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One-pot conditions, wide scope Selective TMS Activation! Unsymmetrical acetylenes and heterocycles

ABSTRACT: For the synthesis of unsymmetrical acetylenes, a Sonogashira coupling-deprotection-So-
nogashira coupling reaction sequence is often used. Removal of protecting groups requires harsh condi-
tions or an excess of difficult to handle and expensive reagents. Herein we disclose a novel catalytic
method for the selective deprotection of trimethylsilylacetylenes in Sonogashira reaction. The reagent
hexafluorosilicic acid, an inexpensive non-toxic compound was used to promote the selective desilylation.
This method enables the efficient synthesis of unsymmetric acetylenes with other silylated functional

groups present. Further possibilities of the method was explored by synthesis of heterocycles.

INTRODUCTION

Diaryl acetylenes are widely used compounds not only because of their synthetic utility, but their unique
optical and electronic properties.® In the art of molecular engineering diaryl acetylenes are often used as
linear building blocks.? Their synthesis therefore is a useful conquest of organic chemistry and has differ-

ent solutions. The first synthesis of diaryl acetylenes consists of elimination and/or rearrangement strate-
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gies, usually requires strong bases and harsh reaction conditions.® The synthesis strategies for aryl acety-
lenes has changed with the Sonogashira reaction* that is one of the most efficient sp-sp? carbon-carbon
bond forming reactions. The modern synthesis of unsymmetrical acetylenes preliminary use tandem So-

nogashira reactions.®

Despite their obvious drawbacks, the use of protecting groups has an inevitable positive impact on or-
ganic synthesis. For the efficient synthesis of the unsymmetrical acetylenes, the choice of the right C2
source is crucial. Carbinols are one of the cheapest acetylene sources,®® however the deprotection requires
harsh alkaline conditions in the Sonogashira coupling. (Scheme 1) Propiolic acid can also be used as the
alkyne source.” The alkynylcarboxilyc acid can be activated by excess tetrabutylammoniumfluoride
(TBAF) or DBU. The most extensively used acetylene source in tandem Sonogashira reaction is trime-
thylsilylacetylene®® due to the ease of deprotection with excess of KOH, or fluoride source, preliminary
TBAF. This hygroscopic and expensive fluoride source disables the feasibility of the synthesis of complex
substrates, as other silyl groups, or base-sensitive functionalities cannot be present elsewhere on the mol-
ecule. Established methods for Sonogashira couplings directly from alkynylsilanes require the addition of
sub-stoichiometric amount of silver or copper metal, or the addition of equivalent fluoride source.'® These
conditions often result in side-products,** as well as desilylation of other protected functionalities. Another
general drawback of these methods are the high temperature and high Pd-loading.

Ar?|

deprotection

cat. Pd, Cu cond.
Ar'—-| + =—Pg Ar'—=—Pg Ar'——Ar?
Base, solvent
Existing methods Pg = General deprotection cond.:
C(CH3),0H Excess KOH
COOH Excess F(TBAF),
or excess DBU
TMS Excess F~ (KF, TBAF, H,SiFg),
or excess alkaline base,
or sub-stoichiometric trans. metal (Cu or Ag)
( This method TMS Catalytic F (H,SiFg) |

Scheme 1. Tandem Sonogashira Protocols
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There is an interesting, yet very specialized method of using catalytic TBAF for the desilylation of TMS-
acetylenes in the synthesis of steroidal oral contraceptives. The deprotection only happens in the very
basic conditions of carbonyl addition, and took advantage of the nearby alkoxide, that —according to the

authors— was able to regenerate the fluoride ion from TMSF.*2

A general mild catalytic desilylation method was published by Philipps, using buffer solutions (Scheme
2, left).!® The method utilizes TBAF or CsF as a fluoride source. An elegant fluoride ion free alternative
has been shown by Han and coworkers (Scheme 2, right).}* With catalytic amount of KOTMS, wide
variety of alkynylsilanes could be deprotected. Both methods are effectively removing TES, TBDMS,

TIPS protecting groups from oxygen and alkynes.

Phillips, 2011 Han, 2018
10 mol % TBAF or 5 mol %
10 mol % CsF KOTMS
R—Si R—H Si—R
THF, wet DMSO
phospate buffer
R= O-alkyl or alkynyl R= O-vinyl, benzyl, aryl, alkynyl...

Si= TMS, TES, TIPS, TBDPS, TBDPS Si= TMS, TBDMS, TES...

Scheme 2. Catalytic Protodesilylation Strategies

However, these methods serve a useful way to gain terminal acetylenes, those type of compounds are
rarely the goal of synthesis. Terminal acetylenes are usually serve as building block for internal acetylenes

or heterocycles.®®

DeShong’s studies on deprotection of O benzyl-silyl ethers showed, that hexafluorosilicic acid is a very
potent compound in cleavage of Si-O bonds.'® Later studies (Scheme 3) proved, that using H2SiFs in a
sub-stoichiometric manner provide selective removal of TBDMS over TIPS from benzyl-ethers.!’

OTIPS OTIPS

26 mol % H,SiFg

S

MeCN/tBuOH

TBDMSO HO

Scheme 3. Selective Deprotection of O-Si Bond with H2SiFs
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RESULTS AND DISCUSSION

These results and our experience on desilylation of alkynylacetamides'® inspired us to find a general
selective catalytic desilylation method in tandem Sonogashira reactions. H2SiFs is a very cheap®® indus-
trial starting material available as an aqueous solution, used in water fluorination of drinking water.?° The
fact, that the compound is able to remove the silyl group in a sub-equivalent fashion, encouraged us to
further improve its efficiency to establish a general tandem Sonogashira reaction that is able to generate

unsymmetrical acetylenes with a wide scope.

To elucidate the frontiers of the desilylating agent in the Sonogashira conditions, iodobenzene (1a) and
TMS-phenylacetylene (2) were applied as model substrates, and the coupling reactions were performed
in the presence of common 3 mol% Pd(PPh3)2Cl2, and Cul catalyst system. To our delight 1.0 and 0.5
equivalent of the addition of hexafuorosilicic acid resulted in complete conversion by GC under the So-
nogashira conditions (Table 1, entries 1-2). The addition of 1 % of this compound resulted in 28 % con-
version (entry 3). As the H,SiFs is in a 34 % aqueous solution, we assumed, that the lack of nucleophile
could have led to the loss of activity in our case. Thus, adding 10 equivalents of water increased the yield
to 60 % in 24 h and to 100% in 48 h (entries 4 and 6), but only in the presence of hexafluorosilicic acid
(entry 5). Other hexafluorosilicates (entries 7-9) had were less asctive, as 10, 18 and 37 % conversions
with potassium-, sodium- and ammonium-hexafluorosilicates were observed in the same conditions at
20% catalyst loadings. This might be the result of the low solubility of these compounds in the media.
However, the reaction resulted in full conversion in 48 h, it was found, that increasing the temperature
sped up the reaction without noticeable side effects. The reaction led to 91 % conversion in 24 h on 60 °C
(entry 11) with only 1% of desilylating agent. As the presence of water turned out to be an important
factor, different amounts of water was added over the aqueous solution (entries 12-14). No loss of activity
was observed down to 5 equivalents of H>O, but either increasing to 20 equivalents, or decreasing to 1

equivalent was inferior to 5 or 10 equivalents in these conditions. With 1% HCI, from a 36 % aqueous

4
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solution and 10 equivalents of water, the conversion was 5 % (entry 15). A control experiment omitting

1
; hexafluorosilicic acid resulted in only 7% vyield in our condition (entry 16). The low efficiency of “sila”
4
5 Sonogashira coupling under these mild conditions predicts the good efficiency of tandem reaction, as the
6
; homocoupling could be suppressed, without a further manipulation with catalysts or temperature. The
?0 conditions of entry 11 gave no coupled product with chlorobenzene, and led to a 55% conversion with
11
12 bromobenzene.
13
1‘5‘ Table 1. Optimization of Reaction Conditions
16
17 | N X mol % desilylating agent o
12 @; T C ) 3mo|3% Pldo(/P(P:h?)ZCIZ O o Q 3a
20 1 equiv 1 eau X equiv H,0, DIPA
21
22
23 - 2 2 :
Desilylating 0 H2O added Time o Yield?
;g iy agent el (equiv) (h) TEY (%)
26 1 H.SiFg 100 24 25 98
i 2 H2SiFs 50 24 25 08
29 3 H2SiFe 1 - 24 25 28
i 4 H2SiFs 1 10 24 25 60
32 5 - 0 10 24 25 traces
" 6 H2SiFs 1 10 48 25 100
35 7 K2SiFs 20 10 48 25 10
2 8 NazSiFs 20 10 48 25 18
38 9 (NHa4)2SiFe 20 10 48 25 37
zg 10 H,SiFs 0.5 10 24 60 50
41 11 H>SiFs 1 10 24 60 91
fé 12 H2SiFs 1 5 24 60 87
44 13 H2SiFs 1 20 24 60 61
jg 14 H2SiFs 1 1 24 60 39
47 15 HCI 1 10 24 60
jg 16 - 0 10 24 60 7
50 [a] As determined by GC-FID, on 0.5 mmol scale
51
52
53 With the optimized reaction condition in hand, we turned our attention to establish conditions for a
54
55 tandem coupling reaction. As predicted by the preliminary results, the deprotection of the acetylene was
56
57 >
58
59
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not likely to occur without the H2SiFs. Indeed, the first Sonogashira coupling proceeded to complete con-
version, enabling a one-pot procedure for the coupling. To establish the synthetic utility of the method,
we examined the scope of this reaction with 1 mmol of the starting aryl halides, in the presence of only 1

mol% of the desilylating agent.

First, we ran a series of experiments with different monofunctionalized aryl iodides, TMS-acetylene and
iodobenzene. As expected, diaryl acetylenes (Scheme 4, 3a-f) were obtained with different functionalities,
including electron donating and electron withdrawing in medium to excellent yields. For medicinal chem-
istry applications, the use of heterocyclic compounds is very important. Our one pot method proved to be
excellent in this field, as iodo- pyridine, indole, thiophene and quinoline (3g-j) provided the corresponding

internal acetylenes in very good to excellent yields.

/
AN
1.1 equiv 1 mol % H,SiFg
3 mol % Pd(PPh3),Cl,
3 mol % Cul 1 equiv [—Ph 1
(Het) Ar'—I - (Het) Ar'———Ph
1 mmol DIPA, 60 °C, 1 h 10 equiv H,0,
i DIPA, 60 °C, 24 h 3
pZ e Ph
= = /
R (Het)Ar
NN
- 97% 3a 3-Pyridyl 93% 3g
- (5mmol) 98% 3a 2-Thienyl 73% 3h
4-Ac 70% 3b 5-Indolyl 83% 3i
4-OMe 57% 3c 6-Quinolyl 80% 3j
4-Me 56% 3d
3-NH, 88% 3e
3-CN 90% 3f

Scheme 4. Synthesis of Unsymmetric Acetylenes (1)

Acetylenic thiophenes are present in material science as conducting polymers and nonlinear optical ma-
terials.?! Using the developed conditions, series of unsymmetrical thienyl acetylenes (Scheme 5, 3k-m)
were synthesized in good yields. Continuing the exploration of the substrate scope of acetylene products,

series of acetylenes with different aryl groups (3n-t) were synthesized.
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Multicyclic hydrocarbons 3u-v, with extended conjugation were also synthesized with good efficiency.
Synthesis of the molecular rod 3u provided 82 % yield, with 2.2 equivalent TMSA and 0.5 % HSiFs

respectively to the TMS.

oNOYTULT D WN =

10 s
N

12 1.1 equiv 1 mol % H,SiFg
13 3 mol % Pd(PPhs),Cl,
3 mol % Cul 1 equiv |—(Het)Ar?
14 (Het) Ar'—I 10 sauv FO (Het) Ar'———(Het)Ar?
DIPA, 60 °C, 1 h equiv H,0,
15 1 mmol DIPA, 60 °C, 24 h

Scheme 5. Synthesis of Unsymmetric Acetylenes (1)

4 To further challenge our synthetic methodology, we aimed to explore the stability of different silyl
44 groups. Primary silyl ethers are the most labile silyl ethers due to the lack of steric hindrance. 3-lodobenzyl
46 alcohol was protected with different silyl protecting groups. As a first example, coupling and selective
TMS-acetylene activation was demonstrated with the TES, TBDPS, TBDMS and TIPS groups (Scheme
51 6, 3w-z). All of these aryl-iodides provided the unsymmetrical diaryl acetylene. Competing deprotection

53 in a ratio of 1:9 was only observed in the case of O-TES, indicating that the low yield might only be a
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problem with the workup. lodoindole, with a TIPS-protected acetylene at position 3 was coupled with
TMS-acetylene, and one pot coupled with iodopyridine, by the aid of 1% H.SiFe. To our delight the ex-
pected product 3aa was isolated in 71% yield, and no sign of TIPS-deprotection was observed. In a further
control experiment (Scheme 6, down), the mixture the 1 equivalent of iodobenzene was reacted in our
optimized conditions with equimolar TES- and TMS-phenylacetylenes. As a result, full conversion of Phl

and only ~1% of TMS-phenylacetylene was detected after 24 h. The TES-protected acetylene remained

intact.
/
AN
1.1 equiv 1 mol % H,SiFg
3 mol % Pd(PPh;),Cly
3 mol % Cul 1 equiv |—(Het)Ar?
(Het) Ar'—| 10 eV O (Het) Ar'———(Het)Ar?
DIPA, 60 °C, 1 h equiv Hy0,
1 mmol DIPA, 60 °C, 24 h

O Si=  TES 41% 3w

H TBDPS 81% 3x
TBDMS 82% 3y

§i TIPS 77% 3z
(o]

™S 1 mol% H,SiFg

_— TMS
= .
1 equiv Ph-l =
2 3 mol % Pd(PPh3),Cl,,
1 equiv. 3 mol % Cul traces P
TES . ¥ Z
y 10 equiv H,0, 60 °C, P TES O 3a
DIPA, 24 h = 99%
2b 2b
1 equiv.

Scheme 6. Synthesis of Internal Acetylenes with Various Silyl Protecting Groups Present

One of the preliminary uses of aromatic acetylenes in organic synthesis is applying them as building
blocks for the construction of heterocycles. Utilizing the exact same conditions, a 4 step one-pot synthesis
of benzofurans was performed, where the Sonogashira coupling, the deprotection and the second coupling
followed by ring closing takes place. A series of complex heterocycles were produced (Scheme 7, 4a-f).

This procedure affects the formation of 3 new C-C or C-O bonds. However the conditions are unoptimized
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R (o}
aunhwN-—O

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

and this lead to some degree of (presumably) polymerized side-products in the case of 4a and f, the yields

are ranging up to 93% (4b-e)

AN
/ 1 mol % H,SiFg
1.1 equiv ‘ !
1 iv.
3 mol % Pd(PPhs);Cl, equiv. L L. N .
3 mol % Cul R | —(Het)Ar
I—(Het)Ar? / F~0
1 equiv 1 DIPA, 60 °C, 1h 10 equiv H,0, R 4

DIPA, 60 °C, 24 h

COf OO O

4a 26% b 79% 4c 43%

o
o 93% e 68%

S F
/ \
w =0 0y
chfﬁ% cl oﬁ<j o —
4d 4 4f 36%
cl

Scheme 7. Synthesis of Benzofurans

An other general use of acetylenes are synthesizing triazoles, therefor the general conditions were chal-
lenged to examine to scope of a tandem reaction of this kind. Same condition has been applied to generate
a small set of triazoles (Scheme 8, 5a-c) via CUAAC type of ring construction. To our delight the catalytic
coupling-desilylation protocol was useful in synthesizing this class of compounds in one-pot. Importantly,
5a-c, along with other compounds like 3r-t and 4f, could be further modified by other cross-coupling

methods.

/
—si— 1 mol % H,SiFg

i N
1.1 equiv 1 equiv LArZ
3 mol % Pd(PPh3),Cl, ) Het) Ar
(Het) Ar—1 3 mol % Cul 10 equivh0, (1Y

=
DIPA, 60 °C, 1 h 60 °C, 24 h N. _N
1 equiv 1 N , 5
cl Ar

HN' Y Br

5a 47% g, sb 39% \o, 5c 66% g,

9
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Scheme 8. Synthesis of Triazoles

The mechanistic aspects of this reaction are not clear at the moment. Generally observed side products
of this reaction were silyl ethers. The need of water for the efficient synthesis could suggest the prelimi-
nary formation of a terminal acetylene. Control experiment on coupling with bis(trimethylsilyl)acetylene
(Scheme 9, 6) with 2 equivalents of 1a led to high yield of 3a (95%), instead of generating ethyn. This
could be due to the direct transmetalation from Si to Cu or Pd or the immediate Sonogashira reaction in
this condition therefore avoiding the formation of HCCH.

3 mol % Pd(PPhs),Cl,

3 mol % Cul
\ / 1 mol % stlFe
—Si——Si— + |
/ N 10 equiv H,O
1 equiv 6 2 equiv 1a DIPA, 60 °C, 24 h 3a 95%

3 mol % Pd(PPhj3),Cl,
3 mol % Cul

: : / 1 mol% H,SiF
7\ ——Si— il no reaction
— \ 10 equiv. H,0O

DIPA, 60 °C, 24 h

Scheme 9. Investigation on Mechanism

These results were examined more in depth: in a control experiment iodobenzene was omitted from the
coupling of TMS-phenylacetylene (Scheme 9). Surprisingly, instead of protodesilylation, no change was
observed on the starting materials after 24 h. One pathway would be the formation of "OTMS, from water
and the protecting group in situ. This version does not seem likely, as Han’s method** is a general desi-
lylation process, and there is a high TMS selectivity in our case. As a plausible reaction scheme, hex-
afluorosilicic acid is first hydrolyzed. The transmetalation to the transition metal can be accelerated by

the coordination of the SiFy as a Lewis acid. Transmetalation from Si to Cu is suggested in the literature.??

CONCLUSIONS

10
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In conclusion, a new catalyst, the cheap and easy to handle H.SiFe was introduced for the selective
desilylation of TMS alkynes in tandem Sonogashira cross-coupling reaction. With the optimized protocol
a tandem Sonogashira condition was developed, where great variety of unsymmetrical acetylenes were
synthetized, with very low catalyst loading. The new selective trimethylsilane activating agent enabled
the coupling of substrates with the generally used Si-O and Si-acetylene protecting groups present. More-

over, the synthetic utility was demonstrated in the synthesis of benzofuran and triazole heterocycles.

EXPERIMENTAL SECTION

Unless otherwise indicated, all starting materials were obtained from commercial suppliers, and were
used without further purifcation. Analytical thin-layer chromatography (TLC) was performed on Merck
DC precoated TLC plates with 0.25 mm Kieselgel 60 F2s4. Visualization was performed with a 254 nm
UV lamp. The H (250 MHz), 3C (63 MHz) and ‘°F (235 MHz) NMR spectra were recorded on a Bruker
Avance-250 spectrometer and in CDCls, and DMSO-ds, at room temperature. Chemical shifts are ex-
pressed in parts per million () using residual solvent protons as internal standards (& 7.26 for *H, § 77.0
for 13C) for CDClI3 and (& 2.50 for *H, & 39.5 for *C) for DMSO-ds. Coupling constants (J) are reported
in Hertz (Hz). Splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), m (multi-
plet). Combination gas chromatography and low resolution mass spectrometry was obtained on an Agilent
6890N Gas Chromatograph (30 m x 0.25 mm column with 0.25 um HP-5MS coating, He carrier gas) and
Agilent 5973 Mass Spectrometer (Ion source: EI+, 70eV, 230 °C; interface: 300 °C). IR spectra were
obtained on a Bruker IFS55 spectrometer on a single-reaction diamond ATR unit. All melting points were
measured on Biichi 501 apparatus and are uncorrected. High-resolution mass spectra were acquired on an
Agilent 6230 time-of-flight mass spectrometer equipped with a Jet Stream electrospray ion source in pos-
itive ion mode. Injections of 0.1-0.3 ul were directed to the mass spectrometer at a flow rate of 0.5 ml/min

(70% acetonitrile-water mixture, 0.1 % formic acid), using an Agilent 1260 Infinity HPLC system. Jet:

11
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drying gas (N2) flow and temperature: 10.0 1/min and 325 °C, respectively; nebulizer gas (Stream param-
eters No) pressure: 10 psi; capillary voltage: 4000 V; sheath gas flow and temperature: 325 °C and 7.5
I/min; TOFMS parameters: fragmentor voltage: 120 V; skimmer potential: 120 V; OCT 1 RF Vpp:750 V.
Full-scan mass spectra were acquired over the m/z range 100-2500 at an acquisition rate of 250 ms/spec-

trum and processed by Agilent MassHunter B.03.01 software.

Synthesis of Starting Materials
Triethyl((3-iodobenzyl)oxy)silane 2w

Chlorotriethylsilane (301.4 mg, 2.0 mmol, 1.0 equiv) was added to a stirring solution of imidazole (163.4
mg, 2.4 mmol, 1.2 equiv) and 3-iodo-benzylalcohol (468.1 mg, 2.0 mmol, 1.0 equiv) in CH2Cl; (8 mL).
The reaction was sealed and stirred at room temperature for overnight. CH2Cl> (15 mL) was added, the
organic layer was washed twice with H>O (30 mL). The aqueous layers were combined and extracted with
CH2Cl2 (30 mL). The organic layers were combined, washed with brine (50 mL), dried over MgSO4 and

concentrated under reduced pressure.

Colorless oil (578 mg, yield 83%), Rr.: 0.23 (in hexanes: EtOAc 100:1). *H NMR (250 MHz, CDCls) §
=7.61 (s, 1H), 7.49 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 7.7 Hz, 1H), 6.98 (t, J = 7.7 Hz, 1H), 4.60 (s, 2H),
0.90 (t, J = 7.9 Hz, 9H), 0.57 (q, J = 8.1 Hz, 6H) ppm. BC{*H}NMR (63 MHz, CDCls) 5 = 144.1, 136.3,
135.5, 130.4, 125.7, 94.7, 64.2, 7.2, 4.8 ppm. IR (thin film, ATR) vmax 2952, 2876, 1693, 1567 cm. MS
(E1, 70 eV) m/z (%): 348(1), 319(100, [M+]), 289(21), 217(34), 163(19), 90(23). HRMS calcd for

C13H2110Si [M]" 348.0406 found 348.03969
tert-Butyl((3-iodobenzyl)oxy)diphenylsilane 1x

tert-Butyldiphenylchlorosilane (549.7 mg, 2.0 mmol, 1.0 equiv) was added to a stirring solution of im-
idazole (163.4 mg, 2.4 mmol, 1.2 equiv) and 3-iodo-benzylalcohol (468.1 mg, 2.0 mmol, 1.0 equiv) in
CHCI (8 mL). The reaction was sealed and stirred at room temperature for overnight. CH.>Cl, (15 mL)

was added, the organic layer was washed twice with H,O (30 mL). The aqueous layers were combined
12
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and extracted with CH2Cl> (30 mL). The organic layers were combined, washed with brine (50 mL), dried

over MgSO4 and concentrated under reduced pressure.

Colorless oil (583.4 mg, yield 62%), Ry.: 0.25 (in hexanes: EtOAc 100:1). *H NMR (250 MHz, CDCls)
§=7.70 (dt, J = 6.4, 1.8 Hz, 5H), 7.60 (d, J = 7.7 Hz, 1H), 7.50 — 7.29 (m, 7H), 7.08 (t, J = 7.7 Hz, 1H),
4.72 (s, 2H), 1.12 (s, 9H) ppm. BC{*H}NMR (63 MHz, CDCls) & = 143.8, 136.3, 135.9, 135.5, 133.6,
130.4, 130.2, 128.2, 125.6, 94.6, 65.1, 27.2, 19.7 ppm. IR (thin film, ATR) vmax 2961, 2931, 2892, 2856,
1592, 1567 cm'X. MS (El, 70 eV) m/z (%): 415(100, [M+]), 385(15), 337(15), 217(35), 211(25), 183(36),

90(27). HRMS calcd for C19H1610Si [M-C4Hg]™ 415.0015 found 415.0000
tert-Butyl((3-iodobenzyl)oxy)dimethylsilane?3 1y

tert-Butyldimethylchlorosilane (302 mg, 2.0 mmol, 1.0 equiv) was added to a stirring solution of imid-
azole (163.4 mg, 2.4 mmol, 1.2 equiv) and 3-iodo-benzylalcohol (468 mg, 2.0 mmol, 1.0 equiv) in CH2Cl;
(8 mL). The reaction was sealed and stirred at room temperature for overnight. CH2Cl> (15 mL) was
added, the organic layer was washed twice with H.O (30 mL). The aqueous layers were combined and
extracted with CH2Cl. (30 mL). The organic layers were combined, washed with brine (50 mL), dried

over MgSO4 and concentrated under reduced pressure.

Colorless oil (486.2 mg, yield 70%), Rr.: 0.24 (in hexanes: EtOAc 100:1). *H NMR (250 MHz, CDCls)
§=7.57 (s, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.18 (d, J = 7.8 Hz, 1H), 6.96 (t, J = 7.7 Hz, 1H), 4.58 (s, 2H),
0.84 (s, 9H), 0.00 (s, 6H) ppm. BC{*H}INMR (63 MHz, CDCl3) § = 144.2, 136.3, 135.4, 130.4, 125.5,
94.7, 64.5, 26.3, 18.8, -4.9 ppm. IR (thin film, ATR) vmax 2958, 2933, 2885, 2858, 1567 cm™. MS (El, 70

eV) m/z (%): 291(100, [M+]), 261(40), 217(41), 149(19), 90(21).
((3-lodobenzyl)oxy)triisopropylsilane 1z

Triisopropylchlorosilane (386 mg, 2.0 mmol, 1.0 equiv) was added to a stirring solution of imidazole
(163.4 mg, 2.4 mmol, 1.2 equiv) and 3-iodo-benzylalcohol (468 mg, 2.0 mmol, 1.0 equiv) in CH2Cl> (8
mL). The reaction was sealed and stirred at room temperature for overnight. CH2Cl> (15 mL) was added,
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the organic layer was washed twice with H>O (30 mL). The aqueous layers were combined and extracted
with CH2Cl> (30 mL). The organic layers were combined, washed with brine (50 mL), dried over MgSO4

and concentrated under reduced pressure.

Colorless oil (706 mg, yield 90%), Ry.: 0.38 (in hexanes). *H NMR (250 MHz, CDCls) 6 = 7.72 (s, 1H),
7.58 (d, J=7.7 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.08 (t, J = 7.7 Hz, 1H), 4.79 (s, 2H), 1.11 (app. s, 21H)
ppm. BC{*H}NMR (63 MHz, CDCls) § = 144.5, 136.1, 135.1, 130.4, 125.2, 94.6, 64.5, 18.4, 12.4 ppm.
IR (thin film, ATR) vmax 2943, 2867, 1592, 1567 cm™. MS (EI, 70 eV) m/z (%): 364(2), 347(100, [M+]),

319(20), 217(32), 91(17). HRMS calcd for C24H330Si [M+H]" 365.2301 found 365.2299
5-lodo-3-((triisopropylsilyl)ethynyl)-1H-indole** 1aa

1-[(Triiso-propylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (1027 mg, 2.40 mmol, 1.2 equiv) was added
to a stirring solution of AuCl (4.6 mg, 0.020 mmol, 0.01 equiv) and 5-iodoindole (2.0 mmol, 1.0 equiv)
in Et2O (40 mL). The reaction was sealed and stirred at room temperature overnight. Et,O (50 mL) was
added, the organic layer was washed twice with NaOH 0.1 M (75 mL). The aqueous layers were combined
and extracted with Et.O (100 mL). The organic layers were combined, washed with saturated NaHCO3

(100 mL), brine (100 mL), dried over MgSO4 and concentrated under reduced pressure.

Brown solid (767.3 mg, yield 91%) Mp.= 75- 77 °C (Ref.: 75-77 °C), R.: 0.20 (in hexanes: Et20 7:3).
IH NMR (250 MHz, CDCl3) 6 = 8.14 (s, 1H), 7.96 (dd, J = 1.6, 0.8 Hz, 1H), 7.41 (dd, J = 8.5, 1.7 Hz,
1H), 7.29 (d, J = 2.7 Hz, 1H), 7.06 (dd, J = 8.5, 0.6 Hz, 1H), 1.09 (app. s, 21H) ppm. BC{*H}NMR (63
MHz, CDCl3) & = 134.5, 131.6, 129.5, 129.2, 113.6, 99.6, 99.3, 92.9, 84.8, 19.2, 11.8 ppm. IR (""" film,
ATR) vinax 2943, 2865, 2144, 1451, 1410 cm™. MS (EI, 70 eV) m/z (%): 423(43), 381(23), 380(100, [M+]),
310(50), 210(65), 168(75), 142(23), 59(11).

General procedure for the one-pot synthesis
Into a 7 mL screw cap vial Cul (5.7 mg, 0.03 mmol, 0.03 equiv.) and Pd(PPhs).Cl> (21.1 mg, 0.03 mmol,

0.03 equiv.) was and the starting aryl halide (1 mmol, 1 equiv.) if a solid, was filled. The vial was closed,
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and the atmosphere was changed 3 times to Ar. DIPA (4 mL) was added, and the starting aryl halide (1
mmol, 1 equiv.) if a liquid. Trimethylsilylacetylene (154 puL, 1.1 mmol, 1.1 equiv.) was added via a syringe
and the mixture was stirred at 60 °C for 1 h. The completion of the first coupling was verified by TLC,
then the second aryl halide (1 mmol, 1 equiv.) was added. Hexafluorosilicic acid (34 % in aqueous solu-
tion, 3 puL, 0.01 mmol, 0.01 equiv.) and water (180 pL) was added via Hamilton syringes. The mixture
was stirred for 24 h at 60 °C. The mixture was diluted with EtOAc (15 mL) and water (15 mL), the pH of
the aqueous phase was adjusted to neutral. The layers were separated, then the aqueous phase was ex-
tracted with EtOAc (2 x15 mL). The combined organic layers were dried over MgSOa4. The solvent was

removed under reduced pressure, and the crude product was purified by column chromatography.
1,2-Diphenylethyne?s 3a

The general procedure was followed. White solid (175.5 mg, yield 98%), Mp.: 54-55 °C (Ref.: 54-55
°C), R.: 0.53 (in hexanes:EtOAc 25:1). H NMR (250 MHz, CDCl3) § = 7.70 — 7.51 (m, 4H), 7.48 — 7.30
(m, 6H) ppm. BC{*HINMR (63 MHz, CDCls) & = 132.1, 128.8, 128.7, 123.7, 89.8 ppm. IR (thin film,
ATR) vmax 1599, 1571, 1492, 1441 cm™. MS (El, 70 eV) m/z (%): 178 (100, [M*]), 152 (20), 126 (10),
76 (15).
5 mmol Scale Experiment

Into a 50 mL round bottomed flask Cul (28.6 mg, 0.15 mmol, 0.03 equiv.) and Pd(PPhs).Cl. (105.3 mg,
0.15 mmol, 0.03 equiv.) was and the starting aryl halide (5 mmol, 1 equiv.) if a solid, was filled. The flask
was closed, and the atmosphere was changed 3 times to Ar. DIPA (20 mL) was added, and the starting
aryl halide (5 mmol, 1 equiv.) if a liquid. Trimethylsilylacetylene (780 uL, 5.5 mmol, 1.1 equiv.) was
added via a syringe and the mixture was stirred at 60 °C for 1 h. The completion of the first coupling was
verified by TLC, then the second aryl halide or azide (1 mmol, 1 equiv.) was added. Hexafluorosilicic
acid (34 % in aqueous solution, 15.2 pL, 0.01 mmol, 0.01 equiv.) and water (900 puL) was added via

Hamilton syringes. The mixture was stirred for 24 h at 60 °C. The mixture was diluted with EtOAc (75
15
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mL) and water (75 mL), the pH of the aqueous phase was adjusted to neutral. The layers were separated,
then the aqueous phase was extracted with EtOAc (2 x50 mL). The combined organic layers were dried
over MgSOas. The solvent was removed under vacuum, and the crude was purified by column chromatog-

raphy. White crystals. (868.6 mg, 98 %) Analytical data is the same as at 1 mmol scale.
1-(4-(Phenylethynyl)phenyl)ethan-1-one? 3b

The general procedure was followed. White solid (154.2 mg, yield 70%) Mp.= 96-97 °C (Ref.: 95-96
°C), Rr.: 0.23 (in hexanes: EtOAc 10:1). *H NMR (250 MHz, CDCls) § = 7.86 (d, J = 8.5 Hz, 2H), 7.57 —
7.41 (m, 4H), 7.34 — 7.23 (m, 3H), 2.53 (s, 3H) ppm. BC{*H}NMR (63 MHz, CDCl3) § = 197.7, 136.6,
132.1,132.1,129.2,128.8, 128.7, 128.6, 123.0, 93.1, 89.0, 27.0 ppm. IR (thin film, ATR) vmax 2222, 1680,

1603, 1486 cm™. MS (EI, 70 eV) m/z (%): 220(75), 205(100, [M+]), 176(70), 151(32).
1-Methoxy-4-(phenylethynyl)benzene? 3¢

The general procedure was followed. White solid (119.2 mg, yield 57%) Mp.= 58-59 °C (Ref.: 59-60
°C), R.: 0.29 (in hexanes: EtOAc 10:1). 'H NMR (250 MHz, CDCl3) § =7.60 — 7.41 (m, 4H), 7.39 — 7.29
(m, 3H), 6.97 — 6.83 (M, 2H), 3.84 (s, 3H) ppm. BC{*HINMR (63 MHz, CDCls) § = 160.0, 133.4, 131.8,
128.7,128.3, 124.0, 115.8, 114.4, 89.8, 88.5, 55.7 ppm. IR (thin film, ATR) vmax 2212, 2162, 1604, 1592,
1266, 1506, 1457 cm'™. MS (EI, 70 eV) m/z (%): 208 (100, [M*]), 193 (46), 165 (40), 139 (12), 104 (5).

The sample contains 5 % of ((4-methoxyphenyl)ethynyl)trimethylsilane. Yield is corrected with purity.
1-Methyl-4-(phenylethynyl)benzene? 3d

The general procedure was followed. White solid (107.0 mg, yield 56%) Mp.= 70-72 °C (Ref.: 70-72
°C), Rt.: 0.60 (in hexanes). *H NMR (250 MHz, CDCl3) = 7.47 — 7.36 (m, 2H), 7.32 (d, J = 8.1 Hz, 2H),
7.27 — 7.17 (m, 3H), 7.04 (d, J = 7.9 Hz, 2H), 2.25 (s, 3H) ppm. BC{*H}INMR (63 MHz, CDCl3) & =
138.6, 131.9, 131.9, 129.5, 128.7, 128.5, 123.6, 120.4, 90.1, 89.0, 21.7 ppm. IR (thin film, ATR) Vmax
2923, 2138, 1593, 1508, 1483 cm™. MS (El, 70 eV) m/z (%): 192 (100, [M*]), 191 (50), 165 (20), 152
(5), 115 (5).
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3-(Phenylethynyl)aniline?® 3e

The general procedure was followed. Brown solid (170.1 mg, yield 88%) Mp.= 46-48 °C, R+.: 0.25 (in
hexanes: EtOAc 5:1). H NMR (250 MHz, CDCl3) § = 7.51 — 7.35 (m, 2H), 7.32-7.19 (m, 3H), 7.05 (t, J
= 7.8 Hz, 1H), 6.95 — 6.82 (m, 1H), 6.78 (t, J = 1.9 Hz, 1H), 6.64 — 6.50 (m, 1H), 3.60 (s, 2H) ppm.
BC{'HINMR (63 MHz, CDCl3) 5 = 146.52, 132.0, 129.7, 128.7, 128.6, 124.3, 123.7, 122.6, 118.3, 115.8,
90.0, 89.2 ppm. IR (thin film, ATR) vmax 2216, 1678, 1599, 1494, 1445 cm™’. MS (El, 70 eV) m/z (%):

263(100, [M+]), 227(35), 200(40), 131(10).
3-(Phenylethynyl)benzonitrile?? 3f

The general procedure was followed. Yellow oil (140.8 mg, yield 90%) Rt.: 0.48 (in hexanes:EtOAc
5:1). 'H NMR (250 MHz, CDCls) 6 = 7.87 — 7.78 (m, 1H), 7.73 (dt, J = 7.8, 1.4 Hz, 1H), 7.60 (dt, J =
7.8, 1.4 Hz, 1H), 7.57 — 7.31 (m, 6H) ppm. ¥C{*H}NMR (63 MHz, CDCls) & = 136.0, 135.3, 132.1,
131.7, 129.7, 129.4, 128.9, 125.4, 122.7, 118.5, 113.3, 92.2, 87.3 ppm. IR (thin film, ATR) vmax 2233,
2213, 1601, 1574, 1493 cm™. MS (EI, 70 eV) m/z (%): 203 (100, [M*]), 176 (15), 151 (10), 101 (10).
3-(Phenylethynyl)pyridine?® 3g

The general procedure was followed. White solid (168.2 mg, yield 93%) Mp.= 50-51°C (Ref.: 49-51
°C), Rt.: 0.29 (in hexanes: EtOAc 20:1). *H NMR (250 MHz, CDCls) & = 8.72 (s, 1H), 8.50 (dd, J = 4.9,
1.7 Hz, 1H), 7.76 (dt, J = 7.9, 2.0 Hz, 1H), 7.41-7.58 (m, 2H), 7.39 — 7.13 (m, 4H) ppm. BC{*HINMR
(63 MHz, CDCl3) 6 = 152.5, 148.8, 138.9, 132.1, 129.2, 128.8, 123.5, 122.9, 120.9, 93.1, 86.3 ppm. IR
(thin film, ATR) vmax 2224, 1559, 1488, 1472, 1413 cm™. MS (El, 70 eV) m/z (%): 179(100, [M+]),
151(20), 126(30), 100(15).
2-(Phenylethynyl)thiophene?? 3h

The general procedure was followed. Pale rose crystals (134.8 mg, yield 73%) Mp.= 52-54 °C, Rt.: 0.58

(in hexanes). *H NMR (250 MHz, CDCl3) & = 7.60 — 7.46 (m, 2H), 7.44 — 7.25 (m, 5H), 7.03 (dd, J = 5.0,
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3.8 Hz, 1H) ppm. 13C{lH}NMR (63 MHz, CDCl3) 6 =132.3, 131.8, 128.8, 128.8, 127.6, 127.51, 123.7,
123.3, 93.4, 83.0 ppm. IR (thin film, ATR) vmax 2209, 1594, 1516, 1484 cm™. MS (El, 70 eV) m/z (%):

184(100, [M+]), 152(21), 139(33).
5-(Phenylethynyl)-1H-indole3° 3i

The general procedure was followed. Yellow solid (179.1 mg, yield 83%) Mp.= 126-128 °C (Ref.: 124-
128 °C), Ry.: 0.27 (in hexanes:EtOAc 10:1). *H NMR (250 MHz, CDCls) § = 8.20 (s, 1H), 7.91 (s, 1H),
7.58 (M, J =4.7, 2.7 Hz, 2H), 7.47 — 7.28 (m, 5H), 7.23 (t, J = 2.8 Hz, 1H), 6.58 (t, J = 2.6 Hz, 1H) ppm.
BCIHINMR (63 MHz, CDCl3) § = 135.8, 131.9, 128.7, 128.2, 128.2, 126.1, 125.51, 125.1, 124.34,
114.8, 111.56, 103.3, 91.5, 87.5 ppm. IR (thin film, ATR) vmax 2208, 1595, 1490, 1467 cm™. MS (El, 70

eV) m/z (%): 217(100, [M+]), 189(30), 108(15).
6-(Phenylethynyl)quinoline3* 3j

The general procedure was followed. Yellow solid (201.1 mg, yield 88%) Mp.= 94-96 °C, Ry.: 0.35 (in
hexanes: EtOAc 1:1). *H NMR (250 MHz, CDCls) & = 8.89 (d, J = 4.3 Hz, 1H), 8.21 - 7.91 (m, 3H), 7.81
(d, J = 8.7 Hz, 1H), 7.58 (dd, J = 6.8, 3.0 Hz, 2H), 7.44 — 7.28 (m, 4H) ppm. BC{*H}NMR (63 MHz,
CDCI3) 6 = 151.25, 147.96, 136.16, 132.58, 132.10, 131.47, 129.94, 128.98, 128.83, 128.40, 123.30,
122.12, 122.00, 91.10, 89.38 ppm. IR (thin film, ATR) vmax 1590, 1567, 1496, 1441, 1372, 1333, 1129,
1071, 1027, 920, 889, 839, 800, 759, 692 cm™. MS (El, 70 eV) m/z (%): 229(100, [M+]), 228(20),

200(10), 114(6).
Methyl 4-(thiophen-2-ylethynyl)benzoate3* 3k

The general procedure was followed. Yellow crystals (185 mg, yield 76%) Mp.= 107-109 °C (Ref.: 104-
105 °C), Rr.: 0.23 (in hexanes: EtOAc 10:1). *H NMR (250 MHz, CDCl3) & = 7.92 (d, J = 8.3 Hz, 2H),
7.47 (d, J = 8.2 Hz, 2H), 7.27 — 7.15 (m, 2H), 6.93 (dd, J = 4.9, 3.9 Hz, 1H), 3.82 (s, 3H) ppm.
BC{'*H}NMR (63 MHz, DMSO0) & 136.1, 132.0, 128.2, 128.0, 127.1, 124.5, 124.1, 123.3, 112.3, 112.2,
101.8, 95.5, 80.2 ppm. IR (thin film, ATR) vmax 2209, 1711, 1603, 1439, 1408 cm™. MS (El, 70 eV) m/z
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(%): 243(16), 242(100, [M+]), 211(95), 183(20), 139(67), 91(10). HRMS calcd for C14H1102S [M+H]*

243.0480 found 243.0471.
5-(Thiophen-2-ylethynyl)-1H-indole 3l:

The general procedure was followed. Brown solid (135 mg, yield 60%) Mp.= 154-156 °C, R¢.: 0.20 (in
hexanes: EtOAc 5:1). 'H NMR (250 MHz, DMSO-d6) & 11.35 (s, 1H), 7.77 (s, 1H), 7.58 (m, 1H), 7.47 —
7.30 (m, 3H), 7.23 (dd, J = 8.4, 1.6 Hz, 1H), 7.09 (dd, J = 5.2, 3.6 Hz, 1H), 6.46 (t, J = 2.5 Hz, 1H). H
NMR (250 MHz, CDCls) 5 = 8.16 (s, 1H), 7.80 (s, 1H), 7.30 (m, 2H), 7.23 — 7.08 (m, 3H), 6.95 (dd, J =
5.2, 3.6 Hz, 1H), 6.50 (t, J = 2.6 Hz, 1H) ppm. BC{*H}INMR (63 MHz, CDCl3) § = 133.4, 129.1, 125.6,
124.9, 124.4, 123.3, 123.0, 122.4, 122.0, 111.8, 109.1, 100.8, 92.6, 78.1 ppm. IR (thin film, ATR) Vmax
2931, 2207, 1612, 1590, 1469 cm™’. MS (EI, 70 eV) m/z (%): 224(16), 223(100, [M+]), 195(12), 152(10),

111(5). HRMS calcd for C14H10NS [M+H]* 224.0534 found 224.0535.
2-((3,5-bis(Trifluoromethyl)phenyl)ethynyl)thiophene 3m:

The general procedure was followed. White crystals (260 mg, yield 81%), Mp.: 43-45 °C R+.: 0.31 (in
hexanes). *H NMR (250 MHz, CDCl3) ) § = 7.94 (s, 2H), 7.82 (s, 1H), 7.43 — 7.32 (m, 2H), 7.06 (dd, J =
5.0, 3.8 Hz, 1H) ppm. BC{*H}NMR (63 MHz, CDCl3) & = 133.6, 132.4 (g, J = 34.2 Hz), 1315 (m),
129.0, 127.7, 125.6, 123.3 (d, J = 273.3 Hz), 122.1, 121.9 (p, J = 3.8 Hz), 90.4, 86.6 ppm. 1°F NMR (235
MHz, CDCls) & = -63.21 ppm. IR (thin film, ATR) vmax 2214, 1383, 1349, 1277 cm™*. MS (El, 70 eV) m/z
(%): 320(100, [M™]), 301(20), 251(10), 206(10), 160(5), 69(10). HRMS calcd for C1sHsFeS [M+H]"
320.0094 found 320.00843.
1-((3-Fluorophenyl)ethynyl)-3,5-dimethylbenzene 3n

The general procedure was followed. White crystals (198 mg, yield 88%), Mp.: 38-40 °C R+.: 0.37 (in
hexanes). *H NMR (250 MHz, CDCls) § = 7.33 — 7.14 (m, 5H), 7.10 — 6.90 (m, 2H), 2.33 (s, 6H) ppm.
BC{*HINMR (63 MHz, CDCls) 5 = 162.8 (d, J = 245.6 Hz), 138.4, 130.9, 130.3 (d, J = 8.4 Hz), 129.7,

127.8 (d, J = 3.0 Hz), 125.7 (d, J = 8.6 Hz), 122.8, 118.7 (d, J = 23.8 Hz), 115.8 (d, J = 23.8 Hz), 91.1,
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87.8, 21.5 ppm. F NMR (235 MHz, CDCl3) § = -113.07 ppm. IR (thin film, ATR) vmax 2920, 2863, 2219,
1610, 1580, 1489, 1436, 1379, 1335, 1304 cm™. MS (El, 70 eV) m/z (%): 295(100, [M+]), 276(10),
233(30), 190(20), 163(15), 138(10), 108(5), 75(10). HRMS calcd for CysH1sF [M+H]* 224.1001 found

224.09905.
1-Chloro-4-((4-fluorophenyl)ethynyl)benzene33 30

The general procedure was followed. White solid (121 mg, yield 53%), Mp.: 112-113 °C, (Ref.: 113 °C)
Rt.: 0.26 (in hexanes). *H NMR (250 MHz, CDCls3) § = 7.57 — 7.40 (m, 4H), 7.38 — 7.26 (m, 2H), 7.15 —
6.96 (m, 2H) ppm. BC{*H}NMR (63 MHz, CDCls) 5 = 163.0 (d, J = 250.0 Hz), 134.7, 133.9 (d, J = 8.5
Hz), 133.2, 129.1, 122.0, 119.4 (d, J = 3.5 Hz), 116.1 (d, J = 22.9 Hz), 89.6, 88.3 ppm. °F NMR (235
MHz, CDCls) & = -110.48 ppm. IR (thin film, ATR) vmax 2021, 1601, 1506, 1400, 1226 cm™. MS (EI, 70

eV) m/z (%): 230(100, [M™]), 194(32), 175(15), 144(5), 115(5), 97(5).
1-Methoxy-4-((4-nitrophenyl)ethynyl)benzene3 3p

The general procedure was followed. Yellow solid (114 mg, yield 45%), Mp.: 122- 124 °C (Ref.: 122-
124 °C), Ry.: 0.25 (in hexanes: EtOAc 10:1). *H NMR (250 MHz, CDCls) § = 8.09 (d, J = 8.9 Hz, 2H),
7.52 (d, J =8.9 Hz, 2H), 7.40 (d, J = 8.9 Hz, 2H), 6.81 (d, J = 8.9 Hz, 2H), 3.75 (5, 3H) ppm. BC{*H}NMR
(63 MHz, CDCl3) 6 =160.8, 147.0, 133.8, 132.4, 131.1, 124.0, 114.6, 95.6, 87.0, 78.0, 55.7 ppm. IR (thin
film, ATR) vmax 2211, 1589, 1511, 1464 cm™. MS (EI, 70 eV) m/z (%): 253(100, [M*]), 223(20), 207(20),

163(80), 152(15), 87(10).
5-Chloro-2-(p-tolylethynyl)aniline3 3q

The general procedure was followed. Off-white solid. (177 mg, yield 79%) Mp.= 135 - 137 °C (Ref.:
not given), R (Hex.-EtOAc = 5:1) = 0.50; *H NMR (250 MHz, CDCls) § = 7.28 (d, J = 8.0 Hz, 2H), 7.13
(d, J = 8.3 Hz, 1H), 7.00 (d, J = 8.1 Hz, 2H), 6.68 — 6.45 (m, 2H), 4.46 (s, 2H), 2.22 (s, 3H) ppm.

BC{*HINMR (63 MHz, CDCls) & = 148.0, 138.8, 135.2, 133.1, 131.5, 129.3, 119.9, 118.7, 114.6, 107.3,

20

ACS Paragon Plus Environment



Page 21 of 29 The Journal of Organic Chemistry

oNOYTULT D WN =

95.9, 84.2, 21.7 ppm. IR (thin film, ATR): 1614, 1558, 1486 cm™. MS (EI, 70 eV) m/z (% relative inten-

sity, ion): 243(32, [M+]), 241(100, [M+]), 204(23), 178(14), 164(6), 120(7), 105(15), 89(16), 76(6).
2-((4-Chlorophenyl)ethynyl)-4-(trifluoromethyl)aniline 3r

The general procedure was followed. Brown crystals (260 mg, yield 81%), Mp.: 61-63 °C Rs.: 0.21 (in
hexanes:EtOAc 5:1). 'H NMR (250 MHz, CDCls) & = 7.62 (s, 1H), 7.51 — 7.41 (m, 2H), 7.40 — 7.31 (m,
3H), 6.74 (d, J = 8.5 Hz, 1H), 4.57 (s, 2H) ppm. BC{*H}INMR (63 MHz, CDCls) § = 150.6, 135.1, 133.1,
130.0 (g, J = 3.6 Hz), 129.2, 127.2 (q, J = 3.6 Hz), 124.7 (g, J = 270.9 Hz), 121.5, 120.3 (q, J = 33.1 Hz),
114.2,107.5, 94.8, 85.8 ppm. 1°F NMR (235 MHz, CDCl3) § =-61.46 ppm. IR (thin film, ATR) vmax 2021,
1623, 1490 cm™. MS (EI, 70 eV) m/z (%): 295(100, [M+]), 276(10), 233(30), 190(20), 163(15), 138(10),

108(5), 75(10). HRMS calcd for C15H10CIF3N [M+H]* 296.0454 found 296.0458.
3-((3-Bromophenyl)ethynyl)-2-methylquinolin-4-amine 3s

The general procedure was followed. Light brown solid (211 mg, yield 63%). Mp.= 177 - 179 °C. R
(EtOAC) = 0.53; 'H NMR (250 MHz, DMSO-ds) & = 8.27 (d, J = 8.2 Hz, 1H), 7.98 (t, J = 1.6 Hz, 1H),
7.74-7.53 (m, 5H), 7.43 —7.32 (m, 2H), 7.13 (s, 2H), 2.64 (s, 3H) ppm. BC{"H}NMR (63 MHz, DMSO-
ds) 6 = 158.9, 152.5, 146.7, 133.3, 130.9, 130.5, 130.0, 129.9, 128.4, 125.5, 123.9, 122.5, 121.6, 116.0,
97.7,95.0, 86.7, 24.5 ppm. MS (EI, 70 eV) m/z (% relative intensity, ion): 338(92, [M+]), 336(100, [M+]),
281(15), 256 (55), 207 (61), 193(20), 147(24), 128(41), 114(14), 94(13), 73(59). IR (thin film, ATR):
2200, 1642, 1614, 1570 cm™. HRMS m/z [M+H]" calculated for CisH14N2Br*: 337.0340; found:

337.0339.
7-Chloro-4-(phenylethynyl)quinolone 3t

The general procedure was followed. Brown solid (154 mg, yield 70%) Mp.= 95-96 °C, R+.: 0.28 (in
hexanes: EtOAc 10:1). *H NMR (250 MHz, CDCl3) § = 8.89 (d, J = 4.5 Hz, 1H), 8.29 (d, J = 8.9 Hz, 1H),
8.13 (d, J = 2.2 Hz, 1H), 7.74 — 7.50 (m, 4H), 7.49 — 7.32 (m, 3H) ppm. BC{*H}NMR (63 MHz, CDCl5)

o =151.0, 148.6, 136.4, 132.4, 130.5, 130.0, 129.0, 129.0, 128.6, 127.8, 126.6, 124.0, 122.3, 99.8, 84.9
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ppm. IR (thin film, ATR) vmax 2217, 1608, 1574, 1496 cm™. MS (El, 70 eV) m/z (%): 263(100, [M™]),

227(35), 200(40), 131(10). HRMS calcd for C17HiCIN [M+H]* 264.0580 found 264.0582.
1,4-bis(Phenylethynyl)benzenes® 3u

The general procedure was modified. (1,4-iiodobenzene (1 mmol, 330 mg), trimethylsilylacetylene (2.2
equiv., 2.2 mmol) and iodobenzene (2.0 equiv., 2 mmol) were used) Yellow crystals (228 mg, yield 82%)
mp.= 175-176 °C (Ref.: 178-179 °C), Rt.: 0.25 (in hexanes). *H NMR (250 MHz, CDCls) § = 7.55 (dd, J
= 6.7, 3.1 Hz, 4H), 7.53 (s, 4H), 7.37 (dd, J = 5.0, 1.7 Hz, 6H) ppm. BC{*H}NMR (63 MHz, CDCl3) § =
132.0,131.9, 128.9, 128.8, 123.5, 123.5, 91.6, 89.5 ppm. IR (thin film, ATR) vmax 1594, 1514, 1441, 1070,

839, 752, 690 cm™. MS (EI, 70 eV) m/z (%): 278(100, [M+]), 276(15), 139(18).
2-(Naphthalen-2-ylethynyl)-gH-fluorene 3v

The general procedure was followed. Orange solid (283 mg, yield 45%), Rt.: 0.20 (in hexanes: EtOAc
100:1). Mp.: 137-139 °C *H NMR (250 MHz, CDCl3) & = 8.40 (d, J = 8.2 Hz, 1H), 7.93 — 6.94 (m, 13H),
3.82 (d, J = 7.6 Hz, 2H) ppm. BC{*H}NMR (63 MHz, CDClz) & = 144.0, 143.7, 142.4, 141.5, 133.7,
133.6, 131.0, 130.7, 129.0, 128.7, 128.6, 127.6, 127.4, 127.2, 126.8, 126.7, 125.7, 125.5, 121.8, 121.5,
120.6, 120.3, 95.6, 88.0, 37.2 ppm. IR (thin film, ATR) vmax 2964, 2897, 2829, 2205, 1585 cm™. MS (El,

70 eV) m/z (%): 316 (100, [M™]), 156(35), 143(10), 73(5).
Triethyl((3-(phenylethynyl)benzyl)oxy)silane 3w

The general procedure was followed. Yellow oil (131 mg, yield 41%), Rt.: 0.25 (in hexanes: EtOACc
100:1). *H NMR (250 MHz, CDCls) § = 7.57 — 7.38 (m, 3H), 7.37 — 7.18 (m, 6H), 4.64 (s, 2H), 0.90 (t, J
= 7.8 Hz, 9H), 0.58 (q, J = 7.9 Hz, 6H) ppm. BC{'H}NMR (63 MHz, CDCls) & = 142.0, 132.0, 130.6,
129.7, 128.7, 128.7, 128.6, 126.6, 123.7, 123.5, 90.0, 89.6, 64.7, 7.2, 4.9 ppm. IR (thin film, ATR) Vmax
2958, 2912, 2878, 1604, 1493, 1459, 1413, 1368, 1239, 1201, 1101, 1078, 1005, 974, 915, 889, 817, 784,
754,728,689 cm™. MS (EI, 70 eV) m/z (%): 322(15), 293(95), 263(33), 235(20), 206(20), 191(100, [M*]),
165(30), 95(15), 59(10). HRMS calcd for Co1H260SiNa [M+Na]* 345.1651 found 345.1650.
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tert-Butyldiphenyl((3-(phenylethynyl)benzyl)oxy)silane 3x

1
% The general procedure was followed. Yellow oil (382 mg, yield 86%), Rt.: 0.27 (in hexanes: EtOAc
2 100:1). *H NMR (250 MHz, CDCl3) 6 = 7.68 — 7.57 (m, 4H), 7.54 — 7.15 (m, 15H), 4.67 (s, 2H), 1.02 (s,
; 9H) ppm. BC{*HINMR (63 MHz, CDCl3) & = 141.7, 136.0, 133.7, 132.1, 130.6, 130.2, 129.6, 128.8,
?0 128.7,128.7, 128.2, 126.5, 123.7, 123.5, 90.0, 89.6, 65.6, 27.3, 19.8 ppm. IR (thin film, ATR) vmax 2960,
% 2933, 2856, 1603, 1493 cm™. MS (El, 70 eV) m/z (%): 389(90), 311(83), 189(100, [M*]), 165(45),
. 105(15), 77(10). HRMS calcd for CaiHs1OSi [M+H]* 447.2144 found 447.2143.

EZ tert-Butyldimethyl((3-(phenylethynyl)benzyl)oxy)silane 3y

;3 The general procedure was followed. Yellow oil (261 mg, yield 82%), Rt.: 0.25 (in hexanes: EtOAc
% 100:1). *H NMR (250 MHz, CDCl3) & = 7.50 — 7.34 (m, 3H), 7.33 — 7.14 (m, 6H), 4.62 (s, 2H), 0.84 (s,
;‘5‘ 9H), 0.00 (s, 6H) ppm. BC{*H}INMR (63 MHz, CDCls) & = 142.1, 132.0, 130.6, 129.5, 128.7, 128.7,
;? 128.6, 126.5, 123.7, 123.5, 89.9, 89.5, 65.0, 26.4, 18.9, -4.8 ppm. IR (thin film, ATR) vmax 2958, 2934,
ig 2883, 2857, 1604, 1493 cm™. MS (EI, 70 eV) m/z (%): 322(2), 265(100, [M+]), 235(55), 191(90), 165(20),
;2) 75(5). HRMS calcd for C21HasOSiNa [M+Na]* 345.1651 found 345.1656.

gi Triisopropyl((3-(phenylethynyl)benzyl)oxy)silane 3z

35

g? The general procedure was followed. Colorless oil (281 mg, yield 77%), Rt.: 0.23 (in hexanes: EtOAc
22 100:1). *H NMR (250 MHz, CDCl3) § = 7.73 — 7.50 (m, 3H), 7.48 — 7.31 (m, 6H), 4.86 (s, 2H), 1.13 (app.
3(12) s, 21H) ppm. BC{*H}NMR (63 MHz, CDCl3) 5 = 142.3, 132.0, 130.5, 129.3, 128.7, 128.7, 128.6, 126.2,
ji 123.8, 123.4, 90.0, 89.5, 65.0, 18.5, 12.4 ppm. IR (thin film, ATR) vmax 2942, 2894, 2886, 1604, 1493,
22 1462 cm'™. MS (EI, 70 eV) m/z (%): 364(2), 321(100, [M*]), 293(10), 249(15), 206(25), 191(90), 165(24),
j; 133(10), 95(10), 59(10). HRMS calcd for C24H330Si [M+H]* 365.2301 found 365.2299.
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5-(Pyridin-2-ylethynyl)-3-((triisopropylsilyl)ethynyl)-1H-indole 3aa

The general procedure was followed. Green solid (284 mg, yield 71%). Mp.= 168-170 °C, R¢.: 0.21 (in
hexanes: EtOAc 2:1). *H NMR (250 MHz, CDCls) & = 9.34 (s, 1H), 8.72 (s, 1H), 8.43 (dd, J = 4.8, 1.4
Hz, 1H), 7.85 (s, 1H), 7.78 (dt, J = 7.9, 1.8 Hz, 1H), 7.37 (d, J = 2.6 Hz, 1H), 7.34 — 7.18 (m, 3H), 1.09
(app. s, 21H) ppm. BC{*H}INMR (63 MHz, CDCls) § = 152.2, 148.0, 139.1, 135.6, 130.1, 129.2, 126.9,
124.4,123.7, 121.8, 114.7, 112.2, 100.0, 99.8, 95.0, 92.8, 84.4, 19.2, 11.8 ppm. IR (thin film, ATR) Vmax
2944, 2865, 2725, 2211, 2150, 1589 cm™. MS (El, 70 eV) m/z (%): 398(32), 355(100, [M+]), 313(43),

285(50), 149(37), 135(27), 59(10). HRMS calcd for C26H31N2Si [M+H]" 399.2257 found 399.2249.
Ethyl 4-(benzofuran-2-yl)benzoate*® 4a

The general procedure was followed. Light yellow solid (0.067 g, 26%). Mp.= 109 - 111 °C (Ref.: 109
- 111 °C), Rt (Hex.-EtOAC = 5:1) = 0.55; *H NMR (250 MHz, CDCl3) & = 7.98 (dt, J = 8.5, 1.6 Hz, 2H),
7.77 (dt, 3 = 8.5, 1.6 Hz, 2H), 7.46 (dd, J = 7.3, 1.5 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.23 — 7.05 (m,
2H), 6.99 (s, 1H), 4.26 (g, J = 7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H) ppm. BC{*H}NMR (63 MHz, CDCls)
0 =166.3, 155.3, 154.8, 134.5, 130.2, 130.2, 129.0, 125.1, 124.7, 123.3, 121.4, 111.5, 103.5, 61.2, 14.5.
MS (El, 70 eV) m/z (% relative intensity, ion): 266(100, [M™]), 238 (55), 221(63), 193(13), 165(62),

163(22), 139(11), 110(10), 82(13). IR (thin film, ATR): 1708, 1614, 1454, 1411 cm™,
2-(4-Methoxyphenyl)benzofuran’ 4b

The general procedure was followed. White crystals (0.177 g, 79%). Mp.= 140 — 141 °C (Ref.: 143 —
144 °C), Rs (Hex.-EtOAc = 5:1) = 0.60; *H NMR (250 MHz, CDCl3) § = 7.70 (td, J = 10, 2.5 Hz, 2H),
7.49 — 7.37 (m, 3H), 7.21 — 7.06 (m, 2H), 6.88 (td, J = 32, 2.0 Hz, 2H), 6.78 (d, J = 0.8 Hz, 1H), 3.75 (s,
3H) ppm. BC{*H}INMR (63 MHz, CDCls) § = 160.1, 156.2, 154.8, 129.6, 126.5, 123.9, 123.5, 123.0,
120.7, 114.4, 111.1, 99.8, 55.5 ppm. MS (El, 70 eV) m/z (% relative intensity, ion): 224(100, [M+]),

209(78), 181(53), 152(37), 126(8), 112(10), 63(7). IR (thin film, ATR): 1611, 1506, 1456 cmL.
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2-(4-Nitrophenyl)benzofuran3’ 4¢

The general procedure was followed a second column chromatographic purification was needed. Orange
solid (0.103 g, 43%). Mp.= 169 — 171 °C (Ref.: 181 - 183 °C), Rf (Hex.-EtOAC = 5:1) = 0.55; H NMR
(250 MHz, CDCl3) = 8.16 (d, J = 8.6 Hz, 2H), 7.84 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 7.5 Hz, 1H), 7.41
(d, 3= 8.0 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H), 7.09 (s, 1H) ppm. BC{*H}INMR
(62.5 MHz, CDCl3) 6 = 155.5, 153.4, 147.3, 136.4, 128.8, 126.0, 125.3, 124.4, 123.7, 121.8, 111.6, 105.2
ppm. MS (El, 70 eV) m/z (% relative intensity, ion): 239(100, [M*]), 209(25), 181(25), 165(98), 163(35),

152(11), 115(10), 63(10). IR (thin film, ATR): 1601, 1573, 1519, 1452, 1346 cm™,
Methyl 2-(2H-indol-5-yl)benzofuran-6-carboxylate 4d

The general procedure was followed. Light brown solid (0.271 g, 93%). Mp.= 134 - 136 °C, Rt (Hex.-
EtOAc = 5:1) = 0.23; § ='H NMR (250 MHz, DMSO-ds) § = 11.30 (s, 1H), 8.12 (s, 1H), 8.05 (s, 1H),
7.78 (dd, J = 8.2, 1.3 Hz, 1H), 7.63 (m, 2H), 7.45 (d, J = 8.5 Hz, 1H), 7.37 (m, 1H), 7.29 (s, 1H), 6.49 (s,
1H), 3.80 (s, 3H) ppm. BC{*H}NMR (63 MHz, DMSO-ds) 5 = 166.4, 160.7, 153.4, 136.6, 134.1, 127.9,
126.8, 124.6, 124.1, 120.3, 120.2, 118.8, 117.5, 112.2, 111.6, 102.0, 99.6, 52.1 ppm. MS (EI, 70 eV) m/z
(% relative intensity, ion): 291(37, [M™]), IR (thin film, ATR): 1700, 1614, 1577 cm™*. HRMS m/z [M+H]*
calculated for C1gH14NO3*: 292.0974; found: 292.0975.
6-Chloro-2-(thiophen-2-yl)benzofuran 4e

The general procedure was followed. White powder (0.159 g, 68%). Mp.= 142 - 143 °C, Rt (Hex.-EtOACc
= 5:1) = 0.68; *H NMR (250 MHz, CDCl3) & = 7.49 (m, 2H), 7.43 — 7.33 (m, 2H), 7.22 (dd, J = 8.7, 2.0
Hz, 1H), 7.11 (t, J = 1 Hz, 1H), 6.79 (s, 1H) ppm. BC{*H}NMR (63 MHz, CDCl3) 5 = 153.3, 153.1,
133.1, 130.9, 129.1, 128.4, 126.8, 125.5, 124.8, 120.6, 112.4, 100.9 ppm. MS (EI, 70 eV) m/z (% relative
intensity, ion): 236(37, [M*]), 234(100, [M+]), 205(6), 171(44), 145(6), 126(7), 117(8), 85(8). IR (thin

film, ATR): 1586, 1448 cm™. HRMS m/z [M]" calculated for C12H7CIOS*: 233.9901; found: 233.9903.
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7-Chloro-4-(5-fluorobenzofuran-2-yl)quinoline 4f

The general procedure was followed. Yellow solid (0.105 g, 36%). Mp.= 208 - 210 °C, R¢ (Hex.-EtOACc
=1:1) = 0.55; *H NMR (250 MHz, CDCls) § = 8.97 (d, J = 4.6 Hz, 1H), 8.47 (d, J = 9.1 Hz, 1H), 8.20 (d,
J=2.1Hz, 1H), 7.74 (d, J = 4.6 Hz, 1H), 7.63 — 7.49 (m, 2H), 7.34 (dd, J = 8.3, 2.6 Hz, 1H), 7.26 (s, 1H),
7.13 (td, J = 9.0, 2.6 Hz, 1H) ppm. BC{*H}INMR (63 MHz, CDCls) & = 161.8(d, J = 242 Hz), 158.0,
154.4, 152.0, 150.9, 149.4, 136.3, 136.1, 129.4 (d, J = 10.9 Hz), 129.2, 128.0 (d, J = 110.4 Hz), 123.4,
120.2, 114.2 (d, J = 26.6 Hz), 112.7 (d, J = 9.6 Hz), 109.3 (d, J = 3.8 Hz), 107.6, 107.2 ppm. °F NMR
(235 MHz, CDCls) 6 -119.5. MS (EI, 70 eV) m/z (% relative intensity, ion): 299(37, [M+]), 297(100,
[M+]), 270(6), 262(20), 234(13), 207(17), 148(4), 135(6), 117(6), 103(8). IR (thin film, ATR): 1596,

1577, 1497 cm™®. HRMS m/z [M+H]" calculated for C17H10NOCIF*: 298.0435; found: 298.0428.
5-(1-(4-Bromobenzyl)-1H-1,2,3-triazol-4-yl)-1H-indole 5a

The general procedure was followed. Pale yellow solid (0.165 g, 47%). Mp.= 173 - 176 °C, R¢ (Hex.-
EtOAc = 1:1) = 0.30; 'H NMR (250 MHz, DMSO-ds) 5 = 11.18 (s, 1H), 8.51 (s, 1H), 8.03 (s, 1H), 7.60
(d, J = 8.4 Hz, 3H), 7.44 (d, J = 8.4 Hz, 1H), 7.38 — 7.28 (m, 3H), 6.47 (s, 1H), 5.62 (s, 2H) ppm.
BC{'HINMR (63 MHz, DMSO-ds) § = 148.3, 135.7, 135.6, 131.7, 130.2, 127.9, 126.1, 121.6, 121.4,
120.3, 119.0, 116.9, 111.7, 101.4, 52.2 ppm. MS (ElI, 70 eV) m/z (% relative intensity, ion): 354(9, [M+]),
352(10, [M+]), 325(33), 281(7), 245(15), 218(16), 207(25), 171(18), 169(39), 155(100), 141 (10),
128(44), 122(11), 101(18), 90(24), 77(11), 73(24), 63(10). IR (thin film, ATR): 1491, 1439, 1417, 1350,
cm™. HRMS m/z [M+H]"* calculated for C17H14BrN4*: 353.0402; found: 353.0399.
4-(3-Bromophenyl)-1-(4-nitrobenzyl)-1H-1,2,3-triazole*® 5b

The general procedure was followed. Yellow powder (0.138 g, 39%). Mp.= 88 - 90 °C (Ref.: 90 — 93
°C), R (Hex.-EtOAc = 1:1) = 0.43; *H NMR (250 MHz, DMSO-ds) & = 8.79 (s, 1H), 8.25 (d, J = 8.6 Hz,
2H), 8.05 (s, 1H), 7.88 (d, J = 7.7 Hz, 1H), 7.58 (d, J = 8.6 Hz, 2H), 7.53 (d, J = 8.9 Hz, 3H), 7.41 (t, J =

7.8 Hz, 1H), 5.85 (s, 2H) ppm. BC{*H}NMR (63 MHz, DMSO-ds) 5 = 147.3, 145.3, 143.2, 132.8, 131.1,
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130.7,129.1,127.7,124.1, 124.0, 122.7, 122.3, 52.2 ppm. MS (El, 70 eV) m/z (% relative intensity, ion):
360(5, [M™]), 358(6, [M™]),281(7), 207(24), 196(98), 194(100), 169(13), 167(14), 147(10), 136(15),
121(36), 120(28), 115(26), 106(18), 102(12), 90(30), 89(44), 88(24), 78(40), 73(30), 63(17), 51(10). IR
(thin film, ATR): 1607, 1568, 1519, 1346 cm™.
4-(1-(4-Bromobenzyl)-1H-1,2,3-triazol-4-yl)-7-chloroquinoline 5c

The general procedure was followed. Brown solid (0.264 g, 66%). Mp.= 128 - 130 °C, Rf (EtOAc) =
0.55; 'H NMR (250 MHz, DMSO-ds) 5 = 9.00 (s, 1H), 8.97 (d, J = 4.6 Hz, 1H), 8.86 (d, J = 9.1 Hz, 1H),
8.13 (d, J = 2.2 Hz, 1H), 7.83 (d, J = 4.6 Hz, 1H), 7.71 (dd, J = 9.1, 2.3 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H),
7.39 (d, J = 8.4 Hz, 2H), 5.75 (s, 2H) ppm. *C{*H}NMR (63 MHz, DMSO-dg) 5 = 151.6, 149.0, 143.8,
135.6, 135.1, 134.2, 131.8, 130.4, 128.2, 128.1, 127.7, 125.9, 123.2, 121.6, 120.4, 52.5 ppm. MS (El, 70
eV) m/z (% relative intensity, ion): 400(10, [M™]), 398(7, [M™]), 371(9), 369(7), 291(10), 281(8), 203(29),
201(100), 182(11), 171(69), 169(80), 166(17), 147(17), 90(54), 89(39), 75(10), 73(24). IR (thin film,

ATR): 1590, 1491 cm™. HRMS m/z [M+H]" calculated for C17H14N4Br*: 353.0402; found: 353.0397.
ASSOCIATED CONTENT

AUTHOR INFORMATION

Corresponding Author

* novakz@elte.hu, *tolnai@chem.elte.hu

ACKNOWLEDGMENT

PPD003/2016 and Janos Bolyai Research Scholarship of Hungarian Academy of Science is gratefully

acknowledged for financial support. Ms. M. Woodward is acknowledged for proofreading the manuscript.

Supporting Information

NMR spectra. This material is available free of charge via the Internet at http://pubs.acs.org.

27

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry Page 28 of 29

REFERENCES

(1) (a) Stang, P. J.; Diederich, F. Modern Acetylene Chemistry; Wiley, 2008; (b) Bunz, U. H. F., The Larger Linear N-Heteroacenes, Acc. Chem.
Res. 2015, 48, 1676; (c) Yin, H.; Zhang, B.; Yu, H.; Zhu, L.; Feng, Y.; Zhu, M.; Guo, Q.; Meng, X., Two-Photon Fluorescent Probes for Biological
Mg2+ Detection Based on 7-Substituted Coumarin, J. Org. Chem. 2015, 80, 4306; (d) Lavastre, O.; Ollivier, L.; Dixneuf, P. H.; Sibandhit, S.,
Sequential catalytic synthesis of rod-like conjugated poly-ynes, Tetrahedron 1996, 52, 5495; (e) Rawson, J.; Stuart, A. C.; You, W.; Therien, M. J.,
Tailoring Porphyrin-Based Electron Accepting Materials for Organic Photovoltaics, J. Am. Chem. Soc. 2014, 136, 17561; (f) Chen, J.; Wenger, O.
S., Fluoride binding to an organoboron wire controls photoinduced electron transfer, Chem. Sci. 2015, 6, 3582.

(2) (a) bordevi¢, L.; Marangoni, T.; Mileti¢, T.; Rubio-Magnieto, J.; Mohanraj, J.; Amenitsch, H.; Pasini, D.; Liaros, N.; Couris, S.; Armaroli, N.;
Surin, M.; Bonifazi, D., Solvent Molding of Organic Morphologies Made of Supramolecular Chiral Polymers, J. Am. Chem. Soc. 2015, 137, 8150;
(b) Lee, H.; Elumalai, P.; Singh, N.; Kim, H.; Lee, S. U.; Chi, K.-W., Selective Synthesis of Ruthenium(ll) Metalla[2]Catenane via Solvent and
Guest-Dependent Self-Assembly, J. Am. Chem. Soc. 2015, 137, 4674; (c) Danjo, H.; Hashimoto, Y.; Kidena, Y.; Nogamine, A.; Katagiri, K.; Kawa-
hata, M.; Miyazawa, T.; Yamaguchi, K., Nestable Tetrakis(spiroborate) Nanocycles, Org. Lett. 2015, 17, 2154; (d) Wang, Q.; Yu, C.; Long, H.; Du,
Y.;Jin, Y.; Zhang, W., Solution-Phase Dynamic Assembly of Permanently Interlocked Aryleneethynylene Cages through Alkyne Metathesis, Angew.
Chem,, Int. Ed. 2015, 54, 7550; (e) Zheng, Q.-N.; Liu, X.-H.; Chen, T.; Yan, H.-J.; Cook, T.; Wang, D.; Stang, P. J.; Wan, L.-J., Formation of
Halogen Bond-Based 2D Supramolecular Assemblies by Electric Manipulation, J. Am. Chem. Soc. 2015, 137, 6128; (f) Baba, A.; Kojima, T.;
Hiraoka, S., Self-Assembly Process of Dodecanuclear Pt(l1)-Linked Cyclic Hexagon, J. Am. Chem. Soc. 2015, 137, 7664; (g) Kaur, I.; Zhao, X;
Bryce, M. R.; Schauer, P. A.; Low, P. J.; Kataky, R., Modification of Electrode Surfaces by Self-Assembled Monolayers of Thiol-Terminated OlI-
igo(Phenyleneethynylene)s, Chem. Phys. Chem. 2013, 14, 431.

(3) Brandsma, L.; Heus-Kloos, Y. A.; van der Heiden, R.; Verkruijsse, H. D. Preparative acetylenic chemistry; Elsevier, 1988.

(4) (a) Sonogashira, K.; Tohda, Y.; Hagihara, N., A convenient synthesis of acetylenes: catalytic substitutions of acetylenic hydrogen with bro-
moalkenes, iodoarenes and bromopyridines, Tetrahedron Lett. 1975, 16, 4467; (b) Chinchilla, R.; N4jera, C., The Sonogashira reaction: A booming
methodology in synthetic organic chemistry, Chem. Rev. 2007, 107, 874; (c) Chinchilla, R.; Najera, C., Recent advances in Sonogashira reactions,
Chem. Soc. Rev. 2011, 40, 5084; (d) Schilz, M.; Plenio, H., A Guide to Sonogashira Cross-Coupling Reactions: The Influence of Substituents in Aryl
Bromides, Acetylenes, and Phosphines, J. Org. Chem. 2012, 77, 2798; (e) Doucet, H.; Hierso, J. C., Palladium-Based Catalytic Systems for the
Synthesis of Conjugated Enynes by Sonogashira Reactions and Related Alkynylations, Angew. Chem., Int. Ed. 2007, 46, 834.

(5) Csékei, M.; Novak, Z.; Kotschy, A., Development of a one-pot sequential Sonogashira coupling for the synthesis of benzofurans, Tetrahedron
2008, 64, 8992.

(6) (a) Novak, Z.; Nemes, P.; Kotschy, A., Tandem Sonogashira Coupling: An Efficient Tool for the Synthesis of Diarylalkynes, Org. Lett. 2004,
6, 4917; (b) Katritzky, A. R.; Rogovoy, B. V.; Mitrokhin, A. Y., The preparation of diarylacetylenes via diphenyl (benzotriazol-1-yl)(aryl)
methylphosphonates, Arkivoc 2002, 13, 17; (c) Csékei, M.; Novak, Z.; Kotschy, A., Ethynyl-cyclohexanol: an efficient acetylene surrogate in So-
nogashira coupling, Tetrahedron 2008, 64, 975; (d) Ma, L.; Hu, Q. S.; Pu, L., Synthesis of an optically active poly(aryleneethynylene) containing
extended conjugation in the repeat unit, Tetrahedron Asymmetry 1996, 7, 3103; (e) Melissaris, A. P.; Litt, M. H., A simple and economical synthetic
route to p-ethynylaniline and ethynyl-terminated substrates, J. Org. Chem. 1994, 59, 5818; (f) Carpita, A.; Lessi, A.; Rossi, R., One-Pot Palladium-
Catalysed Synthesis of Diarylalkynes, Synthesis 1984, 1984, 571.

(7) (a) Vokata, T.; Kumar, M. R.; Park, K.; Moon, J. H.; Lee, S., Synthesis of Poly(phenylenebutadiynylenes) Using the Decarboxylative Coupling
of Propiolic Acid and Aryl lodides, Synlett 2013, 24, 1563; (b) Moon, J.; Jeong, M.; Nam, H.; Ju, J.; Moon, J. H.; Jung, H. M.; Lee, S., One-Pot
Synthesis of Diarylalkynes Using Palladium-Catalyzed Sonogashira Reaction and Decarboxylative Coupling of sp Carbon and sp2 Carbon, Org.
Lett. 2008, 10, 945; (c) Park, K.; Kim, W.; Lee, S., Efficient one-pot synthesis of the unsymmetrical Diarylalkynes from two different Aryl Bromides
and Propiolic acid by using Pd(PPhs)s Catalyst, Bull. Korean Chem. Soc. 2013, 34, 2859.

(8) Severin, R.; Reimer, J.; Doye, S., One-pot procedure for the synthesis of unsymmetrical diarylalkynes, J. Org. Chem. 2010, 75, 3518.

(9) (a) Lindstrom, S.; Ripa, L.; Hallberg, A., Synthesis of two conformationally constrained analogues of the minor tobacco alkaloid anabasine,
Org. Lett. 2000, 2, 2291; (b) Palimkar, S. S.; More, V. S.; Kumar, P. H.; Srinivasan, K. V., Synthesis of an indole containing KDR kinase inhibitor
by tandem Sonogashira coupling-5-endo-dig-cyclization as a key step, Tetrahedron 2007, 63, 12786; (c) Arcadi, A.; Cacchi, S.; Di Giuseppe, S.;
Fabrizi, G.; Marinelli, F., New efficient approaches to functionalized 2-substituted furopyridines, Synlett 2002, 453.

(10) (a) Carpita, A.; Lessi, A.; Rossi, R., One-Pot Palladium-Catalysed Synthesis of Diarylalkynes, Synthesis 1984; (b) Nishihara, Y.; Ikegashira,
K.; Hirabayashi, K.; Ando, J.; Mori, A.; Hiyama, T., Coupling Reactions of Alkynylsilanes Mediated by a Cu(l) Salt: Novel Syntheses of Conjugate
Diynes and Disubstituted Ethynes, J. Org. Chem. 2000, 65, 1780; (c) Halbes, U.; Pale, P., A new mild procedure for the direct coupling of 1-
trimethylsilyl acetylenes with vinyl triflates or aryl iodide, Tetrahedron Lett. 2002, 43, 2039; (d) Sorensen, U. S.; Pombo-Villar, E., Copper-free
palladium-catalyzed sonogashira-type coupling of aryl halides and 1-aryl-2-(trimethylsilyl)acetylenes, Tetrahedron 2005, 61, 2697; (e) Carpita, A.;
Mannocci, L.; Rossi, R., Silver(l)-catalysed protiodesilylation of 1-(Trimethylsilyl)-1-alkynes, Eur. J. Org. Chem. 2005, 1859; (f) Nishihara, Y.;
Inoue, E.; Okada, Y.; Takagi, K., Sila-sonogashira cross-coupling reactions of activated aryl chlorides with alkynylsilanes, Synlett 2008, 3041; (g)
Nishihara, Y.; Inoue, E.; Ogawa, D.; Okada, Y.; Noyori, S.; Takagi, K., Palladium/copper-catalyzed sila-Sonogashira reactions of aryl iodides with
alkynylsilanes via a direct C-Si bond activation, Tetrahedron Lett. 2009, 50, 4643; (h) Nishihara, Y.; Inoue, E.; Noyori, S.; Ogawa, D.; Okada, Y.;
lwasaki, M.; Takagi, K., Synthesis of unsymmetrically disubstituted ethynes by the palladium/copper(l)-cocatalyzed sila-Sonogashira-Hagihara
coupling reactions of alkynylsilanes with aryl iodides, bromides, and chlorides through a direct activation of a carbon-silicon bond, Tetrahedron
2012, 68, 4869; (i) Nishihara, Y.; Inoue, E.; Noyori, S.; Ogawa, D.; Okada, Y.; lwasaki, M.; Takagi, K., Synthesis of unsymmetrically disubstituted
ethynes by the palladium/copper(l)-cocatalyzed sila-Sonogashira-Hagihara coupling reactions of alkynylsilanes with aryl iodides, bromides, and
chlorides through a direct activation of a carbon-silicon bond, Tetrahedron 2012, 68, 4869; (j) Buendia, J.; Darses, B.; Dauban, P., Tandem Catalytic
C(sp3) —H Amination/Sila-Sonogashira-Hagihara Coupling Reactions with lodine Reagents, Angew. Chem., Int. Ed. 2015, 54, 5697.

(11) Bhattacharya, P.; Basak, A., An unexpected one step domino conversion of TMS-alkynes to protected ketones in 4-chromenone system,
Tetrahedron Lett. 2013, 54, 5137.

28

ACS Paragon Plus Environment



Page 29 of 29 The Journal of Organic Chemistry

oNOYTULT D WN =

(12) Wong, F. F.; Chuang, S. H.; Yang, S. c.; Lin, Y. H.; Tseng, W. C.; Lin, S. K.; Huang, J. J., One-pot ethynylation and catalytic desilylation in
synthesis of mestranol and levonorgestrel, Tetrahedron 2010, 66, 4068.

(13) DiLauro, A. M.; Seo, W.; Phillips, S. T., Use of Catalytic Fluoride under Neutral Conditions for Cleaving Silicon—-Oxygen Bonds, J. Org.
Chem. 2011, 76, 7352.

(14) Yao, W.; Li, R.; Jiang, H.; Han, D., An Additive-Free, Base-Catalyzed Protodesilylation of Organosilanes, J. Org. Chem. 2018, 83, 2250.

(15) (a) Chinchilla, R.; Najera, C., Chemicals from Alkynes with Palladium Catalysts, Chem. Rev. 2014, 114, 1783; (b) Schore, N. E., Transition
metal-mediated cycloaddition reactions of alkynes in organic synthesis, Chem. Rev. 1988, 88, 1081; (c) Alonso, F.; Beletskaya, I. P.; Yus, M.,
Transition-Metal-Catalyzed Addition of Heteroatom—Hydrogen Bonds to Alkynes, Chem. Rev. 2004, 104, 3079.

(16) Pilcher, A. S.; Hill, D. K.; Shimshock, S. J.; Waltermire, R. E.; DeShong, P., Selective deprotection of trialkylsilyl ethers using fluorosilicic
acid, J. Org. Chem. 1992, 57, 2492.

(17) Pilcher, A. S.; DeShong, P., Improved protocols for the selective deprotection of trialkylsilyl ethers using fluorosilicic acid, J. Org. Chem.
1993, 58, 5130.

(18) Sinai, A.; Mészaros, A.; Balogh, A.; Zwillinger, M.; Novak, Z., Hexafluorosilicic Acid as a Novel Reagent for the Desilylation of Silylacety-
lenes: Application in Sequential Sonogashira Coupling and Click Reaction, Synthesis 2017, 49, 2374.

(19) Price of TBAF is 1300 EUR/mol, KOTMS is 278 EUR/mol, Hexafuorosilicic acid 18 EUR/mol, 2018 February, Sigma-Aldrich price

(20) (a) Urbansky, E. T., Fate of Fluorosilicate Drinking Water Additives, Chem. Rev. 2002, 102, 2837; (b) Whitford, G. M.; Sampaio, F. C.;
Pinto, C. S.; Maria, A. G.; Cardoso, V. E.; Buzalaf, M. A., Pharmacokinetics of ingested fluoride: lack of effect of chemical compound, Arch. Oral
Biol. 2008, 53, 1037; (c) Broadbent, J. M.; Wills, R.; McMillan, J.; Drummond, B. K.; Whyman, R., Evaluation of evidence behind some recent
claims against community water fluoridation in New Zealand, J. R. Soc. N. Z. 2015, 45, 161.

(21) Mishra, A.; Ma, C.-Q.; Segura, J. L.; Bauerle, P. In Handbook of Thiophene-Based Materials; John Wiley & Sons, Ltd: 2009, p 1.

(22) Zacuto, M. J.; O'Malle, S. J.; Leighton, J. L., Tandem Intramolecular Silylformylation—Crotylsilylation: Highly Efficient Synthesis of Polyke-
tide Fragments, J. Am. Chem. Soc. 2002, 124, 7890.

(23) Nakamoto, K.; Ueno, Y., Diazirine-Containing RNA Photo-Cross-Linking Probes for Capturing microRNA Targets, J. Org. Chem. 2014, 79,
2463.

(24) Brand, J. P.; Charpentier, J.; Waser, J., Direct Alkynylation of Indole and Pyrrole Heterocycles, Angew. Chem., Int. Ed. 2009, 48, 9346.

(25) Komaromi, A.; Novak, Z., Efficient copper-free Sonogashira coupling of aryl chlorides with palladium on charcoal, Chem. Commun. 2008,
4968.

(26) Chen, H. J.; Lin, Z. Y.; Li, M. Y.; Lian, R. J.; Xue, Q. W.; Chung, J. L.; Chen, S. C.; Chen, Y. J., A new, efficient, and inexpensive cop-
per(ll)/salicylic acid complex catalyzed Sonogashira-type cross-coupling of haloarenes and iodoheteroarenes with terminal alkynes, Tetrahedron
2010, 66, 7755.

(27) Li, P.; Wang, L.; Li, H., Application of recoverable nanosized palladium(0) catalyst in Sonogashira reaction, Tetrahedron 2005, 61, 8633.

(28) Paegle, E.; Belyakov, S.; Petrova, M.; Liepinsh, E.; Arsenyan, P., Cyclization of Diaryl(hetaryl)alkynes under Selenobromination Conditions:
Regioselectivity and Mechanistic Studies, Eur. J. Org. Chem. 2015, 4389.

(29) Marset, X.; Khoshnood, A.; Sotorrios, L.; Gémez-Bengoa, E.; Alonso, D. A.; Ramén, D. J., Deep Eutectic Solvent Compatible Metallic
Catalysts: Cationic Pyridiniophosphine Ligands in Palladium Catalyzed Cross-Coupling Reactions, ChemCatChem 2017, 9, 1269.

(30) Tyrrell, E.; Whiteman, L.; Williams, N., Sonogashira Cross-Coupling Reactions and Construction of the Indole Ring System Using a Robust,
Silica-Supported Palladium Catalyst, Synthesis 2009, 829.

(31) Adam, R.; Cabrero-Antonino, J. R.; Spannenberg, A.; Junge, K.; Jackstell, R.; Beller, M., A General and Highly Selective Cobalt-Catalyzed
Hydrogenation of N-Heteroarenes under Mild Reaction Conditions, Angew. Chem., Int. Ed. 2017, 56, 3216.

(32) Xu, K.; Sun, S.; Zhang, G.; Yang, F.; Wu, Y., One-pot synthesis of unsymmetrical diarylacetylenes via Sonogashira/deacetonation/So-
nogashira cross-coupling of two different aryl chlorides with 2-methyl-3-butyn-2-ol, RSC Adv. 2014, 4, 32643.

(33) Li, T.; Qu, X.; Xie, G.; Mao, J., [Cu(acac)2]-H-0-Catalyzed Sonogashira-Type Couplings of Aryl Halides and Terminal Alkynes, Chem.
Asian J. 2011, 6, 1325.

(34) zZhang, G., Easy Copper-, Ligand- and Amine-Free Sonogashira Coupling Reaction Catalyzed by Palladium on Carbon at Low Catalyst
Loading and by Exposure to Air, Synlett 2005, 619.

(35) Fager-Jokela, E.; Muuronen, M.; Patzschke, M.; Helaja, J., Electronic regioselectivity of diarylalkynes in cobalt-mediated pauson-khand
reaction: An experimental and computational study with para- and meta-substituted diarylalkynes and norbornene, J. Org. Chem. 2012, 77, 9134.

(36) Dermenci, A.; Whittaker, R. E.; Gao, Y.; Cruz, F. A.; Yu, Z.-X.; Dong, G., Rh-catalyzed decarbonylation of conjugated ynones via carbon-
alkyne bond activation: reaction scope and mechanistic exploration via DFT calculations, Chem. Sci. 2015, 6, 3201.

(37) Bosiak, M. J., A Convenient Synthesis of 2-Arylbenzo[b]furans from Aryl Halides and 2-Halophenols by Catalytic One-Pot Cascade Method,
ACS Catal. 2016, 6, 2429.

29

ACS Paragon Plus Environment



