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ABSTRACT: Ir(III)-catalyzed direct C−H alkynylation of
arenes has been developed using commercially available TIPS-
acetylene as an efficient alkynylating reagent, where O-NHAc
was employed as an autocleavable oxidizing-directing group
(ODGauto), thus giving rise to ortho-alkynylated phenols under
mild reaction conditions in a highly efficient and redox-neutral
manner. The reaction proceeded with high regioselectivity and broad substrate/functional group (FG) tolerance. The synthetic
application of the products has been briefly exemplified. Preliminary mechanistic studies have been conducted, and a five-
membered iridacycle has also been identified as a key intermediate.
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Alkynylated arenes represent one of the most versatile
structural motifs that are widely found in pharmaceuticals,

organic materials, and natural products.1 Besides, they are of
great importance as synthetic intermediates and building
blocks.2 In particular, the unparalleled applications of alkynes
in click chemistry further highlighted their values.3 Con-
sequently, the development of efficient synthetic methods to
rapidly construct this privileged motif has attracted increasing
interest. In the past decade, several versatile alkynylation
systems have been successfully developed by using the
preactivated aryl halides (Sonogashira reaction, Scheme 1a-I)4

or prefunctonalized alkynyl source as coupling partners such as
alkynyl halides and benziodoxolone-based hypervalent iodine
reagents (Scheme 1a-II).5

Despite these advances, it would be ideal to take advantage of
ubiquitous terminal alkynes as the alkynylating reagent, which
should lead to a straightforward and atom-economy procedure.
In this context, a few seminal examples has been reported by
following Pd-, Ni-, and Cu-catalyzed C−H activation systems.6

Unfortunately, these alkynylation reactions are only limited to
specific substrates such as highly electron-poor arenes (Scheme
1a-III) and/or the requirement of a traditional directing group
(DG) (Scheme 1a-IV), which to some extent limited their
synthetic applications. Thus, it is still highly desirable to
develop general and efficient alkynylation systems to broaden
the current limited scope with respect to both the catalyst and
the substrate.
Recently, [Cp*TM] complexes (transition metal (TM) =

Rh, Ru and Ir) have attracted particular attention and stand out
as highly efficient catalysts in C−H functionalization, owing to
their high activity and excellent tolerance of substrate/
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Scheme 1. Transition-Metal-Catalyzed C−H Alkynylation:
(a) Previous Work; (b) This Work
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functional group (FG). A tremendously large number of key
structural motifs have been efficiently constructed in a step-
economical and waste-reducing fashion by employing such a
C−H activation strategy.7 In particular, since the pioneering
work by the research group of Yu in Pd(II) chemistry that
employed CONH-OMe group as a versatile DG for C−H
activation,8 so far several autocleavable oxidizing-directing
groups (ODGsauto) such as CONH−OR,9 N−NHR10 or O−
NHAc11 that act both as a DG and an internal oxidant have
stood out from the traditional DGs. Indeed, such functionalized
substrates offer three main advantages: (i) the use of ODGs is
often traceless in the products, facilitating their structural
diversity; (ii) the necessity of external oxidants is eliminated,
avoiding stoichiometric amounts of metal wastes; (iii) the
ODGs are readily autocleavable and can be incorporated into
the structural backbone of the product or transformed into
highly valuable FGs, expanding their synthetic potentials.
In accordance with the above information and inspired by

recent advances in transition-metal-catalyzed C−H functional-
ization for phenol synthesis,11b,c,g,12 we now describe a new,
mild, and efficient synthesis of ortho-alkynylated phenols via
Ir(III)-catalyzed direct C−H alkynylation of relatively inert
arenes bearing an O−NHAc group, a versatile ODGauto

(Scheme 1b-V). The resulting products can serve as useful
platforms for further synthetic transformations, including
heterocycle synthesis.
Although [Cp*TM] complexes have proved highly efficient

in catalytic C−H activation, alkynylation using terminal alkynes
remains unreported using these catalysts. We commenced our
studies with the coupling between TIPS-acetylene (2) and
arenes bearing an ODGauto (CONH−OMe, NH−NAc, N-
(CH3)−NO and O−NHAc) in MeOH using several
representative [Cp*TM] (TM= Rh(III), Ru(II) and Ir(III))
catalysis (see Supporting Information). To our delight, the
desired alkynylation proceeded efficiently at room temperature
when [Cp*IrCl2]2 was used as the catalyst with O−NHAc
group being the ODGauto, delivering ortho-alkynylated phenol
3a in 68% yield. Encouraged by this finding, we next chose
[Cp*IrCl2]2 as the catalyst, as well as N-phenoxyacetamide 1a
(0.15 mmol) and 2 (1.5 equiv) as model substrates, and various
experimental parameters were extensively investigated to define
the optimal reaction conditions. A survey of solvents revealed
that MeOH was the optimal solvent. The catalyst loading
screening suggested that the amount of the catalyst played a key
role in determining the catalytic activity for this reaction. With
the introduction of both CsOAc (1.0 equiv) and HOAc (0.2
equiv) as additives, we were pleased to find that 3a was
obtained in 81% yield, suggesting that the presence of HOAc
might disminish the undesired homocoupling of TIPS-
acetylene substrate by inhibiting the dissociation of relatively
acidic terminal proton.6g However, further increasing the
amount of HOAc gave inferior result. In summary, we obtained
the optimal conditions consisting of [Cp*IrCl2]2 (5 mol %),
CsOAc (1.0 equiv), HOAc (0.2 equiv), substrate 1a (0.15 mol),
and 2 (1.5 equiv) in MeOH (1.0 mL) at room temperature.
With the optimal catalytic system in hand, we sought to

investigate the scope and limitations of N-phenoxyacetamide
substrates. As given in Scheme 2, a great variety of substituted
N-phenoxyacetamides reacted smoothly with TIPS-acetylene 2
to afford the corresponding ortho-alkynylated phenols in
moderate to good isolated yields. Both electron-donating and
-withdrawing groups at the para- (3a−i and 3r), meta- (3j−o
and 3r), and ortho- (3p−q) position are well-tolerated.

Additionally, the reaction also showed good compatibility
with a wide range of valuable FGs, including Fluoro (3b, 3g and
3s), chloro (3c), bromo (3d, 3o and 3p), alkyl (3e, 3g, 3m and
3p), phenyl (3f and 3l), methoxy (3h and 3n), ester (3i), and
trifluoromethyl (3k) substituents. Interestingly, substrates 1j−l
bearing fluoro, trifluoromethyl, and phenyl FGs at the meta-
position, respectively, offered the corresponding alkynylation
products 3j−l with high regioselectivity and good yield.
Nevertheless, the meta-methyl, methoxy, and bromo derivatives
all gave a mixture of regioisomeric products (i) and (ii) in good
to high combined yields (i:ii = 2−9:1). Taken together, these
results revealed that the nature of the substituent at the meta-
position played a vital role in determining the outcome of the
reaction. Notably, polysubstituted N-phenoxyacetamides, such
as N-(3,4-dimethylphenoxy)acetamide (1r) and N-(3,5-
difluorophenoxy)acetamide (1s) are also applicable to deliver
the desired products in good yields. Gratifyingly, the
alkynylation reaction with 2 also tolerated the polyaromatic
naphthalene substrate, producing the interesting 3t in syntheti-
cally useful yield with excellent regioselectivity. The preparation
of 3f on a 5 mmol scale with reasonable yield further illustrated
the scalability of this Ir(III)-catalyzed system. To better define
the scope of this reaction, we further explored other terminal
alkynes such as phenylacetylene and methyl propiolate.
However, no expected coupling products were observed,
indicating that the presence of a TIPS substituent was crucial
for this reaction.
Importantly, the TIPS moiety, the alkyne part, and the f ree−

OH in the products served as important handles for further
chemical manipulation. As illustrated in Scheme 3, the

Scheme 2. Substrate Scope of N-Phenoxyacetamideb

aFive mmol scale. bReaction conditions: 1 (0.15 mmol), 2 (0.23
mmol), [Cp*IrCl2] 2 (5 mol %), CsOAc (1.0 equiv), and HOAc (0.2
equiv) in MeOH (1.0 mL) at room temperature for 12−24 h, under
N2. Isolated yields of isolated products are given.
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desilylation of 3f was easily achieved upon treatment with
TBAF to provide 3-ethynylbiphenyl-4-ol (4), which could be
used as a useful synthon for one-pot construction of highly
attractive benzofuran (5 and 6) and chalcone (7) scaffolds, two
privileged core structural motifs in many biologically active
compounds.13

We next performed a series of experimental investigations to
explore the possible reaction mechanism. First, the reversibility
of the C−H activation step was examined by running the
reaction in deuterated methanol in the absence of 2. As shown
in Scheme 4a, after stirring at room temperature for 2 h, 98% of
1a was recovered and no incorporation of deuterium (<5% D)
was observed, revealing that the C−H bond activation process
was largely irreversible.14

Second, the isotope-labeling experiment was carried out with
[D5]-1a (Scheme 4b). Treatment of 2 with an equimolar

amount of 1a and [D5]-1a for 2 h under our standard
conditions gave a kH/kD ratio of 1.86. A similar KIE value (kH/
kD= 1.17) was also obtained from two independent, side-by-
side experiments using an equimolar amount of 1a and [D5]-1a
(Scheme 4c). These results indicated that the C−H bond
cleavage was not involved in the turnover-limiting step of the
Ir(III) cycle.15

Subsequently, a competitive coupling between an equimolar
amount of 1e and 1i in the coupling with 2 was conducted to
delineate the electronic preference of the reaction (Scheme 4d).
The ratio of products showed that the electron-deficient 1i was
preferentially converted (3e/3i = 1:1.5), suggesting that the
C−H activation process might follow a concerted metalation−
deprotonation (CMD) mechanism.16

To gain further insights into the catalytic cycle, we further
carried out the synthesis and analysis of the possible
intermediate (Scheme 4e). Thus, substrate 1a was reacted
with the catalyst [Cp*IrCl2]2 in CH3CN at room temperature
in the presence of NaOAc, producing the five-membered
iridacyclic intermediate A in excellent yield. Complex A proved
to be an active catalyst for the coupling of 1a with 2, and 3a was
obtained in 68% isolated yield, which provided clear evidence
that C−H activation was involved in the catalytic cycle.
In conclusion, we have developed a new, mild and effective

Ir(III)-catalyzed system for the direct alkynylation of arenes
with TIPS-acetylene using the O−NHAc group as the versatile
ODGauto, which enables highly efficient and redox-neutral
synthesis of diverse ortho-alkynylated phenols with broad
substrate/FG tolerance. Moreover, the synthetic utilities with
regard to the TIPS moiety, the alkyne part, and the f ree−OH
group of the coupled products have been demonstrated in
subsequent derivatization reactions for rapid construction of
biologically important benzofuran and chalcone scaffolds.
Through the mechanistic studies, a key five-membered
iridacycle has been established as a key intermediate. Further
studies on the scope, mechanism, and application of this
catalytic system are currently underway in our laboratories.
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Scheme 3. Derivatization of 3f

Scheme 4. Mechanistic Studiesa

a(a) Reversibility of the C−H activation. (b) Isotope-labeling
experiment. (c) Independent kinetic isotope study. (d) Competitive
experiment. (e) Reaction intermediate investigation.
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7318−7322. (h) Hyster, T. K.; Knörr, K. L.; Ward, T. R.; Rovis, T.
Science 2012, 338, 500−503. (i) Wang, H.; Grohmann, C.; Nimphius,
C.; Glorius, F. J. Am. Chem. Soc. 2012, 134, 19592−19595. (j) Ye, B.;
Cramer, N. Science 2012, 338, 504−507. (k) Hyster, T. K.; Ruhl, K. E.;
Rovis, T. J. Am. Chem. Soc. 2013, 135, 5364−5367. (l) Cui, S.; Zhang,
Y.; Wang, D.; Wu, Q. Chem. Sci. 2013, 4, 3912−3916. (m) Huang, X.;
Huang, J.; Du, C.; Zhang, X.; Song, F.; You, J. Angew. Chem., Int. Ed.
2013, 52, 12970−12974. (n) Sharma, U.; Park, Y.; Chang, S. J. Org.
Chem. 2014, 79, 9899−9906. (o) Zhao, D.; Lied, F.; Glorius, F. Chem.
Sci. 2014, 5, 2869−2873. (p) Yu, D. G.; de Azambuja, F.; Gensch, T.;
Daniliuc, C. G.; Glorius, F. Angew. Chem., Int. Ed. 2014, 53, 9650−
9654. (q) Zhang, X.; Qi, Z.; Li, X. Angew. Chem., Int. Ed. 2014, 53,
10794−10798. (r) Neely, J. M.; Rovis, T. J. Am. Chem. Soc. 2014, 136,
2735−2738. (s) Liu, Y. J.; Xu, H.; Kong, W. J.; Shang, M.; Dai, H. X.;
Yu, J. Q. Nature 2014, 515, 389−393. (t) Wang, X.; Tang, H.; Feng,
H.; Li, Y.; Yang, Y.; Zhou, B. J. Org. Chem. 2015, 80, 6238−6249.
(10) For selected examples, see: (a) Zhao, D.; Shi, Z.; Glorius, F.
Angew. Chem., Int. Ed. 2013, 52, 12426−12429. (b) Wang, C.; Huang,
Y. Org. Lett. 2013, 15, 5294−5297. (c) Liu, B.; Song, C.; Sun, C.;
Zhou, S.; Zhu, J. J. Am. Chem. Soc. 2013, 135, 16625−16631.
(d) Wang, C.; Sun, H.; Fang, Y.; Huang, Y. Angew. Chem., Int. Ed.
2013, 52, 5795−5798. (e) Zheng, L.; Hua, R. Chem. - Eur. J. 2014, 20,
2352−2326. (f) Muralirajan, K.; Cheng, C. H. Adv. Synth. Catal. 2014,
356, 1571−1576. (g) Zhang, Z.; Jiang, H.; Huang, Y. Org. Lett. 2014,
16, 5976−5979. (h) Sun, H.; Wang, C.; Yang, Y. F.; Chen, P.; Wu, Y.
D.; Zhang, X.; Huang, Y. J. Org. Chem. 2014, 79, 11863−11872.
(i) Zhou, B.; Yang, Y.; Tang, H.; Du, J.; Feng, H.; Li, Y. Org. Lett.
2014, 16, 3900−3903.
(11) For recent examples, see: (a) Liu, G.; Shen, Y.; Zhou, Z.; Lu, X.
Angew. Chem., Int. Ed. 2013, 52, 6033−6037. (b) Shen, Y.; Liu, G.;
Zhou, Z.; Lu, X. Org. Lett. 2013, 15, 3366−3369. (c) Hu, F.; Xia, Y.;
Ye, F.; Liu, Z.; Ma, C.; Zhang, Y.; Wang, J. Angew. Chem., Int. Ed. 2014,
53, 1364−1367. (d) Zhang, H.; Wang, K.; Wang, B.; Yi, H.; Hu, F.; Li,
C.; Zhang, Y.; Wang, J. Angew. Chem., Int. Ed. 2014, 53, 13234−13238.
(e) Duan, P.; Lan, X.; Chen, Y.; Qian, S. S.; Li, J. J.; Lu, L.; Lu, Y.;
Chen, B.; Hong, M.; Zhao, J. Chem. Commun. 2014, 50, 12135−12138.
(f) Chen, Y.; Wang, D.; Duan, P.; Ben, R.; Dai, L.; Shao, X.; Hong, M.;
Zhao, J.; Huang, Y. Nat. Commun. 2014, 5, 4610−4618. (g) Zhou, J.;
Shi, J.; Liu, X.; Jia, J.; Song, H.; Xu, H. E.; Yi, W. Chem. Commun.
2015, 51, 5868−5871.
(12) (a) Dai, H. X.; Li, G.; Zhang, X. G.; Stepan, A. F.; Yu, J. Q. J.
Am. Chem. Soc. 2013, 135, 7567−7571. (b) Li, B.; Ma, J.; Liang, Y.;
Wang, N.; Xu, S.; Song, H.; Wang, B. Eur. J. Org. Chem. 2013, 2013,
1950−1962. (c) Huang, C.; Chattopadhyay, B.; Gevorgyan, V. J. Am.
Chem. Soc. 2011, 133, 12406−12409.
(13) For recently representative reviews about benzofuran scaffold,
see: (a) Simonetti, S. O.; Larghi, E. L.; Bracca, A. B.; Kaufman, T. S.
Nat. Prod. Rep. 2013, 30, 941−969. (b) Naik, R.; Harmalkar, D. S.; Xu,
X.; Jang, K.; Lee, K. Eur. J. Med. Chem. 2015, 90, 379−393. (c) Nevagi,
R. J.; Dighe, S. N.; Dighe, S. N. Eur. J. Med. Chem. 2015, 97, 561−581.
For selected review about chalcone scaffold, see: (d) Austin, M. B.;
Noel, J. P. Nat. Prod. Rep. 2003, 20, 79−110. (e) Ahcene, B.; Xavier,
R.; Jean, B.; Boumendjel, A.; Ronot, X.; Boutonnat, J. Curr. Drug
Targets 2009, 10, 363−371. (f) Kumar, D.; Kumar, M.; Kumar, A.;
Singh, S. K. Mini-Rev. Med. Chem. 2013, 13, 2116−2133.
(14) (a) Hyster, T. K.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 10565−
10569. (b) Guimond, N.; Gorelsky, S. I.; Fagnou, K. J. Am. Chem. Soc.
2011, 133, 6449−6457.
(15) (a) Jones, W. D. Acc. Chem. Res. 2003, 36, 140−146.
(b) Simmons, E. M.; Hartwig, J. F. Angew. Chem., Int. Ed. 2012, 51,
3066−3072. (c) Zhang, S. S.; Wu, J. Q.; Liu, X.; Wang, H. ACS Catal.
2015, 5, 210−214.

ACS Catalysis Letter

DOI: 10.1021/acscatal.5b01571
ACS Catal. 2015, 5, 6999−7003

7002

http://dx.doi.org/10.1021/acscatal.5b01571


(16) (a) Ackermann, L. Chem. Rev. 2011, 111, 1315−1345.
(b) Wang, H.; Glorius, F. Angew. Chem., Int. Ed. 2012, 51, 7318−
7322. (c) Gorelsky, S. I. Coord. Chem. Rev. 2013, 257, 153−164.
(d) Zheng, J.; You, S. L. Chem. Commun. 2014, 50, 8204−8207. (e) Li,
L.; Brennessel, W. W.; Jones, W. D. Organometallics 2009, 28, 3492−
3500.

ACS Catalysis Letter

DOI: 10.1021/acscatal.5b01571
ACS Catal. 2015, 5, 6999−7003

7003

http://dx.doi.org/10.1021/acscatal.5b01571

