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The process of C—H bond functionalization can be defined as
the replacement of an activated or nonactivated C—H bond with
a functional group. This discipline surfaced within the last few
decades and proved to be a powerful synthetic tactic due to
some remarkable advantages. It has drawn immense attention
from the scientific community, thanks to some significant op-
portunities, such as the use of readily available feedstocks, the
introduction of functionality at specific positions of molecules
without requiring any prefunctionalized precursors, and the
conversion of light alkanes to higher-value analogues [1,2]. The
nonnecessity of prefunctionalization provides a step-economic
alternative to classical reactions as well as famous Noble-prize-
winning cross-couplings, therefore approaching another step up

towards sustainability.

Likewise, a free-radical process is also a classical way to func-
tionalize nonactivated C—H bonds in which site selectivity
arises either from the relative strength of the C—H bonds or
from the abstraction of intramolecular hydrogen atoms. Radical

chemistry is a viable alternative to the two-electron process, in-
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volving C—H bond functionalization in the absence of any
ligand and using low-cost redox-active metals (Fe, Cu, Mn,
etc.) rather than heavy metals (Rh, Ir, etc.). Although radical
strategies are age-old processes, they were initially cumber-
some due to the stoichiometric use of heavy metal salts, perox-
ides, and other toxic materials as well as the generation of
heavy organic and inorganic wastes. In modern days, new
strategies are being developed, dealing with photoredox chem-
istry and its combination with organometallic chemistry for site-
selective C—H bond functionalization [3,4]. Recent years have
witnessed many viable strategies for the synthesis of complex
targets utilizing photoredox catalysis, electroorganic catalysis,
Lewis acid catalysis, and transition-metal-free techniques. Some
energy-economic reactors such as ball mill, microwave, ultra-
sound and, most importantly, flow reactors have also evolved
towards a more sustainable future.

To showcase the modern approaches in this domain, this

thematic issue in the Beilstein Journal of Organic Chemistry

gathers recent reports from several research groups, including
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photochemical as well as transition-metal-mediated C—H bond
functionalization. This mixing of traditional and classical with
modern-day research will surely encourage synthetic chemists

to sketch new methodologies.
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A practical Nal/PPhjs-catalyzed decarboxylative radical cascade cyclization of N-arylacrylamides with redox-active esters is de-

scribed, which is mediated by visible light irradiation. A wide range of substrates bearing different substituents and derived from

ubiquitous carboxylic acids, including a-amino acids, were synthesized and examined under this very mild, efficient, and cost effec-

tive transition-metal-free synthetic method. These afforded various functionalized oxindoles featuring a C3 quaternary stereogenic

center. Mechanistic experiments suggest a radical mechanism.

Introduction

Radical-initiated cascade reactions constitute a powerful synthe-
tic approach to construct multiple C—C or C—X bonds in one
pot. As such, these tend to allow facile access to many complex
natural molecules and drugs [1-6]. Recently, radical-initiated
cascade cyclizations involving acrylamides have attracted con-
siderable attention due to their propensity to build important
oxindole scaffolds. These are broadly found in natural products,
pharmaceuticals, and bioactive molecules (Figure 1) [7-13]. Al-
though a number of synthetic approaches have already been

explored [14-20], these existing methods generally require stoi-

chiometric, often onerous reagents [21-28], and/or high temper-
atures [29-38].

In the past few years, photocatalytic processes have become one
of the most powerful tools in developing radical-initiated addi-
tion/cyclization cascades from acrylamides for the synthesis of
oxindoles [39-41]. The radicals are typically generated from
alkyl halides [42-44], carboxylic acids [45-47], simple alkanes
[48], alkylboronic acids [49], isocyanides [50], or other [51-53].
In this context, the group of Fu reported a Ru(bpy);Cl,-cata-
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Figure 1: Representative natural products and biologically active molecules containing an oxindole moiety [7-13].

lyzed synthesis of N-Boc proline oxindole derivatives under
visible-light assistance [47]. Therein, N-hydroxyphthalimide
(NPhth) esters were utilized as alkyl radical precursors, which
can be readily prepared from highly available carboxylic acids.
In 2015, Cheng and co-workers disclosed a visible light-medi-
ated radical tandem cyclization of N-arylacrylamides with
N-(acyloxy)phthalimides to access 3,3-dialkylated oxindoles in
the presence of [Ru(bpy);Cl,]-6H,0 [46]. However, these
seminal methods remain limited by the need of noble-metal-
based photocatalysts, excess additives and limited substrate
scopes (Scheme 1a).

With the rapid development of sustainable chemistry, devel-
oping low-cost and transition-metal-free photocatalytic methods
has become a strategic priority. In 2019 [54], the groups of Fu
and Shang pioneered the photocatalytic decarboxylative alkyl-
ation of silyl enol ethers and N-heteroarenes by using a novel
catalytic system based on sodium iodide (Nal) and triphenyl-
phosphine (PPhj), suggested to function as an electron
donor-acceptor (EDA) complex [55-60]. Compared to previ-
ously reported radical reactions, this novel catalytic system has
the key advantage of circumventing the need for external redox
additives and/or noble metals, using readily available and cost-
effective Nal and PPhj under mild reaction conditions. In a
broader context, phosphine organocatalysis is probably still
underappreciated in organic synthesis, and could lead to impor-
tant future synthetic developments [61-67]. The Nal/PPhjy
system has been further broadly applied to the functionalization
of alkenes [68-70], as well as to decarboxylative C(sp3)—X bond
formation [71], cyclization of 1,7-enynes [72,73] and other
reactions [74-77]. Inspired by these advances, we developed

here a visible light-mediated decarboxylative radical cascade

cyclization of N-arylacrylamides under Nal/PPhjs catalysis, for
the most efficient and practical synthesis of quaternary oxin-
doles (Scheme 1b and 1c). It should be noted that during the
finalization of this work, a similar, however stoichiometric Csl/
PPh;Cy-mediated method appeared from the Yang and Li
groups (Scheme 1b) [28]. In contrast, the method we present
here is 1) catalytic, 2) it employs the far less onerous Nal/PPh;
system, and 3) it displays a considerably broader substrate

scope.

Results and Discussion

Key elements of reaction optimization are summarized in
Table 1. With Nal (20 mol %) and PPh3 (20 mol %), acryl-
amide 1a and redox-active ester 2a were used as model sub-
strates to react for 36 h in acetonitrile (MeCN) under blue LEDs
irradiation and N; atmosphere, delivering the desired oxindole
derivative 3aa with 72% isolated yield (Table 1, entry 1). Other
iodide sources, such as Lil, KI, Rbl, Csl, Cal,, and a quater-
nary ammonium iodide, while also effective, provided slightly
lower yields (Table 1, entries 2—7). It should be noted that all
tested iodide sources were found soluble under those condi-
tions. Some diverse phosphines were then screened. Aromatic
phosphines performed best (Table 1, entries 8 and 9), the
cheapest PPh3 remaining however optimal. In contrast, tricyclo-
hexylphosphine PCy3 performed poorly (Table 1, entry 10), and
bulky tri-o-tolylphosphine almost shut down the reaction
(Table 1, entry 11). These results indicate that the accessibility
of the phosphorus center is important. Next, the solvent was in-
vestigated. Replacing acetonitrile with dimethyl sulfoxide
(DMSO), or dimethylacetamide (DMA), or acetone, or ethyl
acetate (EA), resulted in inferior yields (Table 1, entries 12—15),

and no product was detected when using 1,4-dioxane or
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Scheme 1: Selected photocatalytic decarboxylative radical cascade reactions of N-arylamides.

dichloromethane (DCM) as reaction solvent (Table 1, entries 16
and 17). Although the reaction also proceeded without Nal,
only a low yield of 3aa was then obtained (Table 1, entry 18).
PPhj3 and irradiation are however both essential for this
decarboxylative cascade cyclization process (Table 1, entries 19
and 20).

With the optimized conditions in hand, we then explored the
scope of N-arylacrylamides with different substituents. A series
of acrylamides showed good compatibility under standard
conditions, offering the desired oxindoles in moderate to good

yields (Scheme 2). Electron-donating groups at the para-posi-

tion of the phenyl ring, such as methyl or methoxy groups, de-
creased slightly the yield, to 68% and 66%, respectively (3ba
and 3ca). When these substituents were replaced by common
halogens or electron-withdrawing groups, good yields of the
corresponding oxindoles (3da—ga) were achieved. A trifluoro-
methyl-substituted acrylamide afforded the product 3fa in very
high 85% yield. In addition, ortho-substitution at the N-aryl
moiety was also well tolerated, albeit with slightly decreased
yields (3ha—ka, 50-63%).

Interestingly, a cyclic N-arylamide derivative was also well

tolerated, furnishing polycyclic structure 3la in 67% yield. In
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o Nal (20 mol %) Me
©\ O PPh; (20 mol %)

N)K*[/ * <:>_< 0o
A O-NPhth MeCN, rt, 36 h N
Me Me 456 nm blue LEDs Me
1a 2a 3aa

Entry Variation from standard conditions 3aa, Yield (%)°

1 none 76 (72)°

2 Lil instead of Nal 70

3 Kl instead of Nal 62

4 Rbl instead of Nal 64

5 Csl instead of Nal 39

6 Cals instead of Nal 56

7 n-BuygNI instead of Nal 57

8 P(4-F-CgHy)3 instead of PPh3 73

9 P(4-OMe-CgHy)3 instead of PPhg 60

10 PCys instead of PPhg 23

11 P(2-Me-CgHy)3 instead of PPhg trace

12 DMSO instead of MeCN 60

13 DMA instead of MeCN 44

14 acetone instead of MeCN 52

15 EA instead of MeCN 57

16 DCM instead of MeCN nr

17 1,4-dioxane instead MeCN nr

18 without Nal 14

19 without PPhg 0

20 without blue LED 0

aUnless otherwise noted, the standard reaction conditions were as follows: 1a (0.3 mmol), 2a (0.2 mmol), solvent (2 mL); Pthe yield was determined
by "H NMR analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as an internal standard; Cisolated yield.

addition, substrates with different N-substituents, such as ethyl,
benzyl, and phenyl, could be converted into the expected prod-
ucts 3ma—oa in good yields. It should be noted that replacing
the methyl with a phenyl group at the N-arylacrylamide core
significantly affected the reaction efficiency from 72% to 34%
yield (3pa). Satisfyingly, substrate 1q could successfully
undergo decarboxylative cascade cyclization to afford 3qa with
70% yield, which is used as a key intermediate in the synthesis
of (*)-physovenine and (+)-physostigmine alkyl analogues ex-
hibiting inhibitory activity against acetylcholinesterase and
butyrylcholinesterase [30,78-84]. Subsequently, we expanded
the scope of this protocol to include a benzamide derived acryl-
amide 1r. The expected six-membered ring structure 3ra could
be successfully isolated with a good yield (66%).

A number of alkyl radical precursors were then synthesized and
evaluated in the reaction (Scheme 3). We found that redox-

active esters derived from primary, secondary, and tertiary ali-

phatic carboxylic acids were all compatible with the method.
Cyclic substrates bearing cyclobutyl, cyclopentyl, and indenyl
groups could deliver the corresponding desired products with
good yields (3ab-ad, 63-74%), while an adamantyl-derived
substituent proved more challenging (3ae, 40%). The use of
other cyclic substituents such as oxygen-containing and
nitrogen-containing rings gave good yields of the target oxin-
doles (3af-ah, 65-76%). In addition, a symmetrically a-substi-
tuted redox-active esters furnished the corresponding quater-
nary oxindole 3ai with 69% yield. Moreover, an asymmetri-
cally a-branched starting material could react with similar effi-
ciency, affording oxindole 3aj as a 1:1.1 mixture of diastereo-
mers. Interestingly, this method also enabled the synthesis of
the highly sterically demanding oxindole 3ak in good yield
when using a tert-butyl N-hydroxyphthalimide ester as the tert-
butyl radical precursor. Importantly, a redox-active ester
derived from methionine could be converted effectively to

a-aminoalkylation product 3al in overall 70% yield, which thus
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Scheme 2: Arylamide substrate scope with isolated yields of products.

provides a mild method for the functionalization and derivation
of abundant natural or unnatural amino acids. Some functional
groups such as a terminal alkene in 3am, a terminal alkyne in
3an, and an alkyl chloride in 3ao proved compatible, associat-
ed with encouraging yields. In order to further demonstrate the

utility of our protocol, a complex scaffold derived from litho-

cholic acid was tested, and was found to smoothly undergo the
decarboxylative cyclization towards oxindole 3ap in 63% yield.

In order to gain insight into the reaction mechanism, some

control experiments were further performed. When a radical
scavenger such as 2,2,6,6-tetramethyl-1-piperidinyloxyl
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Scheme 3: Alkyl radical precursor scope with isolated yields of products.

(TEMPO) was added to the catalytic system under standard
conditions, the reaction was fully inhibited, and a TEMPO-
trapped adduct (4) was detected by HRMS (Scheme 4a). More-
over, the radical-mediated ring-opening product 3am could be
obtained with 66% yield in a radical clock experiment when
redox-active ester 5 was engaged to react with acrylamide 1a
under standard conditions (Scheme 4b). Finally, it should be
noted that benzoyl ester substrate 6a did not deliver the corre-
sponding cyclized product 7aa (Scheme 4c). All of these
outcomes indicate that a radical species should be involved in
this decarboxylative cascade cyclization towards oxindoles

under Nal/PPhj catalysis. Thus, the mechanism should run in a

Cl

3ap, 63%

similar fashion to related well-documented previous reports
[54,68-77], through a light-induced, phosphine-assisted, inter-
molecular electron transfer from sodium iodide to the redox-
active ester.

Conclusion

In summary, we developed an effective photocatalytic
decarboxylative radical cascade cyclization of N-arylacryl-
amides with various redox-active esters derived from common
and/or important carboxylic acids under mild conditions. Com-
plementary to traditional transition metal photocatalysis and

organo-photocatalysis [85], the readily available and inexpen-
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Scheme 4: Selected mechanistic experiments.

sive Nal/PPhj can operate as an efficient photoredox catalyst,
providing an economical access to construct important oxin-
dole scaffolds containing a quaternary carbon center. This syn-
thetic method features a broad substrate scope, good functional
group tolerance and operational simplicity. Mechanistic investi-
gations revealed that this cyclization reaction proceeds via a
cascade radical pathway. We expect these results to encourage
the further development of Nal/PPhs-catalyzed and related syn-
thetic methods.
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Herein, we report an unprecedented Rh(IlI)-catalyzed C—H activation/annulation cascade of readily available enaminones with

iodonium ylides towards the convenient synthesis of isocoumarins. This coupling system proceeds in useful chemical yields (up to

93%) via a cascade C—H activation, Rh-carbenoid migratory insertion and acid-promoted intramolecular annulation. The success of

gram-scale reaction and diverse functionalization of isocoumarins demonstrated the synthetic utility of this protocol.

Introduction

Isocoumarins are an important structural motif in many natu-
rally occurring lactones isolated from bacterial strains, molds,
and plants, exhibiting a wide range of pharmacological proper-
ties such as antibacterial, antitumor, and anti-HIV activities
(Scheme 1a) [1-5]. Fascinated by their versatile properties,
researchers were prompted to develop efficient methods for the
synthesis of isocoumarin scaffolds. Traditional synthetic strate-

gies including 1) intramolecular cyclization of 2-alkenyl

benzoic acids or o-alkynylbenzoates (Scheme 1b, 1) [6-10],
2) oxidation of isochromans (Scheme 1b, II) [11,12], or
3) metal-catalyzed cross-coupling/cyclization of 1,2-difunction-
alized arenes with alkynes or carbon monoxide (Scheme 1b, III)
[13-16], have been widely applied for the assembly of
isocoumarins over the past decades. Recently, the transition-
metal-catalyzed ortho C—H activation/annulation of benzoic

acids has emerged as an attractive approach towards
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Scheme 1: Significance of isocoumarins (a), classic methods for the synthesis of isocoumarins (b) and reaction design (c).

isocoumarins [17,18]. Pioneering examples relying on the Pd,
Ru, and Ir-catalyzed C-H cross coupling of benzoic acids with
alkenes and alkynes were realized by the groups of Miura [19],
Lee [20], Ackermann [21], Zhang [22], Jiang [23], and Jegan-
mohan [24] et al. Despite these impressive achievements, estab-
lished methods often require the use of stoichiometric oxidants
or harsh conditions, thus limiting their broad applicability.
Consequently, it is still highly desirable to exploit innovative
and convenient methods for the rapid construction of
isocoumarins.

Enaminones are bench stable and easily available, which have
been established as versatile synthetic building blocks for the
synthesis of cyclic scaffolds [25]. In 2016, Zhu et al. reported
the first example of a Rh-catalyzed C—H functionalization of
enaminones with alkynes and a-diazo-fB-ketoesters to access
naphthalenes [26]. Very recently, the same group developed an
efficient Rh(III)-catalyzed C—H cross-coupling of enaminones
with diazodicarbonyls for the divergent construction of
isocoumarins and naphthalenes [27]. Moreover, Loh et al.
disclosed a Rh-catalyzed formal [4 + 2] cycloaddition of enam-
inones with diazocarbonyls [28]. Compared with highly sensi-

tive diazo compounds, iodonium ylides are known to show

ready availability and good stability [29,30]. Our group has
recently demonstrated that iodonium ylides can be used as
carbene precursors in the Rh-catalyzed [4 + 2] cyclization of
pyrazolidinones [31]. During the preparation of manuscript, the
group of Li reported a similar Rh(III)-catalyzed [3 + 3] annula-
tion of enaminones with iodonium ylides [32]. Inspired by the
collected contributions [26-28] and based on our ongoing
research in C-H activation [33-35], we recently wondered
whether it might be possible to couple iodonium ylides with
enaminones in a Rh(III)-catalyzed C—H activation/annulation
cascade reaction for the rapid construction of isocoumarins
(Scheme 1c).

Results and Discussion

Our initial experiment was performed with enaminone 1a and
iodonium ylide 1b in the presence of [Cp*RhCl,], (5 mol %) as
the catalyst, AgSbF¢ (10 mol %) and KOAc (50 mol %) as ad-
ditives in 1,2-dichloroethane (DCE) at 100 °C for 16 hours. To
our delight, the desired isocoumarin 3aa was obtained in 42%
yield (Table 1, entry 1). Then, the influence of solvents has
been subsequently investigated. As a result, DCE proved to be
the optimal solvent, while other commonly used solvents such

as toluene, dioxane, and ethanol gave inferior yields (Table 1,
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Table 1: Optimization of the reaction conditions@.
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O
e} ©\I @ [Rh] or [Ru] (5 mol %) o
0,
— N o o AgSbFg (10 mol %) P
| * é additive (0.5 equiv)
solvent, 100 °C, 16 h fe)
1 2a 3aa
entry catalyst additive solvent yield?
1 [Cp*RhCl2)2 KOAc DCE 42
2 [Cp*RhCl2)2 KOAc toluene 39
3 [Cp*RhClz]2 KOAc dioxane 16
4 [Cp*RhCl2]2 KOAc EtOH 14
5 [Cp*RhCl2]2 Cs(OPiv)z DCE 47
6 [Cp*RhCl2]2 Cs(OAc)2 DCE 51
7 [Cp*RhCly]» KoCO3 DCE 27
8 [Cp*RhCly]» AcOH DCE 63
gc [Cp*RhCly]» AcOH DCE 80
10 [{Ru(p-cymene)Clo}]o AcOH DCE trace

aStandard conditions: 1a (0.2 mmol), 2a (0.6 mmol), catalyst (5 mol %), AgSbFg (10 mol %), additive (0.5 equiv), solvent (2.0 mL) at 100 °C for 16 h.

bisolated yields. CAcOH (5.0 equiv) was used.

entries 2—4, 14-39%). Further screening of bases did not
improve the outcome of the product, whereas 63% yield
of 3aa was obtained when acetic acid was added into the
reaction system (Table 1, entry 8). Increasing the amount of
acetic acid significantly improved the reaction efficiency
delivering product 3aa in 80% yield (Table 1, entry 9). The
choice of a suitable catalyst was the key factor for the success
of this reaction since only a trace amount of 3aa can be ob-
tained by using [{Ru(p-cymene)Cl,}], as a catalyst (Table 1,
entry 10).

With the optimal conditions in hand, we then investigated the
scope of this Rh-catalyzed C—H activation/annulation cascade
reaction. As shown in Scheme 2, a range of functionalized
enaminones were compatible with this Rh-catalytic system,
furnishing the corresponding isocoumarin products in satis-
fying yields. For example, enaminones bearing electron-donat-
ing (Me, OEt and #-Bu), as well as electron-withdrawing groups
(F, Cl, Br, I, CF3, CN and NOy) at ortho, meta or para-posi-
tions were well tolerated in this transformation, delivering a
variety of structurally diverse isocoumarins in an efficient
manner (3aa—qa, 43-82%). It is worth mentioning that the
tolerance of halogen substituents (Cl, Br and I) may open up a
new opportunity for further transition-metal-catalyzed cross-
coupling reactions. Sensitive groups, such as ester, trifluoro-
methyl and nitro substituents, were retained unchanged in the
final products (3ja, 3ka, 3ma, and 3na). Also the strongly coor-

dinating thioether substituent proved to be suitable for this
protocol, providing the desired product 3ea in 76% yield. More-
over, under the standard conditions, 3-thienyl and 2-naphthyl-
substituted enaminones were smoothly coupled with iodonium
ylide 1b to give the expected isocoumarins 3ra and 3sa in 60%
and 78%, respectively.

Next, we sought to test the generality of this reaction with
respect to iodonium ylides. As outlined in Scheme 3, iodonium
ylides featuring dimethyl, methyl, and phenyl groups under-
went the current reaction efficiently, delivering the desired
products 3ab—ae in moderate to good yields (43-93%).

To demonstrate the synthetic utility of this methodology, a
gram-scale synthesis of isocoumarin 3ia was firstly performed.
Under the optimal conditions, the desired product 3ia was suc-
cessfully obtained in 84% yield (1.1 g) via a simple recrystal-
lization from the reaction mixture (Scheme 4a). In the presence
of hydroxylamine hydrochloride, the carbonyl group of the ke-
tone can be selectively converted into an oxime product 4
(Scheme 4b, 71% yield). In addition, the reaction of the
isocoumarin 3ia with p-toluenesulfonyl hydrazide proceeded
smoothly to deliver hydrazone 5 in 66% yield (Scheme 4b,
right). Of note, oxime and hydrazone compounds are versatile
synthetic building blocks, which have been widely applied in
transition-metal-catalyzed cross-coupling reactions and radical

transformations [36-38].
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o @\ ® [Cp*RhCly), (5 mol %)
| AgSbFg (10 mol %)

= Ve
X N
@r | + © o AcOH (5.0 equiv)
Z DCE, 100 °C, 16 h

ol ook

3aa, 80% 3ba, 81% 3ca, 77%

0 o)
0 9] 3fa, X =Cl, 69%
~ Pz Pz 3ga, X =Br, 80%
S X 3ha, X =F, 81%
. - 0
o o 3ia, X=1,75%
o
o}
= 0
o)

3ea, 76%
(0] (0]
O (0]
¥ ¥
F3C NZ 2N
(0] ¢}
3ka, 52% 3la, 43% 3ma, 43%
X O
7 0
(¢} 3oa, X = Cl, 80% S _
_ 3pa, X =Br, 82%
3qga, X=F, 73%
(0]
(0] 3ra, 60%

Scheme 2: Scope of enaminones.

o ©\I ® [Cp*RNCl,)5 (5 mol %)

AgSbFg (10 mol %)

= N/ + O O
| é AcOH (5.0 equiv)
DCE, 100 °C, 16 h
R! R?

1a
O O
(0] O
Pz Pz
(@) (0]
3ab, 76% 3ac, 43% 3ad, 93% 3ae, 66%

Scheme 3: Scope of iodonium ylides.
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a) gram-scale reaction

o}
o) ©\ ® [CP*RhCly], (5 mol %)
| o)

AgSbFg (10 mol %)

N/
+ 0] 0] . =
| AcOH (5.0 equiv) I
DCE, 100 °C, 16 h o

1i 2a 3ia (1.1 g, 84%)

b) synthetic transformation of 3ia

o 0
NH,OH-HCI TsNHNH,
O NaOAc O (10equv)
7
| MeOH, reflux, 1h | Z T MeOH. 1t INF
HO~.\? TsHN
N o)
4,71% 3ia 5, 66%

Scheme 4: Gram-scale reaction (a) and synthetic transformation (b).

Based on the literature precedents [27] and our previous work  the presence of AgSbFg, dimeric [Cp*RhCl,], transforms into

[33-35], a mechanism for this Rh-catalyzed C—H activation/ the active Rh catalyst. Subsequently, the oxygen atom of the

annulation reaction was proposed and depicted in Scheme 5. In  enaminone is coordinated to the Rh catalyst, following by a

AgSbFg
0o 0
(\ o/ ITI/ AgCl (\ SN
P |
[Cp*RhX] " Z  1b
1-D X = SbF
o] 0 Soe
C-H
H* activation H*
o | \ Ny—
N— N
—
o) 1-E _ :
rhodium catalytic cycle \O 1-A
/
[Rhlll]
7 . .
)4 ligands on Rh were omitted
=
. ?/Ph
migratory | o 0o
\ insertion
N 1
2a
H0 18 O Phli
3ba CH3;CHO + HNMe, Rh-carbenoid

Scheme 5: Proposed mechanism.
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Rh(III)-promoted ortho C-H activation to form a five-mem-
bered ruthenacycle 1-A. Then, the reaction of the iodonium
ylide with intermediate 1-A generates a Rh-carbenoid interme-
diate 1-B, which undergoes a rapid migratory insertion to give
intermediate 1-C. The protonation of 1-C produces the interme-
diate 1-D with the regeneration of the active Rh catalyst for the
next catalytic cycle. Under acidic conditions, the further proton-
ation of compound 1-D delivers an imine intermediate 1-E,
which undergoes an intramolecular annulation to give 1-F. The
final isocoumarin product 3ba can be generated from 1-F by
elimination of imine 1-G [39]. Finally, the rapid hydrolysis of
the resulting 1-G gives rise to acetaldehyde and dimethylamine
as byproducts.

Conclusion

In summary, an efficient Rh-catalyzed C-H activation/annula-
tion reaction of enaminones with iodonium ylides has been de-
veloped. This reaction features simple operation and readily
available substrates, enabling the rapid construction of biologi-
cally attractive isocoumarins in useful to good yields. The
success of a gram-scale reaction and diverse functionalization
of the isocoumarin products highlight the tremendous synthetic
potential of this methodology in chemical synthesis and drug
discovery.

Experimental

A 10 mL screw-cap vial was charged with enaminone 1
(0.2 mmol), iodonium ylide 2 (0.6 mmol), [Cp*RhCl;],
(6.2 mg, 5 mol %), AgSbFg (6.9 mg, 10 mol %), HOAc
(60.0 mg, 1.0 mmol) and DCE (2 mL) under N, atmosphere.
Then, the reaction mixture was stirred at 100 °C for 16 h. The
crude product was purified by flash chromatography on silica
gel (petroleum ether/ethyl acetate 5:1) directly to give the
desired products 3. (Note: a heating module was used for the
preparation of isocoumarin products 3.)

Supporting Information

Supporting Information File 1
Experimental and copies of spectra.
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The last decade has witnessed the emergence of innovative synthetic tools for the synthesis of fluorinated molecules. Among these

approaches, the transition-metal-catalyzed functionalization of various scaffolds with a panel of fluorinated groups (XRp, X =S, Se,

0) offered straightforward access to high value-added compounds. This review will highlight the main advances made in the field

with the transition-metal-catalyzed functionalization of C(sp?) and C(sp?) centers with SCF3, SeCF3, or OCH,CF3 groups among

others, by C—H bond activation. The scope and limitations of these transformations are discussed in this review.

Introduction

Nowadays, fluorinated molecules represent an indispensable
class of molecules in chemistry and in chemical biology.
Thanks to the unique properties of the fluorine atom or fluori-
nated groups to modulate biological and physicochemical prop-
erties of the parent non-fluorinated molecules [1,2], their incor-
poration in various scaffolds afforded high value-added com-
pounds as demonstrated by their numerous applications in the
industrial sector such as drugs, agrochemicals, and materials.
To further illustrate the ubiquity of fluorinated compounds,
almost 20% of pharmaceuticals and 30-40% of agrochemicals
[3-5] contain at least one fluorine atom. Because of the excep-

tional features of fluorinated derivatives, tremendous develop-

ments and discoveries have been made in this blossoming
research area, with a high interest for fundamental research as
well as the industry [6-11]. Among them [2,5,12-18], the
direct functionalization of a simple C—H bond by transition-
metal catalysis [19-43] became an important tool offering new
retrosynthetic disconnections. In this context, a strong interest
from the scientific community was shown towards the chal-
lenging synthesis of fluorinated molecules by transition-metal-
catalyzed C-H bond activation [44-50], allowing the functional-
ization of complex molecules and even for late-stage functional-
ization strategy [51-53] for the synthesis of natural products
[42,54-59].
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The goal of this review is to highlight and discuss the recent ap-
proaches for the synthesis of fluorinated derivatives by the
direct incorporation of a fluorinated group of XRg type (e.g.,
SCF3, SeCF3, SCF,CO,Et, OCH,CF3) by transition-metal-cata-
lyzed C-H bond activation (Scheme 1). The review will be
organized in two main parts, dedicated to the construction of a
C-SCF,R/SeCF3 and C-OCH,CFj3 bond. This review does not
aim to be exhaustive and key examples were carefully chosen to
provide the reader a nice overview. Since reviews dealing with
transition-metal-catalyzed functionalization of compounds by
C-H bond activation with fluorinated reagents [60-77] and
vinylic, allylic or propargylic fluorinated building blocks [49]
have been already reported, these reactions will not be included.

_-._DG @ o~ _DG
e J:H R source S :[RF

Rr = SCF3, SeCF3, SCF,H, SCF,CO,Et, OCHRCF;

Scheme 1: Transition-metal-catalyzed C—XRfg bond formation by C—H
bond activation: an overview.

Review

l. Transition-metal-catalyzed directed
C—chalcogen bond formation (C-S, C-Se) by
C—H bond activation

In the past decade, particular attention has been paid to the de-
velopment of new methodologies for the incorporation of

Daugulis, 2012 [114]

Cu(OAc),
F30$ SCF3 (2-2.5 equiv)
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sulfur-containing fluorinated groups. Although the transition-
metal-catalyzed direct C—H bond functionalization appeared to
be a powerful tool for the installation of C—C, C-N, or C-O
bonds, the direct formation of a C(sp%)-SRg or a C(sp>)-SRg
bond remains a challenging task. In this context, key players in
the field have been interested in the design of original method-
ologies for the trifluoromethylthiolation and more recently the
difluoromethylthiolation of various compounds by transition-
metal catalysis [78]. Moreover, a recent interest was devoted to
the trifluoromethylselenolation reaction as depicted in this

section.

[.1) Transition-metal-catalyzed C—H
trifluoromethylthiolation of aromatic C(sp?) centers
Thanks to its unique features such as an interesting lipophilicity
(Hansch parameter = 1.44) [79,80] and a strong withdrawing
character, the development of new methodologies for the incor-
poration of the SCF; residue on various molecules has known a
tremendous expansion [81-113].

Copper catalysis: In 2012, Daugulis and co-workers reported
the copper-promoted trifluoromethylthiolation of benzamide de-
rivatives 1 at the ortho-position by C—H bond activation [114].
Indeed, using a bidentate directing group (amide derived from
the 8-aminoquinoline), the mono- and difunctionalized com-
pounds were obtained when Cu(OAc); (0.5 equiv) and the toxic
and volatile disulfide F3CS—-SCF; were employed (Scheme 2,
10 examples, up to 76% yield). With this approach, derivatives
bearing an aromatic part substituted at the para-position with
electron-donating substituents (1a,b), halogens (1c) as well as

(0 5 equw SCF30

Nease

selected examples

SCF3;0

{]\A J
SCF,
cl o
CI@H |
SCF; NS

2g, 59%

DMSO, 90-110 °C
4-14 h, air

2a, 4-t-Bu, 76%
2b, 4-OMe, 67%
2c, 4-F, 73%

2d, 4-COyMe, 72%
2e, 3-OMe, 70%

o_
|:

10 examples
up to 76% yield

@%

2f, 63%

F3CS

2h, 56%

Scheme 2: Cu(OAc),-promoted mono- and ditrifluoromethylthiolation of benzamide derivatives derived from 8-aminoquinoline reported by the group

of Daugulis [114].
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electron-withdrawing groups (1d) were difunctionalized in good
yields. The substitution pattern on the aromatic ring did not
affect the reaction efficiency, the meta-substituted derivative 2e
as well as the ortho-substituted derivative 2f were obtained in
high yields (70% and 63% yields, respectively). It should be
noted that the presence of ortho-substituents on the aryl residue
allowed the monofunctionalization to occur selectively. Also,
amide 1g bearing a disubstituted arene was successfully functio-
nalized in 59% yield. Finally, the difunctionalized thiophene de-
rivative 2h was obtained in 56% yield.

In 2016, Wang's group developed another methodology for the
trifluoromethylthiolation of azacalix[1]arene[3]pyridines by
C-H bond activation using a complex of Cu(ClO4),-6H,O and
the shelf-stable Me4NSCF3 [115,116] as a nucleophilic source
of SCF3 (Scheme 3) [100]. Within these conditions, a set of six
azacalix[1]arene[3]pyridines bearing electron-donating groups,
halogens or electron-withdrawing groups were functionalized
and the expected products were isolated in moderate to high
yields (4a—f, 58-91%).

Palladium catalysis: Several works have been reported for the
palladium-catalyzed trifluoromethylthiolation reaction of
various aromatic compounds 5 by C-H bond activation and
involved in most cases an electrophilic SCF3 source
(R'R2NSCF3). For these transformations, the following
working hypothesis was generally suggested (Scheme 4). After
coordination of the palladium catalyst to a directing group, the

Wang, 2016 [100]
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DG DG
[ I Pd" @[
SCF; (P H

= |w)

py ®
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f o
®

[Pd"]

R1
:N—SCF3 or AgSCF3 and oxidant
R2

Scheme 4: Working hypothesis for the palladium-catalyzed C—H tri-
fluoromethylthiolation reaction.

metallacycle A is formed. This latter undergoes an oxidative ad-
dition in the presence of an electrophilic source or an oxidation/
ligand exchange in the presence of a nucleophilic source (i.e.,
AgSCFj3) and an oxidant (B in Scheme 4). Finally, after a re-
ductive elimination step, the expected functionalized product 6

is obtained and the palladium catalyst is regenerated.

/ /
Me, o | ) CU(CIO4),6H,0 (1.5 equiv) N |
N N CHCI3/MeOH/CH30N 1:1:0.1
i, 24 h,
H > air SCF, >
N N\ 2) Me4NSCF3 (3.0 equiv) N\
Me | CH3CN, 80 °C |
/ 24 h, air /
3 4
6 examples
up to 91% yield
= =
Me o | Me Me, I | Me
N7 NN 4a,R = H, 91%2 N7 NN
>>: 4b, R = Me, 79%
7 ) ’ 7
RQSCFa N _\ 4c‘ R = OMe, 78% SCF3 N _\
4d,R=Cl, 77%
Me’N | NS N\Me 4e, R=CN, 58% “ Me/N | N Me
= =
4f, 69%

Scheme 3: Trifluoromethylthiolation of azacalix[1]arene[3]pyridines using copper salts and a nucleophilic SCF3 source reported by Wang and

co-workers [100]. 2A mixture of CHCl3/MeOH 1:1 was used as solvent.

450



In 2014, Shen and Xu [117] developed a new methodology for
the selective functionalization of 2-arylpyridine derivatives
using an electrophilic SCFj3 reagent, the Haas reagent I
(Scheme 5) [118]. A broad range of 2-arylpyridine derivatives
were trifluoromethylthiolated in good to high yields (18 exam-
ples, from 52 to 91% yields). The substitution pattern of the ar-
omatic ring had no impact on the outcome of the reaction as
illustrated with substrates substituted by a methyl group (7b,
7d, and 7f) at the para-, meta- and ortho-positions, which were
readily functionalized in 71%, 84% and 78% yields, respective-
ly. This reaction was also tolerant of a 2-naphthyl group, the
palladium-catalyzed trifluromethylthiolation afforded the corre-
sponding product 8h in 76% yield. Also, the 2,4-dimethoxy-

lated substrate 7g and the benzothiophene derivative 7i were

Shen, 2014 [117]

Beilstein J. Org. Chem. 2023, 19, 448—473.

successfully trifluoromethylthiolated in 76% and 63% yields,
respectively. This reaction proved to be compatible with the
presence of an ester (8c) or a halogen (8e). Other directing
groups, such as substituted pyridines (9a and 9b) and pyrimi-
dine (9¢) turned out to be also efficient in this transformation
(Scheme 5, 4 examples, up to 84% yield).

The same year, the group of Huang reported an elegant and
straightforward palladium(II)-catalyzed ortho-selective tri-
fluoromethylthiolation of arenes bearing various directing
groups using the nucleophilic trifluoromethylthiolating source
AgSCF3 in combination with Selectfluor® as oxidant
(Scheme 6, 29 examples, up to 91% yield) [119]. 2-Arylpyri-

dine derivatives bearing electron-donating groups, electron-

Pd(CH3CN)4(OT), ~_1 0
| (10 mol %) | |
NS
= ! -
O— N 1 (4 equiv) O N | N=SCFs
AcOH, 110 °C NS SCF I 5
24 h, air 8 3 I
I
18 examples
up to 91% yield !
selected examples
= 8a, 4-H, 63% OMe = |
| 8b, 4-Me, 71% N
N
2 N 8c, 4-CO,Et, 85%
| 0,
X SCF, 2d, 133 I';ﬂe,;‘(‘:/; MeO SCF;
©, 5Br, oc70 89, 76%
8f, 2-Me, 78%
L
|
9@
SCF, SCF,
8h, 76% 8i, 63%"
Pd(C1l—|03CNI)%§OTf)2 o
_ DG (10 mol %) _ DG !
‘ ,_ ‘ ,— I —_
™ | 1 (4 equiv) X | I N=SCF3
o SCF;
H AcOH, 110 °C S ol
9 24 h, air 10 | I
4 examples :
I

selected examples

up to 84% yield

= = Me
N Me N
SCF3 SCF3 SCF3

10a, 73%

10b, 63%

10c, 70%

Scheme 5: Trifluoromethylthiolation of 2-arylpyridine derivatives and analogs by means of palladium-catalyzed C—H activation reported by the group
of Shen [117]. 26 equiv of | were used at 150 °C for 24 h. ®The reaction was conducted at 150 °C for 24 h.
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Huang, 2014 [119]
Pd(OAC), (10 mol %)
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Scheme 6: C(sp?)-SCF3 bond formation by Pd-catalyzed C—H bond activation using AgSCF3 and Selectfluor® as reported by the group of Huang

[119]. 220 equiv of CloCHCOOH were used instead of AcOH.
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withdrawing groups or halogen at the para- and meta-positions
of the aromatic ring were readily functionalized (11a-g,
58-85% yields). Also 2-(2-methoxyphenyl)pyridine (11h) and
2-(2-naphthyl)pyridine (11i) were found to be suitable sub-
strates leading to the corresponding products 12h and 12i in
91% and 83% yields, respectively. The use of other directing
groups was also suitable for this transformation such as methyl
and cyano-substituted pyridines 13a,b, pyrimidine (13c), pyra-
zole (13d), as well as the amide derived from 8-aminoquinoline

13e (Scheme 6, 13 examples, up to 75% yield).

In this study, two mechanisms were reported. The first one sug-
gested that a palladacycle C is formed after the irreversible
chelation of the 2-phenylpyridine substrate with palladium,
which is the rate-determining step (KIE = 2.7). Subsequently
palladacycle C is oxidized by Selectfluor® to form a
palladium(IV) complex D. After a ligand exchange with
AgSCF3, the intermediate E is obtained, which, after reductive
elimination, releases the desired product 12 and regenerates the
catalyst. Alternatively, a ligand exchange with AgSCF3 occurs
before the oxidation step, generating the palladium(II) complex
F. After an oxidative addition in the presence of Selectfluor®,
the palladium(IV) intermediate E is generated. Finally, after re-
ductive elimination step, the desired product 12 is released and

Ye and Liu, 2015 [120]
/\ Pd(OAc), (10 mol %)

AgOAc (1.0 equiv)
PhCOCI (2.5 equiv)

Beilstein J. Org. Chem. 2023, 19, 448—473.

the catalyst regenerated. Note that, in this process, Selectfluor®
is playing a key role. Indeed, using this electrophilic fluori-
nating source as oxidant generates a Pd(IV)(ppy)F(OAc),
(ppy = 2-phenylpyridine) complex as intermediate. As the
competitive C—F bond formation was disfavored (slow reduc-
tive elimination step), the desired trifluoromethylthiolated prod-
uct 12 is selectively afforded after a F/SCF; ligand exchange.

In 2015, Ye and Liu reported the palladium-catalyzed trifluoro-
methylthiolation of 2-arylpyridine derivatives using the Billard
reagent II (Scheme 7) [120]. Unlike Shen's methodology
(Scheme 5), the use of benzoyl chloride was necessary to
activate the trifluoromethylthiolated reagent [120]. Unsubsti-
tuted and pyridines substituted derivatives 15 were very effi-
ciently ortho-trifluoromethylthiolated (17 examples, up to 91%
yield). This methodology was tolerant to electron-donating and
electron-withdrawing groups as well as halogens (16b-f,
62-91% yields). The meta-substituted (16f) and disubstituted
(16j) products were obtained in high yields (73% and 79%, re-
spectively).

In 2018, Anbarasan and co-workers described a palladium-cata-
lyzed trifluoromethylthiolation of arenes by C—H bond activa-
tion bearing several directing groups (Scheme 8) [121]. With

SCF3

o_

H I (2.5 equiv)

15 DMF, 120 °C, 10 h, N,

H
@N\

SCF3

17 examples
up to 91% vyield

selected examples Me
= | 16a, R = H, 86% =z |
16b, R = Me, 84%
SN~ 16¢.R = tBu, 91% MeO.C SN
16d, R = OMe, 85%
R SCF; 16e, R = Cl, 62% SCF3

16f, 73%

Me Me
= o~ Me = %
- | - | -« | ol - |

N N N Me N

SCFs SCFs SCFs Cl SCFs

16g, 87%

16h, 82% 16i, 83% 16j, 79%

Scheme 7: Palladium-catalyzed ortho-trifluoromethylthiolation of 2-arylpyridine derivatives reported by the group of Ye and Liu [120].
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Anbarasan, 2018 [121]
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Scheme 8: Palladium-catalyzed ortho-trifluoromethylthiolation of 2-arylpyridine and analogs reported by Anbarasan [121]. The reaction was con-

ducted at 120 °C using 1.1 equiv of Billard reagent IV (R = Me).

this methodology, the functionalization of 2-phenylpyridine de-
rivatives was possible (10 examples, up to 81% yield) using the
Billard reagents III or IV [122]. The trifluoromethylthiolation
of 2-arylpyridines substituted by electron-donating groups such
as methyl, methoxy or methylthio groups (17b-d) or by halogen
(17e) was achieved (Scheme 8, up to 77% yield). Note that in
case of disubstituted 2-(4-ethoxy-3-fluorophenyl)pyridine
(17h), the expected product 18h was isolated in 31% yield.

Moreover, selective oxidation of the SCF; residue into the cor-

responding sulfoxide and the sulfone was possible and the cor-
responding products were obtained in 98% and 95% yields, re-

spectively.

This reaction was successfully expanded to the trifluoromethyl-
thiolation of derivatives bearing various directing groups
such as substituted pyridines (4 examples, up to 84%
yield, 19a, 84% yield), substituted pyrazole derivatives (6 ex-
amples, up to 55% yield, 19b, 55% yield), pyrimidine (19c,
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31% yield) as well as quinoline and isoquinoline (19d and 19e,
65% and 66% yields, respectively). In addition, the trifluo-
romethylthiolated benzo[/]quinoline 20f was obtained in good
yield (63%).

The same year, Besset and co-workers reported a palladium-cat-
alyzed C(sp?)—-SCF3 bond formation on amides derived from
8-aminoquinoline as a cleavable directing group in the pres-
ence of the Munavalli reagent V (Scheme 9, 12 examples, up to
71% yield) [106]. Depending on the substitution pattern on the
aromatic ring, the amides were mono- or difunctionalized.
Indeed, meta- and ortho-substituted derivatives (21a—d) were
selectively trifluoromethylthiolated while para-substituted sub-
strates led to the difunctionalized products 22e and 22f. Within
these reaction conditions, the polysubstituted derivative 21g

was also functionalized in high yield (71%).

Pleasingly, other metals have been also successfully applied for
the trifluoromethylthiolation of aromatic derivatives by
C(spz)—H bond activation such as Rh(III) and Co(III)-based

catalysts as depicted below.

Rhodium catalysis: In 2015, the group of Li disclosed the
Cp*Rh(III)-catalyzed regioselective trifluoromethylthiolation of
N-substituted indoles with (substituted) pyridines or pyrimidine
as the directing groups (Scheme 10) [123]. The selective tri-

Besset, 2018 [106]

o PdCl, (10 mol %)
= N | V (1.2 equiv)
o ~ H NI DMF, 129 C
H 20 h, air
21
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fluoromethylthiolation of indoles at the C2 position was
achieved in the presence of N-(trifluoromethylthio)saccharine
(VI, Shen’s reagent) as both oxidant and electrophilic source
(18 examples, up to 91% yield). Indoles bearing various elec-
tron-donating and electron-withdrawing groups as well as halo-
gens at the C5-position and at the C6-position were functionali-
zed in high yields (24a—f, 82-87% yields). The substitution of
the indole at the C3-position did not impact the reaction and the
product 24g was obtained in 91% yield. Substituted pyridines
and pyrimidine (24h and 24i) were also used as directing groups
(7 examples, up to 86% yield). This methodology was extended
to the functionalization of other heteroaromatic derivatives (24j,
87% yield). It should be noted that the presence of zinc triflate,
a Lewis acid, was used for the activation of the electrophilic

source VI.

Cobalt catalysis: In 2017, Wang described the Cp*Co(III)-cat-
alyzed trifluoromethylthiolation of 2-phenylpyridine deriva-
tives using AgSCF3 (Scheme 11) [124]. This methodology
allowed the functionalization of several aromatic compounds
bearing a pyridine or a pyrimidine as a directing group (20 ex-
amples, up to 65% yield). The reaction proceeded smoothly
with substrates bearing an electron-donating group (25b,c),
halogen (25d) or withdrawing group (25e) and the desired
SCF;3-containing products were obtained in moderate to good

yields. The functionalization of trisubstituted arene 25g and

: 0

1

1

o—ijj\ : N_SCF3

SCF, :

1

1

1

1

<o

12 examples
up to 71% yield

o 22a, 3-Me, 54% SCF30
22b, 3-Cl, 44%
R N [ ] 220 2, 70% @
NNscR N 22d, 2-F, 52% Me SCF,
22e, 49%°2
SCF30 %
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22f, 40%?2
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Scheme 9: Mono- and ditrifluoromethylthiolation of benzamide derivatives derived from 8-aminoquinoline using PdCl, as catalyst reported by Besset
and co-workers [106]. 32.2 equiv of the fluorinated source V were used.
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Li, 2015 [123]
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Scheme 10: Regioselective Cp*Rh(lll)-catalyzed directed trifluoromethylthiolation reported by the group of Li [123]. Cp* = pentamethylcyclopentadi-

enyl.

heteroarene 25h was also possible leading to the corresponding
products 26g and 26h in moderate yields (23% and 42% yields,
respectively). Regarding the reaction mechanism, the active
Co(III) complex G was obtained from the dimeric catalyst
[Cp*Col,]; in the presence AgSCF3; and/or NaOPiv-H,O. Then,
the reversible formation of the metallacycle H occurs, which
after a ligand exchange in the presence of AgSCFj3 leads to the
formation of adduct J. The product 26 is released via a reduc-
tive elimination step, generating at the same time the reduced
cobalt Cp*Co(I), which is converted to the active catalyst after

oxidation.

The same year, Yoshino and Matsunaga described a
similar methodology, using the cobalt(III) complex
[Cp*Co(CH3CN)3](SbFg), and N-trifluoromethylthiodiben-
zenesulfonimide VII as electrophilic SCF3 source (Scheme 12)
[125]. Under these reaction conditions, 2-arylpyridines (9 ex-
amples, up to 94% yield) or 6-arylpurines (10 examples, up to
72% yield) were ortho-trifluoromethylthiolated. The substitu-
tion pattern of the aryl part did not impact the outcome of the
reaction. This methodology was also tolerant to a large range of
functional groups (ester, halogen) as illustrated by the products
28c, 28j, 28d, 28k, and 28g.

[.2) Transition-metal-catalyzed C-H
trifluoromethylthiolation of vinylic C(sp?) centers
Several research groups have been interested in the develop-
ment of strategies for the formation of vinylic C(sp2)—SCF;
bonds, offering an efficient tool towards the synthesis of chal-

lenging Z-isomers.

Palladium catalysis: In 2018, Bouillon and Besset described
the first example of a selective palladium-catalyzed trifluoro-
methylthiolation of a-arylacrylamides derived from 8-amino-
quinolines 29 by C-H bond activation (Scheme 13) [104].
Using the Munavalli reagent V as an electrophilic SCF3 source,
this diastereoselective method selectively led to the formation
of Z-isomers and turned out to be robust (not air or moisture
sensitive). Under these mild reaction conditions, a panel of
o-(hetero)arylacrylamides were trifluoromethylthiolated in good
to high yields. Acrylamides substituted at the a-position by an
aryl bearing an electron-donating group (OMe) or halogen (CI)
at the para-position were readily functionalized (30b and 30c,
70% and 75% yields, respectively). The substitution of the
arene with a CFj residue at the meta-position or with a me-
thoxy group at the ortho-position did not have any impact to the
outcome of the reaction (30e and 30f, 62% and 78% yields, re-
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Wang, 2017 [124]
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Scheme 11: Cp*Co(lll)-catalyzed ortho-trifluoromethylthiolation of 2-phenylpyridine and 2-phenylpyrimidine derivatives reported by Wang and
co-workers [124]. 2CH»Cl, was used as solvent.

spectively). It should be noted that acrylamides bearing a disub-
stituted arene (29g,h) and an heteroaryl (29i) at the a-position
were also suitable substrates for this reaction. Finally, acryl-
amides bearing a methyl group at the a-position (29j) or the
a,B-dimethylated acrylamide (29k) were suitable substrates

albeit the corresponding products were obtained in 30% and
20% yields, respectively. Several mechanistic experiments
revealed that the C(sp2)-H bond activation step was reversible
and represented the rate-determining step (KIE = 2.4). First, the
chelation of the palladium(II) catalyst with the bidentate
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Yoshino and Matsunaga, 2017 [125]
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Scheme 12: Cp*Co(lll)-catalyzed ortho-trifluoromethylthiolation of 2-phenylpyridine and 6-phenylpurine derivatives described by Yoshino and
Matsunaga [125]. @Without AgSbFg. 2.0 equiv of VII, 10 mol % of AgOAc and 30 mol % of Gd(OTf)3 were used instead of AgSbFg.

directing group, followed by the C(sp%)—H bond activation in-
volving a concerted metalation—deprotonation pathway affords
the metallacycle K. After an oxidative addition in the N-SCF3
bond of the Munavalli reagent V, the palladium(IV) species L is
obtained. Finally, the reductive elimination affords the product
and regenerates the catalyst. The same year, Besset and
co-workers extended this methodology to a larger class of acryl-
amides [106].

[.3) Transition-metal-catalyzed
trifluoromethylthiolation of aliphatic C(sp®)—H bonds
Despite the important progresses presented in the previous
section, some limitations of the trifluoromethylthiolation
persist. In particular, the functionalization of a C(sp3)~H bond
with a trifluoromethylthiolated moiety by transition-metal-cata-
lyzed C-H activation remains a challenging task both in terms
of reactivity and selectivity.

In 2015, Besset reported the first C(sp3)—SCF3 bond formation
of unactivated primary C(sp’) centers by transition-metal-cata-
lyzed C-H activation with the Munavalli or the Billard reagents
as the trifluoromethylthiolation source (Scheme 14) [126].
Using a bidentate directing group, this methodology allowed the
functionalization of a large range of aliphatic amides with a pri-

mary B-C(sp>)-H bond (21 examples, up to 53% yield). The
methodology was applied to the functionalization of a series of
amides having an a-quaternary center (o,a-dialkyl (31a),
a-alkyl,a-benzyl derivatives 31c—f) as well as to an amide with
an o-tertiary center (31b) and pleasingly, the presence of a-C—H
bonds did not have a significant impact on the outcome of the
reaction. It should be noted that this methodology afforded the
products with a high regioselectivity, and no incorporation of
the SCF3 moiety on the benzylic or at the C5 position of the
quinoline part of the directing group was observed. Note that in
2018, Besset and Lebel developed a more efficient process for
the palladium-catalyzed trifluoromethylthiolation by C-H bond
activation under continuous flow conditions [127].

I.4) Difluoromethylthiolation of aromatic and vinylic
C(sp?)-H bonds (C—SCF,H and C—SCF,CO,Et
bonds)

More recently, researchers became interested in the synthesis of
molecules substituted with original and functionalized fluori-
nated moieties such as SCF,FG [128-136] (FG = functional
group). In sharp contrast with the trifluoromethylthiolation reac-
tion, only a handful of reports dealt with the incorporation of
such high value-added fluorinated moieties onto C(sp?) centers

by transition-metal-catalyzed C—H bond activation.
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Bouillon and Besset, 2017 [104] and Besset, 2018 [106]

1
PdCl, (10 mol %) : o)
A
V (1.0 equiv) IK | P N—SCF3

DMF, 80 °C, SCF :
1
1
1
1
1

14 h, air

24 examples
up to 89% yield

selected examples

30a, R=4-H, 78% R
30b, R = 4-OMe, 70%
30c, R=4-Cl, 75% R
= 3. 0,
SCF 30d, R = 3-OMe, 83% SCF Na

30e, R = 3-CF3, 62%

30f, R = 2-OMe, 78% 30g, R =Cl, 77%
30h, R = OMe, 55%

Clu_~ "o o
Ns N Me N

Ho N Ho N
SCF3 R “SCF,

30i, 49%3 30j, R = H, 30%

30k, R = Me, 20%"

suggested mechanism

PdCl,

N-SCF,

0]
\'

Scheme 13: Diastereoselective trifluoromethylthiolation of acrylamide derivatives derived from 8-aminoquinoline using PdCl, reported by Bouillon and
Besset [104,106]. 220 mol % of PdCl, and 2.0 equiv of SCF3 source V were used for 36 h. PThe reaction was conducted with 30 mol % of PdCl, and
2.0 equiv of reagent V were used.
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Pd(CH3CN),Cl, (20 mol %)
PivOH (10 equiv)
V or VIII (1.0 equiv)

DMF, 70 °C,
40-143 h, Ar

(1.33 equw)

selected examples

B A ot

32a, 53% 32b, 31%
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o I
I
I

N I N—SCF3 SCF3
Ho oD
SCFy Y7,
I

32 | VI

21 examples :
I

up to 53% yield

32c, R=4-H, 38%
32d, R = 3-OMe, 45%2
32e, R=4-Cl, 41%
32f, R = 4-CF3, 50%

Scheme 14: C(sp3)-SCF3 bond formation on aliphatic amide derivatives derived from 8-aminoquinoline by palladium-catalyzed C—H bond activation
described by Besset and co-workers [126]. Product 32d was contaminated with 10% of an inseparable impurity.

In 2022, He and Pan reported the first example of a difluo-
romethylthiolation achieved by transition-metal-catalyzed C-H
bond activation (Scheme 15) [137]. Using the reagent IX and a
catalytic amount of PdCl,, they succeeded in the functionaliza-
tion of acrylamides 33 derived from 8-aminoquinoline. Within
these mild conditions, a-arylacrylamides substituted at para-,
meta-, and ortho-positions were readily difluoromethylthio-
lated (34a—g, 81-95% yields). This reaction was also tolerant to
a large class of functional groups (halogens, cyano, trifluoro-
methyl), affording products 34c,d and 34e in high yields (86%,
89% and 81%, respectively). The a-methyl-substituted acryl-
amide 33j also underwent difluoromethylthiolation to give
product 34j in 81% isolated yield. The a,B- and B-substituted
acrylamides were functionalized in high yields (34h,i and
34k-m, 71-86%). The plausible mechanism is similar as the
one reported by Besset for the trifluoromethylthiolation of

acrylamides derived from 8-aminoquinoline (Scheme 13).

The same year, Besset and co-workers reported the first palla-
dium-catalyzed C(sp2)-SCF,CO,Et bond formation by C-H
bond activation (Scheme 16) [138]. In the presence of the elec-
trophilic SCF,CO5Et source X, the methodology was success-
fully applied for the functionalization of 2-arylpyridine deriva-
tives 35a—i as well as 2-vinylpyridine derivatives 35j—m (35 ex-
amples, up to 87% yield). The substitution pattern of the aryl
substituent of the 2-phenylpyridine derivatives did not influ-
ence the reaction as for instance products 36b, 36h, and 36i
were obtained in good yields (70%, 63% and 61% yield, respec-
tively). This reaction was tolerant to a broad range of func-

tional groups such as halogens, ester, aldehyde, cyano, and nitro

(36¢c—-g, 36-74% yield). It is noteworthy that a disubstituted
compound 35j and a thiophene derivative 35k were also effi-
ciently difluoromethylthiolated (36j and 36k, 72% and 65%, re-
spectively). a-Substituted vinylpyridines with electron-donat-
ing or electron-withdrawing groups on the aromatic ring were
functionalized and 36l and 36m were easily isolated in 73% and
81% yields, respectively. Even an o,fB-disubstituted vinylpyri-
dine 35n and the benzoquinoline 350 were smoothly functional-
ized showing the efficiency of the approach. Of high interest,
the modularity of the SCF,CO,Et was highlighted by its
conversion into various other fluorinated residues (amide,
carboxylic acid) and its selective oxidation into the correspond-

ing sulfoxide and sulfone.

1.5) Trifluoromethylselenolation of aromatic and
vinylic C(sp?)—H bonds by palladium catalysis

Very recently, the palladium-catalyzed trifluoromethylselenola-
tion of (hetero)aromatic and olefinic derivatives has been inves-
tigated by the group of Billard using similar catalytic systems as
those depicted for the trifluoromethylthiolation reactions.
Indeed, using amides 37 derived from 5-methoxy-8-amino-
quinoline, the functionalization of (hetero)aromatic compounds
was achieved using 20 mol % of Pd(CH3CN)4Cl; in the pres-
ence of TolSO,SeCFj as the fluorinating source (14 examples,
Scheme 17) [139]. Of note, when the reaction was carried out
on derivatives bearing substituents at the meta- (37¢ and 37d) as
well as at the para- (37a and 37b) positions, the corresponding
products 38a—d were obtained as a mixture of mono- and disub-
stituted trifluoromethylselenolated derivatives with global

yields ranging from 48% to 70%. When one of the ortho-posi-
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He and Pan, 2022 [137]

24 examples
up to 95% vyield

I

PdCl, (10 mol %) : 0
IX (2.0 equiv) :

DMF, 1t : N—SCFyH

SCF I

12 h, air : o)

| IX
I
I

selected examples

34a, R = 4-H, 95%
34b, R = 4-Me, 91% o
34c, R = 4-F, 86%
| 34d, R = 4-CN, 89% ﬁN |
34e, R = 4-CF3, 81% H
SCFZH Ns R” “SCF,H Ns

34f, R = 3-OMe, 82%
349, R = 2-Me, 88%

0
o .
Vo 34j, R = H, 81% N
N 34k, R = Ph, 82% Ho |
H | 341,'R=Me, 80% SCFRH X

34h, R = Ph, 84%
34i, R=0Et, 71%

R OSCRMH N
34m, 86%
suggested mechanism
34 [PA(IN] 33
HX
(0]
e .
d|\/N ~ PdII-N\
Ph | Ph L
SCFQH
N M
0o
N—-SCF,H
o IX

Scheme 15: Regio- and diastereoselective difluoromethylthiolation of acrylamides under palladium catalysis reported by He and Pan [137].

tions of the aromatic ring was substituted with a Me (37e), a
OMe (37f), a C1 (37g) or a CF3 (37h) group, the corresponding
compounds 38e, 38f, 38g, and 38h were isolated in moderate to
high yields (43% to 80%). The methodology also allowed the
trifluoromethylselenolation of the furan derivative 37i, which
led to the desired product 38i in 30% yield. A careful monitor-

ing of the reaction unveiled the rapid formation of the

CF;SeSeCF3 dimer, which could be the active trifluoromethyl-

selenolating reagent in this transformation.

In 2022, Magnier, Billard and co-workers applied the previous
methodology to the trifluoromethylselenolation of acrylamide
derivatives [140]. Using the same directing group, a panel of

a-arylacrylamide derivatives 39a—f was successfully functional-

461



Besset, 2022 [138]

Pd(CH3CN),Cl, (10 mol %)
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I
7
R - | AgOAc (1 equiv) | | H\
o T ™ PhCOCI (2.5 equiv) NN ! Ej/ SCF,CO,Et
'\\\\ . o Y | =
7 TH X (2 equiv) " SCF,COLEL |
35 DMF, 60 °C, 16 h, Ar 36 ! X
35 examples !
up to 87% yield '
selected examples
36a, R = H, 74%
_ 36b, R = Ph, 70% R _
| 36¢c, R = Cl, 74% , | |
SN 36d, R= CO,Me, 57% R SN S N
36e, R = CHO, 36% \
R SCF,COzEt  36f, R = NOy, 58% SCF,CO,Et SCF,CO,Et
369, R=CN.%5%  36n,R1=H,R2=Me,63% 36k 65%

36i, R'=F, R2=H, 61%
36j, R' = F, R2 = OMe, 72%

R

=
| 361, R = Me, 73%
N 36m, R = CF3, 81%
SCF,CO,Et

7 2
N O N
SCF,CO,Et SCF,CO,Et

36n, 48% 360, 80%

Scheme 16: Palladium-catalyzed (ethoxycarbonyl)difluoromethylthiolation reaction of 2-(hetero)aryl and 2-(x-aryl-vinyl)pyridine derivatives reported

by Besset [138].

Billard, 2021 [139]

Pd(CH3CN)(Cl), (20 mol %

o OMe
0
o | ] Hof
—
37 e

selected examples

38a, R = 4-H, 55%? R
38b, R = 4-Me, 48%2

_~_DG
R |
N\"gecF, 38¢, R =3-Me, 69%

38d, R = 3-OMe, 70%

TolSO,SeCF3 (1.0 equiv)
DMSO, 70 °C,
24-120 h, air

oM
) o ¢
o)
H
NNgecE, IS
38

14 examples
up to 80% vyield

38e, R=Me, 71% DG

O
DG 38f R = OMe, 43% /\\/IVL
38g, R=Cl, 80% SeCF3
= 0,
SeCF3 38h, R = CF3, 66% 38i, 30%

Scheme 17: Pd(ll)-catalyzed trifluoromethylselenolation of benzamides derived from 5-methoxy-8-aminoquinoline reported by the group of Billard
[139]. @The yields given are the sum of the yields of mono- and ditrifluoromethylselenolated products.

ized with a high Z-selectivity (yields up to 98%, Scheme 18).
Both, thermal reaction conditions (DMSO at 70 °C for 16 h)
and microwave irradiation (100 °C using microwaves in only
1 h) turned out to be efficient in the process. a-Methyl- and a,(3-

dimethylacrylamides 39g and 39h were also functionalized.

Furthermore, a series of -substituted acrylamides 39i-m with
various substituents readily underwent the trifluoromethylse-
lenolation reaction with high selectivity in moderate yields.
Finally, the SeCF3-containing f-methylacrylamide 40n was also
obtained in 37% yield.
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0 OMe b 4(CHSCN),(Cl), (10 mol %) 0 OMe
TolSO,SeCFj3 (1.0 equiv)
B | B |
NI DMSO, 70-100 °C, NI
H —— 16-24 h, air SeCFs
39 DG or. , 40
pWave, 100 °C, 1 h, air 16 examples
up to 98% vyield
selected examples
R 40a, R = H, 98%2

40b, R = OMe, 86%?

Me._ DG
DG |

DG 40c, R =CF3, 91%P | I
| 40d, R = Br, 83%? R™ "SeCFj
SeCF3  40e, R = ClI, 77%2 SeCFs
40f, 85%" 40g, R = H, 77%?
40h, R = Me, 93%3
DG 40i, R = 4-H, 42%¢ DG
40j, R = 4-CFs, 38%°
N Vsecr; 40K R=4-Cl, 36%° Me” “SeCFs
RT 401, R = 3-F, 43%°¢

40m, R = 2-F, 38%¢ 40n, 37%¢

Scheme 18: Pd(ll)-catalyzed trifluoromethylselenolation of acrylamide derivatives derived from 5-methoxy-8-aminoquinoline reported by the groups of
Magnier and Billard [140]. 2Microwave, 100 °C, 1 h. 270 °C for 16 h. °20 mol % of Pd(CH3CN)»(Cl)2, 100 °C for 24 h.

Il. Transition-metal-catalyzed
fluoroalkoxylation of (hetero)arenes

by C—H bond activation

I1.1) Fluoroalkoxylation of aromatic C(sp2)-H bonds
by transition-metal catalysis

Over the last years, key advances have been made for the for-
mation of a C(sp?)~OCHRCF;3 bond by transition-metal-cata-
lyzed C—H bond activation. Indeed, fluorinated ethers [71,141-
153] are key compounds, with especially molecules substituted
with the 2,2,2-trifluoroethoxy moiety (OCH,CF3), an impor-
tant fluorinated group found in several bioactive compounds
such as flecanide [154,155] and lansoprazole [156], as flagship
molecules. Although the transition-metal-catalyzed hydroxyl-
ation and alkoxylation have been studied especially under palla-
dium catalysis [157,158], the direct dehydrogenative 2,2,2-
trifluoroethoxylation of (hetero)arenes, often using 2,2,2-tri-
fluoroethanol as a readily available, inexpensive, and green

fluorination source [159,160], is still underexplored.

In 2004, Sanford and co-workers reported the dehydrogenative
2,2,2-trifluoroethoxylation of benzo[/]quinoline under palla-
dium catalysis in the presence of PhI(OAc); as oxidant
(Scheme 19) [161]. Since this seminal work and in the course of
their investigation towards the development of new methods for

the alkoxylation of C(sp?) centers by transition-metal catalysis,

few examples of transition-metal-catalyzed dehydrogenative
2,2,2-trifluoroethoxylation reactions have been reported. In
2021, the palladium-catalyzed ortho-2,2,2-trifluoroethoxylation
of 3-arylcoumarins was depicted by the group of Kumar (6 ex-
amples, up to 69% yield) [162]. Further developments unveiled
the use of copper catalysts for such functionalization. In 2013,
the group of Daugulis described the copper-catalyzed ortho-
2,2,2-trifluoroethoxylation of a 3-trifluoromethylated benz-
amide derived from 8-aminoquinoline, giving the correspond-
ing product in 73% yield [149]. The group of Baidya showed
that the dehydrogenative 2,2,2-trifluoroethoxylation of benz-
amide with another bidentate directing group was also possible
in the presence of Cu(OAc), and hexamethyldisilane [163].
Using N,N- and N, O-bidentate directing groups, the construc-
tion of C(sp2)—OCH2CF3 bonds by C-H bond activation was
also reported using Ni [164] and Co catalysis [165-167]. In
2022, Volla and co-workers reported the ortho-2,2,2-trifluo-
roethoxylation of benzamide using an N,O-bidentate directing
group by merging Co- and visible light organophotocatalysis
[168].

Palladium catalysis: In 2017, Ji, Li and co-workers reported a
thorough study on the Pd-catalyzed 2,2,2-trifluoroethoxylation
of N-sulfonylbenzamides in the presence of PhI(OAc), as
oxidant and an excess of TFA (Scheme 20) [150]. The functio-
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reaction
s | DG conditions = | DG
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N N
ORs ORe % OR N
Sanford, 2004 [161]2 Kumar, 2021 [162]2 Daugulis, 2013 [149]°¢ Baidya, 2016 [163]d
Pd cat. (0.7 mol %) Pd(OAc), (10 mol %) (CuOH),CO3 (11 mol %) Cu(OAc), (1.0 equiv)
PhI(OAc), (2.0 equiv) KoS,0g (2.0 equiv) tetramethylguanidine Si;Meg (1.0 equiv)
100 °C, 21 h, air TFA (2 equiv) (2.0 equiv) K,COj3 (3.0 equiv)
1 exan_wple 80 °C, 12 h, air pyridine, 110 °C, 16 h, O, DMSO, 80 °C, 3 h, air
71% vyield 6 examples 1 example 1 example
_RQO, ; o, i
54-69% yield 73% yield 69% yield
(0]
N |
N
Me ORr
Sundararaju, 2018 [164]®
Ni(OAc),4H,0 (10 mol %)
AdCOOH (20 mol %)
Ag,S0Oy4 (2.0 equiv)
Na,COj3 (2.0 equiv)
DMF, 130 °C, 16 h, air
1 example
31% yield
T X o X ‘ 0 T X
H 'Tl+’ H N( O H)H@ H 'Tl.y
(O - N~ (O
ORg ORg © ORf ORg

Niu and Song, 2015 [165]2

Co(OACc),-4H,0 (20 mol %)
Ag,0 (1.0 equiv)
NaOAc (2.0 equiv)

Wei and Niu, 2015 [167]2
Cp*Co(CO)I; (20 mol %)
Ag,0 (2.0 equiv)
Na,CO3 (1.0 equiv)

60 °C, 12 h, air 70 °C, 12 h, air
1 example 1 example
67% yield 85% yield

Yang, Wu and Wu, 2019 [166]f
Co(OACc),'H,0 (20 mol %)
DMAP (2.0 equiv)
Ag,CO3 (20 equiv)

Volla, 2022 [168]2
Co(OAc),-4H,0 (10 mol %)
eosin Y (5 mol %)
NaOAc (1.0 equiv)

o-chlorotoluene, 100 °C, 20 h, air rt, 12 h, O,

1 example blue LED

51% yield 1 example

1 example with (CF3),CHOH 65% yield
45% yield

Scheme 19: Transition-metal-catalyzed dehydrogenative 2,2,2-trifluoroethoxylation of (hetero)aromatic derivatives by C—H bond activation [149].
aCF3CH,0H was used as solvent. PPd cat. = [Pd(u-k'-OAc)(k2-N,C1g-benzo[h]quinoline)]s. €5 equiv of CF3CHoOH. 915 equiv of CF3CHOH.
€50 equiv of CF3CHoOH. f{CF3CH,OH or (CF3),CHOH was used as solvent with o-chlorotoluene with a ratio of 1:1. AdCOOH = adamantanecar-

boxylic acid, DMAP = 4-(dimethylamino)pyridine, ORg = OCH>CFs3.

nalization of diversely substituted derivatives bearing either
electron-donating groups (41b, 41d, and 41f) and electron-with-
drawing groups (41c, 41e, and 41g) was achieved (19 examples,
up to 93% yield). Of note, the transformation was also efficient

with disubstituted substrates such as 41h—j. The authors sug-
gested the following mechanism. After formation of the metal-
lacycle O, the latter is oxidized leading to the Pd(IV) species P.
After a ligand exchange, the intermediate Q is generated.
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Pd(OAc), (10 mol %)
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42c, R = 4-F, 55%°

42d, R = 3-Me, 61%°

AN 42e, R = 3-Br, 52%2
42f, R = 2-Me, 93%
42g, R = 2-Cl, 62%
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19 examples
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R OCH,CF3
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suggested mechanism
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OCH,CF,4
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Scheme 20: Pd(ll)-catalyzed ortho-2,2,2-trifluoroethoxylation of N-sulfonylbenzamides reported by the group of Ji and Li [150]. 250 °C. P15 equiv
TFA. °5 equiv TFA. 9N-acetylglycine (60 mol %). Ns: 4-nitrobenzenesulfonyl.

Finally, a reductive elimination step affords the expected func-

tionalized product 42 and regenerates the catalyst.

The 2,2,2-trifluoroethoxylation reaction is not restricted to
amides. In 2020, Yorimitsu and co-workers developed a meth-
odology allowing the formation of a C(sp2)—~ORp bond through
palladium-catalyzed C—H bond activation [169]. Using
Pd(OPiv), as the catalyst in the presence of PhI(OAc), (PIDA),
the naphthalene sulfoxide 43a was 2,2,2-trifluoroethoxylated in

82% yield (Scheme 21). The substituent of the sulfoxide part
does not impact the efficiency of the reaction as illustrated by
the synthesis of compounds 44b and 44c. The presence of an
electron-donating substituent in the para-position of the
directing group was found to be deleterious for the reaction
since 44d was obtained in 31% yield while its brominated
analog 44e was isolated in 70% yield. Mechanistic studies indi-
cated that the C—H bond activation event was the rate-limiting

step and the authors suggested a similar mechanism to the one
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N H CF4CH,0H X OCHCF3
100 °C, 4-12 h, air
44
43 15 examples
up to 82% yield
selected examples
; ; ;
LIS (s
‘ OCH,CF5 R ‘ OCH,CFs3 OCH,CF5
44a, R = Me, 82% 44d, R = OMe, 31%2 44f, 82%
44b, R = Et, 76% - o
44c. R = Ph, 75% 44e, R = Br, 70%
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S\R  PhI(OAc), (2 equiv) S\
H ORE
U el
100 °C, 4-12 h, air
46
45 4 examples
up to 74% yield

selected examples

46a, ORr = OCH,(CF),H, 74%
46b, OR = OCH,(CF,)4H, 54%
46¢, ORy = OCH,CF,H, 54%P

Scheme 21: Pd(ll)-catalyzed selective 2,2,2-trifluoroethoxylation and other fluoroalkoxylations of naphthalene sulfoxide derivatives reported by the

group of Yorimitsu [169]. 280 °C for 1 h. PREOH/AcOH 1:7.

depicted in Scheme 20: formation of a palladacycle thanks to a
concerted metalation deprotonation (CMD) process followed by
oxidation, ligand exchange with CF3CH,OH, and finally,
reductive elimination affording the expected product and regen-
erating the catalyst. Gratifyingly, the approach was applied
to the incorporation of other fluorinated moieties such as
OCH;CF;,H and OCH;(CF;),,H (n = 2 or 4) and gave com-
pounds 46a—c.

Thanks to the transient directing group strategy [35,170-182],
efficient methodologies for the functionalization of previously
reluctant compounds such as benzaldehyde derivatives were de-
veloped, and key advances are depicted below.

In 2021, Wang and co-workers described the selective palla-
dium-catalyzed ortho-2,2,2-trifluoroethoxylation of a series of

benzaldehydes (Scheme 22, 35 examples) using the amino acid

L-valine in the presence of K,S,0g and TFA at 80 °C [153].
This reaction proved to be highly tolerant to various substitu-
ents including a CF3 group at the ortho-, meta- and para-posi-
tions (48m, 48j, and 48f, respectively), halogens (48d, 48h, and
48l), an ester moiety (48e and 48i), and a methoxy group (48c).
Note that even di- and trisubstituted benzaldehydes 47n—q were
smoothly functionalized under these conditions. The authors
also suggested a plausible mechanism. The amino acid acts as
an organocatalyst and first reacts with the benzaldehyde 47 to
generate the transient directing group (47”). Then, formation of
the palladacycle (species R) followed by its oxidation to a
Pd(IV) intermediate and a ligand exchange with 2,2,2-trifluoro-
ethanol leads to the formation of the species S. The latter com-
plex S undergoes a reductive elimination leading to the com-
pound 48’ along with the regeneration of the palladium catalyst.
Finally, after hydrolysis of 48°, the expected product 48 is
afforded together with the organocatalyst.
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Wang, 2021 [153]
Pd(OAc), (15 mol %)
0 L-valine (0.5 equiv) o)
K5S,03 (2 equiv)
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. - | H (2 equiv) o_\ | HoN
H CF3CH,OH OCH,CF3 0
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Scheme 22: Pd(ll)-catalyzed selective ortho-2,2,2-trifluoroethoxylation of benzaldehyde derivatives by means of the transient directing group strategy
as reported by the group of Wang [153].

Then, the group of Sun and Wang used a similar approach for  presence of the fluoropyridinium salt 52 (19 examples, up to
88% yield, Scheme 23) [183]. Pleasingly, the methodology was

extended to the formation of C(sp?)—~ORg bonds starting from

the 2,2,2-trifluoroethoxylation of benzaldehydes under palla-

dium catalysis using the amino acid 51 as organic catalyst in the
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Pd(OAc), (10 mol %)
51 (0.5 equiv)
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i
1
1
o) 52 (2 equiv) o \ O Me N
_ | H TFA (2 equiv) = | H i Me N o) | o
1
O— o H N
R CF3CH,OH or RgOH N-NOCH,CF; 1+ NH2 OH Lo
80 °C, 12 h, air ! BF4
49 50 | 51 52
19 examples :
up to 88% yield
selected examples
Q 50a, R = H, 88% Q Q
H 50b, R = Me, 62% Me H MeO ’
50c, R = OMe, 73%
R OCH,CF, 50d, R =Cl, 52% OCH,CF5 MeO OCH,CFj
50e, 65% 50f, 80%
o)
50g, ORr = OCH,CF,H, 70%
H 50h, ORF = OCHzCFzCHg,, 60%
50i, ORr = OCH(CF3),, 80%
ORg

Scheme 23: Pd(ll)-catalyzed selective ortho-2,2,2-trifluoroethoxylation (and other fluoroalkoxylations) of benzaldehyde derivatives via the assistance

of a transient directing group reported by the group of Sun and Wang [183].

benzaldehyde (ORg = 2,2-difluoroethoxy 50g, 2,2-difluoro-
propoxy 50h, and 1,1,1,3,3,3-hexafluoroisopropoxy 50i).

11.2) Fluoroalkoxylation of aliphatic C(sp3)—H bonds
by transition-metal-catalysis

The functionalization of C(sp>) centers by transition-metal-cata-
lyzed C-H bond activation remains highly challenging [24,184-
191]. In particular, the 2,2,2-trifluoroethoxylation of aliphatic
derivatives is still limited to a handful of examples as illus-
trated by the two examples depicted in Scheme 24 [71,192].
Using a bidentate directing group (namely NHPA and
CONHPIP for 53 and 55, respectively), the groups of Chen [71]
and Shi [192] independently reported the palladium-catalyzed
selective 2,2,2-trifluoroethoxylation of aliphatic amines and
amides at the y and  positions, respectively, using trifluoro-
ethanol as fluorination source in the presence of PIDA. Hence,
an efficient access to the corresponding monoether derivatives
54 and 56 in 71% and 65%, respectively, were obtained.

Conclusion

In summary, this review provides an overview of the major de-
velopments made over the last years for the synthesis of fluori-
nated compounds by transition-metal-catalyzed C—H bond acti-
vation. This review focused on the construction of C(sz)—XRF
bonds and C(sp3)-XRy bonds with an emphasis on the trifluoro-

methylation reaction and transformations using emergent fluori-
nated residues (SCFj3, SeCF3, SCF,H, SCF,CO;,Et or
OCH,CFj3 groups). Well-designed catalytic systems and suit-
able fluorinating sources were the key of success for these
major developments.

Despite these advances, synthetic challenges still need to be
overcome. These synthetic tools are so far still restricted to
some fluorinated moieties and extension to other high value-
added fluorinated residues [131,136,193-208] is of high impor-
tance. Besides, in comparison with the functionalization of
C(sp?) centers on aromatic and vinylic derivatives, transition-
metal-catalyzed functionalization of C(sp3)-H bonds remains
largely underexplored to date. Furthermore, the development of
enantioselective transformations allowing the synthesis of
enantioenriched fluorine-containing compounds by transition-
metal-catalyzed C—H bond activation will have a significant
impact as for instance an access to pharmaceutically relevant
derivatives. Finally, the use of abundant non-noble transition
metals [209-211] in such reactions combined or not
with modern technologies (photocatalysis and electrocatalysis)
is still underexplored and any advances will be of high impor-
tance especially from a sustainability point of view aiming at
developing greener synthetic routes towards fluorinated mole-
cules.
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Pd(OAc), (10 mol %)
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Shi, 2013, [192]
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Scheme 24: Pd(ll)-catalyzed selective 2,2,2-trifluoroethoxylation of aliphatic amides using a bidentate directing group reported by the groups of Chen

[71] and Shi [192].
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A light-driven metal-free protocol for the synthesis of sulfone-containing indoles under mild conditions is reported. Specifically, the

process is driven by the photochemical activity of halogen-bonded complexes formed upon complexation of a sacrificial donor,

namely 1,4-diazabicyclo[2.2.2]octane (DABCO), with a-iodosulfones. The reaction provides a variety of densely functionalized

products in good yields (up to 96% yield). Mechanistic investigations are reported. These studies provide convincing evidences for

the photochemical formation of reactive open-shell species.

Findings

Direct replacement of carbon-hydrogen (C—H) bonds with new
carbon—carbon (C—C) and carbon—heteroatom (C—X) bonds has
been and still is a central topic in organic synthesis [1,2].
Historically, organic chemists have extensively relied on the use
of noble-metal-based catalysts (e.g., Pd, Rh, Ir, among others)
to achieve such type of functionalization [3-5]. However,
reliance on noble metal complexes has been constantly declined
over recent years due to cost, availability, and toxicity, there-

fore discouraged by the modern guidelines towards implemen-

tation of sustainable chemical production schemes [6]. In the
last decades, organic photochemistry has become a prominent
tool to guide the development of greener and more convenient
synthetic protocols [7-12]. In this context, photochemical ap-
proaches based on electron donor—acceptor (EDA) complexes
have been successfully exploited to drive the direct C—H func-
tionalization of a large number of organic substrates [13-18]. In
this approach, an electron acceptor substrate (“A”) and a donor

molecule (“D”) interact to form a new aggregate defined as
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EDA complex (Figure 1a). Although the two molecular entities
might not directly absorb visible light, the newly formed com-
plex usually presents a charge transfer state which results in a
bathochromic shift of the absorption towards the visible range
[19,20]. Upon light irradiation, the EDA complex may undergo
an intramolecular single-electron-transfer (SET) process to
produce a radical ion pair (D**, A*7). To avoid the occurrence
of a back-electron-transfer (BET), a suitable leaving group (LG)
needs to be included in one of the precursors. In this manner,
reactive intermediates (e.g., radical species) may be generated
in solution through the irreversible fragmentation of the sub-
strates [15,21,22]. These intermediates eventually react to yield
the final products "A-D". This approach is not limited to
reagents with appropriate donor—acceptor characteristics
[13,19].

Indeed, sacrificial electron donors and electron-deficient radical
precursors can be used to form photoactive EDA complexes.
Specifically, these aggregates can be employed to photochemi-
cally generate electrophilic radicals that can drive the functio-

nalization of suitable electron-rich substrates [23].

Exploiting this strategy, here we report a novel metal-free meth-
odology for the direct homolytic aromatic substitution (HAS)
reaction of indoles 1 with a-iodosulfones 2 to yield the alky-
lated derivatives 3 (Figure 1b). Indoles play a crucial role in
many natural and industrial processes. Therefore, the direct
chemical manipulation of the indole system is a matter of para-
mount importance [24-27]. Moreover, the sulfonyl group is an
extremely versatile chemical moiety which may be easily trans-

(a)
EDA complex
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formed into different functionalities employing conventional
synthetic methods. As an example, the sulfonyl group removal
under simple reductive treatment may give access to important
methylated compounds [12,21]. This operationally simple ap-
proach occurs at ambient temperature and under visible-light ir-
radiation. Interestingly, this method employs 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) as sacrificial donor in the EDA
complex formation with 2. To test the feasibility of our design
plan, we focused on the reaction between 3-methylindole (1a,

2 equiv) and a-iodosulfone 2a (Table 1).

The experiments were conducted at ambient temperature in
acetonitrile (0.5 M) and under irradiation by a Kessil lamp at
456 nm. When adding 1,8-diazabiciclo[5.4.0]Jundec-7-ene
(DBU) as sacrificial donor (1 equiv), the desired product 3a was
formed in good chemical yield (entry 1, Table 1). Control ex-
periments were conducted to obtain more mechanistic clues
(entries 2-5, Table 1). An experiment revealed how the exclu-
sion of light completely suppressed the process, therefore estab-
lishing the photochemical nature of the transformation (entry 2,
Table 1). In addition, we confirmed that DBU was essential for
the reactivity, since no reaction occurred in its absence (entry 3,
Table 1). Reactivity was also inhibited under an aerobic atmo-
sphere and in the presence of 2,2,6,6-tetramethylpiperidinyl-
oxyl (TEMPO). These experiments are consonant with the oc-
currence of a radical mechanism (entries 4 and 5, Table 1) [28].
Afterwards, the effect of the chemical nature of the sacrificial
donor on the reaction was investigated (entries 6-9, Table 1). In
particular, we employed 2,6-lutidine, 1,1,3,3-tetramethyl-
guanidine (TMG), triethylamine (NEt3), and DABCO. Interest-

radical ion pair

donor a _&* a
acceptor product
(b) this work: photochemical direct alkylation of indoles
halogen-bonded
complex indole Os 2
.\\N: | SN i \\ L _ derivatives .\CE\S_@\
. &
sacrificial 2 3 b
donor

Figure 1: (a) Exploitation of an EDA complex in organic synthesis. (b) This work: use of halogen-bonded complexes to photochemically initiate the

C—H alkylation of indoles 1 with iodosulfones 2.
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Table 1: Optimization of the reaction conditions and control experiments.

Beilstein J. Org. Chem. 2023, 19, 575-581.

hv = 456 nm
MggnNo[M] N\ SO2Ph
+ I~_-SOsPh
N ambient T, 24 h N
H Ar atmosphere H
1a 2a 3a

entry donor [M] 1a:2a:donor (equiv) light source (nm) yield (%)2
10 DBU 0.5 1:2:1 456 56
2 DBU 0.5 1:2:1 light off 0
3 - 0.5 1:2:1 456 0
4¢ DBU 0.5 1:2:1 456 0
5d DBU 0.5 1:2:1 456 0
6 2,6-lutidine 0.5 1:2:1 456 0
7 T™MG 0.5 1:2:1 456 64
8 NEt;3 0.5 1:2:1 456 64
9 DABCO 0.5 1:2:1 456 77
10 DABCO 0.25 1:2:1 456 64
11 DABCO 1.0 1:2:1 456 69
12 DABCO 0.5 1:1:1 456 65
13 DABCO 0.5 2:11 456 73
14 DABCO 0.5 21115 456 95
15¢ DABCO 0.5 21115 456 18
16f DABCO 0.5 21115 456 60

aYijeld determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard. PConditions: indole 1a (0.1 mmol), a-iodosul-
fone 2a (0.2 mmol), acetonitrile (MeCN, 200 pL), donor (0.1 mmol), ambient temperature. Reaction in air. 9Reaction performed in the presence of
2 equiv of TEMPO. ®Reaction performed in hexane as solvent. ‘Reaction performed in methanol as solvent.

ingly, the use of DABCO provided the best result in terms of re-
activity, yielding compound 3a in 77% yield. We also observed
that either increasing or decreasing the concentration of the
reaction mixture did not bring any improvement (entries 10 and
11, Table 1). Then, the ratio between the reagents was opti-
mized. In particular, the use of 2a:1a in a 1:1 ratio resulted in
the formation of 3a in 65% yield (entry 12, Table 1). Moreover,
we found that employing an excess of 1a (2 equiv) led to the
formation of 3a in a 73% yield (entry 13, Table 1). Due to an
easier purification of product 3a from the reaction crude by
flash column chromatography, we decided to keep optimizing
the transformation using the stoichiometric ratio indicated in
entry 13 of Table 1. Importantly, product 3a was obtained in
excellent yield (95%) using 1.5 equivalents of DABCO (entry
14, Table 1). In addition, the use of hexane as solvent provided
the desired product 3a in low chemical yield (entry 15,
Table 1). On the other hand, 3a was obtained in moderate yield
(60%) using methanol as solvent (entry 16, Table 1). To shed
light on the reaction mechanism, the formation of an EDA com-
plex between the a-iodosulfone 2a and DABCO was investigat-
ed using both UV-vis and nuclear magnetic resonance (NMR)

spectroscopy [29].

In particular, the optical absorption spectra of substrate 2a
(green dotted line), DABCO (red dotted line), and the solution
containing both 2a and DABCO (blue line) were recorded in
acetonitrile (Figure 2). Specifically, it was observed that the ad-
dition of DABCO to the solution of 2a induced a bathochromic
shift of the absorption spectrum towards the visible region, thus
indicating the formation of an EDA complex between these
chemical species. Importantly, we also confirmed that indole 1a
and 2a do not form a photoactive EDA complex when mixed in
solution (see Figure S1 in Supporting Information File 1). To
further corroborate the hypothesis of an EDA complex being at
the roots of the observed reactivity, NMR studies were also per-
formed on samples containing the a-iodosufone 2a and differ-
ent concentrations of DABCO in deuterated acetonitrile
(Figure 3).

Interestingly, a change in chemical shift of the diagnostic
a-protons of 2a was displayed upon addition of increasing
amounts of DABCO, suggesting the presence of the halogen-
bonding interaction [30]. More precisely, the 'H NMR signal of
the a-hydrogens (H,) within 2a was found to shift to lower ppm

values because the Hy nuclei have been affected by higher elec-
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Figure 2: Optical absorption spectra recorded in acetonitrile in 1 cm
path quartz cuvettes. [DABCO]: 0.5 M; [2a]: 0.5 M.

tron density caused by the formation of the halogen-bonded
complex between 2a and DABCO. To confirm that the shift of
H, was indeed produced by a halogen-bonding interaction,
I9F NMR analysis of compound 2d, which presents a difluoro-

Beilstein J. Org. Chem. 2023, 19, 575-581.

methylene group (—CF;,-) in the alpha position to the iodine,
was performed (see Figure S3 in Supporting Information
File 1). Even in this case, an important shift of the fluorine
signal was observed. Thus, from a mechanistic point of view,
the reaction is driven by the formation of a halogen-bonded

EDA complex (Ia) between the sulfone 2a and DABCO
(Figure 4).

When irradiated, this photoactive aggregate led to the forma-
tion of reactive alkyl radicals (Ila), which may react with indole
1a eventually yielding the product 3a through a classical HAS
pathway [31-33]. Then, we demonstrated the synthetic poten-
tial of our photochemical method (Scheme 1).

The reaction could satisfactorily tolerate a diverse set of
a-iodosulfones 2 to deliver the corresponding products 3a—d
from moderate to excellent yields (up to 73% yield). We found
that different indoles actively participated in the photochemical
alkylation, leading to the products 3e—i (up to 96% yield). It is
worth noting that derivatives 3e—g were isolated in moderate
yields as single regioisomer since the alkylation step took place
exclusively in position 2 of the starting indoles. As limitation,

He
FO
I_ﬁHa
M l Ha 2a
0uf
N N | >
: ) H,
o
i Il 30 equiv 1 equiv
N ‘v\_,rWn Jl
A O
N N:--1—K
H Ha
o
I (l . 60 equiv 1 equiv
Jl-)i J«)\.\_J‘“-’\ )\
A O
N Nz 1=K
H Ha
o
'I'.', ) l’n‘ | 90 equiv 1 equiv
A MV _J

T

81 80 79 78 77 76 75 74 73 72 71 7.048 47 46 45 44 43 42 41 40

chemical shift (ppm)

Figure 3: 'H NMR titration of DABCO in a solution of 2a in ACN-d to detect their halogen-bonding association through the shift of the signal of H,.
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photochemical initiation
(0] |©

One KO 2 e SO gt X
—/ ! — la A \©
DABCO 2a EDA complex DABCO lla

radical propagation + !
\\ ,/ SO,Ph DABCO
S~ N O T G
N
\< % DABCO-H’ H 3a
SO,Ph @55 single electron transfer

Ma : photoinduced electron transfer

Figure 4: Proposed reaction mechanism for the photochemical alkylation of 1a with the a-iodosulfone 2a in the presence of DABCO.

hv
Os S//O
DABCO (1.5 equiv) N
MeCN [0.5 M] . b
1a-g Za—e ambient T, 24 h 3a-j
(2 equlv) (1 equiv)
o\\élo Os S/,O
‘el ® O o~
N N
H H
3a: 70% yield (95%) 3b: 64% yleld (90%) 3c: 62% yield (78%)
0
O\\S CI O\\S//
(0O (K HO <L
N
H F
3% yield (92%) 3e: 45% yield (46%) 3f: 36% yield (45%)
0 2 2
MeO Os¢/ Osg Osd
=L ‘e
N N
F \
H Bn
39: 37% yield (41%) 3h: 78% yield (96%) 3i: 96% yield (98%)
Os S/p
limitation

Scheme 1: Study of scope of the HAS reaction between indoles 1 and a-iodosulfones 2. Yields in parentheses were determined by 'H NMR
analyses, using 1,3,5-trimethoxybenzene as an internal standard.
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we observed that indole-3-carboxaldehyde (1g) was not a suit-
able substrate for this transformation.

Conclusion

In conclusion, we reported a novel photochemical method for
the direct C—H alkylation of indoles with a-iodosulfones. This
approach exploits the photochemical activity of halogen-bonded
EDA complexes, formed between a-iodosulfones and DABCO,
that are able to produce reactive C-centered radicals under mild

reaction conditions.

Supporting Information

Supporting Information File 1

General procedures and products characterization.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-42-S1.pdf]
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The C3-functionalization of furfural using homogeneous ruthenium catalysts requires the preinstallation of an ortho-directing imine

group, as well as high temperatures, which did not allow scaling up, at least under batch conditions. In order to design a safer

process, we set out to develop a continuous flow process specifically for the C3-alkylation of furfural (Murai reaction). The trans-

position of a batch process to a continuous flow process is often costly in terms of time and reagents. Therefore, we chose to

proceed in two steps: the reaction conditions were first optimized using a laboratory-built pulsed-flow system to save reagents. The

optimized conditions in this pulsed-flow mode were then successfully transferred to a continuous flow reactor. In addition, the

versatility of this continuous flow device allowed both steps of the reaction to be carried out, namely the formation of the imine

directing group and the C3-functionalization with some vinylsilanes and norbonene.

Introduction

The conversion of biomass derivatives into value-added prod-
ucts is one of the key branches of green chemistry and of the
development of a sustainable chemical industry [1-4]. Furfurals,
which are versatile platform molecules derived from renewable
lignocellulose present in agricultural wastes [5-8], have proven
to be of great importance for the preparation of value-added

chemicals, biofuels, as well as monomers for materials science

[9-15]. In this context, their functionalization is fundamental to
further improve their inclusion in fine organic synthesis and
industrial processes. For this reason, in recent years, innovative
protocols for the formation of new bonds on furfural deriva-
tives have been developed. In particular, their direct functionali-
zation by transition-metal-catalyzed C—H activation processes

[16-18] has become a major area of interest where only a few
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methods have been reported so far. Most examples concern
functionalization at C5, which is the most reactive site. In
contrast, C3-functionalizations of the formyl-furan unit via
directing groups, as well as C4-functionalizations have been
much less studied [19,20].

Within the framework of a large project oriented towards the
selective formation of new bonds from furfural derivatives
without changing the redox state of the aldehyde function, we
have developed a number of directed Ru(0)-catalyzed C3-func-
tionalizations of furfurylimines, such as alkylation [21], aryl-
ation [22], alkenylation [23] and acylation [24], as well as an
Ir-catalyzed directed C3-silylation (Scheme 1a) [25]. These
batch processes rely on the use of a homogeneous metal cata-
lyst at elevated temperatures necessary to cleave the C3—H bond
by oxidative addition. These experimental conditions, easily
used in the laboratory, are potentially problematic for scale-up
due to efficiency and safety issues (related to the high tempera-
ture). Thus, despite the synthetic interest of the molecules that

Beilstein J. Org. Chem. 2023, 19, 582-592.

can be obtained, transfers to industry are difficult. In order to
circumvent this drawback, we considered transposing these

batch reactions to a flow chemistry process.

In recent years, the use of continuous flow chemistry in organic
synthesis has increased dramatically and has rapidly become a
routine tool for classical synthesis [26-29]. In particular, many
efforts have been devoted to the development of flow alterna-
tives for transition-metal-catalyzed cross-couplings [30] and for
some C—H functionalizations [31]. Nevertheless, there are very
few flow processes that have been implemented to function-
alize furfurals, the scarce examples being only based on photo-
chemical processes [32-34]. The current strong interest in con-
tinuous flow strategies is related to the modernization of flow
equipment providing chemists, not only a unique control of
reaction parameters, such as improved mass and heat transfer,
but also reduced safety risks and increased reproducibility of
the results [29,35,36]. These features should therefore allow us
to scale up our directed C3-functionalizations of furfurylimines

a) C3-H-selective batch functionalizations of furfural derivatives = previous results

| R :

| |

I I

L\ H I

. . IR 0 o\ H |
industrial : (e} R™ ™o \ :
production [Ru], [If cat. 1 (0] !
. 3 ! EWG o} R |
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R™ ™0 v A\ H /\ '

H |
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b) C3—H-alkylation of furfural derivatives in continuous flow = this work
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N ——

quench = cooling
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Scheme 1: C3-Functionalization of furfural derivatives by C—H activation, a) in batch: previous works, and b) in continuous flow: this work.

583



under safe reaction conditions while providing products in
shorter reaction times. In addition, the ability to couple multiple
reactors with a flow apparatus could also enable us to perform
these functionalizations directly from furfural by forming the
imine in a first reactor. It should be noted that, in batch, in-situ
imine formation is currently impossible with catalytic or stoi-
chiometric amounts of amine due to decarbonylation of furfural
under the reaction conditions [21]. We thus present here an
adaptation of our Ru(0)-catalyzed C3-alkylation strategy of
furfural derivatives to a continuous flow system (Scheme 1b).

Results and Discussion
First optimization with a home-made pulsed-

flow setup

We undertook the optimization of this flow strategy for the
C3-alkylation reaction (Murai reaction) [37,38] of the
furfurylimine 1 bearing a removable N,N'-bidentate directing
group. In a previous study, this starting material had proved to
be the most reactive imine in batch, leading, in the presence of
5 mol % of [Ru3(CO);;] and 3 equivalents of triethoxyvinylsi-
lane in toluene at 150 °C after 5 h, to the alkylated aldehyde 2a
with 62% yield, after purification on silica gel (Scheme 2)
[21,39].

The flow reactions for this first optimization were performed
using a home-made setup based on an HPLC apparatus (Jasco)
equipped with an injection valve (Rheodyne) comprising a
105 pL loop into which the reaction mixture is loaded and then
pushed by the solvent delivered by the HPLC pump (see Sup-
porting Information File 1, p. S8). All the content of the loop is
thus sent into the reactor. This system is coupled to a gas chro-
matography oven, in which the stainless-steel tubular reactor
(length: 4.6 m, internal diameter of 0.8 millimeter, correspond-
ing to a volume of 2.31 mL) is placed. The system pressure is
controlled by a back-pressure regulator (BPR) to keep a pres-
sure of about 130 bar, i.e., at a pressure much higher than that
which causes the solvent (toluene) to boil in the reaction tem-
perature range (150-200 °C). This homemade, pulsed-flow

Beilstein J. Org. Chem. 2023, 19, 582-592.

setup was used for optimizing the protocol while saving on

reactants and catalyst.

Initial tests with the commercial complex [Ru3(CO)q,] at high
temperature with different residence times provided the desired
C3-alkylated imine I2a in NMR yields ranging from 30% to
65% (Table 1, entries 1-3 and Table S1 in Supporting Informa-
tion File 1, p. S10). A continuous flow system was thus found
to be compatible with the realization of this type of C—H func-
tionalization. This process led to a significant reduction of the
reaction time compared to the batch, in particular by increasing
the temperature to 200-250 °C, without significant losses of ac-
tivity and selectivity. Unfortunately, with this catalyst, repeata-
bility problems were detected (yield fluctuation of approxi-
mately 20%) which could be assigned to the low solubility of
this catalyst in toluene. In order to overcome these problems,
we synthesized triruthenium carbonyl complexes with phos-
phine ligand(s), namely (triethoxysilyl)ethyl)phosphine L1 or
triphenylphosphine [40-42]. Their synthesis, well-described in
the literature, is detailed in Supporting Information File 1
(pp- S3-S6). Moreover, a kinetic study carried out in batch
in the presence of the [Ru3(CO);((L1)] (compl),
[Ru3(CO)p(L1);3] (comp2) or [Ruz(CO)g(L1)3] (comp3) cata-
lysts allowed to show, on the one hand, the absence of solu-
bility problems, and to discover, on the other hand, that the
presence of three L1 ligands (comp3) leads to a reaction rate
clearly lower than that of a catalyst carrying one or two ligands
(see p. S7 of Supporting Information File 1 for the reaction
kinetic curves of catalysts). In addition, the catalyst with a
single L1 ligand (comp1l) was found to be more reactive than
the one with two ligands (comp2), and was therefore selected
for further optimization. In contrast, comparison of its reaction
kinetic curve with that of [Ru3(CO);;] indicates that compl is
slightly less active than [Ru3(CO);,]. Beside these three cata-
lysts, a fourth one [Ru3(CO);;(PPh3)] comp4, was also used for
this study.

For the continuous flow reaction, we observed, for the same

residence time, a slight decrease in performance with compl

1) ZSi(0Et); (3 equiv)

Ruz(CO)12 5 mol % SiEts
7\ H PhMe 0.5 M, 150 °C
(O ) 7\ H
N\/\NQ 2) Si0, (chromat.) o
o}
2a
1 62%

Scheme 2: C3-alkylation of bidentate imine 1 performed in batch.
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Table 1: Optimization of the catalyst for the alkylation reaction on the homemade pulsed-flow setup.

I\ H

(1 equiv)

ZSi(0Et); (3 equiv)

7 \
| |
b 07 !
! 1 N \/\ NQ |
|

! :
! |
! |
: |
' |

[Ru3] 5 mol % pPhMe 0.25 M

injector quench = cooling
reactor
pump ey BPR
o
\J c ! e
! 1
I
1 T(°C)|
|t (min),
R
PhMe
Entry [Rug] T[°C] t, [min] Conv [%)2 Yield [%]2P
1 Ru3(CO)12 165 90 58 45
2 Ru3z(CO)12 200 30 90 65
3 Ru3(CO)42 250 6 83 63¢
4 Ruz(CO)41(L1) 200 30 66 56
comp1i
5 comp1 200 46 79 63
6 comp1i 200 77 95 55

aYields and conversions were calculated by "H NMR using p-dinitrobenzene as internal standard; °Non-repeatable results; crepeated four times with

four different results ranging from 75% to 53%.

compared to [Ruz(CO),] at 200 °C (Table 1, entries 3 and 4).
This can be attributed, as mentioned above, to the slightly faster
reaction kinetics of the [Ru3(CO);] catalyst compared to that
of compl. Nevertheless, the better solubility of compl1 in tolu-
ene allows to get around the problems of reproducibility. More-
over, increasing the residence time to 46 min resulted in 63%
NMR yield of I2a (Table 1, entry 5), which was very similar to
the results obtained with [Ru3(CO){;] in 30 min. A further
increase in residence time to 77 min led to a lower yield
(Table 1, entry 6), probably due to products degradation under

longer heating.

In addition, we found that the comp1 [Ru3(CO);(L1)] was
more efficient when the reaction mixture was preheated before
being introduced into the reactor at 200 °C. The setup was thus
modified (Scheme 3) to include a 0.8-millimeter-diameter stain-
less-steel preheating loop (outside the oven). An improvement

in efficiency was then observed when the reaction mixture was

preheated to 130 °C for 5 min. Interestingly, only traces of
product I2a were observed after 5 min at 130 °C, implying that
the Murai reaction was indeed taking place only when passing
through the second reactor. Finally, after some optimizations,
the temperature in the second reactor could be lowered to
180 °C leading to an NMR yield of C3-alkylated imine I2a of
79% (Scheme 3).

Heat transfer calculations showed us that the reaction mixture
rises to the set temperatures in two seconds, and more impor-
tantly, that the inlet of reactor 2 is at room temperature after
passing through the tube of 50 cm that connects the two reac-
tors. Hence, we rationalized such a performance improvement
from a chemical point of view: the [Ru3(CO),] complex is
known to thermally degrade by deligation, resulting in the for-
mation of ruthenium aggregates [43]. We therefore propose that
the active species is a mononuclear carbonyl complex in which

the ruthenium is coordinated to the two nitrogen atoms of the
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J\ H (1 equiv)

o 3 i
1N\/\NQ |

ZSi(0Et),; (3 equiv)

m—m— e ———

injector quench = cooling
reactor 1 reactor 2
pump V1=025mL V2=231mL
130 °C T°C

5 min 46 min

200 °C, 70%
180 °C, 79%

Scheme 3: Optimization of the heating for the alkylation reaction on the homemade pulsed-flow setup.
directing group (amino-imine). Preheating for 5 minutes at  (Scheme 4, path b). The mononuclear complex would then

130 °C would generate it from [Ru3(CO);;(L)], which would initiate the alkylation reaction at 180 °C following elementary

therefore be more accurate to consider as a precatalyst steps previously determined by DFT [21]. Conversely, a high

(@) H
| / N
H—Ru\N |(OEt)3
Ru inactive L/ ﬂ \ﬁ coordination

oxidative
addition
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Scheme 4: Proposed reaction mechanism for the alkylation reaction with formation of ruthenium aggregates and mononuclear Ru(0) catalyst.
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starting temperature would favor the formation of ruthenium
aggregates, which could also generate, but less efficiently, the
active catalyst (the mononuclear ruthenium(0) species) by
leaching (Scheme 4, path a).

In order to detect the postulated reaction intermediate
(Scheme 4) and the formation of ruthenium aggregates under
reaction conditions, imine 1 was treated at 150 °C in toluene for
1 h with 0.33 equiv of comp4 [Ru3(CO);;(PPh3)], a catalyst an-
alogue to comp1 but bearing a less expensive phosphine ligand
(Scheme 5A). The chosen ratio of imine to catalyst was consis-
tent with the stoichiometric amounts needed to form the postu-
lated intermediate. The temperature of 150 °C was chosen
taking into account the efficiency of the batch reaction between
imine 1 and triethoxyvinylsilane (3 equiv) in the presence of
5 mol % of this catalyst at 150 °C, which leads in 5 h to the
alkylated imine I2a with a NMR yield of 77% (conv. 100%).

Even though the reaction intermediate we postulated on
Scheme 4 could not be detected, a solid was recovered after
evaporation of the solvent and precipitation in pentane. This
solid displayed a 3'P NMR signal at 55.1 ppm (see Supporting
Information File 1, p. S24), a value completely different from
comp4 (singlet at 35.06 ppm, see Supporting Information
File 1, p. S20), meaning that the ruthenium trimer was no longer
present. The TEM analysis of the recovered solid phase

Beilstein J. Org. Chem. 2023, 19, 582-592.

(Scheme 5B) showed the formation of large aggregates with
high electron density. Moreover, ruthenium was detected by
XPS analysis (Scheme 5B); the binding energy of the 3ds,,
orbital was 280.94 eV, which corresponds to Ru(0). Double
bonds m C=C were also detected in the sample at 285.49 eV,
reflecting the presence of the PPhjy groups, but no C=0 double
bonds could be observed (while the presence of a C=0 bond
was clearly observed on the XPS spectrum of comp4 (see Sup-
porting Information File 1, p. S6).

These Ru aggregates were also used in the reaction with
furfurylimine 1 and triethoxyvinylsilane in toluene at 150 °C for
5 h (batch conditions). In this case, only 24% of I12a were ob-
tained (Scheme 6), a significant decrease compared to the NMR
yield of 77% with comp4 as (pre)catalyst. These Ru(0) aggre-
gates are therefore active, but the reaction kinetics are slower.
While this observation is not a strict confirmation of our
hypothesis regarding the formation of a monometallic complex,
it is still consistent with it.

Second optimization with a continuous flow
chemistry system

Following these encouraging preliminary results obtained with
our home-made, pulsed-flow setup, we decided to run continu-
ous flow experiments using a commercial setup (Vapourtec

E-series flow device). This equipment offers the added advan-

O H
A) ° °. £
L —T Rl LN
1(1 equiv) + s3F—hu u —_— s
(1 equiv) £\Ru/* C.Ds H;RU\N +
e 150°C,1h L/ \ﬁ PhaP
(0.33 equiv) 3 PPhs
comp4 L = PPhs, CO Ru aggregate
®e=-CO
B) C1ls-Ru3d
V\; .
144  Name Pos. % Area ’-:"
C=C 285492 29.883
] 232 285114 12863
Cls 284342 37.980
210l 2 280944 19274
z
5 o
4

T r T — 7T v
206 22 288 284 280
Biding Eneray (V)
Printed wsing UNLICENSED CanXPSsoftwas

Scheme 5: A) Isolation test of a reaction intermediate; B) XPS and TEM (in ethanol) of the recovered solid phase: showing the presence of Ru aggre-

gates.
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24% NMR yield, 51% conv.
with comp4 (5 mol %): 77% NMR yield, 100% conv.

Scheme 6: Ruthenium aggregate-catalyzed alkylation reaction.

tage of being able to couple very simply two reaction steps, and
thus to consider the direct functionalization of furfural via the
in-situ formation of furfurylimine. Furthermore, as the
[Ru3(CO);1(PPh3)] comp4 catalyst showed an activity and a
solubility in batch similar to comp1, we continued the optimiza-
tion with the latter, triphenylphosphine being much cheaper
than diphenyl(2-(triethoxysilyl)ethyl)phosphine.

With this setup, the flow system consisted of two mixtures: a
mixture A containing furfural (0.7 M) and 2-(piperidin-1-
yDethane-1,2-diamine (0.7 M) and a mixture B containing
vinyltriethoxysilane (1.05 or 2.1 M) and the ruthenium catalyst
(1 to 5 mol % with regards to furfural). The flow rates of pumps
A and B being equal, the concentration of furfural in mixture A
was ~0.7 M and that of all furfural derivatives was 0.35 M in
the final mixture. Mixture A was passed through a fixed bed
reactor 1 filled with magnesium sulfate. The residence time
depended on the intrinsic volume (Vi) of this reactor (see Sup-
porting Information File 1, p. S13), and was kept constant at
~18 min. The mixture B was introduced at the outlet of the
fixed bed reactor. A 1 mL stainless steel coil immersed in an oil
bath at 130 °C was used as reactor 2, and was installed before
the 10 mL reactor 3 (see Supporting Information File 1,
pp- S12-S13 for more pictures). By also playing on the flow
rate, this allowed us to have conditions close to the best ones
observed during optimization on the pulsed-flow device, i.e.,
;2 =5 min and #,3 = 50 min (see Table S2 in Supporting Infor-
mation File 1, p. S11). Product recovery was initiated when the
system reached a steady state, based on the dispersion curves
provided with the apparatus (see Supporting Information File 1,
p- S13). This equipment is a medium pressure system that

cannot withstand pressures exceeding 10 bar. Hence, we
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worked at about 7.5 bar to stay below the boiling curve of tolu-
ene in the temperature range used (180-200 °C).

The first experiments performed with this configuration allowed
us to validate our hypothesis, namely the possibility of directly
functionalizing furfural by forming the imine in situ. Further-
more, the optimized conditions with the pulsed-flow device
proved to be effective, as an NMR yield of 62% of the C3-alky-
lated imine 12a was obtained by preheating at 130 °C for 5 min
in reactor 1 (after introduction of mixture B), followed by
heating at 180 °C for 45 min in reactor 2 (Table 2, entry 1). This
allowed us to conclude that pressure does not have an impact on
this reaction, since no noticeable difference could be reported
when going from ~130 bar to ~7.5 bar. The catalytic loading for
comp4 could also be decreased to 1 mol % (Table 2, entries 1,
2, and 4), whereas a diminution in yield was observed when the
amount of vinylsilane was decreased to 1.5 equivalents
(Table 2, entry 3). The flow alkylation reaction thus appeared to
be as efficient with a 1 mol % catalyst loading as with 5 mol %,
in contrast to the batch conditions which required 5 mol % of
the catalyst. Finally, a very slight improvement was observed
by increasing the temperature to 200 °C (entry 5 compared to
entry 4 in Table 2).

Finally, it is interesting to note that when the preheating was re-
moved, the same NMR yield was measured with 1 mol % of
comp4 as catalyst (Table 2, entries 5 and 6). On the contrary,
when preheating was removed with 5 mol % comp4 (entry 1 in
Table 2), a drastic decrease in yield was observed, from 62% to
44% (entry 1 vs entry 7). This allowed us to assume that such
preactivation is no longer necessary with 1 mol % of comp4.
Thus, a lower catalyst loading, i.e., a lower concentration of the
catalyst in the solution, appears to prevent, or at least greatly
reduce, the formation of ruthenium aggregates as observed pre-
viously, probably by simple dilution effect. As such, the
preheating was suppressed for the continuation of our investiga-
tions.

Extending the scope of the C3-alkylation of

furfural in continuous flow

With the optimized conditions in hand (Table 2, entry 6), we
were interested in extending the scope of this furfural alkyl-
ation reaction using a flow chemistry process to other reactants.
For this, after each reaction, an aliquot of the resulting product
was recovered for analysis and purification. The NMR yields
were calculated on the alkylated imine before purification
(based on a starting concentration of furfural of 0.35 M), and
the isolated yields corresponded to the C3-alkylated aldehydes
after the hydrolysis step that took place during purification. The
productivity of each system is given in grams per hour
(Scheme 7).
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Table 2: Optimization of the alkylation reaction directly from furfural on the continuous flow setup.

1 H 1
0=
RS I
! (1 equiv) ,/\j I
|
I
NN |
|
: (1 equiv) :
1 PhMe 0.7 M I = =
__________ < pump 1 V2=1mL V3=10mL BPR
o |
130 °C, t. =18 min2 130 °C XX °C
pump t2=5min  t3 min
__________________ Si(OEt)3
: - Si(OE (x equiv) )
i I
: ’ : /' \_ H
! [Rus(CO)11(PPh3)] (y mol %) , 0"
| comp 4 ! N\/\NQ
| PhMe 0.7 M ! 12a
Entry comp4 Vinylsilane t3 [min]? T3[°C] Yield [%]°
(y mol %) (x equiv)
1 5 3 45 180 62
2 2.5 50 180 72
3 2.5 1.5 50 180 46
4 1 3 50 180 72
5 1 3 50 200 77
6°¢ 1 3 50 200 77
7° 5 3 45 180 44

aA flow rate of 0.22 mL:min~' (0.11 mL:min~" for each pump), allowed us to have a residence time of 45 min in reactor 3, while a flow rate of
0.2 mL'-min=" (0.1 mL-min~"), provided a residence time of 50 min in reactor 3. PYields were calculated by 'H NMR using p-dinitrobenzene as internal
standard. °Experiments performed without using the preheating loop in reactor 2.

The optimized flow process conditions could be applied to a
variety of vinylsilanes: trialkoxy-, triaryl-, and trialkylvinylsi-
lanes, already used in the batch study [21]. The products 2a—e
were obtained in good yields and thus with good productivity.
Alkenes without silicon in the vinyl position seemed much less
reactive, such as a vinylacetal, a hindered olefin (3,3-dimethyl-
1-butene), or styrene. In these cases, functionalized furfurals
were not isolated. In contrast, norbornene, which has a more
reactive double bond due to ring tension, gave endo product 2f
with an isolated yield of 49%. On the other side, disubstituted
vinylsilanes proved to be ineffective, certainly because of the
steric hindrance of the double bond decreasing the kinetics of

the hydroruthenation step.

We also wanted to extend this alkylation reaction to a tert-
butyldimethylsilyl (TBS)-protected S-HMF derivative. Unfortu-
nately, the yields obtained were very moderate. This reaction

having slower kinetics could benefit from being performed at

lower temperatures and longer residence time to reduce catalyst
degradation. This is unfortunately not possible to implement at
the moment with our reactors.

Conclusion

In conclusion, we have developed a method for the direct 2-step
Ru-catalyzed alkylation of the C3—H bond of furfural by flow
chemistry, via the preinstallation in a fixed bed reactor of an
ortho-directing imine group that can be easily removed upon
purification on silica. The reaction was found to be very effi-
cient, with a Ru3(CO)(PPhj3) catalyst loading that could be
lowered to 1 mol %, allowing for higher yields than batch
conditions while requiring 5 times less catalyst. Furthermore,
the interest of this flow chemistry approach lays in the scaling
up of our reactions. To our great satisfaction, we could show
that the productivity of the flow chemistry approach is better
than the batch approach with the same catalyst (Scheme 8). This

strategy represents a novel method to produce functionalized
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I
: R? R2 (3 eqUiV) :
|

| [Ruz(CO)4(PPhg)] (1 mol %)
TTTCTTT T | comp 4 |
| m ! ! PhMe 0.7 M !
o= T S L ___.
IR" 0 O |

i V=10 mL

: (1 equiv) : R o H Si02 R__ o H
! [\O' MgSO4 m 4%—» l Y | y/
PHNT N | 130°C —L 0
| (1 equiv) | fr=ca.18min _\_Ni > 200°C R2 R?

! t, = 50 min 1
[ PhMe 0.7M ! r R
__________ / R=H,1 R=H,I2x R =H, I12x

R = CH,OTBS, 3 R = CH,OTBS, I4x
o H o H o H
| / Y | / X | / 5
2a 2d 2e
SI(OEt)3 SI(OIPF)3 SlPh3 SIEt3

77% (NMR yield)
75% (isolated), 0.9 g/h

LC_/_Q LC_/_Q

10% (NMR yield)

80% (NMR yield)
67% (|so|ated) 0.93 g/h

11% (NMR yield)

68% (NMR yield)
70% (isolated), 0.97 g/h

46% (NMR yield)

47% (NMR yield)
40% (isolated), 0.4 g/h

49% (isolated), 0.4 g/h

TBSO (0] H
_/_ C> 7\
l4a _\_ >
Si(OEt),

7% NMR yield) 17% (NMR yield)

Scheme 7: Scope of continuous flow furfural derivative alkylation reaction.

scaling under continuous flow conditions
Ru3(C0)14(PPhg)

(1 mol %)
=\ (3equiv)
| o) H Si(OEt)3
% = 10 mL
S O
MQSO4 B [C§
130 °C
200 °C
Q 18 min 50 min
Si(OEt)3
N
HNT > 75% 0.9 g/h
(2.5 mmol) PhMe

scaling under batch conditions
1) Ru3(CO)14(PPhs)

e} H (5 mol %)
EH PhMe O H
_150°c,10h _ || ,
C> ) SiO, 0
(1.476 mmol)
o SI((C;SE?;‘UIV 60%  Si(OEs
0.025 g/h

Scheme 8: Scaling up comparison: batch and continuous flow condi-
tions.

furfurals, providing synthetically relevant building blocks on a
large scale.

Experimental
Triphenylphosphine triruthenium

undecacarbonyl (comp4)

Following a slightly modified procedure compared to the one
reported [41], triruthenium dodecacarbonyl (1.4 g, 2.19 mmol,
1 equiv) was dissolved in freshly distilled and degassed THF
(0.036 M) at 40 °C. The phosphine ligand (574.40 mg,
2.19 mmol, 1 equiv) dissolved in THF (0.11 M) was then added
to the middle. The mixture was stirred at room temperature and
treated dropwise with a solution of sodium benzophenone ketyl
(about 0.05 equiv added) in THF (0.027 M) via a syringe until
the phosphine ligand was completely consumed (monitored by
TLC, ~10 min). The solvent was then evaporated under reduced
pressure. The remaining crude was purified by silica gel column
chromatography using pentane as eluent, leading to 1.3 g of the
desired complex as an orange solid (68% yield). "H NMR
(400 MHz, CDCl3) 8 7.55-7.37 (m, 15H); 3'P NMR (162 MHz,
CDCl3) & 35.06; XPS BE Ru 3ds,; (281.58). These data are in

good agreement with those reported in literature. Crystals were
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grown from a solution in Et,O and identified by X-ray diffrac-
tion as a known phase of comp4 [41].

General procedure for C3-alkylation of

furfural in continuous flow (vapourtec)

Mixture A: An oven-dried sealed tube equipped with a magnet-
ic stirrer under argon, was loaded with furfural (240.20 mg,
2.50 mmol, 1 equiv), 2-(piperidin-1-yl)ethanamine (320.55 mg,
2.50 mmol, 1 equiv) and filled with dried toluene to a total

volume of 3.5 mL.

Mixture B: An oven-dried sealed tube equipped with a magnet-
ic stirrer, was loaded with triphenylphosphine triruthenium
undecacarbonyl (1 mol % with regards to furfural) and degassed
with argon. Vinyltriethoxysilane (3 equiv with regards to
furfural) was then added to the middle, and the mixture was
filled with dried toluene to a total volume of 3.5 mL. The mix-
ture was stirred at room temperature to completely dissolve the
catalyst.

The solution A is pumped into pump 1 (0.1 mL-min~!) and
passed through the packed bed reactor which is set at 130 °C
containing MgSOy. The residence time depends on the intrinsic
volume (Vi) of this reactor, and is kept constant at ~18 min. The
solution B is pumped through pump B (0.1 mL-min~!). The
mixture of the two solutions A and B passed first through the
coil reactor at 130 °C and then into a second coil reactor at the
desired temperature. Product recovery is initiated when the
system reaches a steady state, based on the dispersion curves
given by the apparatus. After reaching the steady state an
aliquot of the product was taken for "H NMR analysis using

p-dinitrobenzene as an internal standard.

3-(2-(Triethoxysilyl)ethyl)furan-2-
carbaldehyde (2a)

The reaction of mixture A containing furfural (240.20 mg,
2.50 mmol, 0.7 M) and 2-(piperidin-1-yl)ethanamine
(320.55 mg, 2.50 mmol, 0.7 M), with mixture B containing
triruthenium undecacarbonyl (22 mg, 0.025 mmol, 0.007 M)
and vinyltriethoxysilane (1.43 g, 7.50 mmol, 1.07 M) was con-
ducted by continuous flow chemistry, residence time
1 = 18 min, residence time 2 = 50 min. An aliquot of 0.5 mL of
the product mixture was evaporated (93% conv., 77% NMR
yield), and the crude was purified by silica gel column chroma-
tography eluting with a mixture of cyclohexane/EtOAc 9:1 to
give 38 mg of the desired product as an orange oil (75% yield).
TH NMR (300 MHz, CDCl3) 8 9.76 (s, 1H), 7.54 (d, J = 1.7 Hz,
1H), 6.49 (d, J = 1.7 Hz, 1H), 3.81 (q, J = 7.0 Hz, 6H),
2.95-2.84 (m, 2H), 1.22 (t,J = 7.0 Hz, 9H), 1.01-0.90 (m, 2H).
These data are in good agreement with those reported in litera-
ture [21].
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The importance of functionalized imidazo heterocycles has often been featured in several impactful research both from academia

and industry. Herein, we report a direct C-3 acetoxymalonylation of imidazo heterocycles using relay C—H functionalization

enabled by organophotocatalysis starring zinc acetate in the triple role of an activator, ion scavenger as well as an acetylating

reagent. The mechanistic investigation revealed a sequential sp>

and sp? C—H activation, followed by functionalization driven by

zinc acetate coupled with the photocatalyst PTH. A variety of imidazo[1,2-a]pyridines and related heterocycles were explored as

substrates along with several active methylene reagents, all generating the products with excellent yields and regioselectivity, thus

confirming excellent functional group tolerability.

Introduction

Among all N-fused heterocycles, imidazo[1,2-a]pyridines (IPs)
are the prevalent moieties in several bioactive pharmaceuticals
and natural products [1-4]. Moreover, due to their susceptibility
towards 'exited-state intramolecular proton transfer' phenomena,
IPs are also effective in optoelectronics and materials sciences
[5,6]. C-3-functionalized imidazo[1,2-a]pyridines are particu-
larly familiar due to their biological and medicinal attributes
[7-11]. Not surprisingly, the C-3 functionalization of IPs is a
continuing interest of research in the synthetic community [12-

16].

Despite many successful strategies in this field, the regioselec-
tive C-H functionalization is still challenging for chemists to
combine a C(Sp3) carbon of incoming functionalities and C(spz)
carbon of the IP core. The direct C-3 alkylation of imidazopy-
ridines using active malonates and related moieties has been
achieved by different routes [17-20]. However, these reactions
rely either on harsh reaction conditions or require the preactiva-
tion of substrates, which limits their synthetic efficiency. A
photocatalytic quaternary C-3 alkylation has also been reported

recently (Scheme 1A) [21,22]. During the course of our study,
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Scheme 1: Strategies of C-3 functionalizations of IPs and present work.

the Wu group reported a solvent-controlled chemodivergent for-
mation of C-3 ethoxycarbonylmethylated and hydroxyalkylated
IPs under visible light using water or alcohol as the source of
the oxygenated group under degassed conditions [22]. Howev-
er, all these photochemical methods require the usage of a sub-
stantial amount of base, the preactivation with a boron complex
(B,piny), and using an expensive metal-based photocatalyst
[fac-Ir(ppy)3] under inert atmosphere. We have recently demon-
strated that aerial oxygen could be captured by alkyl radicals to
install a keto-functionality onto alkenes in an organophotocat-
alytic way [23]. We aimed to extend this aerobic oxygenation
approach to imidazo heterocycles II to install the hydroxy-
malonate unit onto I through sequential photoredox C—H func-

tionalization.

Till date, there is no report of the direct incorporation of a
quaternary hydroxyalkyl, specifically a hydroxymalonyl group

at the C-3 position of IPs using air as the sole oxygen source.

M no additional base
M aerobic atmosphere

)

M triple role of Zn(OAc),
B quaternary acetoxymalonylation

Keeping in mind the progress in photochemical relay catalysis
[24] and the attention paid to photocatalytic carbon-bond func-
tionalization in the past several years [25], here we developed
an organophotoredox-catalyzed C—H functionalization of
imidazo[1,2-a]pyridines and related heterocycles with active
bromomethylenes under mild conditions (Scheme 1B). Impor-
tantly, using simple Zn(OAc), as the additive, the first photo-
catalytic direct acetoxymalonylation of imidazo heterocycles
was developed under aerobic conditions. Here, the additive
Zn(OAc), plays a crucial triple role as activator of IPs, halide

scavenger, and acetylating agent.

Results and Discussion

Optimization

In the quest for the optimal reaction conditions, we started our
investigations with 2-phenylimidazo[1,2-a]pyridine (1a) and
diethyl bromomalonate (2a) as model substrates. Initially, the

reaction was carried out between 1a and 2a in dry CH3CN as
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solvent under N, atmosphere using 4CzIPN as the photocata-
lyst. Irradiating the reaction mixture for 10 h under blue LEDs
(450 nm) led to the isolation of products 5 (54%) and 6 (28%)
(Table 1, entry 1). However, the same reaction, under aerobic
conditions, delivered compounds 3a (47%) and 6 (22%)
(Table 1, entry 2). Keeping in mind the ability of Zn(OAc), as a
bromide ion scavenger [26], we used Zn(OAc), (2 equiv) as an
additive to prevent the formation of the bromo product 6. While
the additive successfully prevented the formation of compound
6, we were delighted to isolate the unexpected acetylated prod-
uct 4a with a promising yield of 38% (Table 1, entry 3),
reflecting the ability of Zn(OAc); to act as an acetylating agent.
While screening other organophotocatalysts, we detected no
desired product 4a (Table 1, entries 4-6) [27], except for photo-
catalyst 10-phenylphenothiazine (PTH) under violet LEDs
which uplifted the yield up to 52% (Table 1, entry 7). Now with
the optimal catalyst in hand, we screened some common sol-
vents, out of which 1,2-DCE positively impacted the yield
(Table 1, entries 8—11). However, the best result was obtained
when 3.0 equiv of Zn(OAc), was used as an additive (Table 1,
entry 12). To check the viability of other acetylating agents,

Table 1: Reaction optimization.?

G/\giph . Br CozEt _conditions G// Ph
CO Et \87
/A~OH
EtO.C Cco,Et
1a 2a 3a
Entry Catalyst Solvent
1¢ 4-CzIPN CH3CN
2 4-CzIPN CH3CN
3 4-CzIPN CH3CN
4 Rose Bengal CH3CN
5 eosin-Y CH3CN
6 rhodamine-B CH3CN
7d PTH CH3CN
8 PTH 1,4-dioxane
9 PTH DMF
10 PTH toluene
11 PTH 1,2-DCE
128 PTH 1,2-DCE
13 PTH 1,2-DCE
14 - 1,2-DCE
15! PTH 1,2-DCE
16 PTH 1,2-DCE
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Zn(OAc); was replaced with AcOH, generating the desired
product in a comparatively lower yield (Table 1, entry 13).
Finally, control experiments without a catalyst (Table 1, entry
14), light (entry 15) or acetylation agent (entry 16) failed to
provide the desired product 4a, displaying the necessity of each
component for developing the reaction.

Substrate scope

With suitable reaction conditions (Table 1, entry 12), we
systematically investigated the scope of this acetoxymalonyla-
tion strategy with substrate 2a (Scheme 2). Several imidazol[1,2-
alpyridines with diverse aryl substituents in the C-2 position
were acetoxymalonylated, providing the desired products 4a—k
regioselectively in good to excellent yields. Reflection of elec-
tronic properties was shown by the substituents attached to the
aryl ring — as electron-releasing groups (Me, OMe) showed
little more reactivity than electron-withdrawing groups (CN) at
the same position (4b, 4f, and 4g). Halogen-substituted IPs also
followed the general reactivity trend of the respective halogens
(4c—e). Excellent reactivity was found for o-F and m-Br-substi-
tuted IPs (4h and 4i). Similarly, IPs associated with biphenyl

. O\}Ph . O{Ph G/\efPh

/A~OAC CO,Et
EtO,C COZEt EtO,C
4a 5 6
Additive Yield (%)°
3a:4a:5:6
- 0:0:54:28
- 47:0:0:22
Zn(OAc)2 0:38:0:0
Zn(OAc)2 -
Zn(OAc)2 -
Zn(OAc)2 -
Zn(OAc)2 0:52:0:0
Zn(OAc)2 0:34:0:0
Zn(OAc)2 0:25:0:0
Zn(OAc)2 0:18:0:0
Zn(OAc)2 0:70:0:0
Zn(OAc)2 0:94:0:0
AcOH 0:64:0:0
Zn(OAc)2 -
Zn(OAc)2 -
- 57:0:0:24

@Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), catalyst (5 mol %), additive (0.4 mmol) in dry solvent (2 mL) under aerobic conditions, irradiation
with 12 W blue LEDs for 10 h. PIsolated yield. cUnder N atmosphere. %Irradiation with violet LEDS (Amax = 390 nm). €3.0 equiv of zinc acetate used.

fn the dark, without light source.
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Scheme 2: Substrate scope. Conditions: unless otherwise noted, all reactions were carried out with 1 (0.2 mmol), 2 (0.4 mmol), PTH (5 mol %),
Zn(OAc)2 (0.6 mmol), dry 1,2-DCE (2 mL), irradiation with LEDs (Amax = 390 nm), under air for 10 h.

and naphthyl groups in the C-2 position were also suitable sub-
strates giving the corresponding products 4j and 4k in 77% and
82% yield, respectively. However, the yield of the products
varied when different groups with diverse electronic properties

were present in the pyridine ring of the IP moieties (4l-q). With

substrates having a methyl substitution at C-7 and C-8 of the
pyridine ring, the yields and regioselectivity were still excellent
(41 and 4m), but reduced significantly upon introducing a
halogen group onto the pyridine ring. Except for the 6-bromo-
substituted compound (40), all other substrates having a
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halogen substituent in the pyridine ring showed reduced yields
(4n, and 4p,q). The number of substituents also seemed to
negatively affect the yield, as observed for products 4p and 4q,
featuring two substituents each on the pyridine ring. Moreover,
IPs with a non-aromatic C-2 substituent like an ester group were
also included (4r). We also explored bromo analogues of other
active methylenes such as ethyl cyanoacetate, ethyl aceto-
acetate, dimethyl, and diisopropyl malonates, as extension of
diethyl malonate (4s,t and 4x,y). Lastly, we explored a few
heterocycles that resemble imidazo[1,2-a]pyridine to vindicate
the generality of this method. Gratifyingly, 6-phenyl-
imidazo[2,1-b]thiazole, 2-phenylbenzo[d]imidazo[2,1-b]thia-
zole, and 2-phenylimidazo[1,2-a]pyrimidine participated well
under the standard reaction conditions, generating the corre-
sponding acetoxymalonylated products 4u—w in good to excel-

lent yields.

Beilstein J. Org. Chem. 2023, 19, 666—673.

Several control experiments were performed to gain insights
into the mechanistic pathway of this reaction. Firstly, a radical
scavenging experiment using the radical scavenger TEMPO
was performed (Scheme 3A). Upon analyzing the reaction mix-
ture of 1a and 2a under standard conditions in the presence of
TEMPO, we found only a trace of the desired product 4a. At the
same time, a TEMPO-DEM adduct 7 and TEMPO-OAc adduct
8 were identified by the HRMS analysis of the crude reaction
mixture, indicating the involvement of a malonyl radical and an
acetyl radical in the course of the reaction (see Supporting
Information File 1 for details). Additionally, when an aliphatic
alkene, 5-hexen-1-ol was introduced into the reaction mixture
under standard conditions without Zn(OAc),, an ATRA prod-
uct 9 was isolated, further confirming the involvement of a
malonyl radical generated by the cleavage of the C—Br bond of
2a [28]. Next, an attempt was made to identify the key interme-

A) radical trapping with TEMPO and alkene CO,Et E) competitive acylation reaction
TEMPO
=N standard conditions 7 CO.Et =N
C‘/\/fPh N 2 )—Ph
x-N TEMPO (3 equiv) o] N
(trace) TEMPO 4
a
1a H CJ\ / H . (26%)
N _ | € g Et0,C CO,Et  PTH (5 mol %)
BrYCOQEt HO (detected by HRMS study) 5 Zn(OAc), (1.0equiv)
AN +
COZEt W Br COzEt 0 1,2-DCE, rt, Z /N
o )J\ air, 10 h p Ph
* TTzHD(gén cr)tl o 15n O COEtf Pn” “on A
oOVE L aln 9 (46%) (1.0 equiv)

B) trapping of reaction intermediates

=N
0,
« N{ph PTH (5 mol %)

1,2-DCE, rt, air, 10 h

OBz
EtO,C CO,Et
10 (40%)

F) Stern—Volmer study

H OAc .
EtO.C GO,k Zn(OAc);, or AcOH EtO:C CO,Et  Zn(OAc), 1.25 v
5 4a (>90%) /ACOH B la as y =0.2598x +0.9963
C) importance of aerial oxygen 1,2-DCE, rt 12 | ®2a 8la . R7=09% ..o
PTH (5 mol %), Zn(OAc), e Q,.-"’
5 1,2-DCE, rt, 10 h 4a (<5%) __<.>-""
conditions yield of 3a (%) S o
degassed with N, <5 ~ 5 " y=0.0649x +0.9939
H,0 (1.0 equiv), N <5 105 ’ R*=09249 @
D) role of Zn(OAc), o 2t
NN =N 1 guizaee y =0.0247x +1.0019
Ph Ph R* =0.9407
1a PTH (5 mol %) 6 (24%) Br 0 0.2 0.4 0.6 08
+ + Quencher concentration (M)
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Br. COZEt N
he w/o Zn(OAc), N L
COQEt ~ _N /
2a

OH
EtO,C CO,Et
3a (57%)

Scheme 3: Mechanistic investigations.
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diate of the reaction (Scheme 3B). When compound 5 was sub-
jected to the acetylation reaction individually with Zn(OAc),
and AcOH under optimized reaction conditions, the acetylated
product 4a was produced with excellent conversion (>90%).
These results suggest the involvement of compound 5 as an
intermediate, and Zn(OAc), or AcOH may be effective acety-
lating agents via generation of acetyl radicals. Control experi-
ments under degassed conditions with or without water only
delivered a trace amount (<5%) of the desired products, indicat-
ing that aerial oxygen plays a crucial role in the second catalyt-
ic cycle for the conversion of 5 to 3a or 4a (Scheme 3C). To de-
termine the role of zinc acetate, a standard reaction of 1a and 2a
in the absence of Zn(OAc), was conducted (Scheme 3D). The
results showed the formation of hydroxymalonated product 3a
(57%) and bromo derivative 6 (24%). Notably, the hydroxy-
malonated product 3a under the reaction conditions was not
converted to the acetylated derivative 4a, confirming 3a is not
the intermediate for the final product 4a. So, Zn(OAc), is
crucial in shutting down the formation of 6 by scavenging free
bromide in the reaction as ZnBr; salt (confirmed by HRMS). In
addition, an excellent yield of the final product 4a [4a: 94% vs
(6, 24% + 3a, 57%)] with additive indicates that zinc acetate
plays a crucial role in activating IP towards the photoredox cou-
pling reaction. Shifting of protons in the 'H NMR spectrum of
2-phenylimidazo[1,2-a]pyridine (1a) in the presence of
Zn(OAc); in CDClj indicates a weak interaction of Zn(OAc),
with 1a (see Supporting Information File 1 for details) [20,21].
Finally, the reaction of 5 with benzoic acid and zinc acetate (in
a 1:1 ratio) under standard reaction protocol resulted in the
competitive formation of products 4a and 10 (Scheme 3E), indi-
cating the susceptibility of other acids towards this method.

AN =N -0
/ - R 2
e o ()

H
/—CO,Et

EtO,C

> 4
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SET
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These results, along with the Stern—Volmer fluorescence
quenching study (Scheme 3F), expressed that the photoredox
reaction started with the reductive generation of a malonyl
radical from bromomalonate by interaction with the photocata-
lyst.

Analyzing all the observations from the above mechanistic
studies, we propose a plausible mechanism involving sequen-
tial activation and functionalization of sp? and sp> C-H bonds
via relay catalysis (Scheme 4). The relay can be divided into
two cycles; the first cycle (cycle-1) deals with the C(sp?)-H
functionalization at the C-3 position of the imidazo hetero-
cycles, while the second cycle (cycle-2) is all about the
C(sp?)—H functionalization at the newly incorporated active

methylene center.

Cycle-1 is initiated with the reduction of bromomalonate 2a by
the photoexcited catalyst PC”* to malonyl radical L. This is fol-
lowed by the Minisci-type addition of radical I to the imidazo-
pyridine, preactivated by Lewis acidic Zn(OAc), [29]. PC™*
then oxidizes the resulting radical II to carbocation III which
rearomatizes by losing a proton to generate the intermediate IV
and closing the first catalytic cycle. Meanwhile, the bromide
ions in the medium undergo anion exchange with the Zn(OAc),
to release free acetate ions, along with the conversion into
ZnBr, (confirmed by HRMS). These in situ-generated free
acetate ions function as a base, deprotonating carbocation III to
produce the intermediate IV and AcOH.

The first step of cycle-2 involves the oxidation of the excited
photocatalyst by aerial oxygen to generate superoxide anion and

LY )= O{

7/ CO,Et OAc
. EtO,C
HOO EtO, (\:/ 2 COZEt

EtOgC CO,Et

SET Il Pé J~CO.Et
ye \‘ E0,C 7 I/ﬁ ref [31]
COEt  COEt IPIZn (OAc 7SI peo
Br—< '< O "0, fR
COEt  COE
2a |, a- 2n(OAc) - HOO ——~
+Br ZnBr, + OAc

(confirmed by HRMS)

Scheme 4: Plausible reaction mechanism.

EtOzC COgEt
Vi
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PC™*. The superoxide anion (O, ”) then captures the proton
from the active methylene center of intermediate IV to generate
the malonyl anion V, which undergoes single electron oxida-
tion by PC™* generating the malonyl radical VI [30,31]. Mean-
while, the hydroperoxy radical (OOH) formed, reacts with
AcOH produced in cycle-1 to give the acetoxy radical (OAc)
and H,O,. Then, the radical recombination between AcO" and
radical VI furnishes the desired product 4. In the absence of the
acetoxy radical ("OAc), the hydroperoxy radical (-OOH) may
combine with radical VI to produce VII, which then easily
converts into hydroxymalonated product 3 [31].

Conclusion

Thus, we have reported the successful C-3 acetoxymalonyla-
tion of imidazo[1,2-a]pyridines and related heterocycles by an
organophotocatalytic relay C—H functionalization strategy with
Zn(OAc); in the triple role of an activator, bromide scavenger,
and acetylating agent. The developed method is heavy-metal
free, as shown by the use of inexpensive PTH, as well as a base-
free approach, and involves aerial oxygen to generate exciting
derivatives, which may prove to be valuable in the field of

radical chemistry research in future.

Supporting Information

Supporting Information File 1

Experimental section and characterization of synthesized
compounds.
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A mild, operationally convenient, and practical method for the synthesis of synthetically useful N-arylsulfonylimines from N-(aryl-

sulfonyl)benzylamines using K,S,Og in the presence of pyridine as a base is reported herein. In addition, a “one-pot” tandem syn-

thesis of pharmaceutically relevant N-heterocycles by the reaction of N-arylsulfonylimines, generated in situ with ortho-substituted

anilines is also reported. The key features of the protocol include the use of a green oxidant, a short reaction time (30 min), chroma-

tography-free isolation, scalability, and economical, delivering N-arylsulfonylimines in excellent yields of up to 96%. While the ox-

idation of N-aryl(benzyl)amines to N-arylimines using

K»S,0g is reported to be problematic, the oxidation of

N-(arylsulfonyl)benzylamines to N-arylsulfonylimines using K»S,0Og has been achieved for the first time. The dual role of the

sulfate radical anion (SO4 ™), including hydrogen atom abstraction (HAT) and single electron transfer (SET), is proposed to be

involved in the plausible reaction mechanism.

Introduction

Among various imine compounds [1], N-arylsulfonylimines are
perhaps the most prominent due to their unique stability,
defined reactivity, and versatility in organic synthesis [2].
Leveraging their electron-deficient nature, N-arylsulfonylim-
ines are widely used in organic transformations including
nucleophilic addition, cycloaddition, imino-aldol reaction, ene

reactions, aza-Friedel-Crafts reactions, and C-H functionaliza-

tions ([3] and references therein), leading to the synthesis of
diverse nitrogen heterocycles of pharmaceutical relevance [4].
The traditional synthetic method for the preparation of N-aryl-
sulfonylimines, similar to the preparation of N-arylimines, is
based on the condensation of aromatic aldehydes and sulfon-
amides (Scheme 1a) [3,5-8]. Because of the poor nucleophilici-

ty of sulfonamides, the condensation reactions generally require
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reported methods:

a) condensation reactions [9]

Beilstein J. Org. Chem. 2023, 19, 771-777.

c) benzylic oxidation of sulfonamides [12-16]

it
Ar2” "H
0,0 condensation [9] ¢ (¢) ), S
NN NN
Ar!' ©>NH Art TTNT AR f. [12-16 AT TN CAr2
r 2 A2 OH ref. [ ] N
using alcohol [11] reported conditions [12-16]
ref. [10] a. CrO,, PhCl, 110 °C
b. PhI(OAc),, |, AcOEt, N,
0 c. TEMPO, KBr, t-BuOCI, Na,CO3, MeCN
? & d. NHPI, PhI(OAc),, CH,Cl,
A2 + ll\ll e. Pd(OAc),, Py, toluene, 80 °C
\SOQAT1

b) non-dehydrogenative reaction [10]

our previous work

K,S,04 1 0
Arl e Arl 2~ 1
SNTAr e At
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), ¢ K2S,08 0.0 P
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Ar2

Oz
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N
H

Ar!

SET
dual play of SO‘;_

Scheme 1: Various synthetic approaches to N-arylsulfonylimines.

harsh reaction conditions involving the use of strong acids,
elevated temperature, and metal catalysts. Other methods
include a non-dehydrative reaction of aldehydes with iso-
cyanate analogs ([3] and references therein) (Scheme 1b) and an
oxidative reaction of primary benzylic alcohols with sulfon-
amides or chloramine-T ([3] and references therein), and al-
though they are elegant, they use substrates that are not readily
accessible or toxic in nature. To overcome these limitations, ox-
idation of N-(arylsulfonyl)benzylamines to N-arylsulfonylim-
ines, as opposed to the traditional methods, under mild and
neutral reaction conditions has been reported, although limited
to a few methods. However, these methods of oxidation involv-
ing the use of CrO; [9], PhI(OAc),/1, [10], TEMPO [11], NHPI
[12], and metal catalysts [13], suffer from serious limitations in-
cluding the use of metal catalysts, high temperature, risk of

explosive hazards, production of large waste, and often low

SO,

yield (Scheme 1c). Thus, an environmentally benign method
that could deliver N-arylsulfonylimines under mild reaction
conditions is highly desirable.

Previously, we reported a tandem oxidative intramolecular
cyclization of N-aryl(benzyl)amines, having an internal nucleo-
phile substituted at the ortho-position in the aniline ring, to
nitrogen heterocycles using potassium persulfate (K,S,0g) as
the exclusive reagent [14]. The mechanistic study revealed that
an initial oxidation to an iminium ion could be the key interme-
diate in the intramolecular cyclization step. In sharp contrast,
when N-aryl(benzyl)amines that do not have an ortho-substi-
tuted nucleophile in aniline ring were used as the substrates in
this reaction, N-arylimines were not isolated. Rather, an amide,
in some cases, was isolated via oxidation of the benzylic methy-

lene to a carbonyl group [14]. In the quest of a new method for
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the synthesis of N-arylsulfonylimines, we questioned ourselves
whether N-(arylsulfonyl)benzylamines would behave similarly
as N-aryl(benzyl)amines under K,S,0g-mediated oxidative
conditions and could provide a platform for the synthesis of
N-arylsulfonylimines.

To this endeavor, we have developed a method for the synthe-
sis of N-arylsulfonylimines from N-(arylsulfonyl)benzylamines
using K,S,0g in the presence of pyridine as a base. The key
findings include a) requirement of a mild base for the forma-
tion N-arylsulfonylimines, and b) stability of N-arylsulfonylim-
ines, unlike N-arylimines, under the oxidative conditions.
Further, to demonstrate the scope and applicability of this ap-
proach, a gram-scale synthesis and a “one-pot” tandem synthe-
sis of pharmaceutically relevant N-heterocycles by the reaction
of in situ-generated N-arylsulfonylimines with various ortho-
substituted anilines were also developed. The mechanism of the
oxidation is believed to occur via hydrogen atom abstraction
(HAT) followed by single electron transfer (SET) enabled by
the sulfate radical anion (SO4 7).

Results and Discussion

Initially, we investigated the reaction of N-benzene-
sulfonyl(benzyl)amine (1a) as a model substrate with K,S,Og
in MeCN at 80 °C for 12 h, conditions that were used earlier in

our previous study [14]. Unfortunately, no product formation

Table 1: Optimization of reaction conditions.?

N

Beilstein J. Org. Chem. 2023, 19, 771-777.

was observed under these conditions, while substrate 1a
remained unreacted (Table 1, entry 1). When the solvent was
changed to H,O, a trace quantity of product formation was ob-
served (Table 1, entry 2). To our surprise, when 2 equiv of pyri-
dine were used as an additive along with the oxidant K»S,Og in
MeCN, the desired product N-benzenesulfonylimine 2a was ob-
tained in 90% yield (Table 1, entry 3). Subsequently, we carried
out further optimization studies by changing the additive, sol-
vent, temperature, and reaction time to obtain the best possible
yield of the product 2a (Table 1). Interestingly, when duration
of the reaction was reduced to 1 h, product 2a was obtained in
96% yield with complete conversion of substrate 1a (Table 1,
entry 4). Further shortening the reaction time to 30 min resulted
in the formation of 2a also in 96% yield (Table 1, entry 5).
Lowering the temperature to 60 °C had a deleterious effect
(Table 1, entry 6). Likewise, reducing the stoichiometry of pyri-
dine to 1 equiv proved detrimental (Table 1, entry 7). Replacing
pyridine with other organic and inorganic bases such as Et3N,
DBU, DABCO or K,CO3 also gave product 2a, however, in
varying yields (Table 1, entries 8—11). While replacing the sol-
vent MeCN with DCE delivered 2a in 89% yield, and a
dramatic reduction in the yield of 2a was observed when H,O
was used as the solvent (Table 1, entries 12 and 13). Therefore,
the conditions listed in entry 5 of Table 1 were chosen as the
best conditions for further evaluating the substrate scope.

Unlike the oxidation of N-aryl(benzyl)amines to N-arylimines

\ /s

S\N K2S20g S\N/
©/ H/\© additive, solvent, ©/ @
1a temp. 2a

Entry Additive (equiv) Solvent Temp. (°C) Time (h) Yield (%)b
1 - MeCN 80 12 n.d.
2 - H-O 80 12 trace
3 pyridine (2) MeCN 80 12 90
4 pyridine (2) MeCN 80 1 96
5 pyridine (2) MeCN 80 0.5 96
6 pyridine (2) MeCN 60 1 40
7 pyridine (1) MeCN 80 1 80
8 EtsN (2) MeCN 80 1 60
9 DBU (2) MeCN 80 1 92
10 DABCO (2) MeCN 80 1 90
11 K2COs3 (2) MeCN 80 1 75
12 pyridine (2) DCE 80 1 89
13 pyridine (2) H-O 80 1 20

4Reaction conditions: 1a (0.25 mmol), K2S>0g (0.5 mmol), additive (0.5 mmol) in solvent (1 mL) at 80 °C for the specified period of time. n.d. = not

detected. Plsolated yield.

773



using K»S,0Og in the presence or absence of a base is unsuccess-
ful, the oxidation of N-arylsulfonyl(benzyl)amines 1a to imines
2a was achieved under the optimized conditions. Distinctly, the
use of a base is the key to success in this oxidation. Perhaps
more importantly, the stability of N-benzenesulfonylimine 2a,
unlike N-arylimines, under the oxidative conditions is note-
worthy.

With the optimized reaction conditions in hand (Table 1, entry
5), we further investigated the substrate scope for the above
transformation (Scheme 2). A limited variety of N-(arylsul-
fonyl)benzylamines 1a—m carrying substitutions on the aromat-
ic rings was examined. Firstly, N-(arylsulfonyl)benzylamines
having substitution(s) on one or both rings delivered the N-aryl-
sulfonylimines 2a—h in 80-96% yield. The presence of a disub-
stitution in 1i gave product 2i in 78% yield. Replacing phenyl
with naphthyl in N-(arylsulfonyl)benzylamines 1j and 1k
resulted in the formation of N-arylsulfonylimines 2j and 2k also
in very good yield (82-84%). Interestingly, when the arylsul-
fonyl group was replaced by methylsulfonyl, as in substrate 11,

Beilstein J. Org. Chem. 2023, 19, 771-777.

the desired N-sulfonylimine 21 was obtained in 90% yield under
the optimized reaction conditions. However, an attempted syn-
thesis of N-arylsulfonylketimines was unsuccessful. Thus,
N-(arylsulfonyl)benzylamine 1m having a phenyl substituent at
the benzylic position gave benzophenone in 80% yield with a
trace of N-benzenesulfonylketimine 2m under the optimized
reaction conditions. Likewise, N-(arylsulfonyl)benzylamine 1n
having a methyl group present at the benzylic position gave
product 2n only in a trace quantity. To demonstrate further the
scalability of the developed protocol, we carried out a gram-
scale synthesis of 2a from 1a under the optimized reaction
conditions. A complete conversion of substrate 1a was ob-
served within 2 h under the optimized reaction conditions
giving the product with an isolated yield of 92%.

Furthermore, to demonstrate the synthetic utility of the de-
veloped protocol, a tandem “one-pot” synthesis of N-hetero-
cycles was successfully executed (Scheme 3). Thus, exposition
of substrates 1 under the optimized reaction conditions fol-

lowed by the addition of ortho-substituted anilines 3 and

), [ K5S,05 (2 equiv) O\\ //O
N S. =~
Art H/\Arz pyridine (2 equiv) AT INT AR
MeCN, 80 °C, 0.5 h
1 2
%P %P %P %P
SRACESCRACEOAA U GIASN
= ~
O

2a, 96% (92%)? 2b, 94% 2c, 95% 2d, 92%

O\\s//o _ O\\ /,O O\\ /p O\\S//O _

sgaciicissiiicuascioane
cl ~o . Ph
2e, 80% 2f, 82% 2g, 80% 2h, 84%
% 0,0
S\N/ AN O\\Slp P \\S// _ \\S/, _
| P | X \N/\© \N/\(j HaC” \N/\©
F
= =

Cl H 0, H 0,

2I, 78% 2], 82% 2k‘ 84% 2|’ 90%

QL0
| X S\N/ O/
=

80%

2m, trace

2.0
Ol
=

2n, trace

Scheme 2: Substrate scope for the synthesis of N-arylsulfonylimines. Reaction conditions: 1a (0.25 mmol), K2S20g (0.5 mmol), pyridine (0.5 mmol) in
MeCN (1 mL) at 80 °C for 0.5 h. Yields refer to isolated compounds. 28Gram-scale synthesis (1a, 5 mmol).
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NH,
3 (1.2 equiv)

(X = CONH, CH,NH,
SH, NH, OH, etc.)

X,
©:N3\Ar2
4

O O

4c, 84% 4d, 82%

O 0

4f, 35%

49,0 %

Scheme 3: Tandem “one-pot” synthesis of N-heterocycles. Reaction conditions: 1a (0.25 mmol), K2S>0g (0.5 mmol), and pyridine (0.5 mmol) in
MeCN (1mL) at 80 °C for 0.5 h followed by the addition of 1 equiv of KoS2Og and the corresponding ortho-substituted anilines 3 (1.2 equiv) and stir-

ring at 80 °C for 2 h. Yields correspond to isolated products.

K5S,0g (1 equiv) and heating the reaction mixture at 80 °C for
2 h furnished the desired N-heterocycles 4. Thus, treatment of
substrate 1a under the standard conditions, followed by reac-
tion of the intermediate N-benzenesulfonylimine 2a with
2-aminobenzamide in one-pot gave 2-phenylquinazolin-4(3H)-
one (4a) in 86% yield. Similarly, the reaction of the intermedi-
ate product 2¢ and 2-aminobenzamide gave 2-(p-tolyl)quina-
zolin-4(3H)-one (4b) in 85% yield.

Furthermore, when various other ortho-substituted aniline de-
rivatives such as 2-aminobenzylamine, 2-aminothiophenol, and
o-phenylenediamine are reacted with imine 2a in a similar
manner, the corresponding N-heterocycles 4c—f were obtained
in good to moderate yield. However, the reaction with 2-amino-
phenol did not give the corresponding cyclized product 4g. This
could be possibly due to the poor nucleophilicity of the ortho-
OH group in 2-aminophenol thereby restricting the intramolecu-
lar nucleophilic addition and as a result the corresponding
cyclized product is not formed. The synthesis of these nitrogen
heterocycles signifies the innate ability of in situ-generated

N4

TEMPO (3 equiv)
K5S,04 (2 equiv)

N-arylsulfonylimines in a variety of reactions with various
ortho-substituted anilines without the need for pre-isolation or
purification.

Next, in order to determine whether the reaction proceeds via a
radical pathway, we performed a control experiment. When
substrate 1a was treated with the radical scavenger TEMPO
under the optimized reaction conditions, the formation of prod-
uct 2a was completely suppressed (Scheme 4). This confirms

that the reaction proceeds via a radical pathway.

Based on the literature [15,16], our previous experience
[14,17,18], and current understanding, a plausible mechanism
for the benzylic oxidation is depicted in Scheme 5. Initially, a
sulfate radical anion (SO4 ™) is generated by homolytic cleavage
of the peroxy linkage under heating conditions [17]. The hydro-
gen atom is abstracted from the benzylic position of 1 by SO4 ™,
generating benzylic radical 1aa [14-16]. A single electron
transfer (SET) could subsequently occur from laa to form the
reactive species 1ab. Finally, the base abstracts the activated

N

S N
Ho |l
=

1a

Scheme 4: Control experiment with TEMPO.

pyridine (2 equiv)
MeCN, 80 °C, 1 h

o0

2a, n.d.
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NH proton to produce imine 2. The dual role of SO4~ involv-
ing HAT and SET is proposed in this plausible mechanism,

which requires further investigation.

o0 H HAT Y

/S\ /I\ 2 fS\ /’\ 2
Arl” N” TAr Art N Ar

H ’ H

1 SO4 HSO4_ 1aa
s0;”
8042_

o O -—— o 0O

N _ \\/,@
Ar1,S\N/\Ar2 /\“ ArrS\N&\ArZ

BH B M

2 1ab

Scheme 5: Plausible mechanism for the KoS,Og-induced oxidation of
N-(arylsulfonyl)benzylamines.

Similarly, a plausible mechanism for the one-pot synthesis of
N-heterocycles is shown in Scheme 6. Initially, the N-arylsul-
fonylimine 2, generated in situ from the corresponding N-(aryl-
sulfonyl)benzylamine 1, undergoes transimination with the
ortho-substituted aniline 3 to form imine 3ab via 3aa. Subse-
quent intramolecular nucleophilic addition in imine 3ab
produces intermediate 3ac, which upon oxidation delivers the
desired N-heterocycle 4.

Conclusion
In conclusion, we have developed a complementary approach to
the currently available methods for the oxidation of N-(arylsul-

fonyl)benzylamines to N-arylsulfonylimines using K,S,Og and

Beilstein J. Org. Chem. 2023, 19, 771-777.

pyridine as a base. While N-arylimines are difficult to prepare
by the oxidation of N-aryl(benzyl)amines using K,S,Og,
N-arylsulfonylimines are successfully prepared and are quite
stable under the oxidative conditions. In addition, we demon-
strated a “one-pot” tandem synthesis of pharmaceutically rele-
vant N-heterocycles through the reaction of in situ-generated
N-arylsulfonylimines with ortho-substituted anilines. The key
features including the use of a green oxidant, a short reaction
time, chromatography-free isolation, and scalability mark a
distinction from the contemporary methods. Although we
propose a dual role for SO4~ involving both hydrogen atom
abstraction (HAT) and single electron transfer (SET), further in-
vestigation of the mechanism would enrich our understanding

of persulfate-mediated oxidative reactions.
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Pyridine is a crucial heterocyclic scaffold that is widely found in organic chemistry, medicines, natural products, and functional ma-

terials. In spite of the discovery of several methods for the synthesis of functionalized pyridines or their integration into an organic

molecule, new methodologies for the direct functionalization of pyridine scaffolds have been developed during the past two

decades. In addition, transition-metal-catalyzed C—H functionalization and rare earth metal-catalyzed reactions have flourished over

the past two decades in the development of functionalized organic molecules of concern. In this review, we discuss recent achieve-

ments in the transition-metal and rare earth metal-catalyzed C—H bond functionalization of pyridine and look into the mechanisms

involved.

Introduction

Pyridine, one of the most important azaheterocyclic scaffolds, is
found in a diverse range of bioactive natural products, pharma-
ceuticals, and functional materials [1-10]. Due to its different
characteristics such as basicity, stability, water solubility, small
molecular size, and ability to form hydrogen bonds, pyridine
continues to be a suitable moiety in organic synthesis. In addi-

tion, it has been observed that pyridine rings serve as

bioisostere for aromatic rings, amines, amides, and N-contain-
ing heterocycles. Due to the aforementioned qualities, numer-
ous U.S. FDA-approved medications have pyridine scaffolds in
their molecules (Figure 1).

In this context, the synthesis of the pyridine motif is always

there in trend. Many pyridine syntheses have relied on the con-
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Figure 1: Representative examples of bioactive natural products and FDA-approved drugs containing a pyridine moiety.

densation of carbonyl compounds and amines for a very long
time [11]. The classical methods for the synthesis of functional-
ized pyridine include the Hantzsch pyridine synthesis and the
Bohlmann—Rahtz synthesis (Scheme 1a and b). Furthermore, al-
ternative methodologies are being developed for the synthesis
of functionalized pyridines or its integration into an organic
molecule [12-20]. Although classical organic synthesis is
incredibly effective, it frequently requires the prefunctionaliza-
tion of substrates and involves stoichiometric waste.

The challenges associated with the functionalization of pyri-
dine are based on the low reactivity of the pyridine ring system
for undergoing substitution reactions. This is attributed to the
electron-deficient nature of the ring system due to the presence
of the sp%-hybridized nitrogen atom. In addition, the lone pair

electrons of the nitrogen atom interact with Lewis acids instead

of the m-electrons of the ring system thus resulting to its reduced
reactivity for electrophilic aromatic substitution reactions, such
as a Friedel-Crafts reaction [21-23]. Hence, it is challenging to
functionalize a C—H bond in pyridine with traditional chemical
transformations. On the other hand, intriguing developments
have been made for the functionalization of inert C—H bonds in
organic synthesis during the past two decades. In this regard,
the transition-metal-catalyzed C—H functionalization has made
its way towards the synthesis and functionalization of various
complex organic molecules [24-31]. In addition, rare earth
metal-catalyzed C-H functionalization reactions have been
known for a few decades, however, they received growing
interest only recently [32-34]. Thus, diversely functionalized
pyridines have been synthesized via C—H activation under tran-
sition-metal and rare earth metal catalysis, including C—H alkyl-

ation, alkenylation, arylation, heteroarylation, borylation, etc.

821



Beilstein J. Org. Chem. 2023, 19, 820-863.

(1) synthesis of functionalized pyridines: classical approaches for functionalized pyridine

(1a) Hantzsch pyridine synthesis

(1b) Bohlmann-Rahtz pyridine synthesis
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Scheme 1: Classical and traditional methods for the synthesis of functionalized pyridines.

Recently, metal-free approaches have also been developed for
the C—H functionalization of N-heterocycles [35-39]. However,
due to the vastness of reports on C—H functionalizations of
N-heterocycles, in this review we have summarized recent
progress (from year 2010 to 2023) in the C-H functionalization
of the pyridine ring only. Herein, we discuss transition-metal as
well as rare earth metal-catalyzed directed and undirected, prox-
imal as well as distal pyridine C(sp?)-H bond functionaliza-
tions in detail under different types of reactions. Further, this
review excludes the use of pyridine as a directing group for
C-H functionalizations and the C-H functionalization of fused
pyridines.

Review
C-H Alkylation of pyridine

The C—H bond is the backbone of an organic molecule and the
conversion of a C—H bond to a C—X bond (X = carbon or
heteroatom) forms the basis in organic synthesis. The functio-
nalization of C-H bonds is challenging due to a large kinetic
barrier for C—H bond cleavage and also achieving selectivity is

difficult due to its ubiquitous nature [40]. The metal-catalyzed

C-H bond functionalization is a good strategy for synthesizing
highly functionalized organic frameworks. In this context, the
C-H alkylation is one of the most important C—C bond-forma-
tion reactions [41-45]. On the other hand, a metal-catalyzed
functionalization of arene/heteroarene C—H bonds to the corre-
sponding C—C bonds is an area of great interest and has been
well studied [46,47]. Pyridine, being an important heterocyclic
scaffold, various studies have been conducted for the C(spz)—H
alkylation of the pyridine ring. In this part, we describe pyri-
dine C-H alkylation reactions sub-sectioning based on the posi-
tion of the alkylation reported.

ortho-C—H Alkylation

Inspired by the pioneering work of Jordan and co-workers [48]
on the ortho-selective C—H alkylation of 2-picoline with
propene using a cationic zirconium complex under a Hj
atmosphere in 1989 and the work done by Bergman and
Ellmann [49] in 2010 for the ortho-C-H alkylation of
pyridines under Rh(I) catalysis at high temperature, in 2011
Hou and Guan reported an atom economical method

for the selective ortho-alkylation of pyridines by C-H
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addition to olefins under cationic half-sandwich rare-earth
catalysis [50]. They carried out the reaction in the presence
of dialkyl complexes of scandium (Sc) or yttrium (Y) such as
(CsMes)Ln(CH,CgH4NMe;-0); (Ln = Sc, Y) in combination
with B(CgF5)3 as an activator. The method demonstrated a wide
substrate scope of both pyridines and olefins including
a-olefins, styrenes, and conjugated dienes. The yttrium com-
plex was found to be superior as compared to the scandium
complex for the alkylation reaction of bulkier 2-tert-butylpyri-
dine with ethylene. In addition, the yttrium catalyst was also
found to have a higher catalytic activity for the ortho-alkylation
of pyridines with styrenes to give the linear alkylated products
(5b,c, Scheme 2). Further, the authors proposed that the C-H
bond activation could be the rate limiting step based on kinetic
isotope experiments (KIE). The proposed mechanism involves
the coordination of pyridine to the metal center of the cationic
catalyst and B(C¢Fs)3 promotes the ortho-C—H activation (de-
protonation) of pyridine to afford pyridyl species 6. Next, the

Beilstein J. Org. Chem. 2023, 19, 820-863.

2,1-migratory insertion of alkene 2 into the metal—pyridyl bond
in 6 gives the intermediate 7, which on subsequent deproton-
ation gives the branched alkylated product 4. Whereas, in case
of styrene 3 a 1,2-insertion takes place possibly due to the for-
mation of the stable benzallylic species 8, which on deproton-
ation gives the linear alkylated product 5.

The C-H activation/C—C cross-coupling reaction with 1° alkyl
electrophiles has been known in the past, however, the C-H
alkylation with nonactivated secondary (2°) alkyl electrophiles
and tertiary alkyl electrophiles was little known. In this context,
in 2013, Fu and co-workers came across an unexpected finding
with Pd-catalyzed C-H activation/C—C cross-coupling of pyri-
dine N-oxides with nonactivated secondary (2°) alkyl bromides
[51]. The cross-coupling is difficult to achieve as the Pd-cata-
lyzed SN2 process is sensitive towards the steric bulk of the sec-
ondary or tertiary alkyl electrophiles. The optimized conditions
for the ortho-alkylation of pyridine N-oxides 9 with nonactivat-

A) H,C=CH, (1 equiv R" R?
2 2 (1 equiv) 3 =/ (1equiv) R
R N (a) C5M€5SC(CH2C6H4NM62-O)2 R N\ H (b) C5Me5Ln(CHzCeH4NMez-o)2 R N R2
\EjA (2 mol %) U (4 mol %) m/\\
PZ = PZ
B(CeF5)3 (2 mol %) B(CgF5)3 (4 mol %),
toluene, 70 °C 1 toluene, 70 °C 5, 13 examples

(1 equiv)

R'/R2 = alkyl/aryl

C4Hg

Et N R
N e e FS S
% = %% Pz =

4a, R = Me, 98%? 4d, 96%? 4e, 86%2 5a, 95%P 5b, R = Ph, 94%P
4b, R = Et, 99%2 [Ln = Sc] [Lh=Y] X
4c, R = iPr, 96%? 5¢c, R = p-MePh, 99%
[Lh=Y]

B) proposed mechanism [Cp*LnR]*

N.__H

| N R-H
=
1
Cp* R? styrene
Ln---N"3 _i L SN- L cpr
) — — 3 i
migratory 1,2-insertion Z
R 7 insertion 6 8
R .
deprotonation N N Ph | deprotonation
| X Me | =
_— =
branched
product 4,R=H 5 linear product
5, R = alkyl

Scheme 2: Rare earth metal (Ln)-catalyzed pyridine C—H alkylation.
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ed secondary (2°) alkyl bromides 10 required 5 mol % of the
Pd(OAc),dppf catalyst, Cs,COj3 (2.0 equiv) as base in toluene
at 100 °C as shown in Scheme 3. Under these conditions, the
reaction provided diverse 2-alkylpyridine derivatives 11 in
moderate to good yields starting from both cyclic and acyclic
alkyl bromides. The findings of the reaction’s stereochemistry
and observations made during some cyclization or ring-opening
reactions indicated that the C—H alkylation may proceed
through a radical-type mechanism. Next, in 2013, Wang and
co-workers [52] reported a protocol using Cul (10 mol %) as
inexpensive catalyst and LiO#-Bu (3.5 equiv) as the base for the
C-H alkylation of N-iminopyridinium ylides 12 with N-tosylhy-

Beilstein J. Org. Chem. 2023, 19, 820-863.

drazones 13 showing good substrate scope for both coupling
partners (Scheme 4). A substituent on the aromatic ring of the
tosylhydrazones did not significantly affect the C—H alkylation
reaction and the reaction also proceeded well with hydrazones
13 obtained from aliphatic aldehydes or ketones. Based on
mechanistic experiments and DFT calculations, the reaction
presumably proceeds via a Cu—carbene migratory insertion
(Scheme 4b). In the presence of Cul and the base the initial
direct C-H activation of the ylide 12 gives the copper pyri-
dinium ylide 15. The latter reacts with the diazo compound
formed through reaction of hydrazone 13 with the base to give
the copper—carbene species 16. Then, the intermediate 16

J\/ j Pd(OAc),dppf (5 mol %) | A
R E‘/ oo R1-Br Cs,CO03 (2 equiv) R ':‘Ll/ R
o toluene, 100 °C, 12 h o
9 10 ) 11, 25 examples
(1 equiv) (1 equiv) R! = alkyl
L G o
+_ . E +_
PR"ONT"Cy  me N t me” N
9 O Me 0 0
11a, 61% 11b, 70% 11c, 74% 11d, 70%
Scheme 3: Pd-catalyzed C—H alkylation of pyridine N-oxide.
A) X Cul (20 mol %)
| . NNHTs  LiOt-Bu (3.5 equiv) B
N H + +_ R?
' R” TR! .
NBz toluene, 90 °C, 5-8 h NB R
- V4
12 13 -
(1 equiv) (2 equiv) 14, 21 examples

R/R" = alkyl, aryl

N
+/ +/ +/ | + -
N

NBz Me NBz n-Pr

14a, 76%

B) plausible mechanism

13 + LiOt-Bu
X j

1
+/ (YR

Cu—1I

u
£ ¢
Ph Ph
15 16

14b, 68%

NBz Me l:le

t-Bu

14c, 82% 14d, 71%

X X
s () Pt G e
migratory N/ R' protonation N
insertion ll\l - Cu- IEIBZ R

Y=o
Ph 46 14

Scheme 4: Cul-catalyzed C—H alkylation of N-iminopyridinium ylides with tosylhydrazones (A) and a plausible reaction mechanism (B).
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undergoes a Cu—carbene migratory insertion giving intermedi-
ate 16°, which upon protonation gives the desired alkylated
product 14.

Later, in the year 2018, Yao and co-workers [53] developed the
first example of a group 4 metal-based catalyst protocol for the
C-H alkylation of pyridine 1 with alkenes 18 and 20 as cou-

Beilstein J. Org. Chem. 2023, 19, 820-863.

pling partners. They demonstrated that the reaction in the pres-
ence of cationic zirconium complexes derived from zirconium
dibenzyl complexes bearing tridentate [ONO]-type amine-
bridged bis(phenolato) ligands and [Ph3C][B(CgF5)4]
(Scheme 5), gave rise to ortho-selective C—H alkylated
pyridines 19 and 21. It was observed that the cationic Zr com-
plexes provided good transformations, probably due to good

A)
1
1
17 17 Me ' tB tB
Ar N H u u
R IN\ [PhsCI(B(CeFs)al U [PhsCI[B(CeFs)] R |N\ n8u!
Z PhCI, 100 °C " PhCl, 100 °C ~ ! !
19 1 t-Bu | tBu
Ar\/ M 21 ! /Zr\
1
\ Bn Bn
18, (2 equiv) 20, (2 equiv) X 17
1
1
R |
| Me Me Me Me
1
Me N\ : Et | N\ n-Bu Pr | N\ n-Bu Ph | N\ n-Bu Br | N\ n-Bu
| 19a, R = Me, 96%
’ ’ = = = =
7 19b, R = t-Bu, 99% |
19 19¢c,R=F,89% | 21a, 99% 21b, 99% 21¢c, 97% 21d, traces
1

19d, R =Cl, 81%

B) proposed mechanism

tBu

1
coordination
hydrolysis
hyarolysis 19
/Zr i

t-B
Y / Z —
22

migratory
Insertion

t-Bu
20
migratory
Insertion

Scheme 5: Zirconium complex-catalyzed pyridine C—H alkylation.

o/-zr

linear product

t-Bu © t-Bu

hydrolysis
hyarolysis 21

branched product
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accessibility of the coordination site and an increased Lewis
acidity of the metal center. The authors also demonstrated that
this catalytic system also catalyzes the alkylation of benzylic
C-H bonds (C(sp3)-H) of various dialkylpyridines with
alkenes. It is to be noted that the ligands’ backbones were found
to be crucial for the regioselectivity of the addition to benzylic
C(sp)-H bonds, as N-arylamine-bridged bis(phenolato) Zr
complexes provided branched products whereas N-alkylamine-
bridged bis(phenolato) Zr complexes provided the linear addi-
tion products. The proposed mechanism (Scheme 5b) involves
the initial formation of Zr complex 22 through the reaction of
neutral Zr complex 17 with [Ph3C][B(CgFs)4], which on coordi-
nation with the pyridine resulted in the formation of the 3-mem-
bered zirconacyclic intermediate 23. The migratory insertion of
the alkene into the metal-C bond of 23 gives the intermediate
24a on reaction with styrene 18 and intermediate 24b in the
presence of alkene 20. The intermediates 24a and 24b then
undergo further hydrolysis to give the desired linear products 19
and branched products 21, respectively.

In the same year, Tsurugi and Mashima reported the use of rare
earth metal complexes for the insertion of nonpolar unsaturated
substrates (C=N) into the ortho-C-H bond of pyridine deriva-
tives [54]. They carried out the C—H aminoalkylation of
pyridines 1 using yttrium complex 26 with nonactivated imines
25 (Scheme 6). The authors also demonstrated the enantioselec-

tive aminoalkylation, using chiral diamines as ligands. The

Beilstein J. Org. Chem. 2023, 19, 820-863.

introduction of chiral diamines in the metal complex produced
the aminoalkylated products enantioselectivity with good ratio
of enantiomeric excess. The plausible mechanism involves the
formation of (dibenzylamido)yttrium complex 28 by the reac-
tion of yttrium complex 26 with HNBn;. Then o-bond metathe-
sis between the Y-N bond of 28 and the ortho-C—H bond of
pyridine gives n2-pyridyl species 29 which on imine insertion
produces species 30. Subsequent protonation then provides the
aminoalkylated product 27 (Scheme 6b).

The selective C-H monoalkylation of pyridines with alkenes is
a challenging task. Most ortho-C—H alkylation reactions have
been achieved starting from C2-substituted pyridines. There are
a few studies reported for the selective C—H monoalkylation of
unsubstituted pyridines, which, however, displayed limited sub-
strate scope [55,56]. In this regard, in 2021, Nakao and
co-workers [57] reported a selective C2-monoalkylation of 2,6-
unsubstituted pyridines with alkenes 31 using a hetero-
bimetallic Rh—Al catalyst. The reaction provided the linear
product 32 with aliphatic alkenes 31, whereas vinylarenes pro-
duced the branched product 33 and also alkenylated products
34. The reaction gave excellent yields of the ortho-alkylated
products with good functional group tolerance (Scheme 7).

The C-H functionalization of pyridines through action of differ-
ent catalyst systems including transition metals and rare earth

metals has been described and some other organometallic

A) !
I
[ Ar—N._, .N-Ar
N Ey 26 (10 mol %), HNBn (10 mol %) Y v THE < THE
< | T ] RN s
Cy CegDg, 100 °C, 24 h Cy ! 26
! e
1, (1equiv) 25, (2 equiv) 27 26, Ar=2,6-PraCefs
I
X
X C Y | Cy =
| A [P N N I
~ N\
PR N N ! & BN ~Cy
Cy  MeO Y FC Cy
27a, 88% 27b, 81% 27c, 60% 27d, 66%
B) proposed mechanism R
_ Ar—N._ _N-Ar
Ar—N._ N— Z
yttrium Sy TA N THE"T™N-R!
N. N THF % |
complex26 ___, ArTN. N=Ar N rotonaton 21
+ lllB'r:l ; imine insertion  o_ protonation
HNBn, 2 THF  HNBn, \ \ /
28 C—H activation — %0
N = 2-substituted pyridine 1 29

Scheme 6: Rare earth metal-catalyzed pyridine C—H alkylation with nonpolar unsaturated substrates.
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. - N bph
Si] = SiMe(OSiMe ! 2
[Si] ( 3)2 | Rh_Al ]

Scheme 7: Heterobimetallic Rh—Al complex-catalyzed ortho-C—H monoalkylation of pyridines.

systems also were shown to have catalytic reactivity. Adopting
this catalytic reactivity of organometallics and also the special
bidentate nature of phosphinoamide ligands, in 2021, Chen and
group [58] described the catalytic ortho-C(sp?)—H functionali-
zation of pyridines with polar imines 35 and nonpolar alkenes
37 by using mono(phosphinoamido)-ligated rare earth com-
plexes (NP2-Gd and NP1-Sc) as shown in Scheme 8. Complex
NP2-Gd was found to be effective in the functionalization of

pyridines with imines providing various ortho-aminoalkylated

NP2-Gd (10 mol %),

R R! NH(SiMe3)2 (10 mol %),
Rt P + | NHBn; (10 mol %),
N” H N
100 °C, toluene
1, (1 equiv) 35, (2 equiv)
< 3 4 NP1-Sc (4 mol %),
R .+ RLF B(CoFs)s (4 mol %),
N~ H
100 °C, chlorobenzene
1, (1 equiv) 37, (4 equiv)

products 36 whereas ortho-alkylated pyridine derivatives 38
were obtained when using NP1-Sc as the catalyst (Scheme 8).

Attributing to the strong coordination of unsubstituted pyridine
with Rh(I) catalysts, C—H alkylations of pyridine lacking ortho-
blocking groups is a challenge. In this context, a regioselective
alkylation of ortho-unsubstituted or substituted unactivated
pyridines with acrylates and acrylamides under Rh(I) catalysis

has been demonstrated by Ellman and co-workers [59]. The

R

N R*

38, 23 examples

Scheme 8: Mono(phosphinoamido)-rare earth complex-catalyzed pyridine C—H alkylation.
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authors observed that in the presence of [Rh(cod)Cl], as cata-
lyst, dppe as ligand, and potassium pivalate (KOPiv) as base,
linear C—H-alkylated products 40 were obtained from both acry-
lates and acrylamides in moderate to high yields (Scheme 9,
reaction conditions a). However, when K3PO,4 was employed as
the base under otherwise identical conditions, the authors ob-
served a switch in regioselectivity and branched products 41
were obtained with acrylamides as coupling partners
(Scheme 9, reaction conditions b). Thus, the authors demon-
strated a switch in regioselectivity (linear/branched) which was
controlled exclusively by the base used. During further investi-
gations the authors found that the use of ligand dArFpe at
reduced reaction temperature resulted in a significant increase
in the yield of the branched alkylated product 41 (Scheme 9,
reaction conditions c¢) compared to using the ligand dppe

(Scheme 9, reaction conditions b). Moreover, when ethyl meth-
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acrylate was used as the coupling partner under the reaction
conditions c, branched alkylated products 41’ were obtained
selectively in high yields (Scheme 9). A high functional group
tolerance was observed in both linear and branched alkylated
products.

It is known that the strong coordination of the nitrogen atom in
pyridine rings with metals inhibits the metal—chiral ligand coor-
dination, thus making the C—H alkylation of pyridine substrates
challenging. In addition, transition-metal-catalyzed enantiose-
lective C—H alkylation reactions of pyridine still remain a great
challenge. In this regard, in 2022, Ye and co-workers [60] re-
ported for the first time an enantioselective C-2 alkylation of
pyridine using a chiral phosphine oxide-ligated Ni—Al
bimetallic catalyst system and the protocol was found effective

for a wide range of pyridines including unsubstituted pyridines,

Z EWG
. . A . .
39 (4 equiv) R1©\/\ linear i reaction conditions
reaction N EWG products |
conditions (a) EWG = CO,R. CONR | (@) [Rh(cod)Cl]5 (5 mol %),
S 2 ' dppe (12.5 mol %),
40 | KOPiv (25 mol %),
| toluene (0.6 M), 190 °C (MW), 5 h
Vo Z>CONR, (4 equiv) I
R branched | (b) [Rh(cod)Cl], (5 mol %),
N” H reaction conditions products dppe (12.5 mol %),
(b) or (c) I K3PO4 (25 mol %),
' toluene (0.6 M), 160 °C (MW), 5 h
|
I
)\ (4 equiv) , (¢) [Rh(cod)Cl], (5 mol %),
COEt branched 1 gArFpe (12.5 mol %),
reaction OEt products ! K3POy4 (25 mol %),
I

conditions (c)

toluene (0.6 M), 120 °C, oil bath, 24 h

linear products

0" CF;

Et0,C._~ LN

» »
N CO,Et N CO,Et

40a, 77%? 40b, 60%2
FaCol
T
N CONMe;

40c, 61%?2

branched products

N O
P
N

)
N
F3C x o
L
NMe, N NMe,

41a, 65%P, 94%° 41b, 28%, 98%°

F3C | X
= CO,Et
N 2
41'a, 91%°

Scheme 9: Rhodium-catalyzed pyridine C—H alkylation with acrylates and acrylamides.
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C2, C3 and C4-substituted pyridines and complex pyridines
containing bioactive molecules (Scheme 10). To attain enantio-
selectivity a chiral phosphine oxide (43)-ligated Ni-Al
bimetallic catalyst was used that was critical in improving the
reactivity and controlling the selectivity of the reaction. Further,
based on deuterium labelling experiments, KIE studies, and
DFT calculation, a plausible mechanism (Scheme 10b) has been
proposed. Initially, a reversible ligand-to-ligand H-transfer
process occurs for C—H activation between the intermediates 46
and 47. Next, isomerization of the n'-allyl complex 47 forms
the n3-allylic nickel complex 48, which on reductive elimina-
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tion delivers the desired product 44 via the intermediate 49
(Scheme 10b). It was proposed that the enantioselectivity was
mainly due to the C-C reductive elimination of the R-pathway,

which is lower in energy than the S-pathway.

Remote C—-H alkylation

Several remarkable studies have been reported for proximal
C-H functionalizations in pyridine substrates under different
catalytic systems. However, the intermolecular undirected distal
C-H functionalization in pyridine remained unstudied. In these
circumstances, the distal C—H alkylation by addition of the pyri-

A) I
=
I
Ni(cod), (10 mol %) \  Ph Q
B 43 (10 mol %) ! —N H
R—( _ + RM I /P\{“
N H AlMe3 (30 mol %) ! Ph N O
toluene, 135 °C |
1, (1 equiv) 42, (1.25 equiv) 44, 49 examples !
: £BU t-Bu
! 43
CH,
Me | AN | AN Me | N Ve
N7 C NN N N
Me Me Me

44d, 68%, 85% ee

Me Me
W
Me\ /Me 7\
Al O N7 |
/
42 O \N/ '";P ™
— | —— (v N\
Nep_ L Lol N
N NI~ H transfer R H
! L = ligand N
_NXR H
(R)-46 (R)-47
Me Me
\/
reductive AL
elimination ’O N= | isomerization
N
/P\ NN
N* N
7
H H
(R)-48

Scheme 10: Ni—Al bimetallic system-catalyzed pyridine C—H alkylation.
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dine C-H bond to an aldehyde 50 under iridium catalysis was
achieved by Shi [61] in 2010 through an unusual meta-selec-
tivity for the first time (Scheme 11a). To achieve meta-selec-
tivity, the group has screened various transition metals and
revealed that a silyl-iridium complex promoted the addition of
meta-pyridyl C—H bonds to aldehydes 50 which resulted in
C3-alkylated pyridines 51. Based on the reactions performed for
the catalytic activity of the silyl-iridium complex, the authors
proposed a catalytic mechanism (Scheme 11b). The mechanism
involves the initial formation of the active silyl-iridium catalyst
A which through oxidative addition of 1 gives the silyl-iridium
complex 52. The insertion of aldehyde 50 into the Ir—Si bond of
52 provides the pyridyl alkyl iridium species 53 that finally by
C-C formation via reductive elimination furnishes the desired
products 51 along with the formation of an iridium hydride

species (Scheme 11b).
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A direct selective C4-alkylation of pyridine has been reported
by the groups of Hiyama [62] (Scheme 12a) and Zhang [63]
(Scheme 12c) in 2010 and 2020, respectively. The Hiyama
group developed a C-4-selective alkylation of pyridines using a
Ni/Lewis acid cooperative catalytic system in combination with
a bulky N-heterocyclic carbene ligand and (2,6-7-Buy-4-Me-
CgH,0),AlMe (MAD) as the Lewis acid which allowed the
direct C-4 alkylation of pyridines 1 (Scheme 12a). With the op-
timized reaction conditions in hand the group also screened the
alkene and pyridine substrate scope which resulted C4-alky-
lated products 55 in moderate to high yields. A possible mecha-
nistic cycle (Scheme 12b) was also proposed, comprising an
initial formation of nz—arenenickel species 56A, which under-
goes oxidative addition to the C(4)-H bond of pyridine to form
intermediate 56B. Next, coordination and migratory insertion of

the alkene provides the intermediate 57 which on subsequent re-

» Ir4(C0)12 (2 mol %) OSiEt;
(\ H 1,10-phenanthroline (4 mol %) N Ar
R +  ArCHO oL
N HSiEts (3 equiv) N/
1 50 PhH, 135°C, 12 h 51
(1 equiv) (3 equiv)
OSiEts OSiEt, oSiEt, oSEn
Ph o
D eSSy e PN e N ol
_ | | ) )
N N .
S1a, 73% 51b, 53% 51c, 55% 51d, 76%
B) proposed mechanism Ir4(CO)o/Phen
HSIEt3
H>

LyIr-SiEts
HSIEts

Lalr-H

reductive
51 elimination

53

L = Phen, CO, and/or SiEt;

Scheme 11: Iridium-catalyzed pyridine C—H alkylation.
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A) Hiyama and co-workers [62]

Beilstein J. Org. Chem. 2023, 19, 820-863.

I
I
H Ni(cod)z (5 mol %), ~ I Me
[ 1 AN 12
@ . R IPr (5 mol %) | _ | Nl N N| > l N
N MAD (20 mol %), R I Bh SiMe
N 54 toluene, 130 °C 55, 14 examples | 3 Nz CO,Me
1 : 55a, 85% 55b, 83% 55c¢, 52%
I
B) proposed mechanism <
NIOL o L Nit—H coordination & \N,—Al _
N IPMi(0) 3 addlidtion migratory o L reductive
| 7 . | /j addidtion | N insertion \/\Ni" elimination
~ —> D ——
N MAD N _ 7’ | |
AI ﬂ 'Tl ﬁ L ﬁ N/
1 Al =\ exclusive at
L=IPr, Al=MAD oA 568 R 57 C4 poition 55

operates also at C2 and C3 position

C) Zhang and co-workers [63]

! N N\ N\
| | | |
H Me ! P = =
NaBEtsH (0.2 mmol) : o
X X
= | BEt3 (1.0 mmol) | Dy ! N Me Me Mo >
x o N~ 5z I |
N THF, 100 °C , 12 h . — £Bu o
1
1 rRCY S 59,54 examples | 595 90%, (90%)*  59b, 55%, (40%)*  59¢, 89%
7 58 | * = NaH instead NaBEtH
D) proposed mechanism H
@ Na+ X
58 R BRs B H
"NaH' +BR; ———— | H B N BR;
oBR3 | P
\ A ‘\ 60 61 N
B \BR3
= A\ "NaH" + BR3
H [ <) N B ]
R hydride Na NY AN Na*
59 transfer | <l | }@
l-’l\ < - Ha »
= BR, R BRs
H H
63 62

Scheme 12: para-C(sp?)-H Alkylation of pyridines with alkenes.

ductive elimination furnishes the C4-alkylated products 55.
Based on the deuterium exchange experiment, the author sug-
gested that the steps involved in the catalytic cycle from 56A to
57 are reversible in nature, which may activate the C2 or C3 po-
sition as well. However, the reductive elimination at the C4-po-
sition was suggested to be irreversible in nature and does not
takes place at the C2 and C3 position. On the other hand, the

Zhang group reported the C4 alkylation of pyridines using
alkenes 58 catalyzed by an organoborohydride (NaBEt3H) and
aided by organoboranes (Scheme 12c). The proposed mecha-
nism (Scheme 12d) involves the formation of the organoborate
intermediate 60 from alkene 58 in the presence of the NaBEt;H
catalyst and the organoborane. Next, the organoborane-acti-

vated pyridine species 61 undergoes an addition reaction regio-
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selectively at the C4 position of the organoborate intermediate
60 delivering the oM-adduct intermediates 62 and 63. Subse-
quently, hydride elimination with the help of the organoborane
gave the desired alkylated product 59 and regenerates the
hydride catalyst.

Further enantioselective pyridine C—H alkylation reactions are
very scarcely reported which specifically include the intramo-
lecular C-H alkylation of pyridine with alkenes at the C3 or C4
positions. Hence, very recently in 2022, Shi and co-workers
[64] adopted an intermolecular process and reported the enan-
tioselective para-alkylation of pyridines with styrenes 64 using
a Ni—Al bimetallic system and NHC ligand 65 through intermo-
lecular hydroarylation with high levels of enantio- and regiose-
lectivity in the alkylated products 66 (Scheme 13). Also, the
authors performed DFT studies revealing the reaction mecha-
nism and supported that the interaction of the NHC aryl part
with trans-styrene was highly important for the reaction to
proceed and for the enantiocontrolled formation of the products.

Alkenylation

The C-H alkenylation is another important C—C bond-forming
reaction. Olefinated organic molecules like vinylarenes play a
significant role as key intermediates in organic synthesis and
are also present in various natural products as well as drug mol-
ecules [65-68]. Though there are traditional methods available
for C-H olefinations they suffer from some disadvantages such
as for example requiring prefunctionalized substrates as in case
of the Heck cross-coupling [69,70]. However, researchers have
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developed various methods for the transition-metal-catalyzed
C(sp?)-H olefination using various types of alkenes as cou-
pling partners [71-73]. This part of the review covers reports for
the alkenylation of pyridine with terminal alkynes, acrylates,
allenes, and alkynes as coupling partners achieving the functio-
nalized C(sp?)—H-olefinated pyridine frameworks via metal ca-
talysis.

ortho-C—H Alkenylation

In 2012, Huang and co-workers [74] disclosed a ligand-free oxi-
dative cross-coupling reaction of pyridine with acrylates, acryl-
amides, and styrenes (Scheme 14). Their preliminary investiga-
tion provided both C2 and C3-olefinated products, with the
C2-selective product 69 as the major product (Scheme 14a).
With the optimized conditions of Pd(OAc); (10 mol %),
AgOAc (3 equiv), PivOH (2.5 equiv) in DMF, the method
showed wide substrate scope and good yields. Based on the ex-
perimental findings the authors proposed a catalytic cycle
(Scheme 14b) which commences with the coordination of Pd(II)
with the pyridine nitrogen to provide intermediate 70. A strong
trans-effect results in the C—H cleavage for the formation of
Pd(II) species 71. Subsequently, insertion of alkene 68 provides
the cyclic Pd(II) intermediate 72 which undergoes B-hydride
elimination to produce the desired product 69.

In the same year, Ramana and Goriya [75] proposed an unex-
pected C-6 (C-2)-propenylation reaction of pyridine in the
presence of allyl bromide (73) and a Ru catalyst using
2-arylpyridines (Scheme 15). Earlier reports described the

2
. Ni(cod); (10 mol %), 65 (10 mol %) R
X R t-BuOK (20 mol %) XN
R1 o+ K\ + | )
N R MAD (1.1 equiv), cyclohexane (0.2 M) Nl ¢ \’/\R R!
, 50 °C, 24 h N R
1 64, (2 equiv) 66 67
Me EtsSi
X X
{ [ CO
7 OMe NP OMe '
66a, 87% 66b, 76% Ar Ar

97:3 er; >98:2 11 96:4 er; >98:2 rr

Me Me
| AN FBU%
N
= OMe N~ OMe
Bn

66¢c, 28%
92:8 er; 86:14 rr

Scheme 13: Enantioselective pyridine C—H alkylation.

Me

ANIPE-type ligands
(Ar = 3,5-xylyl)
65

P4

66d, 49%
92:8 er; 95:5r
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A) Pd(OAc), (10 mol %), R
/j AgOAc (3 equiv) | DA
R AR J\/\
"N H PIVOH (2.5 equiv), N SRt
) o8 DMF, 140 °C, 20 h, O, .
(1 equiv) (0.125 equiv)
R 69a, R = 3-F, R! = CO,Bu, 73%

.
NV

B) plausible mechanism

69b, R = H, R! = CO,t-Bu, 60%
69c, R = 3,5-diMe, R' = CO,Bu, 59%
69d, R = 3-NO,-6-OMe, R =

Me\(\
| NMCOgBu

69, 65%, (C2/C6 = 1:1)

CO,Bu, 37%

N0
R W e W,
Pd(ll) ———— Pdl
coordination Py’Pd'O 5 Py
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P
2 Ag(l) alkene /6 5 R’
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69 Pd"
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o
Scheme 14: Pd-catalyzed C2-olefination of pyridines.
X [{RuCly(p-cymene)},] (2.5 mol %) J|\/\
| _ + /\/Br PN~
R™ N7 H K,COj (2 equiv), AACO,H (0.3 equiv) R™ °N
toluene, 120 °C, 15-18 h
1 73 74, 16 examples
(1 equiv) (5 equiv)
O A~
X = |
| AP~ N | N \N ~ |
R‘l_'/\ N N X N
K/ Cl N OBn
C c'
74a, R' = p-Me, 63% T4c, 66% 74d, 61% T4e, 22%

74b, R" = p-COCH3, 66%

Scheme 15: Ru-catalyzed C-6 (C-2)-propenylation of 2-arylated pyridines.

propenylation took place on the ortho-position of the phenyl
ring [76,77], whereas this group achieved the propenylation of
the pyridine moiety. The authors screened different allyl halides

and Ru complexes as catalysts. With the optimized conditions
in hand, diverse 2-arylated pyridines were screened resulting in

the corresponding products 74 in good yields.
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Allene, a cumulated diene and an important building block in
organic synthesis has versatile biological properties and is also
an important subunit in various natural products and pharma-
ceutical compounds [78]. Allenes have been applied as useful
substrates for the alkenylation of organic molecules [79]. There
are various reports for the C—H alkenylation of aromatic
C-H bonds using allenes [80]. To this end, Hou and group in
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2015 [81] demonstrated the C—H allenylation of pyridines
with excellent substrate scope using a scandium catalyst
(Scheme 16). A vast number of pyridines and allenes were
studied as substrates to provide the C2-alkenylated pyridines in
good to high yields. Based on the mechanistic experiments a
possible catalytic cycle has been proposed (Scheme 16b).
The half-sandwich scandium complex 76 along with the

A) | S/i/
: N
AN 76 | ’
R_:K o+ 4-/\R' [Ph3C][B(CgF5)4] (5 mol %) R—:( _ | SC\N_
i |
N toluene, 70 °C N Z "R |
1 75 Me | NC
(1 equiv) 2 i I
(2 equiv) 77, 26 examples |
| scandium complex 76
|
AN X
» WY
Et” N A cyiPr” N Z “Cy
Me Me
77a, 95% 77b, 91%
| A
Et” N7 NP Ph
Me
77¢. 84% 77d/77d' = 46:46%
y 0

B) plausible mechanism

X
P
N Z R
77 Me

cationic Sc-n2-pyridyl complex
78

81

o-bond
metathesis

\ /R

Scheme 16: C—H addition of allenes to pyridines catalyzed by half-sandwich Sc metal complex.
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tetrakis(pentafluorophenyl)borate and pyridine forms a cationic
Sc-pyridyl complex 78, which after addition of allene 75, forms
a transient pentacyclic intermediate 80 via intermediate 79.
Next, another molecule of pyridine adds to intermediate 80 to
furnish the transient complex 81 which undergoes o-bond
metathesis to give the product 77 and regenerating 78
(Scheme 16b).

While speaking regarding the alkenylation, the geometrical
isomerism, i.e., the stereoselectivity between the cis- and trans-
alkenylation, has not been considered so far. Except lately, in
2020, Chen and group [82] reported a Pd/Cu-catalyzed regio-
and stereoselective synthesis of C2-alkenylated pyridines
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starting from internal alkynes 84 and pyridinium salts in a
stereodivergent manner (Scheme 17a). The interesting part of
this work was the switching of the alkene configuration of the
products by modifying the substituents on the nitrogen of the
pyridinium salts. Further, the method showed a wide substrate
scope for both the Z- and E-alkenylated products in which
Z-selectivity was achieved when N-methylpyridinium salts were
used and E-selectivity when N-benzylpyridinium salts were

used.

In the proposed mechanism (Scheme 17b) the E- and Z-isomers
can be assessed through point at which dealkylation occurs, i.e.,
if it occurs as last step the Z-isomer 85 is obtained and if it

Pd(OAc), (10 mol %),
A) CuBr (50 mol %),

(Cy)sP-HBF4 (30 mol %),
PivOK (1 equiv), TEA (30 mol %),

N
R{j + Ar————-Ar
~
N
R‘I

H,0 (0.05 mL),

R—:( N oA R—'/ o
N or \N/ A ar
Ar

84 fluorobenzene (0.25 mL), Ar
(2 equiv) DMAc (0.1 mL), 120 °C, 20 h 852 6P
82, R' = Me?
83, R'=Bn®
$ '
I
£ = » »
R™ N7 E Et NG p-Tol Et N p-CF3Ph
| P P
| o p-Tol T p-CF3Ph
|
|
|

85a, R = Et, 52% (Z/E = 6:1)

85b, R = cyclopropyl, 56% (Z/E = 7:1)
85¢c, R = cyclohexyl, 82% (Z/E=T7:1)
85d, R = pentyl, 52% (Z/E = 6:1)

86a, 60% (E/Z=8:1)

86b, 53% (E/Z =5:1) 86¢, 44% (E/Z=6:1)

protio
N __Cubr depalladation _ - 4o methytation ( N R
+
'T‘/ PdLn N/ ¥z H
Me R
Pd ] 85
82 [. ] Z-isomer
AR—=-R
A CuBr .
| EE—— Cu X PdLn protio _ AN H
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N [Pd' — N R T T WP R
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83 R—=-R o1 8 R
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Scheme 17: Pd-catalyzed stereodivergent synthesis of alkenylated pyridines.
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takes place at an early stage, E-isomer 86 predominates
(Scheme 17b). The proposed mechanism involves the initial
formation of m-complex A via activation of the alkyne by Pd.
Then, in case of N-methylpyridinium salt 82, in presence of
CuBr the pyridine—Cu(I) complex 87 is formed through C-H
activation that further undergoes nucleophilic attack to the
coordinated alkyne in a frans-manner to give Pd(II)-alkenyl
intermediate 88. Then, the intermediate 88 undergoes protio-
depalladation and demethylation to yield the Z-isomer 85
(Scheme 17b). In case of N-benzylpyridinium salts 83, first
debenzylation occurs to form 2-pyridyl-Cu(l) species 89 in the
presence of CuBr which then coordinates to the Pd center of
m-complex A via the lone electron pair of the pyridine nitrogen
to give 90 which further attacks the -bond in a cis-manner to
give intermediate 91. After protio-depalladation the E-isomer

86 is obtained as major product (Scheme 17b).

Remote alkenylation

In 2011, a study for weakening the strong coordination of the
pyridyl N-atom with Pd in the presence of a bidentate ligand
was reported by Yu and co-workers [83]. They showcased the
C3-selective olefination of pyridines using 1,10-phenanthroline,
a bis-dentate ligand that weakens the coordination of the Pd
catalyst with the pyridyl N-atom through the trans-effect
(Scheme 18). The trans-effect is the switching of the metal
coordination between the 7m-ring system and the hetero-
(nitrogen) atom of pyridine [84,85]. In comparison to coordina-

tion with nitrogen, which is strong in nature, the coordination
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with the ring is weaker and cleavable. The usage of a bidentate
ligand will enhance the trans-effect and shift the coordination

towards the ring (Scheme 18b).

There are numerous studies reported for directing group or
chelate-assisted metal-catalyzed C—H functionalization reac-
tions. However, non-chelate-assisted or undirected C—H func-
tionalizations under ligand-controlled conditions are underex-
plored. Hence, differentiating from this co-coordinative model,
in 2013, Zeng and co-workers [86] reported the MPAA (mono-
N-protected amino acids) ligand-promoted non-chelate-assisted
C-H activation via Pd-catalyzed dehydrogenative Heck reac-
tions on pyridines with simple alkenes 96, leading to the
C3-alkenylated products 97 (Scheme 19). The reaction was
based on the previous reports of using of the MPAA ligands in
the Pd-catalyzed oxidative cross-coupling reactions discovered
by Yu et al. [87]. When 2-methoxypyridine was screened, the
reaction resulted in a mixture of C3- and C5-selective C-H-
functionalized products 97f and 97f' in a regioisomeric ratio of
nearly 1:1. Further, during the substrate scope study, when 1,1'-
disubstituted butyl methacrylate was used as coupling partner a
mixture of 97g and the isomeric product 97g' was observed in
42% yield.

Further, Shi and co-workers reported the rhodium-catalyzed
directed C—H olefination of pyridines using different directing
groups in 2013 [88] (Scheme 20a) and 2014 [89] (Scheme 20c),
respectively. In the former study, under optimized conditions of

A) H Pd(OAc), (10 mol %) R
\ H 0,
1 . phenanthroline (13 mol %) R XX
P .
SN Ag,COs5 (0.5 equiv), air, SN
1 92 DMF, 140 °C, 12 h 93

T

Ny X COE X ()
| ~ | ~
F” °N~ °F N

93a, 54% 93b, 57%

trans-effect:

FaC - CO2Et
| 7

MeO" N
93d, 70%

(j/\vcozEt
| _
N

93¢, 73%

n-coordination of metal with the ring,
susceptible for ligand exchange and
C-H cleavage

Scheme 18: Pd-catalyzed ligand-promoted selective C3-olefination of pyridines.
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Scheme 19: Mono-N-protected amino acids in Pd-catalyzed C3-alkenylation of pyridines.

1
A) x-R" 99 !
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120 °C, DCE ! R
98 100, 40 examples [88] '
B) X COOBu - R
NHPIY % NHPiv NQNH
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98 (Ao : 100, 84% NNF
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AngFe
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E—— Et )
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Scheme 20: Amide-directed and rhodium-catalyzed C3-alkenylation of pyridines.
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[RhCp*Cly], (5 mol %), AgSbF¢ (20 mol %) in DCE at 120 °C,
Cu(OAc), was found crucial for the transformation in compari-
son to other additives and showed good substrate scope while
unactivated alkenes like styrene resulted in no reaction. Also,
the authors successfully applied the developed protocol to a
multigram-scale synthesis of compound 101, a tricyclic imida-
zonaphthyridinone derivative having antibacterial properties,
with low catalyst loading (0.1 mol %) (Scheme 20b). Later, in
2014, the same authors, using an amide as directing group
(DG), developed a protocol for the regioselective C3-alkenyla-
tion of pyridines through syn-addition of alkynes, displaying
broad substrate scope and high yields (Scheme 20c). Based on
literature reports and experimental studies, a possible mecha-
nism (Scheme 20d) was proposed in which coordination of the
DG 102 to the rhodium cationic species followed by ortho-
metalation and migratory insertion of 103 into the Rh—C bond
of 105 provides a seven-membered rhodacyclic intermediate
106. The protonation at the Rh—C bond of intermediate 106
in the presence of RCOOH furnishes hydroarylation product
104.

Nitrogen heterocyclic carbenes (NHCs) are of central impor-

tance in organometallic chemistry and in organic synthesis.

Beilstein J. Org. Chem. 2023, 19, 820-863.

Also, metal-NHC complexes have wide application in catalysis
and various organic transformations and a range of
metal-NHCs served as catalysts. In 2010, using NHC ligands,
Yap and co-workers [90] developed a method for the direct
para and meta-C-H alkenylation of pyridines with 4-octyne
(107) using a nickel Lewis acid catalyst with amino pendant
linked NHC complex (Scheme 21). In addition, the authors
were able to isolate the bimetallic intermediate structure nZ,n!-
pyridine—Ni(0)-AI(III) complex 112, as a support for their
mechanism for the para-C-H functionalization. They further in-
vestigated the scope and limitations of the dual catalyst
Ni—AlMej; and also the sensitivity of the reaction towards the
steric environment on the pyridine ring. The complex 112
undergoes oxidative addition followed by an alkyne insertion
reaction to give intermediate 113, which after reductive elimina-

tion provides the alkenylated product 109 (Scheme 21b).

Arylation

C-2 Arylation

Owing to the remarkable role of aromatic C—H arylation reac-
tions in organic synthesis abundant methods have been re-
ported for aromatic C—H arylations using different arylating
coupling partners, such as for instance, aryl halides. In 2014,

A) Pr
Pr. -~ P Pr
H [Ni(cod)] (10 mol %) r ~__Pr
H 108 (20 mol %) N N X Pr N
N +  Pr—=—Fr | + [N
| AlMe; (20 mol %) N N
N toluene, 80 °C no ortho-product
1 107 109 110 111
(1 equiv) (2 equiv)
Pr !
P I
A Me Pr Ph P ! /\
| \{ Me. - Me N Pr m \ / N> NHt-Bu
\ | :
N/) \ Pr | N/ | N/ N/) Pr : ’\ll
| Mes 108
85% (p/m = 10:3) 109a, 20% 110a, 34% 71% (p/m = 1:1) i
______________________________________________________ I_ —_—— e — — — -
B) plausible mechanism
yi(o)(NHC)z Ny
. oxidative addition and || ;
AN [NHC]NI(0) X . . . reductive
| | migratory insertion elimination 109
N [NHC]JAIMe; N ( Nl R
! NHC™ Y “Pr
1 AlMe3 Pr———=~"Pr
Pr
107
112 113

Scheme 21: Bimetallic Ni—Al-catalyzed para-selective alkenylation of pyridine.
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using organoboron coupling partners, Wu and co-workers [91]
reported a protocol for the Cu-catalyzed C—H arylation of pyri-
dine N-oxides 9 with arylboronic esters 114 and prepared
C2-arylated pyridines 115 in moderate to good yields
(Scheme 22). By using an inexpensive Cu catalyst, the method
allows for the simple and practical synthesis of 2-arylpyridines.
The reaction starts with the formation of arylated pyridine
N-oxide 116 by reaction of pyridine N-oxide 9 with the aryl-
boronic ester 114 in the presence of Cu catalyst and base which
is followed by deoxygenation to furnish the desired product 115
(Scheme 22b).

In 2015, a palladium-catalyzed cross dehydrogenative coupling
of pyridine N-oxides with toluene for the regioselective aryl-
ation and benzylation of pyridine N-oxide was reported by
Khan and co-workers [92] (Scheme 23). The authors have
shown toluene 117 when used as benzyl and aryl source
remained intact under the reaction conditions without any
further oxidation. Different oxidants resulted in different prod-
ucts such as the monoarylated product 118 formed in the pres-
ence of TBHP as oxidant and the benzylated product 119 was
obtained when potassium persulfate was used. Interestingly,
aza-fluorene N-oxide 119b was formed during benzylation of

Beilstein J. Org. Chem. 2023, 19, 820-863.

2-ethylpyridine N-oxide. A possible mechanism has also been
reported (Scheme 23b). Electrophilic palladation at the C2-posi-
tion of pyridine N-oxide 9 provides intermediate 120. The
radical intermediate 121 is generated in situ by H-atom abstrac-
tion from toluene 117 by sulfate radical anion. Coordination of
intermediate 120 and 121 leads to complex 122 which under-
goes reductive elimination to provide product 119. 2-Ethyl-
substituted pyridine N-oxides may undergo a dual C—H activa-
tion due to the buttressing effect of the ethyl group to produce
azafluorene N-oxide 119b.

In 2016, Wei and co-workers [93] reported the arylation of pyri-
dine N-oxides 9 employing potassium (hetero)aryltrifluorobo-
rates 126 as coupling partner using palladium acetate and TBAI
(Scheme 24). Electron-withdrawing and donating groups on the
pyridine N-oxide 9 resulted in the corresponding C2-arylated
products 127 in good to excellent yields with high site selec-
tivity. A catalytic mechanism was proposed in which the elec-
trophilic C—H palladation of pyridine N-oxide 9 occurs prefer-
entially at the C-2 position leading to heterocoupling intermedi-
ate 128. Subsequent transmetalation provides the arylpalladium
intermediate 129 which after reductive elimination furnishes the
desired product 127.

A)
RY A o) Cu(acac), (10 mol %) 7N
SWon t AB :>< - R
. ko) -BuOK (3 equiv), N~ “Ar
) toluene, 110 °C, air
9 114 115, 35 examples
(1 equiv) (2 equiv)

Me Ph
® B B
~
R N Ph CN

115a, R = Ph, 87%
115b, R= H, 81%

B) proposed pathway

,?\r
R'—\ . O/B\O C-H arylation
L+
wx
(0]
9 114

Scheme 22: Arylboronic ester-assisted pyridine direct C—H arylation.

115¢, R = Ph, 51%
115d, R=H, 52%

115e, 74% 115f, 67%
A
R_:K@/ deoxygenation R_./i
A T NP
(0]
C]
116 115
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Scheme 23: Pd-catalyzed C—H arylation/benzylation with toluene.
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A)
/\ Pd(OAc), (10 mol %), N
R \/L (Het)Ar Ag,0 (0.3 mmol) R,
Kﬁ/ H ' BRK N_ Ar(Het)
5 3 TBAI (20 mol %), 1,4-dioxane o
9 126 90°C, 16 h 127, 24 examples
(1 equiv) (0.3 equiv) '
B S
AN N2 |
L | X/ “T‘/
N" "R 127a, R=Ph, 95% 0 o
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¥

Ag Aggo

Scheme 24: Pd-catalyzed pyridine C—H arylation with potassium aryl- and heteroaryltrifluoroborates.

In 2017, Chen and group [94] developed a protocol for the
C2,C6-arylation of pyridine under Pd catalysis (Scheme 25). In
their study, N-alkylpyridinium salts were used as a directing
group, facilitating the C—H arylation of pyridine. Dimethyl
sulfate was used as a good N-methylating agent, which acts as
transient activator. The group performed HRMS and KIE
studies and proposed a catalytic cycle (Scheme 25b). The oxida-
tive addition of ArBr 130 to the in situ-formed Pd(0) species
gives species 132 followed by transmetalation with Cul pyridyl
species 133 generated from the reaction of Cu,O with the
methylated pyridine to afford intermediate 134 that on reduc-
tive elimination results in salt 135. Subsequent demethylation of
135 gives monoarylated product 136 or the intermediate 135
reenters the catalytic cycle to produce the diarylated
N-methylpyridinium species, which again undergoes demethy-

lation to produce product 131.

C-3 Arylation
In 2011 and 2013, the groups Yu [95] and Tan [96], reported a
ligand-assisted distal arylation selectively taking place at the

meta-position in pyridine. Both groups used Pd(OAc); as cata-

lyst with 1,10-phenanthroline as ligand. The group of Yu used
aryl halides 137 as coupling partner, whereas the group of Tan
utilized aryl tosylates 142 as coupling partner (Scheme 26). The
Yu group also applied the developed protocol for the synthesis
of the drug molecule preclamol (139, Scheme 26b). The
presumed catalytic cycle (Scheme 26¢) involved the coordina-
tion of Pd(II) to the pyridine nitrogen to give N-bound pyridine
substrate A followed by the formation of Pd(II) intermediate
(B) involving the m-system of pyridine, which initiates the acti-
vation of the C(3)-H of pyridine to form aryl-Pd(II) species
140 via intermediate C. Subsequently, oxidative addition takes
place in the presence of the aryl halide to give the Pd(IV)
complex 141 followed by reductive elimination furnishing
3-arylpyridines 138.

Almost at the same time, Yu and co-workers reported the selec-
tive Pd(0)/PR3-catalyzed C3 or C4-arylation of nicotinic and
isonicotinic acids using amide as a directing group (Scheme 27)
[97]. This method provides a way for arylated nicotinic acid de-
rivatives which serve as building blocks for biologically impor-

tant molecules. This was the first report for a directing group-
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50 °C, 24 h, N,

1

131, 32 examples

a) 1 (0.75 mmol), 130 (0.5 mmol), PdCl; (5 mol %), PPh3 (10 mol %), DMS (0.8 equiv), Cu,0 (0.75 equiv), K,COj3 (2 equiv)
b) 1 (0.125 mmol), 130 (0.375 mmol), PdCI, (10 mol %), PPhg (20 mol %), DMS (1.6 equiv), Cu,0 (1.5 equiv), K,COj3 (2 equiv)
c) 1 (0.5 mmol), 130 (1.5 mmol), PdCI, (5 mol %), PPh3 (10 mol %), DMS (0.8 equiv), Cu,0 (0.5 equiv), K,CO3 (4 equiv)

R
N A
| |

DRGSO AS
R! R

131a, 48%*2

B) plausible mechanism

X
Br C-H activation transmetalation @
F|>d(”) base -'N Pd”Ar
®
132 N~ “culn 134
O L’XT Y= (MeO)SO;
(Me0),S0,
(DMS)

Scheme 25: Transient activator strategy in pyridine C—H biarylation.

assisted C3/C4-arylation of pyridines. The authors screened
various N-arylamide directing groups 144 out of which
N-phenylamide was found to be the better directing group.
Then, the authors screened various nicotinic and isonicotinic
acids which afforded the desired products 145 and 146 in good
yields generating a library of isonicotinic and nicotinic acid de-

rivatives.

Another inexpensive and non-toxic iron-catalyzed C—H aryl-
ation of pyridines has been reported by DeBeof and co-workers
[98]. Using the imine in 147 as directing group, afforded the
arylated pyridine products 150 in good to high yields
(Scheme 28). In this reaction, Grignard reagent 148 was used as
arylation source in excess amount as the reagent underwent
homocoupling leading to the formation of biaryl systems under
the reaction conditions. 1,2-Dichloro-2-methylpropane (149)
was found to be an effective oxidant under the reaction condi-

NMe,
131b, R = Ph, R' = Me, 56%"
131c, R = Ph, R = -Bu, 54%°
131d, R=t-Bu, R' = F, 67%" Me
131e, 68%°
reductive
Y X L A
elimination @\ C—H activation |
'
N Ar transmetalation A N/ Ar
! demethylation
Me ¢ 131
135
demethylation @\
N/ Ar 136

tions. Also, the additive KF was employed in order to minimize
the oxidative iron-catalyzed homocoupling of 148. An imine
directing group at the para-position in pyridine 147 lead to acti-
vated ortho-position products 150 within 15 minutes. The imine
group of the products can further be hydrolyzed to get the corre-
sponding ketones.

In 2018, Albéniz and group [99] reported the direct C3-aryl-
ation of pyridines with the help of bipy-6-OH as coordinating
ligand under palladium catalysis (Scheme 29). In most of the
cases the arylated pyridines 152 were obtained as mixtures of
ortho-/meta-/para-substitution, however, the authors found that
the yield of the meta (C-3)-arylated pyridines were drastically
higher, thereby showcasing the regioselectivity of the reaction.
The chelating anionic ligand acted as base in the catalytic cycle,
allowing for the oxidative addition of the arene to the Pd com-

plex. The proposed mechanism (Scheme 29b) involves the oxi-
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Scheme 26: Ligand-promoted C3-arylation of pyridine.
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Scheme 27: Pd-catalyzed arylation of nicotinic and isonicotinic acids.
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Scheme 28: Iron-catalyzed and imine-directed C—H arylation of pyridines.

dative addition of the aryl halide to the Pd(0) complex in the Heteroarylation

presence of base ligand to afford 153. Subsequently, the substi- ~ C-2 Heteroarylation

tution of the halide by pyridine 1 provides the intermediate 154  Heteroaryl groups are a common core in natural products and
which undergoes C—H activation followed by reductive elimina- pharmaceuticals. In addition, the heterodiaryl systems widely

tion to furnish the C3-arylated product 152. occur in biologically important organic molecules, dyes,
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Scheme 29: Pd—(bipy-6-OH) cooperative system-mediated direct pyridine C3-arylation.

fragrances, advanced materials, and agrochemicals as well.
Thus, the functionalization of the pyridine core with a hetero-
cycle is a desirable transformation in organic synthesis.
Manickam and co-workers [100] carried out a palladium-cata-
lyzed decarboxylative ortho-(hetero)arylation of pyridine
N-oxides 9 with heteroarylcarboxylic acids 156 (Scheme 30).
The reaction showed good compatibility with various
functional groups. The proposed mechanism (Scheme 30b)
involves the silver-catalyzed decarboxylation of heteroaryl
acid 156 followed by transmetalation providing palladium
intermediate 160. Further, C—H activation of pyridine N-oxide 9
provides intermediate 161 which upon reductive elimination
furnishes the desired product 157 and regeneration of Pd(0)
(Scheme 30b).

Later in 2014, Kuang and co-workers [101] developed a highly

efficient and regioselective oxidative cross-coupling of pyri-

dine N-oxides 9 with five-membered heterocycles 162 and 163
through a two-fold C-H activation under palladium catalysis.
Silver carbonate and 2,6-lutidine were found to be an effective
base and ligand, respectively, for providing the desired prod-
ucts 164 and 165 in good yields (Scheme 31).

In 2015, an economic route for copper-catalyzed biaryl cou-
pling of azine(pyridine)-N-oxides 9 with oxazoles 166 was re-
ported by Miura and group [102]. Although their work majorly
covered quinoline N-oxide substrates, they also investigated
three pyridine substrates in the reaction leading to the corre-
sponding products in moderate yields (Scheme 32). The
N-oxide plays a role as an activator and is subsequently elimi-
nated via deoxygenative elimination furnishing the C-2-functio-
nalized pyridines 167. The reaction mechanism (Scheme 32b)
involves the initial C—H-cupration of 166 producing an

oxazolyl-copper intermediate 168. Nucleophilic addition fol-
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Scheme 30: Pd-catalyzed pyridine N-oxide C—H arylation with heteroarylcarboxylic acids.

lowed by C-H activation of 9 provides the hydroxy copper
species 169, which on deoxygenative elimination furnishes the
desired product 167.

C-3 Heteroarylation

In 2013, Su and co-workers [103] developed a catalytic method-
ology for the distal heteroarylation of pyridines 170 via Rh(III)-
catalyzed dehydrogenative cross-coupling showcasing a good
substrate scope (Scheme 33). Initially, their investigation

involved evaluating the reaction between N-phenylisonicotin-

amide 170 and 2-methylthiophene 171 which resulted in the
desired product 172. The plausible mechanism (Scheme 33b)
starts with the initial coordination of the pyridine directing
group 170 with rhodium providing a five-membered rhoda-
cyclic intermediate I which further forms the aryl-rhodium(III)
complex II by reaction with 171. Subsequently, this intermedi-
ate undergoes reductive elimination from the rhodium(III)
center to furnish the desired ortho-C—H-arylated product 172
releasing a Rh(I) species. The Rh(III) species is regenerated in

the presence of the copper salt.
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Scheme 31: Pd-catalyzed C—H cross-coupling of pyridine N-oxides with five-membered heterocycles.
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Scheme 32: Cu-catalyzed dehydrative biaryl coupling of azine(pyridine) N-oxides and oxazoles.
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Scheme 33: Rh(lll)-catalyzed cross dehydrogenative C3-heteroarylation of pyridines.

In another case of C3-(hetero)arylation, Yu and group [104]
using palladium for C-H activation of pyridine with phenan-
throline as a ligand developed a method in 2016 (Scheme 34).
The authors achieved both arylation and heteroarylation at the
C-3-position in pyridine and showcased the formation of
bipyridines 174. The mechanism is depicted in Scheme 34b,
where the complex A undergoes C3—H activation to provide
intermediate 176 which similarly undergoes one more step of
C-H activation to provide the bi(hetero)arene—Pd(II) species
177 which undergoes reductive elimination furnishing the
desired products 174/175.

C—H Annulation of pyridine to fused
heterocycles

Annulation reactions in organic synthesis have achieved great

attention toward the construction of various carbocycles and

heterocycles. These annulations can be either intermolecular or
intramolecular and various substrates have been studied result-
ing in diverse products. Pyridine has been also reported for the
construction of pyridine-fused heterocycles via C(sp?)—-H func-
tionalization and further annulation. In this aspect, considering
the use of pyridines for the formation of quinolines and
isoquinolines, an oxidant-dependent rhodium-catalyzed C—H
annulation of pyridines with alkynes was reported by Li and
co-workers [105] in 2011 for the direct synthesis of quinolines
180 and isoquinolines 181 involving a two-fold C-H activation
of pyridine at the C2 and C3 position (Scheme 35a). Further,
during optimization when silver additives like Ag,CO3, Ag,0,
and AgOAc were used the reaction resulted in the formation of
isoquinoline derivative 181. In addition, the reaction showed
high regioselectivity in the presence of unsymmetrical alkynes

179. Different directing groups 178 were employed resulting in
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173
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@i\>_<\j\7 phenanthroline (10 mol %) R_./j/ phenanthroline (5 mol %) <> N\ \ 7
|
N= N Ag,COj; (2 equiv), K,COs (2 equiv) kN/ AgyCO3 (2 equiv), N=

pyridine (4 equiv), 130 °C, 48 h
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KoCOj3 (2 equiv), 130 °C, 48 h
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OMe
N= —
7\ S MeO N\ / \ 7 OMe
\_/ N
N= N MeO
174a, TON =10.3 174b, TON = 9.3

Me F
N= N=
\ 7/ N\ /
Me Me

C—-H activation

. Q K2CO3  KOAc

Scheme 34: Pd-catalyzed C3-selective arylation of pyridines.

diversified products 180. The proposed mechanism
(Scheme 35b) involves coordination of rhodium with iso-
nicotinamide 178 and subsequent ortho-C—H activation gener-
ating the five-membered rhodacycle 183. Next, first alkyne 179
insertion results in the five-membered rhodacycle 184 which is
followed by a second regioselective insertion of alkyne 179 into
the Rh—C bond of 184 providing the seven-membered cyclic
intermediate 185. Further reductive elimination furnishes the
quinoline product 180 and a Rh(I) species, with the latter being
oxidized by Cu(Il) to complete the catalytic cycle.

Next, considering the role of N-heterocyclic carbene (NHC)

ligands acting as directing group as well as functionalizing unit

175a, TON =5.6 175b, TON = 6.5
AN
| X
= ~
— X | NT
/ > N\pdll@
N C-H activation _ N
X=NorC X /
177
reductive
elimination
7\ 8/
N= X
174/175

in arene C—H functionalization reactions with alkynes, Choud-
hury and group [106] in 2015 developed a protocol for the inter-
molecular C-H annulation of NHC-substituted pyridines with a
variety of internal alkynes 187 under rhodium catalysis for the
synthesis of annulated and highly decorated pyridines 188
(Scheme 36). The authors used the N-heterocyclic carbene
ligand as directing group to prepare imidazo[1,2-a][1,6]naph-
thyridine motifs 188 as desired products. Based on the experi-
mental results and annulation chemistry a catalytic mechanism
has been proposed (Scheme 36b) that involves the C3 hydrogen
of pyridine undergoing a cyclorhodation with the catalyst in the
presence of NaOAc, directed by in-built NHC ligand coordina-

tion to provide intermediate 189. The further coordination of
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Scheme 35: Rhodium-catalyzed oxidative C—H annulation of pyridines to quinolines.

189 with the alkyne 187 results in intermediate 190 and subse-
quent insertion provides rhodacycle intermediate 191 which
undergoes reductive elimination to furnish the product 188 via
dissociation of intermediate 192 along with oxidative regenera-
tion of 189 (Scheme 36b).

In 2019, using NHC ligands, a protocol for the regio- and enan-

tioselective C—H cyclization of pyridines was reported by Shi

and co-workers [107] toward the direct asymmetric pyridine
C-H alkylation (Scheme 37). The authors found that alkene-
tethered C2 pyridine 193, C3 pyridine 195 and C4 pyridine 197
can undergo endo-cyclization reactions in the presence of
Ni(cod);, a chiral NHC ligand, and MAD as Lewis acid to
afford optically active 5,6,7,8-tetrahydroquinolines 194 and
5,6,7,8-tetrahydroisoquinolines 196 and 198. The endo-selec-

tive annulation approach was compatible with various tethered

850



Beilstein J. Org. Chem. 2023, 19, 820-863.

A
) R R
N+ N X
é?ig N [Cp*RhCly], (2.5 mol %) (T‘\ R
N . Rl-— R? NaOAc (4 equiv), AgOTf (3 equiv) N |
| S DCE, 100 °C, 24 h |\\ R2
P> 187 _
N (1 equiv) N
186 188, 12 examples
(1 equiv)
Me OTf ,n-Bu oty
/ l\\l + [[\\j +
]
N R R'=R2=pn, 188a, 91% N Ph
\‘| , R'=Ph, R?=p-NO, Ph, 188b, 70% N oh
R® R1=Ph, R2 = p-OMe Ph, 188c, 83%
—
NG R' = Ph, R2 = Et, 188d, 80% OMe N
188f, 53%

R
e N
OTf @) R
Vo
X R2
| —
N
188
Rh(IlT)
dissociation ’/
R
N®
L)
1
N | R
X R2
| ~
N
Rh(lll)
192

Rh(Iiry 190

o
(\\O
P

Rh(y 191

Scheme 36: Rhodium-catalyzed and NHC-directed C—H annulation of pyridine.

alkenes, such as 1,1-disubstituted alkenes, styrene, diene, trisub-
stituted alkene and enamines. To get insights into the mecha-
nism the authors conducted additional experiments including
deuterium labelling reactions and proposed the mechanism
depicted in Scheme 37b. Initially, the sterically bulky additive

MAD coordinates to the pyridine nitrogen, which pushes the
tethered alkene close to the nickel center subsequently provid-
ing the intermediate 201. Then, the C-D bond on cleavage via
oxidative addition of Ni(0) forms the Ni-D species 202 which

after anti-Markovnikov hydronickelation of the alkene provides

851



Beilstein J. Org. Chem. 2023, 19, 820-863.

" @ S
R? .
= o~ _-Ph X -
NN @ [ ® m
R a Pz _ Z Me
. ) N
= H R N N Me
193 194a, 90% 194b, 83% 194c, 68%
H R 0\
O
N R X X
Rt _ K _ R2 (b) N - N

N N" 4195 |
” N~
| 196a, 68%
H Me
= ) @OLMe
N N~
197 “Ph

196b, 79%

196¢, 94%°

198, 92%

a) Ni(cod), (5 mol %), 200a/HCI (5 mol %), NaOt-Bu (10 mol %), MAD (1.2 equiv), n-heptane, 80 °C, 24 h

b) Ni(cod), (5 mol %), 200a/HCI (5 mol %), NaOt-Bu (10 mol %), MAD (1.2 equiv), CPME (0.5 M), 80 °C, 24 h

¢) Ni(cod), (10 mol %), 200b/HCI (10 mol %), NaOt-Bu (20 mol %), MAD (1.2 equiv), CPME (0.5 M), 120 °C, 48 h
d) Ni(cod), (10 mol %), 199/HCI (10 mol %), NaO¢-Bu (20 mol %), MAD (1.2 equiv), CPME (0.5 M), 80 °C, 48 h

B) proposed mechanism

/ \

% oI

N L | |

R "’,' i . | : Ar Ar !

o S D oxidative Nia X |

L-Ni(0) coordination | ~ , addition D I N._N I

- -, Me N/ Me : .o :

N LM Me

Al 201 Al 202 ! Al :

| Ar X

I I

L : ANIPE-type ligands .

Nill alkene | 199 (Ar = 3,5-xylyl) :

194 | «Me insertion ! !

reductive NG D ! !

elimination | Ar |
Al 203 Ar

| /M |

| N_ N |

L = NHC ligand, Al = MAD | N |

I Mé Me

: Ar Ar :

| |

: SIPE-type ligands !

l 200a, (Ar = Ph) I

' 200b, (Ar = 3,5-xylyl) !

N e e e e e e e e e e e e 7/

Scheme 37: Ni/NHC-catalyzed regio- and enantioselective C—H cyclization of pyridines.

the seven-membered cyclic intermediate 203. Subsequent re-
ductive elimination furnishes the endo-annulated product 194
(Scheme 37b).

Out of various pyridine-fused heterocyclic hybrids, azaindo-
lines are important scaffolds in natural products and pharmaceu-
ticals serving different biological activities. Hence, looking at
the importance of azaindolines in drug discovery a protocol of

rare earth metal-catalyzed intramolecular insertion of the pyri-

dine C-H bond into unactivated vinyl C—H bonds has been de-
veloped by Chen and co-workers [108] (Scheme 38). Using this
protocol azaindolines 205 were accessed in moderate to excel-
lent yields and also naphthyridine derivatives (205k and 2051)
were synthesized. In the proposed mechanism, the initial depro-
tonation of HNBn, by Ln[N(TMS);]3 provided the lanthanide
amide. Activation of the vinyl-substituted pyridin-3-amine 204
by the lanthanide amide gives a lanthanide—pyridine complex

206. Then, coordination and sequential insertion of C=C into
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Scheme 38: Rare earth metal-catalyzed intramolecular C—H cyclization of pyridine to azaindolines.

the Ln—pyridine bond of 206 provided intermediate 207, which
undergoes intermolecular protonation with 204 to afford the
desired product 205 and regenerating the lanthanide species
(Scheme 38b).

C(sp?)-H Functionalization of pyridine rings in
bipyridine systems

The functionalization and synthesis of bipyridine derivatives is
of great interest and importance in synthetic chemistry. These
compounds are well-studied for their roles as chelating ligands
in transition