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ABSTRACT

The application of homogenous transition metallgaisto the arylation of enolates to
develop new synthetic procedures which are morar@mwentally benign, atom-
efficient and economically viable than current nogelh was the motivation behind the
current work. The specific choice of moleculeshwén aromatic group in the-
position of a ketone, carboxylic acid, amide oreostblectron-withdrawing group arose
from the fact that many natural products, pharmacalu actives and synthetic
intermediates contain such a substructure whilesyinéheses of these substructures are

often cumbersome.

The application of homogenous catalysis to varigpss of enolates was explored and
in the process several developments were achiemdddescoveries made. These
included the use of inorganic bases under phasesféna conditions for the Heck
reaction of acrylic acid as well as the synthesid application of phosphine and
phosphite ligands in the Heck reaction of acrytiasters. The successful use of low
palladium loadings (as low as 0.01mol%) in the atigh of diethyl malonate using
aryl chlorides and the application to the synthesiketoprofen and phenobarbital was
demonstrated. The novel application of palladiuatalysis to the arylation of
methanesulfonamides and the first example of a bnotlole derivative as the aryl
halide partner in an enolate arylation reaction vemsnonstrated. Ligand-free
palladium catalysed phenylation of pinacolone fokd by Baeyer Villiger oxidation
led to a proposed novel synthetic routadd-butyl esters of 2-arylacetic acids. The
palladium and copper catalysed arylation of aceltzde esters, within situ
decarbonylation, provided a different route to glaetic acid esters which are useful

in the preparation of non-steroidal anti-inflammgtoompounds.
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INTRODUCTION
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The requirement for the development of technologyassemble molecules which
contain an aromatic ring in thee-position of a ketone, ester, amide or other ebeetr

withdrawing group, arises from the fact that mamyunal products, pharmaceutical
actives and synthetic intermediates contain suclibstructure. In general, no cost
efficient and environmentally friendly synthetic thed exists to assemble these

substructurées

It is believed that the most atom efficient routeataryl carbonyl compounds is by
direct formation of the bond between the aryl wamtd thea-carbon. The reaction
between an enolate nucleophile and an aryl halaiédccreate such a bond and is

referred to as an arylation reaction.

1.1  The Arylation Reaction

In the general sense, an arylation reaction is ssethe attachment of any aromatic
group to a range of atoms but for the scope of shusly, the arylation reaction is
defined as the formation of a bond between an aionmaoiety and carbon atom
attached to one or more electron-withdrawing grompghe presence of a catalytic
amount of a transition metal or complex thereohue 1). It can also be seen as the

replacement of an acidic hydrogen atom on an eadakscarbon.

X

N transition metal 72\
L+ HcHeEWE), $o ) ClHeEWE),
base —
Z 4
+
X=Br,Cl, | EWG = electron-withdrawing group base. HX
Scheme 1 The arylation reaction

The carbon-carbon bond forming reactions are fuartmeited to the formation of
bonds between enolates (hard, pKa>19 or soft, pBp&fhd aromatic systems in the
form of aromatic halides. Aryl bromides and chiles, in particular, were considered
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although aryl iodides have not been specificallgladed. In addition to enolates, the

coupling of olefinic substrates (the Heck reactitmaryl halides was also looked at.

Other types of arylation reactions will not be e#lfi excluded from discussions as
several parallels can be drawn between enolatefinobrylation and, especially,
aromatic amination. Aromatic amination has atgdcsignificant attention over the
past 10 years and a large amount of data and misthaavidence is availaifé.
Alkyl aryl ether® formation and the SuzukiStille®® and Negishf coupling reactions
are other closely related reactions and developsnarnthese areas have also provided
valuable insights into the workings of enolate atigin. All these reactions are very
similar and share at least some aspects of thé/wataycle (see Scheme 2). The first
step in the catalytic cycle involves insertion o FO) into the aryl halide bond
(oxidative addition) and is believed to be univerka these reactions. This is
followed by the association of the nucleophile, finen and type of which, determines
the type of reaction. Product formation takes @lathen the palladium complex,
containing both the aryl and nucleophile componerifiapses and the Pd(0) complex
is released (reductive elimination). This is ewiced by the similarity in catalyst

precursors and ligands as well as the reactionittonsl employed.

Ar-X
Ar-Nu L,Pd(0)
reductive oxidative
elimination addition
L,Pd(Ar)Nu LnPd(AnX
AL
Base, HX Nu-H, base
Scheme 2. General mechanism of palladium catalysed arylation

The formation of carbon-carbon bonds involving aronzatic compound is
traditionally performed by electrophilic aromatiabstitution. The Friedel-Crafts
acylation reaction between an electron-rich arotn@dmpound and an acyl halide or
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anhydride activated by a Lewis acid is a well-knoswamplé'. This does, however,
not allow for the introduction of an aromatic sutosnt in thea-position of a carbonyl
compound. In the past numerous methods have bmesed to accomplish aromatic
nucleophilic substitution but have generally belemtéd with respect to the scope of
substrates and the requirement of harsh conditidmsh do not tolerate other sensitive
functionalities on the substratds Consequently, the formation of carbon-carbon
bonds involving an aromatic substituent reactinghwa nucleophilic partner has

remained a challenging synthetic task.
1.2 Nucleophilic Aromatic Substitution

Traditionally, nucleophilic substitution reactioasan aromatic nucleus were classified

into four categories and will be discussed briédlyprovide an overview:

* Reactions of substrates activated by electron wathohg groups in thertho or
para position (RAr) or as in the case of metalarene complexes (for example
(CO%Crn’-Ar-X).

* Reactions catalysed by very strong bases and ptiogeehrough a benzyne
mechanism

* Reactions initiated by electron donorgy\$)

» Substrates where the nitrogen of a diazonium salisplaced (gL).

The SYAr mechanism consists of 2 steps, in the first stéyond is formed between the
attacking nucleophile and the substrate forminguamium ion (otherwise known as a
Meisenheimer salt) which then collapses to the pecody bond breaking between the

aromatic substrate and the leaving group (Scheme 3)

X X
X NuH ® base Nu
(R — NuH —_— Nu '—X>

Scheme 3. Nucleophilicsubstitution by th&yAr mechanism
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The first step is almost always the rate-deterngirstep and therefore the rate of
reaction is significantly accelerated by the preseaf electron-withdrawing groups

especially those in thertho and para positions which can remove electron density
from the aromatic ring and particularly groups dapaof further stabilizing the

negative charge as extra contributors to the resmnhybrid. Since the leaving group
can also affect the electron-density at the siteatbck, strongly electronegative
leaving groups will accelerate the attack of thel@ophile and hence the overall rate
of reaction. For this reason the reactivity ordérthe halogens are reversed with
F>>CI>Br>1. Nucleophilic substitutions on aromasigbstrates containing groups like
nitro, quaternary amine, trifluoromethyl, carbogybups etc. are most likely to be the

SVAr mechanism.

When substitution is to be carried out on an aramaystem where no or few
activating groups are present other conditiongegaired. A specific class of reaction
can be utilized where a leaving group is presefliese reactions require the use of
strong bases, the most common of these being X&¢HNaNH in liquid ammonia.
The base abstracts the most acidic protwth¢ to the halogen substituent) followed
by elimination of the vicinal leaving group, givintpe highly reactive benzyne
intermediate. The attack of the nucleophile haptions, either at the same position as
the leaving group or in the position next to ittiBme 4). The position of substitution
is determined by other substituents on the ringhebromide or iodide is displaced,

proton removal is the rate limiting step and thereforomide reacts faster than iodide.

R R R R
cl NH, NH;
—_— | +NHz + CI ——— +
NH,
Scheme 4. Aromatic nucleophilic substitution by the benzyneatmanism

When the more electronegative fluoride or chloiglthe leaving group, bond cleavage
is a more important factor and hence chloride eedaster than fluoride. The

preparation om-chloroanisole from 1,2-dichlorobenzene and 1,3di®benzene and
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p-chloroaniline from 1,4-dichlorobenzene are welblum examples of where this

mechanism operates as well as the ethylation afdrenwith iodoethari&

Another class of nucleophilic substitution reactias initiated by an electron donor
which leads to the formation of an aromatic radicihe aromatic radical combines
with the nucleophile to give the radical anion loé fproduct. The product is released
by transfer of the electron to the next substratéeoule to repeat the cycle (Scheme
5). These reactions are promoted by solvated abeditke dissolved sodium or

potassium atoms and retarded by radical scavengédrese reactions can be initiated
photochemically, electrochemically or even thergtall Most examples involve aryl

iodides and the use of liquid ammonia.

| | } Nu I
electron donor e J Nu ©/
@ +
Ar-l

Scheme 5. Nucleophilic aromatic substitution by thgy® mechanism

The last class of aromatic substitution reactiobéadiscussed herein approximates to
an §1 process. Although a true unimolecular substituthechanism for aryl halides
and sulfonates is rare, the substitution of diazwnisalts does go through a1S
process. The rate of reaction is first order i diazonium salt and is not dependant
on the concentration of the incoming nucleophilEhe best known example of this
substitution reaction is the Sandmeyer reactionreviaediazonium salt is replaced by
chloride, bromide or cyanide in the form of a capgalt (Scheme 6). The Meerwein
arylation of activated alkene$ and the Gomberg-Bachman-Hey biaryl formatfon
and its intramolecular version, Pschorr cyclizatioall employ aryldiazonium salts

o

although they involve radical processes.

o

Scheme 6. Nucleophilic aromatic substitution by thglSmechanism
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1.3 Newer Methods of Aromatic Substitution

A different type of aromatic substitution reactibas been developed in the past few
decades which does not fall into the above clasgion (given previously) as the
electrophilic partner, the aromatic ring carryinghalogen, becomes part of an
organometallic complex and has undergoneuaipolungand could be regarded as
carrying a negative charge. This process is calladative addition, and the metal
goes from M to M"*? carrying both the aryl and halide as anionic lign The labile
halide ligand is exchanged with the carbon nucléepeither C or O bound in the
case of an enolate) and can be called enolateiassac The product forming step is
called reductive elimination which is in principlee reversal of oxidative addition in
which an electron pair is returned to the metal*Mo M"). This coupling of ligands

can be considered to proceed through a concertedanism.

ArX + MM ——— 5 ARMMZx (oxidative addition)

Ar-MM2.X + Nu@ — A-M"2-NU + X@ (nucleophile association)

Ar-M™2_Nu > Ar-Nu + M" (reductive elimination)

Scheme 7. Nucleophilic substitution assisted by a transitioetal

The options for such reactions are threefold:

1. The nucleophile is an organometallic reagent (Mg, &I, Sn, B or Cu
reagents). An aryl halide is used as electropnilé a transition metal catalyst
is used.

2. The nucleophile is generated with a base and isilizeed by an electron
withdrawing group. This can be domesitu or a preformed alkali metal salt
could be used. The electrophilic partner is arapnognetallic reagent (not aryl
halide), for example a bismuth(V), lead (1V) or i€(lIl) reagent.

3. The nucleophile is generated with a base and isiligeed by an electron
withdrawing group i6 situ or preformed alkali metal salt) or an alkene or
alkyne and the electrophilic partner is an arylidealand a transition metal



Chapter 1 Introduction 8

catalyst is used. This is the most direct routdat asrcumvents the use of

stoichiometric main group reagents.

Many examples exist where the nucleophile during #rylation reaction is an
organometallic reagent which is generated priorthe reaction and requires a
stoichiometric amount of an organometalic reagentmain group element. These
include the use of a Grignard reagent as the npblo (aryl and alkyl magnesium
halides used in the Kumada coupliffg)Reformatsky reagents (from-haloacetate
ester and zindj, aryl, alkenyl and alkynyl zinc compounds as usedhe Negishi
coupling®, organotin reagents in the Stille coupfifigor the use of organoboron
derivatives (as in the Suzuki couplifg)These reactions will not be considered in the
scope of this study as the use of large quantitiegten expensive and toxic reagents
cannot be tolerated from both an economical andr@mwiental point of view in an
industrial environment (although processes invgva Suzuki coupling have been
implemented on a full-scale production pfdAf). The focus will, therefore, be placed
on the direct arylation of active methylene comptsufrom which enolates are formed
by deprotonation (addition of a base to the reaatmxture, see Scheme 1).

A large amount of research has also been deditatie arylation of active methylene
compounds (as mentioned above) but using a pretbipse-aryl cation in the form of

a hypervalent orgonometallic complex. This type reiction again employs a
stoichiometric organometallic reagent and althotlngse reagents are not attractive for
the same reasons as given above, they are wortiideoimg as in many respects these
reagents are the stoichiometric forerunners ofcddlytic use of transition metals.
These reagents employ the same 2-electron switchamesm as is used by phosphine
complexes of palladium.

1.3.1 Hypervalent lodine Compounds

Diaryliodonium salts (eg. BICI) have been reacted with a number of active giette
or methane compounds. Generally, @varylated product predominates, although

arylation has been obsen?&d The types of nucleophile that have been sucaks<-
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%2—24

arylated include the readily enolisalflediketone B-ketoestersS, and malonic

§6,27

ester Readily enolisable ketones, cyano ketones, £stad aliphatic nitro

compounds have also been successfully arylatebeamn-¢arbori®?°

Art
Arl + APPBr . N\ By

Ar2/
Arl\ Arl\
I—Br +  M-CH,-EWG I CHAEWG + M-Br
AI’Z/ Ar2
Arl\
_I—CHyEWG ArZ-CH,-EWG + Arl|

Ar?

Scheme 8. lodine (+1)/(-1) mediated enolate arylation reaantio

The diaryliodonium salts can, theoretically, bersas the oxidative addition product
between an iodo arene and an aryl halide to usealaéogy with transition metal

catalysis (Scheme 8). The iodine central atonegarded as being in the +1 oxidation
state. When this complex reacts with a metal eadlaxpels the metal halide to form
a diaryliodonium salt of the enolate. Reductivanglation leads to the arylated

methylene compound and leaves the reduced arydieéogin which iodine is in its -1

resting state). Since the formation of the iodonisalt does not take place by simple
oxidative addition of iodine into an aryl halide nah iodine cannot be used
catalytically and requires at least a full equinalef the pre-formed iodonium reagent.
The possibility exists, however, of recycling thelearene through oxidation to its

iodoso counterpart and subsequent regeneratidreafiaryliodonium species.

1.3.2 Aryllead Reagents

The use of aryllead triacetates as arylating reisgesis been pioneered by Pinhey and
co-worker§®*!  ArPb(OAc) reacts with arenes in trifluoroacetic acid mediungive
bi-aryls’** and givesortho-C-phenylated products by reaction with phefdis More

important for the purposes of this work, is thectia with 3-diketonesf3-keto esters
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and malonic acid derivatives leadingatearylated products™’. p-Methoxyphenyllead
triacetatel reacts with dimedon2 in chloroform containing pyridine at 20 to form
2,2-bisp-methoxyphenyl-5-5-dimethylcyclohexan-1,3-diorse * (Scheme 9). 2-
Arylcyclohexanone$ may be prepared from cyclohexanahiey first preparing th@-
ketoesteb through treatment with sodium hydride and dimetiaygbonate followed by
arylation with an aryllead triacetate and decarleign™®.

o) o
o
+ p-MeO-Ph-Pb(OAc); ———>
la
2 3
O o o) e}
CO,Me

(Me0),CO COMe  ArPb(0AC)s NaCl Ar

NaH Ar DMSO
4 5 6

Scheme 9. Lead (lll) mediated dimedone and cyclohexanoneasiom

Ar. Ar
(0]

Another approach to obtainirgarylated ketones is the arylation and base cleaweag
a-hydroxymethylene ketones which proceeds in modemtgood viel?f as well as

enamine arylatiof.

Substituted malonic acid derivatives were foundreéact slowly under the same
reaction conditions while the cyclic variants (ditbted Meldrum’s acids) gave high
yields of the arylated produéf$¢’ The synthetic usefulness of this reaction was
demonstrated in a short and high yielding routehi® important nonsteroidal anti-
inflammatory drug, ibuprofen, from 2-methyl substitd Meldrum’s acid? " (as
shown in Scheme 10). The use of the sodium satib$tituted malonic acid esters in
reaction with aryllead triacetates and pyridine roaee the initial problem of low
reactivity observed for malonic acid estérs A similar yield for ibuprofen was
demonstrated using the sodium salt of diethyl methjonates *°.
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Ar
o o O O
HCI (conc)

(@) O + Pb(oAC)3 / o @) reflux
9

95%
83%

1b 1.NaOH

0 Q \ 0 O my’ Ibuprofen
+
EtO)H/U\OEt 74% Eto)J><U\OEt 60%
Na+ Ar
8 10

Scheme 10. Synthesis of Ibuprofen from methyl Meldrum’s a@idnd diethyl methylmalona&

Another synthetically useful application of thisechistry is the preparation of the anti-
depressant drug, Phenobarbital, by direct phewylati 5-ethyl barbituric acidl in
high yield (Scheme 11}

Ph
0] 0} O (0]
pyridine
+ Ph-Pb(OAc); ———— 91%

HN\H/NH CHCl HN\H/NH
(0] lc (0]
11 Phenobarbital

Scheme 11. Synthesis of Phenobarbital

An interesting feature of the aryllead arylatiorthis ability to form quaternary carbon
centres. In almost all examples, tertiary carbasieacted faster than the secondary
counterparts®"*?  For instance, Meldrum’s acid and the sodium séltdiethyl
malonate gave only very low yields of arylated pad, while the phenyl, methyl or
ethyl substituted starting materials were aryldtetligh yield in a facile reactiéf*®
Barbituric acid could be arylated in good yield lagain the reaction of the mono-
arylated product was much faster as evidenced byfdlt that the only product
isolated was that of di-arylation even when onlgduivalent of aryllead reagent was

used®
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It was later found that the use of chelating pyrdiype bases as ligands or promoters
for the reaction led to faster reaction rates aigthdr yields, even for rather inactive

diethyl malonate and sterically hindered diethgpi®pylmalonat&*:

The lead chemistry was extended to ketone enolaliégugh primary and secondary
enolates gave arylated products in low yield (<2084Yiary centers were arylated in
modest yields (up to 5095)

This arylation technique was also applied to treppration ofa-aryl-N-acetylglycine
derivatives by arylation of 4-ethoxycarbonyl-2-mgtf,5-dihydro-1,3-oxazol-5-one
12 which is easily obtained from diethyl acetamidomal&?. The arylated product is
hydrolysed to yield the arylateld-acyl-glycine ethyl estet4 (as shown in Scheme
12).

CO,Et . CO,Et NHAc
N pyridine N Ar H,0
+ ArPb(OAc); ——— - - OEt
/U\ CHCl, /U\ Reflux Ar
Me (@) O Me O O
1 (6]
12 13 14

Scheme 12. Preparation ofi-aryl N-acetylglycine ethyl estefst by aryllead chemistry
Nitroalkanes and nitronate salts also undewgarylation with aryllead triacetates in
DMSO solution, the reaction being high yielding ageheral in the absence of steric

hinderancé.

1.3.3 Organobismuth Reagents

Organo bismuth compounds exist in two main formsnelg a trivalent Bi(lll)
complex with a pair of non-bondestelectrons or a pentavalent Bi(V) complex.
PhsBiX is the most common organobismuth reagent from lwaioumber of arylation
reagents have been established. The reaction;Bi®@; with a number of enolisable
substrates such as phenols, cydliketo esters and the pre-formed enolate of

cyclohexanone led ta-phenylated product$®? It was later found that BBi was a
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more selective phenylating reag@ff. A competitive reaction t&-phenylation is the

corresponding ether formation which was thoughb#oinfluenced by the electron
withdrawing or donating nature of the fifth substint in the intermediate bismuth
complex. It was, however, concluded tRavs O-phenylation could be controlled by

the presence of a base or acid (see Scheme 13).
Ph

. OH
Basic
conditions OO 17
+ Ph,BiOCOCF3 +
Neutral or
15

acidic

OPh
16 18

Scheme 13. C vs.O-phenylation of 2-naphthdlé

PhBi(OCOCK;) was found to be an excellent reagentddho or a-C-phenylation of
a wide range of substrates such as phenols, dmits)es, an@-diketones under basic
condition®?"2° The same reaction under neutral conditions gaixéures ofC and
O-phenylated productd&7 and 18 while addition of an acid led to mainly th@-
phenylated products8. It was subsequently found that the pivotal bismaompound,
PhsBICl,, was itself a good, high yielding reagent éotho or a-C-phenylation in the

presence of a suitable ba%¥.

Studies have shown that t@ephenylation reaction is not an ionic process, thad the
intermediate is unlikely to undergo reductive ehation by a free-radical pathway, but
does so by a non-synchronous concerted mech&iiiSgure 1). ESR spectroscopy
has also ruled out the possibility of a free-radisathway®. The O-phenylation
reaction of the other hand is believed to follow aromatic {2-type pathway
involving nucleophilic attack by the phenol at tismuth bearing aromatic carién
This carbon has a partial positive charge resultinogh the presence of an electron-

withdrawing group on the bismuth atom.
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—(-I‘JBi‘ H\o" N .
Ar - (I > iPhg
o Cl
/k( OCOCF;
C-phenylation O-phenylation
mechanism
Figure 1. C vs.O-phenylation mechanism

Although these early examples of enolate arylati@ne useful as synthetic tools and
were quite general in the aryl fragments and eables substrates, the requirement for
stoichiometric amounts of toxic and expensive ratggevhich had to be specifically
prepared, made these techniques impractical. Badahis, the reaction had to be
made catalytic requiring a catalyst able to undexgbelectron shift to first insert into
the aryl halogen bond (addition of 2 anionic ligagnskee Scheme 14). The catalyst has
to be returned to its initial oxidation state dgriproduct formation (reductive
elimination of 2 anionic ligands). The catalysbshll be able to perform this cycle

many times to minimise the loading required.

Oxidative addition Reductive elimination
Nu~
M" + Arx ——= M™2(Ar) (X)—> M™Z(A) (Nu) ——> M" +Ar-Nu

!

Scheme 14. 2-electron shift reactions to allow for catalysgeneration

1.4  Transition Metal Catalysed Enolate Arylation

Early examples of the use of transition metalsexdgzm the role of catalyst have been

classified according to the type of metal catalysd.

1.4.1 The use of Copper salts

The first example of a metal catalysed reactionvbeh an aryl halide and an enolate

was the so-called Hurtley reactf8n This reaction, which was reported as far back as
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1929, involved the coupling reaction @bromobenzoic acid with the sodium salts of
various-dicarbonyl compounds in boiling ethanol in thegamece of copper acetate.
The reaction betweem-bromobenzoic acid and acetylacetone, cyclic dikeso
malonate ester§-ketoesters, cyanoacetate esters and malonoriaile been studied
by a number of group$®% Bruggink and McKillop investigated other reactio
conditions and came to the conclusion that thetiegads best performed using an
excess of the dicarbonyl compound with sodium hdgland 5-10mol% CuBr in the
absence of solvett For larger scale reactions the reaction mixtameld be diluted
with toluene. Botho-bromo- and chlorobenzoic aci® gave high yields using these

improved conditions.

o RQ Q
0 NaH, CuBr OH
OH * CO,R
Br ©
RO CO,R
19a 8 20
Scheme 15. Copper catalysed direct arylation substituted metl®esters with 2-bromobenzoic

acid

Decarbonylation of thex-arylation product of dicarbonyl species (such2&s see

Scheme 16py a retro-Claisen mechanism has been observed gfadsical Hurtley

reaction conditio®82 This reaction is promoted by ethoxide or hyddexion and

was not observed when the NaH method was usedouddh this is a complication in
most instances it has been used to prepare honaljshelids23 °2.

o RQ Q Q
- ;o NaH, CuBr Q%LESR NaOH @iw
o 2 25°C
Br
o HO™ SO
22 23

19a 21

Scheme 16. Preparation of homophthalic acid by copper ca&mlyarylation followed by base-

mediated retro-Claisen reaction
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The reaction was found to be limited to enolatesta@ioing a[-carbonyl group
although cyanoesters also gave moderate arylateldsy Reactions with other soft
enolates like those obtained from nitroalkanes,etlylsulfoxide or cyclopentadiene

were unsuccessful.

Apart from o-bromobenzoic acid and substituted variants ther2ddfomonicotinic
acid could also be used but with more limited sédpeittempts to utilise otheo-
haloaryl compounds, 2-BeEX (X = COEt, CONH, CH,OH, NO,, CHO, CN,
SOsH, CONHOH) in this reaction failed while low actiyiwas observed with 2-
bromophenylacetic acidl The reaction is further limited tortho-substituted
bromobenzenes as tmeetaand para substituted isomers were unreactive From
these results it was concluded that the reactiaregendant on the ability to form a
copper chelate. The halide is activated towardsleophilic displacement by
polarisation of the C-Br bond by the copper chelAte reinforced by electron
withdrawal by the carboxylate group, and therefoeking it a chelation assisteg/A&

mechanism (Scheme 17).

o-
N
Brt M

&/O

(@)

+ NaBr + CuBr

Scheme 17. Chelation assistedy&r mechanism

In 1981, Setsunet al reported the copper catalysed coupling of the sodsalt of
diethyl malonate with unactivated aryl iodides amdmides®. The phenylated
malonate este?24 was obtained in between 60 and 70% yield in HM&iglyme and
dioxane solution at 100-120 using 1.2 equivalents of Cul (Scheme 18). Tleddyof
diethyl phenylmalonat24 could be improved to as high as 97% by using 2vatgnts

of both sodium diethylmalonate and Cul. The aissitve CuBr was found to be a
more active catalyst and led to 6@4 using only 0.5 equivalents catalyst while only
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38% was achieved using Cul. The addition of tripighosphine as a ligand for
copper severely retarded product formation. Broemakene was less active at 43%
using 1.2 equivalent CuBr. In contrast to the olm@ons made during the Hurtley
investigations, electron withdrawing substituenke INO,, COCH;, CO,CHjs led to

increased yields when in tloetho position and to lesser extent in {b&ra position.
o o

£ 0 0
M Cul or CuBr (0.6-2eq) - -
+ EtO < OEt 40-97%
Na *

HMPA or dioxane or diglyme

100-120°C
x =1or Br 2 equivalents

24

Scheme 18. Copper catalysed diethyl malonate arylation

Similar results were reported by Suzuki and Osuiathe sodium salt of ethyl
cyanoacetate but yields were generally lower aqdired the use of 2 equivalents of

sodium salt and CtA.

In 1992, Ugoet al described the application of the Setsune protfmsahe preparation
of a number of thex-arylpropionic acid anti-inflammatory agetits The arylated
malonate esters were methylated using dimethylasulfind potassium carbonate
followed by caustic hydrolysis and decarboxylatiopon acidification to yielda-
arylpropionic acids. High enol to aryl bromide ioat were used and more than
equimolar amounts of CuBr were required to prep&teorbiprofen in 46%,

Ketoprofen in 70% and Naproxen in 36% total yidlfeme 19).
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R R R
O O CH(CO,Et), CO,Et 1. (CH30),S0, CHg
O et O O~
NaH, CuBr i
CO,Et 2. hydrolysis CO,H

Fluorbiprofen

0 (0] CO,Et o) CHj
BI’ CH(CO,EY), COzEt 1. (CH30),S0, O O CO,H
NaH, CuBr 2. hydrolysis
Ketoprofen
HCO HsCO.
cho CH(CO,E), OO 1. (CH30),S0, OO

gy NaH, CuBr COEL 3 hydrolysis CHs
CO,Et CO,Et

Naproxen

Scheme 19. Preparation ofi-arylpropionic acid anti-inflammatory agents vigper-catalysed

malonate arylation

The first example of a truly catalytic copper atida of active methylene compounds
was released by Miuret alin 19932 Following on a successful Cul — RRifatalysed
arylation of terminal alkynés it was found that catalytic amounts of coppem{d®b)
were sufficient to obtain ethyl arylcyanoacetaténigh yield from ethyl cyanoacetate
and iodobenzene when the reaction was performdéaM&O solution using KCO:s.
Lower yields were obtained with malononitrile araktylacetone, diethyl malonate is
thought to be unstable under the conditions {€2&xplaining its omission from the

report. Again the use of triphenylphosphine dexedahe product yield.

Buchwald reported a copper catalysed arylationiethgl malonate with aryl iodides

using 2-phenylphenol as a co-catalyst (this wilflmther discussed in later chapté?s)

1.4.2 Nickel Catalysed Arylations

The first example of a nickel catalysed arylatioeaation involving a non-
organometallic carbon enolate was reported by Sehale in 1978". The lithium
salt of acetophenone was coupled with bromobenzertbe presence of tetrakis-
(triphenylphosphine)Ni(0) (Scheme 20).
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0 (e}
©)J\CHG> Li@ Br i (PPh3)y4 O
25 26

Scheme 20. Nickel catalysed arylation of acetophenone

This reaction was described as inefficiently cdtalgs 14mol% catalyst gave only a
50% conversion of the aryl halide of which 65% wasverted into benzylphenyl
ketone25 (~2-2.5 catalyst turnovers). The formation of l@pil 26 was the major
competing reaction (also referred to as homocogpliThe same group also described
an intramolecular version of this reaction as paft the total synthesis of
cephalotaxinon@7°*® (see Scheme 21). Again the reaction yield was (8096 27)
and stoichiometric nickel was used, in this instatite major competing reaction was
the reductive dehalogenation of the substrate (i@ @8) which is related to

homocoupling and predominates where steric hindr@nchibits the latter reaction.

o) o) o)
Q0 e SOy, QL
o) I O o) + 0 H
O OMe o OMe

MeO

27 28
Scheme 21. Nickel catalysed ketone arylation applied to Cémiaxinone synthesis

It was noted by the authors that the same reactiomd be performed more
successfully by agxl mechanism by generating the aryl radical eitlyealkali metal
reduction (KNH, Na/K in liquid NH;, 45% yield) or irradiation (94% yield). These
results may explain why the nickel catalysed emotaylation attracted little attention
at that time.

The next example of a nickel metal catalysed appateaction was by Millard and
Rathke in 1977° They reported nickel catalysis in the vinylatiand arylation of
lithium ester enolates. NiBwas used in stoichiometric amount and was treattdd

n-butyllithium prior to introduction of the vinylbroide or iodobenzene and the
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preformed lithium salt ofert-butyl acetate. The vinylation yields were as hagh99%
(30) while the arylation using iodobenzene proceeded/3% yield @9) while
bromobenzene could be coupled in only 41% yield emdrobenzene was virtually
inactive (Scheme 22). The catalytic nature of tl@action was demonstrated by
obtaining a 70% vinylation yield while using 20mol¥Br,. Although it is expected
that a Ni(0) species is the active catalyst (byuotidn with n-butyllithium),
tetrakis(trin-butylphosphine)Ni(0) was not an active catalyst.

" ' o
J< 29 73%
O'Li]< NiBr, / n-BuLi ©
o .
+ = J<
A pr NJ\O 30 99%

Scheme 22 Nickel-catalysed arylation and vinylationtabutyl acetate

In 1979 Fauvarque and Jutand reported on the s@abf the arylation of the
Reformatsky reagent (BrZnGHO,Et)'®. The reaction is reported to proceed
smoothly when using a soluble Ni(0) complex in paarotic solvent (Scheme 23).
Good vyields for ethyl phenylaceta®? were obtained after 3 hours at°@5by using
10mol% tetrakis(triphenylphosphine)Ni(0) and a Patio of enolate to aryl halide.
Aryl iodides, bromides and chlorides are all activeler the conditions although the
best yields were obtained using aryl iodides. Gheice of the aprotic solvent, which
is used in a 1:1 mixture with dimethoxymethanewimch the organo-zinc reagent is
prepared), is important to make the nickel speb@smogenous. HMPA and NMP
were found to be the best solvents. The mostecttalyst was found to be Ni(P#h
and was best preparadsitu by reducing NiGI(PPh), with ethylmagnesium bromide
in the presence of 2 equivalents of triphenylphosgah The same group reported the
use of palladium in the same reaction but, in gangrelds were lower - especially
when using aryl bromides and chlorides.

\)OJ\ 1. activated Zn metal OEt
Br
OEt 2 ph-I, Ni(PPhs), m
NMP / HMPA
31 32

Scheme 23. Ni(0) — catalysed arylation of the Reformatsky rxag
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15 Palladium Catalysed Arylations

1.5.1 The Heck Reaction

The palladium catalysed arylation and alkenylatiérolefins, known as the Heck or
Mizoroki-Heck reaction, was discovered by Mizof8kn 1971 and by HeéRin 1972.
Heck developed this reaction in a number of fund#talepapers followed by
numerous other researchers to a point where thk i¢@ction is now an indispensable
tool in organic chemistry. Several reviews haverbaritten on the subject and a
wealth of information is known about the reactioaamanism and the catalytic cytde
>, Heck olefination has found several applicatidnsthe production of fine

chemical&®.

Examples are:

O
[l

SO,NHCNH N
N._ 2N
CF3 \r

OMe

Prosulfurod™ (herbicide)

o)
Q/\).L
o/j/\/\
HzCO

2-Ethylhexylp-methoxycinnamate or OMC (UV-B sunscreen)

CO,H

H3CO

Naproxend" (non-steroidal anti-inflammatory drug, NSAID)
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Singulai™ (anti-asthma drug)

E@\/\Si/o\si@

VAN

Cyclotené" (monomers for coatings of electronic components)

Scheme 24. Example of fine chemicals produced using a Heckg@dure

Reactivity in the Heck reaction relies heavily bie tbility of Pd(0) species to undergo
oxidative addition to Ar-X bonds to form a ArPd{l)speices. A number of
mechanistic possibilities have been proposed t@Xperimental data of which the

traditional (Scheme 25) and the cationic mechariisoheme 26) are the best known.

r

ArX
Base.HX
REGENERATION PdL,
REDUCTIVE ELIMINATION Base \/

OXIDATIVE ADDITION
L

.L m
X-= Fid— H L= Fid—
L X
o
OR
/
/\)]\ /\ﬂ/
Ar OR lo)

syn B-HYDRIDE ELIMINATION

MIGRATORY INSERTION

Scheme 25. Traditional mechanism of the Heck reaction
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ArX
Base.HX
REGENERATION
PdL,
Ar OXIDATIVE ADDITION
REDUCTIVE ELIMINATION —Pd—
Baset+ X L Fid X

L

0

® p?—H X
L

O

/\)j\ L— ||3d®
Ar OR L

syn B-HYDRIDE ELIMINATION

MIGRATORY INSERTION

Scheme 26. Cationic mechanism for the Heck reaction

The B-substitution (insertion at the terminus of theeal&) is observed for olefins with
electron withdrawing substituents (Michael acceptavhile a-selectivity (insertion at

the more substituted end of the alkene) is comnworefectron-rich olefins such as
enol ethers. The use of either mono-phosphineshelating ligands may however

alter the regioselectivity in especially electrachrolefing* (Scheme 27).

OR  Pd(OAc),, L OR OR
Ph-X + —/ :< + /:/

NEtg Ph Ph
Major Minor L = monodentate phosphine
Minor Major L = bidentade phosphine

Scheme 27. Regioselectivity in the arylation of enol ethers
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Palladium catalysed arylation of masked ketonesbkeas achieved using a Heck-type
approach. Enol ethers and silyl enol ethers arenton Heck substrates and form the

arylated enol ether which is the protected formamd-arylketoné’"®"#(Scheme28).

Q protection OR "PdL,", Ar-Br deprotection
)'k/ R ——— )\/ R - \)K/
H3C H,C

Scheme 28. Ketone arylation via Heck reaction of an enol ethe

A novel synthesis of 2,3-disubstituted indoles &igalladium catalysed annulation
between iodoanilin83 and ketones was published by Cletrml*° (Scheme 29). This
approach depends on situ enamine34 formation followed by intramolecular Heck
reaction to form the indol85. The scope of ketones that may be used in thtion

is broad as the intramolecular Heck reaction isarfacile and less affected by steric

hindrance than the intermolecular variant.

R3
I 0
CLs Jor — CLLL 2 OO
NH, R base N
H
33 34 35
Scheme 29. Intramolecular Heck reaction in the formation ¢8-8ubstituted indole35

1.5.2 Palladium Catalysed Arylation through Tranwit&ion of Covalent-bonded

Enolates
Another approach involving enols or ketene acetalseffect enolate arylation is
through transmetallation of covalent-bonded enesld&, Sn,etc., enol ethers). It is
interesting to note that Agnelli and Sulikow&ki were able to couple
trimethylsilylketene acetal86 with aryl triflates or halides in the absence oé th
previously used thallium acetiteor tributyltin fluoridé®>. They used CuF
(stoichiometric amounts) to form the copper enolafefrom the silylketene acetal

which was arylated in the presence of a palladiompex (Scheme 30).
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Cu._

Me3SiQ CuF, Q "PdL,", Ar-Br
- — OR
- > Ar/\n/
RO RO I
36 37

Scheme 30. Copper mediated palladium catalysed silylketenéshegylation

1.5.3 Palladium Catalysed Enolate Arylation

In 1984 Takahashi and co-workers published resuitthe arylation of malononitrile
38 using a palladium catalyé> This was the first example of a palladium cataty
intermolecular coupling involving a soft dicarbortype enolate. They used 14mol%
of (PPh),PdCL and prepared the malononitrile anion situ with sodium hydride
(Scheme 31). Refluxing in THF for 4 hours gave dyooelds (80-90%) of the
corresponding arylmalononitri®. The examples are limited to aryl iodides with th
exception of an activated aryl bromide which regdihigher catalyst loading and gave
lower yield (~50%). The methodology developed wpspliad in the synthesis of
dioxabrinane®®”. The analogous nickel catalysts were inactive.

PA(PPhg),Cl, O N
NC\/CN + Ph-I —_—
39 85%
38 NaH, THF
Scheme 31. First palladium catalysed arylation of malonotgt@8 by Takahashi

The work of Takahashi was followed up by Ciufoliat al in 1988 with an
intramolecular variant of the Takahashi procedure a variety of dicarbonyl
compound®.  B-Ketoesters,[-diketones, cyanoacetates, malononitriles, malonate
esters anax-sulfonyl esters were coupled in moderate yield$ \aryl iodides giving
10-15% higher yields than aryl bromides. It waporéed further that, except for
malononitrile and cyanoacetate esters, none of ghbstrates were active in
intermolecular reactions with aryl halides. Anath®jor limitation of these reactions
was the use of DMF as solvent and high temperat{®5C) which could explain

lower yields as many dicarbonyl compounds are knadavrdecompose at elevated
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temperature. The conditions employed by Takahesne, therefore, superior from

both a technical and environmental point of view.

y/Br EWG Pd(PPhs),Cl, EWG
w A EWG

el
/ (o) !
R P (CH,), NaH, DME, 130°C R/ _ (CHy),,

EWG = CO,R, CN, COR, SO,R;n=10r2

Scheme 32. Palladium-catalysed intramolecular arylatioraficarbonyl compounds
1.6 Recent Development in Palladium Catalysed Aryteon

Almost a decade later, enolate arylation and spatly ketone arylation appeared to

attract much attention as no less than 5 papetiseosubject were released in 19872

Murutake and Natsume published the palladium csg¢alyintramolecular arylation of
aliphatic ketones. A number of 2-bromobenzyl-substituted cycloaliaes (like40,
see Scheme 33) were converted into the bridgedctiic species41l while 2-
bromophenethyl and 3-(2-bromophenyl)-propyl cyckdmones gave the spiro
compounds42to 43). 10mol% PdCGI(PPh), and 3 equivalents @303 in hot toluene
or THF were used and moderate to good yields oatlylated products were attained

with dehalohydrogenation being the major side react

10% PdCl,(PPhs),
83%
3 eq Cs,CO3

40 41

Br

Br 10% PdCly(PPhg),

o 71%
O 3eqCs,COz

42 43

Scheme 33. Palladium catalysed intramolecular ketone arytatio
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Miura and co-workers reported an example of arrimbéecular diarylation of a ketone
using an unligated Pd(ll) speciés The coupling reaction between 1,3-
diphenylacetond4 and iodobenzene gave 1,1,3,3-tetraphenylacetbrie 48% yield
using 5 mol% PdGH4LICl and CsCO; (see Scheme 34, eq 1).

Ph-l

o PdCl, -4LiCl o}
Cs,CO
Ph\)J\/Ph $2CO3 Phw)J\/Ph ..... eq1
0,
48% Ph  Ph
44 45
NO
NO, Ar-Br, 2R
Rl Pd(OAC)z, Pphg, N/ 1
| R Cs,CO; | 75
= L. eq2
35-78%
R2 Ar R2
Ar-Br,
0 Pd(OAc),, PPhs, 0

C52C03
AN H AN H eq3
70% Ar

Scheme 34. Palladium catalysed arylation pfitrobenzyl compounds arwdp-unsaturated

aldehydes

This work was followed up in 1998 with the arylatiof p-nitrobenzyl compounds
(Scheme 34, eq 2) armdp-unsaturated carbonyl derivatives (eq 3) by argintides
using Pd(OAc) and PPE*%®  The a,B-unsaturated carbonyl derivatives were

selectively arylated in theposition even when the-position was open for arylation
(eq 3).

Also published in 1997 were two similar papers g tesearch groups of Buchwald
and Hartwig®®® These reports were preceded by successes athigvaoth groups

in the fields of palladium catalysed aromatic artioraand etherification reactions.

It was during an amination reaction performed iretase medium that Hartwig
observedC-arylation as a side-reaction This discovery prompted an appreciation of

the similarity of the [a values of arylamines and ketotfeand the reactions of a
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number of aryl methyl ketones with aryl iodides &mdmides were investigated. High
yields of the monoarylated ketone were obtained usyng Pd(dba) (dba =
dibenzylidene acetone) and bis(diphenylphosphinméene (DPPF) and the tolyl
derivative thereof (DTPF) (Scheme 35). KN(S@evas used as the base but it was

later found that sodiurnert-butoxide could be used to similar effect.

o o)

Pd(DBA),, base . SN - @ P-(o-Tol),
H . Ar =
AT+ A AT L = DTPF
R R L/\L RY “r
(>
- PPh
R,R =H, Me 55- 84% e 2 DPPE

Scheme 35. First ketone arylation by Hartwigt al

Buchwald was able to perform similar reactions g@sinthe 2,2'-
bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) liga and more effectively by using
2,2'-bis(dip-tolylphosphino)-1,1-binaphthyl (Tol-BINAPY. Ketone arylation was
also discovered by accident in the Buchwald lalooies: after successfully coupling
electron-deficient aryl bromides witln situ prepared sodium alkoxides using
Pd(dba)} and Tol-BINAP, ketone arylation was detected duyran failed attempt to
couple an electron-rich aryl bromide with a sodialkoxide (Scheme 36). During this
reaction the aryl bromidé6 was reduced to the ared& with concomitant oxidation
of the alcohol (cyclohexandl8) to the corresponding ketone (cyclohexandne The
observation in this reaction of a small amount hed di-arylketone49 prompted the

further investigation of this reaction to optimibe preparation afi-arylketones.

s
q;m@ﬁgg#m

2% yield 49

t-u

47

Scheme 36. Arylation of cyclohexanoné during palladium catalysed ether formation
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Since these initial groundbreaking publications esav more papers have been
published describing numerous examples of enotgtateon by using several new and
existing bulky and electron rich phosphine ligandsier varying reaction conditions.
The arylation of malonate esters and cyclic diketohas also been describ&d®
followed by papers describing, amongst others ,atygation of cyanoacetate esters
10197 amides (intra and inter molecuf#f)'®® nitriles'®*1% nitroalkane¥®, ester®®’ 1%

and even protected amino acid derivatff&s%

The different classes of enolate precursors thae Haeen arylated by palladium

complexes are depicted Trable 1

Table 1. Examples of the arylation reactions of vaous types of enolates with aryl bromides
Entry  Substrate Product and yield (diarylation in parenthesis)’ Ligand Base Reference
KETONES

0
/©\)J7< 68% None Na@Bu Buchwald 2008°
MeO

73% t-BusP NaQBu Hartwig 1998

(@]
(@]
@Jb O 98% None Na@Bu Hartwig 1998°
1
{5

&)@
Me
(e}
é/@ Ar-Cl 59% n-BuPAd: KsPO, Beller 2002

Br
@i/Q O‘? 83% PPb CsCO; Murataki 1997
(o]
0 0
@
& &/@k 96% P KsPO, Buchwald 2008°
o 5 )
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Entry  Substrate Product and yield (diarylation in parenthesis)’ Ligand Base Reference
o]
i ®
6 84% P KsPO, Buchwald 2008°
o @
[¢]

MALONATE ESTERS

o} O

ROWOR Ar
EtOWOEt

7 80% t-BugP NaQBu Hartwig 199¢°
(o] (o]
R = Ethyl Ar = Phenyl
8 Ar = 44-Bu-Phenyl 92% O P, KsPO, Buchwald 2008°
Ar
RO OR
9  R=tButyl Ph-Br 89% t-BuP NaH Hartwig 2009
=t-Bu o) o) -Bu a artwi
Y Ph-Cl  88% ¢ g
R =t-Butyl
Ar = Phenyl
Eto Ph-I 87%
10 R =Ethyl t-BusP CsCO; Kondo 2008
o Ph-Br  78%
CYANOACETATES
CN
EtO EtO ,
1 WACN Ar-Br 89%
o o) Ar-Cl 90%
OMe
t-BugP NaPQ, Hartwig 20027

OEt

o
12 (93%)
S0
O OMe
AMIDES

KHMDS
- BINAP

M
O KHMDS
13 J\ 72% (10%)  BINAP
Me,N M (2 eq.)
o}
14 HOCH
MezNJj\/ : (2 eq.)
o}
~
o

e
ezN
i 02
g 00 AP KHMDS Hartwig 1998
N N (2eq.)
Br
16 @: k ©\/N>: 60% BINAP Na@Bu
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Entry  Substrate Product and yield (diarylation in parenthesis)’ Ligand Base Reference
Br
17 @: J: o} 52% BINAP NaQ@Bu
P° )
18 75% BINAP
Br
19 @i o 99% L) NaCQtBu Hartwig 2001%
N e} N I
‘ cr-
(siPr
20 99% PCy
ESTERS
Ph O
EtO.
21 Ph Et0 85% pe LIHMDS | Buchwald® 59
NMe:
° 0 9
o o]
22 >L )k >L 87% LIHMDS
Y o
N Hartwig 2001%
0 i Ph-Br  75% or
23 >L )k/ o ) NaHMDS
o Ph-Cl  71% SIPr
Q (o]
24 MeoJ\( 87% t-BusP LiINCy, Hartwig 2002'%°
MeO
NITRILES
25  pPh™ CN /FE 47% PPh CsCO; Miura 1998*
26  CHiCN Ph CN (62%) BINAP NaHMDS
Hartwig 2003%
27 Nc>—<: :%OMe 85%
CN
AMINO ACID DERIVATIVES
o) (o]
28 /LJ& on: 84% t-BusP KPQy
OEt
/N\
o Hartwig 2001%
(o]
Ph N
Ph NJK Y OEt Ph-Br  88%
29 Y OEt Ph t-BusP KePOy
Ph
Ph-CI  82%
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Entry  Substrate Product and yield (diarylation in parenthesis)’ Ligand Base Reference
_Ph o
N
CL 3 >
o) PCy, . 0
30 Br Kf o 79% e LiOtBu Buchwald 2002
OtBu OtBu O
o) o O
o}
31 P Ph—Q 85% AdPtBU KsPOy
N N
32 55% Ad,PtBu K2COs
Hartwig 2003
o 0O 0. O
Ph4<\ :/[ Ph4<\ m <®7 P t-Bu,
33 N Ph N b 94% s Fe oh KsPOy
L,
ph
(Q—phos)
NITROALKANES
NO,
34 Nitroethane (2eq) 90% CsCO;
NO, I PtBu,
35 Nitropropane (2e 86% I CsCO;
propane (2eq) EtO Buchwald 200
(¢}
NO,
36 Nitropropane (1eq) 80% CsCOs
e}
37 Nitromethane Low yield -
38 2-nitropropane No reaction -
39 Phenylnitromethane No reaction -
SULFUR STABILISED ANIONS
oh Ph
N~ \.-Ph
40 AN Ph\s)\S/Ph 7% PPb NaH
o o O /4 7\
(0] O/\é) o/ \O
Ph
Ph_ OEt
a1 //S\ﬁ( Phsg Ot 72% PPh NaH Beletskaya 200%”
o (@] lo) //\\
(02N} o
Ph
Ph_ N
42 A NO2 Phsg 72% PPb NaH
O o Za\ NO;
(o}
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Entry  Substrate Product and yield (diarylation in parenthesis)’ Ligand Base Reference
Ph
Ph._ Ph
43 O//S\ﬁ( Phs g N 30% PPh NaH
(@] lo) 7\\
00 g Beletskaya 200%°
Ph_ __CHg Ph_ PN
a8 AP 0 PPl NaH
0o
Q. Ph
% N 93 CsCOs 3
45 N Nen, &—Ph BINAP Bolm 2003
N 88 K2COs
Br o
ALDEHYDES
H
R Ph
46 ! R H o R=EnCefis 7% t-BusP CsCOs
R = n-CgH o}
e Miura 20034
Ph
H
s P Ph)}rH 82% t-BuP CsCOs
(o]
o}

*
unless otherwise indicated aryl bromides were used

The wide range of enolates employed of which thiearayl and dicarbonyl precursors

have (X, values varying from 12 to 3% requires the use of bases with varying

strength, the strength of the base being tailocethé pK. The varying electronic

properties of the enolates influence the electrensdy of the metal in the catalyst

complex and therefore require the use of ligandth wifferent electron donating

properties to allow for an efficient catalytic cgcl

Enolates as nucleophilic reagents are typicallyegaied and used at low temperature
but palladium catalysed arylation reactions oftequire elevated temperatures at
which these enolates are prone to take part inceelflensation. This problem is of
particular importance when the more active ketond aster enolates are used.
Dicarbonyl species, on the other hand, are oftestalnhe at elevated temperatures. The
requirement for a catalytic species that becomds/ea@t lower temperature is,

therefore, obvious.
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The nature of the aryl halide contributes to thenplexity of the reaction. Oxidative
insertion of the palladium complex into the aryllithe@ bond is influenced by the
electronic nature of substituents as well and tinength of the aryl halide bond.
Arylation reactions involving aryl chlorides typlta require the use of a highly
electron-rich phosphine ligand while the liganduiegment for aryl bromides are less
stringent. The complexity of the enolate arylation reactisndemonstrated by the
variability of bases, ligands and conditions empbhysome of which are illustrated in
Table 1.

A few examples of stereo-selective arylation resdiusing a chiral phosphine or
imidazolinium carbene ligand have also been repdoftee Table 2). Since the aryl
group introduced enhances the acidity of the prbdetative to the substrate,
deprotonation of the product occurs under the m@acatonditions and therefore the
examples of chiral induction are limited to thenfation of a quaternary stereogenic
centre by arylating an asymmetric tertiary carboBince enolate arylation is most
prevalent in the formation of secondary and teytiaentres, examples of chiral

arylation reactions are limited.
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Table 2. Examples of asymmetric enolate arylation

Product and yield (diarylation in )
Entry  Substrate ) Ligand Base %ee Reference
parenthesis)

(o]
Me
(o] d
PRT Pd(OAC) /
1 Me 75% NaOtBu | 98%
P SBINAP
Buchwald 1998
0 (0]
Me
Me
2 Cij/ @ﬁ@ 66% NaG@Bu | 73%
Pa(dba) /
3 84% OO :R/}( 93% | Buchwald 2002
R = CHy(1-naphth)
Pd(dbay/
71%
4 80% (opt. | Hartwig 2001%

[\
BF,

Ni(COD),/ ZnBr/
86% NaHMDS | >97% | Buchwald 2065
SBINAP

1.7 Mechanistic Considerations

A plausible catalytic cycle for the palladium-cgtsd arylation reaction of enolates is
shown below (Scheme 37). The Pd(0) complex oxudbtiadds into the aryl halide
bond to form an aryl-palladium(ll) halide compleXhe preformed enolate associates
to this complex by displacing the coordinated halidrhe palladium enolate complex
so formed collapses back to the original Pd(0) demnhrough formation of the aryl-

enolate bond in a process termed reductive elinoing&cheme 37).
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o) Pd(0) + L ArX

A

Ar

A Fal L. Ar
&Pd(ll)\ or LpPd(Il). or </Pd(ll)\
> X X L X

OM
RI\/\R M = alkali metal

Ar Ar '
r/, R 4 R
LPd_) LPd\OﬂI
0O 0" R MX
R' A B
Scheme 37. Proposed catalytic cycle for enolate arylatiorctieas

The palladium enolate complex can assume a numbpossible structures. In the
case of monocarbonyl compounds the enolate coukitber C-bound or O-bound to
the palladium A andB in Scheme 37). The anions [@fdicarbonyl compounds can
assume ther-0,0-bound or7'-C-bound states. Hartwig et #*°>1%1?4nyestigated
the reductive elimination step by preparing andlaisog aryl-palladium enolate
complexes and allowing these to react by heatingstertain if these were possible

reaction intermediates.

It was found that ketone enolate complexes beahiegl,2-bis(diphenylphosphino)-
benzene (DPPBz) ligand were stable enough to &dtatThe complex derived from a
methyl ketone was more stable than from an ethtdriee which was, in turn, more
stable that that of an isopropyl ketone, suggedtiad) steric considerations may be a
key factor in the reductive elimination of thesengexes. Both methyl and ethyl
ketone complexes wer€-bound while the isopropyl ketone enolate wWa$ound,
suggesting that th€-bound formation is preferred and t@ebound intermediate only
forms when theC-bound form becomes prohibitively congested (asmshim Figure
2).
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L, = DPPBz [1,2-bis(diphenylphosphino)-benzene]

Figure 2. C vs O connectivity of palladium-enolate complexes

Reductive elimination proceeded in high yield witkbound palladium enolates with
both sterically unhindered and hindered aryl groupbhe fact that theD-bound

isopropyl phenyl ketone enolate also gave the @aalpkoduct in high yield with an
unhindered aryl group0 but not with a hindered aryl grougl (Scheme 38), led
Hartwig et af**® to the conclusion that reductive elimination ophpceeds through the
C-bound enolate. The extra steric congestion dhiced by the sterically hindered
aryl group prevented th®-bound enolate from rearranging to the more cronded

bound form, precluding arylation.

t-Bu
0
90°C 90°C
Ar L,Pd
Lo,Pd_ —_— Ph Zo
(o}
X _Me
N Ph
Ph
Me
Me

50 L, = DPPBz 51

Scheme 38. Reductive elimination of hindered palladium—ensladmplexes

Arylation of the more stabilized enolates suchtass¢ derived from malonate esters
and other 1,3-dicarbonyl type compounds is, typrcahore demanding than enolates
stabilized by only one electron withdrawing grouflthough deprotonation of these
dicarbonyl species does not require strong andeaaisitive bases, their ability to form
stable complexes with palladium complicates the dpod forming reductive

elimination step’**°
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OEt OEt OEt C
Phgp O o (t'BU)zFCP O P-t'BUZ
AN d/ ) Ar \Pd/ ) Fe
AP 7 o —

Ar [e) (o) Al
OEt OFEt OEt (t-Bu),FcP
52 24 53
Scheme 39. Reductive elimination during malonate arylation

The palladium complexes of the anion of diethyl onate were prepared and were
found to bes”-0O,0-bound when either PPlor the sterically hindered dért-butyl
ferrocenylphosphine (FcPBu),) was used (as depicted in Scheme 39). The PPh
ligated complex52 did not undergo reductive elimination even witle @ddition of
extra PPR In contrast, the FcRBu), ligated complexs3 gave the arylated malonate
ester24in ~90% vyield. It is postulated that the preseoica sterically hindered ligand

is required to promote reductive elimination, praably through rearrangement to the
more reactive, less stablg-C-bound state. This is in agreement with the nlati®n
that malonate esters have only been arylated ssfodgsusing phosphine ligands
bearing tertiary butyl groups.
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The palladium catalysed arylation and alkenylatiérolefins, known as the Heck or
Mizoroki-Heck reaction, was discovered independehst Mizoroki®* in 1971 and by
Heck® in 1972. Heck developed this reaction in a numiifefundamental papers
followed by numerous other researchers to a pohresthe Heck reaction is now an
indispensable tool in organic chemistry. The Heekction is probably the most
studied of the palladium catalysed arylation reagtiand a number of comprehensive
reviews have been written on the subject and atlwedlinformation is known about

the reaction mechanism and the catalytic &jcfe

A plethora of aryl and olefinic substrates haverbsteidied under numerous variations
of conditions and catalysts. Due to the generalftyhe reaction and the wealth of
information known about the reaction, it has besaduto benchmark the activity of

transition metal catalysts as well as newly degidigands.

Reactivity in the Heck reaction relies heavily dre tability of the Pd(0) species to
undergo oxidative addition to Ar-X bonds to formAePd(I)X speices (as shown in
Scheme 40 (also see Scheme 25, Chapter 1). Tliatme addition reaction rate
depends mainly on the strength of the Ar-X bondchHias to be broken. The order of
reactivity is therefore I> OTf > Br > Cf*. The alkene forms g*-complex with the
palladium complex. The formation of a new carbanbon bond is the next step and is
called migratory insertion (Scheme 40). A numbkemechanistic possibilities have
been proposed, but it is most likely that ArPdXH&me 40) or ArPd(Scheme 41)

adds to the double bond in a concerted prdéess
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I.

ArX
Base.HX
REGENERATION PdL,
OXIDATIVE ADDITION
Base
IAr
L—Pd—L

x=Rd-H |
L X
/\)(])\ /\"/OR
AT Nor 0
B-HYDRIDE ELIMINATION L
Ar,
Ar
~pa O
x | o I L'(OR
X
L
RO '\—< 0
L
MIGRATORY INSERTION
Scheme 40. Traditional mechanism of the Heck reaction
ArX
Base.HX A\
REGENERATION
PdL,
Ar OXIDATIVE ADDITION
[}
Base+ X~ = Fid—x
L
T
@ PF_H X
L

O

/\)]\ L= fd®
XN |
Ar OR L

B-HYDRIDE ELIMINATION

L
MIGRATORY INSERTION

Scheme 41. Cationic mechanism for the Heck reaction

The palladium has to lose one ligand to free adioation site for the alkene. If the
leaving ligand is a neutral one, like a phospha@on-polar route is followed while

when an anionic ligand leaves a cationic or polante is followed**?*

(see
differences in Scheme 40 and 41). The cationiag@iaim intermediate may insert into

the alkene electrophilically whereafter the arybugy undergoes a 1,3-shift. Another
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theory is that the aryl group attacks tij-alkene to form ArCHCHRPdX or
ArCH,CHRPd. These theories have to explain the specificossdectivity obtained

with different olefinic substrates.

The B-substitution (insertion at the terminus of theeal&) observed for olefins with
electron withdrawing substituents (Michael acceptds in line with attack by the aryl
anion while a-selectivity (insertion at the more substituted esfdthe alkene) is
common for electron-rich olefins such as enol ethehere the attack is likely to be
originated by a cationic palladium intermediate. owdver, there are many
discrepancies to these theories and researcheraoaren agreement on the exact
mechanism. The data published so far on the relgicsvity of arylation with both
neutral and cationic aryl-palladium complexes shdhet the palladium prefers to
attach itself to the atom with the higher electdmmsityie the a-position of Michael
olefins and the3-position of enol ethers. Substitution therefocuwrs mainly at the
position of lower electron densitig the B-position of Michael olefins and the-
position of enol ethers. The use of either monosphines or chelating ligands may
however alter the regioselectivity in especiallgatton-rich olefins (Scheme 42)

or  Pd(OAc),, L OR OR
Ph-X + —/ = N
NEt; Ph Ph
Major Minor L = monodentate phosphine
Minor Major L = bidentade phosphine
Scheme 42. Regioselectivity in the arylation of enol ethers

The last step in the cycle is the release of th@yneormed olefin and the recovery of
the original Pd(0) species. Again there are séssibilities of which only two will
be considered. The first possibility shydride elimination (which is common in
palladium catalysed reactions) which leads to tmmétion of the olefinic product and
the X-Pd-H complex which is quickly scavenged bgéeeleasing Pd(0) (Scheme 43,
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Equation 1). The other alternative is the depratiom of the intermediate product
followed by a classical reductive elimination redie® both the product and the Pd(0)

complex at the same time (Equation 2).
Ar

|I_42—|| IT R
_ D~ + =/
X Pld XP(IZi H

L R L Ar

‘ Base

PdL, + Base. HX

Ar /\Base
L 23H . R
%-Pd ———— P, + A~ .. Eq 2
| - Base. HX /_/

L R Ar

Scheme 43. B-Hydride elimination vs. reductive elimination
21 Industrial Applications of the Heck Reaction

Due to the maturity of this reaction, it has algorfd the most industrial applications of
the arylation type reactioffs It is therefore insightful to study the develaamhof this

reaction from laboratory to industrial stages. tAs development of other related
palladium catalysed reactions have often followbd same trends as the Heck
reaction, this could be used as a model study ler dommercialisation of other

arylation reactions.
Heck olefination has found several applicationthimproduction of fine chemicafs

Examples of Heck olefination implemented in indiadfprocesses are provided below:
i
SOs Pdy(dba)s SOs Charcoal / H, SOs Ste SONHENH N
ps X
CLT e QU 2 QU 2= O
N2+ CF3 CF3 3

Prosulfuron
Scheme 44.  Prosulfuror™ (herbicide}?®
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3 \)\/\/
Pd/C Na,CO
o) PACNaLO;
/@/ . A{ : U/\/\
HyCO NMP 180-190°C
(6]

2-Ethylhexyl p-methoxycinnamate (OMC)

Scheme 45.  2-Ethylhexylp-methoxycinnamate or OMC (UV-B sunscregh)

CO,H

Br PdCl; , phosphine, NEtg PdCl, , CuCl, , HCI/H,0
30 bar H,C=CH THF, 3-pentanone
HsCO 2 2 HeCO 0 HyCO

3-pentanone, H,O 25 bar CO

Scheme 46.  Naproxen™ (non-steroidal anti-inflammatory drug, NSAf3)

AN CO,Me N [o) CO-M
OH 2 PA(OAS, EN 2Ve

P o+ |

N O CH4CN, reflux O O

Steps

Scheme 47.  Singulaif™ (anti-asthma drugj®**

E©\ N/ \/ Pd(OAC), / 0-TolsP
Si Si
5 AN I\O/ N~

KOAC H,O/DMF, 95°C

Monomer for CycloteneT"’I coatings

Scheme 48.  Cyclotené™ (monomers for coatings of electronic componéfits)

In this thesis only the synthesis of the cinnaméfetieme 45) will be discussed in
detail.

Octyl methoxycinnamate (OMC) or 2-ethylhexyl 4-nwtiicinnamate is an important
UV B sunscreen agent. Several synthetic routes baen developed of which many



Chapter 2 Investigations into the Heck Reaction 45

are patented. These procedures range from thétgjmo reactions like the Claisen
condensation between esters and anisaldéflyde the Knoevenagel reactih®
involving malonic acid, to the ketene route develbpy BASE** or the more recent

-138

introduction of the Heck reactid (a topic of this thesis) involving either iodo-,

bromo- or even chloroanisole.

A number of companies have patented the Heck touBdMC using varying reaction
conditions and catalyst systems as will be disaibséow.

Bayer has patented a process to prepare 2-ethylleryethoxycinnamate and 2-
isoamyl p-methoxycinnamate using a mixture of a Pd(ll) saltl triphenylphosphine
and a heterogenous base (namely sodium carboresteScheme 49, eq'3) The
reaction is performed either in the presence ofhgteexanol as solvent or a phase
transfer agent such as methyl irectylammonium chloride or polyethylene glycol.
High yields are achieved by heating at 150°050sing palladium loadings of as low
as 0.0025 mol%. The palladium is protected froecimitation as palladium black by
using a relatively high loading of phosphine (tglig a 40:1 ratio of
triphenylphosphine to palladium).

Br Pd(OAC), / PPhy

\
O:;
o

QQ
AN

2-ethylhexanol
Aliquat 336
Na,CO3 , 150-160°C

H3CO
o)
Pd(OAC), / PCys
- - . A o Eq2
Na,COs , NMP
H3CO

2-Ethylhexyl p-methoxycinnamate (OMC)

Cl

H3CO

5% Pd/C

H3CO RCO,H / NEt3

150°C neat

2

Br
Pd/C Na,CO3

NMP 180-190°C

.
3
i

HaCO

Scheme 49. Patented Heck processes to OMC

..Eq1
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Merck has disclosed a procedure for the preparatforinnamic acid compounds by
reacting an acrylic acid compound with an aryl didle in the presence & 1mol %
palladium (in either the 0 or +2 oxidation stateyla bulky aliphatic phosphine (such
as tricyclohexylphosphine or tri-isopropylphosphiSeheme 49, eq 2§. The base
employed was sodium carbonate in a polar solveah &8 NMP. These reactions
appear to proceed slowly and are low yielding whbka examples quoted are

examined.

Givaudan-Roure corporation has patented a proessiding a procedure to prepare
substituted cinnamic esters from aryl iodides acnylate esters using low loadings of
a heterogenous palladium catalyst (typically 5%aoiim on charcoal, Scheme 49, eq
3)!%¢ A carboxylic acid ammonium salt (such as the loimtion of acetic acid and

triethylamine) is used as the base. In this podhe reaction mixture is heated to
~150C in the absence of solvent to yield the Heck cedigroduct in excess of 90%
isolated yield. The reaction of aryl bromides ddilunder these conditions unless
acrylic acid was used in combination with 1 molguigalent of a dialkylamine; a

polar solvent such as NMP was used to dilute th@-selid reaction mixture.

Another process that employs a palladium on charcatalyst was developed at the
IMI institute for R & D in Israel (see Scheme 49 B)Y®'?® 4-Bromoanisole was
coupled with 2-ethylhexylacrylate at high temperat(180-196C) in NMP solution
with sodium carbonate as base. It is thoughtttiafpalladium could be homogenous
by dissociation from the support, but is re-prdei@d once the aryl bromide is
depleted and can be fully recovered by means wétibn. This phenomena has also
been observed by Araf for supported palladium and Lipshtfzfor nickel catalysts.
Another advantage of this reaction is that it calerate low levels of water (it is
claimed that up to 15% water is permissible antlithes an accelerating effect). This
process is supported by the flourishing organobnenaind bromine recovery industry
in Israel that allows for the recycle of sodium roide through bromine to 4-

bromoanisole.
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As part of this study, the preparation of cinnaaga derivatives by the Heck reaction
was further examined. The use of solvent-free @hasnsfer assisted conditions,
heterogenous catalysts as well as the use of eaygid salts were the major focus
areas in this part of the investigation.

2.2 Homogenous Palladium Catalysis

The typical conditions required to couple an adgyksster and a deactivated aryl halide
like 4-bromoanisole involve a palladium sourceheitas Pd(0) or Pd(ll), a phosphine
ligand (either mono- or bidentate) and the use toiagkylamine base in a high boiling

solvent such as dioxane, DMF or NMP.

In an industrial environment the use an amine hbas#® organic solvents causes
undesired complications. Amine bases can be rethdvem the products by
extraction with dilute mineral acid. Recovery betamine would, however, require
treatment with inorganic base followed by steantildifon or extraction and a drying
step. Removal of solvent and recycling of an antws solvent introduces additional
process steps. The stringent specifications onyhe and level of residual solvent in

fine chemicals add further complications and resomns.

The so-called Jeffery’s conditions, at least intpavoid these complications. These
conditions involve the use of an inorganic baseypictlly sodium or potassium
carbonate together with a phase transfer cataly3tC) with or without added

solvent*14371

A patent by Bayéf’ in 1994, reports a process for the preparatioOBIC using
solvent-free conditions with trioctylmethylammoniwhloride (Aliguat 336) as phase
transfer agent and sodium carbonate. Alternatittedyphase transfer agent could be
replaced by using 2-ethylhexanol as solvent. Asweee interested in an industrial
Heck process some of the examples described inptitsnt were examined in our

laboratories (Scheme 50, Table 3).
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O
Br 0 Pd(OAC), / L X
O =
MeO OR Base MeO
54 55a R = 2-ethylhexyl 56a R = 2-ethylhexyl
55b R = methyl 56b R = methyl
O
+
RO OR
57 R = 2-ethylhexyl
Scheme 50.
Table 3. Homogenous Palladium Catalysed Heck Reactions
Entry Acrylate Pd(OAc), Ligand Base Solvent/ PTC Conversion Selectivity to
mol% (mol%) of 54 56 / 57
1 55a 0.01% PPh(0.4%) NaCO; EHA 55% 56a 0,57 n.d
2 55a 0.025% PPH(1.0%) NaCO; PTC 76% 56a >90%
3 55a 0.025% PPh(1.0%) NaCO, EHA (conc.) 34% 56a39%,
5756%
4 55a 0.2% Benzal aniline (1%) NEO; PTC 2% 56a >80%
5 55a 1% P(OED (~20%) NaCO, NMP 30% 56a >90%
6 55b 0.2% PPh (8%) NaCOs; NMP 35% 56b 92%
7 55a 0.2% PPh (8%) NEt Neat ~10% 56a > 90%

" EHA = 2-ethylhexylalcohol, PTC = phase transfetalyst = Aliquat 336, NMP = 1-methyl-2-pyrrolidinen, n.d. = not
determined, Reaction temperature: 150°060

When an example employing 2-ethylhexanol was repkeéfable 3, entry 1) it was
discovered that in our hands very little of theigkscoupling product was formed and,
instead, the major product was that of conjugatditissh of ethylhexanol into the
acrylate57. When we repeated the reaction under more coratedtconditions (only
20% of the solvent) more of the desired Heck prodiéa was formed although the
conjugate addition still accounted for 56% of aatglconsumption (Table 3, entry 3).

In the absence of additional 2-ethylhexanol as esdlvusing Aliquat 336
(trioctylmethylammonium chloride) a more positiwsult was obtained. A conversion
of 76% was achieved at 1%D for 20 hours using 0.025% palladium and 1%
triphenylphosphine (an isolated yield of 65% OMGQlaimed in the Bayer patefit)
(Table 3, entry 2).
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The ratio of phosphine to metal used in the pateptecedure varied between 10:1
and 40:1. This high phosphine loading is belietedbe necessary to stabilise
palladium (especially in the zero oxidation sta#s) sub optimal co-ordination of
palladium leads to precipitation of palladium blackhis is the major factor limiting

the turnover number of the palladium catalyst. &Weerved by gas chromatographic
studies that during the reaction most of the tnipghosphine is converted to
triphenylphosphine oxide. The use of such highsphie loadings is obviously not
desired from a cost point of view as well as cagisacomplications in product

purification.

H
N
N 58
Pd~oac

CH3J\
SN

Imine  + Pd(OAc), /
Pd~oac

-HOAc

OM
@f”
Pd—oac

Scheme 51. Benzalaniline complexes with Pd(d&c)

Benzaldimines are known to form C-N palladacycléth walladiunt** (Scheme 51)

and these catalysts have found application in teekHchemistry of aryl iodides but
examples with aryl bromides are limited to bromatssre. In an effort to avoid the
use of a phosphine ligand, a relatively simple enibenzalanilin&8, was used in the
reaction between ethylhexyl acrylate and 4-bronsmei under PTC conditions.
Although selectivity toward the desired cinnamiddacompound56a was high,

activity was disappointing (Table 3, entry 4). T reactivity of the more electron-

rich 4-bromoanisole is ascribed to slow oxidatiwiliion which requires a highly
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electron rich palladium complex. The lower eleotaensity of the palladium/imine
complex as compared to that of a palladium/phosphomplex may limit this type of

ligand to aryl iodides and activated aryl bromides.

Triethylphosphite was also examined in this reactio compare its activity to
triphenylphosphine (Table 3, entry 5). It was fduhat a selective reaction &ba
occurred although conversion was limited (~30%). idtthought that proper
optimisation could lead to a comparable reactiothwhat observed when using
triphenylphosphine. The use of trialkylphosphit@ghich have similar electron
donating properties and cone-angles to their phospbounterparts) has the added
advantage that upon hydrolysis, phosphoric acid Wwé the only phosphorus
containing effluent as compared to triphenylphosphand triphenylphosphine oxide

which are harmful to the environment and are diffito separate from the product.

The low conversion numbers obtained when usingegbdium carbonate in NMP or
triethylamine both as base and solvent (Table 8jemn6 and 7) even at much higher
catalyst loading (0.2mol% vs 0.025mol%) demonssréte effectiveness of the phase

transfer catalyst to promote this reaction.

2.3 Heck Reactions on Acrylic Acid

The reactions between acrylic acid and bromobenaede4-bromoanisole were also
investigated (Scheme 52, Table 4). This has tharddge of a water soluble product
that, potentially, could be removed from the reacttmixture as an inorganic salt by
extraction. Un-reacted aryl halide and the catalauld stay in the organic phase and

could, potentially, be recycled to minimise catalysst.
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Br o)
Pd(OAc), A
O, e o
R OH Base
R

543 R=OM 59a R = OMe
4D R=H = 55¢ 59b R = H

Scheme 52. Heck Reactions of Acrylic Acid with BromobenzenalaliiBromoanisole

Table 4.
Entry Pd(OAc), Ligand Base Solvent/ PTC Conversion of 54 Yield 59
mol% (mol%)

1 0.2 PPh(8%) NaCO; NMP 95%54b 79%59b

2 0.2 PPh(8%) NaCO; Xylene/PTC 100%4b >90%59b

3 0.2 PPRh(8%) NaCG; 54b/PTC - 29%69b

4 0.2 PPh(8%) NaCO; Xylene/ PTC 33%4a 20%59a

5 0.2 PPRh(8%) NaCG; 54a PTC - 10-15%%9a

NMP: 1-methyl-2-pyrrolidinone; PTC: phase transfatalysis = Aliquat 336

The reaction between acrylic acid and bromobenzege conducted in NMP using
Pd(OAc)/PPh (Table 4, entry 1). Conversion of bromobenzens @526 while the

selectivity to cinnamic acid was 83% (yield 69b is 79%). The remainder of
bromobenzene was converted to benzene by hydramgradtion. Two equivalents of
acrylic acid were used of which some was consumee tb, presumably,

polymerisation or decomposition.

This reaction was repeated under phase transfelitcors (Aliquat 336) using xylene
as a solvent (Table 4, entry 2). Although the tieacmixture was a thick slurry, due
to the large amount of sodium acrylate, completevecsion of bromobenzene and

high selectivity to cinnamic acid was observed (90%

The reaction was then repeated using an excesswiobbenzene, with the dual role of
reagent and solvent (Table 4, entry 3). Unlikevines reactions where acrylic acid
was added in excess, it was the limiting reagdrte conversion and yield could not
be determined accurately by GC analysis as it vaaspered by unreliable integration
of the broad acrylic acid peak. Isolation was dbgeaddition of water which led to
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the formation of a thick suspension. After a difft and tedious extraction a 29%
yield of the desired produ&9b was achieved. Analysis of the organic layer’1B:
NMR spectroscopy revealed that all BRad been converted to the oxide. More Ph
sodium carbonate and acrylic acid were added tdtbeobenzene phase and reacted
further. The Heck reaction proceeded and a fur2ié¥% cinnamic acicb9b was
formed (isolated yield). This showed that the lyatavas still active and that catalyst
recycle was possible although product separatiantbabe improved to make this
approach viable.

The reaction between 4-bromoaniséiéa and acrylic acid was tested under phase
transfer conditions (PTC, Aliquat 336) in xyleneable 4, entry 4). The reaction
proved to be more sluggish with the conversiontkahito 33% after 16 hours at £@0
4-Methoxycinnamic acié9awas isolated in 20% vyield from this reaction, susiong

a fairly selective reaction (approximately 60%)heTlimitation of this reaction was,
again, that a large amount of sodium acrylate formvbich caused thick emulsions
especially when less polar solvents were used. uBeeof a biphasic system with a
phase transfer agent would seem to be a solutrathégphysical problems encountered

but we have been unsuccessful thus far in obtaiilegk products under such

conditions.
| (0]
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©/ * \)k E— "
OH DMF / water
or
HMPA / water
54e o5 o0
o
Br
0 NN
) A, reonrers N
OH DMF / water
54b 55¢ 59b
Scheme 53. Examples of Heck reactions that have been perfdrineaqueous and partially

aqueous medium
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Heck reactions in the aqueous phase have beertedgnrt examples are limit&d*%3
The reaction between acrylic acid and aryl iodithes been done in an entirely
aqueous system provided that the aryl iodide isewabluble ig. iodophenol or
iodobenzoic acid, Scheme 53, eq 1). For waterdut$® aryl iodides DMF / water and
HMPA / water mixture were used (Scheme 53, eqT?)e reactions with iodo arenes
were done with unligated palladium while the usebodmobenzene required the
addition of P¢-Tol)s*(Scheme 53, eq 3). The last mentioned reactionvetioa
dramatic positive influence of the presence of wate neat DMF solution the yield of
cinnamic acid was only 12% while the addition ofd@r more water increased the
yield to almost quantitative. This is explainedtbg fact that water, being a very polar
solvent, should promote migratory insertion by fogcthe reaction to follow the
cationic pathway. Water has the ability to wasé thetal centre clean of all other
labile ligands such as halides and acetates, thmeatimg a cationic palladium

intermediate which promotes the insertion intodbable bond.
2.4  Heterogenous Palladium Catalysis

The use of a heterogenous catalyst in place ofraolgenous catalyst has significant
advantages since it can be removed easily fromethetion mixture and can, therefore,
be recycled to lower the cost of production. Maatiempts have been made to
heterogenise homogenous metal catalysts by vatecisniques such as attaching
ligands to polymeric supports, encapsulation ofalgats and using dendrimers to
attach the active catalytic species. A numberushs‘heterogenous” metal catalysts,
tailor-made for various catalytic conversions, ammmercially available (such as
Johnson Matthey's FibreCat™ which employs a phospHigand tethered to an
insoluble polymer support, Rexalyst™ from Poliunchieologies which uses a high
temperature soluble polymer linked ligand and AsiscPd EnCat™ which is based on

encasing palladium in highly cross-linked polyubeads3’.

A patent by Mallinckrodf® in 1990 first described the Heck reaction betwaeraryl

iodide and an acrylate ester using a catalyst csmgr palladium on a support and
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trialkylamine base. A later patent by the Givautaure Corporatioli® improved

this reaction by the use of an alkanoic acid amomonsalt formed from an alkanoic

acid and a primary, secondary or tertiary amineebashe patent is limited to aryl

iodides except in the reaction of acrylic acid wittomoanisole. Reetz has noticed a

similar enhancement by the addition of a similanidopair in the form ofN,N-

dimethylglycine in the reaction of bromobenzenehvsityrené™.

An example described

in this patent involving eledyl acrylate 55a and

iodobenzen®4d was successfully repeated in our laboratories aamifallowed up by

a series of experiments using different arylhalidesvell as acrylic acid (Scheme 54,

Table 5).

lodobenzene conversion of higher tha% %@as achieved in 2 hours at

150°C with selectivity to the Heck produs6cbeing >90% (Table 5, entry 1).

X
o s
+ OR'
R

R M
R
R

@]
H
H

e X=B
X =Br54b
X=1

r 54a
54d

R'
R'

EH 55a
H 55c

EH = 2-Ethylhexyl

10% Pd/C

B ———

Base

0070
i n

O

OR

Scheme 54. Heck reactions of 2-ethylhexyl acryldiacatalysed by palladium on carbon

Table 5. Palladium on Carbon Catalysed Heck Reactions

Entry Metal Base Solvent Acrylate Conversion of 54 Product Yield

1 10%Pd/C NEt/ Neat 55a 100% 54d >90% 56¢
(0.2% Pd) Acetic acid

2 10%Pd/C NEt/ Neat 55a 30% 54b 15% 56¢
(0.2% Pd) Acetic acid

3 10%Pd/C Na,CO; NMP 55a 41% (2h 186C) 54a | 33% 56a
(0.2% Pd) 88% (16h 18EC) 55% 56a

4 10%Pd/C Na,CO; NMP / water 55a 100%54a 60% 56a
(0.2% Pd)

5 10%Pd/C Na,CO; PTC 55a 53% 54a 23%>56a (isolated yield)
(0.2% Pd)

6 10%Pd/C Na,COs NMP 55¢ n.d.54b ~30%59b (isolated yield)
(0.1% Pd)

7 10%Pd/C Na,COs NMP 55¢ 35%54a 26% 59a (isolated yield)
(0.2% Pd)
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Entry Metal Base Solvent Acrylate Conversion of 54 Product Yield

8 10%Pd/C NaCO; NMP / water 55¢ 88%54b 55% 59b (isolated yield)
(0.2% Pd)

9 10%Pd/C NaCO3 NMP / water 55¢ 75%54a 62% 59a(isolated yield)
(0.2% Pd)

10 10%Pd/C NagPO, NMP / water 55¢ 75%54a 70% 59a(isolated yield)
(0.2% Pd)

11 10%Pd/C Na,COs Xylene / PTC 55¢ Very little reaction 59b
(0.2% Pd) 54b

12 10%Pd/C NasPOy Xylene / water / 55¢ No reactiorb4a 59a
(0.2% Pd) PTC

NMP: 1-methyl-2-pyrrolidinone, OMC: octyl methoxyeiamate, PTC: phase transfer catalysis =aliquat 336

The above reaction was attempted using bromoberzéinénstead of iodobenzene
(Table 5, entry 2). Heating at 1%Dfor 60 hours gave ~30% conversionsdb in an
unselective reaction (only ~15% 59c was formed). The reaction of 4-bromoanisole
54a was not attempted as this would most likely leadah even less successful
reaction (based on the unsuccessful reaction vit).

The paterlt® clearly states that although acrylic acid could dwipled with 4-
bromoanisole using 1 equivalent of dibutylamine, neaction was observed when
either sodium or potassium carbonate was usecte Siodium carbonate could be used
when using a homogenous catalyst in the reacti@ciflate esters and acrylic acid, it
appeared to be unreasonable that it would not feetefe when using a heterogenous
catalyst system. Therefore a number of reactiosmgu sodium carbonate in
combination with a 10% palladium on carbon catalystre performed in our

laboratories (Table 5, entries 3-11).

The reaction betweel4a and 2-ethylhexyl acrylat&5a in NMP using sodium
carbonate and palladium on carbon gave a 41% csiovenof 54a after 2 hours at
180°C (Table 5, entry 3). The selectivity towards tmigthoxycinnamate (OMCj6a
was determined to be 80%6a yield of 33%). Further heating for 16 hours led t
complete consumption of the acrylate while only 882bhromoanisole was converted.
Some decomposition might have led to the loweriingetectivity to 62% (55%63).
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A referencé® to an OMC process used by IMI institute for reskaand development
from lIsrael, suggested that the use of 15% wateNMP accelerated the reaction
between ethylhexyl acrylatéba and54a In our hands the presence of water led to
large scale hydrolysis of the product formé&bd — 598 while not inhibiting the
Heck reaction (Table 5, entry 4). This reactiod l@abe done in a pressure reactor as
the presence of water at the reaction temperattir#86C led to an autogenous

pressure of 7 bar.

The same reaction in the absence of solvent unt€r &so produce®&6a (Table 5,
entry 5). From GC analysis the conversiorbéé was 53% while nearly all acrylate
55ahad been converted. Isolation by distillation gav&3% yield of OMG6a This
would suggest that the reactions done at high testyore and high concentration
(solvent less) are prone to acrylate losses, prablyndown a polymerisation pathway.

The reactions of both bromobenzemb and 4-bromoanisol&4a with acrylic acid
55cwere conducted using sodium carbonate, Pd/C and toMjize cinnamic acié9b
and 4-methoxycinnamic aciel9ain 30% and 26% vyield (Table 5, entries 6 and 7).
When these reactions were repeated using 15% wat&MP, which made the
reaction mixtures less viscous, aryl halide conearsvas higher and the isolated yield
increased to 55% and 62% respectively (Table SjesnB8 and 9). By replacing
sodium carbonate with tri-sodium phosphate, theti@a of 54a with 55c was further
improved and a conversion of 75% and an isolateldl yif 70% of 4-methoxycinnamic
acid59awas achieved (Table 5, entry 10). All attemptsegtacing NMP by using a

water immiscible solvent and PTC were, howeverpaosssful.

In summary, the Heck reaction for the preparatibd-methoxycinnamic aci&9aor
OMC 56a can be performed using a heterogenous palladiualysa and by either
using acrylic acid or an acrylate ester. When anylate ester is used the reaction
could be performed solvent-free with a PTC althodigé yield is inferior to that
obtained when using NMP. The reaction of acryticdaequires NMP as solvent while

the presence of 15% water is beneficial to thetreac
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There has been an ongoing debate around the ttueera supported metal catalysts.
Evidence exists that the catalytic activity obsdriresome reactions could be ascribed
to dissolved or leached metal. A similar phenomenas noticed by Aragt al **°
during a study on the use of supported palladiutihénHeck reaction of iodobenzene
54eand methyl acrylat®5b in NMP solution. They concluded the level of pdium

in solution accumulates with time and that a maxmuaf 55% of dissolved palladium
(for Pd/C) was detected after 1 hour. They didyéner, also find that it was almost
entirely re-deposited on the support upon conswnpiif the aryl iodide. The effect
was less drastic when using either bromo or chiemabne. Although significant
guantities of palladium leached into solution amshwersion of the aryl halide was
high, the dominant reaction was dehalogenation with maximum selectivity
observed for the cinnamate ester was a mere 22%hnattet af*° reported higher
selectivities using palladium-grafted mesoporous MACL (Pd-TMS11) for both

bromobenzene (82% at 39% conversion) and chlor@men@0% at 16% conversion).

These published results, support our own good teslitained for iodobenzene and
the lower selectivity for bromobenzene and 4-brong@e when using a palladium on
carbon catalyst under various conditions. The &2&ectivity to OMC56a at 88%
conversion of 4-bromoanisole obtained by using I84C with sodium carbonate in
NMP (entry 8) and the 70% isolated yield of 4-mefwnnamic acids9a with 75%
conversion of 4-bromoanisole with sodium phosplaige in wet NMP (entry 10), do

however, appear to be an improvement on the puddisbsults.
2.5 Nickel Catalysed Reactions

One of the pioneers of transition metal catalysedctions, Lipshutz, has recently
studied the use of nickel deposited onto carboersitely*®. A recent article by
Lipshutzet al**° deals with the nature of the Ni/C catalyst aneéresting observations
regarding the origin of the catalytic activity imaation and Kumada reactions were

made. It was concluded that the catalytic actieiyld be attributed to homogenous
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nickel. It was estimated that up to 78% of theoadsd nickel was available, but
unlike the supported palladium catalysts, the ledcahickel is located almost entirely
within the charcoal matrix, since only very low é&w of nickel were found in the
filtered reaction mixture by ICP at any time durirggction. The excellent adsorption
properties of the support allows for recovery ahast all nickel by final filtration.

Lipshutz found that the amount of phosphine addaethé reaction did not influence
the extent of nickel leaching. The presence oflithtend did, however, play the same

role as it would in a truly homogenous reaction.

However, the use of nickel as a catalyst in Hecknastry has been briefly reported

with limited results publishéd"*?

It appears that the major limitation in the wude
nickel is the difficulty in maintaining nickel irhé zero oxidation state, something that
is of little concern when using palladium. It d@ggpear that the use of a Ni(0) species
is not sufficient to maintain nickel in the zeroidation state and that alternative
reducing agents are required for in-situ reductidrhis can, typically, also limit the

turnover number of the catalytic species.

The use of a stoichiometric amount of a reducthke, zinc metal powder, in the
reaction of an acrylate ester with an aryl halid®ds to the formation of a large
proportion of “saturated Heck produ@0 (as depicted in Figure 3) in addition to some
of the expected Heck produgt

@] O
/©/\)‘\0R /©/\)J\OR
MeO MeO
56 60
Heck Product "Saturated Heck" Product

Figure 3.

Since the formation of the “saturated Heck prodwetly happens when the olefin is a
Michael acceptor, and not when using styrene asléfen, a mechanism involving the
Michael addition of ArNiBr(PP}), to the acrylate ester has been prop&¢esmpare
the traditional Heck reaction mechanism with thepased mechanism, Scheme 55
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and 56). During the catalytic cycle Ni(0) oxiday adds to the aryl halide which then
adds to the acrylate ester in a Michael sense. nidikel leaves as Ni(ll) and needs to
be reduced to Ni(0) to complete the cycle. Whealiadium catalyst is used, a similar
route is followed but the Heck product is formedlgydride elimination and Pd(0) is

released after deprotonation with a base.
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Scheme 55. Traditional Mechanism of the Heck Reaction
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Scheme 56. Proposed Mechanism for the Formation of the Satdrieck Product
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A number of experiments were performed by us usiKCl, and excess
triethylphosphite in the absence of zinc metal &oh 57, Table 6). It has been
demonstrated that Ni(0) is formed by heating Ni{fl)the presence of P(OEt) The
conversion rate of 4-bromoanisolda (which is deactivated toward oxidative
addition) was surprisingly high. The major prodwas, however, like in the zinc
reactions, the “saturated Heck produé@l Some Heck produdi6awas also formed
and it did appear that the amount of saturatedymtofdrmed could be correlated to the
amount of P(OEg) used. When 10 equivalents or more of P(@Etas used the
product was almost exclusivep while when the amount of P(OEtyas limited the
relative percentage of Heck produS6a increased (Table 6, entries 1-4). The
conversion did, however, decrease as the amoum(©Ety was decreased. This
suggests that this reaction is not limited at th@ative addition stage but that the
olefin insertion and reductive eliminationthydride elimination step are sluggish.
The Michael addition of the aryl nickel complexdieminant but requires the presence

of a reducing reagent to regenerate Ni(0).

In an experiment involving benzalanilirss8 and NiC} (Table 6, entry 5) the Heck
product56awas the major product but the conversion was vewy ¢onsidering the

catalyst loading of 50%, the product representinly a single catalytic cycle.

A reaction was performed using a nickel and tripfyi@mosphine system under phase
transfer conditions to compare triphenylphosphm@®(OEt} (Table 6, entry 7). The
conversion of54a was limited to 30% and the Heck prod&&a predominated the
saturated produc60. It would therefore appear that the Heck reactwes not
promoted by the presence of excess ligand whilesersion of the aryl halide and
formation of the saturated product was promotedalilitating the turnover of nickel
in the catalytic cycle (P(OEtpeing more active than PP&s a reductant).
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Scheme 57. Nickel catalysed reaction between 4-bromoaniSdieand 2-ethylhexyl acrylaté5a
Table 6. Nickel Catalysed Heck Reactions
Entry Catalyst Ligand Base Solvent Conversion Ratio of 56a to 60
(moloe) (molo) of 54a
1 NiCl, (~5%) P(OEB (~50%) NaCO; PTC n.d 1:16 (~35%)
NiCl, (~12%) P(OEH (100-120%) | NgCO; NMP 90% 1:30
3 Ni(POE¥), K.COs NMP 5% 126
(4%)
4 Ni[P(OEtY], P(OEt) (~120%) NBy NBus3 100% N/A
(4%) 60was formed in 20%
5 NiCl, (~50%) Benzalaniline K,COs THFINMP | 30% 5.1
58 (55%)
6 Ni(PPR)CI, (1%) PPh (10%) NaCO, 2-ethyl- 30% 7:6
hexanol 100% of55a 70%57
[o]
/V\CO/\)J\OR 57
7 Ni(PPR)CI, (5%) PPh (50%) NaCO, PTC n.d. 7.4 (~30%)

NMP: 1-methyl-2-pyrrolidinone; PTC: phase transfatalyst = Aliquat 336, n.d. = not determined.

A procedure for nickel catalysed Heck reactions basn developed by Sdgl It

involves a reaction carried out in NMP and useswsnaarbonate as base. The nickel

catalyst was formed from a mixture of N3}@ind triphenylphosphine (2 equivalents of

PPh relative to NiC}). The reaction has to be done at elevated terperél66C +)

to facilitate the conversion of Ni(ll) to Ni(0).

A nickel catalysed Heck procedure for aryl chlosidehich includes an in-situ halogen
exchange to convert the aryl chloride into an #gide has been developéll The
procedure uses a combination of both nickel anthghaim and the authors claim that

the halogen exchange is catalysed by palladiumotwvert the aryl chloride into a

better Heck substrate. This, however, contradlutsfact that the oxidative addition
occurs readily with nickel while the later stagdsttee reaction (regeneration of the

active Ni(0) species) proved to be problematicis ltherefore proposed that the Heck
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reaction is actually palladium catalysed while tiekel plays a role in the Finkelstein

reaction (the exchange of one halide for anotfier)

No example for the use of a heterogenous nickalysitin the Heck reaction has been

found.
2.6 Preparation and Testing of Novel Phosphorus bad Ligands

In the search for improvements to existing Heckiqols, we set out to examine the
use of a number of novel ligands. Our earlier gtigations using aromatic imine
ligands did not appear promising (see Table 3, ®eh®l). Subsequently, we focused
our attention on phosphorus based ligands andfeg@élgi on novel types of ligands or

those not previously known in Heck coupling.

Sterically hindered trialkyl and triaryl phosphitae known to be highly active ligands
for the Suzuki coupling®**® and even show activity in the coupling of aryl
chloride$®®. Triaryl phosphites, especially those with addetic bulk and electron-
density to increase the cone-angle as well asreledensity of the phosphorous atom,
have also been shown to be active ligands for ghala catalysed Heck reactions of
activated aryl chlorides and deactivated aryl boesr®. Beller reported turnover
numbers of >10 000 in the reaction between styram& 4-bromoanisole using a
catalyst comprising Pd(OAcand tri-(2,4-dit-butylphenyl)-phosphité1™°. Turnover
numbers were even higher when excess ligand wals(bséveen 10 and 100 to Pd).

In view of the success of the bulky Beller phosghiin the Heck reaction, we set out
to devise a cheaper and more accessible alternati¢-Butyl-4-methoxyphenol
(better known as butylated hydroxy anisole or 3-BH#& a well known anti-oxidant
which is freely available. A triaryl phosphite wiB-BHA as the aryl substituent was
proposed to have similar cone-angle and electrovatitog properties t61. We set
out to examine the ligand properties of the “BHAogphite” 62 which was prepared
by reaction of 3 equivalents of 3-BHA with PGFigure 4).
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Figure 4. Tri-aryl phosphite ligands

A similar phosphite type ligan@4 where the orientation of theert-butyl groups is
constrained to a limited area of space was prefdaned dichlorophenylphosphine and
a “dimer” of 3-BHA 63 (Scheme 58). A similar structué® has been used by Union
Carbide Corporation as a ligand to improve the wnodcatalysed hydroformylation of
branched olefins®.
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Scheme 58. Preparation 064

We further examined the preparation of conformatilynrestricted bulky phosphine
ligands which were based on the “Buchwald” liganéries, namely the
dialkylphosphinobiaryl type ligand36 (see Scheme 59). The literature preparation of
these ligands typically involves the coupling arise®g dialkylphosphine chloride
with a Grignard reagent of the biaryl moiefy(Scheme 59). This approach is limited
by the availability of the dialkylphosphine chloegl (which are tedious to prepare).
We, therefore, examined a different strategy bycWlthe aryl/biaryl phosphine is first
prepared followed by phosphine addition to unsataraystems (see Scheme 60 and
61).
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O 66a R =t-Butyl, R'=H
MgCl CI-PR; PR; 66b R = Cyclohexyl, R' = H

R R 66c R =t-Butyl, R' = Me
O CuCl O 66d R = Cyclohexyl, R' = NEt,
Scheme 59. Buchwald type ligands

The radical addition of aliphatic phosphines (spegily cyclohexylphosphine) to a
cyclic diene (specifically cyclooctadiene, Schemd®), 6 either thermally or
photochemically mediated, has been publisffedPhenylphosphiné8 was prepared
by reduction of dichlorophenylphosphine oxid& using LiAlHs.  Distilled
cyclooctadiene69 was reacted with a two-fold excess of phenylphasplin the
presence of catalytic AIBN at 95-100°C in toluemméuson. The reaction was slow
and unselective with a number of peaks appearirigéf'P-NMR spectrum. Stirring
at room temperature for 3 days did however resultgar to complete conversion of
1,5-cyclooctadiene. Apart from unreacted pheny$piine 68, 9 other phosphine
peaks were observed BYP-NMR spectroscopy (all of significant size). Vaou
distillation removed phenylphosphine and toluer®0¢{C, 10mbar) and a fraction was
collected (170°C, 0.5mbar) which contained only temmponents (by*'P-NMR
spectroscopy). This fraction was determined ta Bel mixture of components having
31p chemical shift of 9.3 ppm and -21.7 ppm respebtiby *'P-NMR spectroscopy.
The major phosphabicyclononane product was detedn{by **C-NMR) to be the
symmetrical isomei70a while the minor product was the unsymmetrical isoifOb
(Scheme 60). The reaction between cyclohexylphospdnd69 is reported to give a
60:40 ratio of peaks at 13.2 ppm and —25.7 3pniThe distillation bottoms contained
a number of components which could be higher bgilth?z / 2:2 adducts of

phenylphosphine and cyclooctadiene. This, howevas, not verified.
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Scheme 60. Phenylphosphiné8 addition to cyclooctadien&d to prepare phenyl
phosphabicyclononan&®a/b

After a three-month period, the mixture was analysgain and the relative amounts of
the two components had changed to a 4:1 mixtucen(fa 2:1 mixture). Addition of
tert-butylhydroperoxide to the NMR sample resultednneaothermic reaction and the
peaks shifted from —21.7ppm and 9.3ppm to 41.0ppenc®.5ppm respectively, which
is in agreement with the conversion of a tertidmggphine to phosphine oxide.

The same procedure was applied to 2-biphenylphospfs in order to prepare a
“Buchwald” type ligand. 2-Biphenylphosphine73 was prepared from
phenylmagnesium bromide and 2-chlorobromobenzénand trapping the biphenyl
Grignard with PG followed by lithium aluminium hydride (LiAll) reduction of the
dichlorophosphin&2 (Scheme 61). Distillation gav&in high purity.
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Scheme 61. Preparation of biphenyl phosphabicyclononanésand74b
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Reaction with cyclooctadiene in the presence of Mihd irradiation with a sunlamp
over 3 days (~ 12x3 hour irradiation periods) gawk ¢onversion of the primary
phosphine73 to a number of components. Major peaks {B:NMR spectroscopy)
were observed at 44.5 ppm/-19.8ppm/-17.6ppm anpipgn2 It is believed thal4a
and 74b were formed and correspond to the -19.8 and 9.2ppaks due to the
similarity with 70a and 70b. Oxidation of the NMR sample withert-butyl
hydroperoxide gave peaks at 65.5 ppm and 41.3ppmasito that observed for the
phenyl phosphine analogu@®, the major component having *# NMR shift of
38ppm. Due to the low volatility of the componengurification by fractional
distillation failed. Column chromatography howewaused oxidation of the product.
The preparation of this ligand was not further pecs

These ligands6@, 64, and70 as a mixture of isomers) were tested in combinatiih
Pd(OAc) in the Heck reaction between methyl acrylabé and either 4-bromoanisole
54aor 4-chloroacetopheno® (Scheme 62).
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Scheme 62. Heck coupling of methyl acrylatebb with 54aand75
Although 62 (as a 2:1 mixture with 1mol% Pd(OAgpnly showed low activity in the
reaction betweel4a and55b (14% of56b formed after 40h at 12G) much more
promising results were achieved in the reactiomwie electron-deficient aryl chloride

75 (70% of 76 was formed after 2h and 77% after 40h). Lig&ddvas found to be

inefficient in promoting the reaction witibb and was not tested further.
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The phenylphosphine / cyclooctadiene add@®aand70b also showed activity with
41% 56b formed in 40h whilef6 was formed in 68 and 77% vyield after 2 and 16h
respectively. These results are promising as tbles/of the Heck productstb and

76 were superior to those obtained under the saméditcmms when using tBus,
PoTols, 66aor 66b as ligands.

It is apparent that there is the potential fordbgelopment of a series of ligands which
activate palladium for use in the Heck reactiomm@e 3-BHA derived phosphites and
phenylphosphine/cyclooctadiene adducts are of quéati interest in this regard. The
use of these ligands in Heck chemistry will be padsat a later date.

2.7 Heck Reactions Involving Nucleophilic Bases

The traditional Heck reaction conditions employ r@alkylamine as the base.
Triethylamine is the most common base, while ttarhine is often used when higher
reaction temperatures are used. Bases are, havebvsen based on their basicity and

not their nucleophilic properties.

NA )
N@N + /\I(OR —_— Q}‘WOR
o
78
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7 55
Scheme 63. Conjugate addition of DABCO to acrylate

Nucleophilic bases like DABC@7 are known to add to acrylate esters in a conjugate
sense (as shown in Scheme 63) as is exemplifietibBaylis-Hillman reactiofi>. It

was anticipated that the use of a nucleophilic basewn to add conjugatively into
acrylate esters, in a Heck reaction might lead tee\gersal of regioselectivity by

favouring substitution in the alpha-position ofaorylate ester (Scheme 64).
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Scheme 64. Proposed Concept of Modified Heck Reaction usiipeleophilic Amine

The formation of intermediaté& from 78 by reaction with an aryl-palladium(Il)
complex could conceivably lead to the formatiorBofas in enolate arylation) which

on elimination of the nucleophilic amine would give 2-arylated acrylatéo.

On the basis of the proposed concept, a numbeeaxtions on bromobenzene and
methyl acrylate involving DABCO were performed imrolaboratories employing

different catalysts and conditions. Most of thaateons were slow, compared to when
using an inorganic base or triethylamine, and weél@xclusively the normal Heck
product, methyl cinnamatssc
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L-Pd - . )I( kfo L—Pd A A\)J\OR
L O -Nu X o) r
RO OR RO 56
A c D Heck Reaction
Slow (Reductive elimination)
e} O
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Scheme 65. Competition between Heck Mechanism and Enolateatigth Mechanism
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The most likely explanation for the formation ofetB-substituted produc?9 is
achieved by comparing the relative reaction rate®lved (see Scheme 61). The
association of the enolate to the palladium comgiesmation ofA) and the reductive
elimination @ - B) steps during enolate arylation is suspected toateelimiting (see
Chapter 3, Section 32§. In the Heck mechanism the alkene coordinationht
palladium complex (formation @) is thought to be a slow process especially when a
neutral pathway is followed while the migratory enson and hydride elimination
(C-~D-56), on the other hand, are likely to be fast. Wille addition of a
nucleophile to an acrylate ester being reversiblé the reductive elimination step

slow or blocked, the normal Heck prod&&will predominate.

In a similar manner sodium methoxide can also amgugatively to an acrylate ester
to generate the alpha enolate of a 2-methoxypraganester80 (as depicted in
Scheme 66). If such a methoxide/acrylate addusttwvassociate to an aryl-palladium
species it could be postulated that an alpha amftte 81 would be formed via an

enolate arylation mechanism involving reductivenahiation.

r
|
\)J\OR + NaOMe MeO/\O)J\OR 'Io\r L_Pld Meo/\HJ\OR
|_—P|d—x L (@] Ar
55 80 L RO A 81
Scheme 66. Proposed concept of conjugate addition of mettexal acrylate esters followed by

enolate arylation

A reaction between methyl acrylate and bromobengatiesodium methoxide as base
was attempted using a Pd(OAQ) 2-(ditert-butylphosphino)-biphenyb6a catalyst
system. Again the major product formed was methyhamateb6 with no sign of the

desired product.

The use of alkoxide bases that can reduce palladiianf-hydride abstraction,
methoxide and ethoxide, is discouraged as thistedormation of palladium black as

well as aryl halide reduction and biphenyl formatio
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The failure of enolate arylation and the prefereftzethe Heck reaction is similar to
that observed when DABCO was used as nucleophiliseb Once again the
association of the enolate to the Pd(Il) complexherreductive elimination step must
be disfavoured and the addition of the nucleoplhidise reversable (see Scheme 65, Nu
= OMe).

Since the Heck mechanism appears to predominate whearylation reaction could
follow a Heck route or an enolate arylation roltetone arylation has been performed
in a Heck-type approach by masking the ketone aslefimic substrate. Enol ethers
and silyl enol ethers are common Heck substratesfam the arylated enol ether
which is the protected form of ao-arylketoné’’®’{Scheme 67). Due to the
selectivity in the formation of the enol-ether frendialkyl ketone, the least substituted
arylketone will be formed. In the case of enoleethderived from an aldehyde the
reaction is complicated by the fact that bothdhand3-positions of the enol ether are
available for substitution (Scheme 67, eq 2). &itieea-position of enol ethers is
often more reactive, the major product is an emotgeted aryl alkyl ketone. Alkenes
with a B-substituent are less favourable Heck substratdstlzrefore the use of an
enol ether is broadly limited to ketones with onetimyl group and a more bulky

substituent, or a substituent lacking a praiaio the carbonyl (Scheme 67, eq 2).

)CL/ protection OR ', Ar-Br deprotection
R ——~ ;\/ R - \)k/ Eql
HsC HC™ g g\/ .... !

)CL/ protection OR "PdL,", Ar-Br OR 0
R ——— /‘\/R /K/R )K/
H H a Ar Ar R Major
B deprotection
+ _— + e Eq2
OR o
NP
H/ H)H/R Minor
Ar

Scheme 67. Ketone and aldehyde arylation via Heck reactioriool ethers



Chapter 2 Investigations into the Heck Reaction 71

A novel synthesis of 2,3-disubstituted indo8svia a palladium catalysed annulation
between iodoaniline82 and ketone83 was published by Cheet al *(Scheme 68).
Although, at first glance, the procedure appearbe@n enolate arylation, it does in
fact involve a Heck reaction. During the reactem enamine84 is formedin situ
which than takes part in an intramolecular Hecltiea to form the indole. The scope
of ketones that may be used in this reaction isdbis the intramoleclar Heck reaction
is more facile and less affected by steric hindeanc

3

[ [ R3
Q "PdL,"
+ )J\/R3 E—— | — D R?
NH, R N R2 base N
H H
82 83 84 85

Scheme 68. Intramolecular Heck reaction in the formation @-8ubstituted indoles

2.8 Conclusion

During this investigation into the preparation oframic acid derivatives by different
Heck reaction protocols a number of important cosidns were made. The
development of a practical and economically feasgybcedure for, especially, OMC
had to fulfill a number of specifications, of white cost of the catalyst was the most
critical. It was found that low palladium level®utd be used (0.01-0.025mol%
Pd(OAc)) when it was stabilised with a relatively high gpbine loading (40
equivalents of PRhto Pd). Reactions could also be performed inahsence of
solvent and using an inorganic base. These remctiequired the use of a phase
transfer agent while the use of a long chain alt@twofacilitate contact between the
inorganic base and non-polar acrylic acid estea lnighly viscous slurry) resulted in
acrylate consumption via conjugate addition of akmhol. The problems associated
with the use of high levels of phosphine couldpamt, be solved as the replacement of
PPh with P(OEt} (which can be oxidised and hydrolysed to phosghadid and

ethanol) was proven in principle.
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Although good results were obtained with iodoberezasing solvent-free conditions
(presence of PTC), heterogenous catalysis (10% )PdAS less effective for aryl
bromides. Better results were obtained when armmévent (like NMP) was used.
Unlike literature claims that small amounts of watecelerated the reactions in NMP,
we found that it led to nearly quantitative hydsagyof the formed cinnamic acid ester.
It was also found that fair to good yields of cima acids could be obtained from

acrylic acid using Pd/C in NMP or NMP/water mixtsire

The Heck coupling of acrylic acid could also befpened using a homogenous
palladium catalyst. A high vyield of cinnamic acidvas obtained with
Pd(OAc)/PPh/NaCO; when xylene and a PTC were used. These reaabioitions
would allow for removal of the product in a wateask while allowing the catalyst and
unreacted aryl halide to be recycled in the xylphase. Unfortunately, results were

less promising when 4-bromoanisole was used insiehtbmobenzene.

The use of phosphine-free catalytic systems, inofudhe use of the heterogenous
supported palladium catalysts is possible sinceerainthe steps in the general Heck
cycle (oxidative addition, migratory insertion afiehydride elimination) are totally
dependant on the presence of a strongly bounddigaNon-ligated palladium is
inherently reactive enough for insertion into agl-a¢ bond especially when X = 1.
When X = Br and especially Cl, the rate of oxidataddition is, however, low and is
greatly aided by electron donating phosphine ligand

The most serious drawback of the phosphine-freesysis the inherent instability of
the catalytic cycle. Mismatch of reaction ratesimdividual stages could cause
collapse of the catalytic cycle and catalyst deation.

Due to the lack of strongly bound neutral ligantiese systems proceed via the
cationic route through de-ligation of the anionigahds and therefore are best
performed in polar solvents like DMF, NMP as wellia aqueous media.
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Success with heterogenous palladium and otherigatetl catalysts relies heavily on
finding the specific reaction conditions most stiifer each system. The use of phase
transfer agents, halide salt promoters, mixed araimeinorganic bases, ionic liquids
and aqueous systems are topics under investigadiomprove the application to

bromo and chloro arenes.

In another attempt at making the Heck approach itmatnic acid esters more
economically viable by lowering the cost of theatgdt nickel catalysed reactions
were investigated. Nickel catalysed Heck reactamsknown but require the use of a
stoichiometric amount of zinc dust as a reductantmiaintain nickel in the zero
oxidation state. When we used triethylphosphitéigend with NiC} we found that,
although the acrylate was coupled to the aryl mypigte double bond had been
reduced to give a 3-arylpropionic acid ester asntfagor product. A direct relation
between the amount of reduced product as well agersion of the aryl halide and the
amount P(OEg)was observed. The use of BR¥ad to less of the 3-arylpropionic acid
ester as it is a less efficient reductant for Ni(llThe reluctance of Ni(ll) to be
converted to Ni(O)ie. reductive elimination of the Heck product, was tmajor
limiting factor for the use of nickel in the Headdaction. It is believed that at elevated

temperature, higher concentrations of Ni(0) wowddabhievable.

In an attempt to use Heck chemistry to achieerylation of esters, experiments were
performed to change the regioselectivity of aceylatylation. The use of nucleophilic
bases, to add in a Michael sense to the acrylateedfto afford the 2-substituted
acrylate product. It is thought that although theleophilic base adds conjugatively
to the acrylate substrate, this reaction is relstgsand since reductive elimination of
the enolate-Pd-aryl complex is slow, the normallkdeathway predominates and leads

to almost exclusively the more favour@gubstituted acrylate.



CHAPTER 3

STUDIES INTO THE ARYLATION OF
VARIOUS ENOLISABLE SUBSTRATES
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The arylation of the more electron rich enolatedichrbonyl compounds like 1,3-
diketones or malonate esters opens up potentié¢sdo several industrial important
products especially the arylpropionic acid antlanfmatory drugs and phenobarbital
(Figure 5) and are therefore of particular interstresearchers in industry and

CH, o@O
OH
R—1 HN. _NH
| _— o) \n/

@]
Arylpropionic Acids Phenobarbital

academia alike.

Figure 5.

The arylation of aliphatic esters is, potentially, very interesting and powerful
conversion which could provide the most atom-eéfitiroute to the arylpropionic acid
anti-inflammatory drugs. The arylated ester intedmte is, however, also accessible
through decarboxylation of arylated malonates oldken’s acid derivatives (Scheme
69).

OR
O CH CHj O o/
3 + +
H , A OR H, A
7N OR . G)Y - H3C (@]
%

Arylated Malonate Ester Arylated Meldrum's Acid

Scheme 69. Preparation of arylated ester by decarboxylationaoflated malonate ester or

Meldrum’s acid

Examples of arylation utilising palladium catalydisr the arylation of the more
stabilised enolates of dicarbonyl compounds likediketones or malonate esters are

rare‘)9,91,100,99

The same reaction with related species like KMehds acid and

barbituric acid has not been investigated. In thethese conversions are more
complicated since these species are able to fablestomplexes with the metal which
does not allow reductive elimination to take placéhis promotes the pathway for

competitive reactions likB-hydrogen elimination and subsequent reductiomefaryl
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halide. For example, acetylacetone is known tonfeemarkably stable complexes
with palladium®(Figure 6). It does, however, seem that, in theecaf malonate
esters, high steric bulk induced by the use ofiabutylphosphine ligands can

induce reductive elimination resulting in the dediarylated malonate.

fl fl
PEt
o) > 3
c” N Npg” D o N pd<
o 0

Pth/ Et3P/ o)
)\/U\
(pyridyl)Pd(PPhz)(acac) (pyridyI)Pd(PEtg)Z(nl-acac)
Figure 6. Palladium acetylacetone complexes

3.1  Arylation Reactions of Ketones and 1,3-Diketones

The first examples of palladium catalysed enolaygation published by the research
groups of both Hartwig and Buchwald, dealt withdket substratés® The alkyl aryl
ketones, in particular, propiophenor#s, were the preferred substrates since
complicating factors such as regioselectivity ammhoy and diarylation selectivity are
avoided. The extra stability imparted by the phegrpup as well as the low self-
condensation tendency of propiophenone has madepiivileged enolate arylation

candidate.

Our early investigations also centred around reastof this substrai&6 (Scheme 70).
After several experiments with different conditiahsvas found that the best results
were obtained by using N&aBu as base, toluene as solvent, Pd(QAs)the palladium
source and a temperature of 3@0 This was later confirmed in publications by
Buchwald who used very similar conditidfs They discovered that the reaction
between propiophenone and bromobenzene did noireetine addition of ligands as
Pd(OAc) (at levels as low as 0.001 mol%) on its own led facile arylation reaction
(Scheme 70). The ligand-free reactions are, howext general although a few other

examples were publish€d
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Scheme 70. Arylation of propiophenone by low levels of unligd palladium

We found that NaH could also be used in the prdpopne arylation reaction
provided that deprotonation (and hydrogen evolQtisms complete prior to the
addition of Pd(OAc). Deprotonation was carried out by heating to °Cfor 5
minutes until hydrogen formation ceased. This vdmse to prevent catalytic
hydrodehalogenation of bromobenzene to benzeneybtsogen in the presence of a
palladium catalyst. An arylation yiel@&) of 93% (full consumption of bromobenzene
8738 was achieved in 1 hour at P with the use of 1.25 molar equivalents of
propiophenone and 0.3 mol% palladium. The higHaséipn yield points to the fact
that the arylation reaction is faster than the cetitige reactions (hydrodehalogenation
to benzene and homocoupling to biphenyl only actalifor 7% of bromobenzene

consumption).

The comparable reaction using N80 as base performed similarly with a yield of
94% after 2 hours of heating although bromobenzae/ersion was not complete

(<5% remained).

While unligated palladium proved to be an efficieatalyst for the reaction between
propiophenone and aryl bromides, aryl chloridesuireg the use of a bulky and
electron-rich phosphine ligand. The reaction betweropiophenon&6 and 4-
chlorotoluene87b was attempted with 1mol% Pd(OAcunder similar reaction
conditions to these employed for the reaction veitbmobenzene (Scheme 71). The
arylation yield was a mere 3% after 16 hours oftihga Full conversion of the aryl
chloride to 89 was achieved after 30 minutes of heating when i-2eft
butylphosphino)-biphenyb6a was used as ligand.
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Scheme 71. Arylation of propiophenone with 4-chlorotoluene

The use of 2-(dtert-butylphosphino)-phenylethan@Q) as ligand gave a similar result
with complete aryl chloride consumption within lhheating. 90 was prepared from
phenethyl magnesium bromide andelitbutylphosphine chloride in a CuCl catalysed
reaction (Scheme 72).

2. CuCl, t-Bu,PCI ©/\/ 7<
90

Scheme 72. Preparation 090

A ligand prepared during the investigation of theckreaction (see Chapter 2), phenyl

phosphabicyclononar#a/b, proved to be inactive in this reaction.

Beller recently published results of ketone arglatreactions with non-activated and
deactivated aryl chlorides such as 4-chlorotolugfie and 4-chloroanisol87e?. It
was found that the use of highly electron-rich astdrically hindered phosphine
ligands holds the key to successful arylation ieastwhen using aryl chlorides. Of
several sterically hindered phosphine ligands thare tested, n-butylbis(1-
adamantyl)-phosphinen{BuPAd;) was found to be the most effective with a 97%
arylation yield achieved in the reaction betweespmphenone and 4-chlorotoluene at

a catalyst loading of 0.05mol%.

The use of a nickel salt as the catalyst in théation reaction of propiophenone was
investigated in our laboratories. Several attenwpts both 2mol% Ni(OAc) and

Ni(acac) failed to yield any of the desired arylation prod88 when bromobenzene
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87awas used. Significant amounts (by qualitative @238 were, however, produced
when iodobenzene was used instead of bromobenzéthe both Ni(OAc) and
Ni(acac) as catalysts (the yields were not determined ald teactions suffered from
side-reactions that accounted for significant ppppenone consumption).

When Ni(OAc) was, however, ligated with6a and reduced in situ to Ni(0) with zinc
metal (Ni66azZn = 1:2:3) arylation with bromobenzene took placel 34% 088 was
formed. No reaction was observed with Ni(BR preparedn situ from Ni(PPh).Cl,

+ 2PPR + Zn).

The requirement for strong basicity in these paliadcatalysed arylation reactions
was demonstrated by the failure ogRQ, (anhydrous and powdered) to mediate
propiophenone arylation (even when the more poldrdioxane was used to ensure

higher solubility of the inorganic base).

The importance of the correct choice of base focheapecific substrate was
demonstrated in the arylation of cyclohexan8aevith bromobenzene and Pd(OAc)
The use of Na@u in the reaction between cyclohexanone and bremodne resulted
in rather low conversion of the ketone (36%). Tise of an excess of bromobenzene
led to significant amounts of the,a’-di-arylated product93 even while unreacted
cyclohexanone was still present (Scheme 73). Higkaction temperatures (100-
110°C instead of 6%C) and longer reaction time also led to the forovatdf di-

arylation produc®3as well as self-condensation prodfdt

(0] (6] (0]
Pd(OAc)2 / PtBus Ph Ph Ph .\
+
NaOtBu, toluene

Scheme 73. Arylation reaction of cyclohexanor®d
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When the reaction was repeated usingP®;, the reaction was much faster even
though mixing was hampered by the formation of iakttslurry. A bromobenzene
conversion of >90% was achieved after 3 hours 8Q11.5 molar equivalents of
cyclohexanone) while the selectivity towards momgtzion 92) was high (6.5:1
92:93. Mixing in the reaction was improved by usingd-tlioxane as solvent.
Bromobenzene conversion was 88% after 2 hours 3¥Cl@hile the mono to di-
arylation ratio was 4:19¢:93. The mono-arylation produ®&2 was isolated in 64%
yield after purification by column chromatographyBuchwald and co-workers

reported similar results, also by usingPQ, in toluené®.

NaCQBu also was not a suitable base for reactions fiketones as the reaction of
1,3-indandioned5 with bromobenzen&7a in the presence of Pd(OAcand RBus
failed to yield any arylated product (see Schemg 7Zhe reaction was severely
hampered by the formation of a thick emulsion upoldition of the base and it is
thought that the catalyst was deactivated by cloeladf the metal with the enolate
generating a species analogous to that illustiat€tjure 6.

(@] Br (@]
Pd(OAc), / 66a
+ Ph
K3PO, / 1,4-dioxane
0,
0 80°C 10
95 87a 96 O
66a
Pd(OAc), / 66a
ﬁi © ( JohnPhos™
K3PO, / 1,4-dioxane
OOC (@) (@]
Ph
97 87a 98

PtBU3

Scheme 74. Arylation of 1,3-indandion85 and dimedon8&7

When the reaction was repeated using§®, instead, the arylation reaction proceeded
smoothly with full conversion of bromobenzene in hdurs at 88C vyielding
exclusively 2-phenyl-1,3-indandion86. Dimedone (5,5-dimethylcyclohexane-1,3-

dione) 97 was arylated with similar efficiency under the samonditions. High
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yielding reactions of cyclohexane-1,3-dione andlayentane-1,3-dione with aryl
bromides were reported by Buchwald, also usin@® in either dioxane or THF
solutiort®(Scheme 75). 2-Diert-butylphosphino-2’-methylbiphenyd6c was used as
ligand while the closely related 2-(tirt-butylphosphino)-biphenyl ligand
(JohnPho¥) 66awas used in the current investigation. It was adtet, although
arylation of cyclic diketones was feasible, alleatpts with the acyclic counterparts
failed — presumably due to the formation of statxenplexes of the enolates with

palladium.

O Br
Pd(OAc), / 66¢
+ 96% PtBu2
KsPO4 / THF
0
o) 80°C
tBu

87c 100

Scheme 75. Arylation of cyclopentane-1,3-dione by Buchw4fd

In summary it appears that, while the palladiunalyged arylation of propiophenone
with aryl bromides was successful in the absenca phosphine ligand, the same
reaction with aryl chlorides required the preseotcan electron-rich phosphine ligand
to promote oxidative addition to the aryl chloridend. An additional requirement for
a sterically hindered ligand arises when highlybsiteed [3-dicarbonyl enolates are
arylated to promote reductive elimination. Theicbhaf base is an important factor in
the success of enolate arylation reactions aspeays that the use of a milder base
(such as KPQy) for more acidic substrates is advantageous. hthkel-up of high
concentrations of the enolate during the reactieans to negatively affect the
arylation reaction rate. Optimal conditions se@nbé¢ achieved when deprotonation

and arylation rates are matched.
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3.2  Arylation Reactions of Malonic Acid Derivatives

Following on the successful arylation of the cycliiccarbonyl compounds, the
arylation of malonate esters (which have similacebnic properties t@-dicarbonyl
substrates) was investigated. The stabilizingcefté the two carbonyl groups of
malonic acid derivatives (as is the case wjstdicarbonyl substrates) could make
reductive elimination slow and af-O,0-bound palladium complex of such fa
dicarbonyl stabilised anion could be too stablepéaticipate in the catalytic cycle.
Nevertheless, the early publications relating tmke arylation by both Hartwigand
Buchwald® included one or two examples of malonate estelatoy. Buchwald
reported a 92% vyield for the reaction betweearbdityloromobenzeneB{c) and diethyl
malonate 101) while Hartwig published a similar result with Ibonobenzene (Scheme
76). Hartwig also reported a 78% yield for thect@m of chlorobenzene8{d) with
di-t-butyl malonate 102) using 1,1’-bis(dit-butylphosphino)ferrocene {BPF) as the
ligand for the palladium catalyst.

Br
o O

)J\/U\ . Pd(dba),/D'BPF
EtO OEt = o o 80% R =Et103
12h, 100°C 0 =N
101 87 RO OR ~ P(t-Bu),
cl ) & P(tBu);
(@] O t
J\/U\ + Pd(OAc),/ PtBug . ) D'BPF

t-BuO Ot-Bu —’3h 70%C 78% R =t-Bu 104

102 87d

Scheme 76. Arylation of malonate esters as reported by Haytwi
Conditions:2mol% Pd; Pd:L = 1:1.25 for bromobenzene and 1ffr.5hlorobenzene;
1.1 eq of malonate ester; 1.5 eq of NBQ reactions were conducted in dioxane

solvent.
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3.2.1 Palladium catalysed diethyl malonate arviatEactions

The reaction of bromobenzene with diethyl malonasing the Pd(OAg)jPtBus
catalyst system was repeated in our laboratory.emthe reaction was conducted at
70°C in THF solvent only 15% conversion of the malenatis achieved while ~50%
of bromobenzene was consumed. When repeatedu@n®lsolvent and at 14T, full
conversion of bromobenzene and an 88% vyield ohygie€2-phenylmalonatd 03 was

achieved after only 30min.

In an attempt to improve the yield based on diethglonate (80% since it was added
in 10% excess to bromobenzene) a reaction wasrpeetbin which a 10% excess of
bromobenzene was used. Although full bromobenzemeersion was achieved, the
diethyl malonate conversion remained at 80%. Tdeitn of DMF to improve
solubility of the malonate anion and to improve imgkduring the latter stages of the
reaction (when the large amount of NaBr formed henmmixing) also did not result
in improving malonate conversion beyond 80%. luldoappear that side-reactions
become competitive once the arylation reaction rdecreases due to low

concentrations of substrate.

The use of 2 equivalents of base, to ensure fylratenation of the substrate and
product, retarded product formation (only 7% cosia@r of diethyl malonate). Upon
the addition of another equivalent of diethyl malt®) the reaction rate increased and
an overall malonate conversion of 39% was achieasd compared to 80%
consumption when 1.2 equivalent of base is usetlack of excess-butoxide to the
already deprotonated diethyl malon#@teto form dianionB which can form a stable

chelate complex with palladiu@ might explain this observation (Scheme 77).
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Scheme 77. Nucleophillic attack of malonate enolate by exdda&xBu

The observation that both diethyl malonate and hgletphenylmalonate are
transesterified witt-BuOH to yield mond-butyl estersl05/106in all reactions (albeit
to the extent of only 5-10%) supports the formatdB (as likely intermediate during
transesterification). This reaction would leadhe formation of sodium ethoxide and
ethanol which are known to reduce aryl halides upddadium catalysis (see Scheme
78)'°°. The presence of ethanol, therefore, does expigiinodehalogenation (to the
parent arene) and homocoupling (to the biaryl) wdtivhich involve the reduction of

the aryl halide.

The use of the less nucleophilic sodium ttigiftyl)-methoxide should be examined to

establish the role of nucleophilicity at essenyialtbnstant basicity.

When the reaction between bromobenzene and digtaljdnate in THF was repeated
using 2-(ditert-butylphosphino)-biphenyl66a very little arylation was observed
although significant amounts of both bromobenzend diethyl malonate were
consumed. Isolation of the products from the ieaamnixture and analysis by NMR
spectroscopy revealed that apart from unreactedingiamaterials an unknown

compound was present. Attempts at isolation amdigation of this compound failed.
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Scheme 78. Structural fragments of the unknown compound fatrdaring phenylation of diethyl

malonate usin§6a

When the reaction was repeated in toluene sol¥emhation of the same by-product
was observed although around a significant proportof diethyl malonate was
converted to the required phenylated prodii® The use of a 1:1 ratio of palladium
and ligand did lead to an increase in reaction @atefurther reaction after lhour at
110°C) but not in selectivity ta03

From both’H-NMR and®*C-NMR analysis of the crude product it would appibeat

the unknown by-product contains an acetaldehydeako®eity107. TheH-NMR
spectrum contains a quartet signal at 5.04ppm @id) a corresponding doublet at
1.38ppm (3H) while th&’C-NMR spectrum contains a characteristic signalCdppm.
The unknown compound also appears to contain arsehse such ad408 with R
containing a centre of asymmetry since the, Gignal appears as 2 sets of doublets of

guartets typical for a non-equivalent methylengas of an ethyl substituent.

It is proposed that acetaldehyde is formed by aoxedhechanism in which

bromobenzene is hydrogenated and ethanol/sodiuroxideh is dehydrogenated.
Acetal formation is therefore possible in the pneseof free ethanol and hence the
proposed acetaldehyde acetal reasonable. Combihengcetal structure with the
ethoxide fragment in such a manner that a centesyihmetry is created did not yield

any reasonable structures.
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The failure of the system using ligaGfiato give high yields ol03 was surprising as
the very closely related ligarGbcwas used by Buchwald to great effect in the reacti
between diethyl malonate andtett-butyl bromobenzen87c (see Scheme 75, 92%
yield). They did, however, usedRO, as base, once again showing the limitations in
the use of Na@u. This ligand has also been shown to be actitke avyl chlorides in
ketone arylation reactions and, therefore, we itgated the malonate arylation

reaction with chloroarenes instead (see Table 7).

The reaction with the electron-rich 4-chlorotolué¥d proceeded smoothly and 72%
arylation yield {03d) was achieved while a small amount of the unkneampound
was formed (Table 7, entry 5) using 1.1 equivat@niaCGBu. When chlorobenzene
was the aryl halide, however, none of the unknoe@mmound was formed while a
93% arylation yield was achieved (entry 6). It vadserved that other side reactions
like biphenyl formation and transesterification wealso less prevalent when using

chlorobezene as the substrate.

The amount of base required for high malonate csnwe exceeded 1 equivalent as a
lower malonate conversion (66%) was observed winén bequivalent base was used
(80% conversion with 1.1 equivalents N80 (entry 7)). This suggests that a
significant amount of base is consumed by deprdtomaf the arylated malonate. In
principle, 2 equivalents of base should be requitedachieved 100% malonate
conversion but (as was discussed earlier) thisdezhtalyst deactivation. Portion wise

addition of base (to match the arylation rate) rhgglte the desired effect.
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Table 7. Arylation reactions of diethyl malonéte

Entry | Aryl halide Ligand | Base Temp Mol% | Time | Yield of 103
(equivalents) (equivalents) | Solvent | Pd

1 Bromobenzene | PtBus; NaOQBu 70°C 2.0 16 h 15%103a
(0.9)87a (1.0) THF

2 Bromobenzene | PtBus NaOBu 110°C 2.0 0.5h 88%103a
(0.9)87a (1.0) Toluene

3 Bromobenzene | PtBus NaOBu 110°C 2.0 1h 78%103a
(1.1)87a (1.2) Toluene

4 Bromobenzene | 66a NaQBu 110°C 2.0 1h 33%103a
(1.1)87a (1.2) Toluene

5 4-chlorotoluene | 66a NaQBu 110°C 1.0 3h 72%103d
(0.8)87b (1.2) Toluene

6 Chlorobenzene | 66a NaQBu 110°C 1.0 2h 93%103a
(0.8)87d (1.2) Toluene

7 Chlorobenzene | 66a NaOBu 110°C 1.0 6h 669103a
(1.2)87d (1.0) Toluene

8 Chlorobenzene | 66a NaQBu 110°C 0.1 24 h 86%103a
(0.8)87d (1.2) Toluene

9 Chlorobenzene | PCy NaQBu 110C 1.0 24 h 30%103a
(1.2)87d (1.2) Toluene

10 Chlorobenzene | 66b NaQBu 110°C 1.0 24 h 40%103a
(1.2)87d (1.2) Toluene

11 Chlorobenzene | 66a NaQBu 110°C 0.5 0.5h | 90% 103a
(1.2)87d (1.3) Toluene 15h | 92%

12 Chlorobenzene | 66a NaQBu 110°C 0.1 15h | 91% 103a
(1.2)87d (1.3) Toluene 17h 95%
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Entry | Aryl halide Ligand | Base Temp Mol% | Time | Yield of 103
(equivalents) (equivalents) | Solvent | Pd
13 Chlorobenzene | 66a NaQBu 80°C 0.1 1.5h | 6.5% 103a
(1.2)87d (1.3) Toluene 17 h 87%
24 h 90%
14 Chlorobenzene | 66a NaQBu 110°C 0.1 15h | 77% 103a
(2.4)87d (1.3) Toluene 17 h 96%
15 Chlorobenzene | 66a NaQBu 110°C 0.1 1.0h | 71% 103a
(1.2)87d (1.5) Toluene 15h | 78%
24 h 97%
16 Chlorobenzene | 66a NaQBu 110°C 0.01 1.5h | 22% 103a
(1.2)87d (1.3) Toluene 17h 52%
24 h 56%
17 Chlorobenzene | 66a NaQBu 110°C 0.1 5min | 52% 103a
(2.2)87d (1.3) Toluene 1h 98%
18 Chlorobenzene | 66a NaQBu 110°C 0.0 18 h 10%103a
(1.2)87d (1.3) Toluene +13%109
19 Chlorobenzene | 66a NaQBu 110°C 0.1" 15h 90%103a
(1.2)87d (1.3) Toluene
20 Chlorobenzene | PtBus NaOBu 110°C 1.0 17 h 33% 103a
(1.2)87d (1.3) Toluene
21 Bromobenzene | PtBus KsPO, 100°C 2.0 3h 93%103a
(0.8)87a (2.3) Toluene
22 4-chlorotoluene | 66a KsPO, 100°C 1.0 2h 86% 103d
(0.8)87b (2.3) Dioxane
23 4-chloroanisole | 66a NaQBu 110°C 1.0 18 h 82%103e
(1.2)87e (1.2) Toluene
24 Ethyl  4-chloro| 66a NaQBu 110°C 1.0 1h 85% 103f
benzoate(0.837f (1.2) Toluene
25 4Chloroacetophg 90 KsPO, 100°C 1.0 20 h 76%103g
none (0.987g (2.7) Dioxane

#Reaction Conditions: ratio of Pd(OAdp ligand is 1:2, 1ml solvent per mmol diethyl mate, yield

based on limiting reagent and determined by GC *&h8iMR spectroscopy of the isolated reaction

mixture. ® Pd/L was 1:1° ~20% of the unknown compound (Scheme 78) was forth@reformed

sodium salt of diethyl malonate was us&&0% biphenyl was formed.recycled catalyst: 20% of

reaction mixture from entry 11 was usé@™ recycle, 10% of reaction mixture from entry 17 wasd.

"1 week old catalyst solution was uskeiroduct was ethyl phenylacetate, 60% biphenyl fokme
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The reaction between diethyl malonate and chlorobes was repeated using BCy
and cyclohexyl JohnPho$6b, see Figure 7) but much lower arylation yields aver
achieved (entry 9 and 10). This again indicated txidative addition into the aryl
chloride bond is accelerated by highly electrom-ligands. The use of the phenethyl
di-tert-butylphosphine ligand9Q, see Scheme 72) in the reaction with 4-chlorotwue
87b was also unsuccessful although it did show promisictivity when an activated

aryl chloride,87g, was used (to yieltl03g entry 25).

30

66b
Cyclohexyl JohnPhos™

Figure 7. Cyclohexyl JohnPhd¥ ligand

A study was conducted to determine the effect tiéxint reaction parameters on the
outcome of the chlorobenzene reaction (entries)1-¥8hen 0.5mol% palladium was
used, full conversion was achieved within 30min1at’C (entry 11). The same
reaction performed with 0.1mol% palladium was sloveed the same yield was
achieved after 1.5 hours (entry 12). Lower reactiemperature led to a further
decrease in reaction rate (17 hours required &6 8ield and 24 hours for 90%, entry
13). The use of 2.4 molar equivalents of chloraese resulted in a slightly slower
reaction (77%103a after 1.5 hours, entry 14) but a final yield of99@.03a was
achieved. The use of more base (1.5 equivalemtpared to 1.3) had a similar effect
and led to the highest yield (97%, entry 15)

Further reduction in the catalyst loading (0.01lmplfésulted in a much slower
reaction (only 22% vyield after 1.5hours) and a 5@&td was achieved after 24 hours
(entry 16). It was observed that, apart from thenylated malonaté03g ethyl
phenylacetat&09 was also present. The amountl6® present increased upon further
heating (total time of 40hours) and is believed#oformed by degradation @D3a

Other researchers have fouh@9 to be the major product when these reactions are
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conducted at 12C€ and has been described as a heat initiated deaiedonylatior’.
We propose that the formation b®9is similar to the mono-decarboxylation of diethyl
2-nitromalonatell10 to yield ethyl 2-nitroacetat&11 which is mediated by NaOMe
and is promoted by the stabilisation of the produrgbn due the presence of the nitro
group (compare Scheme 79, equation 1 and 2). Jteeyl substituent af03awill
have a similar stabilising effé€¢™*°

O O 0

EtO OEt EtO
A
103a 109
i CO/—\'OtBu o (9 otsu Q
=10 OFt EtO ) TOEt EtO ?O ........... .
103a 109
(0] O o
NaOMe 5
EtO OEt EtO O e
NO, NO,
110 111

Scheme 79. Formation ofL09from 103a

It was observed that all the above reactions caeduwith excess (1.2 equivalent)
chlorobenzene remained yellow to orange and didcoatain precipitated palladium
black. The presence of residual aryl halide tandsrevent precipitation of palladium
black by keeping it in the more stable +2 oxidatstate. To test whether the catalyst
was indeed still active, a portion of a reactionxtome (entryll) was used as the
catalyst in another reaction (entry 17). The amaficatalyst used was the equivalent
of 0.1mol% palladium (based on the initial loadind very fast reaction resulted and
a 52% vyield after only 5min while a yield of 98% svaalculated after 1 hour of

reaction. A possible explanation for this highiatt could be that the formation of



Chapter 3 Studies into the Arylation of Enolisable Substrates 91

the active catalytic species is a slow process higccircumvented when using a
recycled catalyst. The catalyst was recycled ardime by using 10% of the reaction
mixture in yet another reaction (effectively a 0n@l% catalyst loading). However,
only limited activity (entry 18) was observed.

The preparation of the catalyst was, typically, ey mixing Pd(OAg)and66ain 1-

2 ml toluene and heating to ~&Dfor 1-2min until all the palladium was dissolvaad

a yellow/orange solution was formed. Subsequeatitng for a few minutes resulted
in a reduction of the intensity of the colour.wias noticed that most of the colour of
such solution disappeared during a storage pefiddvweeek at room temperature (not
rigorously sealed or nitrogen purged) once agaithaut precipitation of palladium
black. The use this catalyst solution (0.1mol% &ury 19) resulted in an identical
reaction to that achieved with a freshly preparathlgst (compare entry 12). This

illustrates the stability of the ligated palladiwmecies even in the presence of air.

It is uncertain whether the palladium is in therO+@ oxidation state at this stage. A
Pd(0) complex is required to initiate the catalyycle by oxidative addition to the aryl
halide, but how Pd(0) is derived from the initialggded Pd(ll) is unclear. Although it
is uncertain whether Pd(OA®ould give rise a Pd(0) complex, the fact that mpgiex
with similar activity and stability can be preparby using a Pd(0) source such as
Pd(dba) instead of Pd(OAg) suggest that a Pd(0) complex could be formed by

mixing and brief heating of a mixture of Pd(OAend 2 equivalents of ligand.

The use of B8us as the ligand in the reaction of chlorobenzenetéednsatisfactory
results - very little ofLl03awas formed while the major product wi89 (33%, entry
20) after 17 hours of heating. Homocoupling tohleipyl accounted for most of the
chlorobenzene converted. From this result and féleire of 66a when using
bromobenzene it would appear that these reactimsexy sensitive with respect to
the exact ligand employed. Hartwig has made alainobservation that the use of

PtBus in diethyl malonate reactions with aryl chloridesffered from generation of
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significant amounts of arene from hydrodehalogematvhile the same reactions with

bromobenzene gave high yields of the arylated naaéoester¥*?°

Several other chloro arenes were reacted with yliettalonate under similar reaction
conditions. Good arylation yields were achievethviioth 4-chloroanisole8fe and
ethyl 4-chlorobenzoat8{f, see entries 22-24) to yield3eand103f.

The use of KPO, as base also led to high arylation yield (seeyeitrand 22) when
either toluene or dioxane was used as solvent. uBeeof CgCO; and KCO; were,
however, much less effective giving only low arigat yields. Hartwig recently
published several examples of diethyl malonateasiopsh with aryl chlorides using
K3sPQy in toluene solverit.

A few other research groups have published refigalladium catalysed arylation of
diethyl malonat¥?®'"* Djakovitch and Koéhler claim to have achievedhhigelds of
arylated products in reactions between diethyl mat® and various aryl bromides
using heterogenous palladium exchanged NaY zewdi#ysts without the addition of
any phosphine ligand€. In their report they also compare the resultsiokd with
the heterogenous catalyst with that obtained uaimgixture of Pd(OAg) and PPk
We were unable, after several attempts, to obtay aylated products when their
procedures were repeated; even when using iodobenze palladium catalysed

arylation reaction occurred.

A similar report describes the use of sodium téi@opalladate in N,N-

dimethylacetamide (DMAZJ®. According to the authors, the use of heterogsnou
bases such as Ca(GH)nd Ba(OH) resulted in high yields of diethyl phenylmalonate
in the reactions of diethyl malonate with iodo-ptmo- and chlorobenzene. Once
again, we were unable to repeat these results thwéhonly reaction observed being

homocoupling of the aryl halide.
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These publications are in direct contradiction vaitht results and those obtained by the
groups of Hartwig’?"*?°and Buchwalt® in which the use of highly electron-rich and

bulky phosphine ligands were essential for sucaésséction.

3.2.2 Copper catalysed diethyl malonate arylation

The use of copper catalysts in the arylation othylemalonate (as well as ethyl
cyanoacetate and malononitrile) is well precedent@d’2173 8417457175177

Stoichiometric amounts of copper were used inasdks.

The reaction between sodium diethyl malonate aminbbenzene in dioxane was
examined by us using 1.2 equivalents of CuBr aref@ivalents malonate (Scheme
80). After 4 hours at reflux the mixture had tlodotir of precipitated copper metal and
the yield of ethyl phenylacetai®9was determined to be ~50% vs a reported yield of
70%".

Na+ -
)O\/ﬁ)\ 1.2 eq CuBr O
X +Ph-Br ——————» ~50%
EtO OEt dioxane, reflux gio

109
Scheme 80. Copper mediated arylation of diethyl malonate

Miura reported on the use of copper as a catatyshe arylation reactions of ethyl
cyanoacetate, acetylacetone and malononitrile \iddobenzen®€. The yield of
phenylated ethyl cyanoacetate was in excess of\gbén Cul or CuBr were employed
at 10mol% loading. DMSO was the preferred sohard K,CO; was used as base.
Reactions were conducted at i20the likely reason for the omission of malonate

esters, which are prone to decomposition at tinnpégature (as was discussed earlier).

In 2002, Buchwald reported high yielding (>85%) oradte arylation reactions with
aryl iodides using as little as 5% Cl (see Scheme 81). These reactions did not
require harsh conditions and were performed & 70 THF as the solvent, allowing
for a high level of functional group tolerance. eTlritical parameters for these
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reactions were the use of L£; as base and 2-phenylphenol as ligand for the coppe

catalyst.

We were, however, unable to repeat these resulstiwe best result obtained by using
K3PQ, in dioxane at 10 (27% yield 0f1033 while only 16% ofl03awas formed
in THF solvent. A higher yield (45%) was achiex®dperforming the same reaction
in DMSO solvent at 10C (Scheme 81).

5mol% Cul o o
o o | 10mol% 2-phenylphenol 91%
)J\/U\ . o EtO OEt
EtO OEt Cs,COg,THF, 70°C
16% (THF/ 70°C
ot 20mol% Cul o )
40mol% 2-phenylphenol 27% (1,4-dioxane /100°C)
103a
KsPO4 45% ( DMSO / 100°C)
Scheme 81. Copper catalysed diethyl malonate arylation

CsCOs was not used as it was not available and was dikéonbe too expensive to
ever find industrial application. It appears tha choice of both inorganic base and
solvent for each enolate type is crucial a€&; was entirely ineffective for diethyl
malonate arylation compared to the good resultainétl by Miura in the reactions of

ethyl cyanoacetate.

The use of copper catalysis in enolate arylatiodeiscribed in more detail in Chapter
5.

3.2.3 Arylation Reactions of Meldrum’s Acid and Bawuric Acid

After the successful arylation of malonate estersvall as 1,3-diketones we looked to
arylate other highly stabilised enolates. Meldrsiracid and barbituric acid are cyclic
variants of malonic acid derivatives but are sigaifitly more acidic than their acyclic

counterparts (Figure ¥)
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Diethyl Malonate Meldrum's Acid Barbituric acid
pK,= 16.4 pK,= 8.3 pK,= 8.4
O

o 0 o o
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Ethyl Cyanoacetate Malononitrile Ethyl Acetoacetate Acetyl Acetone
pKy=13.1 pK,=11.0 pK,=14.2 pKa=13.3

Figure 8. pK, values of different malonate derivatives

Both Meldrum’s acid and barbituric acid have bepraded using aryllead reagents as
developed by Pinh&(*® The synthetic usefulness of this reaction wanatestrated
in a short and high yielding route to the importaohsteroidal anti-inflammatory drug,

ibuprofen, from 2-methyl substituted Meldrum’s a¢id Scheme 82’

Pb(OAc); Ar
OWO (0] O HCI (conc)
+ reflux CO,H
O><O 95% o><o 83%

7 112 9 Ibuprofen

Scheme 82. Synthesis of Ibuprofen from methyl Meldrum'’s acid

Another synthetically useful application of thisechistry is the preparation of the anti-
depressant drug, phenobarbital, by direct phemylati 5-ethyl barbituric acidlQ) in
high yield (Scheme 8%)
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Ph
o o) - o) o)
pyridine 0
HN\H/NH + Ph-Pb(OAc); —————>= 91%
(0]
11

HN NH

CHCl, W/

(0]
113 Phenobarbital

Scheme 83. Synthesis of Phenobarbital

The formation of quaternary carbon centres by #pfaof a 2-substituted malonic
acid derivatives is possible when using aryllegatétates reagents and, in most cases,
is a simpler reaction than that of the unsubstitigbstrates. The opposite is true for
palladium catalysed enolate arylations for which fbrmation of a quaternary carbon
centre is rare, if not unprecedented, for certgpes of substrates such as malonate

esters.

Palladium catalysed arylation reactions of Meldrsiratid and barbituric acid were,
therefore, attempted using the 2-unsubstitutedtsatbs. Various conditions, ranging
from strong bases such as NaH and Mo K,CO; and KPO, and amine bases as
well as phosphine ligands with varying electron siignand steric bulk and solvents
with different polarity, were tested. Unfortungtelo arylation products were detected

in any of these reactions.

It is believed that the anions of these substridered stronger complexes with the
catalyst as was the case for malonate esters arlit @yketones. Buchwald also
published the failure of the Cul / 2-phenylphenohditions to arylate Meldrum’s

acid® as opposed to the successes with malonate eglaticrs.

Since the aryllead arylation route to ibuprofen ahénobarbital from Meldrum'’s acid
derivatives could not be repeated using palladiatalgsis, synthetic routes to the 2-
arylpropionic acid anti-inflammatory drugs and pblearbital based on the arylation of

diethyl malonate were deemed more suitable forgtigation.
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3.3  Application of Malonate Arylation to the Synthesisof Phenobarbital

A disconnection based synthesis of phenobarbitltla aryl propionic acids suggests
that the most direct approach would be arylatiomm @fdicarbonyl system. Existing
syntheses do not use this approach although 2tadyfaalonate esters are used as key

intermediates.

Diethyl 2-phenylmalonat&03ais believed to be a key intermediate in the commakrc
route to phenobarbital. 103a is prepared from either benzyl cyanidd4 or
phenylacetic acid esters by condensation with gietarbonate (Scheme 84). We
reasoned that15 could be prepared from diethyl malonate by conbeeiarylation
with a phenyl halide followed by alkylation withdmoethane, possibly in a “one-pot”
system. The arylation reaction between diethylomaie and either bromobenzene or

chlorobenzene has already been discussed in (kaikection 3.2.1).

OEt
CN
O
EtOH, H,SO,4
109
114
Base
(EtO),CO
QEt OFt OEt OFEt i
¢l H\NJ\N,H
i ) O
© Diethyl malonate Base 0] O NaOEt
NaOtBu : ” 0]
PA(OAC), / 66a Ethylbromide Urea
CH3
87d 103a 115
Phenobarbital

Scheme 84. Proposed route to Phenobarbital
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Ethylation of diethyl phenylmalonaté03a was attempted using ethyl bromide and
imidazole. Although the acidity of the proton orcarbon substituted by two ester
groups and one phenyl group should be accessib&erhyd amine base, the reaction
did not proceed until formal deprotonation with alkoxide base and heating to
>100°C. It is probable that alkylation of imidazole wasompetitive reaction. The
same base used in the arylation reaction shouldideel in this reaction as well
(NaQBu or KzPQy). The arylation and alkylation reactions couldrttbe done in one
pot by addition of an extra equivalent of base ailidl halide once the arylation

reaction is complete.

Conversion of diethyl 2-ethyl-2-phenylmalonat&l5 to the barbituric acid
(phenobarbital) was attempted by heating with uiediberate two molecules of
ethanol. The malonate ester was heated with ur&a®C in toluene suspension but
no reaction was observed. Methanol was added pyowe solubility and sodium
methoxide to increase the nucleophilic charactaire&, but after prolonged refluxing
only unreacted urea was recovered. The reacti@rgeated in methanol solvent but
again no phenobarbital was recovered with the megonponent being dimethyl 2-
ethyl-2-phenylmalonatd 17 (due to transesterification) and methyl 2-phentgiate

116 (from decarboxylation of the starting material) l{i€me 85).

OEt OEt O OMe OMe
o) o Urea OMe o o)
+
MeOH, A
115 116 117
0
OEt OEt O )L
Urea HN™ “NH
o 0 NHy
NaOMe, MeOH, A 0 o
115 118 Phenobarbital

Scheme 85. Attempts at converting15into Phenobarbital
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An Organic Synthesé¥ preparation for barbituric acid, which involvedluging the
sodium salt of diethyl malonate with urea in absolathanol, was repeated using
sodium methoxide. Barbituric acid was formed iw Igield (31% compared to the
reported 72-78%). The reason for this lower yisldhought to lie with the use of
sodium methoxide instead of sodium ethoxide. Tighdr nucleophilic character of
the methoxide ion may have lead to decarboxyladiathe starting material. When the
Organic Syntheses procedure was repeated on di2tbiiyl-2-phenylmalonaté&15
two compounds formed of which the ester functidgalias absent. The compounds
were identified as 2-phenylbutyramidEl8 (60%) and Phenobarbital (40%) by
comparison of theH and **C NMR data with that of authentic standards. This
reaction was repeated using freshly prepared soeéitinoxide but although all of the
starting material was consumed only 2-phenylbutydam118 was isolated.

Decarboxylation of the product is thought to hageuwsred during work-up.

A patent which describes the preparation of phermtad from 115 and urea
mentioned that low yields of phenobarbital wereaoi®d due to malonate cleavage in
the presence of a high concentration of sodiumxédlet’>. An improved procedure
was disclosed in this patent, which detailed aipoftvise addition of sodium ethoxide
to a heated mixture dfl5and urea in absolute ethanol to avoid high comagahs of

sodium ethoxid&®.

The conversion ofL15to phenobarbital was not examined further as thia well-
established conversion which is part of the existitommercial proce$¥. There

exists, however, a substantial possibility of mgkinis reaction more efficient.

With a palladium loading of 0.01mol% and a palladiprice of $1000/ounce (33g) the
contribution of the catalyst to the raw materiastcof phenobarbital production will be
in the order of $3/kg. With the selling price dfgmobarbital at ~$36/kg and that of the
sodium salt at ~$75/kg , this technology could bezoam economically viable

manufacturing route (diethyl malonate$6/kg, chlorobenzene <$2/kg) Any
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improvement in turnover numbers by fine-tuning tteaction conditions or by
recycling the catalyst and the use of a less expefmse such aszRO, or K,CO; the

will make this route more economically attractive.

3.4  Application of Malonate arylation to the Syntheis of Ketoprofen

After the potential cost benefits of using enolatglation in phenobarbital synthesis
were demonstrated, we investigated the preparatiche 2-arylpropionic acid non-

steriodal anti-inflammatory drugs (NSAID’s) via éat@ arylation as a continuation of
this programme. The most direct route to introdingearyl functionality would be the

direct arylation of a propionic acid derivative or, alternatively, an acetic acid
derivativeB followed byC-methylation (Scheme 86).

o) O
CH Arx a” )K(CH3
3 + r-
RO base RO
Ar
A
base
o "Me™™
)J\ Ar X ||Pd Ln|| O
+ -
RO CH3 base ROJ\
B Ar

Scheme 86. Approach to aryl propionic acids by direct estaation

Direct arylation of acetic and propionic acid estbas been demonstrated by both
Buchwald®” and Hartwig®®'% and we have also investigated these reactions. We
found that the use of the bulkyputyl esters and moisture sensitive bases couwjpiid

the tendency of the ester enolates to take parbwanted self-condensation reactions
made this route undesirable from both a practicel aconomical point of view.
Gool3en published another approach to arylacetid derivatives in a Suzuki-type
coupling of arylboronic acid and ethyl bromoacet4téScheme 87). Apart from the
requirement for a relative expensive aryl borometdaand high palladium loading
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(3mol%), the reaction suffered from extensive hooupding and

hydrodehalogenation.

O O
"PdL,"
Ar—B(OH + Br — — " , A

base

Scheme 87. GoolRen’s Suzuki-type approach to arylacetic acids

Hartwig has recently publishedarylation protocols using more neutral conditiGhs
These protocols involved the use of Reformatskgeats 20 which were prepared
from activated zinc and-bromo esterl19 and alternatively silyl ketene acetal2Pp)

in the presence of 0.5 equivalents Zri&s co-catalyst)(Scheme 88). Although these
protocols do not require the addition of strongesa@nd hence tolerate base sensitive
functional groups on the aryl halide) and diargatidoes not occur, they require at
least one equivalent of another metal and, agaily, tebutyl esters can be used. Apart
from being an excellent synthetic tool when dealwigh sensitive substrates, this
protocol offers no improvements over other arylatiechniques.

O @) @)
CH;  Zn "PdL," CH
t_Bu_O)K( 3 t-Bu-O)J\(CHs n t-BU-O)K( 3
Br ZNnBr Ar-Br Ar

119 120 121
TMSO, H "PdL,"/ZnF, /
t+Bu-O  Me Ar-Br

122
Scheme 88. Estera-arylation under more neutral conditions

The arylation of the cheap and readily availabletidil malonate followed by
methylation, hydrolysis and decarboxylation (whiohprinciple can be performed in
“one-pot”) remains an attractive route to the amgtponic acids - especially in the light
of the high yields obtained with aryl chloridesngsiow catalyst loadings (see Section
3.2.1, Table 7).
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o} o RO.__0O o) HsC
Br/Cl . 0]
O e o semie O Y,
Ro  b-NaOH
c. H
123a/b 124 Ketoprofen
Scheme 89. Proposed route to Ketoprofen

We investigated the preparation of ketoprofen (@ge anti-inflammatory drug which
is sold as the racemate) since it contains a kdtomeionality which could complicate
traditional syntheses but should not be problematia mild malonate arylation

protocol (Scheme 89).

The initial reactions were performed with 4-bromebgphenonel23c since it is
readily available and incorporates the carbonylcfiem present in the required 3-
bromo or chlorobenzophenod23a/h The arylated malonate este24 was isolated
in 66% vyield by using 1.2 equivalents diethyl maltm) 1.3 equivalents N&Bu,
1mol% Pd(OAc) and 2mol% 2-(dtert-butylphosphino)-biphenyl6ga). The product
was a mixture of the diethyl est&éP4c(70%) and the ethyttbutyl esterl24d (30%).
Hydrodehalogenation to yield benzophend2é accounted for 30% of the aryl halide
and ethyl 2-arylacetate25bwas formed in 4% yield (Scheme 90).

Pd(OAc)2 / 66a
Dlethyl malonate
X NaOtBu

123c X = Br 124c R = Etyl 125b
123d X=Cl 124d R = t-Butyl

Scheme 90. Arylation of diethyl malonate with 4-halobenzopber123c/d

A relationship between the extent of transesteatifonn and hydrodehalogenation was
observed, which supported our earlier proposed am@sin by which dehydrogenation
of ethanol liberated by transesterification prosgididne hydrogen for aryl halide

reduction (see Section 3.2.1, Scheme 78).
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The use of 4-chlorobenzophenati23d under the same reaction conditions resulted in
a faster (reaction completed in 1 hour compared toours with1239 and more
selective reaction with the yield of arylated matmbeing 75% (mainlst24c with
very little 124d) while 125b was formed in 8% vyield. Benzophenoh26 was not
detected by NMR analysis.

Pd(OAc) and tritert-butylphosphine was used in the reaction betwebnodio- and
4-chlorobenzophenone and diethyl malonate. The ctima with  4-
bromobenzophenonE23c proceeded well with full conversion of the arylitia in 5
hours (65%124c/124dand 35%126). The reaction with 4-chlorobenzophend#3c
was, however, unsuccessful with less than 5% of dbsired product and 14%
reduction to benzophenone after 5 hours. Thislr@ss similar to the arylation of
chlorobenzene usingtBuz;, once again indicating that this ligand is undal@gor aryl

chloride reactions.

Motivated by the above successes, we repeate@#otians on 3-chlorobenzophenone
123b (see Scheme 92). This substrate was prepared3rcmorobenzoic acid28 by
conversion to the acid chloride with thionyl chttei in benzene followed by the
addition of AICk to initiate Friedel-Crafts acylation between bereand the formed
acid chloride (Scheme 91). The acid chloride fdrommand acylation reaction was

done in “one-pot” and23bwas obtained in 95% yield.

o O
H3C\©/C| Co/Mn/Br Ccl a SOC|2 / benzene Cl
HO
AcOH / Air b. AICI; / benzene O O
127 128 123b

Scheme 91. Preparation of 3-chlorobenzophendrg3b

The side-chain oxidation of substituted tolueneannautoxidation reaction catalysed
by cobalt and manganese salts in acetic acid ¢aegthydride solution has been

extensively studied by CSIR Bio/Chemt®k One of the substrates that was
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successfully oxidised to the carboxylic acid, dgrihat study, was 4-chlorotoluene
87b. This protocol was applied to 3-chlorotolueli¥ to prepare large quantities of 3-
chlorobenzoic acidl28 for the preparation 0123b (Scheme 91). An unoptimised
yield of 58% was achieved by crystallisation digdtom the acetic acid reaction

mixture.
0
Cl Pd(OAc), / 662
O Dlethyl malonate ‘)J\‘
NaOtBu
123b 124a R =Et 125a

124b R =1tBu

Scheme 92. Arylation of diethyl malonate with 3-chlorobenzartonel23b

The arylation reaction with 3-chlorobenzophenoned®6 Pd) proceeded smoothly
with 94% conversion ol23bin 2 hours and 95% after 20 hours. The yieldhef t
arylated malonate was 86% (with 70:30 split betw&2da and 124 Scheme 92).
The extent of hydrodehalogenation was estimateeb® while 4% ofl25awas also

formed. The same results were achieved whenghigion was repeated.

Lowering the catalyst loading by a factor of 10. @elmol% Pd) resulted in a slow
reaction and low arylation yield (8 and 6E24a/bwith 2 and 1.5%126 in duplicate
experiments). The addition of 0.1mol% catalysistmh a reaction after 3 hours of
reaction did, however, accelerate product formasiod 50% ofL24a/bwas formed in
20 hours. The use of 0.25mol% of either Pd(QAx)Pd(dba) with 0.5mol% of66a
resulted in a fast reaction with full conversionl@3b achieved in 1 hour of reaction.
The yield ofl24a/bwas similar than achieved using 1mol% Pd (81124a/b although
the extent of hydrodehalogenation was much high@94(126 formed). More diethyl
malonate andl23b was added to the reaction mixture (generating tectere
0.125mol% catalyst loading,) and reacted furthé&though full conversion of the
additional aryl chloride was not achieved (70% aasion, turnover number (TON) of

1350) the catalyst still had significant activity.



Chapter 3 Studies into the Arylation of Enolisable Substrates 105

Reactions had been performed at 5mmol scale ied¢abes and it was decided to test
the reaction protocol at a larger scale. A reactias performed at 50mmol scale in a
reflux system with a 0.2mol% palladium loading. lIFeonversion of 123b was
achieved in 2 hours anti NMR spectroscopy revealed 83% of the arylatediyco
(124aandb) and 17% benzopheno@6. The isolated yield af24aafter purification
by flash chromatography was 80% with only 5% of igmated product being24h.
This result was an encouraging indication that tidah yields could be obtained at
larger scale. Further scale-up was limited by Bappf both Pd(OAg)and66a

The reduction of the valuable aryl halide in thisqess was, however, still a concern.
NaCQBu is not the ideal base due to transesterificatomlower alkoxide bases would,
however, be more problematic. The use of a milden-nucleophilic base such as
KoCO; or K3PO, would be advisable. A reaction with anhydrousCR; was
performed with 4-bromobenzophenoh23c (1.5 equivalents to diethyl malonate) as a
base. The rate of reaction was much lower and wiote starting material was still
present after 4 hours, only 4% of the 4-bromobeheopnel23cwas reduced. After
20 hours and the addition of extra@QOs, 40% of the desired arylated produ@4c
and 30% benzophenonel26 had formed while 30% was unreacted
bromobenzophenone. The formation of such a laugmtity of benzophenone could
have been a result of ethanol dehydrogenation wbazlid have been liberated by
hydrolysis of the ethyl esters of malonic acid. drblysis could have been caused by

hydroxide formed by decomposition of hydrogen casdie.

The use of KPO, should be examined because the protonated spgEmesated cannot
decompose in the same manner as QO generate a nucleophile capable of

initiating either transesterification or hydrolysitthe malonate.

A brief investigation into theC-methylation of124c was carried out (Scheme 93).
Deprotonation ofl24c was done by using 1.5 equivalents of NBO in toluene
followed by the addition of 1.5 equivalents of dilmg sulphate. Heating to 80 was

required to initiate a fast methylation reactioithe diethyl 2-(4-benzoylphenyl)-2-
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methylmalonatel29 isolated was hydrolysed by heating in ethanolic caustic (1.5
equivalent, 68C) and subsequent acidification with dilute hydiodie acid, resulting

in the liberation of carbon dioxide gas, and criéd@-benzoylphenyl)propionic acid
130was recovered in 91% vyield.

O 0O O

OEt
O O 1. NaOtBu O O og; L EtOH/NaOH O O .
0] 3

2. Me,S0, 5 2. dil. HCI
Et0” O Et0” SO HO X0

124c 129 130

Scheme 93. Methylation ofl24cand decarboxylation df29

Based on the earlier observations, this indicate$ the conversion of the arylated

malonate estet24ato ketoprofen should also be feasible.

With a palladium loading of 0.2mol% and a palladiprnite of $1000/ounce (33g) the
contribution of the catalyst to the raw materiastcof phenobarbital production will be
as high as $60/kg and with the import price of ketéen from Indian manufacturers
being $78/kg, significant improvement in the casalyrnover numbers will need to be
achieved before this procedure becomes economatithctive.

For a generic pharmaceutical of this type, a rdilthomb is that the raw material cost
should not exceeed 30-50% of the selling price (@meainder being plant and labour
costs and profit).

3.5 Novel Synthetic Approach to the Synthesis of Alpropionic Acids

During our studies of the arylation reactions ofimas enolates we came to the
conclusion that the substrates that are most seadjlated are ketones and especially
a few specific ketones that can be arylated usitigated palladiuntf®. It is, therefore,

not surprising that the first examples of enolatdation dealt with ketone substrates

9091.99.100  Hartwig first demonstrated the ease at whichpjmmhenone86 can be
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arylated by obtaining the mono-phenylated prod&in 98% yield with the use of
0.005mol% Pd(OAg) and RBus>. Buchwald reduced the catalyst loading even
further and proved that this reaction did not regtine addition of a phosphine ligand
(74% yield with 0.001mol% Pd(OAgpnly, see Scheme 68§

During our quest to find more economically viabjatbetic routes to the-arylacetic
and propionic acids we proposed an arylated ketfoatecould be converted to the acid
at a later stage. The arylation of a methyl oyldtbtoneA - B under relatively simple
conditions (using a low palladium loading and nogmhoric phosphines) followed by
an uncomplicated and selective conversion ta-anylacetic and propionic acid (or
esters thereof) would constitute a viable routethte profen drugdD (NSAID’S)
(Scheme 94).

@]
9 Pd/ L Q
L + ArX Ar + R
R™ “CH,R' base R R
R' Ar  Ar
R'=Me or H B R'=H
A Baeyer-Villiger oxidation
i a1
R. Ar *
O)K( R O)\Ar C
R’

1. Methylation (R' = H)
2. Hydrolysis

(0]
Ar
HO)K( D
CH,

Scheme 94. Proposed synthetic route dearylpropionic acids via ketone arylation

Ketones can be converted into esters by the Baélleger (BV) oxidation which

involves the introduction of oxygen between theboayl and the highest substituted
alkyl chairt®% The regioselectivity of the BV reaction not oxlgpends on the level
of substitution in the alpha position but the preseof an electron donating group will

also favour the direction of oxygen insertion. Tienzylic position is especially
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activated toward oxygen insertion. The generaldr®r selectivity in the BV reaction

is therefore quaternary > tertiarypenzylic > secondary > primary.

In order for the BV reaction to give high seledivio ana-arylated ester, the opposing
ketone substituent has to be either a highly switstl alkyl group (like-butyl) or an
activated benzylic group. Arylated propiophen@® for example, would not be a
suitable substrate as oxygen insertion will talee@lexclusively in the ketone-benzylic
position (Scheme 95).

Me BV oxidation
L5
oy
Ar

Scheme 95. Regioselectivity of the Baeyer-Villiger oxidatiaf arylated propiophenor&s

Another example of a ketone arylation that doesegtire the addition of a phosphine
ligand is pinacolonetért-butylmethylketone)l31 Buchwald® reported the reaction
of pinacolone 131 with 3-methoxy-bromobenzen&32 using 1mol% Pd(OAg)

(Scheme 96).
Br

Q N Pd(OAC), O
- . 68%
CHs NaOtBu OMe
OMe 80°C, 6 hours
131 132 133

Scheme 96. Arylation of pinacoloné 31 with Pd(OAc)

In order to examine the proposed synthetic route-amylacetic and propionic acids,

phenylation of pinacolone was performed followed3 oxidation.
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The arylation of pinacolon&31with bromobenzen87awas performed using NaBu

in toluene using Pd(OAggs well as a Pd(OAg) 2-(ditert-butylphosphino)-biphenyl
66a combination (Scheme 97). The reactions were pmddr on 5mmol scale
(bromobenzene) with 1.2 equivalents {81) NaQBu in toluene solvent and heating
to 110C. The reaction performed with 2mol% Pd(OA@&nd 4mol%66a was
unselective and the ratio of mono and di-arylatieas 1.2:1 with full conversion of
bromobenzene. The reaction using 2mol% Pd(@Aae)h no additional ligand was
more selective and a mono to di-arylation raticodf (134:135 was achieved. The
arylation selectivity in both reactions was highthwiery little hydrodehalogenation
and homocoupling taking place, the selectivity anapolone was also high as no

substrate appeared to be lost to condensatiorioract

Br
(0]
. _ Pd(OAc),
CH3z NaOtBu
131 87a

Scheme 97. Phenylation of pinacolone using Pd(OAa} catalyst

The phosphine free reaction was repeated on 50mmoatd (bromobenzene) using 0.2
mol% Pd(OAc). A bromobenzene conversion of 81% was achievé tve arylation
selectivity being 93%. The ratio of mono to diatgd product was 5.6:1 while the
selectivity calculated based on pinacolone reawaiasl only 65%. The reason for the
lower selectivity is thought to have originatednfransufficient mixing in the reaction
causing self-condensation reactions. It is belletleat a selectivity similar to that

achieved in the smaller reaction is attainable wiifficient mixing.

The diarylated producii35 proved to be crystalline and a large proportion was
removed by filtration (after removal of solvent)dive a product containing only 7%
of 135 Vacuum distillation of the crude product, contag mainly134, removed the

remainder of the diarylated compouhb.
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The BV oxidation was performed on this materialrbffuxing in chloroform withm-
chloroperbenzoic acidCPBA) while removing water azeotropically (Schen®.9
Although the conversion af34 was low (only 40%, due to the low activity of the
mMCPBA used) the reaction was selective towards foamaf t-butyl 2-phenylacetate
136. The regio-selectivity of the reaction was defeed to be 7:1 136 to benzyl
pivalatel37).

. @
reflux CHCIy /\O
134

Scheme 98. Regioselectivity in the Baeyer-Villiger oxidatiaf 134

These reactions demonstrated the concept of forramg-arylacetic acid ester by
enolate arylation of a ketone followed by a Baey#liger oxidation. Methylation of
the arylacetic acid esté@B6 will produce the correct 2-arylpropionic acid &st88 as
required in the profen drugs structure (Scheme 3@are will, however, have to be

taken to limit di-methylation139).

O O
§\ )K/Ar base, "Me™ ﬁ\ Ar ﬁ\ i A
. . g
138 139

136

Scheme 99. Methylation of arylacetic acid est&B6to yield 2-arylpropionic acid estéB8

Further investigation is required to optimise tledestivities in both reactions. The
wrong regio-isomerl37 formed during the BV oxidation could conceivably be
removed by base hydrolysis which will hydrolyseemyl ester but not the more base-
stabletert-butyl ester followed by mild base wash. Hydrodgsis of 137 in the
presence 0136 should also result in simple removal of the unwdrdpecies.
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The ligand-free palladium catalysedarylation of pinacolonel31 with 1-bromo-4-
chlorobenzenel40 was described in a recent pap&(Scheme 100). The mono-
selectivity (to141) of the arylation reaction was improved by using €djblivalents of
NaQBu and performing the reaction at’85(~18:1 from ~7:1 when 1.6 equivalents of
NaQBu was used).

o Br
+
CHjy
140
131 Cl
Pd(OAc),
NaOtBu
toluene
Cl
Fe S SN Ue
w ’ ’ °
141 O 142 O 143
Cl Cl

Scheme 100. Recently published arylation of pinacolone withrbino-4-chlorobenzene

An alternative strategy which will reduce the peshk associated with arylation
selectivity, involves the use dert-butyl ethyl ketonel44 (Scheme 101). This
methylated pinacolone derivative is, unlike pinac@, not commercially available and

has to be prepared.

Q o)
on Pd(OAC),
s+ ALX —————
NaOtBu XJ\/CW 145
144 Ar

#\ @) (0] CHs
CH +
Ar
138 146

Scheme 101. Arylation oft-butyl ethyl ketonel44 followed by Baeyer-Villiger oxidation
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Several methylation protocols (to convert pinacelonto t-butyl ethyl ketonel44)
were examined using different bases and dimethglsul Limited success was
achieved as the reaction between dimethylsulfatetla® base seemed to prevail over
C-methylation. Bases like NaOH, N&# and KPO, gave noC-methylation while
the use of sodium hydride did result in the formatof the desired produd#4 along
with dimethylation 147, Scheme 102). This reaction was, however, alaguygd by
the fast reaction of NaH with dimethylsulfate. Anwersion of approximately 70%
was achieved by using two equivalents of NaH antethylsulfate. The ratio of mono

to di-methylation was ~5:1.

@) 0] 0]
>HJ\CH3 —_ = + >Hk(
131 144 147

Scheme 102. Methylation of pinacolon&31

The use of methyl iodide resulted in higher sel@gtitowardsC-methylation although
selectivity in terms of mono- and dimethylation wassatisfactory. The use of one
equivalent of NaH and methyl iodide resulted in 8%6conversion of pinacolone but

with equal amounts of mono and di-methylation.

Arylation of 144, howeverhas not been pursued. The higher level of sulistitwn
the projected produdt45 may also prove problematic (in terms of regio-s@lég) in
the Baeyer-Villiger oxidation (see Scheme 101). tefpts to lower the catalyst
loading, improve mono-arylation selectivity and tiegjio-selectivity in the Baeyer-
Villiger oxidation reaction will be the main focusf further studies. Once an
optimised procedure has been established, it vallapplied to the synthesis of a

number of the key NSAID’s such as lbuprofen, Naproand Ketoprofen.
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3.6

Conclusion

Although unligated palladium can be used for thecsasful reaction between
some ketone substrates and aryl bromides, the seawtion with an aryl
chloride or deactivated aryl bromide requires tlse= wf an electron-rich
phosphine to assist with oxidative addition.

In the arylation reaction of 1,3-diketones the ckoof base is of crucial
importance. It appears necessary to match thetyaatithe substrate to the
strength of the base employed, to avoid high camagon of the ensuing
enolate. The ability of especially acyclic 1,3-litne enolates to form stable
complexes with palladium renders these substratastive in this type of
chemistry, while cyclic 1,3-diketones can be amldkin high yield when a mild
base such as RO, together with a sterically hindered phosphine fidjas
employed.

Transesterification of both substrate and arylagwoduct to givetert-butyl
esters was observed during the arylation reactiodiethyl malonate when
NaOQiBu was used. Attack of the malonate enolate bepsex®&adBu followed
by elimination of NaOEt is believed to be the meathia of transesterification
(see Scheme 77/78). The occurance of another ra@idion,
hydrodehalogenation of the aryl halide, could beretated to level of
transesterification observed. This observatioexiglained by hydride transfer
from a palladium hydride complex formed [f3¢thydrogen elimination of
ethanol. Portion-wise addition of N#&u, to match the reaction rate and to
avoid the build-up of free base, should be inveséid to minimise these side-
reactions.

Aryl chlorides were shown to be excellent substdia diethyl malonate
arylation when the sterically demanding “Buchwalldiphenyl phosphine
ligands66aand66d were used. The observation that a recycled catatysw
loading (0.01mol% “Pd”) showed high activity, sugtge that a continuous
reaction with removal of products should resulhigh turnover numbers. The

use of KKPOy, in the malonate arylation reaction is promising.
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The application of palladium catalysed malonate lagign to both
phenobarbital and ketoprofen synthesis was shovpnimeiple. At a palladium
loading of 0.01mol% this procedure could becomenenucally feasible,
especially if an inexpensive base such aP® could replace NatBu. A
reaction on a 50mmol scale shows that reactiondctel done in a reflux
system and does not require rigorous inert conditiGargon atmosphere) as
used in literature procedures. It was further destrated that solutions of
Pd(OAc) and “Buchwald” ligand66a in toluene were air-stable for several
days, adding to the potential for industrial use.

The use of nickel as an arylation catalyst did sledbw much promise and
although limited activity was observed in the atigla of propiophenone, it was
not active in any of the other systems investigatétle lack of activity is not
thought to lie with an inability to effectively add the aryl halide but rather
with the reduction of Ni(ll) to Ni(0) (which reques too high temperatures for
the enolate substrates to survive) required fordyed elimination and the
regeneration of the active catalyst. The insokaaiture of the nickel catalysts
is another complicating matter.

The combination of the relative ease of arylatingapolone (ligand-free
palladium can be used) and the abilityterft-butyl ketones to be converted to
tert-butyl esters by Baeyer Villiger (BV) oxidation B novel approach to
arylpropionic acids, which avoids the more challaggmalonate arylation
reaction. The application of enzymatic BV procexduin this regard could be

persued to produce stereochemically defined argiproc acids.
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Since the early breakthroughs of 19867°% palladium catalysed enolate arylation has
become a reliable and widely applicable reactiomme Tmethodology has been
developed in research programmes pioneered by Hadwd Buchwald (amongst
others) and now accommodates a wide variety oflistadh carbanions with a degree of

rational prediction as to the base and ligand reqluo facilitate the reactioff.

Sulfones have been demonstrated to undergo a sityp@ of arylation reaction.
Intermolecular enolate arylation of substituted mgkthenylsulfones (YCESO:Ph, Y
= electron withdrawing group) with aryl iodides ngiCul / NaH has been reported by

1187 and Goreliket all®

Suzukiet a while the use of a palladium catalyst in this
transformation was published by Kortefb Ciufolini has also reported one example of
an intramolecular version of this type of reactfonin addition, Beletskaya and co-
workers have recently published several examples pafladium catalysed

intermolecular couplings of sulfone stabilised ate$ with aryl bromides (as depicted

in Scheme 10332

SO,Ph  NaH, dioxane (dme) SO,Ph
Ar(het)X + < (het)Ar—<
Y szdbas CHC|3 / PPh3 Y

Y = CO,Et, COPh, SO,Ph, NO,
Scheme 103. Palladium catalysed arylation of sulfonyl CH-acids
N-Substituted methylphenylsulfoximdgl8 have also been demonstrated) by Betim

al. as suitable substrates in intramolecular versadrthis coupling reaction mediated
by a Pd/BINAP catalyst (Scheme 184)
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D
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/ §Z STAr  149a
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Q\ _Ar
SN < 2S{
| N CHzR [Pd] / rac-BINAP
o)
R’ A
| N

148a X= CH, / N STAT 149D
148b x = C(O) R' O

R

Scheme 104. Palladium catalysed intramoleculaiarylation of sulfoximines

Only one example of an arylation reaction is regarivhere the nucleophile is a
sulfonamidé®™. However, this procedure required an enhancenfehe acidity of the
subject sulfonamide through the generation @@anosulfonamide. The relatively
acidic 2-N-(benzyloxymethyl)N-methylaminosulfonyllcyanoacetal&0 was coupled
with aryl iodide 151 using tetrakis(triphenylphosphine)Pd(0) as catatysl sodium
hydride as base (Scheme 105).

0P o, O
SN 10% Pd(PPh3), \N/SYCN
) + Ar-l ) A
Ph” 0 NaH P 0 r
150 151

Scheme 105. Palladium catalysed arylation ofacyanosulfonamide

Similar reactions have previously been performadgipotassium in liquid ammonia,

presumably by a “benzyne type” mechanishiScheme 106).

0
=T e
Ne_~_N KNH, / lig NHg e
N, 0
cl S
o

152 153

Scheme 106. Intramolecular methanesulfonamide arylation resctith KNH, / liquid ammonia
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The preparation of compounds sucH &6, containing both a sulfonamide and a cyano
substituent to enhance the acidity of the protogsisveen both functional groups, is
cumbersome. In cases where tharyl methanesulfonamid&55 is required as the
target compound, such electron-withdrawing grougpsehto be removed after coupling
of the aryl halide. The preparation of a methaliesamidel54, on the other hand, is
extremely simple through reaction of methanesulfahjoride and the appropriate

amine (Scheme 107).

Q 1. Cl,/H,0 O\\//S)?\ 1. NH O\\//O
220, Run S Baal: Ry S._CN
HS ———— PN —~ Ry .
\)J\OR 2. HNR;R, N OR 2.(COCl),/Pyridine ~ N>~
Rz R, 150
"Pd/L,"
Ar-X
Q0 *PdLy| o 0 KOH/H,0
\ // n \ /, \ 7/
O\\//O HNRiRy Ry 7S ArX | R >S/\/Ar EtOH, heat g, 57 _cN
S, T N CH; — = N N \(
ClI” > CHj ) . )
R2 R2 R2 Ar
154 155 151

Scheme 107. Comparison of the preparation 185 by arylation of a either B-cyanosulfonamide or

methanesulfonamide

It has, however, previously been reported that lgighucleophilic carbanions
(stabilised by only one electron-withdrawing grouwgych as those derived from
methylphenylsulfone and methylphenylsulfoxide arenreactive in arylation
chemistry'4194193 Conversely, the arylaton of the closely related
methylphenylsulfoximes has been demonstrated bynBalal'*® and other systems
with high pKa values such as acetamides, acetlenénd acetic acid esters (pKa ~31-

35°%) have been used successfully in enolate arylagiantions®10310>-108.107

We rationalised that the arylation of substituteétimne sulfonamides with aryl

halides catalysed by palladium should be feasible.
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4.1 A Novel Route Towards the Synthesis of Sumatrign

The initial investigation into methanesulfonamideylation was focussed on the
preparation of an advanced intermediate for Suptatri (Imitrex™, marketed by

GlaxoSmithKline) a potent anti-migraine drug (segufe 9).

A number of structurally related anti-migraine dswaye also known and are emerging
as sumatriptan replacements. These substitutpthtryne compounds have, similar to
serotonin (5-hydroxytryptamine; 5-HT), a vasocaiostr action in the vascular bed by
an agonistic action at the “5-HFlike” receptors. Sumatriptan and related drugeeta
more selective affinity toward a sub-populatiof®HT;-like” receptors making them
more effective in migraine therapy while showingdeundesirable and potentially

dangerous side-effe¢ts,

NH2 NMez
HO Z.
\ /,S\}O \
N © N
H H
Serotonin Sumatriptan Z= NHMe
Almotriptan Z = Nij
Figure 9. Tryptamine basednti-migraine agents

Sumatriptan, however, not only has an affinity ttee 5-HT,p receptor but also the 5-
HT1a receptor which can cause hypotension by a cengalous system action and
other side effect8®. It was found that by introducing a nitrogen rifg the
methanesulfonyl group, greater specificity for théiT,p receptor is obtained and
hence less side effects. One such compound ist@htam which contains a
pyrrolidine ring as part of the methanesulfonylgr¢Figure 9).

Almotriptan (marketed as Axert™ by Pharmacia UpJohvas registered for
pharmaceutical use in 2001 and is on the top 1Q@ dist. The parent patent
describing the preparation and use in medicalrireat expires in 2014*
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Sumatriptan is generally synthesised through thernmediate hydrazinophenyl-methyl
methanesulfonamid&56 (see Figure 10) or a derivative thereof, followsyg acid

mediated closure of the pyrrole ring to form thedle'®>.

N
0,0 “NH,
R 156
MeHN
Figure 10. Hydrazinophenyl-methylmethanesulfonamide intermtedia

The incorporation of a methanesulfonamide residte the 5-position of a preformed
indole, followed by introduction of the requiredbstituent in the 3-position was
thought to be a more direct route to sumatriptash tanbe a methodology suitable for

rapid generation of similar species.

The subject of this work relates to an alternapvecess whereby the sulfonamide is
incorporated into a preformed indole (see Schen®.10he concept is analogous to
the enolate arylations described by Hartwig andnBwatd for a variety of aryl halides

and enolated %0100
H\
/N\S/\Cf\g\/
H3C 7\
o
© N
H

NMEZ

R =H, COOR, CN
P = proctecting group
X = leaving group

Scheme 108. Proposed disconnection approach to sumatriptan
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To date, however, no examples have been reportedevéhhalogenated indole is used
as the aryl-halide component for enolate arylatiod sulfonamide arylation has only
limited precederit®

Taking the precedent set out by MiddIéfBwhere a sulfonamide stabilised enolate is
arylated, we set out to examine the simpler meBhj{inethylamino)sulfonyl]acetate
and other structurally related enolate precurdéigFigure 11).

QL0 9
R _S
1\ll\l \)J\OMG 157
R2
Figure 11. Methyl 2-[(methylamino)sulfonyl]acetate derivats/s7

While this has no precedent, it would appear reasiendue to structural homology of
the nucleophile with malonic acid derivatives. Bxdes of arylation of amide
enolates are limited, the leading work in the aneaing been carried out by the
research group of Hartwig demonstrating arylatiorf ®l,N-disubstituted
amides®{Scheme 109), further suggesting the advantagg®aitabilised enolate.

o)
/U\Q/ 160a 72%
o Me,N
JIg Pd,(dba); / BINAP
Me,N~ "CH; *+ Br _— +
KHMDS

159
158 Q 160b 10%
MeZN 2

Scheme 109. Palladium catalysed amide enolate arylation bytuigr
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In view of the limited precendent for the work te barried out, a proof of concept

study was carried out to answer a series of questio

1. Was 5-bromoindold61 (Scheme 110) a viable aryl halide for enolateadigh
reactions either as the free-base or in a protdotea?

2. Could the sulfonamido acetate precur$b? be prepared in a manner suitable
for commercial implementation?
Was the sulfonamido acetate a viable enolate enatate arylation protocol?

Was the coupling of both components feasible?

With regard to the 5-bromoindolis1 substrate, it would be reasonable to expect that
the indolyl nitrogen could be a complicating factor any reaction involving
nucleophilic addition. It is noted in the bulk leéterocyclic literature that the nitrogen
of the indole is a powerful nucleophile in all probls not mediated by a magnesium
metal containing bad¥. Since amination of aryl halides is well preceddnunder
transition metal mediated conditioh¥® (in many cases generating di-arylamines) it
appeared that the addition of the indolyl nitrogerthe 5-position of another indolyl
residue could constitute a complicating factor tee tproposed transformation.
Consequently, we felt that protection of the indlolyrogen would be advisable. The
protecting groups of choice would appear tadrebutyloxycarbonyl (BOC) or other
similar carbamates or benzyl. Simple acyl protecas the amide was not considered
due to the known lability of this functionality. h€ BOC group would also be capable
of removing electron density from the indole witlp@ssible acceleration in rate of the
enolate arylation reaction. Both BOC and benzglgs have been used extensively in

indole chemistry and their removal is well preceddn

Similarly, the lability of the N-H of the sulfonade was also a potential complicating
factor. No reports of amide arylation have appgandere the amide is mono-
substituted. Consequently, we felt that there ip@ya need for amide protection. If
this was to be carried out, the goals would betiics& a cheap protecting group that

would be removed in a single step together withitkdele protecting group. The most
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likely species to satisfy these requirements wdadda benzyl or a modified benzyl

species.

As a consequence of these factors, our approdtie oroblem at hand was:

1. To examine the use of 5-bromoindd@lin both protected and free base forms
in enolate arylation using diethyl malond#l to establish the bromo-indole as
a substrate.

2. To investigate the preparation of the sulfonamidetatel57 (or structurally
related enolate precursors).

3. To test the sulfonamido acetdltB7 (or structurally related enolate precursors)
as an enolate with halobenzene derivatives sutinomsobenzene.

4. To examine methanesulfonami@ld4 derivatives as alternative substrates with
halobenzenes.

5. To test both of the required substrates in tandem.

6. To refine the process according to the findingsvabo

4.1.1. Arylation reactions between diethyl maloraid 5-bromoindolé61

The viability of 5-bromoindold61as a substrate in palladium catalysed arylation was
investigated. This was carried out by comparirgrdaction between diethyl malonate
and both 5-bromoindole and-BOC protected 5-bromoindole as well as with other
aryl bromides under similar conditions. Diethylloreate was chosen as the model
substrate due to its similarity to the proposedosiEimido acetate substrate and since

its reaction with other aryl bromides has beenistlily us and othets**%

The arylation of diethyl malonat®#01 with 5-bromoindolel6la (see Scheme 110)
reaction was performed in toluene solution usingP®; as base and a catalyst
consisting of a 1:2 mixture of Pd(OAcand 2-(ditert-butylphosphino)biphenyb6a
After 15 hours at 110°C GC analysis revealed falhsumption of 5-bromoindole
while a large proportion of diethyl malonate renesin From internal standard
calculations andH-NMR spectroscopy it was determined that 15% ef dhticipated

diethyl indolylmalonatd 62awas produced.
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O OEt
O O Br.
M + AN @]
EtO OEt N N
H

101a 161a Pd(OAc), / 66a 162a
K3POy,, Toluene, 110°

c
o o B Os__OEt
A + m 0
EtO OEt N N\
BOC OEt N

101a 161b
162p BOC

Scheme 110. Arylation reaction between diethyl malonate anof&moindole

The fact that all the bromoindoléélawas consumed and a large amount of insoluble
black solid was formed suggests the possibilityt titeead-to-tail linkage of
bromoindole, leading to an indole dimer/polyni&3 could have been a competing
reaction (Figure 12). This type of reaction is lwetecedented under palladium
catalysed conditions and deprotonated indole isvknim be a good nucleophifé=

N
A\
Br N /n=01.2...
|
163 N
H
Figure 12. Proposed head-to-tail linkage t61a

In order to prevent aromatic amination mediatedyperisation from becoming a
competitive pathway, N-protection of the indole was proposed. N-(t-
Butyloxycarbonyl)-5-bromoindold61b was prepared and the arylation reaction was
repeated under similar conditions. Full conversudril6lb was observed after 15
hours at 110°C. FrofH-NMR and GC analysis (internal standard) a yiel@@ for

the correct product62bwas determined. 5-Bromoindole was also recovereabout
20% vyield indicating thaih situ de-protection is a competing side reaction, SUgues

that the protection strategy might require revision
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The yield of the arylation product is in good ctat®n to that observed by us in
similar reactions involving bromobenzer&/a and 4-bromoanisole87h. This
suggested thalN-Boc-5-bromoindolel61lb was a viable substrate in arylation and

behaves in a manner similar to more classicaltainides.

4.1.2 Arylation of sulfonamide stabilised enolates

As discussed earlier, only one example of the galfa catalysed arylation of a
sulfonamide enolate has been noted in the litez5flr This involved a 2-sulfonamido
acetonitrile 1 and an aryl iodide (see Scheme 103). Since théatemy of

7108198 is known (like nitriled”®), a number of a-stabilised

acetate
methanesulfonamides were prepared and evaluatedrytation reactions with

bromobenzene, iodobenzene and 5-bromoindole dégat

Methyl 2[(methylamino)sulfonyl]lacetaté57a was prepared as an acidic substrate
which would generate a highly stabilised enolaitajlar to diethyl malonate and the 2-
sulfonamidoacetonitrile150. Conversion of the arylated57a to an a-aryl
methanesulfonamide (as is required in the struatfi®umatriptan) was thought to be
significantly less complicated than when a sulfoitiracetonitrile substrate51would

be used (see Scheme 107). Hydrolysis of the metsiér and acid catalysed

decarboxylation should yield the required product.

Methyl 2[(methylamino)sulfonyl]acetatEb7awas prepared from methyl thioglycolate
164in two steps according to a literature procedugh¢ge 111¥°. Chlorination of
methyl thioglycolatel 64 resulted in the formation of methyl 2-(chlorosuljtyacetate
165which was treated with 2 equivalents of methylatim afford157a
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\)OJ\ Cl, /H,O (I)I Q HNR . R O\\//O O
HS 2/H; _ 1R2 Ry 8
OMe Cl—3 oMe N \)J\OMe
o R
2
164 165 157a R, = Me; R, = H

157b R; = Me; R, =Benzyl
157c¢ R, = Me; R, = Me
Scheme 111. Preparation of methyl 2-sulfamido acetat&s

Similar reaction conditions as those applied indhgation of diethyl malonate were
used, in the reaction betweg&f7aand bromobenzene. Potassium phosphate was used
as base since the-proton is thought to be accessible by this base #se case with
diethyl malonate. The reaction failed to yield arfythe anticipated arylation product
and very little identifiable material was recoverdtis proposed that the sulfonamido
acetate had decarboxylated under the conditiomsoas of the starting material was
detected. Additionally, the free N-H of the suldomide 157a might have further
complicated the progress of the reaction.

In order to remove the complication associated willke free N-H, methyl 2-
[(benzylmethylamino)sulfonyl]acetafilb 7b was prepared as an alternative substrate in
a similar manner td57a Again no arylation products were detected in resction
between 157b and bromobenzene using the reaction conditions rides@bove
(Scheme 110). Decarboxylation of the sulfonylaeetander the reaction conditions
was confirmed wherN-benzylN-methyl methanesulfonamid&54c was recovered

from the reaction mixture.

X ph Ph

Me /SQJ\O Me + Ph-Br Pd(OAc), / 66a
Ph
157b Ve O\\S//O
SN CH3 154c
PhJ

Scheme 112. Attempted arylation reaction 467b
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After the failure of the sulfonylacetate estelS7 as arylation substrates due to
proposed instability under the reaction conditiohsyas decided to investigate the
more stable sulfamidoacetonitrile as arylation sals. A similar compound td50,
which has been successfully arylated employing aryl aiodide and

tetrakis(triphenylphosphino) Pd{8j (see Scheme 105) was prepared.

2-[(Benzylmethylamino)sulfonyl]acetonitrilel50a was prepared from methyl 2-
[(benzylmethylamino)sulfonyl]acetatE57b in 2 steps (see Scheme 113). Firstly the
ester was converted to the parent aniii@ by treatment with ammonia in THF. The

amide was then dehydrated to the nitti®ausing thionyl chloride.

O o O O o 0 O\ o)
HC, ¢/ HsC. ¢’ HsC. s cN
N \)J\OMe N/S\)J\NHz—> : N7
: 157b : 166 150a
Pd/PPhs,
Bromobenzene/
lodobenzene,
NaOtBu
O o

HC. 7" cN
N

O

151a

Scheme 113. Preparation and arylation of 2-[(benzylmethylam&uifonyl]acetonitrilel50a

Substratel50awas tested under varying conditions in reactiont Wwromobenzene,
iodobenzend\-Boc-5-bromoindolel61b andN-benzyl-5-bromoindold61c

The reaction with iodobenzene using sodiutart-butoxide and palladium

acetate/triphenylphosphine proved successful asnigetor 2 days at 70°C gave the
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desired product5lain 63% yield. The identity of the product was domkd by GC-
MS. Further heating at 100°C for 2 hours incredbkedyield slightly to 65%.

The reaction with bromobenzene was carried out wtite same conditions but at
higher temperature (110°C). After 15 hours at thraperature, a conversion of 77%
was achieved by GC. Once again, this indicatetsthigareaction is more successful at
higher temperature. The reaction mixture was tedland purified to afford51ain
42% yield.

The reaction was also repeated usingerri-butylphosphine as ligand. Again the

reaction proceeded smoothly to give the arylatimdpctl51ain 81% yield (by GC).

The arylation reaction usingsRO, as base with iodobenzene was also attempted. At
first no product was observed even after heating0&C for 15 hours. Since the
K3PO, reactions sometimes suffer from lack of solubility toluene, dimethyl
acetamide (DMA) was added to aid the solubilitykgPO,. Heating at 100°C for 3
hours did result in the formation of the correaiquct151ain 37% yield. Heating for

16 hours at 90°C increased the yield slightly té641

Previously theN-Boc protecting group on 5-bromoindole had beenwshdo be
unstable under NaBu conditions. Due to the higher acidity of thigrotons on the
sulfonamide acetonitrile substrai®0g as demonstrated by the successful arylation
reaction employing the weaker and mildefPK, base, the reaction witN-Boc-5-
bromoindolel61busing KPO, was attempted. The reaction was performed iretadu
solvent with added DMA and heated for 15 hoursl&°C. No arylation product was,
however, observed bY4-NMR spectroscopy.

The nitrile substratd50awas also tested in a reaction wkkbenzyl-5-bromoindole
161cusing Na@Bu and Pd/PPhcatalysts (Scheme 114). After heating at 1109C fo
15 hours the reaction was quenched and the prodixtire isolated. FromH-NMR

spectroscopy it appeared as if the arylation protlbtbwas present in small quantity.
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The coupling producil51b was isolated by flash column chromatography albeit

very low yield. The identity o151bwas confirmed by mass spectrometry.

e, 2 o

Ny -

\\ 7, I
Ph N 151b

NaOtBu
\ph )

150a 161c N
Ph—/

Scheme 114. Coupling reaction betweel61lcand150a

4.1.3 Arylation of sulfonamide stabilised anions

Although the sulfonamidoacetonitrile substra&awas successfully arylated using a
number of aryl halides, including-benzyl 5-bromoindold61crequired in the novel
Sumatriptan synthesig, more direct arylation reaction toarylmethanesulfonamides
was sought to make this an attractive approach. e direct arylation of a
methanesulfonamide stabilised anion would makehgftrolysis and decarboxylation

of the nitrile substituent redundant.

N-Methyl methanesulfonamide54awas prepared from methanesulfonyl chloride and

two equivalents of methylamine in tetrahydrofurdalE)(Scheme 115).

It was thought the higher pKbetween 32 and 3%)'°0f the methanesulfonamide
stabilised anion would necessitate the use ofangtbase as has been observed for
substrates like aliphatic amides and e$1ér8" 1% with similar pK, values. An
arylation reaction with bromobenzene was attemptadg conditions similar to those
described for the arylation of-butyl acetat!”. Lithium hexamethyldisilazane
(LIHMDS) was used as base with a 1:1 mixture of G&if), and 2-(ditert-
butylphosphino)biphenyb6a as catalyst. No arylation was observed andistgart
materials were recovered virtually unchanged. dswroposed that the acidity of the

N-H proton ofl54ais a possible cause of this failure.
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O o 0, ,0
Q0 HNR;R, Ry & "Pd"/Aryl-X Ry &7
v 1. /S\ N
sz — 5%ty . N~ CH,Ar
Cl” 7 CH;, ; i
Rz RZ
154a R;=Me; R, =H 155

154b R;= Me; R, =Me
154c R; = Me; R, =Benzyl

Scheme 115. Preparation and arylation reaction of methanesalftides

In order to eliminate the complications associatéth the N-H acidity on the
sulfonamide, the di-methylamino equivald®i4bwas prepared in a similar manner to
154a This compound was tested in arylation reactiosing a number of different

reaction conditions.

Bromobenzene was reacted witbdb using NaHMDS as base and a 1:1 mixture of bis
di-benzylidine acetone palladium(0) (Pd(dbaand 1,3-bis-(2,6-diisopropylphenyl)
imidazolinium chloridel67 (Figure 13). These conditions were used by Hartwitpe
arylation oft-butyl acetat&®,

- ar-
I\
NN 167
H
Figure 13. 1,3-bis-(2,6-diisopropylphenyl)imidazolinium chide 167

Another reaction was performed using NaHMDS andablagium/BINAP catalyst
system that has been reported for amide aryl#fionAgain very little change was

noted after extended reaction times.

It was decided to move away from the HMDS basesgchwiare highly moisture
sensitive, to the more conventional/widely used B0 Three catalyst systems were
examined in reactions with 4-trifluoromethylboromaobkene 87i (Scheme 116).
Pd(OAc) was used in combination with three equivalent$Bfy, 2 equivalents of

tricyclohexylphosphine and one equivalent of 2i@dt-butylphosphino)biphenyb6a
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In all cases the only product that was formed was homo-coupled aren£68
(between 10 and 25% yield).

Me QP Pd(OAc), / L
/ 3 NaOtBu
Me
154b 87i 168

Scheme 116. Reactions betweetb4band 4-trifluorobromobenzer&i

N-BenzylN-methylmethanesulfonamide 154c was prepared by reacting
methanesulfonyl chloride and two equivalents ofzyémethylamine (Scheme 115) as
an alternativeN-dialkylated sulfonamide. This was done for twagens: firstly, the
benzyl group can act as a protecting group thalddo@ removed under hydrogenation
conditions leaving the desired mono-arylated metkalionamide (see Scheme 117).

Secondly, a starting material could be detectedyeby thin layer chromatography

(tlc).

Q 0 Q 0
% N Q 0
Me. .SC "Pd/L" Me. .S _Ar &7
N"""CHz + ArX NI PdiC . Hy Me. S AT
phJ base PhJ H
154c 155

Scheme 117. Proposed protection / deprotection strategy

In a reaction betweerd54c and bromobenzene using the Pd(QARPh catalyst
system and NatBu as base, a new peak was detected by GC afteours of stirring
the reaction mixture at 70°C. GC-MS confirmed thssthe desired produtb5a(see
Scheme 118). The yield d55awas only ~10% while ~20% of biphenyl (homo-
coupling) was formed in the same reaction. A @améxperiment using #0, as base

did not yield the required product.
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ve. 2 1™ poncy/peh P
\/’TI/ \CH3 " P (OAC)Z PP 3 Me\N/S\/Ph + Ph_Ph
NaOtBu /]
Ph ) Ph
154¢ Toluene / 70°C 155a 169

Scheme 118. Arylation of N-benzylN-methyl methanesulfonamidé4c

The successful reaction was repeated on iodobenaenmder to examine what the rate
limiting step might be. Approximately 50% of theylated productt50awas formed
after ~2 days at 75°C. Approximately 15-20% of bepyl 169 was also formed. The
isolated product mixture was purified by means afumn chromatography and the
identity was verified by NMR spectroscopy.

The yield of the arylation reaction between brommeme and.54cwas improved to
59% in 15 hours by increasing the reaction tempesato 110°C. The yield of
biphenyl was dramatically lower at ~5%. The usériefert-butylphosphine as ligand

also resulted in the formatidibOaalbeit in lower yield (28%).

This reaction was then applied Mbboc-5-bromoindole substraf&lb (Scheme 119).
Unfortunately the starting material was unstabledaunthe reaction conditions
(NaQBu) resulting in the BOC protecting group beingasied. No reaction between

the free 5-bromoindol&61aand the sulfonamid&54cwas observed.

An alternative protecting group for the indole ageel to be necessary — the benzyl
group seemed appropriate since the sulfonamidehsgnélready contained such a
group. Both the benzyl protecting groups may, eorably, be removed in one

hydrogenation reactionN-Benzyl-5-bromoindolel61cwas prepared by treatment of
5-bromoindole with sodium hydride and benzyl brognid



Chapter 4 Palladium Catalysed Arylation of Sulfonamide Stabilised Anions 133

O 0 Br Br
Me . /\\S/( + N A\
N CHj
/] N N
Ph

BOC H
154c 161b Pd(OAc), / PPhy 161a
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Scheme 119. Arylation reactions betweetb4cand 5-bromoindolé61 derivatives

The reaction betweeN-benzylN-methylmethanesulfonamide54c and N-benzyl-5-
bromoindole 161c was performed using the conditions used for reactwth
bromobenzene (see Scheme 118 and 119). The reacikure was heated at 90°C
for 15 hours followed by 4 hours at 110°C. Vemyldi change was observed by GC
except for a decrease observed in the size ofrifiehalide peak. The reaction was
guenched and the crude product isolated. Afterfipation by flash column
chromatography a fraction was collected that wantified by 'H-NMR and mass

spectrometry to be the desired prodLi&bh.

The productl55b solidified on standing and was re-crystallised frbexane/ethyl
acetate to give a light yellow solid that was shdwbe greater than 90% pure by both
'H and™*C-NMR spectroscopy. The yield of the isolated miatavas 38% calculated
on the indolyl bromidd.61cused. The same product was also isolated fromctioa
employing tritert-butylphosphine as ligand albeit in lower yield ¥4)6

4.2  Application to the Synthesis of an Almotriptanintermediate

The methanesulfonamide arylation strategy, developer the synthesis of a
sumatriptan intermediate, was applied to the syighef an almotriptan intermediate
155c (see Scheme 120). This intermediate only diffemn that prepared for
Sumatriptan 155b) in the amine substituent of the sulfonamide. Hpgropriate
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arylation substratel54d was prepared by reacting methanesulfonyl chlomdih

pyrrolidine.

The arylation concept was first demonstrated bggibromobenzene as the aryl halide
using Pd(OAg) / PPh as catalyst in toluene with N#u as base (Scheme 120,
Equation 1). The mono and diphenylated produt®d and155dd) were formed in
modest yields of 35 and 6% respectively. Homodogplvas the major side reaction
with 9% of biphenyl being formed in the reactionhe yield for the arylation reaction
was lower than that observed in the arylation ®f-benzylN-methyl

methanesulfonamidE54c(59%, used for the sumatriptan intermediEgéh).

q - C
\\S//O Br N\S +
C/N/ “CHy + \© s < \N\ ........ Eq1
PN |O
o ©O

Pd(OAC)2 / PPh3

154d NaOtBu 155d 155dd
Toluene, 110°C
e Br N\
.S SN TN TN Eq 2
e TG
\ph \—Ph
154d 161c 155¢ 170

Scheme 120. Preparation of key intermediate towards Almotnipta

The reaction withN-benzyl-5-bromoindolel61c was subsequently performed under
the same reaction conditions (Scheme 120, EquafionAfter 20 hours of heating it
was observed by GC analysis that the aryl bromia een fully converted while
80% of the methanesulfonamide was consumed. A eumidbproducts were formed
of which the desired arylation produtb5c (identified by*H-NMR spectroscopy) in
only 12-15% vyield. Approximately 25%-benzyl-indole170 was formed and the
homocoupled product71 (Figure 14) could not be detected by GC due tdois
volatility. In a repeat experiment, lower conversof starting materials was observed

and only ~ 5% ofl55cwas formed.
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In an attempt to improve the arylation yield,téit-butylphosphine was used as ligand.
The aryl bromidel6lc was consumed (95% conversion) and only 53% of the
methanesulfonamid&54d was consumed. Again hydrodehalogenation accounted
25% of the aryl bromide while only approximately t#the desired produdb5cwas
formed. Another compound, which was identifiedlastert-butyl ether ofN-benzyl-
indole172by GC-MS (Figure 14), was formed in 15% vyield.

Ph
) >(O A
g o
D .
h
N P

\—ph 172
171

Figure 14. Byproducts derived fromi61c

The failure of this reaction to yield significanmaunts of arylated product is not
understood and should be investigated further uddfarent conditions and catalyst

systems.
4.3  Arylation of Methanesulfonamides

After the successful application of the palladiuratatysed methanesulfonamide
arylation reaction towards a novel synthetic raaftéhe “triptan” anti-migraine agents,
sumatriptan and almotriptan, further investigatifmllowed which was aimed at
broadening the scope and improving the generalitythis new and relatively
successful carbanion arylation reaction. Thereforeimber of methanesulfonamides
and C-substituted methanesulfonamides were prepareccealdated under a number
of reaction conditions used for enolate arylatieactions.

Most of the initial work was conducted usitgN-diisopropyl methanesulfonamide
154e (Scheme 121, Table 8). Besides the formationhef desired mono-arylated
product155efrom 154ein moderate yields (9-46% for bromobenzene) blysuig a

number of phosphine ligands, diarylation to gisbeewas also observed in varying
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amounts. BINAP was more selective toward monoadigih than triphenylphosphine
(see entries 1 and 3). The ligands P@yd PBus behaved very differently in this
transformation with PCGyleading preferentially to the diarylated proda&5eewhile
P'Bus was the most selective ligand for mono-arylatienties 5 and 6). The use of a
lower palladium loading (1mol%) while maintaininghegh PPh loading did not lead
to lower arylation activity but instead lead to tleemation of similar amounts of the

mono- and di-arylated product$5eandl155eeand suppression of biphenyl formation

(entry 7).
o 0 o, 0 N
Ry~ S< Pd/L Ry .S._Ar R S _Ar !
\ITI CH; ., ArX 1,}, AT, R SSAT A
R, Base R, R, Ar
154x 155x 155xx

Scheme 121. Reagents and Condition mmol aryl bromide, 2.2 mmol sulfonamide, 3.5 ohm
NaOBu, 5mL toluene, Pd(OAg)ligand, 116C, 15 hours (see Table 1 for ligand and

yields).
Table 8
Entry Methanesulfonamide Ar-X Pd Ligand 155x 155xx Biaryl
mol% (mol%) yield % yield % yield %

1 Q. 0 Bromobenzene 8 PR{23) 155e34 155eel4 16915
2 /\ N"""CHz 154e Bromobenzene 8 PPh (23) 32 10 3
3 Bromobenzene 8 PoTol; (15) 9 0 3
4 Bromobenzene 5 BINAP (8) 45 9 6
5 Bromobenzene 4 PBus(8) 46 4 <1
6 Bromobenzene 5 PCy; (10) 14 25 0
7 Bromobenzene 1 PPh (23) 34 29 <1
8 2-Bromotoluene 8 PPh (23) 155i50 155ii 10 n.d
9 4-Bromoanisole 8 PPh (23) 155j52 155jj 2 1733
10 4-Bromoanisole 5 108(10) 155j34 155jj <1 1733
11 4-Bromoanisole 5 174(7.5) 155j34 155jj <1 1737
12 Chlorobenzene 4 PBus(8) 155e9 155ee2 n.d
13

8 PPh (23) 155h28 155hhn.d n.d

Br
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Entry Methanesulfonamide Ar-X Pd Ligand 155x 155xx Biaryl
mol% (mol%) yield% yield% yield%
o, 0
14 \T/S\CHS 154b Bromobenzene 8 PPh (23) 155k 35 155kk 0 16933
0.0
_SL 154d
15 N" CHs Bromobenzene 8 PPh (23) 155d35 155dd6 1699
o, O
>s< 154f
16 (\ N CHs Bromobenzene 8 PPh (23) 155f60 155ff5 1695
oS
o.,0
Ph. s’ 154g
17 ’T‘ CHs Bromobenzene 8 PPh (23) 155934 155gg4 16914
a) 5.5 mmol NaCBu was used ; n.d = not determined
Ph,yP PPh,
Cy2P
108 174
Figure 15. Cyclohexyl JohnPhos08and 1,2-bis(diphenylphosphino)ethane (DPPE)

Using the more sterically hindered 2-bromotoluBiiginstead of bromobenzene in the
anion arylation reaction with54ealso led to a marginal increase in selectivityhuf
product ratios ofl55e and 155ee while the unhindered and electron-rich 4-
bromoanisole87i led to almost exclusively the mono-arylated pradeatry 9) while

using triphenylphosphine as ligand.

The use of either cyclohexyl JohnPh&68 or 1,2-bis(diphenylphosphino)ethane
(DPPE) 174 (see Figure 15pave moderate activity (lower than triphenylphosphi

but with high mono-selectivity (see entries 10-11).

The problems concerning diarylation of tNeN-diisopropyl substituted sulfonamide

154e proved to be less apparent than that observedlefs sterically hindered
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sulfonamides. For example, treatment of substrafet,d,f and g under the same
conditions (Table 8, entry 1) lead to ratios of ttm®noarylated product to the
diarylated products exceeding 10:1 where the majde product was biaryl (see
entries 14-17).

It would appear from these results that the inifeges of the reaction (oxidative
addition and anion association to the catalyst dex)pare not affected by the steric
bulk of the substrates. The second part of thalyat cycle appears to be the rate
limiting step. Reductive elimination is favoureg an increase in steric bulk as it
helps to destabilise the catalyst complex. Dutimg formation of the di-arylation

product, the stabilised anion forms a strong compléh the palladium catalyst and
requires steric bulk to speed up reductive elinidmat These results indicate that not
only steric factors, but also electronic factor® amportant in determining the

selectivity and yield of this reaction.

Chlorobenzene proved much less active than bronzelmen under these reaction

conditions even when the highly electron-richtént-butylphosphine was used (entry

12). 1-Bromonaphthalen87k was arylated in moderate yield, and although di-
arylation or homocoupling of the aryl bromide wag determined by GC, extensive

hydrodehalogenation to naphthalene was observe (EB).

An interesting observation was made regarding #iere of the base used in these
reactions. The reaction betwedhN-diisopropyl methanesulfonamide54e and 4-
bromoanisole87i was repeated using lithiuntert-butoxide and potassiuntert-
butoxide, but reactions failed to give the desipeaduct in substantial amounts while
the reaction with the sodium counter-ion gave a ¥88ld (entry 9). This observation
is not unexpected given the preponderance of fitegaemploying the sodium salt and
the paucity of examples using the more common pitagert-butoxide™*°

This effect can only be explained at the hand tiedint behaviour in solution of the

three bases. Potassitent-butoxide is highly hygroscopic and often (if nairified by



Chapter 4 Palladium Catalysed Arylation of Sulfonamide Stabilised Anions 139

sublimation) contains potassium hydroxide, thislddae the reason for its failure in
this reaction. Lithium is a strongly coordinatimgetal ion and is likely to be
inaccessible or forms strongly bound carbaniongan-coordinating and non-polar
solvents. This could explain the failure of litmdert-butoxide in toluene solution and
the base should be examined in dioxane solutioreads The aggregation states of
these 3 butoxide salts may differ significantly tmluene solution, explaining the

different behaviour in the arylation reaction.

A reaction was performed with higher sodiuert-butoxide loading (2.5 molar
equivalent compared to 1.5). This was done in féorteto increase the yield and
selectivity to the mono-arylated product. Since ¢hproton on the mono-arylated
product is more acidic than that of the startingamal, the formation of the product
would lead to the quenching of the methanesulfodaranion when one equivalent of
base is used. This leads to incomplete converditime starting material, and since the
mono-arylation product anion is present in highmmaentration relative to the starting
material anion, diarylation becomes a competitaaction. When an excess of base is
added to ensure that both the starting material toed arylation products are
deprotonated, not only is full conversion of the tima@esulfonamide possible,
diarylation is suppressed by having a relativelghhievel of the more reactive
methanesulfonamide anion. In practise the higlasetdoading did not increase the
yield, but an increase in mono-selectivity was obsg (compare entries 1 and 2).
Biphenyl formation was also reduced, presumably ttuean increased arylation

reaction rate.

The use of potassium phosphate, which has beensuseéssfully in the arylation of
diethyl malonate, did not lead to any product faioraeven when using the highly
polar DMF as solvent. Homocoupling was not inlabtitas 18% biphenyl was
detected.
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From these results it does appear that sodertrbutoxide is the preferred base, while
the use of stronger bases like sodium hydride aexhmethyldisilazane warrants

further investigation.

4.4  Arylation of C-substituted Methanesulfonamides

In an effort to broaden the scope of these reagtianstudy was undertaken to apply
the procedure t€-substituted methanesulfonamide anions.

Two ethanesulfonamides were prepared by reactibmeles ethanesulfonyl chloride
and benzylmethylamine and pyrrolidine (Scheme 122)ese sulfonamide&/5aand

b, were treated with bromobenzene under the stanplaiddium catalysed reaction
conditions devised for methanesulfonamides (sedeT&8h None of the desired

arylated products were identified in any of thectems (Table 9, entries 1-3).

/—Ph
Me/\S/CI /—Ph PN /N\
O// \\O + H'I\l —— HSC O//S\\O Me 175a
Me
~-Cl ~-N

H3C 175b

N

Scheme 122. Preparation of Ethanesulfonamide&b

Due to the fact that diarylation of methanesulforti®s was observed in appreciable
amounts, it was thought that steric hindrance leyekira alpha substituent would not
be the limiting factor. This fact was further exdified by preparing aa-
toluenesulfonamidel55d from a-toluenesulfonyl chloridel76 and pyrrolidine and
using155din a number of successful arylation reactions withmobenzene (Scheme
123, Table 9, entries 5-8).
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176 155d

Pd /L,

Bromobenzene
Base

155dd
Scheme 123. Preparation o155dand arylation td55dd
Table 9. Reaction betwee@-substituted Methanesulfonamides and Bromobenzene
Entry | Sulfonamide Ligand Base solvent Yield | Yield Yield
Mono Di biphenyl
Ph— @
1 N=S— PtBu; NaQBu toluene 0 0 <1
Me 5 CHs
2 PPh NaOQBu toluene 0 0 8
175a
Q
CN—§—\CH PPh NaOBu | toluene 0 0 18
3
4 © PPh | NaHMDS | toluene 0 0 0
175b
5 PPh NaOQBu toluene 44 -
6 CN—#—\Ph PPh KOtBu | dioxane | 65 . 3
7 © PPh KsPO, | toluene 3 ; 19
155d .
8 PPh KsPOy dioxane 13 - 15
Conditions 2 mmol bromobenzene, 2.2 mmol sulfonamide, 3riomNaCBu, 5mL solvent,

0.09mmol Pd(OAg)and 0.18mmoPtBu; or 0.16mmol Pd(OAg)and 0.46mmoPPh,
110°C, 15 hours.

Under the standard reaction conditions, reactioh5&d with bromobenzene afforded
the diphenylmethanesulfonamid&5dd in 44% vyield. The use of potassiutert-

butoxide, which did not lead to product formatianmethanesulfonamide reactions,
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gave the arylated produtb5ddin 65% yield when using dioxane as the solventryen
6). Due to the extra stabilisation by the phemjdstituent, potassium phosphate was
also sufficiently strong to deprotonalé5d, especially in the more polar dioxane
solution (entries 7 and 8) to yield5dd, although in low yield.

It is thought that due to the presence of the eriadhyl, the acidity of the alpha
protons could have been decreased marginally. Woisd reduce the concentration of
deprotonated substrate available for reaction dretefore rendering the desired
reaction slower than competing reactions which @dave led to catalyst deactivation.
The reaction was repeated using the stronger sodeaxamethyldisilasane (NaHMDS)
with no result, a not unexpected observation dufaitares on other substrates when
using this base. A small strong base such as sotidride might be the key to a

successful reaction (this was, however, not tested)

The facile introduction of a second aryl group whHesbd is used as the arylation
substrate, indicates that diarylation is a feasiimecess. The introduction of the
second group is further assisted by the higheiitgadd the a-protons (due to the extra
stabilisation imparted by the presence of an amgtfionality). This observation helps
to explain the competition between mono and disdiyh observed in all the reactions

of methanesulfonamides.

The introduction of a third aryl grouge(the formation of a quaternary carbon centre)

was, however, not observed in any of the reactions.

The failure of the arylation protocol when usingyhlsubstituted methanesulfonamides
was not conceived as a being a limitation since samea-aryl alkylsulfonamide

product could be prepared by consecutive arylamhalkylation reactions.
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45 Intramolecular Reactions

Intramolecular arylation reactions have often betre forerunners of the
intermolecular equivalent, due to the close prowinuf both anion and aryl halide
partners. A closely related example to this warkhe intramolecular arylation of
sulfoximines by Bolmet af'® (see Scheme 104). They performed various
intramolecular arylation reactions to successfyghgpare six- to eight-membered
heterocyclic ring systems.

In an attempt to expand the scope of our work othamesulfonamide arylations to
intramolecular reactions, we prepared a metharmsamidel78with an aryl bromide
as part of the amide substituent by reacting 2-lsamine 177 with methanesulfonyl
chloride (Scheme 124). Since nitrogen bound potoeve been demonstrated to be
detrimental in the arylation reactiol-methylation was carried out by treating a

mixture of the sulfonamide and sodium hydride vidttiomethane to giv&79a

\\ /7

R

NH S ~c H CH [\\1
2 Cl 3 \/8:\ 3 1. NaH \//O
O/ o S\\
Br 2. R-X 9]

178 179a R = Me
179b R = Bn 180

Scheme 124. Preparation of a methanesulfonamide for intramdéearylation

This compound was subjected to the standard palladatalysed arylation conditions
using both triphenylphosphine and tert-butylphosphine as ligands. In neither
reaction was the formation of the ring-closed pridti80 observed. A large
percentage of the starting material was howeveswmed and a number of minor
products were formed. Some of the products wegstifled by GC-MS, the major one
being the hydrodehalogenated starting matet&l (Figure 16). Another product
identified wasN-methyl-2-bromoanilinel82, by loss of the methanesulfonamide. The

instability of this starting material is howeverzzling as a very similar substr&té4g
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(with a phenyl substituent without the bromine) \gtable and was arylated under the

same conditions (Table 8, entry 17).

I\I/Ie lYle Q.0
N. o CHa NH Me~NS>ch,
() &% X
Br
181 182 154g

Figure 16.

A similar substrate was prepared in which the nletvas replaced by benzyl79b
(see Scheme 124) in the hope that this would besrstable. Again none of the
desired product was identified, and, althoughlral $ubstrate was consumed, no major
products were found by GC. This led us to beliéhat intermolecular arylation could
have occurred leading to polymerisation of the sabs *H-NMR spectroscopy of the
isolated reaction mixture showed a large and carapd aromatic region with few
peaks in the aliphatic region.

One possible explanation could be that after okidaaddition a strong interaction
between the palladium and the sulfur-oxygen bondtexvhich would orientate the
methyl group, required to undergo the reaction, yaivam the metal-aryl complex.
Such palladium sulfonamide interactions could awgount for the low turnover

numbers in the intermolecular reactions.

Since our efforts to prepare a 5-membered sulfodaming were unsuccessful, we
shifted our attention to the 6-membered ring. arBobenzyl bromidé83was reacted
with methylamine to giveN-methyl (2-bromobenzyl)amin&84 (Scheme 125). This
was treated with methanesulfonyl chloride to give torresponding sulfonamid8&5.
Again no cyclised productl86) could be detected wheb85 was reacted in the
presence of Pd(OAg) triphenylphosphine and sodiutert-butoxide. Most of the
starting material was consumed while only minor ante of new products were
detected by GC analysis. 2-Bromobenzaldehyi@y and di-(2-bromobenzyl)-
methylaminel88were identified by GC-MS. This substrai®5, is again very similar
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to sulfonamides that have been successfully a/latean intermolecular fashion
before (compare with54qQ and the conclusion was made that intermoleculdaton
is responsible for substrate consumption.

O

E ~S=
MeNH, " _ MesO,Cl. %
\ @/

Scheme 125. Preparation 0185 for 6-membered ring formation

(0]
186

Br {
+ N— 18
é/Br

Br

188

In another attempt at performing a intramoleculgtadion, 2,2’-dibromobiphenyl 89
was prepared from 1,2-dibromobenzene by treatmetit mbutyllithium™®. The
dibromo compound. 89 was reacted witlN,N-diisopropyl methanesulfonamidb4e
(Scheme 126) in an attempt to perform a conseciritee and intramolecular arylation
reaction to prepare a 5-membered @9 which on removal of the sulfonamide group
would yield fluorenel91 Substituted fluorenes can be used as poteigaids of the
cyclopentadienyl type for metallocene complexes eard be used in lanthanide based
specialised polymerisation cataly8’s  Fluorene-type componds have been
incorporated into polymers to produce light-emdtipolymers and have potential in
the field of polymer light emitting diodes (PLEBY)
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Br
189 154e NaOtBu

y O )\ Q\ >/
=c-N
O+ o e
H3C )\
PaiPCy, 0.0
190

191

QN
0=S
0
>< 192

Scheme 126. Attempted ring-closing intramolecular arylationngia dibromoarene

The arylation reaction betweelb4e and 189 was performed using Pd(OAcvith
tricyclohexylphosphine as ligand since this ligdrati shown the highest di-arylation
selectivity (Table 8, entry 6) in the reaction beén bromobenzene at84e

After 20 hours at 11, GC analysis showed complete consumption of tylehalide
(189 while 54% of the methanesulfonamid&4e had been converted. The major
product (39% yield) was identified by means of bt#hiNMR and HR-MS to be the
mono-arylation product92in which the second bromine had been substituted wi
tert-butoxide. A small amount (~2%) of the desired +ohgsed product] 90 was also
detected by GC-MS.

This result again illustrated the difficulties oftiamolecular arylation using the
sulfonamide substrates. The failure of the rimgpirig arylation reaction might have
been caused by steric congestion around both tf@namide anion and the palladium
complex on the neighbouring ring not allowing ratatalong the biphenyl axis to a
sufficient degree for carbon-Pd bond assembly Ksgeare 17).
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Br(Pt-BU3)2Pd

Figure 17. Proposed intermediate in the arylation reactidwbenl54eand 2,2’-dibromobiphenyl89

The fact that the bromine was substituted duriregdburse of the reaction indicates
that oxidative addition of the Pd(0) complex di#tagplace. The formation dért-
butyl aryl ethers has been studied extensi?&Rf°*?**and is known to occur under
similar reaction conditions. Tricyclohexylphospdiis, however, not an active ligand
in this conversion as ligands with high electromsigy and steric bulk (like triert-
butylphosphine or diert-butylphosphinoferrocene) are required in the pobdarming
reductive elimination step. The formation of tfeet-butyl ether192 does therefore

suggest that ring formation (to yiel®0) is strongly disfavoured.

When the reaction betweelb4e and 189 was repeated with triphenylphosphine as
ligand, which is known to be inactive in the forioat of tert-butyl aryl ethers,
conversion was sluggish and only a small amount9¥# (~5%) was formed. The
desired productl90 together with the mono-arylated dehalogenated ymotod93
(Figure 18)were, however, identified by GC-MS aftd-NMR but only in the order of

LA AL

0=S=0 0=S=0
190 193

Figure 18. Products from the arylation reaction betwd@&deand 2,2’-dibromobiphenyl89
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4.6 Conclusion

This work constitutes the first example afarylation of methanesulfonamides under
palladium catalysis conditions using phosphinerdgmand Na@u as a base. The
outcome of this reaction is apparently governedabyixture of electronic and steric
effects, with the major side-reactions being honuptiog and diarylation of the
substrate. Both aryl bromide and iodides are acpearticipants in this coupling

reaction.

The formation of diarylated methanesulfonamidedeigendant on a number of factors
and can be influenced by the choice of ligand. ligend which expressed the highest
selectivity towards mono-arylation wa$BR;. Mono-arylation selectivity could also
be improved by using an excess of base. Diarylatvas less prevalent when less
sterically demanding methanesulfonamide substrats used indicating the role of

steric bulk during the product forming reductivere@hation reaction.

The application of palladium catalysed sulfonamadgation in a novel synthetic route
to both sumatriptan and almotriptan synthesis vasva in principle. Improvement of

the arylation yield is a prerequisite for this $yetic route to be economically feasible.

The failure of the arylation protocol when usingyalsubstituted methanesulfonamide
anions was not a significant limitation since thensa-aryl alkylsulfonamide product

could be prepared by consecutive arylation andlatiiyn reactions. The use of a
small and strong base such as sodium hydride shmuldvestigated in the arylation

reaction of ethanesulfonamides.

The failure of the intramolecular arylation reantimay have been caused by steric
congestion around both the sulfonamide stabiliggdmaand the palladium complex.

Interaction between palladium and the S-O bondthefsulfonamide may also have

directed the carbanion away from the aryl-palladicmmplex obstructing association

of the carbanion and hen€earylation.
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The preparation of 2-arylalkanoic acid derivativespecially arylpropionic acids has
received significant attention during the past fd®cades since such compounds find
application as non-steroidal anti-inflammatory drugNSAID) (Figure 19
Arylation of B-dicarbonyl carbanions has been investigated asthetic strategy to
obtain 2-arylacetic or arylpropionic acids. Forample, the preparation of ibuprofen
by way of arylation of methylmalonic acid estersngsan aryllead triacetate was

established many years d§¢Scheme 127).

OWO O§><A%O
Pb(OAC)3 /
o_ _O + o_ _O
B T
; 9

o o ) » \ (¢} o / Ibuprofen
BO™ - OEt EtOMOEt
+ Ar
10

Scheme 127. Preparation of Ibuprofen using aryllead chemistry

More recently the copper-catalysed arylation ofylkethyanoacetate and diethyl

malonate has also been demonstrated, using arjdlesd’’®*"’

However, the
palladium-catalysed enolate arylation reaction tfog preparation of 2-arylalkanoic
acid derivatives has probably received the mo&natn. This chemistry has been

mainly developed by the groups of Hartwig and Bualal#y-*°%-9760-107.108,181,109,182

(0] CH R
& H5CO ’ CHs
CO,H
Sy e O e O O OO
2

CO,H
Ibuprofen Naproxen Ketoprofen Fluorbiprofen

Figure 19. Examples of non-steroidal anti-inflammatory drugs

Two strategies to aryl propionic acids were regemptlblished: a) transition metal
catalysed arylation of diethyl malonate followed mmethylatiori’®>*" and b) direct

arylation of propionic or acetic acid est&fg?!%2 The arylation of malonate esters
requires electron-rich and bulky phosphine ligafisheme 128, Eqg. 1). Aryl iodides
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and aryl bromides are the substrates of choice waitld,some speciality ligands, aryl
chlorides can be also be used. The arylated m&@sder is methylated, eithiersitu

or in a separate reaction, hydrolysed under al&ationditions and decarboxylated by
acidification leading to the arylpropionic atid

o CO,Et
X CO,Et
1 R—— | e q
% Pd source %
X=lI, Br or ClI
X ~_COozBu N
. —> R/ | ¥ q
= Pd source Pz
X=Br or Cl NaHMDS

Scheme 128. Synthesis of arylpropionic acids using palladiwatatysed enolate arylation

The ester arylation protocol (Scheme 128, Eq. Bjclvis an even more direct route to
arylpropionic acids, was developed simultaneouslyBoichwald®” and Hartwid®.
Typically thetert-butyl ester of propionic acid is treated with agl dalide (bromide

or chloride) in the presence of a strong base aiddgum and a bulky phosphine
ligand or a bulky imidazoliniuncarbene. A disadvantage of this procedure isviigt
specific bases have to be used, sodium hexamedhgidine (NaHMDS) (for
propionate esters) and LIHMDS (for acetate estef)ese bases are expensive and
moisture sensitive resulting in a requirement fa-peatment of solvents and for the
work to be carried out under inert atmosphere. Aigh energy ester enolate is highly
reactive and self-condensation is a major sidetiggagvhich can be overcome by the
use of the bulkyert-butyl esters?®!%” Ethyl esters can also be used but side-reactions
cause lower selectivity to the mono-arylated est@rarylation can be limited by the
choice of metal counter ion, ligand and the usexaktss ester and base.

Although a large number of enolates have beensetlliin palladium catalysed
arylation chemistd?°, 1,3-dicarbonyl compounds like acetoacetate estans
acetylacetones, have not been successfully aryéste@t. The explanation presented
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for the lack of success with these substratesked to the ability of the enolates of
these compounds to form stable complexes with siefdl It is believed that when
these enolates are present, the metal is deactivteng the latter stages of the
catalytic cycle — preventing reductive eliminatiblom occuring by formation of a
strong complex between the product enolate ananis@l (see Figure 6, Chapter 3).
Pd(0) is not released to continue the catalyticlecycWith diethyl malonate this
problem can be overcome by increasing steric deméatd in the transition state by
using very bulky ligands.

The arylation of B-dicarbonyl carbanions with a 2-halobenzoic ad@ was
demonstrated as far back as 1929 by Huftlégs depicted in Scheme 129). The

conditions which consisted of sodium ethoxide imaebl solution with copper powder

or Cu(OAc), were later refined by McKillopt aP*2%’
o 0
NaOEt / EtOH OH
OH + RCOCH,COR'
Cu or Cu(OAc), COR
Br
COR'
19a

Scheme 129. Hurtley reaction

Employing sodium hydride and 6mol% Cul in ethyl taeeetate?21 solution led to
high yields of ethyP-(2-carboxyphenyl)acetoacet&i® from ethyl acetoacetate and 2-
bromo or 2-chlorobenzoic acitb. a-Substituted3-keto esters also reacted under the
same conditions although yields were lower. Thetqrol is, however, limited to aryl
halide bearing a carboxylate group in tirého{osition or close proximity which can
form a copper chelate. The halide is activated tde/aucleophilic displacement by
polarisation of the C-Br bond by the copper chelegmforced by electron withdrawal
by the carboxylate group, and therefore makingcielation assisted\&r mechanism

(Scheme 130). Acetoacetate esters have also bgated with aryllead triacetat&s



Chapter 5 Arylation Reactions of Acetoacetate Esters 153

Scheme 130. Copper chelate assisted/ mechanism of the Hurtley reaction
5.1 Palladium Catalysed Arylation Reactions of Ac&tacetate Esters

When we attempted the arylation tfrt-butyl acetoacetat@la with bromobenzene

using mild reaction conditions §RQy, “Pd(t-BusP),”, toluene, 96C) we did not find

any of the desired arylated acetoacetate estevdudlentified a substantial amount of
tert-butyl phenylacetaté94a(see Scheme 132). We assumed that during theaeact
tert-butyl acetoacetate was arylated in the 2 posiubich was then de-acylated by
“base-cleavage” to give the phenylacetate esterpatassium acetate. McKillop has
described a similar de-acylation during the copgealysed arylation of acetoacetate

with 2-bromobenzoic acid9a°1?%’

(Scheme 131). This reaction was described as a
retro-Claisen condensation as sodium ethoxideharetl was used, but could also be
effected by treating the 2-arylacetoacetz®enith 2N NaOH (acetoacetate esters are

known to be de-acylated under strong alkaline daores)f°%2%

o) 0
OH NaOEt / EtOH OH
CO,Et CO,Et
COMe
22 23

Scheme 131. Retro-Claisen condensation

Apart from tert-butyl phenylacetatd94a biphenyl 169 was also formed in small
amounts. The vyield ofert-butyl phenyl acetate was determined by GC (inferna
standard) to be 55% (Table 10, entry 1). The prbduixture did not contain any
residual acetoacetate ester although a substaatmmunt of bromobenzene was
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present. No 2-phenylacetoaceta-butyl esterl95 (see Figure 21) could be detected
by GC-MS andH-NMR analysis.

This reaction was further investigated using ethgtoacetate and different bases,

ligands and palladium sources (Scheme 132, readtpresented in Table 10).

Br
OR + OR

base, toluene

2la R =tert-Butyl 87a 194a R = tert-Butyl
21b R = Ethyl 194b R = Ethyl

Scheme 132. Palladium catalysed arylation of acetoacetata®ste

Table 10.
Entry | Acetoacetate Catalyst (mol%) Base Conv of 87a] Yield of 194
ester ’
1 2la PdDBAy(1)/PtBus (2) KsPO, 67% 55%
2 21b PdDBA(1)/PtBu; (2) KsPO, 100% 45%
3 21b Pd(OAc) (1) RBus (2) KsPO, 97% 48%
4 21b Pd(OAc) (5)/PPh (20) KsPO, n.d. 0%
5 21b PADBAy(1)/ PCy (2) KsPO, n.d. 0%

Conditions: 4 mmol bromobenzene, 4.4 mmol acetateester, 11mmol 0, 5ml toluene, 0.04 mmol Pd(dba)
or Pd(OAc), 0.08 mmol ligand, 9 / 16h.

* yield determined by GC with internal standardj.mot determined

A similar reaction was observed when ethyl aceti@deewas used under the same
conditions (entry 2). Ethyl phenylacetate was fedmin 45% yield with full
consumption of both starting materials.

Reactions were also performed with triphenylphasphand tricyclohexylphosphine
(entries 4-5). Triphenylphosphine was entirelyctnge in this reaction, even at a 5%
palladium and 20% phosphine loading. Tricyclohpkgsphine, to our surprise, also

showed no activity. The failure of ligands thatriu possess the bulk associated with
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tert-butyl substituents suggests an absolute requirefoemulk in the transition state

and we propose that reductive elimination couldheerate limiting step.

The nature of the palladium source was also ingatgd briefly. Initially, palladium
bis-dibenzylideneacetone (Pd(d)ayas used as the catalyst precursor but Pd(9©Ac)

was found to be as effective (48% vyield, entry 3).

The use of other aryl halides was investigated €8wh 133, Table 11). 4-
Bromoanisole87i resulted in the formation of ethyl (4-methoxyphgagktatel94c
albeit in lower yield than ethyl phenylacetdi@4b (Table 10, entry 3 and Table 11,
entry 1). 4-ChloroacetophenoB&g (an activated aryl chloride) also gave the desired
arylacetic acid estet94d but again in lower yield (entry 2). The reactiostveen
ethyl acetoacetate and 1-bromonaphthalfe gave ethyl (1-napththyl)acetai®4e

in only 15.3%. Almost 60% of the aryl bromide waduced to naphthalene indicating
that although oxidative insertion into the arylidlalbond does occur, formation of the
required intermediate is restricted due to too mudk generated by Peri interaction.

In all the above reactions the aryl halide wasyfabnsumed. Hydrodehalogenation of
the aryl halide was found to be a major side reacivhich contributed to aryl halide
consumption.  The extent of hydrodehalogenationrem®ed with decreasing

arylacetate yield.

o O "Pd", 2L 0
)J\)J\ + Ar-x AI’\)J\
OEt base, toluene OEt
21b 87 194c-e

Scheme 133. Arylation of ethyl acetoacetate with various arglities

Table 11.
Entry | Aryl halide Product Yield (%)
1 4-Bromoanisol&7i Ethyl 4-methoxy-phenylacetai®4c | 3994
2 4-Chloroacetophenor&¥g Ethyl 4-aceto-phenylacetat®4d 309%
3 1-Bromonaphthaler@&7k Ethyl 1-naphthylacetat&94e 15%
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Conditions: 4mmol Aryl halide, 4.4mmol acetoacetaster, 11mmol KO, 5ml toluene, 0.04mmol
Pd(OAc), 0.08 mmol BBusHBF,, 90°C, 16h.
(@) 72h, isolated yield, 35% hydrodehalogenation
(b)  72h, isolated yield, 40% hydrodehalogenation
(c)  72h, isolated yield, 58% hydrodehalogenation

In an effort to improve the arylacetate yield, 2-@t-butylphosphino)-biphenyb6a
(from the Buchwald biphenyl ligands sefi®see Figure 20) was evaluated (see
Scheme 134, Table 12). The use @Ba led to a selective reaction to ethyl
phenylacetat®1b in 56% yield with 95% conversion of bromobenzefiable 12,
entry 1). Full conversion of bromobenzene andeddyof 70% was achieved when
using 2 equivalents of ethyl acetoacetate (entry 2)

I PtBUZ

PtBUz
g g
66a 66¢C
Figure 20. Biphenyl phosphine ligandd6aand66¢

This prompted us to examine the biphenyl liganchvaih extra methyl substituent on
the second phenyl ringg6c This ligand has been shown to be especiallyweadh
malonate ester arylatid!. Again a highly selective reaction resulted w889 yield

of ethyl phenylacetate when 1 equivalent of etlt@dtaacetate was used and 93% with
2 equivalents of ethyl acetoacetate (entries 34and

The use of more than one equivalent of ethyl acetade is thought to lead to
improved yields on the aryl halide. Ethyl acetdateis the limiting reagent when a
single equivalent is used as it is consumed fab@m the aryl halide — presumably
through a decarboxylation or retro-Claisen process.increase in ethyl phenylacetate
yield was also observed when tiert-butylphosphine was used using 2 equivalents of
ethyl acetoacetate (58% vs 48%, Table 10, entry 3).



Chapter 5 Arylation Reactions of Acetoacetate Esters 157

Since these biphenyl ligands are also known todieeawith aryl chlorides in other
arylation type reactions, chlorobenzene was exaininea reaction employing the
standard reaction conditions using lig&tt Ethyl phenylacetat&94bwas produced
in 93% yield (by GC, 88% isolated yield, entry 5).

O

6 O Pd(OAc), , 66a or 66C
)J\)J\ * ARX ( )2 Ar\)J\
OEt OEt

base, toluene
21b 87 194

Scheme 134. Arylation of ethyl acetoacetate with various arglities

Table 12.
Entry Aryl Halide Catalyst (mol%) Conversion Yield
of Ph-Br

1 Bromobenzen87a Pd(OAc) (1)/ 66a(2) 95% 56%194b*
2 Bromobenzen87a Pd(OAc) (2)/ 66a(4) 100% 6894.94b"
3 Bromobenzen87a Pd(OAc) (1)/66¢(2) 100% 89%194b?
4 Bromobenzen87a Pd(OAc) (2)/ 66c (4) 100% 9394.94h°
5 Chlorobenzen87b Pd(OAc) (2)/ 66c(4) 100 93%194b°
6 Chlorobenzen87b Pd(OAc) (0.2)/66c(0.4) 63 49%194b°
7 4-Chloroanisol&7e Pd(OAc) (0.5)/66¢(1) 100% 759%4.94c"°

Conditions: a) 4 mmol aryl halide, 4.4 mmol acettate ester, 11mmolR0O,, 5ml toluene, KL / 16h
b) 2 mmol aryl halide, 4 mmol acetoacetate estemrhol KsPQ,, 5ml toluene, 98 / 16h
c) Isolated yield

When the catalyst loading was lowered to 0.2 mop&adium and 0.4% o66¢c a
slower reaction was observed. The reaction wasctet in that product formation
followed chlorobenzene consumption. After 16 hatr80C, 42% chlorobenzene had
been consumed while 34% product was formed. Aftetal of 70 hours of reaction
the product yield was 49% with a 63% chlorobenzeosversion (entry 6). It is
believed that a higher yield (on the aryl halidedld have been achieved if even more

acetoacetate had been used as it appeared to éavéhe limiting reagent.
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A reaction was performed with a de-activated ahfbide. The reaction between 4-
chloroanisole87e and ethyl acetoacetate proceeded smoothly and gdwd 4-
methoxyphenylacetatE94cin a 75% isolated yield after 40 hours at®Qusing 0.5%
Pd(OAc) and 1% o66¢c

During a reaction between bromobenzene and ethgfoacetate where potassium
carbonate was the base, it was observed that lse2d25% of the anticipated product
(194b) a similar amount of another product had formedg@dition to a number of
minor by-products). The same impurities were detein all other reactions but to
much smaller extent. The same effect was obserrvedactions in which a lower
K3PO, loading was used. In a typical reaction, with thelar ratio of KPO, to ethyl
acetoacetate being 2.4:1, the amount of this siddtget is between 1 and 5%. When
the base to substrate ratio was changed to 2\iigbet10 and 15% of this side-product
was detected while the ethyl phenylacetate yietipped by a similar amount. This
effect was further demonstrated by lowering theebasding by a factor of 4 to 0.6
equivalents KPO, to ethyl acetoacetate. Only 15% of the desirediyct was formed
and 55% of the side-product. This side-product wsdated and purified by
distillation. Ethyl 2-phenylacetoacetat85 was identified by'H and*C NMR as a
~2:1 mixture of the keto-enol tautomers with the lefmm showing a strong
intramolecular hydrogen bonding effect as is kndamethyl acetoacetat¥ (Figure

21).
H.
O O O/ ~|O
g E "OEt )E\S\OE
195
Figure 21. Keto and enol tautomers 595

From this observation it was clear that ethyl ageétate is arylated in the 2-position
during the reaction. The formation of ethyl phewgtate then occurs when this

intermediate undergoes base mediated cleavage. sébond step is clearly dependant
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on base concentration and strength. To validasepibstulate, reactions were carried
out with a lower base content to form a large anadithe intermediate, followed by
addition of extra KPO, and further heating. It was observed during sexgheriments
that the intermediate was depleted entirely afeéating for 5 hours with an increase in
ethyl phenylacetate yield equal to the intermedidépleted. From the fact that
potassium carbonate, even at a ratio of 2.4:1,ndiddeplete all of the intermediate
even after extended reaction time points to theé tlaat potassium carbonate is less
efficient in mediating the de-acylation reactioithis fact may be explained by the
higher nucleophilic character of phosphate {P@ompared to carbonate (0.

The choice of base has been demonstrated to batiekde the outcome of many
different arylation reactiorjg*%%:9760.107:10912010211021\hany sodiumert-butoxide (a
strong soluble base) was used, the starting mkeviere consumed while only a small
amount of product was formed. It seems that nbt thre strength of the base but also
its availability must be tempered to match the cdtenolate formation with the rate of
the arylation reaction. The same observation leas Imade by Buchwald in amidation
of aryl halide&". Both KsPQ, and K.CO; are thought to be thermodynamically strong
bases in aprotic solvents but their low solubilitytoluene results in a slow formation
of enolate. From the fact that no arylation ofyefthenylacetate was observed under
identical reaction conditions, while the use of isad tert-butoxide yielded ethyl
diphenylacetatd 96 (58%, Figure 22), it is concluded thatRQ, is not strong enough

to deprotonate a phenylacetate ester.

9
OEt

Figure 22. Ethyl diphenylacetat&96

196

The low selectivity of the reaction when based thyleacetoacetate may be attributed
to parallel de-acylation of ethyl acetoacetate amahstrated by the requirement for
use of ethyl acetoacetate in excess to get fulvemon of the aryl halide to the
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required product. It is proposed that the arylaeetoacetate ester is more susceptible
to base catalysed decarbonylation as the carbdoiored is stabilised by the adjacent
aromatic group (see Scheme 135). Although thecgiaton of ethyl acetoacetate is
thought to be promoted by elevated temperaturg| ettetoacetate consumption was
also observed in reactions at lower temperaturéQ)6albeit at slower rate, showing

the instability of ethyl acetoacetate under thetiea conditions.

CO) O (0] 0
e /‘q OEt O TOEt Ot

R — —_—

RO

Q) © 0 0
)J\/”\ — e)J\OEt - )J\OE'[

) N OEt
O
RO

Scheme 135. Stabilisation of intermediates during acetoaceafaarbonylation
5.2  Copper Catalysed Reactions of Ethyl Acetoacetat

The arylation of acetoacetate esters using copgtysis is known, albeit through a
chelation assisted\8r mechanism. The only other examples of a trudyalytic
copper arylation of active methylene compounds the of ethyl cyanoacetate,
malononitrile and acetyl acetone by the group ofifsff and that of diethyl malonate
by the group of Buchwafl Miura’s reactions required the harsh conditiais
dimethylsulfoxide (DMSO) and 12Q which would lead to decomposition of less
stable substrates like diethyl malonate and etbgtaacetate. Buchwald discovered
that phenols, especially 2-phenylphenol, actedflisient ligands for copper in the
arylation of diethyl malonate and recorded higHdgeof diethyl 2-arylmalonate using
5mol% Cul under milder conditions (dioxane, G

The cost implications of using a base metal suatopper rather than a precious metal

such as palladium would have a significant impactaoy process developed. The
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copper catalysed arylation reaction of ethyl acettate was investigated following the
procedures used by both Miura and Buchwald in éengit to repeat the successes

achieved in the palladium catalysed reactions.

When ethyl acetoacetatglb was reacted with iodobenzene in dimethylsulfoxide
(DMSO) solution using 20mol% Cul with potassiumbzarate as base (Scheme 136),
ethyl phenylacetaté94b was formed in 53% yield after heating at 80°C 206rhours
(Table 13, entry 1). The reaction was highly silecwhen based on iodobenzene
conversion (52%) while ethyl acetoacetate was folywverted presumably due to

decomposition catalysed by heat and base.

The experiment was repeated in botR-methylpyrrolidinone (NMP) and
dimethylformamide (DMF). Both conversion and yielére lower in these reactions

while the high selectivity on iodobenzene was nai@d (entries 2,3).

When this reaction was repeated using 2-phenylgh@n@ co-catalyst the reaction
was slower with only 33% product formed after 6 tsouA maximum of 41% was
achieved upon extended reaction time. This coledthgand has been used to great
effect by Buchwald in the copper catalysed arytatibdiethyl malonaf®. We did not
observe any advantage using this additive, instimed catalyst activity seemed

diminished and product formation was inhibited.

The same reactions were repeated in dioxane sol(gitries 4,5). Low conversion of
iodobenzene and even lower ethyl phenylacet@td yield was observed. This would

indicate that the copper catalyst required a streolgent donor ligand to function

properly.

X
OR + OR

2la R =tert-Butyl 87 194a R = tert-Butyl
21b R = Ethyl 194b R = Ethyl

Scheme 136. Copper-catalysed arylation of acetoacetate esters
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Table 13.
Entry Catalyst Solvent Time (h) Conversion Ph-X/ Yield of 194
(mol %) (acetoacetate ester) (%)
1 Cul (20) DMSO 20 52 (100) 53
2 Cul (20) NMP 20 n.d. (91) 42
3 Cul (20) DMF 20 42 (89) 43
4 Cul (20) Dioxane 20 20 (62) 12
5 Cul(20)/phenyl-| Dioxane 16 5 (67)
phenol (40) 72 5 (100) 6
6 Cul(20)/phenyl-| DMSO 16 38 (n.d) 33
phenol (40) 72 70 (93) 41
7 CuBr (28) DMSO 16 65 (48) 37F
72 73 (57) 46
CuBr (28) DMSO 20 75 (63) Bp
Cul (20) DMSO 16 100 (100) n‘d.
10 Cul (20) DMSO 16 38 (100) 37
72 75 (100) 50
11 Cul (20) DMSO 16 17 (n.d) 13
72 30 (n.d) 13
12 Cul (20) DMSO 20 13 (n.d) 2
13 Cul (20) DMSO 20 100 (98) 86

Reaction conditions: 80°C,,K0; (8mmol, 4eq) Ph-I (2mmol, 1eq) ethyl acetoacefémemol, 2eq)
a) Sigma-Aldrich CuBr (green powder)
b) CuBr freshly prepared (white powder)

C) K3PQ, (8Bmmol) used instead of,KO;
d) 2-8eq of HO added

e) t-Butyl acetoacetat®la

f) Bromobenzene used.

0) 5 equivalents ethyl acetoacetate

Yields and conversion determined by GC / interrtahdard (2-methoxynaphthalene) / n.d. not
detected

The use of CuBr in DMSO gave similar results tosthobtained using Cul (entry 7).
The yields were lower by ~10% and this may be aftable to halide exchange
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resulting in the formation of the less active brdmmozene. When repeated using
purified CuBr (white powder prepared in-house asngared to green powder

purchased from Aldrich) an improved yield of 56%svedtained (entry 8).

Potassium phosphate was found to be an ineffiddase as no product was formed
(Table 13, entry 9). This result again demonssrdtee importance of the correct
choice of base sincesR0O, was found to be the most efficient base in théagalm
catalysed version of this reaction.

The use of theert-butyl ester also led to a much lower arylationld/igentry 11) in
contrast to the palladium catalysed reaction wihleeeyield fortert-butyl acetoacetate
2laarylation was comparable if not better than oladifor the ethyl ester (Table 10,

entry 1).

The base case reaction in DMSO with Cul andC® was repeated using
bromobenzene instead of iodobenzene. Although &8Btersion of bromobenzene

was measured only ~2% ethyl phenylacel®4bwas formed (entry 12).

Since ethyl acetoacetate seems to be the limiteagent due to background
decomposition, a reaction was performed with 5 \emjants of ethyl acetoacetate
(entry 13). Complete conversion of both startirgtenials led to an 86% vyield of ethyl
phenylacetatdd94b. This high product yield shows the high seletyivf the aryl
halide reaction. This is contrary to many of tladlgdium catalysed reactions in which
homo-coupling and hydrodehalogenation accountifpifscant aryl halide losses.

Recently Buchwalet al published a number of papers describing a rewf/aloth the
Ullmann reaction (copper-catalysétarylation of amines) and the Goldberg reaction
(copper-catalysedN-arylation of amides) using a ligated copper spedie a true
catalytic sense (0.2-10mol% Ct#fJ** The conditions required for these reactions
are, typically, toluene at 180 with potassium carbonate or potassium phosplate a

base. Initially 1,10-phenanthroline was used ganiif** and then 2,6-lutidirfé* but it
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was discovered that some alkyl-1,2-diamines wereeraotive ligands (see Figure 23).
Although N,N-dimethyl{rans-1,2-cyclohexanediamind97a and N,N-dimethyl-1,2-
ethanediamind.97c are the most active and preferred ligands, etlegdeminel97d
has shown excellent activity in especially Mrarylation of indole$™.

Me(H)N N(H)Me H2N H2

A4
197a 197b 197c 197d
Figure 23. Diamine ligands used by Buchwald for tRerylation of amines and amides

These reactions were thought to be similar to thgper catalysed enolate arylation
reaction with regard to conditions used and in temwh the need for high copper
loading and highly polar solvents. The use of lethgdiaminel97d (EDA) was,
therefore, examined in the reaction between etbgtaacetat®1b and iodobenzene
(see Scheme 137, Table 14).

The previously unsuccessful reactions in dioxarebld 13, entry 4,5) were repeated
in the presence of EDAL97d (2-3 equivalents to Cul). The yield of ethyl
phenylacetate was 48% with 64% conversion of iodebee and 94% of ethyl

acetoacetate (Table 14, entry 1). The additionh ligand clearly eliminated the

need for a highly polar solvent.

The addition ofl97dto the reaction in DMSO had a detrimental effactire yield as
only 19% ethyl phenylacetatt94b was formed in comparison to 53% withdi7d
(Table 14, entry 2 and Table 13, entry 1).

The use 0ofl3 also led to successful reaction in toluene satugentry 3) albeit in

lower yield than the DMSO reaction.
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)?\)\ . ] Cul /197d or c @\)ﬂ’\
OEt K,CO4 OEt

21b 87 194b
Scheme 137. Diamine assisted copper-catalysed arylation ofletbetoacetate
Table 14.
Entry | Catalyst Base Solvent Conv. of Ph-X Yield of Ethyl

(Ethyl acetoacetate) | phenylacetate 194b

1 Cul/197d K,CO; Dioxane 64 (84) 48
2 Cul/197d K,CO, DMSO 86 (100) 29
3 Cul/197d K,CO, Toluene 45 (80) 38
4 Cul/197d K3sPO, Toluene 64 (85) 34
5 Cul/197c K,COs Toluene 50 (61) 23
6 Cul/197d K,CO;, NMP 16 (100} 7

Reaction conditions: 80°C,,KO0; (8mmol, 4eq), Ph-I (2mmol, 1eq), ethyl acetoaee(dtnmol, 2eq)
a) K3P O, (8 mmol) was used.

b) Bromobenzene was used.

Another reaction with kPO, as base was attempted in toluene medium using ke
ligated catalyst. This time the reaction usingP®, gave a modest yield of ethyl
phenylacetate (33%) although still slightly lowkan with KCOs (entries 3 and 4)

A reaction was performed was performed udihly’-dimethyl-ethylenediamin&97c
The reaction in toluene withJXO; gave only 23% vyield of ethyl phenylacet@tkb as
compared to 38% with EDAL@7d). This is in contrast to the amination and amarat

reactions in which EDA197d) gave inferior results th97¢**>.

In an effort to apply the copper catalysed reactmraryl bromides, a reaction with
bromobenzene using Cul and EDA was performed in NiMfdium. Again, reactivity
was low with 16% conversion of bromobenzene andprétluct yield. Cul / EDA is
known to catalyse halogen exchange in aryl bromidesd could account for the

formation of product via the formation and reactwhiodobenzene. The extent of
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iodobenzene formation could, however, not be measdue to co-elution with NMP
in the GC analysis. This reaction should be regzbat a medium such as toluene or

dioxane to validate this postulate.

Since aryl iodides are expensive and the preparatidunctionalised aryl iodides is
difficult, the main focus of the copper catalysedations is to replace iodides with the
less expensive bromides or chlorides. The interecsion of bromobenzene and
iodobenzene is known under copper catalysed conditf and has been observed by
us during reactions involving bromobenzene (whi@swonverted to iodobenzene by
Cul) and CuBr resulting in conversion of iodoberezém bromobenzene. From this it
would appear that the conversion of aryl bromidasdd be possible in the presence of
a catalytic amount of an iodide salt under theeaxrconditions.

The high yield obtained using 5 equivalents of btoetoacetate (Table 13, entry 13)
iIs an encouraging result and should be examinetheur Addition of ethyl
acetoacetate with time may improve the selectivédged on this reagent. The use of a
ligated copper species in a environmentally besigiwent and lower catalyst loading
(1-5mol%) should be assessed to make this reacleasible from both an

environmental and economic point of view.

5.3  Arylation Reactions of other Acetoacetate Subsites

In order to determine whether oth@giketo esters could be arylated under the same
conditions and whether the reaction products womldergo the same decarbonylation
to yield an arylacetic ester, ethyl benzoylacete8 and ethyl 2-methylacetoacetate
199 (Figure 24) were reacted with bromobenzene using g¢handard reaction

conditions
O O O O
[:::]/JL\V/lLY)Et */JL\T/lLY)Et
198 199

Figure 24.
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Unlike the reactions involving ethyl acetoacetadhick white emulsion was formed
with ethyl benzoylacetat&98 (indicating the formation of a large amount ofahsle
potassium enolate). Dioxane was added to the @nuis allow stirring. No arylation
products were detected by GC analysis and it wasrebd that all bromobenzene was
unconverted while a significant amount 88 was converted. The only product
formed was acetophenone, presumably formed by blexgation of the starting
material. The same result was obtained in a mhrakperiment involving 4-

bromoanisol7i.

A reaction between iodobenzene and ethyl benzoysc#98 was performed using
Cul and ethylenediamine®7d The reaction was performed in DMSO with potassiu
carbonate as base (Scheme 138). After 20 ho@®&@{ GC analysis revealed a 68%
conversion of iodobenzene and 54% conversion ofl étbnzoylacetatdd98 Ethyl
phenylacetatel94b was detected in 12% vyield while 16% acetophenam# 226
benzoic acid were also formed. When repeated luet@ less conversion of both
starting materials took place while 13% ethyl pHaogtate was formed with less

acetophenone and benzoic acid.

O
o 92 ! OH
HoN NH © °
OEt Cul, 2 N2 2 197d OEt
+ + +
K,CO4 DMSO
198
201

194b 200

Scheme 138. Reaction between ethyl benzoylacett®8 and iodobenzene

The reaction between ethyl 2-methylacetoaceta®® and bromobenzene was
performed using Pd(OAg)and RBus; with potassium phosphate in toluene solution
(Scheme 139). After heating for 16 hours &X®4&ll acetoacetate was consumed while
86% of bromobenzene had been converted. A numbproducts were formed and
were identified by GS-MS andH-NMR. The anticipated product, ethyl 2-
phenylpropionat@02 was formed in 4% vyield. Ethyl 2-methyl-2-pherogtoacetate
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203 was the major product (12%) while a third prodweis tentatively identified (by
GC-MS spectroscopy) as ethyl 2-methyl-4,4-diphetstieacetate 204 in
approximately 3% yield.

(6] (6] Br
MOE': + Pd(OAC)2 tBU3P OEt
KsPO,
199

Scheme 139. Arylation reaction of ethyl 2-methylacetoaceta89

A similar reaction using Cul in DMSO solution wiibdobenzene gave small amounts

of ethyl 2-phenylpropionatg02 and biphenyl as the only identified products.

The failure of the arylation reaction of ethyl bewplacetate198 using palladium
catalysis may be caused by the formation of a nstable enolate (due to the extra
stabilisation imparted by the phenyl group) resgltin a complex with palladium. The
copper catalysed reaction did, however, give sofmgesired phenylacetate although
again in a more sluggish reaction than observedttoyl acetoacetate.

The low arylation yield observed for ethyl 2-metygtoacetat&99is probably due to

steric hindrance but does demonstrate that theatgrenolate can be arylated. The
decarbonylation reaction was clearly less facilthm presence of a methyl substituent,
possibly by either destabilising the product carar(see Scheme 135) or by steric

hinderance.

54 Conclusion

In conclusion, this work constituted the first exden of a palladium-catalysed

intermolecular arylation of an acetoacetate estée have demonstrated the formation
of the arylated acetoacetate ester (.95 and itsin situ base catalysed de-acylation
to an arylacetic acid ester (e.$94b). A variety of mono-arylated acetic acid esters
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can be prepared in this manner and the reactiapgicable to both aryl bromides and
chloride$®®. The palladium catalysed reactions could be tegewith iodobenzene
using 20mol% Cul or CuBr although yields were gaftgrlower (40-50%). The
requirement for a highly polar reaction medium sastDMSO or NMP was overcome
by employing ethylenediaminas ligand for copper, giving comparable results in
dioxane solvent while reactions conducted in totugiave slightly inferior results.
Bromobenzene was, however, not active in the copptalysed reactions, the low
yields obtained were ascribed to the formation &l amounts of iodobenzene by

halogen exchange with Cul.



CHAPTER 6

EXPERIMENTAL
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'H-NMR and *C-NMR spectra were recorded on a Varian 200MHz Géer2000
spectrometer. Coupling constant$ {alues) are measured in Hz. Gas liquid
chromatograghy (GC) was performed on a HP 5890runmsnt and gas
chromatography mass spectrometry (GC-MS) was performed on a gem3d SQ700
instrument. High resolution mass spectra were rdamb on a VG70-SEQ mass

spectrometer. Melting points were determined &eghert hot-stage.

Merck Silica gel 60 (70-230 mesh) was used for grajive flash chromatography.
Thin layer chromatography was carried out on aliummnbacked Merck Silica gel 60
F2s4 plates precoated with 0.2mm silica gel 60. THbudne, 1.4-dioxane were
distilled from sodium/benzophenone while DMF and RiMere distilled from calcium
hydride.

6.1 Experimental Procedures Relating to Chapter 2

General procedure for Heck reaction of 2-ethylhexyhcrylate using a homogenous

catalyst under phase transfer conditions:

4-Bromoanisole (1 molar equivalent), 2-ethylhexstydate (1.1 molar equivalent) and
sodium carbonate (0.5 molar equivalent) were mixedether. Methyl tri-n-
octylammonium chloride (aliquat 336) was added @lssnpercent of the total reaction
mixture). Pd(OAcg) was added together with triphenylphosphine @gpiha 1:10 to
1:40 ratio. The reaction mixture was heated atI&BC for 20 hours. Conversion
and selectivity were calculated after analysis lag ghromatography of a sample

partitioned between water and ethyl acetate.

General procedure for Heck reaction of acrylic acid

Sodium carbonate (1.5 molar equivalents) was suigzem a solvent consisting of
either NMP, xylene (with 1% aliquat 336) or theexadnt aryl bromide (and 1% aliquat
336). Acrylic acid (2 molar equivalents) was addsdefully to this suspension,
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resulting in rapid evolution of carbon dioxide. eTaryl bromide was added to the
resultant thick white suspension, followed by additof the catalyst. The catalyst was
comprised of a 1:40 mixture of Pd(OAcnd PPk or palladium on carbon. The
reaction mixture was heated to 260and the reaction progress monitored by GC.
Samples were made up by addition of ethyl acetatesmdium hydrogen carbonate
solution. Conversion of the aryl bromide was cltad by comparison with an
internal standard. The yield of cinnamic acid émbstituted cinnamic acid) was
determined by extracting the entire reaction metwith ethyl acetate and sodium

hydrogen carbonate and re-extracting the aqueyes &ter acidification.

General procedure for Heck reaction of 2-ethylhexyl acrylate using a
heterogenous catalyst:

Equimolar amounts of 4-bromoanisole (or other Argimide) (1 molar equivalent) and
2-ethylhexyl acrylate were mixed with 1.5 molar egients of sodium carbonate in 1-
methyl-2-pyrrolidinone (NMP) (~30% of organic reatgeim solution). Palladium on a
carbon support (10% palladium on carbon with ~60%stace, PMC 1940C) was
added. In some instances a known amount of an re@&rence was added as an
internal standard for GC analysis. The resultitegh slurry was heated to 1&5in a
sealed tube or Parr reactor depending on the sfateaction. The reaction was
monitored by GC analysis and the reaction mixtweled once full conversion was

achieved or the reaction ceased.

In instances where water was added as co-solMeatreaction was performed in a
pressure reactor since the autogenous pressuré-wasr.

2-Ethylhexyl trans-4-methoxycinnamate (OMC) 56a NMR data in agreement with
literature values’ &, (200MHz; CDC}) 0.92 (6H, m, CHs), 1.34 (4H, m, RCH,),
1.41 (2H, m, CH), 1.64 (2H, m, CH), 3.81 (3H, s, GH4.11 (2H, m, CH), 6.32 (1H,
d, J 16.0, olefinic CH), 6.89 (2H, d1 6.8, Ar-H), 7.47 (2H, dJ 6.8, Ar-H), 7.63 (1H,
d, J 16.0, olefinic CH).
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Methyl 4-methoxycinnamate 56b *'® NMR data in agreement with literature
value$'® 3, (200MHz; CDC}) 3.68 (3H, s, OCH), 3.81 (3H, s, OCH), 6.45 (1H, d,J
15.8, olefinic CH), 7.02 (2H, d] 8.7, Ar-H), 7.54 (1H, dJ15.8 , olefinic CH), 7.66
(2H, d,J 8.7, Ar-H).

2-Ethylhexyl 3-(2-ethylhexyloxy)-propionate 57 %% &, (200MHz; CDC}) 0.94
(12H, t, &CHs), 1.23-1.42 (16H, m,8CH,), 1.54-1.63 (2H, m, ZCH), 2.58 (2H, t,]
6.2, CH), 3.31 (2H, dJ 5.8, OCH), 3.68 (2H, t,J 6.2, OCH), 4.00 (2H, d,J 5.8,
OCHp);

3-(4-Methoxyphenyl)-propenoic acid / 4-methoxycinnaic acid 59a NMR data in
agreement with literature valfés &, (200MHz; CDC}) 3.81 (3H, s, OCH), 6.41
(1H, d,J 16.0, olefinic CH), 6.98 (2H, d] 8.8 , Ar-H), 7.58 (1H, dJ 16.0, olefinic
CH), 7.65 (2H, dJ 8.8, Ar-H), 12.0 (1H, br, COOH).

3-Phenylpropenoic acid / cinnamic acid 59bNMR data in agreement with literature
value$?* &, (200MHz; CDC}) 6.47 (1H, dJ 16.1, olefinic CH), 7.40 (2H, m, Ar-H),
7.42 (1H, m, Ar-H), 7.56 (2H, m, Ar-H), 7.81 (1H, 816.1, olefinic CH), 11.0 (1H,
br,COOH).

2-Ethylhexyl 3-(4-methoxyphenyl)-propionate 60 *** &, (200MHz; CDC}) 0.92
(6H, m, ZCHs), 1.34 (4H, m, 2CHy), 1.41 (2H, m, Ch), 1.64 (2H, m, CH), 2.64
(2H, m, CHCO:R), 2.88 (2H, m, CBAr), 3.81 (3H, s, Ch), 4.11 (2H, m, Ch), 6.89
(2H, d,J 6.8, Ar-H), 7.47 (2H, dJ) 6.8, Ar-H).

Tris-(24-butyl-4-methoxyphenyl)-phosphi&®:

To an ice-bath cooled solution of BCL.3ml, 14.5 mmol) in toluene (20ml) was added
3-BHA (3+-butyl-4-hydroxyanisole) (8.64g, 48 mmol) in tolue(@ml). Triethyl
amine (4.85g, 48 mmol) was added dropwise whictiabeid an exothermic reaction
and the formation of a white precipitate. The l&sy viscous slurry was heated to
reflux for 2h, cooled and filtered. The filtrateasvevaporateth vacuoto a viscous
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light yellow syrup (8.2g, 99%). Puré&2 (1.0g) was obtained by column
chromatography (10% ethyl acetate in hexane) agoadess oil.

31 (200MHz; CDC4) 1.40 (27H, s, Ch), 3.79 (9H, s, OCH}, 6.64 (3H, dd,) 8.8 and
3.0, Ar-H), 6.96 (3H, dJ 3.0, Ar-H), 7.31 (3H, ddJ 8.8 and 2.0, Ar-H)dc (50 MHz;
CDCl3) 29.8, 34.9, 55.8, 110.8, 114.3, 117.0, 137.8,84853.5;0p (81MHz; CDCE)
148.74; Exact mass calculated fopiysOsP [M]*: 568.2954. Found: 568.2964.

(2,2’-Di-tert-butyl-4.4’-dimethoxy-6,6’-biphenoxy)-phenylphosphi64:

Dichlorophenylphosphine (1.79g, 1.35ml, 10 mmol}aofuene (2ml) was added to a
suspension of 3-BHA dimer (2,2"-dért-butyl-4,4’-dimethoxy-6,6’-biphenolp3 %24
(3.58g, 10 mmol) in toluene (20ml). Dropwise amditof triethylamine (2.5g, 25
mmol) initiated an exothermic reaction and the fation of white cloudiness and later
a white precipitate. The resulting viscous slungs heated to reflux for 2h, cooled
and filtered. The filtrate was diluted with etladetate (50ml), washed with saturated
sodium hydrogencarbonate solution (3x50ml), driagroanhydrous MgS§€ and
evaporatednh vacuoto a viscous oil (4.5g).
(2,2’-Di-tert-butyl-4,4’-dimethoxy-6,6’-biphenoxy)-phenylphosphne 64 OH
(200MHz; CDC}) 1.22 (18H, st-Butyl), 3.88 (6H, s, OCkJ, 6.81 (2H, m, Ar-H),
6.98 (2H, m, Ar-H), 7.20-7.64 (5H, m, Ar-Hyz (50 MHz; CDC}) 29.8, 35.4, 56.0,
112.1, 115.5, 123.5, 128.8, 129.0, 130.8, 137.4.213146.1, 153.5pp (81MHz;
CDCl;) 181.41; Exact mass calculated forgdssOP [M]™: 464.2122. Found:
464.2117.

Phenylphosphiné8:

A solution of phenylphosphonic dichlorid& (9.8g, 50 mmol) in diethyl ether (30ml)
was added dropwise to a stirred and cooled (ick}matspension of LiAlk (1.9g, 50
mmol) in diethyl ether (30ml). The resulting mirtuwas refluxed under a nitrogen
atmosphere for 2.5h before cooling to room tempeeat The reaction mixture was
diluted with wet diethyl ether (20ml) and water (#mwas carefully added. After
stirring for 16h the mixture was filtered throughlite under a nitrogen atmosphere.

The crude product was obtained as a colourlesdglail (2.6g, 47%) which was
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identified by*H and®*'PNMR spectroscopy as phenylphosph@&contaminated with
~10% diethyl ether. NMR data in agreement with éitere value<>.

Preparation of phenyl phosphabicyclononar@sand70b:
Cyclooctadien&9 (1.2g, 11 mmol) and AIBN (20mg) was added to h&§85-100C)
phenylphosphine (2.4g, 22 mmol). A further 30md@NIwas added as a solution in

toluene (3ml) over 30min. After 2h of heating thexture was cooled to room
temperature and allowed to stir for 3day$! and>*’P NMR spectroscopy suggested
that a large proportion 089 had been consumed althou§B was still the major
phosphorus containing compound (amongst severarg)thThe reaction mixture was
distilled under reduced pressure and a fraction eadlected (0.7g, 17T, 0.5mbar)
which was a 2:1 mixture of 2 tertiary phosphiii@s/h.
9-phenyl-9-phospha-bicyclo[4.2.1]nonane 705° &, (200MHz; CDC}) 1.5-1.8 (8H,
m, CHp), 2.0-2.2 (4H, m, Cb), 2.80-2.90 (2H, m, CH), 7.20-7.43 (5H, m, Ar-k;
(50 MHz; CDC}) 26.1 ( 7.6), 34.3 J 6.1), 35.2 J 17.6), 40.8 J 13.0), 126.3, 128.2,
130.3, 140.2 J 18.5); dp (81MHz; CDC}) 9.29, After treatment withBuOOH: dp
(81MHz; CDCE) 66.53; Exact mass calculated forsdoP [M]": 218.1224. Found:
218.1247.

9-phenyl-9-phosphabicyclo[3.3.1]nonane 70%’ &y (200MHz; CDC}) 1.5-1.8 (8H,
m, CHp), 2.0-2.2 (4H, m, Cb), 2.35-2.40 (2H, m, CH), 7.20-7.43 (5H, m, Ar-k;
(50 MHz; CDC}) 25.0 ( 11.5), 25.4 4.6), 31.9 § 13.7), 126.1, 128.4, 130.4, 140.2
(J 18.5); & (81MHz; CDCE) —21.73. After treatment withBuOOH: & (81MHz;
CDCls) 41.03; Exact mass calculated fogdoP [M]": 218.1224. Found: 218.1247.

2-(Dichlorophosphino)-biphenyi2:

Bromobenzene (9.42g, 40 mmol) was added to a shirpagnesium turnings (1.8g,

76 mmol) in THF (70ml). A grey solution was formby heating in a 6T oil-bath
followed by stirring the exothermic reaction at °60 for 30min.  2-Bromo
chlorobenzen&1l (9.6g, 50 mmol) was added to the hot mixture ov@amia followed
by heating for 1h. The mixture was cooled t6G@nd filtered through Celite under a

nitrogen atmosphere. The yellow/orange filtrates wdded dropwise to a cold (°0)
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suspension of PgIl(10.8g, 6.9ml, 78 mmol) in THF (30ml). The resut viscous
slurry was allowed to warm to room temperature siided for 16h. The slurry was
filtered under a nitrogen atmosphere, diluted wli#tthyl ether and filtered again. The
orange filtrate was evaporated to drynesvacuoto an orange coloured oil (6.89),
which was used without further treatment in theppration of 2-phosphino-biphenyl
(73). d»(81MHz; CDCh) 158.2.

2-Phosphino-biphenwi3:
A solution of 2-(dichlorophosphino)-biphenyl2 (6.8g, ~20mmol) in diethyl ether

(20ml) was added dropwise to a suspension of LiA[B138g, 10 mmol) in diethyl
ether (10ml). THF (5ml) was added to aid solupilitHydrogen gas evolution was
observed and a further 10 mmol LiAJivas added and the mixture was heated to
reflux for a total of 4h. The reaction mixture wesoled to room temperature and
guenched by the careful addition of water (2ml)heTresulting slurry was filtered
through Celite, the Celite was rinsed with diethtfier (20ml) and the yellow filtrate
was evaporated to dryness to yield a yellow obd]..

2-Phosphino-biphenyl 73 NMR data in agreement with literature vaftfés dp
(81MHz; CDC) —122.09 J(PH) 216).

6.2 Procedures Relating to Chapter 3

General procedure for the arylation of propiophenore 86: %1%

Into a screw capped pyrex tube (50ml) was weigheddBu (0.63g, 6.5 mmol),
propiophenone (0.80g, 6 mmol) and the approprigge lalide (5 mmol) as well as
6ml toluene (distilled from sodium). Pd(OAc}he appropriate phosphine ligand (if
required) and an accurately weighed amount of Zwmsgihaphthalene (internal
standard) were dissolved in toluene (2ml) and adddde reaction mixture. The tube
was flushed with nitrogen and sealed and heated18C in a Robosynthon
multireactor for 15 hours. The amount of aryl dali propiophenone and arylation
product present were determined by GC analysis doame internal standard
calculation. Isolation was done by addition of evaéind dilute hydrochloric acid to
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acidify the mixture followed by extraction into thgl ether. The organic layer was
dried over anhydrous MgSQCand evaporated under reduced pressure. The crude
product was analysed by NMR and the spectrum cozdpéo either that of an
authentic standard or reference data. In casesewhe isolated yield was determined
the crude product was purified by flash column amography (20% ethyl acetate in

hexane).

1,2-Diphenyl-1-propanone 88° was prepared in 94% with 0.2% Pd(OAahd 93%
when NaH instead of NdBu was used as base with 0.3mol% Pd(QAc)

88 &y (200MHz; CDC}) 1.61 (3H, dJ 7.3, CH), 4.70 (1H, qJ 7.3, CH), 7.22-7.50
(8H, m, Ar-H), 8.05 (2H, dJ 7.2, Ar-H); 8 (50 MHz; CDC}) 19.7, 47.9, 127.0, 127.8,
128.5, 128.8, 129.0, 132.8, 136.5, 141.5, 200.3.

2-(4-Methylphenyl)-propiophenone 89'®° was prepared from 4-chlorotolue@@b in
3% after 16hours with 1mol% Pd(OAcand in 91.5% yield in 30min with 1mol%
Pd(OAc) and 2mol%66a

89: &4 (200MHz; CDC}) 1.58 (3H, dJ 7.8, CH), 2.32 (3H, s, Ar-Ch), 4.70 (1H, q,
7.8, CH), 7.12 (2H, d] 7.7, Ar-H), 7.23 (2H, dJ 7.7, Ar-H), 7.38-7.52 (3H, m, Ar-H),
8.05 (2H, dJ 8.1, Ar-H); &¢c (50 MHz; CDC}) 19.7, 21.5, 47.9, 127.8, 128.5, 128.8,
129.8, 132.8, 136.5, 136.6, 138.1, 200.3.

Preparation of 2-(diert-butylphosphino)-phenylethar®:

A mixture of phenethylbromide (2.78g, 15 mmol) amégnesium turnings (0.40g,
16.5 mmol) and THF (5ml) was warmed carefully untile reaction became
exothermic. THF (15ml) was added to dilute thetk&aomic reaction and the reaction
temperature was maintained at°60 Freshly recrystallised CuCl (from dilute
hydrochloric acid)(0.69g, 10 mmol) was added fokawby ditert-butylphosphine

chloride (0.90g, 0.95ml, 5 mmol). After heating f8h the resulting black reaction
mixture was allowed to cool to room temperaturene Teaction mixture was diluted
with a mixture of ethyl acetate (25ml), hexane (B5end agueous ammonium

hydroxide solution (50ml, 25% m/V). The organigdawas washed with water until
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colourless, dried over anhydrous MgS&hd evaporateith vacuoto a yellow/green oil
(1.45g) which solidified on standing. Crystallipeoduct was obtained by filtration
and washing with hexane.

2-(di-tert-butylphosphino)-phenylethane 90 &y (200MHz; CDC4) 1.45 (18H, d,J
10.4,t-Butyl), 2.14 (2H, m, Ch), 3.10 (2H, m, Ch), 7.20-7.35 (5H, m, Ar-H)3¢ (50
MHz; CDCL) 24.2 ( 5.7), 30.4 1 5.3), 33.7] 7.1), 34.7 1 8.0), 126.4, 128.4, 128.8,
138.5;8 (81MHz; CDCE) 29.31; Exact mass calculated fogld,-P [M]": 250.1850.
Found: 250.1860; mp 119-171

Nickel catalysed arylation of propiophend@

The general procedure for the palladium catalysddtian of propiophenone was
followed using bromobenzene (1.0g, 6.4 mmol) armpiephenone (0.67g, 5 mmol)
(with the exception that Ni(OAg)(17.7mg, 0.10 mmol), 2-(dert-butylphosphino)-
biphenyl66a (60mg, 0.20 mmol) and zinc metal powder (19.50Gr8nol) were used
as the catalyst). The vyield of 1,2-diphenyl-1-opne 88) was determined bjH-
NMR to be 34%.

Reaction between cyclohexandteand bromobenzend®

Into a screw capped pyrex tube (50ml) was weighe®Q (5.3g, 25 mmol),
cyclohexanone (1.5g, 15 mmol) and bromobenzen&¢l. 50 mmol) as well as 15ml
1,4-dioxane (distilled from Calji Pd(OAc) (22.4mg, 0.1 mmol, 1mol%) andBs
(20.2mg, 0.2mmol, 1mol%) in 1,4-dioxane (1ml) wadeled and the tube flushed with
nitrogen, sealed and heated at @@ a Robosynthon multireactor. The conversion
of bromobenzene and cyclohexanone and the formafidime arylation products were
followed by GC analysis. After 2 hours of heatithgg reaction was quenched by
addition of dilute hydrochloric acid as most broranbene had been consumed. The
crude product was isolated by extraction into dietther, drying over anhydrous
MgSO, and evaporation of the volatile components undeduced pressure.
Compound€92, 93 and94 were identified by GC-MS analysis of the crudedud.
The crude product was purified by flash chromatpgya(10% ethyl acetate in hexane)

to yield 1.1g o (64% yield) as a clear colourless oil.
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2-phenylcyclohexanone 92NMR data in agreement with literature valtle$y
(200MHz; CDC}) 1.8-2.6 (8H, m, Ch), 3.64 (1H, ddJ 12.3, 5.4, CH), 7.15-7.20 (2H,
m, Ar-H), 7.28-7.42 (3H, m, Ar-H)3¢ (50 MHz; CDC}) 25.3, 28.0, 35.1, 42.2, 57.4,
127.0, 128.3, 128.6, 138.9, 210.4

2,6-diphenylcyclohexanone 93NMR data in agreement with literature vafkfés
(200MHz; CDC4) 1.8-2.6 (6H, m, Ch), 3.85 (2H, ddJ 12.3, 5.4, CH), 7.15-7.42
(10H, m, Ar-H).

2-cyclohexylidenecyclohexanone 9AMR data in agreement with literature vaftfs
Oy (200MHz; CDC¥§) 1.48 (6H, m, CH), 1.64 (2H, m), 1.78 (2H, m), 2.10 (2H, m),
2.31 (4H,m), 2.40 (2H, m).

General procedure for the arylation of cyclic 1,3-iketones: *®

Into a screw capped pyrex tube (50ml) was weighgBQK (2.44g, 11.5 mmol),
indandione95 or dimedon&7 (6 mmol) and bromobenzene (0.79g, 5 mmol) as veell a
15ml 1,4-dioxane (distilled from CaH Pd(OAc) (11.2mg, 0.05 mmol, 1mol%) and
2-(di-tert-butylphosphino)-biphenyl ligan®6a (29.8mg, 0.1mmol, 2mol%) in 1,4-
dioxane (1ml) were added and the tube flushed witiogen, sealed and heated at
80°C in a Robosynthon multireactor for 16 hours. Tbaversion of bromobenzene
and diketone and the formation of the arylationdpicis were followed by GC
analysis. The reaction mixture was quenched bytiaddof dilute hydrochloric acid
and the crude product was isolated by extractido ethyl acetate, drying over

anhydrous MgS@and evaporation of the volatile components undéuced pressure.

2-Phenyl-indan-1,3-dione96 ! was isolated from the reaction between indand&®ne
and bromobenzene as a sticky purple solid 1.03g%R which was recrystallised

from diethyl ether to afford a brown powd®&g}.
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2-Phenyl-indan-1,3-dione96; NMR data in agreement with literature vaRiesd,
(200MHz; CDC}) 4.26 (1H, s, CH), 7.10-7.26 (2H, m, Ar-H), 7.3@J (3H, m, Ar-
H), 7.88-7.95 (2H, m, Ar-H), 8.02-8.14 (2H, m, Ak:Hbc (50 MHz: CDCE) 59.5,
123.4, 127.5, 128.4, 128.6, 132.8, 135.6, 142.3,89p 130-13% (Lit. 140-142C

232>.

2-Phenyl-dimedone/ 5,5-dimethyl-2-phenyl-cycloxan-1,3-dione 98* was isolated
from the reaction between dimedone and bromoberaeaeyellow oil (0.98g, 90%).

98 NMR 2* &, (200MHz; CDC}) 1.22 (6H, s, Ch), 2.63 (2H, s, Ch), 3.07 (2H, s,
CH,), 7.43-7.52 (3H, m, Ar-H), 7.43-7.68 (1H, br, OH)97-8.01 (2H, m, Ar-H)dc

(50 MHz; CDC§) 28.4, 32.9, 44.7, 47.6, 128.9, 130.4, 132.0, 9,3334.6, 178.2,
202.5.

General procedure for malonate ester arylation?”%91%

Into a screw capped pyrex tube (50ml) was weigheddBu (0.63g, 6.5 mmol),
diethyl malonate (0.80g, 5 mmol) and the appropratyl halide (6 mmol) as well as
toluene (6ml, distilled from sodium). Pd(OAgc)he appropriate phosphine ligand and
an accurately weighed amount of naphthalene (iatestandard) were dissolved in
toluene (2ml), heated for 2 minutes at %@&nd added to the reaction mixture. The
tube was flushed with nitrogen and sealed and Heatel16C in a Robosynthon
multireactor for 15 hours. The amount of aryl alidiethyl malonate and arylation
product present was determined by GC analysis baséaternal standard calculation.
Isolation was done by addition of water and dilbtglrochloric acid to acidify the
mixture followed by extraction into diethyl etheThe organic layer was dried over
anhydrous MgS@and evaporated under reduced pressure. The emadieict was
analysed by NMR and the spectrum compared to iz rof an authentic standard or
reference data. In cases where the isolated yiatddetermined the crude product was
purified by flash column chromatography (10-20%yk#tetate in hexane).
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The following compounds were prepared using thevalgeneral procedure:

Diethyl 2-phenylmalonate103a® was prepared fror@7aand87d:

103a NMR data in agreement with literature valdésy (200MHz; CDC}) 1.28 (6H,
t,J7.2, CH), 4.23 (4H, g 7.2, CH), 4.63 (1H, s, CH), 7.36-7.45 (5H, m, Ar-H
(50 MHz; CDC}) 13.9, 58.2, 61.9, 128.2, 128.6, 129.4, 133.4,368

Diethyl 2-(4-methylphenyl)-malonate103d 234"
87bin 72% vyield using 2-(diert-butylphosphino)-bipheny66a and 86% yield with
KsPOy as base in 1,4-dioxane solvent.

103d NMR data in agreement with literature valtiés’®sy (200MHz; CDC}) 1.27
(6H, t,J 7.2, CH), 2.36 (3H, s, Ar-Ch), 4.12-4.31 (4H, m, CH, 4.58 (1H, s, CH),
7.16 (2H, d.J 9.6, Ar-H), 7.32 (2H, dJ 9.6, Ar-H): 3¢ (50 MHz; CDC}) 13.9, 21.1,
57.2,61.9, 129.7, 129.9, 132.4, 136.4, 168.5.

was prepared from 4-chlorotoluene

Diethyl 2-(4-methoxyphenyl)-malonate103e®’ was prepared from 4-chloroanisole
87ein 82% vyield using ligan@6a

103e NMR data in agreement with literature vailtfe®; (200MHz; CDC}) 1.27 (6H,
t,J 7.2, CH), 3.81 (3H, s, OCH}, 4.15-4.30 (4H, m, C}, 4.56 (1H, s, CH), 6.90 (2H,
d,J 7.6, Ar-H), 7.33 (2H, dJ 7.6, Ar-H); 8¢ (50 MHz; CDC}) 14.0, 55.3, 57.1, 61.7,
114.0, 124.8,130.3, 159.4, 168.5.

Diethyl 2-(4-ethoxycarbonylphenyl)malonate103f °’

was prepared from ethyl 4-
chlorobenzoat&7fin 85% yield using ligané6a

103f NMR data in agreement with literature vallfe%; (200MHz; CDC}) 1.11 (6H, t,
J7.2,CH), 1.25 (3H, tJ 7.2, CH), 4.01-4.12 (2H, m, C}), 4.23 (4H, q) 7.2, CH),
457 (1H, s, CH), 7.33 (2H, d,9.3, Ar-H), 7.88 (2H, dJ 9.3, Ar-H); & (50 MHz;

CDCl;) 14.0, 15.3, 56.3, 57.9, 62.1, 129.4, 129.8, 13180.6, 166.7, 167.5
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Diethyl 2-(4-acetylphenyl)-malonate 103g % was prepared from 4-

chloroacetophenon®7gin 76% vyield using KPO, (2.4g, 11.5 mmol) in 1,4-dioxane
solvent.

103g NMR data in agreement with literature vallle% (200MHz; CDC}) 1.27 (6H,
t,J 7.2, CH), 2.61 (3H, s, Ch), 4.16-4.30 (4H, m, C}), 4.68 (1H, s, CH), 7.49-7.54
(2H, m, Ar-H), 7.94-7.98 (2H, m, Ar-H)}c (50 MHz; CDC}) 14.0, 26.7, 57.8, 62.1,
128.6, 129.6,136.8, 137.8, 167.5, 197.7.

Ethyl phenylacetaté09

109 was detected in the reaction of diethyl malonaig ehlorobenzene catalysed by
Pd(OAc) and 2-(ditert-butylphosphino)-biphenylb6a).

Ethyl phenylacetate 109 NMR data in agreement with literature vaffesy
(200MHz; CDC}) 1.28 (3H, d,J 7.2, CH), 3.64 (2H, gJ 7.2, CHPh), 4.18 (2H, s,
OCH,), 7.24-7.42 (5H, m, PhHYc (50 MHz; CDC}) 14.2, 41.4, 60.7, 127.1, 128.5,
129.3,134.2, 171.5.

General procedure for the copper catalysed malonatarylation to prepare diethyl
2-phenylmalonate 103a°°>®

Into a screw capped pyrex tube (50ml) was weighgelQx (0.64g, 3 mmol), diethyl
malonate (0.64g, 4 mmol) and iodobenzene (0.41Ignl) and solvent (5ml). Cul
(80mg, 0.4 mmol, 20mol%) and 2-phenylphenol (1366h§mmol, 40mol%) and an
accurately weighed amount (~20mg) of 2-methoxynaglbtte (internal standard) in
1ml solvent were added and the tube flushed wittogen, sealed and heated to the
appropriate temperature. Soon after heating wadest the colour of the reaction
mixture became orange/brown which became progregsiarker with time. The
conversion of iodobenzene and diethyl malonate #mel formation of diethyl
phenylmalonatd 03awere followed by GC analysis. Once product foiorabecame
slow or stopped, the reaction mixture was quendhedddition of dilute hydrochloric
acid and the crude product was isolated by extiadtito diethyl ether, drying over
anhydrous MgS@and evaporation of the volatile components unééuced pressure.



Chapter 6 Experimental 183

i.  The yield of103awas 16% when THF (distilled from sodium/benzophme)o
was used (AT for 24hours)
ii.  The yield ofl03awas 27% when 1,4-dioxane (distilled from CaH/LiAJkvas
used (108C for 24hours)
ii.  The yield of103awas 46% when DMSO (stored over CaH) was used®C00
for 20hours)

Phenobarbital from diethyl phenylmalondf@3a

Diethyl phenylmalonatd03a(0.5g, 2.1 mmol, as prepared by the general paihadi
catalysed malonate arylation procedure) was dissoin toluene (10ml) and N&Bu
(0.24g, 2.5 mmol) was added. After stirring forn80 ethyl bromide (0.28g, 2.6
mmol) was added dropwise to the reaction mixtukéter determining by GC analysis
that no alkylation was taking place the mixture \Wasated to reflux. After 1 hour of
reflux the reaction mixture was cooled and quendmedhe addition of ethyl acetate
and dilute hydrochloric acid. After drying the argc layer over anhydrous Mg$0O
the volatiles were removed under reduced pressuggetd 115 as a light yellow oil
(0.48g, 87% yield).

Diethyl 2-ethyl-2-phenylmalonate 115 NMR data in agreement with literature
value$® &, (200MHz; CDCH) 0.92 (3H, t,J 7.4, CHCHs), 1.27 (6H, t,J 7.1,
OCH,CHj3), 2.39 (2H, g,J 7.4, CHCHs), 4.25 (4H, g,J 7.1, OCHCHjy), 7.28-7.50
(5H, m, Ar-H); &c (50MHz; CDC}) 9.2, 13.8, 28.7, 61.2, 63.0, 127.2, 127.9, 128.0,
136.8, 170.6.
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To a solution of urea (60mg, 1 mmol) and NaOMe (§4inmmol) in methanol (2ml)
was added a solution dfl5 (264mg, 1 mmol) in methanol (1ml) and the resgltin
mixture was heated to reflux. More urea (300mgmrdol) and NaOMe (110mg, 2
mmol) was added and the mixture was refluxed forhbtirs to yield a white
suspension. Methanol was removed at room temperainder reduced pressure
followed by the addition of water and 10% hydroctdcacid. A white sticky paste
formed which could not be crystallisedH-NMR revealed 2 compounds of which the
minor component (40%) corresponded to spectral fdat@henobarbital.
5-Ethyl-5-phenyl-2,4,6(1H,3H,5H)-pyrimidinetrione (Phenobarbital): NMR data in
agreement with literature valifé&d, (200MHz; CDC}) 0.99 (3H, t,J 7.3, CHCH3),
2.49 (2H, q,J 7.3, CHCHs), 7.36 (5H, m, Ar-H), 8.79 (2H, s, N-HJc (50 MHz;
CDCl3) 10.3, 30.0, 61.3, 125.8, 128.4, 129.5, 136.9,948/0.3.

Methyl 2-phenylbutyrate 116 NMR data in agreement with literature vaftiés,
(200MHz; CDC#§) 0.89 (3H, tJ 7.3, CHCHg), 1.78-2.12 (2H, m, C¥CHj3), 3.39 (1H,
t,J 7.6, CHCOOH), 3.67 (3H, s, OGH 7.25-7.32 (5H, m, Ar-H).

2-Phenylbutyramide 118 NMR data in agreement with literature vaftisd,
(200MHz: CDC}) 0.88 (3H, t,J 7.4, CHCHs), 1.80 (1H, m, CbCHy), 2.20 (1H, m,
CH,CHj3), 3.28 (1H, dd,) 8.1 and 7.0, CH), 5.44 and 5.50 (each 1H, bN-#), 7.23-
7.37 (5H, m, Ar-H).

Preparation of ketoprofen intermediates:

Preparation of 4-chlorobenzophendri#8d
4-Chlorobenzoic acid28 (10 g, 63.9 mmol) was heated with thionyl chlor{@0 ml,

4.3 molar equivalents) under reflux for 2 hoursheTexcess thionyl chloride was

removed under vacuum and the thick residue wasedilwith benzene and evaporated
to dryness to remove traces of thionyl chloridéne Tesidue was dissolved in benzene
(50ml) and slowly added (over 10 min) to a colce{math, care was taken not to let

benzene freeze) suspension of aluminum trichlgiide5 g, 1.35 molar equivalents) in
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benzene (50ml). The mixture was allowed to warmotam temperature whereafter it
was heated to reflux. Gas evolution started a®Gaihd ceased after 30 minutes of
reflux. The mixture was allowed to cool and wasinea onto crushed ice (200g) and
hydrochloric acid (32%, 30ml). The greasy suspmmsvas diluted with diethyl ether
(100ml). The aqueous layer was washed with dietthyér (%100ml). The combined
ether layers were washed once with 5% sodium hydeogolution and twice with
water. The ether layer was dried over anhydrougnesium sulphate and evaporated
to give 12.0g (87%) of an off-white solid.

4-Chlorobenzophenone 123dNMR data in agreement with literature vaftiéy
(200MHz; CDC¥) 7.38-7.84 (9H, m, AH); 6c (50 MHz; CDC}) 128.3, 128.6, 129.9,
131.2, 132.5, 136.0, 137.3, 138.9, 195.1; mp & {#it. 75°C**9.

Diethyl 2-(4-benzoylphenyl)malonai®4c

124c was prepared from both 4-bromobenzophenon&23dq and 4-
chlorobenzophenonel?23d) following to the general malonate palladium cgged
arylation procedure (see earlier). Pd(OGAd mol%) and 2-(dtert-butylphosphino)-
biphenyl 66a 2 mol%) was used.

When 123c was used,124c was formed together with ethyert-butyl 2-(4-
benzoylphenyl)malonate 124d), ethyl 2-(4-benzoylphenyl)acetatg125b) and
benzophenonel@6). Silica gel flash chromatography afforde2icas a colourless oll
(46% vyield). 124d and 125b were not separated and accounted for 33% hu4d
being the major componeni.26was isolated in 30% vyield.

Diethyl 2-(4-benzoylphenyl)malonate 124dNMR data in agreement with literature
values’ &, (200MHz; CDC}) 1.28 (6H, tJ 7.2, CH), 4.24 (4H, m, OCh), 4.71 (1H,
s, CH), 7.46-7.83 (9H, m, Ar-H¥c (50MHz; CDCE) 14.0, 57.8, 62.2, 128.4, 129.4,
130.0, 130.4, 132.5, 137.0, 137.3, 137.5, 167.6,219
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Ethyl tert-butyl 2-(4-benzoylphenyl)malonate 124dd, (200MHz; CDC}) 1.28 (3H,
t,J7.2, CH), 1.47 (9H, st-Bu), 4.23 (2H, m, OC}J, 4.64 (1H, s, CH), 7.46-7.83 (9H,
m, Ar-H); Exact mass calculated forod8.00s (CooH2405-CoHa) [M]™: 340.1311.
Found: 340.1292.

Ethyl 2-(4-benzoylphenyl)acetate 1256*" &, (200MHz; CDC}) 1.28 (3H, tJ 7.2,
CHy), 3.72 (2H, s, CHAr), 4.22 (2H, qJ 7.2, OCH), 7.46-7.83 (9H, m, Ar-H); Exact

mass calculated forigH:¢03 [M]*: 268.1099. Found: 268.1114.

Preparation of 3-chlorobenzophendi#Sh

To a solution 3-chlorotoluent27 (21.49g, 0.17mol) in glacial acetic acid (100g)swa
added cobalt(ll) acetate (0.86g, 2mol%), mangatig¢sstetate (0.70g, 2mol%) and
48% hydrobromic acid (1.28g, 4mol%). The resultlrige solution was heated to
reflux and oxygen was bubbled through the soluéibsuch a rate that a condenser at
5°C was able to condense all the refluxing acetid.adihe reaction was followed by
GC and after 6.5 hours of oxygen bubbling, 94% eth®rotoluene had been
converted. 3-Chlorobenzoic acit?@) was the major product (77%) with a number of
unidentified intermediates/by-products also formetdihe dark purple solution was
allowed to cool to room temperature upon which wlutystals formed. The crystals
were filtered off, washed with dilute acetic acindadried to afford 15.4g (58%) off-
white solids {28 mp 154.8C, literature 158**). 'H and**C NMR spectral data

was in accordance with literature valtfés

3-Chlorobenzoic acid1@8, 10g, 63.9mmol) was heated with thionyl chloride 20
4.3 molar equivalents) under reflux for 2 hoursheTexcess thionyl chloride was
removed under vacuum and the thick residue wasedilwith benzene and evaporated
to dryness to remove traces of thionyl chloridéne Tesidue was dissolved in benzene
(50ml) and slowly added (over 10min) to a cold {izh, care was taken not to let
benzene freeze) suspension of aluminum trichlgdlde5g, 1.35 molar equivalents) in
benzene (50ml). The mixture was allowed to warnmotwm temperature whereafter it
was heated to reflux. Gas evolution started aPGeihd ceased after 30 minutes of
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reflux. The mixture was allowed to cool and wasingd onto crushed ice (200g) and
hydrochloric acid (32%, 30ml). The greasy suspmnsvas diluted with diethyl ether
(100ml). The aqueous layer was washed with diegthyér (%100ml). The combined
ether layers were washed once with 5% sodium hydeozolution and twice with
water. The ether layer was dried over anhydrougn@sium sulphate and evaporated
to give 13.5g (95%) of an off-white solid.

3-Chlorobenzophenone 1236*: &, (200MHz; CDC}) 7.38-7.84 (9H, m, Ar-H)dc
(50 MHz; CDC}§) 128.2, 128.4, 129.6, 129.7, 130.0, 132.2, 13134,5, 137.0, 139.2,
195.2; mp 83.%C (Lit. 82-83C**>49,

Diethyl 2-(3-benzoylphenyl)malonaf®4a

124a/bwere prepared frorhi23bin 86% yield whilel25awas formed in 4% anii26
in 5% (as determined BY4-NMR spectrometry).

Diethyl 2-(3-benzoylphenyl)malonate 124&** &, (200MHz; CDC}) 1.26 (6H, t,J
7.2, CH), 4.23 (4H, qJ 7.2, OCH), 4.72 (1H, s, CH), 7.42-7.83 (9H, m, Ar-H).

Ethyl t-butyl 2-(3-benzoylphenyl)malonate 124bdy (200MHz; CDC}) 1.26 (3H, t,

J 7.2, CH), 1.48 (9H, st-Bu), 4.23 (2H, g, 7.2, OCH), 4.61 (1H, s, CH), 7.42-7.83
(9H, m, Ar-H); vma{neat)/cnt 1741 (ketone C=0), 1665 (ester C=0), 1284
(CHCOR), 1180 and 1151 (C-O); HRMS (EIl): Exact mass walted for GoH200s
(C22H2405-CoHa) [M] *: 340.1311. Found: 340.1274.

Ethyl 2-(3-benzoylphenyl)acetate 1258 &, (200MHz; CDC}) 1.26 (3H, tJ 7.2,
CHs), 3.71 (2H, s, CBAr), 4.23 (2H, q,J 7.2, OCH), 7.42-7.83 (9H, m, Ar-H);
HRMS (EI): Exact mass calculated for81¢03 [M]*: 268.1099. Found: 268.1095.
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50Mmol arylation reaction of 3-chlorobenzophenonel23b) to prepare diethyl 2-
(3-benzoylphenyl)malonate (124a):

To a 250ml round bottomed flask was charged 6.B8gh(ol, 1.3 molar equivalents)
sodium tert-butoxide and toluene (50ml, distilled from sodiberizophenone). A
solution of diethyl malonate (9.6g, 60 mmol) inuehe (50ml) was added under a
nitrogen atmosphere. This addition was exotheramd a thick waxy slurry was
formed. Naphthalene (0.128g) in toluene (20ml) veakled as an internal GC
standard. The catalyst solution, prepared by tisgp Pd(OAc) (22.4mg, 0.1mol%)
and 2-(ditert-butylphosphino)-biphenyb6a (59mg, 0.2 mol%) in 50ml hot (~80)
toluene, was added. 3-Chlorobenzophenobh23l§ 10.8g, 50mmol) was added
together with a further 20ml toluene. This reattixture was heated to reflux under

nitrogen for 3 hours.

The progress of the reaction was followed by GGbtam the disappearance of diethyl
malonate compared to the internal standard. Afterhour at reflux temperature 50%
of the malonate had been converted and after 1 thisiwvas 83%. Very little change
was observed during the second hour. The disappearof 3-chlorobenzophenone
was also measured with 38% of the 3-chlorobenzapieibeing converted in the first
0.5 hour, of which 7.5% was by reduction to benzvmme. After 1 hour 88% was
converted (9.9% by reduction) and after 2 hoursstieting material was virtually all

converted. After 3 hours the mixture was cooledrdom temperature and water
(100ml) and diethyl ether (100ml) was added. Theeaus layer was acidified by

addition of dilute hydrochloric acid and the layemsre separated.

The organic layer was dried over anhydrous magnesulphate and evaporated to
dryness to give 17.1g of thick syrupH-NMR spectroscopy revealed a 91:9 mixture
of 124aand diethyl malonate, contaminated with small am®wfl124band126. The
crude reaction mixture was purified by flash chrémgeaphy using 20% ethyl acetate
in hexane to afford24ain >95% purity (13.6g, 80% vyield).
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Preparation of 2-(4-benzoylphenyl)propionic atk9

Diethyl 2-(4-benzoylphenyl)malonat&24c (0.5g, 1.5 mmol) was dissolved in 3ml
toluene and NaBu (0.21g, 2.2 mmol, 1.5eq) was added which caasedrange to
red colour. The mixture was heated td@dollowed by the addition of dimethyl
sulfate (0.28g, 2.2 mmol, 1.5eq). After heating thixture at 98C for 15min the
orange colour disappeared and became light yellowCrude diethyl 2-(4-
benzoylphenyl)-2-methylmalonafi?9 was isolated after addition of water, extraction
into diethyl ether and evaporation of the solvefihe unpurified product was used as
is in the next reaction.

Diethyl 2-(4-benzoylphenyl)-2-methylmalonate 12%, (200MHz; CDC}) 1.28 (6H,
t,J 7.5, CH), 1.93 (3H, s, Ch), 4.26 (4H, tJ 7.5, OCH), 7.42-7.85 (9H, m, Ar-H);
¥C NMR (50 MHz, CDC}) 14.1, 22.8, 59.1, 61.9, 127.8, 128.4, 129.1,9,3132.2,
136.7, 137.7, 142.6, 171.0, 196.4; HRMS (El): Exaetss calculated for %H,.,0s
[M]*: 354.1467. Found: 354.1486.

Crude diethyl 2-(4-benzoylphenyl)-2-methylmalonft@9, ~1.5mmol) was dissolved
in ethanol (4ml) and dilute NaOH (4ml, 80mg, 2 mjnobs added. After 10min of
heating at 68C the hydrolysis was deemed complete (by tic). Floev addition of
dilute hydrochloric acid (10%) initiated gas evadut (final pH was 3). The resulting
mixture was concentrated under reduced pressurerefttove ethanol) and was
extracted with chloroform. Crude 2-(4-benzoylphHgmppionic acid {30) was
isolated as a light yellow oil (0.34g, 91% ovefatim 124b).
2-(4-Benzoylphenyl)propionic acid130 oy (200MHz; CDC$) 1.59 (3H, d,J 7.4,
CHs), 3.88 (1H, gJ 7.4, CH), 7.45-7.86 (9H, m, Ar-H}*C NMR (50 MHz, CDC})
18.2, 45.6, 127.8, 129.2, 129.8, 132.3, 132.8, 7,3637.7, 141.6, 179.7, 196.4;
Vmax{nujol)/cm' 2853 (COOH), 1696 (Ketone C=0), 1660 (Acid C=3)63 (Ar-C),
1274 and 1186 (C-C=0), 698 (ArGH HRMS (EI): Exact mass calculated for
C16H1403 [M] *: 254.0943. Found: 254.0931; mp 9809
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Preparation of 3,3-dimethyl-1-phenyl-butan-2-obhenzyltert-butyl ketone 134) by

Pd(OAc) catalysed arylation of pinacolon&3():

A screw capped pyrex tube (50ml) was charged watthiusn tert-butoxide (0.63g,
6.5mmol), dry toluene (10ml, distilled from sodiyrp)nacolonel31 (0.6g, 6.0mmol),
and bromobenzene (0.79g, 5 mmol). Pd(QA@R.4mg, 0.1mmol, 2mol%) and 2-
methoxynaphthalene (40mg, internal standard fora@&lysis) was added and the tube
was flushed with nitrogen. The mixture was heatedl10°C in a Robosynthon
multireactor for 15 hours. The reaction was coaed quenched by the addition of
water and dilute hydrochloric acid and was dilutesihg diethyl ether. The organic
layer was dried over anhydrous magnesium sulfadeegaporated to a light-yellow oil
(0.99). The crude product was purified by flastunm chromatography (10% ethyl
acetate in hexane) to yielt34 as a pale yellow 0i(0.64g, 73%) and.35 as white
crystals(0.17g, 13%).

3,3-Dimethyl-1-phenyl-butan-2-one / benzykert-butyl ketone 134 NMR data in
agreement with literature valifé53, (200MHz; CDC}) 1.27 (9H, st-Bu), 3.86 (2H,
s, CHPh), 7.20-7.36 (5H, m, Ph-H).

3,3-Dimethyl-1,1-diphenyl-butan-2-one / diphenylmdtyl tert-butyl ketone 135
NMR data in agreement with literature valtfés, (200MHz; CDC}) 1.23 (9H, s}-
Bu), 5.65 (1H, s, CHR}, 7.20-7.36 (10H, m, Ph-H); mp 129C7(Lit. 123-126C 249).

Baeyer-Villiger oxidation of benzyltert-butyl ketone 134:

Benzyltert-butyl ketone 134) (1.7g, 10mmol) was dissolved in of chloroform (50ml
3-Chloroperoxybenzoic acid (3.5g, ~50%, 10mmol) added and the mixture heated
to reflux using a Dean Stark apparatus (designedefimurn of solvents heavier than
water) to collect water. Conversion 84 was determined by GC analysis to be
~10%. More 3-chloroperoxybenzoic acid (2g, ~6mmadsvadded and heating was
continued for 16 hours. Conversion 184 was 40% with the formation dért-butyl
phenylacetate 1836) and benzyl 2,2-dimethylpropionat&3() in a 7:1 ratio. The
reaction mixture was isolated by washing with satot agueous sodium hydrogen
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carbonate and evaporation of the solvent. Theecpudduct was determined to consist
of 60%134, 35%136and 5%137 by 'H- NMR spectroscopy.

tert-Butyl phenylacetate 136 NMR data in agreement with literature vaffedy
(200MHz; CDC}) 1.48 (9H, st-Bu), 3.56 (2H, s, CkPh), 7.27-7.39 (5H, m, Ph-H);
0c (50 MHz; CDC§) 28.2, 43.1, 81.4, 127.5, 128.6, 129.7, 135.2,4.71

Benzyl 2,2-dimethylpropionate 137 NMR data in agreement with literature vaRki8s

& (200MHz: CDCh) 1.29 (9H, st-Bu), 5.14 (2H, s, OCHPh), 7.20-7.39 (5H, m, Ph-
H); 8c (50MHz; CDC}) 27.2, 38.8, 66.0, 127.6, 1282} 136.4, 178.2.

6.3 Procedures Relating to Chapter 4

Palladium catalysed arylation of diethyl malonate ¢ prepare diethyl (5-indolyl)-
malonate (162a) and diethyl 2-]J-t-butylcarboxy)-5-indolylJmalonate (162b):

Diethyl (5-indolyl)-malonaté 62a
Into a screw capped pyrex tube (50ml) was weighgBQK (2.44g, 11.5 mmol),

diethyl malonate (0.96g, 6 mmol) adél1la(0.92g, 5 mmol) as well as toluene (6ml,
distilled from sodium). Pd(OAg)11.2mmg, 0.05 mmol, 1mol%) aséa (30mg, 0.1
mmol, 2mol%) and an accurately weighed amount ofeZhoxynaphthalene (internal
standard) were dissolved in toluene (3ml), heate®fminutes at ~6C and added to
the reaction mixture. The tube was flushed wittnogien and sealed and heated at
110°C in a Robosynthon multireactor for 15 hours. &hsount of aryl halide, diethyl
malonate and arylation product present was detexniny GC analysis based on
internal standard calculation. Isolation was ddryeaddition of water and dilute
hydrochloric acid to acidify the mixture followed lextraction into ethyl acetate. The
organic layer was dried over anhydrous Mg®@d evaporated under reduced pressure
to give 1.28g of a mixture brown oil and solidsheTcrude product was determined to
contain162a(200mg), diethyl malonate (500mg) and indole (20mhgdugh analysis
by GC (internal standard calculations) aRdNMR spectroscopy.
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Diethyl 2-(5-indolyl)malonate 162a &y (200MHz; CDC§) 1.27 (6H, t,J 7.0, CH),
4.22 (4H, m, OCH), 4.74 (1H, s, CH), 6.54 (1H, m, Ar-H), 7.01 (1, Ar-H), 7.21
(1H, m, Ar-H), 7.41 (1H, m, Ar-H), 7.61 (1H, m, At), 8.30 (1H, br, N-H)dc (50
MHz; CDCk) 14.3, 58.1, 61.9, 104.5, 115.5, 120.1, 123.4,7,2626.7, 127.5, 135.1,
168.7; HRMS (El): Exact mass calculated forskG;OsN [M]™: 265.1158. Found:
265.1154.

Preparation oN-t-butylcarboxy-5-bromoindolé61b

To a solution of 5-bromoindolé6la (1.96g 10mmol) and dHbutyl pyrocarbonate
(2.6g, 12mmol) in dichloromethane (50ml) was adtiegthylamine (1.2g, 12mmol)
and was stirred at room temperature for 1 hour.ef\the reaction was complete by tlc
(20% ethyl acetate in hexane) the reaction mixtume treated with water (50ml) and
acidified using dilute hydrochloric acid. The ongalayer was washed with water
(50ml) and evaporated to dryness to yield 3.0g dir@avn oil which solidified on
standing which was used further without purificatio

N-t-butylcarboxy-5-bromoindole 161b &y (200MHz; CDC§) 1.71 (9H, s,t-Bu),
6.521 (1H, dJ 3.6, Ar-H), 7.40 (1H, ddJ) 8.8 and 1.6, Ar-H), 7.59 (1H, d,3.6, Ar-
H), 7.69 (1H, dJ 1.6, Ar-H), 8.03 (1H, dJ 8.8, Ar-H); éc (50 MHz; CDC}) 28.4,
84.3, 106.7, 116.2, 116.8, 123.7, 127.2, 132.5,2,3#9.6; Exact mass calculated for
C13H140.NBr [M]*: 295.0208. Found: 295.0207; mp 5%&6

Diethyl 2-[(N-t-butylcarboxy)-5-indolyllmalonat&62hb:

162b was prepared using the same reaction conditiondeasribed above by using
161b (1.5g, 5 mmol). The crude product was a lightwaraoil which solidified on
standing and was determined to conteé2b (1.31g), diethyl malonate (280mg) and 5-
bromoindole161a (330mg) through analysis by GC (internal standaltutations)
and'H-NMR spectroscopy.

Diethyl 2-[(N-t-butylcarboxy)-5-indolyljmalonate 162k &y (200MHz; CDC}) 1.27
(6H, t,J 7.0, CH), 1.68 (9H, st-Bu), 4.22 (4H, m, OC}), 4.71 (1H, s, CH), 6.56 (1H,
m, Ar-H), 7.36 (1H, m, Ar-H), 7.61 (1H, m, Ar-H),&2 (1H, m, Ar-H), 8.13 (1H, d]
8.6, Ar-H); &c (50 MHz; CDC}) 14.3, 28.4, 58.1, 61.9, 84.0, 107.5, 115.5, 122.0
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125.5, 126.7, 127.5, 131.0, 135.1, 149.8, 1687 (nujol)/cm® 1746 and 1720
(C=0), 1340 (IndoleC-NH-C), 1255 (CHGEY), 1163, 1082 and 1034 (C-0O), 765 (Ar-
CH); HRMS (El): Exact mass calculated forg8,5s0.N [M]": 365.1682. Found:
375.1680; mp 76-7€.

Preparation of methyl-2-[(methylamino)sulfonyl]aaetl57a

To a solution of methylthioglycolat&64 (10g, 94mmol) in dichloromethane (57ml)
was added ice (34.6g). Chlorine gas (380mmol gededrby slow addition of 32%
hydrochloric acid to potassium permangenate) waslglbubbled through the stirred
solution that was kept below 5°C by external caplinThe chlorine bubbling was
continued for 2 hours until the solution had a stest yellow/green colour. The
agueous layer was removed and the organic layeipwagd with nitrogen to remove
dissolved chlorine. The organic layer was drie@ro&nhydrous magnesium sulfate
and the solvent removed under reduced pressure i@ gnethyl 2-
(chlorosulfonyl)acetatel@5) as an oily, yellow liquid (13.99, 80% yield), NMiata is
agreement with literature valué$

To a solution of methyl 2-(chlorosulfonyl)acetat#65 (2,49, 14mmol), in
tetrahydrofuran (15ml) at 5°C was added, a solutomethylamine in tetrahydrofuran
(14ml of a 2M solution) over 30 min maintaining tieenperature between 5 and 10°C.
The resulting white suspension was stirred for 30m@i room temperature before
addition of water (25ml) and ethyl acetate (25nThe aqueous layer was washed with
ethyl acetate and the combined organic layers dned anhydrous magnesium sulfate
and evaporated to give methyl 2-[(methylamino)swffacetate 1578 as an orange
oily liquid (1.2g, 51% yield).

Methyl 2-[(methylamino)sulfonyl]acetate 157a 'H-NMR data in agreement with
literature valueS° &, (200MHz; CDC}) 2.87 (3H, s, N-Ch), 3.81 (3H, s, OCH}, 4.01
(2H, s, CH), 4.68 (1H, br, NH).
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Preparation of methyl 2-[(benzylmethylamino)sulfjagetatel 57k
A solution of methyl 2-(chlorosulfonyl)acetat€5 (2,19, 12mmol) in THF (10ml) was

cooled in an ice-bath. A solution of benzylmetinylae (2.95g, 24mmol) in THF was
added over 20min maintaining the temperature bdl@¥C. The mixture was stirred at
room temperature for 30min. Brine and ether welded and the organic layer dried
over anhydrous magnesium sulfate and evaporat2d ¢pof a yellow oil. The product
was contaminated with benzylmethylamine that wasoreed by leaving under strong
vacuum. The product was a yellow syrup (2.35¢g, ¥&8H).

Methyl 2-[(benzylmethylamino)sulfonyl]acetate 157b*H-NMR data in agreement
with literature valueS* &, (200MHz; CDC}) 2.87 (3H, s, N-Ch), 3.83 (3H, s,
OCH), 4.03 (2H, s, Ch), 4.40 (2H, s, CkPh), 7.32-7.43 (5H, m, Ar-H).

Preparation of 2-[(Benzylmethylamino)sulfonyl]lagatale 150afrom 157h;

To a solution of methyl 2-[(benzylmethylamino)sulfdlacetate 157b, 10.0g,
39mmol) in THF (10ml) was added aqueous ammoniatisol (25%m/V, 30ml) at
ambient temperature. After stirring for 18 hourswhite solid had precipitated.
Concentration of reaction mixture under reducedsuree led to precipitation of more
white solids. The solids were filtered off andedriunder vacuum (7.0g) and was used

without further purification in the next step.

To a cold (8C) solution of DMF (1.7ml) in THF (35ml) was add#donyl chloride
(2.5g, 1.5ml, 20.7mmol). A solution of the abowedquct (5g, 20.6mmol) in THF
(20ml) was added and the mixture heated to refd®Q) for 30min. Analysis by tlc
still showed the presence of starting material. révibionyl chloride (0.5g) was added
and the mixture was stirred overnight at ambiemhperature. Analysis by tlc
confirmed the absence of starting material. Pgad{3.1g, 39.5mmol) was added
followed by water (50ml). The mixture was extracteth ethyl acetate ¢0ml) and
the combined organic extracts were evaporated toilgrproduct which crystallized

upon cooling (5.3g, 61% vyield).
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2-[(Benzylmethylamino)sulfonyl]acetonitrile 150a oy (200MHz; CDC}) 2.99 (3H,
s, N-CHy), 3.97 (2H, s, Ch), 4.54 (2H, s, CkPh), 7.36-7.44 (5H, m, Ar-H)¢ (50
MHz; CDCk) 35.6, 39.9, 55.1, 111.6, 128.2, 128.7, 129.6,. &:3dma{nujol)/cmi’
2266 (G=N), 1340 (SGN), 1152 (CHSO,), 982 and 916 (CNB,S), 789, 750, 728
and 702 (Ar-CH); HRMS (EI): Exact mass calculated for;g8:,0,N>S [M]™:
224.0620. Found: 224.0606; mp 73¢4

General procedure for the palladium catalysed aryldon reaction of 2-

[(benzylmethylamino)sulfonyl]acetonitrile (150a):

A screw capped pyrex tube (50ml) was charged vothitsn tert-butoxide (0.34g, 3.5
mmol), aryl halide (2.0mmolY50a(0.54g, 2.4 mmol) and dry toluene (10ml, distilled
from sodium). The tube was flushed with nitrogen @ warmed suspension (60°C,
1min) of Pd(OAc) (36mg, 0.16mmol, 8mol%) and triphenylphosphine O¢hg,
0.46mmol, 23mol%) and an accurately weighed amain2-methoxynaphthalene
(internal standard) and toluene (3ml) was addedhe fube was again flushed with
nitrogen and sealed. The mixture was heated t6CQLi®a Robosynthon multireactor
for 15-20 hours. Conversion of starting materiafgl formation of products were
measured based on internal standard calculatidhg reaction was quenched by the
addition of water and was diluted using ethyl aieetd he ethyl acetate layer was dried
over anhydrous magnesium sulfate and evaporateet weduced pressure to afford the
crude product. The crude product was purified gigiolumn chromatography (10-
20% ethyl acetate, 80-90% hexane).

1-Cyano-1-phenyN-benzylN-methyl-methanesulfonamidé€l51a) was prepared in
65% yield from iodobenzene, in 42% isolated yiethf bromobenzene and in 81% by
from bromobenzene using Pd(OA¢)PBus. When using KPO, (1.0g, 4.7 mmol, 2.3
egiuvalents), the addition of DMA (1ml) was reqdirend yieldedl51ain 41% from

iodobenzene.
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1-Cyano-1-phenytN-benzylN-methyl-methanesulfonamide 151a (Found: M,

224, GeH16SON, requires 224)3y (200MHz; CDC}) 2.79 (3H, s, N-Ch), 4.28 (2H,
s, CHPh), 5.14 (1H, s, CH), 7.31-7.44 (5H, m, Ar-H),&2.53 (2H, m, Ar-H), 7.54-
7.63 (3H, m, Ar-H);dc (50 MHz; CDC}) 35.9, 55.3, 59.0, 114.1, 1282 128.7,
128.9, 129.4, 129.6, 130.5, 134\8;a(nujol)/cm® 2312 (G&N), 1353 (SGN), 1151
(CH,S0O,), 982 and 916 (CNBPh), 781, 734 and 712 (Ar-Gj HRMS (EI): Exact
mass calculated forsgH160-N>S [M]*: 300.0933. Found: 300.0934.

Preparation oN-benzyl-5-bromoindold 61c
To a solution of 5-bromoindolé6la (1.96g 10mmol) in THF (20ml) was added
sodium hydride (0.44g of a 60% dispersion in mihera 11mmol). After evolution

of hydrogen ceased, benzyl bromide (1.83g, 11mmodlHF (10ml) was added drop-
wise. After stirring at room temperature for 1 hamalysis by GC showed product
and un-reacted starting materials. Sodium hyd(@dg) was added and stirred
another 30min. GC analysis showed only 2% of Svimiodole. The mixture was
guenched by addition of water and diluted hydroctlacid to make the suspension
slightly acidic. The mixture was extracted witlmydtacetate. The ethyl acetate layer
was washed with water and dried over anhydrous ssgm sulfate. 2.5g of an
orange coloured oil was recovered after removabddtiles. The product solidified on
standing. GC showed impurities totaling 17%. Ppheduct was purified by column
chromatography (33% ethyl acetate, 66% hexanelvlgplcas a yellow solid (2.1g,
73% yield).

N-benzyl-5-bromoindole 161c NMR data in agreement with literature valfréss,
(200MHz; CDC}) 5.33 (2H, s, CkPh), 6.54 (1H, m, Ar-H), 7.08-7.20 (5H, m, Ar-H),
7.26-7.39 (3H, m, Ar-H), 7.82 (1H, m, Ar-H) (50 MHz; CDC}) 50.5, 101.5, 111.4,
122.1, 123.7, 124.7, 126.9, 128.0, 128.6, 128.8,01229.6, 137.2.

2-(N-benzyl-5-indolyl)-2-[(benzylmethylamino)sulfonyljatonitrile (51  was
prepared from 161c (0.57g, 2.0 mmol) and 2-[(benzylmethylamino)sulfipny
acetonitrile(1509 by following the above general procedure for paillaed catalysed

arylation of150a
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2-(N-benzyl-5-indolyl)-2-[(benzylmethylamino)sulfonyl]acetonitrile / 1-(N-benzyl-
5-indolyl)-1-cyano-N-benzyl-N-methyl-methanesulfonamide 151b &y (200MHz;
CDCl) 2.73 (3H, s, N-Ch), 4.22 (2H, s, CkPh), 5.23 (1H, s, CH), 5.38 (1H, s,
CH,Ph), 6.65 (1H, m, Ar-H), 7.08-7.14 (3H, m, Ar-H)23-7.43 (10H, m, Ar-H), 7.86
(1H, s, Ar-H).

General procedure for the preparation of methanesdbnamides (154):

To ice cold solution of methanesulfonylchlorideOf@l, 5.7g, 50mmol) in THF (15ml)
was added the appropriate secondary amine (105mmolJHF (20ml). The
temperature was maintained below 10°C during thiitiad. Due to the formation of
a thick white suspension, more THF (20ml) had toadded. The suspension was
allowed to warm to room temperature and stirredréghér 30min. The reaction was
diluted with diethyl ether and brine was added.e Bhine layer was washed with ether
and the combined organics dried over anhydrous esagm sulfate and evaporated to
dryness. In most cases the crude product so @ataims pure enough (as judged by

GC analysis antH-NMR spectroscopy) to be used without further fication.

N-methyl methanesulfonamide 154a NMR data in agreement with literature
value$>® 3, (200MHz; CDC}) 2.74 (3H, s, Ch), 2.88 (3H, s, CkN), 5.70 (1H, broad
S, NH); d¢ (50 MHz; CDC}) 29.5, 38.7.

N,N-dimethyl methanesulfonamide 154b NMR data in agreement with literature
value$>* &, (200MHz; CDC}) 2.72 (3H, s, Ch), 2.82 (6H, s, CEN); mp 48-49C (Lit
49-50C>%).

N-benzyl-N-methyl methanesulfonamide 154c NMR data in agreement with
literature values® &, (200MHz; CDC}) 2.77 (3H, s, Ch), 2.83 (3H, s, N-Ch), 4.31
(2H, s, CHPh), 7.32-7.38 (5H, m, Ar-H}c (50 MHz; CDC}) 34.5, 36.3, 54.2, 128.3,
128.6, 129.0, 130.3.
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1-methanesulfonyl-pyrrolidine 154d NMR data in agreement with literature values
2575, (200MHz; CDCH) 1.94 (4H, m, Ch), 2.82 (3H, s, Ch), 3.33 (4H, m, CkN); 8¢
(50 MHz; CDC}) 25.9, 34.7, 48.1; mp 62-83 (Lit. 68-68.5C*8.

N,N-diisopropyl methanesulfonamide 154eNMR data in agreement with literature
value$® 5, (200MHz; CDC}) 1.37 (12H, d)) 6.8, CH;), 2.87 (3H, s, CH), 3.78 (2H,
sept,J 6.8, CH):;3¢ (50 MHz; CDC}) 22.1, 42.3, 48.6; mp 66-82 (Lit.*>° 72-73C).

4-methanesulfonyl-morpholine 154f NMR data in agreement with literature
value$® &, (200MHz; CDC}) 2.81 (3H, s, Ch), 3.23 (4H, m, ChiN), 3.80 (4H, m,
CH,0); 3¢ (50 MHz; CDC}) 34.1, 46.0, 66.4; mp 85-86 (Lit. 91-93C*9).

N-methyl-N-phenyl methanesulfonamide 154g NMR data in agreement with
literature value€* &, (200MHz; CDC4) 2.88 (3H, s, CH), 3.37 (3H, s, CkN), 7.26-
7.50 (5H, m, Ar-H):3¢ (50 MHz; CDC}) 35.3, 38.2, 126.3, 127.5, 129.4, 141.5; Exact
mass calculated forg8;;0,NS [M]*: 185.0511. Found: 185.0512; mp 73C4(Lit.
77-78C*%9)

General experimental experimental procedure for the palladium catalysed

arylation reaction of methanesulfonamides:

A screw capped pyrex tube (50ml) was charged waithiusn tert-butoxide (0.34g,

3.5mmol), aryl bromide (2.0mmol), methanesulfonan{@.2mmol) and dry toluene
(10ml, distilled from sodium). The tube was flugheith nitrogen and a warmed
suspension (60°C, 1min) of Pd(OAc)(36mg, 0.16mmol, 8mol%) and
triphenylphosphine (120mg, 0.46mmol, 23mol%) andaacurately weighed amount
of 2-methoxynaphthalene (internal standard) andeto¢ (3ml) was added. The tube
was again flushed with nitrogen and sealed. Thdure was heated to 110°C in a
Robosynthon multireactor for 20 hours. Conversioh starting materials and

formation of products were measured based on iatestandard calculations. The

reaction was quenched by the addition of water \aad diluted using ethyl acetate.
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The ethyl acetate layer was dried over anhydrougnesium sulfate and evaporated
under reduced pressure to afford the crude prodiibe crude product was purified

using column chromatography (10-20% ethyl ace&1e90% hexane).

N-benzylN-methyl phenylmethanesulfonamid&56g was prepared in the reaction
betweenN-benzylN-methyl methanesulfonamidél549 and bromobenzene. The
crude product was isolated as a yellow oil (0.644).pure fraction ofl55a (0.33g,
59%) was recovered after flash column chromatograf@®% ethyl acetate, 80%
hexane).155awas also prepared in 28% yield by usinBu3 as ligand.
N-benzyl-N-methyl phenylmethanesulfonamide 1558°% & (200MHz; CDC}) 2.64
(3H, s, N-CH), 4.09 (2H, s, CkPh), 4.32 (2H, s, NC#Ph), 7.26-7.53 (10H, m, Ar-H).

155b was prepared in the reaction betwédienzylN-methyl methanesulfonamide
(1549 and N-benzyl-5-bromoindole 1619. The crude product was isolated as a
brown oil (1.17g). A pure fraction df55b (0.31g, 38%) was recovered after flash
column chromatography (20% ethyl acetate, 80% hexaB5b was also prepared in
15% vyield by using BBus as ligand.

N-benzyl-N-methyl (5-N-benzylindole)methanesulfonamide 155b &y (200MHz;
CDCl) 2.61 (3H, s, N-Ch), 4.06 (2H, s, CkPh), 4.43 (2H, s, NC§Ph), 5.37 (2H, s,
(indole)NCHPh), 6.58 (1H, dJ 2.8, Ar-H), 7.08-7.15 (2H, m, Ar-H), 7.17-7.22 (2H
m, Ar-H), 7.23-7.37 (9H, m, Ar-H), 7.64 (1H, s, A); dc (50 MHz; CDC}) 34.9,
50.5, 54.4, 58.1, 102.2, 110.2, 120.1, 123.6, 12126.9, 128.0, 128.5, 128.7, 129.0,
129.4, 130.4, 136.4, 137.4, 138.8;a(nujol)/cm® 1705 (S=0), 1595 and 1327
(SON), 1149 (CHSQO,), 719 (Ar-CH). HRMS (EI): Exact mass calculated for
C24H240,N,S [M]": 404.1558. Found: 404.1549.

155cwas prepared in the reaction between 1-methamesidpyrrolidine (154d) and
N-benzyl-5-bromoindole(1619. The crude product was isolated as a brown oil
(0.859). A fraction was collected which contairiégdld and155cwas recovered after
flash column chromatography (20% ethyl acetate, 8@Xane) as well as a fraction

containingN-benzylindole 170).
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(5-N-benzylindole)-methanesulfonyl-pyrrolidine 155¢ via{neat)/cm' 2871 (Ar-H),
1715 and 1606 (S=0), 1494, 1455 and 1328,k801151 (CHSQO,), 959 (CHS),
778, and 729 (Ar-Ch); HRMS (El): Exact mass calculated fopg82,0,N.S [M]™:
354.1402. Found: 354.1414.

1-Phenylmethanesulfonyl-pyrrolidine 155d¢ NMR data in agreement with literature
value$®” 3y (200MHz; CDC}) 1.69 (4H, m, Ch)), 3.04 (4H, m, CbN), 4.12 (2H, s,
CH,Ph), 7.14-7.31 (5H, m, Ar-Hpc (50 MHz; CDC}) 26.0, 48.3, 56.6, 128.7, 128.8,
129.6, 130.8; mp 92°8 (Lit. 93-94C>%%).

Diphenylmethanesulfonyl-pyrrolidine 155dd &y (200MHz; CDC}§) 1.72 (4H, m,
CH,), 3.13 (4H, m, CkN), 5.25 (1H, s, CHP}, 7.33-7.46 (6H, m, Ar-H), 7.64-7.72
(4H, m, Ar-H); &c (50 MHz; CDC}) 25.7, 48.3, 71.9, 128.3, 128.6, 129.5, 134.7; mp
166-168C (Lit. 175-177C%4).

N,N-diisopropyl phenylmethanesulfonamide 155ed, (200MHz; CDC}) 1.23 (12H,
d,J 6.8, CH), 3.68 (2H, sept) 6.8, CH), 4.19 (2H, s, Cih), 7.31-7.47 (5H, m, Ar-
H); &c (50 MHz; CDC}) 22.6, 49.1, 61.2, 128.6, 128.7, 128.8, 13¢f(neat)/cnt
2932 (Ar-H), 1728 (S=0), 1494 and 1329 (8 1122 (CHSG,), 976 (CHS), 702
(Ar-CH,). HRMS (EI): Exact mass calculated fors8,:0,NS [M]": 255.1293. Found:
255.1294.

N,N-diisopropyl diphenylmethanesulfonamide 155eedy (200MHz; CDC§) 1.11
(12H, d,J 6.8, CH), 3.59 (2H, sept) 6.8 ,CH), 5.22 (1H, s, CHPh 7.28-7.42 (6H,
m, Ar-H), 7.62-7.73 (4H, m, Ar-H)dc (50 MHz; CDC}) 22.8, 49.9, 76.8, 128.5,
128.9, 130.0, 135.5.

4-phenylmethanesulfonyl-morpholine 155f NMR data in agreement with literature
value$® &, (200MHz; CDC}) 3.12 (4H, m, ChN), 3.63 (4H, m, ChD), 4.25 (2H, s,
CH,Ph), 7.33-7.51 (5H, m, Ar-Hpc (50 MHz; CDC}) 46.3, 57.0, 66.9, 128.9, 129.0,
130.9; mp 170X (Lit. 174-176C%%.
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N-morpholine diphenylmethanesulfonamide 155fféy (200MHz; CDC}) 3.04 (4H,

m, CHN), 3.54 (4H, m, ChKD), 5.32 (1H, s, CHR), 7.37-7.44 (6H, m, Ar-H), 7.64-
7.75 (4H, m, Ar-H);5c (50 MHz; CDC}) 46.3, 57.0, 79.8, 128.9, 129.0, 130.4, 135.8.
Structure proposed based on downfield shifts in tHe and **C-NMR spectra
(compared td.551) for the CH adjacent to the sulfonamide group,amal not isolated
due to minor quantities produced.

N-methyl-N-phenyl-C-phenylmethanesulfonamide 155¢°* Exact mass calculated
for C14H1s0-NS [M]": 261.08235. Found: 261.08131.

N,N-diisopropyl (1-naphthyl)methanesulfonamide 155hdy (200MHz; CDC}) 1.32
(12H, d,J 6.8, CH), 3.74 (2H, sept) 6.8,CH), 4.68 (2H, s, C}Ar), 7.45-7.66 (4H, m,
Ar-H), 7.88 (2H, t,J 7.7, Ar-H), 8.20 (1H, dJ 8.4, Ar-H); 8 (50 MHz; CDC}) 22.7,
49.1, 58.4, 124.5, 125.4, 126.1, 126.8, 128.9,6,2880.6, 131.6, 132.5; Exact mass
calculated for &H»30,NS [M]*: 305.1450. Found: 305.1452.

N,N-diisopropy! di-(1-naphthyl)methanesulfonamide 155h: &y (200MHz; CDC})
1.11 (12H, dJ 6.8, CH), 3.68 (2H, sept) 6.8, CH), 7.19 (1H, s, CHAY, 7.45-7.66
(6H, m, Ar-H), 8.20 (4H, dJ 8.4, Ar-H), 8.36 (2H, dJ 8.6, Ar-H), 8.46 (2H, dJ 7.6,
Ar-H); &c (50 MHz; CDC}) 22.7, 50.0, 64.4, 122.7, 125.3, 125.6, 127.0,4,2829.0,
129.4, 131.0, 132.0, 134.1. Structure proposeddan downfield shifts in th#H and
13C-NMR spectra (compared ttb5Hh for the CH adjacent to the sulfonamide group,
material not isolated due to minor quantities pamil

N,N-diisopropyl (2-methylphenyl)methanesulfonamide 155 &y (200MHz; CDCH§)
1.34 (12H, dJ 7.0, CH), 2.49 (3H, s, Ch), 3.79 (2H, sept) 7.0, CH), 4.20 (2H, s,
CH,Ar), 7.18-7.28 (3H, m, Ar-H), 7.33-7.41 (1H, m, M) 3c (50 MHz; CDC}) 19.8,
22.4, 48.7, 58.4, 125.9, 128.0, 128.4, 130.6, 13138.0;Vma(nujol)/cm® 1461 and
1321 (SQN), 1121 (CHSO,), 980 (CHS), 782, 758 and 712 (Ar-GHExact mass
calculated for gH»30,NS [M]*: 269.1450. Found: 269.1431.
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N,N-diisopropyl di-(2-methylphenyl)methanesulfonamide 155ii; &y (200MHz;
CDCly) 1.14 (12H, dJ) 6.8, CH), 2.54 (6H, s, Ch), 3.69 (2H, sept) 6.8, CH), 5.86
(1H, s, CHAp), 7.13-7.26 (6H, m, Ar-H), 8.08 (2H, nAr-H); dc (50 MHz; CDC})
20.6, 22.6, 49.9, 67.0, 126.3, 128.1, 129.9, 13038.3, 137.1. Structure proposed
based on downfield shifts in tHel and**C-NMR spectra (compared t55i) for the
CH adjacent to the sulfonamide group, material isolated due to minor quantities

produced.

N,N-diisopropyl (4-methoxyphenyl)methanesulfonamide 1&: &y (200MHz;
CDCly) 1.23 (12H, d,J) 6.8, CH), 3.66 (2H, sept] 6.8, CH), 3.84 (3H, s, OGH 4.12
(2H, s, CHAY), 6.94 (2H, d,J 8.6, Ar-H), 7.35 (2H, d,) 8.6, Ar-H); &c (50 MHz;
CDCl3) 22.4, 48.8, 55.2, 60.3, 113.9, 121.7, 131.8, ZL5Bxact mass calculated for
C14H2303NS [M]*: 285. 1399. Found: 285.1410.

N,N-diisopropyl di-(4-methoxyphenyl)methanesulfonamide 155jj: &4 (200MHz;
CDCl) 1.12 (6H, dJ 6.8, CH), 1.14 (6H, dJ 6.8, CH), 3.63 (2H, sept, CH), 3.81
(6H, s, OCH), 5.19 (1H, s, CH), 6.90 (4H, d,8.6, Ar-H), 7.59 (4H, dJ 8.6, Ar-H);
oc (50 MHz; CDC}) 22.7, 48.8, 55.6, 72.9, 117.5, 129.1, 132.1, &59Structure
proposed based on downfield shifts in theand™*C-NMR spectra (compared 1&55j)
for the CH adjacent to the sulfonamide group, niaterot isolated due to minor

guantities produced.

N,N-dimethyl phenylmethanesulfonamide 155k NMR data in agreement with
literature value®® & (200MHz; CDCH) 2.72 (6H, s, CH), 4.26 (2H, s, Ch), 7.35-
7.46 (5H, m, Ar-H);dc (50 MHz; CDC}) 38.0, 56.2, 128.8, 128.9, 130.8, quaternary
carbon not detectedyma(nujol)/cm® 1741 (S=0), 1336 and 1187 (80, 1154
(CH,SQ,), 706 (Ar-CH); Exact mass calculated forgldisO.NS [M]": 199.0667.
Found: 199.0680; mp 94-85 (Lit 100-10£C?*).
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Ethanesulfonamides N-benzylN-methyl ethanesulfonamide 1759 and 1-
ethanesulfonyl-pyrrolidine 1(/5b) as well asa-toluenesulfonamide 165d) were
prepared using the general procedure for the paiparof methanesulfonamideBs¢)
(as described above).

175a was prepared from ethanesulfonyl chloride &kdhethylbenzylamine in 95%
yield.

N-benzyl-N-methyl ethanesulfonamide 175ady (200MHz; CDC}) 1.41 (3H, t,J
7.6, CHy), 2.80 (3H, s, CkN), 3.06 (2H, g, 7.6, CH), 4.39 (2H, s, CbPh), 7.30-7.44
(5H, m, Ar-H); 8¢ (50 MHz; CDC}) 8.3, 34.6, 45.2, 54.2, 128.2, 128.5, 128.9, 1.36.3
Vmaneat)/cnt 2942 (Ar-H), 1495 and 1328 (SK), 1150 (CHSQ,), 993 and 942
(CH,S), 778, 791 and 742 (Ar-GH Exact mass calculated for;@El1s0,NS [M]™:
213.0824. Found: 213.0830.

175bwas prepared from ethanesulfonyl chloride andgbgine in 98% vyield.
1-Ethanesulfonyl-pyrrolidine 175b2%": &, (200MHz; CDC}) 1.33 (3H, tJ 7.3, CH),
1.90 (4H, m, Ch)), 2.97 (2H, g, 7.3, CH), 3.33 (4H, m, CbN); 8¢ (50 MHz; CDC})
8.2, 26.1, 44.3, 48.0; Exact mass calculated fg:€D,NS [M]": 163.0667. Found:
163.0655.

Preparation oN-(2-bromophenylN-methylmethanesulfonamid&’9a

2-Bromoanilinel77 (3.4g, 20 mmol) in THF (10ml) was added dropwisatstirred
solution of methanesulfonyl chloride (1.15g, 10 nimoe THF (20ml). The resulting
solution was refluxed for 16 hours where after #swcooled and diluted with diethyl
ether (50ml) which resulted in the formation of hite precipitate. After filtration of
the precipitate the solvent was evaporatedacuo The residue was diluted using
diethyl ether (50ml) and hexane was added untilloaudy solution was formed.
Extraction with dilute hydrochloric acid (5%m/Vx30ml), drying over anhydrous
MgSO, and evaporation of the solvent afforded a yell@w10949178 78% yield).
N-(2-bromophenyl)methanesulfonamide 178NMR data in agreement with literature
values®®® &, (200MHz; CDC}) 2.94 (3H, s, Ch), 7.01 (1H, dtJ 7.8 and 1.6, Ar-H),
7.26 (1H, dtJ 7.8 and 1.6, Ar-H), 7.30 (1H, broad s, N-H), 7(%H, dd,J 7.8 and 1.6,
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Ar-H), 7.55 (1H, dd,J 7.8 and 1.6, Ar-H)pc (50 MHz; CDCE) 40.4, 116.7, 124.1,
127.1, 129.0, 133.2, 135 2;a(nujol)/cmi* 3298 (N-H), 1462 and 1325 (SK), 1277
(Ar-N), 1152 (CHSQOy), 979 (CH,S), 746 (Ar-CH); Exact mass calculated for
C;HsO,NSBr [M]*: 248.9459. Found: 248.9458; mp 77°C§Lit. 76-77C*9.

To a cold (-8C) solution 0f178 (1.5g, 6 mmol) in THF (10ml) was added NaH (60%
in mineral oil, 0.40g, 10 mmol). The mixture wdkwed to reach room temparature
where after it was cooled to %% Mel (1.7g, 12 mmol) in THF (5ml) was added and
the mixture was allowed to warm to room temperaturnalysis of the reaction
mixture by tic and GC revealed mairlly8 The reaction mixture was heated t8G0
for 1hour during which more Mel was added (1.4gnifol). After cooling to room
temperature the reaction mixture was treated wethgl ether and water. The organic
layer was washed with brine and then concentrateddtirown oil. The crude product
was treated with hot hexane (10ml, to remove mir@bato yield a brown oil (1.159)
which was recrystallised from ethyl acetate andahexto afford light yellow crystals,
N-(2-bromophenylN-methylmethanesulfonamid&79g 0.95g, 60% vyield).
N-(2-bromophenyl)N-methylmethanesulfonamide 179ady (200MHz; CDC}) 3.08
(3H, s, CH), 3.30 (3H, s, CBN), 7.25 (1H, dtJ 7.6 and 1.6, Ar-H), 7.39 (1H, d1,7.8
and 1.6, Ar-H), 7.52 (1H, dd, 7.8 and 1.6, Ar-H), 7.68 (1H, dd,7.8 and 1.6, Ar-H);
oc (50 MHz; CDCj) 38.1, 39.9, 123.8, 128.6, 130.0, 132.1, 133.89.7L3
Vmanujol)/cm® 1461 and 1339 (SM), 1149 (CHSO,), 1149 and 1027 (Ci$), 890,
773, 730 and 696 (Ar-Cit HRMS (EI): Exact mass calculated fogHGoO.NS [M]":
262.9616. Found: 262.9612; mp 6869

N-benzylN-(2-bromophenyl)methanesulfonamide7/9b) was prepared in 22% vyield
as a yellow oil following the above procedure  fromN-(2-
bromophenyl)methanesulfonamifle’8, 2.0g, 8 mmol) and benzyl bromide (2.0g, 12.7
mmol).

N-benzyl-N-(2-bromophenyl)methanesulfonamide 179bdy (200MHz; CDC}) 3.09
(3H, s, CH), 4.60 (1H, dJ 14.4, CHPh), 5.13 (1H, dJ 14.4, CHPh), 7.07-7.15 (1H,
m, Ar-H), 7.16-7.23 (2H, m, Ar-H), 7.29 (5H, s, M), 7.62-7.69 (1H, m, Ar-H)dc
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(50 MHz; CDC§) 41.4, 54.3, 124.1, 127.9, 128.0, 128.4, 129.9.0,3133.8, 134.3,
135.7, 137.1; mp 71-7¢

Preparation oN-[(2-bromobenzyl)-methyIN-methylmethanesulfonamide35:
A solution of 2-bromobenzyl bromid&&3 5g, 20 mmol) in THF (20ml) was added to

a solution of methylamine in ethanol (5ml of a 38%ethanol, ~40 mmol). After

stirring for 30min a white precipitate had formedil® analysis by GC revealed
incomplete conversion 0183 After addition of methylamine solution (1ml) and
stirring for 30min the reaction was complete. r&tibn of the precipitate followed by
partitioning the filtrate between ether and brimel @oncentration of the organic layer
afforded crudeN-methyl-(2-bromobenzyl)aminel4, 3.3g, 82% vyield). The crude
184 was dissolved in THF (20ml) and slowly added t@odd solution (~8C) of
methanesulfonyl chloride (1.0g, 8.7 mmol) in THBr{l). After stirring for 30min the
reaction mixture was filtered and evaporated tondsg. Partitioning between ether
and brine, drying and evaporation affordé&b as a yellow oil (2.1g, 87% yield).
N-[(2-bromobenzyl)-methyl]-N-methylmethanesulfonamide 185 &y (200MHz;
CDCl) 2.87 (3H, s, CH), 2.92 (3H, s, CBN), 4.48 (2H, s, NCBAr), 7.20 (1H, tJ 7.2,
Ar-H), 7.38 (1H, tJ 7.6, Ar-H), 7.52 (1H, dJ 7.2, Ar-H), 7.59 (1H, tJ 7.6, Ar-H); 3¢
(50 MHz; CDCk) 35.1, 36.5, 53.6, 123.7, 128.2, 129.6, 130.0,.1,3335.2;
Vma{neat)/cm 2922 and 2854 (Ar-H), 1455 and 1320 (8) 1141 (CHSO,), 1027,
1008 and 955 (C§5), 791 and 754 (Ar-Chl Exact mass calculated fogk,O.NSBr
[M]*: 276.9772. Found: 276.9756; mp 5&9

Preparation of 2,2’-dibromobipheny89 *°°
A solution of 1,2-dibromobenzene (11.8g, 50 mmolgliy THF (100ml) was cooled to

—8(PC. n-BuLi (25ml of a 1.0M solution in hexane) was adakdpwise by syringe
while maintaining the reaction mixture temperatbedow —66C. The stirred reaction
mixture was allowed to warm up té® upon which dilute hydrochloric acid (20ml,
5% m/V) was added carefully. The aqueous layer washed with diethyl ether

(3x20ml) and the organic extracts were combineti Wie THF layer. The solvent was
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removedin vacuoto ~10g of a yellow residue which was crystalli$exin ether and
ethanol to afford 89as white crystals (3.4g, 47% vyield).

2,2'-dibromobiphenyl 189 NMR data in agreement with literature valtfésd,
(200MHz; CDC}) 7.26-7.33 (4H, m, Ar-H), 7.40 (2H, d,7.2, Ar-H), 7.71 (2H, dJ
7.4, Ar-H); 8¢ (50 MHz; CDC}) 123.7, 127.3, 129.5, 131.1, 132.7, 142.2; mp°4.5
(Lit. 74-76°C*"9).

Reaction between 2,2’-dibromobiphenyl (189) andN,N-diisopropyl methane
sulfonamide (154e):

A screw capped pyrex tube (50ml) was charged waitthiusn tert-butoxide (0.24g,
2.5mmol), 189 (288mg, 1 mmol),154e (179mg, 1 mmol) and dry toluene (5ml,
distilled from sodium). The tube was flushed wnilrogen and a warmed suspension
(60°C, 1min) of Pd(OAg)(22mg, 0.1 mmol, 10mol%) and tricyclohexylphosghin
(56mg, 0.2 mmol, 20mol%) and an accurately weighathount of 2-
methoxynaphthalene (internal standard) and toly8nd) was added. The tube was
again flushed with nitrogen and sealed. The metwas heated to 110°C in a
Robosynthon multireactor for 20 hours. Conversioh starting materials and
formation of products were measured based on iatestandard calculations. The
reaction was quenched by the addition of water \aad diluted using ethyl acetate.
The ethyl acetate layer was dried over anhydrougnesium sulfate and evaporated
under reduced pressure to afford the crude proalsi@ brown oil (0.5g). The crude
product was purified using column chromatograph@-Z0% ethyl acetate, 80-90%
hexane). A fraction containin2was recovered.
2-t-Butoxy-2’-(N,N-diisopropyl-sulfonamidomethyl)-biphenyl 192 &y (200MHz;
CDCl;) 1.07 (9H, st-Bu), 1.14 (12H, dJ 6.8, CH), 3.49 (2H, m, CH), 4.22 (2H, m,
CHy), 7.06-7.44 (7H, m, Ar-H), 7.74 (1H, m, Ar-Hyma(nujol)/cmi® 1715 (S=0),
1332 (Ar-O), 1187 and 1163 (SN), 977 (CHS), 747 (Ar-CH); Exact mass
calculated for GgH3303NS [M]*: 403.2181. Found: 403.2142.

When the above reaction was repeated using PdgOQA8mg, 0.08 mmol, 8mol%)
and PPR(60mg, 0.23 mmol, 23mol%), the crude product (§)3Bas analysed by GC-

MS to contain mainly 2,2’-dibromobiphen{d89) as well as small amounts of what is
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proposed to be I, N-diisopropyl-sulfonamido-fluorenel90 and 2N,N-diisopropyl-
sulfonamidomethyl-biphenyll93).

1-N,N-diisopropyl-sulfonamido-fluorene 190 Exact mass calculated fordEi,30,NS
[M]*: 329.1450. Found: 329.1473.

2-N,N-diisopropyl-sulfonamidomethyl-biphenyl 193 Exact mass calculated for
C19H250:NS [M]™: 331.1606. Found: 331.1635.

6.4  Procedures Relating to Chapter 5

General procedure for the palladium catalysed aryl&on of acetoacetates:

A screw capped pyrex tube (50ml) was charged witwdered potassium phosphate
(2.4g 11.3 mmol), dry toluene (10ml, distilled fr@odium), ethyl acetoacetate (0.579,
4.4mmol), and bromobenzene (0.64g, 4.1mmol). Pdi©@@®mg, 0.04mmol, 1mol%)
and 2-ditert-butylphosphino-2’-methylbiphenyl (24mg, 0.08mmd@mol%) were
added. The tube was flushed with nitrogen andede& 96C in a Robosynthon
multireactor for 15 hours. The amount of bromolegrez and ethyl phenylacetate
remaining in the reaction mixture was determined@sy analysis based on internal
standard calculation. Isolation was done by additf water and dilute hydrochloric
acid to acidify the mixture followed by extractiomto ethyl acetate. After solvent
removal the crude product was isolated and analpgeétl-NMR. In cases where the
isolated yield was determined the crude product pagfied by either flash column
chromatography (20% ethyl acetate in hexane) orfragtional distillation (ethyl
phenylacatate for example; 80-£20at 2mbar).

tert-Butyl phenylacetate 194a NMR data in agreement with literature valtfes,
(200MHz; CDC}) 1.48 (9H, st-Bu), 3.56 (2H, s, CHPh), 7.27-7.39 (5H, m, Ph-H);
oc (50 MHz; CDC}) 28.2, 43.1, 81.4, 127.5, 128.6, 129.7, 135.2,4.71

Ethyl phenylacetate 194b NMR data in agreement with literature vaffes,
(200MHz; CDC}) 1.28 (3H, dJ 7.2, CH), 3.64 (2H, qJ 7.2, CHPh), 4.18 (2H, s,
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OCHp), 7.24-7.42 (5H, m, PhH)c (50 MHz; CDCh) 14.2, 41.4, 60.7, 127.1, 128.5,
129.3,134.2, 171.5.

Ethyl 4-methoxy-phenylacetate 194c NMR data in agreement with literature
value$™ &y (200MHz; CDC4) 1.26 (3H, tJ 7.2, CH), 3.58 (2H, s, CbiAr), 3.81 (3H,
s, OCHy), 4.15 (2H, gJ 7.2, OCH), 6.83 (2H, dJ 9.2, Ar-H), 7.22 (2H, dJ 9.2, Ar-
H); Exact mass calculated for €405 [M]*: 194.0943. Found: 194.0946.

Ethyl 4-aceto-phenylacetatel 94¢ NMR data in agreement with literature vaftieS;
(200MHz; CDC}) 1.28 (3H, t,J 7.2, CH), 2.60 (3H, s, Ch), 3.68 (2H, s, CHAr),
4.17 (2H, qJ 7.2, OCH), 7.40 (2H, d,J 9.6, Ar-H), 7.93 (2H, dJ 9.6, Ar-H); 8¢ (50
MHz; CDCk) 14.1, 26.6, 41.7, 61.5, 128.8, 129.9, 136.0, 939.71.0, 197.8;
Vma{nujol)/cm® 1730 (Ester C=0) and 1678 (ketoneQ@), 1268, 1182 and 1020 (C-
0).

Ethyl 1-naphthylacetate / naphthalen-1-yl-acetic ad ethyl ester 194e NMR data
in agreement with literature valfésd, (200MHz; CDC}) 1.24 (3H, t,J 7.4, CH),
4.10 (2H, s, CHAr), 4.17 (2H, qJ 7.4), 7.43-7.61 (4H, m, Ar-H), 7.79-7.95 (2H, m,
Ar-H), 8.03 (1H, d,J 10.3, Ar-H);vma{neat)/cnt 3048 (Ar-H), 1733 (E0), 1251 and
1175 (C-O), 780 (Ar-Ch).

Ethyl 2-phenylacetoacetate / ethyl 2-phenyl-3-oxolianoate 195°"* NMR analysis
revealedl95exist as a 2.2:1 mixture of the keto and enol taets in CDC] solution:
195 Keto tautomer &y (200MHz; CDC}%) 1.30 (3H, tJ 7.2, CH), 2.21 (3H, s, Ch),
4.25 (2H, q,J 7.2, CH), 4.71 (1H, s, CH), 7.15-7.40 (5H, m, Ph-K} (50 MHz;
CDCly) 14.1, 29.6, 61.5, 65.7, 128.8, 129.2, 131.1, 2,3068.4, 201.3yma{neat)/cnt
3453 (O-H), 2927 (Ar-H), 1734 (ketone C=0), 1688tée C=0), 1599 (C=C), 1263
and 1178 (CH-C(O)), 1018 (C-O), 752 and 701 (Ar-CHyact mass calculated for
C11H1403 [M]™: 194.0943. Found: 194.0946.



Chapter 6 Experimental 209

195 Enol tautomer. o4 (200MHz; CDC}) 1.21 (3H, tJ 7.2, CH), 1.88 (3H, s, Ch),
4.20 (2H, q,J 7.2, CH), 5.33 (1H, s, OH), 7.15-7.40 (5H, m, Ph-H} (50 MHz;
CDCl3) 14.1, 19.8, 60.5, 104.3, 126.8, 127.9, 128.1,236/2.5, 173.7.

Ethyl 2-phenylpropionate 202 NMR data in agreement with literature vaft/és,
(200MHz; CDC¥§) 1.17 (3H, tJ 7.0, CH), 1.46 (3H, tJ 7.0, CH), 3.67 (1H, qJ 7.0,
CH), 4.24 (2H, g) 7.0, CH), 7.22-7.32 (5H, m, Ph-H).

Ethyl 2-methyl-2-phenylacetoacetate / 2-methyl-3-ax2-phenyl-butyric acid ethyl
ester203 NMR data in agreement with literature vaRiésy (200MHz; CDC}) 1.29
(3H,t,J7.0,CH), 1.77 (3H, s, Ch), 2.14 (3H, s, Ch), 4.23 (2H, g 7.0, CH), 7.18-
7.41 (5H, m, Ph-H).

General procedure for the arylation of ethyl acetoaetate using a copper catalyst:

A screw capped pyrex tube (50ml) was charged witwdered potassium carbonate
(2.1g 8 mmol), dry solvent (DMSO, DMF, NMP, dioxape toluene, 10ml), ethyl
acetoacetate (0.52g, 4 mmol), and iodobenzene d0.41mmol). Cul (80mg,
0.4mmol, 10mol%) and 2-methoxynaphthalene (intestahdard) were added. In
experiments where ethylenediamine was used, didtdthylenediamine was added by
microsyringe (60uL, d=0.899, 0.9 mmol). The tubaswlushed with nitrogen and
heated to 8 in a Robosynthon multireactor for 20 hours. Tdmounts of
iodobenzene and ethyl phenylacetate in the reactioture were determined by GC

analysis based on internal standard calculation.
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