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Abstract. Herein, we disclose a ruthenium-catalyzed
regioselective B-C(sp®)—H bond functionalization on the
piperazine core using aldehydes as alkylating agents. The
present transformation appears to go through the
dehydrogenation of the piperazine to propagate to enamine
in situ, followed by nucleophilic addition to the aldehyde
and hydrogenation to result in the regioselective pB-
C(sp®)—H alkylation. A variety of aromatic, heteroaromatic,
aliphatic aldehydes were employed for the C-3 alkylation
of N-alkyl-N'-p-nitrophenyl substituted piperazines.

Keywords: Regioselective; C(sp®)—H functionalization;
piperazine; ruthenium catalysis; alkylation

Identical reactivity of C(sp®)-H bonds in saturated
heterocyclic molecules makes selective C(sp®)—H
bond functionalization as an attractive challenge for
the researchers. Literature witnessed the directing
group guided or catalyst controlled site selective
C(sp®)-H bond functionalizations.! However, this
requires installation of specific directing groups and
specially designed catalysts/ligands. Site-selective
C(sp®—H functionalization based on natural reactivity
of substrate attracts the chemists attention. Innate
C(sp®)—H functionalization™ is demanding compared
to the guided onel*! because of its merits such as
obviating the use of the directing group installation
and its removal, designed ligands and catalysts.
Although o-C(sp®)-H functionalization of saturated
nitrogen heterocycles has been well-reported,”! the B-
C(sp®)-H functionalization has received significantly
less attention. In this context, the research groups of
Bruneau and Seidel, independently, made seminal
contributions to the development of B-C(sp®)-H
functionalization of saturated nitrogen heterocycles
without using directing groups.[*® Regioselective
C(sp®~H bond functionalization of challenging
saturated N-heterocyclic compounds!® like piperazine
remains a critical issue and a welcoming challenge in

organic synthesis. This is due to the reason that
piperazine is the 3 most appeared 'privileged' N-
heterocyclic core structure in the marketed drugs.!’!
Among the top 100 best selling drugs, piperazine
containing drugs occupy a significant number. In
particular, C-substituted piperazines have received
considerable attention from the scientific community
owing to their potential therapeutic values being
useful for the treatment of infections, viral diseases,
malaria and CNS related disorders (Figure 1).©
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Figure 1. Drugs and biologically active compounds
containing C-substituted piperazine moiety.

The synthesis of C-substituted piperazines, from the
parent piperazine core, mainly relies on the reduction
of pyrazinium salts® and C(sp®-H bond
functionalization reactions.’®  Literature survey
revealed that most of the methods for activating
C(sp®)—H bonds on piperazine depend on a-C(sp®)—H
functionalization®*®  in  the  presence  of
stoichiometric amounts of strong bases (Scheme 1a),
while very few methods were reported under
photoredox catalysis conditions (Scheme 1b).[200
Catalytic approaches to construct regioselective
C(sp®)—C bonds from piperazine's inert-C(sp®)—H
bonds is a challenging transformation due to the



presence of two nitrogen atoms at 1,4-positions in its
ring.

Our previous ruthenium-catalyzed protocol*? on the
intramolecular C(sp®)~H functionalization for the
synthesis of piperazine fused indoles (Scheme 1c)
paved a way and inspired us to develop a
regioselective  intermolecular  B-C(sp®)~H bond
functionalization method on piperazines. We
envisaged the regioselective functionalization of
piperazine C(sp®)~H bonds by varying the
substitution pattern on the nitrogen atoms of the
saturated ring. The N-substitution pattern on the two
nitrogen atoms plays a crucial role. Piperazine having
an electron withdrawing group on the nitrogen N(4),
which is adjacent to the targeted C(sp®)—H bond and
the other nitrogen N(1) bearing an alkyl substituent,
would serve as a model substrate to test the f-
C(sp®—H bond functionalization. Under ruthenium
catalysis conditions, we anticipated the regioselective
formation of C—C bond through the events of the
dehydrogenation of piperazine, formation of iminium
species to propagate enamine that could undergo
nucleophilic addition to the aldehyde followed by
hydrogenation to eventually result in the
regioselective B-C(sp®)—H alkylation (Scheme 1d and
vide infra).

(a)

'\"e 1)secc Bcule T:\:IIED Ne xe
uCN.2LiCl

P ) — G,

<

t-Bu0” O tBu0” O t-BuO

! 26 W fluorescent Bo
I|ght bulb

E"J "‘U °
+
(b)
N N Ir(PPy):/NaOAc [ ]\@
Ph

Our previsous work

(ref.
l Ruthenium catalysis —
v ©

N_

] C,

is Work
NO,

E

B- C(sp )-H functionalization
// [e]

>\ Ru
* Catalysis

N m —(d)
(J" Yo

R) via )

R

4
W

R directed by this nitrogen

Scheme 1. Literature reports on C(sp®)-H bond
functionalization on piperazine derivatives and This work.

To prove our hypothesis, we designed a substrate
such as la having an electron-withdrawing p-
nitrophenyl group on nitrogen (N4) which is adjacent
to the targeted C(sp®)—H bond and an electron-rich
methyl substituent on the other nitrogen (N1). 1-
Methyl-4-(4-nitrophenyl)piperazine 1la was treated
with benzaldehyde (2a) in the presence of [Ru(p-
cymene)Clz]o/ camphorsulfonic acid (CSA) catalytic

system followed by the addition of formic acid as the
external hydrogen source. Delightfully, the expected
alkylated product 3a was obtained in 62% vyield
(Table 1, entry 1). Encouraged by this finding, we
conducted an optimization assay (Table 1) for this
transformation in order to improve the yield of 3a.
We screened different Ru(ll), Ir(111)-catalysts for this
regioselective transformation. The Ru-catalyst B and
Ir-catalyst C, bearing phosphino-benzene sulfonate
ligands, gave only moderate yields of 3a (Table 1,
entries 2 and 3). Other ruthenium catalysts D or E
bearing triphenylphosphine or bipyridine ligands were
not efficient for this regioselective alkylation (Table 1,
entries 4 and 5). The ruthenium(0) complex
Ru3(CO)1, F did not provide the desired product 3a
(Table 1, entry 6). Additives such as HCOOH,
trifluoroacetic acid (TFA) or methanesulfonic acid
(MSA) did not give better results (Table 1, entries 7—
9). We observed better yields of 3a with 20 mol% or
CSA (Table 1, entry 10). Further increase in the
amount of CSA did not improve the yield of 3a
(Table 1, entry 11). No reaction took place in the
absence of catalyst (Table 1, entry 12), which
highlights the crucial role of the catalyst in the
C(sp®)-H bond functionalization (see supporting
information, for an extensive optimization study).

Table 1. Optimization study?.

targeted p-C(sp®)-H

Vi 5
/) CHO 1) Catél.yst (5 mol%)
|4 Additive (x mol%)

toluene, 150 °C, 18 h
— e
2) HCOOH (2 equiv)
2a 150 °C, 12 h | 3a
Catalysts

LA ene)Clyl, '
B H Ph "
' nylphosphine)ruthenium(1l) dichloride | PP \ RU [UN4 !
' h PRI bl
1 E: Tris(2.2"-bipyridyRu(ICl,.6H,0 ' 4 Aa

| % o
! @'%} B @3,550 c

1 F: Triruthenium dodecacarbonyl

Entry* Catalyst Additive (mol%) %Yield of 3a®
1 A CSA (10) 62
2 B CSA(10) 46
3 C CSA(10) 15
4 D CSA(10) 27
5 E CSA(10) 18
6 F CSA (10) —
7 A HCOOH (10) 29
8 A MSA (10) 22
9 A TFA(10) 32
10 A CSA4(20) 73
11 A CSA (30) 62
12 — CSA (20) —

9 Reaction conditions: 1a (0.6 mmol), 2a (0.5 mmol),
catalyst (5 mol%), additive (x mol%), toluene (2 mL), at
150 °C for 18 h, then HCOOH (1 mmol), at 150 °C for 12
h; ® Yields are of isolated products.



Note that the optimized conditions (Table 1, entry 10)
enabled gram scale synthesis of 3a in 60% yield
(Scheme 2). After selecting the optimized reaction
conditions, we turned our attention to check the
substrate scope of the ruthenium-catalyzed J-
C(sp®—H bond functionalization of piperazine
(Scheme 2). Firstly, we examined the scope of the
ruthenium-catalyzed C-alkylation of 1a with various
aldehydes. The regioselective alkylation tolerated
substituted  benzaldehydes containing different
functional groups like halogens, electron-donating
and electron-withdrawing groups. Halogen substituted
benzaldehydes produced the corresponding C-
alkylated piperazine derivatives 3b-g in moderate to
good vyields, while the ortho-substituted ones gave
lower yields. The benzaldehydes containing electron-
donating groups such as 0-OH, 0-OMe, p-OMe, p-Me
and p-NMe; furnished the corresponding C-alkylated

piperazine derivatives 3h-l in moderate to good yields.

The benzaldehyde bearing a p-CFs; electron-
withdrawing group tolerated for this transformation as
the reaction of la and 4-
(trifluoromethyl)benzaldehyde afforded the
corresponding C-alkylated piperazine 3m in 48%
yield. The structure of 3m was further confirmed with
the aid of X-ray crystal structure analysis!** besides
the standard spectroscopic characterization methods
(see the Supporting Information, for X-ray data
details).

The benzaldehydes comprising multiple substituents
also worked well as 2,5-dibromobenzaldehyde, 2-
bromo-5-fluorobenzaldehyde, and 6-bromopiperonal
proved to be successful alkylating agents to deliver
the corresponding C-alkylated products 3n-p in 61%,
62% and 52% vyields, respectively. Polyaromatic
aldehydes such as 2-naphthaldehyde and biphenyl-4-
carboxaldehyde gave their respective C-alkylated
piperazines 3q and 3r in 66% and 58% yields,

respectively.  Aliphatic ~ aldehydes including
cyclohexanecarboxaldehyde,
cyclopropanecarboxaldehyde, and 2,2-

diphenylacetaldehyde delivered the corresponding C-
alkylated products 3s-u in reasonable yields.
Heteroaromatic  aldehydes such as furan-2-
carbaldehyde and thiophene-2-carbaldehyde were
suitable reagents to alkylate la to produce the
corresponding C-alkylated products 3v and 3w in
61% and 52% vyields, respectively. However, our
efforts towards the regioselective alkylation with
ketones were not successful. Later we checked the
scope with different substituents on N(1) of
piperazine. Piperazine derivatives comprising N(1)-
ethyl, -propyl, -phenethyl, -benzyl substitution
furnished their corresponding C-alkylated products
3x-aa in low to moderate yields upon reaction with
benzaldehyde under the ruthenium catalysis settings.
Some unidentifiable byproducts were observed in the
cases of the products with low to moderate yields.

NO, NO,

1) [RuCly(p-cymene)], (5 mol%)

o CSA (20 mol%)
(4N % toluene, 150 °C, 18 h
* H
2) HCOOH (2 equiv)

G 2 150°C, 12 h N

R R!

1
NO, NO, NO, NO,

N
I 3a,73% I
(10 mmol scale:

60%, 1.86 g)

(O OO
L 3x30%

) (

Ph)

SACENSAS

v 3y, 49% Ph

2
N]/\©
N N

3z, 55% 3aa, 57%

Scheme 2. Substrate scope of the regioselective pB-
C(sp®)—H functionalization of piperazines.

Based on the substitution pattern of the piperazine
substrate, there are two possibilities for the present
regioselective C(sp®)-H functionalization: (i) B-
C(sp®)—H functionalization to the N(1) atom and (ii)
a-C(sp®)—H functionalization to the N(4) atom. To
investigate the possibilities, we conducted control
experiments. By using the optimized reaction
conditions, we treated benzaldehyde with 1-(4-
nitrophenyl)piperidine 4a or 4-(4-
nitrophenyl)morpholine 4b, which lack the second

3



nitrogen atom in the saturated rings of 4a or 4b
compared to that of the piperazine 1. However, we
did not observe the corresponding alkylation products
5a (or) 5b, which implies that the B-C(sp®)-H
functionalization on piperazines 1 is operating from
N(1). It may be noted that under ruthenium catalysis
conditions N-methylpiperidine underwent B-C(sp®)—H
functionalization by using benzaldehyde as alkylation
agent.led These results may also suggest the crucial
role of the methylene group!® on the N(1) nitrogen of
the piperazine 1, which may be acting as an innate
directing group for the B-C(sp®)—H functionalization
of 1 (Scheme 3).
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Z = CH, (4a)
Z=0 (4b)

NO,

.
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1) [RuCly(p-cymene)], (5 mol%)
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toluene, 150 °C, 18 h

AV4

Scheme 3. Control experiments to confirm B-C(sp®)-H
functionalization.

A plausible mechanism was proposed for the present
regioselective  B-C(sp®)~-H  functionalization on
piperazine based on the control experiments and
literature reports (Scheme 4)[412131° The iminium
cation intermediate | would form from the piperazine
substrate 1 by the action of ruthenium catalyst via
hydrogen atom transfer process.**®! Then an azo-
methine intermediate 11 would result from the
intermediate | via proton abstraction of the ruthenium
hydride species.*! In the presence of acid, an
enamine intermediate 1l would form from
intermediate 11.[4012131 The enamine 111 would add
to aldehyde 2 to give intermediate 1V. Dehydration of
the intermediate 1V would provide intermediate V. In
the presence of ruthenium species and acidic source,
the imine functionality and unsaturation in the
intermediate V' might undergo reduction®® to
produce the C-alkylated piperazine derivative 3. As
shown the proposed mechanism might operate in two
successive catalytic cycles. The presence of exocyclic
C—H bond at N(1) allows the azo-methine formation
at this nitrogen position only. On the other hand, the
attracting p-nitrophenyl group at N(4) polarizes the
enamine double bond to favour the regioselective
formation of C—C bond at C(3).

The presence of the electron deficient -NO, moiety on
the resulting products can be judiciously used for
further  post-functionalization.  Accordingly, we
synthesized 4-(2-benzyl-4-methylpiperazin-1-
ylaniline 6 by reducing the nitro group on 3a
(Scheme 5), which will increase its synthetic utility
for further transformations including cross coupling
reactions, arylations, alkylations, amidations, Schiff’s
base formation reactions etc.[*’!
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Scheme 4. Plausible mechanism.
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Scheme 5. Reduction of nitro group on 3a.

In summary, we designed and developed &
regioselective, intermolecular B-C(sp®)—H
functionalization method to access C-substituted
piperazines by using aldehydes as alkylating agents in
the presence of ruthenium catalysis. A wide range of
aldehydes including aromatic, aliphatic,
heteroaromatic aldehydes have been employed as
alkylating agents for the C-alkylation of piperazines
to access the corresponding C-alkylated piperazine
derivatives in moderate to good yields. Therefore, the
presented strategy offers a useful protocol to alkylate
the “privileged” piperazine moieties with high levels
of predictable regioselectivity.

Experimental Section

Synthesis of 3a to 3aa

In a dry schlenk tube 5 mol% of [RuCl2(p-cymene)]2
(0.025 mmol, 0.015 g), 20 mol% of CSA (0.1 mmol,
0.023 g) and 0.6 mmol of piperazine 1 were taken,
vacuum was applied (2-5 sec) to the reaction tube and
degassed with N2. Then added 0.5 mmol of aldehyde
2 under nitrogen atmosphere followed by the addition
of 2 mL of degassed toluene. The reaction tube was
placed on a preheated metal-heating block and stirred
at 150 oC for 18 h. The reaction was cooled to room



temperature, then added 2 equiv of formic acid (1
mmol, 0.037 mL) and stirred at 150 oC for 12 h. The
reaction mixture was cooled to room temperature,
diluted with ethyl acetate (2 x 20 mL), washed with
water (2 x 20 mL) followed by brine. The organic
layer was dried over anhydrous Na2SO4, filtered and
the solvent was removed under the reduced pressure
to afford a crude residue. The crude was subjected to
silica gel column chromatography by using
EtOAc/hexane as eluent to obtain pure C-alkylated
piperazine derivatives 3a-3aa.
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