, F; Liang, X.-X. Room-temperature palladium-catalyzed direct 2-alkenylation of
azole derivatives with alkenyl bromides. Tetrahedron Lett. 2019, 60, 68-71. [CrossRef]

Miyasaka, M.; Hirano, K.; Satoh, T.; Miura, M. Palladium-catalyzed direct oxidative alkenylation of azoles.
J. Org. Chem. 2010, 75, 5421-5424. [CrossRef] [PubMed]

Cui, S.; Wojtas, L.; Antilla, ].C. Pd-catalyzed C4-olefination of oxazoles via C-H bond activation: Divergent
synthesis of functionalized amino alcohol and amino acid derivatives. Org. Lett. 2011, 13, 5040-5043.
[CrossRef]

Tozer, M.].; Herpinb, T.F. Methods for the synthesis of gem-difluoromethylene compounds. Tetrahedron 1996,
52,8619-8683. [CrossRef]

Wang, X.; Fang, X, Yang, X; Ni, M,; Wu, E Synthesis of 1,3,5-Trisubstituted [4-tert-Butyl
2-(5,5-difluoro-2,2-dimethyl-6-vinyl-1,3-dioxan-4-yl)acetate]pyrazoles via a Pd-Catalyzed C—H Activation.
Chin. J. Chem. 2012, 30, 2767-2773. [CrossRef]

Li, Z; Ma, L,; Tang, C.; Xu, J.; Wu, X,; Yao, H. Palladium(II)-catalyzed oxidative Heck coupling of
thiazole-4-carboxylates. Tetrahedron Lett. 2011, 52, 5643-5647. [CrossRef]

Huang, Y,; Song, F.; Wang, Z.; Xi, P.; Wu, N.; Wang, Z.; Lan, ].; You, J. Dehydrogenative heck coupling of
biologically relevant N-heteroarenes with alkenes: Discovery of fluorescent core frameworks. Chem. Commun.
2012, 48, 2864-2866. [CrossRef]

Lee, W.C,; Wang, TH.; Ong, T.G. Ligand promoted Pd-catalyzed dehydrogenative alkenylation of
hetereoarenes. Chem. Commun. 2014, 50, 3671-3673. [CrossRef]

Liu, W,; Yu, X.; Kuang, C. Palladium-catalyzed C-2 selective olefination of thiazoles. Org. Lett. 2014,
16, 1798-1801. [CrossRef] [PubMed]

Pilla, M.; Andreoli, M.; Tessari, M.; Delle-Fratte, S.; Roth, A.; Butler, S.; Brown, E; Shah, P,; Bettini, E.;
Cavallini, P,; et al. The identification of novel orally active mGluR5 antagonist GSK2210875. Bioorg. Med.
Chem. Lett. 2010, 20, 7521-7524. [CrossRef] [PubMed]

Liu, W,; Wang, S.; Zhan, H,; Lin, J.; He, P; Jiang, Y. Highly regioselective palladium-catalyzed direct
alkenylation of thiazolo[3,2-b]-1,2,4-triazoles via CH activation. Tetrahedron Lett. 2014, 55, 3549-3552.
[CrossRef]

Liu, X.W.; Shi, J.L.; Wei, ].B.; Yang, C.; Yan, ].X,; Peng, K,; Dai, L.; Li, C.G.; Wang, B.Q.; Shi, Z.J. Diversified
syntheses of multifunctionalized thiazole derivatives via regioselective and programmed C-H activation.
Chem. Commun. 2015, 51, 4599-4602. [CrossRef]

Huang, G.; Teng, M; Liu, B.; Rong, M.; Liu, Y.; Chen, Y. Palladium-catalyzed site-selective C H alkenylation
of imidazo[2,1-b]thiazoles. ]. Organomet. Chem. 2016, 818, 163-167. [CrossRef]

Nakanowatari, S.; Muller, T.; Oliveira, ].C.A.; Ackermann, L. Bifurcated nickel-catalyzed functionalizations:
Heteroarene C-H activation with allenes. Angew. Chem. Int. Ed. 2017, 56, 15891-15895. [CrossRef]

Zhao, H.; Xu, J.; Chen, C.; Xu, X.; Pan, Y.; Zhang, Z.; Li, H.; Xu, L. Rhodium(III)-catalyzed selective direct
olefination of imidazoles. Adv. Synth. Catal. 2018, 360, 985-994. [CrossRef]

Kim, H.; Hwang, Y.J.; Han, L; Joo, ].-M. Regioselective C-H alkenylation of imidazoles and its application
to the synthesis of unsymmetrically substituted benzimidazoles. Chem. Commun. 2018, 54, 6879-6882.
[CrossRef] [PubMed]

Kumar, P; Kapur, M. Catalyst control in positional-selective C-H alkenylation of isoxazoles and a
ruthenium-mediated assembly of trisubstituted pyrroles. Org. Lett. 2019, 21, 2134-2138. [CrossRef]

Achar, T.-K; Biswas, ].-P; Porey, -S.; Pal, -T.; Ramakrishna, K.; Maiti, S.; Maiti, D. Palladium-catalyzed
template directed C-5 selective olefination of thiazoles. J. Org. Chem. 2019, 84, 8315-8321. [CrossRef]

Fujii, N.; Kakiuchi, F.; Chatani, N.; Murai, S. Transition metal-catalyzed intramolecular CH/olefin coupling.
Chem. Lett. 1996, 25, 939-940. [CrossRef]

Mukai, T.; Hirano, K.; Satoh, T.; Miura, M. Nickel-catalyzed C— H alkenylation and alkylation of 1, 3,
4-oxadiazoles with alkynes and styrenes. J. Org. Chem. 2009, 74, 6410-6413. [CrossRef]

Kanyiva, K.-S.; Lobermann, F.; Nakao, Y.; Hiyama, T. Regioselective alkenylation of imidazoles by nickel/Lewis
acid catalysis. Tetrahedron Lett. 2009, 50, 3463-3466. [CrossRef]

Ding, Z.; Yoshikai, N. Cobalt-catalyzed addition of azoles to alkynes. Org. Lett. 2010, 12, 4180-4183.
[CrossRef] [PubMed]


http://dx.doi.org/10.1039/C7OB01838J
http://dx.doi.org/10.1016/j.tetlet.2018.11.058
http://dx.doi.org/10.1021/jo101214y
http://www.ncbi.nlm.nih.gov/pubmed/20670042
http://dx.doi.org/10.1021/ol201865h
http://dx.doi.org/10.1016/0040-4020(96)00311-0
http://dx.doi.org/10.1002/cjoc.201201100
http://dx.doi.org/10.1016/j.tetlet.2011.08.088
http://dx.doi.org/10.1039/c2cc17557f
http://dx.doi.org/10.1039/C3CC48750D
http://dx.doi.org/10.1021/ol500542j
http://www.ncbi.nlm.nih.gov/pubmed/24621317
http://dx.doi.org/10.1016/j.bmcl.2010.09.120
http://www.ncbi.nlm.nih.gov/pubmed/21051228
http://dx.doi.org/10.1016/j.tetlet.2014.04.095
http://dx.doi.org/10.1039/C4CC10419F
http://dx.doi.org/10.1016/j.jorganchem.2016.06.014
http://dx.doi.org/10.1002/anie.201709087
http://dx.doi.org/10.1002/adsc.201701515
http://dx.doi.org/10.1039/C8CC02405G
http://www.ncbi.nlm.nih.gov/pubmed/29761186
http://dx.doi.org/10.1021/acs.orglett.9b00446
http://dx.doi.org/10.1021/acs.joc.9b01074
http://dx.doi.org/10.1246/cl.1996.939
http://dx.doi.org/10.1021/jo901350j
http://dx.doi.org/10.1016/j.tetlet.2009.02.195
http://dx.doi.org/10.1021/ol101777x
http://www.ncbi.nlm.nih.gov/pubmed/20735029

Molecules 2020, 25, 4970 32 of 34

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Yoshikai, N.; Ding, Z. Cobalt-catalyzed alkenylation of thiazoles with alkynes via C-H bond functionalization.
Synthesis 2011, 2011, 2561-2566. [CrossRef]

Liu, S.; Sawicki, J.; Driver, T.-G. Ni-catalyzed alkenylation of triazolopyridines: Synthesis of 2, 6-disubstituted
pyridines. Org. Lett. 2012, 14, 3744-3747. [CrossRef]

Yu, M.S.; Lee, W.C; Chen, C.H.; Tsai, EY,; Ong, T.G. Controlled regiodivergent C-H bond activation
of imidazo[1,5-a]pyridine via synergistic cooperation between aluminum and nickel. Org. Lett. 2014,
16, 4826-4829. [CrossRef]

Chen, X.; Wu, Y,; Xu, J.; Yao, H.; Lin, A.; Huang, Y. Rh(Ill)-catalyzed cyclization reaction of azoles with
alkynes: Efficient synthesis of azole-fused-pyridines. Org. Biomol. Chem. 2015, 13, 9186-9189. [CrossRef]
Tan, G.; Zhu, L.; Liao, X.; Lan, Y,; You, J. Rhodium/Copper cocatalyzed highly trans-selective 1,
2-diheteroarylation of alkynes with azoles via C-H addition/oxidative cross-coupling: A combined
experimental and theoretical study. J. Am. Chem. Soc. 2017, 139, 15724-15737. [CrossRef] [PubMed]

Lee, W.; Shin, C.; Park, S.E.; Joo, ].M. Regio- and stereoselective synthesis of thiazole-containing
triarylethylenes by hydroarylation of alkynes. J. Org. Chem. 2019, 84, 12913-12924. [CrossRef] [PubMed]
Zheng, J.; Hosseini-Eshbala, E.; Dong, Y.X; Breit, B. Palladium-catalyzed trisallylation of benzoxazoles and
2-aryl-1,3,4-oxadiazoles with alkyne. Chem. Commun. 2019, 55, 624-627. [CrossRef]

Kaur, P; Kumar, V.; Kumar, R. Recent advances in decarboxylative C—C bond formation using direct or in
situ generated alkenyl acids. Catal. Rev. 2019, 62, 118-161. [CrossRef]

Wei, Y.; Hu, P.,; Zhang, M.; Su, W. Metal-catalyzed decarboxylative C-H functionalization. Chem. Rev. 2017,
117, 8864-8907. [CrossRef]

Rousee, K.; Schneider, C.; Couve-Bonnaire, S.; Pannecoucke, X.; Levacher, V.; Hoarau, C. Pd- and Cu-catalyzed
stereo- and regiocontrolled decarboxylative/C—H fluoroalkenylation of heteroarenes. Chem. Eur. . 2014,
20, 15000-15004. [CrossRef] [PubMed]

Rouchet, ].-B.E.Y.; Hachem, M.; Schneider, C.; Hoarau, C. Pd-Catalyzed regioselective decarboxylative/C-H
a-alkoxyalkenylation of heterocycles using a-carboxyvinylethers. ACS Catal. 2017, 7, 5363-5369. [CrossRef]
Gorelsky, S.I; Lapointe, D.; Fagnou, K. Analysis of the concerted metalation-deprotonation mechanism in
palladium-catalyzed direct arylation across a broad range of aromatic substrates. J. Am. Chem. Soc. 2008,
130, 10848-10849. [CrossRef] [PubMed]

Satoh, T.; Miura, M. Oxidative coupling of aromatic substrates with alkynes and alkenes under rhodium
catalysis. Chem. Eur. J. 2010, 16, 11212-11222. [CrossRef] [PubMed]

Santoro, S.; Kozhushkov, S.I.; Ackermann, L.; Vaccaro, L. Heterogeneous catalytic approaches in C-H
activation reactions. Green Chem. 2016, 18, 3471-3493. [CrossRef]

Vechorkin, O.; Proust, V.; Hu, X. The nickel/copper-catalyzed direct alkylation of heterocyclic C-H bonds.
Angew. Chem. Int. Ed. 2010, 49, 3061-3064. [CrossRef]

Yao, T.; Hirano, K,; Satoh, T.; Miura, M. Palladium- and nickel-catalyzed direct alkylation of azoles with
unactivated alkyl bromides and chlorides. Chem. Eur. J. 2010, 16, 12307-123011. [CrossRef]

Ackermann, L.; Barfiisser, S.; Kornhaass, C.; Kapdi, A.R. C-H Bond arylations and benzylations on oxazol
(in) es with a palladium catalyst of a secondary phosphine oxide. Org. Lett. 2011, 13, 3082-3085. [CrossRef]
Ryu, J.; Cho, S.H.; Chang, S. A versatile rhodium(l) catalyst system for the addition of heteroarenes to both
alkenes and alkynes by a C-H bond activation. Angew. Chem. Int. Ed. 2012, 51, 3677-3681. [CrossRef]
Shih, W.C.; Chen, W.C,; Lai, Y.C,; Yu, M.S; Ho, J.J.; Yap, G.P; Ong, T.G. The regioselective switch for
amino-NHC mediated C-H activation of benzimidazole via Ni-Al synergistic catalysis. Org. Lett. 2012,
14,2046-2049. [CrossRef]

Filloux, C.M.; Rovis, T. Rh(I)-bisphosphine-catalyzed asymmetric, intermolecular hydroheteroarylation of
alpha-substituted acrylate derivatives. J. Am. Chem. Soc. 2015, 137, 508-517. [CrossRef] [PubMed]

Bae, S.; Jang, H.-L.; Jung, H.; Joo, J.-M. Catalytic C-H allylation and benzylation of pyrazoles. J. Org. Chem.
2015, 80, 690-697. [CrossRef] [PubMed]

Ji, Y.-Y,; Zhang, Y.; Hu, Y.-Y.; Shao, L.-X. N-heterocyclic carbene-Pd(II)-1-methylimidazole complex catalyzed
C-H bond benzylation of (benz)oxazoles with benzyl chlorides. Tetrahedron 2015, 71, 6818-6823. [CrossRef]
Lei, B.; Wang, X.; Ma, L.; Jiao, H.; Zhu, L.; Li, Z. DDQ-promoted direct C5-alkylation of oxazoles with
alkylboronic acids via palladium-catalysed C-H bond activation. Org. Biomol. Chem. 2017, 15, 6084—6088.
[CrossRef] [PubMed]


http://dx.doi.org/10.1055/s-0030-1260077
http://dx.doi.org/10.1021/ol301606y
http://dx.doi.org/10.1021/ol502314p
http://dx.doi.org/10.1039/C5OB01338K
http://dx.doi.org/10.1021/jacs.7b07242
http://www.ncbi.nlm.nih.gov/pubmed/29039661
http://dx.doi.org/10.1021/acs.joc.9b01619
http://www.ncbi.nlm.nih.gov/pubmed/31401836
http://dx.doi.org/10.1039/C8CC09165J
http://dx.doi.org/10.1080/01614940.2019.1700736
http://dx.doi.org/10.1021/acs.chemrev.6b00516
http://dx.doi.org/10.1002/chem.201405119
http://www.ncbi.nlm.nih.gov/pubmed/25303004
http://dx.doi.org/10.1021/acscatal.7b01330
http://dx.doi.org/10.1021/ja802533u
http://www.ncbi.nlm.nih.gov/pubmed/18661978
http://dx.doi.org/10.1002/chem.201001363
http://www.ncbi.nlm.nih.gov/pubmed/20740508
http://dx.doi.org/10.1039/C6GC00385K
http://dx.doi.org/10.1002/anie.200907040
http://dx.doi.org/10.1002/chem.201001631
http://dx.doi.org/10.1021/ol200986x
http://dx.doi.org/10.1002/anie.201200120
http://dx.doi.org/10.1021/ol300570f
http://dx.doi.org/10.1021/ja511445x
http://www.ncbi.nlm.nih.gov/pubmed/25545834
http://dx.doi.org/10.1021/jo5025317
http://www.ncbi.nlm.nih.gov/pubmed/25517925
http://dx.doi.org/10.1016/j.tet.2015.07.030
http://dx.doi.org/10.1039/C7OB01083D
http://www.ncbi.nlm.nih.gov/pubmed/28686259

Molecules 2020, 25, 4970 33 of 34

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Pan, W.-].; Wang, Z.-X. Palladium-catalyzed C—H benzylation of (benz)oxazoles with benzylic quaternary
ammonium triflates. Asian |. Org. Chem. 2018, 7, 1626-1634. [CrossRef]

Mandapati, P,; Braun, ].D.; Sidhu, B.K.; Wilson, G.; Herbert, D.E. Catalytic C-H bond alkylation of azoles
with alkyl halides mediated by nickel(II) complexes of phenanthridine-based N"N-"N Pincer Ligands.
Organometallics 2020, 39, 1989-1997. [CrossRef]

Nakao, Y.; Kashihara, N.; Kanyiva, K.-S.; Hiyama, T. Nickel-catalyzed hydroheteroarylation of vinylarenes.
Angew. Chem. Int. Ed. 2010, 49, 4451-4454. [CrossRef]

Zhao, X.; Wu, G.; Zhang, Y.; Wang, ]. Copper-catalyzed direct benzylation or allylation of 1,3-azoles with
N-tosylhydrazones. J. Am. Chem. Soc. 2011, 133, 3296-3299. [CrossRef]

Makida, Y.; Ohmiya, H.; Sawamura, M. Regio- and stereocontrolled introduction of secondary alkyl groups
to electron-deficient arenes through copper-catalyzed allylic alkylation. Angew. Chem. Int. Ed. 2012,
51,4122-4127. [CrossRef]

Yao, T.; Hirano, K.; Satoh, T.; Miura, M. Nickel- and cobalt-catalyzed direct alkylation of azoles with
N-tosylhydrazones bearing unactivated alkyl groups. Angew. Chem. Int. Ed. 2012, 51, 775-779. [CrossRef]
Vachhani, D.D.; Sharma, A.; Van der Eycken, E.V. Copper-catalyzed direct secondary and tertiary C-H
alkylation of azoles through a heteroarene-amine-aldehyde/ketone coupling reaction. Angew. Chem. Int. Ed.
2013, 52, 2547-2550.

Salvanna, N.; Reddy, G.-C.; Rao, B.-R.; Das, B. Copper-catalyzed direct cross-coupling of 1,3,4-oxadiazoles
with N-tosylhydrazones: Efficient synthesis of benzylated 1,3,4-oxadiazoles. RSC Adv. 2013, 3, 20538-20544.
Tabuchi, S.; Hirano, K.; Satoh, T.; Miura, M. Synthesis of triarylmethanes by palladium-catalyzed C-H/C-O
coupling of oxazoles and diarylmethanol derivatives. J. Org. Chem. 2014, 79, 5401-5411.

Teng, Q.; Hu, J.; Ling, L.; Sun, R.; Dong, J.; Chen, S.; Zhang, H. Copper-catalyzed direct alkylation of 1,3-azoles
with N-tosylhydrazones bearing a ferrocenyl group: A novel method for the synthesis of ferrocenyl-based
ligands. Org. Biomol. Chem. 2014, 12, 7721-7727. [PubMed]

Wu, X,; Lei, C.; Yue, G.; Zhou, ].S. Palladium-catalyzed direct cyclopropylation of heterocycles. Angew. Chem.
Int. Ed. 2015, 54, 9601-9605.

Tran, G.; Confair, D.; Hesp, K.D.; Mascitti, V.; Ellman, J.-A. C2-selective branched alkylation of benzimidazoles
by rhodium(I)-catalyzed C-H activation. J. Org. Chem. 2017, 82, 9243-9252.

Yim, J.-C.; Nambo, M.; Crudden, C.-M. Pd- catalyzed desulfonative cross-coupling of benzylic sulfone
derivatives with 1,3-Oxazoles. Org. Lett. 2017, 19, 3715-3718.

Vijaykumar, G.; Jose, A.; Vardhanapu, PK.; Mandal, S.K. Abnormal-NHC-supported nickel catalysts for
hydroheteroarylation of vinylarenes. Organometallics 2017, 36, 4753-4758.

Li, R.P; Shen, ZW.; Wu, Q/].; Zhang, J.; Sun, H.M. N-heterocyclic carbene ligand-controlled regioselectivity
for nickel-catalyzed hydroarylation of vinylarenes with benzothiazoles. Org. Lett. 2019, 21, 5055-5058.
Wang, S.; Xu, S.; Yang, C.; Sun, H.; Wang, J. Formal carbene C-H bond insertion in the Cu(I)-catalyzed
reaction of bis(trimethylsilyl)diazomethane with benzoxazoles and oxazoles. Org. Lett. 2019, 21, 1809-1812.
Xie, P; Huang, H.; Xie, Y.; Guo, S.; Xia, C. Palladium-catalyzed Selective C-H benzylation towards
functionalized azoles with a quaternary carbon center. Adv. Synth. Catal. 2012, 354, 1692-1700. [CrossRef]
Pacheco Berciano, B.; Lebrequier, S.; Besselievre, F.; Piguel, S. 1, 1-Dibromo-1-alkenes as valuable partners in
the copper-catalyzed direct alkynylation of azoles. Org. Lett. 2010, 12, 4038—4041.

Ackermann, L.; Kornhaass, C.; Zhu, Y. Palladium-catalyzed direct C-H bond alkynylations of heteroarenes
using gem-dichloroalkenes. Org. Lett. 2012, 14, 1824-1826.

Matsuyama, N.; Kitahara, M.; Hirano, K.; Satoh, T.; Miura, M. Nickel-and copper-catalyzed direct alkynylation
of azoles and polyfluoroarenes with terminal alkynes under O, or atmospheric conditions. Org. Lett. 2010,
12,2358-2361. [CrossRef] [PubMed]

Kim, J.; Kang, D.; Yoo, EJ.; Lee, P.H. Palladium-catalyzed decarboxylative C-H alkynylation of benzoxazoles
with a,f-Ynoic Acids. Eur. J. Org. Chem. 2013, 7902-7906. [CrossRef]

Theunissen, C.; Evano, G. Room-temperature direct alkynylation of arenes with copper acetylides. Org. Lett.
2014, 16, 4488-4491. [PubMed]

Parsharamulu, T.; Vishnuvardhan Reddy, P.; Likhar, P.-R.; Lakshmi Kantam, M. Dehydrogenative and
decarboxylative C—H alkynylation of heteroarenes catalyzed by Pd(II)-carbene complex. Tetrahedron 2015,
71,1975-1981.


http://dx.doi.org/10.1002/ajoc.201800264
http://dx.doi.org/10.1021/acs.organomet.0c00161
http://dx.doi.org/10.1002/anie.201001470
http://dx.doi.org/10.1021/ja111249p
http://dx.doi.org/10.1002/anie.201200809
http://dx.doi.org/10.1002/anie.201106825
http://www.ncbi.nlm.nih.gov/pubmed/25127018
http://dx.doi.org/10.1002/adsc.201200025
http://dx.doi.org/10.1002/chin.201038042
http://www.ncbi.nlm.nih.gov/pubmed/20415435
http://dx.doi.org/10.1002/ejoc.201301441
http://www.ncbi.nlm.nih.gov/pubmed/25115357

Molecules 2020, 25, 4970 34 of 34

101. Ha, H,; Shin, C.; Bae, S.; Joo, ].M. Divergent Palladium-catalyzed cross-coupling of nitropyrazoles with
terminal alkynes. Eur. J. Org. Chem. 2018, 2018, 2645-2650. [CrossRef]

102. Patel, U.-N.; Punji, B. A copper- and phosphine-free nickel(II)-catalyzed method for C—H bond alkynylation
of benzothiazoles and related azoles. Asian J. Org. Chem. 2018, 7, 1390-1395.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/ejoc.201800166
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Alkenylation 
	C–H/C–X Cross-Coupling 
	C–H/C–H Cross-Coupling 
	C–H Addition of Azoles to Alkynes 
	Decarbonylative C–H Alkenylation 

	Alkylation of Azoles 
	Primary C–H alkylation of Azoles 
	Secondary C–H Alkylation of Azoles 
	Tertiary C–H Alkylation of Azoles 

	Alkynylation 
	Conclusions and Perspectives 
	References

