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SUMMARYY

. The thesis entitled “ORGANIC REACTIONS METHODOLOGY: STUDIES ON

CARBON - NITROGEN HETERO BOND FORMING REACTIONS” is
principally concerned with investigations relating to developments of new organic
reactions methodoldgy, reagents and conditions with major interest to carbon—
nitrogen bond forming reactions and its applications. The total work of this thesis
has been divided into two parts: Part-I and Part-II. Each part comprises two

sections: Section—-A, and Section—B.

Part—I, Section—A describes studies on palladium-catalyzed amination reaction of
halopyridines mediated on a surface of KF-alumina. As a prelude to this study, a
brief introduction on the importance and various classical methods available for the
syntheses arylamines and hetero-aryl amines has been depicted. The copper-
catalyzed Ullmann reaction and relatively new palladium-catalyzed amination
reaction, developed independently by Buchwald and Hartwig, have been reviewed.
Recent advancements on the role of palladium sources, nature of ligands (i.e. the

catalytic system), bases and solvents have been discussed.

In the present work, some of the lacunae of this useful palladium-catalyzed hetero
Cross- couphng amination have been addressed, with special empha31s on: (1) the use
of strong base such as sodium fert-butoxide and (i1) the specific uses of bis-
phosphine ligands. The literature revealed that the potassium fluoride impregnated
on alumina (KF-alumina) has been successfully employed as the basic surface in
many organic reactions to exploit its basicity on the surface. This section (Part-I,
Section—A) has described our studies on palladium-catalyzed amination of

halopyridines with primary and secondary amines on a surface of KF-alumina
(Schemel).
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Schéme 1

Pd-Phosphine catalyst/
= R,NH or RNH, "
R' Br - R' NRZ
X : Alumina-KF (4:1) X

N N

Y

Phosphine: P(o-tolyl);, DPPF, BINAP; Pd sources: PdCl,,
Pd,(dba),, Pd(OAc),, Pd(acac),, Pd[PPha],

The reaction conditions have been optimized with reference to use of 'palladium
sources, the ligands, solvent and the surface. The present study shows that Pd (0)
catalyzed amination of bromobyridines can be performed smoothly on the surface of
basic alumina admixed with potassium fluoride. The simplicity of the experimental
conditions, good to excellent yields and favourable safety aspects represent
significant improvement and useful extension relative to Buchwald’s procedure
using the strong base, sodium fert-butoxide. Although the bis-phosphine ligand [(£)-
BINAP] was found to work as a better ligand, the monodentate tri-o-tolyl phosphine
[(o-tolyl)sP] also worked effectively in some cases. Further work may be undertaken

with more base-sensitive functionalities on the coupling partners as well as with aryl
halides.

[A preliminary account of this work has been published in Tefrahedron Letter 2002, 43, 7967—
7969). ' ‘

Section—-B deals with application of this KF-alumina surface in palladium-catalyzed
C-C bond forming reaction. Kabalka et al. and Villemin et al. recently reported
palladium-catalyzed C—C bond forming reactions such as Heck, Stille, Suzuki
reactions using KF-alumina as the basic surface. However, although the Suzuki
coupling reaction is one of the most useful methods yet developed for preparing both
symmetrical and unsymmetrical biaryls, there are still improvements and further
applications that could be made to render it more effective. This section (Part-I
Section—B) describes our studies on palladium-catalyzed multi-Suzuki coupling of
di-, tri- or tetra-haloaromatics with arylboronic acids mediated on KF-alumina

surface leading to synthesis of terphenyls and higher homologues in one-pot reaction
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(Scheme 2). The present study has thus established a fast, operationally simple

procedure for rapid access to a variety of polyaromatic hydrocarbons.

Scheme 2
R KF-ALO, /Pd(OAc), R
o (O-nom,
n=23,4 X=Br1 R =H, OMe, OH, NH,

[An account of this work has been published in Tefralhedron Letter 2003, 44, 3817-3820].

Part-II of this dissertation comprises studies on the reduction of functionalized C—
N and C-C double bonds using potassium formate as reductant and catalytic
palladium acetate. Section—A (Part—II) delineates development of a simple protocol
for direct reductive amination of aldehydes and ketones, including o,p—unsaturated
carbonyl compounds, with the aid of HCOOK/Pd(OAc), (Scheme 3). The term
‘direct reductive amination’ is used to describe a reaction in which a mixture of
carbonyl compound and amine is treated with suitable reducing agent in a one-pot
operation. In this connection, a brief review on direct reductive amination processes
yet developed has been presented. The method described here can be useful for

preparing all classes of amines from suitable carbonyl compounds via their imines.

Scheme 3
NRRA NR?R*
/[O]\ HNR3R4 /U\ HCOOK / Pd(OAc),
R! R2 MS or R! R2 DMF R OR?
Silica gel
R! = Alky!l or Aryl R3 =H, Alky!
R? =H, Alkyl R4 = Alkyl

Since Pd-catalyzed “hydride addition” is probably the cause of the reduction of C-N
double bond of the imines derived in situ, the possibility for asymmetric reductive

amination using chiral ligands might be explored.

[The procedure has been published in Synlett 2003, (4), 555-557].
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Part-1II, Section—B represents an application of this reductant system
[HCOOK/Pd(OAc),] in reducing highly functionalized conjugated alkenes (Scheme
4). The alkenes bearing other potentially reducible groups have been studied thus
showing the efficiency of this reductant system. The present study constitutes a
useful condition for chemoselective reduction of C-C double bonds of

o,p—unsaturated cyanoesters.

Scheme 4
R‘: CN HCOOK/Pd(OAc), R\ N

re’  ‘COOR® =~ DMF/45-50°C/ ~ go’  COOR®
3-4h

R3 = Et, Sn(r-Bu),
[A preliminary account of this work has been published in Synth. Commun. 2003, 33, 291-296].
The ability of this reductant to perform conjugate reduction of functionalized

alkylidenecyanoacetate under homogeneous catalytic conditions offer further use of
chiral ligands to-promote asymmetric induction.



Part - I: Section - A

I-A: Palladium-Catalyzed Amination of Halopyridines on a
KF-Alumina Surface

I-A.1: Heteroaromatic Amines and Their Synthesis

I-A.1.1: Introduction

Aromatic amines play a central role in many areas of modern day organic chemistry,
including such diverse areas as polymers', photography2 and medicine.?
Enantiomerically enriched aniline derivatives are common structural units in
agricultural and pharmaceutical chemistry.*'® The arylamine moiety is a structural
component in a variety of 'éynthetic and naturally occurring biologically active
compounds such as in indole-based alkaloids. Several marine alkaloids posses the aryl

11b .
the damlrones,12 as well

6

amine as the subunits.''* These include dehydrobufotenine,
as makaluvamines,l3 and discorhabdines,14 ba’tzellines,lsa isobatzellines,l and
prianosine.'” These compounds have received considerable attention due to the fact
that several exhibit potent in vitro cytotoxicity against human tumor cell lines,

presumably acting as DNA topoisomerase I inhibitors.!”

%,

Ty
o )
9] H
Dehydrobufotenine Damirone B

Heteroaryl amines are also common in pharmaceutical chemistry. Among the early
examples, phenazopyridine was introduced in 1926 for treatment of infections of the

. .. . . .. . 18
urinary tract.'® similarly, sontochin, chloroquine, amodiquine were introduced

o
HN"T SN SNH,

Phenazopyridine



NHR
R Sontochin; R?!= Me, R = CHMe(CH,)sNEt,
I : Chloroquine; R?!=H, R = CHMe(CH,);NEt
o N/ 2)3NED
Amodiquine; Riz=H R= OH
CH,NE,

during world war II, chloroquine was the drug of choice for treating overt attack of
malaria. Unfortunately chloroquine — resistant stains of the parasite have now

emerged. An alternative side chain is found in amodiaquine.'®

Arylpiperazines form key pharmacophoric elements in a wide range of drugs, which
act within the mammalian central nervous system. In particular many N-substituted

arylpiperazines are'ligands for the various classes of serotonin (5-HT) receptors.lg'

O
N NH
__/

Arylpiperazine

Polyaniline (PANI) has attracted much attention in the field of organic conducting
polymers due to its robust nature in the doped emeraldine state.’’ Among the many
industrial applications are its use as components in rechargeable batteries,”'

electromagnetic interference shielding,?” and anticorrosion coatings for steel.”?

The emeraldine salt form of polyaniline is believed to have the composition (1)

' + +
{l——(CoHa)—N(H)—(CgHa)—N(H) -H(CeHa)—NH=(CgHy)== N(H)}—3},
A A~
(1)

where A is an anion.

Wudl et al reported synthesis of PANI, using the modified Honzl route (Scheme 1).2%



Scheme 1

COOH COOH

HOOC” . HOOC/

l-anOZ
e O 2

This group also reported synthesis of phenyl-capped octaaniline (COA) (2) using the
same procedure. The COA has been shown, by several criteria, to have same

properties of PANI (comparable UV-VIS, IR, CV, and Conductivity).2*

Ot O
7
COA (2)

Buchwald et al expanded the repertoire of techniques available for constructing
oligoanilines and their analogues to include a strategy based on Pd-catalyzed
amination methodology. The N-BOC oligoaniline (3) has been synthesized as

outlined in Scheme 2 & 3.%°

Scheme 2

: Br NHZHCI
(j/ N/©/ ET N/O/ \O\ /@/
+
To1%
thCN/ HCI*H,

2 equiv

(a) Pd(OAc), (I mol %), (+)-BINAP (1.5 mol %); NaOBU' (4.5 equiv), toluene, 80 °C; (b) (BOC),0 (3 ;quiv),
4-DMAP (0.1 equiv), THF/toluene, reflux; (c) (i) HONH; HCI (2.5 equiv), pyridine, CHCIy/THF/EtOH, rt, (ii) EtsN.



Scheme 3
oc BOC
N Br N NH,
' rl\J Hal ’l“
2 equiv BOC BOC
_ —-
!?OC
L-N R
1§
—_—
79% NN
|
BOC
B (3) 5 R= OMe

(d) Pdy(dba); (2 mol %), (+)-BINAP (5 mol %), NaOBu' (2.5 equiv), toluene, 80 °C; (e) (BOC),0 (3 equiv),
4-DMAP (0.1 equiv), THF, reflux.

Tfiarylamines are an important class of compounds because they form stable
aminium radical cations. Thus, triarylamines can be building blocks for high-spin

2627 as well as for conductive

polyradicals that have shown ferromagnetic coupling,
polymers.?® Perhaps most commonly, triarylamines have been used as the hole-
transport layer in electroluminescent devices.?3? Stable radical cations can also

34,35

initiate pericyclic reactions,” act as electrocatalysts, or act as mild and selective

oxidizing agents.’® High purity triarylamines find applications . in xerographic
photorec'eptors, as constituents of non-linear optical chromophores wuseful in the
design of integrated electroptic switches and modulators.’” One such example of

triarylamine macromolecules is TPD.

Me Me

Nl N/ N\

N, I\/—DiphenyI-N, I\/-bis(3—methylphenyl)-1 . 1'-biphenyl;4,4'—diamine

TPD
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Heteroaromatic amines such as aminopyridines are used as acyl transfer reagents in

. .. . . . 40-44
3839 and as ligands in inorganic and organometallic chemistry. 0

organic chemistry
Additionally, aminopyridine derivatives have been used as fluorescent dyes*** and

also are biologically important as central nervous system stimulants.*’

N,N-Diphenyl-pyridine-2,6-diamine
I-A.1.2: Arylamines: Preparative Methods

Despite the structural simplicity of arylamines, synthesis of these compounds is often
difficult. A large number of synthetic methods for the preparation of aniline
derivatives have been reported.48 The major classical preparative methods are: (i)
electrophilic nitration and subsequent reduction, (ii) electrophilic substitution, (iii)
nucleophilic substitution by SyAr, (iv) benzyne and (v) Sgn! reaction. On the other
hand, transition-metal-catalyzed hetero cross-coupling (C-N) reactions to prepare
arylamines are of major interests in the recent years. Copper-mediated (The Ullmann
reaction) | couplings ‘(page 12) generally occur at high temperatures, often give
products from diarylation, and are typically substrate specific. However, copper-
mediated Ullmann coupling is still the reaction of choice for large- and industrial-
scale production of arylamines. Over the last decade, an important development has
bgen made independently by Buchwald and Hartwig and others. 'fhe Pd-catalyzed C-
N coupling reaction of aryl halides (or triﬂateé) with amines has recently become the

most important method for laboratory scale synthesis of a variety of arylamines.

A brief review on the various preparative methods of arylamines, including merits,

demerits and plausible mechanisms, is dicussed below:

I-A.1.2a: Electrophilic Nitration & Reduction:

Most aromatic compounds, whether of high or low reactivity, can be nitrated; because
a wide variety of nitrating agents is available (Scheme 4).*° For benzene, the simple

alkylbenzenes, and less active compounds, the most common reagent is a mixture of




Scheme 4

R trat B vacid
@H Nitrating agent @N 0, me ;ac: NH,
’ H/catalyst

concentrated nitric acid and sulfuric acids, but for active substrates such as amines,
phenols, and pyrroles, t(he reaction can be carried out with nitric acid alone, or in
water, acetic acid, or acetic anhydride. Others nitrating agents include NaNO, and
trifluoroacetic acid,” N,O4 (which gives good yields with polycyclic hydrocarbons®),
N2Os in CCly in the presence of P,Os (if anhydrous conditions are required)sz,
EtONO,, and nitronium salts™ such as NO," BFs, NO," PFg,and NO," CF;SO5".
Aromatic hydrocarbons and halobenzenes are nitrated in high yields with clay-

supported cupric nitrate (claycop).>

Aromatic nitro compounds can be easily reduced to amines using most common
reducing agents such as metal (Zn, Sn, or Fe, or sometimes other metals) and acid, or
by catalytic hydrogenation (Scheme 4).> Among other reducing reagents used’ % have
been AlH;-AlCl;, hydrazine and a catalyst”’, TiCls,®® AI-NiCl;-THF,* formic acid
and Pd-C,*® and sulfides such as NaHS, (NHs),S, -or polysulﬁdes.vMost metal
hydrides, including NaBH; and BHs, do not reduce nitro groups at all, though
aromatic nitro compounds have been reduced to amines with NaBH4 and various
catalysts, such as NiCl, c;r CoCl,.%" Amines are also the préducts when nitro
éompounds (aryl) are reduced with HCOONH;-Pd-C.% Many other functional groups
(e.g., COOH, COOR, CN, amide) are not affected by this reagent (though ketones are
reduced). With optically active alkyl substrates this method gives retention of

confl guration.63

I-A.1.2b: Electrophilic Substitution:

The concept of making use of azodicarboxylates (4) as an electrophilic source of

64-68 169

nitrogen NH," has been well established over the last few years. Leblanc et a

reported the amination of electron-rich arenes by an electron-deficient



azodicarboxylate, namely bis(2,2,2-trichloroethyl)azodicarboxylate (BTCEAD). The
amination reactions were conducted in 3 M lithium perchlorate-diethyl ether or

" . 70
acetone solution according to Scheme 5.

Scheme 5

_COOCH,CCly

N N 3 M LiCIO,E1,0 COOCH,CCl,
|| - ¢
N N—COOCH,CCl,
H”

N COOCH,CCl,
(4)

I-A.1.2¢: Aromatic Nucleophilic Substitution : The SyAr Mechanism

It is well known that a nitro group ortho to electron-withdrawing groups (in general
nitro groups) in an aromatic compound can be readily replaced by nucleophilic
‘reagents’ 2° Most of the studies of this reaction have been performed with anionic
nucleophiles, in protic or aprotic solvents. The use of aliphatic amines as nucleophiles
in non-polar solvents is less common.”>"®78 n this case typical aromatic
nucleophilic substitutions (SNAr) have been reported for the denitration reaction;

mechanisms involving either base catalysis76

or spontaneous decomposition of the
anionic intermediate have been proposed.” The typical SyAr mechanism®' when
. aliphatic amines are the nucleophiles and 1,2-dinitrobenzene (1,2-DNB) is the
aromatic substrate, can be represented according to Scheme 6. Silber et al reported
that the substitution of 1,2-DNB by piperidiﬁe in n-hexane is believed to follow a

wholly base-catalyzed SnAr mechanism.

Scheme 6

R

NO, No2
+ RNH,
R RNH2

NO,



I-A.1.2d: Aromatic Nucleophilic Substitution: The Benzyne

Mechanism

The rearrangements of nonactivated aryl halides which are initiated by strong
nucleophiles were not studied extensively until it was found™ that aryl halides gave,
with excess sodium or potassium amide in liquid ammonia or with lithium piperidide
in diéthy_l ether, fair to good yields of the corresponding amines (Scheme 7). These
results have been interpreted in terms of a logical mechanism which involves benzyne

type intermediates (5).348

Scheme 7

lig. NH NH
1q.
KS)TZ Ol —

X =Cl, Br (5)

In the case of heteromatic halides, heteroaryne intermediates have been postulated.
The existence of a y-pyridyne intermediate has been postulated to account for the
product obtained when 3-bromopyridine reacts with sodamide in liquid ammonia as

outlined in Scheme 8.5

Scheme 8
Br |
N NHE N NHE TN
| — || — |
N N N

Reactions of benzyne with a variety of nucleophiles in competition with amide ions
generally show a considerable lack of selectivity in its addition reactions. Further,
base strength is not the only factor of importance in determining the attack of the

nucleophiles on benzyne. Although several other strong bases, such as



triphenylmethide, anilide, fluorenyl and thiophenate have been widely used in lieu of
alkali metal amides, the functional group tolerence along with formation of other

" products are the major drawbacks for this method. %888

I-A.1.e: Aromatic Nucleophilic Substitution by Sgy1 Mechanism:

The radical chain Sgyl mechanism of aromatic nucleophilic substitution was first
recognized in 1970.%° The reactions of 5- and 6-iodopseudocumene with KNH; in liq.
NHj occur in part by the aryne mechamism and in part by a nonrearranging electron-
transfer, radical mechanism (Sgnl). According to the aryne mechanism,(”l the
reactions of 5- and 6- halopseudocumenes (6 and 7, respectively) with KNH, in liquid
ammonia should proceed via the same aryne intermediate (8) and form 5- and 6-
pseudocumidine (9 and 10, respectively) in identical proportions. Neither the identity
of the halogen nor its location (5 or 6 position) should affect the product ratio. These
expectations are fulfilled insofar as reactions of bromo compounds 6b and 7b and
chloro compounds 6a and 7a are concerned. With KNH2 in NH3, these afford 9 and
10 in high yield and with a 10 : 9 product ratio vafying from 1.45 to 1.55. However,
from iodo compounds 6c and 7c¢, the 10 : 9 product ratios were 0.63 and 5.85,
respectively (with 0.29 M KNH, ) The fact that each of the iodo substrates forms
some cine-substitution product indicates that each reacts in part ‘via aryne
mechanism. However, the wide divergences of the pseudocumidine 10 : 9 ratio from
thé “aryne ratio” of about 1.5 demonstrate that some other mechanism also plays a

major role (Scheme 9).

To explain the iodo results, it has been proposed,’®*

that beside the benzyne
mechanism, the free radical mechanism is also operating (Scheme 10). Aryl iodides
generally are somewhat less reactive in SyAr reactions that their chloro or bromo
analogs, whereas they are generally more reactive than the corresponding chlorides in

aryne formation and only slightly less reactive than the corresponding bromides.*
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Scheme 9
Hs CH,
CHs x ‘ _CH,
X .
KNH, KNH,
CH NH H NH
: * ? : CHs
Ga, X "'CI 7a, X=CI
6b, X=Br 7b.- X = Br
6¢c, |X =| | 7c, X=1
I
' KNH, ' KNH,
Y NH CH N§ v
CHs ? : CHs
8)
_~CHs HoN CH,
H,N
CH;, : CH,

©) (10)

The initiation devices devised so far were essentially of three types: injection of
solvated electrons into the solution by addition of alkali metals in liquid ammonia,”
injection of electrons by means of an electrode set at a suitable potential,”and
photoéhemical stimulation :**¢ In the first two cases the initiation steps involve the
formation of the anion radical of the substrate, ArX™, which then enters the
propagation cycle. The exact nature of the photoinitiation process giving rise to one of
the three species ArX™, Ar, ArNu" functioning-in the propagation cycle still remains
open to question. The initiation mechanism of Sgn1.reactions occurring in the dark

without purposely added electron-donating initiators®’ is even more obscure.
Scheme 10

Nu- ArNu™ ArX

Ar.

_ArNu
ArX *

X
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I-A.1.2f: Transition-Metal Promoted Amination of Arylhalides

Copper-Mediated Ullmann Reaction:

Displacement of the halogen from aromatic halides by amines under the catalytic
action of copper salts has been used widely as a synthetic tool since its discovery by
Ullmann.”® The Ullmann condensation of aryl halides with amines is traditionally
carried by heating with copper powder in the presence of bases such as sodium

1.% This reaction has been proved to be

100

carbonate or hydroxide according to Scheme 1

a powerful method of synthesizing diarylamines of research and industrial interest.

Scheme 11

X : Nu
"Cu"/base
+ NuUH, ——— — » 4+ HX

NuH = ArNH,, Ar,NH, X = Cl,. Br, 1. “Cu” = Cu metal, oxides, salts, alloys, complexes, etc

base = Na,CO;, KOH, NaH etc.

Important information on the kinetics of amines Ullmann condensations is available.
The reaction is zero order in amine with the rate-determining step being the loss of
halide from the substrate with the reactivity order being I > Br > Cl >> F.10L102 The
use of copper(l) oxide and copper(l) bromide in the condensation of diphenylamine
~ and o-bromonitrobenzene in DMA is reported to be less effective than the traditional
method.!® The condensation of 1-bromoanthraquinones (11) with aniline in aqueous
solution is catalyzed by copper(Il) salts, however, kinetic and ESR studies indicate
that the effective catalyst is a copper(I) species.'®'% Further evidence in support of
this comes. from the marked accelerating effect produced by reducing agents such as
Sn**, Fe* * and Ti® * and the inhibition caused by molecular oxygen. This conden-
sation is also favoured by an increase in the hydroxide ion concentration. The
hydroxide ion is thought to deprotonate the amine and thereby facilitate the reduction

of copper(Il) (Scheme 12).

Scheme 12
OH™

L,Cu'NH,Ph L,Cul'NHPh L,CuNHPh
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During the condensation of 1-bromoanthraquinone (11) with 2-aminoethanol in
aprotic solvents an induction period is observed when copper(I) bromide or iodide

was used as catalyst (Scheme 13). This induction period was found to be associated

with
Scheme 13
o) Br o) NHCH,CH,OH
CuX
+ NH,CH,CH,0OH ——>
under N,
X=Brl)
O ( ) O
(1)

the formation of a copper(Il) species, since the induction period vanishes when
copper(I) bromide is added.'”'® The ESR spectrum of the 1-bromoanthraquinone
(11), aminoethanol, copper(l) bromide system showed the presence of both a
copper(Il) species and the 1-bromoanthraquinone radical anion.!%!1° Although the
copper(Il) species alone was found to have little catalytic activity, it led to an increase
in the activity of copper(I). The Ullmann coupling often requires high temperatures
(~ 200 °C) and .the use of copper salts in greater than stoichiometric amounts. The

reaction is also very sensitive to the substitution on the aryl halide.

Goldberg found"!! that the condensation of an aryl bromide and acetariilide in the pre-
sence of potassium carbonate and copper iodide yields an N-acetyldiarylamine (12)
Scheme 14. The Goldberg reaction usually gives high yields of stable, easily handled

N- acetyldiarylamines (12) from readily available substances. It was also found that

Scheme 14

R4 Ac

g N
N\©‘R Cul, K,CO, '\©'
(12)
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aryl chlorides may react under the Goldberg conditions. Aryl bromides containing two
ortho substitutents, however, give only low yields of N-acetyldiarylamines. The
necessity to use high temperatures (>200 °C),' '2 highly polar solvents, and often large
amounts of copper reagents, as well as the modest yields in many cases often realized,
have undoubtedly preventéd these reactions from being employed to their full
potential. However, there has been a resurgence of more economical copper-mediated
systems that circumvent some of the limitations of classical Ullmann-Goldberg-type
CcN couplings. Some of the recent developments on the Ullmann reaction are

delineated below.

Recent Developments on the Ullmann Reaction Using Catalysts:

Copper-mediated CcN coupliflg has remained the reaction of choice for large- and

industrial-scale production of substituted arylamines.'>'"

Conventionally,
triarylamines are produced by Ullmann condensation of aryl iodides and diarylamines
with copper (stoichiometric or catalytic quantities in-the form of a metal, alloy. or
Cu(ly/Cu(ll) salt.'''"  Gauthier et al''® reported preparation of a variety of
substituted triphenylamine derivatives in nearly quantitative yields by the use of 18-
crown-6 as a phase transfer catalyst under the Ullmann reaction conditions, as

described in Scheme 15. The presence of a phase-transfer catalyst induces rate acce-

Scheme 15

@ | |

\NH N Cu/K,CO4/1 8-Crowi-6 \N_
o-dichlorobenzene R

reflux 78-93%

0.66 i
equw Cu powder (2 equiv)

R = 0-CHs, m-CHs, p-CH3 K,CO3 (3 equiv)
m-OCHg, p-OCHs 18-Crown-6 (3equiv)
o-Cl, m-Cl, p-Cl o-dichlorobenzene (1.7 mL)
leration and increases considerably the yields of triphenylamine derivatives. This

phase-transfer-catalytic process may not be applicable when base sensitive

substituents are present in the molecules. The procedure, however, does not obviate
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the requirement for high temperature, and the long reaction times make it unattractive
for large scale industrial applications. Catalyst effects still persist,-as is common when
potassium carbonate is used as base, and the high cost of the crown ether would

necessitate its recovery and reuse.

-1 .
117-119 amldes,lzo

IllS

Milder Ullmann-type methodologies for the N-arylation of anilines,
and nitrogen heterocycles'?! have been reported in the literature. Gujadhur et.a
reported a - synthetic protocol for the synthesis of functionalized diaryl- - and
triarylamines under mild conditions, using a soluble, air-stale copper(l) complex,
Cu(PPh;)3Br, as the catalyst and cesium carbonate as the base at 120 °C. This catalyst
is selective for aryl iodides and the synthetic protocol- tole- rates various functional
groups. However, the reactions were incomplete in 24 h (by TLC) if NMP was used
as the solvent or if the aryl haiide was bromobenzene. The reactions were also failed
if N,N-dimethylaminopyridine (DMAP), potassium carbonate or sodium methoxide
was used as the base instead of Cs,COs. However, Cul and CuBr with or Withou_t

PPh; as a ligand were not active for this reaction.

Goodbrand and Hu'"? have reported ligand—laccelerated single-step catalytic synthesis
of triarylamines with high selectivity using CuCl/1,10-phenanthroline catalyst
system and KOH as a base at 125 °C according to Scheme 16. In this case also, CuCl
alone ( in the absence of 1,10-phenanthroline as a ligand) produced very low yields of

triarylamines.

Scheme 16

Ro R3 R, Rq
CuCl/1,10-phenanthroline

R1 NHZ + 21 R4 > R1 R
KOH, 125 °C-130 °C ®

0.5 equiv R

4

_ 3.7 mol % CuCl
Ri=H, Br, Me, Ph R3=H, Me 3.7 mol % 1,10-phenanthroline 70-85%
R, =H, Me R4 =Me, Br 7.8 equiv KOH
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" Chaudhari et al’’ have demonstrated a simple and efficient methodology for
thesynthesis of triarylamines in a single-step using Cul and potassium tertiary

butoxide as the base (Scheme 17).

Scheme 17
2 mol % Cul
toluene (5 mL)
I+ HN— >
R 3 equiv. KOBu
135¢°C, 14 h
3 equiv
R = H, p-OCHj R R '
R=H, p-OCHs, 0-CHj,
R
)
R 70-82% 7-15%

This is the first rebort on the catalytic synthesis of triarylamines with a Cu catalyst in
the absence of promoting ligands under relatively lower temperature conditions (135
°C). A few substituted amines were also tested and the catalyst was found to be
tolerate of substituents present on the ring except for a nitro group. A variety of N- or
P-containing ligands were examined using iodobenzene and aniline as model
substrates and Cul as a catalyst: with chilatihg bidentate ligands, higher activity was
observed. Use of chelating ligands (1 equiv. to Cu) gave triarylamines with high

activity and selectivity. .-

Fukuyama et al'*? developed a new protocol for copper-mediated intramolecular
amination, which tolerates a variety of N-protecting groups and proceeds under mild
conditions with inexpensive reagents (Scheme 18). A unique combination of copper
iodide and cesium acetate was found to mediate intramolecular amination of aryl
halides under mild conditions. During the optimization process, it was revealed that
the coincidental use of cesium acetate as the base was in fact crucial for the
reaction.'” No amination occurred when non-carboxylate bases such as cesium
carbonate or sodium ferf-butoxide was used, while the reaction proceeded sluggishly
when potassium acetate was used. On the other hand, absence of air in the solvent

dramatically improved the yield and the reproducibility. However, addition of
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phosphine or amine ligands did not provide any improvements. The cyclisation-

amination of (13) and (14) were carried out under this cohditions, as outlined in
Scheme 18.

Scheme 18
H 2 equiv. Cul
I . 5 equiv. CsOAc I
' NS )
DMSO (1.1mL)
90°C,5h N
Br

(13) NS =nosyl : 81%

Y

R 2equiv. Cul
A N/ 5 equiv. CsOAc
H >
DMSO N
, X : _

X=Br, | _ R A

n=1, 54-98%
(14) n=2; 39%

n=3; 0%

Buchwald and Coworker'** demonstrated copper-catalyzed arylation of a-amino

alcohol using base (Scheme 19).

Scheme 19

N(H)R1
_cat. Cul + @\
b .
ase NR, o
2 } R,

H N(H)R,

Buchwald et al'®® have developed an efficient copper-catalyzed coupling reaction of
alkylamines with functionalized aryl 1odide using Cul as catalyst and ethylene glycol

as ligands described in Scheme 20. This reaction can be performed in air.
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Scheme 20
5 mol % Cul R1
2 equiv. KsPO, N/
! ,\/R1 2 equiv. HO(CH,),OH T Nge
+ H - >
\R2 isopropanol, 80 °C
R ' R

There are only a few reports on improved, direct copper-mediated amination of aryl

halides with limited substrates, such as o—and B-amino acids,'?

imidazoles,127
amide-containing heterocycles.128 Dewai et al'?® disclosed the couplir;g of optically
pure a—amino acids (15) with aryl halides producing -enantiopure N-aryl-a—amino
acids (16) with retention of configuration using 1igand=freé Cul catalyst and
potassium carbonate as a base (Scheme 21). This reaction can be completed at much
lower temperature than typica'l'Ullmann condensation including even for electron-rich
aryl halides, which indicates that an accelerating effect induced by the structure of the
a-amino acid exists in this reaction. a-Amino acids with larger hydrophobic groups
give higher coupling yields, while those with smaller hydrophobic groups only deliver

lower yields and no coupling products were detected for those with hydrophilic

groups. No racemization was observed in most cases of this coupling reaction. In

Scheme 21
10 mol % Cul H
1.5 equiv. K;CO4 OOH
-Br + ‘ >
r+ HoN OOH . bMma, 90 °C ,
48h
1 equiv 1 equiv '
. (15) ‘ (16) 81%

addition, by using this reaction, a facile and stereoselective synthesis of benzolectam-

V8, a new protein kinase C activator, was developed.
CH;
HaC

. H3C TR
\OH

benzolactam-V8

16 FEB 2005
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Palladium-Catalyzed Amination (Buchwald - Hartwig Type):

Transition-metal-assisted amination of aryl halides has developed in the past few
years as a most viable and direct method leading to the synthesis of a large variety of
substituted amines.'**'* The most exciting developments in catalysis is undoubtedly
the advent of a practical, mild and efficient protocol.for catalytic carbon-nitrogen
cross-coupling reaction. Early development of N-aryl synthesis proved to be quite
difficult and limited in generality.*®'**- The transition-metal-mediated coupling of
amines with aryl halides is regioselective, does not require activating groups.
Palladium-catalyzed synthesis of N-substituted anilines using aryl halides or halide
equivalent has proven to be a very useful and versatile method in organic
synthesis.'*""* Recent developfnents of palladium-catalyzed in amination of aryl
halides seems to have overwhelmed copper-mediated systems in terms of mildness,
practicality and versatility.'*""!**!4>!46 Most of the palladium-catalyzed amination

methods employ electron-rich phosphine ligands,'*"'*

- 133,149 150,151

possessing either a

ferrocene or a biphenyl backbone, or bulky nucleophilic N-heterocyclic
carbenes (sometimes referred to as “phophine mimics™).'**'>* Chelating phosphinés
such  as 1,1’-bis(diphenylphosphino)ferrocene (DPPF)'®  and  2,2-bis
(diphenylphosphino)-l,ll-binaphthyl (BINAP‘)IS"”'157 have been demonstrated to
exhibit improved catalytic activity in this type of transformation. Commonly used
base in palladium-catalysed aminations -are sodium-t-butoxide (NaOBu'),'*! -

Cs,CO; ¥ 3P0, *2!1* MeONa and ‘PrONa.'

In 1983, Kosugi and Migita'®® described the coupling of tin amides (17) with aryl
bromide using palladium catalyst containing tri-o-tolylphosphine as ligand as outlined

in Scheme 22.

Scheme 22
R Br |pdcl, e R
Buasn—\ + > + BuzSnBr
R L = P(0-CHsMe)y R
(17) R

The scobe of this reaction appeared to be limited to dialkylamides and electron-

neutral aryl halides. For example, the use of aryl halides with nitro, acyl, methoxy,
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and dimethylamino substituents gave poor yieldé upon palladium-catalyzed reaction
with tributyltin diethylamide. Only unhindered dialkyltin amides gave substantial
amounts of amination product. Guram and Buchwald'®' showed that the chemistry
could be extended beyond electron-neutral aryl halides according to Scheme 23. With
tin amides derived in situ, this chemistry was extended to aryl halides bearing

alkoxycarbonyl, amino, and alkoxo groups.

Schel_ne 23

[L,PdCly]
L=P(O—CGH4 Me)3

R R
1 base
Buasn—\ HNRR Bu3Sn——N/

- + Bu38nBr

g g
O

X = alkylcarbonyl, amino,
alkoxo group

As these reactions were limited in scope and possessed problems from the toxicity
and environmental instability of tin amides, the research group of Hartwig'®? and
Buchwald'®® concurrently published their results on tin-free amination of aryl halides
(Scheme 24). They reported the palladium-catalyzed amination of aryl halides in the
presence of alkoxide or silylamide bases that significantly improved upon amination

procedures avoiding toxic and air sensitive aminostannanes.

Scheme 24

-

[L,PdCl,]
L=P(0-CgHs Me);3 R
Br + HNRRT - ' > N/
base, toluene \R1

X =o0-, m- or p-alkyl, phenacyl, amino, alkoxy
base = NaOBu! or LiN(SiMe3),

Hartwig demonstrated through kinetics studies that oxidative addition, palladium-

nitrogen bond formation and reductive elimination proceed through monophosphine

palladium complexes when P(o-tolyl)s is used as the ligand (Scheme 25).164'l67
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Scheme 25

Proposed Catalytic Cycle:

L2P d<——L,PdCl,
ArBr
ArNRR' e
Reductive Oxidative
elimination East addition \ /
ofamme as
P ~paL _ - / AN
/ Ar—" —_— B\ r
ArH<— Pd\L Pd
S'OW NHRR ﬁr/L\ N
B pd NHRR' Ar
ase Br L

The original attempt of Hartwig and Buchwald to utilize aryl iodides as substrates
were also largely unsuccessful. Buchwald et al'®® developed a reasonably efficient |

protocol with which to convert aryl iodides to anilines, significantly expanding their

amination process as outlined in Scheme 26.
Scheme 26
0.5 mol % Pdy(dba)s
2 mol % P(o-tolyl),
I + HNR)R > N(R)R'
"~ 2.8 equiv. NaOBu!
2 4’equiv dioxane (4 mL)
65 °C or 100 °C

X = p-, 0-Me; p-, m-OMe, Cl, CONEt,

In their earlier studies, Buchwald and Hartwig had shown that primary amines could
be coupled with a limited number of aromatic bromides using the Pd(0)/P(o-tolyl);
catalyst system. However, this was not a general reaction and in the absence of a
para-electron-withdraing substituent or an ortho-substituent on the aryl bromide, only

a low conversion of starting materials to products was observed.
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Role of Ligands:

Several limitations were, however circumvented by employing bidentate phosphine
ligands, such as DPPF or BINAP.'>>!*® The palladium complexes derived from these
bidentet ligands provided aminations of aryl bromides and iodides with primary alkyl

amines, with cyclic secondary alkyl amines as well as with anilines.

Buchwald et al '*® reported a palladium-catalyzed procedure for the cross-coupling of
aryl bromides and primary amines that employed chelating bis-(phosphine) ligands
(£)-BINAP according to Scheme 27.

Scheme 27
Br 0.25 mol % Pd,(dba); NR1R2
- 0.75 mol % (1)- BINAP
+  HNR'R2 » >
R ztli equi\(/.2 l\éaoguf R
1.1-1.2 equiv oluene (2-9m _gRo
80 °C 61-98%
R =3.5-Me, R? = H, alkyl

2,6-Me, R2 = alkyl, aryl

2-OMe '

2:Me, 4-OMe S PPh,

3-COzBU ’ : .

4-ON PPh,

2-NM32

BINAP

The efficiency of this system is presumably due to the ability of the chelating bis-
(phosphine) ligands to inhibit side reactions, such as B-hydride elimination from an
amidopalladium intermediate and the formation of bis-(amine) complexes that lead to

products of hydrodebromination (Scheme 28).



22

Scheme 28

Proposed Catalytic Cycle:

Pd,(dba); + BINAP

l

(BINAP)Pd(dba)

AN(R)R' (BINAP)Pd ArBr

(BINAP)Pd(Ar)(Br)
(BINAP)PA(ANN(R)R]

HN(R)R'
NaBr
NaOtBu (BINAP)Pd(Ar)(Br)

Amination of bromopyridine was also largely unsuccessful by using Pd(0)/P(o-tolyl)s
complexes.'® It has been shown that pyridine inhibits the Pd(0)/P(o-tolyl); catalyzed
amination of aryl bromides'® and also displaces a P(o-tolyl); ligand from key
catalytic intermediates such as the oxidative addition product (18) to form complexes

suchas bis(pyridyl) derivative (19) (Scheme 29).'6>'%

Scheme 29

@
N
Pdy(dba), P(o-tolyl)s

AX \pd/ \pd/ - > 2Ar—|ld—x

P(o-tolyl)
?o-tolyl)3P/ h / \Ar XS@ rl\l
= O

(19)

Buchwald, however, circumvented this ligand-exchange problem by replacing the
monophophine with bis-(phosphine) ligand.'® They showed that the amination of
bromopyridine can be efficiently performed by using Pd(0)/(x)-BINAP as the

catalytic system (Scheme 30). Activated substrates are not required and relatively
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non-nucleophilic amines such as primary amines and anilines may be arylated. They
postulated that chelating” bis-(phosphine) ligand does not undergo ligand-exchange

with excess pyridine, and

Scheme 30
X 2 mol % Pd cat N(R)R'
/ 0, . . /
| + HNR)R 4 mol % bis-(phosphine) |
1.4 equiv. NaOBu toluene (9 mL)
\N 1.2 eqUiV 70 °C \
X =Br, Cl (R) = H, alkyl : 67-91%
R' = alkyl, aryl '
H

= Pd;(dba)s (2 mol %) |
p Br +  H,N-(n-hexyl) N

\ ; | (=)BINAP (4 mol %) |
1.2 equiv 1.4 equiv. NaOBu‘ (n-hexyl)

toluene (9 mL) 74%

70°C °

consequently, the formation of bis-(pyridine) complexes (19), which terminate the

catalytic cycle, is prevented.

Hartwig group discovered'*® a second generation catalytic system for amination of
aryl halide amination catalyst- (DPPF)PACl,, which is based on chelating ligands.
This catalyst provided high yields of mixed, secondary arylamines from aryl halides
and primary amines, notably in examples that gave low to moderate yields with the

Pd(0)/P(o-tolyl); catalyst system (Scheme 31).
In addition to the practical advantages of this system, these results reveal a number of
important concepts:
> the catalytic cycle involves bis-(phoshphine) intermediates;
> sterically encumbered phosphines dare not necessary for high-yielding,
intermolecular amination of ary! halides;

> the favorable selectivity for reductive elimination over -hydrogen elimination

results from chelation and large bite angle, rather than from steric effects;
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> awide range of ’chelating ligands may lead to optmization of reaction rates and

yields.

Scheme 31

5 mol % [(DPPF)PdCI,]

X + HN—R'+ Naopyt °°aulv.DPPF/Pd NHR!
THF, 100 °C/~3 h

R
1.25 equiv 1.25 equiv 060

X =Br, | ‘ 80-96%
R = p-Me R = alkyl, aryl @PP ha

0-OMe ‘ :

m-OMe Fe

p-Ph .

p-COPh Q PPh;

p-CN .

p-CONMe, :

DPPF

Palladium-catalyzed amination of aryl halides based on the use of the
monophoshphine ligand, P(o-tolyl); or bis-phosphine ligands, BINAP and DPPF,
lead to efficient coupling of primary amines and secondary cyclic amines, the
arylation of secondary acyclic amines remains problematic; the corresponding
tertiary aromatic amines are generally formed in low yields. This was especially true

when electron-rich arenes were used as coupling partners.

Buchwald and coworkers'®® reported that palladium complexes derived from ligand
(rac)-PPFA (20)170 and (rac)-PPF-OMe (21)170’17l are highly effective for the aryl
amination reaction of acyclic secondary amines (Scheme 32). This procedure is
extremely effective in coupling secondary anilines and acyclic secondary amines with

both electron-poor and electron-rich aryl bormides.

The lack of a general palladium-based catalyst for aryl chloride substitution

135,136-138,147,172

reactions as well as the elevated temperatures often required prompted

Buchwald and Coworkers to search for more active ligands. Buchwald et al'’
demonstrated that the ligand (22)/Pd(0)catalyst system is the first example of a room

temperature amination of an aryl chloride (Scheme 33).
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Scheme 32
0.25-2.5 mol % Pdy( dba)3
—Br + HNRR? NRR?
'0.75 mol % (rac)-PPF- OMe
X o 52-97%
1.2 equiv 0.75 mol % (rac)-PPFA °
: 1.4 equiv. NaOBuU!, toluene
80°C,6-12h
X =4-{Bu R = H, alkyl 0°C,
4-OMe R1= alkyl, aryl
4-CN
3,5-Mez NMe2
or ArBr = 2-, 3-, or 4-pyridyl bromide e PPh, o \PPh,
(rac)-PPFA (rac)—PPF—OMe
(20) (21)
Scheme 33
X ‘ 0.5-2.5 mol % Pd(dba)s)/ X N(R)
1.5-3 mol % ligand 22
R 4+  HNR)R' ° 19 > R
1.4 equiv. NaOBu' or 2 equiv.K3PO4 P
toluene (2 mL/mmoI halide) or DME
X = Cl, Br ~100°C
P(Cy)2
NMe2
(22)

2.5 mol % Pd,(dba)y/

/ \ 1.5 mol % ligand 22 / \
NC Cl + H—N 0 e Ne N 0
\ / 14 equiv.NaOBu' \ /

DME, rt

Third generation ligands such as P(z-Bu); '*® (o-biphenyl)P(+-Bu);"° and heterocyclic
carben'®® create catalysts with increased activity and allow milder conditions to be

used.
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The group of Hartwig'*® described that the reaction of aryl bromides with amines
occurs at room temperature when using Pd(0) and P(+~-Bu); in a 1:1 ratio, and the
reaction of aryl chloride occurs at room temperature to 70 °C (Scheme 34). The

arylation of carbamates also occur using P(r-Bu); as ligand (Schemes 35).

Scheme 34

X NRR"
t-70 °C
R + HNRR' — > R
. 1-5 mol % Pd(dba)y/ -

0.8-4 mol % P(t-Bu)s

1 equiv 1.5 equiv. NaOBu! . 81-99%
- X=Br,Cl toluene (1-2 mL), 1-25 h
R=H :
g'_'[‘\’}lg R'=H, alky!
p-OMe R" = alkyl, ary!
p-Br ‘
p-CN
Scheme 35
1
X AN 0
100 °C
R T S > R—{ I
' t-Bu
| 1 mol % Pd(dba),/ AN N
_ R1 0.8 mol % P(t-Bu); |
X =Br, Cl 1.5 eauiv 1.5 equiv. NaOPh R )
R'=o0-Me 2 €q " toluene (3 mL) 59-86%
p-Me RT=H, aryl 1.5-24 h
p-CN
p-OMe

Recently Buchwald and co-workers'> reported that palladium complexes supported
by (o-biphenyl) P(+-Bu), or (o-biphenyl)PCy, are efficient catalysts for the catalytic
amination of a wide variety of aryl halides (Scheme 36 & 37). Use of ligand (o-
biphenyl) P(s-Bu), allows for the room-temperature catalytic amination of many aryl
chloride, bromide substrates, while ligand (o-biphenyl)PCy, is effective for the
amination of functionalized substrates or reactions of acyclic secondary amines. The
catalysts perform well for a large number of different substrate combinations at 80-
110 °C, including chloropyridines and functionalized aryl halides using 0.5-1.0 mol

% Pd. Their effectiveness is believed to be due to a combination of steric and
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electronic properties that promote oxidative addition, Pd-N bond formation, and
reductive elimination.

Scheme 36
1 mol % Pd(OAc), NR1R2
= 2 mol % (o-bipheny)P(t-Bu), Z
X 4+ HNR'R2 _ >
e ) 1.4-2.8 equiv. NaOBu! or N
N 1.2 equiv 2.8 equiv. K3PO, N
, toluene (1-2 mL) or
X =2-Cl R! = H, alkyl dioxane (2 mL), 100-110 °C
3-Cl R2 = alkyl, aryl 3.5-22h
4-C|
MeO 1-2 mol % Pd(OAGc),
r\/Me 2-4 mol % (o-biphenyl)P(t-Bu),
cl +  H— \Ph 1.4 equiv. NaOBu! B A
1.9 ) toluene (1 mL/mmol halide) :
MeO/ . 2 equiv 1, 16 h oo .
P(-Bu), ' Npn
(o-biphenyl)P(t-Buy), : ’ M O/
e
| ‘ 97%
Scheme 37
_~cl 0.5 mol % Pd,(dba)s NR'R?
2 mol % (o-biphenyl)PCy, .
+ HNR'R2 : » R
1.4 equiv. K3PO4 o1
1.2 equiv 1.4 equiv. ‘NaOBuI‘
‘oA DME (2 mL) or toluene 69-95%
R 28,’:} 100 °C, 16-40 h °
2-NO R1= H,alkyl
4—NO§ R2 = alkyl, aryl
4come

2-CO,Me HNR'R2 = acyclic secondary amine
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0.5 mol % Pd,(dba)a

. Cl
2 mol % (o-biphenyl)PCy,
MeO +  H,N NO, >
U 1.4 equiv. K3PO,

” DME (2 mL/mmol halide)
1. 2 equiv 100°C, 18 h

| |
MeO
(0-bipheny)PCy, : PCy2 \ﬂ/ NO,
O i

The research group of Nolan'*? discovered that Pd(0)/IprHCI/KOBu' system was

81%

found to be highly effective for the amination of electron-neutral, electron-poor aryl
chlorides as well as sterically hindered substrates with a variety of primary and

secondary cyclic and acyclic amines (Scheme 38).

Scheme 38

1 mol % Pd,(dba)s/
2-4 mol % IPr-HCI

ArX © HNR'RZ - : ArNRTR2
+ .1.5 equiv. KOBut f

) dioxane (3 mL)
X=Br,Cl,| 12equiv qpgoc 3-24h

59-97%

R1=H, alkyl
R2 = alkyl, aryl _ )
HNR'R? = secondary cyclic amine

IPr-HCI :

This catalytic system proved its effectiveness in the amination of various heteroaryl
halides (Scheme 39).
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Scheme 39
—\_X 1 mol % Pdj(dba); - — _NRIR2
2 mol % [PF HCl
Y + HNR1R2 : > /
\ 1.5 equiv. KOBu! \
N dioxane (3 mL) N o
1.1 equiv 100°C, 3 h 70-99%
X=Cl, Br
R1=H, alkyl
R2 = alkyl, aryl

HNR'R?2 = cyclic secondary amine

— 1 mol % Pdy(dba), — —\
/ \ 2 mol % IPr-HCI N o
\ / Ccl + H—N . O : l e \ /
N \N -/ 1.5 equiv. KOBu \ /

dioxane (3 mL)
1.1 equiv 100°C, 3 h 97%

1 mol % Pd,(dba), — :
2 mol % IPr-HC| o _@
B HoN >
r+ H, 1.5 equiv. KOBut \: N/j |
dioxane (3mL) H
1.1equiv 100°C, 3 h 96%

The ligand is also effective for the synthesis of benzophenone imines which can be
easily converted to the corresponding primary amines by acid hydrolysis. Less
reactive indoles were converted to N-aryl-substituted indoles using as supporting
ligand the more donating SIPrHCl (SIPr = 1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene. The Pd(OAc),/SIPrHCI/NaOH system is efficient for the
N-arylation of diverse indoles with aryl bromides (Scheme 40). The general protocol
developed' has been applied successfully to the éynthesis of a key intermediate in the
synthesis of an important new antibiotic. Mechanistically, palladium-to-ligand ratio

studies strongly support an active species bearing one nucleophilic carbene ligand.
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Scheme 40
‘ 2 mol % Pd(OAc), b
3 mol % SIPrHCI / \
Br + , > _
Y 2 equiv. NaOH
dioxane (3 mL) N
R
1.1 equiv 68-97%
Y=H X
4-Me R =H, aryl
2,4,6-Me3
4-OMe o
SIPrHCI : N g+ N

Verkade et al'”® demonstrated that commercially available bicyclic triaminophosphine
P(i-BuNCH,CH>);N (23) functions uncommonly efficiently in amination reactions.
Various aryl bromides and iodides are readily coupled with a range of amines,
including primary and secondary anilines, cyclic secondary amines, primary amines
branched at the o-position and (with limited success) acyclic secondary amines

(Scheme 41).

Scheme 41-
X : 2 mol % Pd(OAc), ) NR'R2
. b e Lol % PU-BUNCH,CH)N
—> R
1.5 equiv. NaOBu!
12 equiv toluene (5 mL)
X =Br, | ’ 80°C,9-15h 43-99%
R =p-CN R1=H, alkyl
p-%l . R2=alkyl, aryl
p-tBu HNRR2 = cyclic secondary amine
o-,m-,p-Me . )
o-,m-,p-OMe iBu //—Bu
: P(i-BUNCH,CH,)sN : SRS N

C oY

(23)
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Steric hindrance on either coupling partner was well tolerated, often giving the
desired product in almost quantative yield. For example, 2-bromomesitylene (24)
reacted with 2,6-dimethylaniline to give tetra-ortho-substituted arylamine product

(25) in 99% isolated yield.

2 mol % Pd(OAc),
Br + HoN >
4 mol % P(I—BUNCHZCH2)3
1.5 equiv. NaOBuf CH Hg

toluene (5 mL), 80 °C
(24) (25) - 99%

Several salient features of bicyclic triaminophosphine are (i) commercial availability,
(ii) optimum steric effects provided by the i-butyl groups and (iii) electron- richness
of the phosphorous arising from the donating capability of all three virtually planer
nitrogens adjacent to the phosphorus, as well as the possibility for augmented basicity
of the phosphorus arising from transannular bonding between the bridgéhead nitrogen

and the phosphorus atom.

The palladium-catalyzed amination of aromatic halides with hindered N—alkyl-
substituted anilines was reported‘by Buchwal et al'™ using xantphos (26) or 2-(di-
phenylphosphino)-2/-(N, N-dimethylamino) biphenyl (27) as ligands as outlined in
Scheme 42.

Prasad and coworkers'”’ described an efficient synthesis of hindered N-alkyl-
substituted diarylamines (28) by an amination of aromatic bromides either a
combination of Pd(OAc), and P(#-Bu); or the new, commercially available air-stable
and easily handled solid palladium (I) tri-fert-butylphosphine bromide dimer, [Pd(p-
Br)(t-BusP)]; as the catalyst (Scheme 43). '
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Scheme 42

1 mol % Pd(OAc),

R
1.5 mol % racBINAP ™\
R_NH2 + ArBr -

. ] ]
1.1 equiv 1.7 equiv. NaOBu

H
toluene (2 mL), 80 °C .
R = alkyl
rac-BINAP = (+)-BINAP Ar, Ar = aryl
1 mol % Pd(OAc), or
R 0.5-2 mol % Pd,(dba)s ;
Ar - - % fi Ar Ar
~ 1.5-3 mol % ligand 21, 26 or 27 ~
N+ ArfBr > N
| 1.4 equiv. NaOBu! or ‘ _ |
H 1.4 equiv. Cs,CO4 R
toluene(1-2 mL), 80 °C 46-959
6-24 h %
e
X
PPh, PPh, |
OMe
0 7 \PPh2 Fe \
‘ MeN- - PPh,
Me Me \/| ;
Xantphos 4 PPF-OMe
(26) (27) (21)
Scheme 43
T - T}r 0.5 mol % Pd(OAc),, 0.5 mol % P(t-Bu)s (A)
or
N\R1 0.25 mol % [Pd(u-Br)(t-BusP)] (B)
+ R >
1.2-2 equiv. NaOBU!, toluene(2 mL/mmol)
110°C, 2-20 h
0.82 equiv
Ry = alkyl

N\R1

12-90% (A)

(28) 51-93% (B)
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Use of Bases:

The palladium-catalyzed aromatic amination reaction is also very sensitive to the
nature of base. Apart from using sodium fert-butoxide, with sodium methoxide, the
m-bromotoluene slowly decomposes to m-xylene, while with potassium carbonate, no
convertion to product is obtained. Bases weaker than sodium fert-butoxide such as
K>CO3, Na,C0O3, DABCO, DBU, Proton Sponge, Et;N, Na3PO4, and NaOH failed to

promote this hetero C-N coupling reaction.

One of the major problems associated with using NaO’Bu is that substrates containing
base-sensitive functional groups are difficult to aminate. For example, 4-
bromoacetophenone did not undergo amination. However, when the weak. base
Cs,CO; was employed, a mﬁch wider variety of functional groups are tolerated.
Buchwald observed that using'CSZCOl substrates containing methyl and ethyl" esters

. . . . 1
or nitro groups are coupled with a variety of amines."*’

Aryl bromides containing functional groups sensitive to NaOBu' could be converted
to the corresponding aniline derivative by using also K3POy as the base. Aryl chloride
containing functional groups sensitive to NaOBu' could be converted to the

corresponding aniline derivative by using Cs,COj as the base.

(Cy)P P(CY)z

ICI) cat. Pd(OAc)Z/

MeO—C Cl + HN(nBu),

Cs,CO;3 toluene
0]

Meo_lé@ N(nBu),

83%

A Few Applications of Palladium-Catalyzed Amination Reaction:

Thomas et al'’® reported that a series of bicyclic arylpiperazines (31) can be made
: p

efficiently by reaction of bromoarenes with N-Boc-piperazine (29) under palladium-

cataiyzed aromatic amination condition'*'">!"® followed by standard deprotection of

the Boc-protected arylpiperazines (30) with trifluoroacetic acid as described in
Scheme 44. '
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Scheme 44

2 mol % Pdy(dba);
4 mol % P(o-tolyl)s / \ TFA

» Ar—N NBoc —— > Ar—N NH
1.4 equiv. NaOBu! \J _ CHJCl, \—/
toluene, 100 °C

(29) : (30) (31)
1.2 equiv 20-60%

X (i) 2 mol % Pdy(dba)s ’ /. \
Br 4 mol % P(o-tolyl)s - N N—H
/ \ 1.4 equiv. NaOBu! :
+  HN NBoc S Giuene, 100°C
(i) TFA, CH.Cl,
60%

1.2 equiv

ArX + HN NBoc

Beletskaya et al'”’ revealed that diaminobenzenes are obtained starting from - and p-
dibromobenzenes and secondary amines in the presence of Pd(dba),/P(o-tolyl); and
sodium fert-butoxide in moderate to good yields (Scheme 45). Reductive

dehalogenation of aryl dibromides is, however, a side reaction under these conditions..

Scheme 45
r . [ NRR ] NRR' - ~NRR
HNRR' _ HNRR' _ +
gy Pd(dba),, P(o-tolyl)y Br | Pd(dba),, P(o-tolyl)s NRR' H
NaOBu! NaOBut
(@) - 0

Br - [ j [ j
N
2 mol % Pd(dba), -
4 H—Nmo 2 mol % P(o—tolyl):;
i t

Br u 2 eq;g’);g]anBu W

. H
3 equiv K/ .
A 0
82% 8.2%

Two groups reported methods for the solid phase synthesis of aryl amines employing

the palladium-catalyzed amination protocol. The .discovery that  the Pd(0)/P(o-
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tolyl)s, catalyst system is effective in the coupling of Asecondary amines such as (28)
with polymer bound aryl bromide (27) to afford high yields of product (29) has been
reported by Willoughby and Chapman (Scheme 46)."”® The use of BINAP as a
ligand allowed the coupling of primary amines in high yields and with excellent
purities. Ward and Férina independently reported similar findings.'” This
methodology will no doubt prove useful for constructing combinatorial libraries of

aniline derivatives for biological screening.

Scheme 46
Q
> —Br o) Me
cat. Pdx(dba)s .
NH 4 P(o-tolyl)s . < ) /

(32) I\I/le NaOBu!, dioxane, 80 °C OMe
HN OMe

_ OMe
OMe

(33) _ (34) 95%

Two groups disclosed the.synthesis of oligomers or polymeric arylamines using
palladium-catalyzed chemistry.'**'®" One group used the initial amination of aryl
halides with dialkylamines to prepare arylamine polymers (35).'%° This chemistry is a

step-growth polymerization shown in Scheme 47.

Scheme 47

Br@—Br 4+ HN —(CHz)nGNH toluene
: dCl | NaOButor

. LoP
L= P(O-t0|y|)3 LiN(SlMe3)2

OO
n-.

(35)
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The other group'®! prepared high molecular weight triarylamine dendrimers. The first
generation dendrimer (37) is prepared from tris-(4-bromophenyl)amine (36) and
lithium diphenylamide (Scheme 48). The yield for the reaction is 84% which is far

superior to the modest yields obtained by copper-mediated Ullmann chemistry.

Scheme 48

2 mol % Pd[P(o-totyl)],Cli,
P(o-totyl)s

?

toluene, 110 °C '
36 O
8] + LiNPh, N SN

(37) 84%

Buchwald showed that benzophenone imine (38) can undergo palladium-catalyzed C-

N coupling reaction (Scheme 49).'%2

“ Scheme 49

BOC BOC
* cat. Pdy(dba),

| ' H |
N N N
(+)-BINAP
* /‘\ Cs,CO5
Br Br h  Ph toluene N N
80 °C P)J\ )j\
(38) h Ph Ph Ph

1183

Hartwig et al"™ published a general palladium-catalyzed arylation of azoles and

imines using DPPF-ligated palladium (Scheme 50).
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Scheme 50

' Azole
Br 05-5mol % Pd(OA), o
- azole 0.75-6 mol % DPPF .
R + or .

HN = CPh, 1.2-1.5 equiv. NaOBut
1.2 equiv. Cs,CO4

0.66-0.84 equiv toluene, 65-120°C N
R = o-Me 3-48 h . \/G~ Ph
p-But Ph
0-OMe
m-OMe / \ / / N
p-OMe

-Ph : =
Z-CN azole : H H
p-C(O)Ph =
p-CF3
/I \_
H

The group of Driver'® reported that direct palladium-catalyzed amination of o-
dibromobenzene provide chiral N,N-disubstituted 1,2-benzenediamines in good to
‘excellent yields. The amination was executed stepWise and in one pot to give
symmetrically and unsymmetrically substituted 1,2-benzenediamines [(39) & (40)
respectively] (Scheme 51). Incorporation of chiral primary amines (41) was possible

without recemization using catalytic Pd,(dba);—BINAP along with other products (42)
and (43).

Scheme 51
NR
HNR, 2
Br NRZ
Palladium-catalyzed (39)

amination
Br . NR;

1) HNR,
NR'
2) HNRY 2

(40)
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Br
4 mol % Pd,(dba)
Ph 2 3
+  HN— > NH
CHs  8-12 mol % (+)-BINAP
Br 4 equiv. NaOBuf
(41) toluene, 135 °C 5
5.0 equiv (sealed tube) r
Hj c Ph H30 Ph H3C Ph
- NH
NH
HaC"" Ph HaC \Ph
61% yield 43
99% ee (42) (43)

Hilbert et al.'® developed an operationally simple and efficient palladium-assisted
amination of 3-iodo-6-aryl pyridazines (44) according to Scheme 52. This new route
allows access to a wide-ranging series of pharmacologically useful pyridazine

derivatives (45).

Scheme 52
(N x + HN 0.05 equiv PdCly(dppf)
N=N N 0.05 equiv dppf -
1.25 equiv. NaOBut
X=1 Bn dioxane, 80°C, 6 h
2.4 equiv
H
(44) _ |
a
s N N
P~ N gn
(45) 75%

Weigand et al'® reported the first example of the Pd(0)-catalyzed amination of aryl
halides using Rink-resins (46) as nitrogen source (Scheme 53). Pdy(dba);/BINAP/
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NaOBu' was found to be the most efficient catalyst/base system, while a solvent
mixture of dioxane and fert-butyl alcohol was shown to exhance the selectivity toward
the desired monoarylation. Moderate -to good yields and excellent purities of the
amination products were found with electron-poor aryl halides, while electron-rich

aryl halides failed to react under these conditions.

Scheme 53

NH,———— > _— TFA o FG
Pd,dbag H,N
(+)-BINAP .
NaOBuf -

Buchwald et al.'®” used a dialkylphophinobiphenyl ligand anchored to a polymer
support and demonstrated its utility in palladium-catalyzed cross-coupling reactions.
In combination with a palladium source, ligand (47) forms an active resin-bound
catalyst for amination of unactivated aryl iodide, bromide or chloride (Scheme 54).
Reactions using the electron-rich phosphine ligand (47) are the first successful
examples of the use of aryl chloride substrates with a solid-supported catalyst for
amination. The resin bouﬁd catalyst can be recycled without additional palladium in
the amination reactions. Use of the solid-supported electron-rich phosphine ligand

(47) led to an active catalyst system for the palladium-catalyzed amination reaction.

Scheme 54

CH; .
HaC cl + HN/ 1 mol % Pd(OAc),, Ligand 47 (1.3: 1 L : Pd)
\Ph 15 equiv. NaOBUW., THF B

1.3 equiv




40

I-A.2.1:Presént Work: Background, Objectives and Strategy

The N-aryl moiety represents an important motif in natural products,' '

318188 a5 well as in polymer and

pharmaceutical and medicinal compounds,
materials.?>18-18L189 Heteroaromatic amines are widespread in nature and are
common in synthetic chemistry. Among the variety of hetéroaromatic amines,
aminopyridines are important in various fields of chemistry. They have been used as

3839 and are biologically known to act as

acyl transfer reagents in organic chemistry
central nervous system stimulants.*’ Besides, their derivatives are often used as
ligands in coordination and organometallic chemistry,4044 they have fouhd industrial
applications as fluorescent dyes.45’46 The aminopyridazine nucleus can be found in
dopaminergic, serotoninergic, -cholinergic and GABA-ergic ligands as well as in

. . T o eps 90
monoamine oxidase and acetylcholine esterase inhibitors.!

Because of the importance of heteroaromatic amines in various fields of chemistry
and applications, the development of new and more general methods for their
preparations is of significant interest. Since the present work is concerned with the
preparation of aminopyridines and N-heteroarylamines, we confine our discussion on
the preparative . methods of amihopyridines and derivatives. As discussed in the
introduction, most of the early preparative methods for aminopyridine involve
aromatic nucleophilic substitution by SyAr, benzyne or Sgnl reactions. These
methods either suffer from a nucleophilic regiocontrol problem, the need for very
vhigh temperature or the presence of specific functionality on the heterocyclic ring.
New reaction procedures involving palladium-ligand-catalayzed amination of éryl
halides, developed independently by Buchwald and Hartwig, offer a convenient
method for the preparation of a wide variety of aryl/heteroarylamines.'”>!* A few

reactions are given below.

The catalytic system involving Pd(0)/P(o-tolyl); complexes is effective catalyst for
the cross-coupling of arylbromides and aminostannanes and for the cross-coupling of

aryl halides and amines in the presence of sodium fert-butoxide. However, applying



R
j<i::>}——8r + RNH,

Buchwald

Cat. sz(dba)3
P(o-tolyl);
NaOBut
Toluene, 80 °C

NCGBF + Hex"NH,
phOBr + PhNH,

41
R
Hartwig

Cat. PdCl,

DPPF
NaOBu!
THF, 100 °C

Buchwald ' ’
» NC —NHHex"?
98%

Hartwig
—»  Ph NHPh
94%

this protocol to the amination of bromopyridine was initially unsuccessful. Buchwald

and his coworkers reasoned that the catalytic cycle (p. 22) is proba_bly inhibited with

the displacemenf of P(o-tolyl); ligand by pyridine nucleus."® They showed that such

complexes (19) may be easily formed if pyridine is present in the reaction medium, as

outlined in Scheme 29.

Scheme 29
Pdy(dba);  Ar X
ArX \\Pd/ \\P
P(o-tolyl), \
{o-tolyl)3P

(;

—_— 2Ar—P|d X

M O @

(19)

P(o-tolyl),
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Such observations were also noticed by Basu and Frejd, while performing bis-Heck-
couplings of 2,6-dibromopyridine with dehydroamino acid derivative (48) (Scheme
55).""! The formation of the bis-complex (49), after the first oxidative addition of
Pd(0), inhibited the catalytic cycle and only the mono-coupled products were isolated
in <30% yield.

Scheme 55
X X
— ,NHBoc Pd(OAC), —
\ /N i A\ NEt,/DMF g \ /N
CO,CH,Ph 3 NHBoc
\Br 2._ 2 —<
X = H, Br, |, OMe, Me (48) CO,CH,Ph
i N 20-30%
Y\ / : Y ‘
Pd——N \
N
\ 7 /Ny
. \ r
X
'L =ligand
(49)

The ease exchange of ligands was, however, circumvented by using chelating bis-
(phosphine) as the ligand. Buchwald found that the chelating bis-(phosphine) does not
undergo ligand exchange with excess pyridine, and consequently, the formation of
bis-pyridine complexes (19), which terminate the catalytic cycle is prevented. In an
NMR tube experiment pyridine (2.1 uL, 0.26 mmol) was added to a solution of [(R)-
Tol-BINAP]Pd(4-benzonitrile)(Br) (10 mg, 1x10™ mmol) in CDCls. The 'H-NMR
spectrum of the [(R)-Tol-BINAP]Pd(4-benzonitrile)(Br) complex remain unchanged.
Accordingly, Buchwald employed either BINAP or DPPP as the bis-chelating ligand

to achieve amination of bromopyridines in good to excellent yield (Scheme 56).
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Scheme 56
X N(R)R'
| N Pd cat. N I
7 + HN(R)R (£)-BINAP or DPPP
1 equiv 1.2 equiv
X=8Br, Cl

Conditions A : 2 mol % Pd,(dba); and 4 mol % DPPP; conditions B : 2 mol % Pd,(dba); and 4 mol
% (+)-BINAP; conditions C : 4 mol % Pd(OAc), and 4 mol % DPPP; conditions D : 4 mol %
Pd(OAc), and 4 mol % (+)-BINAP

As mentioned in the introduction part (p.18, 33) that the amination procedure is also
very selective to the nature of base used. The most effective base has been found to be
the sodium tert-butoxide in excess amount (> stoichiometric amounts). One of the
major problems in using sodium fert-butoxide is its basicity, which. greatly limits the
functional group tolerance of the process. For example, methyl and ethyl esters react
to form amides or fert-butyl esters (depending on the amine coupling partner),
enolizable ketones are deprotonated and nitroarenes decompose under these reaction
conditions. The use of a weaker base Cs»COj; has been found to be better where a

much variety of functional groups are tolerated (Scheme 57).!%

Although 'the weaker base CS,CO; has been successfully employed for

haloaromatics'>’ and halothiophenes'*?

(Scheme 58), the case of halopyridines was
not studied. Furthermore, the use of cesium carbonate is limited due to its high
solubility in organic solvent and hygroscopic nature. The present investigation has
therefore been directed to address the following limitations in palladium-catalyzed

cross-coupling of bromopyridines and amines.
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Scheme 57

Z—I

Br Me
Me . /
+ > EtO,C
EtO,C

87%

02 . 02

0
Cl Me + N(\/‘ —_— e » (i Me
HoN-"" K\O
Br ' N/’\/N\)

75%

Me _
Br + > II\I
Mef i : ) lj i : ) i :
HoN"~ : Me H

73%

Conditions : 1 equ‘iv of halide, 1.2 equiv of amine, 1.4 equiv of CS,CO;, cat. Pd,(dba); or Pd(OAc), ,
cat. BINAP (1.5 L/Pd) , toluene (0.25M), 100 °C.

Scheme 58
Br . NHBu
/ \ ' + BUNH2 A > / \
s COZMe S CO,Me
94%
ﬂ +  PhNHMe 5 > ﬂ
Br S CN Ph(Me)N s CN
78%

Condition A : 1.4 equiv Cs,CO;, 5 mol % Pdy(dba);-10 mol % BINAP; condition B : 1.4 equiv
Cs,CO;, 10 mol % Pd(OAc),-10 mol % BINAP
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We reasoned that the use of a solvent-free basic surface might be sﬁitable for
amination reactions. As revealed in the literatlire, potassium fluoride (KF)
impregnated on alumina (Al,O3) has been successfully employed as the basic surface
in many organic reactions 50 as to exploit its basicity on the surface'” and very
recently palladium-catalyzed C-C couplings (Suzuki, Heck, Stille, Trost-Tsuji) have
been reported using KF-alumina under mono-mode microwave irradiation (Scheme
59).' Muzart et al.'”® disclosed C-O hetero cross-coupling in Pd-catalyzed Baylish-
Hilman reaction on KF-alumina surface (Scheme 60). A few apl;lications of KF-

alumina in various Pd-catalyzed organic reactions are outlined below (Schemes 60 &
61).

" Scheme 59

Suzuki reaction :

98%
= "
+ B(OH)y, —— —>
A
\N |
66%

Stille reaction :

_ 5 —
Me0—©7l + Bu3Sn——/— @I

68%

Heck reaction :

—COOMe
MeOOI + /\COOMe _— MeO—Q—/—C

68%
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Trost-Tsuji reaction: :
o o /10

/\/OAC + >
Y 7

O 93%

Conditions : cat. Pd(OAc), or Pd,(dba);/KF-Al,O; under MWI

Scheme 60

OAc O ﬁ
X i
O U 0

X =0-CHO Ar
" Conditions : Pdy(dba); CHCl3-PPhy/KF-AlL,Q; in THF at rt for 4.5 h

The role of mono- or bis-phosphine ligands in palladium-catalyzed hetero cross-
coupling of halopyridines on a solid surface could be an interesting study. The present
work describes our results, which eventually constitute a convenient and efficient
heterogeneous method for C-N coupling by Pd-catalyzed amination of halopyridines

on KF-alumina (basic)-surface (Scheme 61).

Scheme 61 ’
Pd-Phosphine catalyst/
Z R,NH or RNH, 7
R1 Br > R1 NR,
\N Alumina-KF (4:1) \N

P(o-tolyl);, DPPF, BINAP; Pd sources: PdCly,
Pd,(dba)s, Pd(OACc),, Pd(acac),, Pd[PPh;],
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I-A.2.2: Present Work: Results and Discussion

Prior to studies on amination reaction on the surface of KF-alumina, we initially
attempted the same reaction using only alumina (basic) as the surface. The results

were , however, not encouraging, as may be seen from Table 1.

A mixture of 2-bromopyridine and piperidine (1 : 1.5) and Pd[(o-tolyl);P],Cl, (2 mol
%) was admixed on a surface of activated basic alumina (see experimental section)
and the solid mixture was taken in toluene and heated with stirring under N, at 80-
100 °C for 10 h. TLC showed a new spot, which was isolated by column
chromatography on silica gel. A solid compound was obtained (25%), characterized
as 2,2-bipyridyl (m.p.°™ 68-71-°C and lit.'®® 70-73 °C) by 'H-NMR. Similar reactions
with 3-bromopyridine with morpholine (entry 2, Table 1), 2,5-dibromopyridine with
piperidine (entry 3, Table 1) and 3-bromoquinoline with morpholine (entry 4, Table
1), however, gave neither any bis-coupled products nor the desired aminated products.
Instead, the starting materials were recovered (40-65%) in -most cases. Several

variants did not change the course of the reaction in the desired direction.

As mentioned in the preceding pages (p. 45, 46) th‘at'KF on alumina has been
successfully employed in palladium-catalyzed C-C and C-O bond-forming

194,195

reactions, we became interested to turn our attention to using KF-alumina as

the surface for the amination of halopyridines. KF-alumina was prepared according to '
the literature procedure,'”® !%7 where the ratios of KF : alumina were used in (2:3).
Attembts to using such KF : alumina (2 : 3) showed improved results indeed,
although the percentage of yields of the aminated products ranged between 20-50%.
On the other hand, changing the propoﬁions of KF-alumina to 1 : 4 gave a remarkable

incremental change in terms of the yields of the desired products.
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Table 1
Entry  Substrate Amine Catalyst Solvent/Temp/Time Observation
7~
1. | H—N Pd[(o-tolyl)sPL,Cl, Toluene/80-100 °C/10 h 2,2-Dipyridyl (25%)
> d
N Br an
2-Bromopyridine (50%)
F Br )
2. « | H—N O Pd(acac),/DPPF  Toluene/70 °C/12 h 3-Bromopyridine (40%)
N N
Br.
s
3. g | H—N ) Pd[(o-tolyl}aPL,Cl; Toluene/100 °C/8 h 2,5-Dibromopyridine (65%)
N Br

>

=0
H—N O Pd,(dba)s-CHCI; Toluene/70 °C/12 h 3-Bromoquinoline (50%)
\N \——/ and

Quinoline (10%)

5. H—N 0 Pd(o-tolyl)3P1,Cl,/  Toluene/80 °C/10 h 3-Bromoquinoline (50%)
\N / Cul and

Quinoline (10%)

Z / 1\ o
6. | H—N O Pd(acac),/DPPF  Toluene/80 °C/5 h 2-Bromopyridine (50%)
\N Br- — and
2,2"-Dipyridyl (10%)
F l Br /\ .
7. H—N O Pdy(dba)yDPPF  Toluene/100°C/12h  3-Bromopyridine (40%)
Sy _/

As can be seen from the results presented in Table 2, the amination on KF-alumina
worked efficiently with different bromo-byridines. While 2-bromopyridine reacts with
different amines smoothly, 3-bromopyridine undergoes amination in relatively poor
yield. In case of 2-bromopyridines (entries 1, 2; Table 2) the formation of homo-
coupled 2,2 -bipyridyl could not be avoided (10-15%). While carrying out the reaction
using solvent (toluene), such coupling is further increased. ‘Using 1,4-dioxa-8-aza-
spiro[4,5]decane as the amine, the labile ketal group remained unchanged during the
reaction conditions as well as the work-up. The ketal methylene group in the aminated

product exhibited a sharp singlet at & 3.96 ppm corresponding to four hydrogens.
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Dibromobyridines were reacted with a variety of amines (entries 3—6 and 8, 9; Table
2). Both primary and secondary amines were used for these reactions. In all the cases,
however, mono-amine derivatives were obtained in good to excellent yields. In the
case of 2,5-dibromopyridine, amination occurs selectively at the 2-position, which
was settled unambiguously .by comparison of NMR spectra. In 2,5-dibromopyridine,
the proton at the 6-position appeared as the doublet at & 8.44 ppm while the same
proton (Cg) in 2-morpholino-5-bromopyridine displayed as a doublet at § 8.20 ppm.
similarly, the C-4 proton displayed as a doublet of doublet at 6 7.66 and 7.55 ppm
respectively. The major shifting was observed in the case of C-3 proton, which
appeared as a doublet at 6 7.38 and 6.52 ppm respectively. Similar trends were also
noticed in the NMR spectrum of 8-(5-bromopyridin-2-yl)-1,4-dioxa-8-aza-
spiro[4,5]decane. |

H (5 7.66) H (5 7.55) (57.50)

B . B .
I P H (5 6.52) r H(8657)

s

(3 8.44) (5 8.20) (68.17) oj

N N O

2,5-Dibromopyridine  2-morpholino-5-bromopyridine  8-(5-Bromopyridin-2-y)-1,4-dioxa-
. 8-aza-spiro[4,5]decane

Buchwald observed complete bis-amination of 2,6-dibromopyridine using sz(dba)3—
DPPP catalyst in presence of excess aniline. Our conditions, however, yielded mono-
amine as the major products even after prolonged reaction time and in the presence of
excess amine (entries 3—6; Table 2). This selectivity offers an advantage for further

reaction with the other halogén substituents.

In the bicyclic systems, 4-bromoisoquinoline (entires 10 and 11; Table 2) and 3-
bromoquinoline (entries 12 and 13; Table 2) underwent amination efficiently.
Buchwald and co-workers reported a single example on bicyclic system, where 3-
bromoquinoline coupled with N-methy! aniline in presence of sz(dba)g-(i-)-BINAP
catalytic system. According to them, the BINAP-catalytic system remains the most
active and general catalyst, although DPPP has been used as the bis-chelating ligand

complexing with Pd,(dba);. With regard to the catalytic system, the generality is
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Table 2. Palladium-catalyzed amination of halopyridines on KF-alumina surface

Entry Bromoarene Amine Catalyst® Conditions®  product % yield®
time (h)
F I\ =
1 | H—N o Al 278 L/ 70
\N Br - \_/ \N N\ /o -
) (50)
= 0O | Z | 0
2. | H—N © Al 278 58
x SN
N Br :
(51)
= Z
3. I H,oNCH,Ph [H] 2/8 | 90
Br” SN Br B~ S\~ “NHCH,Ph
(52)
7 I\ Y ,
4 | H—N 0 Al 12/5 I — 78
Br X" NBr ___/ , Br Yy, N 0
__/
(53)
AN 0 Z
5, ‘ | H—N Oj Al 215 _ | o) 62
L A O
: (54)
Z =
6. | H—N (A] 215 « | 91
Br” " Br B SN ’
(55)
' N 0
F Br /*—\ = N\
7. | H—N 0 (F] 1219 | — 48
\N \___/ \N
(56)

continued................
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Entry  Bromoarene Amine Catalyst® Conditions”/ product % yield®
time (h)
B VN B |
. H—N o Al 1,2/5 /\ 92
° Sy | Br __/ x N o
(67
B~ o) ' ' B~
9. | H—NC>< j [A] 215 | o 73
S ~ O
(58) '
Br
o]
AN
10. H—N o) [ELIF]  1,2/6 | / 86
2N \ )
_ N
' (59)
Br '
S a (]
11. H—N [F] 216 | 90
N N
(60)
AN Br N \O
/ \ A
12, EIj/ H—N 0 (F] 216 — 78
N __/ N
(61)
!
x
[F] 2/8 m .
N

X Br
N
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* [A] Pd[(o-toly1);]oCly; [B] Pdy(dba);-P(o-tolyl);; [C] Pd[PPh;]s; [D] Pda(dba)s-dppf; [E]
Pd(OAc),-dppf; [F] Pdx(dba);-BINAP; [G] Pd(acac),-dppf; [H] Pd(OAc),-BINAP

b 1. Alumina-KF in toluene/90-100 °C; 2. Alumina-KF without solvent at 90-100 °C.

¢ Yield 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)

somewhat limited. For example, Buchwald’s attempt to couple 4-bromopyridine
hydrochloride with amines (morpholineh or n-hexylamine) employing mixtures of
Pdy(dba); and either DPPP or (+)-BINAP were unsuccessful. However, these
substrates were efficiently transformed when Pd(OAc), was employed as the
palladium sources. Thus, the source of palladium as well as the chelating bis-

phosphine combination was prfmarily important for efficient and successful coupling .

In order to optimize our conditions on KF-alumina surface, we attempted hetero-
coupling with various combinations of palladium sources as well as the ligands (both
monophosphine [(o-tolyl);P] or bis-phosphine (BINAP and DPPF). As given in the
Table 2, the Pd[(o-tolyl);P]2C12 and Pdy(dba);/(£)-BINAP complexes were found to
be most ¢ffective in this amination process. The mono-dentate ligand Pd[(o-
tolyl)sP],Cl, worked effectively to couple 2-bromopyridine with different amines.
Thus, as anticipated, the formation of bis-(pyridyl) complexes (19) using mono-
phosphine ligand may possibly be avoided under these conditions. In the case of
bicyclic systems, however, the combination of Pd,(dba);-(£)-BINAP, was found to be
better active catalytic system. Several reactions were also studied with the other bis-
phosphine ligand, DPPF. Any of the combinations, Pd;(dba);-DPPF; Pd(OAc),-
DPPF; Pd(acac),-DPPF, however, did not work better than the BINAP ligand.
Surprisingly, our condition did not work efficiently with 3-bromopyridine. Among the
various catalytic systems employed for 3-bromopyridine, the Pd;(dba);-BINAP

worked better, which led to the formation of the 3-morpholinopyridine in 48% yield.

We also optimized our reaction conditions with reference to using the solvents. Clean
reactions and better yields of the aminopyridines were obtained when the reactions
were carried out on KF-Al,Os surface with a slight excess of amine and without the
solvent. Use of toluene or xylene have almost similar effects, whilst the presence of

DMF as a co-solvent induces faster debromination. Thus, when 4-bromo isoquinoline
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coupled with morpholine in presence of Pd(acac),-DPPF in toluene (2 mL), additibn

of DMF resulted in formation of isoquinoline in major amount.

I-A.2.3: Conclusion

In conclusion, an expedient procedure for the Pd(0)-catalyzed amination of
bromopyridines has been developed on the surface of basic alumina admixed with
potassium fluoride. The basic surface offers advantages of avoiding the use of strong
bases such as sodium tert-butoxide. The catalytic system appears to be more gehera_l
in terms of mono- or bidentate phosphine ligands. The simplicity of the experimental
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 tert-butoxide. Further application of this procedure may be
undertaken with more base-sensitive functionalities on thg heterocyclic nucleus as
well és with chiral amines. Secondly, the procedure may also be explored in the case
of aryl bromides. Studies in this direction are under active pursuit in this laboratory.
An account of this investigation has been published in Tetrahedron Lett. 2002, 43,
7967.
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I-A.3: Experimental

I-A.3.1: General remarks

All melting 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 F,s4 coated aluminium sheets (Merck, Germany) and spots were detected
by UV-fluorescence and/or using iodine 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. 'I‘?or recording UV spectra, a Shimadzu UV-240
spectrometer was used. 'H- and BC.NMR spectra were recorded on a Bruker
spectrometer (operating at 300 or 400 MHz and 75 or 100 MHz respectively) using
CDCl; as solvent. Tetramethysilane (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), br s (broad singlet). Solvents and
commercial reagents were purified and dried by conventional methods before use.

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

General procedure:

Tris(dibenzylideneacetone)dipélladiuin(O) [Pd,y(dba)s], tri-o-tolylphosphine /tp(o-
tolyl)s], tetrakis(triphenylphosphine)palladi}lm(O) [Pd(PPh3)4], racf2,2/-
bis(diphenylphosphino)-1,ll-binaphthyl [(ij—BINAP], palladium (II) acetate
[Pd(OACc),;], palladium(Il) acetylacetone [Pd(acac),] were purchased from Aldrich
Chemical Co.

Preparation of catalysts:

Tris(triphenylphosphino)palladium(II) chloride Pd[(o-tdlll);lzClg

To a solution of NaCl (117 mg , 2 mmol) in 5 mL water was added PdCl; (177 mg,
1 mmol). A complex of Na;PdCls was immediately formed which is soluble in water.
The water was removed by evaporation. The solid complex (Na,PdCly) (250 mg, 0.85
mmol) was taken in ethanol (20 mL) and P(o-tolyl); (513 mg, 1.7 mmol) was added in
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ethanol and then reﬂuxéd for a 30 min on a water bath.” A yellow precipitate was
appeared and was filtered off and washed with (3 x 10 mL) ethanol. The.solid
complex was dried under vacuo to afford the desired complex Pd[(o-tolyl )_ﬂ;_C_}; was

(520 mg, 65%).

1.1'-Bis(diphenylphosphino)ferrocene [DPPF]

A mixture of N,N,N,N' -tetramethylethylenédiamine (1.064 g, 9;152 mmol) and a 15%
solution of n-butyllithium in hexane (6.3 ml, 10.26 mmol) was added with stirring
over 30 min to a solution of ferrocene (0.93 g, 5 mmol) in dry _hexime 30 ml) under
nitrogen in a 3-liter, three-necked flask equipped with a stirrer, nitrogen inlet and
reflux condenser. The solution was stirred for 4 h at room temparature under nitrogen
and then a solution of chlorodiphenylphosphine (1.885. g, 10.2 mmol) in hexane (2
mL) was added dropwise over a 20 min period with constant stirring. During this
procedure the temperature of the solution fbse to 48 °C. The reaction mixture was
further stirred under nitrogen for 2 h and then éarefully quenched with distilled water
(5 mL). The supernatant hexané layer was decanted from the brownish-orange solid
and the solid was washed three times with distilled water and ﬁnally dissolved in hot

dloxane (8 mL). Cooling this dioxane solution gave orange crystals (1.05 g, 38%),
m.p.”* 179-182 °C (lit.!% 183-184 °C).

Preparation of activated Al O4

Basic alumina (Brockmann Activity I) (10 g) was purchased from SRL Indla and

was heated at 210 °C under vacuum (0 5 mm of Hg) for 4 h, cooled under N, and used
for reaction.

Preparation of activated ALOy/KF

A mixture of basic alumina (Brockmann, Activity I) and KF (4 :1) (5 g) was taken in
distilled THF (5 mL) and after stirring for 30 min at room temperature it was

evapora_ted to dryness The solid residue was heated at 250 °C under vacuum (0.5 mm

of Hg) for 4 h, cooled under N, afld used for reaction.
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Representative  procedure  for  amination:  2-Benzylamino-6-
bromopyridine (52)

To a mixture of 2,6-dibromopyridine (473 mg, 2 mmol), benzylamine (856 mg, 8
mmol), Pd(OAc)z (10 mg; 0.04 mmol) and (+)-BINAP (50 mg, 0.08 mmol) was
added activated ALLO3/KF (4 : 1) (2 g). The mixture was intimately stirred at 90-100
°C for 8 h under nitrogen. After cooling to room temperature the semi-sold mass was
washed repeatedly with ether (4 x 15 mL), combined and concentrated. The residue

was purified by silica gel column chromatography (petroleum-ether : EtOAc =20 : 1)
to give 2-benzylamino-6-bromopyridine (52) (475 mg, 90%), m.p. 85 °C.

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

'H-NMR (CDCl;, 300 MHz): & 7.36-7.27 (m, 5H), 7.20 (dd, 1H, J = 8.2; 7.5 Hz),
6.73 (d, 1H,J=17.5Hz), 6.24 (d 1H, J=8.2 Hz), 5.18 (br.s, 1H), 4.46 (d,2H,J= 5.9
Hz).

3C-NMR (CDCl;, 75 MHz): & 158.7, 140.2, 139.5, 138.3, 128.7, 127.4, 127.3, 116.1,
104.5, 46.3.

Compounds (50)-(62) were prepared using similar procedures as mentioned in Table
2.

4-Pyridin-2-yl-morpholine (50)153,169

Yield: 70%, liquid : ‘

IR (neat): vima 2966, 1603, 1486, 1440, 1378, 1312, 1240 cm™.

‘H-NMR (CDCl, 300 MHz): & 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)

13C-NMR (CDCls, 75 MHz): d 159.4, 147.7, 137.3, 113.6, 106.7, 66.5, 45.4.

8-Pyridin-2-yl-1,4-dioxa-8-aza-spiro [4,5]decane (51)
Yield: 58%, liquid

IR (neat): vimax 2960, 1598, 1562, 1486, 1440, 1363, 1235 cm™.
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'"H-NMR (CDCls. 300 MHz): & 8.16 (d, 1H,J = 4.5 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).

3C.NMR (CDCls, 75 MHz): & 158.7, 147.7,137.2, 112.5, 106.9, 64.1,43.2, 34.1
Anal. Caled. for C;H 6N2O; (220.27): C, 65.43, H, 7.32.

Found: C, 65.12; H, 7.44.

4-(6-Bromopyridin-2-yl)morpholine (53)

Yield: 78%, m.p. 55-56 °C. '
'H-NMR (CDCls, 300 MHz): § 7.30 (dd, 1H, J = 8.1; 7.5 Hz), 6.78 (d, 1H,J=17.5

Hz), 6.50 (d, 1H, J = 8.1 Hz), 3.79 (t, 4H, J = 4.9 Hz), 3.49 (1, 4H, J = 4.9 Hz). '-

3C-NMR (CDCl;, 75 MHz): 8 158.8 , 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 (54)
Yield: 62%, m.p. 99-100 °C. |
IR (Nujol): vinax 2966, 1588, 1552, 1491, 1440, 1342, 1245 cm™

'H-NMR (CDCL): & 7.24 (dd, 1H, J = 8.4; 7.4 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= 5.5 Hz), 1.73 (t, 4H, J = 5.5 Hz).

BC.NMR (CDCLy): § 158.39, 139.9, 139.3, 115.2, 104.6, 64.1, 42.9, 34.1,
Anal. Calcd. For Cj;H;sBrN2O, (299.17): C, 48.18; H, 5.05. |

Found: C, 48.02; H, 5.38.

2-Bromo-6-pyrrolidin-1-yl-pyridine (55)
Yield : 91%, m.p. R-80 %™
IR (Nujol): vmax 2976, 1603, 1537, 1496, 1388 cm™!

'H-NMR (CDCls, 300 MHz): §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)
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3C-NMR (CDCls, 75 MHz): & 157.1, 140.3, 138.6, 113.7, 104.4, 46.7, 25.3.

4-Pyridin-3-yl-morpholine (56)'%

Yield: 48%, liquid
IR (neat): vmax 2966, 1665, 1583, 1496, 1455, 1352, 1255 cm’™

'H-NMR (CDCly): & 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).

3C-NMR (CDCLy): § 146.7, 140.8, 138, 123.4, 122, 66.6, 51.8.

4-(5-Bromopyridin-2-yl)morpholine (57)
Yield: 92%, m.p. 84-85 °C.
IR (Nujol): Ve 2966, 1588, 1547, 1475, 1388, 1312, 1235 cm™.

'"H-NMR (CDCls, 300 MHz): § 8.20 (s, 1H), 7.55 (dd, 1H, J=6; 3 Hz), 6.52 (d, 1H,
J=8Hz), 3.81 (t, 4H,J =6 Hz), 3.46 (1, 4H, /=6 Hz)

*C-NMR (CDCls, 75 MHz): 6 157.4, 148.5, 139.7, 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 (58)
Yield: 73%, m.p. 83-84 °C.

IR (Nujol): vimax 2960, 1588, 1486, 1404, 1363, 1245 cm’

'H-NMR (CDCls): 8 8.16 (d, 1H, J = 2.4 Hz), 7.50 (dd, 1H, J= 8.9, 2.4 Hz),

6.57 (d, 1H, J = 8.9 Hz), 3.99 (s, 4H), 3.65 (t, 4H, J= 5.5 Hz), 1.75 (t, 4H, J = 5.5
Hz).

3C-NMR (CDCl3): 8 157, 148.4, 139.6, 108.4, 107.3, 64.3,43.5, 34.2.
4-Morpholin-4-yl-isoquinoline (59)

Yield: 86%, m.p. 134-136 °C.
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'H-NMR (CDCls. 300 MHz): & 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), 3.16 (t, 4H, J= 4.4
Hz)

13C-NMR (CDCls, 75 MHz): & 148.1, 143.1, 132.6, 131.3, 129.8, 129.2, 128.0, 127.2,
122.4, 67.2, 53.1.

4-Pyrrolidin-1-yl-isoquinoline (60)

Yield: 90%, liquid.

IR (neat): vimax 2960,1629,1578, 1501, 1409, 1342, 1255 cm’

'H-NMR (CDCls, 300 MHzZ): & 8.76 (s, 1H), 8.14 (d, 1H, J = 8.7 Hz), 8,02 (s, 1H),
7.86 (d, 1H, J = 7.6 Hz), 7.60-7.49 (m, 2H), 3.45 (t, 4H, J = 6.5 Hz), 1.9 (t, 4H, J =
6.5 Hz).

3C-NMR(CDCls, 75MHz):5 144.1, 141.3, 129.5, 129.2, 128.4, 128.0, 127.5, 126.5,

123.8, 52.1, 25.1.

3-Morpholin-4-yl-quinoline (61) |

Yield: 78%, m.p. 91-92 °C

IR (Nujol): Vimax 2960, 1603, 1496, 1455, 1388, 1271, 1224 cin™ _
'H-NMR (CDCl, 300 MHz): & 8.79 (d, 1H, J=2.5 Hz), 8.00 (d, 1H, J=-8 Hz), 7.69
d, 1H,J=8Hz),7.53 (m, 2H), 7.34 (d, 1H, J=25 Hz), 3.93 (t, 4H, J = 4.8 Hz),
3.28 (t, 4H, J = 4.8 Hz).

C-NMR (CDCls, 75 MHz): & 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-yi-amine (62

Yield: 68%, m.p. 118-119 °C

IR (Nujol): vinax 3232, 3053, 2930, 1609, 1542, 1486, 1393, 1363, 1240 cm™

'H-.NMR (CDCls, 300 MHz): 5 8.37 (d, 1H, J = 2.7 Hz), 7.93-7.90 (m, 1H), 7.60-7.55
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(m, 1H).7.44-7.30 (m. 2H), 6.96 (d, 1H, J = 2.7 Hz), 3.97 (br.s, 1H), 3.33 (m, 1H).
2.11-2.06 (m, 2H), 1.81-1.64 (m, 2H), 1.43-1.18 (m, 6H).

3C.NMR (CDCls, 75 MHz): 8 143.5, 141.7, 140.6, 129.5, 128.8, 126.7, 125.6, 124.4,

109.9, 51.4, 32.8, 25.7, 24.8.



61

I-A.4: References

1. D’Aproano, G.; Schiavon, G.; Zotti, G.; Leclerc, M. Chem. Mater. 1995, 7, 33.

2. Loutfy, R.O.; Hsiao, C. K.; Kazmaier, P. M. Photogr. Sci. Eng. 1983, 27, 5.

3.

Negwer, M. Organic-Chemical Drugs and their Synonyms (an international

survey); 7th ed.; Akademie Verlag GmbH: Berlin, 1994.

4. Gupton, J. T.; Tarrant, J. G.; Yu, R. H.; Solarz, T. L. Synth. Commun. 1992, 22,

3205.

5. Grundfeld, N.; Stanton, J. L.; Yuan, A. M.; Ebetino, F. H.; Browne, L. J. Gude, C.;

Huebner, C. F. J. Med. Chem. 1983, 26, 1277.

6. LaMontagne, M. P.; Blumbergs, P.; Smith, D. C. J. Med. Chem. 1989, 32, 1728.

7. Wender, P. A_; Zercher, C. K. J. Am. Chem. Soc. 1991, 113,2311.

8. Carmeli, S.; Moore, R. E.; Patterson, G. M. L. J. Am. Chem. Soc. 1990, 112, 8195.

9.

10.

11.

12.

13.

14.

Queener, S. F.; Bartlett, M. S.; Nasar, M.; Smith, J. W. Antimicrob. Agents
Chemother. 1993, 37,2166. ' '

Buﬁin, B A Ellman, J. A. J. Am. Chem. Soc. 1992, 114, 10997.

(a) Salas, M.; Alvarez, M.; Joule, J. A. Heterocycles 1991, 32, 759; Heterocycles
1991, 32, 1391. (b) Peat, A. J.; Buchwald; S. L. J. Am. Chem. So_c. 1996, 118,

1028 and references cited therein.
.S.tierle, D.B,; Faullmer, D. T 1 Nat Prod 1991, 54, 1131,

Radisky, D. C.; Radisky, E. S.; Barrows, L. R.; Copp, B. R.; Kramer, R. A
Ireland, C. M. J. Am. Chem. Soc. 1993, 115, 1632.

(a) Perry. N. B.: Blunt. T W - McComhe T D Munro, M. H. G. J Org. Che»
1986, 51, 5476. (b) Perry, N. B.; Blunt, J. W.; Murno, M. H. G. Tetrahedron
1988, 44, 1727. (c) Perry, N. B.; Blunt, J. W.; Murno, M. H. G.; Higa, T.; Sakai,
R.J. Org. Chem. 1988, 53, 4127



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

62

. (a) Sakem, S.; Sun, H. H.; Jefford, C. W.; Bernardinelli, G. Terranedron Lermn.

1989, 30, 2517. (b) Barrows, L. R.; Radisky, D. C.; Copp, B. R.; Swaffar, D. S;
Kramer, R. A.; Warters, R. L.; Ireland, C. M. Anti-Cancer Drug Des. 1993, 8,
333. '

Sun, H. H.; Sakemi, S.; Burres, N.; McCarthy, P. J. Org. Chem. 1990, 55, 4964.

() Kobayashi, J.; Cheng, J.-F.; Ishibashi, M.; Nakamura, H.; Ohizumi, Y.; Hirata,
Y.; Sasaki, T.; Lu, H.; Clardy, J. Tetrahedron Lett. 1987, 28, 4939. (b) Cheng, J.-
F.; Ohizumi, Y.; Walchli, M. R.; Nakamura, H.; Hirata, Y.; Sasaki, T.; Kobayashi,
J.J. Org. Chem. 1988, 53, 4621.

Montgomary, J. A.; Secrist, J. A. In Comprehensive Heterocyclic Chemistry,
Katrizky, A. R.; C. W.; Potts, K. T., Eds.; Pergamon: Oxfotd, 1984; Vol. 1, p. 145.

Broekkamp, C. L. E.; Leysen, D. B.; Peeters, W. M. M.; Pinder, R. M. J. Med
Chem. 1995, 38, 4615.

(a) Huang, W.-S.; Humphrey, B. D.; MacDiarmid, A. G. J. Chem. Soc., Faraday
Trans. 1 1986, 82, 2385. (b) Chen, S.-A.; Fang, W.-G. Macromolecules 1991, 24,
1242. (c) Chiang, J.-C.; MacDiarmid, A. G. Synth. Met. 1986, 13, 193.

MacDiarmid, A. G.; My, S.-L.; Somasiri, N. L. D.; Wu, W. _Mol.‘ Cryst. Lig. Cryst.
1985, 121, 187. '

(a) Taka, T. Synth. Met. 1991, 41, 1177. (b) Colaneri, N. F, Shacklette, L. W.
IEEE Trans. Instrum. Meas. 1992, 41, 291. (c) Joo, J.; Epstein, A. J. Appl. Phys.
Lett. 1994, 65,2278. ‘

(a) DeBerry, D. W. J Electrochem. Soc. 1985, 132, 1022, (b) Ahmad, N.;
MacDiarmid, A. G. Synth. Met. 1996, 78, 103. (c) Lu, W.-K.; Elsenbaumer, R. L.;
Wessling, B. Synth. Met. 1995, 71, 2163. '

(a) Ly, F. L.; Wudl, F.; Nowak, M.; Heeger, A. J. J. Am. Chem. Soc. 1986, 108,
8311. (b) Wudl, F.; Ang., 2 C, J0n; LG, ©. L., Allemand, P. M.; Vachon, 2. 7.,

Nowak, M.; Liu, Z. X.; Heeger, A. J. J. Am. Chem. Soc. 1987, 109, 3677.
Singer, R. A.; Sadighi, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 213.

Wienk, M. M.; Janssen, R. A. J. Chem. Commun. 1996, 267.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

. 40.

41.

42.

43.

44,

45.

63

. Stickley, K. R.; Selby, T. D.; Biackstock, S. C. J. Org. Chem. 1997, 62, 448.

Ishikawa, M.; Kawai, M.; Ohsawa, Y. Synth. Met. 1995, 40, 231.
Tanaka, H.; Tokito, S.; Taga, Y.; Okada, A. Chem. Commun. 1996, 2175.

Kuwabara, Y.; Ogawa, H.; Inada, H.; Noma, N.; Shirota, Y. Adv. Mater. 1994, 6,
677.

Shirota, Y.; Kobata, T.; Noma, N. Chem. Lett. 1989, 1145.

Naito, K.; Miura, A. J. Phys. Chem. 1993, 97, 6240.

Bauld, N. L.; Bellville, D. J.; Harirchian, B.; Lorenz, K. T.; Raul, A.; Pabon, J.; - -

Reynolds, D. W.; Wirth, D. D.; Chiou, H.-S; Marsh, B. K. Acc. Chem. Res. 1987,
20, 371.

Schmidt, W.; Steckhan, E. Chem. Ber. 1980, 113, 577.
Steckhan, E. Top. Curr. Chem. 1987, 142, 1.

Dapperheld, S.; Steckhan, E.; Brinkhaus, K.-H.; Esch, T. Chem. Ber. 1991, 124,
2557. ‘

Kélkaf, A. A.; Patil, N. M.; Chaudhari, R. V. Tetrahedron Lett. 2002, 43, 7143.
Steglich, W..; Hofle, G. Angew. Chem., Int. Ed. Engl. 1969, 8, 981. |

Hofle, G.; Steglich, W. Synthesfs 1972, 619.

Kempe, R.; Amndt, P. Inorg. Chem. 1996, 35, 2644.

Nagao, N.; Mukaida, M.; Tachiyashiki, S.; Mizumachi, K. Bull. Chem. Soc. Jpn.
1994, 67, 1802.

Maekawa, M.; Munakata, M.; Sow, T. K.; Hachiya, K. Inorg. Chem. Acta. 1994,
227, 137. '

Ranninger, M. C. N. Acta. Crystallogr. 1985, C41, 21
Alvila, L.; Pakkanen, T. A. J. Mol. Catal. 1993, 84, 145.

Sathyamoorthi, G.; Soong, M. L ;-Ross, T. W.; Boyer, J. H. Heteroatom. Chem.
1993, 4, 603.



46.

47.

48.

49.

64

Araki, K.; Mutai, T.; Shigemitsu, Y.; Yamada, M.; Nakajima, T.; Kuroda, S.;
Shimao, I. J. Chem. Soc., Perkin Trans. 2 1996, 613.

Lechat, P.; Tesleff, S.; Bownan, W. C. Aminopyridines and Similarly Acting
Drugs; Pergamon Press; Oxford, NY, 1982.

(a) Smith, B. M.; March, J. Advanced Organic Chemistry; 5th ed.; John Wiley &
Son: New York, 2001; pp. 850-893. (b) Mitchell, H.; Lablanc, Y. J. Org. Chem.
1994, 59, 682. (c) ten.Hoeve, W, Kruse, C. G.; Luteyn, J” M.; Thiecke, J. R. G.;
Wynberg, H. J. Org. Chem. 1993, 58, 5101. (d) Banfi, A.; Bartoletti, M. Bellora,
E.; Bignotti, M.; Turconi, M. Synthesis 1994, 777. (e) Finet, J. _P.;' Khamsi, J.; -
Barton, D. H. R Tetrahedron Lett. 1986, 27, 3615. -

For monographs, see Olah, G.; Malhotra; Narang Nitration: Methods and
Mechanisms; VCH: New York, 1989; Schofield Aromatic Nitration, Cambridge
University Press: Cambridge, 1980; Hoggett; Moodie; Penton; Schofield Nitration
and Aromatic Reactivity; Cambridge University Press: Cambridge, pp. 122-145,
163-220. For reviews, see Weaver, in Feuer Chemistry of the Nitro and Nitroso
Groups, pt. 2; Wiley: New York, 1970, pp. 1-48; de la Mare; Ridd Aromatic
Substitution-Nitration and Halogenation; Academic Press: New York, 1959, pp.
48-93. For fnbnographs, see Taylor Electrophilic Aromatic Substitution; Wiley:
NeW York, 1990; Katritzky; Taylor Electrophilic Substitution :of Heterocycles:
Quantitative Aspects (Vol. 47 of Adv. Heterocycl. Chem.); Academic Press: New
York, 1990. For a review, see Taylor, in Bamford; Tipper Compreheﬁsive
Chemical Kinetics, vol. 13; Elsevier: New Y(/)rk,; 1972, pp.1-406. For a review of
side reactions, see Suzuki Synthesis 1977, 217-238. .

50. Uemura, S; Toshirnitéu, A; Okano, M. J. Chem. Soc., Perkin. Trans. 1 1978, 1076.

51. Radner Acta. Chem. Scand., Ser. B 1983, 37, 65

52. For a review of N,Os see Fischer, in Feuer; Nielsen Nitro Compounds, Recent

Advances in Synthesis and Chemistry, VCH: New York, 1990, pp. 267-385.

53. Olah, G. A.; Kuhn, S. J. J. Am. Chem. Soc. 1962, 84, 3684. These have also been

used together with crown ethers: Masci, B. J. Chem. Soc., Chem. Commun.

1982, 1262, J. Org. Chem. 1985, 50, 4081. For a review of nitronium salts in



65

organic chemistry, see Guk; Ilyushin; Golod; Gidaspov Russ. Chem. Rev. 1983,
52,284-297.

54. For reviews of clay-supported nitrates, see Cornelis; Laszlo Synthesis 1985, 909-
918. Laszlo Acc. Chem. Res. 1986, 121-127. Laszlo; Cornelis Aldrichimica Acta
1988, 21, 97-103.

55. For reviews, see Rylander Hydrogenation Methods; Academic Press: New York,

1985, pp. 104-116, Catalytic Hydrogenation over Platinum Metals; Academic
Press: New York, 1967, pp. 168-202.

56. For a list of reagents, with references, see Larock Comprehensive Organic
Transformations; VCH: New York, 1989, pp. 411-415

57. An explosion has been reported with o-chloronitro compounds: Rondestvedt;
Johnson Synthesis 1977, 851. For a review of the use of hydrazine, see Furst, A.;
Berlo, R. C.; Hooton, S. Chem. Rev. 1965, 65, 51-68, pp. 52-60. See also Yuste,
F.; Saldana, M.; Walls,. F. Tetrahedron Lett. 1982, 23, 147, Adger, B. A.;
Young, R. G. Tetrahedron Lett. 1984, 25, 5219, '

58. Ho; Wong Synthesis 1974, 45. see also George; Chandrasekaran Synth. Commun.
1983, 13, 495. -

59. Sarmah, P; Barua, N. C. Tetrahedron Lett. 1990, 31, 4065.

60. Entwistle, L. D.; Jackson, A. L.; Johnstone, R. A. W.; Telford, R.-P. J. Chem. Soc.,
Perkin Trans. 1 1977, 443. See also Terpko; M. O.; Heck, R. F. J. Org. Chem.
1980, 45, 4992; Babler; Sarussi Synth. Commun. 1981, 11, 925.

61. See, for examplé, 4Hanaya, K.; Muramatsu, T.; Kudo, H; Chow, Y. L. J. Chem.
Soc., Perkin Trans. 1 1979, 2409; Ono; Sasaki; Yaginuma Chem. Ind. (London)
1983, 480; Osby, J. O.; Ganem, B. Tetrahedron Lett. 1985, 26, 6413; Petrini;
Ballini; Rosini Synthesis 1987, 713; He; Zhao; Pan; Wang Synth. Commun.
1989, 19, 3047.

62. Ram, S.; Ehrenkaufer, R. E. Tetrahedron Lett. 1984, 25, 3415.

63. Barrett, A. G. M.; Spilling, C. D. Tetrahedron Lett. 1988, 29, 5733.



66

64. (a) Matsunaga, H.; Ishizuka, T.; Marubayashi, N.; Kunieda, T. Chem. Pharm.

Bull. 1992, 40, 1077. (b) Evans, D. A.; Britton, T. C.; Dorow, R. L.; Dellaria, J.
F., Jr. Tetrahedron 1988, 44, 5525. (c¢) Gennari, C.; Colombo, L.; Bertolini, G.
J. Am. Chem. Soc. 1986, 108, 6394. (d) Evans, D. A.; Britton, T. C.; Dorow, R.
L.; Dellaria, J. F. J. Am. Chem. Soc. 1986, 108, 6395. (e) Trimble, L. A;
Vederas, J. C. J. Am. Chem. Soc. 1986, 108, 6397.

65.(a) -Leblanc, Y.; Labelle, M. In Cycloaddition Reactions in Carbohydrate

66.
67.
68.

- 69.

70.

71.

72.

Chemistry, Giuliano, R. M., Ed.; ACS Symposium Series 494, American
Chemical Society: Washington,D.C., 1992; pp. 81-86. (b) Grondin, R.; Leblanc,
Y.; Hoogsteen, K. Tetrahedron Lett. 1991, 32, 5021. (c¢) Leblanc Y.;
Fitzsimmons, B.J. Tetrahedron Lett. 1989, 30, 2889. (d) Leblanc, Y.; -
Fitzsimmons, B. J.; Springer, J. P.; Rokach, J. J. Am. Chem. Soc. 1989, 111,
2995. (e) Fitzsimmons, B. J.; Leblanc, Y.; Chan, N.; Rokach, J. J Arﬁ. Chem.
Soc. 1988, 110, 5229. (f) Fitzsaimmons, B. J.; Leblanc, Y.; Rokach, J. J. 4m.:
Chem. Soc. 1987, 109, 285. | o

Leblanc, Y.; Zamboni, R.; Bernstein, M. A. J.‘ Org. Chem. 1991, 56, 1971.

(a) Scaﬁozzi, M.; Grondin, R.; Leblanc, Y. Tetrahedron Létt. 1992, 33,5717.
(b) Vedejs, E.; Meier, G. P. Tetrahedron Lett. 1979, 20, 4185."

Demers, J. P.; Kaubert, D. H. Tetrahedron Lett. 1987, 28, 4933.
Zaltgendler, 1.; Leblanc, Y.; Bernstein, M. A Tetrahedron Lett. 1993, 34,
2441.

(a) Henry, K. J.; Grieco, P. A.; Jagoe. C.T. Tetrahedron Lett. 1992, 33,

1817. (b) Grieco, P.A.; Clark, J. D.; Jagoe, C. T. J. Am. Chem. Soc. 1991,

113, 5488. ( c) Grieco, P.A.; Nunes , J. J.; Gaul, M. D. J. A4m. Chem.

Soc. 1990, 112, 4595 (d) Prnlrar V- Buckbelz D F I Am. Chem.

Soc. 1970, 92, 2075.

Beck, J. R. Tetrahedron 1978, 34, 2057. |

Pietra, F.; Vitali, D. J. Chem. Soc.. Perkin Trans. 2 1972, 385.



67

73. Parker, R. E.; Read, T. O.; J. Chem. Soc. 1962, 9; 3149.
74. Strauss, M. J.; Taylor, P. B.; Reznick, A. J. Org. Chem. 1972, 37, 3076.

75. Benedetti, F.; Marshall, D. R.; Stirling, J. M.; Leng, J. L.; J. Chem. Soc.,
Chem. Commun. 1982; 918. A

76. (a) Consiglio, G.; Noto, R.; Arnone, C.; Spinelli, D. J. Chem. Res. (S) 1980,
274. (b) Consiglio, G.; Dell’Erba, C.; Noto, R.; Spinelli, D. J. Chem.
Res. (S) 1980, 260.

77. (a) Novi, M.; Guanti, G.; Thea, S.; Sancassan, F.; Calabro, D. Tetrahedron

1979, 35, 1783. (b) Guanti, G.; Petrillo, G.; Thea, S. Tetrahedron 1982,
38, 505.

78. ‘Bazzano, F.; Mencarelli, P.; Stegel, F. J. Org. Chem. 1984, 49, 237.5..

79. Mencarelli, P.; Stegel, F. J. Chem. Res. (S) 1984, 18.

80. (a) Heaton, A.; Hunt, A. J. Chem. Soc., Perkin Trans. 1 1978, 1204.

(b) Heaton, A.; Hill, M. G.; Drakesmith, F. G. J. Chem. Soc., Perkin Tr;ans.
21985, 1275.

81. (a)Bunnett, J. F.; Garst, R. H. J. 4m. | Chem. Soc. 1965, 87, 3875.
(b)'Bunnett , J. F.; Bernasconi, C. F. J. Am. Chem. Soc. 1965, 87, 5209.(c )
Bunnett, J. F.; Garst, R. H., J. Org. Chem. 1968, 33, 2320. (d) Bunnett, J.F;
Randall, J. J. J. Am. Chem. Soc. 1958, 80, 6020. (¢) Bernasconi, C. F. MTP
Int. Rev. Sci., Org. Chem. Ser. One, 1973, 3, 33. (f) Nudelmaﬁ, N. S. 4n.
Acad. Nac. Cienc. Exact., Fis. Nat. (Buenos Aires), 1980, 32, 109..

82. Cattana, R. I; Singh, J. O.; Anunziata, J. D.; Silber, J. J. J. Chem. Soc.,
Perkin Trans. 2 1987, 79.

83. Bergstrom, F. W.; Wright, R. E.; Chandler, C.; Gilkey, W. A. J. Org.
Chem. 1936, 1, 170

84. a) Huisgen, R.; Rist, H. Naturwissenschaften 1954, 41, 358.

b.) Roberts, J."D.; Simmozzs, H. E.; Carlsmith, L. A.; Vaughan, C. W. J.
Am. Chem. Soc. 1953, 75, 3290.



68

85. Scott, F. L.; Oesterling, R. E. J. Am. Chem. Soc. 1960, 82, 5284.
86. Levine, R.; Leake, W. W. Science 1955, 121, 780.

87. Bunnett, J. F.; Brotherton, T. K. J. Org. Chem. 1958, 23, 904.
88. Scardiglia, F.; Roberts, J. D. Tetrahedron 1958, 3, 19"7.

89. Heaney, H. Chem. Rev. 1962, 62, 81.

90. (a) Kim, J. K.; Bunnett, J. F. J. Am. Chem. Soc. 1970, 92, 7463. (b) Kim, J. K.;
Bunnett, J. F. J. Am. Chem. Soc. 1970, 92, 7464.

91. Roberts, J. D.; Semenow, D. A.; Simmons H. E., Jr.; Carlsmith, L. A. J.
Am. Chem. Soc. 1956, 78, 601.

92. For an alternative proposél, see Denney; Denney T etrahedron 1991, 47,6577.
93. Bunnett, J. F.; Kearley, F. L., Jr. J. Org. Chem. 1971, 36, 184. |

94. Bunnett, J. F. Acc. Chem. Res. 1978, 11, 413.

95. Saveant, J. M. Acc. Chem. Res. 1980, 13, 413.

96. Hoz, S.; Bunnett, J. F. J. Am. Chem. Soc. 1977, 99, 4960.

97. Scamehorn, R. G.; Bunnett, J. F. J. Org. Chem. 1977, 42, 1449.‘

98. (2) Ullmann, F. Ber. 1903, 36, 2382. (b) Ullmann , F.; Kipper, H., Ibid. -

1905, 38, 2120. (c) Ullmann, F.; Sponagel, P. Ibid. 1905, 38, 2211.;'
Annalen 1906, 350, 85.

99. Hager, F. D. Org. Synth. Col. Vol. I, 1948, 544.
100. Acheson, R. M. Acridines Interscience New York, 1956, p. 148.

101. For general reviews of Ullmann condensation chemistry, see: Lindley, J.

Tetrahedron 1984, 40, 1433.
102. Weingarten, H. J. Org. Che= 1044 20 077
103. Bacon, R. G. R.; Maitland, D. J. J. Chem. Soc. (C) 1970, 1973.
104. Tuong, T. D.; Hida, M. Bull. Chem. Soc. Jpn. 1970, 43, 1763.

105. Tuong, T. D.; Hida, M. J. Chem. Soc.. Perkin Trans. 2 1974, 674.



69

106. Tuong, T. D.; Hida, M. Buil. Chem. Soc. Jpn. 1971, 44, 765.

107. Arai, S.; Hida, M.; Yamagishi, T.; Otatake, S. Bull. Chem. Soc. Jpn. .

108

109

110

111.
112.
113.

114.

115.
116.

117.

118.
. 119,

- 120.

121.

122.

124

125

1977, 50, 2982.
. Arai, S.; Hida, M.; Yamagishi, T.; Otatake, S. Bull. Chem. Soc. Jpn.
1977, 50, 547.
. Arai, S.; Hida, M.; Yamagishi, T. Bull. Chem. Soc. Jpn. 1978, 51, 277.
. Arai, S.; Tanaka, A.; Hida, M. Bull. Chem. Soc. Jpn 1979, 52, 1731.
Goldberg, 1. Ber. Dtsch. Chem. Ges. 1907, 40, 4541.
Yamamoto, T.; Kurata, Y. Can. J. Chem. 1983, 61, 86.
Goodbrand, H. B.; Hu, N-X J. Org. Chem. 1999, 64, 670.
Fagan, R. D.; Hauptman, Ei; Shaprio, R.; Casalnuovo, A. J. Am. Chem.
Soc. 2000, 122, 5043.
Paine, A. J. Am. Chem. Soc. 1987, 109, 1496.
Gauthier, S.; Frechet, J. M. H. Synthesis 1987, 383.

Gujadhur,' R.;Venkataramén, D.; Kintig, J. T. Tetrahedron Lert. 2001, 42,
4791. |

Gujadhur, R. K.; Bates, C. G.; Venkataraman, D. Org. Lett. 2001, 3,4315.
Gujadhur, R.; Venkataraman, D. Synth. Commun. 2001, 31, 139.

Klapars, A.; Antilla, J.; Huang, X.; Buchwald, S. L. J Am. Chem. Soc.
2001,"123, 7727

Wolter, M.; Klapars, A.; Buchwald, S. L. Org. Lett. 2001, 3, 3803.
Yamada, K.; Kubo, T.; Tokuyama, H.; Fukuyama, T. Synlett 2002, 231.

. Kametani, T.; Ohsawa, T.; Ihara, M. Heterocycles 1980, 45, 277. |

. Job, G. E.; Buchwalid, S. L. Or.g. Lett. 2002, 4,3703.

. Kwong, F.Y; Klaper, A.; Buchwald, S. L. Org. Lett. 2002, 4, 581.



126.

127.

128.

129.

130.

131.

132.

133.
134.
135.
136.
137.
138.

139.

140.

141

142.

143.

144.

70

Ma. D.; Zhang, Y.; Yao, J.; Wu, S.; Tao, F. J. Am. Chem. Soc. 1998, 120,
12459.

Kiyomori, A.; Marcoux, J.-F.; Buchwald, S. L. Tetrahedron Lett. 1999, 40,
2637.

Sugahara, M.; Ukita, T. Chem. Pharm. Bull. 1997, 45, 719.

Wolfe, J. P.; Buchwald, S. L., Angew. Chem., Int. Ed. Engl. 1999, 38,
2413.

Bei, X.; Uno, T.; Norris, J.; Turner, H. W. Weinburg, W. H.; Guram, A. S;
Petersen, J. L. Organometallics 1999, 18, 1840. |

Bei, X.; Guram, A. S.; Turner, H. W.; Weinburg, W. H. Tetrahedron Lett.
1999, 40, 1237.

Old, D. W.; Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120,
9722.

Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc. 1998, 120, 7369.
Brenner, E.; Fort, Y. Tetrahedron Lett. 1998, 39, 5359.

Yamamofo, T.; Nishiyama, M.; Kole, Y. Tetrahedron Lett. 1998, 39,2367.
Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119, 6054.

Riemeir, T. H.; Zapf, A.; Beller, M. Top. Catal. 1997, 4301.

Reddy, N. P.; Tanaka, M. Tetrahedron Lett. 1997, 38, 4807.

Stauffer, S. R.; Lee, S.; Stambuli, J. P.; Haﬁck, S. L.; Hartwig, J. F. Org. Lett.
2000, 2, 1423, '

Hattori, T.; Sakamoto, J.; Hayashizaka, N.; Miyano, S. Synthesis 1994, 199.

Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F. Buchwald, S. L. Acc. Chem. Res.
1998, 3., 805. ’

Hartwig, J. F. Acc. Chem. Res. 1998, 31, 852.
Hartwig, J. . Angew. Chem., Int. Ed. Engl. 1998, 37, 2046.

Hartwig, J. F. Synlert. 1997, 329.



145.
146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.
162.

163.

71

Yang, B. H.; Buchwald, S. L. J. Organomet. Chem. 1999, 576, 125.
Belfield, A. J.; Brown, G. R.; Foubister, A. J.A Tetrahedron 1999, 55, 11399.
Nishiyama, M.; Yamamoto, T.; Koie, Y. Tetrahedron Lett. 1998, 39, 617.

Hartwig, J. F. Kawatsura, M.; Hauck, S. L; Shanghunessy, K. A.; Alcazar-
Roman, L. M. J. Org. Chem. 1999, 64, 5575.

Marcoux, J. F.; Wagaw, S.;Buchwald, S. L. J. Org. Chem. 1997, 62, 1568.

Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald, S. L. J. Org.
Chem. 2000, 65, 1158 and references therein.

Bei, X.; Uno, T.; Norris, J.; Tumner, H. W, Weinberg, W. H.; Guram, A. S.
Organometallics 1999, 18, 1840.

Huang, J.; Grasa, G. A.; Nolan, S. P. Org. Lett. 1999, 1, 1307.

Grasa, G. A.; Viciu, M. S.; Huang, J.; Nolan, S. P. J. Org. Chem. 2001, 66,
7729. '

Stauffer, S. R.; Lee, S.; Stambuli, J. P.; Hauck, S. L; Hartwig, J. F. Org. Lett:
2000, 2, 1423,

Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 7217. |

Wolfe, J. P.; Wagaw, S.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 7215.»
Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1144,

Wolfe, J. P.; Buchwald, S. L. T etrahec}ron Lett. 1997, 38, 6359.

Prasad, M.; Hu, B.; Lu, Y.; Draper, R.; Har, D.; Repi¢, O.; Blacklock, T. J. J.
Org. Chem. 2000, 65, 2612.

(a) Kosugi, M.; Kameyama, M; Migita, T. Chem. Lett. 1983, 927. (b) Kosugi,
M.; Kameyama, M; Sano, H.; Migita, T. Nippon Kagaku Kaishi 1985, 3, 547.

Gurani, A. S.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 7901.
Louie, J.; Hartwig, J. F. Tetrahedron Lett. 1995, 36, 3609.

Guram, A. S.; Rennels, R.W.; Buchwald, S. L. Angew. Chem. 1995, 107,
1456.; Angew. Chem., Int. Ed. Engl. 1995, 34, 1348.



72
164. Paul, F.: Patt, J.; Hartwig. J. F. J. An;. Chem. Soc. 1994, [16. 5969.
165. Paul, F.; Patt, J.; Hartwig, J. F. Organometallics 1995, 14, 3030.
166. Hartwig, J. F.; Paul, F. J. Am. Chem. Soc. 1995, 117, 5373.
167. Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117, 4708.
168. Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 1996, 61, 1133.

169. Wagaw, S.; Buchwald, S. L. J. Org. Chem. 1996, 61, 7240 and references cited

therein.

170. Hayashi, T.; Mise, T.; Fukushima, M, Kagotani, M.; . Nagashima, N.;
Hamada,Y.; Matsumoto, A.; Kawakami, S.; Konishi, M.; Yamamoto, K.;
Kumada, M. Bull. Chem. Soc. Jpn. 1980, 53, 1138.

171. Togpi, A.; Hausel, R. Synlett. 1990, 633.

172. Grushin, V. V.; Alper, H. Chem. Rev. 1.994, 94, 1047.

173. Urgaonkar, S.; Nzigarjun , M.; Verkadi, J. G. J. Org. Chem. 2003, 68, 452-.
174. Harris, M. C.; Geis, O.; Buchwald, S. L J. Org. Chem. 1999, 64, 6019  :
175. Prasad, M.; Mak, X. Y.; Liu, Y.; Repi¢, O. J. Org. Chem. 2003, 68, 1163.
176. Kerrigan, F.; Martin, C.; Thomas, G. H. Tetrahedron Lett. 1998, 39, 2219.

177. Beletskaya, I. P.; Bessmertnykh, A. G.; Guilard, R. Tetrahedron Lett. 1999, 40,
6393.

178. Willoughby, C. A.; Chapman, K. T.; /Tetrahedron Lett. 1996, 37, 7181.

'179. Ward, Y. D.; Farina, V. Tetrahedron Lett. 1996, 37, 6993.

180. Kanbara, T.; Honma, A.; Hasegawa, K. Chem. Lett. 1996, 1135.

181. Louie, J.; Hartwig, J. F. J. Am. Chem. Soc. 1997, 119, 11695.

182.Wolfe, J. P; Ahman. J.: Sadighi. J. P.: Singer, R. A.; Buchwald & L
Tetrahedron Lett. 1997, 38, 6367.

183. Mann, G.; Hartwig, J. F.; Driver, M. S.; Fernandez-Rivas, C. J. Am. Chem. Soc.
1998, /20, 827.

184. Rivas, F. M.; Riaz, U.; Driver, S. T. Tetrahedron: Assymmetry 2000, 11,1703,



185.
186.
187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

73

Parrot, L; Ritter, G.; Wermuth, C. G.; Hilbert, M. Synletr. 2002, 1123.
Weigand, K.; Pelka, S. Org. Lett. 2002, 4, 4689.
Parrish, C. A.; Buchwald, S. L. J. Org. Chem. 2001, 66, 3820.

Hong, Y. P.; Tanoury, G. J.; Wilkinson, H. S.; Bakela, R. P.Wald, S. A.;
Senanayake, C. H. Tefrahedron Lett. 1997, 38, 5663.

(a) Thayumananavan, S.; Barlow, S.; Marder, S. R. Chem. Mater, 1997, 9, 3231.
(b) Goodson, F. E.; Hartwig, J. F.Macromolecules 1998, 31, 1700; (c) Zhang,
X.-X.; Sadighi, J. P.; Mackewitz, T.W.; Buckwald. S. P.J. Am. Chem. Soc.
2000, 122, 7606.

(a) Contretas, J.M.; Parrot, I.; Sippl, W.; Rival, Y.; Wenmuth, C.G. J_._Med.'
Chem. 2001, 44, 2707. (b) Weimuth, C.G. J. Heterocycl. Chem. 1998, 35, 1091.

Basu, B.; Fred, T. Acta Chem. Scand. 1996, 66, 3820.

Luker, T.J.; Beaton, H.G.; Whiting, M.; Mete, A. ; Cheshire, D.R. Tetrahedron
Lett, 2000, 41, 7731.

(a) Blass, B.E.; Harris, C.I.; Portlock, D.E. Tetrahedron Lett. 2001, 42, 1611. (b)
Kabashima, H.; Tsuji, H.; Nakata, S.; Tanaka, Y.; Hattori, H. 4Appl. Cat. A
2000, 194. (c) Kabashima, H.; Tsuji, H.; Nakata, S.; Tanaka, Y, Hattori, H.O.
Appl. Cat. A 2000, 2227. (d) Yamawaki, J.; Kawate, T.; Audo, T. ; Hanatusa, T.
Bull. Chem. Soc. Jpn. 1983, 56, 1885.

Villemin, D.; Caillot, F. Tetrahedron Lett. 2001, 42, 639.

(a) Muzart, J.; Genet, J. P.; Denis, A. J.Organomet. Chem. 1987, 326, 623. (b)
Roy, O.; Riahi, A.; Henin, F.; Muzart, J. Tetrahedron 2000, 56, 8133.

Sasse, W. H. F. Org. Synth. Coll. Vol. 5, 102, (1973).

(a) Alloum, A. B.; Villenin, D. Synth. Commun. 1989, 19, 2567. (b)
Schmittiing, E. A., Sawyer, J. S. leiranedron Lett. 1991, 32, 7267, (c) Ciark, J.

J.; Cork, D. G.; Robertson, M.S. Chem. Lett. 1983, 1145.

Bishop, J. J.; Davison, A.; Katcher, D. W.; Lichtenbero, D. W.; Merril, R. E.;
Smart, J. C. J. Organomet. Chem. 1971, 27, 241.



74

Part —I: Section — B

I-B: KF-Alumina Mediated Palladium-Catalyzed C-C
Coupling Reaction: Synthesis of Polyaryls

I-B.1: Background, Objectives and Strategy

After the initial success of using KF supported on alumina in palladium-catalyzed
C-N bond-forming reactions, we became interested to explore its efficacy in C—C
bond forming reactions. Although our studies were primarily aimed at the
construction of C-N bonds, we extended our studies to C—C forming reaction also as
a further application of using'KF supported alumina surface. As mentioned in this
dissertation (Part-I Section-A) that KF-alumina has been reported' to ;hediate several
palladium-catalyzed C—C bond forming processes, such as Heck, Stille, Suzuki
coupling reactions,' . we wanted to extend the Suzuki coupling between
pol&haloaromticé with arylboronic acid so as to develop a convenient technique for

the synthesis of polyaromatic hydrocarbons (PAH).
I-B.1.1: A Brief Introduction on PAH

Polycyclic aromatic hydrocarbons (PAH) constitute an enormously large family of
organic molecules of widely differing structures.” Biaryls and higher homologues
are an important class of conjugated polyaromatic compounds, ofiginating from
benzene as unique building blocks. On one side, multinuclear aromatics develop the
concept of aromaticity and supramolecular benzene chémistry. An excellent review
on the supramolecular benzene chemistry has been recently published by Mullen et
al.> On the other side, the PAH lead to wide applications in material and biological
sciences.® Polyaryls find several applications as liquid crystals,* l.aser-dye:s4b and
conducting poi'ﬁners.dc"l Tol exampie, e terphenyis (o-, m-, p-isomers) are usea
industrially as heat storage and transfer agents and as textile dye carriers whilst the

p-isomer has found application as a laser dye. 9,10-Diphenylanthracene (1) is used

as a fluorescer in a peroxyoxalate chemiluminescence system.’
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o-Terphenyl m-Terpheny! p-Terpheny) 9,10-Diphenylanthracene (1)

Polycyclic aromatic hydrocarbons (PAH) are well known as potential carcinogenic
compounds. However, it is also known that PAH are soluble in lipid;' can be
metabolized and can interact with cellular constituents such as proteins and nucleic
acids. It is widely accepted that metabolic activation of PAH is responsible for their
carcinogenic properties.”® Since they require metabolic activation, they . are
considered indirect acting carcinogens. While PAH are considered potentially
carcinogenic, substituted PAH derivatives, in contrast, may serve as anticancer
agents and as chemotherapeutics. In a recent article, Banik and Becker have made
clear that suitabiy substituted polycyclic aromatic compounds can inhibit cancer cell
growth e§en though there was a concept that these are only potential c'arcinogeﬁs.7
The polycyclic aromatic compounds provide the planar structure suifable to DNA
intercalation. Phenanthro[c]thiophenes with appropriate -substituents have been

shown to intercalate with calf thymus DNA specifically at the sites of A-T

sequence.®

In addition, biaryls and higher homologues are often present as subunits in
numerous biologically active natural products, pharmaceuticals and agrochemicals.’
Polyaromatics also possess original physical properties which could lead to
applications as organic conduciors or semiconductors.'® Last but not the ieast, di- or
triaromatic rings are the backbone of some of the most efficient and selective ligands
for asymmetric catalysis, especially when atropisometry is possible (such as BINAP

or Binaphthylamine). A few structures of the natural products incorporating biaryls

and higher homologues are mentioned below:
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Biaryl system in lignans®

Semivioxanthin®d.e ‘ Biphen'omycin12 NH,

Research on PAH and their derivatives are still receiving attention from syrithetié
organic chemists, medicinal chemists and biologists. The development of new and
-convenient synthetic methods for aryl-aryl bond formation has been of considerable -
interests to organic chemists for many years. An excellent review has been published

very recently."

A variety of methods are available for the synthesis of biaryls via coupling of
benzene rings promoted by different reagents.'>'* Transition metal-catafyzed aryl-
aryl bond formation is one of the most important tools for preparing biaryls and

higher homolouges. The transition metal-catalyzed cross-coupling of Grignafd

14b,c 14d

reagents with dihalobenzenes and other methods™® produce the desired

terphenyls in poor yields. Kumada and coworkers reported selective monoarylation
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of aromatic dihalides with Grignard and organozinc reagents in palladium-catalyzed

Br PhMgBr ‘
: Pd(PPhj)
PhzZnCl Br

~Br

reactions.'*

60-61%

Morrow et al.'” reported an alternative reaction of aryl quinone derivatives with the
Grignard reagents and subsequent reductive aromatization of the Grignard édduct'
(2) with triethylsilane could lead to the formation of p-terphenyls. Such two-step
procedure requires suitable aryl quinone derivatives, which are not ease accessible

compounds.

PhMgCI

(2)

‘NaH/THF
CS,, CHyl

'/\/X

p-Terphenyl

Nakada and coworkers reportea wat terpnenyis can be prepared by photoreacuon o1
polyhalobenzenes.'* Such formation of terphenyls is, however, accompanied by

monohalobiphenyls and dehalogenated products.
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r Ph Br
Br  — @Ph + @»Ph + ©

Conditions: 32 W low-pressure Hg are lamp under N, atm at 25 °C

The Pschorr reaction and the Ullmann reaction have long been employed by
chemists to generate a C—C bond between two aromatic nuclei.'® The Pschorr
reaction involves the intramolecular substitution of arenas by aryl radicals that are’
generated by the reduction of arene diazonium salts with copper (I) ion. On the other
hand, the Ullmann reaction involves coupling between two aryl halides in presence
of finely divided copper metal. Generally, the reactions require high temperaturé
(>200 °C) and are not effective for unsymmetrical coupling reactions. The
preparation of unsymmetrical biaryls has been made possible via Ullmann reaction,
which, however, requires an excess of the “activated” aryl. Several variants in terms -
of copper metal or copper salts either in stoichiometric amounts or as a catalyst, uses
of ligands, lowering the temperature and other reaction conditions have been
developed over the last two decades and a comprehensive review is available.>"’

Since the review articles describe most of the recent advancements in this area, the

details of aryl-aryl bond formation reactions need not be discussed here further.

o SR
i) Diazotization

if) Cux

- Pschorr Reaction

- ‘
N

NH,
Cl + |

@ ‘O i———» / \ / \ Ulimann Reaction
N —N =N =N

2,3/-Bipyridyl
42%
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Most of the classical methods are often complicated by harsh reaction conditions,
lack of selectivity and generality, or the requirement of expensive reagents.
Moreover, many of the methods are not being recognized from the viewpoint of
green chemistry. Recent literature reports confirm that pallladium-catalyzed Suzuki
coupling reactions of aryl halides with aryl boronic acids (or esters) have become
convenient and widely used synthetic methods for regioselective aryl-aryl bond
formation.'>'*!® The reasons are manifold: ease of access of the organoboronic
species, broad range of functional group tolerénce, low foxicity of the inérganic_
residues, especially compared to tin-containing compounds etc. Several recent
reviews described the use of Suzuki methodology, espeéially one by Suzuki himself
— in 1995."%® The mechanism of the Suzuki reaction is commonly depiéted as a
general catalytic cycle involving oxidative addition—transmetallation—reductive
elimination éequences (Scheme 1). In this case, oxidative addition is often the rate-

limiting step.'8®

Scheme 1

R—R Y Pd(0) RX.

R—Pd—R R—Pd—X

e

RM

However, although the Suzuki coupling reaction is one of the most useful methods
yet developed for the syntheses of both symmetrical and unsymmetriéal biaryls,
there are still improvements and further applications that could be made to render it
more effective. The recent literature shows a vast number of studies on Suzuki
reaction parameters iﬁcluding its ample applications after the first report by Suzuki
et al. in 1981. Surprisingly, little attempt has been made to investigate consecutive
cross-couplings in a one-pot reaction. A few sporadic examples of bis-Suzuki

13.19 and therefore much new research should be

couplings are known in the literature
extended towards the scope and the amelioration of the economical and ecological

parameters of the Suzuki reaction.
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A few examples on bis-Suzuki coupling are given below:

Br _ O Ar
OMOM ArB(OH),/Pd(PPh3), OMOM
OMOM Na,CO4-DMF OMOM
Br Ar
(Ref.13b)
. / S
NG Br. - \ Pd(PPhy)f/Na,CO;  NC ~=
+ 2 @\B(OH)Z toluene/THF, 90 °C - j
N Br S 18h NC = Ng
Te—
: , - (Ref.3a,c,d)
CO,H _ o ' .
0] O
\B B /
Br Br + " \
. O o
 COoMH
Pd[P(C6H5)2(m-06H4SO3Na)]3/
H,0, 30% DMF, NaHCO,4
85°C,10h
(Ref.13e)’
M.W 50,000 (approx) g/mol [Determined by polyamide gel electrophoresis
Pd(PPh3)4
e O B OO0
Br Br + (HO),B —_—
DME-H,0 (3: 2)
I : 80°C " .
Cy*RUOTY CpRuOTH

(Ref.13f)
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One cxamﬁle of Multi-Suzuki Coupling in one-pot

Pd(PPhs),
. KzCOs
+ 8ArB(OH)y, ————»
toluene, 90 °C
7 days
Ar = 2,4,6-Me,CgHa ' Ar Yield (%)
p-CFPh 78 (Ref. 13a,19)

p-ClPh - 88

We envisaged that a multi-Suzuki coupling of di-, tri- or tetra-haloaromatics with
aryl boronic acids could lead to terphenyls and higher homoldgue_s in a one-pot
reaction. Kabalka et al.?* and Villemin et al.! reported that Suzuki cross-coupling

reactions could be efficiently performed on the surface of KF-alumina with

microwave irradiation.

5 mol % Pd(OAc),

30 Wr1is5 m|n :

1.1 equiv : ' 98%
5 mol % Pd(OAc), - AN
QB ok, KFAO(gmmo) [
60 W/5 min
1.1 equiv
66%
Villemin et al.

5 mol % Pd(0)

HO\_ ﬂ Ow%KFAL, /N / \
b+ A 100°C. 4h -
HO” — ‘

No Solvent — =

88-98% Kabalka et al.
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I-B.2: Present Work: Results and Discussion

In conjunction with our interest in hetero cross-coupling reactions on KF-alumina
surfaces,?! we investigated microwave-assisted paliadium—catalyze coupling of
polyhaloaromatics with arylborlonic acids on KF-alumina and other inorganic oxides
(Scheme 2). In this part of the dissertaion, we report our results, which expand the
.scope of the Suzuki reaction on a solvent-free inorganic surface leading to the

synthesis of a large variety of polyaromatics.

Schieme 2 . ' - :
R KF-ALO,/ Pd(OAc), R ‘
oo O-som

_ MW '
n=23,4 X=Br,I R =H, OMe, OH, NH,

We initially focused our attention on the cross coupling of dibronioaromatics with
phenylboronic acids on KF-alumina using microwave irradiation. The application of
microwave in organic reactions is well documented and in many cases, a remarkable -
activity differences has been noticed.? Villemin et al.! employed mono-mode .
irradiation to effect palladium-catalyzed Heck, Stille, Trost-Tsuji ‘and Suzuki
coupling reactions promoted on a solvent-free surface of KF-alumina. As expected,
they obtained better yields of the biphenyl derivatives from aryl iodides as cémpared
to aryl bromides or chiorides. Palladium acetate was used as the precursor of the

catalyst.

As can be seen from the results presented in Table 1, the dibromobenzenes afforded
the corresponding terphenyls as the major products (entries 1-3). Varying amounts of
mono-substituted biaryls (15-20%) were detected on TLC, which could be easily
separated from the terphenyls by column chromatography. While comparing the
reaction rate between dibromo- and diiodoarenes (entries 2 and 4), the latter afforded
the corresponding terphenyl 6 in a slightly better yield. However, different conditions

were required to accomplish the desired bis-coupling.
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' B(OH),
X =Br; condmonA
+ X =|; condition B
X X - .

2.5 equiv
(6) X=Br 83%
X=1;88%

Conditions A: Pd(OAc), (4 mol %), KF-ALO; (1.5 g/mmol), 80 W/15 min; B: Pd(OAc), (4 mol %),
KF-AlLO; (1.5 g/mmol), 320 W/7 min. _

2,4-Dibromoanisole (10) and 4-bromo-2-iodoanisole (12) afforded the terphenyl (11)
in- almost comparable yields. Thus; no significant reactivity difference between .
bromo- and iodo- substituents was observed. Among the other dibromoarenes, 2,'6-
dibromopyridine (entry 7) and‘9,10-dibr0moénthracene (entry 10) yielded the desired
products (14) and (20) respectively, in excellent yields. The biphenyl systenis (entries
8 and 9) produced the corresponding products (16) and (18) in yields of 50-60%. In
‘the case of tribromoaromatics (entries 11-13), the corresponding tris-coupled
compounds (22), (24_) and (26) were isolated as the major products (Table 1). Small
amounts of mono- or bis-coupled products were detected by TLC. The 1,4-dibromo- _
2,5-diiodobenzeﬁe (27) yielded the tetraphenylbenzene (28) in 55% yield (entry 14). .

Villemin and co-workers obtained their best results on Suzuki couplings with aryl :_

iodides using mono-modemicrowave irradiation.' Our conditions using KF-alumina . -

(1 : 4) and irradiation from a domestic microwave oven, however, - enabled

polyarylations in good to-excellent yields.
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Table 1. Solid-supported [KF-Al,O;] polyarylations of polyhaloaromatics with phenyl

boronic-acid using catalytic Pd(OAc), under microwave irradiation. -

Entry  Haloaromatics Conditions Products * % Isolated
Power (W)/ Time Yield®
Br Q
©i 80 W/ 10 min O o8
Br .
(3 4) O
/O\B 80 W/ 15 min O 83
Br- r ' :
(5)
Br@—Br 160 W/ 15 min 63
(7)
/@\, -320 W/ 7 min 88
I 1 '
(9)
MeO \ _
80 W / 20 min 63
Br Br
(10)
MeO y
80 W/ 20 min 65
| “Br
(12)
X
| 160 W/ 10 min 91
Br- y\( Br
(13) (14)
R AN LN N J \
a—¢ N Br 400 W/5 min < >—< )—< >—< >53
(15) (16)

Continued.....
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Continued.......... , Table 1

Entry  Haloaromatics Conditions Products * % Isolated
Power (W)/ Time Yield ?

OO0
. BrBr 240 W /10 min

an

Br -
10. » 320 W/ 10 min
Br

(19)

Br- Br
1. 240 W /7 min
) Br . .

(21)

NH, .
. ‘Br: Br _
12. 240 W / 10 min
Br - : .

(23)

13. 240 W/ 10 min

(25)

I\’/\(Br
14, | , 320 W /7 min

Br N

(27)
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All the products gave satisfactory spectral data (‘H- and “C-NMR) and the unknoiwn
“compounds were compared with reported mps;’ Yields refer to the average from 2-3 runs.

The reaction of 1,4-dibromo-2,5-diiodobenzene with an excess of aryl Grignard
reagent gives p-terphenyl instead of 1,2,4,5-tetraarylbenzene (28). Hart and
coworkers” explained this experimental finding assuming the formation of 'benzyn_e

intermediate (29) (Scheme 3). On the other hand, reaction of '1,4-dibromo-2,5-

Scheme 3

i r Brivig
' + PhMgBf —— > : © '
BrM B P Br
: : ' phMger |
<
+ _ |

| BrM |

Ph g | @9
PhMgBr
—MgX;

P ‘ P MgBr
I " PhMgBr @ .
_“+> )
BrMg ' BrMg” Ph .

diiodobenzene with an excess of arylboronic acid using our conditions furnished (28) .-
in 55% yield (Scheme 4).

Scheme 4

Br KF-Al,03 (1.5 g / mmol)/
. 4 mol % Pd(OAc),
+ PhB(OH), >
Br l 300 W/7 min, 55%

5 equiv
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~ In order to test the effective role of KF-alumina, we also examined such poly-Suzuki
couplings on other inorganic surfaces (Table 2). The results were best on the surface
of KF-alumina (1 : 4). The reactions were carried out in air. All the reactants were
intimately mixed with the inorganic surface before being placed in a domestic
microwave oven (Kenstar; Model OM-9925E) and irradiated at the appropriate power .
(W) and time (Table 1). In many Suzuki cross-couplings, a crucial role is played by
the ligands,z_4 which complex with palladium salts. The above solvqnt-freé cohditions,

however, required no such ancillary ligands, which is advantageous.in view of atom

economy in the reaction.

Table 2. Multi-Suzuki reactions on different inorganic surfaces under microwave
irradiation without solvent [A/_B/Pd(OAc)z =1/2.5/0.04 mmol on 1.5 g of B]

Entry  Substrate (A) Surface (B) Conditions  Yield.(%)
1 1,3-Dibromobenzene ~ KF-Al,0; (1:4) -80 W/15 min. - 83

2 1,3-Dibromobenzene  Al,O4 80 W/15 min. 20-25-

3 1,3-Dibromobenzene  MgO 80 W/15min. 25

4

1,3-Dibromobenzene  MgO-K,CO3 (3:2) 80 W/15min. 30

I-B.3: Conclusion

In summary, it is possible to perform palladium-catalyzed Suzuki couplings of
| polyhaloaromatics vs;ith phenyl boronic acid on a surface of KF-alumina with the aid
of microwave irradiation from a domestic microwave oven. The method is fast,
. operationally simple, and allows rapid access to a variety éf polyaromatic
hydrocarbons. Further applications of this reaction conditions would be studied with
aromatic halides bearing more labile functional groups as well as with aryl diboronic
acids. The latter studies might produce oligomeric polyaromatic compounds via

consecutive aryl-aryl bond formations. Efforts are underway in this laboratory.
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I-B.4: Experimental

Representative procedure for a multi-Suzuki coupling: 1,3-Dibromobenzene
5 (236 mg, 1.0 mmol), phenyl boronic acid (305 mg, 2.5 mmol) and palladium
acetate (10 mg, 0.04 mniol) were intimately mixed with 1.5 g of KF-alumina
(prepared according to ref. 21) and the mixture was irradiated in a domestic
microwave oven at 80 Watt for 15 min. The solid mixture was then placed on a silica
gel column and eluted with petroleum ether : EtOAc 99: 1) to Msh m-terphehyl 6
(190 mg, 83%); mp 87-88 °C (lit.”* 89 °C); 'H-NMR (CDCls, 400 MHz): 8 7.30-7.84
(m, -14H); 13C-N'MR (CDCl3, 10.0 MHz): 6 126.1, 127.2, 127.4, 128.8, 129.2, 141.1,
141.7.

The other compounds (4, 8, 11, 14, 16, 18, 20, 22, 24, 26, 28) were prepared
following the above procedure and their characterization data are given below.
1,2-Diphenylbenzene (4)

Yield: 58%, m.p. 54-56 °C [lit.*® 58 °C]

"H-NMR (CDC13, 300 MHz): $ 7.43-7.37 (m, 4H), 7.18-7:.10 (m, 10H). .

BC.NMR (CDCls, 75 MHz): 8 141.5, 140.5, 130.6, 129.8, 127.8, 127.4, 126.4.

1,4-Diphenylbenzene (8)
Yield: 63%, m.p. 210-212 °C [lit."* 215-217°C] ~

'H-NMR (CDCl;, 300 MHz): § 7.67-7.63(m, 8H), 7.48-7.43 (m, 4H), 7.38-7.32 (m, -
2H)

13C.NMR (CDCls, 75 MHz): & 140.7, 140.1, 128.8, 127.5, 127.3, 127.0.

2,4-Diphenylmethoxybenzene (11)
Yield: 63%, m.p. 88-90 °C

'H-NMR (CDCls, 400 MHz): 8 7.58-6.99 (m, 13H), 3.80 (s, 3H).
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BC-NMR (CDCls, 100 MHz): 5 156.0, 140.6, 138.4, 133.8, 131.0, 129.7, 128.7,
128.0, 127.0, 126.7, 111.5, 55.6. |

2,6-Diphenylpyridine (14)

Yield: 91%, m.p. 78-81 °C [m.p.?’ 82 °C]

'H-NMR (CDCls, 300 MHz):  8.17-8.13 ( m, 4H), 7.85-7.80 ( m, 1H), 7.71-7.68 (m,
2H), 7.53-7.40 (m, 6H).

13C.NMR (CDCls, 75 MHz): § 156.8, 137.5, 129.0, 128.7, 127.0, 118.7.

4,4’-Diphenylbiphenyl (16)
Yield: 53%, m.p. 318-320 °C [lit.* 320 °C]
'H-NMR (CDCl3, 300 MHz): § 7.72—7.37 (m, 18H)

C-NMR (CDCls, 75 MHz): & 131.9, 128.8, 128.6, 127.6, 127.5, 127.4,127.3, 127.0.
4.4’-Diphenylbenzil (18)

Yield: 58%, m.p. 140-142 °C .

'H-NMR (CDCls, 300 MHz): 5 8.08 (d 4H, J = 8.25), 7.76-1.73 (d 4H, J=8.22 Ha),
7.66-7.62 (m; 4H), 7.52-7.42 (m, 6H)

BC-NMR (CDCls, 75 MHz): & 147.6, 1395, 1325, 1317, 131.3, 1305, 129.0,
128.6, 127.7

9,10-Diphenylanthracene (20)

Yield: 88%, m.p. 245-247 °C [lit.> 245-248 °C)
'H-NMR (CDCl3, 300 MHz): § 7.71-7.31 (m, 18H).

b

BC-NMR (CDCl;, 75 MH=): 81213, 129.8 1284 127.5, 126.9, 125.0

1,3,5-Triphenylbenzene (22)
Yield: 90%, m.p. 169-171 °C [lit.” 172 °C]

'H-NMR (CDCls, 300 MHz): § 7.79-7.69 (m, 9H), 7.51-7.39 (m, 9H)
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3C-NMR (CDCls, 75 MHz): 6 142.3,141.1, 128.8, 127.5, 127.3, 125.1.
2,4,6-Triphenylaniline (24)

Yield: 90%, m.p. 118-120 °C

'H-NMR (CDClL, 300 MHz): & 7.60-7.24 (m, 17H), 3.56 (s,2H)

3C.NMR (CDCls, 75 MHz): 8 140.7, 139.4, 131.6, 129.4, 128.9, 128.8, 128.7, 128.4,
127.5, 126.4.

2,4,6-Triphenylphenol (26)

Yield: 76%, m.p. 142-144 °C .

'H-NMR (CDCl;, 300 MHz): § 7.65-7.34 (m, 17H), 5.48 (s, 1H).

3C.NMR (CDCls, 75 MHz): & 148.9, 140.5, 137.5, 133.8, 129.4, 129.2, 129.1, 128.8,
128.6, 128.1, 127.8,127.0, 126.9, 126.8 o

1,2,4,5-Tetraphenylbenzene (28)

Yield: 55%, m.p. 240-245 °C
'H-NMR (CDCls, 300 MHz): § 7.46 (m, 4H), 7.18-7.16 (m, 18H)

°C-NMR (CDCls, 75 MHz): 8 140.9, 139.6, 133.0, 129.9, 127.9, 126.6.
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Part - II: Section - A
II-A: Direct Reductive Amination of Aldehydes and Ketones
- Using Potassium Formate and Catalytic Pailadiom

Acetate: Development of a New and Simple Protocol

II-A.1: Reductive Amination: A Brief Review

The synthesis of amines and their derivatives has long been of interest because of
their versatile utility as medicinal agents and agrochemicals.! Alkyldiarylamines are

common structural elements found in many biologically active compounds. Examples

include the antipsychotic agent mosapramine, the coronary vasodilator pretiadil, and

“the anti-inflammatory agent me_pheclocine.2 'Tertiary amines are an extremely '
important class of compound from the drug discovery perspective. Indeed no less than
a quarter of registered drugs contain tertiary amines.’ The N, N-dimethylalkylamines

. are particularly useful as ligands' in homogeneous catalytic asymmetric

transformation, as a modifier’ for reversed phase chfomatography, and as a buffer® in

sequential analysis of proteins and peptides.’

"In both biological systems and chemical synthesis the reductive amination of
aldehydes and ketones is an important transfo‘rmation which allows the direct
conversion of carbonyl compounds into amines. The reductive amination reaction is
described as a direct reaction when the carbonyl compound and the amine are mixed . .
with proper reducing agent in a single operation (Scheme 1). The reaction involves
the initial formation of the intermediate carbinol amine (1), which dehydrates to form
an imine (2). Under the reaction con({itions, which are usually weakly acidic fo
neutral, the imine is protonated to form an iminium ion (2),% which is subsequently
reduced to produce the alkylated amine (3). However, there are some reports that °
provide evidence suggesting a direct reduction of the carbinol amine as a possible
pathway leading to alkylated amine (3).” A stepwise or indirect reaction involves the

pre-formation of the intermediate imine followed by reduction in a separate step.
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Scheme 1
+H"
R Ra : Ry Rs -HO R Rs
1\ / .~ R i\ 7 : 1\C—"L/
R4 R4 %_ R4
% H -H Re
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Ra = H or alkyl Reduction
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) \CH—< ..
v N\
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Since the iminium ion (2) is reduced much faster than a carbonyl group, it is poss1ble | ’

to reductively aminate an aldehyde or ketone by simply reacting the carbonyl
compound with an amine at pH 6- -8 in the presence of a reducing agents. Several
. reagents which effect direct reductive amination have been recently developed,
_ include the following: Hydrogen in presence of metal catalyst (catalytlc-‘

hydrogenation),**! t

sodium cyanoborohydride,'' titanium(IV) 1sopropox1de-sod1um
cyanoborohydride,'? sodium borohydride-magnesium perchlorate,'® zinc-acetic acid,'* -
borohydride exchange resin (BER)," zinc bororohydride-zinc chloride,'® borane- -

pyridine,'’

sodium triacetoxyborohydride,'® silica gel-zinc borohydride,” zinc
chloride-sodium borohydride,” titanium(IV) isopropoxide-sodium borohydride,2"
nickel  chloride-sodium - borohydride,? titanium(IV) isopropoxide-
polymethylhydrosiloxane,” decaborane,* tributyltin hydride,25 dibutyltin chloride
hydride and dibutyltin iodide hydride,?® dibutyltin dichloride-phenylsilane,”” Et;SiH-
trifluoroacetic.”® In addition, there are some reports of electrochemical reductive
amination reactions.”” Reductive N-alkylation of amides with carbonyl compounds

using Et381H-tr1ﬂuoroacet1c acid has also been described. ¢

The catalytic hydrogenation of C-N double bond with platinum, palladium or nickel
catalysts'® is economical and effective reductive amination method, particularly in

large scale reactions. However, the reaction may give a mixture of products and low 4
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yields depending on the molar ratio and the structure of the reactants".
Hydrogenation has limited use with compounds containing C-C multiple bonds and in

323 and cyano® groups. The -

the presence of reducible functional groups such as nitro
catalyst may be inhibited by compounds containing divalent sulfur.>* The Borch
reduction,®* using sodium Cyarioborohydride [NaBH3CN] has been the most popular
and general method to carry out reductive amination of aldehydes and unhindered
ketones with ammonia, primary and secondary amines (Scheme 2). Hindered and
diaryl ketones fail to react and aromatic amines react somewhat sluggishly. Redﬁc_tive
amination of acetophenone andlmeth.yla_rnine with sodium cyanoborohydride:affdrded
N-methyl-1-phenylethylamine (4) in 78% yield. Due to its different .seleétivitics at
different pH values sodium cyanoborohydride is allowed for a convenient: di‘reét'
reductive amination procedure. At pH 3-4 it reduces aldehydes and ketones
effectively, but this reduction becomes slow at higher pH values.”® At pH 6-8, the
more basic iminés are protonated preferencially and reduced faster than aldehydes or
ketones.>*® It has also been successfully used due to its-stability in'rela’tively sfrfong
acid solutions (~pH 3), its solubility in hydroxylic solvents such as methanol. Thé
reaction of a dicarbonyl compound with an amine in the presence of sodiim

cyanoborohydrlde provided an mterestlng synthesis of nitrogen- heterocycles as

illustrated by the preparation of 5 6.

Scheme 2

Rz

R, =H or alkyl R3 = H or alkyl
Rp=alkyloraryl R,=H, alkyl oraryl

0 NH——CHj3
NaBH3;CN
CHs  +  HiCoNH, > CHs
in absolute MeOH
pH 6-8

(4) 78%
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o) o)
| | NaBH,CN/CH3OH
H——C——(CHps——C——H +  H3CNH, > N
pH 6-8 ’
43% CH,
)
o)
7z CHO NaBHiCN/CH;O0H (& N
| + NHg >. | H
N pH 6-8 X _-
47% D

Limitations are that the reaction may require up to a fivefold excess of the amine,” is

usuélly slow and sluggish with aromatic ketones®® and with weakly basic amines,
and may result in the contamination of the product with cyanide.'” The reagent is

highly toxic®’ and produces toxic byproducts such as HCN and NaCN upon Workup.

The Borch reductive alkylation method****? works well provided the intermediate
iminium adduct forms readily. For this reasén the Borch procedure usually requires an
excess of amine to favor the formation of iminium intermediates. When' both the
kefone and amine starting materials are valuable or the iminium intermediate is |
difficult to form, the Borch method can be less than satisfa’étory.- Titanium(IV)
chloride has been used as a Lewis acid catalyst in cases when the formation of
enamines has proven to be difficult,’® however, an excess of amine is still needed™
and the presence of acid-sensitive functionality is limited. Titanium(IV)
isopropoxide has been used as a trans-esterification catalyst compatible with variety
" of functional groups, such as lactam, acetonide, and rers-butyl dimethylsilyl ether.*
The research group of Mattson'® reported that titanium(IV) isopropoxide is a mild
and effective Lewis acid catalyst for the réductive alkylation of amines with ketones
and aldehydes in the presence of acid-sensitive functional groups (Scheme 3). This
one-pot procedure proved to be compatible with carbamate, urea, acetal, ketal, ester,
and amide groups. After studying IR spectra of the amine/ketone/titanium(IV)

isopropoxide mixtures they suggested that an iminium species is, at most, a transient
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Scheme 3

R3\ /R4

Ti(OPr)3

TI(O’Pr)A, R3R4N><O NaBHacN R3R4N ><
—_—
iPrOH — >
1 o O
(7) i

R4 Ra

o+ IT—=

intermediate in this reaction. In one possible mechanism, the stable complex (7) is

formed, which then is reduced either directly or via a transient iminium species.

The development of asymmetric catalysts for the hydrogenation of achiral substrates
to form enantiomerically enriched products represents a major area of research®'.
With the growing importance of enantiomerically pure nitrogen céntaining
compounds in the pharmaceutical and agrochemically enriched amines has received
much attention recently*>. Processes have been developed using titanium,*
ruthenium,* iridium*® and rodium*® complexes as catalysts and hydrogen or silanes*’
as stoichiometric reducing agents. Virtually all of the systems employed for this
reaction have been derived from late transition metals and in general substrates must
possess a coordinating ligand such as a carbonyl group for high levels of reactivity
and seicctivity to be realized. As part of an ongoing study of the viability of titanium
catalysts for the reduction of unsaturated organic compounds,48 Buchwald et al have
discovered a titanocene catalyst (8) system for the asymmetric hydrogenation of imine
(Scheme 4).*’ A feature of this system is that no coordinating group is necess-ary" for
high levels of enantioselectivity to be achieved. The catalyst (8) is particularly
effective for the reduction of cyclic imines. For these substrates enantiomeric excesses |
were observed. The reason for this is likely due to the fact that the acyclic imines-are
mixtures of anti and syn isomers which interconvert during the reaction. The
system exihibits tolerance to several common organic functional groups including

trisubstituted olefines, acetals and alcohols.

3 -
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Scheme 4
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The in situ reductive amination of ketones or aldehydes has been an important part of
the synthetic chemist’s 'repetc')ire since the introduction of a procedure based on

35b,d,36

cyanobohydride, yet the toxicity and disposal problems associated with this

material has led to a continuing search for alternative reductants.!'®!>16%0 A
successful reductive amination procedure for ketones and aldehydes hinges on rapid
imine formation and imine selective reductanfs. As imine formation is usually rate-
determining for in situ reductive aminations, catalyzing this reaction is desirable‘ﬂ’
Typical catalysts are harse, for example, PC15,52 BF3'OEt;>_,53 and ZnC12,54 with at least
one exception - molecular sieves. The in situ application of molecular sieves to imine
synthesis is logical given the equivalent of water generated during imine formation.*
Westheimer, however, recognized that molecular sieves display a catalytic role,>

although the origin of this effect has been contested.””’

~ + Hy0

\
—=0  + RNH, > NR M, NR
- H,0 |
_ H H

A member of the amine-borane family of reducing agents,”® pyridine-borane has the

selectivity necessary for reductive aminations. Two applications of pyridine-borane to
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direct reductive amination have appeared. The study of Moormanﬁ was limited to
reductive amination 6f piperidines with aldehydes.'” The older and broader study of
Pelter exploited an unusual two-phase reaction medium of acetic acid, presumably a
catalyst for imine formation, and petroleum ether (2:7).'”* DiMare et al'”® reported that
in situ reductive aminations of aldehydes and ketones with methanolic pyridine-
borane in the presence of 4 A molecular sieves offer a mild, convenient and effective

alternative to cyanoborohydride-based procedures (Scheme 5).

Scheme 5

NR,
pyr-BH
)T\ +  RyNH LN A
RI Ru . Meg)H ) R'

Rn H

4A
sieves
This procedure works well in case of aliphatic ketones. For example, the reaction of

4-methyl-2-pentanone and benzylamine under this condition afforded the amine (9) in

67% isolated yield. Secondary amines give consistently low yields with ketones.

' h) ’ ' pyr-BH;
H3C—|CH—-CH2————C—CH3 + H,N—C MeOH :

CH, : 4 A sieves .
HsC—CH——CH
: [ Z\CH—NH—CHZO -
Hy HC” :
) 67%

The research group of Abdel-Magid'® discovered that sodium triacetoxyborohydride
is synthetically useful reagent for reductive amination of aldehydes and ketones.
Procedures for using this mild and selective reagent have been developed for a wide
variety of substrates. The reaction of acyclic ketone 2-heptanone and aniline for 96 h
in the presence of sodium triacetoxyborohydride afforded 90% isolated yield of N-
phenyl-2-aminoheptane (10) as outlined in Scheme 6. The scope of the reaction
includes aliphatic acyclic and cyclic ketones, aliphatic and aromatic aldehydes, and
primary and secondary amines including a variety of weakly basic and nonbasic

amines. For example, the reductive amination of benzaldehyde and 2-aminothiazole
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(11) using sodium triacetoxyborohydride gave compound (12) in 60% yield. Aliphatic
keﬁones (and aldehydes) can be selectively reductively aminated in the présence of
aromatic and o,p-unsaturated ketones. The mixture of 1-acetylcyclohexane (13) and
l-acetylcyclohexene (14) was reacted with benzylamine to give only N-[1-
(cyclohexyl)-ethyl]benzylamine (15) without aminating 1-acetylcyclohexene (14).

Acetic acid may be used as catalyst with ketone reactions, but it is generally not

needed with aldehydes.
Scheme 6
. THE
E NaBH(OAc); (1.3-1.6equiv.)
HaC—(CH2)4— —CH; + H2N 96 h >
H ) .
HaC—(CHa)y ( ' _
Ho | _ h
(10)  90% -
_ S DCE, AcOH (2.5 equiv.)
HO + / NH, N
¢ NaBH(OAc); (2.8 equiv.)
72 h
1 equiv ,
(11) | S
/>fNH—CH2
N
(12) 60%
o) 0
H CH
T O e D)
(13) (14) -
HN——CHZO 0
DCE
NaBH(OAc); (1.3-1.6 equiv.) CH, CHs
4h ; +

(15) 85% (14)
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This borohydride reagent is mild and exhibits remarkable selectivity as a reducing
agént. This borohydride reduces aldehydes selectively over ketones,” except for -
hydroxy ketones which can be reduced selectively to give 1,3-trans diols.*® 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.®’ The selection
was also based on the results of reductive alkylation of amines using sodium
borohydride in neat liquid carboxylic acids reported earlier by gribble et al.? The
procedure is carried out in the presence of acid sensitive functional groups such as
acetals and ketals; it can also be carried out in the presence of reducible functional
groups such as C-C multiple bonds and cyano and nitro groups. Reductive amination
of carbonyl compounds (16 & 17) with sec-amines (18 & 19) undér the same
condition afforded compounds 20 & 21 respectively. In ‘comparison with other
reductive amination procedures such as NaBH3;CN/MeOH, borane—pyridine‘ and
catalytic hydrogenation, NaBH(OAc); gave consistently higher yields and fewer side

products.
~0 /T \ . DCE, AcOH (1-2 equiv.)
—0 4+ H—N N—Ph >
o : \ / NaBH(OAc); (1.3-1.6 equiv.)
4h '
(16) - (18) .
O
SO0
O .
. : (200 - 78%
DCE, NaBH(OAc); (1.3-1.6 equiv.)
H—N ) : >
CHO + 15h
NO, éOEt .
(17) (19) 7N o

NO, COOEt
(21) 96%



104

Limitations include reactions with aromatic and unsaturated ketones some sterically

hindered ketones and amines.

In fact, reductive amination of conjugated carbonyl compounds has not been
addressed in details in any of the reported methods—hydrogen in presence of metal
catalysts, NaBH3CN, BH;-pyridine, bofohydride exchange resin, Zn-AcOH, NaBH;-
Mg(ClOy4)2, ZnBH4-ZnCls, and NaBH(OAc)3; only two exaples, 1-acetylcyclohexene
and cinnalmaldehyde, have been included in NaBH(OAc); proc'edure.18 Although
imines are, in general, prepared by £he condensation of the carbonyl compound with
an arrﬁne in the presence of a lewis or protic acid,® the research group of Ranu
attempts to obtain the imines of conjugated carbonyl compounds, particularly ketones
following reported procedures® using zinc chloride, boron trifluoride-etherate, p-

toluenesulfonic acid, molecular sieves, failed. Ranu et al'

have discovered that
reductive amination of conjugated aldehydes ketone is achieved by treatment of the
corresponding carbonyl compound with an appropriate amine in the presence of silica
gel followed by addition of zinc borohydride in a one-pot operation (Scheme 7). This
procedure does not affect nitro and cyano groups. Moteover, zinc borohydride is
neutral in nature and, in- general is compatible with many sensitive functionalities'’

164a

like acetal™™ and silyl ether.*®® The reaction of compound (22) and cyclohexylamine

under this condition afforded compound (23) in 85% yield.

Scheme 7
: E R2NH,, Si0, '
R—CH=CH—C—R! » | R—CH=CH—C=—=N—R2
R1
R, R2= alkyl or aryl ; R = H or alkyl Zn(BHy),
' " | DME

R—CH=CH—C—NH—R?

R1
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0 . :

A ' Si0, (1 g/mmol of ketone)

+ H2N >

1 equiv. ZnBH,4 in DME (1mL)

1 equiv
22 ‘ .
. S
(23) - 85%

The advantages of this procedure are (a) operational simplicity, (b) use of less costly
or toxic chemicals, (c) low environmental pollution from waste, (d) mild conditions,
(e) fast reaction, and (f) high yield.

Chemoselective reductions of imino groups are very important for the synthesis of
multifunctionalized amines. Nevertheless, little attention has been paid to
iminoselective reductions by metal hydrides in the presence of carbonyl groups
because of the lower electrophilicity of imino groups.®” Baba et.al. have déveloped a
set of organotin hydrides that reduce polar rflultiple bonds such as C=0 and C =N in

6 and with which chemoselective reductions: of bifunctional

an ionic manner,
substrates could be achieve'd.67 The introduction of a halogen substituent or a ligand
onto the tin atom can change the character ofu the original tin hydrides®’® to. provide
different chemoselectivities in the reduction of multifunctional substrates. For
example, in the reaction with 2,3-epoxy ketones, Bu;SnFH-HMPA selectively reduce

1,57 whereas

the carbonyl group to furnish predominantely the anti-2,3-epoxy alcoho
Bu,SnIH-HMPA preferentially reduced the epoxy group to provide 3-hydroxy
ketones.®’® Baba et al’’® have presented use of Bu,SnCIH-HMPA as a chemoselective

reductant of imines in the presence of carbonyls (Scheme 8).
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Scheme 8

NR - NHR

Ph\()I\Ph Bu,SnCIH-HMPA (2 equiv.) Ph l\Ph
1 . THF (1 mL), t, 20h - \ﬂ/
o) : 1
(21) (22)
(@) R=Ph
(b)  PCICeHy

(c) p-BrCeH,
(d) p-OMeCgH,

Further, Bu,SnCIH-HMPA possessed higher iminoselectivity corﬁpared with other - |
conventional reductants such.as LiAlHs, DIBAL; and NaBH4 which reduced the
~ carbonyl group predominantly. 2-amino ketone (22) was obtained by the reduction of
(21) with Bu,;SnCI-HMPA at room temperature followed by treating with methanol.l
The reduction progress stoichometrically, where the adducts bearing a nucleophilic
Sn-N bond are generated in situ without protonation by tin hydride (Buzanl;HMPA). '
Moreover, the resulting tin amides from hydrostannation_ of imines subseqﬁeﬁtly react
with organic'halides to furnish unsymmetricjaltertiary aminés in a one-pot procedure.
Multifunctionalizéd unsymmetrical amines (24) could be prepared directly by the
subsequent N-alkylation of the tin amide (23) with benzyl bromide “to afford

unsymmetric tertiary amine (24).

Ph
Ph

Ph Bu,SnCHMPA P v

Ph
rt, 3h o)
0 . SnBu2C|

Y

HMPA
(21a) (23)

N Ph\H)\ PP
\n

Y

80 °C, 2h 0
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Noteworthly is that highly chemoselective reactions were achieved with the co-
existence of other functionalities such as halogen, C-C double bond and hydroxy

groups.

Though many of the reported protocols for reductive amination reactions work well
for the preparation of tertiafy and secondary amines, synthesis of primary amines by
reductive alkylation of ammonia is mostly comprised by over alkylation
reaction.'33**3%¢® The formation of variable amounts of secondary and tertiary amines
along with primary amines is common. The synthesis of primary amines is, therefore,
mostly addressed indirectly by using ammonia equivalents69 such as tritylamine,
dialljrlamine or allylamine. These protocols routinelyi requite ' a subsequent
deprotection step .to get primary amines. Accordingly, development of a
-straightforward route for the synthesis of pfimary amines via selective monoalkylation
of ammonia is an important objective. Bhattacharyya and coworkersz_I developed an’
efficient one-pot reagent system for the synthesis of primary amines by selective
monoalkylation of ammonia with alkyl and aryl - ketones using titanium(IV)

isopropoxide and sodium borohydride (Séheme 9).

Scheme 9
I HN /OTi(OfPr)3
l + NH4C| . TI(O’Pr)4 s abs. EtOH= >
R/ EtN, ., 9-11h R \Rz
1 . 2 \ ‘
(25)
Rq = aryl, alkyl
Rz = aryl, alkyl A e iNaBH“
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A mixture of ammonium chloride and triethylamine has been employed as the
ammonia equivalent; this requires no special handling techniques and alleviates the
use of excess gaseous ammonia. They used a combination of titanium(IV)
isopropoxide and sodium borohydride in the reductive alkylations of primary and
secondary amines.”® Because this one-pot reagent systgm allows easy, direct access to
diverse primary amines, it should find widespread application. Under these reaction
conditions, only primary amines are formed - the traditional problem of over-
alkylation of the product amines was not observed. The reaction may proceed through
an intermediate aminocarbinolatotitanium(IV) cdmplex (25), which is either reduced
directly or via equilibration of 25 to form a transient iminium species.” The

7072 of titanjum(IV) isopropoxide with a variety of acid- or base-

compatability
sensitive groups provides an- additional advantage for targeting the syntheses of

amines with reagent-sensitive motifs.

The relevance of this protocol has been demonstrated on a structurally varied set of
ketonic substrates. Benzophenone was allowed to react with a mixture of ammonium
chloride, triethylamine ‘and titanium (IV) isoproxide, followed by the treatment

sodium borohydride at room temperature.
O

+  NH,CI 2 equiv. Ti(OPr),, abs.MeOH

2 equiv. Ef3N, rt., 1.5 equiv. NaBﬂ,;

Apodaca et al’’ reported a direct reductive amination procedure which employs
phenylsilane as a stoichiometric reductanrt and dibutyltin dichloride as a catalyst.
Both aldehydes and ketones were reductively aminated with anilines and secondary
alkylamines (acyclic, cyclic), although the reaction failed with primary alkylamines.
Reductive amination of 4.-methoxybenzyldehyde with morpholine in the presencé of 2
mole % dibutyltin dichloride afforded 78% isolated yield of N-(4-methoxybenzyl)
morpholine (26) (Scheme 10). Reactions with substrates bearing potentially reducible

functional groups including aryl iodide, cinnamyl, nitro, benzyloxy gave the
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anticipated products, without detectable reduction side products. Potentially acid-

labile groups were also well tolerated.

Scheme 10

Ph SiH; (1.1 equiv.)

/ \ Bu, SnCl, (0.02equiv.)
CHO + —N 0 >
Me A THF
Me A HZ_N . ,O

(26) 73%

This reported procedure offers some advantages over other methods. Because little, if -
any competitive carbonyl reduction was observed in these reactions, the use of excess
aldehyde or ketone is unnecessary. Because of its catalytic nature, reaction rates can
be increased by simply adding more catalyst or through the potential development of’

more active catalysts.

During the study of decaborane as a mild reducing reagent,” Yoon et al** found that
carbonyls and amines undergo reductive amination in the presence of decaborane
(Scheme 11). The treatment of ethyl acetoacetate with 4-nitroaniline usings
decaborane in methanol at room temperéture under nitrogen, gave the corrqéponding
aminés (27) in 93% yield. This reaction is efficient, evén with a relatively poor
nucleophilic amine and is compatible with other functional groups such as nitro
groups, olefins and halogen groups. The reaction benzaldehyde with 2,4,6-
trichloroaniline under this condition the amine (28) in 39% yield, a reaction known to

fail using sodium triacetoxyborohydride.'®

Scheme 11
R’ H
R' B1oH14
}O + H,N—R3 —_— \——N/
in MeOH / \ :
R2 R2 R3
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o : .
H ' Decaborane (30 mo! %)
H,C—C—CH;—COOEt * H,N NO, >
1 equiv Hsc\ '\_'

(27) 93%

v

) ’ B10H14 (30 mol %)
CHO + H, Cl

Cl

1.2 equiv - _ 7\ CHe—NH

(28) 39%

Schifer et al**® have found that secondary amines may be prepared in good yields by
potential-controlled reduction of aldehydes or ketones at a mercury cathode in an

aqueous solution containing a primary amine (Scheme 12).

Scheme 12

R3
O Hg-Cathode HN"

. H,0, pH 10-11
Ra—_"NHz >
) 69 - 90% -
R1 | R1 2

Reduction Potential-1.57 V

—(C —CHO + HoN— C H -
H3C——(CHz)4 2 ?% " 50% aqueous ethanol

H3C—_‘(CH2)4 CH2 N C2H5
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In aqueous medium, an aldehyde or ketone and a primary amine equilibrate to the
corresponding schiff base. Because of its lower reduction potential compared with the
aldehyde or ketone, the schiff base may be reduced selectively to yield a secondary
amine after electron- and proton-transfers. For cyclic kefones, high diastereo-

selectivities are obtained in some cases.

H

0 _ |
Hgocsm% 11 TCH, ' TCH;y |
+ CHgNH, —2 P 77 0y
2 T % >] +

trans:cis=14:1

z—I

Hg-Cathod . " H

+ > NH, HeO.PH10-41 _ .
76%
H—N\/

endo:exo=>20:1.

0]

Cathodic reductive amination may be considered as a good alternative of existing
methods for the preparation of secondary amines, because of its high

chemoselectivity, good yields, simple work-up and low reagent costs.

The research group of Allgrette’ first reported a new versatile method for the
réductive amination of cérbonyl compounds in which ammonium salts are empioyed
together with a palladium catalyst .The use of a cheap and versatile hydrogen source
coupled with the catalyst in an aqueous medium, advances the previous methods due
to the mild conditions and to the handy and cheap reagents required. This method
advances the usual reductive amination processes in terms of yield and shows high
stereoselectivity whether applied to constrained carbonyl compounds. This is a new
method for the synthesis of a wide range of primary, secondary and tertiary amines.
The reaction of 8-methyl-8-azabicyclo-[3.2.1]octa-3-one (29) was treated with
ammonium formate in the presence 10% Pd/C catalyst to give 3-endo-amino-8-

methyl-8-azabicyclo-[3.2.1]octane (30) in 83% yield (Scheme 13).



Scheme 13

N

(29)

0

NS
}:ﬂ] + H—‘Cl—Oe NH®

10 mol % Pd/C
MeOH, H,0

AN

N

:

(30) 83%
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H

H,

Hydrosilanes such as triethylsilane in the presence of Lewis acid areé mild and useful

reducing reagents in organic synthesis.>*’>” They have been used in the reduction of

imines to secondary amines,’® In the reductive N-methylation of amino- acids via

oxazolidines,”’ In the N-alkylation of anthranilamides via oxazolidines,”® and._r'écently

in the N-alkylation of amides, carbamates and ureas.” The research group of Chen -

envisioned®® that a secondary amine 32 would react with an aldehydes 31 to give a

hemiaminal 33 (scheme 14). This in hemiaminal 33 may undergo reduction with

' triethylsilane and trifluoroacetic acid through an imin_iuin ion 34 affording the N-

alkylated product 35.

Scheme 14

R1

: /N—H + R2CHO
R

-

(32) (31)

TFA

) + H+

R1\N R HO

R ‘op  FHO
. —H

(35)
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An improved synthesis of 1-(imidazolyl)methyl-4-sulfonylbezodiazapines (38), new
farnesyltransferasé inhibitors, from the corresponding carbonyl compound (36) and

amine (37) was developed using this novel reductive N-alkylation method.

o . |
6) CHO :
<L
/ .
N HN Et;SIH/TFA
—_—
/l..,. . + \ N CH,CIy, 1t, 2-4h
T Ny |
H
@6) | e
X =CN, Ph
Y = n-Pr Z=Ph
4-MeOCgH, 4-FCgH,
2-Thienyl _ 3-pyridinyl
Ph '

3-(M32N)C3H6>




114

I1-A.2.1: Present Work: Background, Objectives and Strategy

As described in the introduction, the reductive amination is a useful organic
transformation for preparing primary, secondary and tertiary amines. The carbonyl
compounds initially react with ammonia or amine to form an imine, which then
undergoes reduction in presence of hydrogen or hydride ion (Scheme 15). when the
overall two-step procedure is performed in a one-pot operation, such protocol is

described as “direct reductive amination”.

Scheme 15

o NRR¢ NR3R#
” NHj or k _ Hpor /‘
R~ SRz HNRWR RZ H ~

=R2=H, alkyl, aryl R3=R4="H, alkyl, aryl

Several reductive systems are known to effect the reduction of C-N double bond of
the imine. Use of molecular hydrogen in presence of a metal-catalyst is one of
classical methods to perform this reduction. However, the reactidn conditions are not
compatible with a number of otherwise reducible groups such as nitro, cyano, double
or triple bonds. Secondly, such reduction requires a special set of apparatus and is

always associated with usual risks of using hydrogen gas.

On the other haﬁd, several hydride containing reéagents are much common to have
been employed in imine reduction. A few of them are: [NaBH;CN];'! ZnClp- |
Zn(BHy)y;'¢ pyridine-BH;;'7 [NaBH(OAc)];'® silica gel-Zn(BHy);" Ti(PrO)s-

. NaBH,?' NiCl,-NaBH4;* . Ti(PrO)s-polymethylhydro-siloxane; decaborane;**

Bu;SnH;* Bu,SnCIH and Bu,SnIH;* phenylsilane-dibutyltin dichloride;?” Et,SiH-
trifluoroacetic acid.?® All these methods require stoichiometric or excess VQuan'tities
of the hydrides, which are generally highly reactive and expensive - ‘as well.
Furthermore, use of tin hydrides in some protocols are not recorﬁmended for large-
scale prepération as the residual insoluble tin comopounds pose a great risk in its
elimination. There are some well-known organic reéctions which appear to- proceed
via transfer of h);drogen as hydride species, although the reagenté themselves are not

immediately obvious hydride donors. Formic acid and formates are recognized as
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hydride donors in such reactions as the methylation of amines using
formaldehyde/ammonium formate (Scheme 16; Leuckart reaction).®® The reduction of

multiple bonds with the aid of a hydrogen donor in the presence of a

Scheme 16

\ @ HCO,~ \

+
NH + H,CO ——> >N——TH2 THHz'—o> /N:CHZT /N—CHa
OH
catalyst is known as -hydrOgen-transfer reaction or transfer hydrogenation (H-
. transfer).®! The process entails hydrogen abstraction from the reagent (hydrogqﬁ
donor) by means of the catalyst, followed by (or in concert with) hydrogen addi_ﬁon to'_<
the unsaturated functional group of the substrgte (hydrogen acceptor).. This can be

generalized as in eq. 1. In hydrogen-transfer reactions the hydrogen source niust be
cat_ . . o
DH, + A—= D + AH, (1)
DH, = hydrogen donor ; A = hydrogen acceptor

different from dihydrogen. Forrﬁic acid and its salts have been successfuliy used for
- thié purpose. The ﬁse of hydrogen. donors had some advantages over the use of
molecular hydrogen since it avoids the risks and the constraints asseciated with this
reagent as well as the necessity of pressure vessels. Additionally,_rafe'and selectivity
of the reaction can be favorably affected By selecting the most appropriate hydrogen

-

donor.

From a mechanistic point of view, two general reaction paths cans be envisaged for
hydrogen transfer:*? a step-wise process, called “hydridic route”,--aﬁd.a concerted

process, called “direct hydrogen transfer” (Figure 1). The “hydridic route” involves

.
R1\ /Rz. T :
c .
o/ AN /C\ Re A A—H
} _H *
g +A
L—M#* ~—— L—M—-H L—M—H =— L—M

— Ketone

"hydridic route”
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R4
R
'R1\C/ K S /’C\
O/ \H O/ \\H / R2
i +A . ‘ /// —_—
L—M L—M—A = L—M—A—H

"direct hydrogen transfer"
Figure 1. Possible paths for the hydrogen-transfer reactions.

- the intermediate formation of a metal hydride 'derivativ.e by interaction of the catalyst
with the hydrogen donor, followed by hydride transfer from the metal to the substrate.
‘The “direct hydrogen transfer"" implies that hydrogen is transferred to the substrate in
a concerted process where both the H-donor and fhe H-acceptor are held together in
close proximity by the catalyst. A cyclic transition state such as the one proposed for

Meerwein-Pondorf-Varely reduction is possibly involved.

The most pdpular H-donors ére alcohols,-iﬁcluding chiral ones, and formic acid.¥
More recently, alkyl-ammonium formates, in particulaf triethylammonium formate '
(TEAF), have proven to be useful sources of hydrogen, due to their solubility in
organic solvents.* Since dehydrbgenaﬁon of formic acid derivatives is an irreversible
and exothermic process,® this usually overwhelms the energetic requirément of the
reduction process. The use of such H-donors is recommended in reactions Where
unfavorable energetic balances' are expected. The use of formic acid as hydrogen
donor appears to have advantages over cyclohexene, cyclohexadiene and 'hydra'zine.- A
further elaboration in the use of formate anion as a donor has been reported. During

the early nineties, Cacchi®®

and others®” reported use of different combinations of -
formic acid and its salts such as, HCOOH/NaHCOs/n-BusNCl; HCOOH/n-BusN;
HCOOK in palladium-catalyzed reduction of electron-deficient alkenes and rédubtive
arylation of alkenes (Scheme 17). They also observed that differences in the nature of
formate salt and of the reaction medium can significantly affect the course of
reaction.’’” Use of formic acid as the source of hydrogen, called the Wallach reaction,
or ammonium salts of formic acid, called the Leuckart reaction, often yields the N-

formyl derivative of the amine instead of the free amine.®®® On the other hand, we®®
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and other groups®®® have recently shown that potassium formate promoted by

palladium acetate can reduce

Scheme 17

T Pd(OAC | T .
R1/\H \Ra ( )2 > R1/ﬁ/l\R3 Cacchi et al
HCO,K, DMF ' . .

Ry -
60 °C, 45-97% 2

_Ar
/\/ﬁ | Pd(0) )\/ﬁ R,
+ ArX > R
RS Ng, " RgN, HCOH Ri
, A H
— R o+ Aax 20 - =
R—= RN, HCOH N\
! | R
Pd(OAc),
+ >
n-BuNClI, HCO;Na
DMF
P-CICeHay  /ON HCOOK/Pd(OAC), p'C'CGH4>_<CN
2N . DMFM5°CiAh H COOEY
H COOEt o6 .

Basu et al

Celan _~ /CN HCOOK/PA(OAC), ‘ CeH5>_<CN
HaC” \cooEt DM’;’gg °Cr3h

HaC COOEt

efficiently the conjugated C-C double bond. 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 reaction.
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I1-A.2.2: Present Work: Results and Discussion

We report herein our ‘observation, which finally constitutes a one-pot reductive
amination protocol for aldehydes and ketones, including conjugated ones, with the aid

of potassium formate and catalytic palladium acetate (Scheme 18).

Scheme 18
0 NRR? NR'R3
/| K HNRR3 HCOzK ' J
R Rz R2  Pd( OAc)2 R~ Rz
or S|I|ca gel DME AR '
R' = alkyl or aryl ‘R3=H, alkyl

R2 = H, alkyl g R’ = alkyl

To examine the scope. of this reaction, a variety of aldehydes and k'etohes were
reductivély aminated with aliphatic and aromatic amines (Table 1). Both primary and
secondary amines, such as morpholine (entries 2 and 6) have been used. Reactions
with substrates bearing potentially reducible ﬁlnctibnal groups including chloro. (éntry
3), bromo and nitro (entry 7) yielded aﬁticipatéd products without detectéble reductive
side products. The reaction of pyridine-4-aldehyde with ciclohexylamine was
reductively at 40 °C for 3 h and the desired product (43) was isolated -after column
chromatogric ~ purification in 86% yield. Similarly, p-meﬂfo_xybenzéldehyde
underwent reductive amination (entries 4 and 6) efficiently with both primary and
* secondary ai{phatic-amines affording the desired products (42) and (44)-in 75% and
67% yields respectively. The reaction of p-nitrobénzaldehyde with aromatic amine (p-
bromoaniline) was also studied (entry 7). The reaction also proceeded under fairly
mild condition to furﬁish the compound (45) in 56% yield. Among.the kétones, we
first studied the reaction of cyclohexanone with aniline (entry 8). The desired produc:t,
N-cyclohexylaniline (46) was isolated as colourless oil (70%).  Although
acetophenone is a difficult case for some reductive amination 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. Thus, acetophenone was subjected to reaction with both aliphatic and
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Table 1. Direct reductive amination of aldehydes and Ketones with HCO,K and Catalytic

4. MeO—@—CHO

7. OZNQCHO

\_/ 4h

HzNQ Al 5009C/
5h

H, AJ40°C/
3h

Ha ~ A/40°C/
3h

A /50°C/

\ / 5h

HZNQBrA 150 °C/
5h

i

Pd(OAc),
Entry Substrate ~ Amine Condition */Temp Product %Yield °
' -Time
.. @—CHO H2N—<:> A1 40°C/ @‘CHzN@ 68
3h _
' . (39)
H-N O Al40°C/ Hy—N o 62

(43)

Me Hy—N o 67
/.

(44)

OZN—Q—CHZNH—Q—& 56

(45)

Continued......
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Continued......... ' Table 1
Entry  Substrate Amine Condition a/Temp Product : - %Yield
b
Time
8. —0 H2N© B /50 °C/ <:>—NH—© . 70 .
_ 5h o
. ' (46) - . ‘
A' NH . A.
o. /{D HoN . B/60°C/ - - - 76
' CHy . 6h : CHs -
- (47) .
° Q—/{ HZN—<:> - B/B0%C/ @@ . 83
CHs 6h CHy o
o . (48)
\ NHCH '
1. Q_/{) HzNCHZO B /60 °C/ ©—< 80
CH, _ 6h CH, R
. ' , (49) '
12. Hy - B/50°C/ M /69,
. _ : (50) -

-

* Conditions A: Aldehyde + Amine in DMF with MS (4A) and stirred at room temparature
for 3-5 h; B: Ketone + Amine intimately mixed on activated silica gel- and stirred at room

temperature for 5-6 h.

" Yields are reported after chromatographic purification (2-3 runs). Satisfactory spectral data

were obtained for all the amines (products) and given in the experimental section.

aromatic primary amines (entrie;s 9-11) to afford the desired N-aryl or N-alkyl émines;
in 76-83% yields. Reductive amination of cinnamaldehyde (entry 12) with cyclohexyl
amine, however, proceeded with concomitant reduction of the C-C double bond.
Unlike the Leuckart reaction or the Wallach reaction, no N-formyl derivatives were

formed in this protocol.
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It is well known that aldehydes generally form imines faster than ketones. In this
protocol, separate conditions wefe employed for imine preparation prior to addition of
reducing agent. Whereas the aldehydes (except cinnamaldehyde) were reacted with
amines in presence of activated molecular sieves (4‘ A), the imines from 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 to reduction by adding palladium
acetate (2-5 mol %) and potassium formate (2-3 equiv) and heated at 40-60°C for 3-6
h (see experimental section). The products were obtained after purification on coluinn
chromatography. In general, the reaction procedure is very simple and the reactiqﬁ

procedure appears to be mild.

II-A.3: Conclusion:

In summary, the method described here can be useful for preparing all classes of
amines from suitable carbonyl compounds and the amines. Furthermore, theé method
can be of importance in view of cheap reducing agent, which "déc'omposes'" 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.
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IT-A.4: Experimental
TI-A.4.1: Preparation of activated Silica Gel (HFs4)

Silica gel (HF»s4) was purchased from SRL, India, and was activated by heating at
150 °C under vacuo‘(0.5 Hg) for 1 h and then cooled under N, before use.

I1-A.4.2: General pmcea’dre for Aldehydes (except Cinammaidehyde) -

A solution of p-anisaldehyde (0 .680 g 5 rflmol) and oyclohexylarhine (0. 500' g 5
mmol) in dry DMF (5 mL) was magnetlcally stirred at room temperature for 4 h, in
presence of molecular sieves (4 A). To the resulting reaction mixture weré added ;
HCOOK (0.840 g, 10 mmol) and palladium acetate (22 mg, 0.1 mmol). The mlxture

was then heated at 40 °C for 3 h to complete the reaction (TLC) and after coohng 1t‘
was diluted with ice-cold water (15 mL). The mixture was extracted with dlethy_l ether'
(3 x 20 mL). The combined extract was washed with brine, dried over a’nhydroﬁs .
Na;SO4 and evaporated to leave the crude product which was puriﬁed'by -colum'n :

chromatography over silica gel using EtOAC : hexane (1: 19; R¢0. 26) affordlng N
cyclohexyl-p-methoxybenzylamine (42). ‘ ‘

Yield: 75% (0.815 g), liquid -~
IR (neat): Vmax 2925, 2851, 1610, 1510, 1456, 1300, 1246, 1178, 1035, 821 cm

'H-NMR (CDCls, 300 MHz): & 7.22 (d, 2H, J = 8.3 Hz), 6.85 (d, 2H, 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, lH) 131-
1.05 (m, 6H).

3C.NMR (CDCls, 75 MHz): d 158.4, 132.9, 129.2, 113.7, 56.0, 55.2, 50.3, 33.4, 26 2,
24.9. '

Similarly compounds 39, 40, 41, 43, 44 and 45 were prepared from corresponding

aldehydes and amines.

N-Cyclohexylbenzylamine (39)
Yield: 68% (0.644 g), liquid

IR (neat): Vame 3400 (N-H), 1600, 1450, 1321 (C-N) em™
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'H-NMR (CDCls, 300 MHz): & 7.31-7.06 (m, SH), 3.80 (s, 2H), 2.48 (br, 1H), 1.92-
" 170 (m, 1H), 1.61-1.54 (m, 4H), 1.31-1.07 (m, 6H) ' |
N-Benzylmorpholine (40)
Yield: 62% (0.550 g), liquid.
'H-NMR (CDCls, 300 MHz): & 7.32-7.25 (m, 5H), 3.70 (t, 4H), 3.49 (s, 2H), 2.4 (t,
4H), - |
N-(4-Chlorobenzyl)aniline (41)*
Yield: 67% (0.730 g), liquid
IR (neat ): vinay 3380 (N-H), 1600, 1490, 1320 (C-N), 1095 cm”

'H-NMR (CDCls, 300 MHz): § 7.54 (d, 2H, J = 7.9 Hz), 7.32 (d, 2H, J = 7.9 H-z),
7.15 (t, 2H, J= 7.2 Hz), 6.71 (t, 1H, J = 7.2 Hz), 6.64 (d, 2H, J = 8.81 Hz), 4.29 (s,
2H), 3.97 (brs, 1H) '

BCNMR (CDCls, 75 MHz): 8 147:8_, 138.0, 133.0, 129.3, 128.7, 1282, 117.8, 11238,
476. |
N_—(Pyridin—4-yl-methy1)cyclohexylami-ne (43)

Yield: 86% (0.818 g), liquid. |

IR (neat): viax 2940, 1603, 1547, 1455 1383 cm’

'HNMR (CDC13, 300 MHz): 5 8.52 (d, 2H, J = 4.8 Hz), 7.26 (d 2H,J =438

Hz), 3.83 (s, 2H), 2.86 (br, 1H), 1.92-1.82 (m, 4H), 1.62-1.60 (m, 1H), 1.27-1.06 (m,
6H).

N-(4-Methoxybenzyl)morpholine (44)

Yield: 67% (0.694 g), liquid.

IR (neat): vinax 2954,2852, 1612, 1514, 1456, 1245, 1116, 1033 em™

'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)
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«13C-NMR (CDCls, 75 MHz): 6 158.7, 130.4, 129.5, 113.6, 66.9, 62.8, 55';2, 53.4.
4-Bromo-N-(4-nitrobenzyl)aniline (45)

Yield: 56% (0.860 g), liquid.

'H-NMR (CDCls, 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), 6.44 (d, 2H, J = 8.6 Hz), 4.45 (s, 2H), 4.22 (br, 1H).

13C-NMR (CDCl;, 75 MHz): & 146.8, 146.2, 132.1, 127.6, 123.9, 114.5, 114.4, 109.8,
47.5. ’ ( '
Anal. Calcd. for Cy3HBiN2O, (307.15): C, 50.84; H, 3.61.

' Found: C, 50.66; L, 3.69.

I1.-A.3.3: General Procedure for Ketones and Cinnamaldehyde

A mixture of acetophenone (0.601 g, 5 mmol) and benzyl amine (0.535 g, 5'- mmol) - |
was uniformly absorbed on the surface of 'activate_d silica gel (5. g) by dropWise_
addition under stirring, and the mixture was then stiﬁed at room temperature (25 °(,_3)'
under nitrogen for 4 h to ailow complete conversion of thccorresponding}im_ine.t
HCOOK (0.840.g, 10 mmol), palladium acetate (22 mg, 0.1 mmol) and DMI.?‘ (5 ml)
were added and the reaction mixture was then heated at 60 °C a for 6 h. Affer .
completion (TLC) the reaction mixture was cooled, diluted with ice-cold water and :
extracted with diethyl ether (3 x 20 mL). The extract was washed with brine, dried
over anhydrous Na;SO4 and e\;éporated with solvent fo leave the ci'ude prodﬁct;
which wés purified by column chromatography over silica gel using EtOAc : hexane
(1:9) affording N-(1-phenylethyl)benzylamine (49).

Yield: 80% (0.845 g), 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
(q, 2H, J= 13.1 Hz), 1.86 (br, 1H), 1.35 (d, 3H, J = 6.57 Hz).

3C-NMR (CDCls, 75 MHz): § 145.4, 140.5, 128.3, 127.3, 125.5, 57.4, 51.5, 24.4.
Anal. Calcd. for C;sH,7N (211.31): C, 85.26; H, 8.11.

Found: C, 85.11; H, 8.43.
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Using the same method compounds 46, 47, 48 and 50_were prepared from the

corresponding carbonyls and amines.

N-Cyclohexylaniline (46)"*

Yield: 70% (0.614 g), liquid.
IR (neat): Vma 3400, 3085, 3055, 1602, 1560, 1462, 1450,1367, 1321 (C-N), 1255,
1179,1148 cm’!

'H-NMR (CDCl, 300 MHz): § 7.22-7.14 (m, 2H), 6.71: 6.61 (m, 3H) 3.27 (m lH)'
1.81-1.62 (m, 5H), 1.45-1.10 (m, 6H).

3C.NMR (CDC13, 75 MHz): & 147.1, 129.2, 117.0, 113.3, 51.9, 33.4, 25.9, 25.0.

N-(1-Phenylethyl)aniline (47)
Yield: 76% (0.844 g) 11qu1d
IR (neat) Vmax 3416 (N H), 3053 1603, 1506, 1450, 1322 (C-N), 1260 cm™

'H-NMR (CDCls, 300 MHz): 8 7.36-7.31 (m, 5H), 7.06 (t, 2H, J = 7.3 Hz)-66 @, -
1H, J=7.3 Hz), 6.48 (4, 2H, J= 1.92 Hz), 446 (q, 1H, /= 6.7 Hz), 381 s, 1H), 1.47
(d, 3H, J= 6.7 Hz).

3C-NMR (CDCl3, 75 MHz): 6 147.2, 145.2, 129.0, 128.2, 126. 8 125.8,117.1, 113 2,
53.3,24.9.

N-(1-'Phenylethyl)cyclohexylamine (48) ’

Yield: 83% (0.750 g), liquid.

IR (neat): Vimax 3380, 1640 cm™.

'"H-NMR (CDCls, 300 MHz): § 7.35-7.20 (m, SH), 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, J = 6.6 Hz), 1.14-1.01 (m, 6H).

3C-NMR (CDCls, 75 MHz): § 146.0, 128.3, 126.6, 125.4, 54.3, 53.5, 34.4, 33.0, 26.0,
24.8.
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N-(3-Phenylpropan-1-yl)cyclohexylamine (50)

Yield: 69% (0.743 g), liquid.

4

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 (t, 4H, J =
7.4 Hz), 2.38 (m, 1H, NH), 1.87-1.59 (m, 8H), 1.30-1.02 (m, 4H). L

C-NMR (CDCl;, 75 MHz):  142.1, 128.3, 128.3, 125.6, 56.8, 46.4, 34.2, 33.6, 31.9,
26.1,25.0. S | |
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Part —II: Section — B

I1-B: Chemoselective Reduction of Functionalized Alkenes

- Using HCOOK and Catalytic Pd(OAc),
1I-B.1: Present Work: Background, Objectives and Strategy

Prior to 'using the combination—o‘_f pot_assiurn t‘o'rfnateand catalytic palladium acetate in
the reduction of C—N double bonds of the imines (described in Part-II: Section-A of
this dissertation), we employed this reductant in reducing the C—C double bonds of
highly fu_nctionalized alkenes. In this section (Part-II: Section-B), a new procedure
for chemoselective reduction of o;,B-funsatlirated cyanoesters using potassium formate

‘as hydrOgen donor and palladium (Iny acetate as homogeneous catalyst is described..

The reductlon of multlple bonds with the aid of a hydrogen donor in the presence of
catalyst is defined as “transfer hydrogenatron and has been known for a long time."

A_part from the reductron procedure using molecular hydrogen, transfer hydrogenation
offers some palpable benefits, as detailed by Noyori® and others.> These includes |
procedural simplicity, avoidance of hazardo'us reagents such as rnolecular hydrogen
and borane (thereby removing the need for specmhzed expensive facrhtles for the
handhng of such reagents) and 4 distinct react1v1ty and chemo- and enantioselectivity,
which may well comphment other methods. Over the last ‘decades, transfer
hydrogenations have been achieved wrth hlgh degree of enatloselct1v1ty 4 Inev‘ltably,
there are drawbacks the most’ serious _being the unfavourable thermodynam1cs
,assocrated with the transfer hydrogenatlon of ketones - using alcohols espec1ally’
ptopan-2-ol, as hydrogen source.’ Judlcrous choice of hydrogen donor and reaction

conditions are needed in such cases if'good conversions are to be ach1eved.

From the mechanistic point of view, formic acid and formates are believed to transfer . -
hydrogen as hydride in presence of the transSition rnetal catalys'ts (e.g. palladium
cataly'st) and such process is referred to as catalytic transfer hydrogenation (CTH) via
“hydridic rdute” (p. 115)3 As stated by Noyori, transition metal complex'es»“prefer

the hydride mechanism”. Several “excellent reviews on' catalytic transfer
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1b-d;3-5

_ hydrogenations (CTH) are available in the literature and therefore not discussed

here.

Chemoselective reduction of C—C multiple bonds in conjugated syetems 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,POy/H,0,” PhaSiHy/ZnClo. Hy0," triethoxysilane-water,'" are some of -
the examples employed for selective conjugate reduction. In most cases, direc_:t-sdurce
of hydride- is used for conjugate addition to the more nucleophilic B—'carbon,'wher‘ea's' -
formic acid aﬁd its salts are believed to be a source of hydride in situ,'> which

eventually adds to the B—carbon. As mentioned earlier, Cachhi et al.'

has reported a
combination of Pd(OAc),/HCOOK as a convenient alternative reduct;int for conjugate

reduction of o, B—carbonyl compounds. A few examples are given below.

Pd(OAC),
HCOOK, DMF, 60 °C

P
[«

A
& .
Y

Pl
@
A
4}

Re 45-97%

Rs = alkyl, aryl, OR

) | . Rz
__ Re Pd(OAc), R
R HCOOK, DMF, 60 °C <
Ry © ° R © °

56-94% 1

A

Cacchi et al.

R = -(CHy)s-, Me, Et, Ph, n-C7Hys
R1=-(CHp)s Me,H
Ry = CsH4-OMe-4, CSH4-OH-4, C5H4-Me-2, Ph

On the other hand, palladium-catalyzed reduction of conjugated nitriles' and cyano
esters using molecular hydrogen or hydrogen donor afforded with reduction of the

1.'® For example, reduction of reduction of o,B—unsaturated cyano

cyano group as wel
esters in presence of Pd/C and p-menthene (as hydrogen donor) led to reduction of not

only the C—C double bonds, but also of the nitrile group to a methyl group.14
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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 teniperaturehled to

reduction of C~C double bonds as well as reduction of the ester to alcohol. '

Sodium
borohydride has however been successfully worked in reducing ethyl
benzylidenecyanoacetate'’ and sodium cyanoborohydride has selectively reduced
o.,B—unsaturated esters, nitriles and nitro compounds.'® However, metalzhydrides are
generally highly reactive and expensive reagents and cyanoborohydride generates.

© toxic byproducts upon workup.

/Br

CN © NaBHCN _

VAR - C,HsOH, H*, 1 h
H COOEt A '

Recently, Hantzsch 1,4-dihydropyridines (HEH) has been employed for selectlve .

' This procedure however 1nvolves

~reduct10n of o,B-unsaturated - cyanoesters."
spemﬁc reagent (Hantzsch 1,4- d1hydropyr1d1nes) and after the reactlon the redox

products require separation (Scheme 1).

Schemel

H
« + .CN
HaC N~ ScH
3 3 G H X

X = COLEL, CN
G = p-OCHas, p-CHg, p-Cl, p-CN



138

Consequently, it appeared to us of interest to check the efficacy of Pd(OAc)’HCOOK
combination in the reduction of more functionalized oc,B—unsaturatéd cyano esters
(Scheme 2). The study could be of further importance, as the homogeneous chiral 4
transition metal-catalyzed hydrogen transfer reactions are known: to induce
asymmetry in the reduéﬁon of ketones (C=0) and imines (C=N). A review by -Palmcr
and Wills illustrated many examples.>* The chiral Pd-complex catalyzed conjugate
reduction without any concomitant reduction of other functional groups might
produce asymmetric' compéunds for further elaboration to useful -synthe;ci-c

- intermediates. The results of our studies are discussed below.

Scheme 2 |

R4

CN o '

N _ HCOOK/Pd(OAc), R‘>_<CN

RszOOR3 DMF/40-50 °C Ry \COOR;
3-4h ' } '

R3 = Et, Sn(n-Bu);
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1I-B.2: Present Work: Results and Discussion

In the present work, a series of functionalized o,B—unsaturated cyano esters (1-9)
have been prepared for the reduction study and to develop optimized conditions. The
unsaturated compounds were prepared by condensation of their carbonyl substrates
with ethyl cyanoacetate under Knoevenagel éonditions.zo The tri-n-butyl stannyl ester

of benzylidene derivative (8) was prepared its ethyl ester (1) by transesterification

with bis-tri-n-butyltin oxide, according to the conditions developed in this

laboratory.?! The condensed products were purified either by vacuum sublimation or
by column chromatography. The NMR spectra were in accord with the reported data '

and/or appeared to be consistent.

The reductions of the funétioﬁalized alkenes were carried out as follows. To a soluti_on'_
of the unsaturated cyano ester (1 mmol) in DMF (3 Aml) was added Pd(OAc); (2A
mol%) and HCOOK (2 equival‘eritj and the mixture was stirred at 45-50 °C vfor 3-4 h .-
* under N, to obtain complete reduction, as monitored on TLC. After uSual. W.Orklip,' the -
reduced: prOducts (10-18) were purified by column chromatography over silica gel.

The pure products were isolated in good to excellent yields.

The results are summarized in Table 1. Some of the salient featu;es mayA be noted.
Although dehalogenation of haloaromatics is known under transfer reduction using
heterogeneous catalyst,'® the preser;t method did not proceed with cleavage of
carbothaldgen bond. Thus ethyl 2%:yano-3-(4-chloropheny1)acry1ate'(2) underwent '
reduction of the olefinic ‘.bond without any concomitant removal of the c_hloridé, At: g
~ the same ;cime, any other prddﬂcts_originating from the reduction of the nitrile-gropp. h
was detected. ;Thé heteroaromatic systems such as pyridyl or furano derivativéS (4and -

5) afforded the desired products in 87% and 79% yields respectively. The tri-riabutyl '

" stannyl ester (8) gave the reduced product (17) in 75% yield and no demetallation was

observed.?

To observe any effect of ligand participation in the catalytic process, the reduction

- of ethyl 2-cyano-3-phenyl-2-butenoate (9) was carried out in presence of various
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Table 1. Reduction of a,B-unsaturated cyano esters by using HCOOK and catalytic

CO,Et"

(6)

Pd(OAc),
Entry Olefin Temp./time Product %Yield”
CgHs CeHsy N
1a. 45°C/ 3 h 92
. ' CO,Et H " CO,Et
(10)
p-CICgH4 p-CICeHa N
1b. >—< 45°C/ 4 h 96
CO,Et " H ~ CO,Et
| (1)
p-HOCgH, . p-HOCgH, ON
1c. 50°C/4h - _ %
CO,Et " H
1 ,4jCSH4 1,4-CsH N
1d. 50°C/3 h 87
' CO,Et H
1e. 79
S CN !
TR — . ‘;76

Contmued ........ S '
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(9)

Continued..... Table 1.
.Entry Olefin Temp./time Product %Yield
p-CH30CgH, CN p-CH30CgH, CN
1g. —_— 450°C/ 4 h — 95
' H COsft H CO,E
(7) (16)
CeHs N CeH CN
1h. — 50 °C/ 3 h ’ 75
H CO,SnBu, H* . COSnBug
(8) (7
CeH N
50°C/ 3 h
1i.b = 88
CHj CO,Et

*Yields refer to single runs and are for-pure, isolated products; all compounds were fully

characterized by IR, UV, and 'H- and *C-NMR spectra.

"The reaction was also carried out in presence of PPhs, P(o-tolyl);, and TMEDA.

ligand such as tr1phenylphosphme (PPh3) tri-o-tolylphosphine [P(o- tolyl)3] and -'

tetramethyl ethylenedlamme (TMEDA). In all the expenments a smooth conversion

to the reduced product with excellent yield was observed Choice of solvent is an

important factor govemmg the activity of soluble catalyst in transfer reduct1on 1415 As

most soluble catalysts are often coordmated to solvent, DMF was found to be supenor

in companson to non-polar solvents like. toluene or carbon tetrachlonde
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I1-B.3: Conclusion

The present study constitutes a useful condition for chemoselective reduction of C-C
double bonds of o,B—unsaturated cyano esters with the aid of potassium formate in
presence of catalytic palladium acetate. The reaction possibly involves the “hydridic
route” and adds to the P—carbon of conjugated systems. Unlike the other transfer
hydrogenation reactions, the halogen, cyano or ester- functions remain unchanged
dﬁring the reduction process. The ability of this reductant to perform conjugate
reduétion on functionalized alkylidenecyanoacetate in a controlled - fashion is
noteworthy. The homogeneous catalytic condition offers fﬁrther use of chiral ligands
to promote asymmetric induction. As compared to formic acid or other formate éalts,
potassium formate exﬁibited better chemoselectivity and being a .cheap and
environmentally benign reagent; the reductant system might be able to draw interest |

of synthetic chemists and industries.



11-B.4: Experimental
I1-B.4.1: Preparation of o,B-unsaturated cyanoesters

A series of o,B-unsaturated cyano esters have been prepared from their carbonyl

substrates by condensing with ethyl cyanoacetate under Knoevenagel condition.
General Procedure

Ethylcyanoacetate (56.8 g, 50 mmol), aldehyde or ketone (50-70- mmol), ammonium
acetate (7.7 g, 10 mmol) and glacial acetic acid (24 g, 40 mmol) was mixed. in dry
benzene (50 mL) and heated under reflux for 12-24 h in a Dean-Stark water»seperatc_)r.
The cold reaction mixture was washed with (3 x 25 mL) 10% sodium chloride and _

removed the benzene on a water bath under reduced pressure. The residue was

- transferred in a 1-litre bottle containing a solution of sodium metabisulphite (65 "g) in

water (250 mL) and shaked mechamcally for 2-6 h. The turbid was diluted w1th water
(400 mL). The unsaturated cyano ester was extracted w1th (3 x50 mL) of benzene and
dned with anhydrous sodium sulphate. The benzene was removed- by dlstlll_mg at . i
. atmoé’pherie pressure until the temperéture rises to 90 °C. The'crgde product was

either reerystallized from petroléum ether or was distilled under re.duced' pre.ss'u.re..
Ethyl 2-6ya.no—3-phenylacrylate (1)
Colourless crystals, m.p. 48- 49 °C [ht 349 °C]
| UV(MeOH) Amax 305 nm,
" IR (NuJol) Vimax 3020, 2400 2226, 1727 1608 1268, 1215 1104, 754 686 cm’!

'H-NMR (CDCl;, 400 MHz): 5 825 (s, 1H), 7.98 (dd, 2H, J = 7.32; 096 Hz), 7.56-
7.48 (m, 3H)439(q,2HJ 7.12 Hz), 1.40 (t, 3H, J = 7.12 Ha). |

Ethyl 2—c‘yano-3-(4-chloroph’ehy’l)acrylate (2)

Colourless crystals, m.p. 89-90 °C [1it. 90 °C].

UV (MeOH): Amax311.6 nm,
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IR(Nujol):vmax 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)
Coourless crystals, m.p. 165-166 °C.
UV (MeOH): Amax 347.0 nm.

IR (Nujol): Vimax 3400, 2224, 1720, 1608 cm™.
Ethy'l 2-cyano-3-(pyridin-4-yl)acrylate (4)

Pale brown crystals m.p. 93-94 °C
_ UV(MeOH) Amax 271.6 nm

~ IR(Nuwjol): Vo 2222, 1715, 1605 cm™.
Ehtyl 2-cyano-3-(furan-2-yl)acrylate (5)

Yellow crystals, m.p. 91-92 °C {lit. 93 °C]
3 t'JV(MeOH): Aomax 335.6 .
- IR(Ngjol): vmax2410 2222, 2090, 1739, 1635, 779 cm’™

NMR(CDCI3, 400 MHz): 58.02 (s, 1H),775 d, 1H, J=1 6Hz) 739 (d 1H, J
—40Hz),667(dd 1H, J = 4.0; 16Hz),439(q,2HJ 7.14 Hz), 1.38 (t, 3H, J—_,
714Hz)

Ethyl 2- cyano -2- cyclohexyhdeneacetate (6)

- Liquid, bp 117 121 °C/2mmHg
IR (neat): Vmax 2220, 1710, 1598, 907, 732 cm™

'H-NMR (CDCl3, 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). |
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Ethyl 2-cyano-3-(4-methoxyphenyl)acrylate (7)

Yellow crystals, m.p. 77-78 °C [1it.2* 79-80 °C]

UV (MeOH): Amax 346.2 nm. |

IR (Nejol) Vo 2361, 1728, 1659, 1528, 757, 669 e’

'H-NMR (CDCl;, 300 MHz): § 7.85 (s, 1H), 7.7 (d, 2H, J = 6.6 Hz), 6.7 (d, 2H,
J=66Hz)‘4‘1 (q, 2H, J = 54Hz) 3.6 (s, 3H)'1 I, 3H J=54H7:)' | _
3C.NMR (CDCl;, 75 MHz): § 164.1, 162. 9, 15456, 134.0, 1247, 1166 115.1; 997

62 7, 56 0, 14.6.
Tri-n-butYlstannyl 2-cyane¥3 -pheriylacrylate (8). A

The title compound was prepared by transesterlﬁcatlon method from ethyl 2 cyano- |
3-phenylacry1ate (1) and bzs-tn-n-butyltln oxide in carbon tetrachloride using-a Dean- o
Stark water separator as gummy syrup in 72% yleld ‘ '

'H-NMR'(CDCls, 300 MHz): 5 8. 156, 1H) 7.95 (m, 2H), 7.47 (m 3H) 1.70- 165
(m, 6H),139 1.31 (m, 12H), 094 (;, 9H,./ = 7.2 Hz).

BC.NMR (CDC13, 75MHz): & 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.2* 136-138 °C/2 mm Hg].
UV (MeOH): Amax 279.0 nm.

IR (neat): vinax 2088, 1743, 1646, 1215, 756, 669 em™.

'H-NMR (CDCl3, 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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[-B.4.2: Catalytic trnsfer hydrogenation of a,B-unsaturated cyano esters

A representative procedure

Ethyl 2-cyano-3-(furan-2-yl) propionate (14)

To a solution of ethyl 2-cyano-3-furan-2-yl-acrylate (5) (500 mg, 2.62 mmol) in
DMF (5 mL) was added Pd(OAc), (12 mg, 2 mol %), HCOOK (440 mg, 5.24 mmol)
and stirred the reaction mixture in a sealed tube (screw-cap) under N2 at 45 °C for 4h

. The mixture was cooled, dlluted with water and extracted with ether (3 x 15 mL)..
The combmed organic layer was washed with brine solution (10 mL), drled over
anhydrous Na;SO4 and concentrated. The residue was - punﬁed by “column
chromatography over silica gel and elution with ethyl acetate-light petroleum (1 9
afforded the desired product (14) as colourless oil in 79% ( 400 mg) yield.

UV (MeOH) lmax 222.0 nm.
IR (neat) Vmax 2244 1747 cm™!
NMR (CDC13, 300 MHz): 6 7 34 (s lH) 6.30 (s, 1H), 6.23 (s lH) 4. 26 (q, 2H,
-'.J 71Hz),379(m 1H)328(m2H)13l(t3HJ 71Hz) | | |
Bc NMR (CDC13, 75 MHz) 5 165.4, 149 3,142.8,115.9,b 110.9, 108 7,63.3,37.3,

36.1, 14.3.

. Anal. Calcd for CioH11NO; (193 20) C 62.17; H, 574

.-Found c, 62 32 H, 5.96.

" Similarly compounds (10), (11), (12), (13), (15), (16), (17) and (is) \'Nere.prelaar_ed.as '.‘
mentioned in Table 1. | | | |
' Ethyl 2- cyano 3-phenylprop10nate (10)
Yield: 9 92% liquid.

UV (MeOH): Amac 258.0 nm.

IR (neat): vmax 2989, 2349, 2256, 1746, .1262, 1208, 701 cm’.
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'H-NMR (CDCl, 300 MHZ): 5 7.36-7.25 (m, SH), 421 (q, 2H, J = 9 Hz), 3.72 @,
1H, J=9; 6 Hz), 3.29-3.13 (m, 2H), 1.24 (t, 3H, /= 9 Hz).

BC.NMR (CDCls, 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)

Yield: 96%, liquid. -
uv (MeOH)° Amx 225.0 nm.
- IR(neat) Vo 2372, 2244, 1745, 1674, 1495 cm™

1H-NMR(CDCl3, 300 MHz): § 7.30 (d, 2H, J = 8.3 Hz)720 (4, 2H, J = sst)-
422 (q, 2H, J = 7.1 Hz), 3.68 (dd, 1H, J = 8.0; 59Hz)323315(m 2H), 127,
3H, J=7.1 Hz) |

'BC-NMR (CDC13, 75 MHz): & 1650 1337 130.4, 1289 1277 1157 628 393'
349 13.9.

Ethyl 27cyanq-3-(4-hydroxthenyl)propioriate (12)

 Yield: 95%, liquid
UV (MeOH): Amge 242.0 nm.
IR (neat): Ving, 3338, 2244, 1742 e’

'H-NMR (CDCls, 300 MHz): § 7.10 (d, 2H, J = 7.9 Hz), 6.79 (d, 2H, J = 7.9 Hz),
425 (q, 2H, J = 7.2 Hz), 3.73 (dd, 1H, J = 8.1; 5.8 Hz), 3.22-3.08 (m, 2H), 1.26 (1,
3H, J=7.2 Hz). ‘ '

BC-NMR (CDCl, 75 MHZ) d 165.7, 155.6, 133.9, 1302 1266 1163 63.0, 40.0,
34.8,13.8. '

Ethyl 2-cyano-3-(pyridin-4-yl)propionate (13)

Yield: 87%, liquid.

UV (MeOH): Aax 257.4 nm.
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IR (neat): Vimax 2226, 1720 cm™.

'H-NMR(CDCl, 300 MHz): 5 8.6 (d, 2H, J=4.5 Hz), 7.23 (d, 2H, J = 4.5 Hz), 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 (t, 3H, J =
7.1 Hz).

3C.NMR (CDCls, 75 MHz): & 158.3, 150.2, 129.4, 124.1, 116.2, 63.4, 38.3, 34.7,
139. | | |

Anal. Caled. for C1;HizN,0; (204.23): C; 64.69; H, 5.92:
Found: C, 64.34;\H, 5.83.

Ethyl 2-cyano-2-2cyclohexylacetate (15)

Yield: 76%; liquid.

IR(neat): vmax2932 2360 2232, 1743 1451 cm’! |
IH-NMR (CDC13, 300 MHz): §4.27 (q, 2H,J=7.2 Hz), 34(d 1H,J=57 Hz), 2. 07
2.04 (m, 1H), 1.78-1.65(m, 6H) l35(t 3H,J= 72Hz) 1.29- 120(m 4H)

13CNMR(CDC13,75MHZ) 5165.8, 115.7, 62.5, 44.5,38.8,31.0,29.3, 255, 145 B
- Ethyl 2-cyano—3—(4-methoxyphenyl)propionate (16)

 Yield: 95%, liquid.
©. UV (MeOH): Apax 228.6 nm.

IR (neat): Vmax 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
(g, 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). o

BC-NMR (CDCl3, 75 MHz): & 165.5, 159.0, 130.1, 127.2, 116.2, 114.1, 62.7, 55.1,
39.8,34.9, 13.8.
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Tri-n-butylstannyl 2-cyaﬁo-3 -phenylpropionate (17)

Yield: 75%, highly viscous liquid.
UV (MeOH): Amax257.8 nm.
IR (neat): Vmax 2230, 1730 cm’

HNMR (CDCls, 300 MHz): § 7.50-7.12 (m SH) 371-3.66 (m, lH) 3.1-2.91 (m,
2H), 1.74-1.58 (m, 6H), 1.41-1.16,(m, 12H), 0.72 (t, 9H, J=7.1 Hz).

PC-NMR (CDC13, 75 MHz) o 1660 135.7, 1294 128.4, 127.3, 1163 624 479

o 423 274, 169 13.3.

Ethyl 2-cyano-3 -phenylbuténoate (18)

Yield: 88%, liquid.
UV (MeOH): Amgs 242.4 nn.
IR (neat): vmax2243 1747, 1595, 1446, 1250 cm

‘H-NMR (CDCls, 300 MHz): § 7.43-7.22 (m 5H), 4.12 (q, 24, J = 71 Hz), 3.70-
3.61(m, 1H), 3.55-3.48 (m, 1H), 1.50 (d, 3H, J= 7.0 Hz), 1.17 (t, 3, J= 7.1 Hz).
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Abstract—Palladium-catalysed C-N hetero cross-coupling reactions between bromopyridines and amines (both primary anc
secondary) can be efficiently performed on a KF-alumina (basic) surface, thus negating the use of strong bases such as sodiun
tert-butoxide. The reaction conditions are optimised with reference to catalytic systems, solvents and the surface. © 2002 Elsevie

Science Ltd. All rights reserved.

Aminopyridines are versatile intermediates for synthetic
transformations to biologically active compounds' and
are known to act as central nervous system stimulants.?
Their derivatives are often used as ligands in coordina-
tion and organometallic chemistry,® and have found
industrial applications as fluorescent dyes.* Most of the
early preparative methods for aminopyridines involve
aromatic nucleophilic substitution by SyAr, benzyne or
Spnl reactions.® These methods either suffer from a
nucleophilic regiocontrol problem, the need for very
high témperature 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-phosphine 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 tert-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; carbon-nitrogen cross

coupling; KF-alumina.

* Corresponding author. Tel.: +91-353-581425; lax: +91-353-581546;
e-mail: basu_nbu@hotmail.com

The weaker base (Cs,CO,) has been employed fo
haloaromatics® and halothiophenes,'” but not in th
case of halopyridines and its use is limited due to high
solubility in organic solvents and its hygroscopi
nature. Since the use of a base is one of the keys to th
success of this coupling reaction, we investigated pallm
dium-catalysed cross coupling of bromopyridines an:
amines on a KF-alumina (basic) surface. KF-alumin
has been successfully employed in many other cases s.
as to exploit- its basicity on the surface'’ and ver
recently Pd-catalysed C-C couplings (Suzuki, Heck
Stille, Trost-Tsuji) have been reported using KF-all
mina under mono-mode microwave irradiation.'* Th:.
report describes our results, which constitute a convc
nient and efficient heterogeneous method for C-N cou
pling by Pd-catalysed amination of halopyridines o
KF-alumina (basic) surface (Scheme 1).

As can be seen from the results presented in Table

the amination on KF-alumina surface works with di
ferent bromopyridines. While 2-bromopyridine (entrit
I and 2) reacts with different amines smoothly, 3-br
mopyridine (entry 7) undergoes amination in relative
poor yield. Amination of dibromopyridines™ afforc
only monoamine derivatives in good to excellent yieldd
In the case of 2.5-dibromopyridine (entries 8 and *
amination occurs selectively at the 2-position. Buch

Pd-Phosphine catalyst/
& &
Br RaNH or RNH, NR,
RS Alumina - KF (4:1) RS

(o-Tolyl);P, DPPF, BINAP; Pd-sources: PdCl,,
Pd;(dba);, Pd(OAc)». Pd(acac),, Pd[PPhs]y

Scheme F.

0040-4039/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII:.S0040-4039(02)01852-X
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Table 1.
Entry Bromoarene Amine Catalyst
“
1 < H-N 0 1Al
Br (-
7
Y H-N X [A)
2 Br N 00—)
-

H,NCH,Ph {H]

g H-N o A
4 B SN B \_/ (Al
-
- l [ —
5 Br Br H "D&l Al
-
~ i —
6 Br Br H @ (Al
- Br Y
7 0 H-N O (F]
Bro e —
g g o H-N_ O (A]
Br
| .
9 = Br R N::><%) [A]
Br

(EL [F]

xN N\
10 ©f>N H-N 0
H—Nr\:l IF)
~Br —\
12 @(;r BN 0 @
- Br

Conditionsb/

Product Yield(%)¢

time (h)
“
2/8 Q{\o 20
./
2/8 Q
s 58
O
~
218 ,BrQNHCHzPh %0

’d

1,2/5 sk M 78

Br N O
(e

275 Br/Q\ND(c;‘ 62

N O
1,2/9 :l [ 48
N
1,2/5 <
? NN 0 2
/

O
0
216 AN 86
2/6 %‘O 90

a{A] Pd[(0-toly])3P]2Cl5 ; [B} Pda(dba)3 - P(o-tolyl)3 ; [C] Pd [PPh3]4 : [D] Pda(dba)s - dppf:
[E] Pd(OAc)2 - dppf'; [F] Pda(dba)3 - BINAP ; [G] Pd{acac)s - dppf ; [H] Pd(OAc)2 - BINAP
b 1. Alumina - KF in Toluene / 90 - 1000C; 2. Alumina - KF without solvent at 90-100 0C.

€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).

wald observed complete bis-amination of 2,6-dibromo-
pyridine using Pd.(dba);-dppe catalyst in the presence
of excess amine.” Qur conditions, however, yielded
monoamines as the major products even after pro-
longed reaction times and in the presence of excess
amine (entries 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.

A great deal of experimentation on the cross coupling
of bromopyridines with primary and secondary amine
was carried out in order to optimise the reaction condi
tions. Palladium sources, ligand, solvent and the sup
port (KF-Al,0,) were optimised and several details ar
worthy of comment. Firstly, different palladium source
like PdCl, Pd(OAc),. Pdy(dba);, Pd(acac), an
Pd[PPh;], complexing with either mono-phosphine [(¢
tolyl);P] or bis-phosphines (BINAP and DPPF) wer
employed as the catalytic systems. The Pd[(c
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tolyl);P],Cl, and Pd,(dba),/BINAP complexes were
found to be most effective in this amination process
(Table 1). The formation of bis-(pyridy!) 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-AlLO, 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-bromoisoquinoline.

In conclusion, we have shown that Pd(0) catalysed
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 terr-butoxide. Future work will include
studies with more base-sensitive functionalities on the
heterocyclic nucleus as well as with chiral amines.

Experimental
General procedure

Preparation of activated AlLO;/KF: A mixture of basic
alumina (Activity | 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
vacuum (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 (+) 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:EtQAc=
20:1) to give 2-benzylamino-6-bromopyridine (475 mg,
90%); mp 85°C; 'H NMR (CDCl,, 300 MHz): J 4.46
(d, 2H, J=5.9 Hz), 5.18 (br.s, 1H), 6.24 (d. 1H, J=8.2
Hz), 6.73 (d, IH, J=7.5 Hz), 7.20 (dd, IH, J=8.2; 7.5
Hz), 7.27-7.36 (m, 5H); '*C NMR (CDCl,, 75 MHz): ¢

46.3, 104.5, 116.1, 127.3, 127.4, 128.7, 138.3, 139.5,
140.2, 158.7.
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Abstract—A range of conjugated polyaryls has been synthesized through one-pot microwave assisted palladium-catalyzed
consecutive Suzuki coupling reactions on a KF-alumina surface with notable features including rapid reaction times, solvent-free
conditions, high yields, atom economic and air-insensitive reactions. © 2003 Elsevier Science Ltd. All rights reserved.

Biaryls and higher homologues are an important class
of conjugated polyaromatic compounds, originating
from benzene as unique building blocks. On the one
hand, multinuclear aromatics develop the concept of
aromaticity and supramolecular benzene chemistry,!
and on the other hand, lead to wide applications in
material and biological sciences.? Polyaryls find several
applications as liquid crystals,? laser-dyes®® and con-
ducting polymers.”>¢ For example, the terphenyls (o-,
m-, p-isomers) are used industrially as heat storage and
transfer agents and as textile dye carriers whilst the
p-isomer has found application as a laser dye. 9,10-
Diphenylanthracene is used as a fluorescer in a peroxy-
oxalate chemiluminescence system.? In addition, biaryls
and higher homologues are often present as subunits in
numerous biologically active natural products, pharma-
ceuticals and agrochemicals.* The synthesis of polyaro-
matic hydrocarbons (PAHs) and their derivatives has
therefore been of considerable interest to organic and
physical chemists for many years.

A variety of methods are available for the synthesis of
biaryls via coupling of benzene rings promoted by
different reagents.> The transition metal-catalyzed
cross-coupling  of  Grignard reagents with
dihalobenzenes™¢ and other methods® produce the
desired terphenyls in poor yields. However, most of the
classical methods are often complicated by harsh reac-
tion conditions, lack of selectivity and generality, or the
requirement of expensive reagents. Moreover, many of

Keywords: polyaromatic hydrocarbons; Suzuki coupling; palladium;

KF-alumina; microwave assisted reactions.

* Corresponding author: Fax: +91-353-2581546; e-mail: basu_
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the methods are not being recognized from the view-
point of green chemistry. Recent literature reports
confirm that palladium-catalyzed Suzuki coupling reac-
tions of aryl halides with aryl boronic acids (or esters)
have become convenient and widely used synthetic
methods for regioselective aryl-aryl bond formation.>®
The reasons are manifold: ease of access of the
organoboronic species, broad range of functional group
tolerance, low toxicity of the inorganic residues, etc.
However, although the Suzuki coupling reaction is one
of the most useful methods yet developed for the syn-
theses of both symmetrical and unsymmetrical biaryls,
there are still improvements and further applications
that could be made to render it more effective. Surpris-
ingly, little attempt has been made to investigate con-
secutive cross-couplings in a one-pot reaction. A few
sporadic examples of bis-Suzuki couplings are known in
the literature®’ and therefore much new research
should be extended towards the scope and the amelio-
ration of the economical and ecological parameters of
the Suzuki reaction. We envisaged that a multi-Suzuki
coupling of di-, tri- or tetra-haloaromatics with aryl
boronic acids could lead to terphenyls and higher
homologues in a one-pot reaction. Kabalka et al.® and
Villemin et al.®® have reported that Suzuki cross-cou-
pling reactions can be efficiently performed on the
surface of KF-alumina with microwave irradiation. .In
conjunction with our interest in hetero cross-coupling
reactions on KF-alumina surfaces,® we investigated
microwave-assisted palladium-catalyzed coupling of
polyhaloaromatics with arylboronic acids on KF-alu-
mina and other inorganic oxides. In this letter, we
report our results, which expand the scope of the
Suzuki reaction on a solvent-free inorganic surface
leading to the synthesis of a large variety of
polyaromatics. .
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Table 1. Solid-supported [KF-Al,O5] polyarylations ol polyhaloaromatics with phenyl boronic acid using catalytic Pd(OAc),
under microwave irradiation

% lIsolated
Yields ?

:

160 W/ 15 min (M YKT) 6 T 63

Conditions
Power (W) Time

Entry Haloaromatics Products ¢

. 80W/10min

80 W/ 15 min

&>

W

4 , QI 7 320 W/ 7 min 4 88
MeO A, MeO '
5 T s 80 W/20 min
Br " Br : ® O ° . 63

80 W /20 min

7 B(Q”Br 11 160 W/ 10 min O 0 12
(Y ) )K ) 14 53

0
(¢ 91

400 W/ 5 min

o
e

o Brd XL (hn 240W/10min 58
.15 ’ 16
Br ’ O ‘
10 OOO 17 320 W/ 10 min ‘] 18 88
Br O @
Br: Br .
11 \(;( 19 240 W /7 min J ® ¢ . o
Br
J
" ONH, NH
12 B’\©i8r 21 240 W /10 min J OO " 75
Br O
H OH
13 Br\éﬁf 23 240 W / 10 min J @ d 24 76
Br O
B
14 BI:(; 25 320 W/ 7 min : ® : 26 55

@ All the products gave satisfactory spectral data (*H- and '3*C-NMR) and the known compounds
were compared with reported mps; b Yields refer to the average from 2-3 runs.
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We initially focused our attention on the cross-cou-
pling of dibromoaromatics with phenylboronic acids
on KF- alumina using microwave irradiation. As can
be seen from the results presented in Table I, the
dibromobenzenes afforded the corresponding ter-
phenyls as the major products (entries 1-3). Varying
amounts of mono-substituted biaryls (15-20%) were
detected on TLC, which could be easily separated
from the terphenyls by column chromatography.
While comparing the reaction rate between dibromo-
and diiodoarenes (entries 2 and 4), the latter afforded
the corresponding terphenyl 4 in a slightly better yield.
However, different conditions were required to accom-
plish the desired bis-coupling. 2,4-Dibromoanisole
(entry 5) and 4-bromo-2-iodoanisole (entry 6) afforded
the terphenyl 9 in almost comparable yields. Thus, no
significant reactivity difference between bromo- and
iodo-substituents was observed. Among the other
dibromoarenes, 2,6-dibromopyridine (entry 7) and
9,10-dibromoanthracene (entry 10) yielded the desired
products 12 and 18, respectively, in excellent yields.
The biphenyl systems (entries 8 and 9) produced the
corresponding products 14 and 16 in yields of 50-60%.
In the case of tribromoaromatics (entries 11-13), the
corresponding tris-coupled compounds 20, 22 and 24
were isolated as the major products (Table 1). Small
amounts of mono- or bis-coupled products were
detected by TLC. The !,4-dibromo-2,5-diiodobenzene
25 yielded the tetraphenylbenzene 26 in 55% yield
(entry 14). Villemin and co-workers obtained their best
results on Suzuki couplings with aryl iodides using
mono-mode microwave irradiation.®® Our conditions
using KF-alumina (1:4) and irradiation from a domes-
tic microwave oven, however, enabled pelyarylations
in good to excellent yields. We also examined such
poly-Suzuki couplings on other inorganic surfaces
(Table 2). The results were best on the surface of
KF-alumina (1:4). The reactions were carried out in
air. All the reactants were intimately mixed with the
inorganic surface before being placed in a domestic
microwave oven (Kenstar; Model OM-9925E) and
irradiated at the appropriate power (W) and time
(Table 1). In many Suzuki cross-couplings, a crucial
role is played by the ligands,® which complex with
palladium salts. The above solvent-free conditions,
however, required no such ancillary ligands, which is
advantageous in view of atom economy in the reac-
tion.

Table 2. Multi-Suzuki reactions on different inorganic sur-
faces under microwave irradiation without solvent [A/B/
Pd(OAc),=1/2.5/0.04 mmol on 1.5 g of B]

Conditions  Yield
(%)

Entry Substrate (A) Surface (B)

1,3-Dibromobenzene  KF-Al,0, (1:4) 80 W/15 min 83

1,3-Dibromobenzene Al,O, 80 W/15 min 20-25

1,3-Dibromobenzene MgO 80 W/15 min 25

1,3-Dibromobenzene MgO-K,CO; 80 W/I5 min 30
3:2)

BN -

In summary, we have demonstrated that it is possible
to perform palladium-catalyzed Suzuki couplings of
polyhaloaromatics with phenyl boronic acid on a sur-
face of KF-alumina with the aid of microwave irradi-
ation from a domestic microwave oven. The method is
fast. operationally simple. and allows rapid access to a
variety of polyaromatic hydrocarbons.

Representative procedure for a nulti-Suzuki coupling:
1,3-Dibromobenzene 3 (236 mg, 1.0 mmol), phenyl
boronic acid (305 mg, 2.5 mmol) and palladium ace-
tate (10 mg, 0.04 mmol) were intimately mixed with
1.5 g of KF-alumina (prepared according to Ref. 8c)
and the mixture was irradiated in a domestic
microwave oven at 80 W for 15 min. The solid mijx-
ture was then placed on a silica gel column and eluted
with petroleum ether:EtOAc (99:1) to furnish m-ter-
phenyl 4 (190 mg, 83%); mp 87-88°C (lit.'"® 89°C); 'H
NMR (CDCl,, 400 MHz): ¢ 7.30-7.84 (m, 14H); '*C
NMR (CDCl;, 100 MHz): 6 126.1, 127.2, 1274, 128.8,
129.2, 141.1, 141.7.
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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 potassium formate as reductant and
palladium acetate as catalyst. Suitable amines include both primary
and secondary aliphatic and aromatic amines.

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

The direct reductive amination of carbonyl compounds! is
a useful organic transformation for preparing primary,
secondary and tertiary amines. The carbonyl compound
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;;'3 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-formy! derivative of the amine in-
stead of the free amine.!” Recently, we!%® and other
groups'®® have shown that potassium formate promoted
by palladium acetate can reduce etficiently 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 palladium acetate.

0 HNR'R® R oo,k e
2 . s
Rx/U\Rz MS 1/”\ > Pd(OAc /,\
or Silica ge] R R D(MF - R ke
Rl = Alkyl or Aryl R* =H, Alkyl
RZ =H, Alkyl R = Alkyl
Scheme 1

To examine the scope of this reaction, a 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 functional groups including chloro (entry
3), bromo and nitro (entry 7) yielded anticipated products
without detectable reductive side products. Although ace-
tophenone is a difficult case for some reductive amination
protocols, use of excess potassium formate (2—4 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 equally 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 protocol.

It is well known that aldehvdes 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 cinnamal-
dehyde) were reacted with amines in presence of activated
molecular sieves (4 A), the imines from 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 to reduction by adding
palladium acetate (2—-5 mol%) and potassium formate
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Table 1 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 ¢ d-cro N ) A140 °C/3 Cr-onanu<_ ) 68
2 ¢ H-cro HN_ O AMO*CHA ¢y o 62
3 ci~¢_d-cio HN) ARSDECE a~Cy-caane¢_) o7
4 MeO-_)-CHO HNA ) Amo=C Meo~ -t~ ) 7
5 NT)-cHo N A/40 °C/3 N caidd 86
6 McO{_)-CHO BN O A30°C13 M0~ )CHN_ 0 67
7 ON-)-CHO HyN~-( - Br AF0 °CI3 oN< - CHNH_H-Br %
8 GO H,N _@ B/50 °C/5 O—NH—@ ‘ 70
9 @_{) HN _@ B/60 °Cl6 @—ﬂi _@ 76 /
1_0 : 0 HN _O B/60 °C/6 NH _O 83

: CH3 .
11 -0 HaNHC-C) B/60 °C/6 HcH ) 80
O CH;
B/50 °C/5

2 {)-Cr=CHCHO HN-{)

- crencnna<_) %

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 are 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 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 catalysed hydride addition is probably the
cause of the C-N double bond reduction, the possibility
for asymmetric reductive ammatlon in presence of a chiral
ligand might be explored.

Acknowiedgement

Financial support from the Department of Science & Technology,

New Delhi (Grant No. SP/S1/G13/97) is gratefully acknowledged. |

We are thankful to Professor B. C. Ranu, Department of Oragnic
Chemistry, Indian Association for the Cultivation of Science, Cal-
cutta 700 032, India for his help in doing some of the experiments.

Synlett 2003, No. 4, 555-557

References

(1) For arecent review, see: (a) Tarasevich, V. A.; Kozlov, N.
G. Russ. Chem. Rev. 1999, 68, 55. (b) Abdel-Magid, A. F.;
Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; Shah, R. D.
J. Org. Chem. 1996, 61, 3849.

(2) Borch, R. F;; Bernstein, M. D.; Durst, H. D. J. Am. Chem.
Soc. 1971, 93, 2897.

(3) Abdel-Magid, A. F.; Maryanoff, C. A.; Carson, K. G.
Tetrahedron Lett. 1990, 31, 5595.

(4) Bhattacharyya, S.; Chatterjee, A.; Duttachowdhury, S. K. J.
Chem. Soc., Perkin Trans. 11994, 1.

(5) Saxena, l; Borah, R.; Sarma, J. C. J. Chem. Soc., Perkin
Trans. 12000, 503.

(6) Chandrasekhar, S.; Reddy, C. R.; Ahmed M. Synlett 2000,
1655.

(7) Bhattacharyya, S.; Neidigh, K. A.; Avery, M.A.;
Williamson, I. S. Synlett 1999, 1781.

(8) Suwa, T.; Sugiyama, E.; Shibata, I.; Baba, A. Synlerr 2000,
556.

(9) Suwa, T Sugxyama E.; Shibata, I.; Baba, A. Synthesis
2000, 789; and references cited therein.

(10) Bae,J. W.;Lee,S.H.; Cho, Y.JI.; Yoon, C. M. J. Chem. Soc.,
Perkin Trans. 12000, 145,

(11) Ranu, B. C.: Majee, A.; Sarkar, A. J. Org. Chem. 1998, 63,
370.

(12) Chen, B.-C.; Sundeen, J. E.; Guo, P.; Bednarz, M. S.; Zhao,
R. Tetrahedron Letr. 2001, 42, 1245.

ISSN 0936-5214 © Thieme Stuttgart - New York



LETTER

Direct Reductive Amination of Aldehydes and Ketones 557'

3

(14)
(15

(16)

an

Bomann, M. D.; Guch, 1. C.; DiMare, M. J. Org. Chem.
1995, 60, 5995.

Apodaca, R.: Xiao, W. Org. Lert. 2001, 3, 1745,

Smith, M. B.; March, J. Advanced Organic Chemistry, 5th

ed.; John Wiley and Sons: New York, 2001, Chap. 16, 1187.

(a) Basu, B.; Bhuiyan, M. M. H.; Tha, S. Synth. Conunun.
2003, 33, 289. (b) Arcadi, A.; Bernocchi, E.; Cacchi, S.;
Marinelli, F. Synlett 1991, 27.

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 for 3 ¢
complete the reaction (TLC) and after cooling it was diluteq
with ice-cold water (15 mL). The mixture was extracted wit,
ether (3 x 20 mL). The combined extract was washed with
brine, dried (Na,SO,), and evaporated to leave the crude
product, which was purified by column chromatography
over silica gel. Elution with ethyl acetate-hexanes (1:19;
R;0.26) furnished N-cyclohexyl p-methoxybenzyl amine 4
(815 mg, 75%) as an oil: IR(neat): 1246, 1300, 1510, 1610,
2851, 2925 cm*. 'H NMR (300 MHz, CDCl,): 6 = 1.05-
1.31 (m, 6 H), 1.61 (br, 1 H), 1.70~1.92 (m, 4 H), 2.43-2.50
(m, 1 H),3.73 (5,2 H), 3.78 (s, 3 H), 6.84 (d,2 H, J=8.3
Hz), 7.22 (d, 2 H, J = 8.3 Hz). **C NMR (75 MHz, CDCl,):
8=24.9,26.2,33.4,50.3, 55.2, 56.0, 113.7, 129.2, 132.9,
158.4. . ’
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ABSTRACT

A number of o,B-unsaturated cyano esters have been chemo-
selectively reduced with potassium formate as hydrogen donor, and
palladium(IT) acetate as homogeneous catalyst, in DMF without any
concomitant reduction of cyano or carboxylate or halogen groups.
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Chemoselective reduction of carbon—carbon multiple bond in conju-
~ gated 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,PO,/H,0,™ PhZSin/ZnClz-HZO,[ﬂ triethoxysilane-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 B-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.l®] 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
cyano group as well.”) For example, reduction of «,B-unsaturated cyano
esters in.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.'!! 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.!? Sodium
borohydride has however been successfully used for reduction of 1al'’!
and sodium cyanoborohydride has selectively reduced o,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
1,4-dihydropyridines (HEH) has been employed for selective reduction
of o,B-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 efficacy of Pd(OAc),/HCOOK combination
in reduction of more functionalized o,B-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 cyanoacetates according
to Sch. 1. The reduction appeared to be mild and efficient as the
nitrile, ester (alkyl and tri-n-butyl stannyl), and halogen functions
remain unaffected.

A series of a,B-unsaturated cyano esters (la—i) have been prepared

- from their carbonyl substrates condensed with ethyl cyanoacetate 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 3-4h 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-tri-n-butyltin oxide,™ also survived demetallation under the reaction

condition.[zol To observe any effect of ligand participation in the catalytic
process, the reaction was carried out in presence of various ligands, such
as PPh;, P(o-tolyl); and TMEDA with the alkylidenecyanoacetic ester
(1i). In all the experiments, a smooth conversion to the reduced product
with excelléent 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 a,B-unsaturated cyano esters using
HCOOXK/Pd(OAc), as simple and inexpensive reductant. The reaction
possibly involves hydride transfer in situ at the f-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(OAcy, R CN
R; iCOOR3 DMF /45-50 °C/ Rz; :COOR3
3-4 Hr

R3 = Et, Sn(nBu);

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

| No. Olefin Temp./time . Product Yield (%)?
la  CeHs CN " 45°C/3h  Céls CN 92
. H-  COOE H COOE
lb P-CiC¢H, 450C/4h p CIC¢H, - 96
H COOE H COOR
1c P-HOCgHy 500c/4h P HOC¢H, 95
- H COOE W COOm ‘
1d MCHN - 50°C/3h  14-CsHN : ‘ 87
H COOE COOEt
le % 45°C/4h W , 79
CN CN
0"\ __ .
H COOEt COOE
1f <:>_< 50°C/4h C>_< 76
COOE! i COOE
lg P-CH;0CgH, - 45°C/4h p- CH;OCGH‘ CN » 95
H COOEt . H COOEt
th CéHs.  CN 50°C/3h  Célls CN . 75
H COOSnBu, H COOSnBu,
> Cdls,  CN 50°C/3h  Cels CN 88
H,C COOE , H,C COOE

*Yields refer to single runs and are for pure, isolated products; all compounds:
were fully characterized by IR, UV, and 'H- and *C-NMR spectra.
®The reaction was also carried out in presence of PPh;, P{o-tolyl);, 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 1e) is as follows: To a
solution of the unsaturated cyano ester (0.50 g, 2.62 mmol) in DMF (5mL)
was added Pd(OAc), (12mg, 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): vyax 2244, 1747cm™!; 'H-NMR
(CDCl3, 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, 1H), 7.34 (s, 1H); >’C-NMR
(CDCls, 75MHz) § 14.3, 36.1, 37.3, 63.3, 108.7, 110.9, 115.9, 142.8,
149.3, 165.4.
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AL UMINA SURFACE

';Jha S. and Basu B.*

Department of Chemistry, North Bengal University, Darjeeling 734 430, Indla Phone
0353)381 425; Fax 0353)581546; Email: basu_nbu@indiatimes.com

Recent- development of palladium catalysis in amination of aryl halides seems to have
overwhelmed other synthetic methods for the construction of an aryl-nitrogen bond. The -
synthesis. of arylamines by the reaction of aryl halides (or triflates) with primary and
secondary amines in presence of palladium-phosphine catalyst and sodium zert-butoxide.
as a base has become a valuable synthetic tool for a variety of applications. Although this
reaction has been employed for preparing aminopyridines, the use of strong base greatly
limits tolerance of a wide range of functional groups.

In order to avoid use of strong bases, we investigated amination of halopyridines on a
surface of potassium fluoride-alumina. This poster paper describes our results, which
constitutes a convenient and efficient heterogeneous method for carbo-nitrogen coupling
by palladium-catalyzed amination of halopyridines on KF-alumina surface (Scheme 1).

Scheme |
. Pd- Phés;ﬂﬁne catalyst/ | A
et RyNH or RNH “ '
% Br e | NRy:
Ry Alumina - KF (4 l) Ry

- Phosphine: (0-Toly Dy, DPPF, BINAP; Pd-scurces: PdCl,,
Pdy(dba);, Pd(OAk),, Pd(acac),, PA[PPhy)y
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