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ABSTRACT

SYNTHESIS OHFERROCENYL SUBSTITUTED PYRAZOLEBY
SONOGASHIRA AND SUZUKIMIYAURA CROSSCOUPLING REACTIONS

Karabéyékojlu, Sedef
M. Sc., Departent of Chemistry
Supervisor: Prof. Dr. Metin Zora

July 201097 pages

Pyrazoles constitute one of the most important ekast heterocyclic compounds
due to theiinterestingchemical and biochemical features. Researchers have studied
manypyrazok containing structures for almost over a century in order to investigate
the various biologicahctivities possessduy these molecule$ new and important
trend in these studies is to pume ferrocenybkubstituted pyrazoles sinéerrocene
attracs corsiderable interest in the research field of organometallic and
bioorganometallic chemistripecause ofts valuable chemical characistics like

high stability, lowtoxicity and enhanced redox propertidoreover, he results of

the studiegocusing on ferocenylcompound$ave beemuite promising Therefore,

the scope of this project involves the combination of the essential structural features
of pyrazoles with a ferrocene moiety, which could provide new derivatives with
enhancediological activities.In the course of theroject the gnthesisof new
pyrazole derivativesvas performed through Sonogasharal SuzukiMiyauracross
coupling reactionsof 5-ferrocenyt4-iodo-1-phenyt1H-pyrazole with terminal
alkynesand boronic acidsespectivelyin the pesence of a catalytic amount of
PdCI,(PPh),. Although Sonogashirand SuzukiMiyaura coupling reactios are

well knownin literature they werenot studied in much detail witmulti-substituted



pyrazoles. This also revealed the requirement of the reigageh of the reaction
and improvement of the yields of pyrazoles by optimizing the reaction conditions.

Keywords: Pyrazole Ferrocene, Coupling Reactigriiectrophilic Cyclization
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CHAPTER 1

INTRODUCTION

Organic chemistry is the science dealingwdbmpounds of carbon which are central

to life on the earthThese compounds provide the proteins that catalyaereactions

in living organismsand that form the essential parts of our blood, tissue, muscle and
skin [1]. Moreover, organic moleculesnstitutenucleic acids, RNA and DNA that
control our genetic structure and the fundatakprocessein the cellsIn addition to

these, the foods we consume everyday, chemicals used for treatments of diseases,
gasoline propelling our cars antany other materials that have an important role in

our life arecomposed obrganic compoursl[2].

Many organic compounds apit ring systems as components in their structures. When
the ring system is built up by carbon and at least one other element (e.g. oxygen,
nitrogen, sulfur) the molecule is classifiedhreterocyclic Heterocyclic chemistry is

one of the most important dmches in organic chemistry since about half of the
organic compounds known today have at least one heterocyclic ri8jiety

It is possible to find many heterocyclic compounds in naturethedunctions of
these compoursdare generally of fundamentalportance to biological systems. For
instancenucleic acid bases are very crucial to the mechanism of replication and they
are the derivatives of purine and pyrimidine heterocyclic syst&myptophan and
histidine, two of the essential amino acids, aretoeyclic structuresChlorophyll is

the essential component of photosynthesis and henaenecessaryunit for the
oxygen transport process in higher plarB®th of these molecules ar@erivatives of
heterocyclicporphyrinring system. Vitamins that weeed for our diet like vitamin

B1, By, Bs, Bs and C are heterocycl[8].



Besides their occurrences in natural substaresterocycles findvide applications

in industrial and medicinal chemistry, agriculture, and in many technological fields.
For exanple, melamine (2,4,6triamino-1,3,5triazine, when treated with
formaldehyde produces a widely used plastic known Fe@mica which has good
heat resistance and used mostlyrf@nufacture of houseares Polybenzimidazole
which isan exampleof heterocytic polymersforms fibers which are used to weave

one of the most fe resistanfabrics[4].

Heterocycles also compose age number of agrochemicalsor example, avidely
used fungicide is davicil, a pyridine derivative. Moreoveriazbles, like
cyproconazoleare good plant fungicides. Other triazolesuch agaclobutrazqldo
not have that effectiveantifungal activity, but they aratilized as planrgrowth

regulatorgFigurel) [4].

/\
LN
N N cl
SO,Me L. N
A Cl COH N
L HO
c” Nl Bu
Cl
Davicil Cyproconazole Paclobutrazol

Figure 1. Examples of herocyclic compounds used as agrochemicals.

The drugs designed for medicinal applications include a broad spectrum of different
chemical structures, but there is no doubt that a large group of these structures are
heterocyclic small molecules d¢iney hawe heterocyclic structural components. For
example, many antibiotics are heterocyclic. Moreover, defare the development

of modern chemistryheterocyclic alkaloids were the active ingredients in many
natural remedies and some are still used toslaghasmorphine derivativep,5].



In order to emphasizéhe importance of heterocycles in medicinal chemistry, it
should be noted that sevefithe top 10 bestelling prescriptiordrugs byamountin

the year June 20@#une 2007 were small heterocyclic matcules [6] These are
atorvastatin (Lipitor; $13.5bn; a statin for cholesterol reducti@spmeprazole
(Nexium; $6.9bn; a protepump inhibitor for reduction of gastric acjajopidogrel
(Plavix; $5.8bn; an antplatelet agent to prevebtood clots) olenzapine (Zyprexa,
$4.9bn; an amntschizophrenic) risperibne (Risperdal; $4.8bn; anantk
schizophrenic) amlodipine (Norvasc;$4.5bn; an amnthypertensive agentpnd
quetiapine (Seroquel; $4.2bn; for treatment of schizophrenia and bipolar disorder)
(Figure 2) [4].

OMe
2
< | CO:Me
N < N
S oD
No© s
Q
O NH
A Esomeprazole (Nexium) Clopidogrel (Plavix)
|
>/
F N
OH N= MeO2C CO2Et
COH C[N:}l ‘N‘ O(CHz)2NH;
H S H
Atorvastatin (Lipitor) Olezapine (Zyprexa) Amlodipine (Norvasc)
SN
N oY
N
Se o SR
N N N
SRS Vey Ly
|
N-o S
Risperidone (Risperdal) Quatiapine (Seroquel)

Figure 2. Structures otheheterocyclic moleculeseported as the seven of ties
best sellingprescriptiondrugs in the year 2068007



According to all the facts méoned previously it can be concluded that heterocyclic
chemistry has a very crucial role in research field, industrial developments and
human life. Therefore, every study and project dealing with these compounds may

have a great contribwtn to science ahtechnology

1.1 Pyrazoles

Even though pyrazoles are rarely found in nafiédfethey have practical importance
in many fields of study. Due to their extensive applications in pharmacology and

technology, pyrazole ring systems have been the basisyrous projects [5,7]

Thetermpyrazoleexpresses bottne unsubstituted parent compound and the abfiss
simple aromatic organimoleculesof the heterocyclic series characterized by-a 5
memberecdcyclic structuremade up of three carbaioms and twaitrogen atoms
connected to each other adjacently |811889 Buchner described pyrazole for the
first time after a decarboxylation reaction he performed with pyre&dl&
tricarboxylic acid(1) and obtained the pyrazdlEigure3) [9].

HOOC, COOH
/Z_(N Heat J \\N
HoOC™ > T T Nyt 3Ck
H H
1 Pyrazole

Figure 3. Decarboxylation of pyrazoi8,4,5tricarboxylic acid(1) to pyrazole.

Until 1950s pyrazole was believed to be obtained only synthetically. However, in
1954 the first natural pyrazolderivative, 3n-nonylpyrazoleg(2), was extracted from

a plant calledHouttuynia Cordataby the Japanese workers and they discovered that

4



the moleculeshows antimicrobial activityAfter this eventanother natural pyrazole
derivative, levo-b-(1-pyrazolyl)alanine(3) which is a pyrazolic amino agidvas

isolated from the seeds of watermelon (Figh)r{9].

(CH2)gCH3
\
U\ @
N h
2 3

Figure 4. First isolated natural pyrazole derivatives.

Pyrazoles are aromatic molecules doigheir planar conjugated ring structure with

si x d el -elecmons Theefibre, many important properties of these molecules
were analyzed by comparing them with the properties of benzene derivatives [10].
Like many other nitrogen involving heteraies, different tautomeric structures can

be written for pyrazole. Unsubstituted pyrazoles can be represented in three

tautomeric forms (Figurg) [9].

O — 00— O
H

Figure 5. Three tautomeric forms of unsubstitutedazgie.

For the pyrazole compounds in which two carbon atoms neighbtraaitrogen
atoms in the ring have different substituents five tautomeric structures are possible
(Figure®6) [9].



R

R R
(e — Ll
:
\ R R/

Figure 6. Five tautomeric forms afubsttuted pyrazole derivative.

The imido group located in the structure of pyrazole provides soteeesting
properties through hydgen bonding. For example, pyrazole has a high boiling point
which is nearly 18PC but its N-methyl derivative boils at loar temperature (127
°C). In addition pyrazole has a normbEhaviorin vapor phase butvhen dissolved

in some organic solvents like benzene or cyclohexassociation occurs due to the

hydrogen bondingd].

1.1.1 Synthesis ofPyrazoles

There are man different methods in literature designed to synthesize pyrazole
derivatives. These methodologies include various reactions, transformations and
synthetic routes depending on the substitution pattern and number of substituents in
the synthesized pyrazolstructures [11]. Due to the large variety of studies
conducted, onlyome of thanain methodologies were covered in the content of this
text.

The most common method to synthesize pyrazoles is the cyclocondensation of
hydrazines with carbonyl compounds mmay two electrophilic carbons in 1,3
locations. In these reactigrisydrazines behave like a bidentate nucleophile and react



with 1,3-dicarbonyl compounds4 or U ,-umsaturated aldehydes or ketor&d
(Figure7) [3,11].

[oJNo) o) o) o)
Ry R, Ry R, R N\ ! LG

J RsNHNH,
R3 R3
" N
MRZ and/or \E/(N
I:el
R>
8 9

Figure 7. Synthesis of pyrazoles by the reactol hydrazinesvith 1,3-dicarbonyl
compoundsg! andU ,-umsaturated aldehydes or ketoBes, 7.

These reactionsften involve different regioselectivitiedepending upon reaction
conditions and substratelSor exampleif an unsymmetrical reagent is used in the
reaction, mixtures of isomer® and 9 are usually produced when the reaction is
performed with substituted hydrazines but if hydrazine is unsubstitimen the
formation of isomer9 is hindered by the prototropic tautomerism of pyrazoles
(Figure7) [11]. An important example for this common methodology was reported
by Gosselin research group. The grostpdiedthe reactios of l-arylbutanel,3
diones 10) with arylhydrazine hydrochloride$1l under acidic conditionswhich
affordeda mixture ofpyrazolesl2 and13 (Figure8) [12].



0.5 eq HC
o o H DMAc
Ar R H,N™ Ar

r.t, 24h

10 11 12 13

Figure 8. Synthesis of pyrazoles by the reaction edrylbutanel,3-dionesl10 with
arylhydrazine hydrochloridesl.

Another importanstudy on this mattewas conducted bifatritzky and ceworkers.
This research group synthesizedangthyl(aryl)}3-phenyt5-alkyl(aryl)pyrazolesl6
by the regioselective reaction &fbenzotriazolyU ,-umsaturated ketoneb4 with

hydrazineghroughpyrazoline intermediateks (Figure 9)[13].

Ph Ph
Bt Ph  R®NHNH, Bt { NaOEt/EtOH {
/ /N | /N
R © rU N Reflux rt” N
2 R?
14 15 16
Bt = Benzotriazolyl
R = Aryl, i-Pr
R? = Me, Ph

Figure 9. Synthesis of imethyl(aryl)}3-phenyt5-alkyl(aryl)pyrazolesl6 by the

regioselective redion of U-benzotriazolyUb-unsaturated ketondst.

The second widely used synthetic metblody for the synthesis of pyrazoles
involves 1,3dipolar cycloaddition of diazoalkanes or nitrilimines with alkenes or
alkynes. The former pathway is espegialcommon for the synthesis of
dihydropyrazoles These compoundsan be synthesizetly the cycloaddition of

diazoalkanes tt) ,-umsaturated ketones [12]1
8



As mentioned 1,3-dipolar cycloaddition reaction of diazo compounalh triple
bonds is ofta utilized in the synthesis opyrazoles. A procedure for this type of
synthesis starts with the in situ generation of diazo compout&lsfrom
tosylhydrazones of aldehydé3 by the treatment with base. Then the intermediate

18 reacts withalkyneand gnerates theorrespondingyrazole(19) (Figure10) [15].

1. TSNHNH,, o L P
0o MeCN, r.t. N Re—™— N
A JI\JI\® | N
R H
2. 5M NaOH R H 50°C, 48 h 1
17 18 19

Rl = Aryl
R? = Ph, 3-pyridinyl

Figure 10. Synthesis of pyrazole derivatives by-tipolar cycloaddition of diazo

compoundd8 with acetylenes.

Pyrazoks can also be prepared by a [1 + 4] approach. A procedure based on this
approach involves the reaction of enolizable as well as unsaturated or aromatic
aldehydes 17 with diethoxyphosphorylacetaldehyde tosylhydrazof#). The
intermediate for this redon isU ,-umsaturated tosylhydrazon2s (Figure11) [16].

Lastly, substituted pyrazoles can also be generated by the functionalization of less
substituted pyrazoles. These procedures are generalgd len multistep reaction
pathways with special reagent$7].



OEt ® |
0s PR N s 2 eq NaH Na 5 THF reflux N
* R N X N | N
R™ "H Ot M THF 0°C to r.t. R Y"N"1s  -p-TolSO,Na
R
17 20 21 22

Figure 11. Synthesis of 5)-substituted pyrazole®? by a [1 + 4] approach from
aldehyded 7 anddiethoxyphosphorylacetaldehyde tosylhydraz(2a.

Consequently, the synthesis of pyrazoles has been dthyienany research groups
and the regioselective properties of these reactions eenexamined Chemists
devised a wide range of methods affording pyrazole derivatives and recently more
studies are being conducted [11]. Howevéne design of regiospefic pyrazole
formation reactions is still a compelling study topic.

1.1.2 Biologically Important Pyrazole Derivatives

Pyrazole ring structure provides the core of many biologically valuable compounds
which are potential insecticidegl8], herbicides[19], monomers of important
polymers withimproved chemcal and/or physical propertie2(] or they are the

active moleculs of widely used medicin€lg’]. Moreover, many pyrazolic molecules

act as analgesic, antimicrobial, antiinflamatory, antitumor anghsymhotic agents

[21]. All the fascinating characteristics of pyrazoles made them one of the most
popular research topics among the chemists for the last decades and a large number
of new derivatives have been synthesized [7].

Fipronil (23A) (Figure 11) is one of the most impoma insecticides which works
ef fecti vel y -aminobutlicoacik(GABE) recdpter/crdoride chanirel
theneurologicsystem[22,23]. A moreeffectiveinsecticide is the photoaffinity probe
of fipronil (23B) (Figurel12) [24].
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Figure 12. Structure of Fipronil (23A) and fiproni based probé23B).

Otherimportant exampleof biologically active pyrazole derivatives are the pyrazole
inhibitors 24 for the DHODase (Dihydroorat@a dehydrogenase) enzyme of the
bacteriumHelicobacter pyroli that causes many gastrointestinal disorders including
ulcer and gastricancel[25,26] (Figure 13) DHODase enzyme is an essential unit in
the biosynthesis of pyrimidine and inhibition of thi:mizgme results in the
termination of cells This fact is the working pattern of pyrazole inhibitors in
Helicobacter pyroli [B]. There are other pyrazole based inhibitors; for example,
Celecoxib (25) is basically a selective pyrazole inhibitor andistusel for the
treatment of arthritis sgptoms and relief of paifFigure B) [27]. In addition to

Celecoxib, DPC 423826) is a pyrazolic inhibitor active on blood coagulation factor

Xa (Figure B) [27].
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26

Figure 13. Structures of DHODase pyrazole inhibit@4 Celecoxib(25) and DPCG
423(26).

The sodium hydrogen exchangers (NHEs) are proteins which transportNextra
ions fromoutside the cell membrane ptace of H ions inside the @l. One of the

six isoforms of NHEs is NHHE and this isoform is essential for mediating
myocardial damage during reperfusion and ischemia. However, due to its very high
activity, NHE-1 can be harmful for the heart in the course of reperfusion. Therefo

an effective inhibitor isiecessary since NHE is the only isoform in the hea2§].
Zoniporide (27) having a pyrazole core structure is the selective inhibitor with
desired propertied=igure 4) [29].

Viagra is the first oral drug active in theatment of male impotance and the active
molecule for this medicine is the pyrazole derivative Silde28) (Figure14). This
molecule inhibits the phosphodiesterase enzyme located in human corpus

cavernosum [@].

PNU-32945 (29) (Figure 14), a polysultituted pyrazole derivative, is a very
important compound since it inhibits the reverse transcriptase endymb/dl, a

12



class of HIV (Human Immunodeficiency Virus). In other words, this pyrazole

structure prevents the virus from reproducing its&lf.[

28 29

Figure 14. Structures of Zoniporid€7), Sildenafil(28) and PNU32945(29).

12  Ferrocene and biologically active ferrocene derivatives

Ferrocene(30) has been studied widelyn organometallic and bioorganometallic

chemistry since its discove(figure B). It was first prepared unintentionally in 1951

separately byheresearch groups of Miller, Tebthoand Tremaing andof Kealy and

Pauson. Howeverhe interesting doubleore sandwich structure was proposed by E.

O. Fischer, G. Wilkinson and R. B. Woodward in 1952.[3

Ferrocene is a crystalline diamagnetic solid with a structure involving iron as the

metal center and two cyclopentadienyl rings located around this cenigeneral,

such compounds with this specific structure are callednetlloceneqd33]. The

cyclopentadi enyl

T typa ligandsiand thieye arer acomatic][8

ar e

Moreover, having 18 valence electrons, ferrocene is one of the most stable

organometallic compounds £.

13



Figure 15. Structure of ferrocen0).

It is possible to synthesize many ferrocenyl substituted compounds starting from
ferrocene itself since it is a quite lska substancender various @nditions[36]. The

most common way of ferrocersynthesisis the deprotonation of cyclopentadiene
with KOH andtreatingwith FeCh in DMSO (Figure16) [34].

DMSO
2KOH + 2CgHg + FeCl, — > Fe(CsHs), + 2H,0 + 2KCl

Figure 16. Preparation of ferrocene.

After the preparatio of ferrocenemany important and practical reactiosisch as
FriedelCrafts  acylation/alkylation, Vilsmeier formylation, dimethylamino
methylation and mercurationan be performed with this metallocene because it

shows chemical properties of an electrich aromaticcompoundFigurel17) [37].
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Figure 17. Typical substitution reactions ofrfocene(30).

Ferrocene has numerous favorable chemical features that make it one of the most
appealing compounds for the resémrsduringthe last decadet is neutral, highly
stable and notoxic [38], andalso it carries many biochemically valuable properties
like membrane permeation, solubility in a large array of solvents and enhanced redox
abilities [39]. Due to all theseharacteristicschemists decided to attach ferrocene
unit to biologically active molecusein order to increase the potency of the parent
structure [38]. For instance, Jaouen and his-workers synthesized ferrocenyl
analogueof tamoxifen(35) and hydraytamoxifen(36), which are the compounds
used in the treatment of hormemelependent breast cancef[4They observed that
ferrocifens, the ferrocenyl analogu@3, are more activg41]; moreover, they work
successfully in the treatment of both horrealependent and independent breast
cancer (Figure 18) [42]. Later in 2009 Jaouen research group reported that the
ferrocenophane derivatige38 of ferrocifens are even more toxic against breast
cancer cell lines (Figurgs) [43].
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Figure 18. Structure of tamoxifen(35), hydroxytamoxifer(36), ferrocifens37 and

ferrocenophane3s.

Ferrocifens are not the sole ferrocenyl anticancer ageatsexample,tte mokcule
39 is active agmst the colon cancer cellni, Colo 205Figure 19) [44,45. It was
provedthat not only the neutral ferrocene derivatives are @rginogenic, but also
the salts of ferrocene such as ferrocenium tetrafluorobod@e(fcigure 19) have

good activity asnticancer agents ¢t

N -
LN oH N~

Fe Fe Fe BF,
Ho\,\/@ < <
39 40

Figure 19. Structure of ferrocenyl derivatives with anticancer activity.

Besides their crucial role in cancer treatnsefd@rrocenyl compounds are utilized for
many biological applicationsThe most dangerous malaria paradtlasmodium

falciparum was found to be resistant to effective amalaria drugs chloroquine,

16



mefloquine and quininand esearchers decided to find a solution for this problem
[47]. The results of the studies showed tfatoquine derivativegtl act as anti
malarial agers against this parasit@-igure 20) [48]. Another important outcome of
studieson ferrocene chemistry was reported by Fang research group. They showed
that ferrocendriadimenol analouge42 effectively regulate the plant growifrigure

20) [39].

Cl y R HO
Nl P 5 R X/\ J N Fe
41 42

Figure 20. Structures of ferroquinél and ferrocendriadimenol derivatived?2.

1.3  Ferrocenyl Pyrazoles

It is obvious that both pyrazole and ferrocesteemistres are important research
topics because of their wide and efficient applications in many afass.to all
fascinating propertiesf these two chemical unitst is inevitableto wonder the
resultsof a studybased on the combination tifem However, it is quite surprising
thatthe study of ferrocenygubstituted pyrazolesas inlimited scaleln recent years
more effort has been spent on this subject. Especialyra research group has
focused on the synthesis of ferrocenyl pyrazolévdgves and providednignorable
contributiong49,50,51.

It was investigated that the synthesis of ferrocenyl pyrazoles can be performed
throughthe reactiorof (2-formyl-1-chlorovinyl)ferrocene 43) with hydrazinesThe
reactionproduces two isomersf pyrazoles 1-alkyl/aryl-5-ferrocenylpyrazoles4d)
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and/or alkyl/aryl-3-ferrocenylpyrazoles4p), the former being the single or the
major produt of the reaction in most casesheloutome of reaction is affected by

the substitution pattern of hydraesused(Figure21) [49)].

H
\ Dioxane, 25°C, 2.5 h NN -N.
o > /
Fe cl R

|
Fe
c&y 2. Dioxane, 100°C, 6h c&y
4

43

Figure 21. Synthesis of ferrocenyl pyrazoléy thereactionof (2-formyl-1-

chlorovinyl)ferroceng43) with hydrazines

In connection with this study, Zora research group synthegiyedzobs44 and45
by the reaction o8-ferrocenylpropyna(46) with hydrazinium saltsas well(Figure
22) [50]. These reactions afforded pyrazofeksand/or45 in relatively higher yields
but, in mat cases, the proportion pyrazoleisomer45 increased at #hexpense of

pyrazole isomed4.

O J S
L= RNHNHz.XHCI I Gl
| I - I -N.
Fe H . Fe N + Fe NTUR
Dioxane or MeOH R
é reflux <&>7 §é>7
46 44 45

Figure 22. Synthesis of ferrocenyl pyrazoléy thereactiors of 3-
ferrocenylpropyna{46) with hydrazinium sak.

From the synthetic point of viewt is important todevelopa regiselective reaction

yielding exclusively or only one pyrazoleisomer. This has beenachived by

18



electrophilic cyclization, which generally occunsvery mild reaction conditiasand
in regioselective mannekWhen treated witlmolecular iodine, derrocenypropynal
hydrazones 47), preparedfrom hydrazines and-ferrocenylpropynal(46), have
undegoneelectrophilic cyclization tgield 4-iodopyrazole derivative48in good to
excellent yieldgFigure 3B) [52]. Thesed-iodopyrazole derivatived48 are importat
precursors forthe further functionalizationof such pyrazoles via metatatalyzed

crosscoupling reactions.

NNHR
4:>—/<: P @%f( 3eq Iy @—8/\”
. RNHNH, N

! H 3 eq. NaHCO3; |

N
F ——> Fe -~ Fe
© R

80°C, neat
@ CH4CN, rit

46 a7 48

Figure 23. Synthesis of Serrocenyi4-iodo pyrazolegl8.

14  Sonogashira and SuzukiMiyaura Cross-coupling Reactions

In organic chemistrycouplingreactions represent a group moceduresn which
two hydrocarbons bound each ot the carbofcarbon bond formatiowith the
catalytic effect of metal bearing compounds. When these two moleculdsferent
from each otherthe reaction is calledrosscoupling reactionThe first laboratory
construction of a carbecarbon bondwas achievedby Kolbe in 1845 by the
synthesis of acetic acid. Since thearboncarbon bondorming reactions have
becane one of the mosimportanteventsin the developmenbf chemical synthesis.
In the last quarter of the 20th centurgspecially during 197Qswith the
improvements intransitionmetal catalyss studies, newmethods to combine
complex hydrocarbon fragmentsere designed and these methanieated new

opportunitiesin medicinal and process chemistry as well astdtal synthesis,
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chemicalbiology and nanotechnology. Among these methpdfiadium catalyzed
coupling reactions are considered as the most criSd].

Sonogshira oupling is the reaction of palladiumcatalyzed couplingbetween
terminal alkynesand halides[53,55,56]. Actually, this processwas first reported
independently anat nearly the same timey the groups of Cass@7] and Heck
[58] in 1975. Ater few months Sonogashira and aegorkersprovedthat, in many
cases, this crogsoupling reactiorcan work more efficiently if it is accompanied by
copper salts (Figure 24) [53,5556]. Many other procedures for the palladium
catalyzed couptig of terminal acetylenes with s@ halideshave been investigated
butthe Sonogashirpathway with cocatalyticoppersaltshas been useaiost widely
[53] and providedmany conjugated acetylenic compaisy ranging from natural

products and pharmacetais b nanomaterial§59].

— cat. [PdLy], CuX —
[ Rl — H] + [RZ_X] Ri—Ry,
Base

R1 = alkyl, aryl, vinyl, SiR3
R, = aryl, vinyl, benzyl
X =Br,Cl |, OTf, OTs

Figure 24. General scheme &onogashiraouplingreaction.

Another quite practical and efficient palladitoatalyzedcoupling reactionis the
palladium-mediated C-C bond formation betweewrganoboron compoundand
organic electrophiledjke aryl or allenyl halides and triflate@rigure 25) [53,60].
Today this reaction is known &uzuki or SuzukMiyaura Couplingreactionand it

was firstreported byhe Suzukresearchgroup in 197961,62].

SuzukiMiyaura reaction is one of the most versatile methods in synthetic chemistry

due toavailability of the reagents and the mileaction conditions. Moreover, the
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reaction ismostly unaffected by th@resene of water, works with &road range of
functional groups, andyenerallyprovideshigh regiocselectivityand stereoselectivity
[63]. Suzuki coupling is not only suitable for laboratory studies but also it can be
used in industry sincéhe inorganic byprodict is nortoxic andit can beeasily

removed from the reactianixture [63,64].

Cat. [PdL]
R;—BY, I + R,—X > Ri—R>

Base

R4 = alkyl, alkynyl, aryl, vinyl
R, = alkyl, alkynyl, aryl, vinyl, benzyl
X =Br, Cl, |, OP(=0)(OR),, OTf, OTs

Figure 25. General scheme &uzukiMiyauracouplingreaction

15 The aim of the study

Since the& discovery pyrazoles and ferrocesedrove the attention of many
researchersdue to their interesting chemical characteristicAssembling the
structural features of these two moieties would result compounds with enhanced
chemical and biological activits So it is very important to synthesize new
ferrocenyl substituted pyrazole derivativéd®,p0]. Therefore,as mentioned before,
our research groupasinvestigatedhe synthesis of feocenylsubstitutedpyrazoles
and showed that Zalkyl/aryl-5-ferrocerylpyrazoles (44) and Ztalkyl/aryl-3-
ferrocenypyrazoles(45) can be synthesizedrom (2-formyl-1-chlorovinyl)ferrocene
(43) and 3-ferrocenylpropynal 46) (Figures 2 and 2) [4950]. Moreover, 5-
ferrocenyt4-iodo pyrazoles 48) have beensynthesied from corresponding
hydrazones derivativegl]) in a regigelectivemanner via electrophilic cyclization

reactioninitiatedwith molecular iodingFigure 3) [52].
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The aim of this study is teynthesize a library of ferrocenghd phenykubstituted
pyrazoles via Sonogashira and SuzMkyaura cross coupling reactionsf 4-
iodopyrazoleswith terminal acetylenes and boronic acids, respectivelyhe first
phase ofthe study, 5-ferrocenyt4-iodo-1-phenyt1H-pyrazole (48) and 4-iodo-1,5
diphenyl1H-pyrazole(51) will be synthesizedrom 3-ferrocenylpropynal 46) and
3-phenylpropynal49) asdepictedn Figure26 [52,65)].

[
I>
o} NNHPh
R—=4 PhNHNH, R—=« NaHCO3 R@
H 80°C, neat H N N
rt Ph
46 R =Fc 47R=Fc 48R =Fc
49 R = Ph 50 R = Ph 51 R =Ph

Figure 26. Synthesis ob-ferrocenyt4-iodo-1-phenyl-1H-pyrazole 48) and4-iodo-
1,5diphenyt1H-pyrazole §1).

After preparing 4odopyrazolegl8 and51 as the starting materialthe optimization
studiesof Sonogashira cross coupling reaci@f these compoundwith terminal
acetyleneqg52) will be conducted,and with the optimized reaction conditiod;

alkynyl-5-ferrocenyt1-phenyt1H-pyrazoles %3) and 4alkynyl-1,5-diphenyl1H-

pyrazoles %4) will be synthesizedy using a wide range of terminal alkyné)

(Figure27) [65].
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| N\
R;—— 52
Y : AN
Ry N Ri1 N
PdClz(PPhg)z, Cul
@ EtsN, THF, 65°C @
48 R, = Fc 53 R, =Fc, R, = Alkyl, Aryl
51 R; =Ph 54 R, =Ph, R, = Aryl

Figure 27. Synthesis ofl-alkynyl-5-ferrocenyt1-phenyt1H-pyrazoles $3) and 4
alkynyl-1,5-diphenyt1H-pyrazoles %4).

At the final stageSuzukiMiyaura cross coupling reactisrof 5-ferroceny-4-iodo-1-
phenyt1H-pyrazole 48) with aryl boronic acidg55) will be carried outand a
variety of 4-aryl-5-ferrocenyll-phenyt1H-pyrazole e@rivatives (56) will be
synthesizedqFigure28) [65].

[ R
R—B(OH), 55
/ - @
N N
L l PdCI2(|7Ph3)2, KHCOq L 1
@ DMF/H,0, 110°C @

48 56

R =Aryl

Figure 28. Synthesis ofl-aryl-5-ferrocenyt1l-phenyt1H-pyrazoles %6).

In summary, irthis thesisthe scope, limitations anmdechanisms obonogashira and
SuzukiMiyaura cross coupling reactions oi@dopyrazolesi8 and51 with termind

acetylenes and boronic acmgl be discussedh detail
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CHAPTER 2

RESULTS AND DISCUSSION

2.1  Synthesis of 4alkynyl-5-ferrocenyl-1-phenyl-1H-pyrazoles (53)

2.1.1 Synthesis of 5ferrocenyl-4-iodo-1-phenyl-1H-pyrazole (48)

At the first stage of the study, we synthesizetersocenyi4-iodo-1-phenytlH-

pyrazole 48) starting from commercially available ferroce®€)((Figures 2932).

o)
d
@_/{’ 1. POCI, VA
Fe Fe cl
<b: . 2. NaOAc é:
31 (80%) 43 (93%)
NaOH
AlCl3 Dioxane
@ o @%H
Fe + Fe
<= o <
30 57 (75%)

Figure 29. Synthesis of acetylferrocen®l), (2-formyl-1-chlorovinyl)ferrocene43)
and ethynylferrocenéy).
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First step of the synthesis was the preparation of acetylferro@&ethfough
FriedelCrafts acylation reaction (Figure 29) [66]. Acetylferroce8&) (was then
treated subsequently Wit POC} and NaOAc to vyield (@ormyl-1-
chlorovinyl)ferrocene 43) [67]. When compoundi3 was refluxed with sodium
hydroxide in dioxane, ethynylferroceng7] was obtained as the product with 75%
yield [67] (Figure 29).

For the synthesis of -ferrocenylpopynal @6), ethynylferrocene 57) was first
treated with n-butyllithium in THF at -40 °C under Ar. Then the resulting
intermediate, (ferrocenylethynyl)lithiunbg), was allowed to react with DMF at
room temperature. The reaction mixture was extracted waifheous KHPO,
solution and diethyl ether. Finally;f8rrocenylpropynal 46) was obtained in 82%
yield (Figure 30) [68].

o
C. — H n-BuLi C. — LU DMF ©| — Z
Fe — e — Fe H
< THF, 40°C b, 40Crort. oy
57 58 46 (82%)

Figure 30.Synthesis of derrocenylpropynal46).

As stated before, the synthesis ebdopyrazoles was explored and studied in detail
by Zora research group. As a part of this previously conducted study, the reaction
between Ferrocenylpropynal 46) with phenylhydrazinevas investigated. It was
revealed that the reaction produdedind Z isomers of corresponding hydrazones
(47-E and47-Z) with 36 and 54% yields, respectively, by performing the reaction at
80°C in a solvenfree medium (Figure 31) [52]. Two alkynic hydrazone isord&rs
E and 47-Z were easily separated and isolated by colunmnoroatography.
Assignmentsof the isomerswere done by the analyses 'B€ NMR spectral data,
which were supported by literature studies [69]. Moreover, our computational studies
25



on selected model compounds showed thasomers of alkynichydrazones are
relativelymore stable than correspondiBgsomers

PhHN_

N—NHPh N

> = {O PRNHNH: - > — ¢ =

1 _ H —— 1 _ H + 1 _ H
Fe 0 Fe Fe

80°C,5h
46 47-E (36%) 47-Z (54%)
(E isomer) (Z isomer)

Figure 31.Synthesis of ferrocenyl hydrazon€&E and47-Z.

At the final stage, the synthesis Bfferrocenyt4-iodo-1-phenyt1H-pyrazole (48)

was investigated. FEhreaction of alkynic hydrazone$7E or 47-Z) with molecular
iodine and NaHC®in acetonitrile at room temperature resulted in the formation of
4-iodopyrazole48 in high yields (Figure 32). The reaction mixture was extracted
with aqueous sodium thiosutéasolution in order to remove the unreacted iodine and
the product was purified by column chromatography [52].

|
NNHPh 3eq.l, Vi
@—:—/< 3eq.NaHCO3 ‘

: H oo NN
e e /
CH3CN, r.t. Ph
47-E (E isomer) 48 (92% from 47-E)
47-Z (Z isomer) 48 (90% from 47-Z)

Figure 32.Synthesis of5-ferrocenyt4-iodo-1-phenyt1H-pyrazole 48).
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As stated beforeb-ferrocenyl4-iodo-1-phenyt1H-pyrazole (48) is a convenient
precursor for the synthesis of new higlybstituted ferrocenyl pyrazole derivatives
through metakatalyzed crossoupling reactions. The details of coupling reactions

of 4-iodopyrazoles will be discuss@dthe following sections.

2.1.2 Synthesis of 4alkynyl-5-ferrocenyl-1-phenyl-1H-pyrazole derivatives
(53) via SmogashiraCross-coupling Reaction

In this study, a library of -@kynyl-5-ferrocenytl-phenyt1H-pyrazoles (63) was
synthesized by Sonaghira crosgoupling reaction. In fact, Sonogashira reaction is
one of the most widely used methods in synthetic chemistry, so there are many
possibilities for the choice of catalyst, solvent and base. Therefore, we performed a
detailed literature seardo narrow down the options and found that Sonogashira
coupling reactions of pyrazoles work most effectively with palladium catalysts
containing triphenylphosphine (P#h ligands and among these catalysts,
bis(triphenylphosphine)palladium(ll) dichloridePdCl,(PPh),, provides the best
results. Moreover, triethylamine @&l) is the most widely used base and the

obtained yields of the reactions performed witsNedre considerably good [70].

Under the light of these search results, we chose[RIElt), as catalyst, E{N as

base and Cul as emtalyst, the latter of which is an essential reagent for
Sonogashira coupling reactions. The effect of solvent and temperature was first
examined by performing various parallel reaction&-6érrocenyt4-iodo-1-pheny-
1H-pyrazole (48) with phenylacetylene (ethynylbenzene) 52A), vyielding 5
ferrocenytl-phenyt4-(phenylethynyh1H-pyrazole §3A). As indicated in Table 1,

the reactions performed at room temperature with three different solvents did not
produce the desd product53A (Entries 13 in Table 1). In these experiments,
nearly 95% of the starting compound was recovered. Increasing the temperature to
65 °C and refluxing in THF provided a successful result 538 was obtained in

66% vyield (Entry 4 in Table 1)in order to improve the yield, the reaction was
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carried out at a relatively higher temperature in DMF (Entry 5 in Table 1) but the
product formation was not observed and 85% of compd8wehs recovered.

Table 1.Effect of temperature and solvent on teaction of Sferrocenyi4-iodo-1-
phenyt1H-pyrazole 48) with phenylacetyleneBQA)a'b.

Entry  Temperature (C) Solvent % Yield of BA

1° 25 EtsN -
2 25 DMF -
3 25 THF -
4 65 THF 66
5 110 DMF -

®All reactions were performed with0 eq4-iodopyrazole48, 1.2 eq.
phenylacetylene 5% PdC}(PPh), 5% Cul and 1.6 ml E;N.
PReactiors were carried out fompproximately 12 hourSEtN was

used as solvent and base.

We also examined éheffect of reaction time on the product yields. The reaction
between5-ferrocenyt4-iodo-1-phenyt1H-pyrazole(48) and phenylacetylend2A)

was carried out with different reaction durations and the yieldd3&f were
compared. The results are summarized able 2. We observed that increasing the
reaction time from 4 to 6 hours increased the vyield considerably. However,
increasing the time from 6 to 12 hours provided a small amount of change in yield

while performing the reaction at 27 hours did not ewdange the previously
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observed yield (Table 2). This indicates that the reaction reaches to the optimum time
in approximately 12 hours and further refluxing does not stimulates product
formation even though the remaining starting reagents are still presethie
medium. In summary, the optimum time for the reaction has been found to be
approximately 12 hours, which was also supported by TLC (Thin Layer
Chromatography) analyses with frequent time intervals during the course of
reactions. However, as will bdiscussed later, some reactions took longer than 12

hours. For such reactions, reaction times were determined by TLC analyses.

Table 2.Effect ofreaction time on the product yiéld

Entry Reaction Time % Yield of 53A

1 4h 55
2 6 h 64
3 12 h 66
4 27 h 66

°All reactions were performed witli.0 eq. 4-iodo-
pyrazole48, 1.2 eq.phenylacetylene5% PdC}(PPh),,
5% Culand 1.6 mEtN in THF at 65°C.

After these studies, we applied the optimized reaction condition to esyp¢ha
variety of 4akynyl-5-ferrocenytl-phenytlH-pyrazole derivatives $3). In the
reactions, a diverse array of commercially available terminal alkyb®s was
employed as illustrated in Figure 33.

The sublibrary depicted in Figure 33 was chosencontain alkynes with various
chemical properties. Ethynylbenzene derivatives with different functional groups
attached to the aromatic ring2A, 52B, 52C, 52G), acetylenes with aliphatic
structural units§2D, 52E, 52H, 521) and alkynes that could paipate in hydrogen
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bonding as donor and/acceptorg52C, 52D, 52E, 52G) were used in the reactions.
Terminal alkyne derivatives involving heterocycli&2fF) and organometallic5()
moieties were also employed in the reactions (Figure A3png the Songashira
crosscoupling reactions attempted, only two failedde could not observe any
product formation in the reactionsarried out withalkyl substitutedterminal

acetylene$2H and52 even after 48 hours

\ NH,
O= 0= 0= Om
52A 52B 52C 52D
OH N \ - i
O D= O
52E 52F 52G 52H
/\/\/ 'I:e
<
521 57

Figure 33 Terminal alkyne sullibrary.

An important point to mentionhereis thatcontrary to its very important catalytic
effect, the existenceof copper salts as ewmatalyst in Sonogashiraeactionsmay
sometimes cause disadvantages. For instatiee in situ generationof copper
acetylides ofteqproduces homocoupling productstefminal alkynes wheexpo®d

to oxidative agents air. This kind of coupling is called &SlaserCoupling[54,71].

It was reported thateductive atmospherereated with hydrogen gagenerally
prevents homocoupling, but this is a difficult and unpractical method [54,72].
Alternatively, adding terminal alkynes slowly to the reaction medium can eliminate

homocoupling [73]. Therefore, in this study, acetylenes were added slowly to the
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reaction flask in small portions. Moreover, coupling reactiwese doneunder Ar
atmospher¢o provide aroxygen free medium.

Table 3 shows the results obtained fraractionsof 4-iodopyrazole48 with terminal
alkynes52A-G and57. As shown in Table 3eaction times changed from 8 to 25
hours while the yields of products were ranged from moderate to good (37 to 78%).

It should be noted that extraction of the reaction mixture with an aqueous phase was
avoided in order to eliminate any possible decomsitf products upon exposure

to water. In order to prevent the substance loss, the concentrated crude products were
directly subjected to flash chromatography.

Table 3.Synthesiof 4-alkynyl-5-ferrocenyl1-phenyt1H-pyrazole (53A-H).

| N\
/NEN 12eq R,—== 52/57 )y }N
i iy R @
<
48 53
Entry R Product Time (h) Yield (%)
1 phenyl 53A 12 66
2 p-tolyl 53B 25 37
3 4-methoxyphenyl 53C 8 78
4 1-aminc-1-cyclohexyl 53D 20 68
5 1-hydroxy-1-cyclohexyl  53E 14 70
6 3-thiophenyl 53F 18 62
7 4-(CHs3),NCgH4 53G 15 44
8 ferrocenyl 53H 12 68

Figure 34 presents the structures ofakynyl-5-ferrocenyll-phenyt1H-pyrazole
derivatives3A-H.
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Figure 34. Structures of the synthesizdealkynyl-5-ferrocenyt1-phenyt1H-
pyrazoles3A-H.

The structures of products have been analyzedNDR spectroscopy As an
example, '"H NMR spectrum of Serrocenyll-phenyt4-(phenylethyny1H-
pyrazole 63A) is demonstrated in Figure 35. As noted, typical ferrocene H peaks
appear at £-4.5 ppm region of th spectrum. Tw@seudatriplet peaks at 4.14 and

4.40 ppm represent four protons of substituted cyclopentadienyl ring while the
singlet peak at 4.04 ppm belongs to five protons of unsubstituted cyclopentadienyl
ring. The proton attached to C3 of pyrazdlggrresonates as a singlet at 7.73 ppm
(see Figure 35 for atom numbering). The peaks of ten phenyl protons are observed at
around 7.25 to 7.56 ppm (Figure 35).
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Figure 35."H NMR spectrum of pyrazolg3A.

3C NMR spectra of 4iodopyrazole derivativet8 and 4(phenylethynyl)pyrazole
derivative 53A are shown in Figure 36. The C4 ofiatiopyrazole48 resonates at
around 59.6 ppm (shown by an arrow) but, when the coupling occurs and the iodide
is replaced by the terminalkyne, the peak shifts to downfield and appears around
102.5 ppm (depicted by an arrow). Furthermore, as seen in the spects8A, ofo
acetylenic C peaks appear at 8340 ppm region while they do not exist in ffie
spectrum of48, implying that oupling reaction has occurred and the alkyne

functionality has been introduced into the structure (Figure 36).
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Figure 36.1%C NMR spectra of5-ferrocenyt4-iodo-1-phenyt1H-pyrazole 48) and
5-ferrocenytl-phenyt4-(phenylethynyl}1H-pyrazole 63A).

2.2 Synthesis of 4alkynyl-1,5diphenyl-1H-pyrazoles (54)

2.2.1 Synthesis of diodo-1,5-diphenyl-1H-pyrazole (51)

4-lodo-1,5diphenyt1H-pyrazole (51) was synthesized from -@henylpropynal
(52A), the preparation of whitwas achieved from phenylacetylei®24) by the
treatment withn-BuLi followed by formylation of the resulting lithium alkynics9
by DMF (Figure 37) [68].
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-40°C to r.t.
52A 59 49

Figure 37.Synthesis of $henylpropynal49).

3-Phenylpopynal @9) was then heateavith phenylhydrazinein neat condition,
which afforded mainly Z isomer of corresponding acetylenig/drazone (50-2)
(Figure 38) [52]. It should be mentioned that this reaction also produsiner of
corresponding acetylenioydrazone(50-E) in minor amountas indicated by TLC
analysis, buk isomer was found not to be so stable that it slowly started to convert
into Z isomer, especially during column chromatographggr this reasomafford was

not spentto isolateE isomer. Moreover, leepingthe reaction time relatively longer

minimized the formation oE isomer[52].

PRHN
: 4/<o Ph-NH-NH, : N
H 80°C,5h H

49 50 (81%)

(Z isomer)

Figure 38.Synthesis of phenyl substituted hydraz&6e

For the synthesis ofl-iodo-1,5diphenytlH-pyrazole 51), a similar procedure
applied for the preparation &ferrocenytd-iodopyrazoles48 was utilizedexcept
that in this procedure, DCM was used instead of acetonifienyl substituted
acetylenic hydrazone&(-Z) was stirred with excess molecular iodine and S&khl
in DCM at room temperature for 2 hours. The reaction produced the dpgieable

51in 80% vyield (Figure 9) [52]. The work up was completday the extraction of
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reaction mixture with aqueous sodiuthiosulfate solution and diethyl ethéo
eliminateunreacted iodind=inal purification of crude pyrazokl was performed by

column chromatography.

[

PhHN 3eq. Iy J/ﬁ

@ _ \N 3 eq. NaHCO3 @ N/‘N
— H DCM, r.t. Pr<

50-Z 51 (80 %)

Figure 39. Synthesis of 4odo-1,5-diphenyt1H-pyrazole 51).

2.2.2 Synthesis of 4alkynyl-1,5-diphenyl-1H-pyrazole derivatives (54) via

SonogashiraCross-coupling Reaction

During the course of the study, we have syntheséatkynyl-1,5-diphenylt1H-
pyrazoles (64), as well A sublibrary of terminal alkyne$2 have been reacted with
4-iodopyrazole51 under previouslyoptimized reaction condition. The results are

given in Table 4.

As indicated in Table 4he reactioniimes altered from 7 to 24 houssghile the yields

of pyrazoleq54) ranged from moderate to good (36 to 85%). It should be noted that
in general, the wlds of 4alkynyl-1,5diphenyt1H-pyrazoles %4) (Table 4) are
relatively lower as compared to those @&falkynyl-5-ferrocenyil-phenyt1H-
pyrazoles %3) (Table 3), except that the yield (85%) hb-diphenyt4-(thiophen3-
ylethynyl}1H-pyrazole(54D) washigher than that (62%) d&-ferrocenytl-phenyt
4-(thiophen3-ylethynyl}1H-pyrazole (53F). In addition the reaction for the
formation of pyrazolés4D went to completion in 7 hour@able 4)while that for

pyrazole53D led to completion in 18 hou(3able3).
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Table 4.Synthesis of 4lkynyl-1,5diphenyt1H-pyrazoles $4A-E).

. N\
/ N)N 12eq R—= 52/57 [ N>N
@ 5% PdCly(PPhs),. 50% Cul, @
Et3N, THF, 65°C
51 54
Entry R Product Time (h) Yield (%)
1 phenyl 54A 15 42
2 p-tolyl 54B 24 36
3 4-methoxyphenyl 54C 16 76
4 3-thiophenyl 54D 7 85
5 ferrocenyl 54E 13 54

Structures ofl-alkynyl-1,5-diphenyt1H-pyrazoles $3A-H) are present in Figure 40,
which contain differentfunctional groupsincluding heterocyclic §4D) and

organometalli¢54E) moities.

O S: F
N\ N\ A N\ &\
O /NEN O /NEN O /NEN /NEN O /NEN
O O O O g

54A 54B 54C 54D S54E

Figure 40. Strudures of 4alkynyl-1,5-diphenylpyrazoles54A-E).
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Structural assignments ofatkynyl-1,5-diphenyt1H-pyrazoles were determined by

'H and **C NMR spectroscopy. As a representative examjtieand *C NMR
spectra ofl,5diphenyt4-(phenylethynyl1H-pyrazole (54A) were given in Figure

41. As expected, ifH NMR spectrum, phenyl protons resonates at aromatic region
(6 7.107.40 ppm) while pyrazole proton peak at C3 appeassind 7.84 ppmOn

the other hand, in®C NMR spectrum, two acetylenic carbons resonate at 81.4 and
91.6 ppm. Moreover, it is apparent that due to the absence of iodine, C4 peak (see
Figure 41 foratom numbering) shifts to downfield and appears around at 104 ppm.

Overall, all NMR data supports the indicated structure of pyrd&abAe(Figure 41).
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13C NMR spectrum of 54A

Figure 41.'H and**C NMR spectra ofl,5-diphenyt4-(phenylethyny)1H-pyrazole
(54A).
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2.3  Synthesis of 4aryl-5-ferrocenyl-1-phenyl-1H-pyrazoles (56) via Suzuki

Miyaura Cross-Coupling Reaction

At the second stage of this studye synthesizeda large library of ferrocenyl
substituted pyrazolest by employing SuzukMiyaura crossoupling reaction of 5
ferrocenyt4-iodo-1-phenytlH-pyrazole $8) with arylboronic acids55. The
preparation of 4dodopyrazole48 was described in earlier sections. SuzMkyaura
coupling reactions have also been tested with a large numhkifedbnt solvents,
bases and palladium catalysts by researchers. Our literature search revealed that
bases in bicarbonate salt form and palladium catalysts with triphenylphosphine
ligands, especially Pdg&PPh),, work quite effectively in these reactionin
addition, DMF/HO combination is one of the most widely used solvent systems in
such reactios [74]. Under the light of this knowledge, the condition involving
PdCL(PPh),, KHCO; and DMF/HO was adapted for SuzuMiyaura coupling

reaction.

In Suzki-Miyaura crosscoupling reactions, we employed eleven boronic acids
(55A-K) and one boronic acid ester derivatigbl(), including a broad range of
functionalities (Figure 42). The boronic acid derivatives involving heterocycles and
important substituestcould enhance current biological properties or bring in new
biological activities to the resulted products. For instangadéleboronic acidg5!)

was employed since the synthesized pyrazole product could contain favorable
physicochemical properties €uo indole moiety. Moreover, in order to synthesize
organofluorine derivatives of ferrocenyl pyrazoles which could have versatile utility

in medicine and industry, boronic acte!sSF and55J were employed [74a].
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Figure 42.Structures of boronic acidbA-K and boronic acid ester derivatigéL

used in SuzukMiyaura crosscouplings.

As previously statedPdChL(PPh), was used as cataly${HCO; was employeds

bage andDMF/H,0 solution in 4/1 ratiavas chosen as ttsmlvent system during the
reactions. The coupling reactions ®ferrocenyt4-iodo-1-phenyt1H-pyrazole 48)

with the boronic acids§5) were carried out &10°C (Table 5). As shown in Table

5, dl coupling reactions were o successful and, as a rdasukleven new
derivatives of d4aryl-5-ferrocenytl-phenytlH-pyrazole 56) were synthesized
Reaction times for the completion rfactionsvere determiad by the frequent TLC
analyseslt was revealed that Suzukiyaura coupling reactions proceadshoter

time intevals than the Sonogash coupling reactionsin order to minimize the
substance loss, extraction was avoided and the reaction solvent (RBD)FPAhs
evaporated under high pressure vacuum. Finally the products were purified by
column chromatogphy. Importantly, as summarized in Table 5, pyrazole
derivativesb6 were synthesized in considerable high yields. Particularly, it should be
pointed out that pyrazol6D was obtained in 99% vyield.
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Table 5.Synthesis of 4ryl-5-ferrocenyt1-phenyt1H-pyrazoles $6A-K).

J }N 1.4eq R—B(OH), 55 )y )N
Lo TR A
48 56
Entry R Product Time (h) Yield (%)
1 Ph 56A 4 72
22 Ph 56A 6 80
3 3,4-(OCH,CH,0)CsH3 56B 7 52
4 4-ethylphenyl 56C 5 65
5 3-nitrophenyl 56D 6 99
6 3-(EtO,C)CsH4 56E 5 93
7 3,4,5F;CeH2 56F 5 95
8 6-methoxy3-pyridinyl 56G 4 94
9 4-chlorophenyl 56H 6 91
10 5-indolyl 561 13 42
11 4-EtO-3-FCH3 56J 4 80
12 3,4,5(MeQ)CgH> 56K 5h 78

*The reaction was carried out by boronic acid ester derivafilze

Figure 43 illustrates the struces of 4-aryl-5-ferrocenytl-phenytlH-pyrazoles
(56A-K), including different functional groupssuch as aryl, heterocycliand

organometallic functionalities.

SuzuktMiyaura coupling of Herrocenyt4-iodo-1-phenytlH-pyrazole 48) with
4.,4,5,5tetrametlyl-2-phenyt1,3,2dioxaborolane(55L) was also investigated. The
reaction was performed with the same Suadigaura coupling condition. This
reaction produce8-ferrocenytl,4-diphenyt1H-pyrazole(56A) in 6 hours with 80%
yield (Enrty 2 in Table 5).
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Figure 43. Structures o#l-aryl-5-ferrocenyt1-phenyt1H-pyrazoles $6A-K).

It is noteworthyto mentionthathomocoupling of arylboronic acids was not observed
during the course of reactions order to prevent the oxative homocoupling of
boronic acids xperiments were carried out under Ar atmosphilereover, using a
palladium catalyst with triphenylphosphine ligaindtead of palladium salts such as

PdCL could cause an inhibiting effect on the intermolecular reaaif boronic acids

The structures of pyrazol&s were determined bjH and**C NMR spectroscopy.
As an illustration,H NMR spectrum of Serrocenytl,4-diphenyt1H-pyrazole
(56A) is shown in Figure 44. As noted previously, ferrocenyl H peakagrarent at
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around 4.068.60 ppm and the proton attached to C3 resonates at nearly 7.58 ppm.
The remaining phenyl hydrogens show up between 7.25 and 7.50 ppm (Figure 44).

Fe
T T T T T T T 1 @
7.600 7.550 7.500 7.450 7.400 7.350 7.300 7.250

Figure 44."H NMR spectrum of Serrocenyt1,4-diphenyt1H-pyrazole 66A).

3C NMR spectra of 4odo-5-ferrocenytl-phenytlH-pyrazole 48) and 5
ferrocenytl,4-diphenyt1H-pyrazole B6A) are given for comparison in Figure 45.
As it can be seen, the peak of carbon (shown by an arrow) bearing tte indi
compound48 shifts to downfield with the substitution of phenyl group through
SuzukiMiyaura coupling and appear at 123.3 ppm (depicted with an arrow) in
pyrazole56A. Furthermore, in the spectrum of compo&td, the existence of four
new C peaks ithe aromatic region proves the formation of targeted product (Figure
45).
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Figure 45.1%C NMR spectra of-iodo-5-ferrocenyt1-phenyt1H-pyrazole 48) and
5-ferrocenytl,4-diphenyt1lH-pyrazole B6A).

24 Mechanisms

The mechanism for the formation ofigdo-5-ferrocenytl-phenyt1H-pyrazole 48)

and 4iodo-1,5diphenyt1H-pyrazole §1) is shown in Figure 46. The electrophillic
cyclization reaction starts with the formation of iodonium i@0/§1) by the
coordindion of iodine to the triple bond of hydrazon#7/60). Then the attack of
secondary nitrogen to the carbon atom attached to R group forms the protonated
pyrazole 62/63). In this stepit is predicted thathe hydrazond7/50is in Z form. It
was also oberved that isomer of47 can also go through this reaction pathway but
in the presence op and NaHCQ, this isomer is converted to Z isomer and then the
cyclizationcan occur. Finally the abstraction of proton by the base NaH€&Dlts

in the formationof 4-iodopyrazole product48/51 and as anticipated, 80; formed

is released as4@ and CQ (Figure 46) [52].
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Figure 46. The mechanism for the formation ci@do-5-ferrocenytl-phenyt1H-

pyrazole 48) and 4iodo-1,5diphenyt1H-pyrazole 1).

The mechanism of the Sonogashira coupling reaction is still not known exactly.
fact, various physical and thermochemical methods were devised to identify the
transient moleculeand the results of tkestudies suggestedpassiblemechanism
(Figure 47) [54]. According to this mechanismgoppercocatalyzed couplm
reactions of 4odopyrazoles4851 can occur through two indepelent catalytic
cycles The main cycle ishe Pdcycle. The first step of this cycle is the oxigat
addition of 4-iodopyrazoles4851 to Pd(PPK), complexwhich is formed by the
reduction of palladiunfll) catalyst(PdCL(PPh).). The second step iime Pdcycle
intercepts withCu-cycle. During this stagehe formed copper acetylid®4 goes
througha transmetallation reaction leading to the attachment of acetylide ligand to
the palladium complex65 to afford complex66. After a possibletrangcis-
isomerization (66 to 67), redudive elimination happens. At it last step, final

coupling product%3/54) is obtained and the catalyst is regenerated (Figure 47).
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Figure 47.Mechanism of Sonogashira coupling reaction.

The mechanistic pathway of SuztMiyaura reaction is quite similar to Sonogashira
coupling mechanisnfFigure 48). First, at the main Rgcle, the oxidative addition
of 4-iodo-5-ferrocenytl-phenyt1H-pyrazole 48) to the generated Pdcomplex
occurs. The formed palladium intermedia®8)(then reacts with KHC®and, as a
result, I is replaced by HC®in the organepalladium specie68, forming complex
69. At the side step of the mechanism, aryl boronic d&fdreacts with base
(KHCOg3) to produce a boronate compleéd0 and this complex goes through a
transmetallation reaction with the orgapalladium spcies69. As a result, aryl
group is introduced into the palladium compi forming 71. At the last step of

cyclic mechanism, reductive elimination occurs with retention of stereochemistry
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and final coupling productt6 is formed while the catalysPdCL(PPh),

regenerated (Figure 48) [63,76].
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Figure 48.Mechanism of SuzukMiyaura coupling reaction with boronic acids.
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CHAPTER 3

CONCLUSION

In summary, we have investigated the synthesis-akynyl-5-ferrocenyl-1-phenyt
1H-pyrazoles %3), 4-alkynyl-1,5diphenytlH-pyrazoles %4) and 4aryl-5-
ferrocenytl-phenylt1H-pyrazoles §6) through palladium catalyzed Sonogashira
and SuzukiMiyaura coupling reactions ofibdopyrazoles48 and51) with terminal
alkynes (52) and boronic acids5f), respectively.Owing to the importane of
ferrocene and pyrazolaolecules in chemistry, biology, biochemistry and medicinal
chemistry the synthesis of mulsubstituted pyrazoles and ferrocenylpyrazoles has
been crucial. Thefere, we have focused on the synthesis of new pyrazole
derivatives substituted with various functional groups, particularly with ferrocenyl

groups, having potential biological activities.

In the first phase of the study, ferrocenyl and phenyl substitateetylenic
hydrazones 47 and 50) have been prepared and subjected to electrophillic
cyclization to afford 4odopyrazoles48 and51). In the second phase, a large variety
of new 4alkynyl-5-ferrocenytl-phenyt1H-pyrazole derivatives 53) have been
syrthesized from Serrocenyld-iodopyrazole 48) and terminal alkynesbg and57)

by employing the optimized Sonogashira coupling condition. Furthermore, using the
same Sonogashira coupling condition4-alkynyl-1,5diphenyt1H-pyrazle
derivatives $4) have been synthesized from-iddo-5-phenylpyrazole §1) and
terminal alkynes32 and57).

At the final stage, SuzulMiyaura coupling reactions of-ferrocenyt4-iodo-1-
phenyt1H-pyrazole 48) with boronic acids§5) have been explored andadyl-5-
ferrocenytl-phenytlH-pyrazoles(56) have been synthesized in good to excellent

yields.
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In conclusion, we have achieved the synthesis of a large library of new multi
substituted ferrocenylpyrazole derivativés3 and 56) as well as phenylpyrazole
derivatives $4). The biological activity tests of these derivatives will be carried out

by collaborative work.
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CHAPTER 4

EXPERIMENTAL

The 'H and *C NMR spectra were recorded on a Bruker Spectrospin Avance
DPX400 Ultrashield (400 MHz) spectrometer. The chemicdtsslare reported in
parts per million(ppm) downfield from an internal TMS (trimethylsilane) reference.
Coupling constantsJ) are reported in hertz (Hz), and the spin multiplicities are
presented by the following symbols: s (singlet), br s (broad singleiloublet), t
(triplet), q (quartet), m (multiplet). DEPTC NMR information is given in
parentheses as C, CH, ¢ldnd CH. Infrared spectra (IR) were recorded a
NICOLET IS10 FTIRSpectrometer using attenuated tatflection (ATR). Band
positionsare reported in reciprocal centimeters @nBand intensities are indicated
relative tothe most intense band, and are listed as: br (broad), vs (very strong), s
(strong), m (medium), w (weak), vw (very weak)assspectra (MS) were obtained

on MicroTof (Bruker Daltonics)and TRITON Tlspectrometer, using electrospray
ionization (ESI). Flash chromatography was performed using thweked glass
col umns and 66f 1l ash g-408 dreeéhd. Theni layerc a
chromatography (TLC) was performed by usicgmmercially prepared 0.25 mm
silica gel plates and visualization was effected with short wavelength UV lamp. The
relative proportions of solvents in chromatography solvent mixtures refer to the
volume:volume ratio. All commercially available reagentsenesed directly without
purification unless otherwise stated. All the solvents used in reactions distilled for
purity. THF, dioxane and diethyl ether were distilled from sodium/benzophenone in
glass kettle. The inert atmosphere was created by slightyeogiessure (ca. 0.1 psi)

of argon. All glassware was dried in oven prior to use.
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4.1  Synthesis of acetylferrocene (31)

Ferrocend30) (2g, 10.8 mmol) was dissolved in dry DCM (9ml) by constant stirring
under argon. Then acetyl chloride (0.92ml,8Linmol) was added to the resultant
orange/red solution. The flask was immersed in5°CG icewater bath. Anhydrous
aluminum chloride (1.44 g, 10.8 mmol) was slowly added in small portions to the
reaction flask. The reaction mixture was stirred at roanpegature for 2 h and then
it was recooled to -8 °C by a fresh icavater bath. By the slow addition of cold
water (4 x 0.5 ml), the reaction mixture was hydrolyzed. Then a further 3 ml of cold
water was added more rapidly. The hydrolyzed reaction mixtaseextracted with
DCM and collected organic extracts were washed with 5% NaOH solution followed
by brine solution. The organic phase was dried over magnesium sulfate and filtered
off. An orange/red solid was obtained after solvent was removed on rotary
evaporator. The resultant solid was purified by flash column chromatography on
silica gel using 9:1 hexane/ethylacetate as the eluent to give acetylfer(@dgne
(1.96 g, 80%).

31 'H NMR (CDCL): 114.60 (s, 2H), 4.32 (s, 2H), 4.02 (s, 5H), 2.17 (s, 3H);
YCNMR(CDCL) : @ 79.2 (C), 72.3 (CH)s) Thé9. 8

spectral datarein agreement with those reported previously for this compasid

4.2  Synthesis of (2formyl -1-chlorovinyl)ferrocene (43)

In a two necked flask, acetylferroce(®) (2 g, 8.8 mmol) and DMF (2.17 ml, 28.2
mmol) were added under argon. The flask was cooled’® I8y icewater bath and

the brown reaction mixture was stirred for 10 minutes. Separatedyroundbottom

flask, DMF (2.17 ml, 28.2 mmol) was added and cooled %@ @inder argon. Then
cautiously phosphorus oxychloride (2.21 ml, 28.2 mmol) was added to DMF with
good stirring. The resultant viscous red complex was slowly (over 30 minutes)
transferred to the two nee#t flask containing acetylferrocen1) and DMF by a
dropping funnel. After the addition was completed, the contents of the flask were
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stirred at C for approximately 2 h until the color of reaction mixture changed from
dark bravn to olive green and then to dark blue. A 20 ml portion of diethyl ether was
added, and the mixture was stirred vigorously. Then with continued cooling with ice
water bath, sodium acetate trihydrate (10.18 g, 74.6 mmol) was carefully added to
the reactiorflask in one portion followed by addition of water (2 ml). The ice water
bath is removed and a color change in organic layer from colorless to ruby red,
indicating the formation of formyl derivative, was observed. After 1 h, additional
ether (2 ml) was atked and the stirring was continued for 3 h at room temperature for
complete quenching. The reaction mixture was extracted with diethyl ether. The
organic extracts were combined and washed with saturated sodium bicarbonate
solution. After dried by magnesiursulfate and filtered, organic phase was
concentrated on rotary evaporator, yieldif@@gformyl-1-chlorovinyl)ferrocene(43)
(2.25 g, 93%).

43 'H NMR (CDCh): 1110.06 (d, 1HJ = 7.1 Hz), 6.38 (d, 1H] = 7.1 Hz),
4.73 (t, 2H,J = 1.68 Hz), 4.54 (t, 2H) = 1.68 Hz), 4.22 (s, 5H)he spectral data

arein agreement with those reported previously for this comp§&irid

4.3  Synthesis of ethynylferrocene (57)

In a dry flask, (2-formyl-1-chlorovinyl)ferrocene(43) (1.3 g, 4.75 mmol) was
dissolved in anhgrous dioxane (15 ml) by flashing with argon and heated to reflux.
After approximately 5 minutes a boiling 1 N solution of sodium hydroxide (12.5 ml)
was added rapidly in one portion and the reflux continued for another 25 minutes.
Then refluxing was stoma and the mixture was allowed to cool to room
temperature. The contents of the flask were poured directly into ice and neutralized
with 1 N hydrochloric acid solution. The resultant mixture was extracted with hexane
(5 x 5 ml). The organic phase was wasivith sodium bicarbonate solution and
water. The combined organic parts were dried over magnesium sulfate, filtered and
the solvent was removed on rotary evaporator. The crude ethynylferr&@i®@mveas
purified by flash chromatography on silica gel byngshexane as the eluent and the

clear product was obtained as orange crystals (750 mg, 75%).
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57:'H NMR (CDCL): Ui 4.46 (s, 2H), 4.21 (s,H9, 4.19 (s, 2H), 2.71 (s, 1H)
13C (CDCE): 1826 (C), 73.6 (C), 7Z. (CH), 70.0 (CH), 68.7 (CH), 63.9 (CHJhe

spectral datarein agreement with those reported previously for this comp@airid

4.4  General Procedure 1. Synthesis of propargyl aldehydes (46 and 49)

In approximately 25 ml of dry THF, corresponding alkyne (0.1 mol) was dissolved.
The solution vas cooledo -40 °C under argon by using a dewar flask equipped with

a thermometer and containing ethyl acetate/liquid nitrogen mixture. By flashing with
argon,n-butyllithium (1.6 M in hexane, 65.4 ml, 0.1 mol) was cautiously added by a
glass syringe sloly over 5 minutes, keeping the temperature betw&8&nand-40

°C. After the addition was completed, diN;N-dimethylformamide (15.5 ml, 0.2
mol) was rapidly added in one portion and the cooling progress was stopped. The
mixture was allowed to warm to roaiemperature. The contents of the reaction flask
were poured into a cold mixture prepared from 10% aqueouy®®&jsolution (540

ml, 0.4 mol) and diethylether (500 ml). Layers were separated by extraction. The
organic phase was washed with water (4 x 200amtl the collected aqueous phase
was further extracted with ether. The combined organic extracts were dried over
MgSO, and filtered. The flash chromatography on silica gel by using hexane/ethyl

acetate as the eluent afforded the corresponding propatigyiyale.

4.4.1 Synthesis of 3ferrocenylpropynal (46)

General Procedure 1 was followed by using ethynylferro(@ne(1 g, 4.74 mmol),
n-butyllithium (1.6 M in hexane, 3.1 ml, 4.74 mmol) and dx¥yN-dimethyt
formamide (0.75 ml, 9.5 mmol). The product svaurified by flash column
chromatography on silica gel using 19:1 hexane/ethyl acetate as the eluent (930 mg,
82%).

46: 'H NMR (CDCk): 119.27 (s, 1H), 4.60 (s, 2H), 4.41 (s, 2H), 4.25 (s, 5H);

13C NMR (CDCE): li176.2 (C), 99.5 (C), 87.7 (C), 73.3 (CH)L.3 (CH), 70.6 (CH),
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592 (C). The spectral datarein agreement with those reported previously for this
compound68,77].

4.4.2 Synthesis of 3phenylpropynal (49)

General Procedure 1 was followed by using phenylacety(8248) (1.1 ml, 10
mmol), n-butyllithium (1.6 M in hexane, 6.1 ml, 10 mmol) and dN;N-
dimethylformamide (1.54 ml, 20 mmol). The product was purified by flash column
chromatography on silica gel using 19:1 hexane/ethyl acetate as the eluent (1.24 g,
97%).

49: 'H NMR (CDCk): 119.45 (s, 1H), 7.57.64 (m, 2H), 7.44.49 (m, 1H),
7.367.40 (m,2H)®C(CDCE) : ©W 176.9 (CH), 133.4 (CH),
119.6 (C), 95.3 (C), 88.9 (CJhe spectral datarein agreement with those reported

previously for this compouni@8].

4.5  General Procedure 2. Synthesis of acetylenic hydrazones (47 and 50)

The correponding propargyl aldehyde (0mol) and phenylhydrazine (0.1 mol)
were added into a dry test tube. The neat reaction mixture was heatetCati@fer

argon with contines stirring for 3 to 5 h. The resultant viscous crude product was
purified by flash chromatography on silica gel by using hexane/ethyl acetate as the

eluent.
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4.5.1 Synthesis of E)- and (Z2)-1-(3-ferrocenylprop-2-ynylidene)-2-phenyl-
hydrazines (4#E and 47-2)

General Procedure 2 was followed by usiaigiBocenylpropynal46) (500 mg, 2.10
mmol) and phenylhydrazine (0.21 ml, 2.10 mmol). The resultant mixture of isomers
was separated by flash chromatography on silica gel using 19:1 hexane/ethyl acetate
as the eluent, yielding hydrazone&/-E (E isomer, 248 mg, 36%) and7-Z (Z
isomer, 372 mg, 54%).

47-E (E isomer): 'H NMR (CDCly): 1 7.95 (br, s, 1H, NH), 7.27 (t, 2H =
7.9 H2, 7.08 (d, 2HJ= 7.9 H), 7.03 (s, 1H), 6.90 (t, LH =7.3 H), 4.51 (s, B),
4.27 (s, 2H), 4.25 (s, SH°C NMR (CDCE) : U HY129.37(CH, 120.8 (CH),
120.4 (C), 113.1CH), 92.2 (C), 82.0 (C)71.6 (CH), 70.1 (CH), 69.2 (CH), 64.3
(C). The spectral datare in agreement with those reported previously for this
compound52].

47-Z (Z isomer): '"H NMR (CDCk): Ui 8.64 (br, s, 1H, NH), 7.32 (t, 2H =
7.3 H2, 7.13 (d, 2HJ= 7.6 H2, 6.94 (t, 1HJ = 7.3 HJ, 6.55 (s, 1H), 4.57 (s},
4.35 (s, 2H), 4.29 (s, 5SH’C NMR (CDCk) : U HW129.47(CH), €20.4 (CH),
115.7 (CH), 113.2 (CH), 102.4 (C), 76.5 (C), 71.8 (CH), 70.3 (CH), 69.7 (CH), 62.9
(C). The spectral datare in agreement with thse reported previously for this

compound52].

4.5.2 Synthesis of Z)-1-phenyl-2-(3-phenylprop-2-ynylidene)hydrazine (502)

General Procedure 2 was followed by usingh&nylpropynal 49) (500 mg, 3.85
mmol) and phenylhydrazine (0.38 ml, 3.85 mmol)eThsultant crude product was
purified by flash chromatography on silica gel using 19:1 hexane/ethyl acetate as the
eluent, yielding hydrazons0-Z (Z isomer, 687 mg, 81%).

50-Z (Z isomer): *H NMR (CDCk): 1 8.67 (br, s, 1H, NH), 75754 (m,
2H), 738-7.42(m, 3H), 7.8-7.30( m, 2H), 708-7.12 (m, 2H), 6.90-6.93 (m, 1H),
6.62 (s, 1H):*C NMR (CDCEk): 11 143.5 ((H), 131.8 (CH), 129.5 (CH), 129.4 (CH),
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128.6 (CH), 121.6 (C), 121.2 (CH), 114.7 (CH), 113.8i)CL01.9 (C), 79.6(C)The
spectral datarein agreement with those reported previously for this compgaeid

4.6  General Procedure 3. Synthesis of-tbdo-1-phenyl-1H-pyrazoles (48 and
51)

In a dry rounebottom flask, molecular iodine (3 equiv)dasodium bicarbonate (3
equiv) were added and dissolved in acetonitrile or DCM by flashing with argon.
Then separately in a dry flask, hydrazetveE (E isomer),47-Z (Z isomer) or50-Z

(Z isomer) (1 equiv) was added and dissolved in acetonitrile or D@M.r&sulting
solution was added dropwise to the solution includingnd NaHCQ. The reaction
mixture was allowed to stir for 1 h at room temperature. After the completion of the
reaction (controlled by TLC), solvent was removed on a rotary evaporaten Th
contents of the reaction flask was transferred to separatory funnel including diethyl
ether and washed with saturated aqueous sodium thiosulfate solution followed by
water. The combined organic extracts were dried over MgSiered and
concentrated o rotary evaporator. The crude product was purified by flash
chromatography on silica gel with 19:1 hexane/ethyl acetate as the eluent, affording

corresponding 4odopyrazole 48 or 51).

4.6.1Synthesis of Sferrocenyl-4-iodo-1-phenyl-1H-pyrazole (48)

General Procedure 3 was followed by using molecular iodine (320 mg, 1.26 mmol),
sodium bicarbonate (106 mg, 1.26 mmol) aydrazone47-E (E isomer) ord7-Z (Z
isomer) (138 mg, 0.42 mmol) and acetonitrile (20 ml) as solvent. The resultant crude
productwas purified by flash chromatography on silica gel with 19:1 hexane/ethyl
acetate as the eluent, affordidgferrocenyt4-iodo-1-phenytlH-pyrazole 48) as
orange solid (176 mg, 92% frofT-E; 172 mg, 90% frond7-Z).

48 H NMR (CDCk): Ui 7.73 (s, 1H), 739-7.43(m, 3H), 727-7.29(m, 2H),
4.41 (s, 2H), 425 (s, 2H), 421 (s, 5H);”®*CNMR (CDCk) : U 146. 7 ( CH) ,
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140.8 (C), 12& (CH), 128.4 (CH), 126.4 (CH), 74.1 (C), 70.2 (CH), 69.2 (CH), 68.7
(CH), 59.6 (C).The spectral datarein agreement wh those reported previously for
this compound52].

4.6.2 Synthesis of 4iodo-1,5-diphenyl-1H-pyrazole (51)

General Procedure 3 was followed by using molecular iodine (692 mg, 2.72 mmol),
sodium bicarbonate (229 mg, 2.72 mmbldrazone50-Z (Z isomer) (200 mg, 0.90
mmol) and dichloromethane (25 ml) as solvent. The resultant crude product was
purified by flash chromatography on silica gel with 19:1 hexane/ethyl acetate as the
eluent, affordingl-iodo-1,5-diphenyt1H-pyrazole 1) (249 mg, 80%).

51: '"H NMR (CDCk): 11 7.71 (s, 1H), 7.27.28 (m, 3H),7.157.19 (m, 5H),
7.107.13 (m, 2H);**C NMR (CDCE): U 145.5 (CH), 143.5 (C), 139.9(C), 130.3
(CH), 129.6 (C), 129.0 (CH), 128.8 (CH), 128.5 (CH), 127.6 (CH), 124.7 (CH), 62.3
(C). The spectral datare in agreement with those reported previously for this

compound52].

4.7 General Procedure 4. Synthesis of -alkynyl-5-ferrocenyl/phenyl-1-
phenyl-1H-pyrazoles (53 and 54 via Sonogashira coupling reaction
(Tables 3 and 4)

In a dry flask, 4odopyrazoé @8 or 51) (0.22 mmol), PdG(PPhR), (7.73 mg, 0.011
mmol) and Cul (2.09 mg, 0.011 mmol) were dissolved in a mixture of triethylamine
(2.6 ml) and THF (1 ml) by vigorous stirring under argon. Meanwhile, separately in a
flask, corresponding terminal alkgr62 or 57) (0.264 mmol) was dissolved in THF

(2 ml) and added slowly to the first reaction flask over 1 h. Then the resulting
reaction mixture was heated to reflux (8%). After the completion of the reaction

(controlled by TLC), the mixture was cont¢eated on a rotary evaporator and
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purified by flash chromatography on silica gel using 9:1 hexane/ethyl acetate as the

eluent.

4.7.1 Synthesis of 4alkynyl-5-ferrocenyl-1-phenyl-1H-pyrazoles (53) (Table 3)

General Procedure 4 was followed by usinde®ocenyt4-iodo-1-phenytlH-
pyrazole 48) (100 mg, 0.22 mmol), corresponding terminal alkys2dr 57) (0.264
mmol), PAC}(PPh), (7.73 mg, 0.011 mmol), Cul (2.09 mg, 0.011 mmol}3NEt1.6
ml) and THF (2 ml). After chromatographic purificatichalkynyl-5-ferrocenyt1-
phenyt1H-pyrazoles (53) givenin Table 3 were isolatedvith the indicated vyields,
the spectroscopic data for which are provided below.

53A: Yield: 66%;'H NMR (CDCh): 11 7.73 (s, 1H), 7.54.56 (m, 2H), 7.25
7.35 (m, 8H), 4.40seudot, 2H), 4.14 pseudot, 2H), 4.04 (s, 5H)*C NMR
(CDCly): 1 143.6 (C), 143.5 (CH), 140.4 (C), 131.2 (CH), 129.0 (CH), 128.6 (CH),
128.5 (CH), 128.0 (CH), 126.6 (CH), 124C), 102.5 (C),93.4 (C), 82.9 (C), 73.1
(C), 70.0 (CH), 68.9 (CH), 68.6 (CH); IR (neat): 3729 (m), 3698 (m), 3054 (w), 2228
(vw), 1554 (m), 1495 (s), 1398 (m), 859 (m), 762 (s), 693 (s); S (ESI,m/2):
451.09 [M + NajJ, 428.09 [M]; HRMS (ESI): calc. for gHxoFeN,Na: 451.0874 [M
+ NaJ'. Found: 451.0868; calfor Co7/H 0FeNs: 4280976 [M]". Found: 428971.

53B: Yield: 37%;'H NMR (CDCk): Ui 7.84 (s, 1H), 7.55 (d, 2H,= 7.9 Hz),
7.467.48 (m, 3H), 7.39.41 (m, 2H), 7.8 (d, 2H,J = 7.9 Hz), 4.56 (s, 2H), 4.29 (s,
2H), 4.20 (s, 5H), 2.44 (s, 3HYC NMR (CDCE): Ui 143.4 (C), 143.3 (CH), 140.4
(C), 138.2 (C), 131.1 (CH), 129.3 (CH), 129@H), 128.5 (CH), 126.5 (CH), 121.0
(C), 102.8 (C), 93.5 (C), 82.0 (C), 73.5 (C), 70.2 (CH) 69.0 (CH), 68.8 (CH), 21.6
(CHa); IR (neat): 3733 (m), 3698 (w), 3059 (vw), 2988 (br), 2916 (br), 1500 (s),
1398 (m), 1078 (w), 815 (m), 767 (m), 694 (m)&nvIS (ESI, m/2: 465.10[M +
Na]", 442.11[M]*; HRMS (ESI): calc. for gHxFeNNa: 465.1030[M + Na]'.
Found:465.1025 calc. for GgHxFeNs: 4421132[M]*. Found:442.1127

53C: Yield: 78%;*H NMR (CDCk): Ui 7.72 (s, 1H), 7.49 (d, 2H,= 8.7 Hz),
7.357.36 (m, 3H), 7.277.29(m, 2H), 6.87 (d, 2H) = 8.7 Hz), 4.41 (s, 2H), 4.16 (s,
2H), 4.06 (s, 5H), 3.78 (s, 3HY’C NMR (CDCE): Ui 159.5 (C), 143.4 (CH), 143.3
(C), 140.4 (C), 132.7 (CH), 129.0 (CH), 12&GH), 126.5 (CH), 116.2 (C), 114.3
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(CH), 102.9 (C), 93.2 (C), 81.2 (C), 73.3 (C), 70.0 (CH), 68.7 (CH), 68.6 (CH), 55.4
(CHa); IR (neat): 3057(w), 2969 (w), 2839 (w), 1896 (vw), 1603 (s), 1498 (vs), 1398
(s), 1286 (s), 1245 (vs), 1175 (s), 1027 (s), 966888 (m) crit; MS (ESI, m/2):
481.09 [M + NaJ, 458.10 [M]*; HRMS (ESI): calc. for gH.,FeN.-ONa: 481.0979
[M + Na]’. Found: 481.0974 calc. for GgHxFeN,O: 458.1082 [M]*. Found:
458.1076

53D: Yield: 68%;*H NMR (CDCk): 11 7.63 (s, 1H), 7.36.38 (m, 3H), 7.26
7.29 (m, 2H), 4.38 (s, 2H), 4.12 (s, 2H), 4.03 (s, 5H),-29® (m, 2H, NH), 1.52
1.70 (m, 8H), 1.18..28 (m, 2H):**C NMR (CDCE): Ui 143.9 (CH), 142.8 (C), 140.6
(C), 129.1 (CH), 128.7 (CH), 126.8 (CH), 102.2,(€%.8 (C), 73.1 (C), 70.0 (CH),
68.8 (CH), 68.2 (CH), 60.4 (C), 40.6 (C); 25.5 (kH23.5 (CH), 14.2 (CH); IR
(neat): 3284 (w), 3090 (w), 2927 (vs), 2852 (s), 2222 (w), 1596 (s), 1504 (s), 1381
(m), 1105 (m), 1001 (m), 967 (m), 817 (s), 766 (s), 6IBI(E".

53E: Yield: 70%;H NMR (CDCk): Ui 7.65 (s, 1H), 7.37.38 (m, 3H), 7.27
7.29 (m, 2H), 4.40 (s, 2H), 4.16 (s, 2H), 4.08 (s, 5H), 2124,(0OH), 2.022.07 (m,
2H), 1.531.74 (m, 6H), 1.58..56 (m, 1H), 1.28..35 (m, 1H);*C NMR (CDC}): i
143.8 (CH), 143.4 (C), 140.5 (C), 129.1 (CH)8I2(CH), 126.8 (CH), 101.8 (C),
97.1 (C), 73.2 (C), 70.2 (CH), 69.3 (C), 69.0 (CH), 68.5 (CH), 40.1,)C25.3
(CHy), 23.3 (CH) (one carbon peak missing due to overlap); IR (neat): 3725 (w),
3354 (br), 3095 (w), 2930 (vs), 2854 (m), 2218 (w), 1736 BY6 (m), 1505 (s),
1402 (s), 1381 (s), 1255 (m), 1067 (s), 966 (s), 767 (s), 693 (5) cm

53F: Yield: 62%;H NMR (CDCh): i 7.72 (s, 1H), 7.50 (d, 1H,= 2.3 Hz),
7.347.36 (m, 3H), 7.26/.29 (m, 3H), 7.2 (d, 1H,J = 4.8 Hz), 4.0 (s, 2H), 4.16 (s,
2H), 4.07 (s, 5H)*C NMR (CDCE): U 143.6 (C), 143.4 (CH), 140.3 (C), 129.7
(CH), 129.0 (CH), 128.5 (CH), 127.9 i, 126.5 CH), 125.7 (CH), 123.0 (C),
102.5 (C), 88.5 (C), 82.1 (C), 73.3 (C), 70.1 (CH), 69.0 (CH), 68.7 ;(GH{neat):
3725 (m), 3691 (m), 2988 (s), 2921 (s), 1489 (s), 1399 (m), 1063 (w), 867 (w), 777
(m), 753 (m), 687 (m) cih MS (ESI,m/2): 457.04 [M + Na]*, 434.05 [M]*; HRMS
(ESI): calc. for GsHigFeNsSNa: 457.0438[M + Na]'. Found:457.0433 calc. for
CasH1gFeNS: 434.0540M] *. Found:434.0535

53G: Yield: 44%;'H NMR (CDCh): Ui 7.82 (s, 1H), 7.54 (d, 2H,= 8.7 Hz),
7.447.47 (m, 3H), 7.377.39 (m, 2H), 6.77 (d, 2H, = 8.7 Hz),4.54 (s, 2H), 4.25 (s,
2H), 4.18 (s, 5H), 3.05 (s, 6HY*C NMR (CDCk): Ui 150 (C), 143.3 (CH), 142.9 (C),
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140.5 (C), 132.4 (CH), 129.0 (CH), 128.4)(@26.5 (CH), 112.1 (CH), 103.4 (C),
94.2 (C), 80.2 (C), 73.6 (C), 70.0 (CH), 68.7 (CH), 68.6 (CH), 40.33 Gbhe
carbonpeak missing due to overlggR (neat): 3831 (w), 3722 (s), 3698 (m), 2988
(s), 2922 (s), 1744 (vw), 1599 (vw), 1219 (vw), 1066, (@96 (vw), 668 (m) ci
MS (ESI,m/2: 472.14[M + H]*, 471.13[M]*; HRMS (ESI): calc. for GHzsFeNs:
4721476[M + H]*. Found:472.1443 calc. for GgHasFeNs: 471.1398[M]*. Found:
471.1389

53H: Yield: 68%;H NMR (CDCk): i 7.69 (s, 1H), 7.27.35 (m, 5H), 4.54
(s, 2H), 4.44 (s, 2H), 4.28 (8H), 4.25 (s, 2H), 4.17 (s, 2H), 4.13 (s, 5t NMR
(CDCl3): 01 143.4 (CH), 143.2 (C), 140.4 (C), 129.0 (CH), 128.5 (CH), 126.6 (CH),
103.2 (C), 92.0 (C), 78.8 (C), 73.6 (C), 71.H(|C70.2 (CH), 70.0 (CH), 69.0 (CH),
68.9 (CH), 68.7 (CH), 66.7 (C); IR (neat): 3725 (m), 3599 (w), 3099 (m), 2988 (m),
2903 (m), 2231 (w), 1595 (s), 1497 (s), 1398 (s), 1105 (s), 1000 (s), 965 (s), 816 (s),
767 (s), 695 (s) cih MS (ESI,m/2: 55905 [M + NaJ', 536.06[M] *; HRMS (ESI):
calc. for GiH.FeN,Na: 559.0536 [M + Na]". Found: 559.0531 calc. for
CaiHasFeN,: 5360638[M] . Found:536.0634

4.7.2 Synthesis of 4alkynyl-1,5diphenyl-1H-pyrazoles (54) (Table 4)

General Procedure 4 was folled by using 4odo-1,5-diphenyt1H-pyrazole 51)
(100 mg, 0.22 mmol), corresponding terminal alky®@ ¢ér 57) (0.264 mmol),
PdCL(PPh), (7.73 mg, 0.011 mmol), Cul (2.09 mg, 0.011 mmol}NEtL.6 ml) and
THF (2 ml). After chromatographic purification4-alkynyl-1,5diphenyt1H-
pyrazoles (54) given in Table 4 were isolatedwith the indicated yields, the
spectroscopic data for which are provided below.

54A: Yield: 42%; 'H NMR (CDCk):ti 7 . 84 ( .35 (r,, BH),,7.20¢ . 3 3
7.28 (m, 10H)**C NMR (CDCEk): Ui 144.1 (C), 142.8 (CH), 139.8 (C), 131.3 (CH),
129.6 (CH), 129.0 (CH), 128.9 K, 128.7 (G, 128.4 (CH), 128.3 (CH), 128.0
(CH), 127.7 (CH), 125.1 (CH), 123.6 (C), 104.5 (C), 91.5 €1.4 (C);IR (neat):
3693 (w), 3058 (m), 2929 (w), 2223 (m), 1967 (w), 1596 (s), 1495 (s) 1441 (s), 1387
(s), 1063 (m), 962 (m), 907 (s),751 (s), 730 (s), 688 (5) cm
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54B: Yield: 36%;H NMR (CDCk): ti 7.83 (s, 1H), 7.32.35 (m, 2H), 7.22
7.27 (m,10 H), 7.04 (d, 2H, = 7.9 Hz), 2.26 (s, 3H)*C NMR (CDCE): Ui 144.0
(C), 142.8 (CH), 139.8 (C), 138.1 (C), 131.2 (CH), 129.5 (CH), 129.0 (CH), 128.9
(CH), 128.7 (C), 128.3 (CH), 127.7 (CH), 125.2 (CH), 120.5 (C), 104.7 (C), 91.7
(C), 80.5 (C), 21.5 (C§J (one carbon peak missing due to overlap); IR (neat): 3733
(m), 3703 (m), 2988 (s), 2919 (s), 2237 (vw), 1593 (m), 1498 (s), 1442 (m), 1382 (s),
818 (s), 761 (m), 691 (sm™.

54C: Yield: 76%;H NMR (CDCk): 11 7.81 (s, 1H), 7.3%7.33 (m 2H), 7.20
7.25 (m, 10 H), 6.74 (d, 2H) = 8.7 Hz), 3.70 (s, 3H)*C NMR (CDCk): U 159.4
(C), 143.8 (C), 142.7 (CH); 139.8 (C), 132.7 (CH), 12€61), 129.0 (CH), 128.9
(CH), 128.7 (C), 128.3 (CH), 127.7 (CH), 125.2 (CH), 116.0 (C), 114.0 (CH)) 105
(C), 91.5 (C),79.8 (C), 55.3CHs); IR (neat):3838 (vw), 3614 (vw), 3055 (w), 2836
(w), 1605 (s), 1496 (s), 1439 (s), 1383 (s), 1251 (s), 1173 (s), 960 (m), 825 (s), 694
(s)cm™.

54D: Yield: 85%;'H NMR (CDCk): 11 7.81 (s, 1H), 7.29.32 (m, 3H), 7.20
7.24 (m, 8H) 7.15(dd, 1H, J = 4.0, 3.0, 7.0 (dd, 1H,J = 5.0, 1.0 Hz);*C NMR
(CDCly): Ui 144.2 (C), 143.0 (CH), 140.0 (C), 130.0 (CH), 129.7 (CH), 129.2 (CH),
129.1 (C), 128.9 (CH), 128.6 (CH), 128.3 (CH), 127.9 (CH), 125.5 (CH), 125.4
(CH), 122.7 (C), 104.7 (C$86.9 (C), 80.9 (C); IR (neat): 3614 (vw), 3566 (vw),
3096 (br), 2923 (m), 2851 (m), 2586 (vw), 2215 (vw), 1592 (s), 1498 (vs), 1440 (s),
1386 (s) 960 (s), 771 (s), 761 (s)tm

54E: Yield: 54%;'H NMR (CDCk): 11 7.78 (s, 1H), 7.177.33 (m, 10H), 4.38
(s, 2H), 4.14 (s, 2H), 4.10 (s, 5SHYC NMR (CDC}): 11 143.8(C), 142.8 (CH), 140.0
(C), 129.6 (CH), 129.2C), 129.0 (CH), 128.7 (CH), 128.3 (CH), 127.7 (CH), 125.1
(CH), 105.1(C), 90.2 (C) 71.5 (CH), 70.1 (CH), 70.0 (CH), 65.8 (@®ne carbon
peak misgg due to overlap)iR (neat):3648 (vw), 3069 (m), 2225 (w), 1594 (s),
1494 (vs), 1442 (s), 1384 (vs) 961 (s), 762 (vs), 69¢nE)
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