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Reported herein is gold-catalyzed alkynylation of terminal alkynes
using ethynylbenziodoxolones (EBXs) where EBXs serve dual role
as oxidant as well as alkyne transfer agent to access
unsymmetrical 1,3-diynes. Hence, the catalytic system requires no
external oxidants and is compatible with a broad range of
substrates, including those with polar functional groups such as
NH, OH and B(OH),.

Metal-catalyzed C(sp)-C(sp) cross-coupling reactions are an
important topic of research because these reactions provide
synthetically valuable 1,3-diynes.! Conventional methods for
synthesis of such heterodiynes include Glaser-Hay coupling2 and
Cadiot-Chodkiewicz coupling.3 Though over the last four decades,
several variants of these reactions have been developed,4 the
suppression of undesired homocoupling product still continues to
be challenging besides other drawbacks such as low efficiency and
sophisticated reaction conditions.?

In recent years, oxidant empowered gold-catalyzed reactions has
emerged as a powerful tool for a variety of C-C and C-X bond
formation reactions.® A landmark contribution in this area was
made by Periana’ as early as 2004 who was able to harness the
power of oxidative gold catalysis. After that, it was the research
groups of Hashmi,® Zhang,®™" Toste®® and Nevado®® who
pioneered to discover the vast potential of external oxidant-aided
Au(l)/Au(lll) catalysis encompassing a diverse spectrum of C-C and
C-X bond-forming reactions. Though, Au(l)/Au(lll) catalysis
chemistry has been exploited for a number of reactions, very little
was known on the gold catalyzed C(sp)-C(sp) cross-coupling
reactions. The research group of Shi, for the first time, developed
gold-catalyzed oxidative cross-coupling of alkynes to unsymmetrical
diynes utilizing stoichiometric amounts of PhI(OAc), as an oxidant
(Scheme la).9 The authors took the advantage of “discrimination
effect” provided by Au salt towards electronically biased alkynes for
selective formation of specific gold acetylides. We envisioned if we
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can restrict the gold acetylide formation of one particular alkyne in
the reaction mixture by using an alkyne surrogate, chances of the
undesired homocoupling can be statistically reduced. It can be even
better if the surrogate is able to transfer alkyne through an
oxidative insertion fashion eliminating the need for an external
oxidant.

As a part of our ongoing interest in Au(l)/Au(lll) catalysis10 and
inspired by the Waser's reports11 on direct alkynylation of N-
heteroaromatics with ethynylbenziodoxolones (EBXs),"*  we
wondered whether it is possible to exploit the dual role of EBXs as
an oxidant as well as an alkyne surrogates. Herein, for the first time,
we report the dual role of EBXs to selectively effect the C(sp)-C(sp)
cross-coupling13 with terminal alkynes leading to unsymmetrical
1,3-conjugated diynes under external oxidant free conditions
(Scheme lb).14

la. Gold catalysed C(sp)-C(sp) cross-coupling reactions (Shi, 2014)

27 examples
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1b. Gold catalysed C(sp)-C(sp) cross-coupling reactions between
terminal alkynes and ethynylbenziodoxolones (This work)
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Scheme 1. Literature report and present work
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To test our hypothesis, 4-ethynyl toluene (1a) and TIPS-EBX (2a)
was selected as model coupling partners in the presence of 10
mol% AuCl in CH3CN (Table 1). Pleasingly, the desired cross-coupled
product 3a was obtained; albeit, with poor heteroselectivity (entry
1). The necessity of the gold catalyst was subsequently validated by
a control experiment (entry 2). Improved heteroselectivity was
observed with PhsPAuCl as Au(l) precatalyst (entry 3). However,
screening other gold catalysts led to poor or no conversions (entries
4, 5 and 6). We then speculated that application of a suitable n-
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acceptor ligands (e.g, bipy, phen) may further improve the reaction
performance since they are reported to assist the reductive
elimination of highly oxidative Au(lll) complexes.“”15 To our delight,
that was indeed the case with bidentate ligand bipyridine (bipy)
giving the desired cross-coupling product in good yield (60%, entry
7). The homocoupled product was also suppressed substantially in
this case. Keeping bipy as ligand, comparable yield was obtained
even with 3 mol% of catalyst loading (entry 8). Increasing the
reaction temperature, however, had a deleterious effect on the
outcome of the reaction (entry 9). Switching to other ancillary
ligand such as 1,10-phenanthroline (phen) drastically boosted the
yield of the cross-coupled product to 78% with the homodimer
reduced to below 10% (entry 10). Finally, the optimum condition
for the C(sp)-C(sp) cross-coupling was obtained when 15 mol% of
phen was utilized (entry 11). Screening other solvents such as DCE
or toluene was deemed unsuccessful (entries 12 and 13).

Table 1. Optimization studies®

‘ ‘ TIPS———|—0 cat Au MeQ%TIPS
solvent
+

0O —» 3a
60°C,12h .
Me 1a 2a v Q B 33'7 O v
entry cat Au (mol%) ligand solvent vield (%)b
(mol%) 3a 3a'
1 AuCl (10) CHCN 38 44
2 - --- CH5CN NR NR
3 PhsPAuCI (10) CHsCN 64 23
4 IPrAuCl (10) - CH3;CN trace trace
5 JohnPhosAuCl (10) --- CH3;CN trace trace
6 PhsPAUOTF (10) CH:CN NR  NR
7 PhsPAUCI (10) bipy (10) CHsCN 60 14
8 Ph;PAUCI (3) bipy (10) CHsCN 58 12
9 PhsPAUCI (3) bipy (10) CHsCN 35 27
10 Ph;PAUCI (3) phen (10) CH,CN 78 08
11°¢ PhsPAuCI (3) phen(15) CH,CN 87 <05
12 PhsPAUCI (3) phen (15)  DCE 41 30
13 PhsPAuCI (3) Phen (15) toluene NR NR

a] Reaction conditions: 0.20 mmol 1a, 0.22 mmol 2a, degassed
CH5CN (0.11 M), 60 °C, 12 h. [b] GC yields were determined by using
biphenyl as an internal standard. [c] Generated in situ by mixing
equimolar amount of PhsPAuCl and AgOTf. [d] Reaction was
conducted at 80 °C. [e] A mixture of CH;CN:1,4-dioxane (3:1) was
used as solvent. NR = No reaction

Having established optimized conditions, we explored the
generality of the reaction. To start with, the scope of the C(sp)—
C(sp) cross-coupling reaction with respect to alkynes was
investigated keeping 2a constant. As can be judged from Scheme 2,
substrate scope of the reaction accommodates a diverse range of
aryl-, heteroaryl-, alkenyl-, and alkyl-substituted terminal alkynes.
For instance, for p-substituted aromatic alkynes bearing electron-
donating, electron-withdrawing, halo, or alkyl substitutents

2| J. Name., 2012, 00, 1-3

furnished the conjugated diynes in excellent yields (3b:h, 64-85%).
Next, when o-subtituted aromatic alkynes were usesbas7subisiatas,
the reaction delivered 3i-l in good to excellent yields (60-73%)
irrespective of the electronic bias of the corresponding terminal
alkynes. Notably, o-amino or o-hydoxymethyl substituted aromatic
alkynes (1j and 1l) does not produce the competing annulation
product which is pretty common in case of gold catalysis indicating
the mildness of the reaction conditions. Di-substituted, highly
electron-rich alkynes, for instance ethynyl-3,5-dimethoxybenene
and ethylnyl-1,3-benzodioxole gave the corresponding cross-
coupled products in good yields (3n and 30, 63 and 70%). 3-Chloro,
4-methyl substituted aromatic alkyne was also well tolerated under
the reaction condition (3p, 76%). Even 1-naphthyl-, 2-naphthyl-, 2-
biphenyl-substituted aryl alkynes reacted smoothly to give 3g—s in
66-86% yields. However, the reaction of alkyne bearing bulkier 1-
pyrenyl group probably succumbed to its steric effects giving a
rather lower yield of the desired heterocoupled product 3t (56%).
Additionally, (E)-1-en-3-ynylbenzene could be suitably coupled with
2a to produce 3u in 53% yields. Aliphatic alkynes too demonstrated
acceptable tolerability (3v-w, 42-46%). Further, substrates such as
aminaloalkynes or propargylamines were all suitable for this
reaction as exemplified by 3x (71%) and 3y (52%). Interestingly,
propargyl alcohols, which are well known substrates for Meyer-
schuster reactions in gold catalysis,16 could also be tolerated,
furnishing 3z and 3aa in 59 and 74% vyields, respectively. Sensitive
substituents such as O-allyl or boronic acid on the aromatic alkynes
did not interfere and produced the corresponding diynes 3ab and
3ac in 67 and 47% yields, respectively. When ynamides were
subjected to optimized reaction conditions, the corresponding
conjugated diynes 3ad and 3ae were obtained in 81 and 45% vyields,
respectively. The scope of the reaction was further extended to
heteroaryl-substituted alkynes such as 2-thienyl- and 2-pyridyl-
substituted ones furnishing 3af and 3ah in 66 and 64% yields,
respectively. However, 2-ethynyl-1H-indole gave 3ag exclusively in
56% vyields because of the high nucleophilicity of C-3 site of
indole.”™ The practicability of the method was further tested with
sugar-derived alkyne moiety. It satisfactorily produced 3ai in 60%
yield. Activated alkynes were equally compatible for the cross-
coupling reaction producing 3aj and 3ak in 62 and 63% yields,
respectively.

Next, we investigated the utility of various EBX analogues for
C(sp)-C(sp) cross-coupling. Accordingly, substrate la was treated
with TBDMS-EBX (2b), TBDPS-EBX (2c), Ph-EBX (2d), and nPent-EBX
(2e) under standard reaction conditions. The reaction worked well
with 2b and 2c, giving rise to the products 3al and 3am in 73 and
56% yields, respectively. However, the reaction failed to yield the
desired cross-diyne product 3an when Ph-EBX (2d) was employed
as alkynylating agent. On the other hand, 3ao was obtained in
moderate yields with nPent-EBX (2e). Unfortunately, two different
aliphatic alkynes could not be cross-coupled to give 3ap under this
method.

Given the fact that gold(l)-acetylide was reportedg‘17 to play the
key intermediate in the Au(l)/Au(lll) redox cycle for C(sp)-C(sp)
couplings, we performed a set of control experiments with PhsP-
ligated gold(l) acetylide complex 4 (Scheme 2a). But poor
heteroselectivity and slower reaction in this case indicated that
reaction may not proceed via the intermediacy of 4. Additionally, no
characteristic peak for complex 4 was observed in the 3p NMR
monitoring of the cross-coupling reaction between 1a and 2a under
standard condition. In contrast, yields and heteroselectivity of the
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Table 2. Scope of gold catalyzed C(sp)-C(sp) cross-coupling reaction®?

R—= + Ry—=——1—0

3 mol% Ph3;PAuCI 2a, Ry= TIPS
15 mol% phen = Rz 2b, R,= TBDMS
> / 2c, Ry= TBDPS
CH3CN/1,4-Dioxane (3:1) Ry 3 2d, R,= Ph
60 °C, 8-12 h 2e, Ro= nPent

(¢}
1 2

TIPS
= TIPS __ TIPS _
FsC = =
R 3b,R=H, 81% 3i, R = OMe, 73%

3m, 64% 3n, 63% 30, 70%

3¢, R=F, 64%

3d, R = OMe, 85%
3e, R = COMe, 76%
3f, R = CN, 70%
3g,R =NO,, 77%

3j, R = NH,, 60%
3k, R = NO,, 66%
31, R = CH,OH, 53%

TIPS
,R=CN, =
9 TIPS =
3h, R = CsHy, 74% / 3,4
/ ’
R HO

= TIPS 3q, R = 1-Np, 66%
cl 3r, R = 2-Np, 86%
3p, 76% 3s, R = 2-biphenyl, 68%
Me 3t, R = 1-pyrenyl, 56%

3u, R = CH=CH-Ph, 53% 0

TIPS TIPS = TIPS
= = =
N 7~

oN\F B(OH),
3ab, 67%

3ac, 47%

‘Bu

TIPS
AcO

2%

=

N
TIPS
H = e
N =

3y, 52% 3z, 59%

i TIPS

HO TIPS
TIPS A
N =

46% o 3x, 71%

A\
\\

Ts

HO

N

3ad, 81% @

TIPS
/
2C =

‘ . N
3ah,64%  AcO" ,3ai 60% ( j 3aj, 62%" 3ak, 63%
B p
oC nPent
TBDPS = /\/// nPent
/
/
Me 3al, 73% e 3am, 56% 3an, -%° 3ao, 51% HO 3ap, -%"

aReaction conditions: 0.20 mmol 1, 0.22 mmol 2, PhsPAUCI (3 mol%), phen (15 mol%), degassed CH3CN:1,4-dioxane (1.8 ml:0.6 ml), 60 °C, 8-12 h. LIsolated
yields.®1:1 mixture of C-1 anomers was used as starting material. dStirred for 36 h. €Only homocoupling product of terminal alkyne was obtained. fCompIex mixture

was obtained.

p-Tol AuPPhg
12+ 2a 4 (3 mol%) L %+ @
CH3CN:1,4-dioxane (3:1) 42% 28%
(Tea) (11ed)  “65C 12 h (No phen)
p-Tol———Au
1a + 2a 5 (3 mol%) » 3a+ 3a (b

phen (15mol%)  78% 8%
CH3CN:1,4-dioxane (3:1)
60°C, 12 h

(1ea) (1.1eq)

phen (5 eq)
5 + 2a 3a + 3a’ (c)

(1eq) (1.1eq) CH3CN:1,4-dioxane (3:1) 50% 24%
60°C, 12 h

Scheme 2. Mechanistic investigation
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reaction was improved with a ligand-free polymeric gold acetylide 5
(Scheme 2b)™ in the presence of 15 mol% of phen. This probably
suggests the involvement of a phen-ligated gold complex; for
instance, [phen]Au(l)X (A) as catalytically active species (Scheme 3).
Further, from Ph3;PAuCl, MALDI-TOF analysis suggests the
formation of [(phen)AuPPh;]* which could be a possible
precursor for AY Initiating from A, the reaction may follow
two different pathways based on the order of events leading
to D from A (Scheme 3). Oxidation might occur either at the
stage of Au(l) salt (cycle a) or at the stage of gold(l) acetylide (cycle
b). Once formed, the Au(lll) species D then reductively eliminates to
give the desired heterocoupled product 3 with regeneration of the
active catalyst. At this stage, the two reaction pathways could not

J. Name., 2013, 00, 1-3 | 3
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be distinguished. Nevertheless, the cross-coupled product 3a was
observed in 50% yield when reacting 5 with 2a in a stoichiometric
fashion (Scheme 2c) indicating the feasibility of gold(l) acetylide B
formation (cycle b) prior to catalyst oxidation (cycle a). Further
investigations are required to understand the precise reaction
mechanism.

Ry

1
) \ -
i —
= TIPS N NA” S
D D
1
Cycle b LAUX
A

R

I
(Nj\jAu

Cycle a

(2) ﬂ TIPS )
Al
I K ° ;
~ Y = Ph(1)CO
g (1) (2] YOALN L=Phen
Ry X =Cl

Scheme 3. A plausible mechanism

In conclusion, we report gold-catalyzed alkynylation of terminal
alkynes with EBXs to access unsymmetrical diynes. The key feature
of the work is the dual role of EBXs which serve as oxidants as well
as alkyne transfer agents.

Generous financial support by the Board of Research in Nuclear
Science (BRNS), Mumbai (Grant No.
37(2)/14/12/2015/BRNS/10549) is gratefully acknowledged. S.B.
thanks UGC for the award of Senior Research Fellowship (SRF).

Notes and reference

1 (a) P. Siemsen, R. C. Livingston and F. Diederich, Angew. Chem.
Int. Ed., 2000, 39, 2632; b) W. Shi and A. Lei, Tetrahedron Lett.,
2014, 55, 2763.

2 (a) C. Glaser, Ber. Dtsch. Chem. Ges., 1869, 2, 422; (b) A. S. Hay, J.
Org. Chem., 1960, 25, 1275; (c) A. S. Hay, J. Org. Chem., 1962, 27,
3320.

3 W. Chodkiewicz and P. Cadiot, Compt. Rend., 1955, 241, 1055.

4 Review: (a) K. S. Sindhu, A. P. Thankachan, P. S. Sajitha and G.
Anilkumar, Org. Biomol. Chem., 2015, 13, 6891. Selected reports:
(b) W. Shi, Y. Luo, X. Luo, L. Chao, H. Zhang, J. Wang and A. Lei, J.
Am. Chem. Soc., 2008, 130, 14713; (c) W. Yin, C. He, M. Chen, H.
Zhang and A. Lei, Org. Lett., 2009, 11, 709; (d) K. Balaraman and
V. Kesavan, Synthesis, 2010, 3461; (e) Y. Weng, B. Cheng, C. He,
and A. Lei, Angew. Chem. Int. Ed., 2012, 51, 9547; (f) L. Su, J.
Dong, L. Liu, M. Sun, R. Qiu, Y. Zhou and S.-F. Yin, J. Am. Chem.
Soc., 2016, 138, 12348.

5 (a) M. Alami, F. Ferri, Tetrahedron Lett., 1996, 37, 2763; (b) W.-Y.
Wong, G.-L. Lu, K.-H. Choi and Y.-H. Guo, J. Organomet. Chem.,
2005, 690, 177; (c) S. Zhang, X. Liu and T. Wang, Adv. Synth.
Catal, 2011, 353, 1463; (d) R. Balamurugan, N. Naveen, S.
Manojveer and M. V. Nama, Aust. J. Chem., 2011, 64, 567; (e) B.
S. Navale and R. G. Bhat, RSC Adv., 2013, 3, 5220; (f) V. Liu, C.
Wang, X. Wang and J.-P. Wan, Tetrahedron Lett., 2013, 54, 3953;
(g) J. S. Lampkowski, C. E Durham, M. S. Padilla and D. D. Young,
Org. Biomol. Chem., 2015, 13, 424.

6 (a) P. Garcia, M. Malacria, C. Aubert, V. Gandon and L.
Fensterbank, ChemCatChem, 2010, 2, 493; (b) K. M. Engle, T.-S.
Mei, X. Wang and J.-Q. Yu, Angew. Chem. Int. Ed., 2011, 50, 1478;
(c) H. A. Wegner and M. Auzias, Angew. Chem. Int. Ed., 2011, 50,

4| J. Name., 2012, 00, 1-3

9

View Article Online
8236; (d) M. N. Hopkinson, A. D. Gee and®: Gdiverhéur0¢hBak:
Eur. J., 2011, 17, 8248; (e) M. Livendahl and A. M. Echavarren,
Chim. Oggi, 2012, 30, 19; (f) J. Miré and C. del Pozo, Chem. Rev.,
2016, 116, 11924; (g) Z. Zheng, Z. Wang, Z. Y. Wang and L. Zhang,
Chem. Soc. Rev., 2016, 45, 4448.
C.J. Jones, D. Taube, V. R. Ziatdinov, R. A. Periana, R. J. Nielsen, J.
Oxgaard and W. A. Goddard Ill, Angew. Chem. Int. Ed., 2004, 43,
4626.
(a) A. S. K. Hashmi, M. C. Blanco, D. Fischer and J. W. Bats, Eur. J.
Org. Chem., 2006, 1387; (b) G. Zhang, Y. Peng, L. Cui and L. Zhang,
Angew. Chem. Int. Ed., 2009, 48, 3112; (c) W. E. Brenzovich, Jr. D.
Benitez, A. D. Lackner, H. P. Shunatona, E. Tkatchouk, W. A.
Goddard Ill and F. D. Toste, Angew. Chem. Int. Ed., 2010, 49,
5519; (d) A. D. Melhado, W. E. Brenzovich Jr., A. D. Lackner and F.
D. Toste, J. Am. Chem. Soc., 2010, 132, 8885; (e) T. de Haro, C.
Nevado, J. Am. Chem. Soc., 2010, 132, 1512; Angew. Chem. Int.
Ed., 2011, 50, 906; (f) G. Zhang, Y. Luo, Y. Wang, L. Zhang, Angew.
Chem. Int. Ed., 2011, 50, 4450; (g) M. Hofer, A. Genoux, R. Kumar,
C. Nevado, Angew. Chem. Int. Ed., 2017, 56, 1021.
H. Peng, Y. Xi, N. Ronaghi, B. Dong, N. G. Akhmedov and X. Shi, J.
Am. Chem. Soc., 2014, 136, 13174.

10 For reports on Au(l)/Au(lll) catalysis from our laboratory, see: (a)

11

A. C. Shaikh, D. S. Ranade, P. R. Rajamohanan, P. P. Kulkarni and
N. T. Patil, Angew. Chem. Int. Ed., 2017, 56, 757; (b) M. O. Akram,
P.S. Mali and N. T. Patil, Org. Lett., 2017, 19, 3075. For reports on
gold/TIPS-EBX chemistry from our laboratory, see: (c) A. C.
Shaikh, D. R. Shinde and N. T. Patil, Org. Lett., 2016, 18, 1056; (d)
P. S. Shinde, A. C. Shaikh and N. T. Patil, Chem. Commun., 2016,
52, 8152; (e) M. O. Akram, S. Bera and N. T. Patil, Chem.
Commun., 2016, 52, 12306; (f) P. S. Shinde and N. T. Patil, Eur. J.
Org. Chem. 2017, DOI:10.1002/ejoc.201700524.

Reviews: (a) J. P. Brand and J. Waser, Chem. Soc. Rev., 2012, 41,
4165; (b) J. Kaschel and D. B. Werz, Angew. Chem. Int. Ed., 2015,
54, 8876; (c) Y. Li, D. P. Hari, M. V. Vita and J. Waser, Angew.
Chem. Int. Ed., 2016, 55, 4436;. For the first example of gold-
catalyzed C-H alkynylation using EBXs, see: (d) J. P. Brand, J.
Charpentier and J. Waser, Angew. Chem. Int. Ed. 2009, 48, 9346.

12 Synthetic routes to EBXs were first developed independently by

Ochiai and Zhdankin, see: (a) M. Ochiai, Y. Masaki and M. Shiro, J.
Org. Chem., 1991, 56, 5511; (b) V. V. Zhdankin, P. J. Persichini lll,
R. Cui and Y. Jin, Synlett 2000, 719.

13 For an example on the use of EBX reagents for C(sp)-C(sp) homo-

coupling, see: J. Schorgenhumer and M. Waser, Tetrahedron
Lett., 2016, 57, 1678.

14 During the preparation of this manuscript, an analogous example

15
16
17

of C(sp)-C(sp) cross-coupling reaction has been reported by Liu

and co-workers, see: X. Li, X. Xie, N. Sun and Y. Liu, Angew. Chem.

Int. Ed., 2017, 56, 6994.

J. F. Hartwig, Inorg. Chem., 2007, 46, 1936.

D. A. Engel and G. B. Dudley, Org. Biomol. Chem., 2009, 7, 4149.

A. Leyva-Pérez, A. Doménech-Carbd, A. Corma, Nat. Commun.,
2015, 6, 6703.

18 K. J. Kilpin, R. Horvath, G. B. Jameson, S. G. Telfer, K. C. Gordon

19

and J. D. Crowley, Organometallics, 2010, 29, 6186
See ESI for more details.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5


http://dx.doi.org/10.1039/c7cc04283c

Page 5 of 5

Published on 20 June 2017. Downloaded by University of Massachusetts - Amherst on 20/06/2017 17:48:34.

ChemComm

View Article Online
DOI: 10.1039/C7CC04283C

Graphical Abstract

Reported  herein is  gold-catalyzed alkynylation of terminal alkynes using
ethynylbenziodoxolones (EBXs) where EBXs serve dual role as oxidant as well as alkyne
transfer agent to access unsymmetrical 1,3-diynes. Hence, the catalytic system requires no
external oxidants and is compatible with a broad range of substrates, including those with polar

functional groups such as NH, OH and B(OH),.

(» source of alkynes
cat Au, cat Phen
O—I—== . 1,4-dioxane/CH5CN
O +
H— E’ 60°C, 12 h 42 examples
42-87% yield

External Oxidant Free!

dual role

oxidizes Au center



http://dx.doi.org/10.1039/c7cc04283c

