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Abstract: A new a-C(sp3)�H alkynylation of unactivated
tertiary aliphatic amines with 1-iodoalkynes as radical alky-
nylating reagents in the presence of [Au2(m-dppm)2]

2+ in
sunlight provides propargylic amines. Based on mechanistic
studies, a C�C coupling of an a-aminoalkyl radical and an
alkynyl radical is proposed for the C(sp3)�C(sp) bond
formation. The mild, convenient, efficient, and highly selective
C(sp3)�H alkynylation reaction shows excellent regioselectiv-
ity and good functional-group compatibility. A scale-up to
gram quantities is possible with sunlight used as a clean and
sustainable energy source.

C-Alkynylation reactions are important for organic syn-
thesis, as alkyne moieties are not only versatile building
blocks, but also important structural motives in organic
materials and biologically active molecules.[1] Sonogashira
coupling is a very powerful method for the formation of
C(sp2)�C(sp) bonds,[2] but the chemospecific construction of
C(sp3)�C(sp) bonds still remains a challenge, which was
addressed during the past decade by the development of
nucleophilic[3] and electrophilic[4] C(sp3)�C(sp) bond forma-
tion, but much less by radical alkynylation of C(sp3) centers.
The pioneering contributions in this field used alkylmercury
halides,[5] alkyl halides,[6] and even C�H bonds[7] as C(sp3)
radical precursors and combined them with alkynyl sulfones
and radical initiators under UV conditions. In 2006, a radical
deboronative alkynylation of B-alkylcatecholboranes with
alkynyl sulfones using di-tert-butylhyponitrite as a radical
initiator was reported.[8] Recently, the silver-catalyzed oxida-
tive decarboxylative alkynylation of aliphatic carboxylic
acids[9] and visible-light-induced deboronative alkynylation
of alkyl trifluoroborates were achieved by using ethynylben-
ziodoxolones (EBX) as a radical alkynylating reagent.[10] The
broad substrate scope is a further advantage of the radical
C(sp3)�C(sp) coupling methods—but most of these methods
rely on the use of hazardous radical initiators or external
oxidants (organostannanes, iodine(III) reagents, AIBN,
K2S2O8 etc.) and require prefunctionalization of the sub-

strates or special photoreactors. In a continuation of our work
on gold-catalyzed C�H activation,[12, 13] we now present the
first example of a gold-catalyzed redox-neutral radical a-
C(sp3)�H alkynylation of unactivated tertiary aliphatic
amines that is based on photoredox catalysis with sunlight[11]

and thus obviates prefunctionalization of the substrates
(Scheme 1). The products are formed by the coupling of an

a-aminoalkyl radical[14] and an alkynyl radical[15] instead of
the previously reported radical addition/elimination path-
ways.

Organic halides and tertiary amines were usually used in
photoredox reactions as the oxidative and reductive
quencher, respectively, undergoing reductive dehalogenation
reactions.[16] As the radical C(sp3)�H alkynylation of tertiary
amines was unprecedented,[17] we studied the feasibility of
radical C(sp3)�C(sp) coupling reactions of a-aminoalkyl
radicals and alkynyl radicals generated from tertiary amines
and electrophilic alkynes under photoredox conditions. The
bench-stable and easily available [Au2(m-dppm)2]

2+ (dppm =

bis(diphenylphosphanyl)methane) is a promising photosensi-
tizer,[18] which was recently applied by Barriault and co-
workers in elegant photoredox reactions with unactivated
halogen-substituted starting materials.[16c] As a consequence,
we started to investigate the reaction of N,N-diisopropylme-
thylamine (2a) with various electrophilic alkynes 3a–c in
sunlight and using [Au2(m-dppm)2]Cl2 1a as a photocatalyst
(Table 1, entries 1–3). Trace amounts of the desired redox-
neutral coupling product 4aa were obtained with 3a or 3b as
the alkynylating reagents (entries 1 and 2). A 53% yield of
4aa (the by-products 5a and diyne 6a were observed by GC-
MS analysis) was obtained with 3c[19] (entry 3). The use of
K2HPO4 as an additional base delivered slightly higher yields
(51 % versus 40% without K2HPO4; entry 4). Of the gold

Scheme 1. Different strategies for radical C(sp3)�C(sp) coupling
reactions.
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photocatalysts screened, 1b showed the highest catalytic
activity (entries 3, 5, and 6). By adding 2.0 equiv N,N-
diisopropylmethylamine, K2HPO4 could not only be substi-
tuted as an external base, but the yield of the reaction
improved to 81% of 4aa in 1.5 h (entry 7). Even the loading
of photocatalyst 1b could be reduced to 1 mol% (entry 8).
MeCN was the best solvent.[20] The use of [Ru(bpy)3]Cl2 or
fac-[Ir(ppy)3] instead of the gold complex 1 b resulted in
a lower yield (entries 9 and 10). Besides sunlight, UVA light
(l = 315–400 nm) could also efficiently promote the reaction
(entry 12). However, irradiation of the reaction mixture with
either UV light (l = 254 nm) or a fluorescent bulb delivered
only traces of the desired product (entries 11 and 13). The
control experiments demonstrated that both light and photo-
catalyst were necessary for the formation of 4aa (entries 14
and 15). 3 d and the tertiary amine 2a did not provide 4 aa with
the very efficient I2-TBHP oxidative catalytic system
(entry 16).[21]

A variety of substituted 1-iodoalkynes were examined
under the optimized reaction conditions (Table 2). Both
donor and acceptor substituents in the o-, m-, or p-position

of the phenylacetylene derivatives gave the corresponding
coupling products 4aa–am selectively in 71–91% yield. The
heteroaromatic 4an and 4 ao were isolated in yields of 75%
and 81%. 3-Iodopropiolate furnished 4ap in 51 % yield.
When an aliphatic group was present, 4aq was obtained in
only 18 % yield; hex-1-yne was the main product—which
suggests that a hydrogen abstraction seems to be favored over
a radical–radical cross-coupling for alkylalkynyl radicals. 1-
(Iodoethynyl)cyclohex-1-ene furnished the desired 4ar in
66% yield.

While N,N-dialkylanilines[3d] and N-aryltetrahydroisoqui-
nolines[3p] are more reactive, mild alkynylations of a-C(sp3)�
H bonds of tertiary aliphatic amines are relatively rare.[22] Our
new procedure gave moderate to good yields of 4aa–4oa
(Table 3). In the absence of 1b, only a small amount of 4ba is
obtained, thus emphasizing the necessity of a photocatalyst.
For the unsymmetrical tertiary amines bearing various func-
tional groups (-OH, ether, acetal, -CHO, N-Boc, etc.) from
Table 3, exclusively 4aa, 4ba and 4ea–4ga, or mainly 4ha–
4oa were obtained, which indicated a reaction at the methyl
group adjacent to the nitrogen atom instead of the methylene
or methine group. The redox-neutral radical alkynylation
procedure was applied in the selective C(sp3)�H alkynylation
of the antidepressant drug citalopram (4oa). N-Arylamines
failed to undergo the radical alkynylation reaction.[20] A gram-
scale conversion gave a 75 % yield of 4aa (Scheme 2).

Table 1: Optimization of the reaction conditions.[a]

Entry Photocatalyst
(mol%)

X Base
(2.0 equiv)

Equiv
2a

Time
[h]

Yield of 4aa
[%][b]

1 1a (3) BX K2HPO4 3 6 trace
2 1a (3) Br K2HPO4 3 6 trace
3 1a (3) I K2HPO4 3 6 53
4 1a (3) I – 3 6 40
5 1b (3) I K2HPO4 3 6 62
6 1c (3) I K2HPO4 3 6 60
7 1b (3) I – 5 1.5 81
8 1b (1) I – 5 1.5 81
9 [Ru(bpy)3]Cl2

(1)
I – 5 6 62

10 [Ir(ppy)3] (1) I – 5 1.5 76
11[c] 1b (1) I – 5 1.5 trace
12[d] 1b (1) I – 5 2 78
13[e] 1b (1) I – 5 1.5 trace
14[f ] 1b (1) I – 5 1.5 trace
15 – I – 5 1.5 28
16[g] – H – 5 6 0

[a] Reaction conditions: 3a–d (0.1 mmol), 2a (3–5 equiv), MeCN
(0.25 mL), sunlight. [b] Yield of isolated product. [c] UV light
(l = 254 nm). [d] UVA light (l = 315–400 nm). [e] 35 W fluorescent bulb.
[f ] In the dark. [g] 10 mol% I2 and 3.0 equiv TBHP at room temperature.
bpy = 2,2’-bipyridine, ppy= 2-phenylpyridine, TBHP = tert-butyl hydro-
peroxide.

Table 2: Reaction scope with regard to the 1-iodoalkynes.[a]

[a] Reaction conditions: [Au2(m-dppm)2](OTf)2 (1 mol%), 1-iodoalkyne
(0.2 mmol), 2a (5.0 equiv), MeCN (0.5 mL), room temperature, sun-
light.
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The mechanistic experiments are shown in Scheme 3. The
addition of the radical inhibitors TEMPO or hydroquinone or
the electron-transfer scavenger 1,4-dinitrobenzene signifi-
cantly inhibits the transformation. This finding implies
a radical pathway that proceeds through a single-electron-
transfer (SET) process should be involved. Under the
optimized reaction conditions, besides the desired 4 aa, 5a
(13 %) and diyne 6a (trace) were also detected as by-products
by GC-MS analysis [Eq. (1)]. Lowering the concentration of
the tertiary amine slowed down the a-deprotonation of the
amino-centered radical, thus favoring the competing homo-
dimerization and hydrogen abstraction. Indeed, 5a and 6a
were formed in 23 % and 28% yield, respectively, with only
two equivalents of amine 2a [Eq. (2)]. Thus, an excess of

tertiary amines/base is essential for the reaction, as the
generation of the a-aminoalkyl radical is favored under basic
conditions.[14g] With K2HPO4 instead of the tertiary amine, 6a
was produced in 11% yield (substoichiometric with respect to
the catalyst), despite a low conversion of 3c [Eq. (3)]. The
conversion of 3c failed in the absence of a photocatalyst or in
the dark [Eq. (4)]. No reaction occurred if phenylacetylene
was employed instead of the iodoalkyne [Eq. (5)]. Electron-
rich furan was used to trap the alkynyl radical,[15a,b] and the
expected C(sp2)�C(sp) coupling product was observed (see
the Supporting Information for details). These control experi-
ments indicate the generation of an alkynyl radical from 1-
iodoalkyne in the presence of photocatalyst 1b in sunlight.
The dimerization of 2a to 7[14c] was observed by GC-MS
analysis during optimization of the reaction with aliphatic 1-
iodohex-1-yne [Eq. (6)].[20] The nucleophilicity of an a-
aminoalkyl radical[14a–d] results in the addition of Michael
acceptor 8 delivering the expected addition product 9
[Eq. (7)]. These results strongly indicate that an a-aminoalkyl
radical is another important intermediate. The model reac-
tion (1) needed continuous irradiation with sunlight; no
conversion of (iodoethynyl)benzene 3c was detected in the
dark.[20]

Table 3: Reaction scope with regard to the tertiary aliphatic amines.[a]

[a] Reaction conditions: [Au2(m-dppm)2](OTf)2 (1 mol%), 3c (0.2 mmol),
tertiary amines (5.0 equiv), MeCN (0.5 mL), room temperature, sunlight.
The regioisomeric ratio (r.r.) was determined by 1H NMR. Yields of the
isolated product. [b] 1.2 equiv 4-dimethylaminopyridine (DMAP) was
added. [c] Without photocatalyst 1b. [d] UVA light was used instead of
sunlight.

Scheme 2. Gram-scale experiment.

Scheme 3. Mechanistic experiments.
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A possible mechanism is shown in Scheme 4 based on the
visible-light-mediated a-C(sp3)�H arylation of tertiary
amines with 1,4-dicyanobenzene[14g] and on our results. First
the excited-state form of dinuclear gold complex 10 is
generated by irradiation with sunlight. Owing to its powerful
reducing ability [Eo(Au2

3+/*Au2
2+) =�1.5 to �1.7 V versus

SSCE],[23] it should be possible to donate an electron to 3c,[24]

which then fragments, thereby forming the alkynyl radical
species 11.[15a,b, 20] Then, the resulting dimeric gold complex 12
would be reduced through a SET process from tertiary amines
2a to give amine radical cation 13, which can afford a-
aminoalkyl radical 14 by a deprotonation process. Finally, the
radical–radical coupling of the a-aminoalkyl radical 14 and
alkynyl radical 11 affords the desired product 4aa.[25] Alter-
natively, the abstraction of a hydrogen atom by the alkynyl
radical 11 from the a-position of the amino-centered radical
13 or the homocoupling of two alkynyl radicals 11 can
generate by-products 5 a and 6a. The selectivity for the
preferred cross-recombination of two different radicals can
easily be explained by the “persistent” radical effect.[26, 27]

In summary, a highly efficient gold-catalyzed radical
C(sp3)�H alkynylation of tertiary aliphatic amines using
readily available 1-iodoalkynes as a radical alkynylating
reagent in the presence of [Au2(m-dppm)2]

2+ under mild
reaction conditions was developed. Mechanistic studies
indicate a coupling of an a-aminoalkyl radical and an alkynyl
radical.

Keywords: C�H activation · gold catalysis ·
photoredox catalysis · radical C�C coupling · sunlight

[1] F. Diederich, P. J. Stang, R. R. Tykwinski, Acetylene Chemistry :
Chemistry, Biology and Material Science, Wiley-VCH, Wein-
heim, 2005.

[2] a) K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett.
1975, 16, 4467 – 4470; b) R. Chinchilla, C. N�jera, Chem. Rev.
2007, 107, 874 – 922; c) R. Chinchilla, C. Najera, Chem. Soc. Rev.
2011, 40, 5084 – 5121.

[3] a) B. M. Trost, A. H. Weiss, Adv. Synth. Catal. 2009, 351, 963 –
983; b) C.-J. Li, Acc. Chem. Res. 2010, 43, 581 – 590; selected
examples: c) M. Eckhardt, G. C. Fu, J. Am. Chem. Soc. 2003,
125, 13642 – 13643; d) Z. Li, C.-J. Li, J. Am. Chem. Soc. 2004, 126,
11810 – 11811; e) Y. Zhao, H. Wang, X. Hou, Y. Hu, A. Lei, H.
Zhang, L. Zhu, J. Am. Chem. Soc. 2006, 128, 15048 – 15049;
f) D. K. Rayabarapu, J. A. Tunge, J. Am. Chem. Soc. 2005, 127,

13510 – 13511; g) X. Xu, X. Li, Org. Lett. 2009, 11, 1027 – 1029;
h) G. Cahiez, O. Gager, J. Buendia, Angew. Chem. Int. Ed. 2010,
49, 1278 – 1281; Angew. Chem. 2010, 122, 1300 – 1303; i) I. Jovel,
S. Prateeptongkum, R. Jackstell, N. Vogl, C. Weckbecker, M.
Beller, Chem. Commun. 2010, 46, 1956 – 1958; j) M. Chen, X.
Zheng, W. Li, J. He, A. Lei, J. Am. Chem. Soc. 2010, 132, 4101 –
4103; k) C. Zhang, D. Seidel, J. Am. Chem. Soc. 2010, 132, 1798 –
1799; l) O. Vechorkin, A. Godinat, R. Scopelliti, X. Hu, Angew.
Chem. Int. Ed. 2011, 50, 11777 – 11781; Angew. Chem. 2011, 123,
11981 – 11985; m) T. Hatakeyama, Y. Okada, Y. Yoshimoto, M.
Nakamura, Angew. Chem. Int. Ed. 2011, 50, 10973 – 10976;
Angew. Chem. 2011, 123, 11165 – 11168; n) F. Ye, X. Ma, Q. Xiao,
H. Li, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2012, 134, 5742 –
5745; o) T. Sugiishi, H. Nakamura, J. Am. Chem. Soc. 2012, 134,
2504 – 2507; p) M. Rueping, R. M. Koenigs, K. Poscharny, D. C.
Fabry, D. Leonori, C. Vila, Chem. Eur. J. 2012, 18, 5170 – 5174.

[4] J. P. Brand, J. Waser, Chem. Soc. Rev. 2012, 41, 4165 – 4179.
[5] a) G. A. Russell, P. Ngoviwatchai, Tetrahedron Lett. 1986, 27,

3479 – 3482; b) G. A. Russell, P. Ngoviwatchai, H. I. Tashtoush,
A. Pla-Dalmau, R. K. Khanna, J. Am. Chem. Soc. 1988, 110,
3530 – 3538.

[6] J. Xiang, P. L. Fuchs, Tetrahedron Lett. 1998, 39, 8597 – 8600.
[7] J. Gong, P. L. Fuchs, J. Am. Chem. Soc. 1996, 118, 4486 – 4487.
[8] A.-P. Schaffner, V. Darmency, P. Renaud, Angew. Chem. Int. Ed.

2006, 45, 5847 – 5849; Angew. Chem. 2006, 118, 5979 – 5981.
[9] X. Liu, Z. Wang, X. Cheng, C. Li, J. Am. Chem. Soc. 2012, 134,

14330 – 14333.
[10] H. Huang, G. Zhang, L. Gong, S. Zhang, Y. Chen, J. Am. Chem.

Soc. 2014, 136, 2280 – 2283.
[11] a) T. P. Yoon, M. A. Ischay, J. N. Du, Nat. Chem. 2010, 2, 527 –

532; b) J. M. R. Narayanam, C. R. J. Stephenson, Chem. Soc.
Rev. 2011, 40, 102 – 113; c) J. Xuan, W.-J. Xiao, Angew. Chem.
Int. Ed. 2012, 51, 6828 – 6838; Angew. Chem. 2012, 124, 6934 –
6944; d) S. Maity, N. Zheng, Synlett 2012, 23, 1851 – 1856; e) L.
Shi, W. Xia, Chem. Soc. Rev. 2012, 41, 7687 – 7697; f) C. K. Prier,
D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322 –
5363; g) D. Ravelli, M. Fagnoni, A. Albini, Chem. Soc. Rev. 2013,
42, 97 – 113; h) Y. Xi, H. Yi, A. Lei, Org. Biomol. Chem. 2013, 11,
2387 – 2403; i) D. P. Hari, B. Kçnig, Angew. Chem. Int. Ed. 2013,
52, 4734 – 4743; Angew. Chem. 2013, 125, 4832 – 4842; j) M.
Reckenth�ler, A. G. Griesbeck, Adv. Synth. Catal. 2013, 355,
2727 – 2744; k) J. Xie, H. Jin, P. Xu, C. Zhu, Tetrahedron Lett.
2014, 55, 36 – 48; l) D. M. Schultz, T. P. Yoon, Science 2014, 343,
1239176.

[12] a) A. S. K. Hashmi, S. Sch�fer, M. Wçlfle, C. DiezGil, P. Fischer,
A. Laguna, M. C. Blanco, M. C. Gimeno, Angew. Chem. Int. Ed.
2007, 46, 6184 – 6187; Angew. Chem. 2007, 119, 6297 – 6300;
b) A. S. K. Hashmi, M. Wieteck, I. Braun, M. Rudolph, F.
Rominger, Angew. Chem. Int. Ed. 2012, 51, 10633 – 10637;
Angew. Chem. 2012, 124, 10785 – 10789; c) A. S. K. Hashmi, I.
Braun, P. Nçsel, J. Sch�dlich, M. Wieteck, M. Rudolph, F.
Rominger, Angew. Chem. 2012, 124, 4532 – 4536; Angew. Chem.
Int. Ed. 2012, 51, 4456 – 4460; d) M. M. Hansmann, M. Rudolph,
F. Rominger, A. S. K. Hashmi, Angew. Chem. 2013, 125, 2653 –
2659; Angew. Chem. Int. Ed. 2013, 52, 2593 – 2598; e) P. Nçsel,
L. N. dos Santos Comprido, T. Lauterbach, M. Rudolph, F.
Rominger, A. S. K. Hashmi, J. Am. Chem. Soc. 2013, 135,
15662 – 15666.

[13] J. Xie, C. Pan, A. Abdukader, C. Zhu, Chem. Soc. Rev. 2014, 43,
5245 – 5256.

[14] a) Y. Miyake, Y. Ashida, K. Nakajima, Y. Nishibayashi, Chem.
Commun. 2012, 48, 6966 – 6968; b) Y. Miyake, K. Nakajima, Y.
Nishibayashi, J. Am. Chem. Soc. 2012, 134, 3338 – 3341; c) P.
Kohls, D. Jadhav, G. Pandey, O. Reiser, Org. Lett. 2012, 14, 672 –
675; d) S. Zhu, A. Das, L. Bui, H. Zhou, D. P. Curran, M.
Rueping, J. Am. Chem. Soc. 2013, 135, 1823 – 1829; e) H. Zhou,
P. Lu, X. Gu, P. Li, Org. Lett. 2013, 15, 5646 – 5649; f) L. R.

Scheme 4. Possible reaction mechanism.

.Angewandte
Communications

4 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 1 – 6
� �

These are not the final page numbers!

http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1021/cr050992x
http://dx.doi.org/10.1021/cr050992x
http://dx.doi.org/10.1039/c1cs15071e
http://dx.doi.org/10.1039/c1cs15071e
http://dx.doi.org/10.1002/adsc.200800776
http://dx.doi.org/10.1002/adsc.200800776
http://dx.doi.org/10.1021/ar9002587
http://dx.doi.org/10.1021/ja038177r
http://dx.doi.org/10.1021/ja038177r
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja0647351
http://dx.doi.org/10.1021/ja0542688
http://dx.doi.org/10.1021/ja0542688
http://dx.doi.org/10.1021/ol802974b
http://dx.doi.org/10.1002/anie.200905816
http://dx.doi.org/10.1002/anie.200905816
http://dx.doi.org/10.1002/ange.200905816
http://dx.doi.org/10.1039/b924674f
http://dx.doi.org/10.1021/ja100630p
http://dx.doi.org/10.1021/ja100630p
http://dx.doi.org/10.1021/ja910719x
http://dx.doi.org/10.1021/ja910719x
http://dx.doi.org/10.1002/anie.201105964
http://dx.doi.org/10.1002/anie.201105964
http://dx.doi.org/10.1002/ange.201105964
http://dx.doi.org/10.1002/ange.201105964
http://dx.doi.org/10.1002/anie.201104125
http://dx.doi.org/10.1002/ange.201104125
http://dx.doi.org/10.1021/ja3004792
http://dx.doi.org/10.1021/ja3004792
http://dx.doi.org/10.1021/ja211092q
http://dx.doi.org/10.1021/ja211092q
http://dx.doi.org/10.1002/chem.201200050
http://dx.doi.org/10.1039/c2cs35034c
http://dx.doi.org/10.1016/S0040-4039(00)84827-3
http://dx.doi.org/10.1016/S0040-4039(00)84827-3
http://dx.doi.org/10.1021/ja00219a030
http://dx.doi.org/10.1021/ja00219a030
http://dx.doi.org/10.1016/S0040-4039(98)01924-8
http://dx.doi.org/10.1021/ja953518p
http://dx.doi.org/10.1002/anie.200601206
http://dx.doi.org/10.1002/anie.200601206
http://dx.doi.org/10.1002/ange.200601206
http://dx.doi.org/10.1021/ja306638s
http://dx.doi.org/10.1021/ja306638s
http://dx.doi.org/10.1021/ja413208y
http://dx.doi.org/10.1021/ja413208y
http://dx.doi.org/10.1038/nchem.687
http://dx.doi.org/10.1038/nchem.687
http://dx.doi.org/10.1039/B913880N
http://dx.doi.org/10.1039/B913880N
http://dx.doi.org/10.1002/anie.201200223
http://dx.doi.org/10.1002/anie.201200223
http://dx.doi.org/10.1002/ange.201200223
http://dx.doi.org/10.1002/ange.201200223
http://dx.doi.org/10.1039/c2cs35203f
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1039/C2CS35250H
http://dx.doi.org/10.1039/C2CS35250H
http://dx.doi.org/10.1039/c3ob40137e
http://dx.doi.org/10.1039/c3ob40137e
http://dx.doi.org/10.1002/anie.201210276
http://dx.doi.org/10.1002/anie.201210276
http://dx.doi.org/10.1002/ange.201210276
http://dx.doi.org/10.1002/adsc.201300751
http://dx.doi.org/10.1002/adsc.201300751
http://dx.doi.org/10.1016/j.tetlet.2013.10.090
http://dx.doi.org/10.1016/j.tetlet.2013.10.090
http://dx.doi.org/10.1126/science.1239176
http://dx.doi.org/10.1126/science.1239176
http://dx.doi.org/10.1002/anie.200701521
http://dx.doi.org/10.1002/anie.200701521
http://dx.doi.org/10.1002/ange.200701521
http://dx.doi.org/10.1002/anie.201204015
http://dx.doi.org/10.1002/ange.201204015
http://dx.doi.org/10.1002/ange.201109183
http://dx.doi.org/10.1002/anie.201109183
http://dx.doi.org/10.1002/anie.201109183
http://dx.doi.org/10.1002/ange.201208777
http://dx.doi.org/10.1002/ange.201208777
http://dx.doi.org/10.1002/anie.201208777
http://dx.doi.org/10.1021/ja4085385
http://dx.doi.org/10.1021/ja4085385
http://dx.doi.org/10.1039/c2cc32745g
http://dx.doi.org/10.1039/c2cc32745g
http://dx.doi.org/10.1021/ja211770y
http://dx.doi.org/10.1021/ol202857t
http://dx.doi.org/10.1021/ol202857t
http://dx.doi.org/10.1021/ja309580a
http://dx.doi.org/10.1021/ol402573j
http://www.angewandte.org


Espelt, E. M. Wiensch, T. P. Yoon, J. Org. Chem. 2013, 78, 4107;
g) A. McNally, C. K. Prier, D. W. C. MacMillan, Science 2011,
334, 1114 – 1117; h) Z. Zuo, D. Ahneman, L. Chu, J. Terrett,
A. G. Doyle, D. W. C. MacMillan, Science 2014, 345, 437 – 440;
i) during revision of our paper, Xiao and co-workers reported
a radical – radical coupling of an a-aminoalkyl radical and allyl
radical, see J. Xuan, T.-T. Zeng, Z.-J. Feng, Q.-H. Deng, J.-R.
Chen, L.-Q. Lu, W.-J. Xiao, H. Alper, Angew. Chem. 2015, 127,
1645 – 1648; Angew. Chem. Int. Ed. 2015, 54, 1625 – 1628; j) S. B.
Lang, K. M. O�Nele, J. A. Tunge, J. Am. Chem. Soc. 2014, 136,
13606 – 13609.

[15] For rare examples of alkynyl radicals in organic synthesis, see
a) G. Martelli, P. Spagnolo, M. Tiecco, J. Chem. Soc. D 1969,
282 – 283; b) G. Martelli, P. Spagnolo, M. Tiecco, J. Chem. Soc. B
1970, 1413 – 1418; c) P. Boutillier, S. Z. Zard, Chem. Commun.
2001, 1304 – 1305.

[16] For selective light-mediated reductive dehalogenation reactions,
see a) J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanam,
C. R. J. Stephenson, Nat. Chem. 2012, 4, 854 – 859; b) H. Kim,
C. Lee, Angew. Chem. Int. Ed. 2012, 51, 12303 – 12306; Angew.
Chem. 2012, 124, 12469 – 12472; c) G. Revol, T. McCallum, M.
Morin, F. Gagosz, L. Barriault, Angew. Chem. Int. Ed. 2013, 52,
13342 – 13345; Angew. Chem. 2013, 125, 13584 – 13587.

[17] The oxidative a-C(sp3)�H nucleophilic alkynylation of tertiary
amines were developed in the last decade, but sacrificial external
oxidants were usually required.

[18] The dinuclear gold complex absorbs light at about 300 nm to
form a high-energy and long-lived photoexcited state with
a quantum yield of 0.23, see D. Li, C.-M. Che, H.-L. Kwong,
V. W.-W. Yam, J. Chem. Soc. Dalton Trans. 1992, 3325 – 3329.

[19] The 1-iodoalkynes can be easily prepared in high yields from
various commercially available alkynes, see

[20] See the Supporting Information.
[21] a) Z.-J. Cai, S.-Y. Wang, S.-J. Ji, Org. Lett. 2013, 15, 5226 – 5229;

b) T. Nobuta, N. Tada, A. Fujiya, A. Kariya, T. Miura, A. Itoh,
Org. Lett. 2013, 15, 574 – 577; c) F. Xiao, H. Chen, H. Xie, S.
Chen, L. Yang, G.-J. Deng, Org. Lett. 2014, 16, 50 – 53.

[22] A dehydorogenative nucleophilic alkynylation of branched
tertiary aliphatic amines catalyzed by a Shvo complex has been
achieved in moderate yields, but the harsh reaction reactions
(150 8C, 24 h) and poor functional-group compatibility seriously
limited the utility of this method, see Ref. [3i].

[23] C.-M. Che, H.-L. Kwong, K.-C. Poon, V. W.-W. Yam, J. Chem.
Soc. Dalton Trans. 1990, 3215 – 3219.

[24] The cyclic voltammogram of (iodoethynyl)benzene (3c) exhib-
ited an irreversible reduction with E1/2 =�1.29 V versus Fc in
MeCN.[20]

[25] The SOMO energy of a-aminoalkyl radical 14 and alkynyl
radical 11 were calculated as �7.12 eV and �10.07 eV, respec-
tively.

[26] Although initially discovered with “persistent” radicals, this
kinetic phenomenon also applies to short-lived radicals. It is only
necessary that the lifetimes of the two radicals involved show
a significant difference (which is the case, Ref. [27]): a) A.
Studer, Chem. Eur. J. 2001, 7, 1159 – 1164; b) H. Fischer, Chem.
Rev. 2001, 101, 3581 – 3610.

[27] The lifetime of an a-aminoalkyl radical (Et2NCHMe) and
phenylethynyl radical are about 700 ns and 2 ns, respectively;
see a) J. C. Scaiano, J. Phys. Chem. 1981, 85, 2851 – 2855; b) X.
Gu, Y. Guo, F. Zhang, A. M. Mebel, R. I. Kaiser, Chem. Phys.
Lett. 2007, 436, 7 – 14. Thus, a-aminoalkyl radical 14 is more
long-lived and the initially preferred dimerization of the alkynyl
radical is in full accord with the mechanistic model.

Received: December 26, 2014
Revised: February 24, 2015
Published online: && &&, &&&&

Angewandte
Chemie

5Angew. Chem. Int. Ed. 2015, 54, 1 – 6 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://dx.doi.org/10.1126/science.1213920
http://dx.doi.org/10.1126/science.1213920
http://dx.doi.org/10.1126/science.1255525
http://dx.doi.org/10.1002/ange.201409999
http://dx.doi.org/10.1002/ange.201409999
http://dx.doi.org/10.1002/anie.201409999
http://dx.doi.org/10.1021/ja508317j
http://dx.doi.org/10.1021/ja508317j
http://dx.doi.org/10.1039/j29700001413
http://dx.doi.org/10.1039/j29700001413
http://dx.doi.org/10.1039/b101751i
http://dx.doi.org/10.1039/b101751i
http://dx.doi.org/10.1038/nchem.1452
http://dx.doi.org/10.1002/anie.201203599
http://dx.doi.org/10.1002/ange.201203599
http://dx.doi.org/10.1002/ange.201203599
http://dx.doi.org/10.1002/anie.201306727
http://dx.doi.org/10.1002/anie.201306727
http://dx.doi.org/10.1002/ange.201306727
http://dx.doi.org/10.1039/dt9920003325
http://dx.doi.org/10.1021/ol4023936
http://dx.doi.org/10.1021/ol303389t
http://dx.doi.org/10.1021/ol402987u
http://dx.doi.org/10.1039/dt9900003215
http://dx.doi.org/10.1039/dt9900003215
http://dx.doi.org/10.1002/1521-3765(20010316)7:6%3C1159::AID-CHEM1159%3E3.0.CO;2-I
http://dx.doi.org/10.1021/cr990124y
http://dx.doi.org/10.1021/cr990124y
http://dx.doi.org/10.1021/j150619a031
http://dx.doi.org/10.1016/j.cplett.2006.12.094
http://dx.doi.org/10.1016/j.cplett.2006.12.094
http://www.angewandte.org


Communications

Gold Photocatalysis

J. Xie, S. Shi, T. Zhang, N. Mehrkens,
M. Rudolph,
A. S. K. Hashmi* &&&&—&&&&

A Highly Efficient Gold-Catalyzed
Photoredox a-C(sp3)�H Alkynylation of
Tertiary Aliphatic Amines with Sunlight

Golden sunshine : With 1-iodoalkynes as
radical alkynylation reagents, unactivated
tertiary aliphatic amines react in the
presence of [Au2(m-dppm)2]

2+ (dppm =

bis(diphenylphosphanyl)methane) in

sunlight to afford propargylamines. A C�
C coupling of an a-aminoalkyl radical and
an alkynyl radical was proposed as the
mechanism.
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