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CHAPTER |
INTRODUCTION

1.1 Introduction

Over t he p ast t wo d ecades, P d-catalyzed c ross-coupling reactions such as Heck, Suzuki,
Nigishi, S tille, and Sonogashira reactions had been the most powerful tools for C-C bond
construction [1-7]. A mongt hese,t he S onogashira cross-coupling reaction was the most
efficient m ethodt oc omnects p-Cto s p>-Ci nt hes ynthesiso f diaryl alkynes and
areneethynylene polymers due to the simplicity of the reaction process [8-18]. T hese
compounds had caught much attentionr ecentlyi nt hef ields ofbi oactive compounds a nd
functionalm aterials [19-22]. Historically, the Sonogashira reaction utilized terminal
acetylene, usually obtained from protected acetylene, asa sp-C s ource, a nd later, acetylene
gas has also been used [8-18, 23-26]. Acetylene gas is appreciably more e conomical than the
terminal acetylenes for the synthesis of symmetrical diaryl ethyne that can be accomplished
within one step. Due t o c omplicated h andling a nd ¢ lose a ttention r equired for a n a pplication
ofh ighlyf lammable a cetylene g as, t he t hree-step s ynthesis o fd iaryl ethynes from terminal
acetylene is currently a more favorable route. Recently, a number of reports demonstrated the
use of inexpensive and readily available calcum carbide, as the acetylene surrogate in the
preparation of carbon nanotubes [27], poly-ynes [28], and aryltriazoles [29]. Theu tilization
ofc alciumc arbide f or P d-catalyzed coupling reaction was pioneered by Zhang [30] using
aryl bromides forp reparationo fs ymmetricald iaryl ethynes. E vent houghi tw ast he f irst
report on the use o fc alcium ¢ arbide for t he s ynthesis o fd iaryl alkynes, a n on-commercially
available amino phosphine ligand and elevated reaction temperature were required to obtain
reasonable yields of the desired products. We found that this inspiring work worth further
exploring as a general and economicals ynthetic a pproach f or s ymmetrical d iary lethynes.
Thus, thisw orka ims to develop a convenient synthetic method for symmetrical diaryl
ethynes fromc alcumc arbidea nda ryli odides mm ildc ondition using commercially
available and mexpensive reagents. Furthermore, variety of functionalized aryl iodides are

being tested in the report.



1.2 Introduction to calcium carbide

Calcium ¢ arbide ( CaC;)i s a flammable s olid t hat w as f ound since 1888. It is easily
generated from h eating low-price lime (CaO) and coke (C) at 2000 °C (Scheme 1.1a). Dueto
its inexpensive price and domestically available, it has been widely used, mainly for
producing a cetylene g as or ¢ alcium ¢ yanamide [31-32] (Scheme 1.1b, 1.1c), and others such
as incubation of agriculturalp roducts [33], pr oducing of P VC [34-35],use asa low-priced
fuel, a nd u se i nc hemical synthesis [27-29, 36 ]. The p ure m aterialo fc¢ alcumc arbidei s
colorless; however t he t echnical g rade c alcium ¢ arbide is grey or brown and consists of only

80-85% of CaC,, and the rest are CaO, CasP,, CaS, CazN,,SiC, PHs, NH3, and H,S [31].

Ca0+3C —— > CaC,+CO ~----------- Q)
hydrolysis

caC;, —— > C,H,*Ca0 ----------- 0

cac, + Ny — CaCN, +C - (C)

Scheme 1.1 a) production of calcium carbide, b) hydrolysis ofcalcium carbide, ¢) production
of calcum cyanamide

1.3 Introduction to diaryl ethynes

Diaryl ethynes have caught much attention recently in the fields of bioactive compounds
and functional m aterials [19-22]. Synthetically, there are two processes for preparing diaryl
alkyne ( Scheme 1.2) [8-18,23 -26]. The firsto neinvolvest heu tilizationo fa cetylene g as to
serve a s C -C triple bond. T his on e pot r oute can synthesize diaryl ethynes efficiently nm ild
conditions. I na ddition, t he r eactiong ives ¢ xcellenty ields f romb othe lectronr icha nd
electron poor aryliodides. However, t he a pplication o fa cetylene gas int he r eal reaction set
up for lab work and industrial work are complicated, r equired e xpensive r eactor, a nd n eed
close attention due to the highly flammable p roperty o fa cetylene gas. T he s econd p rocess
involve three-step s ynthesiso fd iaryla kynes, mvolving coupling r eaction, de protection a nd
coupling reaction,w hichi s commonly u sed i nl aboratory w orks. Thet hrees tep s ynthesis
results n a lower of overall yields and difficulty in purification of product from byproducts
[12, 16, 25, 26]. Recently, the synthesis through protected acetylene has been developed to a
one pot procedure, but ther eactions tiln eed e xpensive p rotected a cetylenes ucha s
trimethysilyl acetylene and 2-methyl-3-butyn-2-0l, a nd p roduct y ields a re b etween m oderated
to high yields [12, 16].



H——H
(acetylene gaS) Ar—— AT
sonogashira
ArX ——
1) H——R
» Ar———Ar
2) Deprotect
3) ArX
X=8Br,I Cl,OTf R= —SiMe3/——<OH or —COOH

Scheme 1.2 Typical methods for synthesis of diarly ethynes

Furthermore, calcum carbide is reported to be an acetylene sources in the synthesis of
diaryl ethynes (Scheme 1.3). The reaction required noncommerciala minophosphinel igandt o
give h ighy ields o ne lectron-richa ryl bromides, but very low yield or no reaction in the case

of electron-deficient aryl iodides [30].

N Pd(OAC), L1 4<w o
ATBI CaC2 o co, undried THE, ~AT—=—A' o
65 °C \
L1

Scheme 1.3 The previous use of calcium carbide in diaryl ethynes synthesis

The major reaction used in the synthesis of diaryl ethynes is the Sonogashira coupling
reaction. Sonogashirac ouplingi st hep alladiumc atalyzed sp>-sp coupling reaction between
arylh alidesa ndt erminala lkynes with or without copper(I) co-catalyst (Scheme 1.4) that was
discovered by Kenkichi Sonogashira mn 1975 [5].

Pd, (Cu, Ligand)

ArX + H—R » Ar————R
Base, Solvent

X =Cl, Br, I, OTf

Scheme 1.4 General Scheme of Sonogashira coupling

The exact mechanism for this type of coupling is still in an open discussion [8]. However,
it is believed to take place throught wo independent c atalytic ¢ ycles shown in Scheme 1.5,
where a tertiarya minei st epresented a sb ase, w itho thera mines o ri norganic b ases
performing similarly. Ther eactions tartw ithox idativea dditionof pa ladum(0)t o
palladum(Il) species (Pd-cycle). T heni tc onnects witht he C wu-cyclet hrought he


http://en.wikipedia.org/wiki/Kenkichi_Sonogashira

transmetalation with copper acetylides, and followed by reductive elimmnation to diarylethyne
and regeneration of palladum(0) catalyst. Copper is believed to involve in formation of
copper acetylide, because amine is generally not basic enough to deprotonate the alkyne in

order to generate the anionic nucleophile.

_ Pd°L, R'-X
& &
R‘-Pld — R2 R1-Pld-x
L L
cu*X Cu———R?
R
RaNH X
— 2 H—R?
Cu* X

L = phosphane, base,
solvent or alkyne

Scheme 1.5 Mechanism of Sonogashira coupling

1.4 Literature reviews

1.4.1  Synthesis of diaryl ethynes from acetylene gas

Acetylene gas is ane conomic r eagent t o insert the alkynet o target organic molecules.
The s ynthesis of diaryl ethynes from acetylene gas is generally an effective reaction resulted
mn good yields of product and high compatibility of aryl halides tarting materials. However,

the dangerous gas involved reaction is not favored in both laboratory and industry work.

In 1995, Pal and Kundu developed the use of acetylene gas for diaryl ethynes synthesis
(Scheme 1.6) [24]. Varieties o f diaryl ethynes have been coupled in moderate to good yields
inm ild ¢ onditionu singD MF a sa s olvent. The selectivity of this reaction could be controlled

by switching fromD MF t o ¢ hloroforma nd u sing continuous f lowo fa cetylene gas. Aryl



acetylenes (3) have been isolated from thec rudem ixture n2 0-30% y ields. Chloroform
slowed reaction rate along with large excess amount of acetylene gas supported by the
formation of aryl acetylenes (3), diaryle thynes (2) still major products, however.
H

PdCl,(PPhy), Cul — —

TEA in DMF 0f CH,Cl L \ IJ{/ \é/
H 300r60°C
1 2 3

\Qe/

I+|

Scheme 1.6 Synthesis of diaryl ethynes froma ryl halides and acetylene g as.

In1997,L ia nd c o-workers demonstrated the convenient synthesis of diaryl ethynes
havingv arious s ubstituents f rom Sonogashira coupling reaction between aryl halides and
ethylene gasina m ixture o f acetonitrile and w ater (Scheme 1.7) [23]. The desired products
diaryle thynes were obtained in fair to good yield.

Pd(OAC),, CUITEA —
SR .. S
R CH.CN/H,O, 1t RX— \ R

Scheme 1.7 Synthesis of diaryl ethynes froma ryl halides and acetylene g as.

In 2010, Yum and co-workers reported synthesis of diaryl ethynes from acetylene gas
overn ano-sized ¢ arbonba II's upported pa lladium catalyst (Scheme 1.8) [37]. This catalyst
works well for a varietyo fa ryli odidesi nm ild ¢ onditions; especially for 4-iodophenol which
is known to be difficult substrate for this type of coupling. The catalyst also showed high

degree of reusability and considerable to be used in a variety of organic reactions.

H  59%mol PdNO;)-2H,0-NCB
10 %mol Cul —
’ 7 N

\| / 20 %Mol PPh,, 5 equiv DBU I/ N\ |/
3 q
H Dioxane:H,0 (3:1), 80 °c

Scheme 1.8 Synthesis of diaryl ethynes froma ryl halides and acetylene g as.

1.4.2  Synthesis of diaryl ethynes from protected acetylene

Protected acetylene is preferred route to the synthesis of diaryle thynes inlaboratory.
The three-step synthesis results in a lower overall yield, even the improved one-pot procedure
stillg ives diaryl ethynes in moderate yield together with formationo f byproduct that is
difficult to separated. However, this process provides the solution to prepare the



unsymmetrical d iarylethylenes, w hichi s h ardly p repared u nder a cetylene gas. The below is
the highlighted examples describing the synthesis of unsymmetrical diaryl ethynes.

In 2002, M 1o a nd ¢ o-workers reportedt he s ynthesis o f symmetrical and unsymmetrical
diaryle thynes ino ne-pot u sing ¢ ombination of D BU a s ba se and a substoichiometric amount
of w ater which isc riticalt ot he mediated the r eaction (Scheme 1.9) [16]. Aryl halides were
couplew ith trimethysilyl acetylene resulting in monodiarylethylene which underwent
desilyation withwa tera nd DB U. Ther esultinga lkyne mntermediate reacted with other aryl
halide to form 22 symmetrical diaryl ethynes and 8 unsymmetrical diaryle thynes in48% to
99% yields.

72 PdCl.z(.PPhs)z, Cul} 7\ \_/
—&— amidine pbase —&- &

benzene, water

X =1, OTf, Br =—TMS
rt or 60-80 °C
18 h

Scheme 1.9 Synthesis of diaryl ethynes through trimethysilyl acetylene.

Later in 2004, N ovak a nd ¢ o-workers showed t he o ne-pots ynthesis o fu nsymmetrical
diarly ethynes (Scheme 1.10) [12]. Arylh alidesw erec oupled f irstw ith 2-methyl-3-butyn-2-
ol (4) and t he c oupling p roducts w ere further r eacted with other aryl halides in the presence
of strong base. This method provides the convenience route for synthesis of unsymmetrical
diarly ethynes. Twenty different diaryl ethynes were s ynthesized in 17% to 84% yields.

4 Ar'xX
Ar-X Ar%<OH Ar——Ar
Pd/Cu/PPh, base

DIPA
Scheme 1.10 Synthesis of diaryl ethynes through 2-methyl-3-butyn-2-ol.

In 2008, the same research group de veloped t he use of 1-ethynyl-cyclohexanol asan
acetylene s urrogatei nt hes ynthesis of diaryl ethynes via Sonogashira coupling (Scheme
1.11) [26]. This reagent can be used either in a sequential mannerorina o ne-pot procedure
to synthesize diaryl ethynes. Inc omparisonw ith 4, this reagentis moree flicientg iving
higher r eactiony ieldsa nd wider generality. =~ More t han 40 substrates were tested and the

corresponding diaryle thynes were synthesized mn 24% to 95% yields.



5% PdCl,(PPhg),
OH 5% Cul

Arl— +  APX - Arl——_Ar?
KOH, DIPA

X=1,Br

Scheme 1.11 Synthesis of diaryl ethynes through 1-ethynyl-cyclohexanol.

In2008, M oon and ¢ o-workers demonstrated a o ne-pot synthesis of diaryl ethynes
usingp ropiolica cid (5) as an acetylene source (Scheme 1.12) [25]. The reaction started with
Sonogashira ¢ oupling of a ryli odides w ith pr opiolic a cid f ollowed by de carboxylation w ith
heat to give the aryl iodide. Next, the second coupling reaction witho thera ryli odides
occurred simultaneously to form diaryl ethynes n 48% to 91% yields.

5% mol Pd,(dbay;
o 109%6mol dppf Ar?—|

_ > Arl——_Ar?
OH 6 equiv TBAF, NMP 90 °C, 12 h:
5 r, 12h

CO,

Scheme 1.12 Synthesis of diaryl ethynes through propiolic acid.

1.4.3  The uses of calcium carbide in organic synthesis

Calcumc arbide ist he moste conomical wayt o delivera lkyne intoa n organic
molecule. It’s 5 00 t imes cheaper t han a cetylene g as, and much e asiert o handle o r s tock it
safely, due toits solid s tates c omparing to a cetylene g as. However, o nlya few r eports h ave

demonstrated the uses of calcum carbide in organic synthesis.

The first u se o fc alcium ¢ arbide i n o rganic s ynthesis was reported since 1952 (Scheme
1.13) [36]. Ray and co-workers successfully used calcium carbide asa st artingm aterialt o
prepare 2,5-dimethylhex-3-yne-2,5-diol (6). [tisb elieved t hat t he r eactions w ere nitiatedb y
releasing o fa cetylene g as f ollowed b y n ucleophilic a ttacking to a cetone, giving 6 in 33%
yield.

O KOH
M +cac, > HO>%<OH
ether

6

Scheme 1.13 The use of calcium carbide for nucleophilic attack of ketone.



Later n 2005, Cataldo reported the synthesis of polyynes from calcium carbide n
ammonium chloride solution (Scheme 1.14) [28]. The r eaction resulted i nh ighc oncentration
of polyynes,m ainlyC ¢H, orC gH,. T her eactions tarted with the hydrolysiso fc alcium
carbide t 0 a cetylene gas, w hich was reacted w ith ¢ uprous iont o formc opper a cetylide and
mmediately oxidized by cupric ion or oxygen to afford polyynes.

CU+, Cu2+
cac,

P0|yyneS

NH,Clag,

Scheme 1.14 The synthesis of polyynes from calcium carbide.

In 2009, Jiang and co-workers were successfully prepared aryltriazoles (7) and related
compounds d irectly from ¢ alcium ¢ arbide w ith t he ¢ orresponding a zide v ia ¢ lick ¢ hemistry as
shown in Scheme 1.15 [29]. Thisist hefirstr eporti nc alcumc arbide p articipated in 1, 3-
dipolarcycloaddition by copper catalyst m MeCN-H,O mixture. The yields ranged from

moderate to excellent yields.

Cu(ly, Na ascorbate NN

Ar—N. +  cac > Ar—N
3 4 MeCN-H,O \%

7

Scheme 1.15 The use o f calcium carbide in Click chemistry.

In 2006, Z hangr eported t he s ynthesis o fd iaryle thynes via copper free Pd-catalyzed
coupling r eaction o fa ryl b romides from ¢ alcium ¢ arbide (Table 1.1) [30]. The r eaction gave
moderate to high yields for aryl bromide containing electron-donating s ubstituents ( Table 1.1
entries 3, 6). The steric hindrance effects the reaction slightly as shown in Table 1.1 entries 2,
4, 5. The author described that sulfur could coordinated to palladum atom resulted in
decreasing o fy ield o n 3-bromothiophene (entry 12). The aryl bromide containing electron-
withdrawing substituents such as 4-bromobenzaldehyde and 3 -bromobenzaldehyde afforded
the product n lower yields 14% and 56% respectively. No reaction took place inthe case of
1-bromo-4-nitrobenzene (entries 10, 14). This hypothesis was confirmed when the ¢ arbonyl
group in 4-bromobenzaldehyde wasp rotectedb ye thyleneg lycol t hep roducty ield
dramatically increased to 56% (entry 15).



Table 1.1 synthesis of diaryl ethynes from calcium carbide in the presence o fligand L1

N Pd(OAC),/L1 < e
ATBY C8C2 co, undred THES, ~AI——=—A' — Ph
65 °C L1
entry  aryl bromide  yield(%)" entry aryl bromide yield(%)°
= 14
| @Br 83 10 N Br P
H m, 56
p, 78
N~ Br
2 _ m, 76 11 < | 72
M 0,75
Br
Br
3 97 12 S& 44
(@]
Br
4 69 13 J@[ 56
Cx os
Br
5 /ﬁ:( 62 14 ow«QBr NR.
— p,19 o)
m, 67

7 )L@»Br 65

* General conditions: a mixture of aryl bromide (2 mmol), CaC,

(4 mmol), Pd(OAc), (0.05 mmol), L1 (0.15

mmol), and K,CO3 (4mmol) in 5 mL of undried THF was stirred at 65 °C for 12 hours.

Although, this was thef irstr eporto nt heu seo fc alcumc arbide f ors ynthesizing
diaryl alkynes, the requirement for amino phosphine ligand is inconvenient in laboratory and

ndustry b ecauset hec ompoundi sn otc ommerciallya vailable andr equiredm ultistep

synthesis.

Furthermore, t his ¢ ondition w orks on ly w ith e lectron-richa rylb romide at high

temperature, w hile electron-poor species were reported in low to zero percent yields.
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1.5 Objective of this Research

From thel iterature r eviewed a bove, t here w as no report thath as the ¢ ombiation of
mild ¢ ondition, ¢ ost-effective, wi de r ange o f's ubstrate ¢ ompatibility, a nd e asy r eaction s et u p
and pu rification of pr oduct in thes ynthesiso f diaryl ethynes. Calcium carbide has a very
good potential for t hat ¢ hallenge, s incei t’st he m ost] ow-price material, a nd it’s r eported t o
be used i place of acetylene gas. Thus, this work aim to use calcium carbide as an acetylene
sourcei nt hes ynthesiso fd iaryle thynes, focusing on milder condition, using low-price
commercial a vailable r eagents t o synthesize symmetrical diaryle thynes. This work is going
to s tudy t he r eaction opt imization ba sed on e flects of pa lladiums ources, copper sources,

catalyst 1 oading, bases, solvents, a ddition methods, and effects of water.



CHAPTER I
EXPERIMENTAL

Unless otherwise indicated, all starting materials were obtained from commercial
suppliers, and were used without further purification. Analytical thin-layer chromatography
(TLC) w as p erformed o nK ieselgel F-254 pr e-coated p lastic T LC p lates f rom EM Science.
Visualizationw as performed with a 254 nm ultraviolet lamp. Silica gel column chromatography
was carried o ut w ith s ilica g el ( 60, 2 30-400 m esh) f romI CN'S ilitech. T he 'Ha nd '*C N MR
spectra were recorded ona Varian or Bruker 400 MHzfor "H NMR and 100 MHz for '*C NMR
in CDCl3, (CD3)2S0 or (CD3),CO. 'Hand '*C NMR chemical shifts were referenced to CDCl;
(8 7.26 for 'H, & 77.00 for '*C), (CD3),SO (& 39.43 for *C)or (CD3),CO (8 2.09 for 'H, &
30.60 f or '*C).C ouplingc onstants( J) are reported in Hertz (Hz). Splitting patterns are
designated as s (singlet), d (doublet), t (triple), q (quartet), bs (broad singlet), m (multiplet).

2.1 Initial observation

Table 3.1 Initial observation using 4-bromoanisole: A 100 mL round bottom flask
with a m agnetic s tir b ar w as ¢ harged w ith 200.0 mgo f 4-bromoanisole (2 or 1 equiv), calcium
carbide (I or 3 equiv), copperiodide ( 0.025 equiv), pa lladiums ources ( 0.05 e quiv),a nd
triphenylphosphine ( 0.05 equiv) in 4 mL of solvents. The solution was degassed with nitrogen
for 20 m iutes. T hen, base (equiv equalst o c alciumc arbide) were added. The mixture was
stired at room temperature or reflux condition for 12-20 hrs. The reaction mixture was then
filtrated t hrough a filter p aper a nd w ashed with dichloromethane. The fitered was evaporated
under v acuuma nd s eparated b y ¢ olumn ¢ hromatography using5 % E tOAci n hexane ast he
cluent to give 1,2-bis(4-methoxyphenyl)ethyne (2f) in a trace amount or 8% yield.

phenyl 4-methylbenzenesulfonate: phenol300 .0 mg( 3.19 mmol), 4-toluenesulfonyl
chloride (2.9 mmol), and potassium carbonate (5.8 mmol) were charge in an 150 mL Erlenmeyer
flask. The flask was heated with heat gun while shaking it by hand, until all of the phenol is
melted and the compounds were mixed. The reaction mixture was irradiated with 250 MW for 5
min. After ¢ ooling t o r oom temperature, ther emamningm ixture w as dissolved n 10 mL of water

and s tirred for several minutes. T he p ure p roduct w as e asily obtained by filtration, w ash w ith a
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0.1 N a queous s odium h ydroxide s olution, w ater, a nd driedinv acuum to afford 619.0 mg (2.5
mmol, 86% ) of phenyl 4-methylbenzenesulfonate as a white solid. "H NMR (400 MHz, CDCI;):
o ppm 7.73 (2H, d, J="7.8 Hz), 7.27-7.34 (SH, m), 7.01 (2H, d, J= 7.3 Hz), 2.47 (3H, s).

phenyl trifluoromethanesulfonate: A's olution of  trifuoromethanesulfonic anhydride
(456 pL, 2.7 mmol) n CH,Cl, (5 mL) was added drop wise to a solution of pyridine (369 pL,
4.6 mmol)a ndt he p henol (500.0 mg, 2.3 mmol)ina nhydrous C H,Cl, (5 mL) at 0 °C. After
complete a ddition, t he m ixture w as warmed to roomtemperature and allowed to stir for 1 hour.
The m ixture w as t hend iluted w ith ether, q uenched with 1 0 % a q HCI and washed successively
withs at. N aHCO3, and brine. After drying (anhydrous NaSOy), the solventw as removed under
reduced pressure and the residue was purified by Kugelrohr distillation to give the phenyl
triflates 9 5% yield asa c lear liquid. "HN MR (400 M Hz, CDCl3): & ppm 7.43-7.50 (2H, m),
7.43-7.36 (1H, m), 7.25-7.31 (2H, m).

Table 3.2 Screened reactions for types of aryl compounds: A 100 mL round bottom
flask with a magnetic s tirb ar w as ¢ harged w ith2 00.0 mgo fp henyld erivatives ( 1 e quiv),
calcumc arbide ( 3 e quiv), c opper iodide (0.05 equiv), palladum acetate (0.025 equiv), and
triphenylphosphine ( 0.05 e quiv) in4 mL of acetonitrile. T he solution was degassed with nitrogen
for 2 0 m inutes. T hen, t riethylamine ( 3 ¢ quiv) w ere a dded. T he m ixture w as s tirred a t room
temperature 1 0 h. T he r eaction m ixture w as t hen filtered through a filter paper and washed with
dichloromethane. The filtrate was evaporated under vacuum and separated by column
chromatography. Int hec aseo fb romobenzenea ndp henylt riflate,t racea mounto f
diphenylacetylene was produce, small amount of aryl starting materials were recover, while the
complex mixtures were mainly formed. For phenyl tosylated, 90% of phenyl tosylated was

recovered, and trace amount of product was observed.
2.2 Synthesis of aryl iodides

Synthesis of 4-iodotoluene (1b) and 2-iodotolune (1d) from iodinemonochloride; ICI
(1.09 mL, 21.7 mmol) was added dropwise to a solution of 20 mL dichloromethane and toluene
(1.15 mL, 10.9 m mol) below 15 °C mn a 100 mL round bottom flask equipped with a magnetic
stirb ar. After th e a ddition, th e reaction w as then heated u nder r efluxingc onditions for4 h and

allowed to coolto room temperature. The solvent was evaporated and the residue was extracted
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with CH,Cl, (50 mL X% 2). The combined organic p hase was washed with a saturated solution o f
Na;S,03 until the brown color disappeared. The resulting solution was dried over anhydrous
Na,;SOy4, fitered and ¢ oncentrated u nderr educed p ressuret o g ive 4-iodotoluenea nd 2-

iodotolune i 1:1 ratio in the total of 70% yield.

Synthesis of 4-iodotoluene (1b) from 4-toluidine: A 500 mL round bottom flask with a
magnetic stir bar was charged with 4-toludine ( 10,000.0 mg, 93.5 mmol), 10 M H ,SO4 (1.3
mol), and cool to 0 °C.T hen4 M N aNO, (102 mmol) s olution w as a dded dropwise t o t he
reaction. A fter stir the reaction for I hour K14 M (140 mmol) was added, and stirat0 °C for 30
minutes. T he r eaction t hen a llowed t o ¢ oolt o r oom temperature, and stir for further 15 minutes.
The reaction was e xtracted with CH,Cl, (200 mL x 3)). The combined o rganic p hase was washed
with a saturated solution of Na,S,O3 until t he br own ¢ olor disappeared. T he r esulting s olution
was dried over anhydrous Na,SOg, and filtered. The solvent w asr emoved u nder r educed
pressure a nd t he r esidue w as purified by passingt hrougha s hortp lugo fs ilica gel using hexane
as an eluent to afford 4-iodotoluene 1b in 72% vyield as a white solid. '"HN MR (400 M Hz,
CDCl3): 0 ppm 7.56 (2H, d,J = 7.3 Hz), 6.93 (2H, d, J = 7.8 Hz), 2.29 (3H, s).

Synthesis of 2-iodotoluene (1d) from 2-toluidine: A 100 mL round bottom flask with a
magnetic stir bar was charged with 2-toluidine (1,000.0 mg, 9.35 m mol), I0 M H ,SO4 (130
mmol), and coolto0 °C. Then 4 M NaNO, (10.2 mmol) solution was added dropwise to the
reaction. A fter stir the reaction for I hour K14 M (14.0 mmol) was added, and stir at 0 °C for 30
minutes. T he r eaction t hen a llowed t o ¢ oolt o r oom temperature, and stir for further 15 minutes.
The reaction was extracted with CH,Cl, (50 mL X 3). The combined organic p hase was washed
with a saturated solutiono fN a;S,0O3 untilt he br own ¢ olor disappeared. T he r esulting s olution
was dried o ver anhydrous Na; SOy, filtered, and c oncentrated under reduced pressure to afford 2-
iodotoluene 1d in6 3%vyicldasa c learliquid. "H NMR (400 MHz, CDCI3): § ppm 7.81 (1H, d, J
= 7.8 Hz), 7.23 (2H, t,J = 6.3 Hz), 6.91-6.82 (1H, m), 2.43 (3 H, s).

(4-iodophenyl)methanol (1i): A 100 mL round bot tom flask equipped witha m agnetic
strb arw asc hargedw ith4 -iodobenzoica cid ( 2500.0 m g 10.I1 m mol)a nd20 mL
tetrahydrofuran under nitrogen atmosphere. Then, 1 M borane tetrahydrofuran complex solution

was slowly added t ot he s olution, a nd t he r eaction w as s tirred for 16 h ours. T he r eaction w as
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extracted with2 N H CL C H,Ch, N aHCO3, and b rine. The organic layer was separated, dried
over anhydrous Na,SOg4, and filtered. The solvent was removed under reduced pressure and the
residue was purified by column chromatography using 20% EtOAc in hexane as the eluent to
afford (4-iodophenyl)methanol 1i in 64 % yieldasa whites olid. "HNMR (400 MHz, CDCl;): &
ppm 7.69 2H, d, J= 8.4 Hz), 7.12 (2H, d, J = 8.4 Hz), 4.65 (2H, d, J=5.6 Hz)

1-iodo-4-(methoxymethyl)benzene (1h): A 100 mL round bottom flask with a magnetic
stir b ar w as ¢ harged w ith (4-iodophenyl)methanol 1i (300.0 mg, 1.37 mmol), NaH (1.65 mmol),
and Mel (2. 74mmol)inl5 mL THF,andheatedat7 0 °Cforo vernight. T LC i ndicated
remamningo f (4-iodophenyl)methanol, so Mel (6.85 mmol) was further added, and stired for
anothern ight. T he reaction was quenched with methanol, extract with water, dichloromethane,
brine, T he o rganic 1ayer was filtered, and concentrated under reduced pressure to give 1-iodo-4-
(methoxymethyl)benzene 1h in 75% yield as a white solid. 'H NMR (400 MHz, CDCl3): & ppm
7.68 (2H, d, J= 7.6 Hz), 7.08 (2H, d, J = 7.6 Hz), 4.40 (2H, s), 3.38 (3H, s).

4-iodo-N,N-dimethylaniline (1l): N, N-dimethylaniline ( 5,000.0 g 0.041 m ol) was
dissolved in dioxane (40 mL) and pyridine (40 mL) and the solution was cooled to 0 °C. Then, I ,
(2090.0 g, 0.17 mol) was added. The solution progressively took a dark brown color. After 1 h,
the ice bath was removed. The solution was further stired for 3 h at roomt emperature, the
resultingd ark b rownm xture w as e xtracted w ithC H,Cl, (3 x 50 mL). T he c ombined extracts
were washed with a saturated solution of Na>S,0O3. The organic phase was dried o ver anhydrous
Na; SOy, filtered, a nd ¢ oncentrated u nder r educed p ressure. The crude product was purified by
recrystallization from methanol and water to give 1l as a flaky colorless solid ( 7,500.0 g,
73%). "HNMR (400 MHz, CDCI;3): & ppm 7.47 (2H, d, J = 8.9 Hz), 6.51 (2H, d, J = 7.4 Hz),
2.92 (6H, s).

4-iodobenzaldehyde (10): A 100 mL round b ottom flask w itha m agnetic s tir b ar w as
charged w ith oxalyl dichloride (5.8 mmol) in 10 mL of CH,Cl,, and cooled to -78 °C with dry
ice and acetone bath. Then, the solution of DMSO (11.0 mmol) in 2 mL of CH,Cl, was slowly
added to the reaction. A fier stirred the reactionat -78 °C for 2 0 minutes, the reaction temperature
was ¢ hanged to -50to -60 °C, and the s olution of (4-iodophenyl)methanol 1i (300.0 mg, 3.65
mmol) m 8§ mL of CH,Cl, was slowly added to the reaction. Next, DIPEA (21.6 mmol) solution
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in1 mL of C H,Cl, was added dropwise to the reaction, and stirred at -45 °C for 30 minutes, and
stirred at0 °C for a dditional 10 m inutes. T he r eaction w as q uenched w ithc old 1 M HCI, and
extract w ith C H,Cl,. The organic layer was separated, washed with brine, dried over anhydrous
Na;SOy4, and fitered. The solvent was removed under reduced pressure and the residue was
purified byc olumnc hromatography using3 0% E tOAcin hexane ast hee luent toa flord 4-
iodobenzaldehyde 10 in 59% yield as a yellow solid. "H NMR (400 MHz, CDCl3): & ppm 9.96
(1 H,s),7.92 (2H, d,J= 8.0 Hz), 7.59 (2H, d, J = 8.0 Hz).

N-(2-iodophenyl)acetamide (1p): A 100 mL round bottom flask with a magnetic stir bar
was charged with o-iodoaniline (300.0 mg, 1.37 mmol) and DIPEA (1.37 mmol) in 15 mL THF,
and heatedto 6 0 °C. Then, acetic anhydride (2.0 mmol) was slowly added to the reaction, and
stired for 16 h. The reaction was extract with 1 N HCI and ethy acetate. The organic layer was
separated, w ashed w ith b rine, dried ov er anhydrous Na;SOg4, a nd fittered. Thes olventw as
removed under reduced pressure a nd t he r esidue w as p urified b y ¢ olumn ¢ hromatography using
30% EtOAc in hexane asthe e luent toa fford N-(2-iodophenyl)acetamide 1p in 76% yield as a
brown solid. '"HNMR (400 MHz, CDC/3): & ppm 8.20 (1H, d, J = 7.8 Hz), 7.77 (1H, d, J = 7.8
Hz), 7.42 (1H, s), 7.34 (1H, t, J= 7.8 Hz), 6.84 (1H, t, J= 7.6 Hz), 2.25 (3H, s).

methyl 4-iodobenzoate (1q): To a250 mL round bottom flask containing methyl-4-
iodobenzoic a cid ( 5000.0 mg, 0.02 mol) and methanol (50 mL) was added concentrated sulfuric
acid (1.07 mL, 0.02 mmol) slowly. The r eaction m ixture was h eated u nder r efluxing ¢ onditions
for2 4 h. T he s olvent w as e vaporated, a nd t he r esidue w as d iluted w ith C H,Cl, (50 mL)a nd
NaHCO3 (50 mL). The o rganic layer w as s eparated and extracted with CH,Cl, (25 mL x 2),
dried over anhydrous Na;SO4, and ¢ oncentrated u nder r educed p ressure t o g ive methyl4 -
iodobenzoate 1q as a white solid (4.96 g 94%). '"H NMR (400 MHz, CDCI3): & ppm 7.80 (2H, d,
J =8.5Hz), 7.74 (2H, d, J = 8.5 Hz), 3.91 (3H, s). *C NMR (101 MHz, CDCI3): & ppm 166.5,
137.7, 130.9, 129.6, 100.6, 52.2.

((4-iodophenyl)ethynyltrimethylsilane (1t): A 100 mL round bottom flask with a
magnetic stir bar was charged with diiodobenzene (2,000.0 g, 7.63 mmol), PdCl,(PPh3), (26.7
mg, 0.038 mmol) and Cul (14.5 mg, 0.076 mmol) n PhMe (20 mL),a nd stirred i nn itrogen
balloon for 20 m mutes. T he DBU (1.26 mL, 8.39 mmol) was added slowly to the reaction, and
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trimethylsilyl acetylene ( 1.18 mL, 8.39 mmol) was a dded in s mall por tions and t he m ixture w as
stired at r oomt emperature for4 h under N, atmosphere. The organic layer was separated and
the residue was extracted with EtOAc (3 x 50 mL)and dried o vera nhydrous Na;SO4. T he
combined filtrate was e vaporated a nd t he r esidue w as p urified b y column chromatography u sing
hexane asthe e luentto a flord ((4-iodophenyl)ethynyl)trimethylsilane 1t n3 3%y ield as a yellow
sold, alongw 1th15% r ecoveryof di iodobenzene,a nd22%  of 1,4-
bis((trimethylsilyl)ethyny)benzene. '"H NMR (400 MHz, CDCl3): & ppm7.48 ( 2H,d, J =8.5

Hz), 7.03 (2H, d, J= 8.5 Hz), 0.09 (9H, s).

4-iodophenyl 4-methylbenzenesulfonate (1u): 4-iodophenol 500 .0 mg ( 2.27 mmol), p-
toluenesulfonyl ¢ hloride (2.1 mmol), and potassium carbonate (4.1 mmol) were charge in an 150
mL Erlenmeyer flask. The reaction mixture was irradiated with 250 MW for 5 min. After cooling
to room temperature, the remaining mixture was dissolved in 10 mL of water and stirred for
several m inutes. T he p ure p roduct w as e asily obtained by filtration, w ash with a 0.1 N aqueous
sodiumh ydroxide s olution, water, and then dried in vacuum to afford of 4-iodophenyl 4-
methylbenzenesulfonate 1u ina 63% yield asa white solid. : "HN MR (400 M Hz, CDCl3): &
ppm 7.70 (2H, d, J= 7.6 Hz), 7.60 2H, d, J= 7.6 Hz) , 7.32 2H, d, J="7.6 Hz) 6.74 (2H, d, J =
7.6 Hz), 2.46 (3H, s).

2-iodopyridine (1k): A 100 mL round bottom flask with a magnetic stir bar was ¢ harged
with 2-chloropyridine (300.0 mg, 2.6 mmol) and Nal (7.93 mmol) in 15 mL of M eCN, a nd
cooled to 0 °C. Acetyl chloride (6.6 mmol) was slowly added to the reaction; followed by s tirring
at 80 °C for 24 h. The reaction was diluted with CH>Cl, and extracted with 10% K ,CO3, 5%
Na,;SOs3, and Na;S,0s, T he o rganic | ayer w as s eparated, f iltered, a nd ¢ oncentrated under
reduced pressure to give 2-iodopyridine 1K in 86%yieldasa yellowliquid. '"H N MR (400 M Hz,
CDCl3): 6 ppm 8.37 (1H, d, J = 4.1 Hz), 7.73 (1H, d, J = 7.8 Hz), 7.33 (1H, t, J= 7.8 Hz), 7.30-
7.21 (1H, m).



17

2.3 Pd-catalyst coupling reaction using calcium carbide as a starting material.
2.3.1 Optimization conditions

Table 3.3 Optimization using 4-iodotoluene: A 100 mL round bottom flask with a
magnetic stir bar was charged with 200.0 mg of 4-iodotoluene (1 equiv), calcium carbide (3
equiv), copper s ources ( 0.05 e quiv), pa lladium s ources ( 0.025 e quiv), a ndt riphenylphosphine
(0.05 e quiv)in 5 mL of solvents. The solution was degassed with nitrogen for 20 minutes. Then,
bases (3 equiv) were added. T he mixture w as s tirred a t ro omt emperature for 12 -20 hrs. T he
reaction mixture was then filtered through a filter p aper a nd w ashed w ith d ichloromethane. T he
filtrate w as e vaporated u nder v acuuma nd s eparated b y ¢ olumn ¢ hromatography using hexane as

the e luent to give 1,2-Di-4-tolylethyne in corresponding yields.

Table 3.4 Scale up to 200-600 mg with constant amount of catalysts: A 100 mL round
bottom flask with a magnetic stir bar was charged with 200 to 600 mg of 4-iodotoluene (1
equiv), calcumc arbide (3 e quiv), ¢ oppers ources ( 0.023 m mol), pa lladium s ources ( 0.046
mmol), a nd t riphenylphosphine ( 0.046 m mol)in 5 mL of MeCN. The solution was degassed
with nitrogen for 20 m inutes. T hen, t riethylamme ( 3 € quiv) was added. T he m ixture w as s tirred
atr oomt emperature for 1 2-20 hrs. T he r eaction mixture was then filtered through a filter paper
and w ashed w ithd ichloromethane. The f iltrate w as evaporated under vacuum and the crudes
were a nalyzed b y N MR s pectroscopy, o r separated b y ¢ olumn ¢ hromatography using hexane as
the eluent to give 1,2-Di-4-tolylethyne in correspondingy ields. The r atio of pr oduct: s tarting
material r efers t o t he r atio o f 1,2-Di-4-tolylethyne:4-iodotoluene, by obs erving r atio of -CH3 'H
NMR o f 1,2-Di-4-tolylethyne 'H N MR (400 MHz, CDCI3): & 2.37 ( 6H, s); and 4-iodotoluene &
2.29 (3H, s); inthe ¢ rude mixture.

Table 3.5 Effect of catalysts loading: A 100 mL round b ottomflask w itha m agnetic stir
bar was charged with 100.0 mgo f 4-iodotoluene (1 e quiv), ¢ alcium ¢ arbide ( 3 equiv), ¢ opper
iodide, palladium acetate, and triphenylphosphine i 3 mL of MeCN. The solution was degassed
with nitrogen for 20 minutes. Then, t riethylamine ( 3 e quiv) w as added. T he m ixture w as s tirred
atr oomt emperature for 1 2-20 hrs. The reaction mixture was then filtrated through a filter paper
and w ashed w ith d ichloromethane. T he f iltrate w as e vaporated u nder vacuum and the crudes

were analyzed by NMR spectroscopy. The ratio of product: starting material refers to the ratio of
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1,2-Di-4-tolylethyne:4-iodotoluene, by obs ervingr atio of -CH; 'H NMR of 1,2-Di-4-
tolylethyne "H N MR (400 MHz, CDCI3): & 2.37 (6H, s); and 4-iodotoluene & 2.29 (3H, s); in the

crude mixture.

Table 3.6 Final optimization conditions: A 100 mL round bottom flask with a magnetic
stir bar was charged with copper sources (0.025 equiv), palladum sources (0.05 equiv), and
triphenylphosphine (0.05 equiv) n 3 mL of solvents. The solution was degassed with nitrogen
for 20 minutes. Then, bases (3 equiv), 4-iodotoluene (100.0 mg, 1 equiv), and calcium carbide (3
equiv) were added. The mixture was stirred at room temperature for 10 h. The reaction mixture
was then fitered through a fiter paper and washed with dichloromethane. The filtrate was
evaporated under vacuum and separated by column chromatography using hexane asthe e luent

to give 1,2-Di-4-tolylethyne in corresponding yields.
2.3.2 Screening of aryl iodides and synthesis of oligo (phenyleneethynylenes)

General procedure for screening of aryl iodides and synthesis of oligo
(phenyleneethynylenes): A 100 mL round b ottom flask w itha m agnetic s tir b ar w as ¢ harged
with copper iodide (0.1 equiv), palladium acetate (0.05 equiv), and triphenylphosphine (0.1
equiv) in acetonitrile. T hes olutionw asd egassedw ithn irogen for20 m inutes. T hen,
triethylamine (3 equiv), aryl iodides (1 equiv), and c alciumc arbide ( 3 e quiv) w ere a dded. T he
mixture w as s tired a tr oomt emperature o vernight. T he reaction mixture was then filtered
through a shortp lug of silica gel and washed with hexane. The filtrate was evaporated under

vacuum to give the desired compounds.

1,2-Diphenylethyne (2a): Synthesized according to general procedure from
iodobenzene ( 200.0 mg, 0.98 mmol), calcum carbide (188.5 mg, 2.94 mmol), copper iodide
(18.7 mg, 0.098 mmol), palladuum(Il)acetate (11.0 mg, 0.049 mmol), triphenylphosphine (25.7
mg, 0.098 mmol), and triethylamine (297.6 mg, 2.94 mmol) to afford 83.9 m g (0.47 mmol, 96%)
of 2a as a white solid: mp 57-59 °C; 'HNMR (400 MHz, CDCI3): & ppm7.63-7.56 (4H, m),
7.43-7.35 (6H, m); *C NMR (100 MHz, CDCl3): & 131.6, 128.3, 128.2, 123.2, 89.4; IR (neat,
cm’') 3065, 3027.
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1,2-Di-4-tolylethyne (2b): Synthesized a ccordingt o g eneralp rocedure  from 4-
iodotoluene ( 200.0 mg, 0.917 mmol), calcum carbide (176.4 mg, 2.75 mmol), copper iodide
(17.5 mg, 0.09 2 mmol), palladium(Il)acetate (10.3 mg, 0.046 mol), triphenylphosphine (24.0 mg,
0.092 mmol), and triethylamine (278.4 mg, 2.752 mmol) to afford 94.2 mg (0.456 mmol, 99.6%)
of 2b as a white solid: mp 135-139 °C; '"H NMR (400 MHz, CDCI3): & ppm 7.42 (4H, d, J = 7.8
Hz), 7.15 (4H, d, J = 7.8 Hz), 2.37 (6H, s); >°C NMR (100 MHz, CDCl3): 8 138.1, 131.4, 129.1,
120.4, 88.9, 21.5; IR (neat, cm') 3018, 2917, 2843.

1,2-Di-3-tolylethyne (2c): Synthesized a ccordingt o g eneralp rocedure  from 3-
iodotoluene ( 200.0 mg, 0.917 mmol), calcum carbide (176.4 mg, 2.75 mmol), copper iodide
(17.5 mg, 0.092 mmol), palladium(I)acetate (10.3 mg, 0.046 mol), triphenylphosphine (24.0 mg,
0.092 mmol), and triethylamine (278.4 mg, 2.752 mmol) to afford 93.7 mg (0.454 mmol, 99.1%)
of 2¢ as a white solid: mp 71-73 °C; '"HNMR (400 MHz, CDCI3): & ppm 7.36-7.33 (4H, m),
7.23 (2H, d, J = 7.6 Hz), 7.15 (2H, d, J = 7.6 Hz), 2.36 (6H, s); '*C NMR (100 MHz, CDCl3):
138.0, 132.2, 129.1, 128.7, 128.2, 123.2, 89.2, 21.3; IR (neat, cm™") 3050, 2917.

1,2-Di-2-tolylethyne (2d): Synthesized a ccordingt o g eneralp rocedure  from 2-
iodotoluene ( 200.0 mg, 0.917 mmol), calcum carbide (176.4 mg, 2.75 mmol), copper iodide
(17.5 mg, 0.092 mmol), palladium(Il)acetate (10.3 mg, 0.046 mol), triphenylphosphine (24.0 mg,
0.092 mmol), and triethylamine (278.4 mg, 2.752 mmol) to afford 91.2 mg (0.442 mmol, 96.4%)
of 2d as a brown liquid: "H N MR (400 MHz, CDCl3): & ppm 7.54-7.52 (2H, m), 7.27-7.19 (6H,
m), 2.55 (6H, s); *C NMR (100 MHz, CDCI3): & 140.0, 131.9, 129.5, 128.2, 125.6, 123.3, 92.3,
21.0; IR (neat, cmi’') 3056, 3009.

1,2-Di(naphthalen-1-yl)ethyne (2e): Synthesized according to general procedure from
I-iodonaphthalene ( 200.0 mg, 0.787 mmol), calcium carbide (151.4 mg, 2.36 mmol), copper
iodide (15.0 mg, 0.079 mmol), palladum(Il)acetate (8.8 mg, 0.039 mol), triphenylphosphine
(20.6 mg, 0.079 mmol), a nd triethylamine ( 278.5 mg, 2.752 m mol) t o a fford 104.5 m g( 0.376
mmol, 96.3%)o f 2e asa w hites olid: mp 117-119 °C; "H NMR (400 MHz, CDCl3): 8 ppm 8.62
(2H, d, J=8.0 Hz ), 7.92 (6H, m), 7.68 (2H, t, J = 7.6 Hz), 7.59 (2H, t,J=7.4 Hz), 7.54 2H, tJ
= 7.4 Hz); *C NMR (100 MHz, CDCI;): & 133.2, 130.6, 128.9, 128.4,126.9, 126.5, 126.3, 125.3,
121.0, 92.4; IR (neat, cm’') 3056, 3009.
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1,2-Bis(4-methoxyphenyl)ethyne (2f): Synthesized a ccordingt o g eneralp rocedure
from 4-iodoanisole (200.0 mg, 0.855 m mol), ¢ alcium ¢ arbide ( 164.4 m g, 2.56 m mol), ¢ opper
iodide (16.3 mg, 0.086 mmol), palladum(IT)acetate (9.6 mg, 0.043 mol),t riphenylphosphine
(22.4 mg, 0.086 mmol), a nd triethylamine (278.3 mg, 2.56 m mol) t o a fford 98.1 m g(0.412
mmol, 96.4%)o f 2f asa white s olid: mp 135-137 °C; '"HNMR (400 MHz, CDCl3): & ppm 7.45
(4H, d, J = 8.8 Hz), 6.87 (4H, d, J = 8.8 Hz), 3.83 (6H, s); °C NMR (100 MHz, CDCl3): &
159.4,132.9, 115.7, 114.0, 87.9, 55.3; IR (neat, cm') 3000, 2968, 2832.

4,4'-(Ethyne-1,2-diyl)diphenol (2g): Synthesized according to general procedure from
4-iodophenol (200.0 mg, 0.91 mmol), calcum carbide (174.8 mg, 2.73 mmol), copper iodide
(17.3 mg, 0.091 m mol), pa lladium(I)acetate ( 10.2 mg, 0.045 mol), triphenylphosphine (23.0 mg,
0.091 mmol),a nd triethylamine (275.9 mg, 2.73 mmol) to afford 76.4 mg (0.364 mmol, 80.4%)
of 2g as a brown solid: '"H NMR (400 MHz, (CD3),CO): & ppm 8.76 (2H, s), 7.31 (4H, d, J = 8.4
Hz), 6.81 (4H, d, J= 8.4 Hz); >*C NMR (100 MHz, (CD3),CO): § 159.4, 134.6, 117.4, 116.5,
89.4

1,2-Bis(4-(methoxymethyl)phenyl)ethyne  (2h): Synthesized a ccordingt o general
procedure from I-iodo-4-(methoxymethyl)benzene ( 200.0 mg, 0.86 m mol), ¢ alcium c arbide
(165.0m g, 2.57 mmol), copper iodide (16.4 mg, 0.086 mmol), palladum(IT)acetate (9.6 mg,
0.043 mol), triphenylphosphine (22.5 mg, 0.086 mmol), and triethylamine (260.6 mg, 2.57
mmol) to afford 101.1 m g (0.428 mmol, 99.8%) of 2h asa w hite s olid: mp 59-61 °C; 'HN MR
(400 MHz, CDCl3): & ppm 7.52 (4H, d, J = 7.7 Hz), 7.32 (4H, d, J = 7.7 Hz), 4.47 (4H, s), 3.40
(6H, s); >*C NMR (100 MHz, CDCI3): & 138.4, 132.5, 131.6, 127.5, 122.4, 89.2, 74.2, 58.1; IR
(neat, cm’') 3003, 2923, 2864.

(4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))dimethanol (2i): Synthesizeda ccordingt o
general p rocedure f rom (4-iodophenyl)methanol ( 200.0 mg, 0.855 mmol), calcum carbide
(164.4 mg, 2.56 mmol), copper iodide (16.3 mg, 0.086 mmol), palladium(Il)acetate (9.6 mg,
0.043 mol), triphenylphosphine (22.4 mg, 0.086 mmol), and triethylamine (259.5 mg, 2.56
mmol) and p urified b y f'lash ¢ hromatography to afford 41.6 mg (0.175 mmol, 40.8%) of 2i as a
brown solid: 'H NMR (400 MHz, CDCl3): 6 ppm 7.53 (4H, d, J = 8.4 Hz), 7.35 (4H, d, J = 8.4
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Hz), 4.72 (4H, s), 3.41 ( 1H, s); '>C NMR (100 MHz, (CD3),SO): § 143.4, 132.6, 131.5, 127.1,
127.1, 120.9, 89.4, 62.9

1,2-Di(thiophen-2-yl)ethyne (2m): Synthesized according to general procedure from 2-
iodothiophene ( 200.0 mg, 0.952 m mol), ¢ alcium ¢ arbide ( 183.0 mg, 2.86 mmol), ¢ opper iodide
(18.2 mg, 0.095 mmol), palladum(Il)acetate (10.7 mg, 0.048 mol), triphenylphosphine (25.0 mg,
0.095 mmol), and triethylamine (289.1 mg, 2.86 mmol) to afford 89.6 mg (0.472 mmol, 99.6%)
of 2m asa w hite s olid: mp 96-97 °C; "HNMR (400 MHz, CDCI3): & ppm 7.33-7.26 (4H, m),
7.05-6.99 (2H, m); *C NMR (100 MHz, CDCl3): & 132.1, 127.6, 127.1, 122.9, 86.2 ; IR (neat,
cm’') 3101, 3080.

1,1'-(4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))diethanone (2n): Synthesized according
to general procedure f rom 1-(4-iodophenyl)ethanone (200.0 mg, 0.81 3 m mol), ¢ alcumc arbide
(156.3 mg, 2.44 mmol), copper iodide (11.6 mg, 0.081 mmol), palladium(IT)acetate (9.1 mg,
0.041 mol), triphenylphosphine (23.3 mg, 0.081 mmol), and triethylammne (246.8 mg, 2.44
mmol)t oa fford 105.0 m g (0.400 mmol, 98.6% ) of 2n asa w hites olid: '"H NMR (400 MHz,
CDCl3): & ppm 7.96 (4H, d, J = 8.3 Hz), 7.63 (4H, d, J = 8.3 Hz), 2.62 (6H, s); '>°C NMR (101
MHz, CDClI3): 6 197.2,136.6, 131.9, 128.3, 127.46, 91.6, 26.6

4,4'-(Ethyne-1,2-diyl)dibenzaldehyde  (20): Synthesized according to general
procedure f rom 4-iodobenzaldehyde ( 200.0 mg, 0.858 mmol), calcium carbide (165.1 mg, 2.57
mmol), copper iodide (16.4m g 0.086 m mol), pa lladium(Il)acetate ( 9.6 m g 0.043 m ol),
triphenylphosphine (22.5 mg, 0.086 mmol), and triethylamine (261.4 mg, 2.57 mmol) to a fford
87.7 mg( 0.372 mmol, 86.7% ) of 20 asa y ellows olid: 'H NMR (400 MHz, CDCl3): § ppm
10.04 (1H, s), 7.90 2H, d, J = 8.4 Hz), 7.71 (2H, d, J = 8.4 Hz); '>*C NMR (100 MHz, CDC/3):
191.3, 135.9, 132.3, 129.6, 128.7, 92.1; IR (neat, cm™") 3080, 1687.

N,N’'-(4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))diace tamide (2p): Synthesized
according to general procedure from N-(2-iodophenyl)acetamide (200.0 mg, 0.766 mmol),
calcim carbide (147.3 mg, 2.36 mmol), copper iodide (14.6 mg, 0.077 mmol),
palladum(Il)acetate (8.6 mg, 0.034 m ol), t riphenylphosphine ( 20.1 m g, 0.077 m mol),a nd
triethylamine (232.6 mg, 2.36 mmol) to afford 105.7 mg( 0.362 mmol, 94.5%) o f 2p as a brown
solid: : mp 240242 °C; 'HNMR (400 MHz, CDCI3): & ppm8.31 (2H, d, J = 8.2 Hz), 7.90
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(2H,'s), 7.50 (2H, d, J= 7.5 Hz), 7.41 (2H,t, J= 7.9 Hz), 7.13 (2H, t, J = 7.5 Hz), 2.25 (6H,
s); *C NMR (100 MHz, CDCI;): & 168.5, 139.0, 132.0, 130.4, 123.92, 120.5, 91.1,24.8 ; IR
(neat, cm’') 3293, 2959, 2920, 1729; HRMS (ESI) Cacld for CsH1sN>0,Na, 315.1104; Found,
315.1107.

Dimethyl 4,4'-(ethyne-1,2-diyl)dibenzoate (20): Synthesized according to general
procedure f rom 4-iodobenzoate (200.0 mg, 0.76 mmol), calcium carbide (146.8 mg, 2.29
mmol), copper iodide (14.5m g 0.076 m mol), pa lladum(Il)acetate ( 8.6 m g, 0.038 m ol),
triphenylphosphine (20.0 mg, 0.076 mmol), and triethylamine (230.9 mg, 2.29 mmol) to a fford
83.2 mg ( 0.278 mmol, 73.8%) of 2q as a brown solid: : mp 220-222 °C; 'H NMR (400 MHz,
CDCl3): & ppm 8.03 (4H, d, J = 8.2 Hz), 7.60 (4H, d, J = 8.2 Hz), 3.93 (6H, s); '*C NMR (100
MHz, CDCI3): 8 166.4, 131.6, 130.0, 129.6, 127.4, 91.4, 52.3; IR (neat, cm’') 3012, 2959, 1711.

1,2-Bis(4-nitrophenyl)ethyne (2r): Synthesized according to general procedure from 4-
iodonitrobenzene ( 200.0 mg, 0.80 mmol), calcum carbide (154.5 mg, 2.41 mmol), copper iodide
(15.3 mg, 0.080 mmol), pa lladium(IT)acetate ( 9.0 m g, 0.040 m ol), t riphenylphosphine ( 21.0 m g,
0.080 mmol), and triethylammne (243.8 mg, 2.4 mmol) to afford 102.7 mg ( 0.400 m mol, 95.7 %)
of 2r asa yellows olid: "HNMR (400 MHz, CDCl3): & ppm 8.26 (4H, d, J = 8.7 Hz), 7.72 (4H,
d, J = 8.7 Hz); 3C NMR (100 MHz, CDCl3): & 147.7, 132.6, 128.9, 127.7, 92.0

1,2-Bis(4-bromophenyl)ethyne  (2g) : Synthesized according to general procedure
from 1-bromo-4-iodobenzene ( 200.0 mg, 0.71 mmol), calcium carbide (136.0 mg, 2.12 mmol),
copperi odide ( 13.5m g 0.071m  mol), pa lladum(IT)acetate ( 7.9 mg, 0.035 mol),
triphenylphosphine (18.5 mg, 0.071 mmol), and triethylamine (214.6 mg, 2.12 mmol) to a fford
115.3 mg( 0.34 mmol, 97.1%) of 2q asa w hites olid: : mp 180-183 °C; "H NMR (400 MHz,
CDCl3): & ppm 7.49 (4H, d, J = 8.5 Hz), 7.38 (4H, d, J = 8.5 Hz); '*C NMR (100 MHz, CDCl3):
8 133.0, 131.7, 122.8, 121.8, 89.4; IR (neat, cm’') 3104, 3071, 2926, 1593; IR (neat, cm’') 3074,
3071, 2926, 1593.

1,2-Bis(4-((trimethylsilyl)ethynyl)phenyl)ethyne (2t):  Synthesizeda ccordingt o
generalp rocedure f rom ((4-iodophenyl)ethynyl)trimethylsilane (200.0 mg, 0.667 mmol),
calcium carbide (128.2 mg, 2.00 mmol), copper iodide (12.7 mg 0.067 mmol),
palladum(Il)acetate (7.5 mg, 0.033 m ol), t riphenylphosphine ( 17.5 m g, 0.067 m mol), and
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triethylamine (202.4 mg, 2.00 mmol) to afford 118.8 mg (0.321 mmol, 96.6%) of 2t as a yellow
solid: "HN'MR (400 MHz, CDCl3): & ppm7.46 (4H, s), 7.44 (4H, s), 0.26 ( 18H, s); *C NMR
(101 MHz, CDCl3): & 131.9, 131.4, 123.0, 104.5, 96.5, 91.0, -0.1

4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene) bis (4-methylbenzenesulfonate) (2u):
Synthesized according to general procedure  from  4-iodophenyl4 -methylbenzenesulfonate
(200.0 mg, 0.536 mmol) , calcium carbide (103.0 mg, 1.63 m mol), copper iodide (10.2 mg, 0.05
mmol), palladium(IT)acetate (6.0 mg, 0.027 m ol), t riphenylphosphine ( 14.0 m g, 0.05 m mol), a nd
triethylamine (162.2 mg, 1.63 mmol) to afford 137.7 mg (0.266 mmol, 99.4%) of 2u as a brown
solid: "THN MR (400 MHz, CDCI3): & ppm7.70 (4H, d, J= 7.5 Hz), 7.41 (4H,d, J = 7.7 Hz),
7.32 (4H, d, J = 7.5 Hz), 6.97 (4H, d, J = 7.7 Hz), 2.45 (6H, s); *C NMR (100 MHz, CDCI3): &
149.4, 145.6, 132.9, 129.8, 128.5, 122.6, 121.9, 90.0, 21.7; IR (neat, cm’') 3039, 2920, 1590;
HRMS (ESI) Cacld for C,sH2204S;Na, 541.0750; Found, 541.0756.

Dimethyl 4,4'-(4,4'-(ethyne-1,2-diyl)bis(2,5-dibutoxy-4,1-phenylene))bis(ethyne-2,1-
diyl)dibenzoate (2w): Synthesized according to general procedure  from methyl 4-((2,5-
dibutoxy-4-iodophenyl)ethynyl)benzoate (200.0 mg, 0.407 m mol), ¢ alcum carbide (78.3 mg,
1.22 m mol), ¢ opperi odide ( 7.8 mg, 0.041 mmol), palladium(Il)acetate (4.6 mg, 0.020 mol),
triphenylphosphine ( 10.7 mg, 0.041 m mol),a nd ftriethylamine ( 123.0 mg, 1.22m mol) and
purified by flash chromatography to a fford 133.4 m g( 0.171 mmol, 87.1% ) of 2w asa yellow
sold: 1HNMR(4OO MHz, CDCI3): 6 ppm8.03 (4H,d, J= 8.2 Hz), 7.58 (4H, d, J = 8.2 Hz),
7.02 (4H, s), 4.05 (8H, dd, J = 14.8, 6.6 Hz), 3.93 (6H, s), 1.89-1.78 (8H, m), 1.62-1.53 (9H, m),
1.05-0.95 (12H, m); *C NMR (100 MHz, CDCI3): 8 166.6, 153.8, 153.5, 131.4, 131.4, 129.5,
129.4, 128.2, 117.1, 117.1, 114.9, 113.4, 94.1, 91.7, 89.1, 69.5, 69.3, 52.2, 31.4, 31.4, 19.3, 13.9,
13.9; IR (neat, cm'l) 2956, 2864, 2205 ; HRMS (ESI) Cacld for C 50Hs4OgNa, 805.3711 Found;
805.3713.

Dimethyl 4,4'-(4,4'-(ethyne-1,2-diyl)bis(2,5-dibutoxy-4,1-phenylene))bis(ethyne-2,1-
diyl)dibenzoate (2x): Synthesized according to general procedure from using 3,3'-(2-iodo-5-
((4-(methoxycarbonyl)phenyl)ethynyl)- 1,4-phenylene)bis(oxy)bis(propane-3,1-diyl) d iacetate
(100.0 mg, 0.166 mmol), calcium carbide (32.4 mg, 0.50 mmol), copper iodide (3.2 mg, 0.017
mmol), palladium(Il)acetate ( 1.9 m g, 0.009 m ol), t riphenylphosphine (4.4 m g, 0.017 m mol), a nd



24

tricthylamine (50.1 mg, 0.5 mmol) andp urifiedb yf lashc hromatography to a fford 17.8 m g
(0.019 mmol, 50.8%) of 2x asa yellow solid: "H NMR (400 MHz, CDCl3): & ppm 8.03 (4H, d, J
= 8.2 Hz), 7.60 (4H, d, J = 8.2 Hz), 7.04 (4H, d, J = 6.9 Hz), 4.38-4.31 (8H, m), 4.18-4.11 (8H,
m), 3.93 (6H, s), 2.23-2.14 (8H, m), 2.07-2.03 (12H, m); *°C NMR (100 MHz, CDCl3): § 171.0,
170.9, 166.5, 153.6, 153.2,131.5, 131.5, 129.6, 127.9, 117.2, 117.1, 114.7, 113.7,94.5, 91.5,
88.5, 66.1, 66.0, 61.3, 61.2, 61.2, 61.1, 52.2, 28.75, 28.7, 20.9, 20.9; IR (neat, cm’') 3059, 2205,
1702; HRMS (ESI) Cacld for C 50Hs4016Na, 981.3304; Found, 981.3308.

2.3.3 Effect of moisture

Acetonitrile w as distilleda ndk ept over m olecular s ieve 4 °A (Sigma Aldrich) for two

days prior to use.

Table 3.8 effect of moisture: A 100 mL round b ottom flask with a magnetic stir bar was
charged with copper iodide (0.1 equiv), palladium acetate (0.05 equiv), and triphenylphosphine
(0.1 e quiv)in3 mL of acetonitrile. The solution was degassed with nitrogen for 20 minutes.
Then, triethylamine (3 equiv), 4-iodotoluene (100 mg, 1 e quiv), ¢ alcium c arbide ( 3 e quiv), a nd
water (0, 10,30 pL; 0%, 0.3%, 1% for e achr eaction) w as added. The mixture was stirred at
room temperature overnight. Ther eactionm ixture w ast henf iltrated t hrougha s hortp lugo f
silica gel and washed with hexane, or purified by column chromatography in the case of 0%
water. The filtrate was evaporated under vacuum to give 1,2-Di-4-tolylethyne (2b) in 52%, 99%,
and 99% respectively.

2.3.4 Synthesis of aryl acetylene

Table 3.9 Synthesis of 4-toluenenyl acetylene’ A 100 mL round bottom flask with a
magnetic s tir b ar w as ¢ harged w ith ¢ opper iodide (0.05 equiv), palladium acetate (0.025 equiv),
and t riphenylphosphine ( 0.05¢ quiv)i n5 mL of chloroform. The solution was degassed with
nitrogen for 20 minutes. Then, triethylamme (3 equiv), 4-iodotoluene (100.0 mg, 1 e quiv), a nd
calcium c arbide ( 10 e quiv) w ere a dded. T he m ixture w as s tirred a t r oom temperature for 12 h.

The reaction mixture was then filtered througha filter p aper a nd w ashed w ith d ichloromethane.
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The filtrate w as e vaporated under vacuuma nd yields w ere c alculated from the crude mixture by

NMRratio of 1,2-Di-4-tolylethyne and p-iodotoluene.
2.3.5 Pd-Free reactions

Table 3.10 Screening for Pd-Free reactions: A 100 mL round bottom flask w ith a
magnetic s tir b ar w as ¢ harged w ith ¢ opper iodide (0.05 to 0.1 equiv), potassium or cesium
carbonate (0.15-0.30 e quiv), a dditives ( 0.15-0.30 e quiv), 4-iodotoluene (100 mg, I equiv),a nd
calcium ¢ arbide ( 3 equiv) in3 mL of solvents. T he s olution w as de gassed w ith n itrogen for 20
minutes. T hem ixturew ass tireda t 80 °C for12 h. The reactions were followed by TLC
indicated that n o formation of 1,2 -Di-4-tolylethyne ( Ry =0 .3 inh exane), b uto nly /-iodotoluene

remained in the reactions.
2.3.6 Three components Click chemistry

Table 3.11 Three components Click chemistry using calcium carbide: A 100 mL
round bottom flask with a magnetic stir bar was charged with copper iodide (0.3 to 0.5 equiv),
palladium acetate (0.5 equiv), and triphenylphosphine (0.1 equiv), sodiuma zde (1.5 e quiv),
sodium ascorbate (0.30 equiv), 4-iodotoluene (100.0 mg, I e quiv), t riethylamine ( 3 e quiv), and
calcumc arbide ( 3 e quiv)in3 mL of acetonitrile with one drop of water. The solution was
degassed with nitrogen for 20 minutes. The mixture was stirred at room temperature of 90 °C for
12 h. Microwave irradiation was setat 125 °C for 10-15 minutes. . The reaction mixture was then
filtered througha s hortp lugo fs ilica g ela nd w ashed w ithh exanet o a fford 1 ,2-Di-4-tolylethyne

in corresponding yields by never observing of other products.
2.3.7 Synthesis of unsymmetrical diaryl ethynes

Coupling of p-nitro iodobenzene, 4-iodotoluene, and calcium carbide: A 100 mL
round bottom flask with a magnetic str bar was charged with copper iodide (0.2 equiv),
palladiuma cetate ( 0.1 equiv),a ndt riphenylphosphine ( 0.2 equiv), 4-iodotoluene (1 equiv), p-
nitro iodobenzene (100.0 mg, 1 equiv) and calcium carbide (6 equiv) in 5 mL ofacetonitrile. The
solution was degassed with nitrogen for 20 minutes. Then, triethylamine (6 equiv) was added.
The mixture was stirred at room temperature overnight. The reaction mixture was then filtered

through a filter paper and washed with dichloromethane. The filrate was evaporated under



26

vacuuma nd s eparatedb yc olumnc hromatographyu sing hexane/ethyl a cetate as the eluent to
give 1,2-Di-4-tolylethyne (2b), 1-methyl-4-((4-nitrophenyl)ethynyl)benzene (2y), and 1,2-bis(4-
nitrophenyl)ethyne (2r) in 30%, 18% and 42% yields respectively. Yields b ase o n N MR mtegal

ratio calculation of the mixture of 2y and 2b.

Coupling of 4-iodoanisole, 4-nitro iodobenzene, and calcium carbide: A 100 mL
round bottom flask with a magnetic stir bar was charged with copper iodide (0.2 equiv),
palladium acetate (0.1 equiv), and triphenylphosphine (0.2 equiv), 4- iodoanisole (1 equiv), 4-
nitro iodobenzene (100.0 mg, 1 equiv) and calcium carbide (6 equiv) in 5 mL ofacetonitrile. The
solution was degassed with nitrogen for 20 minutes. Then, tricthylamine (6 equiv) was added.
The mixture was stirred at room temperature overnight. The reaction mixture was then filtered
through a filter paper and washed with dichloromethane. The filrate was evaporated under
vacuuma nds eparated b yc olumnc hromatographyu sing hexane/ethyl a cetate as the eluent to
give 1,2-bis(4-methoxyphenyl)ethyne) (2f), and 1,2-bis(4-nitrophenyl)ethyne (2r) 1n38% a nd
32% y ields r espectively, a long w ith 11% r ecovery of 4- iodoanisole. Yields base on NMR ratio
calculation of the mixture of 2f and 2r.



CHAPTER 111
RESULTS AND DISCUSSION
3.1 Initial observation

Firstly, c ouplingr eactionso f4 -bromoanisole a nd ¢ alcumc arbide have b een screened

under mild conditions using commercially available reagents. The results are summarized in

Table 3.1 Initial observation®

Br
conditions
o S o e o
Me
A B
entry catalyst base ligand solvent temp. A:B  yield( %)

1 PdCL(PPh;),,Cul DBU - toluene rt 2:1 trace
2 PdCL(PPh;),,Cul DBU - THF/MeCN 1:1 rt 2:1 trace
3 Pd(OAc),, Cul TEA PPh; MeCN reflux 2:1 trace
4 Pd(OAc),, Cul TEA PPh; MeCN reflux 13 8
5 Pd(OAc),, Cul TEA PPh; toluene reflux 13 trace
6 Pd(OAc),, Cul TEA PPh;, THF reflux 13 trace
7 Pd(OAc),, Cul TEA PPh; MeOH Reflux 13 trace

*Unless otherwise noted, calcium carbide, Pd, Cu, ligand = 5, 2.5, 5 (mol%), and s olvent was stirred in N, for 30
min. Then 4-bromoanisole (1 equiv) and base (3 equiv) was added to the reaction mixture and s tirred under N,

overnight.
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Table 3.1. Most conditions resulted in only trace amount of product yield with significant
recovery of's tarting m aterial o r d ecomposition, int he ¢ ase o fr eflux ¢ onditions. T he b est r esults
were obtained w ith P d(OAc),, C ul, P Phs, t riethylamine ( TEA)1i na cetonitrile ( MeCN), b uto nly
eight percent yield was achieved. We hypothesized that poor yield is caused b y failure o fa ryl

bromide to react under mild conditions. Thus, we switched to other types of aryl compounds.

To enhance the reaction yield, we decided to use four phenyl derivatives in our screening:
bromobenzene, iodobenzene, phenyl 4-methylbenzenesulfonate, a ndp henyl
trifutoromethanesulfonate. P henyl4 -methylbenzenesulfonate was prepared by reacting phenol
with p-toluenesulfonyl ¢ hloride (TsCl) under microwave treatment. Similar reaction was used to

prepare p henylt rifluoromethanesulfonateb ut heat w asu sed i nstead o fm icrowave r adiation
(Scheme 3.1).

3O
2 \
% 95%

TSC
\
= e
86%
Scheme 3.1 Preparation ofp henyl sulfonate esters

With all starting materials in hand, we first attempted th e couplingr eactionb y treatment
ofc alcumc arbide w ith the four phenyl derivatives in acetonitrile at room temperature in the
presence of Pd(OAc), (2.5 mol % ), t riphenylphosphine ( PPhs, 5m 01% ), C ul (5 mol% ) and
triethylamine ( Table 3.2). Unfortunately, the reaction of phenyl bromide or triflate gave no
desired p roductan d o nlya s malla mount o f's tarting m aterial c ould b ¢ recovered along with
unidentified complex mixtures. In the case of the tosylate, only a trace amount of the targeted

product 2a was isolated along with an almost 90% recovery of starting material

It is well known that the reactivity of aryl iodides in oxidative additiont op alladiumi s

much g reater t han a ryl b romides and the oxidative addition is believed to be the rate determining
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steps in most Sonogashira ¢ oupling [ 8]. T herefore, a ryl iodides would e nhance t he f ormationo f
the desired product under these conditions. To our delight, switching from bromide to iodide
analogues, d iphenylethyne 2a was obtained in 68% yield along with recovery of iodobenzene
(15%).

Table 3.2 Screened reactions for types of aryl compounds®

X
Pd(OAE),, Cul, PPh;
¥ €ac, » Ph———FPh
TEA, MECN, it, N,
2a
X yield ( %)°
Br complex m ixtures
OTs 0°
OTf complexm ixtures
I 68

* All reactions were carried out with phenyl derivatives (1 equiv), CaC, (3 equiv), PA(OAc), (2.5%), Cul (5%), PPh;
(5%), and triethylamine (3 equiv) at rt for 10 h, Isolated yield, “A quantitative amount o f phenyl derivatives was

recovered.

After we found the best type of aryl compound for coupling reaction with calcum

carbide, we then prepared a stock ofaryliodides.
3.2 Preparation of aryl iodides

Twenty t wo a ryli odides will be tested in this work (Scheme 3.2). Iodobenzene (1a),
iodotoluene ( 1b-1d), 1 -iodonaphthalene ( 1le), 4-iodoanisole ( 1f), 4-iodophenol (1g), 2-
iodoaniline ( 1j), 2 -iodothiophene ( 1m), 1 -(4-iodophenyl)ethanone ( 1n), 4-nitroiodobenzene (1r),
and 1-bromo-4-iodobenzene (2S) were obtained from commercial sources, a nd w ere u sed
without further purification. Aryl iodides 1h, 1i, 10-1q, 1t, 1u, on the other hands were p repared

according to literatures. The synthesis of such compounds will be discussed int his section.



30

O O = G =0 O
o O QO MO O

O Hom @@@
O me= Oy @@

Scheme 3.2 aryl 1od1desu sed in thlSW ork

4-iodotoluene (1b) and o-iodotoluene (1d)

To s ynthesized compounds 1b and 1d, w e r eacted i odinemonochloride (ICI) with toluene
(Scheme 3.3). The 1: 1 mixture of paraand ot ho iodotoluene (1b and 1d)w as formed in70%

combine y ield, w hich ¢ annot be separated.

CH,CI
+ Icl oty
re, 12 h

70%
Scheme 3.3 Reactiono f IC1 witht oluene

Then, we moved to the iodination of corresponding diazo arenes. Compounds 1b and 1d
were f ormedi n7 2 and 63% yields, respectively (Scheme 3.4). However, the synthesized
compounds g ave | ower y ield a nd 1 ower r eproducibility w henu sed i ns ubsequent reactions as
compared t o t he ¢ ommercial o nes f romS igma-Aldrich C ompany, s o w e de cided t o use the

commercial compound in our reaction (for more detail see 3.3.1 optimization conditions).



31

1 H2804 |
Nz 23 NaNOZ(a%l h
@ 3) Kl(aq), 30 min N @
A\ 0 - e
Ve 0¢c Me
p-72%
0-63%

Scheme 3.4 Synthesis of compounds 1b and 1d from corresponding amines

1-iodo-4-(methoxymethyl)benzene (1h), (4-iodophenyl)methanol (1i), 4-
iodobenzaldehyde (10) and methyl 4-iodobenzoate (10Q)

Compound 1i was synthesized by reduction of 4-iodobenzoicacid using borane in THF in
64% yield ( Scheme 3.5). T hen, t he m ethylationo f 1i bym ethy iodide and sodium hydride gave
compound 1h in75% yield. F urthermore, u sing S wern ox idation r eactiont o ¢ ompound 1i gave
aldehyde 10 in 59% yield. On the other hand, ester 1q was easily generated from e sterification o f
4-iodobenzoic acid in 97% yield.

A ‘[>
el 1h
' o}
OH o)
1 B d |
I 448 Cl
Lo, 20y
v R
| < S o 4
o 9o Cl‘o
‘0 0o
(&
H O
10
0“ >OMe
1q

Scheme 3.5 Synthesis of compounds 1h, 1i,10 and 1q
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N-(2-iodophenyl)acetamide (1p)

Reaction o f 2-iodoaniline with acetic anhydride in THF and diisopropylethylamine at 60
°C gave aromatic amide 1p in 76%yield (Scheme 3.6).

| | \’40
NH, DIPEA, THF NH
©/ i )\ /g 60 °C 16 h
1p 76%
Scheme 3.6 Synthesis of compound 1p

((4-iodophenyl)ethynyl)trimethylsilane (1t)

Sonogashira coupling of diiodobenzene with trimethysilyl acetylene gave compound 1t in
33%yield (Scheme 3.7). The low yield was caused by formation of di-substituted product,

unreacted iodobenzene, and difficulty i product purification.

PdCl,PPhs),, DBU, Cul
IOI + TMs—=—_H » TMS— : :>—|
toluene, N,, overnight

1t 33%

Scheme 3.7 Synthesis of compound 1t
4-iodophenyl 4-methylbenzenesulfonate (1u)

Reaction of 4-iodophenol to compound 1u did not proceed as wella s in the case of
phenyl 4-methylbenzenesulfonate (Scheme 3.8 and 3.1) because 4-iodophenol is a s olid, unlike

phenol, so the reactants were not homogeneously mixed together. This led to a lower yield.

OH oTs
75€1, K,€04
MW, 5 iR

1u 63%
Scheme 3.8 Synthesis of compound 1u
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2-iodopyridine (1k)

Iodnation of 2-chloropyridine using a cetyl ¢ hloride a nd sodiumiodide in acetonitrile

gave corresponding iodide in 86% yield (Scheme 3.9).

| AN ACCI, Nal @
N“>cl MeCN,0-80°C,3h N7

1k 86%

Scheme 3.9 Synthesis of compound 1k
3.3 Pd-catalyst coupling reaction using calcium carbide as a starting material.
3.3.1 Optimization conditions

For all conditions screening experiments, 4-iodotoluene was selected,d uet oa c lear
difference b etween t he m ethyl g roup 'H NMR signal of the starting material and that of its di-4-
tolylethyne product.

Part I: Initial study and problems solving
1) Optimization conditions with 4-iodotoluene

Int his s ection, w e u sed 4-iodotoluene 200 mg, calcium carbide 3 equiv, Pd source 5%,
Cu source 2.5%, triphenylphosphine 5% and base 3 equivalent and the reactions were performed
under nitrogen atmosphere in 5 mL of solvent. The r esults w ere s ummarized in Table 3.3 The
optimization condition indicated that c opperiodideisthe b estc oppers ource int his r eactiona s

well as the combination of acetonitrile and tricthylamine (Table 3.3, entries 1-13)
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Table 3.3 Optimization condition with 4-iodotoluene

+cac [Pd], [Cu}, PPhg
S e Y

entry Pd/Cusource base solvent yield®
1 Pd(OAc),/Cul TEA MeCN 84%
2 Pd(OAc),/ CuOAc TEA MeCN 55%
3 Pd(OAc),/ Cu(OAc), TEA MeCN 64%
4 Pd(OAc),/-- TEA MeCN 22%
5 PdCL(PPh;),/Cul TEA MeCN 24%
6 PdCL(MeCN),/Cul TEA MeCN 25%
7 Pd(OAc),/Cul TEA MeOH 34%
8 Pd(OAc),/Cul TEA THF 19%
9 Pd(OAc),/Cul TEA DMF 43%
10 Pd(OAc),/Cul K,CO; THF trace”
11 Pd(OAc),/Cul K,CO; MeOH 14%
12 Pd(OAc),/Cul - MeCN 6%
13 Pd(OAc),/Cul TEA MeCN trace’

“Isolated yield, ° 88% recovery starting material, “air open 90% recox-/ery starting material
2) Scale up to 200-600 mg with constant amount of catalysts

Int his s ection,w eused 4-iodotoluene 1 e quiv, ¢ alcium ca rbide 3 equiv, triethylamine 3
equiv, by fix the amount of Pd(OAc), at 10.3 mg, Cul 4.4 mg and triphenylphosphine 12.0 mg,
and t he r eactions were ¢ arried o ut under nitrogen atmosphere in 5 mL of acetonitrile (%mol Pd,
Cu, PPh; =5%,2.5% , 5%, r espectively; ba se on 200 m gof 4-iodotoluene). T he r esults were
illustrated in Table 3.4
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Table 3.4 Scale up to 200-600 mg with the same amount of catalysts

+ cac Pd(OAC), , Cul, PPhy
e - <=4

entry 4-iodotoluene (mg) result’

1 200 21% NMR yield
2 400 26% Isolated yield
3 600 32% Isolated yield

* Copper iodide 0.046 mmol, palladium acetate 0.023 mmol, triphenylphosphine, 0.046 mmol

200, 400 and 600 mg of iodotoluene were subjected to the couplingreactionb yusing the
same amount of catalyst (Pd(OAc), and Cul) in order to see the scalability and process
efficiency. H owever, t he r esults w ere disappomted. Reactiony ields were dropped when scale up
to 400 and 600 m g scale (Table 3.4 entries 2, 3) compared to previous results of 84% at200 mg
scale (Table 3.3, entry 1). Even 200 mg scale was failed to reproduce previous result (Table 3.4,
entry 1). However, this problemw as f ixed w hen ¢ hanging n umber o fc atalysts,a ndu p catalyst
loading to 5% Pd, 10% Cu, and 10% PPh;s. The result is shown in the next topic.

3) Catalysts loading

Base ¢ onditions: 4-iodotoluene 100.0 mg, calcum carbide 3 equiv, Pd(OAc),, Cul,
triphenylphosphine, triethylamine 3 equiv under nitrogen atmosphere m 3 mL of acetonitrile.
Ther esultsinT able 3.5 indicate that changing catalyst ratio (%mol Pd/Cu/PPhs) from 5/2.5/5 to
2.5/5/5, gave better results. The best result was achieved with 5/10/10 ratio. However, the result
mn entry 1 wasn otr eproducible ( Table 3.3, e ntry 1) , because this r eactioni s e xceptionally
sensitive t o ¢ atalyst 1 oading, b ut t he b alance w as i nconsistent a t m illigram s cale. T his m ay ¢ ause
the low reproducibility o ft he r eaction, s o1 ater o n, h ighc onsciousness 0 nw eightingo fc atalysts

was applied to the reaction set up.
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Table 3.5 Effect o f catalysts 1 oading

+ cac Pd(OAC), , Cul, PPhy
e - <=4

entry % molPd/Cu/PPh; result

1 5/2.5/5+ 2] 1 32% NMR yield
2 2.5/5/5 41% NMR yield
3 5/10/10 99% Isolated yield

4 obtained fom NMR calculation

Part 11: Final optimization conditions

The optimization results showed that Pd(OAc), wast he most e fiective p alladium s ource
for this reaction in comparison with  bis(triphenylphosphine)palladium(IT)dichloride  and
palladium tetrakis (Table 3.6, entries 1-4). Cleary, Cul is needed in the reaction, and its absence
resulted in a lower yield (22%, entry 5). The formation of copper acetylide is significant to drive
trans-metalation with palladium, better than hydride-metal transfer form acetylene gas. In
addition, a lternative ¢ opper s ources, s ucha s C uOAc a nd C u(OAc),, or CuCl could be used in

this transformation (entries 6-8), Cul is more stable and lower-price, h owever.

Base screening indicated that TEA was the most effective base in comparison with others,
although diisopropylethylamine gave s atisfactoryr esults ( entry 9 ). W hen 't he r eaction w as c arried
out at 60 °C, 40% of ditolylethyne product (2b) was isolated without the recovery of any starting
material. This is likely due to the mstabilityo ft hep alladiumc omplexi ntermediates u ndert hese
conditions (entry 12).

Under atmospheric condition, a lower yield of the desired product was isolated (30%,
entry 1 3)i nc omparisonw itht hatu nderi nertn itrogen environment. In addition, the reactions

wentt o ¢ ompletion w itha ni ncreased a mount of catalyst as the mentioned result (Table 3.5,
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entry 3 or T able 3.6, e ntry 14) . R eaction pr oceeded s moothly a t r oom t emperature. M oreover,
this also fixes the problem on low reproducibility from catalyst loading.

Table 3.6 Finalo ptimization conditions®

I
Pdj, Cuy, PPh
oo, e - O—C)
Base, Solvent, rt o

entry Pd/Cu source - base solvent yield®
1 Pd(OAc),/Cul TEA MeCN 50%
2 PACL(PPh,),/Cul TEA MeCN 24%
3 Pd(PPhs),/Cul TEA MeCN 24%
4 Pdon C/Cul TEA MeCN 5%
5 Pd(OAc),/-- TEA MeCN 22%
6 Pd(OAc),/CuOAc TEA MeCN 50%
7 Pd(OAc),/ (CuOAc), TEA MeCN 50%
8 Pd(OAc),/ CuCl TEA MeCN 45%
9 Pd(OAc),/Cul DIPEA MeCN 41%
10 Pd(OAc),/Cul K,CO; THF 0%°
11 Pd(OAc),/Cul K,CO; MeOH 16%
12 Pd(OAc),/Cul TEA MeCN 40%*
13 Pd(OAc),/Cul TEA MeCN 30%°
14 Pd(OAc),/Cul TEA MeCN 99%"

*Unless otherwise noted, a mixture of 4-iodotoluene (1 equiv), Ca C, (3 equiv), Pd catalyst (2.5%), PPh; (5%), Cu
catalyst. (5%) and base (3 equiv) room temperature for 10 h.,? Isolated yield, 90% o f 4-iodotoluene was recovered.

4 Heated at 60 °C, ® Reaction was carried out under air, 504 of PdA(OAc), , 10% Cul and 10% of PPh; were used.
Thus, the optimized conditions involved the treatment of 4-iodotoluene (1 equiv), C aC,
(3 equiv), Pd(OAc), (5%), PPh; (10%), Cul (10%) and triethylamine (3 e quiv) in MeCN atroom
temperature under a mnitrogen atmosphere. Under these optimized conditions, the coupling
product 2b was isolated in 99% yield (Table 3.6, entry 14)w ithm oret han5 t imes

reproducibility. I t m ust be n oted t hat u nder t hese conditions, complete conversion to 2b was

confirmed by NMR spectroscopic analysis and TLC. To the best of our knowledge, formation of
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diaryl ethynes under these efficient and mild conditions h ave n ot b eenr eported in't he | iterature
[12, 16, 17, 25, 37-40].

3.3.2 Functional group compatibility of the reaction

We intend to demonstrate the high compatbility of various functional groups in our
methods. Therefore, a s eries o fa ryliodides e ither c ommercially a vailable o r p repared a ccording
to section 3.2 were subjected to the ¢ oupling r eaction w ith C aC, under t he o ptimized r eaction
conditions (Table 3.7).T hea ryli odidesb earinga ne lectrond onatingg roup s ucha sm ethyl,
naphthyl, a nd, m ethoxy ( entries 2-4) yielded the desired bisarylacetylenes in good to excellent
yields. Notably, the substituent position effect was found to be minimal in our study, as seen in
the case of three isomers of iodotoluenes (1b, 1c and 1d), providing the coupling products 2b,
2cand 2d1 n99%, 99% and 96% yields, respectively (entry 2). However, 4-iodobenzyl alcohol
(11),highe lectrond ensity n itrogen ¢ ontaining compound ( 1k-11), a nd be nzyl i odide ( 1v) w ere not
suitable f or t his t ransformationa st hey a florded t he t arget compounds, 2i in only 41% yield,
while complex mixtures were obtained in the case of 1k-11, and decomposition of s tarting
materiali nt he c ase o flv (entries 5, 7,8, 11) .S urprisingly, compound 1j was successfully
coupling in 74% vyields (entry 6). In addition, compound 1g and 1j are known as the difficult
substrate i Sonogashira couplng [37], but thisw orkr esultedi nh ighy ieldso ft hed esired
products (entries 4 , 6 ). T hese r esults may b e d ue t o t he chelation of the palladium catalyst with
the high electron density oxygen or nitrogen atoms. The yield was significantly increased when
the hydroxyl moiety in 1i was methylated. The product 2h was isolated in much higher yield.
Interestingly, t he p resence o fa s ulfura tomg aven oe flectint hisr eaction, a s shown in the
couplingr eactiono f2 -iodothiophene ( 1m). T he pr oduct 2m w as i solated i n99% vy ield. The
substrates bearing electron-withdrawing groups such as the aldehyde, k etone, a mido, e ster, a nd
nitro moieties reacted efficiently to obtain the coupled products in good to high yields (entries
10-13). In contrast to previous report, our experiment resulted in good yields of product 20 and
2r [30]. This outcome suggests that the rate d etermining step o fthis reaction may not be the same
ast her eactionsi nvestigatedb yZ hang[ 30]. Moreover, other leaving groups such as bromo,
tosyl, and methoxy as well ast rimethylsilylp rotectingg roupsw erea blet o tolerate t he r eaction
conditions w ellan d i odo g roup w ere r eacted s electively, g iving t he d esired p roducts in e xcellent

yields ( entries 1 4-16). We attributed the wide range of functional group tolerance to the



Table 3.7 Screening of aryl iodides®

Pd(OAC),, Cul, PPh,
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Arl + Ccac, .  Al— A
1 TEA, MeCN, rt, N, 2
entry aryl iodide product  yield(%)" entry aryl iodide product  yield(%)"
)
>—<: >—I
2n 99(99)
L O w0 0 e
R=H; lo
— 2b 99(84) !
4 I
2 MeX_/ 2 99(64) 1 3 HN«@ 2p 94(74)
p;1b, m;1c, 0;1d 2d 96(24) =§ 1p
' MeO
3 2e 96(75 12 (}—@' 2 74(5
CO. G W o n e
RO— )l
2f 96(45) ofl |
4 R=Me; 1f 2 A 13 N ) 2r 9
R=H ;1g
RO
|
2h 99
5 14 Br<< >*' 23 97(33
R=H; li
|
i TMS—= |
6 C%: . 2] 74% 15 =), 2t 96
I\, (complex
2 1 TsO [
7 = 1k mixture) ° O tu 2 9
lex
\ | (comp
S T mixture) 17 O 2v (0)
S
9 M' . 2m 99(79)

* General conditions: a mixture of aryliodides (1 equiv), CaC, (3 equiv), Pd(OAc), (5%), PPh; (10%), Cul (10%)

and TEA (3 equiv) was stirred in 5 mL of acetonitrile for 12 hours, and purified by filtration through a short plug of

siliga g el, ® Isolated yield, ¢ Purified by column chromatography,y ields in parenthesis indicated the results when

using Pd/Cu/PPh; =5/2.5/5 mol%
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heterogeneous nature of calcium carbide and proper concentration of gradually generated
acetylene gas under the reaction condition.  These high functional group selectivity and
compatibility should expand the scope of this reaction in the synthesis of more complex =-
conjugated molecules whilst further modification at the remaining reactive groups should be

explored.

3.3.3 Synthesis of oligo (phenyleneethynylenes)

The success of this Pd-catalyzed reaction turned o ura ttentiont ot he s ynthesis o fo ligo-
(aryleneethynylenes). Such compounds attracted considerable interest due to their electronic a nd
photonic properties, which have been applied widely in chemo- and biosensors and electronic
devices [41-45]. Theo ligo-(aryleneethynylenes) 2w and 2X were p repared a ccordingt o Scheme
3.10. Compound 1w and 1x were prepared form previous work by Vongnam [46] according to
described methodsa ,b,c ,a ndd. T hec ouplingof highly functionalize and highly steric
molecules 1w and 1x with calcum carbide under the optimized conditions gave compound 2w

and 2x bearingt hree phenyleneethynylene unitsin 87 and 51% yields, r espectively.
2 ! v

4w: R—nC4H9 64%) 6W R—nCH 73ry) 1wW: R= nc4 540/
b 2R '_23OH £6°/3 (CHZ)SOAC (67%) X R= (CH2)3OAC (500
C4X CH3)30AC (94%)
cac,

Pd(OAC),, Cul, PPh,

.
' o

TEA, MeCN, rt, 10h, N,

This work

2W: R=N-C4yHy  (87%)
2X: R = (CHy)30AC (51%)

Scheme 3.10 Synthesis of Oligo-(aryleneethynylenes) 2w and 2x
Reagents and conditions: (a) n-BuBr, KOH DM F for 4w or CIC;HsOH, K,CO;, MeCN for 5; (b) AcCl, DMAP, py,
CH,Cl; (¢) IC], MeOH for 6wor I, KIO;, AcOH, H,0, H,SO, for 6X; (d) Methyl 4-ethynyl benzoate, PdCL(PPh;),, Cul,
DBU, PhMe for 1w, 1x
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3.3.4 Mechanistic Investigation

The mechanism of coupling reaction between aryl iodide and calcum carbide would
probably followedt hes imple Sonogashirac ouplingm echanism. However, there are two
possibilities. First, the reaction proceed through hydrolysis of calcium carbide to acetylene gas,
and t hen react with copper, or second, copper is directly transmetalated with calcium carbide to
copper a cetylide t hat ¢ an d rive t o ¢ atalytic ¢ ycle in S onogashira ¢ oupling m echanism. Therefore,
the role of water willb ei nvestigatedi no rdert og ainm orem echanistici nformationo ft his
reaction. The reaction were then performed in the various amount of water in acetonitrile and the

results were described in Table 3.8

Table 3.8 Effecto f water®

 cac, _Pd©AS), Ul PPH, o O
? T FEA MECNHO, ft Q —

entry  equiv of water yield (%)°

1 =0 S=32 o
% 1.2 99
3 3.6 99

* General conditions: a mixture of 4-iodotoluene (1 equiv), CaC, (3 equiv), Pd(OAc), (5%), PPh; (10%),
Cul (10%) and TEA (3 equiv) was stirred in 3 mL of acetonitrile for 12 hours, ® Isolated yield

When the reaction were carried in freshly distilled acetonitrile and kept over molecular
sieve for2 d ays, the yieldw as s ignificantly dr opped t 0 52 % (Table 3.10, entry 1). It was
confirmed that 1.2 equiv of water is enough for driving the reaction, even 3.6 e quiv gavet he
same results (Table 3.10, entries 2-3). Thus, water is needed in the reaction in order to drive the

reaction ¢ ompletely.



42

3.3.5 Synthesis of aryl acetylene

In 1995, Pal and Kundu had successfully synthesized 2:1 mixture of diphenyl acetylene
and p henyla cetylenein6 1%y ield fromt he ¢ ouplingr eactionfromp henyl iodide , under simple
Sonogashira ¢ ouplingr eaction whenc hloroformw asu sedt ogetherw itha c¢ ontinuous f low of
acetylene gas [24]. This is a motivation to the synthesis of unsymmetrical diaryl ethynes. T hus
therr conditions reaction were used i our reaction withc alciumc arbide, f ocusingo no bserving

terminal alkyne p eak. The results are showed in Table 3.9.

Table 3.9 Synthesis of p-toluenenyl acetylene®

|
Catalysts
TEA in CHCI,

A B

entry catalysts yield (%) AB
1 Pd(OAc); 3%, Cul 6%, PPh; 6% 35 1:0
2 Pd(OAc), 5%, Cul 10%, PPhs 10% 42 1:0
3 PdCL(PPhs), 3.5%, Cul 11.5% 33 1:0

 General conditions: a mixture of 4-iodotoluene (1 equiv), CaC, (10 equiv), catalysts, and TEA (5 equiv) was stirred
in 5 mL of chloroform for 12 hours, ° obtained by NMR

The f irste ntry w as t he ¢ onditions t hat 1 ower t he ¢ atalyst 1 oading were used int he h ope
that a lower reaction rate would favor the formation of 4-toluenenyl acetylene (B). However, the
reaction resulted in noy ield of the desired product B (Table 3.9, entry 1). Increasing the catalyst
loadingr esultedi ni ncreasingo fp roducty ield,b ut still no formation of a mono-sub product.
Then the exactly same condition to Pala nd K unduc onditionsw eret riedb yu singc alcium
carbide instead o fa cetylene gas, di-sub product A was the only product observed n 33% yield.
Hypothesizingly, t he s lowr elease 0 fa cetylene f romc alcumc arbidei s not excess enough

compare to Kundu’s conditions which using the c ontnuous flow ofacetylene gas.
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3.3.6 Pd-Free reactions

Copper is known to be a catalyst in cross coupling reaction between aryl halide and
terminal alkyne without palladum facilitation when thel igands ucha s L-proline, N,N-
dimethylglycine or ascorbate were used [47]. Therefore, those additives were tried in the reaction
ofa ryli odide a nd ¢ alcum ¢ arbide w ithout p alladium c atalyst. T he r esultsa res ummarizedi n

Table 3.10.

Table 3.10 Screening for P d-Free reactions®

conditions

entry conditions yield

1 Cul 10%, , N,N-dimethylglycine 30%, CsCO3, dioxane, 80 °C  N.R.
2 Cul 5%, , L-proline 15%, K>,CO3, DMF, 80 °C N.R.

3 Cul 10%, , Sodiuma scorbate 30%, CsCO3, dioxane, 80 °C N.R.

* General conditions:a mixture of 4-iodotoluene (1 equiv), CaC, (3 equiv), copperiodide, additives, and

base was stirred in 3 mL of solvent for 12 hours,

Unfortunately, t here w ere n o r eaction o ccur € ven h igh a mount of copper and three types
of additives were applied to the reactions (Table 3.10, entries 1-3). These results indicate thato ur
systemi sn otr eactive e nought o form the desired product under these conditions, and palladium

is required in the reaction.
3.3.7 Three components Click chemistry

Jianga nd ¢ o-worker reportedt he preparation of aryltriazole via Click chemistry from the
couplingo f organic azide a nd ¢ alcium ¢ arbide in2 009 [29]. T he r eaction p roceed very wellt o

form1 1d ifferenta ryltriazole i n g ood y ields. T his r eport ¢ onfirmed the possibility of applying
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calcum carbide in Click chemistry. Another report was pu blished i n2004;  Appukkuttan
successfully a rchived t hree ¢ omponents ¢ ouplingo fb enzyl halides, sodium azide, and terminal
alkynes. They were a ble t o s ynthesize 14 different 1,4-disubstituted 1,2,3-triazoles in good yields

[48].

Table 3.11 Three components Click chemistry usingc alcium carbide®

' conditions
e, S O )
N<NH

entry catalysts additives solvent, h eat yieldb AB:C

1 Pd(OAc), 5%, Cul Na ascorbate 30%, TEA MeCN/H,0O 82% 0:1:0
30%, PPhs 10%

2 Pd(OAc); 5%, Cul Na ascorbate 30%, TEA MeCN/H,O, 89% 0:1:0

3 Pd(OAc); 5%, Cul Na ascorbate 30%, TEA MeCN/H,O 85% 0:1:0

4 Cul 50% Na ascorbate 50%, MeCN/H,O N.R. 0:1:0
MW 125 °C

* General conditions: a mixture of 4-iodotoluene (1 equiv), CaC, (3 equiv), catalysts, additives were stirred in 3 mL

of solvents for 12 hours, ° Isolated yield
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The results from these reports suggested that the three c omponents ¢ ouplingo fa ryl
iodides, s odium a zide, a nd ¢ alcium ¢ arbide ¢ ould be pos sible. B ased on the previous mentioned
reactions, thet hree click component coupling reactions using calcium carbide were tested and

the results were summarized in Table 3.11.

According to Jiang’s report [29], a scorbate a nd 3 0% c opper i odide w ere p laced int he
reaction to increase rate of azde-alkyne cyclo-addition. However, three conditions of room
temperature, heat at 90 °C, or use of 15 minutes Microwaves irradiation gave similar results. The
reactions resulted m the formation of 1,2-di4-tolylethyne B mn 82% -89%y ields, without
formation of ¢ ycloaddition pr oduct A or C (Table 3.11, entries 1-3). There was no reaction
occurred, if palladium catalyst was n ot p resent ( entry 4 ). T he r esults indicated t hata ryli odide-
alkyne coupling is faster than azide-alkyne ¢ yclo-addition, a nd 1,2 -di-4-tolylethyne p roducti s

not reactive enough to react with sodium azide under these conditions.
3.3.8 Synthesis of unsymmetrical diaryl ethynes

The synthesis of unsymmetrical diaryl ethynes is one of the challenging tasks. Here are
the preliminary results using an electron-deficient 4-nitroiodobenzene w itht he e lectron-rich 4-
iodoanisole or 4-iodotoluene. The ¢ ross ¢ ouplingr esults under t he opt imized ¢ ondition of 4-nitro
iodobenzene with 4-iodotoluene is sh ow in Scheme 3.11.T heu nsymmetrical 1 -methyl-4-((4-
nitrophenyl)ethynyl)benzene (2y) was found in 9% yield alongw ith 30% of 1,2 -di-4-tolylethyne
(2b) and 42% of 1,2 -bis(4-nitrophenyl)ethyne (2r). Ont he o therh and, whent he s ame r eaction
was u sed w ith p-iodoanisole (Scheme 3.12), The unsymmetrical product 2z was not observed in

this reaction, but two symmetrical products 2r and 2f were afforded in moderate yields.

D=0 =

| |
+ cac Pd(OAC), , Cul, PPh,
+ — N 9
2 TEA, MeCN. It Q — O Oz 9%
2y
NO,
oy

2r

Scheme 3.11 Coupling of 4-nitro iodobenzene, 4-iodotoluene, and calcium carbide
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oy
of
+ cac., _PA(OAC) , cul PR
+ - — N 9
2 TEA, MeCN._ 1t Meo O — O Oz 0%

2z
NO, Me

O,N Q — - O NO, 329

2r

119% recovery of p-iodoanisole

Scheme 3.12 Coupling of 4-nitro iodobenzene, 4-iodoanisole, and calcium carbide

Based on our study on effect of moisture we would like to propose a mechanismf or
palladium ¢ atalyst c ouplingr eactiono fc alciumc arbide a nd aryl iodide. The mechanism is
illustrated nS cheme 3.13. We hypothesized that the r eaction m echanisms tarts w itha f irst
molecule of acetylene gas, produced from calcium carbide and moisture, reacting with copper
iodide to give copper acetylide. It then releases hydrogen iodide (HI), which can continuously
generate more acetylene by reacting with calcium carbide. Next, the copper acetylide is trans-
metalated witht he palladum complex species formed by the oxidative addition between
palladium(0) and aryl iodide. The resulting palladium-aryl-alkyne ¢ omplex u ndergoes r eductive
elimmation t o forma ryl a cetylene. T he a ryla cetylene is a gain d riven t hrough reaction cycles and

transformed into the desired product, diaryl ethynes.

The greater yield of 2r n Scheme 3.11 is an opposite results compared to Zhang’s work
n 2006 [30],s incet her ated eterminings tep m ay b e d ifference. I nZ hang’s work, the rate
determining step is transmetalation of aryl acetylide to palladium complex. However, in this
work, rate determning step is the oxidative addition, which is known as general RDS in
Sonogashira coupling (Scheme 3.13). Therefore, electron withdrawingg roupss ubstituenti s a
weak nucleophile and cannot transmetalate in Zhang works, but greater ability to oxidative
addition of palladum due to weak Ar-I bond. However, in our work, even electron donating
groups substituent containing compounds give lower rate compare to electron withdrawing one,
product yields great for the both cases. For the results in section 3.4.4, unsymmetrical diaryl
ethyne 2z in Scheme 3.12 cannot be observed. Thisd uet ot he m uchh igherr ate o fo xidative

addition ofnitro compound and 2r israpidly formed. Thus, when anisole compound undergo
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Al —=—H/Ar ATX
; PdOL,
\ This work RDS
‘\
\
\
! L L
' Ar—Pd—=H/Ar Ar-Pd-X
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\
L .
\ Zhang’s R DS H—=—=—HI/Ar |
\ e i i i . !
\ ClE
\‘ | (@) :
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\
\ J Zhang’s w ork
\ H—==—HIAr
v
H——=—H/Ar Cul
I
N
o)
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Scheme 3.13 Reaction mechanism and rate determining steps

oxidative addition, no nitro compound left in the reaction to form unsymmetrical diaryl ethynes.
Whenu sing 4-iodotoluene withn itro ¢ ompound in Scheme 3.11, rate of oxidative addition is not
much difference. Some iodotoluene can undergo oxidative additionw ithp alladum while that 2r

is not completely formed. Thus some 2y could be observed.



CHAPTER IV
CONCLUSION

Inc onclusion,w eh aved emonstrateda s ynthetic method to synthesize
symmetrical diaryl ethynes directly f romb asic ¢ hemical f eedstock, ¢ alcium ¢ arbide,
via a Pd-catalyzed coupling reaction. The reactions were carried out under mild
conditions in undried solvent, and the product can be purified by a simple filtration
through a bed of's ilica g el. A Iso, i nexpensive a nd ¢ ommercially a vailable r eagents
were used i the reaction. Aryl bromide, phenyl 4-methylbenzenesulfonate, and
phenyl4 -methylbenzenesulfonate were not suitable for the reaction under these
conditions. However, the synthesized orc ommercial aryliodides h ave been subjected
to the couplingr ecaction w ithc alcumc arbide u nder t he o ptimized ¢ ondition. The
aryl iodide containing either electron-donating or electron-withdrawing group, as well
as highly conjugated steric moeity were successfully proceeded int hisr eaction to
afford the symmetrical diaryl ethynes in excellent yields. In addition, we
demonstrated that the aryl iodides bearing the reactive functional groups such as
bromo, tosyl, or trimethylsilyl can be tolerate in this reaction to produce the target
products i n g ood y ields. Mechanistically, we found that water is necessary for the
reaction. The reaction may imitiate with a slow release o fa cetylene f romt he
hydrolysis of calcium carbide with water. Then the acetylene gas will drive through
the k nown S onogashira ¢ oupling process. Thus, this transformation is proven to be an

efficient process for the p reparation of'symmetrical diaryl ethynes.
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