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Abstract/Synopsis

The work carried out in the research tenure has been accumulated in the form of a thesis
entitled as “NICKEL-CATALYZED SUSTAINABLE ORGANIC
TRANSFORMATIONS: DIRECT ACCESS TO AMINES, PYRROLES, PYRIDINES,
QUINOLINES AND GEM-BIS-SUBSTITUTED KETONES”. The thesis has been

divided into four chapters, as follows:

CHAPTER-1: Metal-Catalyzed Sustainable Synthesis of C-C and C-N Bonds: A Brief
Literature Summary

CHAPTER-2: Ni-Catalyzed Direct N-Alkylation of Anilines with Alcohols.

CHAPTER-3: SECTION-A: Nickel-Catalyzed Intermolecular Cyclization for the Synthesis
of Five and Six Membered N-heterocycles.

CHAPTER-3: SECTION-B: Nickel-Catalyzed Synthesis of Pyrroles from Unsaturated
Diols and Amines.

CHAPTER-4: Nickel-Catalyzed Synthesis of gem-Bis-Alkylkated Ketones.

Chapter-1: Metal catalyzed sustainable synthesis of C-C and C-N Bonds: A

brief literature Summary

This chapter deals with the brief literature summary for transition metal catalyzed activation
and functionalization of small molecules. Recent studies have attracted great attention
towards sustainable development of new catalytic protocols for C-C and C-N bonds. This
simple and straightforward method can be applied for the synthesis of bioactive natural
product, drug molecules, agrochemicals and important pharmaceuticals. Thus, homogeneous
catalysis using more abundant and inexpensive first row transition metals has become a
widespread research theme. In this direction, cobalt, iron, nickel and manganese catalysis are
mainly desirable because of their earth abundant, readily available, inexpensive and non-
toxic nature.

The constructions of C-C and C-N bonds are the most important tasks in organic
synthesis. Classical methods for these bond formations occur through electrophilic alkylation
of an alkyl halide or pseudo-halide, reductive alkylation and amination of aryl halide.
However, these conventional methods suffer with drawbacks such as pre-functionalization of
starting materials, use of hazardous reagents and stoichiometric amount of waste production.
In modern organic chemistry, chemists are concerned about the more efficient synthetic
methodology which mainly involves environmental benign processes and thereby
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contributing to atom economy. This strategy generates only water as a byproduct and avoids
the use of multi-step production of dangerous alkylating agents. Compared to other synthetic
methodologies for the synthesis of C-C and C-N bond, these transformation is highly
attractive because often alcohols are readily available starting materials and most of them are
available in a large scale from renewable sources. Further, application of hydrogen
borrowing methodology using alcohols in combination with non-noble metal-catalysts are

prime goal here described in the present thesis.
Chapter-2: Ni-catalyzed direct N-alkylation of anilines with alcohols
(ACS Catal. 2017, 7, 8152-8158).

This chapter of thesis describe the development of a general and inexpensive nickel-nitrogen
ligated system for selective alkylation of alcohols with amines to secondary amines

derivatives.
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More specifically, herein, we developed an efficient and selective nickel catalyzed mono-
alkylation of a series of primary alcohols with aryl and hetero(aryl) amines together with
diols and amino alcohol derivatives. Notably, the catalytic protocol consisting of earth
abundant and non-precious NiBr»/1,10-phenanthroline system enable the transformations in
presence of hydroxyl, alkenes, nitrile and nitro-functionalities. As a special highlight, we
have demonstrated the alkylation of di-aniline, intramolecular cyclization to N-heterocycles,
and functionalization of complex vitamin E, (+) a-tocopherol derivative. Preliminary
mechanistic studies including synthesis of defined Ni-catalysts, defined Ni-H species and a
series of deuterium labeling experiments revealed the participation of benzylic C-H bond in

the rate determining step.

Chapter-3 Section-A: Nickel-catalyzed intermolecular cyclisation for the

synthesis of five and six membered N-heterocycles (Green Chem. 2018, 20, 2250-
2256).
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The prime objective of this chapter is to develop a general and efficient nickel-catalyzed
system for the synthesis of five and six-member N-heterocycles. Owing to the great demand
for synthesis of N-heterocycles, development of new reactions that utilize renewable
resources and convert them into key chemicals using non-precious base metal-catalysts is
highly desirable.

Here we demonstrated a sustainable Ni-catalyzed dehydrogenative approach for pyrroles,
pyridines and quinolines synthesis employing - and y-amino alcohols with ketones via C-N
and C-C bond formations in a tandem fashion. A variety of aryl, hetero-aryl and alkyl
ketones having free amine, halides, alkyl, alkoxy, alkenes, activated benzyl and pyridine
moiety converted into synthetically interesting 2,3 and 2,3,5 substituted bicyclic as well as
tricyclic N-heterocycles in up to 90% yields. As a special highlights, we demonstrated an

interesting pyrrole derivative employing intermolecular cyclisation of steroid hormone with

phenylalaninol.

Chapter-3 Section-B: Nickel-catalyzed synthesis of pyrroles from
unsaturated diols and amines (J. Org. Chem., 2018, 83,15406-15414).
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The main objective of this study is to develop an operational simple and inexpensive
catalytic system that utilize renewable resources and convert them into key chemicals using
base metal-catalysts is highly desirable. Herein, we reported the Ni-catalyzed
dehydrogenative strategy for pyrroles formations using butene-1,4-diols and butyne-1,4-diols
with a series of aryl, alkyl and hetero-aryl amines. The catalytic protocol is tolerant to free
alcohol, halides, alkyl, alkoxy, oxygen heterocycles, activated benzyl and pyridines moieties
and resulted in up to 90% yield. Initial mechanistic studies using defined Ni-catalyst,
isolation of intermediate species as well as deuterium labeling experiments were performed

to establish the hydrogen-borrowing strategy for pyrrole synthesis.

Chapter-4: Nickel-catalyzed synthesis of gem-bis-alkylkated ketones
(Org. Lett. 2018, 20, 5587-5591).

The work presented in this Chapter has recently been published in Org. Lett. 2018, 20, 5587-
5591. This work has been contributed equally by another author. Therefore, in this chapter

we will only discuss those part of the work mainly contributed by me.
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In this section we report the a-alkylation of methylene ketones using an earth-abundant and

non-precious NiBry/N-ligand system that enables the transformations to a range of branched
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gem-bis(alkyl) ketones using renewable primary alcohols. This nickel catalyzed system could
be performed in gram scale and successfully applied in the synthesis of donepezil
(Alzheimer’s drug), functionalization of steroid hormone, and fatty acid derivatives. Green
synthesis to N-heterocycles, a-methylation of ketones using methanol and one pot double
alkylation to bis-hetero aryl ketones using two different alcohols with a single catalyst
broaden the scope of the catalytic protocol. A detailed mechanistic studies involving isolation
of defined Ni-intermediate species, Ni-H species, Ni-alkoxy complex, determination of rate
and order of the reaction, competition reactions of electronically different alcohols and a
series of deuterium labelling experiments established the participation of borrowing-

hydrogen strategy for nickel-catalyzed a-alkylation of methylene ketones with alcohols.
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Chapter-1: Metal catalyzed sustainable synthesis of C-C and C-N Bonds.

Transition metal catalyzed activation and functionalization of small molecules has attracted
great attention towards sustainable development of new catalytic protocols for C-C and C-
N 'bonds. This simple and straightforward method can be applied for the synthesis of
bioactive natural product, drug molecules, agrochemicals and important pharmaceuticals.
Thus, homogeneous catalysis using more abundant and inexpensive first row transition
metals has become a widespread research theme. In this direction, cobalt, iron, nickel and
manganese catalysis are mainly desirable because of their earth abundant, non-toxic nature,
readily available, and inexpensive.
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Chapter 1: Metal-Catalyzed Sustainable Synthesis of C-C and C-N Bonds: A Brief
Literature Summary

[1.1] Introduction:

Transition metal-catalyzed sustainable transformations for the constructions of new C-C and
C-N bonds has emerged as a new tool in organic synthesis and catalysis. These processes
facilitate to the formation of numerous pharmaceutically important compounds and natural
products of important biological activities. Classical methods for their synthesis required
multi-step process involving substitutions of an alkyl halide or pseudo-halide as well as
reductive alkylation and amination of aryl halide. These conventional methods not only lower
down the value of synthesis, often associated with expensive starting materials, application of
hazardous reagents and overall generates stoichiometric amount of waste production. The
major concern in present days is to develop efficient synthetic methodologies which not only
minimize the waste production, streamline the organic synthesis and should be environmental
benign and atom economic. [1]

In this direction, an efficient, step-economic as well as environmentally benign process
would be the application of renewable alcohols as one of the important coupling partner.
Operationally simple, highly abundant and inexpensive alcohols could be available from
biomass derivatives or fermentation processes. Further, use of alcohols for such
transformations only generates water as sole by product and rendering these processes
sustainable. Another major concern in the catalytic research is to replace the precious noble
metal catalysts, such as, Pd-, Rh, Ru-, Ir etc. by highly abundant non-noble metal catalysts
(Fe, Co, Mn- and Ni). Highly expensive, toxic nature and limited availability of these noble-
metal catalysts sometimes key issues for industrial bulk scale productions of speciality
chemicals. On the other hand, there is of great interests to explore the reactivity profile for
these non-precious metal catalysts, such as, Fe-, Co-, Mn- and Ni-based complexes to
develop new reactions with similar efficiency as of precious metal catalysts.

Notably, such transformations using alcohols generally follows borrowing hydrogen or
hydrogen auto transfer strategy. Initially dehydrogenation of an alcohol to aldehyde or ketone
is occurred by the transition metal catalyst and metal hydride is formed. Next, condensation
of an amine or ketone to the corresponding carbonyl compound resulted imine or enone
intermediate. At this stage, hydrogenation of intermediate enone or imine by metal-hydride
furnished the desired amines or substituted ketones. This strategy resulted the formation of

new C-C and C-N bond and generates only water as the sole byproduct and avoids the use of
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multi-step synthesis. Herein, we have depicted a general scheme for hydrogen borrowing

process in Scheme 1. [1,2]

~NoH —> R
(DehydrogenatlonJ < > Hydrogenatlon
/§O :
Rz/ Hzo

M = Rh, Ru, Pd, Ir, Fe, Co, Mn, Cu, Ni etc.

Scheme 1: General concept for hydrogen borrowing methodology

This chapter of the present thesis deals with such sustainable processes using hydrogen
borrowing methodology for the constructions of new C-C and C-N bonds using alcohols as
one of the coupling partner. Herein, we will briefly discuss few literatures reported key

sustainable transformations using transition metal catalysts.

[1.2] Transition metal-catalyzed alkylation of amines and ketones using alcohols

[1.2.1] N-Alkylation of amines based on precious metals:

Amines are one of the most important functional compounds in organic chemistry and
ubiquitous in various biologically active natural products, agrochemicals, pharmaceuticals as
well as in drugs. Amines are extensively used as ligands in catalysis, material chemistry and
as intermediates for various organic transformations. Classical methods for their synthesis
includes Hofmann alkylation,[3] Buchwald-Hartwig amination,[4] Ullman reactions,[5]
hydroamination,[6] hydroamino methylation,[7] reduction of nitrile,[8] and nitro-
compounds,[9] as well as reductive amination,[10] have been well documented. The main
drawback associated with these classical methodologies are used for multi-step synthesis,
hazardous reagents, high temperature and pressure and generates stoichiometric amount of
salt-waste. More specially, application of these methods for bulk scale synthesis are quite

expensive.

To overcome such limitations, applications of new reactions involving renewable resources,

such as earth abundant renewable alcohols in combination with transition metals are in great
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demand. These processes not only reduced the lengthy synthetic steps also avoids the
production of stoichiometric waste generation, thereby streamline the synthetic procedure. In
this direction pioneering studies by the group of Grigg and Watanabe independently
demonstrated the synthesis of secondary amines using primary amines in combination with
renewable alcohols catalyzed by Ru-complexes (Scheme 2). These amination of alcohols
efficiently resulted the formation of various secondary as well as tertiary amines following

hydrogen borrowing methodology.[11,12]

H
N_ R
NH, RuCl, (PPhs); (1.0 mol%) ~
PN —
+ R7TOH
180°C, 5 h

66-88% yield

H
NH, Excess EtOH N
o Ru(cod)(cot) (5 mol%) @( Ny
=N 180°C, 5 h ~N

up to 85% vyield
Scheme 2: Ru-catalyzed N-alkylation of amines

Thereafter, Zotto et. al. reported the methylation of primary and secondary amines with
methanol using a Ru-based phosphine complex. The catalytic protocol is highly efficient for
the construction of aliphatic tertiary amines as well as methylation of aromatic,

cyclohexylamine and piperidine in up to quantitative yield (Scheme 3).[13]

Me
CpRUCI(PPh3), (1.0 mol%) N—Me
NH2 > \Nle

MeOH, 100 °C, 6.5 h

up to quantitative yield

CpRuCI(PPh3), (1.0 mol%) < :
NH > N—-Me
MeOH, 100 °C, 3 h

up to 98% vyield

Scheme 3: Ru-Catalyzed N-methylation of primary and secondary amines

Williams and co-workers also reported [Ru(p-cymene)Clz2]; as precatalyst in combination
with dppf or DPEphos ligand for successful alkylation of primary and secondary amines with
alcohols.[14] The catalytic protocol was further extended to the synthesis of tertiary amines
using various secondary alcohols including cyclohexanol as well as diols and resulted good to

excellent product yields (Scheme 4).[15]
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NH, [Ru(p-cymene)Cl,], (2.5 mol%) Ph

noton + )\ DPEphos (5 mol%) CNAQ i o
4 Ph :

NEt; (10 mol% ) PPh, PPh,
toluene, reflux, 24 h . DPEphos
up to 82% vyield P

OH [Ru(p-cymene)Cl,], (2.5 mol%) O
O/ N H'O DPEphos (5 mol%) O/N

xylene, reflux, 24 h

up to 98% vyield

Scheme 4: N-alkylation of primary and secondary amines using Ru-based catalyst

In a similar direction, Beller and co-workers demonstrated N-alkylation of indoles with
alcohols using 0.5 mol% of Shvo-catalyst activated by acid additives. It was proposed that, in
the presence of Shvo-catalyst dehydrogenation of alcohol to aldehyde followed by
intramolecular ‘isomerisation, transfer hydrogenation as well as condensation resulted N-

alkylated indole in up to 94% yield (Scheme 5).[16]

1 H
1N R* i Ph ol d Ph
RoH R? . o
R2 £ = Shvo cat. (0.2 mol% to 0.5 mol%) Ny R3 i Ph Ph Ph
PTSA (0.025 mol%) !

\ R3 » N ! Ph g Ph

N 110-130 °C, 24 h 1) : Ru~ Mgy,

H toluene R ! S\ : CO
! ocC coO cO

up to 94% yield
Shvo catalyst

Scheme 5: N-alkylation of indoles with alcohols

Recent studies by Moasser and co-workers using a combination of Ru-based precatalyst in
combination with amino amide ligand for N-alkylation of amines with alcohols is
noteworthy. Alcohol was used as solvent and the reaction could be performed at room

temperature with good to excellent product yield of secondary amines.[17]

[Ru(p-cymene)Cls], (6-8 mol%) R2

H )
ligand (12-18 mol% !
r"NR2 ¥ R3OH gand( o R1'N\/R3 H CF5CO0
t-BuOK (2 equiv.), r.t.-65°C .
3A° molecular sieves up to 99% yield Ligand

Scheme 6: Ru-catalyzed synthesis of secondary amines
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Apart from Ru-based complexes, Ir-complexes were also identified as active catalyst
composition for interesting C-C and C-N bond forming reactions. For instance, Fujita and co-
workers studied the N-alkylation of amines with more challenging alkyl alcohols.
Commercially available Ir-catalyst was also highly efficient for a series of electronically

different benzyl and other primary and secondary alcohol derivatives (Scheme 7).[18]

NH, [CP*IrCl], (2.5 mol%) Ho o
o, N
©/ + RN K,CO3 (5 mol%) ©/

toluene, 110 °C, 17 h

85-95% yield
Scheme 7: Iridium catalyzed N-alkylation of alcohols

In 2011, they have designed a more efficient water soluble di-cationic Ir-catalyst using
[IrCp*I2]2 with aqueous ammonia in presence of methanol. The catalyst was employed for the
synthesis of secondary and tertiary amines and quite efficient towards primary and secondary

alcohols as well secondary amines (Scheme 8).[19]

©/\H/ ) OH catalyst (1 mol%) ©/\N/\© | ot
— e T | _
H,0, reflux | i 2
under air, 6 h 83% yield i o
! HaN \ NH3
; NH3
! Catalyst

Scheme 8: Amination of alcohols using water soluble Ir-catalyst

N-heterocyclic carbene (NHC) ligand were also found highly efficient for the amination of
alcohols. For instance, Crabtree ef. al. has developed an Iridium/NHC catalyst combination
along with 50 mol% milder base to activate the catalyst and resulted good to excellent yield

of the secondary amines (Scheme 9). [20]

NH, catalyst (1 mol%) H E
©/ . aon | _NaHCO (50 mol%) N A | 8| PFs
toluene, 110 °C, 45 h ©/ i Cl—jp (N
molecular sieves i /=N \(NJ
o
' N Catalyst

Scheme 9: N-alkylation of amines using Ir-NHC catalyst

Kempe and co-workers established an in sifu generated iridium catalyst system in

combination with PNN-ligand for selective N-alkylation of anilines and amino pyridines with
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primary alcohols. The catalytic system could be extended to various aliphatic amines, diols as
well as amino alcohol derivatives and only a small amount 0.05 mol% catalyst is required for

efficient transformations (Scheme 10).[21-23]

[IrCI(COD)];, (0.05 mol%) Q O
O . NH, OH ligand (1 mol%) N\/\/NHz .
H,N Sy v NaO'Bu (1.1 equiv.) |

diglyme, 0.4 mL THF

X=CorN 110 °C, 48 h ; , \(\‘/

0,
up to 91% yield : Ligand

Scheme 10: Ir-catalyzed N-alkylation with aliphatic alcohols

Recently, first enantioselective version of catalytic amination has been developed by Zang et.
al. using Ir-based chiral (S,S)-sulphonamide ligands in combination with chiral phosphoric

acid. A series of chiral secondary amines as well as heterocycles were obtained in up to 99%

yield and >99% ee (Scheme 11).[24]
% CIAL
o
o) O
Nfs\\ o " on
Ee el 1]
Hr{lfph R

Ph Phosphoric acid

(S,S) Ir catalyst (5 mol%) R
OH phosphoric acid (10 mol%) HN

+ —
R1J\R2 R-Niga tert-amyl alcohol, reflux g1 R2
24 h, 4 A° molecular sieves

Racemic alcohols

>99% ee and up to 98% yield
S,S Ir catalyst

Scheme 11: Enantioselective amination using chiral Ir-catalyst

In 2011, Guseyv et. al. developed a general Os-pincer based catalyst system for amination of
primary alkyl alcohols with alkyl amines. Though, a low catalyst loading is efficient enough
to achieve higher product yields, but, 200 °C reaction temperature limits its application and

functional group performance (Scheme 12).[25]

(PHT 'co
E 7/ H Catalyst

H
Catalyst (0.1 mol%) N
\(\%ENHZ . HO/\)\ ,\Hg \/Y

200°C, 24 h
up to 91% vyield

Scheme 12: Os-pincer based catalyzed N-alkylation of amines with alcohols
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[1.2.2] N-alkylation of amines based on earth abundant non-precious metals:

With the increasing demand for the development of more sustainable and environmental
benign catalysis technologies for the synthesis of C-C and C-N bonds, recently there is a
potential drive for the utilization of non-precious and earth abundant transition metals such
as, Mn, Fe, Co, and Ni for key catalytic processes. More specifically, use of these earth
abundant metals in combination with renewable resources are key attraction for the bulk scale
industrial applications. In this section we will briefly discussed about some important
organic transformations for N-alkylation of amines using borrowing hydrogen methodologies.
For instance, in 2013 Singh and co-workers developed a suitable Fe(ll)-phthalocyanine based
catalyst for N-alkylation of various hetro-aryl amines with benzyl alcohols and extended to
the synthesis of a series of bio-active N-heterocycles. The catalytic protocol was also applied

to linear unactivated amyl alcohol in up to 20% product yield (Scheme 13).[26]

H ! N ! Z
Fe catalyst (1 mol%) R\/N\A i | '"N—Fe—N" |
q r |
Ar—NH, + R NOH NaOt-Bu (2 equiv) E q | )
| N NN
' UFe Catalyst (I)

100-140 °C, toluene,12 h  UP to 72% yield
Scheme 13: Fe-catalyzed intermolecular cyclization/N-alkyaltion of heteroaryl amines

Later on, Feringa and Barta successfully design a new cyclopentadienone based defined iron
carbonyl precatalyst for the N-alkylation of amines with alcohols using cyclopentyl methyl
ether (CPME) as green solvent. The key highlight includes, excellent product yield of
secondary amines, N-aryl piperazine and direct synthesis of drug piribedil; used as dopamine
antagonist for the treatment of Parkinson’s disease (Scheme 14).[27a] Subsequently, they
have extended the applications of the Fe-based catalyst for more challenging N-alkylation of
benzyl amines with benzylic alcohol derivatives.[27b] A more significant, application of such
Fe-catalyst has been demonstrated for selective N-alkylation of unprotected amino-acids with

long chain alcohols for the synthesis of biologically important amino acid derivatives.[27¢]

H [Fe]-precatalyst (5 mol%) R TMS
) 37NN” —

R1‘N‘R2 + RNOH Me3sNO(10 mol%) R Nz O:}O
120-130 °C, CPME, 4-62 h R |

TMS

60% yield oc' lfe\CO
CcO

Fe precatalyst (Il)
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[Fel-precatalyst

Me3NO \ -Me3N, -COZ

TMS
-
,—OH
\-FeIMS 2
R‘l oC A
R27ON” co
H dehydrogenation
TMS H
O
2
RZ\(/N\R1 O@*OH R
H
H

imine formation
R'-NH;

Scheme 14: Fe-catalyzed N-alkylation of secondary amines with benzyl alcohols

A plausible mechanism has been described for Fe-catalyzed borrowing hydrogen process for
the synthesis of C-N bonds. As evident, initially active Fe-species is generated from Fe-
precatalyst, which dehydrogenate the alcohol to corresponding aldehyde and transition Fe-H
is formed. Next, condensation of aldehyde with amine gave imine intermediate and in situ
hydrogen shuffling from metal hydride resulted the desired amine. During these process,

again active catalyst has been generated and continue the catalytic cycles (Scheme 14).

Another report by Wills and co-workers demonstrated the N-alkylation of primary and
secondary amines with secondary alcohols using Fe-catalyst. They have modified the Fe-
catalyst used by Barta and co-workers and employed tetraphenylcyclopentdienone iron-

carbonyl precatalyst for the N-alkylation of alcohols (Scheme 15).[28]

Ph
1
OH Fe precatalyst (10 mol%) JR\ =i
_Ar

)\RZ + Ar—NH, Me3NO (10 mol%) R27ON

140 °C, xylene, 24 h H
up to 76% yield

—

)

~

R’ Ph e
oc',~
oc CO
Fe Precatalyst (lll)

Scheme 15: Fe-catalyzed N-alkylation of amines with secondary alcohols
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Zhao and et. al. has also developed the N-alkylation of amines with secondary alcohols.
Application of Fe-catalyst in combination with Lewis acid additive furnished the
corresponding secondary amines with moderate yield. Unfortunately, no N-alkylation was
occurred when primary aliphatic alcohols, benzylic alcohols as well as diols were used. It was
observed that AgF facilitates the formation of imine intermediate as well as catalyzed the

imine hydrogenation (Scheme 16).[29]

up to 69% yield oC",

Fe catalyst (10 mol%) i
OH 1 !
R A AgF (40 mol%) R4J\N/R i ())—oH
RUTR® - RYRY 110 °C, toluene, 24-48 h R? | A Tms

(6]0)
Fe Catalyst (IV)
Scheme 16: Fe-catalyzed N-alkylation of secondary amines with secondary alcohols

Very recently Kirchner and co-workers established a new class of Fe(Il) pincer precatalyst
for the N-alkylation of amines using alcohols. It was observed that, molecular sieves plays a
crucial role to promote imine formation as well as facilitate for removal of water, thereby

furnishing the higher product yield (Scheme 17).[30]

H
NH——|—PR;

o, A\ S
Fe Precatalyst (3 mol%) )/ N—Fe—CO R=pr

—

2
R\/N\R'I

R'-NH, * R2"SOH

140 °C, toluene, 3A° MS, 16 h pR.Br
N=""2

b Fe Pre-catalyst (V)

up to 80% yield

Scheme 17: Fe (II)-pincer catalyzed N-alkylation of amines

In 2018, Morrill and co-workers disclosed the iron-catalyzed N-methylation of amines using
methanol through hydrogen borrowing approach. Methanol was used as solvent in presence
of K>COs3 and furnished the desired N-methylation of cyclic as well as acyclic secondary

amines with good product yield (Scheme 18).[31]

R
Fe precatalyst 1 or 2 ( 2-4 mol%) Me X Fe Precatalyst (VI)

. I i =
R1’N\R2 Me3NO (4-8 mol%), K,COj3 (2 equiv) R1'N\R2 : [ < O

80-110 °C, MeOH, 24 h X Fe 'R 1: X=CH,, R=TMS

77% yield O%é ‘cO 2:X=NMe, R=Ph

Scheme 18: Fe-catalyzed N-methylation of cyclic and acyclic amines
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Apart from Fe-based catalysts, homogeneous Co-complexes were also reported for amination
processes. In 2016, Zheng and co-workers employed phosphine based Co-complexes (II) for
the synthesis of secondary amines. Application of two different primary amines in presence
of cobalt resulted a series of important secondary amine derivatives releasing ammonia as

side product (Scheme 19).[32]

) . H ! ~PCy,| BAr"4
Co precatalyst (2 mol%) R N. 3
o

120 °C, tol 24 h 2 i o 0oR
, toluene, R | Ple2 R = CH,SiMe,
up to 74% yield :

1_
R NH2 + R3J\NH2

Co-precatalyst (ll)

Scheme 19: Co-catalyzed amination with two different primary amines

Kirchner and co-workers has described the application of Co(Il)-PCP pincer complexes for
N-alkylation of various aromatic amines with a series of primary and secondary alcohols.
Importantly, used of challenging alkyl alcohols, such as, ethanol, n-butanol, citronellol as
well as cinnamyl alcohols as alkylating agent make this process highly important (Scheme

20).[33]

! MeN -PR;
Co precatalyst (2 mol%) H - \
Ar—=NH, + R" >on __KOt-Bu (1.3 equiv) _ R\/N\Ari lCo—CI
80 °C, toluene, 16 h : PR
- N~ 2 .
77% yield | Me R=i-Pr

Co Precatalyst (lll)

Scheme 20: Co-catalyzed N-alkylation of aryl amines with aliphatic alcohols

Very recently Liu and co-workers established a Co-based phosphine catalyst system for the
methylation of amines using methanol. A variety of primary aryl amines and secondary
amines undergoes selective mono N-methylation in presence of milder base. Preliminary
catalytic and mechanistic studies established the participation of Co-H species following

hydrogen borrowing methodology (Scheme 21).[34]

Co(acac), (5 mol%)

1 2
P(CH,CH,PPhy)s (5 mol%) R\,TI/R
RLN,R2 K3PO4 (1 equiv) _ Me
H 140 °C, MeOH, 24 h up to 90% yield

Scheme 21: Co-catalyzed N-methylation of primary and secondary amines
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[1.2.3] C-alkylation of ketones based on precious metals:

Efficient synthesis of new C-C bonds using transition metal catalysts has attracted great

attention. More specifically, catalytic processes utilized renewable resources in combination

with non-precious metals are of great interest to organic chemists in academia as well as in

industry. One efficient technology in this direction is the a-alkylation of ketone enolates with

alcohols as alkylating agents, this process not only relieved water as byproducts avoids the

use of stoichiometric waste, thereby rendering sustainable.[35-37]

Since last decades, several new methodologies were developed by the group of Shim, Cho, as

well as Crabtree et. al. using Ru-catalysts for alkylation of ketone with primary alcohol,[38-

40] as well as alkylation of ketone and S-alkylation of secondary alcohols were also reported.

[IrCl(cod)], (2 mol%)

O E o) PPh3 (6 mol%)
+
Ar)J\ /\EO>< LiOH.H,0 (40 mol%) ><

toluene, 110 °C, 17 h

NaBH, (1 equiv)
MeOH, 10 °C, 2 h

D\/OH i FeCls (1 equiv)
Ar o CH,Cl,, RT, 45 min ><

Scheme 22: Synthesis of 2,5 di-substituted tetrahydrofuran following via C-alkylation

[Cp*IrCl,l, (5mol%) O

o)

KOH (0.5 equiv.) R2

R® + Me-OH - R1J\/

t
R A 120 °C, 15 h ’

e
85% yield
Me

[CP*IrCl], (5 Mol%)
CN KOH (0.5 equiv.) CN
d + Me—OH >

120°C,15h _ R
87% yield

o [Cp*IrCly], (5 mol%) o)

R2 .
R1J\ ¢ Me—OH + ~7 KOH (0.5 eqU|v.)= R1JS/\R2

o]
HO  120°C,15h Me
90% yield

Scheme 23: Ir-catalyzed selective mono-methylation of ketone with methanol
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Further, Phapale et. al. reported the synthesis of 2,5-disubstituted tetrahydrofuran using a-
alkylation of substituted ketone with solketal using IrCl(cod). catalyst and PPhs as ligand.
Thereafter, following reduction as well as iron-mediated cyclization resulted the desired
product (Scheme 22).[41]

Obora and Ogawa have reported the iridium-catalyzed selective dimethylation and a-
methylation of ketones or acetonitrile derivatives using methanol. The catalytic system could
be applied successfully in a three components cross alkylation of methyl ketone using
methanol and primary alcohols (Scheme 23).[42]

Ishii et. al. studies the Ir-catalyzed a-alkylation of tert-butyl acetate with primary alcohols
and diols. The catalytic protocol have extended in the synthesis of ethylene brassylate in bulk

scale as a synthetic perfume (Scheme 24).[43]

o [IrCl(cod)], (5 mol%)

PPh3 (15 mol%)
M But + R-oH - R\)J\ _Bu-t

t-BuOK (2 equiv), t-BuOH
100 °C, 15 h 74% yield

Scheme 24: Ir-catalyzed selective a-alkylation of esters with alcohols and diols

Donohoe and co-workers have reported Ir-catalyzed interrupted hydrogen borrowing
methodology for methylation of ketone at milder conditions. The application of phosphine
ligand plays a key role to control the selectivity. Subsequent addition of pro-nucleophile to
the reaction mixture allowed a one-pot methylation-conjugate addition technology (Scheme

25).[44]

0 [IrCl(cod)], (2 mol%) o
R Phosphine Ligand (8 mol% R R
Ar = p-MeOCgH,
~0 KOH (3 equiv.) MeOH
o OMe
G- O g 6% yield 75% yield

- O i
R
o Ar)J\H/
r _ [rClcod)l; (2 mol%) . o
w Phosphine Ligand (8 mol%) + M N R
~0 KOH (3 equiv.), MeOH o] Nu
65°C, 0,, 48 h Ar R Nu
Ar = p-MeOCgH, 65-94% yield
OMe |

Scheme 25: Ir-catalyzed methylation of enolate ketone
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Apart from these, several other process for ketone alkylation using alcohols based on Ir-, or
Ru-catalysts have been developed in recent days. For instance, some important examples are,
Ir-NHC catalyst,[45] RuHCI(CO)(PPh3); in presence of 1,10-phenanthroline,[46] Ru-
bis(diphenylphosphanyl)methane catalyst,[47] as well as others[48-49] are well established
this field.

Donohoe and co-workers described the methylation of aliphatic and aromatic ketone using
methanol in combination with Rh-based catalyst. The reaction could be performed using

oxygen and plays a key role to achieve higher product yield of methylation (Scheme 26).[50]

o [Cp*RhCl,]5 (5 mol%) o)

R/U\ . Mo—oH _CS2COs (5 equiv.)_ RJ\(Me
65°C, 48 h, O, o
44-56% yield
o) [Cp*RhCl5], (5 mol%) (@]
- 2
R1J\/R2 | Cs,CO0; (5 equiv. ) R1J\/R
65 °C, 48 h, O, -

up to 98% yield

Scheme 26: Rh-catalyzed methylation of ketones

Palladacycle based catalyst were also utilized for alkylation reactions and resulted a-a di-

substituted branched ketone with excellent yields (Scheme 27).[51]

i Palladacycle CF,

o Palladacycle (1 mol%) ,
P(2-Fur)s (2 mol% K

AN R O R oo QI Pl R2
LiOH (25 mol%), ;

80-100 °C, 24 h R

Solvent free  up to 98% yield

Scheme 27: Pd-catalyzed alkylation of ketones using primary alcohols

[1.2.4] C-alkylation based on non-precious metals

C-alkylation using earth abundant metal, Fe, Co, and Mn has been developed using
borrowing hydrogen methodology. For instance, Darcel et al. described the
(cyclopentadienone) iron carbonyl pre-catalyst in presence of PPhs for a-alkyaltion of
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Chapter 1 Sustainable Synthesis of C-C and C-N Bonds: A Brief Literature Summary

ketones with various alcohols. A series of ketone as well as benzylic and aliphatic primary
alcohols, could participate to a-alkylated ketones (Scheme 28).[52] Thereafter, another report
by Renaud et. al. using iron-complex bearing electron rich cyclopentadienone ligand is

noteworthy.[53]

Fe precatalyst (ll)

i TMS
o Fe precatalyst (2 mol%) (0] ! _
JJ\ . R o PPhs (2 mol%), Cs;CO3 (10 mol%) R1J\/\R25 - o]
1 | 1
R 140 °C, toluene, 24-48 h . : ™S
52%vyield | g Fel
' éO (610

Scheme 28: Fe-catalyzed a-alkylation of ketones with alcohols

Zhang and co-workers demonstrated the a-alkylation of ketone with primary alcohols using
an ionic Co-PNP complex in up to 98% yields. This method was also successfully applied in

the greener synthesis for N-heterocycles (Scheme 29).[54]

BArt4

ﬁPCyz

H—N—lCo—R
(,PCyz R = CH,SiMe;

Co Precatalyst (Il)

(@) Co precatalyst (2 mol%) (0]

KO¢-Bu (5 mol%
)va + R27OOH ( ; i R1JK/\R2

(o]
120 °C, toluene, 24 h 70% yield

Scheme 29: Co-catalyzed a-alkylation of ketones

Liu and workers established the Co(BF4)2.6H20 in combination with tetradentate phosphine
ligand system for C-methylation of ketone, acetonitrile and indoles. The catalytic cycle
initiated by base and resulted transition Co-methoxy complex, which further undergoes -
hydride elimination to form a Co-hydride species. The in situ generated enone intermediate

undergoes reduction by the Co-H to the desired products (Scheme 30).[55]

N Co(BF,), ( 1-2.5 mol%) Me
RE ,: o RVEWG P(CHI2<CCH:§)PE>1h2)3 (.1-)2.5 mol%) A J"\e
equiv _ or
H 2LUs q R Ay R EWG

100 °C, MeOH, 24-48 h H 90% yield

Scheme 30: Co-catalyzed methylation of ketones, indoles and acetonitriles
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Kempe and co-workers developed a new class of Co-PNP pincer catalyst for coupling
between secondary alcohols with primary alcohols. The modified Guerbet condensation
required KHMDS as base and resulted a series of secondary alcohols in high yields (Scheme

37).[56]

| cl
! HN—I—\PRZ
OH Co precatalyst (5 mol%) OH I @ = &
: 1F3C N—C
KHMDS (1.1 equiv 3 \ 0—_
)\R1 + R27>0H {d{e™ s R1)\/\R2: N—/( PIR Cl
110-130 °C, toluene, 63% yield | R=iPr N7 2
20-44.h i Co Precatalyst (IV)

Scheme 31: Co-catalyzed alkylation of secondary alcohols with primary alcohols

In 2016, Beller et al. also reported the C-alkylation of ketones with a series of primary
alcohols using Mn(I)-PNP pincer catalyst. The reaction could be initiated by a mild base and

unfortunately in case of aliphatic ketone resulted poor product yields. (Scheme 32).[57]

Br
' —PR>
0 Mn precatalyst (2 mol%) (0] i
J+ re™on Cs2C03 (5 mol%) R1J\WR25 H—N—ll\/l\ﬁ -

R 1
140 °C, t-AmOH, 22 h [

69% yield PR: o

s R = j-Pr

E Mn Precatalyst (1)
Scheme 32: Mn-catalyzed C-alkylation of ketones and oxindoles

Another interesting report by Liu and co-workers for the upgrading of ethanol to butanol
using Mn-catalyst is noteworthy. A low catalyst loading of Mn(I)-PNP pincer catalyst
resulted 1-butanol in up to 11.2% conversion and 92% selectivity. Notably, the catalytic
protocol have TON (114120) and TOF (3078 h™") (Scheme 33).[58]

Br
—PR,

Mn precatalyst (0.0001mol%) : H—N—M\;\ co

0,
" /\OH NaOEt (12 mol%) . Me\/\/OH : /
© : PR, “co
160 °C, 168 h 11.2% conversion,
92% selectivity R =i-Pr

' Mn Precatalyst (I)

Scheme 33: Mn-catalyzed ethanol upgrading in to 1-butanol
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[1.2.5] Synthesis of N-heterocycles

The application of hydrogen transfer methodology for the construction of N-heterocycles
molecule involving a tandem N-H/C-H coupling in one pot operation is noteworthy.[59]
Heteroarenes, such as, pyrrole, pyridine, quinolines as well as benzimidazoles are important
class of compounds with wide applications as antibacterial, antitumor and antifungal
properties. Pyrrole and their derivatives used in molecular optics, as conducting polymers, in
solar cells and in batteries and as sensors.[60-61]. Classical methods for their synthesis
associated with multi-step synthesis, pre-functionalization of substrate, and generates salt
wastes. In this respect, a more general and sustainable synthesis of pyrroles would be more
attractive.

Towards this, Beller and co-workers described the three component synthesis- of pyrrole
using ruthenium catalyst for a variety of di-, tri-, tetra- and penta-substituted pyrroles

involving ketones, vicinol diols and primary amines or ammonia (Scheme 34).[62]

! [Rus(CO)(o] (1 mol%) ~ RZ  R®
O ] Ri_OH Xantphos (3 mol%) N /Z/_—§\ h
R1JJ\/R + RS‘NHz + R! N R
HO™ "R® K5,CO3 (20 mol%), 18 h F‘{?’
t-amyl alcohol, 130 °C |
up to 90% vyield

Scheme 34: Ru-catalyzed one-pot three component synthesis of pyrroles

Ru cat. (0.5 mol%)

oH  HO t-BuOK (0.5 equiv) ﬂ !
J\ + > R! R2 !
R' :

H,N" R2 toluene, 24 h, H

reflux
up to 85% yield

OH Hoj\ Cat. R1 HO
+ > +
R1J\ toluene, reflux R j\RZ

H,N™ "R? H,N
HO
1 / \ Ca@
R™NR2 <—— « ~
H RN R?
N RN

Scheme 35: Ru-PNN pincer catalyzed synthesis of pyrroles with probable mechanism
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Milstien et. al. have studied a more general and straight forward atom-economical technology
using ruthenium-pincer catalyst for the synthesis of pyrroles based on dehydrogenative
coupling of B-amino alcohols and secondary alcohols with good yields (Scheme 35).[63]
Metal catalyzed double dehydrogenation of alcohols followed by base catalyzed condensation

with amines resulted the pyrroles in one pot operation.

Another process by Beller co-workers reported the synthesis of substituted pyrroles involving

[Ru(p-cymene)Cl,]> catalyst and Xantphos as a ligand (Scheme 36).[64]

2 5
i o [Ru(p-cymene)Cly] (1 moi%) RO R
j\/ 3 Xantphos (2 mol% ) ]\
R + R3-NH, -+ I - R R4
1 2
R HO” MRS  t-BUOK (20 mol%), 16 h 23

t-amyl alcohol, 130 °C
up to 92% yield

Scheme 36: Ru-catalyzed synthesis of pyrroles

More recently, Kempe et. al. demonstrated a series of defined Iridium-pincer complexes for
pyrrole synthesis using secondary alcohol and amino alcohols. An in situ dehydrogenation of
alcohols followed by base catalyzed condensation resulted the formation of one pot C-C and
C-N bonds and pyrroles. This catalytic protocol has excellent tolerance to a variety of
functional groups, such as, olefins, chlorides, bromides, organometallic moieties, amines and

hydroxyl groups for the pyrrole synthesis (Scheme 37).[65]

HO Ir cat. (0.05-0.1 mol%)
fi 2 l t-BuOK (1.1 equiv.) /QN N
R’ f

|
—lIr
H,N"R2  THF, 24 h, 90 °C j/

up to 93% yield ©

Catalyst

Scheme 37: Synthesis of 2,5-disubstituted pyrrole using Ir-pincer catalyst
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Herein, we developed an efficient and selective nickel catalyzed mono-alkylation of
various primary alcohols with aryl and hetero(aryl) amines together with diols and amino
alcohol derivatives. Notably, the catalytic protocol consisting of earth abundant and non-
precious NiBry/L2 system enable the transformations in presence of hydroxyl, alkenes,
nitrile and nitro-functionalities. As a special highlight, we have demonstrated the
alkylation of di-aniline, intramolecular cyclization to N-heterocycles, and functionalization
of complex vitamin E, (¥) a-tocopherol derivative. Preliminary mechanistic studies,
revealed the participation of benzylic C-H bond in the rate determining step.

Sustainable Transformation
NiBr, (10 mol%)
Phen (20 mol%)
R1/\OH A H2N,Ar T’
1,0

RITY

_Ar
N

50 examples
up to 96% yield

Broad substrate scope
Synthesis of N-heterocycles
Functionalization of vitamin derivative

ACS Catal. 2017, 7, 8152-8158




Chapter 2 N-Alkylation of Anilines with Alcohols

Chapter 2: Ni-Catalyzed Direct N-Alkylation of Anilines with Alcohols

[2.1] Introduction:

Amines are most valuable compounds for the chemical industry as intermediate products in the
preparation of dyes, polymers, as well as for the synthesis of new pharmaceuticals and food
additives. Amines are also useful for the chemical transformations, ubiquitous in biologically
active natural products and extensively used in pharmaceuticals (Figure 1), agrochemicals,
ligands for catalysis and in material chemistry. There are many powerful classical processes
and catalytic protocols for the synthesis of amines. Notably, the vibrant catalytic protocols
reported in this area is evident the significant potential for C-N bond forming reactions. The
great demand for new reactions that fully or partially uses the renewable resources in
combination with earth abundant non-precious metals are highly desirable. In Chapter 1, we
have already discussed about transition-metal based N-alkylation of amines following
hydrogen borrowing strategy. Herein we will briefly discuss about few selective non-precious

metal catalyzed C-N bond formation reactions.

- a "]
/@/\N \N /@/\N \N ©/\N \N
MeO H Cl H H
Mepyramine Chloropyramine Tripelennamine
Antihistamine Antihistamine Antihistamine

N Nﬂ
e S a L pa

K(/N N\\|/N

A
HN_/ &N BrR'N\
Antazoline MSX-122 Thonzonium bromide
Anticholinergic Tumor activity Antifungal activity

Figure 1: Selected examples of important pharmaceuticals with alkylated amine functionalities

[2.2] Relevant literature work:

Notable contribution by the group of Barta, Wills, Kirchner and others have been discussed
already in Chapter 1 for the amination reactions. A detailed discussion have also been
documented for the recent development using well defined iron, cobalt as well as other non-
precious metal catalysts.[1-5] Apart from these herein we have discussed some more recent
examples for C-N bond forming process. For instance, in 2015, Kempe and co-workers

reported a series of new Co-PNP pincer complexes for N-alkylation of aromatic amines using
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alcohols employing -BuOK as base. A variety of aryl and heteroaryl amines could participated
with high product selectivity and desired secondary amines were obtained in good to excellent

product yield (Scheme 1).[2]

Cl
. HN—’—PR2
Co precatalyst (2 mol%) H ! HN—<\ N— Co\CI
| i |
Ar—NH, + R/\OH t-BuOK (1.2 equiv.) R\/N\Ar i ,PRZ
80 °C, toluene, 24 h | N
|

: R=i-Pr H
up to 90% yield | co-based precatalyst (I)

Scheme 1: Co-pincer complex catalyzed N-alkylation of aryl amines

Apart from Co, Mn is the third most earth abundant element after earth crust. In 2016 Beller et
al. reported the first homogeneous manganese-catalyzed N-alkylation of amines via borrowing
hydrogen methodology. Application of Mn(I) PNP pincer pre-catalyst with r~-BuOK as base, a
series of aryl and hetero-aryl amines efficiently transformed to secondary amines. The same
protocol could be utilized for challenging N-methylation of amines using methanol (Scheme

2).[3]

Br
| —PR;
Mn precatalyst (3 mol%) H | o
. ! H=-N—Mn——-=CO
r—NH, + R SOH t-BuOK (0.75-1 equ.L R\/N\Ar ; p)
80-110 °C ' ; PR, “co
toluene or MeOH, 24 h J/AQeatge yicla gl i

Mn Precatalyst (I)

Scheme 2: Mn-catalyzed synthesis of secondary amines

In 2017, Beller and co-workers has developed another novel second generation lutidine based
Mn-pincer complex for selective N-methylation of amines using methanol as alkylating agents.
These complexes were allowed for methylations under milder conditions with-improved yields

(Scheme 3).[4]

Br

h | —FPR,
NH, catalyst (2 mol%) N '
R{j/ tBUOK (0.5 equiv) Sy Me L N—mn—co
1 e N\
Z MeOH, 100 °C, 16 h = : PR, co
up to 99% yield !
i R = i-Pr

Mn Precatalyst (Il)

Scheme 3: Mn-catalyzed N-methylation of aryl amines

Apart from homogeneous catalysts, application of heterogeneous catalysts for sustainable

organic transformations is an important goal. For instance, Raney nickel was well explored in
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this directions for C-N bond formations. Often stoichiometric amount of catalyst is required for
the N-alkylation of amines using alcohols. Further, limited substrate scope, less selectivity, low
TON and high temp. and pressure are associated drawbacks for such processes. Towards this,
recent studies by Shimizu and co-workers using Ni/Al,O3; heterogeneous catalyst for the N-
alkylation of amines is noteworthy. A variety of secondary amines were obtained with higher
activity and higher TON value for the N-alkylation. The catalyst could be recyclable to several
cycles without losing any catalytic activities (Scheme 4).[5]
" OH R

o Ni/ALOz (1-2mol%) R3 N

R® R

r2 N R R4
reflux, o-xylene, 3 h R4

up to 99% vyield

Scheme 4: Heterogeneous Ni-catalyzed N-alkylation of amines

Thereafter, they have extended the catalytic performance for the synthesis of primary amines
using secondary alcohols with ammonia (Scheme 5).[6]

OH Ni/Al,O5 (1 mol%) RZ\(NHZ

J__, + NHy

R'""OR 160 °C, o-xylene, 4 h R’
up to 96% vyield

Scheme S: Ni-catalyzed synthesis of primary amines

Triazole-phosphine-copper complex was also utilized as efficient catalyst for the synthesis of
amines. Wang and co-workers reported the application of such copper complex for the N-
alkylation of electron rich aryl amines using benzylic alcohols as the alkylating agent.
Catalytic and mechanistic studies supported the participation of Cu-H species following

hydrogen borrowing process (Scheme 6).[7]

Cu catalyst (2 mol%) m ! N,
Ar1—NH2 + A" OH t-BuOK (1.5 equiv.) ArZ\/N\ ’ ! [\]’N
Ar |
|
I

toluene, 110 °C, 24 h )
Cu

RsPV TN
PR,

i R = 2-pyridyl

up to 84% yield

Scheme 6: Cu-catalyzed N-alkylation of amines

[2.3] Aim of Present work:

In this chapter we have disclosed an efficient Ni-catalyst system which enable the amination of
primary alcohols with variety of anilines and afford diversely substituted functionalized
secondary amine derivatives. The key features of the optimized protocol includes selective
mono-alkylation of variety of alcohols, diols, amino-alcohols with anilines. Notably,
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intramolecular cyclization to N-heterocycles and functionalization of complex vitamin

derivative are of special interest.

[2.4] Results and discussion:

Previous Work

" @ :

X = Cl, OTf, OCO'Bu, OCONEL,, OMe, OMs, OSO,NMe,

Present Work

R NOH R, - r R

+  HoN~

45 examples

Sole byproduct Broad substrate scope

R4 = alkyl, (hetero)aryl
R, = (hetero)aryl, diamine

Scheme 7: Ni-catalyzed N-alkylation of amines

To date, the application of nickel catalysts is often limited with activated benzylic and phenolic
substrates, such as, carbonates, carbamates, ethers and esters as electrophilic coupling partners
(Scheme 7). Substantially poor leaving ability and strong co-ordination properties of hydroxyl
group, make it inferior substrate class towards nickel-catalyzed transformations. However, to
the best of our knowledge till date, the application of homogeneous nickel catalysts for

amination of benzyl and alkyl alcohols has remain elusive.

Herein, we have disclosed an efficient Ni-catalyst system which enable the amination of
primary alcohols with variety of anilines and afford diversely substituted functionalized
secondary amine derivatives. The key challenge in direct amination of alcohols using Ni-
catalyst is to attain alcohol dehydrogenation and the ability of the in sifu formed Ni-hydride
species for imine hydrogenation. Therefore, we reasoned that, it could possible to explore the

bifunctional nature of homogeneous Ni-catalyst for direct C-N bond formation.

To achieve this goal, we initiated our studies with five different nickel precatalysts having
oxidation state of Ni(0) and Ni(II) with aniline 2a and benzyl alcohol 1a as model reaction of
our choice. Notably, a combination of 10 mol% NiBr2, 20 mol% 1,10-phenanthroline L2 and
0.25 mmol of ~BuOK at 130 °C in toluene resulted the formation of N-benzyl aniline 3 with

99% selectivity in GC-MS analysis of the crude reaction mixture (Table 1, entries 6-10).
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Optimization studies for nickel-catalyzed N-alkylation of amines with benzyl alcohols

Table 1: Screening of catalyst ¢

HAN Ni-Cat (10 mol%) @ -

OH 2 phen (20 mol%) N . N
* -BuONa (0.25 mmol) H
2a 3

1a or
t-BuOK (0.25 mmol)

toluene, 130 °C, 48 h.

Entry Ni-catalyst Base GC-MS Conversion (%)
3 KX

1. NiBr; +-BuONa 10 58

2. NiCl -BuONa 1 48

3. NiCL.DME -BuONa 0 31

4. Ni(acac) t-BuONa 0 41

D. Ni(COD)» t-BuONa 0 39

6. NiBr2 t-BuOK 99(96)" 0

A NiCl, -BuOK 87 13

8. NiCL.DME -BuOK 35 55

b, Ni(acac), -BuOK 81 19

10. Ni(COD) -BuOK 83 17 .

i NiBr2 -BuOK 49 40

Reac

tion condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), Ni-catalyst (0.025 mmol), phen (0.05 mmol), #-
BuONa or -BuOK (0.25 mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ? Isolated yield. ¢ Reaction
was at 120 °C for 36 h.

Under identical conditions, a variety of nitrogen and phosphine ligands L1 and L3-L15 with
variable electronic and steric nature were tested and 15-76% 3 was obtained along with

corresponding imine (21-73%) (Table 2).

We anticipated that, generation of inadequate amount of nickel-hydride species is the key issue
for insufficient imine reduction. However, under identical conditions, the use of various polar
solvents, such as, i-PrOH, »n-BuOH, EtOH, N,N-dimethylacetamide (DMA), N,N-
dimethylformamide (DMF), as well as replacement of toluene with xylene and 1,4-dioxane
further did not improve any product yield and we observed fast deactivation of the catalytic

system (Table 3).
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Table 2: Screening of ligands ¢

NiBr; (10 mol%
@/\OH @ L1-L15 (20 mol%)
N
H,N t-BUOK (0.25 mmol) Ej/\H
1a 2a 3

toluene, 130 °C, 48 h

7 N/ N\
5y O s
—N N= — N=

N
L1 15% L2 99% (96%)° L3 68% L4 24%
7 N/ \ © Q
O~ D) @
L6 48% L7 2% L8 76%
h Eh Ph\P/\/\P/Ph h Eh h\P/\/\/\P,Ph
P& L10 45% Ph 11152% L12 34%
L9 18%
Do,
o Fle
o o= PPh2
PPh, PPh, PPh; PPh,
0 L15 34%
L13 70% B4ete k

“Reaction condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), NiBr, (0.025 mmol), ligand (0.05 mmol), z-
BuOK (0.25 mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ” Isolated yield.

Table 3: Screening of solvents ¢

NiBr, (10 mol%) /@
OH HoN phen (20 mol%) N a SN
+ =
t-BUOK (0.25 mmol) H
3

1a 2a  solvent, 130 °C, 48 h 3
Entry Solvents Base GC-MS Conversion (%)
3a 3a’
1. Toluene t-BuOK 99(96)? 0
2. Xylene -BuOK 10 84
3. 1, 4-Dioxane +-BuOK 21 5
4. n-BuOH -BuOK 0 18
5. i-PrOH ¢ -BuONa 0 0
6 EtOH ¢ -BuONa 0 0
7. DMA -BuONa 0 0
8. DMF -BuONa 0 0
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¢ Reaction condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), NiBr; (0.025 mmol), phen (0.05 mmol), #-
BuOK (0.25 mmol), solvent (2.0 mL), 130 °C oil bath, 48 h reaction time. * Isolated yield. ¢ Reaction temperature
100 °C.

Table 4: Screening of base ¢

NiBr, (10 mol%) O
OH HoN phen (20 mol%) N . SN
+ .
base (0.25 mmol) H
3

1a 2a toluene, 130 °C, 48 h 3

Entry Base GC-MS Conversion (%)

3 3
1. -BuONa 10 58
2. t-BuOK 99(96) ° 0
3. K>COs 2 17
4. NaxCO3 0 0
5. K3POq4 1 67
6. Cs2CO3 0 41
‘R Pyridine 0 0
8. Et;N 0 0

“ Reaction condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), NiBr, (0.025 mmol), phen (0.05 mmol),
base (0.25 mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ? Isolated yield.

In addition, the influence of different organic and inorganic bases, such as, t~-BuONa, K>COs3,
NaxCOs, K3POs4, Cs2COs3, pyridine and triethylamine were found inefficient for the alkylation
of aniline (Table 4).

As expected, product conversion suppressed significantly when a lower equivalent of base was

used (Table 5, entries 1-5).

Table 5: Screening of base equivalent °

NiBr, (10 mol%) O
OH H2N phen (20 mol%) N . SN
+ >
base (X mmol) H
1a 3

2a toluene, 130 °C, 48 h 3

Entry Base equivalents GC-MS Conversion (%)
3 KX
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1. -BuOK (0.25 mmol) 85°¢ 15
2. t-BuOK (0.25 mmol) 99(96) * 0
3. -BuOK (0.1875 mmol) 65 35
4. -BuOK (0.125 mmol) 40 60
5. No base 0 0

¢ Reaction condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), NiBr, (0.025 mmol), phen (0.05 mmol), #-
BuOK (X mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ® Isolated yield. ¢ Reaction time 36 h.

Table 6: Screening of alcohol equivalents “

NiBr, (10 mol%) /@
on N Phen (20 mol%) | =N
t-BuOK (0.25 mmol)
1a

N
2a  toluene, 130 °C, 48 h 3 3
Entry Alcohol equivalents GC-MS Conversion
3 3

1 Benzyl alcohol (1.0 mmol) 99 (96)° % 0 %

2 Benzyl alcohol (0.75 mmol) 76 % 8 %

3. Benzyl alcohol (0.5 mmol) 59 % 11 %
4 Benzyl alcohol (0.25 mmol) 29 % 5 %

“Reaction condition: Benzyl alcohol (X mmol), aniline (0.25 mmol), NiBr; (0.025 mmol), phen (0.05 mmol), ¢-
BuOK (0.25 mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ” Isolated yield.

Further, control reactions, using variable amount of benzyl alcohol proved to be inefficient to
achieve higher product conversions and it was observed that, 1.0 mmol benzyl alcohol is

minimum to get the excellent product yield (Table 6).

Table 7: Screening of catalyst/ligand loading “

NiBr, (X mol%) /@
H +

OH HoN phen (Y mol%) SN :
+
t-BUOK (0.25 mmol)

o

1a 2a  toluene, 130 °C, 48 h 3 3
Entry  Catalyst loading Ligand Loading GC-MS Conversion (%)
3 ¥
1. NiBr2 (10 mol%) Phen (20 mol%) 99 (96) 0
2. NiBr; (7.5 mol%) Phen (15 mol%) 82 2
3. NiBr2 (5.0 mol%) Phen (10 mol%) 79 5
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4. NiBr; (2.5 mol%) Phen (5.0 mol%) 70 26
5. - - 0 0

“Reaction condition: Benzyl alcohol (1.0 mmol), aniline (0.25 mmol), NiBr; (0.025-0.00625 mmol), phen (0.05-
0.0125 mmol), +-BuOK (0.25 mmol), toluene (2.0 mL), 130 °C oil bath, 48 h reaction time. ” Isolated yield.

Notably, catalyst to ligand ratio also very crucial for this amination process. Any changes in
the catalyst and ligand loading, we observed albeit will lower product conversion. Importantly,
we did not observe any product in absence of catalyst and ligand (Table 7 entry 5). To our
delight, a combination of 10 mol% NiBr, 20 mol% 1,10-phenanthroline L.2 and 0.25 mmol of
-BuOK at 130 °C in toluene resulted N-benzyl aniline 3 with 99% product selectivity and 96%
isolated yield.

N-alkylation of aniline derivatives with benzyl alcohol. Further, to demonstrate the general
applicability of the optimized novel catalytic system, a variety of substituted aniline derivatives
were tested for the selective mono-alkylation using benzyl alcohol 1a (Table 8). We observed
that, methoxy, methyl, n-butyl as well as halide substituents on the aryl ring of aniline are well
tolerated and furnished 49-88% yield of selective mono-alkylated anilines irrespective of their
electronic properties (Table 3, entries 4-7 and 11). It is to be noted that, sterically hindered o-
methoxy and o-trifluoromethyl aniline transformed efficiently into the desired secondary
amines (Table 8, entries 8 and 10). Importantly, pharmaceutically active, trifluoro-methyl and
1,4-dioxalone substituted aniline resulted corresponding product with excellent isolated yield,

77-86% respectively (Table 8, 9 and 13).

To our delight, aniline substituted with reducible functionalities are well tolerated and
furnished 32-60% yield of 14 and 15 (Table 8). Under identical conditions the application of
aniline derivatives haying ester, amide, carbonyl, epoxide as well as alkyne functionalities
were not successful (Table 15). The catalytic protocol is highly selective for mono-alkylation,
however, we did not observe any desired product in case of secondary amine derivatives.
Inspired by the excellent catalytic activity of anilines with benzyl alcohol, next we studied the
reactivity profile and scope of various benzyl alcohols with aniline (Table 9). Benzyl alcohols
bearing electron rich and electron withdrawing functionalities as well as fused ring system and
oxygen heterocycle at aryl ring, efficiently transformed to the corresponding mono-alkylated
aniline in 57-96% isolated yield (Table 9, 16-20 and 22-24). Advantageously, sterically
hindered o-methyl substituted benzyl alcohol furnished N-alkylated amine 21 in 47% yield.
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Table 8: Scope of amines: Synthesis of N-benzyl aryl amine derivatives

NiBr, (10 mol%) X
Q L2 (20 mol%) | JR
©/\ H N t-BuOK (0.25 mmol) ©/\N

2b-2k toluene, 130 °C, 48 h 415

Q/OMG
: : .
H
6: X = ClI (52 %)

4(71 %)

o o
7: X = Br (62 %)

. &
©/\ OMg g ©/\H CFs
%) 9 (77 %) 10 (44 %)
Ej‘ ‘ 1
11 (88 %) 12 (86 %) ©/\
H

14 (60 %) 15 (32 %)

13 (86 %)

Reaction conditions: Unless specified, the reaction was carried out with 1a (1.0 mmol), 2 (0.25 mmol), NiBr»

(0.025 mmol), L2 (0.05 mmol), -BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 48 h.

Table 9: N-alkylation of aniline with various benzyl alcohols

NiBr, (10 mol%) /@
L2 (20 mol%
+ O ( o) Ar” N
H,oN

/\
OH t-BuOK (0.25 mmol) b
1b-1j 2a  toluene, 130 °C, 48 h 16-24
%C“ S e
H
84 %) 17 (72 %) 18 (57 %)
o : : N~ C
H
19 (77 %) 20 (81 %) 21 (47%)
Br O N :
SR RESOR
22 (72% 23 (96%) 24 (51%)

Reaction conditions: Unless specified, the reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol), NiBr;

(0.025 mmol), L2 (0.05 mmol), #~BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 48 h.
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Table 10: Scope of hetero-aromatic amines/alcohols

NiBr, (10 mol%)

| X SoH o Ar(Het) L2 (20 mol%) | X~ Ar(Het)
_ 2 t-BuOK (0.25 mmol) 2 H
1 2l-2q toluene, 130 °C, 48 h 25-35
Pharmaceutically active drug molecules:
_ | _ | _ | Cl
N NN NN
H H H
25 (89 %) 26 (81 %) 27 (83 %)
= | Br /N N’O
X | ‘o’ |
N“ N NL\/\@ SN 7
H H H
28 (86 %) 29 (84 %) N 30 (71 %)
) & .
1 = oH | - R
| 32: X = Cl (72%) 34: R = OMe (89%)
________ S1(78%) =% n Ti83:X=8r(76%) | Rasadl=rigdTy%)

Reaction conditions: Unless specified, the reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol), NiBr»

(0.025 mmol), L2 (0.05 mmol), --BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 48 h.

N-alkylation using hetero aromatic amines and alcohols. Gratifyingly, the application of
substituted amino pyridines, quinoline and sulfonamide derivative alkylated efficiently with
excellent chemo-selectivity (Table 10, 25-30). Notably, alkylation of 2-pyridinemethanol with
aniline and halide substituted 2-aminopyridine delivered pharmaceutically active product 31-
33 in 72-78% yield, respectively. It is noteworthy to mention that, the catalytic protocol is
highly chemo-selective and successfully transformed 2-aminopyridine into the intermediate of
bio-active drug, mepyramine 34 and chloropyramine 35, extensively used in antihistamine

activity.

Next we explored the reactivity of more challenging alkyl alcohols with aniline and 2-amino
pyridine (Table 11). For instance, butanol, heptanol, octanol as well as decanol efficiently
converted to mono-substituted aniline derivative 36-39 in 41-76% isolated yield. It is to be
noted that, renewable terpenoid intermediate citronellol readily alkylated to 40 under
optimized reaction conditions. Importantly, this is a rare example of chemo-selective
transformation of unsaturated alcohol under Ni-catalyzed protocol, otherwise impossible under
noble-metal catalysis. Remarkable activity of functionalized alcohols, such as, 2,2-dimethyl-

1,3-propanediol, butane-1,4-diol, hexane-1,6-diol as well as N,N-dimethyl ethanol selectively
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furnished valuable amino-alcohols 41-43 and 44 in 42-70% yield (Table 11). Unfortunately,

under identical conditions application of methanol did not result any desired product.

Table 11: Scope of aliphatic alcohols

NiBr, (20 mol%) X~ |
X~ L2 (40 mol%)
| 0 N NS
R NOH *H,N X t-BuOK (0.25 mmol) R H
1 2a,2 toluene, 130 °C,48h 36-44
/\/\N/© (/\/\ /© C\/\ r :
e (41%) 23 (59%) 38 (69%]
C@ Q) @ e, It
H
39 (76% 40 (71%) 41 (65%)

X
= PSS “
HO/><\H N NN

42 (42%) 43 (53%) 44 (70%)

Reaction conditions: Unless specified, the reaction was carried out with 1 (1.25 mmol), 2 (0.25 mmol), NiBr,

(0.05 mmol), L2 (0.1 mmol), z~-BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 48 h.

Table 12: Alkylation of diamines

NiBr;, (20 mol%) l—(j>
NH X

=
|\ OH Iy )I—NHZ L 2 (40 mol%)

_X  *HNTXT (BUOK (0.25 mmol)@/\
1 or-2s  toluene, 130 °C, 60 h~=X 45-48

@” 0 C” pee
(86%) (89%)
o Y g KT
47 (78%) 48 (69%)

Reaction conditions: Unless specified, the reaction was carried out with 1 (2.0 mmol), 2 (0.25 mmol), NiBr (0.05

mmol), L2 (0.1 mmol), #~-BuOK (0.50 mmol), 130 °C in toluene (2.0 mL) for 60 h.

Alkylation of diamines. Next, we were interested to explore the activity of pyridine-2,6-

diamine and phenyl-1,4-diamine with aryl as well as hetero-aryl alcohols. To our delight,
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multi-functional amines 45-48 are obtained in up to 89% yield and are important structural

motif used as ligands in catalysis and in material chemistry applications.

Table 13: Intramolecular cyclization to indole

M
R NiBr, (20 mol%) ©
OH L2(40mol%) ©\/\§ ©\/\g
t-BuOK (0.25 mmol) H ”
NH,  toluene, 130 °C, 48 h
2t-2u 49 (71 %) 50 (80 %)

Reaction conditions: Unless specified, the reaction was carried out with 2 (0.3 mmol), NiBr, (0.06 mmol), L2

(0.12 mmol), -BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 48 h.

Synthesis of N-heterocycle. To establish the synthetic potential of the catalytic process, an
attempt for intramolecular cyclization of substituted 2-(2-aminophenyl)-ethanol derivatives
were performed. We were pleased to witness an alternative synthesis of indole derivatives via a

tandem borrowing hydrogen/intramolecular cyclization (Table 13).

Table 14: Functionalization of complex vitamin E derivative

Standard conditions

QW

51: R = H (73%)
52: R = OMe (68%)

Reaction conditions: Unless specified, the reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol), NiBr;

(0.025 mmol), L 2 (0.05 mmol), -BuOK (0.25 mmol), 130 °C in toluene (2.0 mL) for 60 h.

Next, the synthetic application of the catalytic protocol again demonstrated using vitamin E,
(£) a-tocopherol derivative of 4-bromoaniline 2v with benzyl alcohols. Gratifyingly, 68-73%
yield of secondary amine 51 and 52 were obtained without affecting the parent tocopherol
moiety.

Notably, the catalytic system is tolerant to extensive functional groups, such as, halides,

hydroxyl, trifluoro-methyl, 1,4-dioaxlone, di-methylamino, pyridine, quinolone and
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sulphonamide derivatives including tocopherol moiety. Gratifyingly, the transformation
proceeds in the presence of reducible functionalities, including alkenes, nitrile and nitro
substituent revealed the synthetic potential of the catalytic protocol. Unfortunately under
standard conditions aniline having functional groups such as, amide, alkyne, ester,

acetophenone and cyclopropane did not result any desired product.

Standard /@
©/\OH O condition ©/‘ ©/‘ ©A
* HoN toluene-d6, 100 * d8, 100 °C
2a

1a

©/‘0H
| 1
b | |
bl B oy
1y N iy 5 |
| \ m
“l‘\ HUH‘J l\ "‘I‘l ¥ /}g 3‘| "\\\J\ J‘ g
- - [ N e

I
’—ﬁ

]

T T T T T T T T T T T T T
11.u 105 1n.u 95 g.u 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

JLL_IJ 4N

T T T T T T T T T T T T T T T T T T T
1.0 105 100 9.5 8.0 8.5 8.0 75 70 6.5 6.0 5.5 50 4.5 4.0 35 3.0 25 2.0 1.5 10 0.5 0.0
f1 (ppm)

O

Scheme 8: In situ NMR studies and mechanistic investigation
Reaction conditions: “ Benzyl alcohol (0.2 mmol), aniline (0.1 mmol), NiBr; (0.025 mmol), phen (0.05 mmol), #-

BuOK (0.25 mmol), toluene ds (0.4 mL), NMR tube under nitrogen atmosphere, 'H NMR was recorded at 100 °C.

Kinetic and mechanistic studies. After having established the excellent catalytic activity of
the homogeneous nickel catalysts for amination of alcohols, we studied the preliminary
mechanistic investigation of the process. To the best of our knowledge, till date no systematic

mechanism is known for Ni-catalyzed C-N bond formation using alcohol as electrophilic

Page | 31



Chapter 2 N-Alkylation of Anilines with Alcohols

coupling partner. Notably, we revealed that, the proposed Ni-catalyzed amination of alcohol
composed of a formal multi-step process, mainly, borrowing hydrogen methodology, as
described in formal in situ NMR-studies (Scheme 8). Further to confirm the putative Ni-
intermediate species, the Cat.1a was readily prepared, and employed in catalytic as well as in
stoichiometric equiv. in the reaction of 1a with 2a under optimized conditions and resulted 3 in

good yields (Scheme 9).

A. Stoichiometric and catalytic studies using defined catalyst

1a  cat.1a (100 mol%) ;- Cat. 1a (10 mol%) 1a E
+ > '3 - + 1
2a  t-BUOK (1.0 equiv.) =] t-BuOK (1.0 equiv.) 2a !
toluene, 130 °C,48 h toluene, 130 °C,48 h '

85% yield 89% yield :

B. Stoichiometric studies using Ni-H species

standard conditions 3

3 4 Cat.1b-H

) toluene-d 1
(100 mol%) 8 60% yield Cat. 1b-H

Scheme 9: Control experiment and mechanistic investigation

Additionally, in order to prepare the Ni-hydride species of Cat.la was not successful after
several attempt using different hydride donor at variable temperature.[8] The experimental
results suggest that, the nickel hydride species is too unstable to detect even in an in situ NMR
studies at -75 °C (Scheme 10). Further, an attempt to prepare the stable Ni-hydride species
using electron rich phosphine ligand we choose tri-cyclohexyl phosphine, L8 of our choice
(Table 2). The defined complex, (Cy3):PNiBr, and the Ni-hydride species (Cys)PNiBrH,
Cat.1b-H were readily prepared according to the reported procedure, [9] and Cat.1b-H
allowed to react with the imine 3’ in stoichiometric equiv. under standard catalytic conditions.
The desired product 3 was obtained in 60% yield (Scheme 9B). This experimental finding is in
strong agreement for the participation of Ni-H species and Ni-catalyzed hydrogen auto-transfer

strategy.

t-BuOK
]

Toluene dg

-75°C,2h

Observed

Cat.1a

Not observed

Scheme 10: Metal hydride trapping method via '"H NMR

Reaction conditions: [a] Benzyl alcohol (0.2 mmol), NiBr,.Phen complex (0.02 mmol), +-BuOK (0.2 mmol),
Toluene ds (0.4 mL), in NMR tube under nitrogen atmosphere, 'H NMR was recorded at -75 °C.
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HRMS ratio

23%

47 %

30%

Scheme 11: Deuterium incorporation and reduction of imine with alcohols
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Scheme 12: Amination with deuterated benzyl alcohol
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(1H)] (2H)] (1H)]
Integral Value | 1.00 1.34/2.30=0.58 | 0.35
Calculated 58 % 35 % 7 %
ratio
HRMS ratio 58 % 35 % 7 %
KIE kcun/kcup = 1.66

Scheme 13: Competetive and parallel experiments

Further, in order to prove the nickel hydride species as the active catalytic intermediate and the
alcohol as a generic hydride source, the imine 3 was allowed to react with 1la-d2 under
standard reaction conditions. The product distribution analysis using 'H-NMR as well as
HRMS revealed the selective transformation of N-benzylaniline 3-d1 along with 3 and 3-d2
and exhibited 46% incorporation of deuterium at the benzylic position of 3-d1 (Scheme 11).
Gratifyingly, a small amount of deuterated benzaldehyde was also detected by GC-MS analysis
of the reaction mixture. All these deuterated experiments (Schemes 12-13), provide evidences
and are in agreement with the literature observation of D/H exchange and the micro-reversible
transformation of the catalytic process (Schemes 11-13). Notably, the hydride on nickel
species originated from the benzylic proton of the alcohol during dehydrogenation to

benzaldehyde.

Further, kinetic isotope effect (KIE) studies were performed to gain more insight into the
reaction mechanism for the N-alkylation of alcohols. The intermolecular competition reaction
of 1a and 1a-d2 with 2a were studied under the standard catalytic conditions and the observed
product ratio gave kcun/kepn = 1.66; on the basis of "H-NMR as well as HRMS analysis. The
experimental findings revealed the participation of the benzylic C-H bond cleavage in the rate

determining step.
[2.5] Conclusions:

In conclusion in this chapter, we have developed the nickel-catalyzed direct application of
various primary alcohols including diols and amino alcohols for selective N-alkylation of
anilines. The catalytic protocol is tolerant to extensive functional groups and enable the
catalytic transformations in presence of hydroxyl, alkenes, nitrile, nitro and tri-fluoromethyl
functionalities in up to 96% yield. As a special highlight, we have demonstrated the synthetic

potential of this protocol in the intramolecular cyclization to indoles, alkylation of di-aniline

Page | 36



Chapter 2 N-Alkylation of Anilines with Alcohols

and functionalization of complex vitamin E derivative. Initial mechanistic studies revealed the
involvement of the benzylic C-H bond in the rate determining step. Further, mechanistic

studies for the Ni-catalyzed amination reactions are ongoing in our laboratory.

[2.6] Experimental details:

[2.6.1] General procedure for the synthesis of alcohols:

Sodium borohydride (1.5 equiv.) was added portion wise over 10 min to a solution of the
corresponding aldehydes (5.0 mol) in THF (30 mL) at O °C. After 15 min the reaction was
allowed to warm to rt and stirred for additional 4-12 h. The reaction mixture was quenched by
addition of saturated aqueous NH4Cl and extracted with Et2O. The organic phase was washed
with brine, dried over Na;SO4 and the solvent was subsequently removed to provide the
product.

[2.6.2] Preparation of tocopherol derived amine (2x):

HO 0
% H2N/©/ o
2x
/
Br t-BuOK (2.0 equiv.)
DMSO, 130°C, 6 h
OzN 71% yield
Zn (6.0 equiv.)
NH,CI (3.5 equiv.)
THF:H,O (4:1)
J@/ 0-1t,12h
78% yield

Intermediate A

Procedure:

Step-1: In a 10 mL oven dried Schlenk tube, 4-nitroaniline (404 mg, 2.0 mmol, 2.0 equiv.), t-
BuOK (2.0 equiv.), () a-tocopherol (430 mg, 1.0 mmol, 1.0 equiv.) and DMSO 5 mL were
taken under an atmosphere of N> The reaction mixture was heated at 130 "C for 6 h and cooled
to room temperature, and was partitioned between ethyl acetate (25.0 mL) and water (25.0 mL)
in a separatory funnel. The organic layer was washed with water, and brine, dried over
anhydrous Na»SOs4 and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the pure
product (intermediate A) as pale yellow oil (392 mg, 71% yield).

Step-2: In a 25 mL oven dried RB flask, intermediate A (392 mg, 0.71 mmol, 1.0 equiv.), Zn
(6.0 equiv.) and 10 mL THF:H>O (4:1) were taken. The reaction was cooled to 0°C, then solid

NH4Cl (3.5 equiv.) was added slowly over 10 min. Thereafter it was brought to room
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temperature and stirred for 12 h. After completion of reaction monitored by TLC, the reaction
mixture was partitioned between ethyl acetate (30.0 mL) and water (30.0 mL) in a separatory
funnel. The organic layer was washed with water, and brine, dried over anhydrous Na;SO4 and
concentrated in vacuo. The residue was purified by column chromatography using a gradient
of hexane and ethyl acetate (eluent system) to afford the pure product 2x as pale yellow oil
(289 mg, 78% yield); '"H NMR (400 MHz, CDCl3) 6 6.61 — 6.51 (m, 4H), 3.30 (bs, 2H), 2.59
(t, J = 6.8 Hz, 2H), 2.10 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H), 1.80 (dq, J = 19.7, 6.7 Hz, 2H),
1.63 — 1.48 (m, 4H), 1.45 = 1.33 (m, 4H), 1.30 — 1.21 (m, 10H), 1.16 — 1.03 (m, 6H), 0.85 (dd,
J=9.0,5.5 Hz, 12H); >*C NMR (100 MHz, CDCl3) 6 152.1, 148.6, 143.9, 139.9, 128.5, 126.6,
123.2, 117.8, 116.5, 115.4, 75.0, 39.5, 37.7, 37.6, 37.5, 37.4, 32.9, 32.8, 28.1, 24.9, 24.5, 23.9,
22.8, 22.7, 21.1, 20.7, 19.8, 19.8, 19.7, 13.0, 12.1, 11.9; HRMS (ESI): Calculated for
[C35Hs56NO2]* 522.4306; Found 522.4295.

[2.6.3] Synthesis of [NiBr2(1,10-phen)] complex:

</ ; 2/ \>
4 Y + Nigr,6H,0 _ EtOH =N, _N=

Ni
rt, 6 h. Br” AN

: 1.0 mmol Br
1.0 mmol Cat. A

Pale green solid

Y

A solution of 1,10-phenanthroline (124 mg, 0.69 mmol) in EtOH (2 mL) was added to a
solution of NiBr*6H>0O (152 mg, 0.69 mmol) in EtOH (2 mL) at rt. After stirring for 6 h, a
pale green precipitate formed and was filtered off, washed with EtOH (3x3 mL), and dried in

vacuo to afford Cat.A as a pale green solid.[8]

Characterization of Cat.A: Chemical Formula: Ci2HgBroN2Ni; Elemental Analysis calculated
(%): C, 36.15; H, 2.02; Br, 40.08; N, 7.03; Ni, 14.72; Found (%): C, 35.57; H, 2.66; N, 6.91.

[2.6.4] Preparation of Cat.1b-H: The catalyst was prepared following literature reported
procedure. The Ni-H species, Cat.1b-H was obtained as pale yellow solid and the solid
decomposes very fast in solvent. Characterization data were in agreement with the literature
reported data.[9]

Characterization of Cat. 1b-H: IR: Ni-H 1950 cm.™'; M.P.- (150-151) °C (decompose).
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. EtOH .
Step- 2x(PCy;) + NiBr, > NiBry(PCyj3);
Reflux, 6 h
. CysR H

Benzene + EtOH (5:1) (6.0 mL N

Step-ll NiBry(PCys), + NaBH, G ¢ ), Ni
rt, 12 h Br® PCy;
200 mg 20 mg 70 mg Cat. 1b-H

Pale yellow solid

[2.6.5] General Procedure for Ni-catalyzed amination reactions with alcohols:
Procedure A:

In a 10 mL oven dried Schlenk tube amines (0.25 mmol), ~-BuOK (0.25 mmol), 1,10-
phenanthroline (0.05-mmol),- NiBr> (0.025 mmol) and alcohols (1.0 mmol) were added
followed by 2 mL of toluene under N, atmosphere and the reaction mixture was heated at 130
°C for 48 h in close system. The reaction mixture was cooled to room temperature and 3.0 mL
of ethyl acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the pure

products.

Procedure B: Alkyl alcohols.

In a 10 mL oven dried Schlenk tube amines (0.25 mmol), ~-BuOK (0.25 mmol), 1,10-
phenanthroline (0.1mmol), NiBr> (0.05 mmol) and alcohols (1.25 mmol) were added followed
by 2 mL of toluene under N> atmosphere and the reaction mixture was heated at 130 "C for 48
h in close system. The reaction mixture was cooled to room temperature and 3.0 mL of ethyl
acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the pure

products.

Procedure C: Bis-alkylation.

In a 10 mL oven dried Schlenk tube amines (0.25 mmol), -BuOK (0.50 mmol), 1,10-
phenanthroline (0.1 mmol), NiBr, (0.05 mmol) and alcohols (2.0 mmol) were added followed
by 2 mL of toluene under N, atmosphere and the reaction mixture was heated at 130 "C for 60
h in close system. The reaction mixture was cooled to room temperature and 5.0 mL of ethyl
acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the pure

products.
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Procedure D: Cyclization

In a 10 mL oven dried Schlenk tube amino alcohols (0.30 mmol), -BuOK (0.25 mmol), 1,10-
phenanthroline (0.12 mmol), NiBr; (0.06 mmol) were added followed by 2 mL of toluene
under N> atmosphere and the reaction mixture was heated at 130 ‘C for 48 h in close system.
The reaction mixture was cooled to room temperature and 3.0 mL of ethyl acetate was added
and concentrated in vacuo. The residue was purified by column chromatography using a

gradient of hexane and ethyl acetate (eluent system) to afford the pure products.

[2.6.6] Analytical data for all the products:
N-Benzylaniline (3) [10]:

colourless oil (96% yield); '"H NMR (400 MHz, CDCls) 6 7.38 — 7.30
©/\H (m, 4H), 7.29 — 7.23 (m, 1H), 7.19 = 7.13 (m, 2H), 6.70 (t, J = 7.3 Hz,
1H), 6.62 (d, J = 7.6 Hz, 2H), 4.30 (s, 2H), 4.00 (s, br, 1H); '3*C NMR
(100 MHz, CDCl3) 6 148.1, 139.4, 129.2, 128.6, 127.4, 127.2, 117.5, 112.8, 48.2.
N-Benzyl-4-methoxyaniline (4) [10]:

: Following the general procedure A, the title product was obtained as a
N

Fio Following the general procedure A, the title product was
/©/ obtained as a colourless oil (71% yield); '"H NMR (400 MHz,
©/\ N CDCls) 6 7.42 — 7.30 (m, 4H), 7.29 — 7.23 (m, 1H), 6.77 (d, J =
8.9 Hz, 2H), 6.60 (d, J = 8.8 Hz, 2H), 4.27 (s, 2H), 3.73 (s, 3H),
3.30 (s, br, 1H); '*C NMR (100 MHz, CDCls) 6 152.3, 142.5, 139.8, 128.7, 127.7, 127.3,
115.0, 114.2, 55.9, 49.4.
N-Benzyl-4-methylaniline (5) [13]:

Following the general procedure A, the title product was obtained

/©/ as a colourless oil (49% yield); 'H NMR (400 MHz, CDCl3) 6 7.42
g” ~7.34 (m, 4H), 7.28 (dd, J = 14.9, 8.1 Hz, 1H), 7.01 (d, J = 8.5 Hz,
2H), 6.59 (d, J = 8.3 Hz, 2H), 4.33 (s, 2H), 3.87 (s, br, 1H), 2.26 (s,
3H); ®C NMR (100 MHz, CDCl3) 6 145.8, 139.6, 129.6, 128.5,
127.4,127.1, 126.6, 112.9, 48.5, 20.3.
N-Benzyl-4-chloroaniline (6) [10]:

Following the general procedure A, the title product was obtained

Cl
/©/ as a colourless oil (52% yield); '"H NMR (400 MHz, CDCl3) 6 7.41

O/\H —7.37 (m, 4H), 7.31 (tdd, J = 6.4, 4.2, 2.0 Hz, 1H), 7.21 (dd, J =
8.6, 7.4 Hz, 1H), 7.14 (d, J = 8.9 Hz, 1H), 6.67 (dd, J = 8.6, 1.1
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Hz, 1H), 6.56 (d, J = 8.9 Hz, 1H), 4.33 (d, J = 14.6 Hz, 2H), 4.06 (s, br, 1H); '3C NMR (100
MHz, CDCI3) 0 146.8, 139.1, 129.4, 129.2, 127.6, 127.5, 114.1, 113.0, 48.4.
N-Benzyl-4-bromoaniline (7) [13]:

gr| Following the general procedure A, the title product was obtained
as a colourless oil (62% yield); '"H NMR (400 MHz, CDCls) 6 7.35
@N (d, J=4.4Hz, 4H), 7.32 - 7.28 (m, 1H), 7.27 — 7.22 (m, 2H), 6.50
(d, J = 8.9 Hz, 2H), 4.30 (s, 2H), 4.08 (s, br, 1H); *C NMR (100
MHz, CDCl3) ¢ 147.2, 139.0, 132.1, 132.0, 128.8, 127.4, 114.5, 109.2, 48.3.
N-Benzyl-2-methoxyaniline (8) [10]:

Following the general procedure A, the title product was obtained as a
@ colourless oil (60% yield); "H NMR (400 MHz, CDCls) 6 7.42 — 7.32

©/\” OMe| (M, 4H), 7.29 —7.24 (m, 1H), 6.81 (ddd, J = 14.8, 7.8, 1.4 Hz, 2H),

6.69 (dd, J =7.7, 1.5 Hz, 1H), 6.60 (dd, J = 7.8, 1.5 Hz, 1H), 4.63 (s,

br, 1H), 4.35 (s, 2H), 3.85 (s, 3H); 1*C NMR (100 MHz, CDCl3) 6 146.9, 139.7, 138.2, 128.7,

127.6,127.2,121.4,116.7, 110.2, 109.5, 55.5, 48.1.

N-Benzyl-3-(trifluoromethyl)aniline (9) [3]:

Following the general procedure A, the title product was

/©\ obtained as a colourless oil (77% yield); '"H NMR (400 MHz,
©/\” “F CDCls) 0 7.39 — 7.36 (m, 4H), 7.33 — 7.29 (m, 1H), 7.25 (t, J =
7.9 Hz, 1H), 6.97 — 6.94 (m, 1H), 6.86 (s, 1H), 6.75 (dd, J = 8.2,
2.4 Hz, 1H), 4.35 (s, 2H), 4.22 (s, br, 1H); '*C NMR (100 MHz, CDCl5) § 148.3, 138.7, 131.6

(q, Jcr=31.7 Hz), 129.8, 128.9, 127.6, 115.8, 115.8, 114.1, 114.0, 109.2, 109.1, 48.2.
N-Benzyl-2-(trifluoromethyl)aniline (10)

Following the general procedure A, the title product was obtained as a

/@ colourless o1l (44% yield); "H NMR (400 MHz, CDCls) § 7.50 (d, J =

©/\H CF, 7.8 Hz, 1H), 7.39 (d, J = 4.4 Hz, 4H), 7.35 — 7.30 (m, 2H), 6.74 (dd, J

= 17.9, 8.0 Hz, 2H), 4.85 (s, br, 1H), 4.44 (d, J = 4.8 Hz, 2H); 1°C

NMR (100 MHz, CDCl3) ¢ 145.5, 138.5, 133.2, 128.9, 128.9, 127.5, 127.2, 126.7, 124.0,

116.3, 113.6 (q, Jcr = 29.4 Hz), 112.3, 47.7. HRMS (ESI): Calculated for [Ci4Hi3F3N]*

252.0995; Found 252.1225.

N-Benzyl-4-butylaniline (11) [15]:

Following the general procedure A, the title product was

/©/j obtained as a colourless oil (88% yield); 'H NMR (400 MHz,

©/\” CDCl3) 0 7.44 —7.33 (m, 4H), 7.28 (t, J = 11.2 Hz, 1H), 7.01 (d,
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J =8.2 Hz, 2H), 6.60 (d, J = 8.0 Hz, 2H), 4.32 (s, 2H), 3.95 (s, br, 1H), 2.56 — 2.46 (m, 2H),
1.62 — 1.50 (m, 2H), 1.36 (dd, J = 14.9, 7.4 Hz, 2H), 0.93 (t, J = 7.3 Hz, 3H); >*C NMR (100
MHz, CDCl3) ¢ 146.2, 139.8, 132.2, 129.2, 128.7, 127.7, 127.3, 113.0, 48.8, 34.8, 34.1, 22.5,
14.1.

N-Benzylnaphthalen-1-amine (12) [13]:

s N

I Following the general procedure A, the title product was obtained as a

colourless oil (86% yield); 'H NMR (400 MHz, CDCl3) 6 7.74 — 7.63

O (m, 2H), 7.37 — 7.12 (m, 9H), 6.51 (d, J = 7.4 Hz, 1H), 4.52 (s, br,
©/\H 1H), 4.36 (s, 2H); '3C NMR (100 MHz, CDCls) § 143.3, 139.2, 134.4,
) 128.9, 128.8, 127.9, 127.6, 126.8, 125.9, 124.9, 123.5, 120.1, 117.8,

104.9, 48.7.

Following the general procedure A, the title product was

N-Benzyl-2,3-dihydrobenzo[b][1,4]dioxin-6-amine (13) [3]:
O
/@ j obtained as a colourless oil (86% yield); '"H NMR (400 MHz,
” 0 CDCl3) 0 7.40 — 7.32 (m, 4H), 7.28 (dt, J = 9.5, 4.2 Hz, 1H),

6.72 (d, J=8.5 Hz, 1H), 6.21 (dd, J = 5.7, 2.7 Hz, 1H), 6.18 (d, J

= 2.7 Hz, 1H), 4.25 (s, 2H), 4.23 — 4.20 (m, 2H), 4.19 — 4.16 (m, 2H), 3.67 (s, br, 1H); *C
NMR (100 MHz, CDCl3) ¢ 144.2, 143.4, 139.7, 135.8, 128.7, 127.7, 127.3, 117.8, 106.9,
101.7, 64.8, 64.3,49.1.

4-(benzylamino)benzonitrile (14) [11]:

cn| Following the general procedure A, the ftitle product was
Q/ obtained as a light yellow oil (60% yield); 'H NMR (400 MHz,
N

g“ CDCl; ) § 7.35 (m, 7H), 6.58 (d, J = 9.1 Hz, 2H), 4.69 (br s,
1H), 4.36 (d, J = 5.8 Hz, 2H); '3C NMR (100 MHz, CDCl3) 6

151.24, 137.93, 133.49, 128.96, 127.78, 127.40, 120.51, 112.51, 99.09, 47 .41.
N-benzyl-4-nitroaniline (15) [12]:

NO, Following the general procedure A, the title product was

/©/ obtained as a pale yellow oil (32% yield); 'H NMR (400 MHz,
©/\” CDClz) 0 7.41 (d, J = 8.8 Hz, 2H), 7.39 — 7.27 (m, 5H), 6.58 (d,
J = 8.8 Hz, 2H), 4.57 (br s, 1H), 4.36 (d, J = 5.4 Hz, 2H); 1*C
NMR (100 MHz, CDCl3 ) ¢ 151.23, 137.79, 133.82, 128.97, 127.82, 127.41, 120.38, 112.49,
47.54.
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N-(4-Isopropylbenzyl)aniline (16) [19]:

( Y Following the general procedure A, the title product was
/© obtained as a colourless oil (84% yield); 'H NMR (400 MHz,
” CDCl3) 6 7.34 (d, J = 8.1 Hz, 2H), 7.28 — 7.19 (m, 4H), 6.79 —
6.75 (m, 1H), 6.68 (dd, J = 8.5, 0.9 Hz, 2H), 4.32 (s, 2H), 4.00
(s, br, 1H), 3.01 — 2.90 (m, 1H), 1.30 (d, J = 6.9 Hz, 6H); °C
NMR (100 MHz, CDCl3) 0 148.4, 148.1, 136.9, 129.4, 127.8, 126.9, 117.6, 112.9, 48.2, 34.0,
24.2.
N-(4-Methoxybenzyl)aniline (17) [10]:

obtained as a colourless oil (72% yield); 'H NMR (400 MHz,
©/\H CDClz) ¢ 7.28 (d, J = 8.9 Hz, 2H), 7.17 (dd, J = 8.7, 7.5 Hz,
MeO 2H), 6.93 — 6.81 (m, 2H), 6.77 — 6.67 (m, 1H), 6.63 (dd, J = 8.8,
1.0 Hz, 2H), 4.24 (s, 2H), 3.97 (s, br, 1H), 3.79 (s, 3H); *C NMR (100 MHz, CDCls) J 158.9,
148.3, 131.5,129.4, 128.9, 117.6, 114.1, 112.9, 55.4, 47.9.
N-(4-Methylbenzyl)aniline (18) [10]:

: Following the general procedure A, the title product was
N

as a colourless oil (57% yield); '"H NMR (400 MHz, CDCl3) § 7.26
/©/\H (t, J=6.9 Hz, 2H), 7.22 - 7.15 (m, 4H), 6.77 — 6.70 (m, 1H), 6.69 —
6.61 (m, 2H), 4.29 (s, 2H), 4.00 (s, br, 1H), 2.36 (s, 3H); '°C NMR
(100 MHz, CDCls) 6 148.3, 137.0, 136.4, 129.4, 129.4, 127.6, 117.6, 112.9, 48.2, 21.2.
N-(4-Ethylbenzyl)aniline (19) [20]:

: Following the general procedure A, the title product was obtained
N

Following the general procedure A, the title product was

@ obtained as a colourless oil (77% yield); 'H NMR (400 MHz,
\/©/\” CDCl3) 0 7.30 (d, J = 8.0 Hz, 2H), 7.23 — 7.14 (m, 4H), 6.78 —
6.69 (m, 1H), 6.66 (dd, J = 8.4, 0.8 Hz, 2H), 4.30 (s, 2H), 4.03
(s, br, 1H), 2.66 (q, J = 7.6 Hz, 2H), 1.25 (td, J = 7.6, 0.6 Hz, 3H); '*C NMR (100 MHz,
CDCl3) 0 148.3, 143.4, 136.7, 129.4, 128.2, 127.7, 117.6, 112.9, 48.2, 28.6, 15.8.
N-(4-Chlorobenzyl)aniline (20) [13]:

Following the general procedure A, the title product was obtained

N/@ as a colourless oil (81% yield); 'H NMR (400 MHz, CDCl3) §

C|/©/\H 7.40 —7.33 (m, 1H), 7.32 (s, 3H), 7.22 - 7.17 (m, 2H), 6.80 — 6.73
(m, 1H), 6.65 — 6.60 (m, 2H), 4.32 (s, 2H), 4.06 (s, br, 1H); *C
NMR (100 MHz, CDCl3) 6 147.9, 138.1, 133.0, 129.4, 128.8, 127.6, 117.9, 113.0, 47.7.
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N-(2-Methylbenzyl)aniline (21) [15]:

= Following the general procedure A, the title product was obtained as a
é/\NQ colourless oil (47% yield); '"H NMR (400 MHz, CDCl3) 6 7.34 (d, J =
H 6.8 Hz, 1H), 7.24 —7.15 (m, 5H), 6.74 (t, J = 4.2 Hz, 1H), 6.69 — 6.61
(m, 2H), 4.28 (s, 2H), 3.85 (s, br, 1H), 2.38 (s, 3H); '*C NMR (100
MHz, CDCl3) 0 148.4, 137.1, 136.5, 130.5, 129.4, 128.4, 127.5, 126.3, 117.6, 112.8, 46.5,
19.0.
N-(3-Bromobenzyl)aniline (22) [22]:

Following the general procedure A, the title product was obtained
Br < /© as a colourless oil (72% yield); 'H NMR (400 MHz, CDCl3) ¢

\©/\H 7.43 (d, J = 1.5 Hz, 1H), 7.31 (dd, J = 4.0, 2.8 Hz, 1H), 7.23 -
7.18 (m, 1H), 7.14 — 7.06 (m, 3H), 6.68 — 6.61 (m, 1H), 6.51 (dd, J
= 8.6, 1.0 Hz, 2H), 4.21 (s, 2H), 3.98 (s, br, 1H); '*C NMR (100 MHz, CDCl3) 6 147.9, 142.1,

130.5, 130.4, 130.3, 129.4, 126.0, 122.9, 118.0, 113.0, 47.8.
N-(Naphthalen-1-ylmethyl)aniline (23) [21]:

Following the general procedure A, the title product was obtained
O @ as a colourless oil (96% yield); 'H NMR (400 MHz, CDCl3) 6 7.99
N (dd, J=5.1, 4.0 Hz, 1H), 7.84 — 7.76 (m, 1H), 7.73 (d, J = 8.1 Hz,

1H), 7.43 (dt, J = 6.3, 3.4 Hz, 3H), 7.37 - 7.31 (m, 1H), 7.18 — 7.05
(m, 2H), 6.73 — 6.63 (m, 1H), 6.64 — 6.55 (m, 2H), 4.64 (s, 2H),
3.90 (s, br, 1H); ®C NMR (100 MHz, CDCls) 6 148.3, 134.4, 134.0, 131.6, 129.4, 128.9,

128.3, 126.4, 1262, 126.0, 125.6, 123.7, 117.7, 112.8, 46.5.
N-(Benzo[d][1,3]dioxol-5-ylmethyl)aniline (24) [3]:

0 as a colourless oil (51% yield); '"H NMR (400 MHz, CDCl3) §
< ﬁ” 7.17 (dd, J = 8.5, 7.4 Hz, 2H), 6.87 — 6.81 (m, 2H), 6.77 (d, J =
° 7.9 Hz, 1H), 6.73 — 6.70 (m, 1H), 6.65 — 6.60 (m, 2H), 5.94 (s,
2H), 4.23 (s, 2H), 3.98 (s, br, 1H); '3C NMR (100 MHz, CDCls) 6 148.1, 148.0, 146.8, 133.4,
129.4,120.7, 117.7, 112.9, 108.2, 108.1, 101.1, 48.2.

N-Benzylpyridin-2-amine (25) [3]:

: Following the general procedure A, the title product was obtained

_ Following the general procedure A, the title product was obtained as a
Q colourless solid (89% yield); '"H NMR (400 MHz, CDCls) 6 8.08 (d, J

N N
©/\H = 3.1 Hz, 1H), 7.43 —7.30 (m, 5H), 7.29 — 7.24 (m, 1H), 6.57 (ddd, J
=7.0,5.1, 0.6 Hz, 1H), 6.36 (d, J = 8.4 Hz, 1H), 5.07 (s, br, 1H), 4.49
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(d, J = 5.7 Hz, 2H); *C NMR (100 MHz, CDCl3) § 158.8, 148.2, 139.3, 137.6, 128.7, 127.5,
127.3, 113.2, 106.9, 46.4.
N-Benzyl-6-methylpyridin-2-amine (26) [14]:

Following the general procedure A, the title product was obtained

=
| as a colourless solid (81% yield); 'H NMR (400 MHz, CDCl3) ¢

©/\ N SN 7.40 — 7.22 (m, 6H), 6.46 (d, J = 7.3 Hz, 1H), 6.16 (d, J = 8.3 Hz,
1H), 4.97 (s, br, 1H), 4.45 (d, J = 5.9 Hz, 2H), 2.38 (s, 3H); 1*C
NMR (100 MHz, CDCls) § 158.5, 157.1; 139.3, 138.1, 128.7, 127.4, 127.3, 112.6, 103.0, 46.6,
24.4.
N-Benzyl-5-chloropyridin-2-amine (27) [17]:

o Following the general procedure A, the title product was obtained

| as a colourless solid (83% yield); '"H NMR (400 MHz, CDCls) ¢
g” SN 8.00 (dd, J = 2.6, 0.5 Hz, 1H), 7.35 — 7.32 (m, SH), 7.27 (ddd, J =
12.4, 5.0, 3.5 Hz, 1H), 6.31 (dd, J = 8.9, 0.6 Hz, 1H), 5.05 (s, br,
1H), 447 (d, J = 5.8 Hz, 2H);*C NMR (100 MHz, CDCls) ¢
157.1, 146.6, 138.8, 137.4, 137.3, 128.8, 127.5, 120.0, 107.7, 46.5.
N-Benzyl-5-bromopyridin-2-amine (28) [16]:

3

gr| Following the general procedure A, the title product was obtained as

3 ! a colourless solid (86% yield); 'H NMR (400 MHz, CDCls) J 8.06
©/\H A (ddd, J =5.0, 1.8, 0.8 Hz, 1H), 7.39 — 7.34 (m, 4H), 7.29 — 7.26 (m,
1H), 6.60 — 6.56 (m, 1H), 6.35 (d, J = 8.4 Hz, 1H), 4.96 (s, br, 1H),
4.47 (d, J = 5.7 Hz, 2H); '3*C NMR (100 MHz, CDCls) ¢ 158.7, 148.1, 139.2, 137.7, 128.6,
127.5,127.1, 113.2, 106.8, 46.4.

=

N-Benzylquinolin-3-amine (29) [18]:

N Following the general procedure A, the title product was
~ obtained as a colourless solid (84% yield); '"H NMR (400 MHz,
. y
©/\” CDCls) 0 8.48 (d, J =2.8 Hz, 1H), 7.94 (dd, J = 6.0, 3.5 Hz, 1H),

7.57 (dd, J = 6.1, 3.5 Hz, 1H), 7.44 —7.26 (m, 7H), 7.01 (d, J =
2.8 Hz, 1H), 4.42 (s, 2H); '3*C NMR (100 MHz, CDCls) § 143.4, 142.2, 141.5, 138.3, 129.5,
129.1, 128.9, 127.7, 127.6, 127.0, 126.1, 125.1, 110.5, 48.0.
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4-(Benzylamino)-N-(5-methylisoxazol-3-yl)benzenesulfonamide (30)

Following the general procedure A, the title product was

O. /9 = 5 obtained as a colourless solid (71% yield); 'H NMR (400

/©/S\N SN MHz, CDCl3) 6 7.45 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 7.0
H

” Hz, 2H), 7.29 — 7.18 (m, 3H), 6.56 (d, J = 8.7 Hz, 2H),

6.33 (s, 1H), 4.88 (s, 2H), 4.21 (s, br, 2H), 2.28 (s, 3H);

3C NMR (100 MHz, CDCl3) ¢ 170.2, 159.9, 151.5,
136.2, 129.4, 129.4, 128.3,127.6, 126.0, 114.1, 98.5,'51.7, 12.7; HRMS (ESI): Calculated for
[C17H17N3NaOsS]* 366.0883; Found 366.0899.

N-(Pyridin-2-ylmethyl)aniline (31) [15]:

Following the general procedure A, the title product was obtained as a
N /@ colourless solid (78% yield); 'TH NMR (400 MHz, CDCl3) 6 8.58 (ddd,
| /\ ” J=49,1.7,09Hz, 1H), 7.62 (td, J=7.7, 1.8 Hz, 1H), 7.33 (d, J = 7.8
Hz, 1H), 7.21 — 7.14 (m, 3H), 6.74 — 6.65 (m, 3H), 4.77 (s, br, 1H),
4.45 (s, 2H); *C NMR (100 MHz, CDCls) § 158.6, 149.3, 148.0, 136.7, 129.3, 122.2, 121.7,
117.7, 113.1, 49.4.
4-Chloro-N-(pyridin-2-ylmethyl)aniline (32)

Cl Following the general procedure A, the title product was obtained
| as a colourless solid (72% yield); '"H NMR (400 MHz, CDCls) ¢
¢ AN 8.60 — 8.51 (m, 1H), 8.04 (d, J = 2.4 Hz, 1H), 7.73 - 7.57 (m, 1H),
742 — 7.24 (m, 3H), 7.20 — 7.13 (m, 1H), 6.46 — 6.37 (m, 1H),

5.71 (s, br, 1H), 4.61 (d, J = 5.3 Hz, 2H); '*C NMR (100 MHz, CDCl3) 6 157.6, 149.1, 146.4,
137.2, 136.8, 122.3, 121.9, 120.0, 108.8, 47.2; HRMS (ESI): Calculated for [C11Hio CIN3Na]*

242.0455; Found 242.1051.

4-Bromo-N-(pyridin-2-ylmethyl)aniline (33)

Br Following the general procedure A, the title product was obtained
| as a colourless solid (76% yield); '"H NMR (400 MHz, CDCls) ¢
| H 8.59 — 8.55 (m, 1H), 8.11 — 8.08 (m, 1H), 7.68 — 7.61 (m, 1H),
7.42 —7.35 (m, 1H), 7.25—-7.17 (m, 3H), 6.52 (dd, J = 8.5, 0.5 Hz,
1H), 5.73 (s, br, 1H), 4.70 (d, J = 5.3 Hz, 2H); '*C NMR (100 MHz, CDCl3) § 159.3, 157.9,
149.0, 139.0, 136.6, 123.1, 121.9, 121.6, 95.6, 47.5; HRMS (ESI): Calculated for [Ci11Hio

BrN3;Na]* 285.9950; Found 286.1088.
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N-(4-Methoxybenzyl)pyridin-2-amine (34) [23]:

_ Following the general procedure A, the title product was
Q || obtained as a colourless solid (89% yield); 'H NMR (400 MHz,
/@AH N CDCl3) 6 8.16 — 8.03 (m, 1H), 7.48 — 7.35 (m, 1H), 7.35 - 7.10
MeO (m, 2H), 7.00 — 6.75 (m, 2H), 6.57 (ddd, J = 7.3, 5.1, 1.1 Hz,
1H), 6.46 — 6.29 (m, 1H), 4.79 (s, br, 1H), 4.42 (d, J = 5.9 Hz, 2H), 3.79 (s, 3H); °C NMR
(100 MHz, CDCls) 6 158.9, 158.7, 148.3, 137.5, 131.2, 128.8, 114.1, 113.2, 106.9, 55.4, 45.9.
N-(4-Chlorobenzyl)pyridin-2-amine (35) [23]:

Following the general procedure A, the title product was obtained
= Il as a colourless solid (91% yield); '"H NMR (400 MHz, CDCls) 6
/@A” i 8.09 — 8.04 (m, 1H), 7.42 — 7.35 (m, 1H), 7.29 — 7.26 (m, 4H),
¢l 6.58 (dd, J = 7.2, 5.1 Hz, 1H), 6.35 — 6.31 (m, 1H), 4.98 (s, br,
1H), 4.46 (d, J = 6.0 Hz, 2H); °C NMR (100 MHz, CDCls) 6 158.5, 148.3, 137.7, 133.2,
128.8, 128.7,127.5, 113.5, 107.0, 45.6.
N-Butylaniline (36) [14]:

colourless oil (41% yield); '"H NMR (400 MHz, CDCl3) § 7.19 — 7.14
H (m, 2H), 6.70 — 6.66 (m, 1H), 6.62 — 6.58 (m, 2H), 3.61 (s, br, 1H),
3.13 — 3.08 (m, 2H), 1.60 (tt, J = 7.5, 6.1 Hz, 2H), 1.48 — 1.38 (m, 2H), 0.95 (t, J = 7.3 Hz,
3H); 3*C NMR (100 MHz, CDCls) 6 148.6, 129.3, 117.2, 112.8, 43.8, 31.7, 20.4, 14.0.
N-Heptylaniline (37) [10]:

Following the general procedure B, the title product was obtained as a
/V\N/©

Following the general procedure B, the title product was obtained as
(/\/\ /@ a colourless oil (59% yield); 'H NMR (400 MHz, CDCl3) ¢ 7.16
” (dd, J =8.5, 7.4 Hz, 2H), 6.67 (t, J =7.3 Hz, 1H), 6.59 (dd, J = 8.5,
0.9 Hz, 2H), 3.63 (s, br, 1H), 3.09 (t, J = 7.1 Hz, 2H), 1.63 — 1.59 (m, 2H), 1.40 — 1.31 (m,
8H), 0.87 — 0.85 (m, 3H); '3*C NMR (100 MHz, CDCls) J 148.6, 129.2, 117.1, 112.8, 44.1,
31.9,29.8,29.7,27.1,22.7, 14.2.
N-Octylaniline (38) [13]:
Following the general procedure B, the title product was obtained as
C\/\ /© a colourless oil (69% yield); 'H NMR (400 MHz, CDCl3) 6 7.16
(dd, J = 8.4, 7.4 Hz, 2H), 6.68 (t, J = 7.3 Hz, 1H), 6.60 (d, J = 7.7
Hz, 2H), 3.53 (s, br, 1H), 3.09 (t, J = 7.1 Hz, 2H), 1.64 — 1.58 (m, 2H), 1.37 — 1.28 (m, 10H),
0.89 (d, J = 2.4 Hz, 3H); '3C NMR (100 MHz, CDCls) § 148.6, 129.4, 117.1, 112.8, 44.1, 31.9,
29.7,29.5,29.4,27.3,22.8, 14.2.
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N-Decylaniline (39) [19]:
Following the general procedure B, the title product was obtained as
i/\i\/\ /© a colourless oil (76% yield); 'TH NMR (400 MHz, CDCls) 6 7.17 (t,
H J=17.9 Hz, 2H), 6.72 — 6.66 (m, 1H), 6.60 (dd, J =7.7, 0.9 Hz, 2H),
3.60 (s, br, 1H), 3.10 (t, /= 7.1 Hz, 2H), 1.66 — 1.57 (m, 2H), 1.42 — 1.26 (m, 14H), 0.89 (t, J =
6.4 Hz, 3H); >°C NMR (100 MHz, CDCl3) 6 148.6, 129.4, 117.2, 112.8, 44.1, 29.7, 29.7, 29.6,

29.4,27.3,22.8, 14.2.
N-(3,7-dimethyloct-6-en-1-yl)aniline (40) [24]:

\  Following the general procedure B, the title product was obtained as a
colourless oil (71% yield); '"H NMR (400 MHz, CDCl3) 6 7.17 (dd, J =

N/© 8.5, 7.4 Hz, 2H), 6.69 (t, J = 7.3 Hz, 1H), 6.60 (dd, J = 8.6, 1.0 Hz, 2H),

| H 5.14 —5.05 (m, 1H), 3.19 — 3.04 (m, 2H), 2.08 — 1.93 (m, 2H), 1.69 (s,

; 3H), 1.61 (s, 3H), 1.59 — 1.52 (m, 1H), 1.49 — 1.32 (m, 3H), 1.29 - 1.16
(m, 2H), 0.94 (d, J = 6.5 Hz, 3H); *C NMR (100 MHz, CDCl3) 6 148.6, 131.4, 129.4, 124.7,

117.8,112.8,42.0, 37.2, 36.8, 25.9, 25.8, 25.7, 25.6, 19.7.
4-(Phenylamino)butan-1-ol (41) [25]:

Following the general procedure B, the title product was obtained as a
m colourless oil (68% yield); '"H NMR (400 MHz, CDCl3) ¢ 7.16 (dd, J =
H 8.8, 7.4 Hz, 2H), 6.69 (t, J = 7.4 Hz, 1H), 6.61 (dd, J = 8.8, 1.1 Hz, 2H),
3.68 (t, J = 6.1 Hz, 2H), 3.15 (t, J = 6.9 Hz, 2H), 1.73 — 1.66 (m, 4H); '*C NMR (100 MHz,
CDCl3) 6 148.4, 1294, 117.5, 113.0, 62.7, 44.0, 30.5, 26.2.

6-(Phenylamino)hexan-1-ol (42) [26]:

Following the general procedure B, the title product was obtained as a
Q @ colourless oil (42% yield); 'H NMR (400 MHz, CDCl3) 6 7.18 — 7.13 (m,
o ” 2H), 6.67 (t, J = 7.3 Hz, 1H), 6.59 (dd, J = 8.6, 1.0 Hz, 2H), 3.66 — 3.64
(m, 2H), 3.14 — 3.06 (m, 2H), 1.65 = 1.61 (m, 4H), 1.44 — 1.40 (m, 4H);

3C NMR (100 MHz, CDCls) 6 148.5,129.3, 117.2, 112.8, 62.9, 44.0, 32.7, 28.7, 27.1, 25.5.

2,2-Dimethyl-3-(pyridin-2-ylamino)propan-1-ol (43)

Z Following the general procedure B, the title product was obtained as
| : 1) |
lourl lid (53% yield); '"H NMR (400 MHz, CDCl3) 6 7.96
HO/><\N AN a colourless solid (53% yield) ( z 3)
H (d, J =5.0 Hz, 1H), 7.36 — 7.29 (m, 1H), 6.50 (dd, J = 6.5, 5.7 Hz,

1H), 6.38 (d, J = 8.4 Hz, 1H), 5.89 (s, br, 1H), 4.66 (s, br, 1H), 3.21 (d, J = 6.9 Hz, 2H), 3.14
(s, 2H), 0.89 (s, 6H); '*C NMR (100 MHz, CDCl3) ¢ 159.1, 147.1, 137.6, 112.6, 109.3, 67.5,
48.7,37.4,22.9; HRMS (ESI): Calculated for [C10H17N2O]* 181.1335; Found 181.1337.
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N',N'-Dimethyl-N?-(pyridin-2-yl)ethane-1,2-diamine (44) [27]:

> Following the general procedure B, the title product was obtained as a

/[L NP \N | pale brown solid (70% yield); '"H NMR (400 MHz, CDCl3) J 9.16

H (ddd, J = 4.3, 2.6, 1.7 Hz, 1H), 8.27 — 8.18 (m, 1H), 7.83 — 7.70 (m,

1H), 7.67 — 7.56 (m, 1H), 5.61 (s, br, 1H), 4.20 — 4.13 (m, 2H), 2.65 — 2.59 (m, 2H), 2.29 (s,
6H); 13C NMR (100 MHz, CDCls) 6 150.4, 136.0, 128.7, 126.6, 123.1, 57.5, 45.3, 31.3.

N?,N¢-Dibenzylpyridine-2,6-diamine (45) [14,28]:

- Following the general procedure C, the title product was
Q obtained as a colourless solid (86% yield); "H NMR (400
©/\H N H/\© MHz, CDC13) 6 7.34 (q, J = 8.1 Hz, 8H), 7.29 — 7.18 (m,
3H), 5.74 (dd, J =7.9, 1.0 Hz, 2H), 4.70 (s, br, 2H), 4.45
(d, J = 5.9 Hz, 4H); *C NMR (100 MHz, CDCI3) § 158.1, 139.8, 139.3, 128.6, 127.6, 127.2,
95.2, 46.4; HRMS (ESI): Calculated for [C19H20N3]" 290.1652; Found 290.1643.
N?,NS-Bis(pyridin-2-ylmethyl)pyridine-2,6-diamine (46)

Following the general procedure C, the title product was

N Q q obtained as a pale yellow solid (89% yield); 'H NMR
Ej/\ NN ”’\Ej (400 MHz, CDCls) 0 8.54 — 8.48 (m, 2H), 7.56 (td, J =

Z Z ) 77,18 Hz, 2H), 7.28 (d, J = 7.8 Hz, 2H), 7.17 — 7.08
(m, 3H), 5.74 (d, J = 7.9 Hz, 2H), 5.34 (s, br, 2H), 4.55 (d, J = 5.7 Hz, 4H); '3C NMR (100
MHz, CDCl3) 0 159.2, 157.8, 149.2, 139.0, 136.6, 122.1, 121.7, 95.7, 47.5; HRMS (ESI):
Calculated for [C17H1sNs]" 292.1557; Found 292.1542.
N!,N*-Dibenzylbenzene-1,4-diamine(47) [14,28]:

( 1 Following the general procedure C, the title product was
H\/© obtained as a pale yellow solid (78% yield); 'H NMR

N/©/ (400 MHz, CDCl3) 0 7.36 (dt, J =12.8, 7.4 Hz, 8H), 7.31
©/\H - 7.24 (m, 2H), 6.58 (s, 4H), 4.27 (s, 4H), 3.63 (s, br,
" 2H); '3C NMR (100 MHz, CDCl3) 6 140.8, 140.0, 128.7,

127.7, 127.2, 127.2, 114.8, 49.7; HRMS (ESI): Calculated for [C20H21N2]* 289.1699; Found
289.1747.
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N, N“-Bis(4-methoxybenzyl)benzene-1,4-diamine (48) [28]:

Following the general procedure C, the title

OMe]
H \/©/ product was obtained as a pale yellow solid
/@/N (69% vyield): 'H NMR (400 MHz, CDCl3) &

N 7.28 (d, J = 8.5 Hz, 4H), 6.87 (d, J = 8.6 Hz,

Meo/©/\H 4H), 6.57 (s, 4H), 4.18 (s, 4H), 3.80 (s, 6H),

\ 3.45 (s, br, 2H); *C NMR (100 MHz,

CDClz) o0 158.8, 140.8, 131.9, 129.1, 129.0, 114.9, 114.0, 55.4, 49.2; HRMS (ESI): Calculated
for [C22H24N202]" 349.1911; Found 349.1937.

1H-Indole (49) [21]:

Following the general procedure D, the title product was obtained as a

©\/[\> colourless solid (71% yield); '"H NMR (400 MHz, CDCls) ¢ 7.88 (s, br, 1H),

H ) 7.64 (d,J=79 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.21 — 7.16 (m, 1H), 7.14 —

7.06 (m, 2H), 6.53 (t, J = 2.5 Hz, 1H); *C NMR (100 MHz, CDCl3) 6 135.9, 128.0, 124.4,

122.1,120.9, 120.0, 111.3, 102.7.
3-Methyl-1H-indole (50) [29]:

Following the general procedure D, the title product was obtained as a
\\| colourless solid (80% yield); '"H NMR (400 MHz, CDC13) 6 7.87 (s, br, 1H),
7.57 (d, J =7.7 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.17 (dd, J = 11.1, 4.0 Hz,
1H), 7.11 (t, J=7.4 Hz, 1H), 6.96 (d, J = 0.4 Hz, 1H), 2.33 (s, 3H).
N-Benzyl-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl)oxy)aniline
(51)

@HQ J@ﬁww

Following the general procedure A, the title product was obtained as a pale yellow oil (73%
yield); '"H NMR (400 MHz, CDCls) § 7.35 (dt, J = 15.0, 7.3 Hz, 4H), 7.30 — 7.24 (m, 1H), 6.57
(dd, J =22.0, 9.0 Hz, 4H), 4.25 (s, 2H), 3.74 (s, br, 1H), 2.59 (t, / = 6.7 Hz, 2H), 2.11 (s, 3H),
2.02 (s, 3H), 1.98 (s, 3H), 1.87 — 1.75 (m, 2H), 1.66 — 1.48 (m, 4H), 1.47 — 1.36 (m, 4H), 1.32
—1.23 (m, 10H), 1.18 — 1.04 (m, 6H), 0.86 (dd, J = 9.2, 5.3 Hz, 12H); *C NMR (100 MHz,
CDCl3) 0 151.6, 148.5, 144.0, 142.4, 139.7, 128.7, 128.5, 127.8, 126.6, 123.2, 117.8, 115.4,
114.3, 114.2, 75.0, 49.5, 39.5, 37.6, 37.5, 37.4, 37.4, 37.4, 32.9, 32.8, 32.4, 28.1, 24.9, 24.5,
24.0, 22.8, 22.7, 19.9, 19.8, 19.7, 13.0, 12.1, 11.9; HRMS (ESI): Calculated for [C4HsNO>]*
612.4775; Found 612.4804.

N
H
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N-(4-Methoxybenzyl)-4-((2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-
yl)oxy)aniline (52)

P

Following the general procedure A, the title product was obtained as a pale yellow oil (68%
yield); '"H NMR (400 MHz, CDCls3) § 7.30 — 7.24 (m, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.56 (dd, J
=21.3, 9.0 Hz, 4H), 4.17 (s, 2H), 3.79 (s, 3H), 2.59 (t, J = 6.8 Hz, 2H), 2.10 (s, 3H), 2.01 (s,
3H), 1.97 (s, 3H), 1.87 — 1.73 (m, 2H), 1.62 — 1.47 (m, 4H), 1.42 — 1.32 (m, 4H), 1.29 — 1.22
(m, 10H), 1.17 — 1.03 (m, 6H), 0.85 (t, J = 7.2 Hz, 12H); '*C NMR (100 MHz, CDCl3) 6 158.9,
151.5, 148.5, 144.0, 131.7, 129.1, 129.0, 128.5, 126.6, 123.1, 117.8, 115.4, 114.2, 114.1, 75.0,
55.4,48.9,40.1, 39.5, 37.6, 37.5, 37.4, 32.9, 32.8, 31.4, 28.1, 24.9, 24.5, 23.9, 22.8, 22.7, 20.7,
19.9, 19.8, 19.7, 13.0, 12.1, 11.9; HRMS (ESI): Calculated for [C43HssNO3]* 642.4881; Found
642.4846.
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[2.7] Spectra of selected compounds
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Figure 2a: 'H NMR (CDCls, 400 MHz) Spectrum of Compound 13
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Figure 2b: '>*C NMR (CDCl3, 100 MHz) Spectrum of Compound 13
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Figure 3a: 'H NMR (CDCls, 400 MHz) Spectrum of Compound 40
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Figure 3b: '3*C NMR (CDCl3, 100 MHz) Spectrum of Compound 40
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Figure 4b: '>*C NMR (CDCls, 100 MHz) Spectrum of Compound 46
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Figure 5a: 'H NMR (CDCl3, 400 MHz) Spectrum of Compound 52
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Chapter-3: Section-A: Nickel-catalyzed intermolecular cyclisation for the
synthesis of five and six membered N-heterocycles

Owing to the great demand for synthesis of N-heterocycles, development of new reactions
that utilize renewable resources and convert them into key chemicals using non-precious
base metal-catalysts is highly desirable. Here we disclosed a sustainable Ni-catalyzed
dehydrogenative approach for pyrroles, pyridines and quinolines synthesis employing B-
and y-amino alcohols with ketones via C-N and C-C bond formations in a tandem fashion.
A variety of aryl, hetero-aryl and alkyl ketones having free amine, halides, alkyl, alkoxy,
alkenes, activated benzyl and pyridine moiety converted into synthetically interesting 2,3
and 2,3,5 substituted bicyclic as well as tricyclic N-heterocycles in up to 90% yields. As a
special highlights, we demonstrated an interesting pyrrole derivative employing
intermolecular cyclisation of steroid hormone with phenylalaninol.

H B Pregnenolone derivative
NH, 1 NLUR? Ph
1 OH R N
0 > R LE ) R
} . Ni; B-amino alcohols i
Rags K| 1 | .
\\\”// L) \sz @ ’," \@,\—»\
/,"'\(\OH = T N/ RQ
ENine amino alcohols\\-*' NH, B up to 90% Yield B Phosphine free Synthesis
y-amino aleohels H 58 examples B Non-precious metal Catalyst
B Broad Substrate Scope B Synthesis of Pyrroles, Pyridines, and Quinolines

Green Chem. 2018, 20, 2250-2256




Chapter 3 Section A Synthesis of Pyrroles, Pyridines and Quinolines

Chapter 3 Section A: Ni-Catalyzed Intermolecular Cyclization for the
Synthesis of Five and Six Membered N-Heterocycles

[3A.1] Introduction:

Pyrroles and their derivatives are valuable intermediates in the synthesis of bioactive natural
products, functional materials and as ligands in catalysis. Poly-pyrroles have significant
applications as conducting polymers in batteries, solar cell devices and in material chemistry
and extensively. used in pharmaceuticals (Figure 1).[1] Well established classical
methodologies for pyrrole synthesis are Knorr, Paal-Knorr and Hantzsch reactions and have
been developed for the synthesis of functionalized pyrroles. Although these protocols are
very efficient but most of them suffers from several problems, such as poor substrate
availability, stoichiometric waste generation and multi-step transformations are key issues.[2]
Unfortunately, synthesis of pyrroles from easily available biomass derived sustainable
feedstocks is a challenging task and are rarely explored. Notably, substantial importance of
pyrrole derivatives and great demand for aromatic heterocycles that utilised fully or partially
renewable resources are highly desirable.[2,3] Importantly, such dehydrogenative
transformations of alcohols often limited to the construction of C-C and C-N bonds via
hydrogen auto-transfer approach.[4] However, application of hydrogen transfer methodology
for the construction of aromatic N-heterocycles employing N-H/C-H coupling in a tandem
fashion is scarcely reported. However, in recent years significant progress has been made for
pyrrole synthesis employing acceptorless dehydrogenative couplings (ADCs) of alcohols

using precious and non-precious metals based on homogeneous as well as heterogeneous

catalyst.
| \>—< >7F o HO
H e}
Nj W o
EN H \ // OH
HN
o | Y |
N
Y/, H OMe H,N
Elopiprazole Prodigiosin Aloracetam Obatoclax Porphobilinogen
Antipsychotic drug Antibacterial and Antifungal  Neotropic drug Anticancer Bio-synthesis of Porphyrins

Figure 1: Selected examples of important pharmaceuticals having pyrrole moiety
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Present chapter deals with the development of sustainable processes for the synthesis of
pyrroles using non-precious metal-catalysts. Further, herein, we have also discussed a brief
literature overview for the pyrrole synthesis demonstrated recently using non-precious metal
catalysts in combination with renewable alcohols. A more detailed discussions of pyrrole

synthesis have already been presented in Chapter 1.

Brief literature survey for pyrrole synthesis:

Herein we are going to discuss a few selective metal-catalyzed processes for pyrrole
synthesis after Chapter 1. For instance, a recent report by Kempe and co-workers using Ir-
based nano-composite as heterogeneous catalyst has been developed for the synthesis of a
series of substituted pyrroles. Intermolecular cyclization of secondary alcohols and 1,2-
diamino alcohols using SiCN supported recyclable heterogeneous catalysts resulted in up to

93% yield of pyrroles under mild condition (Scheme 1).[5]

OH . Ir@SiCN (0.33mol% ofIr) g H
HaNEBR t-BuOK (2 equiv.) Ny
R I j/ > | / R
R' HO diglyme, 120 °C, 24 h R'
-2H,0, -2H, up to 93% vyield

Scheme 1: Synthesis of pyrroles using Ir-based heterogeneous catalyst

In 2016, Shimizu et. al. demonstrated the heterogeneous Pt/C catalyzed direct synthesis of
2,5-disubstituted pyrroles using 1,2-aminoalcohols and secondary alcohols. Intermolecular
cyclization as well as acceptorless dehydrogenation couplings of alcohols furnished the

desired pyrroles in up to 92% yield with excellent catalytic turn over number (Scheme 2).[6]

H,N_ R’ OH Pt/C (0.1 mol% of Pty Rt H
. N
j/ y J\ t-BuOK (1.1 equiv.) \E/)—RZ
HO R? diglyme, 125 °C, 18 h
-2H,0, -2H, up to 92% vyield

Scheme 2: Pt/C-catalyzed synthesis of pyrroles

The first non-precious Co-based pincer catalyst was developed by Milstein and co-workers
for the synthesis of pyrroles following dehydrogenative coupling of diols and amines. The
established catalytic protocol employed to a wide range of primary alkyl amines, benzyl
amines as well as aniline derivatives in combination with primary and secondary diols

(Scheme 3).[7]

Page | 58



Chapter 3 Section A Synthesis of Pyrroles, Pyridines and Quinolines

. Pt-BUz
OH Cat. (5 mol%) L= |
R NaHBEt; (5 mol%) /@\ ! N-Co”
OH t-BuOK (5 mol%) ' ! N
toluene, 150 °C R o : , t-Bu
' up to 93% yield H
' Catalyst

Scheme 3: Synthesis of pyrroles using cobalt-pincer catalyst

Recently, Balaraman and co-workers reported the intermolecular cyclization of unprotected
amino-alcohols with secondary alcohols for the synthesis of pyrroles, pyridines, quinolines
and pyrazine using a novel molecular defined ligand free SNS-cobalt(Il) catalyst. These
acceptorless dehydrogenative coupling generates hydrogen gas and water as the sole by-

product rendering the process sustainable (Scheme 4).[8]

R? 1 :
R H : H
| |
> 2 X o 7
OH e B
0, 1
LML (S HiMoli6), up to 89% yield ! RS=CO—SR
R __ |t-BuOK (1.1 equiv.) : |
R m-xylene, reflux, 24 h - ! </'}l\)
> " A : H
b Ar@\ * 2H,0 + 3H; R = Et
iy (\OH - SNTOR ! Catalyst

s i 1 b
S NH2 R = H
up to 87% yield

Scheme 4: Synthesis of N-heterocycles using SNS Cobalt(II)-catalyst

Very recently, Kempe group independently demonstrated the synthesis of highly efficient
Mn-based NNP-pincer ligands and explored their catalytic efficiency for the pyrrole synthesis
using secondary alcohols and amino alcohols under mild conditions. Low catalyst loading
with broad scope as well as excellent functional group tolerance are the key highlights and

resulted up to 93% yield of N-heterocycles (Scheme 5).[9]

| Ph
oH H,N_ R Cat (0.5mol%) P N 5 ' )§N
+ t-BuOK (1.5 equiv.) : |
Ph)\ - R A A
HO 2-MeTHF, reflux, 18 h ! H’T N \Br
_2H20, -2H2 up to 93% yield ! (i_Pr)ZP/Mn‘\P(,'_Pr)Z
: 7\
; ocC CO
' Catalyst

Scheme S: Synthesis of pyrroles using Mn-pincer catalyst
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Apart from the synthesis of pyrroles other members of N-heterocycles class, such as,
quinolines and pyridines derivatives are also highly important because of their wide range of
applications in pharmaceutical industries and in drug development. These N-heterocycles
motifs show potential biological activities, such as, anti-inflammatory, anti-malarial, neuro-
protection, and anti-parkinson and so on. Well established classical processes for their
synthesis are; Skraup, Combes, Doebner-von Miller, Conrad-Limpach and Pfitzinger
quinoline synthesis are well documented in literature.[10] However, often limited with harsh
reaction conditions, low chemo-selectivity, multi-step synthesis and low product yields
demands a more sustainable and higher yielding process. In this direction, recently there are
potential drives in catalysis for the synthesis of quinolines following a more sustainable
version of Friedlander annulation. Application of acceptorless dehydrogenative coupling of
alcohols and amino alcohols could be a potential alternative for the intermolecular cyclization
of C-C and C-N for N-heterocycles is highly demanding. In this direction, Milstein and co-
workers described the synthesis of pyridines and quinolines via acceptorless dehydrogenative
coupling of y-amino alcohols with secondary alcohols. The application of bipyridyl-based
ruthenium complex resulted the formation of six-membered N-heterocycles in moderate

yields (Scheme 6).[11]

H,N_ _R'
2 sz\ Ru Cat. (0.5 mol%) R'” N7 R2
t-BuOK (1 equiv.) up to 80% yield

toluene + THF, reflux

©\AOH OH o4 h, -2H,0, -2H, ©\/j :
i RZJ\ N/ R2 ' Ru PNN Complex

NH, |
up to 62% yield :

Scheme 6: Synthesis of pyridines and quinolines using Ru-PNN complex

Thereafter, they have established an Ir-catalyzed system for the synthesis of 2-substituted
quinolines using 2-aminobenzyl alcohol with primary as well as secondary alcohol

derivatives (Scheme 7).[12]

N OH oH [Ir(cod)MeO], (0.5 mol%) NN N
R P + P, N-ligand R J_ . : !
2 : |
NH, R t-BUOK (0.5 equiv.) N”R? | )>—NH
THF, 110°C, 24 h up to 94% yield N P4<

P, N ligand

Scheme 7: Synthesis of quinolines using Ir-based complex
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In an another report, they have also demonstrated the catalytic efficiency of newly developed
Ir-based NNP-pincer catalyst for the synthesis of 2,4/2,5/2,6- as well as 3,5-disubstituted
pyridines with excellent isolated yields (Scheme 8).[13]

OH 3 | talyst (0.5 mol%) i | RaP™
R® NH, Irprecatalyst(0.5mol%) _, PR NN
RIANRE ¢ )\/k t-BuONa (1.1 equiv.) Rf\jR IO‘*:L—N}_ \>—@0Fs
HO R® > l - —
R 90-130°C, THF,24h R >N" RS | | =N

up to 95% yield | RoP—NH R=iPr

Ir precatalyst
Scheme 8: Synthesis of pyridines using Ir-based precatalyst

Next, they have extended this Ir-NNP pincer catalyst system for multi-component synthesis
of 3-amino pyridines. In the first step, amination of diols resulted the formation of B-amino
alcohols, followed by intermolecular condensation and dehydrogenation with y-amino

alcohols furnished the desired 3-amino pyridines (Scheme 9).[14]

RS ! CF,4
R* '
H,N™ "R®
RZ_NHZ R? RS ) NZ N
HO Ir precatalyst (0.2 mol%) lllH Ir precatalyst (3 mol%) H 4 J\
{-BUOK (2 equiv.) L t-BuONa (1 equiv.) gz N g
—Eh ' i
R "OH 130 °C, diglyme, 20h R SOH 90 - 130 °C, THF, 24 h

R1

=
N/

Py

w
'P—Z
L
iz
1
'
-z
)\I

Ir precatalyst

Scheme 9: Synthesis of 3-amino pyridines using Ir-precatalyst

Very recently, Ling and co-workers demonstrated a new Ir-catalyzed method for the
synthesis of substituted quinolines using a combination of easily available enones with 2-
aminobenzyl alcohols. Mechanistic investigation proved that, the catalytic process involves
the hydrogen-transfer coupling and enables an efficient atom economic system with broad

substrate scope under relatively mild conditions (Scheme 10).[15]

SN OH 0] [Ir Cp*Cly], (1 mol%) N R3
R N 2)% ,  1-BUOK (50 mol%) R+ Py
Z S NH, R R - N”OR?

t-AmOH, rt, Ny, 12 h up to 89% yield

Scheme 10: Synthesis of quinolines using Ir-catalyst
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Herein, we have developed a sustainable and inexpensive Ni-catalyzed protocol for the
construction of pyrroles from readily available B-amino alcohols with ketones as well as
synthesis of pyridines and quinolines from intermolecular cyclization of y-amino alcohols
with ketones to avoid the use of hazardous alkylating agents. [4] Till date, nickel-catalyzed
pyrrole synthesis only limited with activated substrates, such as, annulation of azides with

alkynes/allenes or aryl aldehydes as well as enone alkyne reductive coupling.[16]

(i) Prior art: N-substituted pyrroles

R3
OH |
N__R?
R1K/\(R1 + RONHy G0 R T )
OH 5
R
OH (@) Ru lll R4
3_ + N S 1
5
R2 R R2 R5
(ii) Present strategy: 1H-pyrroles, pyridines and quinolines
H
JNIZ, H 1 N R
R’ 2 RU :
i Ni B-amino aloohols
-amino alcohols
ot B .d (©)
‘\_’// -2 H20 d:' ,’l_\‘ AN\ 2N
e
\(\OH =T R?
2T SNH,

y-amino alcohols

Scheme 11: (i) Metal-catalyzed dehydrogenative coupling for pyrrole synthesis (ii) Nickel-

catalyzed sustainable synthesis of pyrroles, pyridines and quinolines

In general, strong binding and poor leaving ability of hydroxyl group limits its application
towards nickel-catalyzed transformations.[17] To overcome these limitations, recently, for
the first time we established an efficient Ni-catalyzed protocol for selective alkylation of
amines and intra-molecular cyclization to indole derivatives using 2-(2-aminophenyl)ethanol.
[18] The catalytic system is tolerant to hydroxyl and amino group. Thus, inspired by this
promising results, we realised that unprotected aliphatic amino alcohols could be used to
construct the N-heterocycles. Therefore, we explored nickel-catalyzed direct pyrrole

synthesis starting from readily abundant B-amino alcohols with ketones (Scheme 11, c).
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Based on our previous observations for the acceptorless dehydrogenation of alcohols to
aldehydes using nickel catalysts, we anticipated that, a-amino aldehyde could be formed in
situ from B-amino alcohol by nickel-catalyst, followed by sequential dehydration, alkylation
and base-catalyzed condensation lead to the construction of substituted pyrroles in one pot
operation (Scheme 12). To our delight, herein we established the first base metal-catalyzed
reaction of f-amino alcohols with ketones to substituted pyrroles in a tandem fashion via C-C

and C-N bond formations.

0
| R2 R
)\Rz 2\ )2\ t-BuOK H R,
no N aadtd O L Sy R T
2 OH
2 OH H,o Ri Hy R O H20 _
1 C-C coupling

Imine o-amino aldehyde dehydration

Scheme 12: Proposed mechanism for Ni-catalyzed tandem synthesis of pyrroles through

intermolecular C-C and C-N bond formation
[3A.2] Results and discussion:

Notably, it was observed that, B-amino alcohol is highly prone to undergoes self-
condensation to substituted pyrazine and resulted lower product yield of pyrroles. Hence, still
there is a need for more selective and improve catalytic protocol. Nevertheless, to explore the
possibilities for pyrrole synthesis under nickel catalysis, initially we envisioned following key
challenges: (i) selective control to reduced product 3°, (ii) minimize the self-condensation of
B-amino alcohol 1a to 2,5-dimethyl-pyrazine and (iii) catalytic selectivity to control the base-

catalyzed self-condensation of ketones.

To achieve this goal, primarily we investigated the model reaction between 2-aminopropane-
1-ol 1a and acetophenone 2a using five different nickel precatalyst having oxidation states of
Ni(0) and Ni(II) (Table 1, entries 1-5). However, a combination of NiClo/LL1 resulted only
30% selectivity of 3 along with reduced product 3’ (Table 1, entry 1). Next, influence of
various steric and electronically different phosphine and nitrogen ligands L2-L11 were tested
(Table 2). Among these, bipyridine (bpy) ligand was proved to be efficient ligand for the
pyrrole synthesis. However, best results were obtained with 10 mol% NiClz, 12 mol%
bipyridine L7, 1 equiv. of +-BuOK and toluene as efficient solvent (Table 1, entry 6). Further
we have studied the influence of different bases, such as, -BuONa, -BuOK, K>COs,

Page | 63



Chapter 3 Section A Synthesis of Pyrroles, Pyridines and Quinolines

Na;CO3, K3PO4 and Cs2COs3 as indicated in Table 3 (entries 1-6). However, only +-BuOK
resulted 64% isolated yield of 3, while, in case of ~-BuONa we only observed 50% product

conversion.

Table 1: Optimization studies for nickel-catalyzed pyrrole synthesis % ?

NH, IO Ni cat./ ligand H H
>
A _on+ )\Ph base, toluene \UPh +\OPh
2a 3 3

1a 130 °C, 36 h

Entry Catalyst Ligand Conv. (%)

3 KX

1 NiCl» L1 30 8
2 NiBr L1 12 13
3 Ni(acac), L1 18 g
4 Ni(cod)2 L1 17 12
5 NiClL.DME L1 25 0
6 NiCLz L7 72(64) 0
7¢ NiCl, L7 50 0
84 NiCl, L7 41 0
9¢ NiCl L7 29 0
10/ NiCl» L7 54 0
1% NiCl, L7 42 0
12" NiCl L7 0 0
13 - - 5 0
14 NiCl, L7 49 0
15 NiCl L7 36 0

“Unless specified, the reaction was carried out with 1a (0.5 mmol), 2a (1.0 mmol), Ni cat. (0.05 mmol), L (0.06
mmol), and +-BuOK (0.5 mmol) under an N, atmosphere at 130 °C (oil bath) in toluene (2.0 mL) for 36 hin a
Schlenk tube. ® Conversion was determined by GC-MS (isolated yield in parentheses, average yield of two
runs). ¢ -BuONa (0.5 mmol) was used. ¢0.375 mmol of base was used. ¢ 0.25 mmol of base was used. / NiCl,
(0.0375 mmol) and L7 (0.045 mmol) were used. ¢ NiCl, (0.025 mmol) and L7 (0.03 mmol) were used. ” No base

was used. { No catalyst was used. / Reaction was performed at 120 °C. ¥Reaction was performed at 110 °C.

As expected, screening of different non-polar as well as polar solvents, such as, toluene,
xylene, dioxane, DMA and DMF further did not improve the product yield and toluene was

observed as the best solvent for pyrrole synthesis (Table 4, entries 1-5).
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Table 2: Ligand screening for nickel-catalyzed pyrrole synthesis ¢ °

0] NiCl,/ ligand (L1-L11)

H
% Ay e
OH Ph ase, toluene Ph \O
+ 130 °C, 36 h / *

1a 2a
Ph
| Ph . AN /Ph
Ph\P/\/\/P\Ph Ph\llo/\/\Fl)/Ph ||3 ||3
Bh Ph Ph Ph Ph
1 (30%) L2 (28%) L3 (15%)
] F O
PPh, PPh,
L4 (0%) L5 (15%)" L6 (24%)°
/_\ A _\ VAR / \
N N =
7 (72%) 64%C O% Lg (15%)
L\ %/ N\
L10 (24%) L11 (0%)

“Unless specified, the reaction was carried out with 1a (0.5 mmol), 2a (1.0 mmol), NiCl, (10 mol%), ligand (12
mol%), base (1.0 equiv.) under N, atmosphere at 130 °C in toluene (2.0 mL) for 36 h. * Conversion of 3 was
determined by GC-MS. ¢ Isolated yield. ¢ Ligand (20 mol%) was used.

Table 3: Screening of Base ¢
o) NiCl, (10 mol%)

H H

Nz ! bpy (12 mol%) N N

)\/OH . : > | p .
base (1.0 equiv.)
1a 2a toluene, 130 °C, 36 h 3 3
Entry Base GC-MS Conversion (%)
3 3

L. -BuONa 50 0
2. -BuOK 72 (64) " 0
3. K2C03 0 0
4. Na,COs 0 0
5. K3POq4 0 0
6. Cs2COs 0 0

Page | 65



Chapter 3 Section A Synthesis of Pyrroles, Pyridines and Quinolines

Reaction condition: “ DL-Alaninol 1a (0.5 mmol), acetophenone 2a (1.0 mmol), NiCl, (10 mol%), bpy (12
mol%), base (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C in oil bath, 36 h reaction

time. ? Isolated yield.

Table 4: Screening of solvents ¢
0 NiCl, (10 mol%)

NH; bpy (12 mol%) § H
t-BuOK (1.0 equiv.)
1a 2a solvent, 130 °C, 36 h 3 3
Entry Solvents GC-MS Conversion (%)
3 3’
1. Toluene 72 (64) 0
2 Xylene 31 3
3. Dioxane 39 8
4 DMA 14 10
S DMF 9 10

Reaction condition: * DL-Alaninol 1a (0.5 mmol), acetophenone 2a (1.0 mmol), NiCl, (10 mol%), bpy (12
mol%), t-BuOK (0.5 mmol), solvent (2.0 mL), Schlenk tube under N, atmosphere, 130 °C in oil bath, 36 h

reaction time. * Isolated yield.

Table 5: Screening of base equivalents ¢

Entry Base equivalents GC-MS Conversion (%)
3 K
1. -BuOK (1.0 equiv.) 72 (64)° 0
2. t-BuOK (0.75 equiv.) 41 0
3. -BuOK (0.50 equiv.) 29 0
4. - 0 0

Reaction condition: “ DL-Alaninol (0.5 mmol), acetophenone (1.0 mmol), NiCl, (10 mol%), bpy (12 mol%), t-
BuOK (X equiv.), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C in oil bath, 36 h reaction time. b
Isolated yield.

Thereafter, we have tested the pyrrole synthesis using variable amount of -BuOK, however,
one equivalent of -BuOK was optimum to achieve maximum product yield (Table 5, entries
1-3). Similarly, control experiment without base did not furnish any product, revealed its
potential role (Table 5, entry 4). Next, it is important to note that, as the reaction proceeds in
presence of base, we believe that, base could facilitate the self-coupling of acetophenone

derivatives. To our delight, we did not observe any self-coupling of f-amino alcohol using
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GC-MS analysis of the crude reaction mixture. Gratifyingly, the best result obtained when,

two equivalent of acetophenone was used with f-amino alcohol (Table 6, entry 1).

Table 6: Screening of alcohol and ketone equivalents *

o) NiCl, (10 mol%) H H
NH; bpy (12 mol%) N N
)\/OH + — | Y/ *
t-BuOK (1.0 equiv.)
1a 2a toluene, 130 °C, 36 h 3 3
Entry la 2a GC-MS Conversion (%)
X mmol Y mmol 3 3
1. 0.5 1.0 72 (64)° 0
2. 0.5 0.5 46 8
3. 0.75 0.5 17 43
4, 1.0 0.5 14 55

Reaction condition: “ DL-Alaninol 1a (X mmol), acetophenone 2a (Y mmol), NiCl, (10 mol%), bpy (12 mol%),
-BuOK (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C in oil bath, 36 h reaction

time. ? Isolated yield.

Table 7: Screening of catalyst/ligand loading *

Entry Catalyst loading Ligand Loading GC-MS Conversion (%)
3 ¥
1y NiClz (10 mol%) bpy (12 mol%) 72 (64)° 0
2. NiClz (7.5 mol%) bpy (9 mol%) 54 0
3. NiCl: (5.0 mol%) bpy (6 mol%) 42 0
4. - - 5 0

Reaction condition: ¢ DL-Alaninol 1a (0.5 mmol), acetophenone 2a (1.0 mmol), NiCl, (X mol%), bpy (Y
mol%), t-BuOK (0.5 mmol), toluene (2.0 mL), Schlenk tube under N> atmosphere, 130 °C in oil bath, 36 h

reaction time. ” Isolated yield.

Control experiments as well as variations of ligands and catalyst loading greatly influence the
pyrrole synthesis as observed in Table 7 (entries 1-4). In absence of catalyst and suitable
ligand only 5% product was observed. (Table 7, entry 4). Similarly, lowering of reaction
temperature also influence the product conversions and furnished albeit lower product yield

under identical conditions (Table 8, entries 1-5).
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Table 8: Screening of temperature ¢

0 NiCl, (10 mol%) H H
NH> bpy (12 mol%) N N
t-BuOK (1.0 equiv.)
1a 2a toluene, X °C, 36 h 3 3
Entry Temperature (X °C) GC-MS Conversion (%)
3 3
1 130 °C 72 (64)° 0
2 120 °C 49 0
3. 110 °C 36 0
4 100 °C 25 0
5. 80 °C 1 0

Reaction condition: ¢ DL-Alaninol 1a (0.5 mmol), acetophenone 2a (1.0 mmol), NiCl, (10 mol%), bpy (12
mol%), t-BuOK (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, X °C oil bath, 36 h reaction

time. ? Isolated yield.

g Lt NiCl/bpy . R__N L1
R)\/OH | N BUOK. 1y %
2a.21 N~  toluene, 130 °C, 36 h
1a-1g i |

Scope with B-amino alcohols

| |
L 3 (64%) \ 4 (70%) \ 5 (63%)
H
N § . U@
" \ \!

8: R = PhCH, (46%)
6 0 7 9 *
(65%) (58%) 9: R = Ph (37%)

Scheme 13: Synthesis of 2,5-disubstituted pyrroles. Reaction conditions: Unless specified, the reaction was
carried out with amino alcohol 1 (0.5 mmol), ketone 2 (1.0 mmol), NiCl, (0.05 mmol), bpy (0.06 mmol), #-
BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.

Access to 2,5-disubstituted N-heterocycles: After having optimized conditions in hand we
studied the substrate scope and limitations of the catalytic protocol using seven different
amino alcohols substituted with alkyl and aryl groups. The reaction of acetophenone with less
reactive methyl, ethyl, iso-propyl, sec-butyl as well as iso-butyl substituted B-amino alcohols

furnished the desired products in up to 70% isolated yields (Scheme 13, 3-7). Gratifyingly,
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Scope with ketone derivatives
B L-valinol (1a):
H
R N
] OMe
N 12 (68%)

‘/ ZT

10: R = Et (47%)
11: R = OMe (49%)

M + Alaninol (1b):

40
H N N
< \ | N |

16 (48%) 17 (54%) 18 (52%)
B 2-Amino-1-butanol (1c): NH,
X N
OMe \ |
\

19 (61%) 21 (42%)

M L-Leucinol (1d): R
H H
N N N OO
O OMe ool \ |
22 (63% 23: R = Br (30%) 25 (53%)

24: R = Cl (35%)

H
N
, & OMe \ ! O

_______ 260, T 27 (65%) e g N2B R
B Phenylalaninol (1f): AN
q H
1 ol ¥ OF TEGH =
Ph 29 (61%) 30 (45%) 31 (48%)
B Phenylglycinol (1g): ’ OO
N
Ph \ /
32 (57%)

Scheme 14: Synthesis of 2,5-disubstituted pyrroles. Reaction conditions: Unless specified, the reaction was
carried out with amino alcohol 1 (0.5 mmol), ketone 2 (1.0 mmol), NiCl, (0.05 mmol), bpy (0.06 mmol), ¢-
BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.
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under identical conditions, phenylalaninol and phenylglycinol transformed into 2,5-diaryl

substituted pyrroles (Scheme 13, 8 and 9).

Pyrroles synthesis using ketone derivatives: Further, to demonstrate the general
applicability, a variety of acetophenone derivatives substituted with ethyl or methoxy groups
including 1-acetyl and 2-acetyl naphthalene were examined with different f-amino alcohols
and a series of interesting 2,5-disubstituted pyrroles were obtained in up to 71% isolated
yields (Scheme 14, 10-32). It is to be noted that, sterically hindered o-methoxy and halide
substituted 4-Cl, 4-Br acetophenone smoothly converted into the desired pyrroles in moderate
yields (Scheme 14, 13 and 23-24). Advantageously, aliphatic ketones containing long chain
as well as terminal double bond efficiently transformed into the corresponding pyrroles 30-31

(Scheme 14).

Synthesis of N-heterocyclic 2,5-disubstituted pyrroles: Next, more challenging 3-
acetylpyridine 2m was used as substrate and yielded pharmaceutically active 3-(1H-pyrrol-
2yl) pyridines 33-38 in 45-58% yields. Gratifyingly, irrespective of their electronic
properties, methyl, ethyl, iso-propyl, sec-butyl, iso-butyl and benzyl substituted B-amino
alcohols are well tolerated (Scheme 15). Importantly, this represents a rare example of
selective transformation of di-substituted N-heterocyclic pyrrole derivatives using nickel,
otherwise previously not reported with other metal-catalysts.

0 H

M2 | NiCl,/ b R
py N o
)\/OH s 2 — |
R N | t-BuOK v Y
12-1f 2m ~\“ toluene, 130 °C, 36 h N
33-38
= =
H & I H | H |
N ~_N N N N . _N
\_ \_| \_
33 (49%) 34 (53%) 35 (52%)

~ T
7\
-

~ =z
7\
-

=T
7\
-

36 (58%) 37 (56%) 38 (45%)

Scheme 15: Synthesis of N-heterocyclic 2,5-disubstituted pyrroles. Reaction conditions: Unless specified, the
reaction was carried out with amino alcohol 1 (0.5 mmol), ketone 2 (1.0 mmol), NiCl, (0.05 mmol), bpy (0.06
mmol), --BuOK (0.75 mmol), 130 °C in toluene (2.0 mL) for 36 h.
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Synthesis of 2,3,5-trisubstituted bi-and tricyclic pyrroles: Inspired by this excellent
catalytic activity, further we explored the synthesis of 2,3,5-trisubstituted bicyclic pyrroles. It
is noteworthy to mention that, the application of 7-methoxy-tetralone with B-amino alcohols
furnished the desired tri-substituted pyrroles in good isolated yields, 63-70% respectively
(Scheme 16, 39-42). Again, we studied the reactivity of more challenging acyclic and cyclic
ketones. Intermolecular cyclization of propiophenone and valerophenone resulted into 2,3,5-
trisubstituted pyrroles (Scheme 16, 43-44). Nevertheless, the reaction of alkyl cyclic ketones,
such as, cyclopentanone, cyclohexanone as well as cycloheptanone, converted into various
annulated tri-substituted bicyclic products (Scheme 16, 45-47). These examples established

the potential application of the present catalytic protocol.

o H
NH, | NiCl,/ bpy Ris N
OH .)\R )
R1)\/ + R - BUOK URz
1a-1f 2n.2s toluene, 130 °C, 36 h 39_4\7——
HN HN
e N MeO N MeO N

40 (70%) 41 (65%)
HN
N N
42 (64%) 43 (53%) 44 (48%)
OJ 0y« XJ/ @ O’Jb
(45%) (30%) (35%)

Scheme 16: Synthesis of 2,3,5-tri-substituted bi-cyclic and tri-cyclic pyrroles. Reaction conditions: Unless
specified, the reaction was carried out with amino alcohol 1 (0.5 mmol), ketone 2 (1.0 mmol), NiCl, (0.05

mmol), bpy (0.06 mmol), --BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.

Intermolecular cyclization using steroid hormone: Next, to establish the versatility of the
intermolecular cyclization, we studied the catalytic pyrrole synthesis using more interesting

steroid hormone. Indeed, 3-methyl ether of 5-pregnen-3-B-ol-20-one (pregnenolone) was
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efficiently converted into the desired 2,5-disubstituted pyrrole 48 using phenylalaninol

without affecting the parent steroid framework (Scheme 17).

NiCl, (10 mol%)
bpy (12 mol%)

t-BuOK (1.0 equiv.)

+
Ph\)\/OH toluene, 130 °C, 36 h

1f 48 (35%)

Scheme 17: Synthetic utility: pyrrole synthesis using steroid hormone. Reaction conditions: Unless specified,
the reaction was carried out with amino alcohol 1 (0.2 mmol), ketone 2 (0.25 mmol), NiCl, (0.02 mmol), bpy

(0.024 mmol), -BuOK (0.2 mmol), 130 °C in toluene (2.0 mL) for 36 h.

Intermolecular cyclization using y-amino alcohols: After having demonstrated the
excellent catalytic activity of B-amino alcohols for pyrrole synthesis, finally the generality of
our nickel-catalyzed protocol was further evaluated using y-amino alcohols as coupling

partner to access, six-member N-heterocycles, pyridine and quinoline derivatives.

I,’\f\OH )lo\ NiCl,/ bpy _ | | )
r R t-BUOK S ONTR

1h 12\1H2 2 toluene, 130°C, 36 h 49 9
O Lol I
M
N N/ O OMe
49 (75% 50 (70%) OMe ' 51 (90%)
> N
2
e m@
52 (74%) 54 (5% I ~
= = =
\_ A\
N NN @

56: R = H (55%)
57:R = OMe (49%) >0 (48%) 60 (50%)

OMe  58: R = Et (53%)

55 (71%)

Scheme 18 Intermolecular cyclization for C-2 substituted quinoline and pyridine derivatives. Reaction
conditions: Unless specified, the reaction was carried out with amino alcohol 1 (0.5 mmol), ketone 2 (1.0

mmol), NiCl, (0.05 mmol), bpy (0.06 mmol), -BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.
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Because of the significant importance and interesting bioactivity, a general and versatile
method for the synthesis of pyridine and quinoline is highly desirable. Gratifyingly, using our
optimized protocol, applications of 2-amino benzyl alcohol with electronically different
acetophenones furnished C-2 substituted quinolines 49-54 in up to 90% yields (Scheme 18).
Additionally, when 3-amino-1-propanol was used as coupling partner, C-2 substituted
pyridines 56-58 were obtained in 49-55% yield respectively (Scheme 18). Notably, 2-acetyl
pyridine efficiently transformed into the ligand bipyridine 59. Furthermore, application of
more challenging 7-methoxytetralone and 2-pentanone yielded desired 2,3-disubstituted
quinoline as well as 2-"propyl pyridine 55 and 60 in 50-71% product (Scheme 18). To our
delight, we are pleased to witness an alternative synthesis of pyridine and quinoline
derivatives under nickel catalysis via a tandem intermolecular cyclization.

It is noteworthy to mention that, the catalytic protocol is tolerant to primary amine, halides,
alkyl and alkoxy groups, including benzyl and pyridine derivatives. Gratifyingly, remarkable
transformations in the presence of reducible functionalities, such as, terminal alkene, as well
as steroid framework revealing the synthetic potential of the catalytic system. Unfortunately,
application of 1-phenyl butane-1,3-dione and 4-Phenylbut-3-yn-2-one under standard

catalytic conditions did not result any desired product.

O H
NH, g Cat.A (10 mol%) N
1c

t-BuOK (1.0 equiv.)
2a toluene, 130 °C, 36 h

t-BuOK (1.0 equiv.)
2a toluene, 130 °C, 36 h

NH O
2 +)|\ Cat.A (100 mol%) N
S _oH Ph -~ Ph\@/\ Cat.A
1c

5 (49%)

Scheme 19: Stoichiometric and catalytic studies using Cat.A

To understand the initial mechanism and the nature of the putative Ni-intermediate species,
Cat. A was prepared, isolated separately and employed in catalytic as well as in
stoichiometric equiv. for intermolecular pyrrole synthesis (Scheme 19). Using 10 mol% and
100 mol% of Cat.A in the reaction of 1¢ with 2a under standard conditions yielded 58% and

49% of 5, comparable to the result obtained under optimized conditions (5, Scheme 13).

Reactions which confirm Pathway I: Nevertheless, mechanistically we anticipated that, Ni-
catalyzed pyrrole synthesis composed of a formal multi-step processes: (i) condensation of

ketone with B- amino alcohol to an imine intermediate and (ii) Ni-catalyzed in situ
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dehydrogenation to a-amino aldehyde followed by sequential intramolecular C-C coupling
and dehydration results thermodynamically favorable substituted pyrroles (Scheme 12,

Scheme 20).

Ne 4

N Cat. N | Ho
0 » | - | | 2
OH o]
| -Hzo _H2
HN
[j 2a \\
+ — ——
I OH ¥, 2
NH, )
1c ———»Cé]t- \)\?O
H H0 e
2 Il -HZO

Scheme 20: Possible reaction pathways

(0]
|
0 WA G AN
Standard Condition +
> @)
2a 2a ! P
1Ly, A

<5%

Scheme 21: Control experiment using acetophenone

NiCl, (10 mol%) HN \
bpy (12 mol%) - N
t-BuOK (1.0 equiv.)

toluene, 130 °C, 36 h 5 (53%)

/E NiCl, (10 mol%) HN \
NI bpy (12 mol%) X

OH - >
Without Base
toluene, 130 °C, 36 h 5(7%)
1c’
)

HN N
Without Cat./L o .
t-BuOK (1.0 equiv.)

toluene, 130 °C, 36 h 5 (4%

Scheme 22: Control experiments using of 2-(1-phenylethylideneamino)butan-1-ol 1¢’
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To test this hypothesis, when using acetophenone under standard catalytic conditions we only
observed <5% of aldol condensation product and starting material was recovered (Scheme

21).

Further, under standard  conditions application of  intermediate 2-(1-
phenylethylideneamino)butan-1-ol 1¢’ is converted to 2-ethyl-5-phenyl-1H-pyrrole in 53%
yield (Scheme 22). If no catalyst or base was used under standard conditions, we observed
only 4-7% of product conversion and unreacted imine was recovered. These experiments

evident the potential role of catalyst and base for intramolecular cyclization to pyrrole.

NiCl, (10 mol%)
bpy (12 mol%) \/[ j/\
t-BuOK (1.0 equiv.) (95%)

toluene, 130 °C, 36 h

<5%

Jil NiCl, (10 mol%)
bpy (12 mol%)
HsN +  HoN + 1.(100%)

OH OH Without Base
3 ‘8 toluene, 130 °C, 36 h Not detected

Without Cat./L \): ]/\ (100%)

t-BuOK (1.0 equiv.)
toluene, 130 °C, 36 h Not detected

Scheme 23: Control experiments using 2-amino-1-butanol

Again, we performed few control experiments for de-hydrogenation and condensation
reaction of 2-amino-1-butanol. Unfortunately, we observed that homo-coupling of 2-amino-
I-butanol to 2,5-diethylpyrazine is very slow under the standard reaction conditions. In
absence of catalyst or base following standard conditions, we did not observe any product

conversion (Scheme 23).

v N
| NH oF
* \)\/OH molecular sieve
THF, reflux
Standard Standard
1 |conditions HN conditions | Az
63% yield ) 53% yield
5

Scheme 24: Possible reaction pathways
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Under standard catalytic conditions, the reaction of ketone and amino alcohol (path A1), or
the reaction of preformed Schiff base (path A2), resulted similar efficiency as shown in

Scheme 24.

Reactions which contradict Pathway II:

0 NiCl, (10 mol%) g I
| 0 | o N
. \N/\,OH bpy (12 mol%) = ~
| t-BuOK (1.0 equiv.)

toluene, 130 °C, 36 h Not detected

— Not detected

Scheme 25: Control experiments using acetophenone with substituted amino alcohols

Further, to exclude the possibilities for reaction pathways II, we preformed catalytic
experiments between acetophenone and the N-protected amino alcohol using standard
catalytic conditions and we observed only <2% of the a-alkylation product (Scheme 25).
This experiment indicated that the a-alkylation is very slow and unlikely be first step during

pyrrole synthesis (pathway II, Scheme 20).
[3A.3] Conclusions

In conclusion, we have demonstrated Ni-catalyzed sustainable dehydrogenative coupling of
B- and y-amino alcohols with ketones to access five and six-member N-heterocycles. This is
the first example of such base metal-catalyzed pyrrole synthesis using amino acid derived
alcohols. Catalytic protocol is highly regio-selective, a variety of aryl and alkyl ketones
including nine amino alcohols having free amine, halides, alkyl, alkoxy, alkenes, activated
benzyl and pyridines smoothly transformed into 2,3 and 2,3,5 substituted bicyclic as well as
tricyclic pyrroles, quinolines and pyridine derivatives in up to 90% yields. As a highlights,
we demonstrated an interesting pyrrole derivative employing intermolecular cyclization of

steroid hormone with phenylalaninol.
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[3A.4] Experimental details
[3A.4.1] General procedure for the synthesis of starting materials:
Synthesis of amino alcohols from amino acids:

NH, NH,
OH + NaBH4l, THF OH
I 0 °C-rtreflux R

In a 100 mL oven dried RB flask, amino acids (10.0 mmol) and NaBH4 (2.4 equiv.) in
30 mL of dry THF were taken. The reaction mixture was kept in an ice bath with constant
stirring. After 10 min, I» (equimolar with amino acid) in 5 mL of THF was added drop wise
over a period of 30 min to maintain the temperature below 5 °C, resulting in vigorous
evolution of Ho. After addition of I, was completed and gas evolution had ceased, then the
reaction mixture kept at 70 °C for 16 h in reflux. After completion of reaction, methanol was
added carefully until the mixture became clear to exhaust excess NaBH4. The THF was
removed by rotary evaporator, then 20 % of 30 mL KOH solution was added slowly and
stirred for 2-3 hours. After completion of reaction, the slurry was partitioned between DCM
(25.0 mL) and aqueous layer in a separatory funnel. The organic layer was washed with brine
and dried over anhydrous Na>SOs (s) and concentrated in vacuo. The residue was purified by
column chromatography using a gradient of hexane and ethyl acetate (eluent system) to
afford the pure product.

Starting materials were prepared as general procedure. [2-Amino-3-methylbutan-1-ol,
2-Amino-3-methylpentan-1-ol, 2-Amino-2-phenylethanol, 2-Amino-3-phenylpropan-1-ol]. 2-
Aminopropan-1-ol, 2-Aminobutan-1-ol, and 2-amino-4-methylpentan-1-ol were purchased

from Avra synthesis and /or Alfa Aesar.

Synthesis of steroid ketone:
O O
NaH (4.0 equiv.
o Yl o s o
@ ~ Mel (4.0 equiv.) @ .

i THF, 0 °C-rt, 60 h H

In a 50 mL oven dried RB flask, 5-pregnen-3p-ol-20-one (633 mg, 2.0 mmol), NaH (4.0
equiv.) in THF 10 mL were taken under an atmosphere of N> at 0 "C and stirred for 1 h. Then
Mel (4.0 equiv.) was added to the reaction mixture at 0 ‘'C and continued reaction at rt for 60
h. The reaction mixture was quenched with NH4Cl solution and was partitioned between
ethyl acetate (25.0 mL) and water (25.0 mL) in a separatory funnel. The organic layer was

washed with water, brine and dried over anhydrous Na;SO4 and concentrated in vacuo. The
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residue was purified by column chromatography using a gradient of hexane and ethyl acetate
(eluent system) to afford the pure product as colourless solid (430 mg, 65% yield). NMR
Data: '"H NMR (400 MHz, CDCls ) 6 5.35-5.31 (m, 1H), 3.33 (d, J = 0.8 Hz, 3H), 3.09-2.99
(m, 1H), 2.51 (t, J = 8.9 Hz, 1H), 2.37 (ddd, J = 13.1, 4.6, 2.1 Hz, 1H), 2.16 (ddd, J = 12.9,
10.3, 7.8 Hz, 2H), 2.10 (s, 3H), 2.06-1.82 (m, 4H), 1.69-1.36 (m, 8H), 1.26-1.01 (m, 3H),
1.01-0.95 (m, 4H), 0.61 (s, 3H); *C NMR (100 MHz, CDCls ) 6 209.70, 140.93, 121.37,
80.30, 63.78, 56.99, 55.72, 50.09, 44.09, 38.91, 38.70, 37.24, 36.96, 31.91, 31.87, 31.66,
28.04, 24.56, 22.86, 21.15, 19.44, 13.31.

Preliminary catalytic and mechanistic studies:

Preparation: Synthesis of [NiCla(bpy)] complex:

— EtOH
/ \ \ / n N|C|2 6H20 : O—O
=N N rt, 6 h. Cat.A
NI\

1.0 mmol 1.0 mmol
Pale green SO|Id

A solution of bpy (78 mg, 0.5 mmol) in EtOH (2 mL) was added to a solution of NiCl,*6H20
(119 mg, 0.5 mmol) in EtOH (2 mL) at rt, after stirring for 6 h, a pale green precipitate
formed and was filtered off, washed with EtOH (3x3 mL), and dried in vacuo to afford pale
green solid 114 mg (80%) yield.

Elemental Analysis calculated: C, 42.03; H, 2.82; Cl, 24.81; N, 9.80; Ni, 20.54; Found: C,
41.75; H, 2.76; N, 9.61.

[3A.4.2] General procedure for synthesis of pyrroles, quinolines and pyridines from

amino alcohols.
Procedure A:

In a 15 mL oven dried Schlenk tube amino alcohols (0.5 mmol), --BuOK (0.5 mmol), NiCl»
(0.05 mmol), bpy (0.06 mmol) and ketones (1.0 mmol) were added followed by toluene 2.0
mL under an atmosphere of N> and after sealing the Schlenk tube the reaction mixture was
heated at 130 ‘C for 36 h. The reaction mixture was cooled to room temperature and 3.0 mL
of ethyl acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the

pure products.
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Procedure B:

In a 15 mL oven dried Schlenk tube, amino alcohols (0.5 mmol), --BuOK (0.75 mmol), NiCl,
(0.05 mmol), bpy (0.06 mmol) and ketones (1.0 mmol) were added followed by toluene 2.0
under an atmosphere of N> and after sealing the Schlenk tube the reaction mixture was heated
at 130 °C for 36 h. The reaction mixture was cooled to room temperature and 3.0 mL of ethyl
acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the

pure products.
Procedure C:

In a 15 mL oven dried Schlenk tube, amino alcohol (0.2 mmol), --BuOK (0.2 mmol), NiCl,
(0.02 mmol), bpy (0.024 mmol), ketone (0.25 mmol) were added followed by toluene 1.5 mL
under an atmosphere of N> and after sealing the Schlenk tube the reaction mixture was heated
at 130 C for 36 h. The reaction mixture was cooled to room temperature and 3.0 mL of ethyl
acetate was added and concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford the

pure product.

[3A.4.3] Synthesis and Characterization of 2-Ethyl-5-phenyl-1H-pyrrole (5):

Following the general procedure A, (section 3A.4.2), the title product 5 was obtained as a
colorless oil (63% yield). All the compounds were characterized by '"H NMR, '*C NMR, ESI,
HRMS and IR and the results are shown in spectral data. For an example, all the spectral data
of compound 5 are explained here. 'H NMR: the four aromatic region protons well separated
and appeared as dd, td, td and dd at 8.12 (br s, 1H), 7.46-7.42 (m, 2H), 7.36-7.31 (m, 2H),
7.16 (t, J =7.3 Hz, 1H), 6.42 (t, J = 3.0 Hz, 1H), 5.99 (t, / = 3.0 Hz, 1H), 2.69 (q, / = 7.6 Hz,
2H), 1.29 (t, J = 7.6 Hz, 3H).

The protons at 1.29 are triplet belongs to —CH3 and 2.69 ppm are quartet belong to —CHz
group. The two protons at 5.99 and 6.42 ppm belong to pyrrole ring (Figure 2a). '’*C NMR:
the peaks at 21.09, 13.68 ppm belong to —CH3 and —CH> carbons, and the peak at 106.32,
106.10 belongs to pyrrole ring and 135.71, 133.10, 130.68, 128.89, 125.75, 123.49 ppm all

belongs to carbons of benzene ring moiety (Figure 2b).
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[3A.4.4] Analytical data for all compounds:
2-Methyl-5-phenyl-1H-pyrrole (3) [20]:

Following the general procedure A, the title product was obtained as a
colourless oil (64% yield); 'H NMR (400 MHz, CDCls) & 8.13 (br s,
1H), 7.43 (dd, J = 8.2, 1.1 Hz, 2H), 7.36 — 7.32 (m, 2H), 7.19 - 7.13 (m,
1H), 6.40 (t, J = 3.0 Hz, 1H), 5.96 (t, J = 2.5 Hz, 1H), 2.33 (s, 3H); '*C
NMR (100 MHz, CDCl3) ¢ 133.05, 130.88, 128.91, 128.60, 125.74, 123.44, 108.03, 106.27,
29.82.

‘/ ZT

2-Isopropyl-5-phenyl-1H-pyrrole (4) [20]:

Following the general procedure A, the title product was obtained as a
colourless solid (70% yield); '"H NMR (400 MHz, CDCl3) 6 8.12 (br s,
1H), 7.44 (dd, J = 8.2, 0.8 Hz, 2H), 7.33 (t, / = 7.7 Hz, 2H), 7.16 (t, J
=7.4 Hz, 1H), 6.41 (t, J = 3.1 Hz, 1H), 5.98 (t, / = 3.0 Hz, 1H), 2.97
(dt, J = 13.8, 6.9 Hz, 1H), 1.30 (d, J = 7.0 Hz, 6H); *C NMR (100 MHz, CDCl3) 6 135.90,
133.18, 131.00, 128.94, 125.82, 123.56, 106.47, 105.93, 27.29, 22.76.
2-Ethyl-5-phenyl-1H-pyrrole (5) [20]:

€/ ZT

Following the general procedure A, the title product was obtained as a
colourless oil (63% yield); '"H NMR (400 MHz, CDCl3) § 8.12 (br's,
1H), 7.46 — 7.42 (m, 2H), 7.36 — 7.31 (m, 2H), 7.16 (t, J = 7.3 Hz,
1H), 6.42 (t, J = 3.0 Hz, 1H), 5.99 (t, J = 3.0 Hz, 1H), 2.69 (q, J = 7.6
Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H); '*C NMR (100 MHz, CDCls) 6 135.71, 133.10, 130.68,
128.89, 125.75, 123.49, 106.32, 106.10, 21.09, 13.68.

2-Isobutyl-5-phenyl-1H-pyrrole (6) [20]:

€/ Z

Following the general procedure A, the title product was obtained
as a colourless solid (65% yield); "H NMR (400 MHz, CDCl3) 6
8.08 (br s, 1H), 7.46 — 7.42 (m, 2H), 7.35 (dd, J = 10.6, 5.0 Hz,
2H), 7.20 — 7.13 (m, 1H), 6.44 (t, / = 3.0 Hz, 1H), 5.98 (t, J = 3.0
Hz, 1H), 2.51 (d, J = 7.1 Hz, 2H), 1.90 (dp, J = 13.5, 6.7 Hz, 1H), 0.98 (d, J = 6.6 Hz, 6H);
3C NMR (100 MHz, CDCls) 6 133.35, 133.09, 130.54, 128.92, 125.70, 123.42, 108.10,
106.15, 37.48, 29.40, 22.59.

;[/ ZT
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2-(sec-Butyl)-5-phenyl-1H-pyrrole (7) [20]:

Following the general procedure A, the title product was obtained as a
H colourless oil (58% yield); '"H NMR (400 MHz, CDCIs) 6 8.12 (br s,
\_ 1H), 7.46 (d, J =7.7 Hz, 2H), 7.35 (t, J = 7.7 Hz, 2H), 7.17 (t, J = 7.3

Hz, 1H), 6.45 (t, J = 2.9 Hz, 1H), 6.00 (t, J = 2.7 Hz, 1H), 2.79 — 2.69
(m, 1H), 1.66 (tdd, J = 20.7, 13.7, 7.1 Hz, 2H), 1.31 (d, J = 7.0 Hz, 3H), 0.95 (t, J = 7.4 Hz,
3H); '*C NMR (100 MHz, CDCl3) 6 139.30, 133.13, 130.35, 128.91, 125.72, 123.46, 105.93,
105.75, 34.52, 30.36, 20.19, 11.97.

2-Benzyl-5-phenyl-1H-pyrrole (8) [20]:

h Following the general procedure A, the title product was obtained as
/\U@ a colourless solid (46% yield); 'H NMR (400 MHz, CDCls) § 8.03
Ph \ | (brs, 1H), 7.41 — 7.37 (m, 2H), 7.36 — 7.29 (m, 4H), 7.28 — 7.23 (m,

3H), 7.16 (t, J=7.3 Hz, 1H), 6.45 (t, /= 3.0 Hz, 1H), 6.06 (t, J = 3.0
Hz, 1H), 4.03 (s, 2H); '*C NMR (100 MHz, CDCl3) ¢ 139.38, 132.92, 132.10, 131.61,
128.89, 128.80, 128.76, 126.65, 125.92, 123.56, 108.72, 106.21, 34.35.
2,5-Diphenyl-1H-pyrrole (9) [20]:

Following the general procedure A, the title product was obtained as a

\&@ colourless solid (37% yield); '"H NMR (400 MHz, CDCl3) J 8.59 (br s,
it \ | 1H), 7.56 — 7.51 (m, 4H), 7.42 —7.36 (m, 4H), 7.23 (dd, J = 10.7, 4.3
Hz, 2H), 6.59 (d, J = 2.6 Hz, 2H); *C NMR (100 MHz, CDCls) §

133.21, 132.57, 129.05, 126.48, 123.88, 108.01.
2-(4-Ethylphenyl)-5-isopropyl-1H-pyrrole (10):

Following the general procedure A, the title product was
H obtained as a pale brown oil (47% yield); 'H NMR (400 MHz,
\ | CDClz) 0 8.12 (br s, 1H), 7.37 (d, J = 8.3 Hz, 2H), 7.18 (d, J =
8.2 Hz, 2H), 6.39 — 6.35 (m, 1H), 5.98 (t, / = 3.4 Hz, 1H), 3.03 -
2.92 (m, 1H), 2.65 (q, J = 7.6 Hz, 2H), 1.31 (d, J = 6.9 Hz, 6H), 1.25 (t, J = 7.6 Hz, 3H); 1*C
NMR (100 MHz, CDCl3) ¢ 141.89, 140.00, 130.79, 130.70, 128.38, 123.68, 105.32, 104.84,

28.60, 27.31, 22.80, 15.68; HRMS (ESI): Calculated for [CisHioN]™ 213.1512; Found
213.1534.
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2-Isopropyl-5-(4-methoxyphenyl)-1H-pyrrole (11) [24]:

Following the general procedure A, the title product was
obtained as a white solid (49% yield); 'H NMR (400 MHz,
CDClI3) 0 8.04 (br s, 1H), 7.37 (d, J = 8.8 Hz, 2H), 6.89 (d, J =
8.7 Hz, 2H), 6.29 (t, J = 3.0 Hz, 1H), 5.96 (t, J = 2.8 Hz, 1H),
3.81 (s, 3H), 3.01 — 2.88 (m, 1H), 1.30 (d, J = 6.9 Hz, 6H); 1*C NMR (100 MHz, CDCls) 6
158.00, 139.70, 130.59, 126.32, 125.03, 124.96, 114.31, 104.77, 55.45, 27.38, 22.79.
2-Isopropyl-5-(3-methoxyphenyl)-1H-pyrrole (12) [21b]:

O\

‘\/ ZT

Following the general procedure A, the title product was
obtained as a pale brown oil (68% yield); '"H NMR (400 MHz,
OMe| DIy 68.10 (br s, 1H), 7.24 — 721 (m, 1H), 7.02 (d, J = 7.6
Hz, 1H), 6.98 — 6.95 (m, 1H), 6.73 — 6.70 (m, 1H), 6.40 (t, J =
3.4 Hz, 1H), 5.97 (t, J = 3.4 Hz, 1H), 3.83 (s, 3H), 2.96 (dt, /= 13.8, 6.8 Hz, 1H), 1.29 (d, J =
6.9 Hz, 6H); °C NMR (100 MHz, CDCl3) 6 160.14, 140.51, 134.58, 130.44, 129.95, 116.19,
111.13, 109.52, 106.24, 105.06, 55.40, 27.33, 22.79.

€/ ZT

2-Isopropyl-5-(2-methoxyphenyl)-1H-pyrrole (13):

Following the general procedure A, the title product was obtained as a
pale brown oil (35% yield); '"H NMR (400 MHz, CDCl3) 6 9.49 (br s,
1H), 7.61 (dd, J =7.7, 1.6 Hz, 1H), 7.14 — 7.07 (m, 1H), 6.95 (ddd, J
=10.7,5.9, 2.1 Hz, 2H), 6.52 — 6.48 (m, 1H), 5.97 (t, J = 3.5 Hz, 1H),
3.95 (s, 3H), 3.03 —2.93 (m, 1H), 1.30 (d, J = 6.9 Hz, 6H); '*C NMR (125 MHz, CDCl3) ¢
154.45, 139.13,128.02, 126.20, 126.09, 121.49, 111.75, 106.13, 103.81, 55.79, 27.23, 22.61;
HRMS (ESI): Calculated for [Ci14Hi7NONa]* 238.1202; Found 238.1204.
2-Isopropyl-5-(naphthalen-1-yl)-1H-pyrrole (14) [24]:

MeO

‘/ Zh

Following the general procedure A, the title product was obtained as a
O colourless solid (43% yield); '"H NMR (400 MHz, CDCls) & 8.28 (br s,

O 1H), 7.81 — 7.76 (m, 4H), 7.64 (dd, J = 8.5, 1.8 Hz, 1H), 7.47 — 7.36
| (m, 2H), 6.54 (t, J = 3.1 Hz, 1H), 6.03 (t, / = 3.0 Hz, 1H), 3.07 — 2.95
(m, 1H), 1.34 (d, J = 6.9 Hz, 6H); '>*C NMR (125 MHz, CDCl3) ¢
140.83, 133.88, 131.90, 130.46, 128.48, 127.73, 127.55, 126.38, 125.11, 123.16, 120.21,
106.65, 105.25, 27.32, 22.71.

~ T
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2-Isopropyl-5-(naphthalen-2-yl)-1H-pyrrole (15) [21b]:
Following the general procedure A, the title product was
OO obtained as a colourless solid (55% yield); 'H NMR (400 MHz,
| CDClI3) 0 8.35 (dt, J = 7.3, 3.3 Hz, 1H), 8.14 (br s, 1H), 7.92 —
7.83 (m, 1H), 7.77 (dd, J = 7.0, 3.2 Hz, 1H), 7.49 (dt, J = 7.2,
4.0 Hz, 4H), 6.43 — 6.39 (m, 1H), 6.12 — 6.07 (m, 1H), 3.10 — 2.96 (m, 1H), 1.35 (d, J=7.1
Hz, 6H); '*C NMR (100 MHz, CDCls) 6 139.93, 134.19, 131.93, 131.37, 128.99, 128.48,
127.15, 126.29, 125.96, 125.93, 125.72, 125.55, 109.43, 104.42, 27.27, 22.76.
2-(4-Methoxyphenyl)-5-methyl-1H-pyrrole (16) [21a]:

~ “zT

OMe Following the general procedure A, the title product was
obtained as a pale brown oil (48% yield); '"H NMR (400 MHz,
CDClI3) 0 8.04 (br s, 1H), 7.35 (d, J = 9.1 Hz, 2H), 6.88 (d, J =
9.0 Hz, 2H), 6.30 — 6.24 (m, 1H), 5.95 — 5.88 (m, 1H), 3.81 (s,
3H), 2.32 (s, 3H); 3C NMR (100 MHz, CDCl3) § 157.97, 130.90, 128.39, 126.26, 124.88,
114.35, 107.69, 105.09, 55.38, 13.30.

2-(4-Ethylphenyl)-5-methyl-1H-pyrrole (17):

‘/ ZT

Following the general procedure A, the title product was obtained
as a light brown oil (54% yield); '"H NMR (400 MHz, CDCl3) ¢
8.06 (brs, 1H), 7.34 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H),
6.34 (t, J =3.0 Hz, 1H), 5.93 (t, / = 3.3 Hz, 1H), 2.63 (q, / = 7.6
Hz, 2H), 2.32 (s, 3H), 1.23 (t, J = 7.6 Hz, 3H); '3C NMR (100 MHz, CDCl3) J 141.84,
131.06, 130.59, 128.66, 128.37, 123.52, 107.82, 105.70, 28.56, 15.62, 13.27; HRMS (ESI):
Calculated for [Ci13Hi6N]™ 185.1199; Found 185.1206.
2-Methyl-5-(naphthalen-2-yl)-1H-pyrrole (18) [21a]:

‘/ ZT

Following the general procedure A, the title product was obtained

‘O as a colourless solid (52% yield); '"H NMR (400 MHz, CDCl3) &
| 8.29 (br s, 1H), 7.81 —7.76 (m, 4H), 7.62 (dd, J = 8.6, 1.7 Hz, 1H),
7.46 — 7.35 (m, 2H), 6.52 (t, J = 3.0 Hz, 1H), 6.00 (t, J = 5.8 Hz,
1H), 2.37 (s, 3H); *C NMR (125 MHz, CDCl3) 6 133.88, 131.88, 130.79, 130.35, 129.55,
128.48, 127.72, 127.55, 126.38, 125.11, 123.06, 120.13, 108.20, 106.99, 13.27.

= ZzT
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2-Ethyl-5-(3-methoxyphenyl)-1H-pyrrole (19):
Following the general procedure A, the title product was
obtained as a pale brown oil (61% yield); '"H NMR (400 MHz,
OMe| ¢DCls) 6 8.12 (brs, 1H), 7.25 (t, J = 8.0 Hz, 1H), 7.02 (d, J =
7.7 Hz, 1H), 6.99 — 6.95 (m, 1H), 6.72 (dd, J = 8.2, 2.5 Hz,
1H), 6.41 (t, J = 3.0 Hz, 1H), 5.98 (t, J = 2.9 Hz, 1H), 3.83 (s, 3H), 2.68 (q, J = 7.6 Hz, 2H),
1.29 (t, J = 7.6 Hz, 3H); *C NMR (100 MHz, CDCls) 6 160.11, 135.77, 134.49, 130.53,
12991, 116.10, 111.09, 109.39, 106.36, 106.31, 55.32, 21.09, 13.68; HRMS (ESI):
Calculated for [C13H16NO]* 202.1226; Found 202.1219.
2-Ethyl-5-(naphthalen-2-yl)-1H-pyrrole (20) [21a]:
Following the general procedure A, the title product was

OO obtained as a colourless solid (71% yield); '"H NMR (400 MHz,
| CDCls) 6 8.28 (br s, 1H), 7.83 — 7.76 (m, 4H), 7.64 (dd, J = 8.6,
1.8 Hz, 1H), 7.48 — 7.36 (m, 2H), 6.55 (t, J = 3.1 Hz, 1H), 6.04
(t, J = 3.0 Hz, 1H), 2.73 (q, J = 7.6 Hz, 2H), 1.33 (t, J = 7.6 Hz, 3H); 3*C NMR (100 MHz,
CDCl3) 0 136.21, 133.96, 131.97, 130.68, 130.48, 128.56, 127.81, 127.63, 126.46, 125.19,

123.20, 120.25, 106.90, 106.57, 21.16, 13.69.
4-(5-Ethyl-1H-pyrrol-2-yl)aniline (21) [24]:

€/ ZT

~"ZT

Following the general procedure A, the title product was
obtained as a brown oil (42% yield); 'H NMR (500 MHz,
CDCl3) 0 8.17 (br s, 1H), 7.29 (d, J = 8.5 Hz, 2H), 6.70 (d, J =
8.5 Hz, 2H), 6.28 (t, J = 3.0 Hz, 1H), 5.97 (t, J = 2.9 Hz, 1H),
3.66 (s, 2H), 2.69 (q, J = 7.5 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H); '*C NMR (125 MHz, CDCl5)
0 144.51, 134.49, 130.88, 124.92, 124.30, 115.63, 105.77, 104.08, 26.03, 21.00.
2-Isobutyl-5-(3-methoxyphenyl)-1H-pyrrole (22) [21b]:

NH,

€/ ZT

Following the general procedure A, the title product was
obtained as a pale brown oil (63% yield); 'H NMR (500
OMe| MH, CDCl3) 0 8.11 (br s, 1H), 7.16 — 7.09 (m, 1H), 7.08 —
7.03 (m, 1H), 7.01 — 6.99 (m, 1H), 6.75 (dd, J = 8.2, 1.9 Hz,
1H), 6.45 (t, J = 3.0 Hz, 1H), 5.99 (t, J = 2.9 Hz, 1H), 3.87 (s, 3H), 2.53 (d, J = 7.1 Hz, 2H),
1.92 (dp, J = 13.5, 6.8 Hz, 1H), 0.99 (d, J = 6.6 Hz, 6H); 3*C NMR (125 MHz, CDCl3) ¢
160.04, 136.70, 134.41, 130.30, 129.85, 115.93, 110.98, 109.23, 106.40, 106.29, 55.28,
37.39, 29.31, 22.49.

i/ ZT
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2-(4-Bromophenyl)-5-isobutyl-1H-pyrrole (23):

Following the general procedure A, the title product was
obtained as a colourless oil (30% yield); 'H NMR (400 MHz,
CDClI3) 6 8.04 (br s, 1H), 7.43 (d, J = 8.6 Hz, 2H), 7.28 (d, J =
8.6 Hz, 2H), 6.42 — 6.38 (m, 1H), 5.95 (t, / = 3.0 Hz, 1H), 2.48
(d, J=7.1 Hz, 2H), 1.94 — 1.82 (m, 1H), 0.95 (d, J = 6.6 Hz,
6H); °C NMR (100 MHz, CDCls) § 133.90, 131.92, 128.90, 124.83, 123.38, 118.99, 108.35,
106.74, 37.43, 29.34, 22.56; HRMS (ESI): Calculated for [Ci4H7NBr]* 278.0539; Found
278.0546.

2-(4-Chlorophenyl)-5-isobutyl-1H-pyrrole (24):

Br

:/ ZT

Following the general procedure A, the title product was
obtained as a colourless oil (35% yield); '"H NMR (400 MHz,
CDCls) 6 8.02 (br s, 1H), 7.34 (d, J = 8.7 Hz, 2H), 7.28 (d, J =
8.7 Hz, 2H), 6.39 (t, / = 3.1 Hz, 1H), 5.95 (t, J = 3.0 Hz, 1H),
249 (d, J =7.1 Hz, 2H), 1.94 — 1.82 (m, 1H), 0.95 (d, J = 6.6
Hz, 6H); '*C NMR (100 MHz, CDCls) 6 133.79, 131.59, 131.09, 129.00, 128.31, 124.52,
108.30, 106.68, 37.44, 29.33, 22.54; HRMS (ESI): Calculated for [C14H17NCI]* 234.1044;
Found 234.1041.

2-Isobutyl-5-(naphthalen-2-yl)-1H-pyrrole (25) [24]:

Cl

:/ ZT

Following the general procedure A, the title product was
OO obtained as a colourless solid (53% yield); '"H NMR (400
| MHz, CDCl3) o0 8.25 (br s, 1H), 7.79 (dd, J = 10.7, 6.5 Hz,
4H), 7.67 — 7.60 (m, 1H), 7.49 — 7.35 (m, 2H), 6.58 — 6.53
(m, 1H), 6.05 — 6.00 (m, 1H), 2.55 (d, J = 7.5 Hz, 2H), 2.00 — 1.88 (m, 1H), 1.00 (d, J = 6.8
Hz, 6H); 3C NMR (100 MHz, CDCl3) 6 133.97, 133.85, 131.93, 130.55, 130.50, 128.55,
127.80, 127.60, 126.47, 125.16, 123.17, 120.14, 108.32, 106.96, 37.54, 29.39, 22.60.
2-(sec-Butyl)-5-(4-methoxyphenyl)-1H-pyrrole (26):

o P

Following the general procedure A, the title product was
obtained as a pale brown oil (50% yield); 'H NMR (400 MHz,
CDCl3) 0 8.01 (br s, 1H), 7.37 (d, J = 8.8 Hz, 2H), 6.90 (d, J =
8.8 Hz, 2H), 6.30 (t, J = 3.0 Hz, 1H), 5.95 (t, J = 3.0 Hz, 1H),
3.82 (s, 3H), 2.77 — 2.66 (m, 1H), 1.72 — 1.57 (m, 2H), 1.28 (d, J = 7.0 Hz, 3H), 0.93 (t, J =
7.4 Hz, 3H); ®*C NMR (125 MHz, CDCl3) 6 157.89, 138.50, 130.31, 126.31, 124.84, 114.30,

OMe

;/ ZT
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105.38, 104.68, 55.34, 34.42, 30.28, 20.10, 11.87; HRMS (ESI): Calculated for
[CisH19NONa]* 252.1359; Found 252.1363.
2-(sec-Butyl)-5-(3-methoxyphenyl)-1H-pyrrole (27):

Following the general procedure A, the title product was
obtained as a light brown oil (65% yield); 'H NMR (400 MHz,
CDCls) 6 8.08 (br s, 1H), 7.25 (t, J = 8.0 Hz, 1H), 7.02 (ddd, J
=7.7,1.5,0.9 Hz, 1H), 6.98 —6.95 (m, 1H), 6.71 (ddd, J = 8.2,
2.5, 0.6 Hz, 1H), 6.43 — 6.38 (m, 1H), 5.96 (t, J = 2.9 Hz, 1H), 3.83 (s, 3H), 2.75 — 2.66 (m,
1H), 1.71 — 1.56 (m, 2H), 1.28 (d, J = 7.0 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); >*C NMR (100
MHz, CDCl3) ¢ 160.12, 139.33, 134.56, 130.19, 129.90, 116.07, 110.98, 109.44, 106.22,
105.71, 55.35, 34.50, 30.31, 20.14, 11.90; HRMS (ESI): Calculated for [CisHi9NONa]*
252.1359; Found 252.1351.

2-(sec-Butyl)-5-(naphthalen-1-yl)-1H-pyrrole (28):

H
N OMe
\

Following the general procedure A, the title product was obtained as a
O colourless solid (63% yield); 'H NMR (400 MHz, CDCls) ¢ 8.39 —
O 8.34 (m, 1H), 8.12 (br s, 1H), 7.88 (dd, J = 6.1, 3.4 Hz, 1H), 7.78 (dd,
| J =6.0, 34 Hz, 1H), 7.53 — 7.47 (m, 4H), 6.44 (t, J = 3.0 Hz, 1H),
6.10 (t, J = 3.0 Hz, 1H), 2.84 — 2.73 (m, 1H), 1.79 — 1.58 (m, 2H),
1.34 (d, J = 7.0 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, CDCls) J 138.82,
134.19, 131.98, 131.36, 128.79, 128.48, 127.09, 126.27, 125.94, 125.70, 125.55, 109.44,
105.08, 34.43, 30.43, 20.11, 12.00; HRMS (ESI): Calculated for [C1sH20N]" 250.1590; Found
250.1598.
2-Benzyl-5-(naphthalen-2-yl)-1H-pyrrole (29):

H
N
\

Following the general procedure A, the title product was
H OO obtained as a colourless solid (61% yield); '"H NMR (500
\ | MHz, CDCls) ¢ 8.25 (br s, 1H), 7.81 (dd, J = 13.1, 5.7 Hz,
3H), 7.76 (s, 1H), 7.64 (dd, J = 8.5, 1.7 Hz, 1H), 7.49 (d, J =
6.8 Hz, 1H), 7.45 — 7.42 (m, 1H), 7.39 (t, / = 7.4 Hz, 2H), 7.34 — 7.30 (m, 3H), 6.61 (t, J =
3.0 Hz, 1H), 6.14 (t, J = 2.9 Hz, 1H), 4.10 (s, 2H); 3*C NMR (125 MHz, CDCls) 6 139.28,
133.81, 132.52, 131.94, 131.56, 130.19, 128.76, 128.73, 128.52, 127.74, 127.59, 126.63,
126.43, 125.22, 123.09, 120.39, 108.95, 106.89, 34.34; HRMS (ESI): Calculated for
[C21HisN]* 284.1434; Found 284.1442.

Ph
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2-Benzyl-5-propyl-1H-pyrrole (30):

H Following the general procedure A, the title product was obtained as
N a colourless oil (45% yield); "H NMR (400 MHz, CDCls) 6 7.48 (br
Ph/\@/\/ s, 1H), 7.32 — 7.26 (m, 2H), 7.21 (t, J = 6.7 Hz, 3H), 5.85 (t, /= 2.9
Hz, 1H), 5.79 (t, J = 2.9 Hz, 1H), 3.93 (s, 2H), 2.50 — 2.45 (m, 2H),

1.59 (dt, J = 15.0, 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H); '*C NMR (100 MHz, CDCls) §
139.93, 132.27, 129.00, 128.73, 128.62, 126.38, 106.45, 104.86, 34.28, 29.97, 22.99, 14.00;

HRMS (ESI): Calculated for [C14Hi7NNa]* 222.1253; Found 222.1261.
2-Benzyl-5-(but-3-en-1-yl)-1H-pyrrole (31) [26]:

5 Following the general procedure A, the title product was obtained
N X\| as a pale brown oil ( 48% yield); '"H NMR (500 MHz, CDCl3) &
Ph/\U/\/\ 7.61 (brs, 1H), 7.32 (t, J = 7.4 Hz, 2H), 7.26 — 7.22 (m, 3H), 5.90
—5.76 (m, 1H), 5.60 (dd, J = 16.0, 6.5 Hz, 1H), 5.51 — 5.34 (m,

1H), 5.08 — 4.93 (m, 2H), 3.96 (s, 2H), 2.64 — 2.58 (m, 2H), 2.36 (q, J = 7.2 Hz, 2H); 1*C
NMR (125 MHz, CDCls) ¢ 140.36, 138.86, 130.59, 129.75, 129.26, 129.23, 126.33, 115.00,

106.00, 105.04, 34.94, 34.44, 28.13.
2-(Naphthalen-2-yl)-5-phenyl-1H-pyrrole (32) [21a]:

Following the general procedure A, the title product was
OO obtained as a colourless solid ( 57% yield); 'H NMR (500 MHz,
] CDCls) 0 8.34 (br s, 1H), 7.94 (s, 1H), 7.76 (d, J = 6.20 Hz, 1H),
7.56 (d, J = 8.5, 2H), 7.50 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 6.19
Hz, 2H), 7.38 (d, J = 6.6 Hz, 4H), 7.19 (t, J = 5.0 Hz, 1H), 6.66 (t, J = 3.1 Hz, 1H), 6.56 (t, J
= 3.0 Hz, 1H); '3°C NMR (125 MHz, CDCls) 6 143.48, 132.81, 132.20, 128.96, 128.13,
127.82, 127.74, 127.34, 127.14, 126.65, 125.42, 125.16, 124.62, 123.50, 123.12, 120.67,
107.77, 107.29.
3-(5-Methyl-1H-pyrrol-2-yl)pyridine (33):

H
PhN
\

Following the general procedure B, the title product was obtained as a

H 8 \j| pale yellow solid (49% yield); "H NMR (400 MHz, CDCI3) 6 8.72 (d,
\

=

| J =20 Hz, 1H), 8.42 (s, 1H), 8.37 (dd, J = 4.8, 1.5 Hz, 1H), 7.72 —
7.67 (m, 1H), 7.26 — 7.22 (m, 1H), 6.46 (t, J = 3.0 Hz, 1H), 5.98 (t, J=
2.5 Hz, 1H), 2.34 (s, 3H); 13C NMR (125 MHz, CDCls) § 146.43, 144.75, 130.39, 128.99,
127.31, 123.64, 115.00, 108.44, 107.67, 13.14; HRMS (ESI): Calculated for [C10H oN>Na]*
181.0736; Found 181.0738.
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3-(5-Ethyl-1H-pyrrol-2-yl)pyridine (34):

= Following the general procedure B, the title product was obtained as
H I
N ~._N/| a pale brown solid (53% yield); 'H NMR (400 MHz, CDCIl3) 6 8.73
\_| (d, J = 1.8 Hz, 1H), 8.48 (s, 1H), 8.37 (dd, J = 4.8, 1.3 Hz, 1H), 7.74

—7.67 (m, 1H), 7.26 — 7.23 (m, 1H), 6.47 (t, J = 3.1 Hz, 1H), 6.01 (t,
J=3.0Hz, 1H), 2.74 — 2.63 (m, 2H), 1.29 (t, J = 7.6 Hz, 3H); 3C NMR (100 MHz, CDCl3) ¢
146.52, 144.88, 137.08, 130.50, 129.08, 127.22, 123.72, 107.51, 106.77, 21.08, 13.67; HRMS
(ESI): Calculated for [C11H13N2]* 173.1073; Found 173.1076.

3-(5-Isopropyl-1H-pyrrol-2-yl)pyridine (35):

= Following the general procedure B, the title product was obtained as

|
H ~__.N| a pale brown solid (52% yield); "H NMR (400 MHz, CDCls) 6 8.74
\ / (d, J=2.3 Hz, 1H), 8.47 (s, 1H), 8.37 (dd, J = 4.8, 1.5 Hz, 1H), 7.73

—7.68 (m, 1H), 7.27 — 7.22 (m, 1H), 6.49 — 6.45 (m, 1H), 6.01 (t, J =
3.0 Hz, 1H), 3.03 — 2.92 (m, 1H), 1.30 (d, J = 6.9 Hz, 6H); '*C NMR (100 MHz, CDCls) 6
146.51, 144.97, 141.82, 130.60, 129.14, 127.10, 123.73, 107.36, 105.48, 27.37, 22.75; HRMS
(ESI): Calculated for [C12H14N2]* 186.1151; Found 186.1116.
3-(5-(sec-Butyl)-1H-pyrrol-2-yl)pyridine (36):

Following the general procedure B, the title product was obtained
|N as a colourless solid (58% yield); 'H NMR (400 MHz, CDCl3) ¢
| 8.72 (d, J = 1.7 Hz, 1H), 8.37 (dd, J = 4.8, 1.5 Hz, 1H), 8.31 (s,
1H), 7.73 —=7.67 (m, 1H), 7.25 —7.21 (m, 1H), 6.51 — 6.46 (m, 1H),
6.00 (t, J = 3.0 Hz, 1H), 2.77 — 2.68 (m, 1H), 1.68 — 1.58 (m, 2H), 1.28 (d, J = 7.0 Hz, 3H),
0.91 (d, J = 7.4 Hz, 3H); 3C NMR (100 MHz, CDCl3) J 146.57, 144.90, 140.65, 130.47,
129.08, 126.91, 123.70, 107.37, 106.18, 34.54, 30.29, 20.16, 11.91; HRMS (ESI): Calculated
for [C13H17N2]" 201.1386; Found 201.1338.

3-(5-Isobutyl-1H-pyrrol-2-yl)pyridine (37):

Y =
N X
\

Following the general procedure B, the title product was obtained
lN as a pale yellow solid (56% yield); "H NMR (400 MHz, CDCl3) ¢
| 8.73 (d, J = 2.1 Hz, 1H), 8.42 (s, 1H), 8.36 (dd, J = 4.8, 1.5 Hz,
1H), 7.73 — 7.67 (m, 1H), 7.26 — 7.21 (m, 1H), 6.48 (t, J = 3.1 Hz,
1H), 5.99 (t, J = 3.0 Hz, 1H), 2.51 (d, J = 7.1 Hz, 2H), 1.95 — 1.83 (m, 1H), 0.95 (d, J = 6.6
Hz, 6H); >*C NMR (100 MHz, CDCls) § 146.49, 144.89, 134.68, 130.42, 129.08, 127.11,
123.71, 108.50, 107.56, 37.41, 29.32, 22.52; HRMS (ESI): Calculated for [Ci3Hi7N2]*
201.1386; Found 201.1354.

Y =
N ™
\
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3-(5-Benzyl-1H-pyrrol-2-yl)pyridine (38):
Following the general procedure B, the title product was obtained
/\&/@ as a colourless solid (45% yield); '"H NMR (400 MHz, CDCl3) ¢
PH \ | 8.65 (ddd, J =3.2,2.4, 1.0 Hz, 1H), 8.44 — 8.35 (m, 1H), 8.33 (dd,
J=27,18 Hz, 1H), 7.68 — 7.61 (m, 1H), 7.7734 — 7.28 (m, 2H),
7.25 —7.18 (m, 4H), 6.51 — 6.46 (m, 1H), 6.10 — 6.04 (m, 1H), 4.02 (s, 2H); *C NMR (100
MHz, CDCl3) 6 146.79, 145.03, 139.06, 133.44, 130.55, 128.86, 128.83, 128.73, 128.16,
126.74, 123.68, 109.09, 107.56, 34.29; HRMS (ESI): Calculated for [Ci6Hi5N2]* 235.1230;

Found 235.1247.
8-Methoxy-2-methyl-4,5-dihydro-1H-benzo[g]indole (39):

pd

Following the general procedure A, the title product was obtained

HN { as a pale brown oil (69% yield); '"H NMR (400 MHz, CDCl3) §
MeO X 8.01 (s, 1H), 7.09 (d, J = 8.2 Hz, 1H), 6.67 (d, J = 2.5 Hz, 1H), 6.57
(dd, J = 8.2, 2.5 Hz, 1H), 5.81 (d, J = 1.4 Hz, 1H), 3.81 (s, 3H),

2.84 (t, J = 7.6 Hz, 2H), 2.67 (1, J = 7.6 Hz, 2H), 2.32 (s, 3H); 1*C
NMR (100 MHz, CDCl3) J 158.58, 130.54, 128.95, 126.85, 126.54, 121.54, 108.88, 106.46,
106.43, 104.45, 55.44, 29.33, 22.24, 13.41; HRMS (ESI): Calculated for [Ci4sHisNO]*
214.1226; Found 214.1243.
2-Isopropyl-8-methoxy-4,5-dihydro-1H-benzo[g]indole (40):

Following the general procedure A, the title product was

N obtained as a pale brown oil (70% yield); 'H NMR (400 MHz,
MeO \\ CDCl3) 6 7.98 (s, 1H), 7.06 (d, J = 8.1 Hz, 1H), 6.66 (d, J =
2.5 Hz, 1H), 6.54 (dd, J = 8.2, 2.6 Hz, 1H), 5.83 (d, / = 2.4 Hz,

1H), 3.81 (s, 3H), 2.83 (t, J/ = 7.6 Hz, 2H), 2.66 (t, J = 7.6 Hz,
2H), 2.17 = 2.01 (m, 1H), 1.29 (d, J = 6.9 Hz, 6H); '3C NMR (100 MHz, CDCls) J 158.56,
140.24, 130.51, 128.92, 126.87, 126.21, 121.00, 108.86, 104.42, 103.44, 55.46, 29.27, 27.46,
22.78, 22.24; HRMS (ESI): Calculated for [C16H20NO]* 242.1539; Found 242.1548.
2-(sec-Butyl)-8-methoxy-4,5-dihydro-1H-benzo[g]indole (41):

Following the general procedure A, the title product was

obtained as a pale brown oil (65% yield); "H NMR (400 MHz,
HN— CDCl3) 6 7.92 (s, 1H), 7.06 (d, J = 8.2 Hz, 1H), 6.64 (d, J =

MeO X
2.5 Hz, 1H). 6.53 (dd, J = 8.2, 2.5 Hz, 1H), 5.81 (d, J = 2.3 Hz,

1H), 3.80 (s, 3H), 2.83 (t, J = 7.6 Hz, 2H), 2.72 — 2.62 (m, 3H),
1.70 — 1.57 (m, 2H), 1.27 (d, J = 7.0 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); 13C NMR (125 MHz,
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CDCls) ¢ 158.51, 139.07, 130.50, 128.84, 126.75, 125.95, 120.99, 108.73, 104.31, 104.05,
55.38, 34.60, 30.29, 29.18, 22.20, 20.11, 11.90: HRMS (ESI): Calculated for [C17H22NO]*
256.1696; Found 256.1634.

2-Benzyl-8-methoxy-4,5-dihydro-1H-benzo|[glindole (42):

Following the general procedure A, the title product was

Ph
HN { obtained as a pale brown oil (64% yield); 'H NMR (400 MHz,
MeO AN CDCl) 0 7.89 (s, 1H), 7.36 — 7.28 (m, 2H), 7.28 — 7.23 (m,
3H), 7.06 (d, J = 8.1 Hz, 1H), 6.59 = 6.52 (m, 2H), 5.87 (d, J =

2.1 Hz, 1H), 4.00 (s, 2H), 3.77 (s, 3H), 2.83 (t, J = 7.6 Hz, 2H),
2.66 (t, J = 7.6 Hz, 2H); '*C NMR (100 MHz, CDCls) § 167.17, 139.45, 131.84, 128.95,
128.80, 128.76, 126.88, 126.64, 121.25, 109.81, 109.06, 107.05, 107.02, 104.54, 55.41,
3448, 29.21, 22.17; HRMS (ESI): Calculated for [C20H;9NONa]® 312.1359; Found
312.1327.
5-Isobutyl-3-methyl-2-phenyl-1H-pyrrole (43) [22]:

Following the general procedure A, the title product was obtained as a

LN pale brown oil (53% yield); '"H NMR (400 MHz, CDCls) J 7.76 (s,
\\ 1H), 7.41 — 7.34 (m, 4H), 7.21 — 7.16 (m, 1H), 5.83 (d, J = 2.8 Hz,
1H), 2.45 (d, J = 7.0 Hz, 2H), 2.24 (s, 3H), 1.92 — 1.80 (m, 1H), 0.96

(d, J = 6.6 Hz, 6H); >*C NMR (100 MHz, CDCls) J 134.06, 131.74,
128.72, 126.49, 125.90, 125.43, 116.38, 110.40, 37.35, 29.34, 22.63, 12.72.
5-Ethyl-2-phenyl-3-propyl-1H-pyrrole (44) [25]:

Following the general procedure A, the title product was obtained as a

HN \ pale brown oil (48% yield); 'TH NMR (500 MHz, CDCl3) 6 7.74 (s, 1H),
N 7.43 —7.35 (m, 4H), 7.25 — 7.17 (m, 1H), 5.92 (d, J = 2.7 Hz, 1H), 2.72
—2.63 (m, 2H), 2.63 — 2.56 (m, 2H), 1.70 — 1.62 (m, 2H), 1.29 (t, J =

7.6 Hz, 3H), 0.89 (t, J = 7.1 Hz, 3H); '3*C NMR (125 MHz, CDCl;) §
134.16, 134.13, 128.40, 126.53, 126.47, 125.51, 121.60, 106.83, 28.91, 24.40, 20.91, 14.37,
13.55.
2-Benzyl-1,4,5,6-tetrahydrocyclopenta[b]pyrrole (45) [23]:

o Following the general procedure A, the title product was obtained as a

N pale brown oil (45% yield); "H NMR (400 MHz, CDCl3) 6 7.42 (s, 1H),
U\J/\Ph 7.33 — 7.18 (m, 5H), 5.70 (s, 1H), 3.92 (s, 2H), 2.79 — 2.67 (m, 4H),
2.34 — 2.21 (m, 2H); '*C NMR (100 MHz, CDCls) § 141.43, 135.83,
134.59, 128.72, 126.38, 126.32, 102.35, 35.37, 29.43, 26.98, 25.03.
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2-Benzyl-4,5,6,7-tetrahydro-1H-indole (46) [23]:

Following the general procedure A, the title product was obtained as a
\N/ Ph pale brown oil (30% yield); 'H NMR (400 MHz, CDCl3)  7.34 — 7.19
Oj/\ (m, 6H), 5.69 (s, 1H), 3.90 (s, J = 7.3 Hz, 2H), 2.53 — 2.36 (m, 4H),
2.05 — 1.99 (m, 4H); *C NMR (100 MHz, CDCls) § 140.14, 128.88,
128.61, 128.09, 126.37, 126.26, 116.93, 105.78, 34.41, 23.90, 22.92, 22.75, 22.56.
2-Benzyl-1,4,5,6,7,8-hexahydrocyclohepta[b]pyrrole (47) [23]:
H Following the general procedure A, the title product was obtained as a
\N/ Ph pale brown oil (35% yield); 'H NMR (400 MHz, CDCl3) § 7.31 (s,
[ ;—‘\ 1H), 7.33 - 7.17 (m, 5SH), 5.67 (d, J = 3.0 Hz, 1H), 3.86 (s, J = 7.4 Hz,
2H), 2.54 — 2.48 (m, 4H), 1.82 — 1.77 (m, 2H), 1.68 — 1.64 (m, 4H);
3C NMR (100 MHz, CDCls) 6 140.36, 129.89, 128.81, 128.76, 126.41, 126.34, 121.52,
108.60, 34.30, 32.91, 30.96, 29.53, 28.24, 28.13.
2-Benzyl-5-((35,85,95,10R,135,145,175)-3-methoxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentala]phenanthren-17-yl)-
1H-pyrrole (48):

Following the general procedure C, the title

product was obtained as a pale yellow oil (35%
yield); 'H NMR (500 MHz, CDCl3) ¢ 7.53 (s, 1H),
7.33 (dd, J =10.2, 4.6 Hz, 2H), 7.23 (dd, J = 15.3,
7.7 Hz, 3H), 5.90 (t, J = 2.8 Hz, 1H), 5.87 (t, J =
2.9 Hz, 1H), 5.40 — 5.37 (m, 1H), 3.97 (s, 2H),
3.38 (s, 3H), 3.09 (ddd, J = 11.3, 6.8, 4.6 Hz, 1H), 2.55 (t, J = 9.8 Hz, 1H), 2.44 — 2.40 (m,
1H), 2.22 - 2.15 (m, 2H), 2.04 — 1.94 (m, 3H), 1.92 — 1.87 (m, 2H), 1.76 — 1.70 (m, 2H), 1.61
—1.56 (m, 2H), 1.47 (ddd, J = 12.4, 9.7, 4.8 Hz, 3H), 1.31 — 1.27 (m, 1H), 1.26 — 1.21 (m,
1H), 1.14 — 1.07 (m, 2H), 1.02 (s, 3H), 0.52 (s, 3H); '3C NMR (125 MHz, CDCl3) § 140.95,
139.94, 132.28, 128.80, 128.55, 128.51, 126.27, 121.42, 106.23, 105.39, 80.31, 55.84, 55.61,
50.41, 50.15, 43.58, 38.70, 37.98, 37.23, 37.00, 34.17, 32.32, 31.89, 28.00, 26.26, 24.27,
20.92, 19.42, 12.97; HRMS (ESI): Calculated for [C31H42NO]" 444.3261; Found 444.3160.
2-Phenylquinoline (49) [24]:
Following the general procedure A, the title product was obtained as a
O A colourless solid (75% yield); "H NMR (500 MHz, CDCl3) 6 8.26 (d, J
N O = 8.6 Hz, 1H), 8.22 — 8.18 (m, 3H), 7.91 (d, J = 8.6 Hz, 1H), 7.86 (d,
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J =79 Hz, 1H), 7.76 (t, J = 4.9 Hz, 1H), 7.58 — 7.54 (m, 3H), 7.50 (t, J = 2.1 Hz, 1H); 1°C
NMR (125 MHz, CDCl3) ¢ 157.41, 148.31, 139.72, 136.75, 129.69, 129.34, 129.33, 128.87,
127.66, 127.49, 127.20, 126.31, 119.07.
2-(4-Methoxyphenyl)quinoline (50) [27]:
Following the general procedure A, the title product was
obtained as a colourless solid (70% yield); 'H NMR (400
O MHz, CDCl3) 6 8.20 — 8.11 (m, 4H), 7.81 (dd, J = 13.1, 8.4
OMe| Hz, 2H), 7.70 (t, J = 7.7 Hz, 1H), 7.49 (t, J = 7.5 Hz, 1H),
7.04 (d, J = 8.8 Hz, 2H), 3.88 (s, 3H); '*C NMR (100 MHz, CDCl5) ¢ 160.89, 157.00, 148.37,
136.71, 132.35, 129.64, 128.96, 127.51, 126.99, 125.97, 118.64, 114.26, 55.48.
2-(3-Methoxyphenyl)quinoline (51) [24]:

W
AQ 7

Following the general procedure A, the title product was
OMe obtained as a colourless oil (90% yield); '"H NMR (500 MHz,
O CDCls) ¢ 8.23 (t, J = 8.5 Hz, 2H), 7.87 (dd, J = 18.2, 8.3 Hz,
2H), 7.81 (s, 1H), 7.75 (dd, J = 14.8, 7.9 Hz, 2H), 7.56 (t, J =
7.4 Hz, 1H), 7.47 (t, J = 7.9 Hz, 1H), 7.05 (dd, J = 8.1, 2.3 Hz, 1H), 3.96 (s, 3H); °C NMR
(125 MHz, CDCI3) 6 160.16, 157.17, 148.24, 141.19, 136.70, 129.69, 127.49, 127.29, 126.36,
120.04, 119.16, 119.11, 115.40, 112.76, 112.70, 55.48.

2-(4-Ethylphenyl)quinoline (52) [27]:

W,
AQ 7

Following the general procedure A, the title product was
obtained as a colourless solid (74% yield); '"H NMR (400 MHz,
O CDClz) 0 8.17 (t, J = 8.0 Hz, 2H), 8.09 (d, J = 6.8 Hz, 2H), 7.85
(d, J=8.7Hz, 1H), 7.81 (d, J =8.2 Hz, 1H), 7.71 (t, J = 7.7 Hz,
1H), 7.50 (t, J = 7.5 Hz, 1H), 7.36 (d, J = 7.8 Hz, 2H), 2.73 (q, J = 7.6 Hz, 2H), 1.29 (t, J =
7.6 Hz, 3H); ®*C NMR (100 MHz, CDCl3) 6 157.50, 148.41, 145.83, 137.26, 136.73, 129.77,
129.65, 128.45, 127.64, 127.53, 127.19, 126.15, 119.00, 28.82, 15.66.

2-(Naphthalen-2-yl)quinoline (53) [27]:
OO CDCl3) 6 8.65 (s, 1H), 8.41 (dd, J = 8.6, 1.7 Hz, 1H), 8.27 (dd,

J =125, 8.6 Hz, 2H), 8.05 (dd, J = 15.8, 8.2 Hz, 3H), 7.93 (dd,
J=59,34Hz 1H), 7.88 (d, /=79 Hz, 1H), 7.79 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.57 (dd, J
= 6.4, 2.9 Hz, 3H); *C NMR (125 MHz, CDCls) J 157.20, 148.39, 136.99, 136.91, 133.88,

W
A /

Following the general procedure A, the title product was

obtained as a colourless solid (70% yield); '"H NMR (500 MHz,

2/
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133.52, 129.78, 128.86, 128.62, 128.46, 127.76, 127.54, 127.25, 127.13, 126.75, 126.37,
119.19, 115.00.

2-(Pyridin-3-yl)quinoline (54) [28]:

Following the general procedure A, the title product was obtained as
a colourless solid (58% yield); '"H NMR (400 MHz, CDCl3) 6 9.34
(d, J = 1.6 Hz, 1H), 8.69 (dd, J = 4.8, 1.5 Hz, 1H), 8.53 — 8.48 (m,
1H), 8.26 (d, J = 8.5 Hz, 1H), 8.17 (d, J = 8.5 Hz, 1H), 7.86 (dd, J =
12.8, 8.4 Hz, 2H), 7.75 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.55 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H),
7.45 (dd, J = 7.3, 4.8 Hz, 1H); >*C NMR (100 MHz, CDCl3) 6 154.72, 150.29, 148.90,
148.45, 137.29, 135.23, 135.07, 130.10, 129.83, 127.65, 127.46, 126.89, 123.76, 118.62.
2-Methoxy-5,6-dihydrobenzo[c]acridine (55):

Following the general procedure A, the title product was obtained
O S ‘ as a colourless solid (71% yield); '"H NMR (400 MHz, CDCl3) &
O 8.17 — 8.11 (t, 2H), 7.90 (s, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.64
(dd, J=8.2,7.1 Hz, 1H), 7.47 (dd, J = 8.0, 7.0 Hz, 1H), 7.18 (d, J
OMe| =83 Hz, 1H), 6.94 (dd, J = 8.3, 2.8 Hz, 1H), 3.96 (s, 3H), 3.12 —
3.06 (m, 2H), 2.96 — 2.90 (m, 2H): *C NMR (100 MHz, CDCl3) 6 159.16, 153.37, 147.63,
135.76, 133.80, 131.96, 130.77, 129.50, 129.09, 128.71, 128.00, 127.00, 126.18, 117.03,
109.73, 55.67, 29.19, 27.64; HRMS (ESI): Calculated for [CisHisNO]™ 262.1226; Found
262.1219.
2-phenylpyridine (56) [24]:

Following the general procedure A, the title product was obtained as a
colourless oil (55% yield); '"H NMR (500 MHz, CDCl3) ¢ 8.73 (d, J = 4.5
Hz, 1H), 8.04 (dd, J = 6.1, 1.4 Hz, 2H), 7.77 (t, J = 8.6 Hz, 2H), 7.54 —
7.47 (m, 4H); '3C NMR (125 MHz, CDCl) ¢ 157.51, 145.19, 139.43,
136.79, 128.81, 128.54, 126.94, 122.13, 120.62.

2-(4-Methoxyphenyl)pyridine (57) [24]:

5

| ~

N

Following the general procedure A, the title product was obtained as a
colourless oil (49% yield); 'H NMR (500 MHz, CDCls) 6 8.68 (d, J =
4.1 Hz, 1H), 8.00 — 7.95 (m, 2H), 7.73 (ddd, J = 20.6, 13.4, 4.9 Hz,
o~ 1H), 7.20 (ddd, J = 7.2, 4.8, 1.2 Hz, 1H), 7.03 (d, J = 8.9 Hz, 2H),
6.96 (d, J = 8.9 Hz, 1H), 3.89 (s, 3H); '*C NMR (125 MHz, CDCls) 6 160.45, 157.14, 149.50,
136.71, 132.03, 128.18, 121.43, 119.85, 114.12, 55.36.

~N

4

N
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2-(4-Ethylphenyl)pyridine (58) [29]:

Following the general procedure A, the title product was obtained as
a colourless oil (53% yield); 'TH NMR (500 MHz, CDCls) 6 8.70 (d, J
N =4.6 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.79 — 7.72 (m, 1H), 7.34 (d,
J=8.2 Hz, 1H), 7.31 —7.14 (m, 4H), 2.67 (dd, J = 15.6, 7.8 Hz, 2H),
1.32 — 1.29 (m, 3H); *C NMR (125 MHz, CDCl3) 6 157.55, 145.30, 136.87, 128.31, 126.86,
125.93, 121.79, 120.32, 115.00, 28.66, 15.53.

2,2'-Bipyridine (59) [30]:

\

Following the general procedure A, the title product was obtained as a
colourless solid (48% yield); "H NMR (500 MHz, CDCl3) 6 8.70 (d, J =
4.0 Hz, 2H), 8.41 (t, J = 6.5 Hz, 2H), 7.83 (td, / = 7.8, 1.8 Hz, 2H), 7.32
(ddd, J = 7.3, 4.7, 1.0 Hz, 2H); '3C NMR (125 MHz, CDCl3) ¢ 156.17,
149.33, 136.97, 123.74, 121.12.

2-Propylpyridine (60) [31]:

Following the general procedure A, the title product was obtained as a
(j\/\ colourless oil (50% yield); 'H NMR (500 MHz, CDCl3) J 8.54 (d, J = 4.1
N Hz, 1H), 7.60 (td, J = 7.7, 1.8 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 7.11 (dd,
J=6.9,54Hz, 1H), 2.81 — 2.77 (m, 2H), 1.81 — 1.72 (m, 2H), 0.90 (t, J = 6.9 Hz, 3H); 1°C
NMR (125 MHz, CDCl3) 6 162.30, 149.17, 136.19, 122.75, 120.88, 40.40, 23.13, 13.84.
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[3A.5] Spectra of selected compounds:
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Figure 2a: 'H NMR (CDCls, 400 MHz) Spectrum of Compound 5

Page | 95



Chapter 3 Section A

Synthesis of Pyrroles, Pyridines and Quinolines

Ty v T
H
N
\
5
]
|
| |
LU
0 18 10 10 150 10 10 120 1o im0 s s 70 6 s 4 3 2 1o
f1 (ppm)
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Figure 3a: 'H NMR (CDCls, 400 MHz) Spectrum of Compound 41
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Figure 4c: HRMS (ESI) Spectrum of Compound 48
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Chapter-3: Section-B: Nickel-catalyzed synthesis of pyrroles from
unsaturated diols and amines

The development of operational simple and inexpensive catalytic system that utilize
renewable resources and convert them into key chemicals using base metal-catalysts is
highly desirable. Herein, we reported the Ni-catalyzed dehydrogenative strategy for
pyrroles formations using butene-1,4-diols and butyne-1,4-diols with a series of aryl, alkyl
and hetero-aryl amines. The catalytic protocol is tolerant to free alcohol, halides, alkyl,
alkoxy, oxygen heterocycles, activated benzyl and pyridines moieties and resulted in up to
90% yield. Initial mechanistic studies were performed to establish the hydrogen-borrowing
strategy for pyrrole synthesis.

R|
A~ R!
AR” NH
. — AR NN /| o—
R = Alkyl OH OH 4 0
Ar = Benzyl 0 2
R'=H, Ar o N
TS 0
™ ™

NH [ Ni
. I/\/ 2 ‘N—I!) 2 k\H2O ==
—_ 7
|
X (\( NG
35 Examples R4

F 5
N
X=C,N X 2

B Synthesis of Pyrroles B Mmild Base B Antiproliferative agent
M Broad substrate scope [ | Up to 90% vyield

R' 5

J. Org. Chem., 2018, 83, 15406-15414
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Chapter 3 Section B: Nickel-Catalyzed Sustainable Synthesis of Pyrroles

from Unsaturated Diols and Primary Amines

[3B.1] Introduction

Pyrroles are omnipresent in natural products, drugs, functional materials and are used as
intermediate in the synthesis of bioactive molecules and as ligands in catalysis (Figure 1).[1]
Poly-pyrroles have extensively used in material chemistry, batteries, and in solar cells.[2]
Classical methodologies, as well as others multi-step transformations are well known for
pyrroles synthesis, unfortunately, harsh reaction conditions, special substrate design including

generation of stoichiometric waste are key limitations.[3]

5 OH OH O
H COOH R ~ AN
o kN =\ COOH _ /N OH
iy ekt
D g C
= ¥ j T O F

Isamoltane Clopirac Ketorolac Atorvastatin
Antagonist drug Anti-inflammatory drug Anti-inflammatory drug Dyslipidemia drug

Figure 1: Selected examples of important pharmaceuticals having N-substituted pyrroles

functionalities

The application of renewable resources to establish sustainable, atom-economic and
environmentally benign technology for the production of bulk and special chemicals is a
challenging goal in chemical research.[4] More specifically, utilization of most abundant and
inexpensive alcohols, derived from lignocellulose biomass or fermentation process, is an
attractive and potential green alternative to the existing metal-catalyzed transformations.[5]
Notably, such catalytic (de)hydrogenative transformations follows hydrogen borrowing
technology and generates water as sole by product and are in high demand in organic
synthesis.[6] Therefore, such process could be more attractive if selectively used for pyrrole
synthesis in a tandem fashion in one pot operation.[1]

As a result, the recent surge is to develop more vibrant and potential sustainable
technology, that utilize abundantly available renewable resources and significantly extend the

scope of existing methodologies.[4-5,7] Though, acceptorless dehydrogenation of alcohols
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widely used for pyrrole synthesis, often associated with several limitations and have already
been briefly discussed in chapter 3A. Further, unsaturated version of diols, such as, cis-
butene-1,4-diol or butyne-1,4-diol could be used for construction of pyrroles with suitable
amines.

The aim of this chapter is to discuss the nickel-catalyzed sustainable pyrrole synthesis using
cis-butene-1,4-diol or butyne-1,4-diol with suitable amines. Preliminary mechanistic and
catalytic studies were also performed to establish the intermolecular cyclization as well as
nickel-catalyzed dehydrogenation for pyrrole synthesis. A brief literature report has been

presented for the same using various transition metal-catalyzed processes.

Relevant Literature:

Recently there is a trend to replace the precious noble-metal catalysts by inexpensive non-
precious and earth abundant metals. Herein, briefly we will discuss some important examples
for pyrrole synthesis using precious as well non-precious metal-catalysts via dehydrogenative
coupling of alcohols.  In Chapter 3A, we have highlighted the important catalytic
technologies for pyrrole synthesis using -amino alcohols in combination with ketones or
diols. Still there exist another alternative sustainable strategy for the synthesis of pyrroles
using cis-butene-1,4-diols or butyne-1,4-diols with primary amines. For instance, in 2007,
Williams and co-workers reported a general synthesis of 1,2,5 tri-substituted pyrroles using a
variety of 1,4-alkyne diols and anilines in presence of commercially available Ru-catalyst and
Xantphos as a ligand (Scheme 1).[8] Thereafter, they have performed extended studies using

similar catalytic combination for the synthesis of pyrroles, furans and pyrazines.[9]

OH 0
RU(PPhs)s(CO)H, (2.5 mol%) ,| RP=NH, /@\
R1 \ R2 R,IM(R R1 N RZ
N Xantphos (2.5 mol%)

~3
OH toluene, reflux, 24 h O R |
up to 98% yield

Scheme 1: Synthesis of substituted pyrroles using Ru-catalyst

In this direction, first non-precious metal-catalyzed synthesis of pyrroles was developed by
Barta and co-workers using a molecular defined Fe-catalyst. The catalytic protocol
establishes the synthesis of a variety of substituted pyrroles using butyne-1,4-diols and cis-
butene-1,4-diols with anilines, benzyl amines as well as aliphatic amines in moderate to

excellent yields. (Scheme 2).[10]
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HO . Cat (4 mol%) i ™S
R-NH, + - \OH Me;NO (8 mol%) CN_R ; O@OH
= = :
or OH toluene, 130 °C : |
HO—~ __ /" 18 h up to 80% yield | g.fe.TMS
i C

Fe-pre-catalyst
Scheme 2: Fe-catalyzed synthesis of N-substituted pyrroles
At the same time, Sundararaju and co-workers also demonstrated the synthesis of C-2/C-3
and C-2/C-4 substituted pyrroles using a similar Fe-catalyst. They have utilized a variety of
substituted cis-, or trans-butene-1,4- diols as well as butyne-1,4-diols and the desired

products were obtained in up to 90% yields (Scheme 3).[11]

i TMS
1 o, R2 i —
ot R Fe-cat (10 mol%) n | g o
, MesNO (10 mol%) oL K
*  R4“NH, N : o TMS
R? OH toluene, 150 °C, R 1 0C\°co
R3 24 h up to 90% yield ! op

Fe-precatalyst

Scheme 3: Fe-catalyzed synthesis of substituted pyrroles

In this present chapter, we will discuss our nickel-catalyzed sustainable process for the
synthesis of a vareity of pyrroles using unsaturated 1,4-diols in combination with aryl, alkyl

as well as benzyl amines (Scheme 4).

R-NH (N)
T, My o 0
R = Alkyl, benzyl OH N OH T’ R’ N
| Y

aryl, heteroaryl R = H. Ar |

Scheme 4: Nickel-catalyzed sustainable synthesis of pyrroles

[3B.2] Results and Discussion:

In general, it was observed that, free hydroxyl group in unprotected alcohol has very strong
binding affinity with Ni-catalyst and resist its further transformations. Having witnessed our
Ni-catalyzed intermolecular cyclization of amino alcohols with ketones to interesting N-
heterocycles (Chapter 3A), we further extended our studies for direct pyrrole synthesis using

cis-butene-1,4-diol with primary amines (Scheme 5).
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oligomerization (side reaction)

— isomerization -
o:/:\_OH — HO—/_\—OH

_ 2a
(Y] QD
R-NH, Y} 120 —
1 imine formation R —
HN—/:\—OH
R /= Allylic amine
N:/B_\—OH Y

NDD Ni
".90,,7 — —
o it NizH
9[}6/7
I\ .
cyclization R |
'}l ; H\N_/_\:O
R H,0 D

3-35

Scheme 5: Proposed mechanism for Ni-catalyzed intermolecular cyclization to pyrroles

In our continuous efforts for Ni-catalyzed acceptorless dehydrogenation of alcohols, we
hypothesized that, initial dehydrogenation of cis-butene-1,4-diol 2a followed by condensation
with primary amine 1 resulted the formation of allylic amine intermediate C. Thereafter, a
second dehydrogenation of alcohol C to intermediate D, followed by intermolecular
cyclization and dehydration lead to the construction of substituted pyrroles 3-35 in one pot
operation (Scheme 5). To the best of our knowledge, this represents the first report for Ni-
catalyzed intermolecular cyclization of various cis-butene-1,4-diol and butyne-1,4-diol with a

range of primary amines to substituted pyrroles in a tandem fashion.
Optimization of the catalytic protocol for Ni-catalyzed synthesis of pyrroles.

For optimization of the efficient catalytic system initially we investigated the efficacy of four
different nickel precatalysts with bipyridine (bpy) L1 as ligand of our choice using benzyl
amine la and cis-butene-1,4-diol 2a as model reaction (Table 1, entries 1-4). Gratifyingly,
only 32% selectivity to pyrrole was obtained using a combination of NiCl»/L1 (Table 1, entry
2). Further, an increment of cis-butene-1,4-diol 2a significantly increase the product
conversion to 75% with 55% isolated yield of 3 (Table 1, entry 5). However, when the
reaction was performed using milder base, such as, NaxCOj3 almost quantitative conversion to
product 3 was obtained (Table 1, entry 6). Further, control experiments revealed their
potential role as individual catalytic component to achieve higher product conversions. For
instance, in absence of base, ligand and catalyst only poor product conversions were observed
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(Table 1, entries 9-12). Notably, a combination of 5 mol% NiCl,, 6 mol% bpy L1, 1
equivalent of NaCOs3 and toluene, as the best solvent, 66% isolated yield of 3 was obtained

(Table 1, entry 6).

Table 1: Catalytic screening for Ni-catalyzed synthesis of pyrrole from 1a with 2a. ¢

NH e,
5 i HO_/—\_ Ni cat/llgand ©/\Q

1a 2a Base Solvent
130 °C, 36 h

Entry catalyst Ligand Base 3 Conv. (%) ¢
1 NiBr2 L1 t-BuOK 22
2 NiCl, L1 t-BuOK 32
3 Ni(acac)2 L1 t-BuOK 5
4 NiCL.DME L1 -BuOK 18
5 NiCl, L1 t-BuOK 75(55)
6 NiCl, L1 NaxCOs 92(66)
7S NiCl, L1 Na>CO3 62
8° NiCl, L1 NaCO3 55
9 NiCl, L1 - 9
10 - L1 Na>CO3 13
11 NiCl, - NaxCOs 35
12 - - Na>COs3 7

“ Unless specified (entries 1-4), the reaction was carried out with benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-
diol 2a (1.0 mmol), Ni-cat. (0.05 mmol), L. (0.06 mmol), and #-BuOK (0.5 mmol) under an N, atmosphere at
130 °C (oil bath) in toluene (2.0 mL) for 36 h in a Schlenk tube. ” Conversion was determined by GC-MS
(isolated yield in parentheses, average yield of two runs). ¢ Entries 5-12, 2a (2.0 mmol) was used. ¢ 120 °C was

used. 110 °C was used.

To understand the potential role of the other catalytic components we have performed
optimization studies using alcohols, amines, solvents as well as ligands and catalyst loading.
When using 1:1 ratio of benzyl amine and cis-butene-1,4-diol, we observed only 35%
conversions to the product 3. As reported in literature, cis-butene-1,4-diol highly prone to
undergo oligomerizations and we observed poor product formation (Scheme 5 and Table 2,
entry 1). Thereafter an increment of the amount of alcohols we observed 75% conversions to

product 3 with 55% isolated yield (Table 2, entries 2-3).
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Table 2: Screening of alcohol equivalents ¢

NiCl, (5 mol%)
@/\NHZ . HO_/:\_OH L1 (6 mol% ©/\ Q
t-BuOK (0.5 mmoI

1a 2a toluene, % °C, o
Entry 2a (X mmol) GC-MS conversion of 3 (%)
1 1 32
2 1.5 55
3 2 75(55)°

“Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (X mmol), NiCl, (5 mol%), L1 (6
mol%), +-BuOK (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h

reaction time. ” Isolated yield.

Table 3: Ligand screening for Ni-catalyzed pyrrole synthesis ¢

— Ni-cat./ligand .
Ph/\NHz + HO—/_\—OH e e gt A N7
t-BuOK —
toluene, 130 °C, 36 h

LN
i =5 d}}
—N —N

2 (45%) L3 (44%)
7 N N\
L5 (43%) Ph
Ph.~_~p-Ph :
i Ph. Py
P Ph P i PN pn
Ph” " p Ph Ph Ph
|
L6 (29%) I L7 (54%) Lo %
ha g~~~ p-Ph O O
oo (L) L
PPh, PPh,
L9 (50%) 9 . T
L10 (48%) L11 (49%)

@ Unless specified, the reaction was carried out with benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (1.0
mmol), NiCl, (5 mol%), ligand (6 mol%), -BuOK (1.0 equiv.) under N, atmosphere at 130 °C in toluene (2.0
mL) for 36 h. » Conversion of 3 was determined by GC-MS. “Isolated yield.

Next, we started screening of a series of nitrogen and phosphorus ligands L2-L11 with
variable electronic and steric nature and did not influence much on the product selectivity and
resulted only 29-54% conversion to product (Table 3). Further, screening of different bases,
such as, r~-BuONa, K>CO3, K3POs, and Cs>COs under identical condition proof inefficient.
While milder base Na,CO3 showed higher selectivity to product and resulted in up to 92%
yield (Table 4).
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Table 4: Screening of base ¢

N|CI2 (5 mol%)
NH, — (6 mol%)
©/\ ¥ HO_/_\_OH base (0.5 mmol) ©/\ Q
1a 2a toluene, 130 °C, 36 h
Entry Base GC-MS conversion of 3 (%)
1 t-BuONa 24
2 -BuOK 75 (55)°
3 K>COs3 20
4 NaCOs3 92 (66)°
5 K3POq4 22
6 Cs2CO3 35
7 - 9

“Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl» (5 mol%), L1 (6
mol%), base (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h reaction

time. ? Isolated yield.

Table S: Screening of solvents ¢
N|CI2 (5 mol%)
(6 mol%)
* HO—/_\—OH g \3
Na,CO3 (0.5 mmol)

ba solvent, 130 °C, 36 h

Entry Solvent GC-MS conversion of 3 (%)

1 Toluene 92 (66)°

2 Xylene 5

3 1,4-Dioxane A

4 DMA 1

5 DMF 35

6 THF 5%

i t-Amyl alcohol 4

“Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (5 mol%), L1 (6
mol%), Na,COs (0.5 mmol), solvent (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h

reaction time. ”Isolated yield.

Further, when toluene get replaced by different non-polar and polar solvents, such as, xylene,
1-4-dioxane, N,N-dimethyl formamide, N-N-dimethyl acetamide, tetrahydrofuran as well as
t-amyl-alcohol, resulted moderate to poor product yields (Table 5, entries 1-7 ). Base also
plays a crucial role in the pyrrole synthesis and control experiments using variable amount of

base did not improve the product yield further (Table 6, entries 1-4).
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Table 6: Screening of base equivalents ¢

NiCl, (5 mol%)
@NHZ P N L. L1 (6 mol%) @A Q
NaZCO3 (X equiv.)
1a 2a toluene, 130 °C, 36 h
Entry Na,COs equivalents GC-MS conversion of 3 (%)

1 1.0 92(66)°

2 0.75 62

3 0.50 50

4 0.25 40

“Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (5 mol%), L1 (6
mol%), Na,COs (X equiv.), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h reaction

time. ? Isolated yield.

Table 7: Screening of catalyst/ligand loading ¢

N|CI2 (X mol%)

©/\ an (Y mol%) ©/\ Q
+
he OH "\12,CO, (0.5 mma) Na,CO3 (0.5 mmol)

fa 2a toluene, 130 °C, 36 h
Entry NiCl, (X mol %) bpy (Y mol%) GC-MS conversion of 3 (%)
1 5 6 92 (66)”
2 2.5 3 36
3 1.0 1.2 25
5 - - 7

¢ Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (X mol%), L1
(Y mol%), Na>,COs3 (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h

reaction time. ” Isolated yield.

Table 8: Screening of temperature “

N|CI2 (5 mol%)
©/\ + Ho_/_\_ 6 mOI% ©/\ Q
NaZCO3 (0.5 mmol)
g 2 toluene, temp., 36 h
Entry Temp. (°C) GC-MS conversion of 3 (%)
1 130 92 (66)°
2 120 62
3 110 55

“Reaction conditions: Benzyl amine 1a (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (5 mol%), L1 (6
mol%), Na,CO3 (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 110-130 °C oil bath, 36 h

reaction time. ® Isolated yield.
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Ligands also playing a crucial role in controlling the product selectivity. For instance, any
changes of catalyst and ligand loading drastically reduced the product yield. However,
application of 5 mol% of catalyst in combination with 6 mol% of ligand furnished maximum
selectivity with 66% isolated yield (Table 7, entries 1-4). Nevertheless, control experiment in
absence of catalyst and ligand resulted albeit with poor product yield (Table 7, entry 5). It is
noteworthy to mention that, lowering of reaction temperature also reduced the catalytic
efficiency and resulted 55-62% product conversion in comparison to optimized conditions

(Table 8, entries 1-3).

Table 9: Scope of benzyl amines ¢

NiCl, (5 mol%)

Ar/\NHz . HO-/:\_OH L1 (6 mol%) Ar/\N A
1a-e 22 Na,CO3 (0.5 mmol) —
toluene, 130 °C,36 h 37

3 (66%) 4 (70%) 5 (60%
O 0
MeO OMe S
6 (80%) 7 (60%)

4 Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (5 mol%), L1 (6 mol%),
Na,COs (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h reaction time.

Isolated yield in parenthesis.

After having optimized conditions in hand, we explored the scope and limitations of the
catalytic protocol using electronically different various benzyl amines with cis-butene-1,4-
diol (Table 9). For instance, p- and m-methoxy benzyl amines resulted desired pyrroles in 60-
70% yields (4 and 5). However, when 2.4-dimethoxy benzyl amine was used as coupling
partner, 80% yield of pyrrole 6 was obtained. To our delight, o-methyl benzyl amine also

efficiently transformed into the desired pyrrole in 60% yield (Table 9, 7).

Thereafter, we studied the pyrrole synthesis using a series of electronically different anilines
with cis-butene-1,4-diols. For instance, anilines substituted with methyl or methoxy groups
resulted a series of interesting pyrroles in up to 75% yields (Table 10, 8-9, and 11-12).

Sterically hindered o-ethyl aniline as well as p-bromo and m-trifluoromethyl anilines resulted
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only poor product yield (Table 10, 10, 14-15). Excellent yield of pyrrole was obtained with p-
chloro (13) and 1,4-dioxolone anilines (17). Pleasingly, 1-naphthyl aniline resulted respective
pyrrole in 52% yield (16). To our delight, C-2 substituted pyrrole was obtained when 3,4,5-
trimethoxy phenyl substituted cis-butene-1,4-diols was used as coupling partner (Table 10,

18).

Table 10: Scope of anilines and alcohols “

N|CI2 (5 mol%)
C(NHZ HO—(_\— | L16mol%)
Na,CO3 (0.5 mmol) ’
1f-p R'=H, Ar toluene, 140 °C, 36 h 8 19
PSP 0
Q ﬂ o G
8 (75%) 9 (75%) 10 (30%) 11 (55%)
(> ) e - {2
MeO 14 (36%) 15 (30%)
(70%) (90%)
OMe N

N

}9 : IjQ D
16 (52%) 17 (85%) @ @

4 Reaction conditions: 1 (0.5 mmol), 2 (2.0 mmol), NiCl, (5 mol%), L1 (6 mol%), Na,COs; (0.5 mmol), toluene
(2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil bath, 36 h reaction time. ? 2a (4.0 mmol), NiCl, (10
mol%), L1 (12 mol%), Na,COs (1.0 mmol) was used. Isolated yield was reported.

Next, we studied the reactivity profile of more challenging acyclic and cyclic alkyl amines
with cis-butene-1,4-diol as coupling partner for pyrrole synthesis (Table 11). Gratifyingly,
alkyl amines, such as, butyl, pentyl, octyl and 3-methylheptyl amines as well as cyclohexyl
and cyclooctyl amines resulted in up to 62% yield of pyrroles (Table 11, 20-25).
Additionally, substituted y-amino alcohol could efficiently use for pyrrole synthesis and

resulted 54% yield of pyrrole (Table 11, 26).

Subsequently, we employed more exciting 2-aminopyridines for catalytic pyrrole synthesis

using our optimized protocol (Table 12). In general pyridines are often known to poison the
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catalysts, hence diminished the reactivity. Notably, we observed moderate to fair reactivity
with chloro, bromo as well as methyl-substituted 2-aminopyridines and resulted
pharmaceutically active N-heterocyclic pyrrole derivatives in up to 51% yield (Table 12, 27-
29). Additionally, we extended the catalytic protocol in the synthesis of symmetrical bis-
pyrroles. Importantly, cis-butene-1,4-diol 2a was utilized as coupling partner with 1,4-
diamino benzene as well as 2,6-di-amino pyridine, and respective bis-pyrroles were obtained

in reasonable yields (Table 10, 19 and Table 12, 30).

Table 11: Synthesis of pyrroles from alkyl amines ¢

NiCl, (5 mol%),

— L1 (6 mol%) ==
EENH, 4 HO—/;\—OHNa 0 R‘”@

»,CO3 (0.5 mmol
toluene, 130 °C, 36 h 20-26

/\/\/\/\
\ SN l\\l§
20 45% 21 (44%) 22 (53%) =

\O/\/\D
\ 26 (54%) =
5 (62%)

23 (54%) 24 (51%)

4 Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (5 mol%), L1 (6 mol%),
Na,COs3 (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil bath, 36 h reaction time.

Isolated yield was reported.

Table 12: Synthesis of pyrroles from 2-aminopyridines ¢

NH, NIC|2 (8 mol%) O
\ 0,
Rf\r (9.6 mol%)
Qe N=+ Ho—" \—oH et S RQ/
2 Na,CO3 (1.0 mmol)
Ty=h 2 toluene, 140 °C, 36 h  27-30
s @\
7 (50%) 8 (30%) 29 (51%) 30 (40%)P

@ Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0 mmol), NiCl, (8 mol%), L1 (9.6 mol%),
Na,COs3 (1.0 mmol), toluene (2.0 mL), Schlenk tube under N> atmosphere, 140 °C oil bath, 36 h reaction time.
Isolated yield in parenthesis. ® 2a (4.0 mmol), NiCl, (10 mol%), L1 (12 mol%), was used.
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Table 13: Synthesis of pyrroles from butyne-1,4-diols ¢

NiCl, (5 mol%)

A~ NH, RO L1 (6 mol%) é
R— + /T — N\

S | HO 2c.e OH NayCOj (0.5 mmol) O'
1afhlm R'=H, Ar toluene, 140 °C, 36 h 31-35
(N )N )\

N N N

e
MeO
= =

2%) 13(31% 15 (33%) MeO 18 (40%)° MeO 4, (32%)°

“Reaction conditions: 1 (0.5 mmol), butyne-1,4-diol 2 (2.0 mmol), NiCl, (5 mol%), L1 (6 mol%), Na,COs (0.5
mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil bath, 36 h reaction time. * Na,COs (1.0

mmol). Isolated yield was reported.

Having established the excellent catalytic activity with cis-butene-1,4-diols, the generality of
our nickel-catalyzed protocol was further evaluated using butyne-1,4-diols as coupling
partner for pyrrole synthesis (Table 13). For instance, application of electronically, different
anilines with butyne-1,4-diols, 2¢-2e resulted respective pyrroles in moderate yields (Table
13). We are pleased to witness an alternative synthesis of pyrroles using nickel-catalysts via
intermolecular cyclization.

Notably, the catalytic protocol is tolerant to primary alcohol, halides, alkyl, alkoxy, trifluoro-
methyl and oxygen heterocycles, including benzyl and pyridine derivatives. Gratifyingly,
remarkable transformations in the presence of alkyl amines and 2-amino pyridines evident the

synthetic potential of the newly established catalytic system.

Catalytic and mechanistic studies: After witnessed the excellent catalytic activities, we
wanted to establish the reaction pathways for pyrrole synthesis and to understand the nature
of the putative Ni-intermediate species. Therefore, Cat. A was readily prepared using
literature procedure [12] and was independently employed in catalytic (10 mol%) as well as
in stoichiometric equiv. (100 mol%) for intermolecular pyrrole synthesis in the reaction of 1a
with 2a under standard conditions. To our delight, we observed 58% and 82% conversion to

product 3 (Scheme 6).
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‘1a;  Cat. A (10 mol%) Cat. A (100 mol%) 12

e > (3) = L+

‘2a standard standard ' 2a !

Neees sondition condition Soet
58% 82%

Scheme 6: Stoichiometric and catalytic studies using Cat.A

Thereafter, for the confirmation of participation of Ni-alkoxy species, we made an attempt for
in situ preparation of Ni-alkoxy species of Cat.A (Scheme 7). Initially, 2a was allowed to
react with Cat.A under reflux condition for 24 h and the solid residue was allowed to react
with aniline 1j under standard conditions using toluene-d8 at 140 °C. The reaction was
interrupted after twelve hours and 'H-NMR analyis of the crude reaction mixture detected
the formation of pyrrole 12. These experiments are in agreement for the involvement of the

intermediate Ni-alkoxy species for pyrrole synthesis.

» R, NH,

il ay \—/ ~ /©/1' @
HO OH | \=n N o j /©/N
toluene, ! Na,CO3 (1.0 equiv.) g 12

) e}
130 C,24h : '
\/\L tO|U?ne ds, Confirmed via 'H
oG . 140 °C,12h NMR analysis

Scheme 7: Confirmation of pyrrole synthesis via Ni-O species

NH, — NiCl, (5 mol%)
@ +on/ \on
Na,CO3 (0.5 mmol

1a 2a toluene, 130 °C, 36 h }-IO
miz =17 m/z=157
Intermediate

10 6 [+EI TIC Scan SB-1-210.D
) *11.052
64 16729300.59
31 m/z = 157
4 +9 191 m/z =177
3] 4601948.01
21 *5610
14 4620170.02
0 l L o | L A i ——

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Counts vs. Acquisition Time (min)
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x10 5 +El Scan (rt: 9.308 min) SB-1-210.D
8 o
~
ﬁ_
41 =
o]
(=]
21 g 2 N
S =& | R & h
ol b o by e L L
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Counts vs. Mass-to-Charge (m/z)

Scheme 8: Detection of intermediate species for pyrrole synthesis using GC-MS

For the confirmation of intermediate species C (Scheme 8), we used model reaction of la
with 2a under standard conditions and was monitored using GC-MS. Gratifyingly, we

detected intermediate species C as well as pyrrole 3 using GC-MS analysis.

Further, a competitive experiment was performed using a 1:1 mixture of anilines 1j and 1m
with alcohol 2a under standard catalytic conditions. We observed the formation of pyrroles
12 and 15 at a ratio of 3:1 (Scheme 9). These experiments evident that, pyrrole formation

occurred at higher rates for electron-rich aniline.

NH,
\O/©/1j NiCl, (5 mol%)

= bpy (6 mol%)
0.25mmol * ou—/ \_o e

" Na,CO, (1.0 equiv.),

FsC NHz 2.0 mmol toluene, 140 °C, 36 h
2a Fs
im _0O

77% yleld 23% yield
0.25 mmol

Scheme 9: Comparative experiments using electronically different anilines

However, using 1a with 2a-d2 (89% D) under optimized conditions, we did not observe any
deuterium incorporation in pyrrole and detected 3 in 10% yield using '"H-NMR and GC-MS
analysis (Scheme 10, eq. 1). Additionally, control experiments in absence of base and catalyst
were performed and interrupted after 20 hours. GC-MS analysis of the crude reaction mixture
revealed their potential role as individual component to achieve higher catalytic selectivity to

3 (Scheme 10, eq. 2). Notably, we detected intermediate C and these reactions evident the
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potential role of base and catalyst in the intermolecular cyclization involving C-C and C-N

bond formation to pyrroles.

NiCl, (5 mol%) N
— — s N
o~ Q Eq. (1

2a-d2 (89% D) toluene, 130 °C, 36 h
10% yield m/z =157
. Catalyst Base 3 Intermediate C
R Ho—/ 5a \—OH L
Ph™ “NH, > i N Eq. (2)
1a standard conditions 2 * 19 0
20 h : i 0

Scheme 10: Deuterium labeling and control experiment

Finally, we studied the rate and order of the pyrrole formation. To determine the rate laws,
we performed kinetic studies using two sets of experiments with 0.5 mmol and 0.6 mmol of
benzyl amine using our model reaction condition. We observed that along with time, product
concentration also started to increase. Considering a steady state approximation for cis-
butene-1,4-diol 2a, first order kinetics with respect to 3 was observed for pyrrole formation.

Run 1: Reaction was carried out in 2 mL of toluene and yield was calculated by GC

NiCl, (5 mol%

)
NH» = bpy (6 mol%) NN
+ HO—/_\—OH i @ Q
3

Na,COj3; (0.5 mmol)

1a 2a toluene, 130 °C, X min
No. la 2a NiClx bpy NaxCOs Toluene
(mmol) (mmol) (mmol) (mmol) (mmol) (mL)
Run 1 0.5 2 0.025 0.03 0.5 2.0

SI. No. Time (min) Concentration of 3 (mM)

1 0 0

2 60 2

3 90 5

4 120 9

5 150 13

6 180 20

7 210 27

8 240 34

Run 2: Reaction was carried out in 2 mL of toluene and yield was calculated by GC

NiCl, (5 mol%

)
NH, — bpy (6 mol%) N7\
N (D
3

Na,COj3; (0.5 mmol)
1a 2a toluene, 130 °C, X min
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No. la 2a NiClx bpy NaxCOs Toluene
(mmol) (mmol) (mmol) (mmol) (mmol) (mL)
Run 2 0.6 2.4 0.03 0.036 0.6 2.0
SI. No. Time (min) Concentration of 3 (mM)
1 0 0
2 60 3
3 90 6
4 120 13
5 150 19
6 180 28
7 210 35
8 240 40
55 4
504
J ® (.6 mmol of 1a
45 ® (.5mmol of 1a
40—- -
% 354 Faigs
5 30+
S ] P e
S 254 //’,/ ’
£ 5]
J P )
10 |
5| "y —B —
il
o ——7—7T 7T T T T T T T
60 80 100 120 140 160 180 200 220 240 260
Time (min)

Graphical representation for determination of rate and order of reaction

Considering steady state approximation for cis-2-butene-1,4-diol

From Run 1: Slope =k [1a] *
0.17978 =k [0.50] *

From Run 2: Slope =k [1a] *
0.21905 =k [0.60] *
0.21905 /0.17978 = [0.60] */ [0.50] *
1.2184 =[1.2]*

Log (1.2184) =x. Log (1.2)

x =0.08579/0.07918
=1.08~1
Rate =k [la] !

Scheme 11: Determination of rate and order for pyrrole formation
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[3B.3] Conclusions

In conclusion, we established a straightforward and sustainable Ni-catalyzed dehydrogenative
coupling for pyrrole synthesis using cis-butene-1,4-diols and butyne-1,4-diols with a series of
aryl, alkyl and heteroaryl amines. Catalytic protocol is tolerant to amino alcohols, halides,
alkyl, alkoxy and oxygen heterocycles as well as activated benzyl and pyridines. Initial
mechanistic studies using defined intermediate Ni-species, competitive experiments between
two electronically different anilines as well as rate and order of reactions were found to be
crucial for elementary steps for nickel-catalyzed pyrrole formations using hydrogen-

borrowing strategy.

[3B.4] Experimental details
[3B.4.1] General procedure for nickel-catalyzed synthesis of pyrroles:

Procedure [A]:

In a 15 mL oven dried Schlenk tube, amines (0.50 mmol), Na2CO3 (0.50 mmol), bpy (6
mol%), NiCl> (5 mol%) and diol (2.0 mmol) were added followed by toluene 2.0 mL under
an atmosphere of N2 and the reaction mixture was heated at 130 °C for 36 h in closed system.
The reaction mixture was cooled to room temperature and 3.0 mL of ethyl acetate was added
and concentrated in vacuo. The residue was purified by column chromatography using a
gradient of hexane and ethyl acetate (eluent system) to afford the pure product.

Procedure [B]:

In a 15 mL oven dried Schlenk tube, amines (0.50 mmol), Na;CO3 (0.50 mmol), bpy (6
mol%), NiClz (5§ mol%) and diol (2.0 mmol) were added followed by toluene 2.0 mL under

an atmosphere of N2 and the reaction mixture was heated at 140 °C for 36 h in closed system.
The reaction mixture was cooled to room temperature and 3.0 mL of ethyl acetate was added
and concentrated in vacuo. The residue was purified by column chromatography using a
gradient of hexane and ethyl acetate (eluent system) to afford the pure product.

Preparation of Cat.A:

7N \ ) + NiCl26H0 EtOH
=N N rt, 6 h.
1.0 mmol 1.0 mmol

Pale green solid

116



Chapter 3 Section B Nickel-Catalyzed Synthesis of N-Substituted Pyrroles

A solution of bpy (100 mg, 0.64 mmol) in EtOH (2 mL) was added to a solution of
NiClz*6H>0 (152 mg, 0.64 mmol) in EtOH (2 mL) at rt. After stirring for 6 h, a pale green
precipitate formed and was filtered off, washed with EtOH (3x3 mL), and dried in vacuo to
afford Cat.A as a pale green solid 175 mg (96%) yield. [12] Elemental Analysis calculated:
C, 42.03; H, 2.82; Cl, 24.81; N, 9.80; Ni, 20.54; Found: C, 41.75; H, 2.76; N, 9.61.

Synthesis of Cat. B: Cat.A (57 mg, 0.2 mmol) and cis-2-butene-1,4 diol (35 mg, 0.4 mmol)
in toluene (2 mL) was heated at 130 °C under N> atmosphere in a Schlenk tube, after 24 h the
precipitate was filtered off, washed with hexane (3x5 mL), and dried in vacuo to afford Cat.
B as a pale green solid 50 mg (83%) yield. Then in a Schlenk tube the Cat. B (20 mg, 0.06
mmol), p-anisidine (8 mg, 0.06mmol) and Na>CO3 (7 mg, 0.06 mmol) in toluene d8 (0.4 mL)
under N> atmosphere was heated at 140 °C, after 12 h the reaction mixture was cooled to
room temperature and the crude reaction mixture was analyzed by 'H NMR which confirms
the formation of pyrrole.

[3B.4.2] Synthesis and Characterization of 1-Benzyl-1H-pyrrole (3):

Following the general procedure A, (section 3B.4.1), the title product 3 was obtained as a
colourless o0il (66% yield). All the compounds were characterized by '"H NMR, °C NMR,
ESI, HRMS and the results are shown in spectral data. For example, all the spectra of
compound 3 are explained here. '"H NMR: the four aromatic region protons well separated
and appeared as dd, td, td and dd at 7.27 —7.17 (m, 3H), 7.06 — 7.01 (m, 2H), 6.62 (t, J = 2.1
Hz, 2H), 6.12 (t, J = 2.1 Hz, 2H), 4.99 (s, 2H). The protons at 4.99 are singlet belongs to —
CH: and 6.62, 6.62 ppm are triplet belong to pyrrole ring —CH group. (Fig: 2a). ’°C NMR:
the peaks at 53.43 ppm belong to —CH> carbons, and the peak at 108.60, 121.27 belongs to
pyrrole ring and 138.29, 128.83, 127.74, 127.10 ppm all belongs to carbons of benzene ring
moiety (Fig: 2b).

[3B.4.3] Analytical Data:
1-Benzyl-1H-pyrrole (3) [10]: Following the general procedure A, the title compound was

‘ isolated as a colourless oil (Yield: 66%). '"H NMR (400 MHz, CDCl3) §
D,

7.27 -7.17 (m, 3H), 7.06 — 7.01 (m, 2H), 6.62 (t, J/ = 2.1 Hz, 2H), 6.12
128.83, 127.74, 127.10, 121.27, 108.60, 53.43.

(t, J = 2.1 Hz, 2H), 4.99 (s, 2H). '*C NMR (100 MHz, CDCl3) 6 138.29,
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1-(4-methoxybenzyl)-1H-pyrrole (4) [13]: Following the general procedure A, the title

compound was isolated as a colourless oil (Yield: 70%). '"H NMR

O/\D (400 MHz, CDCl3) 0 7.07 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz,

e 2H), 6.67 (t, J = 2.1 Hz, 2H), 6.19 — 6.14 (m, 2H), 5.00 (s, 2H), 3.79

(s, 3H). 3C NMR (100 MHz, CDCls) § 159.21, 130.22, 128.57, 121.02, 114.16, 108.44,
55.38, 52.90.

1-(3-methoxybenzyl)-1H-pyrrole (5) [13]: Following the general procedure A, the title
compound was 'isolated as a colourless oil (Yield: 60%). 'H NMR
(400 MHz, CDClz) 0 7.29 — 7.22 (m, 1H), 6.83 (d, J = 8.2 Hz, 1H),

6.72 (dd, J = 6.2, 4.2 Hz, 4H), 6.25 — 6.17 (m, 2H), 5.05 (s, 2H),

3.78 (s, 3H). >*C NMR (100 MHz, CDCl3) 6 160.01, 139.85,.129.78, 121.21, 119.30, 112.99,
112.78, 108.56, 55.21, 53.29.

1-(2,4-dimethoxybenzyl)-1H-pyrrole (6) [14]: Following the general procedure A, the title
compound was isolated as a colourless oil (Yield: 80%). '"H NMR

O\A '\S (400 MHz, CDCls) 6 6.80 (d, J = 8.3 Hz, 1H), 6.70 (t, J = 2.1 Hz,

e

MeO OMe 2H), 6.44 (d, J = 2.4 Hz, 1H), 6.40 (dd, J = 8.3, 2.4 Hz, 1H), 6.14
(t, J = 2.1 Hz, 2H), 4.99 (s, 2H), 3.81 (s, 3H), 3.77 (s, 3H). 13C
NMR (100 MHz, CDCls) 6 158.29, 155.52, 127.04, 118.72, 116.91, 105.55, 101.86, 96.16,
53.03, 53.02, 45.52.

1-(1-phenylethyl)-1H-pyrrole (7) [15]: Following the general procedure A, the title

compound was isolated as a colourless oil (Yield: 60%). '"H NMR (400

@A\S MHz, CDCl) 6 7.34 — 7.28 (m, 2H), 7.27 = 7.24 (m, 1H), 7.09 (dd, J =

s 7.8, 1.0 Hz, 2H), 6.76 (t, J = 2.1 Hz, 2H), 6.19 (t, J = 2.1 Hz, 2H), 5.28

(q,J = 7.1 Hz, 1H), 1.83 (d, J = 7.1 Hz, 3H). 3*C NMR (125 MHz, CDCls) J 143.57, 128.64,
127.44,125.86, 119.51, 108.03, 58.12, 22.11.

1-(p-tolyl)-1H-pyrrole (8) [10]: Following the general procedure B, the title compound was
‘ isolated as a white solid (Yield: 75%). '"H NMR (500 MHz, CDCl;) ¢
~I
—~ }N(j
—

7.32 (d, J = 7.4 Hz, 2H), 7.25 (d, J = 7.6 Hz, 2H), 7.09 (s, 2H), 6.37 (s,
2H), 2.41 (s, 3H). *C NMR (125 MHz, CDCl3) § 138.52, 135.37, 130.03,
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120.55, 119.39, 110.06, 20.83.

1-(2,4-dimethylphenyl)-1H-pyrrole (9) [16]: Following the general procedure B, the title

compound was isolated as a white solid (Yield: 75%). '"H NMR (400

QN@ MHz, CDCl3) 6 7.16 — 7.08 (m, 2H), 7.05 (d, J = 7.9 Hz, 1H), 6.76 (dd, J

= 2.5, 1.6 Hz, 2H), 6.30 (dd, J = 2.5, 1.6 Hz, 2H), 2.36 (s, 3H), 2.16 (s,

3H). 3C NMR (125 MHz, CDCls) § 134.33, 133.44, 129.75, 127.74, 123.21, 122.61, 118.28,
104.65, 17.08, 13.79.

1-(2-ethylphenyl)-1H-pyrrole (10) [17]: Following the general procedure B, the title
compound was isolated as a white solid (Yield: 30%). 'H NMR (500 MHz,
CDCl3) 6 7.36 (m, 2H), 7.28 (d, J = 5.1 Hz, 2H), 6.78 (s, 2H), 6.31 (s, 2H),
N : 2.51 (q, J = 7.4 Hz, 2H), 1.10 (t, J = 7.3 Hz, 3H). >*C NMR (125 MHz,
CDCl) ¢ 140.24, 140.11, 129.33, 127.89, 127.11, 126.38, 122.38, 108.61,
24.12, 15.15.

1-(2-methoxyphenyl)-1H-pyrrole (11) [18]: Following the general procedure B, the title
compound was isolated as a white solid (Yield: 55%). 'H NMR (400 MHz,

I
QNS CDCls) 0 7.22 — 7.16 (m, 2H), 6.96 — 6.87 (m, 4H), 6.23 (dd, J = 2.5, 1.7
/O Hz, 2H), 3.74 (s, 3H). 3C NMR (125 MHz, CDCl3) § 152.85, 130.40,
127.59, 125.89, 122.20, 121.04, 112.44, 108.90, 55.92.

1-(4-methoxyphenyl)-1H-pyrrole (12) [10]: Following the general procedure B, the title
compound was isolated as a white solid (Yield: 70%). '"H NMR (400

=

/O—<: :)—N(;

MHz, CDCl3) 6 7.34 — 7.30 (m, 2H), 7.02 (td, J = 2.3, 0.7 Hz, 2H), 6.98
(125 MHz, CDCl3) 6 157.86, 134.71, 122.36, 119.87, 114.82, 110.04, 55.73.

—6.93 (m, 2H), 6.34 (td, J = 2.2, 0.7 Hz, 2H), 3.84 (s, 3H). '°C NMR

1-(4-chlorophenyl)-1H-pyrrole (13) [10]: Following the general procedure B, the title
compound was isolated as a white solid (Yield: 90%). '"H NMR (500
’CI—@—N@I MHz, CDCl3) 0 7.38 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.3 Hz, 2H), 7.08-
7.04 (m, 2H), 6.35 (m, 2H). '3*C NMR (125 MHz, CDCl3) § 139.34,
131.06, 129.63, 121.63, 119.28, 110.82.
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1-(4-bromophenyl)-1H-pyrrole (14) [10]: Following the general procedure B, the title

compound was isolated as a white solid (Yield: 36%). 'H NMR (500
Br@”@l MHz, CDCL) & 7.56 — 7.52 (m, 2H), 7.28 (d, J = 2.1 Hz, 2H), 7.07 -
7.04 (m, 2H), 6.37 — 6.35 (m, 2H).

1-(3-(trifluoromethyl)phenyl)-1H-pyrrole (15) [19]: Following the general procedure B,
=~ the title compound was isolated as a white solid (Yield: 30%). '"H NMR

N(; (500 MHz, CDCl3) 0 7.56 (s, 1H), 7.53 —7.38 (m, 3H), 7.11 (t, J = 2.1
F3C Hz, 2H), 6.38 (t, J = 2.2 Hz, 2H). '*C NMR (100 MHz, CDCl3) 6 141.17,
130.30, 125.13, 123.51 (d, J = 1.0 Hz), 122.42, 122.21(q, J=3.0 Hz), 119.30, 117.25 (q, J =
3.9 Hz), 111.38.

1-(naphthalene-1-yl)-1H-pyrrole (16) [20]: Following the general procedure B, the title
compound was isolated as a white solid (Yield: 52%). '"H NMR (400 MHz,
4 CDCls) 0 7.88 (dd, J = 18.2, 7.9 Hz, 2H), 7.75 (d, J = 8.3 Hz, 1H), 7.54 —
O N:; 7.43 (m, 4H), 6.99 (t, J = 2.1 Hz, 2H), 6.41 (t, J = 2.1 Hz, 2H). 3C NMR

(125 MHz, CDCl3) o 138.25, 134.28, 129.93, 128.11, 127.88, 126.96,
126.56, 125.30, 123.30, 123.23, 109.06.

1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrole (17) [21]: Following the general

procedure B, the title compound was isolated as a white solid (Yield:
85%). 'H NMR (400 MHz, CDCl3) 6 6.99 (t, J = 2.2 Hz, 2H), 6.92 (d, J
= 2.6 Hz, 1H), 6.89 — 6.85 (m, 2H), 6.31 (t, J = 2.2 Hz, 2H), 4.31 — 4.26
(m, 4H). 3C NMR (125 MHz, CDCls) § 143.91, 141.68, 119.59, 117.76, 115.00, 113.90,
110.14, 109.89, 64.51, 64.29.

1-(4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)-1H-pyrrole (18) [22]: Following the

general procedure B, the title compound was isolated as a white solid
(Yield: 45%). '"H NMR (400 MHz, CDCl3) § 7.13 — 7.09 (m, 2H), 6.88 —
6.83 (m, 3H), 6.40 (dd, J = 3.6, 1.8 Hz, 1H), 6.33 — 6.31 (m, 3H), 3.80
(s, 3H), 3.79 (s, 3H), 3.62 (s, 6H). 3*C NMR (125 MHz, CDCl3) §
158.42, 152.78, 152.37, 136.57, 133.95, 133.81, 132.22, 128.57, 114.13,
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105.64, 105.57, 103.36, 63.56, 55.95, 55.92, 55.85.

1,4-di(1H-pyrrol-1-yl)benzene (19) [23]: Following the general procedure B, the title

= —) compound was isolated as a white solid (Yield: 45%). '"H NMR
N N

[@ ( ) (;] (400 MHz, CDCl3) ¢ 7.37-7.18 (m, 4H), 7.02 — 7.01 (m, 4H), 6.38

— 6.35 (m, 4H). 3C NMR (125 MHz, CDCls) § 129.35, 112.43,

110.25, 105.90, 101.54.

1-butyl-1H-pyrrole (20) [25]: Following the general procedure B, the title compound was

isolated as a colourless oil (Yield: 45%). '"H NMR (400 MHz, CDCl3) § 6.57 (t, J = 1.7 Hz,

— 2H), 6.06 (t, J = 1.7 Hz, 2H), 3.80 (t, J = 7.2 Hz, 2H), 1.67 (dt, J = 14.9,

@N\_\ 7.4 Hz, 2H), 1.26 — 1.20 (m, 2H), 0.86 (dt, J = 7.4, 3.7 Hz, 3H). 3*C NMR
(100 MHz, CDCls) ¢ 120.54, 107.82, 49.40, 33.68, 20.01, 13.71.

1-pentyl-1H-pyrrole (21) [26]: Following the general procedure B, the title compound was

— isolated as a colourless oil (Yield: 44%). '"H NMR (400 MHz, CDCl3)

QN‘\_\> 6.57 (s, 2H), 6.06 (s, 2H), 3.78 (t, J = 7.2 Hz, 2H), 1.69 (dt, J = 14.7, 7.3
Hz, 2H), 1.29 — 1.17 (m, 4H), 0.82 (dd, J = 8.2, 6.0 Hz, 3H). '*C NMR
(125 MHz, CDCl3) ¢ 121.01, 108.30, 50.18, 31.83, 29.48, 22.85, 14.50.

1-heptyl-1H-pyrrole (22) [27]: Following the general procedure B, the title compound was
= isolated as a colourless oil (Yield: 53%). 'H NMR (400 MHz, CDCl3)
@Nw 0 6.64 (t, J = 2.1 Hz, 2H), 6.12 (t, J= 2.1 Hz, 2H), 3.87 — 3.83 (m,
2H), 1.79 — 1.71 (m, 2H), 1.30 — 1.25 (m, 8H), 0.89 — 0.85 (m, 3H).
3C NMR (125 MHz, CDCl3) § 120.45, 107.74, 49.64, 31.70, 31.57, 28.87, 26.74, 22.57,
14.03.

1-cyclohexyl-1H-pyrrole (23) [10]: Following the general procedure B, the title compound

— was isolated as a colourless oil (Yield: 54%). 'H NMR (400 MHz, CDCl;)

@NO 0 6.73 (t, J = 2.1 Hz, 2H), 6.13 (t, J = 2.1 Hz, 2H), 3.84 — 3.76 (m, 1H),

2.10 (dd, J = 13.2, 1.9 Hz, 2H), 1.92 — 1.83 (m, 2H), 1.76 — 1.68 (m, 1H),

1.62 (ddd, J = 24.6, 12.4, 3.2 Hz, 2H), 1.45 — 1.33 (m, 2H), 1.28 — 1.19 (m, 1H). °C NMR
(125 MHz, CDCl3) ¢ 115.05, 103.99, 55.31, 31.33, 22.38, 22.16.
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1-cyclooctyl-1H-pyrrole (24): Following the general procedure B, the title compound was
isolated as a colourless oil (Yield: 51%). '"H NMR (400 MHz, CDCl3) &
CNG 6.75 (dd, J = 3.8, 1.9 Hz, 2H), 6.16 (dd, J = 3.9, 1.9 Hz, 2H), 4.12 (dq, J
= =13.4,4.4 Hz, 1H), 2.03 (dt, J = 12.0, 6.3 Hz, 4H), 1.82 (dd, J = 6.0, 2.1
Hz, 2H), 1.72 — 1.53 (m, 8H). '>*C NMR (125 MHz, CDCl3) § 119.17, 107.92, 60.50, 34.96,
27.50, 26.42, 25.11. HRMS (ESI-TOF) m/z: [M+H]"Calcd for Ci2H9N 178.1517; Found
178.1585.

1-(5-methylheptyl)-1H-pyrrole (25): Following the general procedure B, the title compound
was isolated as a colourless oil (Yield: 62%). 'H NMR (400 MHz,
@N CDCl3) 0 6.62 (t, J = 2.1 Hz, 2H), 6.12 (t, J = 2.0 Hz, 2H), 3.76 (dd, J

‘\_\_2 = 7.0, 3.7 Hz, 2H), 1.69 (dt, J = 124, 6.3 Hz, 1H), 1.31 — 1.22 (m,
8H), 0.88 (td, J = 6.9, 3.7 Hz, 6H)."*C NMR (125 MHz, CDCl3) ¢

120.28, 106.87, 52.43, 40.58, 29.82, 27.90, 23.08, 22.21, 13.26, 9.86. HRMS (ESI-TOF) m/z:
[M+H]*Calcd for C12H21N 180.1674; Found 180.1739.

1-(3-methoxypropyl)-1H-pyrrole (26) [28]: Following the general procedure B, the title
= compound was isolated as a colourless oil (Yield: 54%). "H NMR (400
@N—\_\ MHz, CDCl3) 6 6.65 — 6.62 (t, J = 3.1 Hz, 2H), 6.14 — 6.11 (t, J = 3.2
O—J) Hz 2H),3.99 (td, J = 6.9, 1.7 Hz, 2H), 3.34 — 3.28 (m, 5H), 2.04 — 1.93

(m, 2H). '*C NMR (125 MHz, CDCl5) § 121.25, 108.55, 69.74, 59.27, 46.79, 32.23.

5-chloro-2-(1H-pyrrol-1-yl)pyridine (27) [29]: Following the general procedure B, the title
—~ compound was isolated as a colourless oil (Yield: 50%). '"H NMR (400
C'Q“@ MHz, CDCls) § 8.36 (dd, J = 2.7, 0.8 Hz, 1H), 7.78 — 7.63 (m, 1H),
7.45 (dd, J = 3.3, 1.5 Hz, 2H), 7.28 — 7.22 (m, 1H), 6.35 (dd, J = 3.3,
1.5 Hz, 2H). 3C NMR (125 MHz, CDCl3) § 149.75, 147.42, 138.25, 127.70, 118.23, 112.10,
111.82.

5-chloro-2-(1H-pyrrol-1-yl)pyridine (28) [30]: Following the general procedure B, the title
compound was isolated as a colourless oil (Yield: 30%). 'H NMR (400
BFQ N:j MHz, CDCls) & 8.45 (d, J = 2.4 Hz, 1H), 7.82 (dd, J = 8.8, 2.4 Hz, 1H),
7.45 (t, J = 2.3 Hz, 2H), 7.20 (s, 1H), 6.37 — 6.34 (m, 2H). '*C NMR
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(125 MHz, CDCl3) 6 150.13, 149.66, 140.98, 118.19, 115.63, 112.61, 111.86.

2-methyl-6-(1H-pyrrol-1-yl)pyridine (29) [31]: Following the general procedure B, the title
AW (j compound was isolated as a colourless solid (Yield: 51%). 'H NMR (400
Q —| MHz, CDCL) ¢ 7.64 —7.57 (m, 1H), 7.52 — 7.49 (m, 2H), 7.10 (d, J = 8.2
Hz, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.36 — 6.31 (m, 2H), 2.53 (s, 3H). *C
NMR (125 MHz, CDCl3) ¢ 158.22, 151.03, 138.77, 119.76, 118.32, 111.19, 108.46, 24.57

2,6-di(1H-pyrrol-1-yl)pyridine (30): Following the general procedure B, the title compound
S was isolated as a white solid (Yield: 40%). 'H NMR (400 MHz,
/Ej\ CDCl3) 6 7.71 (t, J = 8.0 Hz, 1H), 7.51 — 7.48 (m, 4H), 7.03 (d, J =
/N7 N7 N
C’ Q 8.0 Hz, 2H), 6.31 (dd, J = 5.0, 2.8 Hz, 4H). 3*CNMR (125 MHz,
CDCl3s) ¢ 141.51, 131.98, 109.31, 106.15, 102.62, 97.89. HRMS (ESI-TOF) m/z:
[M+H]*Calcd for C13H11N3210.0953; Found 210.1021.

2-(4-isopropylphenyl)-1-(4-methoxyphenyl)-1H-pyrrole (31) [24]: Following the general

procedure B, the title compound was isolated as a white solid (Yield:
32%). '"H NMR (400 MHz, CDCl3) 6 7.14 — 7.08 (m, 2H), 7.06 (s, 4H),
6.88 — 6.81 (m, 3H), 6.39 (dd, J = 3.5, 1.8 Hz, 1H), 6.35 — 6.30 (m, 1H),
3.82 (s, 3H), 2.85 (hept, J = 6.9 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H). 1°C
NMR (100 MHz, CDCl;) 0158.21, 146.81, 134.11, 133.97, 130.55,
128.17, 127.07, 126.18, 124.29, 114.15, 109.80, 108.79, 55.53, 33.75,
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[3B.5] Spectra of selected compounds
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Figure 2b: °*C NMR (CDCls, 125 MHz) Spectrum of Compound 3

124



Chapter 3 Section B Nickel-Catalyzed Synthesis of N-Substituted Pyrroles

N OO NN ENOOTTTMANL o= OOOT MMM < °

NNREEAI AT 10000aan0naaoNANN N 3

NANNNNANNNNNNOOOOOOYOOOOWYYOO OO ™ o
RERSAR iy S S

0
/11

365 T
176
3.00—

T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 4.0 B! 3.0 2.5 2.0 i 1.0 0.5 0.0

5 5.0 4.5
f1 (ppm)

Figure 3a: 'H NMR (CDCls, 400 MHz) Spectrum of Compound 11
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Figure 3b: >*C NMR (CDCl3, 125 MHz) Spectrum of Compound 11
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Figure 5b: '>*C NMR (CDCls, 125 MHz) Spectrum of Compound 24
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Figure Sc: HRMS (ESI) Spectrum of Compound 24
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Chapter-4: Nickel-catalyzed synthesis of gem-bis-alkylkated ketones

Herein we report the a-alkylation of methylene ketones using an earth-abundant and non-
precious NiBr2/LL1 system that enables the transformations to a range of branched gem-
bis(alkyl) ketones using renewable primary alcohols. This nickel catalyzed system could
be performed in gram scale and successfully applied in the synthesis of donepezil
(Alzheimer’s drug), functionalization of steroid hormone, and fatty acid derivatives. Green
synthesis to N-heterocycles, a-methylation of ketones using methanol and one pot double
alkylation to bis-hetero aryl ketones using two different alcohols with a single catalyst
broaden the scope of the catalytic protocol. A detailed mechanistic studies involving
isolation of defined Ni-intermediate species, Ni-H species, Ni-alkoxy complex,
determination of rate and order of the reaction, competition reactions of electronically
different alcohols and a series of deuterium labelling experiments established the
participation of borrowing-hydrogen strategy for nickel-catalyzed o-alkylation of
methylene ketones with alcohols.

Rg/\OH (6] 5 ® Greener metohodology
= LY S RJ\fRz ' MeO
R1 D

O | NilL (5/6 mol%) ;
R)S 42 examples | MeO
T up to 95% vyield !

R4 H, R k ' ® Donepezil Drug N\_
H P Ph
- - . ‘ ;'@ Pyridine and quinoline synthesis
,\/’ (\OH R™"N” " @ Derivatization of Steroid & Fatty acid
>"“NH, ® Broad Substrate Scope

Org. Lett. 2018, 20, 5587-5591




Chapter 4: Nickel-Catalyzed Synthesis of Branched gem-Bis(alkyl) Ketones

Chapter 4: Nickel-Catalyzed Synthesis of gem-Bis alkylated Ketones

The work presented in this Chapter has recently been published in Org. Lett. 2018, 20, 5587-
5591. This work has been contributed equally by another author. Therefore, in this chapter we

will only discuss those part of the work mainly contributed by me.

[4.1] Introduction:

Transition-metal catalysis for a-alkylation of carbonyl compounds using renewable feedstocks
is a green and sustainable strategy for construction of new C-C bonds in organic chemistry, [1]
which provides valuable access to various functionalized organic compounds with applications
in agrochemicals, pharmaceutical and material sciences. Advantageously, the application of
readily available alcohols for a-alkylation of ketones using borrowing hydrogen strategy
avoids the use of pre-synthesized alkyl halides, cryogenic temperature and toxic amide bases,
relieving water as the only byproduct.[2] However, the a-alkylation of ketones is often limited
with mono-alkylation of an activated methyl-ketone derivative pertain to the linear products.[3]
In contrast, the use of a-substituted methylene ketones to incorporate a higher member alkyl
substitution beyond methyl group for the formation of a,a-di-substituted branched products is
more challenging and relatively underdeveloped due to adverse steric reason. Moreover,
achieving such germinal o,a-di-substituted ketones through standard enolate chemistry in a

selective and control fashion represents a significant challenge in catalysis.

[4.2] Relevant Literature:

Branched gem-bis(alkyl) ketones are privileged structural motifs extensively used as
intermediate in organic synthesis.[3a] Though, substantial progress has been made for a-
alkylation of methyl ketones using Ru- and Ir-catalysts with alcohols as coupling partner,
surprisingly, only handful examples are known for the synthesis of geminal di-substituted
ketones. In this direction, Donohoe and co-workers established this field of chemistry by
employing an Ir-catalyst for a-alkylation of various o-substituted hindered phenyl and
cyclopropyl ketones. They successfully design the ketone substrates and employed ten
equivalent of alcohols to achieve higher selectivity of product. Importantly, application of

excess strong base is the key to control the product selectivity (Scheme 1).[4]
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o [IrCl(cod)], (1 mol%) o}

DPPBz (2 mol%
Ar)J\/\Ph ( 0) Ar Ph
BuOH (10 equiv.)
KOH (2 equiv.)
85°C, 24 h, Ar up to 98% vyield

Scheme 1: Ir-catalyzed a-alkylation of o-substituted phenyl and cyclopropyl ketones

In 2016, Glorious and co-workers established the Ru-NHC-catalyzed a-alkylation of
methylene ketones and provides a series of functionalized di-substituted branched products
following borrowing hydrogen strategy with excellent yields. Notably, the catalytic protocol
required 2-3 equivalents of strong base, +~-BuOLi to achieve higher product yield (Scheme 2).
[5]

Ru (NHC), (2 mol%) o

0 i
2 t-BuOK (2 equiv. R? i 0 - O
RJ&R + R3OH UOKHE equiv) R1JK[ ;O BF Q
RE.

t-AmOH / n-hexane (1.25:1)

"
100°C, 24 h 3 NVN

up to 99% vyield 3
Ru(cod)(2-methylallyl),

Scheme 2: a-alkylation of methylene ketones using Ru-NHC catalyst

Very recently, Song and co-workers, reported the synthesis of novel Ru(Ill)-based NNN-pincer
catalyst and employed for the synthesis of various a-,a-di-substituted branched Ketones. The
catalyst also broadly applicable for the preparation of linear ketones as well in moderate to
good yields. As an application they have demonstrated the synthesis of donepezil drug

(Scheme 3). [6]

X

o NNN Ru complex (0.50 mol%) e J

K3P0,.3H,0 (0.15-0.50 equiv.) 2
2 3 4 2
R1J\/R + R¥OH > R i il =

| N N
t-AmOH, 120 °C ¢ YN ICN=( N
3 N— Ru ——
under Ar, 4-12 h R : PhsP” 1
up to 98% yield | Cl

NNN Ru-complex

Scheme 3: a-alkylation of methylene ketones using NNN Ru-pincer catalyst

In a recent report, Kundu and co-workers demonstrated a three-component coupling of
ketones, alcohols and methanol using Ru(II)-NNN-catalyst to access corresponding
a-methylated ketones under mild conditions. The catalyst is air and moisture stable and a series
of kinetic studies as well as DFT calculation were performed to understand the hydrogen

borrowing process for the multi-component reactions (Scheme 4).[7]
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O 0]

Ru-cat. (0.5 mol%)
t-BuOK (4 equiv.)
+  Me—-OH
85°C,24 h

up to 99%

Ru-catalyst

Scheme 4: Multi-component synthesis of methylated ketones using Ru(II)-catalyst

To date, direct synthesis of o,a-di-substituted ketones are only limited with precious metal-
catalysts. Applications of earth abundant and non-precious Co, Mn, Fe and Ni would be more
attractive and sustainable technology in this direction. Towards this, very recently, Morril and
co-workers reported an efficient defined Fe-catalyst for mono or bis-methylation of various

aromatic and aliphatic ketones using methanol as a methylating agent (Scheme 5). [8]

! T™S
Fe-precatalyst (2 mol%) 0 i _—
o K,COj or t-BUOK (0.1-2 equiv.) RZ. | e
L _re R’ : |
R’ 80-110 °C, MeOH, 24 h M : FeMS
s r e : ocC! e~co

Fe-precatalyst (Il)

Scheme 5: Fe-catalyzed methylation of ketones.

In this direction use of earth-abundant non-precious base metals, such as, (Fe, Mn, Ni, Co)
would be more sustainable and attractive alternative.[9-12] However, such processes is only
known to catalyze the mono alkylation of an activated methyl-ketone derivative and has never
been demonstrated for the synthesis of geminal a,a-di-substituted ketones. Till date, to the best
of our knowledge, nickel-catalyzed alkylation of o-substituted methylene ketones using
primary alcohols for the synthesis of a,a-disubstituted branched products has not been
developed. More specifically, this represents the first example of an earth-abundant non-
precious base metal-catalyzed a practical route to branched gem-bis(alkyl) ketones. Herein we
demonstrated the high catalytic activity with broad substrate scope for the synthesis of a,o-
dialkyl/aryl branched ketones. The key to success is the application of diversely available
nitrogen ligands for nickel to forge the C-C coupling for a broad range of alcohol electrophiles.
This strategy provides a new method for the facile synthesis of branched gem-bis(alkyl)

ketones, substituted pyridines and quinolines.

[4.3] Results and discussion:
We have established an efficient nickel catalyzed system for amination of primary alcohols as

well as intermolecular cyclization to N-heterocycles in chapter (2and3). Our mechanistic
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studies revealed that, nickel-catalyst facilitate the dehydrogenation of alcohol to aldehyde and a
Ni-H intermediate is formed. Selective hydrogenation of intermediate enone 3’ by in situ
formed nickel hydride transformed to the product 3, a conceptually different strategy to

branched gem-bis(alkyl) ketones earlier reported by Itami and co-workers (scheme 6). [13]
o

Ph/\

[Ni]

Dehydrogenatlon Hydrogenatlon

[Ni-H]

P
Ph TO ; Condensatlon;'

el H,0 X
Ph)k/

1a

Scheme 6: Ni-catalyzed synthesis of di-substituted ketones.

Nevertheless, we realized the inevitable role for the use of nitrogen ligands for such nickel
catalyzed dehydrogenative coupling of alcohols. Being anticipated the aforementioned
challenge for a-substituted methylene ketones, we hypothesized few key challenges, such as,
(1) selective hydrogenation of C=C bond of 3’, (ii) control to reduce the nickel catalyzed
hydrogenation of C=0 bond of 3 and 3’ and (iii) minimize the self-condensation of ketones
(Table 1). To this end, we envisioned that, an appropriate nickel catalyst in combination with
suitable nitrogen ligand is highly desirable for this transformations.

Therefore, initially, we studied the efficacy of different nickel catalysts by the reaction of
propiophenone 1a and benzyl alcohol 2a as model reaction of our choice for a-substituted
methylene ketones to 3 (Table 1, entries 1-5). To our delight, we identified 1,10-phenanthroline
L1 as a superior ligand for the present a-alkylation of methylene ketone. Under identical
conditions, other nitrogen and phosphine ligands, L.2-L8, resulted only 44-62% of 3 along with
(22-36%) of corresponding enone (Table 2, Table-1, entries 6-12). Gratifyingly, use of little
excess of alcohol in the presence of 5 mol% NiBr2 and 6 mol% L1 in toluene 3 was obtained in

92% isolated yield (Table 1, entry 13).

Table 1: Optimization studies for Ni-catalyzed a-alkylation of methylene ketones ¢

NiBr; (5 mol%)

0
L (6 mol%
+ HO pp —L(Bmol%)
Ph)‘lak/ ”s #-BuOK (0.5 mmol) )th * Ph)HA

toluene, 140 °C,36h
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Entry Catalyst Ligand Conv. (%)°

3 3

1 NiClp L1 50 39

2 NiBr, L1 86(78) 10

3 Ni(acac)2 L1 62 15

4 Ni(cod). L1 55 32

5 NiCl,.DME L1 37 42

6 NiBr, L2 44 22

7 NiBr, L3 54 36

8 NiBr, L4 55 32

9 NiBr, L5 50 30
10 NiBr2 L6 57 24
11 NiBr, L7 61 30
12 NiBr, L8 62 34
13¢ NiBr: L1 95(92) 1
144 - - 10 35

¢ Unless specified, the reaction was carried out with 1a (0.5 mmol), 2a (0.625 mmol), Ni cat. (0.025 mmol), L
(0.03 mmol), and +-BuOK (0.5 mmol) under an N, atmosphere at 140 °C (oil bath) in toluene (2.0 mL) for 36 h in

a Schlenk tube. ” Conversion was determined by GC-MS (isolated yield in parentheses, average yield of two

runs).¢2a (0.75 mmol) was used. ¢#-BuOK (0.5 mmol) was used.

Table 2: Screening of ligands for Ni-catalyzed a-alkylation of 1a with 2a “?

(0]

Ph)K/ + HO” Ph

NiBr, (5 mol%)
L (6 mol%)

2a t- BuOK (0.5 mmol)

Ll o

toluene, 140 °C, 36 h

c@;g@ym

L1, 86% (78%)° L2, 44%

! & c

2 r
L6, 57%°

L5, 55%

/
L3, 54% g o
L7, 61%° L8, 62%°

¢ Unless specified, the reaction was carried out with 1a (0.5 mmol), 2a (0.625 mmol), Ni-cat. (0.025 mmol), L
(0.03 mmol), and +~-BuOK (0.5 mmol) under an N> atmosphere at 140 °C (oil bath) in toluene (2.0 mL) for 36 h in

Schlenk tube. ? Conversion was determined by GC-MS (isolated yield in parentheses, average yield of two runs). ¢

Ligand (0.05 mmol) was used.
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Notably, under optimized conditions, influence and scope of different bases, such as, +~-BuOK,
t-BuONa, NaCOs, KxCO3, Cs2COs, KsPOs were tested (Table 3, enteries 1-6). Control
experiment revealed that no reaction occurred in absence of base (Table 3, entry 7). Further,
applications of various non-polar and polar solvents, such as, xylene, 1,4-dioxane, DMA, DMF
as well as pentanol did not improve the product yield further (Table 4, enteries 1-6) It is
noteworthy to mention that, we also observed 2-10% reduced alcohols of 3 and 3’ using GC-
MS analysis of crude reaction mixture (Table 1). Again, variation of alcohol amount also
changes the product yield and we observed that, 1.5 equivalent of alcohols is required to get

maximum yield (Table 5, entry 1).

Table 3: Screening of base ¢
NiBr, (5 mol%)

(0}
)K/ A~ phen (6 mol%)
+ HO™ "Ph
Ph 1a 2a base (0.5 mmol) Phig Ph

tquene 140 °C, 36

Entry Base GC-MS Conversion  GC-MS Conversion
3 (%) 3 (%)
1 t-BuOK 86 (78)" 10
2 -BuONa 70 20
3 Na>COs 5 0
4 K>CO;3 7 0
5 Cs2CO3 50 40
6 K3POy4 25 26
7 No Base 0 0

Reaction condition: “ Propiophenone (0.5 mmol), benzyl alcohol (0.625 mmol), NiBr2 (5 mol%), phen (6 mol%),
base (0.5 mmol), toluene (2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil bath, 36 h reaction time. ®

Isolated yield (average of two runs).

Table 4: Screening of solvents ¢

o) NiBr; (5 mol%)

hen (6 mol%
P . M_l.
Ph 1a 2a t-BuOK (0.5 mmol) Ph)H/\Ph N Phkﬁ

solvent, 140 °C, 36 h

Entry Solvent GC-MS Conversion  GC-MS Conversion
3 (%) 3’ (%)
1 Toluene 86 (78)° 10
2 p-Xylene 62 19
3 1,4-dioxane 61 25
4 DMA 18 10
5 DMF 5 <1
6 Pentanol 5 <1

Reaction condition: ¢ Propiophenone (0.5 mmol), benzyl alcohol (0.625mmol), NiBr2 (5 mol%), phen (6 mol%), -
BuOK (0.5 mmol), solvent (2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil bath, 36 h reaction time. ®

Isolated yield (average of two runs).
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Table 5. Screening of alcohol equivalents “
NiBr; (5 mol%)

(0]
phen (6 mol%!
Ph)k/ + HO Ph Ph + Ph
1a 2a t-BuOK (0.5 mmol)

toluene, 140 °C, 36 h

Entry Benzyl alcohol (X GC—MS Convers10n GC-MS Conversion
equiv.) 3 (%) 3’ (%)
1 1.5 95 (92) 1
2 1.25 86 (78)° 10
3 1.1 79 16

Reaction condition: “ Propiophenone (0.5 mmol), benzyl alcohol (0.75, 0.625, 0.55 mmol), NiBr> (5 mol%), phen
(6 mol%), +-BuOK (0.5 mmol), toluene (2.0 mL), Schlenk tube under nitrogen atmosphere, 140 °C oil bath, 36 h
reaction time. ” Isolated yield (average of two runs).

NiBr; [5 mol%] le}

phen [6 mol%)]
Rj\/R1 + HO A - R Ar
t-BuOK (1.0 equiv.) R
1a-1f 2a-2i toluene, 140 °C, 36 h 8 i

0 o] o 1)
() > O O
g%/)ki‘ 4 (72%) 0“26(50%) £ 6 (40%) B
‘:/f(‘ ‘:/j\(; ‘:J\(;\ 10 (71%)

Unless otherwise specified, the reaction was carried out with 1 (0.25 mmol), 2 (0.375 mmol), NiBr, (0.0125
mmol), phen (0.015 mmol), #-BuOK (0.25 mmol) in toluene (2.0 mL) at 140 °C for 36 h.

MeO
15: R = H (78%)
16: R = Me (76%)

Scheme 7: Scope of methylene ketones with alcohols to branched a-alkylated ketones.

a-Alkylation of methylene ketones with alcohol: After having the optimal conditions in
hand, a range of a-substituted methylene ketones and alcohols were alkylated in good to
excellent yields (Scheme 7). For instance, propiophenone could be transformed to a series of
branched alkylated ketones 3-7 in up to 92% yield. Gratifyingly, unsubstituted phenyl ketones
bearing sterically demanding n-propyl (1b), benzyl (1c¢), phenyl (le) or secondary alkyl
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substituent (1f), efficiently converted to the corresponding branched products in moderate to
excellent yields (Scheme 7, entries 8-10 and 11, 17-18).

To our delight, 2-pyridinemethanol furnished the desired product 13 in 71% yield.
Advantageously, when 4-methoxy substituted phenyl ketone 1d was employed, desired gem-
bis (benzyl substituted) ketones 15-16 were obtained in 76-78% yield respectively. It is
noteworthy to mention that, benzyl alcohol bearing halides (F, CI or Br) as well as methoxy
and 1,3-dioxolone groups could be tolerated under the standard catalytic conditions including
pyridine moiety

Intermolecular cyclization for synthesis of quinolines and pyridines. The generality of our
catalytic protocol was further explored in the green synthesis of C-2 and C-3 substituted
quinolines and pyridines using 2-amino benzyl alcohol with a range of methylene substituted
ketones (Scheme 8). Surprisingly, till date, mostly Ir- and Ru-based precious metal complexes
are used for their synthesis. Importantly, synthesis of five and six-membered N-heterocycles
using renewable resources under nickel catalysis would be more sustainable because of their
interesting bioactivity. Gratifyingly, when 2-amino benzyl alcohol was employed with steric
and electronically different methylene ketones, a range of C-2 and C-3 substituted quinolines
and pyridines 19-24 were obtained in up to 76% yields (Scheme 8). Pleasingly, we established
an alternative green synthesis of substituted pyridines and quinolines using an inexpensive
nickel catalyst. Notably, the catalytic system is tolerant to halides, alkyl, alkoxy and dioxolone

functionalities, including benzyl and pyridine moiety.

NiBr; [5 mol%]

(] . R
)H Ho/\/["\" phen [6 mol%] ..
Ph | S g2
R =+ H2N N N7

. t-BuOK (1.0 equiv.) Ph™ "N™ "~

1a-1d 2m-2n toluene, 140 °C, 36 h 28-33
19 (76%) 20 (69%) 21 (54%)
22 (42%) 23 (51%) 24 (56%)

Reaction condition:* Unless otherwise specified, the reaction was carried out with 1 (0.25 mmol), 2 (0.3125

mmol), NiBr; (0.0125 mmol), phen (0.015 mmol), +-BuOK (0.25 mmol) in toluene (2.0 mL) at 140 °C for 36 h.

Scheme 8: Intermolecular cyclization: Green synthesis to quinoline and pyridine.
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Kinetic and mechanistic studies

To the best of our knowledge, till date there is no detailed mechanistic studies reported for a-
alkylation of methylene ketones. As a part of our on-going studies, we were interested to gain
insight about the Ni-catalyzed a-alkylation of ketones. Therefore, to identify the key Ni-
intermediate species, Cat.A was prepared, isolated and separately employed in stoichiometric
(100 mol%) and in catalytic (10 mol%) equiv. in model reaction under standard conditions, 3
was obtained in 48% and 50% yield (Scheme 9). Mechanistically we postulated that, Ni-
catalyzed a-alkylation of methylene ketones is a multi-step process: dehydrogenation of
alcohol to aldehyde followed by base mediated condensation with ketone to an enone
intermediate and finally in situ hydrogenation of enone by Ni-H species led to the desired
product (Scheme 6). It is to be noted that, control experiments revealed the crucial role of base
to achieve higher product yield (Table 3). We envisioned that, base enables the activation of
nickel pre-catalysts via dehalogenation of NiXp, followed by resulted the formation of alkoxy-
nickel species with alcohol. Further, this pre-formed alkoxy-nickel species undergoes base
mediated B-hydride elimination, during this process aldehyde is formed and more importantly,
active nickel-hydride species is generated. Therefore to validate this hypothesis, defined Ni-
alkoxy species of Cat.B, such as, Cat.C was prepared and employed under standard catalytic
conditions. After three hours, GC-MS analysis of the crude reaction mixture detected
benzaldehyde formation (Scheme 10). These experimental evidences are in agreement for the

participation of the nickel-alkoxy intermediate during a-alkylation of methylene ketones.

o} 9
)J\/ Standard / J\ Cat.A (5 ‘moI %) (6]
Ph conditions = 2 50 % yield LR o
+ R — - 2
1a /Ni\ Cat.A (100 mol%) 3 L
Ph™ NOH Br Br 48 % yield
2a Cat.A
Scheme 9: Stoichiometric and catalytic studies using defined Ni-catalyst
HO”Ph &/ N\ \*/ :
i P\ ' t-BuOK o]
2 . | ‘
_(equv) : N\Ni/N ' (50 mol%) )k
toluene : | 1T Ph H
140 °C, 24h | O._Ph |  folueneds,
iCat.C ¢ 140°C,3h

Scheme 10: Evidence for intermediate nickel-alkoxy species

Page | 137



Chapter 4: Nickel-Catalyzed Synthesis of Branched gem-Bis(alkyl) Ketones

On the basis of the above findings, further we made an attempt to prepare the Ni-hydride
species of Cat. A. Unfortunately, the experiments were not successful, after several attempt at
variable temperature. These experiments revealed that, the desired Ni-H species is highly
unstable to identify using an in situ NMR studies even at -75 °C ( Scheme 11). At this point we
realized that electron rich phosphine ligand might be useful to form stable Ni-H species.
Therefore, tri-cyclohexyl phosphine, L6 was used to prepare the defined complex,
(Cy3)2PNiBrH, Cat.B-H, and subjected to employ with enone 3’ in stoichiometric equiv. using
standard conditions. Gratifyingly, 3 was obtained in 21% yield = (Scheme 12). The above

experimental findings strongly evident for the participation of Ni-H species.

t-BuOK SEe_,
_—.
toluene d8
-75°C,2h H
Cat-A Observed Not observed

Reaction condition: “ Benzyl alcohol (0.2 mmol), NiBr.phen complex (0.02 mmol), --BuOK (0.2 mmol), toluene
ds (0.4 mL), in NMR tube under N, atmosphere, 'H NMR was recorded at -70 °C.

Scheme 11: Metal hydride trapping method via 'H NMR

o) PCys Cat.B-H (100 mol%) o
Br—Ni—H
Ph | j. i) Standard conditions Ph
3 PCys toluene-d8 3
Ph Cat.B-H 21% yield Ph

Scheme 12: Stoichiometric studies using defined Ni-H species

Again, to understand the deeper insight into the reaction mechanism, we performed a series of
deuterium labelling experiments (Scheme 13-14). Enone 3’ was allowed to react with 2a and
2a-d2 and under standard conditions afforded 3-d2 in 45-51% yield and exhibited 47-48%
incorporation of deuterium. When we performed a crossover experiment using 1:1 mixture of
2a and 2a-d2 under standard conditions, and observed the formation of H/D-scrambled product
3-d2”’ in 25% yield and exhibited 20-24% incorporation of deuterium at C-2 and C-3 position
of 3 (Scheme 15). Furthermore, we conducted a-alkylation of 1a using 2a-d1 and 2a-d2, 'H-
NMR and GC-MS analysis indicated the formation of 3-d2’ and 3-d3 having variable

deuterium substitutions at C-2 and C-3 position of 3 (Scheme 16).
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0]

(0]
Standard conditions
Ph * Ph” OOH Ph)kl\/
3 | 2a 51% yield 3

Ph Ph

O
Q D D H/D 48%
Ph . >< Standard conditions Ph
| Ph” “OH 45% v oh
3 5% vyield H/D

Ph 2a-d2 0%  HID 47%
(0.1 mmol) (0.15 mmol) 3-d2

Standard "H-NMR spectra of compound 3
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Conversion was calculated by '"H-NMR integration value

Deuterium Deuterium Deuterium
incorporation in | incorporation in | incorporation in
Ha Position Hbp Position H. Position
Signal o ppm | 1.2 [d, CHs, (3H)] 3.75 (1H) 3.17 (1H) 2.69 (1H)
Integral 3.0 0.52 1.0 0.53
Value
Calculated (1-0.52)x100 = (1-1)x100 = (1-0.53)x100 =
ratio 48 % 0% 47 %

Scheme 13: Evidence for enone intermediate and catalytic deuteration studies
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NiBr, (5 mol%)
Phen (6 mol%)

0 D. D
)J\/ + ><
Ph Ph OH

1a

t-BuOK (1.0 equiv.)

Nickel-Catalyzed Synthesis of Branched gem-Bis(alkyl) Ketones

o)

H./D 42%
Ph
D/H, Ph

2a-d2 toluene, 140 °C, 36 h 58%
(0.1 mmol) (0.15 mmol) 60% yield Ho/D 28%
3-d3
|
| ;
BT 5 - __ [ A L

3.07

T T
6.5 55 5.0 4.5
f1 (ppm)

. | fn
L T
- R, 1 W
E g
SRE - & L BT
38 37 3.22 270 2.64
1 (ppm) f1 (ppm) f1 (ppm)
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0721

T
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3.07-1

T T T T T
6.0 5.5 5.0 4.5
f1 (ppm)

T
4.0

T T
3.5 3.0 2.5 2.0

T
0.5 0.0

Conversion was calculated by 'H-NMR integration value

Deuterium Deuterium Deuterium
incorporation in incorporation in incorporation in
Ha Position Hbp Position H. Position
Signal 0 1.2 [d, CHs, 3.75 (1H) 3.17 (1H) 2.69 (1H)
ppm (3H)]
Integral 3.0 0.58 0.42 0.72
Value
Calculated (1- (1-0.42)x100 = (1-0.72)x100 =
ratio 0.58)x100=42 % 58 % 28%

Scheme 14: Deuterium incorporation and control experiments
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Conversion was calculated by '"H-NMR integration value
Deuterium Deuterium Deuterium
incorporation in | incorporation in | incorporation in
Ha Position Hp Position Hc Position
Signal 1.2 [d,CH3, (3H)] 3.75 (1H) 3.17 (1H) 2.69 (1H)
Integral 3.0 0.80 0.76 1.0
Value
Calculated (1-0.80)x100 = | (1-0.76)x100 = (1-1)x100 =
ratio 20% 24% 0%

Scheme 15: Competitive and parallel experiments
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Conversion was calculated by 'H-NMR integration value

Deuterium Deuterium Deuterium
incorporation in | incorporationin | incorporation in
Ha Position Hbp Position H. Position
Signal 6 ppm | 1.2 [d, CH3, (3H)] 3.75 (1H) 3.17 (1H) 2.69 (1H)
Integral 3.0 0.93 0.99 1.0
Value
Calculated (1-0.93)x100 = | (1-0.99)x100 = (1-1)x100 =
ratio 7% 1% 0%

Scheme 16: Experiments with deuterated benzyl alcohol
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o
o NiBr, (5 mol%) H./D 55%
Phen (6 mol%
Ph)g( * Ph” OoH O mot%) Ph

DO D t-BuOK (1.0 equiv.) 38% D/H Ph

° b
1a-d2 2a toluene,140 °C, 36 h HJ/D 30%

44 % yield

0.1 mmol 0.15 mmol °Y 3-d3'
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6.0 5.5 5.0 4.5
f1 (ppm)
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Conversion was calculated by 'H-NMR integration value

Deuterium Deuterium Deuterium
incorporation in | incorporation in | incorporation in
Ha Position Hy Position H. Position
Signal 6 ppm 7.54 [m, p-Ar-H, 3.75 (1H) 3.17 (1H) 2.69 (1H)
(1H)]
Integral 1.0 0.45 0.62 0.70
Value
Calculated (1-0.45)x100 = | (1-0.62)x100= | (1-0.70)x100 =
ratio 55% 38% 30%

Scheme 17: Experiments with deuterated acetophenone and benzyl alcohol

Reaction with 1a-d2 with benzylalcohol 2a also resulted the formation of 3-d3’ in 44% yield
with variable deuterium incorporation at C-2 and C-3 position of 3 (Scheme 17). These
deuterated experimental observations strongly support our findings and are in agreement with

the literature report of D/H exchange following hydrogen auto-transfer strategy. It is
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noteworthy to mention that, alcohol acts as generic hydride source and nickel-hydride species

is the active catalytic intermediate for a-alkylation of methylene ketones.[15]

0
Ho’\©
o
2a NiBr; (5.0 mol%) O O

phen (6.0 mol%) 3 (38%)

t-BUOK (1.0 equiv.)

(0]
1a HO/\©\ toluene, 140 °C, 36 h
2b OMe O O oM
e

________________________________________________________ 4(97%)
o)
0 HOI\©\ NiBr; (5.0 mol%)
iBr, (5.0 mol%
a2 Cl bhen (6.0 mol%) 6 (33%) &
£-BUOK (1.0 equiv.)

3

1a Ho’\@\ toluene, 140 °C, 36 h
2b OMe

Competitive experiments. Reaction condition: “ Unless specified, the reaction was carried out with 1 (0.25 mmol),
2 (0.375 mmol (1:1), NiBrz (0.0125 mmol), phen (0.015 mmol), #-BuOK (0.25 mmol) in toluene (2.0 mL) at 140
°C for 36 h. » Conversion was calculated by GC-MS.

4 (61%) oM

Scheme 18: Competition reactions between 1a and benzyl alcohols of different electronics

In addition, to understand the electronic effects of different substrate motif, we performed two
competition experiments. A mixture of 4-methoxy benzyl alcohol 2b and methylene ketone 1a
were independently reacted with benzyl alcohol 2a and 4-chlorobenzyl alcohol 2d under
standard catalytic conditions. GC-MS analysis of the crude reaction mixture revealed that, o-

alkylation of methylene ketones occurred at higher rates for electron-rich substituent.

[4.4] Conclusions:

In conclusion, we have developed an operational simple and practical route for the synthesis of
branched gem-bis(alkyl) ketones using earth abundant non-precious Ni-catalyst. Readily
available renewable alcohols could be used for this a-alkylation of methylene ketones using
borrowing hydrogen approach. A range of aryl, and alkyl derivatives including pyridine
yielded the a-branched products in up to 95% yield. Green synthesis of C-2/C-3 substituted
quinolines and pyridines significantly broaden the scope of this methodology. A detailed
mechanistic studies involving isolation of a putative Ni-intermediate, defined Ni-H species as

well as intermediate Ni-alkoxy species were performed. Additionally, studies of substrate
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dependent electronic effect and a series of deuterium labelling experiments were found crucial

for a-alkylation of methylene ketones.
[4.5] Experimental details

[4.5.1] General Procedure for Ni-catalyzed alkylation with Ketones:
Procedure A:

In a 15 mL oven dried schlenk tube, propiophenone (0.25 mmol), -BuOK (0.25 mmol), NiBr»
(0.0125 mmol), phen (0.015 mmol), and alcohols (0.375 mmol, 1.5 equiv.) were added
followed by toluene (2.0 mL) under an atmosphere of N> and the reaction mixture was heated
at 140 °C for 36 h in closed system. The reaction mixture was cooled to room temperature and
3.0 mL of ethyl acetate was added and concentrated in vacuo. The residue was purified by
column chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford
the pure product.

Procedure B:

In a 15 mL oven dried schlenk tube, propiophenone (0.25 mmol), +-BuOK (0.5 mmol), NiBr»
(0.01875 mmol), phen (0.0225 mmol), and alcohols (0.375 mmol, 1.5 equiv.) were added
followed by toluene (2.0 mL) under an atmosphere of N> and the reaction mixture was heated
at 140 °C for 36 h in closed system. The reaction mixture was cooled to room temperature and
3.0 mL of ethyl acetate was added and concentrated in vacuo. The residue was purified by
column chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford
the pure product.

Procedure C:

In a 15 mL oven dried schlenk tube, propiophenone (0.25 mmol), +-BuOK (0.625 mmol), NiBr
(0.0125 mmol), phen (0.015 mmol) were added followed by alcohols (1.0 mL) under an
atmosphere of N2 and the reaction mixture was refluxed at 140 °C for 36 h in closed system.
The reaction mixture was cooled to room temperature and 3.0 mL of ethyl acetate was added
and concentrated in vacuo. The residue was purified by column chromatography using a
gradient of hexane and ethyl acetate (eluent system) to afford the pure product.

Procedure D:

In a 15 mL oven dried schlenk tube, propiophenone (0.25 mmol), +~-BuOK (0.0625 mmol),
NiBr2 (0.0125 mmol), phen (0.015 mmol), and alcohols (0.3125 mmol, 1.25 equiv.) were
added followed by toluene (2.0 mL) under an atmosphere of N> and the reaction mixture was

heated at 140 °C for 36 h in a closed system. The reaction mixture was cooled to room
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temperature and 3.0 mL of ethyl acetate was added and concentrated in vacuo. The residue was
purified by column chromatography using a gradient of hexane and ethyl acetate (eluent
system) to afford the pure product.

Procedure E:

In a 15 mL oven dried schlenk tube, propiophenone (0.25 mmol), -BuOK (0.25 mmol), NiBr»
(0.0125 mmol), phen (0.015 mmol), and alcohols (0.3125 mmol, 1.25 equiv.) were added
followed by toluene (2.0 mL) under an atmosphere of N> and the reaction mixture was heated
at 140 °C for 36 h in closed system. The reaction mixture was cooled to room temperature and
3.0 mL of ethyl acetate was added and concentrated in vacuo. The residue was purified by
column chromatography using a gradient of hexane and ethyl acetate (eluent system) to afford
the pure product.

Synthesis of [NiBr2(1,10-phen)] complex:

</ ; 2/ \>
/ Y+ NiBreH,o _ EOH  _ Aey =
<_N; 2N¥>

Ni
rt, 6 h. Br” \B

Cat. A
Pale green solid

r

1.0 mmol 1.0 mmol

A solution of phen (124 mg, 0.69 mmol) in EtOH (2 mL) was added to a solution of
NiBr2¢6H>0O (152 mg, 0.69 mmol) in EtOH (2 mL) at rt. After stirring for 6 h, a pale green
precipitate formed and was filtered off, washed with EtOH (3x3 mL), and dried in vacuo to
afford Cat. A as a pale green solid.[14]

Characterization of Cat.A: Chemical Formula: C12HgBr2N2Ni; Elemental Analysis calculated
(%): C, 36.15; H, 2.02; Br, 40.08; N, 7.03; Ni, 14.72; Found (%): C, 35.57; H, 2.66; N, 6.91.

[4.5.2] Analytical Data:
2-Methyl-1,3-diphenylpropan-1-one (3) [17]:

5 Following the general procedure A, the title product was obtained as a
colourless 0il (92% yield); '"H NMR (400 MHz, CDCl3) 6 7.92 (dd, J = 8.7,
1.4 Hz, 2H), 7.56 —=7.52 (m, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.28 — 7.21 (m,
2H), 7.19 - 7.13 (m, 3H), 3.75 (dq, J = 13.9, 7.0 Hz, 1H), 3.17 (dd, J = 14.0, 6.5 Hz, 1H), 2.69
(dd, J = 14.0, 8.0 Hz, 1H), 1.20 (d, J = 7.1 Hz, 3H). '*C NMR (100 MHz, CDCl3) 6 203.85,
140.04, 136.52, 133.02, 129.18, 128.73, 128.47, 128.37, 126.29, 42.84, 39.44, 17.49.
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3-(4-Methoxyphenyl)-2-methyl-1-phenylpropan-1-one (4) [18]:

o Following the general procedure A, the title product was obtained as a
OM colourless oil (72% yield); "H NMR (400 MHz, (100 MHz, CDCl3) &
°| 7.91(d, J=7.3Hz, 2H), 7.53 (m, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.10 (d,
J =8.6 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 3.74 (s, 3H), 3.76-3.65 (m, 1H), 3.09 (dd, J = 13.8,
6.4 Hz, 1H), 2.62 (dd, J = 13.8, 7.7 Hz, 1H), 1.17 (d, J = 6.9 Hz, 3H). >*C NMR (100 MHz,
CDClz) ¢ 207.35, 154.11, 133.00, 132.06, 130.10, 128.70, 128.31, 113.86, 109.48, 55.29,
43.04, 38.58, 17.40.
3-(4-Fluorophenyl)-2-methyl-1-phenylpropan-1-one (5) [19]:

0 Following the general procedure A, the title product was obtained as a
F colourless oil (50% yield); 'H NMR (400 MHz, CDCl3) 6 7.97 — 7.84 (m,
2H), 7.53 (dd, J = 10.8, 4.4 Hz, 1H), 7.43 (t, J = 7.9 Hz, 2H), 7.13 (dd, J =
9.0, 5.6 Hz, 2H), 6.92 (t, J = 8.9 Hz, 2H), 3.77 — 3.64 (m, 1H), 3.12 (dd, J = 14.1, 7.0 Hz, 1H),
2.67 (dd, J = 14.0, 7.5 Hz, 1H), 1.19 (d, J = 7.1 Hz, 3H). 3*C NMR (100 MHz, CDCls) ¢
203.31, 161.42 (d, Jcr= 242.7 Hz), 136.72, 136.58, 133.29, 130.19 (d, Jcr= 8 Hz), 128.65,
128.18, 115.36 (d, Jc.r= 20.8 Hz), 40.14, 29.38, 17.38.

3-(4-Chlorophenyl)-2-methyl-1-phenylpropan-1-one (6):

= Following the general procedure A, the title product was obtained as a

colourless liquid (40% yield); '"H NMR (500 MHz, CDCl3) 6 7.92 (d, J =
Cl

8.7 Hz, 2H), 7.57 (t, J = 7.6 Hz, 1H), 7.47 (t, J = 8.3 Hz, 2H), 7.24 (d, J =
8.8 Hz, 2H), 7.15 (d, J = 8.9 Hz, 2H), 3.81 — 3.70 (m, 1H), 3.17 (dd, J = 14.4, 7.2 Hz, 1H),
271 (dd, J = 144, 7.6 Hz, 1H), 1.23 (d, J = 7.6 Hz, 3H). 3C NMR (125 MHz, CDCl3) ¢
203.29, 138.44, 132.99, 132.02, 130.40, 128.66, 128.57, 128.47, 128.22, 42.67, 38.64, 17.57.
Elemental Analysis: Calculated C, 74.27; H, 5.84; Found C, 73.48; H, 5.51.

3-(4-Bromophenyl)-2-methyl-1-phenylpropan-1-one (7) [18]:

Following the general procedure A, the title product was obtained as a

(0]

colourless oil (42% yield); 'TH NMR (500 MHz, CDCls) § 7.95 (dd, J =
Br

8.6, 1.4 Hz, 2H), 7.61 —7.56 (m, 1H), 7.49 (t, /] =7.9 Hz, 2H), 7.38 (d, J =
5.9 Hz, 2H), 7.15 (d, J = 5.5 Hz, 2H), 3.81 — 3.70 (m, 1H), 3.16 (dd, J = 14.1, 6.7 Hz, 1H),
2.69 (dd, J=14.0, 7.8 Hz, 1H), 1.23 (d, J = 7.1 Hz, 3H). GC-MS (El) m/z = 302.1

2-benzyl-1-phenylpentan-1-one (8):

Following the general procedure A, the title product was obtained as a
colourless oil (72% yield); 'H NMR (400 MHz, CDCl3) 6 7.86 — 7.84 (m,
2H), 7.52 - 7.49 (m, 1H), 7.41 (t, J = 7.6 Hz, 2H), 7.24 — 7.14 (m, 5H), 3.76

%o
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—3.70 (m, 1H), 3.10 (dd, J = 13.5, 7.7 Hz, 1H), 2.77 (dd, J = 13.6, 6.5 Hz, 1H), 1.76 (m, 1H),
1.52 (m, 1H), 1.31 — 1.25 (m, 2H), 0.85 (t, J = 7.3 Hz, 3H). 3C NMR (100 MHz, CDCl3) &
204.14, 140.12, 137.62, 132.90, 129.09, 128.63, 128.43, 128.21, 126.20, 48.24, 38.32, 34.68,
20.69, 14.29. Elemental Analysis: Calculated C, 85.67; H, 7.99; Found C, 84.98; H, 7.51
2-(4-Ethylbenzyl)-1-phenylpentan-1-one (9):

Following the general procedure A, the title product was obtained as a

colourless liquid (74% yield); 'TH NMR (400 MHz, CDCls) 6 7.84 (dd, J

=5.2, 3.4 Hz, 2H), 7.52 — 7.48 (m, 1H), 7.39(dd, J = 10.5, 4.7 Hz, 2H),
7.08 — 7.03 (m, 4H), 3.73 — 3.68 (m, 1H), 3.06 (dd, J = 13.7, 7.5 Hz, 1H), 2.72 (dd, J = 13.7,
6.6 Hz, 1H), 2.59 — 2.53 (m, 2H), 1.79 — 1.72 (m, 1H), 1.55 — 1.46 (m, 1H), 1.32 - 1.22 (m,
2H), 1.19 — 1.14 (m, 3H), 0.84 (t, J = 7.3 Hz, 3H). '*C NMR (100 MHz, CDCIs) § 204.19,
142.07, 137.69, 137.24, 132.80, 129.00, 128.59, 128.31, 127.90, 48.30, 37.89, 34.57, 28.47,

20.68, 15.64, 14.27. Elemental Analysis: Calculated C, 85.67; H, 8.63; Found C, 86.08; H,
7.81.

2-(4-Methoxybenzyl)-1-phenylpentan-1-one (10):

Following the general procedure A, the title product was obtained as a
O/ colourless oil (71% yield); '"H NMR (400 MHz, CDCls) 6 7.85 (dd, J =

8.2, 1.1 Hz, 2H), 7.51 — 7.48 (m, 1H), 7.43 —7.41 (m, 2H), 7.08 (d, J =
8.6 Hz, 2H), 6.76 (d, J = 8.7 Hz, 2H), 3.74 (s, 3H), 3.72 — 3.66 (m, 1H), 3.04 (dd, J = 13.7, 7.7
Hz, 1H), 2.71 (dd, J = 13.7, 6.4 Hz, 1H), 1.77 — 1.75 (m, 1H), 1.56 — 1.46 (m, 1H), 1.34 — 1.22
(m, 2H), 0.85 (t, J = 7.3 Hz, 3H). °*C NMR (100 MHz, CDCls) ¢ 204.31, 158.01, 137.68,

132.87, 132.15, 130.02, 128.63, 128.27, 113.84, 55.29, 48.47, 37.47, 34.63, 20.71, 14.31.
Elemental Analysis: Calculated C, 80.82; H, 7.85; Found C, 79.99; H, 7.52.

2-benzyl-1,3-diphenylpropan-1-one (11) [17]:

Following the general procedure A, the title product was obtained as a

(e}

colourless oil (95% yield); 'H NMR (400 MHz, CDCl3) § 7.72 (d, J = 8.2
Ph

Hz, 2H), 7.45 (t, J =7.5 Hz, 1H), 7.34 — 7.30 (m, 2H), 7.22 (dd, /= 15.4, 7.1
Hz, 4H), 7.19 — 7.11 (m, 6H), 4.05 — 3.98 (m, 1H), 3.13 (dd, J = 14.2, 8.1 Hz, 2H), 2.80 (dd, J
= 14.1, 6.5 Hz, 2H). *C NMR (100 MHz, CDCI3) J 203.46, 139.59, 137.45, 132.88, 129.11,
128.53, 128.50, 128.19, 126.36, 50.57, 38.30.
2-Benzyl-3-(4-methoxyphenyl)-1-phenylpropan-1-one (12) [17]:

o) Following the general procedure A, the title product was obtained as a

colourless oil (76% yield); 'H NMR (400 MHz, CDCl3) 6 7.71 (d, J =
Ph OMe

7.5 Hz, 2H), 7.45 (t, J = 7.4 Hz, 1H), 7.32 (t, J = 7.7 Hz, 2H), 7.21 —
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7.18 (m, 2H), 7.13 — 7.10 (m, 3H), 7.04 (d, J = 8.6 Hz, 2H), 6.74 (d, J = 8.6 Hz, 2H), 4.00 —
3.93 (m, 1H), 3.73 (s, 3H), 3.12 — 3.03 (m, 2H), 2.80 — 2.71 (m, 2H). 3C NMR (100 MHz,
CDCl3) ¢ 203.60, 158.11, 139.68, 137.50, 132.82, 131.60, 130.05, 129.08, 128.51, 128.46,
128.18, 126.29, 113.89, 55.29, 50.80, 38.21, 37.45.
2-Benzyl-1-phenyl-3-(pyridin-2-yl)propan-1-one (13):

5 Following the general procedure A, the title product was obtained as a pale
3| yellow oil (71% yield); 'H NMR (400 MHz, CDCl3) 6 8.37 (d, J = 4.0 Hz,
1H), 7.77 (dd, J = 8.1, 0.9 Hz, 2H), 7.40 — 7.36 (m, 2H), 7.27 (t, J = 7.6 Hz,
2H), 7.14 — 6.96 (m, 6H), 6.94 (dd, J = 6.9, 5.2 Hz, 1H), 4.43 — 4.36 (m, 1H), 3.23 (dd, J =
14.1, 8.5 Hz, 1H), 3.08 (dd, J = 13.6, 7.6 Hz, 1H), 2.90 (dd, J = 14.1, 5.8 Hz, 1H), 2.74 (dd, J =
13.6, 6.6 Hz, 1H). >*C NMR (100 MHz, CDCls) 6 203.58, 159.38, 149.34, 139.31, 137.36,
136.25, 136.23, 132.76, 129.18, 128.45, 128.42, 126.34, 123.99, 121.32, 47.98, 40.20, 38.53.
HRMS (ESI): Calculated for [C2:H20NO]* 302.1539; Found 302.1547.
3-(Benzold][1,3]dioxol-5-yl)-2-benzyl-1-phenylpropan-1-one (14):

0 Following the general procedure A, the title product was obtained as a
Z> colourless liquid (40% yield); "H NMR (400 MHz, CDCl3) 67.72 (d, J =
8.0 Hz, 2H), 7.46 (dd, J = 11.9, 4.4 Hz, 1H), 7.34 (t, J = 7.9 Hz, 2H),
7.25 —7.18 (m, 2H), 7.14 — 7.10 (m, 3H), 6.65 — 6.57 (m, 3H), 5.86 (dd, J = 3.3, 1.5 Hz, 2H),
3.98 —3.91 (m, 1H), 3.12 — 3.01 (m, 2H), 2.80 — 2.68 (m, 2H). 1*C NMR (100 MHz, CDCI3) ¢
203.40, 147.61, 145.99, 139.54, 137.44, 133.34, 132.89, 129.08, 128.55, 128.50, 128.18,
126.36, 122.09, 109.46, 108.24, 100.85, 50.79, 38.27, 37.95. Elemental Analysis: Calculated
C, 80.21; H, 5.85; Found C, 80.84; H, 6.50

2-Benzyl-1-(4-methoxyphenyl)-3-phenylpropan-1-one (15) [20]:

o Following the general procedure A, the title product was obtained as a
o colourless oil (78% yield); "H NMR (400 MHz, CDClz) § 7.73 d, J =
9.2 Hz, 2H), 7.43 — 7.37 (m, 1H), 7.23 — 7.19 (m, 4H), 7.13 (d, J = 7.7
Hz, SH), 6.80 (d, J = 9.1 Hz, 2H), 3.98 — 3.94 (m, 1H), 3.80 (s, 3H), 3.12 (dd, J = 14.2, 8.1 Hz,
2H), 2.79 (dd, J = 14.1, 6.5 Hz, 2H). '3C NMR (100 MHz, CDCls) § 201.76, 163.37, 139.79,
130.53, 130.45, 129.09, 128.46, 126.29, 113.70, 55.49, 50.06, 38.43.
2-Benzyl-1-(4-methoxyphenyl)-3-(p-tolyl)propan-1-one (16) [21]:

Following the general procedure A, the title product was obtained as a

(o]
colourless liquid (76% yield); 'H NMR (400 MHz, CDCl3) 6 7.73 (d, J
MeO Ph

= 8.9 Hz, 2H), 7.26 — 7.17 (m, 3H), 7.13 — 7.10 (m, 3H), 7.01 (d, J =
3.0 Hz, 3H), 6.80 (d, J = 8.9 Hz, 2H), 3.98 — 3.89 (m, 1H), 3.80 (s, 3H), 3.10 — 3.04 (m, 2H),
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2.79 — 2.72 (m, 2H), 2.25 (s, 3H). >*C NMR (100 MHz, CDCls) 6 201.79, 163.33, 139.88,

136.63, 135.71, 130.53, 130.45, 129.08, 128.95, 128.41, 127.69, 126.21, 113.69, 55.50, 50.09,

38.26, 37.95, 21.13.

1,2,3-Triphenylpropan-1-one (17) [17]:

Following the general procedure A, the title product was obtained as a
colourless solid (43% yield); 'H NMR (400 MHz, CDCls) § 7.89 (dd, J =

J R0 8.3, 1.2 Hz, 2H), 7.44 — 7.42 (m, 1H), 7.33 (dd, J = 8.0, 7.3 Hz, 2H), 7.25 —

7.21 (m, 4H), 7.20 — 7.17 (m, 3H), 7.14 — 7.12 (m, 1H), 7.08 — 7.06 (m, 2H), 4.80 (t, J = 7.3

Hz, 1H), 3.56 (dd, J = 13.7, 7.5 Hz, 1H), 3.06 (dd, J = 13.7, 7.0 Hz, 1H). *C NMR (100 MHz,

CDClI3) ¢ 199.32, 139.86, 139.17, 136.84, 132.91, 129.21, 128.97, 128.81, 128.54, 128.37,

128.30, 127.22, 126.19, 55.96, 40.20.

2-Benzyl-1,3-diphenylbutan-1-one (18):

Following the general procedure A, the title product was obtained as a

(o}

colourless liquid (87% yield); '"H NMR (400 MHz, CDCl3) § 7.92 (d, J = 7.2
Ph

Hz, 2H), 7.55 — 7.52 (m, 1H), 7.43 (t, J = 7.6 Hz, 3H), 7.31 — 7.25 (m, 6H),
7.20 — 7.12 (m, 3H), 3.54 — 3.46 (m, 1H), 3.32 — 3.11 (m, 3H), 1.33 (d, J = 6.9 Hz, 3H). I°C
NMR (100 MHz, CDClz) ¢ 199.16, 146.66, 137.31, 133.07, 129.09, 128.63, 128.61, 128.47,
128.23, 128.08, 128.05, 126.93, 126.35, 47.11, 35.66, 29.76, 21.93. Elemental Analysis:
Calculated C, 87.86; H, 7.05; O, 5.09; Found C, 79.68; H, 7.01.

3-Methyl-2-phenylquinoline (19) [20]:

Following the general procedure E, the title product was obtained as a pale

| Nt yellow oil (76% yield); "H NMR (400 MHz, CDCl3) ¢ 8.13 (d, J = 8.5 Hz,
O 1H), 8.01 (s, 1H), 7.77 (dd, J = 8.1, 0.6 Hz, 1H), 7.65 (ddd, J = 8.4, 6.9, 1.4
Hz, 1H), 7.60 — 7.58 (m, 2H), 7.53 — 7.41 (m, 4H), 2.46 (s, 3H). *C NMR (100 MHz, CDCls) §
160.63, 146.74, 140.99, 136.78, 129.45, 129.30, 128.94, 128.81, 128.39, 128.26, 127.69,
126.78, 126.48, 20.69.

2-Phenyl-3-propylquinoline (20) [26]:

Following the general procedure E, the title product was obtained as a pale

O | N\/ yellow oil (69% yield); 'H NMR (400 MHz, CDCls) 6 8.13 (d, J = 8.4 Hz,
1H), 8.02 (s, 1H), 7.79 (d, J = 7.9 Hz, 1H), 7.68 — 7.63 (m, 1H), 7.54 (dd, J

= 8.2, 1.2 Hz, 2H), 7.51 — 7.41 (m, 4H), 2.77 — 2.73 (m, 2H), 1.57 (dd, J = 15.2, 7.6 Hz, 2H),

0.86 (t, J = 7.3 Hz, 3H). *C NMR (100 MHz, CDCls) § 160.86, 146.49, 141.10, 135.84,

133.91, 129.38, 128.84, 128.36, 128.13, 127.71, 127.00, 126.45, 126.40, 35.00, 23.77, 13.98.
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3-Benzyl-2-phenylquinoline (21) [27]:

S O Following the general procedure E, the title product was obtained as a pale
O N” yellow oil (54% yield); 'TH NMR (400 MHz, CDCl3) 6 8.13 (d, J = 8.7 Hz,
1H), 7.91 (s, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.67 (ddd, J = 8.6, 7.0, 1.6 Hz,
1H), 7.54 — 7.38 (m, 4H), 7.31 — 7.14 (m, 5H), 7.03 — 6.92 (m, 2H), 4.12 (s, 2H). *C NMR
(100 MHz, CDCl3) 0 136.96, 132.40, 129.31, 129.06, 128.90, 128.77, 128.74, 128.67, 128.39,
128.37, 128.34, 128.18, 128.07, 128.03, 126.92, 126.37, 126.15, 29.58.
2,3-Diphenylquinoline (22) [26]:

. Following the general procedure E, the title product was obtained as a pale
O | N/ yellow oil (42% yield); '"H NMR (400 MHz, CDCls) ¢ 8.21 (d, J = 8.4 Hz,

1H), 8.17 (s, 1H), 7.86 (dd, J = 8.0, 0.6 Hz, 1H), 7.73 (ddd, J = 8.3, 6.9, 1.4
Hz, 1H), 7.58 — 7.54 (m, 1H), 7.47 — 7.43 (m, 2H), 7.33 — 7.27 (m, 6H), 7.25 (dd, J = 4.3, 3.5
Hz, 2H). C NMR (100 MHz, CDCls) 6 158.51, 147.41, 140.53, 140.09, 137.71, 137.60,
134.64, 130.12, 129.85, 129.58, 129.49, 128.32, 128.09, 128.02, 127.63, 127.26, 126.81.
3-Methyl-2-phenylpyridine (23) [28]:

Following the general procedure E, the title product was obtained as a pale yellow

» . oil (51% yield); 'H NMR (500 MHz, CDCl3) 6 8.54 (d, J = 3.9 Hz, 1H), 7.87 (d, J =
8.8 Hz, 2H), 7.61 (d, J = 7.7 Hz, 2H), 7.21 (dd, J = 7.7, 4.8 Hz, 2H), 7.03 (d, J = 8.7

Hz, 1H), 2.38 (s, 3H). GC-MS (EI) m/z = 169.2

2-Phenyl-3-propylpyridine (24) [28]:

Following the general procedure E, the title product was obtained as a pale yellow

X

N”Ph oil (56% yield); "H NMR (500 MHz, CDCl3) J 8.54 ~ 8.51 (m, 1H), 7.89 — 7.85
(m, 2H), 7.54 = 7.45 (m, 3H), 7.24 (dd, J = 7.8, 4.8 Hz, 2H), 2.70 — 2.61 (m, 2H), 1.60 — 1.54
(m, 2H), 0.97 (t, J = 7.2 Hz, 3H). GC-MS (EI) m/z=197.2
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Figure 1b: '>*C NMR (CDCl3,400 MHz) spectrum of Compound 3
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Figure 2b: '3C NMR (CDCl3,400 MHz) spectrum of Compound 14
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Figure 3b: *C NMR (CDCls,400 MHz) spectrum of Compound 20
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ABSTRACT: Herein, we developed an efficient and selective nickel-
catalyzed monoalkylation of various primary alcohols with aryl and
heteroaryl amines together with diols and amino alcohol derivatives.
Notably, the catalytic protocol consisting of an earth-abundant and non-
precious NiBr,/L1 system enables the transformations in the presence of
hydroxyl, alkene, nitrile, and nitro functionalities. As a highlight, we have
demonstrated the alkylation of diamine, intramolecular cyclization to N-
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Broad substrate scope
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Functionalization of vitamin derivative
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heterocycles, and functionalization of complex vitamin E, an (+)-a-
tocopherol derivative. Preliminary mechanistic studies revealed the participation of a benzylic C—H bond in the rate-determining

step.

KEYWORDS: alcohols, nickel, borrowing-hydrogen catalysis, N-Alkylation, earth-abundant metal, amines

B INTRODUCTION

The development of new sustainable and atom-economical
synthetic methodologies that utilize renewable feedstocks and
convert them into key chemicals is a crucial challenge in
chemical research." From past decades, the borrowing-hydro-
gen or hydrogen-autotransfer (BH/HA) approach” represents a
promising alternative for tandem C—C and C—N bond
formations using readily available alcohols as coupling
partners.” Notably, the direct use of an alcohol generates
only water as a byproduct and avoids the use of multistep
production of hazardous alkylating agents.*

Amines are valuable targets in chemical transformations, are
ubiquitous in biologically active natural products, and are
extensively used in pharmaceuticals (Figure 1), agrochemicals,
ligands for catalysis, and material chemistry.” There are many
powerful classical processes and catalytic' protocols for the
synthesis of amines.” Notably, the vibrant catalytic protocols
reported in this area is evidence of the significant potential for
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Figure 1. Selected examples of important pharmaceuticals with
alkylated amine functionalities.
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C—N bond forming reactions.” The great demand for new
reactions that fully or partially use renewable resources in
combination with earth-abundant non-precious metals is highly
desirable.”**~°

In this direction, pioneering studies by the groups of
Watanabe and Grigg'"'* (Ru, Rh, and Ir catalysts) followed by
significant contributions by the groups of Saito,"’ Feringa and
Barta (Fe catalysts),"* Kempe'** (Co catalyst), Beller,"”" and
Milstein'>® (Mn pincer complexes) are worth mentioning.
More recently, Shi and co-workers reported the nickel-catalyzed
synthesis of diarylmethanes using benzyl alcohols in the
presence of Grignard reagents.'® The current surge is to
develop more exciting and challenging nickel-based method-
ologies. Toward this goal, inexpensive, high-natural-abundance
and low-toxicity nickel would serve as an ultimate sustainable
alternative to palladium."”

To date, the applications of nickel catalysts are often limited
to activated benzylic and phenolic substrates, such as
carbonates, carbamates, ethers, and esters as electrophilic
coupling partners (Scheme 1)."® The substantially poor leaving
ability and strong coordination properties of the hydroxyl group
make it an inferior substrate class toward nickel-catalyzed
transformations.'”

However, to the best of our knowledge, the application of
homogeneous nickel catalysts for amination of benzyl and alkyl
alcohols has remained elusive to date.”” Herein we disclose an
efficient Ni catalyst system which enables the amination of
primary alcohols with a variety of anilines and affords diversely
substituted functionalized secondary amine derivatives. The key
features of the optimized protocol include selective mono-
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Scheme 1. Various Approaches for C—N Bond Formation:
(a) Metal-Catalyzed N-Alkylation of Amines with Alcohols;
(b) Nickel-Catalyzed Amination Reactions with Activated
Derivatives; (c) Nickel-Catalyzed Amination of Alcohols

Previous methodologies

R
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Present work

R77YOH + HoN™ 2

alkylation of a variety of alcohols, diols, and amino alcohols
with anilines. Notably, intramolecular cyclization to N-hetero-
cycles and functionalization of complex vitamin derivatives are
of special interest.

B RESULTS AND DISCUSSION

Optimization of the Catalytic Protocol. The key
challenge in the direct amination of alcohols using a Ni catalyst
is to attain alcohol dehydrogenation and the ability of the in
situ formed Ni hydride species to carry out imine hydro-
genation. A recent report by Jones and co-workers for
dehydrogenation of alcohols and hydrogenation of carbonyl
compounds using nickel catalysts attracted our attention, and
we reasoned that it could be possible to explore the bifunctional
nature of a homogeneous Ni catalyst for direct C—N bond
formation.”'

To achieve this goal, we initiated our investigations with five
different nickel precatalysts having oxidation states of Ni(0)
and Ni(II), aniline (2a), and benzyl alcohol (1a) as the model
reaction of our choice. Notably, a combination of 10 mol % of
NiBr,, 20 mol % of 1,10-phenthroline (L1), and 0.25 mmol of
t-BuOK at 130 °C in toluene resulted in the formation of N-
benzyl aniline (3a) with 99% selectivity as determined by GC-
MS analysis of the crude reaction mixture (Table 1, entries 1—
5). Under identical conditions, a variety of nitrogen and
phosphine ligands L2—L1$ with variable electronic and steric
natures were tested and 15—76% of 3a was obtained along with
the corresponding imine (21—73%) (Table 2 and Table S3 in
the Supporting Information). We anticipated that generation of
an inadequate amount of nickel hydride species is the key issue
for insufficient imine reduction. However, the use of various
polar solvents, such as i-PrOH, »n-BuOH, EtOH, N,N-
dimethylacetamide (DMA), and N,N-dimethylformamide
(DMF), as well as replacement of toluene with xylene and
1,4-dioxane did not improve the product yield and we observed
fast deactivation of the catalytic system (Table S4 in the
Supporting Information). In addition, different organic and
inorganic bases were found to be inefficient for the alkylation of
aniline (Table S2 in the Supporting Information). As usual,
product conversion was suppressed significantly when a smaller
amount of base was used (Table 1, entries 7 and 8). No
amination was observed in the absence of catalyst, whereas a
control experiment in the absence of ligand and reduced
catalyst loading resulted in poor product conversion (Table 1,
entries 10—13).
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Table 1. Optimization Studles for Nickel-Catalyzed N-

Alkylation of 1a with 22"
Cat.(X mol%) /@ /@

O” ne o

2a 3a 3a’'

L1 Y mol%)

t BuOK
toluene, 130 °C, 48 h

o

conversion (%)

entry catalyst 3a 3a’
1 NiBr, 99 (96) 0
2 NiCl, 87 13
3 Ni(acac), 81 19
4 Ni(cod), 83 17
s NiClL,-DME 35 55
6 NiBr, 49 40
79 NiBr, 65 35
8¢ NiBr, 40 60
9 NiBr, 0 0
108 NiBr, 31 51
11" NiBr, 79 5
12° NiBr, 70 26
13 0 0

“Unless specified otherwise, the reaction was carried out with 1a (1.0
mmol), 2a (0.25 mmol), Ni cat. (0.025 mmol), L1 (0.05S mmol), and ¢-
BuOK (0.25 mmol) under an N, atmosphere at 130 °C (oil bath) in
toluene (2.0 mL) for 48 h in a Schlenk tube. “Conversion was
determined by GC-MS (isolated yield in parentheses, avetage yield of
two runs). “Reaction was performed for 36 h at 120 °C. %0.187 mmol
of base was used. “0. 125 mmol of base was used. "No base was used.
#No ligand was used. "Ni cat. (0.0125 mmol) and L1 (0.025 mmol)
were used. ‘Ni cat. (0.00625 mmol) and L1 (0.0125 mmol) were used.

It is worth mentioning that no product formation was
detected when the reaction was performed in the absence of
base (Table 1, entry 9)."” We envisioned that the base plays a
key role in the activation of nickel precatalysts via
dehalogenation of the halide ion followed by substitution
with the incoming alcohol resulting in the formation of an
alkoxy nickel species.”’ Further f-hydride elimination of the
preformed alkoxy nickel species in the presence of base leads to
the formation of a carbonyl compound and generates the active
nickel hydride responsible for imine reduction.'*"

N-Alkylation of Aniline Derivatives with Benzyl
Alcohol. Further, to demonstrate the general applicability of
the optimized novel catalytic system, a variety of substituted
aniline derivatives were tested for the selective monoalkylation
using benzyl alcohol la (Table 3). We observed that
functionalities such as methoxy, methyl, and n-butyl as well
as halide substituents on the aryl ring of aniline are well
tolerated and furnished a 49—88% yield of selective
monoalkylated anilines irrespective of their electronic proper-
ties (Table 3, 3b—e,i). It should be noted that sterically
hindered o-methoxy- and o-trifluoromethylaniline transformed
efficiently into the desired secondary amines (Table 3, 3fh).
Importantly, the pharmaceutically active trifluoromethyl- and
1,4-dioxalone-substituted anilines gave the corresponding
products with excellent isolated yields, 77 and 86%, respectively
(Table 3, 3gk). To our delight, anilines substituted with
reducible functionalities are well tolerated and furnished 60 and
32% vyields of 3Lm, respectively (Table 3). Under identical
conditions the application of aniline derivatives having ester,
amide, carbonyl, epoxide, and alkyne functionalities was not
successful (see Scheme S2 in the Supporting Information). The
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Table 2. ngand Screening for Nickel-Catalyzed N-Alkylation

of 1a with 2a®?

NiBr, (10 mol%
L1-L15 (20 mol%)

—,
t-BuOK ©/\
toluene, 130 °C, 48 h

J A 7\ / \
_N N= =N
(99%) 2 (15%) L3 (68%)

/l:/\ N ©

9
L4 (24%) 5 (25%] \©
©\ Q L6 (48%)
Fl’h
pe e
Ph
L7 (42%) L8 (76%) L9 (18%)
Ph
Ph.  ~_~p-Ph ! Ph~_~_~p-Ph
FI’ FI’ Ph\P/\/\/P\Ph I';’ FI’
Ph Ph Ih Ph Ph
L10 (45%) L11 (52%) L12 (34%)
L) & i
Fe
Y (o] PPh,
PPh; PPh; PPh, PPh,
L13 (70%) L14 (51%) L15 (34%)

“The reaction was carried out with 1a (1.0 mmol), 2a (0.25 mmol), Ni
cat. (0.025 mmol), ligand (0.05 mmol), and base (0.25 mmol) under
an N, atmosphere at 130 °C in toluene (2.0 mL) for 48 h.
bConversion was determined by GC-MS.

Table 3. Scope of Amines: Synthesis of N-Benzyl Aryl Amine
Derivatives”

NiBr; (10 mol%)

/O _ L1@omol%)
H,N t-BuOK

2b-2m toluene, 130 °C, 48 h

g g
o™ e e
b (71 %) 3c (49 %) 3d: X = Cl (52 %)

@fQ i m@

60 %) 39 (77 %)

Cri

T

3h (44 %)

N
SN ©”
3i (88 %) 86 %) 3k (86 %)
ol Q
H
31 (60 %) 3m (32 %)

“The reaction was carried out with 1a (1.0 mmol), 2 (0.25 mmol),
NiBr, (0.025 mmol), L1 (0.05 mmol), and +BuOK (0.25 mmol) at
130 °C in toluene (2.0 mL) for 48 h.

catalytic protocol is highly selective for monoalkylation;
however, we did not observe any desired product in the case
of secondary amine derivatives (see Scheme S2).
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N-Alkylation of Aniline with Various Benzyl Alcohols.
Inspired by the excellent catalytic activity of anilines with
benzyl alcohol, next we studied the reactivity profile and scope
of various benzyl alcohols with aniline (Table 4). Benzyl

Table 4. Scope of Alcohols: Synthesis of N-Benzyl Aniline

Derivatives”
N\, N /©
A“NOH 4 @ AN
d H,N H

NiBr, (10 mol%)
L1 (20 mol%)

t-BuOK
1b-1j 2a toluene, 130 °C, 48 h Aa-di
\(©4:;4 %) 4b (72 %) 4c (57 %)

ﬁ”g @fg @Q

d (77 %) e (81 %) 4f (47%)
4g (72%) 4h (96%) 4i (51%)

“The reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol),
NiBr, (0.025 mmol), L1 (0.05 mmol), and +-BuOK (0.25 mmol) at
130 °C in toluene (2.0 mL) for 48 h.

alcohols bearing electron-rich and electron-withdrawing
functionalities as well as a fused ring system and an oxygen
heterocycle at the aryl ring efficiently transformed to the
corresponding monoalkylated aniline in 57—96% isolated yields
(Table 4, 4a—e,g—i). Advantageously, a sterically hindered o-
methyl-substituted benzyl alcohol furnished the N-alkylated
amine 4f (47%).

N-Alkylation Using Heteroaromatic Amines and
Alcohols. Gratifyingly, the application of substituted amino-
pyridine, quinoline, and sulfonamide derivatives gave efficient
alkylation with excellent chemoselectivity (Table 5, Sa—f).
Notably, alkylation of 2-pyridinemethanol with aniline and

Table S. Scope of Heteroaromatic Amines/Alcohols”

NiBr, (10 mol%)

PO Aty _L1@mot Ky A
- 4 +BuOK P
1 2n-2s toluene, 130 °C, 48 h 5a-5k

Pharmaceutically active drug molecules:

@O @rﬁ @f

5a (89 °/) 5b (81 %) (83 %)
| /
5d (86 %) e (84 %) 5f (71 %)

@”

5j: R = OMe (89%)
5k: R = CI (91%)

O LT
T @” i

5h: X = CI (72%)

59 (78%) 5i: X = Br (76%)

“The reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol),
NiBr, (0.025 mmol), L1 (0.05 mmol), and +BuOK (0.25 mmol) at

130 °C in toluene (2.0 mL) for 48 h.
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halide-substituted 2-aminopyridine delivered pharmaceutically
active products 5g—i in 72—78% yields, respectively. It is worth
mentioning that the catalytic protocol is highly chemoselective
and successfully transformed 2-aminopyridine into the
intermediates of bioactive drugs mepyramine (5j) and
chloropyramine (Sk), extensively used in antihistamine
activity.22

N-Alkylation of Alkyl Alcohols with Amines. Next we
explored the reactivity of more challenging alkyl alcohols with
aniline and 2-aminopyridine (Table 6). For instance, butanol,

Table 6. Scope of Aliphatic Alcohols”

NiBr, (20 mol%)

XZ |
X7 L1 (40 mol%
AN\, S | ¢ ) R/\N X
RTTOH N t-BuOK H
1 2a, 2n toluene, 130 °C, 48 h 6a-6i
6a (41% Bb (59%) 6c (69%
C Q JORIONNS
6d (76%) 6e (71%) 6f (68%)
X
Cas e p g e
| ) /N\/\N NZ
Ho/><‘N N H
H
69 (42%) 6h (53%) 6i (70%)

“The reaction was carried out with 1 (1.25 mmol), 2 (0.25 mmol),
NiBr, (0.05 mmol), L1 (0.1 mmol), and +-BuOK (0.25 mmol) at 130
°C in toluene (2.0 mL) for 48 h.

heptanol, octanol, and decanol efficiently converted to
monosubstituted aniline derivatives 6a—d in 41—-76% isolated
yields. It should be noted that the renewable terpenoid
intermediate citronellol readily alkylated to 6e under the
optimized reaction conditions. Importantly, this is a rare
example of the chemoselective transformation of an unsatu-
rated alcohol under a Ni-catalyzed protocol, which is otherwise
impossible under noble-metal catalysis.'”” The remarkable
activity of functionalized alcohols such as 2,2-dimethyl-1,3-
propanediol, butane-1,4-diol, hexane-1,6-diol, and N,N-dimeth-
yl ethanol selectively furnished valuable amino alcohols 6f—i in
42—70% yields (Table 6). Unfortunately, under identical
conditions the application of methanol did not result in any
desired product.

Alkylation of Diamines. Further, we were interested in
exploring the activity of pyridine-2,6-diamine and benzene-1,4-
diamine with aryl as well as heteroaryl alcohols. To our delight,
the resulting multifunctional amines 7a—d are important
structural motifs used as ligands in catalysis and in materials
chemistry applications (Table 7 and Scheme S1 in the
Supporting Information).”’

Synthesis of N-Heterocycles. To establish the synthetic
potential of the catalytic process, attempts at intramolecular
cyclization of substituted 2-(2-aminophenyl)ethanol derivatives
were carried out. We were pleased to witness an alternative
synthesis of indole derivatives via a tandem borrowing-
hydrogen/intramolecular cyclization (Scheme 2, 8a,b).”’

Functionalization of Vitamin Derivative. Next, the
synthetic application of the catalytic protocol again was
demonstrated using vitamin E, (&)-a-tocopherol, derivative
of 4-bromoaniline (2x) with benzyl alcohols. Gratifyingly, 73
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Table 7. Alkylation of Diamines”

= NiBr, (20 mol%)
O/\OH GNHQ L1 (40 mol%) b
X
=X * HNT X t+-BuOK | 1S N X
1 2t2u toluene, 130 °C, 60 h = 7a-7d
X X
| L
NTONTN STUNTNTNTYTS
H H N H HoON
7a (86%) (89%)

v AN C R v ey

7¢ (78%) 7d (69%)

“The reaction was carried out with 1 (2.0 mmol), 2 (0.25 mmol),
NiBr, (0.05 mmol), L1 (0.1 mmol), and -BuOK (0.50 mmol) at 130
°C in toluene (2.0 mL) for 60 h.

Scheme 2. Intramolecular Cyclization to Indole”

Me
R NiBr; (20 mol%)
o4 L1(0mol%) @j\> N\
t-BuOK ” H
NH, toluene, 130 °C, 48 h
2v-2w 8a (71 %) 8b (80 %)

“The reaction was carried out with 2 (0.3 mmol), NiBr, (0.06 mmol),
L1 (0.12 mmol), and t+-BuOK (0.3 mmol) at 130 °C in toluene (2.0
mL) for 48 h.

and 68% yields of secondary amines 9ab were respectively
obtained without affecting the parent tocopherol moiety
(Scheme 3).

Scheme 3. Functionalization of Complex Vitamin E
Derivative”

Standard conditions

OW

9a: R=H (73%)
9b: R = OMe (68%

“The reaction was carried out with 1 (1.0 mmol), 2 (0.25 mmol),
NiBr, (0.025 mmol), L1 (0.05 mmol), and +BuOK (0.25 mmol) at
130 °C in toluene (2.0 mL) for 60 h.

Notably, the catalytic system is tolerant to extensive
functional groups, such as halides, hydroxyl, trifluoromethyl,
1,4-dioaxlone, dimethylamino, pyridine, quinolone, and sulfo-
namide derivatives including the tocopherol moiety. Gratify-
ingly, the transformation proceeds in the presence of reducible
functionalities, including alkene, nitrile, and nitro substituent,
revealing the synthetic potential of the catalytic protocol.

Kinetic and Mechanistic Studies. After having established
the excellent catalytic activity of the homogeneous nickel
catalysts for amination of alcohols, we intended to study the
preliminary mechanistic investigation of the process. To the
best of our knowledge, to date no systematic mechanism is
known for Ni-catalyzed C—N bond formation using an alcohol
as an electrophilic coupling partner. Notably, we revealed that

DOI: 10.1021/acscatal.7b02817
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the proposed Ni-catalyzed amination of alcohol was a formal
multistep process, mainly a borrowing-hydrogen methodology,
as described in formal in situ NMR studies (Scheme S3 in the
Supporting Information). As further confirmation of the
putative Ni intermediate species, cat.la was readily prepared”*
and employed in catalytic as well as in stoichiometric amounts
in the reaction of 1a with 2a under optimized conditions and
gave 3a in good yields (Scheme 4a).

Scheme 4. Preliminary Mechanistic Studies”

4a. Stoichiometric and catalytic studies using defined catalyst ' | X
; -
1a  cat. 1a (100 mol%) Cat.1a(10mol%) 1a | N\ =
* = ja) e A _Ni—N
2a BUOK(10equiv) -  tBuOK(10equiv) 2a B A S

toluene, 130 °C,48 h
85% yield

toluene, 130 °C,48 h
89% yield

4b. Stoichiometric studies using Ni-H species

standard conditions
toluene-dg

3a
60% yield

+ Cat.1b-H
(100 mol%)

3a'

Cat. 1b-H

4c. Deuterium incorporation and reduction of imine with alcohols
standard conditions

1a * 3a' 3a + PhCHO
89% yield
e p /D H/D 32 H/H=23%
+ +  standard conditions 3a-d1 H/D =46%
P OH" o e oy 3a-d2 D/D =31%
1a-d2 overall yield 93% H
>46% D [1.00 : 2.00 : 1.35]
4d. Parallel and competitive reactions
o H/D. H/D 3a HH=7%
)4 A standard conditions Ph N,Ph 3a-d1 H/D=47%
Ph” NoH® 2a H 3a-d2 D/D =46%
- A
1a-d2 89% yield [1.00:6.71:6.57]
H H
Ph”” “OH standard conditions  H/D H/D 3agm W =56%
1a 81% yield X Ph 3a-d1 H/D = 35%
* o2 Ph”N” 3a-d2 D/D =7%
D D Kkennlkcon = 1.66 H
Ph OH [1.00:0.60:0.12]
1a-d2

“All mechanistic studies were carried out with 2 or 3a” (0.1 mmol) and
la and 1a-d2 (0.4 mmol).

Additionally, the preparation of the Ni hydride species
Cat.1a was not successful after several attempts using different
hydride donors at variable temperature.”’ The experimental
results suggest that the nickel hydride species is too unstable to
detect even in in situ NMR studies at —75 °C (Scheme S8 in
the Supporting Information). Further, in an attempt to prepare
the stable Ni hydride species using an electron-rich phosphine
ligand we chose tricyclohexylphosphine (L8) (Table 2). The
defined complex (Cy);PNiBr, and the Ni hydride species
(Cy);PNiBrH (Cat.1b-H) were readily prepared according to
the reported procedure,” and Cat.1b-H allowed reaction with
the imine 3a’ in a stoichiometric amount under standard
catalytic conditions. The desired product 3a was obtained in
60% vyield (Scheme 4b). This experimental findings are in
strong agreement with the participation of Ni—H species and a
Ni-catalyzed hydrogen-autotransfer strategy.

Again, in order to prove the nickel hydride species to be the
active catalytic intermediate and the alcohol as a generic
hydride source, the imine 3a’ was allowed to react with 1a and
la-d2 under the standard reaction conditions. The product
distribution analysis using "H NMR as well as HRMS revealed
the selective transformation of N-benzylaniline 3a-d1 along
with 3a and 3a-d2 and exhibited 46% incorporation of
deuterium at the benzylic position of 3a-d1 (Scheme 4c and
Scheme S3 in the Supporting Information).

8156

Gratifyingly, a small amount of deuterated benzaldehyde was
also detected by GC-MS analysis of the reaction mixture. All of
this deuterated experimental evidence is in agreement with the
literature observation of D/H exchange and the microreversible
transformation of the catalytic process (Scheme 4cd and
Schemes $4—S7 in the Supporting Information).”** Notably,
the hydride on the nickel species originated from the benzylic
proton of the alcohol during dehydrogenation to benzalde-
hyde.*

Further, kinetic isotope effect (KIE) studies were performed
to gain more insight into the reaction mechanism for the N-
alkylation of alcohols.”’* The intermolecular competition
reactions of la and la-d2 with 2a were studied under the
standard catalytic conditions, and the observed product ratio
gave kcyn/kepy = 1.66 on the basis of '"H NMR as well as
HRMS analysis. The experimental findings revealed the
participation of benzylic C—=H bond cleavage in the rate-
determining step (Scheme 4d and Schemes S4—S7 in the
Supporting Information).27d

B CONCLUSIONS

In summary, we have developed the nickel-catalyzed direct
application of various primary alcohols including diols and
amino alcohols for selective N-alkylation of anilines. The
catalytic protocol is tolerant to extensive functional groups and
enables catalytic transformations in the presence of hydroxyl,
alkene, nitrile, nitro, and trifluoromethyl functionalities in up to
96% vyield. As a special highlight, we have demonstrated the
synthetic potential of this protocol in the intramolecular
cyclization to indoles, alkylation of diamine, and functionaliza-
tion of a complex vitamin E derivative. Initial mechanistic
studies revealed the involvement of the benzylic C—H bond in
the rate-determining step. Mechanistic studies of the Ni-
catalyzed amination reactions are ongoing in our laboratory.
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A nitrogen-ligated nickel-catalyst enables selective
intermolecular cyclisation of - and y-amino
alcohols with ketones: access to five and six-
membered N-heterocyclest

Khushboo Singh,1 Mari Vellakkarani and Debasis Banerjee (= *

Owing to the great demand for the synthesis of N-heterocycles, development of new reactions that
utilise renewable resources and convert them into key chemicals using non-precious base metal-catalysts
is highly desirable. Herein, we demonstrated a sustainable Ni-catalysed dehydrogenative approach for the
synthesis of pyrroles, pyridines, and quinolines by the reaction of f- and y-amino alcohols with ketones
via C—N and C-C bond formations in a tandem fashion. A variety of aryl, hetero-aryl, and alkyl ketones
having free amine, halide, alkyl, alkoxy, alkene, activated benzyl, and pyridine moieties were converted
into synthetically interesting 2,3 and 2,3,5-substituted bicyclic as well as tricyclic N-heterocycles with up
to 90% yields. As a highlight, we demonstrated the synthesis of an interesting pyrrole derivative by inter-

rsc.li/greenchem

1. Introduction

The development of a sustainable and atom-economic techno-
logy that utilises environmentally benign and highly abundant
renewable resources for the production of key chemicals rep-
resents a crucial challenge in chemical research." In this
regard, readily available alcohols, derived from lignocellulose
biomass,” are an attractive and potential green feedstock for
dehydrogenative coupling using transition metal complexes.
Note that this dehydrogenative transformation of alcohols is
often limited to the formation of C-C and C-N bonds via a
hydrogen auto-transfer approach.’ However, application of
hydrogen transfer methodology for the construction of aro-
matic N-heterocycles employing N-H/C-H coupling in a
tandem fashion is scarcely reported.”

Pyrroles and their derivatives ‘are privileged structural
motifs that are used as intermediates in the synthesis of bio-
active natural products, drugs, and functional materials and as
ligands in catalysis.” Polypyrroles have significant applications
as conducting polymers in batteries, solar cell devices, and
material chemistry.” Despite several elegant methods for
pyrrole synthesis, poor substrate availability, stoichiometric
waste generation, and multi-step transformations are key
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molecular cyclisation of a steroid hormone with phenylalaninol.

issues.® Unfortunately, synthesis of pyrroles from easily avail-
able biomass-derived sustainable feedstock is a challenging
task and has rarely been explored. Notably, pyrrole derivatives
due to their substantial importance and aromatic heterocycles
that utilise fully or partially renewable resources are highly
desirable."”

However, in recent years, significant progress has been
made in pyrrole synthesis employing acceptorless dehydro-
genation of alcohols using precious metal catalysts mainly Ru-
and Ir-catalysts.®® Interestingly, in a recent study, Beller and
co-workers have studied Ru-catalysed multi-component syn-
thesis of substituted pyrroles using ketones, vicinal diols, and
amines (Scheme 1a and b).*”¢ More recently, Saito et al.
demonstrated Ru-catalysed process as an alternative synthesis
of pyrroles using ketones in combination with readily available
B-amino alcohols.®* However, apart from the conversion of
renewable resources, application of inexpensive and rare noble
metal catalysts is equally important for key catalytic transform-
ations.'™"" Processes that facilitate the synthesis of
N-heterocycles using a combination of both sustainable
technology and earth-abundant non-precious base metals (Fe,
Mn, Ni, and Co) are highly desirable. For instance, notable
contribution by the groups of Milstein,"* Kempe,"® Barta,"**
and others'® for the construction of pyrroles employing Co-,
Fe-, and Mn-complexes is worth mentioning.

The recent surge is to develop a sustainable and in-
expensive Ni-catalysed protocol for the construction of pyrroles
from readily available f-amino alcohols to avoid the use of
hazardous alkylating agents.® To date, nickel-catalysed pyrrole

This journal is © The Royal Society of Chemistry 2018
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(i) Prior art: N-substituted pyrroles

R3
on e
R1J\/\KR1 + R-NH, _ Co R‘\g (a)
OH
RS
OH o |
B8y N _R*

(ii) Present strategy:  1H-pyrroles, pyridines and quinolines

B-amino alcohols

W
- M,
y-amino alcohols
Scheme 1 (i) Metal-catalysed dehydrogenative coupling for pyrrole

synthesis. (ii) Nickel-catalysed sustainable synthesis of pyrroles, pyri-
dines, and quinolines.

synthesis is only limited to the annulation of azides with
alkynes/allenes or aryl aldehydes as well as to enone alkyne
reductive coupling."”

In general, strong binding and poor leaving ability of the
hydroxyl group limit its application in nickel-catalysed trans-
formations."® To overcome these limitations, recently, we have
established an efficient Ni-catalysed protocol for the first time
for the selective alkylation of amines and intra-molecular cycli-
sation to indole derivatives using 2-(2-aminophenyl)ethanol."”
The catalytic system is tolerant to hydroxyl and amino groups.
Thus, inspired by these promising results, we realised that
unprotected aliphatic amino alcohols could be used to con-
struct N-heterocycles. Therefore, we explored nickel-catalysed
direct pyrrole synthesis via a reaction of readily abundant
B-amino alcohols with ketones (Scheme 1c).

Based on our previous observations for acceptorless de-
hydrogenation of alcohols to aldehydes using nickel catalysts,
we anticipated that a-amino aldehyde could be formed in situ
from B-amino alcohol by a nickel catalyst, and sequential de-
hydration, alkylation, and base-catalysed condensation could
lead to the construction of substituted pyrroles in one pot
operation (Scheme 2). To our delight, herein, we established
the first base metal-catalysed reaction of B-amino alcohols
with ketones to substituted pyrroles in a tandem fashion via
C-C and C-N bond formations.

‘ R2 2

)\R2 )\ @ )R\ +-BuOK . N R?
T’ ~

. J\/OH )\/O H0 C-C coupling

Imine a-amino aldehyde dehydration

Scheme 2 Proposed mechanism for Ni-catalysed tandem synthesis of
pyrroles through selective C—C and C—N bond formation.

This journal is © The Royal Society of Chemistry 2018
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2 Results and discussion
2.1 Optimisation of the catalytic protocol

Notably, it is observed that f-amino alcohol is highly prone to
undergo self-condensation to substituted pyrazine and results
in lower product yield of pyrroles."> Hence, there is still a need
for more selective and improved catalytic protocol. However, to
explore the possibilities for pyrrole synthesis using nickel cata-
lysis, initially, we envisioned the following key challenges: (i)
selective control towards the reduced product 3a’, (ii) minimiz-
ation of the self-condensation of f-amino alcohol 1a to 2,5-
dimethyl-pyrazine, and (iii) catalytic selectivity to control the
base-catalysed self-condensation of ketones (Table 1 and ESI,
Schemes S4 and S67).

To achieve this goal, primarily, we investigated the model
reaction between 2-aminopropan-1-ol 1a and acetophenone 2a
using five different nickel pre-catalysts having the oxidation
state of Ni(0) and Ni(u) (Table 1, entries 1-5). However, a com-
bination of NiCl,/L1 resulted in only 30% selectivity of 3a
along with the reduced product 3a’ (Table 1, entry 1). Next,
influences of various phosphine and nitrogen ligands L2-L11
were tested (Table 2 and ESI, Table S27); however, best results
were obtained with 10 mol% NiCl,, 12 mol% bipyridine L7, 1
equiv. of +-BuOK, and toluene as an efficient solvent (Table 1,
entry 6). Additionally, different bases, solvents, and control
experiments were investigated, and no improvement in the

Table 1 Optimisation studies for nickel-catalysed pyrrole synthesis®?

NH, ),O\ Ni cat./ ligand N y
—_—
)\/OH N Ph base | ) Ph Ph
toluene, 130 °C, 36 h J

1a 2a 3a 3a
Conv. (%)
Entry Catalyst Ligand 3a 3a’
1 NiCl, L1 30 8
2 NiBr, L1 12 13
3 Ni(acac), L1 18 9
4 Ni(cod), L1 17 12
5 NiCl,-DME L1 25 0
6 NiCl, L7 72(64) 0
7¢ NiCl, L7 50 0
8¢ NiCl, L7 41 0
9 NiCl, L7 29 0
10/ NiCl, L7 54 0
118 NiCl, L7 42 0
12" NiCL, L7 0 0
13’ — — 5 0
147 NiCl, L7 49 0
15F NiCl, L7 36 0

“Unless specified otherwise, the reaction was carried out with 1a
(0.5 mmol), 2a (1.0 mmol), Ni cat. (0.05 mmol), L (0.06 mmol), and
t-BuOK (0.5 mmol) under a N, atmosphere at 130 °C (oil bath) in
toluene (2.0 mL) for 36 h in a Schlenk tube. ® Conversion was deter-
mined by GC-MS (isolated yield in parentheses average yield of two
runs) t-BuONa (0.5 mmol) was used 0.375 mmol of base was used.

©0.25 mmol of base was used. /NiCl, (0.0375 mmol) and L7
(0.045 mmol) were used. ¢ N1(312 (0.025 mmol) and L7 (0.03 mmol)
were used. "No base Jvas used. "No catalyst was used. / Reaction was
performed at 120 °C. “ Reaction was performed at 110 °C.

Green Chem., 2018, 20, 2250-2256 | 2251
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Table 2 Ligand screening for nickel-catalysed pyrrole synthesis®?

W O

N|CI2/ ligand(L1-L11)

o
NH, )\
)\/OH Ph base

toluene, 130 °C, 36 h

1a 2a
Th Ph Ph
Ph Ph P W o W T
Ph /\/\/P S SRy 7 p P
N1 “Ph 7 i | |
|]=n Ph Ph Ph Ph
L1 (30%) L2 (28%) L3 (15%)

> ®
N o de

d
L4 (0%) L5 (15%)¢ L6 (24%)

OO O o D

L7 (72%) 64%° (10%) L9 (15%)
7 \ye= Ay \
Ot D
L10 (24%) L11 (0%)

“Unless specified, the reaction was carried out with 1a (0.5 mmol), 2a
(1.0 mmol), NiCl, (10 mol%), ligand (12 mol%), base (1.0 equiv.)
under a N, atmosphere at 130 °C in toluene (2.0 mL) for 36 h.

b Conversion of 3a was determined by GC-MS. “Isolated yield.  Ligand
(20 mol%) was used.

product yields was observed (Table 1, entries 6-13 and ESI
Tables S1-S71). Moreover, lowering of reaction temperature
under identical conditions did not significantly improve the
yield of 3a (Table 1, entries 14, 15 and ESI Table S87). Note
that we did not observe any reduced product 3a’ when 2 equiv.
of acetophenone was used with respect to p-amino alcohol.
Interestingly, under optimized conditions, 3a was obtained in
64% isolated yield, and only negligible amount of 2,5-di-
methylpyrazine was observed via the GC-Ms analysis (Table 1,
entry 6 and ESI, Schemes S4 and S67).

2.2 Access to 2,5-disubstituted N-heterocycles

After optimising the synthetic conditions, we next studied the
substrate scope and limitations of the catalytic protocol using
seven different amino alcohols substituted with alkyl and aryl
groups. The reaction of acetophenone with less reactive
methyl, ethyl, iso-propyl, secondary-butyl as well as iso-butyl-
substituted p-amino alcohols furnished the desired products
in up to 70% isolated yields (Scheme 3, 3a-3e). Interestingly,
under identical conditions, phenylalaninol and phenylglycinol
could be converted into 2,5-diaryl-substituted pyrroles
(Scheme 3, 3f-3g).

2.3 Pyrroles synthesis using ketone derivatives

Further, to demonstrate the general applicability of the proto-
col, a variety of acetophenone, including 1-acetyl and 2-acetyl
naphthalene, derivatives substituted with ethyl or methoxy
groups were examined with different f-amino alcohols, which

2252 | Green Chem., 2018, 20, 2250-2256
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P e | NiCly/ BPy RN __ R
)\/OH AN —_— = | X
R | =R t-BuOK 7 N\ /
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Scope with B-amino alcohols

H

N
W\J)@
3a (70%) 3b (64%)

3d (65%) 3e (58%)

‘/ ZT:

H

N
F@)Q
3c (63%)
%HJQ

3f R = PhCH, (46%)
3g R = Ph (37%)

‘/ ZT
‘/ y o of

Scope with ketone derivatives

W vaiinol (1a): MeO

ZT

OMe

4c (68%) \_ 4d 35%)
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\\I

4e (43%) 4f (55%)

.OMe
H i N
L 3 \
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o

4a: R = Et (47%)
4b: R = OMe (49%)

4g (48%) 4h (54%) 4i (52%)
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H
H N
WQ/Q - /*@/Q
4j (61%) 41 (42%)
B L-Leucinol (1d): R
H : o4e
B ] om \_ N
\ 4m (63%) 4n: R = Br (30%) 4p (53%)

40: R = Cl (35%)

M isoleucinol (1e):

OMe O
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\ I Q I OMe \

4q (50%) 4r (65%) 4s (63%)
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H H
H N 3 ]
N \
QU o/ N J PH
'] 4t (61%) 4u (45%) 4v (48%)
[ | Phenylglycinol (1g): .
N
\
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Scheme 3 Synthesis of 2,5-disubstituted pyrroles. Reaction conditions:
Unless specified, the reaction was carried out with 1 (0.5 mmol), 2
(1.0 mmol), NiCl, (0.05 mmol), bpy (0.06 mmol), t-BuOK (0.5 mmol),
130 °C in toluene (2.0 mL) for 36 h.

resulted in a series of interesting 2,5-disubstituted pyrroles
with up to 71% isolated yields (Scheme 3, 4a-4w). It is to be
noted that sterically hindered ortho-methoxy and halide-substi-
tuted 1-(4-chlorophenyl) and 1-(4-bromophenyl) acetophe-
none is smoothly converted into the desired pyrroles in moder-
ate yields (Scheme 3, 4d and 4n-4o0). Further, aliphatic ketones
containing long chain as well as terminal double bond
efficiently transformed into the corresponding pyrroles 4u-4v
(Scheme 3).

This journal is © The Royal Society of Chemistry 2018
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2.4 Synthesis of N-heterocyclic 2,5-disubstituted pyrroles

Next, more challenging 3-acetylpyridine 2m was used as a sub-
strate, which yielded the pharmaceutically active 3-(1H-pyrrol-
2yl)pyridines 5a-5f in 45-58% yields. Surprisingly, irrespective
of their electronic properties, methyl, ethyl, iso-propyl, sec-
butyl, iso-butyl, and benzyl-substituted f-amino alcohols are
well tolerated (Scheme 4). Importantly, this represents a rare
example of selective transformation of di-substituted
N-heterocyclic pyrrole derivatives using nickel, otherwise pre-
viously not reported with other metal-catalysts."* "

2.5 Synthesis of 2,3,5-trisubstituted bi-and tricyclic pyrroles

Inspired by the excellent catalytic activity, further, we explored
the synthesis of 2,3,5-trisubstituted bicyclic pyrroles. Note that
the application of 7-methoxy-tetralone with f-amino alcohols
furnished the desired tri-substituted pyrroles in good isolated
yields, 63-70% (Scheme 5, 6a-6d). Again, we studied the reac-
tivity of more challenging acyclic and cyclic ketones.
Intermolecular cyclisation of propiophenone and valerophe-
none resulted in 2,3,5-trisubstituted pyrroles (Scheme 5, 6e-6f).
However, the reaction of alkyl cyclic ketones, such as cyclo-
pentanone, cyclohexanone as well as cycloheptanone, resulted
annulated tri-substituted bicyclic products
(Scheme 5, 6g-6i). These examples established the potential
application of the present catalytic protocol.

in various

2.6 Intermolecular cyclisation using a steroid hormone

Next, to establish the versatility of the intermolecular cyclisa-
tion, we studied the catalytic pyrrole synthesis using an inter-
esting steroid hormone. Indeed, 3-methyl ether of 5-pregnen-3-
p-ol-20-one (pregnenolone) was efficiently converted into the
desired 2,5-disubstituted pyrrole 7 using phenylalaninol
without affecting the parent steroid framework (Scheme 6).

2.7 Intermolecular cyclization using y-amino alcohols

After having demonstrated the excellent catalytic activity of
p-amino alcohols for pyrrole synthesis, finally, the generality of
our nickel-catalysed protocol was further evaluated using

0
Hz | NiCl,/ BPy R, N -
OH X |
R | +BuOK 7) R\l 7
N/ toluene, 130 °C, 36 h N
1a1f 2m Ealit
“ “ ¥
H H
{ SN N SN N SN
\ \ \
5a (49%) 5b (53%) 5¢ (52%)
H
N H S5 N
\_
(58%) (56%) (45%)

Scheme 4 Synthesis of N-heterocyclic 2,5-disubstituted pyrroles.
Reaction conditions: Unless specified, the reaction was carried out with
1 (0.5 mmol), 2 (1.0 mmol), NiCl, (0.05 mmol), bpy (0.06 mmol), t-BuOK
(0.75 mmol), 130 °C in toluene (2.0 mL) for 36 h.
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Scheme 5 Synthesis of 2,3,5-tri-substituted bi-cyclic and tri-cyclic pyr-
roles. Reaction conditions: Unless specified, the reaction was carried out
with 1 (0.5 mmol), 2 (1.0 mmol), NiCl, (0.05 mmol), bpy (0.06 mmol),
t-BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.

NiCl, (10 mol%)
BPy (12 mol%)
.-~ =

ol Y

2t H

NH,
Ph\)\/OH
1f

@
[e]

4 t-BuOK (1.0 equiv.)
Toluene, 130 °C, 36 h

7 (35%)

Scheme 6 Synthetic conditions: Pyrrole synthesis using steroid
hormone. Reaction conditions: Unless specified, the reaction was
carried out with 1 (0.2 mmol), 2 (0.25 mmol), NiCl, (0.02 mmol), bpy
(0.024 mmol), t-BuOK (0.2 mmol), 130 °C in toluene (2.0 mL) for 36 h.

y-amino alcohols as a coupling partner to access six-membered
N-heterocycles, pyridine and quinoline derivatives. Because
of the significant importance and interesting bio-activity of
pyridine and quinoline, a general and versatile method for the
synthesis of pyridine and quinoline is highly desirable.'®
However, to date, their synthesis is often limited with Ir- and
Ru-based precious metals complexes."”*° In this direction,
recent advancement by Kirchner and co-workers for synthesis
of quinolines is noteworthy.*!

Surprisingly, using our optimized protocol, application of
2-amino benzyl alcohol with electronically different acetophe-
nones furnished C-2 substituted quinolines 8a-8f in up to
90% yields (Scheme 7). Additionally, when 3-amino-1-propanol
was used as a coupling partner, the C-2-substituted pyridines
8h-8j were obtained in 49-55% yield (Scheme 7). Notably,
2-acetylpyridine efficiently transformed into the ligand bi-pyri-
dine 8k. Furthermore, application of more challenging
7-methoxytetralone and 2-pentanone yielded the desired 2,3-
disubstituted quinoline as well as 2-"propyl pyridine 8g and 81
in 50-71% yield (Scheme 7). To our delight, we are pleased to

Green Chem., 2018, 20, 2250-2256 | 2253
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Scheme 7 Intermolecular cyclisation for C-2 substituted quinoline and
pyridine derivatives. Reaction conditions: Unless specified, the reaction
was carried out with 1 (0.5 mmol), 2 (1.0. mmol), NiCl, (0.05 mmol), bpy
(0.06 mmol), t-BuOK (0.5 mmol), 130 °C in toluene (2.0 mL) for 36 h.

report an alternative synthesis of pyridine and quinoline
derivatives under nickel catalysis via a tandem intermolecular
cyclisation.

It is noteworthy to mention that the catalytic protocol is tol-
erant to primary amine, halides, alkyl and alkoxy groups,
including benzyl and pyridine derivatives. Gratifyingly, remark-
able transformations in the presence of reducible functional-
ities, such as terminal alkene, as well as steroid framework
reveal the synthetic potential of the -catalytic system.
Unfortunately, application of 1-phenylbutane-1,3-dione and
4-phenylbut-3-yn-2-one under standard catalytic conditions
did not result in any desired product.

2.8 Preliminary mechanistic studies

To gain insight about the reaction mechanism and the nature
of the putative Ni-intermediate species, Cat. A was prepared,>
isolated separately, and employed in catalytic as well as in stoi-
chiometric equiv. for intermolecular pyrrole synthesis (ESI,
Scheme S27). Using 10 mol% and 100 mol% of Cat. A in the
reaction of 1c with 2a under standard conditions, 58% and
49% yields of 3¢ were obtained, respectively, comparable to the
result obtained under optimized conditions (3¢, Schemes 3
and 8a).

However, mechanistically, we anticipated that Ni-catalysed
pyrrole synthesis was composed of a formal multi-step
process: (i) condensation of ketone with a f-amino alcohol to
an imine intermediate and (ii) Ni-catalysed in situ dehydro-
genation to an a-amino aldehyde followed by sequential intra-
molecular C-C coupling and dehydration to thermo-
dynamically favourable substituted pyrroles (Scheme 2).

Further, to elucidate the reaction pathways, imine 1c¢’ was
independently prepared and employed under standard cata-
lytic conditions. The desired pyrrole 3¢ was obtained in a 53%
yield (Scheme 8b, eqn (i) and ESI, Schemes S3-S71). However,
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Scheme 8 Control experiments to understand the reaction pathways
for pyrrole formation.

intramolecular cyclisation of intermediate 1¢” in the absence
of a base and catalyst revealed their potential role (Scheme 8b,
eqn (ii)-(iii) and ESI, Scheme S57). Alternatively, control experi-
ments using N,N-dimethyl-ethanol with acetophenone did not
yield any desired product (Scheme 8c and ESI, Scheme S8T).
However, to identify the possible imine intermediate 1c', a
control experiment was carried out using p-amino alcohol 1a
with acetophenone. The reaction was interrupted after 12 h,
and no imine intermediate was detected by "H-NMR studies
(ESI, Scheme S1t). Thus, present experimental observations
suggest that the intramolecular alkylation or cyclisation is
quite fast to be detected even in NMR analysis. These mechan-
istic findings are in agreement with the observation proposed
by Kempe and co-workers.”® Additionally, we observed the for-
mation of 1-phenyl ethanol as a side product derived from
acetophenone (ESI, Scheme S17); this supported the bi-func-

tional activity of our nickel catalyst."”>*

3. Conclusions

In conclusion, we have demonstrated Ni-catalysed sustainable
dehydrogenative coupling of f- and y-amino alcohols with
ketones to access five and six-membered N-heterocycles. This
is the first example of such base metal-catalysed pyrrole syn-
thesis using amino acid-derived alcohols. This catalytic proto-

This journal is © The Royal Society of Chemistry 2018
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col is highly regioselective, and a variety of aryl and alkyl
ketones, including nine amino alcohols having free amine,
halides, alkyl, alkoxy, alkenes, activated benzyl and pyridines,
smoothly transform into 2,3 and 2,3,5-substituted bicyclic as
well as tricyclic pyrroles, quinolines and pyridine derivatives in
up to 90% yields. As a highlight, we demonstrated an interest-
ing pyrrole derivative employing intermolecular cyclisation of
a steroid hormone with phenylalaninol.
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ABSTRACT: Herein, nickel-catalyzed sustainable strategy for the synthesis of g NH- ry R
N-substituted pyrroles using butene-1,4-diols and butyne-1,4-diols with a series R = Alkyl = Ar/RAS
of aryl-, alkyl-, and heteroarylamines is reported. The catalytic protocol is Ar=Benzyi OH _"_\OH =
tolerant of free alcohol, halide, alkyl, alkoxy, oxygen heterocycles, activated Ri=H,Ar R

benzyl, and the pyridine moiety and resulted in up to 90% yield. Initial
mechanistic studies involving defined nickel catalyst, determination of rate, and
order of reaction including deuterium-labeling experiments were performed for x=c N

pyrrole synthesis.

B INTRODUCTION

The use of renewable resources to establish sustainable, atom-
economic, and environmentally benign technology for the
production of bulk and specialty chemicals is a challenging goal
in chemical research." In this direction, application of
lignocellulose-derived inexpensive alcohols are a potential
and attractive green alternative to the existing metal-catalyzed
transformations.” Notably, such catalytic dehydrogenative
transformations produced water as the sole byproduct and
are in high demand in organic synthesis.” Therefore, such
processes could be more attractive if selectively used for
pyrrole synthesis in a tandem fashion in one-pot operations.”

Pyrroles are omnipresent in natural products, drugs, and
functional materials and are used as intermediates in the
synthesis of bioactive molecules and as ligands in catalysis.*
Polypyrroles have been extensively used in material chemistry,
batteries, and solar cells.” Classical methodologies such as
Hantzsch, Knorr, and Paal—Knorr synthesis as well as other
multistep transformations are known for pyrroles; unfortu-
nately, harsh reaction conditions and special substrate designs
including generation of stoichiometric waste are key
limitations.” As a result, the recent goal has been to develop
more vibrant and potential sustainable technologies that utilize
abundantly available renewable resources and significantly
extend the scope of existing methodologies,l’z’7 although
acceptorless dehydrogenation of alcohols has been widely used
for pyrrole synthesis, often limited with noble metal catalysts,
such as Ru and Ir complexes (Scheme 1, a).*” For instance,
Kempe and Milstein independently reported the intermolec-
ular cyclization to pyrroles using secondary alcohol and amino
alcohol with Ir and Ru catalysts. Similarly, an interesting
contribution by Beller using Ru-catalyzed multicomponent
transformations to substituted pyrroles involving ketones and
vicinal diols in combination with amines is noteworthy
(Scheme 1, ¢).* Further, unsaturated diols, such as, cis-

-4 ACS Publications  © 2018 American Chemical Society
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butene-1,4-diol or butyne-1,4-diol, were also used for
construction of substituted pgfr_roles with suitable amines
using Pd* and Ru catalysts.”®" However, most of these
reported precious-metal-catalyzed protocols are often limited
with poor selectivity of pyrroles using butyne-1,4-diols, and use
of acids in the presence of phosphine ligands resulted other
heterocycles.*”!
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Nevertheless, in terms of sustainability, application of
renewable resources in combination with nonprecious earth-
abundant and rare noble metal catalysts is equally important
for such key catalytic conversions.'”'" Therefore, development
of new catalytic protocols using base metal catalysts, such as,
Fe, Mn, Nj, Co, etc,, is in demand. Toward this goal, several
approaches were established for pyrrole synthesis using Co,"?
Mn," and Fe catalysts (Scheme 1, a,b)."*'® Notably, often
these Mn- and Co-based metal complexes used diethylamine-
core PNP ligands, pyridinyl-core PNP ligands, and PN°P
ligands as well as triazinyl-core PN°P ligands for selective
catalytic transformations.'”"*> The major concerns associated
with these phosphine-based pincer ligands as well as Knolker-
type Fe complexes are their highly expensive nature, required
multistep synthesis, as well as storage and handling under
standard laboratory environments.'* Overall, in terms of cost
efficiency, these ligand systems are quite expensive in
comparison to the base-metal catalysts.

On the other hand, as part of our continuous efforts, we
recently established the application of commercially available
bench-stable ligands with nickel using renewable resources.'”
Overall, use of a phosphine-free catalytic system, inexpensive
alcohols, and metal catalysts rendered these transformations
sustainable. Herein, we demonstrated a general, operationally
simple, and improved Ni-catalyzed protocol for construction of
N-substituted pyrroles using unsaturated 1,4-diol with aryl-,
alkgfl_—, and heteroarylamines in up to 90% yield (Scheme 1,
e). Preliminary catalytic and mechanistic studies using
deuterium-labeling experiments were performed to establish
the elementary steps for pyrrole synthesis.*

B RESULTS AND DISCUSSION

In general, a free hydroxyl group in unprotected alcohol has
very strong binding affinity with Ni catalyst and resists further
transformations.'® We envisioned that application of suitable
Ni catalysts with specific nitrogen ligands could facilitate
overcoming these long-standing problems. To our delight, we
recently established an efficient and general Ni-catalyzed
system for selective monoalkylation of amines and amides.
Further, we realized the application of 2-(2-aminophenyl)-
ethanol as well as f-amino alcohols, having free amines and
hydroxyl groups, for intramolecular cyclization to indole,
pyrroles, pyridine, and quinolines using Ni catalysts (Scheme
1, d)." Having witnessed these impressive results, we
envisioned that cis-butene-1,4-diol could be used with primary
amines for Ni-catalyzed pyrrole synthesis (Scheme 2).
Previously, we observed that using a combination of -
amino alcohols with acetophenones resulted in base-catalyzed
condensation to imine. Thereafter, in situ Ni-catalyzed
dehydrogenation of alcohol followed by condensation resulted
substituted pyrroles in a one-pot operation (Scheme 1d)."”
On the other hand, based on a previous report,14 we
hypothesized that, initially, metal-catalyzed dehydrogenation
or isomerization of cis-butene-1,4-diol 2a followed by
condensation with primary amine 1 resulted the formation of
allylic amine intermediate C from intermediate B. Thereafter,
nickel-catalyzed second isomerization of alcohol C to
intermediate D, followed by intermolecular cyclization and
dehydration, led to the construction of N-substituted pyrroles
3—6 in a one-pot operation (Scheme 2). Additionally, another
possibility is that intermediate B could undergo metal-
catalyzed isomerization to intermediate D followed by
intermolecular cyclization to facilitate N-substituted pyrroles

Scheme 2. Postulated Ni-Catalyzed Intermolecular
Cyclization to Pyrroles Based on ref 14

oligomerization (side reaction)
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3—6. To the best of our knowledge, this represents the first
report for Ni-catalyzed phosphine-free intermolecular cycliza-
tion of various cis-butene-1,4-diols and butyne-1,4-diols with a
range of primary amines to substituted pyrroles in a tandem
fashion.

Optimization of the Catalytic Protocol for Ni-
Catalyzed Synthesis of N-Substituted Pyrroles. To
extend the possibilities for optimization of the efficient
catalytic system, initially we investigated the efficacy of four
different nickel precatalysts with bipyridine L1 as our ligand of
choice using benzylamine 1a and cis-butene-1,4-diol 2a (Table
1, entries 1—4, and Supporting Information Table S1). Using a
combination NiCl,/L1 system, only 32% selectivity to pyrrole
was obtained (Table 1, entry 2). Further, the use of two
equivalent butene-1,4-diol 2a significantly increased the
product conversion to 75%, with 55% isolated yield of 3a
(Table 1, entry S, and Supporting Information Table S2).

Table 1. Catalytic Screening for Ni-Catalyzed Synthesis of

Pyrrole from 1la with 2a“”
0

— Ni-cat./ligand
Z >
- Ui HO—/_\—OH base/solvent

'y 2a 130 °C, 36 h 3a
entry catalyst ligand base 3a conv”" (%)

1 NiBr, L1 t-BuOK 22

2 NiCl, L1 £BuOK 2

3 Ni(acac), L1 t-BuOK S

4 NiCl,.DME L1 t-BuOK 18

S NiCl, L1 t-BuOK 75 (55)
6 NiCl, L1 Na,CO; 92 (66)
79 NiCl, L1 Na,CO, 62

8¢ NiCl, L1 Na,CO, ss

9 NiCl, L1 9

10 L1 Na2,CO, 13

11 NiCl, Na,CO, 35

12 Na,CO; 7

“Unless specified otherwise (entries 1—4), the reaction was carried
out with benzylamine la (0.5 mmol), cis-2-butene-1,4-diol 2a (1.0
mmol), Ni cat. (0.0S mmol), L1 (0.06 mmol), and t-BuOK (0.5
mmol) under an N, atmosphere at 130 °C (oil bath) in toluene (2.0
mL) for 36 h in a Schlenk tube. “Conversion was determined by GC—
MS (isolated yield in parentheses, average yield of two runs). “Entries
S—12: 2a (2.0 mmol) was used. 120 °C was used. 110 °C was used.
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Next, application of a series of nitrogen and phosphorus
ligands L2—L11 with variable electronic and steric natures did
not influence the product selectivity and resulted only 29—54%
conversion to product (Table 2 and Supporting Information

Table 2. ngand Screening for Ni-Catalyzed Pyrrole

Synthesis®™
— A~

Ph"  NH, + o=/ \—OH Ph D
3a

1a 2a

Ni-cat./ligand

t-BuOK
toluene, 130 °C, 36 h

axh
L aza d}}
\ 3

L1 (75%); 55%°

L2 (45% L3 (44%)
7 N/ N\
0,
L4 @o%) e i 5
‘h \FI,/\/\E,/ Ph\p/\/\/P\Ph
ph-p PN P Eh Ph
I L8 (54%)
L6 20%) " gy
Ph\'?/\/\/\ﬁ,/Ph 5 O B O
N L9 (50%) L f s i g
0
L10 (48%) L11 (49%)

“Unless specified, the reaction was carried out with benzylamine 1a
(0.5 mmol), cis-2-butene-1,4-diol 2a (1.0 mmol), NiCl, (5 mol %),
ligand (6 mol %), and t-BuOK (0.5 mmol) under N, atmosphere at
130 °C in toluene (2.0 mL) for 36 h. “Conversion of 3a was
determined by GC—MS. “Isolated yield.

Table S3). However, when the reaction was performed using a
milder base, such as Na,CO;, almost quantitative conversion
to product 3a was obtained (Table 1, entry 6, and Supporting
Information Table S4). Thereafter, when toluene was replaced
by different nonpolar and polar solvents, such as xylene, 1,4-
dioxane, N,N-dimethylformamide, N-N-dimethylacetamide,
and tetrahydrofuran as well as fert-amyl alcohol, moderate to
poor product yields resulted (Supporting Information Table
SS). Moreover, pyrrole synthesis could also be performed using
a lower reaction temperature albeit with moderate product
conversions (Table 1, entries 7 and 8, and Supporting
Information Table S8).

Further, control experiments revealed their potential role as
individual catalytic components to achieve higher product
conversions. For instance, in the absence of base, ligand, and
catalyst only poor product conversions were observed (Table
1, entries 9—12, and Supporting Information Tables S1—S7).
Notably, a combination of S mol % of NiCl,, 6 mol % of
bipyridine L1, 0.5 mmol of Na,COj;, and toluene, as the best
solvent, led to a 66% isolated yield of 3a (Table 1, entry 6).

With the optimized conditions in hand, we explored the
scope and limitations of the catalytic protocol using electroni-
cally different benzylamines with cis-butene-1,4-diol (Table 3).
p- and m-Methoxybenzylamines resulted in the desired
pyrroles in 60—70% yields (3b and 3c). However, when 2,4-
dimethoxybenzylamine was used as coupling partner, an
excellent yield of pyrrole was obtained (3d). To our delight,
a-methylbenzylamine efficiently transformed into the desired
pyrrole in 60% yield (Table 3, 3e).

Table 3. Scope of Benzylamines”
NiCl, (5 mol%)

SN L1 (6 mol%) o~
Ar _HEma%) AN
1a-e " HOJ_\_OH Na,COs3 (0.5 mmol) —

toluene, 130 °C, 36 h  3a-e

JOO 0D

@Q

, (66%) 3b, (70%) 3c, (60%)
MeO OMe =
3d, (80%) 3e, (60%)

“Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0
mmol), NiCl, (0.025 mmol), L1 (0.03 mmol), Na,CO; (0.5 mmol),
toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil
bath, 36 h reaction time. Isolated yield in parentheses.

Further, we studied the pyrrole synthesis using a series of
electronically different anilines with cis-butene-1,4-diols. For
instance, anilines substituted with methyl or methoxy groups
afford a series of interesting pyrroles in up to 75% yields
(Table 4, 4a,b, and 4d,e). Sterically hindered o-ethylaniline as

Table 4. Scope of Anilines and Alcohols”

NH —= NiCl, (5 mol%)

| X2 HO—(__\—OH L1 (6 mol%) R

v R2ab "\, cO, (0.5 mmol) \/:\>>
R 1fp =H, Ar toluene, 140 °C, 36 h ~ 4al

TR T

)@ KI O gy

4a, 75% 4b, 75% 4c, 30% 4d 55%

/©/ l/\> /@/ ’3 F3C. :
MeO 4g, 36% 4h, 30%
4e, 70% 4f, 90%

R ﬁj@ ©

4i, 52% 4j, 85%

Me o

4k, 45% 4|, 45%P

“Reaction conditions: 1 (0.5 mmol), 2 (2.0 mmol), NiCl, (0.025
mmol), L1 (0.03 mmol), Na,CO; (0.5 mmol), toluene (2.0 mL),
Schlenk tube under N, atmosphere, 140 °C oil bath, 36 h reaction
time. “2a (4.0 mmol), NiCl, (0.0 mmol), L1 (0.06 mmol), Na,CO,
(1.0 mmol) was used. Isolated yield was reported.

well as p-bromo- and m-(trifluoromethyl)anilines resulted in
only poor product yield (Table 4, 4c,gh). An excellent yield of
pyrrole was obtained with p-chloroaniline (4f) and 1,4-
dioxolone aniline (4j). Pleasingly, 1-naphthylaniline resulted
in the corresponding pyrrole in moderate yield (4i). To our
delight, C-2-substituted pyrrole was obtained when 3,4,5-
trimethoxyphenyl-substituted cis-butene-1,4-diol was used as
the coupling partner (4k).

Next, we studied the reactivity profile of more challenging
acyclic and cyclic alkylamines with cis-butene-1,4-diol as
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coupling partners for pyrrole synthesis (Table S). Gratifyingly,
alkylamines, such as, n-butyl-, n-pentyl-, n-octyl, and 3-

Table S. Synthesis of N-Alkylpyrroles”

NiCl, (5 mol%),
L1 (6 mol%)

Na,CO3, toluene
130°C, 36 h Sa-g

\/\/\ P N N
5a, 45% \ 5b, 44% — 5¢c, 53% =

Q < ) Lw Nt
Q Q 5f, 62% \ 59, 54% @

5d, 54% 5e, 51%

~I
R—NH - R—N
2 * HO—/_\—OH =

19 2a

“Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0
mmol), NiCl, (0.025 mmol), L1 (0.03 mmo), Na,CO; (0.5 mmol),
toluene (2.0 mL), Schlenk tube under N, atmosphere, 130 °C oil
bath, 36 h reaction time. Isolated yield was reported.

methylheptylamines as well as cyclohexyl- and cyclooctyl-
amines resulted in up to 62% yield of N-alkylated pyrroles
(5a—f). Additionally, methoxy-substituted y-amino alcohol
could be used efliciently for pyrrole synthesis and resulted in a
54% yield of Sg (Table S).

Again, more exciting 2-aminopyridines were employed for
catalytic pyrrole synthesis using our optimized protocol (Table
6). In general, pyridines are often known to poison the

Table 6. Synthesis of Pyrroles from 2-Aminopyridines”
. NiCl, (8 mol%) @
N2 L1 (9.6 mol%) N

R Lot B
KeN + Ho OH  Na,COs (1.0mmol) R

QN
1y-ab 2a toluene, 140 °C, 36 h 6a-d
/ |
Fendonio gl ol
6a, 50% 6b, 30% 6¢, 51% 6d, 40%”

“Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2a (2.0
mmol), NiCl, (0.04 mmol), L1 (0.048 mmol), Na,CO; (1.0 mmol),
toluene (2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil
bath, 36 h reaction time. Isolated yield was reported. “2a (4.0 mmol),
NiCl, (0.05 mmol), L1 (0.06 mmol), was used.

catalysts and, hence, diminish the reactivity."*~'* Notably, we
observed moderate to fair reactivity with chloro-, bromo-, as
well as methyl-substituted 2-aminopyridines, which resulted in
pharmaceutically active N-heterocyclic pyrrole derivatives
(Table 6, 6a—c). Additionally, we extended the catalytic
protocol in the synthesis of symmetrical bis-pyrroles.
Importantly, cis-butene-1,4-diol 2a was utilized as a coupling
partner with 1,4-diaminobenzene and 2,6-diaminopyridine. To
our delight, the respective bis-pyrroles were obtained in
reasonable yields (Table 4, 4], and Table 6, 6d).

After having established the excellent catalytic activity with
cis-butene-1,4-diols, the generality of our nickel-catalyzed
protocol was further evaluated using butyne-1,4-diols as
coupling partners for pyrrole synthesis (Table 7). For instance,

Table 7. Synthesis of Pyrroles from Butyne-1,4-diols”

fats

4afhlm

NiCl, (5 mol%)

~_NH, R Y= _L1Emi%)
R =
X J o+ HO 2¢.e OH NayCOj; (1.0 mmol)

toluene, 140 °C, 36 h

1a,fh,Im R'=H, Ar
OMe
0y ) Y weo
N N N
eO = =
0 ® v/
FsC /@f /©/
4a,32% 4f,31%  4h,33% MeO” 41 40% O am, 32%

“Reaction conditions: 1 (0.5 mmol), cis-2-butene-1,4-diol 2 (2.0
mmol), NiCl, (0.05-mmol), L1 (0.03 mmol), Na,CO; (1.0 mmol),
toluene (2.0 mL), Schlenk tube under N, atmosphere, 140 °C oil
bath, 36 h reaction time. Isolated yield was reported.

application of electronically different anilines with butyne-1,4-
diols 2c—e resulted respective pyrroles in moderate yields
(Table 7). We are pleased to witness an alternative synthesis of
pyrroles using nickel catalysts via intermolecular cyclization.
Notably, the catalytic protocol is tolerant to primary alcohol,
halides, alkylalkoxy, trifluoromethyl, and oxygen heterocycles,
including benzyl and the pyridine derivatives. Gratifyingly,
remarkable transformations in the presence of alkylamines and
2-aminopyridines show the synthetic potential of the catalytic
system.

Further, to establish the reaction pathways for pyrrole
synthesis and to understand the nature of the putative Ni
intermediate species, Cat. A was radially prepared using the
literature procedure.'® Next, Cat. A was independently
employed in catalytic (10 mol %) as well as in stoichiometric
amounts (100 mol %) for intermolecular pyrrole synthesis in
the reaction of la with 2a under standard conditions. To our
delight, we observed 58% and 82% conversion of 3a (Scheme
3a and Table 1, entry 6). Additionally, to confirm the
participation of Ni-alkoxy species, we attempted the in situ
preparation of Ni-alkoxy species of Cat. A (Supporting
Information Scheme S1C). Initially, 2a was allowed to react
with Cat. A under reflux conditions for 24 h, and the solid
residue was allowed to react with aniline 1j under the standard
conditions using toluene-dg at 140 °C. The reaction was
interrupted after 12 h, and 'H NMR analysis of the crude
reaction mixture detected the formation of pyrrole 4e
(Supporting Information Scheme S1C). These experiments
support for the involvement of the intermediate Ni-alkoxy
species for pyrrole synthesis.

Next, to understand the involvement of the intermediate
species C (Scheme 2), we used the model reaction of 1a with
2a under the standard conditions and monitored it using GC—
MS analysis (Scheme 3b and Supporting Information Scheme
S1A). Gratifyingly, we detected intermediate species C as well
as pyrrole 3a using GC—MS analysis. Further, a competitive
experiment was performed using a 1:1 mixture of anilines 1j
and 1m with alcohol 2a under the standard catalytic
conditions. We observed the formation of pyrroles 4e and
4h at a ratio of 3:1 (Scheme 3c). These experiments show that
pyrrole formation occurred at higher rates for electron-rich
aniline (Supporting Information Scheme S1B).

However, when we used la with 2a-d2(89% D) under
optimized conditions, we did not observe any deuterium
incorporation in pyrrole and detected 3a in 10% yield using 'H
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Scheme 3. Mechanistic Studies and Control Experiments for
Pyrrole Synthesis

3a. Stoichiometric and catalytic studies using Cat. A

Cat. A (100 mol%) 13
= Loa !

1a Cat. A (10 mol%)

2a standard standard 12a
conditions conditions R
58% 82%

3b. Detection of intermediate species

Ph” > NH, _NiCly (5 mol%) _
1a \
+ Na,COj3 (0.5 mmol) \

— toluene, 130 °C, 36 h =
OH miz=177 yo

HO
a Intermediate C m/z = 157
3c. Competetive experiments
NH, Yy LD
5 1 NiCl, (5 mol%) N N
e L1 (6 mol%
0.25 mmol * HO—/_\—O W’ ;" @\
2,C03 (1.0 equiv.),
FsC NHz 20mmol  i51icne; 140 °C, 36 h CFs
2a 4e 4h
im prel

77% yield 23% yield
0.25 mmol

3d. Deuterium labeling experiment NiCl, (5 mol%)

— L1 (6 mol%)
O O,
Ph/.I\NHZ y Do_/_\_OD t-BuOK (0.5 mmol)
a 2a-d2 (89% D) toluene, 130 °C, 36 h 3a

— Catalyst Base 3a Intermediate C
o~ HO—/;\—OH Lt 70 23
PR ONH, & + *
1a standard conditions A i 19 0
20 h * oo’ 0

NMR and GC—MS analysis (Scheme 3d)."”'” Additionally,
control experiments in the absence of base and catalyst were
performed and interrupted after 20 h. GC—MS analysis of the
crude reaction mixture revealed their potential role as
individual components to achieve higher catalytic selectivity
of 3a (Scheme 3e). Notably, we detected intermediate C, and
these reactions showed the potential role of base and catalyst
in the intermolecular cyclization involving C—C and C—-N
bond formation to pyrroles. Finally, we studied the rate and
order of the pyrrole formation. To determine the rate laws, we
performed kinetic studies using two sets of experiments using
our model reaction of Table 1 (Supporting Information
Scheme S2). Considering a steady-state approximation for cis-
butene-1,4-diol 2a, first-order kinetics with respect to 3a was
observed for pyrrole formation.

It is noteworthy to mention that, in general, using our
standard catalytic conditions we observed good to excellent
substrate conversions and selectivity using GC—MS analysis
(Tables 3—7). However, in some cases, isolated yields of the
desired pyrroles were quite lower. Indeed, there might be
unwanted side reactions involving different active species not
possible to detect using GC—MS analysis of the crude reaction
mixtures. For instance, when cis-2-butene-1,4-diol 2a and 2-
butyne-1,4-diol 2c were used independently under the
standard conditions of Table 1, we did not detect any
isomerized product using 'H NMR. However, in the case of
2a, the reaction mixture turned brown, and we observed
unreacted diols, but in the case of 2c, the entire reaction
mixture turned into a black precipitate as reported in previous
studies (Supporting Information Scheme $3).'*!

B CONCLUSIONS

In conclusion, for the first time, we established a straightfor-
ward and sustainable Ni-catalyzed dehydrogenative coupling

for pyrrole synthesis using butene-1,4-diols and butyne-1,4-
diols with a series of aryl-, alkyl-, and heteroarylamines. We
demonstrated the broad substrate scopes with high selectivity
to pyrroles including catalytic and mechanistic studies. 8 The
catalytic protocol is tolerant to amino alcohol derivatives,
halides, alkyl, alkoxy, and oxygen heterocycles as well as
activated benzyl and the pyridine moiety. Initial mechanistic
studies using defined intermediate Ni species, competitive
experiments between two electronically different anilines,
deuterium-labeling experiments, as well as rate and order of
reactions were crucial elementary steps for nickel-catalyzed
pyrrole formations. Further studies regarding detailed mech-
anistic investigations will be addressed in future communica-
tions.

B EXPERIMENTAL SECTION

General Experimental Details. All solvents and reagents were
used as received from the suppliers. TLC was performed on Merck
Kieselgel 60 F,s, plates with a layer thickness of 0.25 mm. Column
chromatography was performed on silica gel (100—200 mesh) using a
gradient of ethyl acetate and hexane as mobile phase. '"H NMR
spectral data were collected at 400 MHz (JEOL) and 500 MHz
(Bruker), and *C NMR were recorded at 100 and 125 MHz. 'H
NMR spectral data are given as chemical shifts in ppm followed by
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet),
number of protons, and coupling constants. *C NMR chemical shifts
are expressed in ppm. HRMS (ESI) spectral data were collected using
a Bruker high-resolution mass spectrometer. GC—MS were recorded
using an Agilent GC mass spectrometer.

General Procedure for Ni-Catalyzed Synthesis of Pyrroles.
In a 15 mL oven-dried Schlenk tube, amine (0.50 mmol), Na,CO;
(0.50 mmol), bipyridine L1 (6 mol %), NiCl, (S mol %), and diol
(2.0 mmol) were added followed by toluene (2.0 mL) under an
atmosphere of N,, and the reaction mixture was heated at 130 °C for
36 h in a closed system. Next, the reaction mixture was cooled to
room temperature, and 3.0 mL of ethyl acetate was added and
concentrated in vacuo. The residue was purified by column
chromatography using a gradient of hexane and ethyl acetate (eluent
system) to afford the pure product.

1-Benzyl-1H-pyrrole (3a).*® Following the general procedure, the
title compound was isolated as a colorless oil using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 66%,
51 mg. "H NMR (400 MHz, CDCL,): § 7.27—7.17 (m, 3H), 7.06—
7.01 (m, 2H), 6.62 (t, J = 2.1 Hz, 2H), 6.12 (t, ] = 2.1 Hz, 2H), 4.99
(s, 2H). *C{1H} NMR (100 MHz, CDCl;): 6 138.1, 128.7, 127.6,
126.9, 121.1, 108.4, 53.3.

1-(4-Methoxybenzyl)-1H-pyrrole (3b).”° Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 2% ethyl acetate in
hexane. Yield: 70%, 65 mg. "H NMR (400 MHz, CDCl,): 6 7.07 (d, ]
= 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 6.67 (t, ] = 2.1 Hz, 2H),
6.19—6.14 (m, 2H), 5.00 (s, 2H), 3.79 (s, 3H). *C{1H} NMR (100
MHz, CDCly): § 159.1, 130.1, 128.5, 120.9, 114.1, 108.3, 55.3, 52.8.

1-(3-Methoxybenzyl)-1H-pyrrole (3c).”’ Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 2% ethyl acetate in
hexane. Yield: 60%, 56 mg. "H NMR (400 MHz, CDCL,): § 7.29—
7.22 (m, 1H), 6.83 (d, ] = 8.2 Hz, 1H), 6.72 (dd, ] = 6.2, 4.2 Hz, 4H),
6.25—6.17 (m, 2H), 5.05 (s, 2H), 3.78 (s, 3H). *C{1H} NMR (100
MHz, CDCL): 6 159.9, 139.8, 129.7, 121.1, 119.2, 112.9, 112.7,
108.5, 55.1, 53.2.

1-(2,4-Dimethoxybenzyl)-1H-pyrrole (3d).”’ Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 3% ethyl acetate in
hexane. Yield: 80%, 86 mg. "H NMR (400 MHz, CDCl,): 6 6.80 (d, ]
= 8.3 Hz, 1H), 6.70 (t, ] = 2.1 Hz, 2H), 6.44 (d, ] = 2.4 Hz, 1H), 6.40
(dd, J = 8.3, 2.4 Hz, 1H), 6.14 (t, ] = 2.1 Hz, 2H), 4.99 (s, 2H), 3.81
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(s, 3H), 3.77 (s, 3H). *C{1H} NMR (125 MHz, CDCL,): § 160.6,
157.8, 129.4, 121.0, 119.2, 107.9, 104.2, 98.5, 55.4, 55.4, 47.8.

1-(1-Phenylethyl)-1H-pyrrole (3e).?2 Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 60%, 51 mg. "H NMR (400 MHz, CDCL): § 7.34—
7.28 (m, 2H), 7.27—-7.24 (m, 1H), 7.09 (dd, J = 7.8, 1.0 Hz, 2H), 6.76
(t, ] = 2.1 Hz, 2H), 6.19 (t, ] = 2.1 Hz, 2H), 5.28 (q, J = 7.1 Hz, 1H),
1.83 (d, ] = 7.1 Hz, 3H). *C{1H} NMR (125 MHz, CDCL,): § 143.6,
128.6, 127.4, 125.9, 119.5, 108.0, 58.1, 22.1.

1-(p-Tolyl)-1H-pyrrole (4a). 19 Following the general procedure, the
title compound was isolated as a white solid using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 75%,
$8 mg. 'H NMR (500 MHz, CDCL,): & 7.32 (d, ] = 7.4 Hz, 2H), 7.25
(d, J = 7.6 Hz, 2H), 7.09 (s, 2H), 6.37 (s, 2H), 2.41 (s, 3H). *C{1H}
NMR (125 MHz, CDCL,): & 138.5, 135.3, 130.0, 120.5, 119.4, 110.0,
20.8.

1-(2,4-Dimethylphenyl)-1H-pyrrole (4b).”> Following the general
procedure, the title compound was isolated as a white solid using silica
gel column chromatography eluting with 1% ethyl acetate in hexane.
Yield: 75%, 64 mg. 'H NMR (400 MHz, CDCL): § 7.16—7.08 (m,
2H), 7.05 (d, ] = 7.9 Hz, 1H), 6.76 (dd, ] = 2.5, 1.6 Hz, 2H), 6.30
(dd, J = 2.5, 1.6 Hz, 2H), 2.36 (s, 3H), 2.16 (s, 3H). *C{1H} NMR
(125 MHz, CDCL,): § 138.2, 137.3, 133.6, 131.6, 127.1, 126.5, 122.1,
108.5, 209, 17.6.

1-(2-Ethylphenyl)-1H-pyrrole (4c).’? Following the general
procedure, the title compound was isolated as a white solid using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 30%, 25 mg. "H NMR (500 MHz, CDCl,): § 7.36 (m,
2H), 7.28 (d, ] = 5.1 Hz, 2H), 6.78 (s, 2H), 6.31 (s, 2H), 2.51 (q, ] =
7.4 Hz, 2H), 1.10 (t, ] = 7.3 Hz, 3H). ®C{1H} NMR (125 MHz,
CDCL,): 5 1402, 140.1, 129.3, 127.9, 127.1, 126.4, 122.4, 108.6, 24.1,
1S.1.

1-(2-Methoxyphenyl)-1H-pyrrole (4d).”> Following the general
procedure, the title compound was isolated as a white solid using silica
gel column chromatography eluting with 2% ethyl acetate in hexane.
Yield: 55%, 47 mg. "H NMR (400 MHz, CDCl,): § 7.22—7.16 (m,
2H), 6.96—6.87 (m, 4H), 6.23 (dd, ] = 2.5, 1.7 Hz, 2H), 3.74 (s, 3H).
BC{1H} NMR (125 MHz, CDCL,): § 152.7, 130.2, 127.4, 125.7,
122.0, 120.9, 112.3, 108.7, 55.7.

1-(4-Methoxyphenyl)-1H-pyrrole (4e).”’ Following the general
procedure, the title compound was isolated as a white solid using silica
gel column chromatography eluting with 2% ethyl acetate in hexane.
Yield: 70%, 60 mg. "H NMR (400 MHz, CDCL): § 7.34—7.30 (m,
2H), 7.02 (td, J = 2.3, 0.7 Hz, 2H), 6.98—6.93 (m, 2H), 6.34 (td, J =
2.2,0.7 Hz, 2H), 3.84 (s, 3H). ®C{1H} NMR (125 MHz, CDCL,): §
157.6, 134.5, 122.1, 119.6, 114.6, 109.8, 55.5.

1-(4-Chlorophenyl)-1H-pyrrole (4f).”° Following the general
procedure, the title compound was isolated as a white solid using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 90%, 79 mg. "H NMR (500 MHz, CDCL;): 5 7.38 (d, ]
= 8.4 Hz, 2H), 7.31 (d, ] = 8.3 Hz, 2H), 7.08—7.04 (m, 2H), 6.35 (m,
2H). C{1H} NMR (125 MHz, CDCl;): § 139.3, 131.1, 129.6,
121.6, 119.3, 110.8.

1-(4-Bromophenyl)-1H-pyrrole (4g).””~ Following the general
procedure, the title compound was isolated as a white solid using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 36%, 39 mg. '"H NMR (500 MHz, CDCL): § 7.56—
7.52 (m, 2H), 7.28 (d, ] = 2.1 Hz, 2H), 7.07—7.04 (m, 2H), 6.37—
6.35 (m, 2H). BC{1H} NMR (125 MHz, CDCl;): § 139.8, 132.6,
1219, 119.2, 118.7, 110.9.

1-(3-(Trifluoromethyl)phenyl)-1H-pyrrole (4h).”° Following the
general procedure, the title compound was isolated as a white solid
using silica gel column chromatography eluting with 1% ethyl acetate
in hexane. Yield: 30%, 31 mg. "H NMR (500 MHz, CDCL): § 7.56
(s, 1H), 7.53—7.38 (m, 3H), 7.11 (t, J = 2.1 Hz, 2H), 6.38 (t, ] = 2.2
Hz, 2H). BC{1H} NMR (100 MHz, CDCl,): § 141.1, 132.1 (d, Jz_¢
=30 Hz), 130.2, 123.7 (d, Jp_c = 270 Hz), 123.4, 122.1 (q, Jp_c = 3.0
Hz), 119.2, 117.2 (q, Je_c = 3.9 Hz), 111.3.
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1-(Naphthalene-1-yl)-1H-pyrrole (4i).”” Following the general
procedure, the title compound was isolated as a white solid using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 52%, 50 mg. "H NMR (400 MHz, CDCL,): & 7.88 (dd,
J =18.2, 7.9 Hz, 2H), 7.75 (d, ] = 8.3 Hz, 1H), 7.54—7.43 (m, 4H),
6.99 (t, ] =2.1 Hz, 2H), 6.41 (t, ] = 2.1 Hz, 2H). *C{1H} NMR (125
MHz, CDCL): § 1382, 1342, 129.9, 128.1, 127.8, 1269, 126.5,
1253, 12322, 123.2, 109.0.
1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrole (4j).?* Fol-
lowing the general procedure, the title compound was isolated as a
white solid using silica gel column chromatography eluting with 1%
ethyl acetate in hexane. Yield: 85%, 85 mg. '"H NMR (400 MHz,
CDCLy): § 6.99 (t, ] = 2.2 Hz, 2H), 6.92 (d, ] = 2.6 Hz, 1H), 6.89—
6.85 (m, 2H), 6.31 (t, J = 2.2 Hz, 2H), 4.31—4.26 (m, 4H). *C{1H}
NMR (125 MHz, CDCL): 5 143.9, 141.6, 135.0, 119.6, 117.7, 113.8,
110.1, 109.9, 64.5, 64.2.
7-£4-Methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)- 1H-pyrrole
(4k).” Following the general procedure, the title compound was
isolated as a white solid using silica gel column chromatography
eluting with 3% ethyl acetate in hexane. Yield: 45%, 76 mg. '"H NMR
(400 MHz, CDCL,): § 7.13=7.09 (m, 2H), 6.88—6.83 (m, 3H), 6.40
(dd, J = 3.6, 1.8 Hz, 1H), 6.33—6.31 (m, 3H), 3.80 (s, 3H), 3.79 (s,
3H), 3.62 (s, 6H). *C{1H} NMR (125 MHz, CDCL): § 158.4,
152.8, 1524, 136.6, 134.0, 133.8, 132.2, 128.6, 114.1, 105.6, 105.6,
103.4, 63.6, 56.0, 55.9, 55.8.
1,4-Di(1H-pyrrol-1-yl)benzene (41).°° Following the general
procedure, the title compound was isolated as a white solid using
silica gel column chromatography eluting with 1% ethyl acetate in
hexane. Yield: 45%, 46 mg. "H NMR (400 MHz, CDCL): § 7.37—
7.18 (m, 4H), 7.02—7.01 (m, 4H), 6.38—6.35 (m, 4H). *C{1H}
NMR (125 MHz, CDCL,): § 138.4, 121.5, 119.3, 115.0, 110.6.
2-(4-Isopropylphenyl)-1-(4-methoxyphenyl)-1H-pyrrole (4m).>’
Following the general procedure, the title compound was isolated
as a white solid using silica gel column chromatography eluting with
1% ethyl acetate in hexane. Yield: 32%, 46 mg. "H NMR (400 MHe,
CDCly): 6 7.14—7.08 (m, 2H), 7.06 (s, 4H), 6.88—6.81 (m, 3H), 6.39
(dd, J = 3.5, 1.8 Hz, 1H), 6.35—6.30 (m, 1H), 3.82 (s, 3H), 2.85
(hept, ] = 6.9 Hz, 1H), 1.22 (d, ] = 6.9 Hz, 6H). *C{1H} NMR (100
MHz, CDCL): § 158.1, 146.7, 134.0, 133.9, 130.4, 128.1, 127.0,
126.1, 124.2, 114.0, 109.7, 108.7, 55.4, 33.6, 23.9.
1-Butyl-1H-pyrrole (5a).%? Following the general procedure, the
title compound was isolated as a colorless oil using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 45%,
27 mg. "H NMR (400 MHz, CDCl,): 6 6.57 (t, ] = 1.7 Hz, 2H), 6.06
(t, J= 1.7 Hz, 2H), 3.80 (t, ] = 7.2 Hz, 2H), 1.67 (dt, ] = 14.9, 7.4 Hz,
2H), 1.26—1.20 (m, 2H), 0.86 (dt, J = 7.4, 3.7 Hz, 3H). *C{1H}
NMR (100 MHz, CDCl,): § 120.5, 107.7, 49.3, 33.6, 19.9, 13.6.
1-Pentyl-1H-pyrrole (5b).%° Following the general procedure, the
title compound was isolated as a colorless oil using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 44%,
30 mg. 'H NMR (400 MHz, CDCL): § 6.57 (s, 2H), 6.06 (s, 2H),
378 (t, J = 7.2 Hz, 2H), 1.69 (dt, ] = 14.7, 7.3 Hz, 2H), 1.29—1.17
(m, 4H), 0.82 (dd, ] = 8.2, 6.0 Hz, 3H). *C{1H} NMR (125 MHz,
CDCl,): § 120.4, 107.7, 49.6, 31.2, 28.9, 22.2, 13.9.
1-Heptyl-1H-pyrrole (5¢).>* Following the general procedure, the
title compound was isolated as a colorless oil using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 53%,
43 mg. '"H NMR (400 MHz, CDCL,): § 6.64 (t, ] = 2.1 Hz, 2H), 6.12
(t, J = 2.1 Hz, 2H), 3.87—3.83 (m, 2H), 1.79—1.71 (m, 2H), 1.30—
125 (m, 8H), 0.89—0.85 (m, 3H). “C{1H} NMR (125 MHz,
CDCly): 6 1204, 107.7, 49.6, 31.7, 31.6, 28.9, 26.7, 22.6, 14.0.
1-Cyclohexyl-1H-pyrrole (5d).”® Following the general procedure,
the title compound was isolated as a colorless oil using silica gel
column chromatography eluting with 1% ethyl acetate in hexane.
Yield: $4%, 40 mg. "H NMR (400 MHz, CDCL): & 6.73 (t, ] = 2.1
Hz, 2H), 6.13 (t, ] = 2.1 Hz, 2H), 3.84—3.76 (m, 1H), 2.10 (dd, ] =
132, 1.9 Hz, 2H), 1.92—1.83 (m, 2H), 1.76—1.68 (m, 1H), 1.62
(ddd, J = 24.6, 12.4, 3.2 Hz, 2H), 1.45—1.33 (m, 2H), 1.28—1.19 (m,
1H). BC{1H} NMR (125 MHz, CDCL): § 118.4, 107.3, 58.6, 34.7,
25.7, 25.5.
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1-Cyclooctyl-1H-pyrrole (5e). Following the general procedure, the
title compound was isolated as a colorless oil using silica gel column
chromatography eluting with 1% ethyl acetate in hexane. Yield: 51%,
45 mg. "H NMR (400 MHz, CDCL,): & 6.75 (dd, J = 3.8, 1.9 Hz,
2H), 6.16 (dd, ] = 3.9, 1.9 Hz, 2H), 4.12 (dq, ] = 13.4, 4.4 Hz, 1H),
2.03 (dt, J = 12.0, 6.3 Hz, 4H), 1.82 (dd, ] = 6.0, 2.1 Hz, 2H), 1.72—
1.53 (m, 8H). *C{1H} NMR (125 MHz, CDCl,): § 118.6, 107.3,
59.9, 34.4, 26.9, 25.8, 24.5. HRMS (ESI-TOF) m/z: [M + H]* caled
for C,,H,oN178.1517, found 178.1585.

1-(5-Methylheptyl)-1H-pyrrole (5f). Following the general proce-
dure, the title compound was isolated as a colorless oil using silica gel
column chromatography eluting with 1% ethyl acetate in hexane.
Yield: 62%, 55 mg. '"H NMR (400 MHz, CDCly): § 6.62 (t, ] = 2.1
Hz, 2H), 6.12 (t, ] = 2.0 Hz, 2H), 3.76 (dd, ] = 7.0, 3.7 Hz, 2H), 1.69
(dt, J = 12.4, 6.3 Hz, 1H), 1.31—-1.22 (m, 8H), 0.88 (td, ] = 6.9, 3.7
Hz, 6H). BC{1H} NMR (125 MHz, CDCl;): § 121.0, 107.6, 53.2,
41.3, 30.6, 28.6, 23.8, 23.0, 14.0, 10.6. HRMS (ESI-TOF) m/z: [M +
H]* caled for C,,H,;N180.1674, found 180.1739.

1-(3-Methoxypropyl)-1H-pyrrole (5g).”> Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 2% ethyl acetate in
hexane. Yield: 54%, 37 mg. '"H NMR (400 MHz, CDCL): & 6.65—
6.62 (t, J = 3.1 Hz, 2H), 6.14—6.11 (t, J = 3.2 Hz,2H), 3.99 (td, ] =
6.9, 1.7 Hz, 2H), 3.34—3.28 (m, SH), 2.04—1.93 (m, 2H). *C{1H}
NMR (125 MHz, CDCly): § 120.7, 107.9, 69.1, 58.7, 46.2, 31.6.

5-Chloro-2-(1H-pyrrol-1-yl)pyridine (6a).’® Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 3% ethyl acetate in
hexane. Yield: 50%, 44 mg. "H NMR (400 MHz, CDCL,): 6 8.36 (dd,
J =27, 0.8 Hz, 1H), 7.78—7.63 (m, 1H), 7.45 (dd, ] = 3.3, 1.5 Hz,
2H), 7.28—7.22 (m, 1H), 6.35 (dd, J = 3.3, 1.5 Hz, 2H). *C{1H}
NMR (125 MHz, CDCL,): 5 149.6, 147.3, 138.2, 127.6, 118.1, 112.0,
111.7.

5-Bromo-2-(1H-pyrrol-1-yl)pyridine (6b).>” Following the general
procedure, the title compound was isolated as a colorless oil using
silica gel column chromatography eluting with 3% ethyl acetate in
hexane. Yield: 30%, 26 mg. "H NMR (400 MHz, CDCl,): § 8.45 (d, ]
=2.4Hz, 1H), 7.82 (dd, ] = 8.8, 2.4 Hz, 1H), 7.45 (t, ] = 2.3 Hz, 2H),
720 (s, 1H), 6.37—6.34 (m, 2H). “C{1H} NMR (125 MHz,
CDCL,): & 149.6, 140.9, 118.1, 115.6, 115.0, 112.5, 111.8.

2-Methyl-6-(1H-pyrrol-1-yl)pyridine (6¢).*® Following the general
procedure, the title compound was isolated as a colorless solid using
silica gel column chromatography eluting with 3% ethyl acetate in
hexane. Yield: 51%, 40 mg. "H NMR (400 MHz, CDCL,): § 7.64—
7.57 (m, 1H), 7.52=7.49 (m, 2H), 7.10 (d, ] = 8.2 Hz, 1H), 6.94 (d, ]
= 7.5 Hz, 1H), 6.36—6.31 (m, 2H), 2.53 (s, 3H). *C{1H} NMR
(125 MHz, CDCL,): & 158.0, 150.8,138.5, 119.5, 118.1, 111.0, 108.2,
24.3.

2,6-Di(1H-pyrrol-1-yl)pyridine (6d). Following the general proce-
dure, the title compound was isolated as a white solid using silica gel
column chromatography eluting with 3% ethyl acetate in hexane.
Yield: 40%, 41 mg. "H NMR (400 MHz, CDCL): & 7.71 (t, ] = 8.0
Hz, 1H), 7.51-7.48 (m, 4H), 7.03 (d, J = 8.0 Hz, 2H), 6.31 (dd, ] =
5.0, 2.8 Hz, 4H). *C{1H} NMR (125 MHz, CDCL;): § 150.4, 140.8,
118.2, 115.0, 111.5, 106.7. HRMS (ESI-TOF) m/z: [M + H]" caled
for C;3H,;N;210.0953, found 210.1021.
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ABSTRACT: The a-alkylation of ketones using an earth-
abundant and nonprecious NiBr,/L1 system is reported. This
nickel-catalyzed reaction could be performed in gram scale
and successfully applied in the synthesis of donepezil
(Alzheimer’s drug) and functionalization of steroid hormones
and fatty acid derivatives. Synthesis of N-heterocycles,
methylation of ketones, and one-pot double alkylation to
bis-hetero aryl ketones using two different alcohols with a
single catalyst broadens the scope of the catalytic protocol.
Preliminary mechanistic studies using defined Ni-H species
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and deuterium-labeling experiments established the participation of the borrowing-hydrogen strategy.

he transition-metal-catalyzed hydrogen borrowing strat-

egy for a-alkylation of ketone enolates using renewable
alcohols is a green and sustainable strategy for construction of
C—C bonds that avoids the use of presynthesized alkyl halides
and gives water as the only byproduct.”” However, such a-
alkylation of ketones is often limited to monoalkylation,
pertaining to the linear products.” In contrast, synthesis of a,a-
disubstituted branched products is more challenging and
relatively underdeveloped (Scheme 1).

Scheme 1. Metal-Catalyzed Synthesis of Disubstituted
Ketones

Previous report

0 ® i
-~ _— 1
R)K/\W +  R2OH strong base RJK(\R Q)]

M = Precious Metal: Ru, Ir or Pd ref 4 R

Present Work Ni-catalyzed dehydrogenation/ hydrogen auto-transfer

e} (0]
)j\/\ NiBry/Phen [5/6 mol %]
1+ 27N 1
R R L - RI R" (2
) . ram-scale 2
No special substrate design H,0 nthesis R

Broad Substrate Scope
Greener methodology Drug Synthesis

One pot double alkylation Functionalization to steriod hormone;
Synthesis of pyridines and quinolines  fatty acid derivative

(42 examples)

Branched gem-bis(alkyl) ketones are privileged structural
motifs extensively used as intermediates in organic synthesis.”*
Surprisingly, only a handful examples are known for such
geminal disubstituted ketones (Scheme 1, eq 1).” Notably,
until now, application of homo§en_e0us Ir*™° and Ru
catalysts4f and heterogeneous Pd,"*™" Ni,**" and Ag/Mo
catalysts,” has been known for a,a-disubstituted ketones
using primary alcohols. Nevertheless, applications of renewable

-4 ACS Publications  © 2018 American Chemical Society 5587

resources in combination with rare noble metal catalysts is
highly desirable for key catalytic transformations.”* ™ In  this
direction, use of earth-abundant nonprecious base metals, such
as Fe, Mn, Ni, and Co, would be a more sustainable and
attractive alternative.”® Unfortunately, such processes are only
known to catalyze the monoalkylation of acetophenone
derivatives and have never been demonstrated in the synthesis
of geminal a,a-disubstituted ketones.*®" Nevertheless, the use
of renewable alcohols represents an alternative powerful and
straightforward strateécgy with high atom and step economy
(Scheme 1, eq 2).”°*" Unfortunately, poor leaving group
character and strong coordination ability of the hydroxyl group
limits its applications for nickel-catalyzed transformations.

To date, to the best of our knowledge, nickel-catalyzed
alkylation of ketones with primary alcohols in the synthesis of
a,a-disubstituted branched products have not been devel-
oped.3b’C More specifically, this represents the first example of
an earth-abundant nonprecious base-metal-catalyzed practical
route to branched gem-bis(alkyl) ketones. The key to success is
the application of diversely available nitrogen ligands for nickel
to forge the C—C coupling. This strategy provides new
methods for the facile synthesis of branched gem-bis(alkyl)
ketones, substituted pyridines, and quinolines with broad
substrate scope.

Recently, we established an efficient nickel-catalyzed system
for amination and amidation of primary alcohols as well as
intermolecular cyclization to N-heterocycles.® Our mechanistic
studies revealed that nickel catalysts facilitate the dehydrogen-
ation of alcohol to aldehyde and form Ni—H intermediates
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(Figure 1). Selective hydrogenation of intermediate enone 3a’
by in situ formed nickel hydride transformed to the product 3a,

PR
2a [N|]
dehydrogenation <
N| H

Ph \o
2a'

Ph

hyd rogenation

condensation

1a H0 3a'

Figure 1. Proposed Ni-catalyzed a-alkylation of ketones.

a conceptually different strategy to branched gem-bis(alkyl)
ketones previously reported by Itami and co-workers (Scheme
$8).°" Anticipating the aforementioned issues, we hypothe-
sized a few key challenges, such as (i) selective hydrogenation
of the C=C bond of 3a’, (ii) control to reduce the nickel-
catalyzed hydrogenation of the C=0 bond of 3a and 3a’, and
(iii) how to minimize the self-condensation of ketones (Table
1 and Supporting Information. (SI), Tables S1—S5).>° To this

Table 1. Ni-Catalyzed a-Alkylation: Optimization Studies”

(e}
Ni- Cat /L
Ph)J\/+ HO”TPh 5 oK toldene. t-BuOK, toluene )th L Ph)kh
1a 2a 140°C, 36 h
conv’ (%)
entry catalyst ligand 3a 3a’
1 NiCl, L1 50 39
2 NiBr, L1 86 (78) 10
3 Ni(acac), L1 62 15
4 Ni(cod), L1 SS 32
S NiCl,-DME L1 37 42
6 NiBr, L2 44 22
7 NiBr, L3 54 36
8 NiBr, 14 53 32
9 NiBr, LS NY 30
10 NiBr, L6 57 24
11 NiBr, L7 61 30
12 NiBr, L8 62 34
13¢ NiBr, L1 95 (92) 1
147 10 33
7N 7\ R RN R.pR
NN 7 N ) —N N R
R=H L1 R,\i Me, L3 L4 E :gﬁ: t?
R=Me, L2 R=H,L5 R =o-tolyl, L8

“Unless specified otherwise, the reaction was carried out with 1a (0.5

mmol), 2a (0.625 mmol), Ni cat. (0.025 mmol), L (0.03 mmol), and
t-BuOK (0.5 mmol) under an N, atmosphere at 140 °C (oil bath) in
toluene (2.0 mL) for 36 h in a Schlenk tube. “Conversion was
determined by GC—MS (isolated yields in farentheses, average yield
of two runs). “2a (0.75 mmol) was used. “+BuOK (0.5 mmol) was
used.

end, we envisioned that an appropriate nickel catalyst in
combination with a suitable nitrogen ligand is highly desirable
for this transformation. Primarily, we studied the efficacy of
different nickel catalysts by the reaction of propiophenone la
with benzyl alcohol 2a as a model reaction (Table 1, entries 1—

S).
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To our delight, we identified 1,10-phenanthroline L1 as a
superior ligand for the a-alkylation of ketone. Under identical
conditions, other nitrogen and phosphine ligands, L2—L8,
resulted in 44—62% of 3a along with 22—36% of the
corresponding enone (Table 1, entries 6—12, and SI Table
S3). Gratifyingly, when a small excess of alcohol in the
presence of S mol % NiBr, and 6 mol % L1 in toluene was
used , 3a was obtained in 92% isolated yield (Table 1, entry
13).

Notably, under optimized conditions, influence and scope of
different bases, solvents, and control experiments further did
not improve product yields (Table 1, SI Tables S1—S5). It is
noteworthy to mention that, in lower product yields we
observed 2—10% reduced alcohols of 3a and 3a" by GC—MS
analysis of the crude reaction mixture (Table 1). Under
optimal conditions, a range of ketones and alcohols were
alkylated in good to excellent yields (Scheme 2). For instance,
propiophenone could be transformed to a series of branched
alkylated ketones 3a—e in up to 92% yield. Gratifyingly, phenyl
ketones bearing sterically demanding n-propyl (1b), benzyl
(1c), phenyl (le), or secondary alkyl (1f) substituents
efficiently converted to the corresponding branched products
3f—h, 3ij,], 30, and 3p in moderate to excellent yields

Scheme 2. Synthesis of Disubstituted Ketones”

o NiBr (5 mol %) o)
)H phen (6 mol %) R)l\(Rz
R — >
2 | i
1otk R + R2=0H t-BuOK (1.0 equiv) 35 R

foluene, 140 °C, 36 h

scope of ketones with alcohols:

3a,R= H(92%
3b,R= OMe (52%)

R‘I'j:;/o(;\‘ R

3g R = Et (74%)
3h,R= OMe (71%)

Ph

3¢, R=F (50%)
3d, R = Cl (40%)
3e,R= Br (42%)

3|R:‘9\55©\ )k(\(J

3j, R = OMe (76% 3k (71%)

\/

(e}

Ph)‘\(Ph

30 (43%) Ph

Ph

MeO
3m, R=H (78%)
nR=Me(76%) ~ oRed _______mTmm oW

scope of allphatuc alcohols and aliphatic ketones:

o}
4a: n = 8 (42%)° _
4b: n =6 (41%)°
4d (46%)°
o o)
@é o

3p (87%) “Ph

4c:n=5 (4o%)b

Ph
4e, R =H (68%)
.M R=0OMe (73%) _49(46%)° 4h (38%)° .. 4i@5%)°
methylatlon of ketones? o o
5a (44%) 5b (40%) 5¢ (20%) 5d (27%)

“Unless otherwise specified, the reaction was carried out with 1 (0.25
mmol), 2 (0.375 mmol), NiBr, (0.0125 mmol), phen (0.01S mmol)
£-BuOK (0.25 mmol) in toluene (2.0 mL) at 140 °C for 36 h. °NiBr,
(0.0187 mmol), Phen (0.0225 mmol), and t-BuOK (0.5 mmol) were
used. “t-BuOK (0.0625 mmol) and 2 (0.3125 mmol) were used, 24 h.
4GC—MS and 'H NMR yield; t-BuOK (0.625 mmol) and alcohol (1
mL) were used.
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(Scheme 2). To our delight, 2-pyridinemethanol furnished the
desired product 3k in 71% yield. Advantageously, when 4-
methoxy-substituted phenyl ketone 1d was employed, the
desired gem-bis(benzyl substituted) ketones 3m—n were
obtained in 76—78% yields, respectively. It is noteworthy to
mention that benzyl alcohol bearing halides (F, Cl, or Br) as
well as methoxy and 1,3-dioxolone groups could be tolerated
under the standard catalytic conditions including the pyridine
moiety.

Next, we explored the reactivity of more challenging primary
alkyl alcohols and alkyl ketones (Scheme 2). Readily abundant
C7-C10 primary alcohols as well as the renewable terpenoid
intermediate citronellol efficiently converted to branched gem-
dialkyl-substituted ketones 4a—d. Notably, this represents a
rare chemoselective transformation of unsaturated alcohol
under Ni catalysis.7 Again, the reaction of tetralone derivatives
1g,h and cyclic alkyl ketones, such as cyclopentanone,
cyclohexanone, and cycloheptanone, converted into a-benzyl
cyclic ketones in up to 73% yield (Scheme 2, 4e—i). These
examples show the potential of the present catalytic protocol.
Next, we utilize methanol as a C1 source for a-methylation of
ketones under standard conditions. The high energy barrier for
activation of smaller alcohols often limits its applications, and
to date, use of Ir, Rh, and Ru catalysts are known for such
processes.” To our delight, when using propiophenone and
tetralone derivatives with methanol, a-methylated ketones Sa—
c were obtained in up to 44% yield (Scheme 2). Under
identical conditions, we also observed a-isopropyl tetralone 5d
in moderate yield.

Finally, we studied the synthesis of quinolines and pyridines
using y-amino benzyl alcohols with a range of substituted
ketones (Scheme 3). Surprisingly, to date, only a handful of

Scheme 3. Green Synthesis of Quinolines and Pyridines

o) NiBr; (5 mo 1%) R i

o =

Ph)\ /j I\/l[ e
R

phen (6 mol %)

t-BuOK (1.0 equiv) Ph SN
1a-c, 1e 2p 2q toluene, 140 °C, 36 h 6a-6f
6a (76% 6b,R = Et (69%) 6d (42%)  6e, R H(51%)

6c, R = Ph (54%) 6f, R = Et (56%)

“Reaction was carried out with 1 (0.25 mmol), 2 (0.3125 mmol),
NiBr, (0.0125 mmol), phen (0.015 mmol), and +-BuOK (0.25 mmol)
in toluene (2.0 mL) at 140 °C for 36 h.

examples based on Ir, Ru, and Mn complexes are known for
their synthesis.”*'’""* Gratifyingly, application of 2-amino-
benzyl alcohol and 3-aminopropanol with ketones la—c and
le resulted the formation of C-2- and C-3-substituted
quinolines and pyridines 6a—f in up to 76% yields (Scheme
3). Pleasingly, we established an alternative green synthesis of
substituted pyridines and quinolines using an inexpensive
nickel catalyst.

Next, we studied the one-pot sequential double alkylation of
acetophenone and 4-methoxyphenyl acetophenone using
primary alcohols (Scheme 4). Notably, in the first step, we
observed that a selective monobenzylation followed by a
second addition of similar catalyst composition and different
benzyl alcohols resulted in hetero bis-alkylated ketones
(Scheme 4). We also demonstrated one-step direct synthesis
of donepezil 7 from commercially available starting materials
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Scheme 4. Sequential One-Pot Double Alkylation of
Acetophenone

(o}
Ar)l\ NiBr, (5 mol %) N|Br2 6] mnl %)
phen (6 mol %) phen (6 mol %)
HO/\A t- BuOK( 1.0 equiv) t- BuOK( 1.0 equiv)
toluene, 140 °C, 12 h toluene 140 °C, 36 h

h MeO
3a (70%) 3b (65%) 3h (71%) 3i (70%)

(Figure 2)."* Donepezil is a best-selling drug used for the
treatment of Alzheimer’s disease.'” Interestingly, application of

o Ph' From steroid hormone

o
7 (46%) N 9

MeO \—-Ph
Donepezil (Alzheimer's drug) Ph

From oleyl alcohol

8(53%) 9 (35%) 7

Figure 2. Application in drug synthesis and steroid hormone.

4-cholesten-3-one resulted in a-benzylated product 8 in 53%
yield without affecting the parent cholesten moiety (Figure 2).
Similarly, fatty acid alcohol derived from oleic acid efficiently
alkylated with 1a and resulted in a moderate yield of 9 without
significantly affecting the double bond (Figure 2).

Notably, the catalytic system is tolerant to halides and alkyl,
alkoxy, and dioxolone functionalities, including benzyl and the
pyridine moiety. Remarkable transformations in the presence
of reducible groups, such as terminal alkene and the steroid
framework, provide evidence for the synthetic potential of the
established protocol. To our delight, when a gram-scale
reaction was performed using propiophenone la with benzyl
alcohol 2a, 3a was obtained in 71% yield (SI Scheme S7).
Nevertheless, application of ketones or alcohols with electron-
deficient functionalities, such as, nitro, amino, esters, and
formyl as well as nitrile groups, did not result any desired
products under standard catalytic conditions.

Furthermore, as part of our ongoing studies, we were
interested in gaining insight about the Ni-catalyzed a-
alkylation of ketones. To the best of our knowledge, to date
there are no detailed mechanistic studies reported for such
processes. Therefore, to identify the key Ni intermediate
species, cat. A was prepared, > isolated, and separately
employed in a stoichiometric (100 mol %) and catalytic (10
mol %) amount in the model reaction under standard
conditions; 3a was obtained in 48% and 50% yields (Scheme
Sa). Mechanistically, we hypothesized that Ni-catalyzed a-
alkylation of ketones is a multistep process: dehydrogenation
of alcohol to aldehyde followed by base-mediated condensa-
tion with ketone to an enone intermediate and finally in situ
hydrogenation of enone by Ni—H species led to the desired
product (Figure 1 and SI Scheme S8).

On the basis of the above findings, we prepared the Ni
hydride species of cat. A. Unfortunately, the experiments were
not successful, even after several attempts at variable
temperatures (SI Scheme S6). 8b16 At this point, we realized
that electron-rich phosphine ligand might be useful to form
stable Ni—H species. Therefore, tricyclohexylphosphine L6
was used to prepare the defined complex, (Cy),PNiBrH, cat.
B—H."” Gratifyingly, 3a was obtained in 21% yield when
enone 3a’ was reacted with a stoichiometric equiv of cat. B—H
under standard conditions (Scheme Sb and SI Scheme S6).
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Scheme S. Catalytic and Mechanistic Studies

5a. Stoichiometric and catalytic studies using defined catalyst

cat. A (5 mol % 0
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. A~ =N N |—2 e PR
Pr]I Pg OH BFNI‘ cat. A (100 mol %) 3a
a a cat ABr 48% Ph

5b. Stoichiometric studies using defined Ni-H species
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Phjk( PhJKL/
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Ph 21 % Ph
5c. Evidence for enone intermediate and catalytic deuteration studies
O
standard conditions
PH * PAOH ——f PH
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3a' 2a
° Ph o Ph
H/D (489
D D standard conditions PH (48%)
Ph X 45 %
32 | PH “OH o 0%) Ph
2 Npp 2a-d2 H
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o) Q 1D (7%)
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3a.d2 H/D(0%)
(@]
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Ph "OH o - H/D (20%)
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PR OH (24%) p/H Ph
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The above experimental findings provide strong evidence for
the participation of Ni—H species. Thereafter, we prepared the
defined Ni-alkoxy species cat. C, employed under standard
catalytic conditions. GC—MS analysis of the crude reaction
mixture detected benzaldehyde formation, which is in
agreement for the participation of the nickel—alkoxy
intermediate (SI Scheme S6C).

Next, to gain deeper insight into the reaction mechanism, we
performed a series of deuterium-labeling experiments (Scheme
5¢,d). The enone 3a’ reacted with 2a and 2a-d2 under
standard conditions to afford 3a-d2 in 45—51% yield and
exhibited 47—48% incorporation of deuterium (Scheme Sc and
SI Scheme S3). Thereafter; we conducted a-alkylation of la
using benzylalcohol 2a-d1, 'H NMR, and GC—MS analysis
indicating the formation of 3a-d2’ (Scheme Sd and SI Scheme
S4). Additionally, we performed a crossover experiment using a
1:1 mixture of 2a and 2a-d2 under standard conditions and
observed the formation of H/D-scrambled product 3a-d2”’
(Scheme 5d and SI Schemes S1 and S2). Notably, the reaction
of 1a-d2 with benzyl alcohol 2a also resulted in the formation
of 3a-d3’ in 44% yield (SI Scheme SS5). These deuterated
experimental observations strongly support our findings and
are in agreement with the literature report of D/H exchange
following hydrogen autotransfer strategy (Scheme S and SI
Schemes $1—S5).'®

Additionally, competition experiments using a mixture of 4-
methoxybenzyl alcohol 2b and methylene ketone la were
independently reacted with benzyl alcohol 2a and 4-
chlorobenzyl alcohol 2d under standard catalytic conditions.
We observed that, a-alkylation occurred at higher rates for
ketones with electron-rich substituent (SI Scheme S9). Finally,
we explored our interest in the determination of rate and order
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of the reaction. To calculate the rate laws, we performed
kinetic studies using two sets of experiments (SI Scheme S10).
Considering a steady-state approximation for benzyl alcohol,
first-order kinetics with respect to la was observed for a-
alkylation of ketones.

In summary, we have developed an operationally simple and
practical route for the synthesis of branched gem-bis(alkyl)
ketones using Ni catalyst. Readily available alcohols and a
series of aryl and alkyl ketones including pyridine functionality
resulted in up to 95% yield. A sequential one-pot double
alkylation to hetero bis-alkylated ketones is reported.
Successful synthetic application to Alzheimer’s drugs and
functionalization of steroid hormones and fatty acid derivatives
shows the potential of the present protocol. Methylation of
ketones and green synthesis to N-heterocycles significantly
broadens the scope of this methodology. Initial mechanistic
studies using defined Ni—H species and a series of deuterium-
labeling experiments established the hydrogen-borrowing
strategy.
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