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SUMMARY

Investigations embodied in this thesis entitled “SYNTHETIC ORGANIC
REACTIONS — NEW METHODOLOGY AND APPLICATIONS” arc primarily
concerned with studies on the development of hew methodology, reagents and
conditions for organic reactions and its applications. The thesis has been divided into
two parts: Part—I and Part-II. Part-I comprises three sections: Sectio'n—A, Section—
B and Section—C. |

Section—A starts with a brief introdxj\c%cion on catalytic transfer hydrogenation
(CTH) reactions. Several aspects of CTH including possible mechanistic pathways
have been discussed. .

In the present work it is reported that o, B-unsaturated cyanoesters possessing
other sensitive functional groups can be smoothly converted into the correéponding
saturated cyanoacetates using a combination of potassium formate and catalytic
palladium acetate (Scheme I). The reduction is chemoselective to C—C double bond
and appeared to be mild and efficient as the nitrile, ester (alkyl and tri-n-butyl

stannyl), énd halogen functions remain unaffected.

R; CN R, CN

> - i HCOOK/Pd(OAC), > i
\ - 0
R{  COOR, DMEMS-30°CH gy COORs

A}

R3 = Et, Sn(n-Bu);
Scheme I

The present study constitutes a useful condition for chemoselective reduction
of C~C double bond of a,B-unsaturated cyanoesters using potassium formate and
catalytic palladium acetate as simple and inexpensive reductant. The reaction possibly
involves “hydride transfer” im situ at the [B-carbon and proceeds without any
concomitant reduction of cyano, ester, or halogen groups. The ability of this reductant
to perform conjugate reduction on functionalized alkylidenecyanoacetate in a
controlled fashion is noteworthy. The homogeneous catalytic condition offers further
use of chiral ligands to promote asymmetric induction. Future studies may be
attempted in this direction. This work has been published in Synth. Commun. 2003,
33(2), pp. 291-296.



i
Section—B deals with the development of a simple protocol for direct
reductive amination of aldehydes and ketones using potassium formate and catalytic

palladium acetate (Scheme II). .

0 I NR: NRg]
or : >
Ry _ Ry Silica gel Ry "Ro : Pg(lf/)ﬂé(:)z IN \R2
R; = Alkyl or Aryl Ry =H, Alkyl
Ry, =H, Alkyl Ry = Alkyl
Scheme II

The direct reductive amination of carbonyl compounds is a useful organic
transformation for preparing primary, secondary and tertiary amines. The reaction
offers compelling advantages over other amine syntheses, including brevity, wide
commercial availability of substrates, generally mild reaction conditions, and in some
cases exceptionally high functional group tolerance.

The method described here can be useful for preparing all classes of amines
from suitable carboriyl compounds and the amines. Furthermore, the method can be of
importance in view of cheap reducing agent, which decomposes to environmentally
friendly chemicals. Since palladium catalyzed “hydride addition” is probably the
cause of the C—N double bond reduction, the possibility for asymmetric reductive
amination in presence of a chiral ligand might be explored. This work hds been

published in Synlert 2003, (4), pp.555-557.
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Section—C delineates studies on the development of formic acid-based stable
H-donors in solid phase CTH reactions.

The growing need for atom efficient reactions, clean and green technology and
combinatorial chemiétry compounded with environmental constraints has led to
undertake this study.

The functionalized polymers have been emerged as versatile tools for solution-
phase chemistry and automated parallel synthgsis. The polymeric suppbrts have been
used for anchoring several reducing agents such as, borohydrides, tin hydrides etc.
. These hydrides are either expensive, reactive or the residue poses a risk in its
elimiﬁation. Therefore, the design of ideal support with suitable reagents has been a
subject of research for many synthetic chemists. A method for cétalytic transfer
hydrogenation of C-C and C-N double bonds with the aid of polymer supported
formate (PSF) as the hydrogen donor and palladium acetate as the catalyst is

described in this section (Scheme III).

p 01__\ +
NR3
N HCOO N
= - )X
R2 R4 Pd(OAC)z/Dl\/IF R2 ' R4

R1=R2=Ph,Ar,H, X=C,N )
R3 and R4 = CN, COOEt, COOMe, NHBoc, H, Ph

Scheme ITI

The method is operationally simple and applicable to a range of unsaturated
organic compounds. The use of palladium catalyst showed some substrate seléctivity.
Other advantages are: clean work-up, high yields and eni'ironmentally benign. (A

manuscript on a brief preliminary account, to be submitted, is under preparation).
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Part-II of this dissertation deals with palladium catalyzed amination of

halopyridinses on a KF—alumina surface (Scheme IV).

Pd-Phosphine catalyst/ ]

= R,NH or RNH, 7 \ﬂ "

Ry & Br KF-Alumina (1:4) Rl/k B 2
N N

P(o-tolyl);, DPPF, BINAP; Pd sources: PdCh,
Pdy(dba)s, PA(OAc),, Pd(acac),, PA[PPhs]y

Scheme IV

Aminopyridines are versatile interinediates for synthetic transformations to
biologically active compounds and are known to act as central nervous system
stimulants. Their derivatives are often used as lligands in coordination and
organometallic chemistry, and have found industrial applications as fluorescent dyes.
The recent development of palladiumh-catalyzed C—N hetero cross coupling reactions
disclosed independently by Buchwald and Hartwig involves use of strong base such
as sodium f-butoxide, which is not desirable and remains associated with problems
such as in the case of direct afninétiofn using NaNHR or NaNR;.

In this part, we have described the development of a convenic;,nt and efficient
heterogeneous method for C-N coupling by palladium-catalyzed amination of
halopyridines on KF-alumina surface, thus negating the use of strong bases such as
sodium #-butoxide. The reaction conditions are optimized with reference to catalytic
system, solvents and the surface. This method represents a significant improvement
and useful extension relative to Buchwald’s procedure using the strong base. Future
work may include studies with more base-sensitive functionalities or the hel.c‘rocyclic
nucleus as well as chiral amines. A preliminary account of the work has been

published in Tetrahedron Lett. 2002, 43(44), pp.7967-7969.
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Part I. Section A

Transfer Hydrogenation of Highly Functionalized Alkenes
by Potassium Formate and Catalytic Palladium Acetate

IA.1 Introduction: Transfer Hydrogenation—A Brief Review

Reduction of organic compounds is important synthetically both in the
Jaboratory and in industry.' Reduction is used in the sense of addition of hydrogen to
an unsaturated group such as a carbon-carbon double bond, a carbonyl group or an
aromatic nucleus, or addition of hydrogen with concomitant fission of a bond between
two atoms, as in the reduction of a disulfide to a thiol or an alkyl halide to a
hydrocarbon. Reductions are generally effected either chemically or by catalytic

hydrogenation. Though reduction of an isolated functional group can be carried out
| conveniently with a number of reagents, selective reduction of one functionality in
presence of other such functional groups with a minimum damage to the sensitive
portions of a molecule is a frequent problem in organic synthesis. Thus, developments
of selective, mild and effective reducing agents still an area of considerable interests.
Conventional hydrogenation procedure although often offers selective reduction under
mild conditions, it requires a special set of apparatus and is always associated with the
usual risks of using hydrogen gas. Of the many methods of effecting reduction of
organic compounds or more specifically the organic functional groups, catalytic
hydrogenation offers the advantages of widespread applicab‘ility and experimental
simplicity to a unique degree.® The reduction of multiple bonds using molecular
hydrogen and a metal catalyst is a familiar to all organic chemists. Far less well
known is the possibility of achieving reduction of multiple bonds with the aid of an
organic molecule as the hydrogen donor in the presence of a catalyst, a process known
as catalytic transfer hydrogenation (CTH) ot hydrogen-transfer reaction (H-transfer).”
The process entails hydrogen abstraction from the reagent (hydrogen donor) by means
of the catalyst, followed by (or in concert with) hydrogen addition to the unsaturated
functional group of thq substrate (hydrogen acceptor). This can be generalized as in

equation (1).

Catalyst ‘
DHy + nA — 2% D+ nAHy (1)

DHy = hydrogen donor; A = hydrogen acceptor.



As a result of the transfer, unsaturated groups in 4 may be reduced and/or
susceptible bonds may be cleaved by hydrogenolysis. This process-is but one of
several possible hydrogen transfer reactions which were classified by Braude and
Linstead® as i) hydrogen migrations, takirig place within one molecule; ii) hydrogen
disproportionation, transfer between identical donor and acceptor units; iii) transfer
hydrogenation-dehydrogenation, occurring between unlike donor and acceptor units.
Such of these reaction types in turn can be realized in principle by thermal means,
homogeneous catalysi§, heterogeneous catalysis, photochemical means, or with
biological processes.

In comparison with catalytic reduction using molecular hydrogen, transfer
reduction using hydrogen donors has real and potential advantages. Moleculaf
hydrogen, a gas of low molecular weight and therefore high diffusibility, is easily
ignited and preserits considerable hazards, particularly on the large scale; the use of
hydrogen donors obviates these difficulties in that no gas containment is' necessary, no
pressure vessels are needed, and simple stirring of solutions is usually all that is
required. Potentially, transfer methods could afford enhanced selectivity in reduction.
With a catalyst and molecular hydrogen, changes of catalyst, solvent, and temperature
are possible variants of reaction conditions but, with hydrogen donors, a new
dimension is opened up because the choice of hydrogen donor can effect the reaction
through its competitive adsorption onto the catalyst surface. Thus, rate and specificity
of reduction are amenable to control through choice of hydrogen donor. Most transfer
hydrogenation mechanisms are poorly understood and there are a few direct
comparisons of products of reaction following the use of molecular hydrogen or a
hydrogen donor. Research in these areas is needed not only to unravel details of
mechanism, but also to provide a proper appraisal of the advantages 61‘ disadvantages
of the two methods.

In 1952, Braude ef al’ made the suggestion that the catalytic hydrogen
transfer from an organic donor molecule to a wide variety of organic acceptors might
be possible under mild conditions. In fact, sporadic use had been made in the past of
unsaturated compounds as hydrogen acceptors in catalytic hydrogenation reactions.
Reviews of reactions of this type bif Brieger and Nestrick® and by Johnstone, Wilby
and Entwistle® show that a wide variety of unsaturated groups can be r'educed using an

almost equally wide variety of donor compounds and catalysts. In the early work in



this field the donor compound-cq.talyst combination used most frequently was
cyclohexene in the presence of 5% or 10% palladium supported carbon (Pd/C).
However as noted by Johnstone and his coauthors,® the indifferent yields and long
reaction times associated with many of the reactions investigated mediated against the
acceptance of CTH as a generally useful synthetic technique.

CTH can be miade an effective method for reducing a variety of organic
substrates, which avoids some of the technical and safety concerns associated with
using compfessed hydrogen gas. The heterogeneous mixture of Pd-C and ammonium
formate in alcohol solvent has proven to be a particularly effective reagent in organic
synthesis. Replacing organic solvent with water offers economic advantages,
improves ‘safety, reduces the énvironmental impact in the waste sfream, and in
combination with the development of catalytic processes offers great opportunities for
‘green chemistry’. Arterburn e/ al.” reported a convenient, effective method for
reducing unsaturated carboxylic acids using the non-pyfoplioric catalyst PdCly,
HCOOH, and NaOH base in water. '

3 PdCly, H-donor @—cmcx{zcoor{
@—CH—CHCOOH H,0, NaOH, ~

65 0C 98%

During the course of the study on the catalytic transfer hydrogéhation (CTH)
of arylnitro compounds with the ammonium formate/Pd-C system,® Baskaran et al.
recently made the interesting observation that ammonium formate in an. aprotic
solvent like acetonitrile can function as a formylating agent® apart from being a source
of hydrogen. Based on this observation, Pratap and Baskaran'® have developed a
novel and highly selective procedure for the direct conversion of arylnitro compounds

to formanilides in acetonitrile under CTH conditions.

HCO,NH,, Pd-C .
NO; —— — NHCHO
X% CH5CN, 950C -

The asymmetric transfer hydrogenation also becomes synthetically very

useful. Chiral nonracemic hydrogen donors can be profitably employed as chirality
sources for inducing enantioselectivity in the product, thus providing new routes to
accomplish an asymmetric process. This expands the potential of asymmetric H-

transfer and makes it more versatile than asymmetric catalytic H,-hydrogenation.
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Catalytic asymmetric reduction of ketones to form chiral secondary alcohols is an
important transformation in organic synthesis.'’ The enantioselective transformation
can be accomplished by hydride reduction using the oxazaborolidine catalyst,'? by
hydrogenation with for example chiral BINAP and DuPHOS ligands,"” and by
transfer hydrofgena‘cion.14 The later has been studied extensively during recent years
because of the low cost, operational simplicity and favorable properties of the
hydrogen dEmor—usually secondary alcohols and formic acid.”® Asymmetric transfer
hydrogenation with ruthenium complexes has recently emerged as an effective

14516 although other metal complexes of

approach to asymmetric carbonyl reduction,
samarium,” rhodium,'® and i'ridium19 have been used successfully. Recently, Noyori
et al. developed an efficient and highly enantioselective ruthenium catalyst using
diamines as chiral ligands.”® Other types of chiral phosphorous and/or nitrogen
ligands have also been used with varying levels of rate, yield and selectivity,'**'®2!
Wills et al® reported that (1R,2S)-(+)(R,R)-DIOP is an excellent ligand for

asymmetric transfer hydrogenation of ketones.

--OH
0 H._ O

NH Me
Me 2 >

[RuCl 2(p-cymene)] 2 B}

72% 1solated yield
91% ee

Catalytic transfer hydrogenation has also been conducted under microwave
irradiation using high boiling solvents such as ethylene glycol as the microwave
energy transfer agent. Derivatives of B-lactam® underwent CT hydrogenation as well

as the cleavage of the ring by hydrogenolysis of N-C4 bond.

/Ph
Ph Ph
PhO | PhO J PhO J
HCO,NH, . F“[
| 10% Pd/C g T _NU
7N MWI* 7 s 7 R
0 Ar o Ar 0 Ar

In the following pages, CTH reactions are described according to the nature of

substrates, hydrogen donors, catalysts, promoters and ligands.



IA.1.1 Substrates

Several different substrates have been successfully reduced by transfer
hydrogenation in the presence of both heterogeneous and homogeneous catalysts.*®
The list of hydrogen acceptors (H-acceptors) includes alkenes, alkynes, nitriles,
azides, azo compounds, aldehydes, ketones, o,f-unsaturated carbonyl compounds,
o, B-unsaturated acids, esters, and imines and nitro compounds. Particular attention
has been paid to the chemoselectivity in the case of o,B-unsaturated carbonyl
derivatives, which can give rise to scalemic products upon reductions both at the
carbon-oxygen and at the carbon-carbon double bond 2 It is well recognized that the
reduction of carbon-carbon double bonds by alcohols and ‘formic acid is
thermodynamically favoured proceeds to completion under a gre‘at variety of
conditions. In contrast, the reduction of carbonyl groups by alcohols suffers from
unfavourable thermodynamics® and it can be anticipated that the equilibrium of H-
transfer reduction of ketones by means of alcohols lies to the left side, particularly
when primary alcohols are employed. Well-suited hydrogen donors and appropriate

reaction conditions are necessary in order to attain high conversions in this case.

IA.1.2 Hydrogen Donors

In hydrogen transfer reactions the hydrogen donor must be different from
dihydrogen. Most of the reagents employed are alcohols, including chiral ones, and
formic acid,’® cyclohexene®* or cyclohexadiene,”® ammonium formate,?’ triethyl or
tri-n-butyl ammonium formate,® phosphinic acid,* sodium hypophosphite,*
hydrazint::,s’31 n-BusSnH,*? Ph,SiH,/ZnCl, H,0,*® and triethoxysilane.**

According to their relative oxidation potentials, secondary alcohols are better
H-donors than primary ones and can be succéssﬁllly employed even in the reduction
of ketones, provided they are present in great excess.”> Among secon(imy alcohols,
propan-2-ol is the reagent of choice because it is inexpens-ive and readily available,
has an appropriate boiling point and solubility properties, and upon dehydrogenation
gives acetone, which can be easily removed from the reaction mixture, if shifting an

unfavourable equilibrium is necessary.
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Generally, these donors are used with noble-metal catalysts, particularly Pd,
Pt, Rh, and give up hydrogen to the substrate under mild conditions with reaction
temperatures rarely exceeding 100 °C. After giving up their hydrogen, the oxidized
products from the hydrogen donors are frequently easily removable from the reaction
system. Thus, formic acid exhibits two modes of decomposition and may CO, or CO

as its non-hydrogen containing side products, depending on the catalyst used.
|

IA.1.3 Catalysts

Transition metal-catalyzed transfer hydrogenation of hydrogen acceptors by
hydrogen dbnors has been recognized to be the importance in reduction
chemistry.“’”"35 Both salts and complexes of Pd, Pt, Ru, Ir, Rh, Fe, Ni, and Co have
been used as catalysts for the transfer of hydrogen from hydrogen donors to organic
substrates. Chiral complexes containing an Ir(1),'>*® Rh(I),"*** or Ru(IIy’” have been
successfully employed to catalyze asymmetric reduction of certain prochiral ketones
to afford chiral secondary alcohols of high enantiomeric purity.'”*® -

According to Braude et al’ palladium catalysts are the most effective. The
exceptional role of palladium in hydrogen transfer reactions appears to be due, at least
in part, to its general mobilizing action for hydrogen-carbon bonds. Palladium is the
catalyst of choice for the most catalytic transfer hydrogenations.

As an interface between homogeneous and heterogeneous catalysts, dendritic
catalysts have received attention,® however, the application of chiral organometallic
dendrimers in asymmetric synthesis is a field still in its infancy.*® Recently Deng et
al.*' reported the synthesis of chiral TsDPEN analogue enclosed dendritic ligands and
the application of their Ru(Il) complexes in the asymmetric transfer hydrogenation of

acetophenone.

IA.1.4 Promoters “

Strong bases like KOH or NaOH or sodium alkoxides are frequently added as
promoters in H-transfer reactions since often they exert a beneficial effect on reaction
rates.” In 1991, Backvall had discovered that the use of catalytic amount of NaOH in
the [RuCl,(PPhs)s]-catalyzed transfer hydrogenation of ketones by propan-2-ol
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dramatically increased the activity of the catalyst.'>* Without having added NaOH, or
other bases such as K2COs, no transfer hydrogenation occurred. This observation was
important, as previously ruthenium-catalyzed transfer hydrogenation of ketones had
frequently been performed at high temperatures.* The role of the base is considered
to ‘be increasing the concentration of 2-propoxide ion, which co-ordinates with the

metal and then B-eliminates forming an M-H reducing species and acetone.**

IA.1.5 Mechanism

The actual mechanism of transfer reduction is not clear,’ but it is not simply an
alternative to reduction by molecular hydrogen.*’ Usually, if significant evaluation of
hydrogen is observed during transfer reduction, the yield of reduction product is low.
Conversely, when evaluation of hydrogen is not readily apparent, reduction may be
rapid and high yielding. Further, transfer reduction shows different selectivity towards
functional groups from that shown in catalytic reduction with molecular hydrogen.

From a mechanistic pbint of view, two general reaction paths can be envisaged
for hydrogen transfer:* a step-wise process called “hydridic route”, and a concerted
process, called “direct hydrogen transfer.”

The “hydridic route” involves the intermediate formation of a metal hydride
derivative by interaction of the catalyst with the hydrogen donor, followed by hydride

transfer from the metal to the substrate.

m+
' A
mt \ m+
X

[HD = hydrogen donor; AX = hydrogen acceptor]

Elimination of HA and the elements of X, D from the complex, HAXDM™',
give back the metal, M™, ready for the next catalytic cycle.
This is a typical hydrogenolysis reaction, which needs only slight modification

in the mechanism to account for reduction of unsaturated systems such as alkenes.



_ =
=D D
' D mt D mt
M H/M\D_____

4»—** D —»—»—‘ - . —-——‘—w- +M™ + 2[D]
mt mt-

H M H M H H

] 7N

D | HDD

The “direct hydrogen transfer” implies that hydrogen is transferred to the
substrate in a concerted process where both the H-donor and the H-acceptor are held
together in close proximity by the catalyst. A cyclic transition state such as the one

proposed for the Meerwein-Pondorf-Verley reduction is possibly involved.

— L\ /L —#
/M\
0" 0
Rj '\\ JT Me
RS H Me
— —

The exaét mechanism operating in- a given system depends on the metal
catalyst and hydrogen donor. Main group elements are reported to undergo the direct
hydrogen transfer route preferentially, as in MPV reduction.®® In contrast, transition
metal complexes, as stated by Noyori, “prefer the hydride mechanism™.'® Such metal
hydrides species have been reported in various systems. [RhH(bipy),] is implicated in
the mechanism of [Rh(bipy).Cl]-catalyzed dehydrogenation of ethanol in the presence
of a base.*’ Also, Backvall has suggested the involvement of ruthepium dihydride

species in a [RuCly(PPhs);] and NaOH catalyst system for the transfer hydrogenation

of ketones. >



IA.1.6 Ligands

Asymmetric hydrogenation reactions are important in practical organic
synthesis ranging from laboratory scale research to large scale production.*® Chiral
phosphine ligands play a significant role in various metal catalyzed asymmetric
reductions.*” Over the pést three decades, most effort on asymmetric hydrogenation
has been focused on the use of Rh, Ru and Ir catalysts complexing ‘with chiral
phosphine ligands. Besides a few tertiary monophosphines,”® chelating bidentate
diphosphines like DIO%, CHIRAPHOS, NORPHOS, and BINAP have bleen mainly
used. Recently, it has been shown that some of the results obtaining with
phosphinite,” ! phosphite,** phosphine-phosphite with xylofuranoside .backbone,s3
phosphonite,5 * or phosphoramide® ligénds can match those obtained by using
phosphines. Rhodium catalysts bearing aminophosphine ligands also have shown
good to excellent enantioselectivity and high reactivity in asymmetric
hydrogenation.’® Since many effective phosphine ligands are quite difficult to prepare,
the search for easily prepared and highly effective new chiral ligands is still of high
interest. Schmid,’” Pregosin,®® and RajanBabu’®* reported that in asymmetric
hydrogenation, the enantioselectivities of transition metal phosphine/phosphinite
catalyst were significantly influenced by the substituents on the phosphorous atoms.
Chan et al. found that the Rh catalyst containing bidentate aminophosphine, 2,2’-
bis[diphenylphosphinoamino]-1,1’-binaphthyl (BDPAB),*® to be effective in the
hydrogenation of enamides,*®® and dehydroaminoacid derivatives.®'

Rh(I) and Ir(T) complexes containing chelating bidentate nitrogen ligands such
as 2,2’-bipyridine(bipy), 1,10-phenanthroline (phen), and their substituted derivatives
also displayed high catalytic activity in the H-transfer reactions.

A*chiral Rh complex, (R)-Cp*RhCI[(1S,2S)-p-TsNCHPhCHPhNH,), (S,S)-
Cp*RhCITsDPEN), generated from [Cp*RhCly]; and (1S,2S)-N-p-Ts-1,2-
diphenylene diamine [(S,S)-TsDPEN], and its enantiomer provide superior catalysts®?
for the rapid high yielding, asymmetric transfer hydrogenation of some heterocyclic

imines, using an HCO,H-Et;N azeotrope as the H-source.
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Structures of some ligands:
PPh,

H .
XO:CPP}}Z /[ CHan_ l/.1>th
0 FPhy CH;”  PPhy
H

CHy PPl

(R,R)-(-)-DIOP (R)-(+)-PROPHOS (R,R)-(+)-CHIRAPHOS
ch\\
PPh, PPl . TNCHy),
. PPhy f@ ~PPH,
. IlPth \v‘ .
Pth
(R,R)-(-)-NORPHOS (R.S)-()-BPFA
"]
Ph,  Ph N Ph
~ >_\ PRCH. N N__cmpn Ph>“ ¢
H,N NHTs “~cC o CHP \
H Ph phe Ny  HCHN NHCH;
TsDPEN (R R)-(+)-PDPBI
| . R
T o O e
NHPPh, & N « N /OL().
NHPPh,
=

BDPAB

MDPP
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IA.1.7 Catalytic transfer reduction of specific functional
groups

A wide range of donors and catalysts has been deployed in various
combinations to carry out heterogeneous hydrogen-transfer reductions of most of the
major functional groups attached to or part of both aromatic and aliphatic structures.
Several important functional groups have received little study, in particular,
carboxylic acids, their esters, and their amides. All of them are frequently reduced
efficiently by hydride reagents, but are usually found not to be reduced under catalytic

transfer conditions.

JA.1.7.1 Alkenes

A number of different olefins have been reduced by catalytic transfer
hydrbgenation. For simple alkenes, palladium on charcoal (Pd/C) appears to effect
reduction using either hydrocarbo-n hydrogen donors, such as cyclohexene, or amines
such as N-benzyl aniline.

For example,

H Cyclohexene
10% Pd-C/AICI3

Ref. 63

(96%)

N-benzylaniline | Ref. 64
10% Pd-C |
(89%)
OAc OA
C
PhCH,0H
ST > Ref 65

(90%)
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Propan-2-ol
@N[Ir(cod)m]ydpp'p Q/\/ Ref. 36e
Cs,CO5 (64%)
Ac ‘ Ac -
- NaH,PO, . Ref 30a
N FtOH
| ' (92%)

Transfer hydrogenation of alkenes using .ammonium formate as source of
hydrogen has been well established as a synthetic procedure for the reduction of
alkenes and the removal of O- and N-benzyl groups for many years.?>®*® When
cinnamic acid for example is treated with ammonium formate and “Wilkinson’s

catalyst in a solvent such as DMF at 70 °C for 3 h high yields of the saturated acid are

~._ COH ' CO,H
O/\/ ROCI(PPhs); O/\/
HCO,NH,, DMF

The application of microwave irradiation to these reactions results in a

produced.

significantly reduced reaction times and solvents volumes, which are environmentally

attractive.

IA.1.7.2 Alkynes
The reduction of alkynes to alkenes is an important reaction in synthetic
organic chemistry because the alkyne grouping can be introduced readily into organic
molecules®” and reductipn to cis- or trans-alkenes can be affected stereoselectively.®*
When Pd/C was.".used as a catalyst, complete conversion of 1,2-diphenylethyne
into 1,2—dfpheny1ethene was observed when sodium phosphinate was the hydrogen

donor.%
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Some representative examples are given below:
- __ g NaHPO, |
\ 7/ 10% Pd/C/Hg N\ Ref 69
Pd/C
HCOQH‘NE@ \

Ref. 70
CHs
Pd/C CHa
— 7 “CO,CH;
-NE:
HCO,HNEt3 . N CO,CHs
Ref. 70
CH;
CH;
C)\ _P_d/C_) (\/l\coﬂ “3
n_ ——
C4Hy : CO,CH; HCO,H-NEt; C,Hg-n Ref 70

IA.1.7.3 Nitroalkenes

Reduction of B-nitrostyrene with formic acid and palladium gave the amine of
phenylacetaldehyde, presumably following rearrangement of an intermediate (f-

ni'trosoethyl)benzene.45

©\/\NO [\ |

2

\

“SNOH

a,B-Unsaturated nitroalkenes are readily reduced to the corresponding oximes’
in good yields using ammonium formate in the presence of palladium.”" The reactions
occur raf)idl_y' at room temperature in a solvent system of methanol and
tetrahydrofuran. A series of nitro alkenes are subjected to this procedure and the

results are summarized in the following table.



?‘. .

MeO 02 MeO NOH
. —
MeO 86%

MeO

IA.1.7.4 Nitroarenes

The reduction of nitro and carbonyl compounds is a very important in organic

sieves, using potassium hydroxide and propan-2-ol.

NO, NH,

CoHMA, KOH
Propan-2-ol
X X

X =H, Me, Cl, OMe, NO,, CHO, NH,.

14

synthesis both from the academic and industrial view points.”” A wide variety of
soluble metal complexes have reported for this purpose.” Selvam er al.”® reported a
very efficient and highly selective method for the CTH of aromatic nitro and carbonyl
compounds using a newly developed mesoporous based heterogeneous catalyst, viz,

Co(II) substituted hexagonal mesoporous aluminophosphate (CoHMA) molecular
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HO H

R CoHMA, KOH _ R
' Propan-2-ol B

R =H, CH,

IA.1.7.5 Azo corhpounds

The N-N double bond in azo compounds can be reduced readily to give
hydrazo compounds, but the latter are readily hydrogenolyzed. Catalytic hydrogen-

transfer reduction of azo benzene was reported earlier to give aniline in 97% yield.75

: Pd/C
Cyclohexene

CH; IHiC

CH;
: , Ref. 7¢

IA.1.7.6 Azides

Insertion of amino group in the organic molecule via azide is a well-known

procedure. In past years a number of reagents have been developed for the reduction
of azides to amino derivatives. Latterly alkyl azides were successfully reduced to the
corresponding primary amines in the presence of Pd-C, using ammonium formate as

the hydrogen source.”’

Pd/C .
HCO,NH,, MeOH

RN, RNH,
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[A.1.7.7 Carbonyl compounds

Reduction of carbonyl functionality is widely used in organic synthesis.
Although there are numerous reagents available for reduction, reagent for selective
reduction in the presence of other groups is well appreciated.

Ram and Spicer demonstrate a rapid, mild and selective reduction of a wide
variety of aromatic aldehydes and ketones to methylene derivatives under moderate
CTH reaction conditions’® and can be an attractive alternative for Woll-Kishner or
Clemmensén reduction.

HCO,NH,
10% Pd/C, CH;CO,H

ArCH,R ~ Ref 78

R =H, alkyl, aryl, heteroaryl.
0O
(+) Limonene = [
, 10% Pd/C, FeClz " ' Ref. 79

The asymmetric reduction of ketones to enantiomerically enriched alcohols

remains a pivotal transformation in organic synthesis.'’* Acetophenone was reduced

1o corresponding alcohol maintaining high enantioselectivity and yield.

[RuCh(cymene)l,

(RR)-TsDPEN R o

HCO,H/NEt, Ref. 41b
0 OH

Substituted substrates such as 2-chloroacetophenone are valuable substrates

for asymmetric reduction, since their products may be converted to epoxides and
other valuable synthetic intermediates. Using a polymer-supported ligand with the

formic acid/triethylamine system, this process has been used to give (R)-2-chloro-1-

phenethanol of 95.3% ee.*™
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cl [RuCly(p-cymene)],

HCO,H/NEt;
DMF, 30 oC, Ligand

50% yield, 95.3% ee
Ph Ph

/

Ligand =
H,N NHTs

Cossy et al.*® reported a practical asymmetric reduction of 1,3-diketones to the
corresponding 1,3-diols with good diastereo- and enantioselectivities using a catalytic
amount of RuCI[(N-arylsulfonyl)-1,2-diamine(p-cymene)] complexes in the presence’

of Et;N and HCOOH.

OH OH ~ OH OH

o 0 .
M i /l\/l\ + /\\//l\
Ry R, HCOHNEm R R RO ™K
Ph\\ ‘IN{ O
Lok = N R = Tf, MeS, Ts.
T N&“a
P’ N

OEt  Ru(CsH,0)CIL _
KOH, Propan-2-ol

0 Ligand '
100% conversion, 99% ee
Ph ,,Ph
Ligand =
' H;CHN NHCH;
167337

1 8 Jv g
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The asymmetric transfer hydrogenation of [-keto esters and higher

homologues has also been reported.

HCO ZH/NEt3;
Ligand g

n OFt

n=3, 99% vyield, 95% ee 82

‘ - n=1, 94% vyield, 93% ee 162
H,
Ph._ N ‘ | |
Ligand = )i /Ru\‘CI o
P N |
Ts

Although the transfer hydrogenation of the carbonyl group of enones appears
underdeveloped,® the asymmetric reduction of acetylenic ketones provides a valuable

method for the synthesis of functionalized target molecules.**®

0 . H
R /< . [RuCl(arene)ligand] - R—— \ /OH
1 propan-2-ol, KOH N\
R2 Ry
. yields 90->99%
R; =Ph, n-Bu, TMS ee.s typically 97-99%

Ry = Me, Et, i-Pr, t-Bu, cHex, n-Pent.

Ph IPh

Ligand =
H;CHN NHCH;3

Cho et al®” reported an unusual type of ruthenium-catalyzed transfer
hydrogenation of ketones with alcohols accompanied by C-C coupling. They
observed during transfer hydrogenation of acetophenone with butanol, the reaction
gives rise to unconventional alkylated products, 1-phenylhexan-1-0l and 1-phenyl-
hexan-1-one, rather than the expected direct transfer hydrogenation product 1-phenyl-

ethanol, the yield which remains less than 5%.
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: RuClL(PPh3)3 (5%)
+ "SoH  KOH dioxane
Ar, 80°C, 40h

o OH

Yield 92%
Products ratio (97:3)

IA.1.7.8 a,B-Unsaturated carbonyl compounds

Chemoselective reduction of o, B-unsaturated carbonyl compounds using an
alcohol as hydrogen source has been widely studied, since the reaction is easily
carried out under mild conditions using an environmentally benign and safe reagent

like propan-2-ol.

0o . 0
AN [Or(cod)Cll, ~
dppp, Cs;CO3 Ref. 36¢

Propan-2-ol

Cacchi et al.*® reported such conversion using HCOOK as hydrogen source

and catalytic Pd(OAc),.

0 i
g PA(0AG), R
| HCOOK, DMF |

)3
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Cacchi et al* also reported the CTH reduction of trisubstituted 2-buten-4-
olides to y-butyrolactone ring, a structural unit of many natural substances® and a

useful synthetic intermediate.®

R. Pd(OAc), . R
O HCOOK, DMF

R1 0]

Enantioface discriminating H-transfer reduction of conjugated carbon-carbon
double bond has been accomplished by means of optically active H-donors and in the

presence of both achiral and chiral ruthenium catalysts.®’

RZ - I{1 . Cat* Rl ><CI‘1R2R3 H CHR2 R3
~ >_< PR e v cor b RS Scor TP
R4 COR :

1) *DH, = optically active glucides
Cat = RuCL(PPhy)s, Cat* = RuCL(DIOP),

2) R=O0H, OCHs, CHs, Ph

Optically active glucides were employed with fair success in the reduction of
o, B-unsaturated ketones to saturated ones in the presence of [RuCl,(PPhs)3].¥"* The
highest ee (34%) was obtained with 3,5 5-trimethyl-2-cyclohexene-1-one.
Stereoselectivities up to 8.9% were reported by Ohkubo ez al.®” in the reduction of
tiglic acid with the same catalyst and similar optically active H-donors. Higher optical
yields were obtained by the same author when the reaction was carried out in the

presence of [RuyCly((-)-DIOP),1.5°

IA.1.7.9 a,B-Unsaturated acids and esters

Desai and Danks reported the hydrogenation of o,(3-unsaturated acids and
esters under microwave conditions in excellent yields using a hydrogen donor

supported on a polymer and Wilkinson’s catalyst.*®
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Formylated(aminomethyl)
= R polystyrene R

RhCI(PPhg)s, DMSO, MWI

R = 0H, OCHj3, OCH,CHj

Ram and Spicer® reported the reduction of double bond .in conjugated
carboxylic ester with ammonium formate in combination with 5% Pd on charcoal in
acetic acid at 110 °C. Conjugated nitriles are also reduced to the corresponding

saturated compounds by this procedure.

Pd/C, HCO,NH,
R,CH = CHR, » R,CH,CH,R,
CH;CO,H,100°C

R; = CHj3, Ph
R, = CO,Et, CONH,, CN
Asymmetric transfer hydrogenation of o,B3-unsaturated carboxylic acids has
been accomplished for the first time using benzyl alcohol as H-donor and chiral
ruthenium phosphine catalysts.”® The highest ee (16.4%) was obtained with tiglic acid
(R;=R;=CHj, Rs=H).*® '

Ry Ry catr RN _CHRR3  H{__CHR;R;

>—=<+DH2~—’}>< + >< + D

R COLH CO.H R,” 'CO,H

DHj, = alcohols; HCOOH/NEts

Much better results have been obtained subsequently by Brunner et al.** in
the same process using the azeotropic mixture of formic acid-triethylamine (5:2) as
the hydrogen source. Preformed catalysts of general formula [Ru(acac-Fg)(n’-
CsHs)(P-P)] (P-P= (-)-DIOP, (-)-BPPM, (-)-BINAP, BPPFA) have been employed,
the best result always being obtained with the BINAP chelating complex. A very high
enantioselectivity has been recorded with this ligand (93.5% ee) in the reduction of
itaconic acid (R,=R3=H; R;=CH,COOH).
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[IA.1.7.10 o,B-Unsaturated cyano ester
Very recently, Hantzsch 1,4-dihydropyridine (HEH) has been employed for

. . 9] .
selective reduction of o,B-unsaturated cyanoesters.” This procedure, however,

involves specific reagent (Hantzsch 1,4-dihydropyridine, HEH) and after the reaction

the redox products require separation.

H H
EtO,C CO;Et
] | + CN
HsC” N7 CH G i N
H
CH3;CN
H
EtO,C / COyEt N "CN
X G
¢~ N7 CH; H X
X =COyEt, CN

G= P-0OCHs, p-CHs;, P-CL P -CN

IA.1.7.11 Imines

In contrast to ketones, imines have seldom been reported as viable substrafes
for enantioselective transfer hydrogenation. For example, dihydroisoquinoline (1)
underwent asymmetric hydrogenation to give 96% tetrahydroisoquinoline (R)-(II)
(99% ee) when the hydrogenation was conducted at a substrate/catalyst (S/C) molar
ratio of 200:1 using a 5:2 formic acid-triethylamine azeotrope as the hydrogen

source. 62
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‘MeO

MeO (S,8)-Cp*RhCITsDPEN j@@

> N

- _N HCOHEHN, CHoCh  ro " "H
Iy (I pri

O
This highly enantioselective reaction opens a new route for the synthesis of
natural and unnatural isoquinoline alkaloids. This reaction was applied to the
synthesis of (III), an intermediate for MK-0417 (a carbonic anhydrase inhibitor).

Certain chiral indoles, such as (IV), are also obtainable by this method.*

H\N/—< ‘
[ I I N_
N Y H
| | L
S X )

()X =S§, SO, (IV) R = CHs, CgHs

. Unlike the reaction in propan-2-ol, imines aré more reactive than ketones
under such conditions using an aprotic polar solvent such as DMF, DMSO, CH;CN
and CH,Cl,. |

Backvall had earlier reported the ruthenium-catalyzed (racemic) transfer

hydrogenation of imines by propan-2-ol in the presence of an appropriate base such as

K,CO,.”?
Rj . Ry
- - HN
i RuCL(PPhs)s - )<H
Ry R, K,CO3, propan-2-ol R, R,

Interestingly, useful chiral sultam auxiliaries (VT), particularly for the 1,3-

dipolar cycloaddition of nitrile oxides, could be obtainable quantitatively from imines



24

(V) catalyzed by the dendritic catalyst in 98.3% ee*'® or with Ru(II) complex of (S,S)-
TsDPEN in 91% ee.”

~

|
!

N RuCl(18,28)-TsDPEN(benzene)
N > NH

-/
“SO,

/
S0, HCOOH/EtsN

V) (VD) 91% ee
Ahn et al.” also reported a practical synthesis of the sultam auxiliaries (VII)

and (VIII) in high enantiomeric excess which is also applicable to the synthesis of

other structural analogs.

Ph
Me ~
NH NH
/ /
ol SO,

(VID) (V1ID)

IA.1.7.12 Acylbenzoates

The asymmetric transfer hydrogenation of methyl 2-acylbenzoates and 2-propyl 3-
acetylpyridine-2-carboxylate in propan-2-ol, in the absence of a base, with
presynthesized Ru-{B-amino alcohol} or Ru-{TsDPEN} true catalysts provides 3-
alkylphthalides in high yields and 92-97% ee.”*

0 R,
7 R, Ru-(TsDPEN) X

- |

)
x OR, Propan-2-ol X = \<
0

X

0
. a) X=CH, R] =Me, Ry = Me
b) X =N, R] =Me, Ry =1Pr
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IA.1.7.13 Epoxides

The reduction of unsymmetrically substituted epoxides can produce either a
more-substituted or less-substituted alcohol depending on the mode of attack at less-
éubstituted or more-substituted carbon atom respectively. 1,2-Epoxides are
regioselectively reduced at the less-substituted end by ammonium formate in the
presence of a palladium on charcoal to provide the corresponding more-substituted

alcohol in high yield.”?

’ Ry OH
R, 0 HCO,NH, Pd/IC S
R>é—X . EtOH, 23 . R° Me

IA.1.7.14 o, B-Unsaturated sulfones and phosphonates

Chemoselective reduction of a,B-unsaturated sulfones and phosphonates to
the corresponding saturated analogues constitutes a useful process as these
compounds are of great importance in the studies of biological systems as well as in

Z. 96

synthetic strategy. Ranu ez al.”™ developed a simple method of this reduction using

ammonium formate and palladium-charcoal (10%) in methano! at room temperature

in high yields.
Ry Ry
> _ HCO,NH,, PdIC >
RS z MeOH,l r.t Ry 7

a) R; = Ph, Ry = Me, Z = SO,-p-Tol
b)R; =Ph, Ry =Ph, Z = PO(OE),

1A.1.7.15 Deprotection of functional groups

Rapid and selective removal of protecting groups under moderate reaction

conditions is often a necessary step in the area of peptide chemistry. Ammonium
. . . o 0 ~

formate has been used several stages in the synthesis of leucine-enkephalin® for

reductive cleavage of the benzoyloxycarbonyl group.

Z-Leu-OCyqHo-¢

Pd/C/HCO,NH, —» H-Leu-OC4Hog-t

Z-Gly-Gly-phe-Leu-OC 4Hg-t PYCHCONHy__ 11 g1y Gly-phe-Leu-0C 4Hg-r
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IA.2.1 Present Work: Backgrourd, Objectives and Strategy

This laboratory is interested in preparing phenylalanine and phenylalanine-
based amino acids by selective reduction of carbon-carbon double bond of suitably
substituted and functionalized enamides (IX). Such natural and non-natural amino
acids and their derivatives are important in different fields of chemistry. The
reduction of functionalized -enamides has been achieved using molecular hydrogen

114,56L,98

(H) in presence of homogeneous transition metal catalysts (scheme I).

7 T
Ar NH—C—R; Ar NH—C—R,
>__< H,/M-L* SN/ :
— MeOH. 40-100 psi \
R COR, H’ P R/'H IEcozp\z
IX
Scheme I

The reduction has also been accomplished in presence of chiral homogeneous
catalyst to obtain optically pure alanine-based amino acid derivatives.” The
reductions are carried out under high pressure (40-100 psi) using high quality of
hydrogen gas (99.9% purity). The air in the hydrogenator has to be completely
removed either by flushing the system for several minutes with hydrogen, or, by
repeatedly pumping the system down to a low pressure and refilling with hydrogen.
Some hydrogenation processes are more effective under high pressure (100 psi or
more) and thus require more elaborate equipment. Considerable amounts of hydrogen
are wasted during flushing of such equipment. Hydrogen and air mixtures are
potentially hazardous if flames or sparks are produced in the neighbourhood of
hydrogenators.

Our laboratory is unfortunately not equipped with this type of high pressure
hydrogenators and its elaborate equipment. The simplification of this operation is
therefore necessary providing the total process being safe and ecologically friendly. In
the recent years a few laboratories have started to employ an alternative reduction
procedure known as catalytic transfer hydrogenation (CTH).” As mentioned in the
introduction, the reduction of multiple bonds with the aid of a hydrogen donor in the

presence of a catalyst is usually known as hydrogen transfer reduction.
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Several organic/inorganic molecules have been used as hydrogen donor such

6.3 - . 15 . ~
21 formic  acid, ammonium  formate,®

as  cyclohexene>  hydrazine,
cyclohexadiene,?® phosphinic acid® and sodium hyphophosphite.*® In presence of a
metal catalyst, this type of hydrogenation is usually conducted in a flask fitted with a
magnetic stirrer and sometimes a reflux condenser.

One of the major limitations of CTH is the problem associated with the
removal of dehydrogenated donors. For example, use of unsaturated hydrocarbons as
the donor lead to formation of aromatic hydrocarbons as the byproducts, which may
cause problems at the time of purification: Some of the hydrogen donors are very
prone to hydrogenolyses of carbon-hydrogen or carbon-sulfur bonds.® The use of
formic acid as hydrogen donor appears to. have advantages over cyclohexene,
cyclohexadiene and hydrazine. A further elaboration in the usé of formate anion as.a
donor has been reported. During the early nineties, Cacchi®® and others'® reported use
of different combinations of formic acid andi its salts such as, HCOOH/NaHCOx/n-
Bu4NCl; HCOOH/n-BusN; HCOOK in palladium catalyzed reduction of electron-
deficient alkenes and reductive arylation of alkenes (Scheme II). They also observed
that differences in the nature of formate salt and of the reaction medium can

significantly affect the course of reaction.'®

0 | Q .
Pd(OAc), N /\/\kR
AN R, ————————> I 3
Ry Rs  HCo,K, DMF Ref. 84

R, 600C, 45-97% Ry
0
/\)J\ d(0) 1 1
Pd(0
R~ S R; + ArX > )\/L
1 RN, HCO,H R g, Ret 1002
. Ar H ‘ :
R—== R + ArX RNPH(((;)O = > >:~< 4 Ref. 100a
34N, 2 R R
Pd(OAc), f Ph
+ PhI > Ref 100b
n-BuNCL HCO,Na
DMF

Scheme 11
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The use of cheap HCOOK and lack of any toxic residues 'in the waste stream
had attracted our interest té explore the reagent for reduction of enamides (I1X).
However, prior to cﬁnying out reduction of enamides, we initially planned to develop
the appropriate conditions at our hands. Therefore we undertook a detailed study on
CTH of highly functionalized electron-deficient alkylidenecyano esters (Scheme III)
using a combination of potassium formate (aé the source of hydrogen) and catalytic
palladium acetate.

This section will describe our observations which constitute a method for

reduction of highly functionalized alkenes.

[A2.2 Present Work: Results and Discussion

In the present work, a series of o,B-unsaturated cyano esters (1-9) have been
prepared from their carbonyl substrates condensed with ethyl cyanoacetate under
Knoevenagel condi’cionlj’.1 (for purification and characterization see Experimental Part,
‘page 32). The unsaturated cyano esters were dissolved in DMF and added Pd(OAc),
(2 mol%), HCOOK (2 equivalent) and stirred at 45-50 °C for 3-4 h in a screw-cap
sealed tube under N,. After usual workup, the products were purified by column

chromatography over silica gel to afford the reduced products (10-18) in good to

excellent yields (Scheme III, Table 1).

B N mcokpaoag, B\ N
DMF/45-50 oC "~
R2 C02R3 3-4 h Ry - C02R3

R3; =Et, Sn(n-Bu)3
Scheme III
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The present study is important with reference to scveral aspects. Some of the .
salient features of the present work are delineated below.

e Reduction of o, B-unsaturated cyano esters in the presence of Pd/C and
p-menthene ( as hydrogen donor) led to reduction of not only the C-C double
bond, but also the nitrile function to a methyl group.>® Moreover, reduction
of nitrile using a combination of Pd/C and formic acid seemed to be very
variable in many other examples.® The present method, however, did not affect
any changes of the nitrile fpnction.

¢ The dehalogenation of halo-aromatics is known under transfer reduction using

43,45

heterogeneous catalyst, the present method did not proceed with cleavage

of carbon-halogen bond (entry 1b).

o The stannyl ester (entry 1h), prepared from its ethyl ester by transesterification
with bis-tri-n-butyltin oxide,'"? also survived demetallation under the reaction
condition.'®

o To observe any effect of ligand participation in the catalytic process, the
reduction was carried out in the presence of various ligands, such as PPhs,
P(o-tolyl)3; and TMEDA (entry li). In all the experiments, a smooth
conversion to the reduced product with excellent yield was obtained. Studies
directed towards any participation of ligands and their effeets in terms of
stereoselectivity of the reduced products are under active pursuit.

e Choice of solvent is an important factor governing the activity of soluble
catalyst in transfer reduction.’® As most soluble catalysts are often coordinated
to solvent, DMF was found to be superior in comparison to non-polar solvents

like toluene or carbon tetrachloride.

Between the two discrete mechanisms proposed for the CTH (discussed in the

Introduction Part, page 7), “the hydridic route” seems to be involved in homogeneous
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catalytic hydrogenation. Early studies for reduction of alkenes conjugated with strong
electron-withdrawing groups such as, esters, nitrilés, sulfonates esteré, or nitro groups
“has  been accompiished with  borohydrides or  cyanoborohydrides,
acetoxyborbhydrides or lithium aluminium hy:dride. The hydrides are reactive,
expensive and sometimes toxic in addition to causing further reduction of substituted
functional groups. In the recent years the application of Hantzsch 1,4-dihydropyridine
(HEH) as a reducing agent in reduction of electron-deficient alkenes has been
reported.”’ The latter procedure, however, involves specific reagent and after the
reaction the redox product requires separation. The present study thus constitutes a -
useful condition for selective reduction of C—C double bond of o, 3-unsaturated cyano
esters using HCOOK/Pd(OAc), as simple and inexpensive reductant. The reaction
possibly involves ‘hydride transfer’ in situ at the B-carbon and proceeds without any
concomitant reduction of cyano, ester, or halogen groups. The ability of this reductant
to perform conjugate reduction on functionalized alkylidenecyanoacetate in a
controlled fashion is noteworthy. The homogeneous catalytic condition otfers further
use of chiral ligands to promote asymmetric induction. Future studies will be

attempted in this direction.



Table 1. Reduction of o, B-unsaturated cyano esters by using HCOOK and catalytic Pd(OAc),.

Entry Olefin Temp./time Product %Yielda
CeHs CN CeHs CN
la. >=< 45 0C/ 3h \ﬁ< o
/
H CO,Et
S 1 2 H |, COkEt
. p-CIC¢Hy CN p-CICeH, CN
1b. p— 45 9C/ 4h 26
H CO,Et H CO.Ft
2 11
-HOC N - p .
N p-HOC¢H, C so0c/ an P HOCgH,y CN
’ | y— 95
H O,Et H Et
3 C 2 12 C02 -
: 1,4-CsH,N CN 1,4-CsH N CN
1d. >_< 50 0C/ 3h 87
H |5 COEt
le. 45 0C/ 4h 79
H CO,Et
v 14
CN CN
T <:>=< 50 0C/ 4h O—< 76
6 COzEt 15 CO,Et
p-CH30CgHy CN p-CH30CgH, CN
1g. >=< 45 0C/ 4h <\ 95
H , COEt Hig CO,Et
CeHs CN "‘CgHs CN
1h. — 50 oC/ 3h ) { 75
H 3 CO,SnBuy H 17 CO;,SnBuy
C6H5 CN . C6H5\ CN
1i.b : _ 50 0C/ 3h ) 88
CHf , COE CH{ . COaEt

*Yields refer to single runs and are pure, isolated products: all compounds were fully
characterized by IR, UV, and 'H- and “C-NMR spectra and given in the

Experimental Section.

l’VThe reaction was also carried out in presence of PPh;, P(o-tolyl)s, and TMEDA.
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IA.3 Experiméntal

All meltihg points and boiling points are uncorrected. M.P.s were determined
in open capillary in silicone oil bath. Thin layer chromatography (TLC) was
performed on silica gel ~60 Fas4 coated aluminium sheets (Merck, Germany) and spots
were detected by UV-fluorescence and/or using 1odine vapour. Silica gel G 60 (60-
120 mesh) was used for column chromatography. All evaporations were conducted
under reduced pressure with bath temperature below 50 °C. IR spectra were recorded
on Shimadzu FTIR 8300 spectrometer. For recording UV spectra, a Shimadzu UV-
240 spectrometer was used. 'H- and *C-NMR spectra were recorded on a Bruker
spectrometer (operating at 300 MHz and 75 MHz respectively) using CDCly as
solvent. Tetramethylsilane (TMS) was used as an internal standard and chemical
shifts are expressed in ppm (8 units). The peaks are characterized by s (singlet), d
(doublet), t (triplet), m (multiplet). Solvents and commercial reagents were purified
and dried by conventional methbds before use. Petroleum ether refers to the fraction

of b.p. 60-80 °C. Ether refers to diethyl ether.

IA.3.1 Preparation of o,B-unsaturated cyanoesters

A series of o,B-unsaturated cyanoesters have been prepared from their

carbonyl substrates by condensing with ethyl cyanoacetate under Knoevenagel

condition. %}

General procedure

To a solution of ethyl cyanoacetate (50 mmol), aldehyde- or ketone (55-60
mmol) in dry benzene (30 mL) was added ammonium acetate (10 mmol) and glacial
acetic acid (40 mmol). The reaction mixture was then heated undef reflux for 10-12
hours using Dean-Stark water separator. After cooling, the reaction mixture was
successively washed with 10% sodium hydrogen carbonate, brine and water, and
dried over anhydrous sodium sulphate. The solvent was then evaporated to dryness on
a water bath under reduced pressure. The obtained solid was recrystallized from ether-

light petroleum or oily residue was distilled under reduced pressure.



33

Ethyl 2-cyano-3-phenylacrylate (1)
Colourless crystals, m.p. 48-49 °C [Lit.'™ 49 °C].
UV (MeOH): Amax 305 nm.
IR (Nujol): Vimax 3020, 2400, 2226, 1727, 1608, 1268, 1215, 1104, 754, 686 cm™".
'H-NMR (CDCls, 400 MHz): 5 8.25 (s, 1H), 7.98 (dd, 2H, J = 7.32; 0.96 Hz),
7.56-7.48 (m, 3H), 4.39 (q, 2H, J=7.12 Hz), 1.40 (t, 3H, J=7.12 Hz).

Ethyl 2-cyano-3-(4-chlorophenyl)acrylate (2)
Colourless crystals, m.p. 89-90 °C [Lit."** 90 °C).
UV(MeOH): Amax 311.6 nm.
IR (Nujol): vamsx 3019, 2400, 2226, 1726, 1609, 1591, 1492, 1269, 1214, 754,
670 cm™.
'H-NMR (CDCls, 400 MHz): § 8.20 (s, 1H), 7.93 (d, 2H, J = 8.6 Hz), 7.48 (d,
2H, J = 8.6 Hz), 4.39 (q, 2H, J=7.14 Hz), 1.40 (t, 3H, J = 7.14 Hz).

Ethyl 2-cyano-3-(4-hydroxyphenyl)acrylate (3)
Colourless crystals, m.p. 165-166 °C. .
UV (MeOH): Amax 347.0 nm.
IR (Nujol): Vmax 3400, 2224, 1720, 1608 cm’.

Ethyl 2-cyanb-3 ~-(pyridin-4-yl)acrylate (4)
Pale brown crystals, m.p. 93-94 °C.
UV (MeOH): Amax 271.6 nm. '
IR (Nujol): Vimax 2222, 1715, 1605 cm™.

Ethyl 2-cyano-3-(furan-2-yl)acrylate (5)
Yellow crystals, m.p. 91-92 °C [Lit.'** 93 °C].
UV (MeOH): Amax 335.6 nm.
IR (Nujol): Vmax 2410, 2222, 2090, 1739, 1635, 779 cm’™".
'H-NMR (CDCls, 400 MHz): § 8.02 (s, 1H), 7.75 (d, 1H, J = 1.6 Hz), 7.3 (d,
1H, J= 4.0 Hz), 6.67 (dd, 1H, J=4.0; 1.6 Hz), 4.39 (q, 2H, J = 7.14 Hz), 1.38
(t, 3H, J=7.14 Ha). |
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Ethyl 2-cyano-2-cyclohexylideneacetate (6)
Liquid, b.p. 117-121 °C/2 mm Hg.
IR (neat): Vmax 2220, 1710, 1598, 907, 732 cm™.
'H-NMR (CDCls, 400 MHz): § 4.27 (q, 2H, J = 7.14 Hz), 2.98 (t, 2H, J= 6.0
Hz), 2.66 (t, 2H, J = 6.2 Hz), 1.82-1.79 (m, 2H), 1.75-1.70 (m, 2H), 1.69-1.64
(m, 2H), 1.36 (t, 3H, J = 7.14 Hz).

Ethyl 2-cyano-3-(4-methoxyphenyl)acrylate (7)

Yellow crystals, m.p. 77-78 °C [Lit.'* 79-80 °C].
UV (MeOH): Amax 346.2 nm.

~IR (Nujol): Vmax 2361, 1728, 1659, 1528, 757, 669 cm’".
"H-NMR (CDCls, 300 MHz): 3-7.85 (s, 1H), 7.7 (d, 2H, J = 6.6 Hz), 6.7 (d,
2H, J=6.6 Hz), 4.1 (q, 2H, J = 5.4 Hz), 3.6 (s, 3H), 1.1 (t, 3H, J = 5.4 Hz)
BC.NMR (CDCls, 75 MHz): & 164.1, 162.9, 154.6, 134.0, 124.7, 116.6, 115.1,

©99.7,62.7, 56.0, 14.6.

Tri-n-butylstannyl 2-cyano-3-phenylacrylate (8)

Th?e title compound; was prepared by transesterification method'® from ethyl
2-cyano-3-phenylacrylate (1) and bis-tri-n-butyltin oxide in carbon tetrachloride using
a Dean-Stark water separator as gummy syrup in 72% yield.

'H-NMR (CDCl;, 300 MHz): § 8.15 (s, 1H), 7.95 (m, 2H), 7.47 (m, 3H), 1.70-

1.65 (m, 6H), 1.39-1.31 (m, 12E), 0.94 (t, 9H, J = 7.2 Hz).

BC-NMR (CDCls, 75 MHz): § 166.6, 153.8, 133.6, 132.5, 131.0, 129.4, 116.7,

105.9, 27.5, 26.9, 17.0, 13.6. '

Ethyl 2-cyano-3-phenyl-2-butenoate (9)
Liquid, b.p. 135-137 °C/2 mm Hg [Lit.'®” 136-138 °C/2 mm Hg].
UV (MeOH): Amax 279.0 nm.
IR (neat): vimax 2088, 1743, 1646, 1215, 756, 669 cm’".
'H-NMR (CDCl, 300 MHz): § 7.57-7.40 (m, SH), 4.37 (q, 2H, J = 7.14 Hz),
2.59 (s, 3H), 1.39 (t, 3H, J = 7.14 Hz).
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IA.3.2 Catalytic transfer hydrogenation of o,3-unsaturated
cyanoesters

A representétive procedure
Ethyl 2-cyano-3-(furan-2-yl)propionate (14)

To a solution of ethyl 2-cyano-3-furan-2-yl-acrylate (5) (0.191g, 1 mmol). in
DMEF (3 mL) was added Pd(OAc); (5mg, 2 mol%), HCOOK (0.168g, 2 mmol) and
stirred the reaction mixture in a sealed tube (Screw-cap) under N, at 45 °C for 4 h.
The mixture was cooled, diluted with water and extracted with ether (3x15 mL). The
combined organic layer was washed with brine solution (10 mL), dried over
anhydrous Na,;SOs and concentrated. The oily residue was purified by column
chromatography over silica gel and elution with ethyl acetate—ligllt petroleum (1:9)
afforded- the desired product (14) as colourless oil in 79% (0.153g) yield.

UV (MeOH): Amax 222.0 nm.

IR (neat): Vimax 2244, 1747 cm™.

'H-NMR (CDCls, 300 MHz): § 7.34 (s, 1H), 6.30 (s, 1H), 6.23 (s, 1H), 4.26

(q, 2H, J=7.1 Hz), 3.79 (m, 1H), 3.28 (m, 2H), 1.31 (¢, 3H, J= 7.1 Hz).

BC-NMR (CDCls, 75 MHz): 8 165.4, 149.3, 142.8, 115.9, 110.9, 108.7, 63.3,

373, 36.1, 14.3.

Anal. Calcd. for C;oH;1NOs (193.20): C, 62.17; H, 5.74.
Found: C, 62.32; H, 5.96.

Similarly compounds (10), (11), (12), (13), (15), (16), (17) and (18) were

prepared at corresponding temperature and time (as mentioned).

Ethyl 2-cyano-3-phenylpropionate (10)
Temp: 45 °C, Time: 3h, Column: EtOAc-light petroieum (1:19).
Yield: 92% (0.185g), Liquid, |
UV (MeOH): Amax 258.0 nm.

IR (neat): Vimax2989, 2349, 2256, 1746, 1262, 1208, 701 cm™.
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'H-NMR (CDCls, 300 MHz): § 7.36-7.25 (m, 5H), 4.21 (q, 2H, J = 9 Hz),
3.72 (dd, 18, J=9; 6 Hz), 3.29-3.13 (m, 2H), 1.24 (t, 3H, J = 9 Hz).
BC-NMR (CDCl, 75 MHz): § 165.5, 135.3, 129.1, 128.8, 127.8, 116.2, 62.9,
39.6, 35.7, 13.9.

Ethyl 2-cyano-3-(4-chlorophenyl)propionate (11)
Temp: 45 °C, Time: 4h, Column: EtOAc-light petroleum (1:9).
Yield: 96% (0.228g), Liquid.
UV (MeOH): Amax 225.0 nm.
IR (neat): Vimax 2372, 2244, 1745, 1674, 1495 cm’.
'"H-NMR (CDCls, 300 MHz): § 7.30 (d, 2H, J = 8.3 Hz), 7.20 (d, 2H, J = 8.3
Hz), 4.22 (q, 28, J = 7.1 Hz), 3.68 (dd, 1H, J = 8.0; 5.9 Hz), 3.23-3.15 (m,
2H), 1.27 (t, 3H, J = 7.1 Hz). |
BC-NMR (CDCl, 75 MHz): § 165.0, 133.7, 130.4, 128.9, 127.7, 115.7, 62.8,
39.3,34.9, 13.9. |

Ethyl 2-cyano-3-(4-hydroxyphenyl)propionate (12)

Temp: 50 °C, Time: 4h, Column: EtOAc-light petroleum (3:7).
Yield: 95% (0.208g), Liquid.

UV (MeOH): ?»n;ax 242.0 nm.
IR (neat): Vmax 3338, 2244, 1742 cm’.
'H-NMR (CDCls, 300 MHz): § 7.10 (d, 2H, J = 7.9 Hz), 6.79 (d, 2H, J = 7.9
Hz), 4.25 (q, 2H, J = 7.2 Hz), 3.73 (dd, 1H, J = 8.1; 5.8 Hz), 3.08-3.22 (m,
2H), 1.26 (t, 3H, J = 7.2 Hz).
BC-NMR (CDCls, 75 MHz): § 165.7, 155.6, 133.9, 130.2, 126.6, 116.3, 63.0,

40.0, 34.8, 13.8.
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Ethyl 2-cyano-3-(pyridin-4-yl)propionate (13)
Temp: 50 °C, Time: 3h, Column: EtOAc-light petroleum (2:3).
Yield: 87% (0.178g), Liquid.
UV (MeOH): Amax 257.4 nm,
IR (neat): Vmax 2226, 1720 cm’™. |
'H-NMR (CDCls, 300 MHz): § 8.6 (d, J = 4.5 Hz, 2H), 7.23 (d, J = 4.5 Hz,
2H), 4.26 (q, 2H, J = 7.1 Hz), 3.77 (dd, 1H, J = 8.1; 5.9 Hz), 3.27-3.21 (m,
2H), 1.29 (¢, 3H, J = 7.1 Hz). |
BC-NMR (CDCls, 75 MHz): § 158.3, 150.2, 129.4, 124.1, 116.2, 63.4, 383,
34.7, 13.9.

Anal, Calcd. for C;}H;2N,0; (204.23): C, 64.69; H, 5.92.
Found: C, 64.34; H, 5.83.

Ethyl 2-cyano-2-cyclohexylacetate (15)
Temp: 50 °C, Time: 4h, Column: EtOAc-light petroleum (1:19).
Yield: 76% (0.148g), Liquid.
IR (neat): Vmsx 2932, 2360, 2232, 1743, 1451 cm’™’.
'H-NMR (CDCl;, 300 MHz):' §4.27 (q, 2H, /=72 Hz), 3.4 (d, 1H, J = 5.7
Hz), 2.07-2.04 (m, 1H), 1.78-1.65 (m, 6H), 1.35 (t, 3H, J = 7.2 Hz), 1.29-1.20
(m, 4H). '
BC-NMR (CDélg, 75 MHz): § 165.8, 115.7, 62.5, 44.5, 38.8, 31.0, 29.3, 25.5,
14.5.

Ethyl 2-cyano-3-(4-methoxyphenyl)propionate (16)
Temp: 45 °C, Time: 4h, Column: EtOAc-light petroleum (1:9).
Yield: 95% (0.222g), Liquid. '

UV (MeOH): Amax 228.6 nm.
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IR (neat): Vimax 2226, 1720 cm™.

'H-NMR (CDCls, 300 MHz): & 7.18 (d, 2H, J = 6.7 Hz), 6.86 (d, 2H, J = 6.7
Hz), 4.2 (q, 2H, J = 7.14 Hz), 3.78 (s, 3H), 3.68 (dd, 1H, J = 8.3; 6.06 Hz),
3.24-3.09 (m, 2H), 1.26 (t, 3H, J = 7.14 Hz).

BC-NMR (CDCls, 75 MHzZ): § 165.5, 159.0, 130.1, 127.2, 116.2, 114.1, 62.7,
55.1,39.8, 34.9, 13.8.

Tri-n-butylstannyl 2-cyano-3-phenylprdpionate (17)
" Temp: 50 °C, Time: 3h, Column: EtOAc-light petroleum (1:4).
Yield: 75% (0.912g), highly viscous liquid.
UV (MeOH): Amax 257.8 nm.
IR (neat): Vimax 2230, 1730 cm™.
‘H-NMR (CDCls, 300 MHz): § 7.50-7.12 (m, 5H), 3.71-3.66 (m, 1H), 3.1-
2.91 (m, 2H), 1.74-1.58 (m, 6H), 1.41-1.16 (m, 12H), 0.72 (t, 9H, J = 7.1Hz).
BC-NMR (CDCI:',, 75 MHz): & 166.0, 135.7, 129.4, 128.4, 127.3, 116.3, 62.4,

479, 42.3,27.4, 16.9, 13.3.

Ethyl 2-cyano-3-phenylbutanoate (18)
| Temp: 50 °C, Time: 3h, Column: EtOAc-light petroleum (1:19).
Yield: 88 % (0.191g), Liquid.
UV (MeOH): Amax 242.4 nm.
IR (neat): Vmex2243, 1747, 1595, 1446, 1250 cm™.
'H-NMR (CDCls, 300 MHz): § 7.43-7.22 (m, SH), 4.12 (q, 2H, J = 7.1 Hz),
3.70-3.61 (m, 1H), 3.55-3.48 (m, 1H), 1.50 (d, 3H, J = 7.0 Hz), 1.17 (t, 3H, J
=17.1 Hz).
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Part I. Section B

Reduction of C—N Double Bond Using HCOOK and Catalytic
Pd(OAc),: Development of a Simple Protocol for Direct
Reductive Amination

IB.1 Introduction: Direct Reductive Amination—A Brief Revie_w

The amine functionality is one of the most ubiquitous in organic chemistry. Its
importance is exemplified by the diverse nature of molecules that contain this
functional group, which includes natural products and fine chemicals.' Amines are
important synthetic targets as well as valuable synthons for a wide variety of
medicinal agents and agrochemicals’ Secondary amines are important for the
synthesis of various tertiary amines, as vefSatile ligands® in homogeneous asymmetric
transformations, as fluorescence probes’ in HPLC, as a modifier’ in reversed-phase
chromatography and as a buffer in sequential analysis of proteins and peptides.
Tertiary amines, particularly triarylamines, are important structural elements of many -
organic materials, including dendrimers and polymers. They are of interest due to
their electronic properties, particularly their ability to act as efficient hole conductors.’
The triarylamine moiety is also a component of a nonlinear optical chromophores,”®
Xerox photoreceptors,” and holographic materials.'’

Ketone-to-amine transformations could be of special utility in the construction
of aminosugars. Such saccharides are important constituents of the glycolipids and
glycoproteins which mediate cell-cell recognition and adhesion,'' influence cellular
growth and development, and act as receptors for hormones, vitamins and toxins at
the cell membrane.'* Biogenic amines are important nitrogen compounds of
biological importance in vegetables, microbial and animal cells."

For the important diversity of amines, carbon-nitrogen bond formation is of
great interest, which is apparent from the number of methodologies that have been
developed for this purpose. Various important methods for the synthesis of amines
include alkylation of organic halides with amines, reductive amination of carbonyl
compounds,14 cross coupling reactions,”® hydrocyanation of alkenes followed by
reduction and hydroamination of olefins.'® Among them, reductive amination of

carbonyl compounds constitutes one of the most convenient and practical approaches.
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The importance of the reductive amination process may be judged from the
enormous number of its synthetic uses in various reaction schemes.!” This reaction
offers compelling advantages over other amine syntheses, including brevity, wide
commercial availability of substrates, generally mild reaction conditions, and in some
cases exceptionally high functional group tolerance.

The reactions of aldehydes or ketones with ammonia, primary amines, or
secondary amines in the presence of reducing agents to give primary, secondary, or
tertiary amines, respectively, known as reductive aminations (of carbonyl compounds)
or reductive alkylations (of amines) are among the most useful and important tool for
the synthesis of different kinds of amines. The reaction involves the initial formation
of an imine from the reaction of a carbonyl compound with an amine and its
subsequent reduction to an alkylate amine. The process may be termed as direct or

indirect depending upon the number of operational steps involved.'®

NR
0 Dehydrating Rs \I-tl R4 Reducing 3Ry
+ HNR;Ry ——> R 2
] 2

/H\
agent )]\ agent
Ry Ry R, R,

The reductive amination is described as a direct reaction when the carbonyl
compound and the amine are mixed with the proper reducing agent without prior
formation of the intermediate imine or iminium salt. A stepwise or indirect reaction
involves the pre-formation of the intermediate imine followed by reduction in a
separate step. A particulaf advantage of direct process is that no isolation of unstable
intermediate imines is necessary.

The choice of the reductant is very critical since undesirable reduction of
starting carbonyls must be suppressed for the predominant formation of intermediate
imines. The two most commonly used direct reductive amination methods differ in
the nature of the reducing agent. The first method is catalytic hydrogenation with
platinum, palladium, and nickel catalysts.'19 This 1s an economical and effective
reductive amination method, particularly in large scale reactions. However, the
reaction may give a mixture of products and low yields depending on the molar ratio

and the structure of the reactants.”® Moreover, hydrogenation is not compatible with a
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number of other wise reducible functional groups such as nitro, cyaﬁo and carbon-
carbon double and triple bonds.®® The catalyst may be inhibited by compounds
containing divalent sulfur.?! The second method utilizes hydride reducing agents for
reduction. Among the hydride reagents used to effect this transformation, sodium

cyanoborohydride (NaBH3CN) has been used because of its applicability.*?

O H\N /CH3
CH, + CHL.NH NaBH;CN
3 N T onon CHs
pHG6-8
78%

The successful use of NaBH3;CN is due to its stability in relatively strong acid
solution (~pH 3), its solubility in hydroxylic solvents such as methanol, and its
different selectivities at different.pH values.”? At pH 3-4 it reduces aldehydes and
ketones effectively, but this reduction becomes very slow at higher pH values.® At
PH 6-8, the more basic amines are protonated preferentially and reduced faster than
aldehydes or ketones.”* This selectivity allows for a convenient direct reductive
amination procedure. Limitations are that the reaction may require up to 5-fold excess
of the amine, is usually slow and sluggish with aromatic ketones,” and weakly basic
amines,”* and may result in the contamination of the product with cyanide.?
Moréover, this reagent is highly toxic and generates toxic byproducts such as HCN
and NaCN upon workup. To solve these problems, modified borohydride, such as
sodium triacetoxyborohydride [NaBH(OAc)s] has been developed.®® This borohydride
reagent is mild and exhibits remarkable selectivity as a reducing agent. The steric and
the electron withdrawing effects of the three acetoxy groups stabilize the boron-
hydrogen bond and are responsible for its mild reducing properties.”” Sodium

triacetoxyborohydride has limitations with aromatic and unsaturated ketones.

DCE, AcOH

0 + HN_ -~ "NaBHOAG), 1\[1/\/
H

Recently, Bhattachdaryya et al. developed ZnCl,-NaBH,*® and Ti(O'Pr).-

NaBH,* for reductive amination of carbonyl compounds.
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B + Ry ] /Rl
HO H= CH,-N
\R \
R1 2 RZ
+ H—N/ _ZnCh Zn(BHy) or
R NaBH,
A THF, 25 °C
F3 CFy |
I / RHN OTi(OiP NaB NHR
(01
L+ o, TOPRY RN, OTOIPo;| Nebly ]
R R2 EtOH, Et3N Rl R2 25 0C Rl R2
25 0C |

Titanium (IV) isopropoxide has been utilized?***

as a mild Lewis acid
compatible with a variety of potentially acid sensitive functional groups including
acetal, acetonides, silyl ethers, and Boc derivatives.

Sarma and Sharma observed during their studies on in situ generated nickel
boride’® that a carbonyl group remains unaffected under appropriate reaction
conditions. Since generation of nickel boride from sodium borohydride and nickel
chloride is accompanied by a sufficient amount of hydrogen evolution,” it was argued
that the system could be a suitable one for reductive amination of aldehydes and
ketones. Based on this fact, Sharma et al® carried out a series of reactions of
aldehydes and ketones with amines. Although nickel boride is well suited to o,B-
unsaturated ketones but remained unreactive to acetophenone and benzophenone with

n-butylamine.

+ H,N Nlckelbonde _
CH;OH
H\
H:C  CHs N/\©
S CH

3

CH; 80%



49
Ranu et al'® have discovered that reductive amination of conjugated

aldehydes and ketone is achieved by treatment of the corresponding carbonyl

compound with appropriate amine in the presence of silica gel followed by addition of
Zn(BH,); in a one-pot operation.

0 .
[ RoNHp, 807 | R-CH=CH-C=N—R
R-CH=CH—C—R; > | 2
- R, |
Zn(BHy),

> R—CH;CH-C|H-NH—R2
| R,
R, Ry =akyloraryl, Ry =H or alkyl

DME

Borane-pyridine was introduced as a cheap and readily available alternative to
sodium cyanoborohydride for the purpose of the reductive amination of a wide variety
of carbonyl compounds.****** Although BHs-pyridine works well for the reaction

using aromatic amines, the reaction must be performed in acidic conditions.

R;CHO
R —_— R
N Borane-pyridine '
| EtOH )
H R,

During the study of decaborane as a mild hydride reagent,”> Yoon et al.

found that carbonyls and amines undergo reductive amination in the presence of
decaborane.?® Decaborane in this case seemed to have a dual action: a catalyst for tl

imine formation as well as a mild reducing agent in the reduction of the imine

B10H14
CH; +
CH;OH
©)‘\ i 12h : >— {/:>-No2

97%
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Beside borohydride derivati\},es, alternative metal hydride reagents such as Zn-
AcOH" and Cl3SiH>® have also been developed. Zn-AcOH is more applicable than
Zn-HCl, give better yields, and it is particularly well suited for preparation of -

arylamino esters. But it is not applicable to aldehydes or aliphatic amines.

o —  H_+_Ph —
1. Zn-AcOH,
60-70 0C
_ + H,NPh
2.NH 40H
MeO,C CO Me MeO,C CO,Me
H\N/Ph

82%

MeO,C CO,Me

Hydrosilanes such as triethylsilane in the'presence of Lewis acid are mild and
useful redpcihg agent in the organic synthesis.’® Chen er al*® developed a novel
triethylsilane mediated reductive N-alkylation of amines to synthesize 1-(4-

imidazolyl)methyl-4-sulfonylbenzodiazepines, new farnesyltransferase inhibitors.

) Ong &
g Y SNy
/ \ N
X
)/\ + H-N Et3SiH/TFA N)/\z

N Z \QN CH2C12

I T. .

4 3

H-N._

Apodaca and Xiao have developed®' a simple direct reductive amination
procedure which employs phenylsilane as a stoichiometric reductant and dibutyltin
dichloride as a catalyst. Both aldehydes and ketones were reductively aminated with

anilines and secondary alkyl amines by this method, but the reaction failed with
primary alkylamines.
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Ra~ Ry
N R3\N/R4 PhSiH; (1.1 eq) _ NT

Ry Ry I 2- I /k
H BUZSHClz ( 10 mo A’) R] R2
THF, rt(2-24h)

Polymethylhydrosiloxane (PMHS) is being pursued as a safe and
environmentally friendly reagent for the reduction of organic functional groups.*?
This reagent is very inert on its own, making it safe to handle, but in the presence of a
proper activator it proves itself as an excellent substitute for hydride reagents.
Recently, Chandrasekhar et al. explored the ufility of PMHS as a versatile reductant®
and in thié context they developed a method for direct conversion of carbonyl
compounds to amines via redu&ive amination by using PMHS as reductant and

Ti(O'Pr)4 as activator.**

@+ HZN/\@ PMHS-Ti(O'Pr), ©>f

0%
Organotin hydrides have been found to be a mild and chemoselective
reductants.” Tributyltin hydride in DMF was reported as reducing agent for the
reductive amination of carbonyl compounds with primary and secondary ammonium

salts. S
N

| . CNH;CIO‘*' n-BusSnH
DMF
(o]
99% d )

Baba et al. provided a set of organotin hydrides to achieve highly
chemoselective reductions of functionalized substrates.”” In particular,
pentacoordinated tin hydride, Bu;SnCIH-HMPA,*® formed in situ by simple mixing of
Bu,;SnCIH and HMPA, has been revealed to be a selective reductant of imines even in

the presence of carbonyls.*



Ph n-BuSnCIH-HMPA pj
Ph , > Ph

NPh NHPh 73%,:

Due to recent trend in developing solid phase reactions for combinatorial
chemistry, different solid supported reagents and reactions have also been developed
for reductive amination.’® Sometime ago Borohydride Exchange Resin (BER) was

introduced by Gibson and Baily,”!

and Yoon et al. reported BER is an interesting
chemoselective reducing agent for carbonyl compounds in alcoholic solvents.”
Recently, Yoon et al. utilized BER successfully for the reductive ainination of

aldehydes and ketones.”

0 + N~ pp _BEREOH /\Ph
2 " BoNHC

92%

Blackburn and Taylor recently reported a new process for the conversion of
alcohols into amines via an in situ oxidation-imine formation-reduction by using

MnO; as oxidant and polymer-supported cyanoborohydride (PSCBH) as reductant. >

@/\OH /O MnO, PSCBH ©/\N/©
DCM, MS. “
TN AcOH H

91%

Wet montmorillonite K 10 clay supported NaBH, under microwave irradiation

have also been reported for reductive amination.”

0 Ry R;
‘ K 10 Clay NaBH »
e /KN’I“ Ki0cey %Nf&
b 2 Ry H,0, M.W. Ry l
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The development of asymmetric catalysts for the hydrogenatidn of achiral
substrates to form enantiomerically enriched products represents -a major area of
research®® with the growing ifnportance of enantiomerically pure nitrogen containing
compounds in the f)harmaceutical and agrochemical industries. The asymmetric
h}-'drogenation of imines to enantiomerically enriched amines has received much

attention recently.’’ Processes have been developed using titanium,’® ruthenium,

57b,60 574,61

iridium and rhodium complexes as’catalysts and hydrogen or silanes® as
stoichiometric reducing agents. Titanocene was discovered as a catalyst for the

asymmetric hydrogenation of imines.®*

Ry
- /&;f‘: R3 R2
1.10ml% »Buli R; /l\ _Rs
> > Ry N

2. 15m01% PhSiCH; H,

(802000 psig) H
65-90% Yield
53-99% ee
5 mol%
X=Cl
a 0
b. X X = .

Amin and Crowe have discovered recently that imines can be reduced to
amines via a titanium catalyzed hydromagnesation reaction using #n-BuMgCl as the

stoichiometric reducing agent.*

~p nBuMgCl  k _Ho
>/\N Cp2T1C12 Quence. >/\ [

B0 92%
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Beside late transition metal, organolithium reagents were also being employed

for such transformation Lithium diethylaminoborohydride and lithium diisopropyl-
aminoborohydride reduce chiral aliphatic and aromatic imines, derived frorﬁ o-

methyl-benzylamines, to give the corresponding enantiomerically enriched secondary

amines.®* ,
J\ H\- J\
N PR\ . THF N
+ NBH,Li — >
‘ 00C
(CHC — (G
92% de
OMe OMe
Ln/MeLi '
O e LT
PhCH, \
N B
P )kH Ph/\Me
85% eeb3
Et Et
In=
lBu ‘BUI
Ns H._ _Ns
N~ Ln (20 mol%), LIEMDS j\
Ph)]\Me HSi(OMe);, THF, 20 0C  pp"* M\ e
72% eeb6

- N's = p-Nitrobenzenesulfonyl
Ln= (R)-1,1'-Bi-2-naphthol
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IB.2.1 Present Work: Background, Objectives and strategy

In section A of this dissertation we described development of a mild and
inexpensive reagent system [HCOOK-catalytic Pd(OAc),] for reduction of highly
functionaliied C—C double bond. The success of this methodology compounded with
our continuoﬁs interests in developing novel reactions and methodology led us to
investigate reduction of C-N double bond of imines using this reductant. The
reduction of imines give rise to amines, which are important synthetic targets as well
as valuable synthons for a wide variety of medicinal agents and agrochemicals. The
imines can be prepared from a carbonyl compounds by reaction with ammonia or
amine. If the overall reaction from ketone to amine is carried out in a one-pot

protocol, the procedure is known as “direct reductive amination” of carbonyl

compounds'® (Scheme IV).

1 1. Dehydrati st
. Dehydrating agent
+ R3R4yNH : >
Rl)j\Rz 3Rs 2. Reducing agent R, R,

Scheme IV
".x
Imines are reduced using a variety of reagents and applying different reaction
conditions. For example, catalytic hydrogenation is one of the classical methods for
carrying out this transformation. However, the react_ion conditions are not compatible
with a number of otherwise reducible functional groups such as, nitro, cyano, double
and triple bonds."”**®® Among the hydride reagents used for C-N double bond of

imine, sodium cyanoborohydride®*

(the Borch reduction) has found coﬁsiderable
applications. Unfortunately, the use of this reagent is compromised by its cost and
toxicity, which risks the presence of residual cyanide® in the product as well as in the
work-up system. Alternative reducing systems currently include sodium

triacetoxyborohydride (Gribble reduction) in neutral®’ or acidic media,” sodium

borohydride in aqueous sulfuric acid and pyridine-borane.® Recently, Apodaca and
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Xiao* reported a procedure for direct reductive amination of aldehydes and ketones
which uses phenylsilane as stoichiometric reductant and dibutyltin dichloride as a
cétalyst. All these methods require either stoichiometric or excess quantities of
hydrides and use of tin hydrides in some protocols is not recommended for large-scale
preparation. On the other hand, use of formic acid as the source of hydrogen, called
the Wallach reaction, or ammonium salts of formic acid, called the Leukart reaction,
often yields the N-formyl derivative of the amine instead of the free amine. It
therefore appeared reasonable to investigate whether potassium formate, which is
soluble in polar organic solvents and in water, with activation by palladium salt could
significantly reduce the C—N double bond of the imine formed in the direct reductive

amination procedure.

IB.2.2 Present Work: Results and Discussion

In this part, we describe our results for direct reductive amination, which
constitute a mild, safe and efficient one-pot redu;:tant system for conversion of
various aldehydes and ketones, including conjugated ones, to N-alkyl/N-aryl

secondary or tertiary amines (Scheme V).

0 NR3R4 NR
)k RsR4NH )k HCO,K )\3114
Ry R, MSor Silica gel | R; Ry g(li\(/ﬂ:OAC)z 28 Ry
R; = Alkyl or Aryl Rz =H, Alkyl
R, =H, Alkyl R4 = Alkyl

Scheme V

To examine the scope of this reaction, a variety of aldehydes and ketones were
reductively aminated with aliphatic and aromatic amines (Table 2). Both primary and
secondary amines such as morpholine (entries 2 and 6) have been used. Reactions

with substrates bearing potentially reducible functional groups including choloro
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(entry 3), bromo and nitro (entry 7) yielded anticipated products without detectable
reductive side product‘s. Although acetophenone is a difficult case for some reductive
émination protocols, use of excess potassium formate (2-4 mmol) and a slight excess
of palladium acetate (5 mol%) gave reductive amination of the ketones at a rate
comparable to that of other substrates. The process is equally effective for
heteroaromatic systems (entry 5). Thus pyridine-4-carboxyaldehyde and aniline
underwent reductive amination to produce 23 in 86% yield. Reductive amination df
cinnamaldehyde (entry 12) with cyclohexyl amine, however, proéeeded with
concomitant reduction of the C—C double bond. Unlike the Leukart reaction or the
Wallach reaction, no N-formyl derivatives were formed in this protocol.

It is well known that aldehydes generally form imines faster than ketones. In
this protocol, /separate conditions were employed for imine preparation prior to
addition of reducing agent. Whereas the aldehydes (except cinnamaldehyde) were
reacted with amines in the presence of activated molecular sieves (4 A), the imines
from the ketones were prépared on a surface of silica gel following the procedure of
Ranu ez al.'® However the imines prepared by using either molecular sieves or silica
gel were directly taken in dimethyl formamide (DMF) and subjected to reduction by
adding palladium acetate (2-5 mol%) and potassium formate (2-3 equiv.) and heated
at 40-60 °C for 3-6 hours. The products were obtained after purification on column
chromatography. In general, the reaction procedure is very simple and the reaction
condition appears to be mild.

In summary, the method described here can be useful for preparing all classes
of amines from suitable carbonyl compounds and the amines. Furthermore, the
method can be of importance in view of cheap reducing agent, which decomposes to
environmentally friendly chemicals. Since palladium catalyzed hydride addition is
probably the cause of the C—N double bond reduction, the possibility for asymmetric

reductive amination in presence of a chiral ligand might be explored in future studies.
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Continued....... Table 2

Conditiond/

Entry  Substrate Amine }iﬁmp-/ Product %YieldD
‘ ime
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o
O,
O
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“Conditions A: Aldehyde + Amine in DMF with MS (4A) and stirred at room temperaturc for
3-5 h; B: Ketone + Amine intimately mixed on activated silica and stirred at room
temperature for 5-6 h.

inelds are reported after chromatographic purification (2-3 runs). Satisfactory spectral data
were obtained for all the amines (products) and given in the Experimental section.
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IB.3 Experimental

General information regarding techniques and instrumentation used are the
same as mentioned in the Aprevious section. Molecular sieves (4A) and silica gel
(HF,s54) SRL, India were activated by heating in an oven at 120 °C for 12 hours before
use.

General procedure for aldehydes (except cinammaldehyde)

A solution of p-anisaldehyde (0.680g, 5 mmol) and cyclohexylamine (0.500g,
5 mmol) in dry DMF (5 mL) was magnetically stirred at room temperature for 4
hours, in presence of molecular sieves (4A). To the resulting reaction mixture were
added HCOOK (0.840g, 10 mmol) and palladium acetate (22mg, 0.1 mmol). The
mixture was then heated at 40 °C for 3 hours to complete the reaction (TLC) and after
cooling it was diluted with ice-cold water (15 mL). The mixture was extracted with
ether (3x20 mL). The combined extract was washed with brine, dried over anhydrous
NaZSO4 and evaporated to leave the crude product, which was purified by column
chromatography over silica gel using EtOAc-hexane (1:19) affording N-cyclohexyl-p-
rriethoxybenzylam_in_e (22).

. Yield: 75% (0.815g), Liquid.

IR (neat): Vs 2925, 2851,1610, 1510, 1300, 1246 cm™.

'H-NMR (CDCls, 300 MHz): & 7.22 (d, 2H, J = 8.3 Hz), 6.85 (d, 21, J = 8.3
Hz), 3.78 (s, 3H), 3.73 (s, 2H), 2.47 (br.s, 1H), 1.92-1.70 (m, 4H), 1.62-1.59
(m, 1H), 1.31-1.05 (m, 6H).

BC-NMR (CDCls, 75 MHz): & 158.4, 132.9, 129.2, 113.7, 56.0, 55.2, 50.3,
33.4,26.2, 24.9. .

Similarly compounds 19, 20, 21, 23, 24 and 25 were prepared from

corresponding aldehydes and amines.

N-Cyclohexylbenzylamine (19)
Yield: 68% (0.644g), liquid.
IR (neat): Vmax 3400, 1600, 1450, 1321 cm’".
'H-NMR (CDCls, 300 MHz): § 7.31-7.06 (m, 5H), 3.80 (s, 2H), 2.48 (br, 1H),
1.92-1.70 (m, 1H), 1.61-1.54 (m, 4H), 1.31-1.07 (m, 6H).
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N-Benzylmorpholine (20)
Yield: 62% (0.550g), liquid. _
'H-NMR (CDCls, 300 MHz): § 7.25-7.32 (m, 5H), 3.70 (t, 4H), 3.49 (s, 2H),
2.44 (t, 4H).

N-(4-Chlorobenzyl)aniline (21)
Yield: 67% (0.730g), liquid.
IR (neat): Vimax 3380, 1600, 1490, 1320 cm™.
'"H-NMR (CDCls, 300 MHz): § 7.54 (d, 2H, J = 7.9 Hz), 7.32 (d, 2H, J = 7.9
Hz), 7.15 (t, 2H, J = 7.7 Hz), 6.71 (t, 1H, J = 7.2 Hz), 6.64 (d, 2H, J = 8.81
Hz), 4.29 (s, 2H), 3.97 (br, 1H).
BC-NMR (CDCls, 75 MHz):  147.8, 138.0, 133.0, 129.3, 128.7, 128.2, 117.8,
112.8, 47.6.

N-(Pyridin-4-yl-methyl)cyclohexylamine (23)
Yield: 86% (0.818g), liquid.

IR (neat): Vemax 2040, 1603, 1547, 1455, 1383 cm™.
'H-NMR (CDCls, 300 MHz): & 8.52 (d, 2H, J = 4.8 Hz), 7.26 (d, 2H, J = 4.8

Hz), 3.83 (s, 2H), 2.46 (br, 1H), 1.92-1.82 (m, 4H), 1.62-1.60 (m, 1H), 1.27-
1.06 (m, 6H). |

N-(4-Methoxybenzyl)morpholine (24)
Yield: 67% (0.694g), liquid.
IR (neat): Vmu 1612, 1514, 1246 cm’.
"H-NMR (CDCls, 300 MHz): & 7.22 (d; 2H, J = 8.34 Hz), 6.85 (d, 2H, J =
8.34 Hz), 3.78 (s, 3H), 3.69 (t, 4H), 3.43 (s, 2H), 2.42 (t, 4H).
BC-NMR (CDCls, 75 MHz): 8 158.7, 130.4, 129.5, 113.6, 66.9, 62.8, 55.2,
53.4.
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4-Bromo-N-(4-nitrobenzyl)aniline (25)
Yield: 56% (0.860g), liquid.
HNMR(CDClg, 300 MHz): § 8.19 (d, 2H, J = 8.5 Hz), 7.50 (d, 2H, J = 8.5
Hz), 7.23 (d, 2H, J = 8.6 Hz), 6.4 (d, 2H, J = 8.6 Hz), 4.45 (s, 2H), 4.22 (br,
1H).
3GNMR (CDCls, 75 MHZ): § 146.8, 146.2, 132.1, 127‘.6, 123.9,114.5, 114.4,
109.8, 47.5.

Anal. Calcd. for Ci3H1BN20, (307.15): C, 50.84; H, 3.61.
Found: C, 50.66; H, 3.69.

General procedure for ketones and cinammaldehyde

A mixture of acetophenone (0.601g, 5 mmol) and benzyl amine (0.535g, 5
mmol) was uniformly adsorbed on the surface of activated silica gel (5g) by dropwise
addition under stirring, and the mixture was then stirred at room temperature (25 °C)
under nitrogen for 4 hours to allow complete conversion imine. HCOOK (0.840g, 10
mmol), palladium acetate (22mg, 0.1 mmol) and DMF (5 mL) were added and the
reaction mixture heated at 60 °C for 6 hours. After completion (TLC) the reaction
mixture was cooled, diluted with ice-cold water and extracted with ether (3x20 mL).
The extract Was washed with brine, dried over anhydrous Na,SO4 and evaporated the
solvent to leave the crude product, which was puriﬁ;ed by column chromatography
over silica gel using EtOAc-hexane (1:9) affording N-(1-phenylethyl)benzylamine
(29). '

Yield: 80% (0.845g), Liquid.

IR (neat): Vmax 3380, 1602, 1452, 1305 cm’™.

'H-NMR (CDCls, 300 MHz): § 7.34-7.23 (m, 10H), 3.79 (q, 1H, J = 6.57 Hz),

© 3.60 (g, 2H, J=13.1 Hz), 1.86 (br, 1H), 1.35 (d, 3H, J=6.57 Hz).

BC.NMR (CDCls, 75 MHz): & 145.4, 140.5, 128.3, 127.3, 125.5, 57.4, 51.5,

24.4.

Anal, Calcd. for C;5Hj7N (211.31): C, 85.26; H, 8.11.

Found: C, 85.11; H, 8.43.

Using the same method compounds 26, 27, 28 and 30 were prepared from the

corresponding carbonyls and amines.
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N-Cyclohexylaniline (26)
Yield: 70% (0.614g), liquid.
IR (neat): Vimax 3400, 1602 cm™. _
'H-NMR (CDCls, 300 MHz): § 7.22-7.14 (m, 2H), 6.71-6.61 (m, 3H), 3.27
(m, 1H), 1.81-1.62 (m, 5H), 1.45-1.10 (m, 6H).
13c-_NMR (CDCls, 75 MHz): § 147.1, 129.2, 117.0, 113.3, 51.9, 33.4, 25.9,
25.0.

N-(1-Phenylethyl)aniline (27)
Yield: 83% (0.844g), liquid.
IR (neat): Vmax 3416, 3053, 1603, 1506, 1450, 1322, 1260 cm™.
'H-NMR (CDCl;, 300 MHz): § 7.36-7.31 (m, SH), 7.06 (t, 2H, J = 7.3 Hz),
6.6 (t, 1H, J= 7.3 Hz), 6.48 (d, 2H, J = 1.92 Hz), 4.46 (q, 1H, J= 6.7 Hz), 3.81
(s, 1H), 1.47 (d, 3H, J = 6.7 Hz).
BC-NMR (CDCls, 75 MHz): § 147.2, 145.2, 129.0, 128.2, 126.8, 125.8, 117.1,
113.2, 53.3, 24.9.

N-(1-Phenylethyl)cyclohexylamine (28)
Yield: 76% (0.750g), liquid.
IR (neat): Vmax 3380, 1640 cm™.
'H-NMR (CDCls, 300 MHz): § 7.35-7.20 (m, 5H), 3.96 (q, 1H, J = 6.6 Hz),
2.28 (br, 1H), 1.72-1.65 (m, 4H), 1.55 (m, 1H), 1.33 (d, 3H, ./ = 6.6 Hz), 1.14-
1.01 (m, 6H).
BC-NMR (CDCls, 75 MHz): § 146.0, 128.3, 126.6, 125.4, 54.3, 53.5, 34.4,
33.0, 26.0, 24.8.

N-(3-Phenylpropan-1-yl)cyclohexylamine (30)
Yield: 69% (0.743g), liquid.
IR (neat): Vmax 3320, 2930, 1629, 1496, 1440, 1378, 1127 cm™.
'H-NMR (CDCls, 300 MHz): § 7.35-7.16 (m, 5H), 2.8-2.62 (m, 1H), 2.64 (1,
4H, J=7.4 Hz), 2.38 (m, 1H, NH), 1.87-1.59 (m, 8H), 1.30-1.02 (m, 4H).
BC-NMR (CDCls, 75 MHz): & 142.1, 128.3, 128.2, 125.6, 56.8, 46.4, 34.2,
33.6,31.9, 26.1, 25.0.
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Part 1. Section C

Solid Phase Organic Synthesis: Development of a New
Method for Reduction of C—C and C-N Double Bonds
Using Polymer Supported Formate and Catalytic Pd(OAc),

IC.1 Introductioﬁ: A Brief Review on Solid Phase organic Reactions

There is need to develop new methods for organic synthesis .which afford
products free from contaminating by-products or excess reagents, but do not require
the need for time consuming work-up and purification methods. Numerous
applications can be envisaged for these methods in catalytic process, atom efficient
reactions, clean and green technology and combinatorial chemistry.

The growing need for compound libraries, especially for biological evaluation,
has led to an increasing demand for clean and efficient synthesis of complex organic
molecules. Recent environmental constraints have led to the development of clean and
easily recycled reagents for used in synthetic chemistry. This need has led to the
development and use of reagents that are supported on a solid matrix. Also, because
of the development of robotic systems for chemical synthesis in many industrial
sectors, the need for solid supported reagents has increased considerably. Such
supports facilitate easy removal of residues from the reaction mixture without release
of residues into the environment.

Reactions on solid supports are significant for rapid and simultaneous
synthesis of many new compounds required in the search for lead structures and their
optimization for the preparation of novel pharmaceuticals. Solid-phase parallel
synthesis is used worldwide to generate libraries of small organic compounds to
accelerate the drug discovery prdcess.] The Widespread use of polypeptide’ and
oligonucleotide® synthesis highlights the benefits of carrying out a series of high
yielding reactions whilst the target molecule remains tethered to an insoluble solid
support. There are a growing number of classical organic reactions which have been

successfully translated from solution onto the solid phase.*
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The first formal expression of solid phase technique was introduced by
Merrifield to facilitate polypeptide synthesis.” This technique was applied for other
organic syntheses in‘which suitable functional polymer were chosen to solve specific
synthetic problems.® Certainly, the invention by Merrifield of solid phase synthesis
with its following au;comatiqn is a classical example of scientific revolution.
Traditional synthetic organic chemistry required isolation and characterization of
intermediates as concrete evidence supporting the chemical structure of the product.
By substituting the use of excess reagents to force chemical reactions to completion
(or as close as possible), solid-phase chemistry was anathema to traditiopal synthetic
practice of the time. Resistance to change by synthetic chemists in general, and
peptides chemists in particular, was both vehement and vitriolic. In addition, solid-
phase chemistry required careful purification and characterization of its product that
did not depend on the history of the synthetic process. In reality, this was only.
possible with a concomitant improvement in both purification techniques and.
analyticallmethods of structural characterization. Without modern HPLC, capillary
electrophoresis, NMR, mass spectroscopy, etc., solid-phase chemistry would not have
‘been so feasible. The practical advantages in handling and automation offered a
filterable, polymeric protecting group in automation-of chemical synthesis for out way
the increased needs for more effort in purification and characterization.

Not surprisingly, solid-phase synthesis was not limited to peptides only, and
early contributions were made to its use for general organic synthesis, particularly by
'Leznoff," Frechet® and Rapoport.” Solid-phase organic synthesis is attractive from the
following perspectives:

1) it allows ease separation of synthetic intermediates from soluble components
of a reaction mixture by simple filtration and washing of the resin-bound reaction
product. A straight-forward consequence is the ability to use a high boiling reaction
solvent such as DMF, DMSO, NMP, without the need to evaporate the solvent.

if) A high concentration of reactants in solution facilitates driving reaction to

completion without causing work-up problems.
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1ii) A simple repetitive process (adding reagent, mixing, washing) allows for
integration and /or automation of solid-phase synthesis.

iv) Reducing toxicity and odor of supported species compared with low -
molecular weight unsupported analogues.

When Merrifield was looking for a suitable insoluble support for his solid-
phase peptide synthesis, his choice ended up as a beaded form of copolymer of
styrene and divinylbenzene.'® Since then a variety of solid-phase support was
introduced, a number of them claiming superior properties when compared to the
original Merrifield resin. However, after almost 40 years, the copoly (styrene-1%
divinylbenzene) is still the most commonly used resin. The polymeric matrix
surrounds the synthesized compound and th behaves as a solvent. Thus, synthesis on
copoly (styrene-divinylbenzene) resembles performing the reaction in toluene.'
However, there is no single polymer support that favours all reactions, and the need to
use polar or nonpolar media should influence the choice of support.'?

Until the early 1990s, solid-phase organic synthesis was not widely used, and
its domains remained principally peptides, nucleic acids, and, later, carbohydrates.
Subsequently the potential for generating molecular diversity in a non-peptide
environment were greatly increased. Ureas,"” oligonucleotides'® benzodiazepines,'’
hydantoins,’® y-butyrolactones'” and B-mercapto ketones'® have been prepared
successfully via polymer-supported - synthesis. Very recently, catalytic
hydrogenations,19 [3+2] cycloaddi‘cions,20 and Suzuki, Heck and Stille reactions®' with
polymer-bound substrates have been reported.

The renaissance of solid-phase organic synthesis was triggered by the advent
of combinatorial chemistry techniques.** The groundwork for combinatorial
chemistry had already béen set in peptide chemistry by Geysen with his pin
approach® and Houghten with his “teabag” approach to epitope mapping.z" Both
approaches used physical separation of polymers to control reaction seq;uences and
thus peptide products. Lam?’ and Furka®® conceived independently of the “one bead,
one product” split-and-mix approach that has been so powerful. Houghten has shown

that synthesis of large mixtures followed by screening and deconvolution to identify
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the active components is a viable and efficient technique.®” In many ways, it is
analogous to isolation of active natural products from fermentation broths.
Nevertheless, the pressure from the medicinal chemistry community in the
pharmaceutical industry has focused on combinatorial synthesis of single compounds,
partial due to perceived problems with false positives in the deconvolution process.
The flood of recognition by the medicinal chemistry community of the advantages of
filterable, polymeﬁé protecting groups was catalyzed by a paper in 1992 by Bunin and
Ellman®® on synthesis of a combinatorial library of benzodiazepines, a privileged class
of structure thought to mimic turns. The generation of a compound library of direct
interest to the pharmaceutical interest because of the many biological activities found
with benzodiazepines was a turning point in acceptance of the overall approach. it has
become difficult to find a chemical reaction, or class of compound, that has not been
adapted to solid-phage chemistry. Traceless supports® for SPS and on heterocyclic
chemistry® have recently appeared for examples of the pervasiveness of the approach
in the synthetic organic chemistry. Synthesis of complex natural products as diverse
as sarcodictylins, chalcones and epothilone.s30 utilizing solid-phase organic éhemistry
are becoming more commonplace as the advantages of a filterable, polymeric
protecting group become more widely recognized. The paradigm shift has even
extended to the search for metal-binding ligands, catalysts, and new materials.”!

However, the solid-phase technique involves certain problems. The main
disadvantages of solid-phase chemistry are the extra labour required to develop a
solid-phase route, the limitations of the current range of commercially available
supports and linkers as well as the means of monitoring reactions in real time. Solid-
phase routes also necessitate additional steps to link and cleave to and from the
support and are generally used to prepare <100mg final product. Another
disadvantage with synthesis on a functionalized polymer is due to the difficulties
caused by incomplete cleavage from the polymer backbone which results, sometimes,
in the decomposition of the products. The choice of the solvent, which should swell
the polymer, and the capacity 6f the functionalized polymer are other limitations of

this technique for industrial synthesis.
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IC.1.1 Applications of solid supported reactions
IC.1.1.1 Carbon-carbon bond forming reactions

IC.1.1.1.1 Reactions of enols, enolate equivalents and stabilized
carbanions

The development of efficient and reliable methods of forming carbon-carbon
bonds remains an important goal in solid-phase synthesis. The reactions stabilized
carbanions with carbon centered electrophiles are amongst the most fundamental
process for construction of organic molecules, and consequently many of these
reactions have been investigated on the solid-phase. Alkylation of B-ketoester was

promoted by fluoride permitting the synthesis of 1-phenylpyrazolone derivative.*

(OMOWRI i
—_—_
Pol 0] 0]

) R,X, TBAF, THF, 52-66 'C 52-95%
iy PANHNH,, THF, (Mc0),CH
iii) TFA, CH,CN

0 R,

Ph—N 7 R

Chiral N-acyloxazolidinone function as chiral auxiliary as well as linker was
reported in solid-phase variants of widely used Evans asymmetric alkylations of imide
enolates.>

P
yield 66%, 90% ee

Pol
~ i) LDA, THF, 0°C

1) BnBr, iif) LiBH,, r.t.

Supported silyl enol ethers readily participate in Mannich-type three-

component condensation reactions, affording amino alcohol.>

H._ _Ph

SiMe; 0O N7 . H. _Ph
- )\ S S M (i _OH N
Pol” S Pol” S’ Ph K)\

i) PACH=NPh, Sc(OTf);, CH,Cl,
i) LiBH,, THF, r.t.

Ph
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A Baylis-Hillman reaction conducted with an o, (-unsaturated ester
component attached to the solid support, was used to the synthesis of 3-

hydroxypropionamides.*’

Pol
O \H/\ i 1

@)

HO Ar

Pol iif) I[I
—
o NRiR, Ra/N NR;R,
0 0

1) 3-Hydroxyquinuclidine, ArCHO, DMF
i) RiIRyNH, DMF i) R3NHy, CHCly, Me3AL

IC.1.1.1.2 Pericyclic reactions

Crawshaw et al.*® prepared a number of bicyclic adducts by Diels-Alder

cycloaddition of an immobilized diene with an activated dienophile.

N i
Pol N/\‘ " | N—R, _

i) THF, 4-8h,
11) 3% 1FA,C112C12

Solid-phase azomethine ylide [3+2] cycloadditions provide attractive entry to

highly functionalized pyrrolidines, and several intramolecular examples have been
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reported.”” Marx et al®® reported the synthesis of polycyclic lactams using an

intramolecular azomethine ylide cycloaddition strategy.

NH
Pol

NH,

i) NaL, DMF, 80 °C, allylamine, iy AcOCH,CO,H, DIC, DMAP, CH,Cl,
iify K,C O3, MeOH, DMF, iv) (COCI),, DMSO, Et;N, CH,Cl,,
v) tetrahydroisoquinoline, toluene, heat, vi) TFA, HO.

IC.1.1.1.3 C-C Coupling reactions

The Wittig reaction and the organophosphorous chemistry are the best studied
examples of carbon-carbon coupling reactions promoted by functionalized polymers.
Bolli and Ley” reported the pfeparation of alkenes by reacting aldehydes with

polymer supported Wittig reagents.

)

}I)h R3 H R3
)J\ + Pol——lT:< —_ >:<
Rl H Ph R2 R1 Rz

Metal-catalyzed coupling reactions are very cfficient and reliable methods for
the introduction of new carbon-carbon bonds onto molecules attached to a solid
support. Solid-phase Suzuki coupling was first utilized in the preparation of biaryls.
Aryl boronic acids under a facile and efficient palladium catalyzed cross-coupling

reaction with aryl bromides and iodides that are bound to a Merrifield Resin.*'®
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=T oo
Pol : Cs2C0;, KL, DMF

Merrifield Resin

. Pd catalyst /@/\ J\@Q
X B(OH) Pol
NaOMe MeO,C
X
e )

Chamoin er al*® used the Leznoff acetal linker’! to tether o-bromo-

benzaldehydes -for Suzuki-Miyaura cross-coupling with aryl and heteroaryl boronic
acids. Use of phenylboronic acid substituted in the ortho position with a protected

amino group afforded, after TFA cleavage and spoﬁtaneous cyclization, the

phenanthridine product.

O
-~

1) boronic acid, Pd(PPhs)s, Na,CO5, DME; i) TFA.

The intramolecular Heck reaction has been well-established as a powerful tool
for the construction of complex polycyclic ring systems in the context of natural
products. This process has been adapted in the solid-phase synthesis of several

different types of molecules. Yu et al.*' used the reaction of polymer bound aryl
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iodide or styrene with olefins or arylhalides in the generation of 1,2-disubstituted

olefin libraries.

O 4 '
Pol
RX, Pd R
| L o /-
Pol
O
o) I /:
pol” S

142

Hiroshige et al.”™® studied the formation of a C—C bond in the palladium-

promoted vinylation of aryl iodide bound to a solid support.

0
0O
1. Pd(0) HO |
Pol—O OFt * )
+ /\ﬂ/ 2. NaOH 7 TOEt
I 0 0

Several applications of the Stille reaction for efficient carbon-carbon bond
formation on solid-support have been reported.?'* Forman and Sucholeiki® used the
reaction for the preparation of biaryl derivatives and studied the reaction of polymer-

bound aryl stannanes with aryl iodides or triflates.

O
| .
/) <:>
atat
/

SnBu3
-1
—_—
H,N

OMe 1) arom. triflates or aryl iodides, Pd(0), PR, LiCl.
1) TFA/DCM

MeO \

Not only polymer supported substrates used in synthesis, polymer supported
catalysts were also used particularly in Heck and Suzuki reactions. Song e al*'*

synthesized a polymer (fiber)-supported palladium catalyst to measure activity and
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selectivity for Heck ﬁfeactions and found that its activity remained unchanged after
being recycled 20 times. Reusable resin plug-bound palladium catalyst was reported?'
in the preparation of a Suzuki reaction based library and the removal of allyl ester

protecting groups.

IC.1.1.2 Carbon-heteroatom bond forming reactions

IC.1.1.2.1 Nucleophilic aromatic substitution

Nucleophilic aromatic substitution is an attractive approach to the
functionalization of electron deficient arorﬁatic rings, with the introduction of a wide
range of readily accessible heteroaromatic nucleophile. A sequence of nucleophilic
aromatic substitution of resin-bound 4-fluoro-3-nitrobenzoic acid derivative with
amino acid esters followed by reductive cyclization led to the formation of

tetrahydroquinoxalin-2-one.**

*@ﬁ pases

R, COZR

H,NOC
L,
CHZRZ

i) HLNCHR)CO,R, {PINEt, DMF, if) SnCl,.H,0, DMF,
iii) RyCH,Br, K;COs, Acetone, iv) TFA, H;0

IC.1.1.2.2 Carbon-nitrogen bond formation

Direct N-alkylation of immobilized amines may not be particularly useful in
many cases due to the potential for over alkylation; in fact this side reaction has been
used to advantage in the design of REM Linker. The method of choice for the
‘alkylation of primary amines is often reductive alkylation with a carbonyl compound,
usually an aldehydes, in the presence of Na(OAc);BH,*> Na(CN)BHs3,* or less
commonly NaBH,, LiBH," or LiAIH,.*®
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Pl . Pl R Ry
SN R —| | — /l\
Rink resin N R BN R
i) RiMgX or R, Lj, Et;0, toluene, or LiBH,, THF
ii) TFA, H,0, CH,Cl,
Miller and Scanlan have devised an operationally simple procedure for site-

selective N-methylation of a growing peptide based on the Fukuyama amine

synthesis.*”’
R, Pol 2 H 0
HzN)\H/ ’ o — > NBS—N Pol
0 1%\1 H O R,
NO,
R, H O = NBS

i) NBS-C], collidine, O
ify MTBD, p-NO,CsHsSO3Me, DMF, Me
i) HSCH,CH,OH, DBU, DMF

Ley et al.*® reported a reductive amination procedure on polymer supported

cyanoborohydride (PSCBH).

H PolwwNMe, BHLCN fe
olvww €4 3 N
O + HNR >/ ~
R ; 2 MeoH R{ H
1

IC.1.1.3 Oxidation

Oxidation of alcohols to ketones and aldehydes can achieved on the solid-
phase using standard reagents such as the SOs.pyridine complex,”’ DMSO-oxalyl
chloride-Et;N, or the tetra-n-propylammonium perruthenate complex.’> Recently,
Hinzen and Ley reported a polymer supported perruthenat, a new oxidant for the
conversion of primary and secondary alcohols to aldehydes and ketones

respectively.”
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R + R
1 Pol WNMG:; RLIO4 Rl

-
-~

R OH CH,Cl, r.t. R, (@]
R = alkyl, aryl, R; = alkyl, H
Epoxidation reactions of resin-bound olefins followed by nucleophilic ring

opening afford secondafy alcohols which underwent acid catalyzed lactonization

leading to the release of five- or six-membered lactones from the resin.**

2

Pol O . PO] O R .
k Rl 1 l\ 1 n I
0 P 0
. @)
R, o R '
Pol O Nu .. 0
0] R n
' R, OH :

i) MCPBA, CH,Cl,, i)NaN; or ArSNa, DMF, iii) TFA, CH,Cl,

IC.1.1.4 Reduction

Polymeric supports are not only suited for anchoring oxidants but have also
been shown to be immobilize reducing agents very effectively.”> The chemical
modification of quaternary ammonium type resins, such as Amberlyst A-26, with
NaBH,,>® Na(CN)BH;3 gives highly efficient and chemoselective reagents.’” Recently,
the polymeric backbones of these functionalized ion-exchange resins have been
optimized.’”® In fact, these functionalized resins have been used in many organic
transformations including the reduction of aldehydes and ketones,’® oc,B-unsyaturated
carbonyl compounds,” benzyl and primary alkyl halides.*® Aryl azides, arylsulfonyl
azides could be transformed to the corresponding aromatic amines and aryl
sulfonamides respectively, in up to 98% yield®' and even the reductive amination of
aldehydes and ketones in weakly acidic alcohol solvent has been achieved using the
polymer-supported hydrides.”®®? Borohydride attached with Amberlite IR 400 and
catalytic amount of Cu,SO, is powerful reducing agent and particularly useful for the

reduction of alky! halides including iodides, azides, aldehydes and ketones.®
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RX —— RH Reagents:
X=CLBr1 Pol .
o OH NMes BH,
> cat. CuSOy
R, R, Ry Ry

Recently, Desai and Danks reported the use ‘of polymer supported formate for
the reduction of alkenes under thermal or microwave conditions using Wilkinson’s
catalyst.%* Initially they used Wilkinson’s catalyst, polymer-supported formate derived
from (aminomethyl)polystyrene as hydrogen source and subsequently they prepared
formate supported on ion-exchange resin (Amberlite IRA 938 CI7) for reduction
purpose.

Polﬂ I(LI
/ \HCOO

R >
Ph N RHCI(PPhs);/DMSO
heat or MW

R =CO,H, CO,Me, CHO, COCHj, CN, CON(CHz),

R
Ph/\/

Very recently, Kamal et al.%® described an efficient and mild method for the
reduction of aromatic nitro and azido groups on solid support using Al/NiCl,.H,O and
AI/NH,Cl. This solid—phase reduction technique has been applied towards the
synthesis of DNA binding pyrrolo[2,1-c]benzodiazepine antitumour antibiotics.

CHO

X
red O> —_—> |
) Pol R N OH
' 0

X= N02, N3

Z

66 . . .
Leadbeater™” reported resin-bound ruthenium phosphine complex assessment

of its use in transfer hydrogenation and hydrocarbon oxidation process.
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IC.2.1 Present Work: Background, Objectives and strategy

The success of using the combination of HCOOK and Pd(OAc), (catalytic) in
CTH of functionalized carbon-carbon and carbon-nitrogen double bonds prompted us
to the development and use of this reagent supported on a solid matrix. In the recent
years, the need for development of solid supported reagenfs has increased
considerably. In view of this we set out to develop a polymer supported version of
formate anion that is suitable for use as a transfer hydrogenation source. Recent
environmental constraints also prompted to the development of clean and easily
recycled reagents for use in synthetic chemistry.

The functionalized polymers have been emerged as versatile tools for solution-
phase chemistry and automated parallel synthesis. The polymer supports have been
used for anchoring several reducing agents such as, borohydrides,:tin hydrides etc.
These reducing agents immobilized on quaternary type ammonium resins such as
Amberlyst-A-26, have been employed in many organic transformations including the
reduction of aldehydes and ketones, o,(3-unsaturated carbonyl compounds, o, f3-
unsaturated cyano acetates and conjugated nitroalkene.®® Although these immobilized
hydrides have resulted in successful reduction of several conjugated systems,
hydrides, in general, are either expensive, reactive or the residues pose a risk in its
elimination. Therefore the design of ideal support with suitable reagent has been a
subject of research for many synthetic chemists. A search in the literature revealed
that Desai and Danks®® in 2001, reported the reduction of cinnamic acid and its
derivatives using polymer supported formate (PSF) in presence of Wilkinson’s
catalyst [RhCI(PPhs)s]. The formate anion was exchanged with Amberlite 938 resin
(CI" form) and was used for reduction of cinnamic acid systems under both
microwave and thermal conditions. They also compared the relative rates of reaction
under microwave and thermal conditions. Since the literature suggests only one report
on the reduction of cinnamic acid derivatives using polymer supported formate (PSF),
we desired to undertake in detail the applications of PSF in metal catalyzed hydrogen
transfer reduction of different electron-deficient alkenes and/or imines.

This section will describe our studies directed towards palladium-catalyzed
tranﬁfer hydrogenation of alkenes, enamides, imines etc. using PSF as the source of

hydrogen.
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IC.2.2 Present Work: Results and Discussion
'fhe PSF was prepared by washing Amberlite resin (JRA 420, CI” form)
packed in a column with 10% formic acid solution repeatedly until the washings gave -
negative response to chloride ion (scheme VI). Finally the solid surface was washed
several times with water and then dried under vacuum. The resulting resin formate
was used directly for catalytic reduction. A mixture of unsaturated compound,
palladium acetate (2 mol%) and resin formate in DMF was stirred at 70-75 °C for 10-
16 h (Scheme VII). The progress of the reaction mixture was monitored on TLC.
Usual work-up followed by purification afforded the anticipated products in good to

excellent yields (Table 3).

Polﬁ Aq HCOOH  pg
+. _— * +
N Rj (10%; viv) N R
Cr HCOO"
Amberlite ® IRA-420 Anberlite ® IRA-420
Chloride form taken m water Formate form
Scheme VI
POle+R . .
R R. 3 | 3
1 3 HCOO _ 5
X o \
R2> g, PAOARDME R/ g,

R; =Ry=Ph, Ar,H, X=C,N
Rs and R4y= CN, CO,Et, CO,Me, NHBoc, H, Ph
Scheme VII

The generality of this methodology has been investigated with different types
of electron-deficient alkenes and imines (Table 3). We first examined reduction of
alkylidene cyanoacetate (entries 1,2) using PSF and palladium acetate (2 mol%) in

DMF. The PSF was employed in excess anticipating that not every functional site
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needs to react. The reduction of the C-C double bond proceeded smoothly at 70-75 °C

requiring only gentle agitation, work-up was then achieved by simple filtration,
extraction with diethyl ether and evaporation. The reduced prociuct was purified by
column chromatography over silica gel. Both the cyano and ester groups remain
unaffected under the reaction conditions. The reduction of dicyanoalkylidene
derivative (entry 3) was found to occur with similar efficiency.

Based on this encouraging result, the scope and limitations of this transfer
hydrogenation were further extended. As seen in Table 3, a,B-unsaturated ketones
(entries 4-7) bearing potentially reducible groups were hydrogenated efficiently and
as expected. The reaction, if continued for a lénger period, resulted in partial
reduction of the carbonyl functions as well (31%) (entry 4b).

Since dehydroamino acid derivatives are potential precursors to phenyl alanine
or alanine based amino acids and their synthesis is one of the major interests of our
laboratory, we examined reduction of enamides (entries 8, 9) using PSF and catalytic
palladium acetate. Interesﬁngly, while compound (entry 8) was not reducible under
the present conditions, the p-acetyl compound (entry 9) underwent smooth reduction
in good yield (70%). Although this selectivity is difficult to explain with evidence, the
nucleophilicity at the B-cafbon mighf be one of the possibilities. Further studies are
under active pursuit in this direction.

In order to broaden the scope of our study, we carried out reduction of C-N
double bond bfthe imines. The imine (entry 10) under similar poxlditions afforded the
secondary amine in excellent yield (85%). Since the imines were derived from the
corresponding carbonyl compounds, this overall one-pot protocol may be termed as
direct reductive amination of carbonyl compounds using PSF and catalytic palladium
acetate.

Surprisingly, our reaction condition was found unsuccessful for reduction of

simple alkyl cinnamate (entry 11) and nitro olelin (entry 12). Desai and Danks carried
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out reduction. of alkyl cinnamate using PSF and RhCI(PPh3); (2.5 mol%) as the
catalyst under microwave irradiation.®* The nitro olefins are known to produce oximes
under CTH using NH;-formate.’” We, however, obtained no change of the starting
material while carrying out the reaction using PSF.

Dehalogenation of aromatic halides under CTH methods has been observed
and the process is rapid while using microwaves.*** The method described by Desai
and Danks on the substrates was not employed to bearing reducible groups.®

From the overall obsérvation, it appears that the rate of the reductibn using
PSF is slower than that using the HCOOK. The reason for this is not, however, clear
at this point. Further mechanistic investigations will include in future work. |

In conclusion we have shown that palladium-catalyzed transfer hydrogenation
could be perforrhed with a variety of electron-deficient alkenes as well as imines
using the polymer supported formate (PSF) as the source of hydrogen. Some of the
CTH methods employ formic acid and its salts, which have éome drawbacks. As for
example, ammonium formate often results in dehalogenation of aromatic halides®
and formation of N-formanilide™ from amine along with a practical problem due to its
sublimable nature. Our method comprising potassium formate, although could
eliminate the above problems, the present method involving PSF offers advantages
over other formates in terms of environmental aspects. The method is operationally
simple and applicable to a range of unsaturated organic compounds. The -use of
palladium catalyst show.ed some substrates selectivity. Other advantages are: clean
wlork-up, high yields and environmentally benign. Future work will include studies
directed towards mechanistic aspects as well as on the use of other transition metals
complexes such as, rhodium and ruthenium metals with chelating phosphine
complexes. The scale-up of the protocol and reuse of the resin-surface will also be

studied as the extension work.
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IC.3 Experimental

IC.3.1 Preparation of Polymer Supported Formate (PSF, Resin
Formate)

Anion exchange resin (Amberlite’ IRA-420 CI", BDH, England) was packed
on a column and then 10% HCOOH passed through the column in a drop by drop rate
until a negative test for chloride ion (AgNOs). After washing with water for several
times, the resin was dried under vacuum. The resin thus obtained was ready for

further application in hydrogenation reaction.

IC.3.2 4-Methoxybenzylidenemalononitrile (31)

A mixture of malononitrﬂe (50 mmol), 4-methoxybenzaldehyde (55 mmol),
ammonium acetate (10 mmol) and glacial acetic acid (40 mmol) in dry benzene (30
mL) was heated under reflux for 10 hours using Dean-Stark water separator. After
usual work-up, the solvent was evaporated and the resultant solid was recrystallized
from ether-light petroleum giving 4-methoxybenzylidenemalononitrile in 80% yield
as yellow crystals, m.p. 113-114 °C [Lit.”'114-115 °C].

UV (MeOH): Amax 348 nm.

| IR (Nujol): Vmax 2310, 2222, 1512, 941, 833 cm™.
'"H-NMR (CDCls, 300 MHz): § 7.93 (d, 2H, J = 8.4 Hz), 7.03 (d, 2H, J = 8.4
Hz), 6.67 (s, 1H), 3.99 (s, 3H).

IC.3.3 Preparation of o,-unsaturated ketones
1,3-Diphenyl-2-propen-1-one (Chalcone) (32)

A solution of NaOH (0.8g) in water (8 mL) and rectified spirit (5 mL) was
immersed in a bath of crushed ice and poured acetophenone (15 mmol). Then started
the stirrer and add pure benzaldehyde (15 mmol). The temperature of the mixture was
kept at about 25 °C and stirred vigorously for 3 hours. The reaction mixture kept in a

refrigerator for overnight. Filter the product with suction on Buckner funnel, wash
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with cold water until the washings are neutral to litmus. Recrystallized the solid from
rectified spirit, m.p. 56-57 °C [Lit.”* 56-57 °C].

UV (MeOH): Amax 308.8 nm.
IR (Nujol): Vimax 3022, 2930, 1747, 1685, 1603, 1501, 1450, 1373, 1296 cm’™".

Similarly the compounds (33), (34) and (35) were prepared from

corresponding aldehydes and ketones.

1-(4-Bromophenyl)-3-(4-methoxyphenyl)-2-propen-1-one (33)
Yellow crystals, m.p. 143-144 °C.
UV (MeOH): Amax 347.6 nm.
IR (Nujol): vimex 3012, 2935, 1670, 1588, 1511, 1465, 1337, 1301 om™,

1-(4-Chlorophenyl)-3-(furan-2-yl)-2-propen-1-one (34)
Yellow crystals, m.p. 83-84 °C,
UV (MeOH): Amax 346.2 nm.
IR (Nujol): Vmax 3129, 3083, 1747, 1655, 1598, 1475, 1409, 1301, 1224 cm™,

3-(Furan-2-yl)-1-p-tolyl-2-propen-1-one (35)
Yellow crystals, m.p. 67-68 °C.
UV (MeOH): Ampax 347.0 nm.
IR (Nujol): Vmax 3155, 2919, 1757, 1655, 1603, 1552; 1481, 1332, 1286 cm™.

IC.3.4 Methyl 3-(4-acetopheny1)-2-(tert—butoxycarbonylamino)acrylate
(37)
Step-1. L-Serine methyl ester hydrochloride
Acetyl chlori:ie (2 mL, 28 mmol) was added dropwise over 10 minutes to dry
methanol (13 mL) cooled to 0 °C and the resulting solution was stirred for 5 minutes,

Solid L-serine (1 g, 10 mmol) was added in one portion and the solution heated to

reflux for 2 hours. It was then allowed to come to room temperature and the excess
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solvent was removed under reduced pressure. Trituration with dry ether gave the

product as colourless solid.

Yield: 80.6% (1.25g), m.p. 115-116 °C.

Step-2. Methyl N-(tert-butoxycarbonyl)serinate |
- A heterogeneous mixture of L-serine methyl ester hydrochloride (5g, 32

mmol) in THF (100 mL) and Et;N (7.0g, 69 mmol) was cooled to 0 °C and a solution
of Boc,O (7.15g, 31.8 mmol) in THF (50 mL) was added dropwise over a period of
30 minutes. The resulting mixture was allowed to warm to r.t. and stirred for 6 hours
* and then warmed to 50 °C and stirred at that temperature for 2 hours. The solvent was
then removed in vacuo and the residue partitioned between ether (100 mL) and water
(100 mL). The aqueous phase was extracted with ether (2x50 mL) and the combined
ether extract was washed successively with 3% HCI (50 mL), 5% NaHCOs (50 mL)
and brine (50 mL). It was then dried over anhydrous Na;SO4 and filtered. The filtrate
was evaporated to leave a pale yellow liquid which was purified by column
chromatography over silica gel using EtOH-light petroleum (1:4) as eluent.

Yield: 94 % (6.65g). ‘ ,

IR (neat): vmax 3400, 1715, 1514, 1368, 1165 cm’.

Step-3. Methyl 2-(tert-butoxycarbonylamino)acrylate (36)
A solution of methyl N-(fert-butoxycarbonyl)serinate (2.2g, 10 mmol) in CH,Cl, (75
mL) was cooled to 0°C and Et;N (3g, 30 mmol) was added dropwise over 15 minutes
to it. A solution of mesyl chloride (1.4 g, 12 mmol) in CH,Cl; (25 mL) was then
added dropwise over 30 minutes. The resulting solution was stirred for an hour at cold
and then at r.t. for an additional hour. It was then washed successively with 0.5 % aq.
KHSO, solution until neutral (25 mL), water and brine before being dried Na,SO,.
Evaporation of solvent left a brown mass which was purified by column
chromatography over silica gel using EtOH-light petroleum (1:15) as eluent. The
product was obtained as a viscous liquid.

Yield: 82 % (1.61g).

IR (neat): Vmax 3423, 1718, 1634 cm™.

'H-NMR (CDCly): § 7.1 (s, 1H, NH), 6.4; 5.8 (2H, vinyl), 4.0 (s, 3H, OMe),
1.7 (s, 9H).
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Step-4. . Methyl 3-(4-acetophenyl)-2-(¢eri-butoxycarbonylamino)acrylate *
37

A mixture of p-bromoacetophenone (0.597g, 3 mmol), methyl 2-(tert-
butoxycarbonylamino)acrylate (36) (0.640g, 3.2 mmol), Pd(OAc), (30mg, 0.13
mmol), BusNBr (0.970g, 3 mmol) and NaHCO; (0.336g, 4 mmol) in DMF (8 mL) is
stirred unider a nitrogen atmosphere in a screw-cap sealed tube at 90 °C for 20 hours. ‘
After cooling, the reaction mixture is diluted with brine (30 mL) and extracted with
ether (3x20 mL). The combined organic phase is washed with water (2x20 mL) and
dried over Na;SO4. Evaporation of the solvent left a yellow residue which was
purified by column chromatography over silica gel using EtOH-light petroleum (1:12)
as eluent giving yellow crystals.

Yield: 77.31 % (0.740g), m.p. 94-95 °C.

UV (MeOH): Amax 302 nm.

TR (Nwjol): vimax 3319, 2991, 1737, 1696, 1603, 1496, 1440 cm™.

'H-NMR (CDCls, 300 MHz): 8 7.93 (d, 2H, J = 8.4 Hz), 7.60 (d, 2H, J = 8.4

Hz), 7.24 (s, 3H), 6.54 (br.s, 1H), 3.83 (s, 3H), 2.60 (s, 3H), 1.39 (s, 9H).

BC-NMR (CDCls, 75 MHz): § 197.4, 165.6, 152.2, 139.0, 136.6, 129.5, 128.2,

127.4, 125.9, 81.2, 52.8, 28.0, 26.5.

Anal. Calcd. for C17H21NOs (319.36): C, 63.94; H, 6.63.

Found: C, 63.63; H, 6.89.

IC.3.5 N-(4-Methoxybenzylidene)aniline (3 8) '

A solution of 4-methoxybenzaldehyde (1.36g, 10 mmol) and aniline (0.92g, 10
mmol) in rectified spirit (10 mL) was heated under reflux for 20 minutes. After
cooling, the obtained solid filtered, washed with cold rectified spirit and recrystallized
from aq. methanol to give white plates.

Yield 80 % (1.65g), m.p. 56-57 °C [Lit.” 57-58 °C].

UV (MeOH): Aqax 311.6 nm.
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IC.3.6 Catalytic transfer reduction of alkenes, enamides and

imine using Polymer Supported Formate (PSF, resin
formate)

A representative procedure
Ethyl 2-cyano-3-phenylpropionate (10)

To a solution of ethyl 2-cyano-3-phenylacrylate (1) (0.203g, 1 mmol) in DMF
(3 mL) was added Pd(OAc), (5mg, 2 mol%). The reaction mixture was flashed with
nitrogen and PSF (Resin Formate, 1 g) was added all at once. The reaction mixture
was stirred in a screw-cap sealed tube at 70 °C for 10 hours. After cooling, the
reaction mixture was diluted with water, filtered. The filtrate extracted with ether
(3x1.5 mL). The combined ethereal layer was washed with brine, dried over'NaZSO4
and evaporated to dryness under reduced pressure. The residue was purified by
column chromatography over silica gel using EtOH-light petroleum (1:19) as eluent
to furnish the desired product as colourless oil in 85 % (0.174g) yield. The TLC, 'H-
and PC-NMR spectra were identical as prepared previously by using HCOOK as
hydrogen donor (page 35).

Using the same method the following compounds (16), (41)-(48) were
prepared from their respective starting materials during the time and temperature as

mentioned.

Ethyl 2-cyano-3-(4-methoxyphenyl)propionate (16)
Time: 12h; Temp: 70 °C.
Yield: 75 % (0.174g).
The TLC, 'H- and PC-NMR spectra of this compound were identical with

product as prepared previously by using HCOOK as hydrogen donor (page 37).
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4-Methoxybenzylmalononitrile (41)
Time: 10h; Temp: 75 °C.
Yield: 81 % (0.150g), white crystal, m.p. 90-92 °C.
UV (MeOH): Amax 226 nm.
IR (Nujol): Vimax 3022, 2259, 1614, 1511, 1260 cm™.
'H-NMR (CDCls, 300 MHz): § 7.17 (d, 2H, J = 8.8 Hz), 6.85 (d, 2H, /= 8.8
Hz), 3.79 (t, 1H, J= 6.8 Hz), 3.7 (s, 3H), 3.16 (d, 2H, J = 6.8 Hz). |
BC-NMR (CDCl;, 75 MHz): § 159.9, 130.3, 124.9, 115.0, 112.3, 55.3, 36.0,
252,

-1,3-Diphenylpropan-1-one (42)
Time: 10h; Temp: 70 °C.
Yield: 82 % (6.172g), Light yellow crystals, m.p. 70-71 °C [Lit.”* 73 °C].
UV (MeOH): Amax 244.2 nm.
IR (Nujol): Vmax 3032, 2935, 1603, 1450, 1368, 1143 cm™.
'H-NMR (CDCl;, 300 MHz): § 7.99 (dd, 2H, J = 6.0; 1.9 Hz), 7.55-7.52 (m,
1H), 7.47-7.42 (m, 2H), 7.30-7.20 (m, 5H), 3.30 (t, 2H, ./ = 7.1 Hz), 3.07 (¢,
2H, J=17.1 Hz).
BC-NMR (CDCls, 75 MHz): § 200.2, 142.3, 137.8, 134.0, 129.6, 127.1, 41.4,
31.1.

1,3-Diphenylpropan-1-ol (43)
Time: 16h; Temp: 75 °C.
Yield: 31 % (0.066g), Liquid.
'H-NMR (CDCls, 300 MHz): § 7.41-7.13 (m, 10H), 4.58 (t, 1H, J = 6.6 Hz),
2.73-2.54 (m, 2H), 2.38 (br. s, 1H, -OH, DZO-éxchangeable), 2.13-1.90 (m,
2H). ‘
BC-NMR (CDCl, 75 MHz): § 144.5, 141.7, 128.4, 128.3, 128.2 127.5, 125.9,
125.7, 73.7, 40.3, 31.9.
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1-(4-Bromophenyl)-3-(4-methoxyphenyl)propan-1-one (44)

Time: 12h; Temp; 70 °C.
Yield: 60 % (0.192g), yellow crystals, m.p. 67-68 °C.
UV (MeOH): Amax 228.4 nm.
IR (Nujol): Vmax 2991, 2940, 1680, 1603, 1505, 1450, 1378, 1301, 1240 cm™.
'H-NMR (CDCls, 300 MHz): § 7.94 (d, 2H, J = 7.2 Hz), 7.43 (d, 2H, /= 7.2
Hz), 7.14 (d, 2H, J = 8.5 Hz), 6.83 (d, 2H, J = 8.5 Hz), 3.76 (s, 3H), 3.24 (t,
2H, J=17.2 Hz), 3.00 (t, 2H, J = 7.2 Hz).
BCNMR (CDCl, 75 MHz): § 201.1, 159.7, 138.6, 135.0, 134.7, 131.1, 130.3,
129.8, 115.7, 57.0, 42.4, 31.0.

1-(4-Chlorophenyl)-3-(furan-2-yl)propan-1-one (45)
Time: 14h; Temp: 70 °C.
Yield: 77 % (0.180g), viscous liquid.
UV (MeOH): Amax 241.8 nm.
IR (neat): Vmax 1726, 1685, 1598, 1450, 1363, 1214 cm™.
'H-NMR (CDCls, 300 MHz): 8 7.97 (d, 2H, J = 7.8 Hz), 7.47 (d, 2H, J = 7.8
Hz), 7.57 (m, 1H), 7.44 (m, 1H), 7.31 (m, 1H), 3.34 (t, 2H, J = 7.8 Hz), 3.09
(t, 2H, J= 7.8 Hz).
“C-NMR (CDCl, 75 MHz): 8 198.6, 154.7, 141.1, 136.6, 133.1, 128.6,
128.0, 110.2, 105.3, 36.9, 22.4.

3-(Furan-2-yl)-1-p-tolylpropan-1-one (46)
Time: 14h; Temp: 70 °C.
Yield: 70 % (0.150g), white crystals, m.p. 77- 78 °C.
UV (MeOH): Amax 252.4 nm.
IR (Nujol): Vmax 3124, 2930, 1680, 1603, 1516, 1414, 1306, 1178 cm’".
'H-NMR (CDCls, 300 MHz): 5 7.80 (d, 2H, J = 8.0 Hz), 7.21 (dd, 1H, J=3.1;
1.1 Hz), 7.18 (4, 2H, J = 8.0 Hz), 6.21 (dd, 1H, 3.1; 1.9 Hz), 5.97 (d, 1H, J =
2.4 Hz), 3.23 (t, 2H, J= 7.3 Hz), 3.00 (t, 2H, J = 7.3 Hz).
BC-NMR (CDCls, 75 MHz): 8 198.3, 154.9, 143.9, 141.1, 134.3, 129.3, 128.1,
110.2, 105.3, 36.8, 22.6, 21.6.
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Methy 3-(4-acetophenyl)-2-(fert-butoxycarbonylamino)propionate (47)

Time: 10h; Temp: 70 °C.
Yield: 70 % (0.224g), Colourless crystal, m.p. 72-73 °C.
UV (MeOH): Amax 248 nm. |
IR (Nujol): Vmax 3360, 2996, 1752, 1670, 1609, 1516, 1455, 1373 cm’".
'H-NMR (CDCls, 300 MHz): & 7.87 (d, 2H, J = 8.1 Hz), 7.23 (d, 2H, J = 8.1
Hz), 5.05 (d, 2H, J = 7.7 Hz), 4.59 (t, 1H), 3.69 (s, 3H), 2.55 (s, 3H), 1.38 (s,
9HD).
BC-NMR (CDCl, 75 MHz): § 197.7, 171.9, 154.9, 141.7, 135.8, 129.5, 128.5,
54.1,52.3, 38.3, 29.6, 28.2, 26.5.
Anal. Calcd. for C17H23NOs (321.38): C, 63.54; H, 7.21.
Found: C, 63.28; H, 7.62.

N-(4-Methoxylbenzyl)aniline (48)
Time: 10h; Temp: 70 °C.
Yield: 85 % (0.182g), pale yellow crystals, m.p. 44-45 °C [Lit” 46-47 °C].
UV (MeOH): Amax 247.2 nm.
IR (neat): Vi 2930, 1609, 1511, 1465, 1250 cm™.
'H-NMR (CDCls, 300 MHz): § 7.29 (d, 2H, J = 8.6 Hz), 7.18 (d, 2H, J = 8.6
Hz), 6.88-6.85 (m, 2H), 6.74 (t, 1H, J=7.2 Hz), 6.66 (d, 2H, J = 8.5 Hz), 4.25
(s, 2H, CH,), 3.80 (s, 3H, OCH).
3C.NMR (CDCls, 75 MHz): 5 158.8, 147.5, 130.9, 129.8, 129.1, 118.0, 114.0,
1133, 55.3, 48.1. |
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Part II

Pd-Catalyzed C—N Hetero Cross Coupling Reactlons
Synthesis of Amino Pyridines

I.1 Introduction: A Brief Review on Pd-Catalyzed C-N Hetero
Cross Coupling Reactions

Aromatic amines are important substructures in natural products and are
widely used in various organic materials.' Arylamines are attractive targets for
chemical synthesis because of their prevalence and wide utility. One of their earliest
applications was in the productlon of brightly coloured synthetic dyes, introduced in
the late nineteenth century.? Arylamines have a large number of other applications
and are thus attractive targets for chemical synthesis. They are found in biologically
active compounds such as pharmaceuticals’ and agrochemicals.* Several commonly
occurring DNA lesions are arylamines, and they have been the target of recent
synthetic efforts.’ Arylamines have also been employed as ligands for transition
metals,® and in the design of conductive polymers'® and other electronically
interesting materials.”

Among hetero aromatic amines, ami.nopyridines are important compounds
with a variety of applications. They are used as acyl transfer reagents in 6rganic
chemistry® and as ligands in inorganic and organometallic chemistry,” as fluorescent
dyes' and are biologically important as central nervous system stimulant. "’

The historical importance of aromatic amines, which is also reflected in their
industrial relevance, spurred interest in developing methods for their production. Over
the years a number of cleverly designed and extremely useful methods of aryl C-N
bond formation have been reported.'* Most of the early preparative methods for -
aromatic amines involve electrophilic nitration and subsequent reduction, alkylation
and dealkylation of amines, rearrangement, hydrogenolysis, aromatic nucleophilic
- substitution by SyAr, benzyne or Sgn1 reactions.'?

One of the most widely used methods for the synthesis of arylamines is the
Ullmann cdupling, in which an amine is coupled with an aryl halide in the presence of

base and a copper catalyst.'*

NuH + VArX Cu metal or salts' ANu + HX
Base
Nu=ArNH, Ar,N; X=Br, Cl, I
Base = K2C03, KO}'L NaH
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Traditionally, copper-catalyzed Ullmann coupling protocols necessitate the

use of high temperature (>200 °C) providing low to moderate yield of amines and
often require the use of stoichiometric amounts of copper reagents, which, on scale,
leads fo problems of waste disposal.'’?»'* Additionally, they have been plagued by
poor substrate scope. However, there has been a resurgence of more economical
copper-mediated systems that circumvent the limitations of classical Ullmann-
Goldberg type couplings, which are known to require harsh reaction conditions.'
Recently, milder Ullmann-type processes for C-N bond formation such as N-arylation
of anilines,'® ‘amides,'” imidazoles,'® indoles,'” and hydrazines'® have been reported.
Progress in the arylation of aliphatic amines, however, has been realized only in the
context of chelating substrates,'”® such as o- and B-amino acids®® and B-amino
alcohols® or in strategies utilizing less convenient or most costly arylating agents.?
Gujadhur et al.**™* have found that the copper complex Cu(PPhs);Br, is active for
amination of mono- and diarylamines to di- and triarylamines, respectively, using

Cs,COs as a base at 120 °C.

I Cu(PPhy);Br
. (20 mal%)
Ry C52CO3
R | R
H

toluene
110-120 °C
1
Similarly Goodbrand and Hu'®* have reported ligand-accelerated single-step
catalytic synthesis of triarylamines with high selectivity using CuCl/1,10-
phenanthroline catalyst system and KOH as a base at 125 °C. Chaudhari et al.'®®

described a simple and "efficient methodology for the synthesis of triarylamines in a

single step using a ligand-free Cul catalyst and potassium tertiary butoxide as the

base.
DD
. NH, C < F N <

Q < > K?Bul R,

R Ry toluene /..\
L™
//
R=H, p-OMe

90-99%

=H, 0-Me, p-Me, 0-OMe, p-OMe
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Kang. et al**® demonstrated the Cu-catalyzed N-arylation of amines with
| hypervalent iodonium compounds with secondary aliphatic amines, aromatic amines,
azoles and amides accomplishing with catalytic Cul (10 mol%) or Cu(acac), (5
mol%) in the presence of Na;CO5 or K2CO; as a base in CH,Cl; or toluene under mild
conditions. The advantage of this method is that it can be carried out at room
temperature and with weak base.

Cul or Cu(acac), (cat) -

RyR,NAr
N32CO3 or K2CO3 .

R;R,NH + ArIBE,

Kang et al.'™ also described the Cu-catalyzed N-arylation of benzamides or
nitrogen heterocycles with catalytic Cul (10 mol %) in the presence of ethylene
diamine (10 mol %) as a ligand and K3PO, or Cs,CO; as a base under mild

conditions.

Recently, Buchwald et al. 17¢ reported a mild, practical Cu-catalyzed amination
of functionalized aryl iGdides using air stable Cul as the catalyst, ethylene glycol as
the ligand and unpurified propan-2-ol as the solvent. These reactions can be

performed without protection from air or moisture.

. Cul (5 mol%)
N K3PO, (2 equiv.)
I iRy HO(CH,),0H (2 equiv.)
NR;R;,

propan-2-ol R
R A 80 0C

Very recently, Kwong and Buchwald® reported a mild Cu-catalyzed coupling
of primary amines to functionalized aryl bromides using air-stable Cul as the catalyst

and structurally simple salicylamides as ligands.
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Cul (5 mol%)
Br + H,NR —o 20 mol%) NHR
R 2 K3PO, (2 equiv)

1 90 °C 18-22 h R,
i OH O

NEt

A unique combination of Cul and cesium acetate was found to mediate

intramolecular amination of aryl halides under mild conditions.?*

}II'
N_ _ Cul (2 equiv)
Ns CsOAc(S equiv)

DMSO N
Br - 900C 1h l

92%  Ns

The catalytic amination of aryl halides represents a mild alternative to
classical methods of aryl C~N bond formation and has many potential applications for
the synthesis of aniline derivatives which are inaccessible through other routes.”
Palladium-catalyzed amination reactions are fundamentally important organic
transformations that have received tremendous attention over the past few years.*®
The transition metal-mediated. coupling of amines with aryl halides is regeoselective,
does not require activating groups, and occurs under relatively mild conditions.

127 and Hartwig et al.*® have demonstrated a valuable method

Recently, Buchwald ef a
of palladium-catalyzed amination of various aryl halides and triflates with amines as a
powerful tool for the synthesis of a variety of arylamines. The reactions can be carried
out at a lower temperature under mild conditions than the copper-mediated classical
Ullmann condensation. Elegant work by Buchwald,?” Hartwig,?® and others® has led
to significant improvements in amination methodology since its discovery by Migita
and co-workers in 1983.>° Most of the reported methods employ electron-rich
phosphine ligands,®! possessing either a ferrocene®® or a biphenyl backbone® or
bulky nucleophilic N-heterocyclic carbenes (sometimes referred to as “phosphine
mimics”).***** Chelating phosphines such as 1,1’-bis(diphenylphosphino)ferrocene
(DPPF)* and 2,2’-bis(diphenylphosphino)1,1’-binaphthayl (BINAP)*® have been

demonstrated to exhibit improved catalytic activity in this type of transformation.
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Commonly: used base in palladium-catalyzed aminations are sodium fers-butoxide (¢-
BuONa),”iCszCO:,,37 K3P04,%® MeONa and ‘PrONa.* The combination Pd/racemic
BINAP is an excellent catalyst system for the coupling of primary amines with aryl
bromides.?® Additionally, the BINAP catalyst system functions well in the presence of
the weak base Cs;COs, allowing for a high level of functional group tolerance.”’
Although a general protocol had been developed for the palladium catalyzed cross
coupling of primary and secondary amines with aryl bromides using sodium zert-
butoxide (t-BuONa),s‘;”1 this base presented problems with a number of common

~functional groups such as, esters, aldehydes, enolizable ketones, nitriles and Initro
groups. The scope of this method was further expanded by the use of Cs,CO3,**’
allowing the coupling of aryl bromides which were incompatible with ~-BuONa.

Migita and co-workers™ reported the first examples of the palladium catalyzed

transformation of aryl bromides to arylamines via the uses of aminostannanes as

activated amine.

Br |
R .
/ 1,PdCl
BU3SD—N\ + NRRl + BU3 SnBr
Ry R
R

1,PdCl, = [PAChL {P(o-tolyl)3} ;]

Guram and Buchwald®® subsequently developed methodology in which the
Migita process was generalized and greatly simplified. The use of stoichiometric
amounts of organotin compounds is the main disadvantage of this method both for
.ecological reasons and with regard to practicability. Independently, Buchwald e al.*!
and Hartwig et al.** reported the first catalytic amination of aryl bromides with free
amines. Instead of isolation or generation of a tin amide /n situ, the amination
reactions were conducted by reaction of an aryl halide with the combination of amine
and stoichiometric amounts of sterically hindered base such as, -BuONa or

silylamide base in toluene or THF at temperature 65-100 °C.

Ph — Ph
/ M-L /
PhCO Br + HB-N —> PhCO N
\ N\ 7/ "\
Me Me

- 89%
M-L = Pd(dba),/2P(o-tolyl); or PACL, {P(o-tolyl)3},
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d%* and Hartwig® reported amination

The research groups of Buchwal
reactions with palladium complexes of BINAP and DPPF as catalysts. These
palladium compléxes provided aminations of aryl bromides and iodides with primary
alkyl amines, with cyclic secondary amines, and with anilines. It is ironic that the
amination chemistry was first discovered upon use of a particular labile phosphane,
but dramatically improved by the use of chelating ligands.

The Buchwald group found that a combination of Pd,(dba); and BINAP in the
presence of ~-BuONa performed as a superior catalyst for the cross coupling of
amines with aryl bromides to afford aniline derivatives.’®* The efficiency of BINAP
as a ligand may be attributed to its ability to inhibit the formation of catalytically
inactive palladium bis(amine) aryl halide complexes. This remarkable protocol is
illustrated by the catalytic cross-coupling of 4-cyanobromobenzene with #-

hexylamine to give the aminated product in 98% yield using only 0.05 mol% of

catalyst.
O
Buchwald Hartwig
cat. Pdy(dba); cat. (DPPF )PdClp
BINAP DPPEF
NaOBu? NaOBuf

toluene, 80 0C THF,100 °C

Buchwald
NC Br + Hex”NH, T%>NC NHHex"
: Bartwi
P hOBr+ PhNH, Wg) PhONHPh

The Hartwig group discovered that (DPPF)PdCI, catalyst provide high yields
of mixed, secondary arylamines from aryl halides and primary amines, notébly in
examples that gave low to moderate yields with the Pd(0)/P(o-tolyl); catalyst
system.”® This study revealed several important concepts; firstly, the catalyst involves
bis(phosphine) intermediates. Second, sterically encumbered phosphines are not
necessary for the high-yielding, intermolecular amination of aryl halides. Finally, the
observed favourable selectivity for reductive elimination over B-hydrogen elimination

results from chelation and large bite angle, rather than from steric effects.
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ANHR L-Pd . [T AX
Ar Y Ar
L-Pd L-Pd
"NHR X
A RNH,
L-Pd - -
HOBu X
NeB H,NR
W NaOBu!

Buchwald et al.*** discovered that the ligand (rac)-PPF-OMe was superior for
effecting aminations with acyclic secondary amines. It was noted that the combination
of Pd,(dba); and (rac)-PPF-OMe allowed the reaction to proceed with the weaker
base Cs;CO;. These new conditions are sufficiently mild to tolerate the presence of
methyl and ethyl esters aldehydes, enolizable ketones and nitro groups, which are

incompatible with reaction conditions which employ +~-BuONa as the stoichiometric

base.”’

o~ Y
cat. Pd,(dba),
—_—
. + (rac)-PPF-OMe CHs I|\I s
: H

Cs,00,
H,N CHs

A further improvement in procedure has been reported by Wolfe and
Buchwald,” which allows the catalytic amination of aryl iodides with piperidine in
the presence of stoichiometric quantities of -BuONa and 18-crown-6 and a catalytic
amount of Pdy(dba)s/BINAP. This is a significant advancement for reactions
involving thermally sensitive molecules or where it may be inconvenient to heat

reaction mixture such as for large parallel syntheses or applications in combinatorial

chemistry.

CHs < > I cat Py(dba),
BINAP < > < | >
* N2OBuL 18.C¢ B N
H—N\/ > THEF, r.t. 85%
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Buchwald ‘et al®®*® reported the palladium catalyzed amination of 4-

bromoacetophenone with morpholine in the presence of Pd(OAc),, ligand, K3PO4 in

DME.
1Egandc)2 / \

" T CH5CO N9
H_N MCZN 82%
PCy2

Recently, Buchwald et al.** described a method for the coupling reaction of
amines with aryl halides containing alcohol, phenol, amide, or keto groups in the

presence of LIN(TMS),.

R 1Pd2(dba)3
G + H—N\ Ligand > G
% R, LN(IMS), in THF R

2 H+ N
MezN
G =-NEAc, -(CH2)n-OH,
PCy,

Very recently, Prashad et al* reported an efficient palladium catalyzed
amination of aromatic bromides with hidered N-alkyl substltuted anilines either using
the combination of Pd(OAc)z and P(¢-Bu); or a palladlum(I) tri-fert-butylphosphine
bromide dimmer, [Pd(u-Br)(z-BusP)]2, a new, commercially available, and easily

‘handled catalyst.

=4

A

~

H Br '

|

N N
N N
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Verkade et al.*® showed the bicyclic triaminophosphine P(-BuNCH;CH,);N
serves as an effective ligand for the palladium catalyzed amination of a wide array of

aryl bromides and iodides.

Br. NH,
‘ Pd(OAc), :
P(FBUNCHCH, 3N
+ - — -
. NaOBu?.
A PhCH;z, 80 0C NC
‘CN

" The first palladium-catalyzed coupling reaction of aryl chlorides with amines

was reported by Beller et al.*’

‘ F3COC1 cat. palladacycle
T KOBW, . pc N
toluene, 140 0C \ /
H-N ) 98%

Subsequently Reddy and Tanaka®® described Pd(PCyg)Clz catalyzed reaction

of aryl chlorides and secondary amines in the presence of -BuONa to give the
corresponding amines in good to excellent yields.

Pd(PCys3),Ch
» ArNRR
ArCl + RNHR, NaOBu?,PhCHs, 1

120 0C, 6-12h

The conversion of phenols to arylamines clearly has considerable synthetic
value. Given the simple conversion of phenols to aryl triflates, and the application of
aryl triflates in Stille and Suzuki couplings, it was no surprise that Hartwig® and
Buchwald’® independently extended their amination chemistry to include aryl triflates

as coupling partners.

OTf cat. sz(dba)3A - NHPh
+ HoNPh DPPF, NaOBu!
PhCH,, 850C o Rel 49

96%
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cat. Pd(OAc),

T BINAP
MeO,C OTf > MeO,C NHHex"?
\ / C SzCO 3

+ PhCHj3, 80 oC 87% Ref 50
HeanH2

Frost and Mendonca have reported the successful implementation of an
iterative palladium catalyzed amination strategy to prepare an array of peptide
analogues by parallel synthesis.’’ The combination of Pda(dba)s/DPPF proved to be

an active catalyst for the efficient introduction of different nitrogen functionality.

Y

i) R,NH,, cat. [PdCl,(dppf)], DPPF, NaOBu!, THF, 100 °C
ll) Et3N DMAP CI'I2C12,

fii) R,NH,, cat. [PdCly(dppf)], DPPF, NaOBu, THF, 100 °C
iv) RyCOC], Et;N, DMAP, CH,Cl,,

The amination methodology has recently found application in polymer
synthesis. The reaction of aryl dibromide with secondary amine proceeds smoothly in
the presence of stoichiometric NaOBu' and catalytic PdCL,[P(o-tolyl)s]; to give new
poly(aryle:n:ealmine).52

Br—<—:_>~]3r PdCL[P(o-tolyl)s], -
Poly(aryleneamine)

N NaOBu/, toluene

100 oC 60%
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Two groups have reported methods for the solid phase synthesis of aryl
amines employing the palladium catalyzed amination protocol. Willoué11by and
Chapman reported that the Pd(0)/P(o-tolyl); catalyst system is effective in the
coupling of secondary amines with polymer bound aryl bromide to afford high yields
of the products.”” The use of BINAP as a ligand allowed the coupling of primary
amines in high yields and with excellent purities. Ward and Farina independently
reported similar findings.>* This methodology will no doubt prove useful for

constructing combinatorial libraries of aniline derivatives for biological screening.

Pol—NH : > < >
' — > Pol-NH
MeHN
\/\Q: 95% OMe
OMe

1) cat. Pdy(dba);P(o-tolyl);, NaOBW, dioxane,

In principle, palladium-catalyzed amination of enantiomerically pure amines
could lead to racemization, although Buchwald and co-workers have shown that,
under appropriate conditions, the coupling can take place without any erosion of

o

enantiomeric excess.>>

Ph QHs Pd,(dba)s, BINAP m
+ /\ NaOBW/, toluene
B

H,N~ “Ph N
r _ 86% yield H
99% ee
H = /\
|
N_ _Ph |
@E\/ Y Pdy(dba)s, Plodolyl); S\ "~N
CH NaOBul, toluene B
Br 3 . Ph

96% ee ‘ 80% yield, 96% ee
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£

Beletskaya et al**

performed double amination of dibromobenzenes with
secondary amines in the presence of Pd(dba),/P(o-tolyl)s and sodium fert-butoxide in
moderate to good yields. Reductive dehalogenation of aryl dibromides is a major side

reaction under these conditions.

Br | NRR,
" HNRR;
Br  pd(dba),, P(o- tolyl); Br
NaOBu |
NRR;y NRR;
HNRR;
Pd(dba)s, P(o- tolyl)3 NRR; + H
NaOBuW

HNRR; = morpholine, piperidine, HNEt,

Bisamination®™ of 1,2-dibromobenzene ‘was achieved in one-pot using
Pdy(dba);-BINAP catalytic conditions. A. combi:nation of elevated reaction
temperature and excess base accelerated the reaction sufficiently for one-pot
bisamination. Chiral, unsymmetrical dianilines were efficiently prepared by a
sequential application of the amination. The couplings were successful for a range of
aliphatic amines. The incorporation of an a-chiral primary amine can likewise be

accomplished using this protocol without racemization.

Br HNRRy pZ NRR;
@i Pd(dba);- BINAP 8§
NaOBu!
Br toluene 135 oC X Br

— CL

HNRR; = morpholine, pyrrolidine, 2-phenyl ethylamine



111

The Buchwald groups have revealed that the palladium-catalyzed amination
strategy can be effectively applied to the synthesis of aminopyridines and this
protocol represents a significant improvement relative to existing procedures which
often require activated substrates and harsh reaction conditions.’® The reaction of 2-
bromopyridine with 2-aminopyridine produced the interesting product in 87% yield.

This was also an effective strategy for preparing diarylated diamines.

@BHHzN/\/\NH,_—’ o= NNl N
N .

N N=

4 equiv.
i) cat. Pdy(dba);, BINAP, NaOBu!, toluene, 70 ¢C

The group of Senanayake has reported the application of a unique palladium-
catalyzed amination reaction in a concise synthesis of the potent Hj-antihistaminic
norastemizole.’” This is a remarkably efficient process considering a primary amine is

being selectively coupled in the presence of a secondary amine.

>
[4

(L Q CEN@H@

i) cat. Pdy(dba)s, BINAP, NaOBuW, toluene

Thomas et al.’® reported a convenient procedure for the synthesis of bicyclic
arylpiperazines which involves the reaction of N-tert-butoxycarbonylpiperazine (V-
A y ylptp

Boc-piperazine) with bicyclic bromoarenes under conditions developed by
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| Buchwald,*** followed by standard deprotection of the Boc-protected arylpiperazines

with trifluoroacetic acid.

Br ' N NH
/ \ sz(dba)g, P(o —tOly1)3 \ /

+ NBoc >
A NaOBuW, toluene

TFA, CH,Ch

Very recently, Queiroz ef al.’® described the synthesis of diarylamines in the
benzo[b]thiophene series bearing electron donating or withdrawing groups, by
palladium-catalyzed amination of aryl halides using Pd(OAc),, racemic BINAP as

ligand and Cs,COs; as base.

So0r-0 0

i) PA(OAc),, BINAP, Cs,CO5
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I1.2.1 Present Work: Background, Objectives and Strategy
Heteroaromatic amines constitute an important pharmacophoric moiety
present in many drugs acting on various pharmacological targets. For example,
aminopyridines are important biologically active compounds and are known to act as
central nervous system stimulant.'' Besides, their derivatives are often used as ligand
in coordinafibn and organometallic chemistry,” and have found industrial applications
as fluorescent dyes.'® Aminothiophenes are useful precursors for matural products,®
pharmaceuticals,®® conjugated polymers,®> and other related materials.”> The
aminopyridazine nucleus can be found in dopaminergic, serotoninergic, cholinergic
and GABA-ergic ligands as well as in monoamine oxidase and acetylcholine esterase

inhibitors.%* |
Most of the early preparative methods for aminopyridines involve aromatic
nucleophilic substitution by ASNAr, benzyne or Sgnl reactions.'®> These methods either
suffer from a nucleophilic regiocontrol problem, the need for very high temperature or
the presenée of specific functionality on the heterocyclic ring. None of these shows a
combination of good yields and high selectivity. Buchwald and others*”>*"*® have

recently developed chelating bis-phosphine palladium-catalyzed cross-coupling

reactions- that allow the preparation of aminopyridines from their corresponding

halopyridines®®™*® (Scheme VIII).

x dppp or BINAP
N NaOBu!

Scheme VIII

NS g
| + mnrr, —2PdO@Ac), |
SN

The method involves Pd(O)/bis;phosphine complexes as the effective catalyst
for oxidative addition to the carbon-halogen bond, followed by coypling with the

amine. The amination is catalyst-specific (Pd-ligand complexes) and very sensitive to

/
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the nature of the base.”>*! Although this reaction efficiently produces aminopyridines
in the presence of chelating bis-phosphine/Pd(0) complexes, the use of strong bases
such as sodium zert-butoxide is not desirable and remains associated with problems as
in the case of direct amination using NaNHR or NaNR,.">** Furthermore, the use of
strong bases greatly limits the functional group tolerance of the process.”®® The
weaker base (Cs;CO3) has been employed for haloaromatics®® and halothiophenes,61b
but not in the case of halopyridines and its use is limited due to high solubility in
organic solvents and its hygroscopic nature.

Many nitrogen heterocycles are strongly binding ligands for late-transition
metals.?®® As a result, heteroaromatic halides with basic nitrogen atoms will displaces
weakly binding ligands such as, P(o-tolyl)s, so that the original catalyst system
containing P(o-tolyl); as ligand was ir}effective for amination with heteroaromatic
substrates that could bind to palladium. It has been shown in stoichiometric studies

that pyridine displaces P(o-tolyl)s to form palladium-pyridine complexes®® (Scheme

IX).

-

|

NN

P(o-tolyl)s N

Pdy(dba); - An_ X
Pz(t 13 >~ P »d > 2A—PdX
. 8Pl inp” X CAr xs( | )
SN

]
Scheme IX _ |\/

‘ However, chelating phosphanes are not displaced by pyridine. Thus, the
advent of éamination reaction with chelating ligand would favour the amination of
pyridyl halides.*

The use of base is one of the keys to the success of this coupling reaction, we
investigated palladium-catalyzed cross coupling of bromopyridines and amines on a
KF-alumina (basic) surface. KF-alumina has been successfully employed in many

other cases so as to exploit its basicity on the surface®’ and very recently palladium-
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catalyzed C—C couplings (Suzuki, Heck, Stille, Trost-Tsuji) have been reported using
KF-alumina under mono-mode microwave irradiation.®® The role of mono- or bis-
phosphiné ligands in palladium catalyzed C—N hetero cross-coupling of halopyridines
on a solid surface céuld be an interesting study. This present work describes our
results, which constitute a convenient and efficient heterogeneous method for C-N

coupling by Pd-catalyzed amination of halopyridines on KF-alumina (basic) surface

(Scheme X).

P Pd-Phosphine catalyst/ =
Br RoyNH or RNH, . o NR,
Rj Ny Alumina-KF (4:1) R SN

P(o-tolyl);, DPPF, BINAP, Pd sources: PdCh,
Pdy(dba);, Pd(OAc),, Pd(acac),, Pd[PPhs]4

Scheme X

I1.2.2 Present Work: Results and Discussion

As we can see from the results presented in Table 4, the amination on KF-
alumina surface works with different bromopyridines. While 2-bromopyridine (entries
1 and 2) reacts with different amines smoothly, 3-bromopyridine (entfy 7) undergoes
amination in relatively poor yield. Amination of dibromopyridines affords only
monoamine derivatives in good to excellent yields. In the case of 2,5-dibfomopyridine
(entries 8 and 9), amination occurs selectively at the 2-position. Buchwald observed
complete bis-amination *of 2,6-dibromopyridine using Pd,(dba)s-dppp catalyst in the
presence of excess amine.’® Our conditions, however, yielded monoamines as the
major products even after prolonged reaction times and in the presence of excess
amine (entrlies 3-6). This selectivity offers an advantage for further reaction with the
other halogen substituents. In the bicyclic systems, 4-bromoisoquinoline (entries 10

and 11) and 3-bromoquinoline (entries 12 and 13) undergo amination efficiently.
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A great deal of experimentation on the cross coupling of bromopyridines with
primary and secondary amines was carried out in order to optimize the reaction
conditions. Palladium sources, ligand, solvent and the support (KF-Al,0;) were
optimized and several details are worthy of comment. Firstly, different palladium
sources like PdCl;, Pd(OAc),, Pda(dba)s, Pd(acac), and Pd[PPhs]s complexing with
either r_nono-—phdsphine [P(o-tolyl)s] or bis-phosphines (BINAP and DPPF) were
employed. as the cafalytic systems. The PdCL[P(o-tolyl);], and Pdy(dba):/BINAP
complexes were found to be most effective in this amination process (Table 4). The
formation of bis-(pyridyl) complexes using monophosphine ligands, as proposed by
Buchwald,’® might possibly be avoided under these conditions. The reactions were
carried out with or without a solvent. Clean reactions and better yields of the
aminopyridines were obtained when the reactions were carried out on KF-Al,03
surface with a slight extess of amine and without solvent. Toluene and xylene have
been used as solvents with almost similar effects, whilst the presence of DMF as a co-
solvent induces faster debromination (entry 10). 2-Bromopyridine (entries 1 and 2)
also yields 10-15% of 2,2’-bipyridyls By intermolecular coupling and suéh coupling is
further increased in the presence of a solvent. The major limitations of this protocol
are that 3-bromopyridine fails to cross-couple with primary amines and partial
dehalogenation (5%) was observed in the case of 3-bromopyridine, 3-bromoquinoline

and 4-bromoisoquinoline.
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Table 4

Entty  Bromoarene %  Amine  Catalysta C%rrlggi(%gsb/ Product % Yielde

- N g
: - /8
X IB H@o i @Fo "
. ' ) r N
- 49
= Z
2 QL H—OO; (Al 2/8 Q C><o “
x Br x N Oj
: . 50
2 7 '
3, B'/Ej\ INCH,Ph  [H  2/8 | %0
SN B _ SN O NHCH,Ph
51
SO (w0
2 0 1275
. : “ 78
SN B N NP
52
H_
5. S B o N N<:><§j 62
’ 53
7 ~
| H-N ' [A]  2/5 m o1
54
N A
e s b om w2 2 b e
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Continued Table 4

Entry  Bromoarene ) Amine Catalysta C(t)lxrlr(xiciaﬁ(%r)lsb/ Product %Yieldc
Br e
N B-N 6] AN | Il\y/\ (J) 86
10. : - (ELIF1 1,2/6
N N/ l ~
\ d
N 58
Br F
N N |
" BN Fl 276 | /NQ 90
| N R
AN
N 59

B

12. Oﬁ/ r X b B 2/ @(jNCO 78
i N/ N
60
H .
I C(j/& H2N—<:> [F] 2/8 @NO 68
N/ N’/
61

% [A] Pd[(0-tolyl)sP1,Cl; [B] Pdy(dba)s-P(o-tolyl)s; [C] PA[PPhs]; [D] Pda(dba)s-
dppf; [E] Pd(OAc),-dppf; [F] Pd,(dba);-BINAP; |G} Pd(acac),-dppf;
[H] Pd(OAc),-BINAP. '
1. Alumina-KF in toluene/90-100 °C; 2. Alumina-KF w_vithout solvent at 90-100 °C.

¢ Yields are reported on the basis of pure isolated products (2-3 runs) and calculated
on the basis of recovered starting material (for entries 6, 7, 9).

In conclusion, we have shown that Pd(0) catalyzed amination of
bromopyridines can be performed smoothly on the surface of basic alumina admixed
with KF. The simplicity of the experiment conditions, good to excellent yields and
favourable safety aspects represent a significant improvement and useful extension
relative to Buchwald’s procedure using the strong base, sodium ferz-butoxide. Future
work will include studies with more base-sensitive functionalities on the heterocyclic

nucleus as well as with chiral amines.
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1.3 Experimental
General procedure

Preparation of activated Al,O3/KF

A mixture of basic alumina (Brockmann, Activity I) and KF (4:1) (5g) was
taken in THF (5 mL) and after stirring for 30 min. at room temperature it was
evaporated to dryness. The solid residue was heated at 250 °C under vacuum (0.5 mm

of Hg) for 4 h, cooled under N; and used for reaction.

2-Benzylamino-6-bromopyridine (51)

To a mixture of 2,6’-dibromopyridine (0.437g, 2 mmol), benzylamine
(0.856g, 8 mmol), Pd(OAc), (10 mg, 0.04 mmol) and (+) BINAP (0.050g, 0.08
mmol) was added activated Al,O3-KF (2g). The mixture was intimately stirred at 90-
100 °C for 8 h under nitrogen. After cooling to room temperature the semi-solid mass
was washed repeatedly with ether (4x15 mL), combined and concentrated. The
residue was purified by silica gel column chromatography (petroleum-ether:EtOAc =
20:1) to give amine 51 (0.475g, 90%); m.p. 85 °C.

IR (Nujol): Vmax 3293, 1603, 1562, 1536, 1434, 1367 cm™.

'H-NMR (CDCly): 8 7.27-7.36 (m, 5H), 7.20 (dd, 1H, J = 8.2; 7.5 Hz), 6.73

(d, 1H, J= 7.5 Hz), 6.24 (d, 1H, J = 8.2 Hz), 5.18 (br.s, 1H), 4.46 (d, 2H, J =

5.9 Hz), :

BC-NMR (CDCl): & 158.7, 140.2, 139.5, 138.3, 128.7, 127.4, 127.3, 116.1,

104.5, 46.3. '

Compounds (49), (50), (52) — (61) were prepared using similar conditions as _

mentioned in Table 4.

4-Pyridin-2-yl-morpholine (49)
Yield: 70%, Liquid.
IR (neat): vmax 2966, 1603, 1486, 1440, 1378, 1312, 1240 cm’.
'"H-NMR (CDCls): & 8.20 (d, 1H, J = 4.5 Hz), 7.49 (m, 1H), 6.64 (m, 2H),
3.82 (t, 4H, J= 4.8 Hz), 3.48 (t, 4H, J = 4.8 Hz). _
C-NMR (CDCl): § 159.4, 147.7, 137.3, 113.6, 106.7, 66.5, 45.4.
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8-Pyridin-2-yl-1,4-dioxa-8-aza-spiro[4,5]decane (50)

Yield: 58%, Liquid.

IR (neat): Vmax 2960, 1598, 1562, 1486, 1440, 1363, 1235 cm’™".

'H-NMR (CDCls): 8 8.16 (d, 1H, J = 4.4 Hz), 7. 48 (m, 1H), 6.66 (d, 1H, J =
8.5 Hz), 6.56 (m, 1H), 3.96 (s, 4H), 3.68 (t, 4H, J= 5.4 Hz), 1.75 (t, 4H, J =
5.4 Hz).

’C:NMR (CDCly): 8 158.7, 147.7, 137.3, 112.5, 106.9, 64.1, 43.2, 34.1.

Anal. Calcd. for C1;Hi6N;0; (220.27):°C, 65.43; H, 7.32.

Found: C, 65.12; H, 7.44. l

4-(6-Bromopyridin-2-yl)morpholine (52)

Yield: 78%, m.p. 55-56 °C.

'H-NMR (CDCls): § 7.30 (dd, 1H, J = 8.1; 7.5 Hz), 6.78 (d, 1H, J = 7.5 Hz),
6.50 (d, 1H, J= 8.1 Hz), 3.79 (t, 4H, J= 4.9 Hz), 3.49 (t, 4H, ./ = 4.9 Hz).
3CNMR (CDCls): 5 158.8, 140.6, 139.9, 116.9, 105.1, 66.9, 45.6.

- 8-(6-Bromopyridin-2-yl)-1,4-dioxa-8-aza-spiro[4,5]decane (53)

Yield: 62%, m.p. 99-100 °C.

IR (Nujol): Vimax 2966, 1588, 1552, 1491, 1440, 1342, 1245 cm™.

'H-NMR (CDCly): § 7.24 (dd, 1H, J= 8.3 Hz), 6.68 (d, 1H, J = 7.4 Hz), 6.53
(d, 1H, J = 8.3 Hz), 3.97 (s, 4H), 3.65 (t, 4H, J=55 Hz), 1.73 (t, 4H, J = 5.5
Hz).
BCNMR (CDCls): & 158.39, 139.9, 139.3, 115.2, 104.6, 64.1, 42.9, 34.1.
~ Anal. Caled. for C2H;sBiN,0, (299.17): C, 48.18: H, 5.05.
Found: C, 48.02; H, 5.38.

2-Bromo-6-pyrrolidin-1-yl-pyridine (54)

Yield: 91%, m.p. 88-89 °C.

IR (Nujol): Vimax 2976, 1603, 1537, 1496, 1388 cm™,

'H-NMR (CDCls): 8 7.19 (dd, 1H, J= 8.1; 7.5 Hz), 6.61 (d, 1H, J = 7.5 Hz),
6.20 (d, 1H, J= 8.1 Hz), 3.40 (t, 4H, J= 6.6 Hz), 1.99 (t, 4H, J = 6.6 Hz).
BC-NMR (CDCly): 5 157.1, 140.3, 138.7, 113.7, 104.4, 46.7, 25.3.
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4-Pyridin-3-yl-morpholine (55)
Yield: 48%, Liquid.
IR (neat): Vmax 2966, 1665, 1583, 1496, 1455, 1352, 1255 cm™.
'H-NMR (CDCl): & 8.22 (s, 1H), 8.04 (m, 1H), 7.19 (m, 2H), 3.80 (t, 4H, J =
4.5 Hz), 3.11 (t, 4H, J = 4.5 Hz).

4-(5 -BromopyridinQ-yl)moxpholine (56)
Yield: 92%, m.p. 84-85 oC. ‘
IR (Nujol): Vmax 2966, 1588, 1547, 1475, 1388, 1312, 1235 cm™
'"H-NMR (CDCls): § 8.20 (s, 1H), 7.55 (dd, 1H, J=6; 3 Hz), 6.52 (d, 1H, J =
8 Hz), 3.81 (t, 4H, J = 6 Hz), 3.46 (t, 4H, J = 6 Hz),
BCNMR (CDCL): § 157.4, 148.5, 139.8, 108.2, 66.5, 45.5.
Anal. Calcd. for CoH;1BrN,O (243.10): C, 44.47; H, 4.56.
Found: C, 44.42; H, 4.72.

8-(5-Bromopyridin-2-yl)-1,4-dioxa-8-aza-spiro[4,5]decane (57)
Yield: 73%, m.p. 83-84 °C.
IR (Nujol): Vmax 2960, 1588, 1486, 1404, 1363, 1245 cm™.
'H-NMR (CDCls): § 8.16 (d, 1H, J = 2.4 Hz), 7.50 (dd, 1H, J = 8.9; 2.4 Hz),
6.57 (d, 15, J = 8.9 Hz), 3.99 (s, 4H), 3.65 (t, 4H, J = 5.5 Hz), 1.74 (t, 4H, J =
5.5 Hz).
BC-NMR (CDCl): § 157, 148.4, 139.6, 108.4, 107.3, 64.3, 43.5, 34.2.

4-Morpholin-4-yl-isoquinoline (58)
Yield: 86%, m.p134-136 °C.
"H-NMR (CDCls): 8 8.98 (s, 1H), 8.19 (s, 1H), 8.11 (d, 1H, J = 8.3 Hz), 7.95
(d, 1H, J = 8.1 Hz), 7.59 (m, 1H), 3.97 (t, 4H, J = 4.4 Hz), 3.17 (t, 4H, /= 4.4
Hz).
BC-NMR (CDCl): § 148.1, 143.1, 132.6, 131.3, 129.8, 129.2, 128.0, 127.2,
122.4, 67.2, 53.1. ‘
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4-Pyrrolidin-1-yl-isoquinoline (59)
Yield: 90%, Liquid.
IR (neat): Vimax 2960, 1629, 1578, 1501, 1409, 1342, 1255 cm™.
'H-NMR (CDCls): & 8.76 (s, 1H), 8.14 (d, 1H, J = 8.7 Hz), 8.02 (s, 1H), 7.86
(d, 1H, J = 7.6 Hz), 7.49-7.60 (m, 2H), 3.45 (t, 4H, J = 6.5 Hz), 1.99 (t, 4H, J
= 6.5 Hz).

BC-NMR (CDCL): 5 144.1, 141.3, 129.5, 129.2, 128.4, 128.0, 127.5, 126.5,
123.8, 52.0, 25.1.

3-Morpholin-4-yl-quinoline (60)

’ Yield: 78%, m.p. 91-92 °C.
IR (Nujol): Vamax 2960, 1603, 1496, 1455, 1388, 1271, 1224 cm™.
'H-NMR (CDCls): § 8.79 (d, 1H, J = 2.5 Hz), 8.00 (d, 1H, J = 8 Hz), 7.69 (d,
IH, J=8 Hz), 7.53 (m, 2H), 7.34 (d, 1H, J=2.5 Hz), 3.93 (t, 4H, J = 4.8 Hz)
3.28 (t, 4H, J = 4.8 Hz),

BC.NMR (CDCL): § 144.4, 144.2, 142.8, 128.7, 128.5, 127.1, 126.4, 126.3,
116.2, 66.4, 48.9.

Cyclohexyl-quinolin-3-yl-amine (61)
Yield: 68%, m.p. 118-119 °C.
IR (Nujol): Vmax 3232, 3053, 2930, 1609, 1542, 1486, 1393, 1363, 1240 cm™.
'H-NMR (CDCl): & 8.37 (d, 1H, J = 2.7 Hz), 7.90-7.93 (m, 1H), 7.55-7.60
(m, 1H), 7.30-7.44 (m, 2H), 6.96 (d, 1H, J = 2.7 Hz), 3.97 (br.s, 1H), 3.33 (fn,
1H), 2.06-2.11 (m, 2H), 1.64-1.81 (m, 2H), 1.18-1.43 (m, 6H).
BCNMR (CDCL): & 143.5, 141.7, 140.6, 129.5, 128.8, 126.7, 125.6, 124.4,
109.9, 51.4, 32.8, 25.7, 24.8.
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Chemoselective reduction of carbon—carbon multiple bond in conju-
cated systems is an important process in organic synthesis.l'! Despite
the bewildering variety of reducing agents available to synthetic chemists,
new and selective reductants are in constant demand. Transition metal-
catalyzed hydrogen transfer 1'eaction with the aid of a hydrogen donor,
such as trialkyl ammonium formate,? and other hydrides like n-Bu;SnH, B3]
NaH-PO;/H.0. Ph,SiH-/ZnCl,-H,0, trlethoxysﬂane ~water,'® are
some of the examples employed for selective conjugate reduction. In
most cases. direct source of hydride is used for conjugate addition to
the more nucleophilic 3-carbon, whereas formic acid and its salts are
believed to be a source of hydride in situ,’” which eventually adds to
the B-carbon. Cacchi et al.’® has recently reported a combination of
Pd(OAc),/HCOOK as a convenient alternative reductant for conjugate
reduction of o,B-unsaturated carbonyl compounds. On the other hand,
reduction of conjugated nitriles and cyano esters using molecular hydro-
gen or Pd-catalyzed hydride-transfer afforded with reduction of the
cvano group as well!”! For example, reduction of a,B-unsaturated cyano
esters in presence ol Pd/C and p-menthene (as hydrogen donor) led to
reduction of not only the C=C double bond, but also the nitrile function
to a methyl group.'"” Moreover, reduction of nitrile using a combination
of Pd/C and formic acid seemed to be very variable in many other
examples."'! Early studies on reduction of alkylidenecyanoacetic esters
using sodium borohydride at room temperature led to reduction of C=C
double bond as well as reduction of the ester to alcohol.l'? Sodium
borohydride has however been successfully used for reduction of lal'’!
and sodium cyanoborohydride has selectively reduced a,B-unsaturated
esters. nitriles. and nitro compounds.'¥ However, metal hydrides are.
generally highly reactive -and expensive reagents and cyanoborohydride
generates toxic byproducts upon workup. Very recently, Hantzsch
L. 4-dihydropyridines (HEH) has been employed for selective reduction
ol a.p-unsaturated cyano esters."™ This procedure, however, involves
specific reagent (Hantzsch 1,4-dihydropyridines) and after the reaction
the redox products require separation. Consequently, it appeared to us
of interest to check the efhicacy of Pd(OAc),/HCOOK combination
in reduction of more functionalized o,3-unsaturated cyano esters.
The study could be of further importance, as the soluble chiral
Pd-catalyzed hydrogen transfer reactions are known to induce asym-
metry in the product.'® The chiral Pd- complex catalyzed conjugate
reduction without any concomitant reduction of other functional
groups might produce asymmetric compounds for further elaboration
to useful synthetic intermediates. We wish to report that o,B-unsaturated
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cyanoesters possessing other sensitive functional groups can be smoothly
converted into the corresponding saturated cyanoacctates according
to Sch. I. The reduction appeared to be mild and eflicient as the
nitrile, ester (alkyl and tri-n-butyl stannyl), and halogen functions
remain unaffected.

A series of «,B-unsaturated cyano esters (1a—i) have been prepared
from their carbonyl substrates condensed with ethyl cvanoacetate under
Knoevenagel condition.!' ! The unsaturated cyano ester was dissolved in
DMF and added Pd(OAc), (2mol%), HCOOK (2 equivalent) and stirred
at 45-50°C for 34 h in a screw-cap sealed tube under N,. After usual
workup, the product was purified by column chromatography over silica
gel to afford the reduced product in good to excellent yield (Table 1).
Although dehalogenation of halo-aromatics is known under transfer
reduction using heterogeneous catalyst,!'™ the present method did not
proceed with cleavage of carbon—~halogen bond (Entry 1b). The stannyl
ester (Entry 1h), prepared from its ethyl ester by transesterification with
bis—fri-n-butyltin oxide, " also survived demetallation under the reaction
condition.® To observe any effect of ligand participation in the catalytic
process, the reaction was carried out in presence of various ligands, such
as PPhj, P(o-tolyl); and TMEDA with the alkylidenecyanoacetic ester
(1i). In all the experiments, a smooth conversion to the reduced product
with excellent yield was obtained. Choice of solvent is an important
factor governing the activity of soluble catalyst in transfer reduction.!'!!
As most soluble catalysts are often coordinated to solvent. DMF was
found to be superior in comparison to non-polar solvents like toluene or
carbon tetrachloride.

Thus the present study constitutes a useful condition for selective
reduction of C=C double bond of «o,B-unsaturated cyano esters using
HCOOK/Pd(OACc), as simple and inexpensive reductant. The reaction
possibly involves hydride transfer in situ at the B-carbon and proceeds
without any concomitant reduction of cyano, ester, or halogen groups. The
ability of this reductant to perform conjugate reduction on functionalized

R, CN HCOOK. /Pd(OAc), Ry CN '
R’); :COOR3 DMF /45-50 °C/ Rz: :COOR3
3.4 Hr

Ry = Et, Sn(nBu)s

Scheme 1.
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Table 1. Reduction of o,B-unsaturated cyano esters by using HCOOK and
catalytic PA(OAc)s.

No. Olelin Temp./time Product Yield (%)*
1a Calle CN 45“(?/3 h CHg CN ()2
1" COOE H COOE:
b P-CIC ey CN 4ioc/4h P-CIC4Hy 96
H coou H coom
le P-110Q CeMy CN iOoC/4h P-HOCH 95
COOR coom . |
d M de\/ 50°C/3h 1% CSHAN: \ 87
I COOE H COOFEt
le 45°C/4h ] 79
CN
"0O0E COOE!
If <:>._<CN 50°C/4h <:>__< N 76
COOKE COOKt '
lo P CH,0 CeHy CN 450C/4h P-CH;O0C¢H, CN 95
1 COOH H COOFR
N 50°C/3h  Cefls O 75
H COOSnBu, ’ H COOSunBuy
llh C(,”_( CN SOOC/3 h C(,ll_q CN 88
1,C COO . H,C COOF

"Yields refer to single runs and are for puxe isolated products all compounds
were fully characterized by IR, UV, and 'H- and *C-NMR spectra.
PThe reaction was also carried out in presence of PPhj, P(o-tolyl)s, and TMEDA.

alkylidenecyanoacetate in a controlled fashion is noteworthy. The
homogeneous catalytic condition offers further use of chiral ligands -

to promote asymmetric induction. Future studies will be attempted in
this direction.
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EXPERIMENTAL

A representative procedure (Table 1, Entry le) is as follows: To a
solution of the unsaturated cyano ester (0.50 g, 2.62 mmol) in DMF (SmL)
was added Pd(OAc), (12 mg, 2 mol%), HCOOK (0.44 g, 5.24 mmol) and
stirred the reaction mixture in a sealed tube (screw-cap) under N at 45°C
for 4h. The mixture was cooled, diluted with water and extracted with
ether (3 x 15mL). The combined organic layer was washed with brine
solution (10mL), dried over anhydrous Na,SO4 and concentrated. The
residue was purified by column chromatography over silica gel and elu-
tion with ethyl acetate-light petroleum (1:9) afforded the desired product
as colorless oil in 79% yield. IR (neat): vya, 2244, 1747 cm™'; 'TH-NMR
(CDCl5, 300 MHz) § 1.31 (t, 3H, J=7.1 Hz), 3.28 (m, 2H), 3.79 (m, 1H),
4.26 (q, 2H, J=17.1Hz), 6.23 (s, 1H), 6.30 (s, 1 H), 7.34 (s, 1H); *C-NMR
(CDCl,;, 75MHz) § 14.3, 36.1, 37.3, 63 3, 108.7, 110.9, 115.9, 142.8,
149.3, 165.4. x o
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A Simple Protocol for Direct Reductive Amination of Aldehydes and Ketones
Using Potassium Formate and Catalytic Palladium Acetate
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Abstract: A method for direct reductive amination of aldehydes
and ketones, including o.,B-unsaturated carbonyl compounds, has
been developed, which requires potassivm formate as reductant and
palladium acetate as catalyst. Suitable amines include both primary
and secondary aliphatic and aromatic amincs.

Key words: reductive amination, potassium formate, palladium
acetate, one-pot reaction

The direct reductive amination of carbony] compounds' is
a useful organic transformation for preparing primary,
secondary and tertiary amines. The carbony! compourd
initially reacts with ammonia or amine to form an imine,
which then undergoes reduction in presence of hydrogen
or hydride ion (Scheme 1). The term ‘direct reductive am-
ination’ is used to describe a reaction in which a mixture
of the carbonyl compound and the amine is treated with
suitable reducing agent in a one-pot operation.'® Several
reductive systems are known to effect the reduction of the
C—N double bond of the imine. The Borch reduction,? one
of the early methods, involves sodium cyanoborohydride,
[NaBH;CN], as the reductant. However, use of excess re-
agent (up to 5-fold) along with toxic cyanide as the by-
product limits its wide applications. The alternative sodi-
um triacetoxyborohydride, [NaBH(OAc),],> has not been
successful for aromatic and unsaturated ketones. Other
-reagents include ZnCl,—Zn(BH,),;* NiCl,-NaBH,;> Ti(i-
PrO),~polymethylhydrosiloxane;®  Ti(i-PrO),~NaBH,;’
Bu;SnH;® Bu,SnCIH and Bu,SnIH;’ decaborane;'? silica
gel-Zn(BH,),;'! Et;SiH-trifluoroacetic acid;'? pyridine—
BH,;!® phenylsilane—dibutyltin dichloride.! All these
methods require stoichiometric or excess quantities of the
hydrides, which are generally highly reactive and expen-
sive as well. Furthermore, use of tin hydrides in some pro-
tocols is not recommended for large-scale preparation as
the residual insoluble tin compounds pose a great risk in
its elimination. On the other hand, use of formic acid as
the source of hydrogen, called the Wallach reaction, or
ammonium salts of formic acid, called the Leuckart reac-
tion, often yields the N-formyl derivative of the amine in-
stead of the free amine.’> Recently, we's® and other
' groups!® have shown that potassium formate promoted
by palladium acetate can reduce efficiently the conjugated
C-C double bond. It therefore appeared reasonable to in-
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vestigate whether potassium formate, which is soluble in
polar -organic solvents and in water, with activation by
palladium salt could significantly reduce the C-N double
bond of the imine formed in the direct reductive amination
reaction. We report herein our observation, which consti-
tutes a one-pot reductive amination protocol for aldehydes
and ketones, including conjugated ones, with the aid of
potassium formate and catalytic palladiunm acetate.

Q HINR'R3 NRRE NRR?
— = I e L
R e M R ROPIOA, "
or Silica gel DML
R' = Alkyl or Aryl R 1L Al
R2 = I, Alkyl R — Alka]

Scheme 1

To examine the scope of this reaclion, & variety of alde-
hydes and ketones were reductively aminated with ali-
phatic and aromatic amines (Table 1). Both primary and
secondary amines, such as morpholine (entries 2 and 6)
have been used. Reactions with substrates bearing poten-
tially reducible tfunctional groups inciuding chlore (entry
3), bromo and nitro (entry 7) yielded anticipated products
without detectable reductive side products. Although ace-
tophenone is a difticult case for some reductive amination
protocols, use of excess potassium lormate (2— mmol)

“and a slight excess of palladium acetate (5 mol%) gave re-

ductive amination of the ketones at a rate comparable to
that of other substrates. The process is cqually effective
for heteroaromatic systems (entry 5). Reductive amina-
tion of cinnamaldehyde (entry 12) with cyclohexyl amine,
however, proceeded with concomitant reduction of the C—
C double bond. Unlike the Leukart reaction or the
Wallach reaction, no N-formyl derivatives were formed in
this protoco).

It is well known that aldehydes generally form imines
faster than ketones. In this protocol. scparate conditions
were employed for imine preparation prior to addition of
reducing agent. Whereas the aldehydes (except cinnamal-
dehyde) were reacted with amines in presence of activated
molecular sieves (4 A), the imines [rom the Ketones were
prepared on a surface of silica gel following the procedure
of Ranu et. al.'"" However the imines prepared by using
either molecular sieves or silica gel were directly taken in
dimethyl] formamide and subjected 1o reduction by adding
palladium acetate (2-5 mol%) and potassium formate
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Table I Direct Reductive Amination of Aldehydes and Ketones with HCO,K and Catalytic Pd(OAc),

Entry Substrate 1 Amine 2 Condition”/Temp./ Product3 Yield (%)
Time (h)
I -CHO H 3N—<:> A/40 °C/3 @-CH;NH-O 68
‘ — ©° / 2
2 " CHO H-N O A0 °CH C)-ciN_ o 6
3 =< H-clo HaN=) AIS0°CI5 Cl—@-CHzNH—Q .9
4 MeOL ¢ 10 u_.N—O A/40 °C/3 McO—@-CHleI-O »
5 NT)-CHO N A/40 °C/3 N ClaNH _@ 86
6 MO )-CHO HN_ 0 AIS0°CI5 MO~ )-CHN_0 67
7 0N )-C110 HN- - Br AIS0=CI5 ON<C)-CHaNHA_)-Br 56
8 Oxo N _@ B/50 °C/5 O>-ni _@ 70
9 @"(\) N _@ B/60 °C/6 @_(NH _@ 76
CH;
10 e 0 HzN"O B/60 °C/6 NH—O 83
: CHs
1 ® 0 HanHC~) B/60 °C/6 NHCH, @ 80
2 CH;
B/50 °C/5

12 - cr=crcHo HZN—O

C)-cacrcHnNn< ) R

2 Conditions A: Aldehyde + Amine in DMF with MS (4 A) and stirred at r.t. for 3-5 h; B: Ketone + Amine intimately mixed on activated silica

and stirred at r.t. for 5-6 h.

® Yield arc reported: after chromatographic purification (2-3 runs). Satisfactory spectral data were obtained for all the amines (products).

(2-3 equiv) and heated at 40-60 °C for 3-6 hours.!” The
products were obtained after purification on column chro-
matography. In gencral, the reaction procedure is very
simple and the reaction condition appears to be mild.

In summary. the method described here can be useful for
preparing all classes of amines from suitable carbonyl
compounds and the ainmines. Furthermore, the method can
be of importance in view of cheap reducing agent, which
decomposes to envirommentally friendly chemicals. Since
palladium catalysed hydride addition is probably the
cause of the C-N double bond reduction, the possibility
for asymmetric reductive amination in presence of a chiral
ligand might be explored.
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General Procedure for Aldehydes. For the aldehydes
(listed in Table 1) except cinnamaldehyde:

A solution of p-anisaldehyde (680 mg, 5 mmol) and
cyclohexylamine (500 mg, 5 mmol) in dry DMF (5 mL) was
magnetically stirred at r.t. for 4 h, in presence of molecular
sieves (4 A). To the resulting reaction mixture were added
HCOOK (840 mg, 10 mmol) and palladium acetate (22 mg,

0.1 mmol). The mixture was then heated at 40 °C lor 3 h to
complete the reaction (TLC) and alter cooling it was diluted
with ice-cold water (15 mL). The mixture was extracted with
ether (3 X 20 mL). The combined extract was washed with

. brine, dried (Na,S0O,), and evaporated 10 leave the crude

product, which was purified by column chromatography
over silica gel. Elution with ethyl ucetate~hexanes (1:19:
R; 0.26) furnished N-cyclohexy! p-methoxybenzyl amine 4
(815 mg, 75%) as an oil: IR(neat): 1246, 1300, 1510, 1610,
2851, 2925 em™. '"H NMR (300 MHz, CDCI,): § = 1.05-
1.31 (m, 6 H), 1.61 (br, | H), 1.70-1.92 (m, 4 H), 2.43-2.50
(m, 1 H),3.73 (s,2 H), 3.78 (s, 3 H). 6.84 (d, 2 H,/=8.3
Hz), 7.22 (d, 2 H, J = 8.3 Hz). "*C NMR (75 MHz, CDCl,):
86=24.9,26.2, 33.4,50.3,55.2,56.0, 11 L.7, 129.2,132.9,
158.4.
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Palladium-catalysed amination of halopyridines on a
" KF-alumina surface
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Abstract—Palladium-catalysed C-N hetero cross-coupling reactions between bromopyridines and amines (both primary and
secondary) can be efficiently performed on a KF-alumina (basnc) surface, thus negating the use of strong bases such as sodium
tert-butoxide. The reaction conditions are optimised with reference to catalytic systems, solvents and the surfuce. © 2002 Elsevier

Science Ltd. All rights reserved.

Aminopyridines are versatile intermediates for synthetic
transformations to biolog’ically active compounds' and
are known to act as central nervous system stimulants.?
Their derivatives are often used as llgands in coordina-
tion and organometallic chemlstry, and have found
industrial applications as fluorescent dyes.* Most of the
early preparative methods for aminopyridines involve
aromatic nucleophilic substitution by SyAr, benzyne of
Spn! reactions.” These methods either suffer from a
nucleophilic regiocontrol problem, the fieed for very
high temperature or the presence of specific functional-
ity on the heterocyclic ring. None of these methods
show a combination of good yields and high selectivity.
Buchwald and others® have recently developed chelat-
ing bis-phosphine-palladium catalysed cross-coupling
reactions that allow the preparation of aminopyridines
from their corresponding halopyridines.” The method
involves Pd(0)/bis-phosphinie complexes as the effective
catalyst for oxidative addition to the carbon-halogen
bond, followed by coupling with the amine. The amina-
tion is catalyst-specific (Pd-ligand complexes) and very
sensitive to the nature of the base.®*¢ Although this
reaction efficiently produces aminopyridines in the pres-
ence of chelating bis-phosphine/Pd(0) complexes, the
use of strong bases such as sodium terz-butoxide is not
desirable and remains associated with problems such as
in the case of direct amination using NaNHR or
NaNR,.># Furthermore, the use of strong bases greatly
limits the functional group tolerance of the process.’

"Keywords: aminopyridines; palladium catalyst; carEon—nilrogen cross

coupling; KF-alumina,

* Corresponding author. Tel.: +91-353-581425; fax: +91-353-581546;
e-mail: baéu nbu@hotmail.com

The weaker base (Cs,CO;) has been cmiployed for
haloaromatics? and halothiophenes. but not in the
case of halopyridines and its use is limited due to high
solubility in organic solvents und ils hygroscopic
nature. Since the use of a base is one of the keys to the
success of this coupling reaction, we investigated palla-
d1um catalysed cross coupling ol blomopyndmes and
amines on a KF-alumina (basic) surfuce. KF-alumina
has been successlully employed in many other cases so
as to exploit its basicity on the surface' and very
recently Pd-catalysed C-C couplings (Suzuki. Heck,
Stille, Trost-Tsuji) have been reported using KF-alu-
mina under mono-mode microwave irradiation.'* This
report describes our results, which constitute a conve-
nient and efficient heterogeneous method for C-N cou-
pling by Pd-catalysed amination of halopyridines on
KF-alumina (basic) surface (Scheme 1).

As can be seen from the results presented in Table I,
the amination on KF-alumina surface works with dif-
ferent bromopyridines. While 2-bromopyridine (entries
1 and 2) reacts with different amines smoothly, 3- bro-"
mopyridine (entry 7) undergoes umination in relatively
poor yield. Amination of dibromopyridines affords
only monoamine derivatives in good to excellent yields.
In the case of 2,5-dibromopyridine (centries 8 and 9),
amination occurs selectively at the 2-position. Buch-

. Pd-Phosphine calalyst/
5 _ReNHOrRNI, @NR:
R~ Alumina - KF (4:1) RS
(o-Tolyl);P, DPPF, BINAP; Pd-sources: PdCla,
Pda(dba);, PA(OAC). Pd(acuc)s, Pd[PPh; |y

Scheme 1.

0040-4019/02/$ - see front m.lilcr © 2002 Elsevier Science Lid. All rights reserved,
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Table 1.
Entry  Bromoarene Amine Catalyst
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A{A] Pd[(o-toly)3P]2Cl2 ; [B]> Pdy(dba)3 - P(o-tolyl)3 ; [C] Pd [PPh3]4 ; [D] Pd2(dba)3 - dppf; . ‘
[E] Pd(OAc)2 - dppf'; [F] Pda(dba)3 - BINAP ; [G] Pd(acac); - dppf'; [H] Pd(OAc)2 - BINAP '
b 1. Alumina - KF in Toluene / 90 - 100 O'C; 2. Alumina - KF without solvent at 90-1000C,

CYields are reported on the basis of pute isolated products (2-3 runs) and calculated on the
basis of recovered starting material (for ertries 6, 7, 9).

wald observed complele bis-amination of 2,6-dibromo-
pyridine using Pd,(dba)s-dppe catalyst in the presence
of excess amine.™ Our conditions, however, yleided
monoanmines as the major products everi after bro-
longed reaction times and in the preserice of excess
amine (entries 3--0). This selectivity offers an advantage
for further reaction with the other halogen substituents.
In the bicyclic systems. 4-bromoisoquinoline (entries 10
and 1D and 3-bromequinoline (entries 12 and 13)
undergo amination cfficiently.

A great dedl of experir'nentati?n on the cross coupling
of bromopyridines with prirhary and secondary amine:
was carried out in ordet to optimise the reaction condi-

tions. Palladium sources, ligand, solvent and the sup- .

port (KF-Al,0O,) were optimised and several details are
worthy of comment. Firstly, different palladium sources
like PdCl,, Pd(OAc),, Pd,(dba);, Pd(acac), and

Pd[PPh,], complexing with either mono-phosphine [(o-
tolyl)‘P] or bis-phosphines (BINAP and DPPF) were
systems.

employed as the cdtalytic The Pd[(o-




tolyl);P,Cl, -and Pd,(dba),/BINAP complexes were
found to be most effective in this amination process
(Table 1). The formation of bis-(pyridyl) complexes
using monophosphine ligands, as proposed- by Buch-
wald,™ might possibly be avoided under .these condi-
tions. The reactions were carried. out with or without a
solvent. Clean reactions and better yields of  the
aminopyridines were obtained when the reactions were
carried out on KF-ALO, surface with a slight excess of
amine and without solvent. Toluene and xylene have
been used as solvents with almost similar effects, whilst
the presence of DMF as a co-solvent induces faster
debromination (entry 10). 2-Bromopyridine (entries !
and 2) also yields 10-15% of 2,2"-bipyridyls by inter-
molecular coupling and such coupling is further
increased in the presence of a solvent. The major limita-
tions of this protocol are that 3-bromopyridine fails to
cross-couple with primary amines and partial dehalo-
genation (<5%) was observed in the case of 3-bromo-
pyridine, 3-bromoquinoline and 4-brorhoisoquinoline.

In conclusion, we have shown that Pd(0) catalysej
amination of bromopyridines can be performed
smoothly on the surface of basic alumina admixed with
KF. The simplicity of the experimental conditions,
good to excellent yields and favourable safety aspects
represent a significant improvement and useful exten-
sion relative to Buchwald’s procedure using the strong
base, sodium tert-butoxide. Future work will include
studies with more base-sensitive functionalities on the
heterocyclic nucleus as well ds with chiral amines.

Experiinental
General procedure

" Preparation of activated Al,O;/KF: A mixture of basic
alumina (Activity I according to Brockmann) and KF
(4:1) (5 g) was taken in THF (5 mL) and after stirring
for 30 min at room temperature it was evaporated to
dryness. The solid residue was heated at 250°C under
vacuiim (0.5 mm of Hg) for 4 h, cooled under N, and
used for reaction.

To a mixture of 2,6-dibromopyridine (473 mg, 2 mmol),
benzylamine (856 mg, 8 mmol), Pd(OAc), (10 mg, 0.04
mmol) and (x) BINAP (50 mg, 0.08 mmol) was added
activated Al,O,/KF (2 g). The mixture was intimately
stirred at 90-100°C for 8 h under nitrogen. After cool-
ing to room temperature the semi-solid mass was
washed repeatedly with ether (4x15 ml), combined and
concentrated. The residue was purified :by silica gel
column chromatography (petroleum-ether:EtOAc=
20:1) to give 2-benzylamino-6-bromopyridine (475 mg,
90%); mp 85°C; 'H NMR (CDCl,, 300 MHz): § 4.46
(d, 2H, J=5.9 Hz), 5.18 (br.s, 1H), 6.24 (d, I1H, /=8.2
Hz), 6.73 (d, 1H, J=17.5 Hz), 7.20 (dd, 1H, J=38.2; 7.5
Hz), 7.27-7.36 (m, 5H); '*C NMR (CDCl;, 75 MHz): 6
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46.3, 104.5, 116.1, 127.3, 1274, [28.7, 138.3, 139.5,
140.2, 158.7.
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Catalytic Transfer Reduction of Alkenes and Imines Using
| Polymer Supported Formates
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Abstract: A method for catalytic transfer hydrogenation of C-C and C-N double
bonds with the aid of polymer supported formate (PSF) as the hydrogen donor and
palladium acetate as the catalyst is described.

Catalytic transfer hydrogenation (CTH) with the aid of hydrogen donor is a useful

alternative method to catalytic hydrogenation by molecular hydrogen.' In transfer

hydrogenation, several organic molecules such as hydrocarbons,” primary and

secondary alcohols,® formic acid and its salts* have been employed as the hydrogen

source. The use of inorganic reagents like hydrazine is less frequent.'b The use of

hydrogen donor has some advantages over the use of molecular hydrogen since it-
avoids the risks and the constraints associated with hydrogen gas as well as the

necessity of pressure vessels and other equipment. During last decades, aéymmetric

transfer hydrogenation has been accomplished by using chiral metal (:omplexe's.5

The functionalized polymers have been emerged as versatile tools for solution-phase -
chemistry and automated parallel synthesis.6 The polymeric supports have been used
for anchoring several reducing agents such as, borohydrides,” tin hydrides® etc. These
hydrides are either expensive, reactive or the residue poses a risk in its elimination.
Therefore, the design of ideal support with suitable reagents has been a subject of
research for many synthetic chemists. In connection with our interests. in catalytic
transfer reduction of alkenes and imines using a combination of potassium formate
and catalytic palladium acetate,” we envisioned that whether the source of hydrogen
donor i.e. the formate anion could be supported on a solid surface. The ionic exchange
of formate anion with a resin exchanger might be used as hydrogen donor in CTH.
This might give some advantages about its reusability, ease separation of the reduced
product, clean and green reaction. While searching in the literature, to our knowledge,
only a single report from Desai and Danks has been reported where formic is
anchored with Amberlite (IRA 938) or impregnated on alumina surface and employed .
in rhodium(l)-catalyzed reduction of some cinnamic acid systems using
microwaves.'? We therefore desired to investigate in details the application of PSF in
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metal-catalyzed hydrogen transfer reduction of different electron deficient alkenes
and/or imines. Herein we disclose our results illustrating the synthetic utility of PSF in
transition metal-catalyzed transfer hydrogenation of a variety of electron deficient
alkenes and imines (Scheme I).

Pol —_+

Ry R HcoN6RS Ri R
) "

Rz R4 Pd(OAC)z / DMF 5 R4

R; =R, =Ph Ar,H, X=C,N
R; and R, = CN, COOEt, COOMe, NHBoc, H, Ph

Scheme I

The PSF was prepared by washing Amberlite resin (IRA 420, CI7) packed in a column
with 10% formic acid solution repeatedly until the washings gave negative response
to chloride ion (Scheme II). Finally the solid surface was washed with water several
times and then dried under vacuum. The resulting resin formate was used directly for
catalytic reduction. A mixture of unsaturated compound, palladium acetate (2 mol%)
and resin formate in DMF was stirred at 70-75 °C for 10-16h (Table 1). After cooling
and diluted with water, the mixture was extracted with ether, which on evaporatiori
afforded the desired product, purified by column chromatography on silica.

Pob— v _AQHCOOH _ Pdﬁltma
cr (10%;v/v) HCOO
Amberlite® TRA-420 Amberlite® TRA-420
Chloride form taken in water Format form
Scheme II '

The generality of this methodology has been investigated with different fypes of
electron-deficient alkenes and imines (Table 1). We first examined reduction of
alkylidene cyanoacetate (entries 1,2) using PSF and palladium acetate (2 mol%) in

DMF. The PSF was employed in excess anticipating that not evéry functional site

needs to react. The reduction of the C-C double bond proceeded smoothly at 70-75 °Cc

requiring only gentle agitation, work-up was then achieved by simple filtration,

extraction with diethyl ether and evaporation. The reduced product'was purified by

column chromatography over silica gel. Both the cyano and ester groups remain

unaffected under the reaction conditions. The reduction of dicyanoalkylidene .
derivative (entry 3) was found to occur with similar efficiency.
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Continued.....
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Continued.....
Entry .Substrate %:;;rg)./ Product %Yield
9 p-MeCOC¢H,4 CO,Me 70 oc/ p-MeCOCgH, CO,Me
' — 10h VAR 70
oc
H 9 NHBoc 21
H H
10 Y=NPh 70.1C/ NHPh ¢
-MeOCgHy4 p-MeOCgHY
p cH4 10 -
Ph H
11. = 7154(;1(:/ No reaction
H CO,;Me :
11
-MeO H
12. p-MeOCqty _ 7154(;1(:/ No reaction

H  NO,
12

Based on this encouraging result', the scope and limitations of this transfer
hydrogenation were further extended. As seen in Table 1, o,B-unsaturated ketones
(entries 4-7) bearing potentially reducible groups were hydrogenated efficiently and
as expected. The reaction, if continued for a longer period, resulted in partial
reduction of the carbonyl functions as well (31%) (entry 4b).

Since dehydroamino acid derivatives are potential precursors to phenyl alanine or -
alanine based amino acids'' and their synthesis is one of our major interests, we
examined reduction of enamides (entries 8, 9) using PSF and catalytic palladium
acetate. Interestingly, while compound (entry 8) was not reducible under the present
conditions, the p-acetyl compound (entry 9) underwent smooth reduction in goqd
yield (70%). Although this- selectivity is difficult to explain with evidence, the
nucleophilicity at the B-carbon might be one of the possibilities.

In order to broaden the scope of our study, we carried out reduction of C-N double
bond of the imines. The imine (entry 10) under similar conditions afforded the
secondary amine in excellent yield (85%). Since the imines were derived from the
corresponding carbonyl compounds, this overall one-pot protocol may be termed as
direct reductive amination of carbonyl compounds using PSF and catalytic palladium
acetate. ’ ‘

Surprisingly, our reaction condition was found unsuccessful for reduction of simpﬂa
alkyl cinnamate (entry 11) and nitro olefin (entry 12). Desai and Danks carried out
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reduction of alky! cinnamate using PSF and RhCI(PPhs); (2.5 mol%) as the catalyst
under microwave irradiation. The nifro olefins are known to produce oximes under
CTH using NH,-formate.'? We, however, obtained no change of the starting material
while carrying out the reaction using PSF. '

Dehalogenation of aromatic halides under CTH methods has been observed' and the
process is rapid while using microwaves.'* The method described by Desai and Danks
on the substrates was not employed to bearing reducible groups.

From the overall observation, it appears that. the rate of the reduction 4using PSF is
slower than that using the HCOOK. The reason for this is not, however clear at this
point. Further mechanistic investigations will include in future work.

In conclusion we have shown that palladium-catalyzed transfer hydrogenation could
be performed with a variety of electron-deficient alkenes as well as imines using the
polymer supported formate (PSF) as the source of hydrogen. The method is
operationally simple and applicable to a range of unsaturated organic compounds. The
use of palladium catalyst showed some substrates selectivity. Other advantages are:
clean work-up, high yields and environmentally benign. Future work will include
studies directed towards mechanistic aspects as well as on the use of other transition
metals complexes such as, rhodium and ruthenium metals with chelating phosphine
complexes. The scale-up of the protocol and reuse of the resin-surface will also be
studied as the extension work.

Experimental

A representative procedure

Methy 3-(4-acetophenyl)-2-(tert-butoxycarbonylamino)propionate (21): To a solution
of methyl 3-(4-acetophenyl)-2-(fert-butoxycarbonylamino)-acrylate (9) (0.321g, 1
mmol) in DMF (3 mL) was added Pd(OAc), (Smg, 2 mol%). The reaction mixture
was flashed with nitrogen and PSF (Resin Formate, 1 g) was added all at once. The
reaction mixture was stirred in a screw-cap sealed tube at 70 °C for 10 hours. After
cooling, the reaction mixture was diluted with water, filtered. The filtrate extracted
with ether (3x15 mL). The combined ethereal layer was washed with brine, dried over
Na,SO4 and evaporated to dryness under reduced pressure. The residue was purified -
by column chromatography over silica gel using EtOH-light petroleum (1:4) as eluent
to furnish the desired product 21 as colourless crystals in 70 % (0.224g) yield, m.p.
72-73 °C. UV (MeOH): Amax 248 nm. IR (neat): vmax 3360, 2996, 1752, 1670, 1609,
1516, 1455, 1373 em™. 'H-NMR (CDCl3, 300 MHZ): 67.87 (d, 2H, J=8.1 Hz), 7.23
(d, 2H, J = 8.1 Hz), 5.05 (d, 2H, J = 7.7 Hz), 4.59 (t, 1H), 3.69 (s, 3H), 2.55 (s, 3H),
1.38 (s, 9H). PC-NMR (CDCl3, 75 MHz): § 197.7, 171.9, 154.9, 141.7,.135.8, 129.5,
128.5, 54.1, 52.3, 38.3, 29.6, 28.2, 26.5. Anal. Calcd. for Cy7H23NOs (321.38): C,
63.54; H, 7.21. Found: C, 63.28; H, 7.62.
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PALLADIUM MEDIATED CHEMOSELECTIVE REDUCTION OF ENAMIDES
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Chemoselective reduction of carbon-carbon multiple bond in conjugated systems is an
important process in organic synthesis. Despite the bewildering variety of reducing
agents available to synthetic chemists, new and selective reductants are in constant
demand. Transition metal-catalyzed hydrogen transfer reaction with the aid of a
hydrogen donor, such as trialkyl ammonium formate, and other hydrides like n-Bu;SnH,
NaH,P0s/H,0, Ph,SiH»/ZnC1,.H;), triethoxysilane-water are some of the examplés
employed for selective conjugate reduction. In most cases, direct source of hydride is
‘used for conjugate addition to the more nucleophilic B-carbon, whereas formic acid and
its salts are believed to be a source of hydride in sifu, which eventually adds to the p-
carbon. Recently we and other groups have shown that a combination of
Pd(OAc)/HCOOK as a convenient alternative reductant for conjugate addition of o,B-
unsaturated nitriles, esters, and ketones.

As a further development to this procedure, we studied similar reduction on a solid
surface and extended our reaction conditions to enamides. The enamides or «
acylaminoacrylic acids aré normally feduced by molecular hydrogen in presence of
homogeneous transition metal catalysts (including asymmetric hydrogenation) and under
high pressure. The present method might be an alternative for reduction of enamides and
related substrates including asymmetric reduction.

The present poster will describe some of our observations on reduction of enamides and
related substrates using a combination of Pd(OAc)/HCOOK as the reductant.
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