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ABSTRACT: The first example of a photoinduced rapid multi-
component cascade reaction of aryldiazonium salts with
unactivated alkenes and trimethylsilyl azide (TMSN3) under
oxidant-free conditions is described. This approach provides the
synthetic route for a wide range of unsymmetric azo compounds.
The compounds are obtained in good to excellent yields under
mild reaction conditions. This transformation is applicable to
various aryldiazonium salts and alkenes, providing an alternative route for the synthesis of unsymmetric azo compounds. The control
experiment demonstrates that the reaction mechanism follows a radical pathway.

Aromatic azo compounds have been used for the
preparation of dyes, pigments,1 therapeutic agents,2

food additives, and indicators (Figure 1).3 The compounds

can be obtained through the azo coupling reaction,4 Mills
reaction,5 and Wallach reaction.6 However, these synthetic
methods for forming the azo group suffer from various
disadvantages. The reactions need to be carried out at high
temperatures (>100 °C) in the presence of special substrates
and additives.7 Furthermore, most of these approaches are only
suitable for the synthesis of diaryl azo compounds. Therefore,
it is necessary to develop a green and efficient method to
synthesize aryl−alkyl azo compounds.
We note that diazonium salts containing the NN group

can be used as a precursor to prepare azo compounds. Aryl
diazonium salts are widely available and can be easily produced
from anilines that are present in abundance. In recent years,
numerous attempts have been made to synthesize azo
compounds via multicomponent reaction processes using
diazonium salts as aryl radical precursors (Scheme 1a).8 Studer
and co-workers developed a new method for radical oxy-
arylation of alkenes using the readily available aryl diazonium
salts as aryl radical precursors.8a In 2014, König and co-

workers demonstrated a visible-light-induced formation of C−
N bonds following an intermolecular amino-arylation process
involving alkenes.8b In 2017, Jiang’s group established the
unprecedented [2 + 2] cycloaddition/S-centered radical-
induced 1,4-addition cascade reactions involving benzene-
linked allene−ynes. The reactions were conducted under mild
and redox neutral conditions.8c In the same year, Wu et al.
reported an efficient route to synthesize sulfonated tetrahy-
dropyridine derivatives via a radical pathway in the presence of
1,6-enynes, sulfur dioxide, and aryl diazonium tetrafluorobor-
ates.8d Reports on radical reactions where diazonium salts are
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Figure 1. Representative azo compounds.

Scheme 1. Radical Reaction Involving Diazonium Salts
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used as the radical acceptors are scarce (Scheme 1b).9 In 2017,
Hao’s group developed an efficient method for the synthesis of
thermally stable and pharmaceutically important unsymmetric
azo compounds.9a Subsequently, Clayden and co-workers
reported an elegant strategy for the preparation of alkyl−aryl
azo compounds via a radical addition reaction involving alkyl
radicals and diazonium ions.9b Despite these considerable
advances, such transformations are still restricted to two-
component reactions. The reactions employing aryl diazonium
salts as intermolecular radical acceptors in multicomponent
reactions have been rarely realized.10

Organoazides have been extensively used for structuring
complex pharmaceutical molecules and preparing diversified
chemical libraries.11 The photocatalyzed three-component
cascade reaction of alkenes has recently attracted attention
and is an elegant example of a method that can be used for the
synthesis of organoazides.12 In 2017, Lu and co-workers
reported the photocatalyzed metal-free aerobic hydroxyazida-
tion reaction of alkenes in the presence of trimethylsilyl azide
(TMSN3).

12a They were the first to report this reaction. They
also reported a photocatalyzed three-component carboazida-
tion reaction involving alkenes, TMSN3, and acrylonitrile.12b

Yang et al. developed a method for the synthesis of α-
azidoketones. The photocatalyzed oxyazidation of alkenes in
the presence of TMSN3 afforded the desired compounds.12c

Recently, our group developed a radical three-component
cascade reaction involving quinoxalinones, TMSN3, and
alkenes.13 In addition, we later disclosed a photocatalytic
decarboxylative coupling strategy for the mild and efficient
synthesis of 3-alkylated quinoxalinones.14 In a continuation of
our efforts, we herein demonstrate a rapid, photocatalyzed
three-component cascade reaction of diazonium salts in the
presence of unactivated alkenes and TMSN3. This strategy
provides an alternative route for the synthesis of unsymmetric
azo compounds for the efficient construction of two C−N
bonds (Scheme 1c).
Initially, 4-methoxybenzenediazonium tetrafluoroborate

(1a), 1-amylene (2a), and TMSN3 (3) were chosen as the
starting substrates to optimize the reaction conditions (Table
1). When 4 mol % of Acr+MesClO4

− (a visible-light
photocatalyst) was used for the reactions, the target product
(4a) was obtained in 34% yield. The reaction was carried out
in MeCN (1.0 mL) at room temperature. The desired product
formed within 1 h (Table 1, entry 1). Other photocatalysts,
such as eosin Y, Acid Red 94, and Ir(ppy)2(dtb-bpy)PF6,
afforded the products in relatively low yields under the same
reaction conditions (Table 1, entries 2−5). The reaction
solvent plays a very important role in this reaction. Various
organic solvents, such as dichloroethane (DCE), dichloro-
methane (DCM), tetrahydrofuran (THF), toluene, dimethyl
sulfoxide (DMSO), and N,N-dimethylformamide (DMF),
were screened. It was found that the optimal product yield
was obtained when DCM was used as the reaction solvent
(Table 1, entries 1 and 6−11). The reaction time did not
significantly effect on this transformation (Table 1, entries 12−
14). To our delight, the reaction proceeded to completion
within 15 min (Table 1, entries 13 and 14). This makes this
method of synthesizing azo compounds highly efficient and
economical. The amount of the catalyst did not influence the
product yield (4a). Even when the catalyst loading was
reduced to 2 mol %, the reaction afforded 4a in 88% yield.
When the catalyst loading was 1 mol %, the product yield
could not be improved by increasing the duration of the

reaction (Table 1, entries 15−17). However, the product was
not formed in the absence of the photocatalyst or light (Table
1, entries 5 and 18). When the light intensity was increased
from 6 to 10 W, the yield of the desired product increased to
95% (Table 1, entry 19). When the model reaction was carried
out under a nitrogen atmosphere, 93% yield of the desired
product was detected (Table 1, entry 20).
With the optimized reaction conditions in hand, the

substrate scope of the cascade reaction was explored by
reacting various alkenes (2) with 4-methoxybenzenediazonium
tetrafluoroborate (1a) and TMSN3 (3) (Scheme 2). Non-
functionalized linear and cyclic olefins afforded the desired
products in excellent yields (4a−e). However, linear alkenes
bearing the sensitive hydroxyl groups and multiple substituted
aromatic alkenes yielded the corresponding products (4f−j) in
relatively low yields (76−94%). It should be mentioned that
the olefins bearing various functional groups such as ester,
ether, sulfonyl, and halo substituents were well tolerated under
the optimized reaction conditions (4k−r), affording the
corresponding products in 75−93% yields.
Following this, the substrate scope of aryl diazonium salt (1)

in the presence of 1-amylene (2a) and TMSN3 (3) was
evaluated (Scheme 3). It was observed that aryldiazonium salts
bearing electron-withdrawing or electron-donating groups, at
the para-, meta-, or ortho-positions afforded the corresponding
products (4s−4ac) in good yields. Moreover, the reactions
with 1-naphthyldiazonium salt proceeded smoothly to afford
the target product (4ad) in 71% yield.

Table 1. Optimization of Reaction Conditionsa,b

entry photocatalyst solvent time yieldb (%)

1 PC-1 MeCN 1 h 34
2 PC-2 MeCN 1 h 12
3 PC-3 MeCN 1 h 21
4 PC-4 MeCN 1 h 0
5 MeCN 1 h 0
6 PC-1 DCE 1 h 74
7 PC-1 DCM 1 h 87
8 PC-1 THF 1 h 17
9 PC-1 toluene 1 h 25
10 PC-1 DMSO 1 h 32
11 PC-1 DMF 1 h 18
12 PC-1 DCM 2 h 81
13 PC-1 DCM 15 min 86
14 PC-1 DCM 10 min 63
15c PC-1 DCM 15 min 89
16d PC-1 DCM 15 min 88
17e PC-1 DCM 2h 68
18d PC-1,dark DCM 15 min 0
19d,f PC-1 DCM 15 min 95
20d,f,g PC-1 DCM 15 min 93

aReaction conditions: 1a (0.2 mmol), 2a (1.3 equiv), 3 (1.3 equiv),
photocatalyst (4 mol %), solvent (1.0 mL), room temperature,
irradiation with 6 W blue LEDs under air. bIsolated yields.
cPhotocatalyst (5 mol %). dPhotocatalyst (2 mol %). ePhotocatalyst
(1 mol %). f10 W blue LEDs were used as the light source. gN2
atmosphere.
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The practical synthetic application of the procedure was also
investigated. First, a gram-scale synthesis was performed. The
product (4d) was obtained in 87% yield (Scheme 4a).
Following this, a potentially bioactive molecule (4ae) was
easily synthesized in 84% yield via a dehalogenation pathway.
The molecule 4q was reacted with 4-hydroxycoumarin15 to
afford the said bioactive molecule (Scheme 4b). Additionally,
triazole 4af could be obtained through “click” reaction with
phenylacetylene (Scheme 4c). 1,2-diaminocyclohexane 4ag
was also obtained through hydrogenation (Scheme 4d).

Finally, natural products (−)-ß-citronellol and nootkatone
were structurally modified to yield the products 4ah and 4ai in
good yields (Scheme 5).

We conducted a preliminary mechanistic investigation to
gain insight into the reaction mechanism.16 The reaction did
not proceed when two equivalents of 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO) were added as the radical inhibitor.
The corresponding adducts formed were detected by the high-
resolution mass spectrometry technique, revealing that a free-
radical process can be potentially operative. The radical clock
reaction of diethyl 2,2-diallylmalonate 2aj was performed to
afford the radical ring-closure product 4aj in 62% yield,
suggesting that this protocol advances via a radical pathway
(Scheme 6). This was further proved by the fluorescence
quenching study, as shown in Figure 2. The fluorescence of the
photocatalyst could be quenched in the presence of TMSN3.
This observation was consistent with our hypothesis.17

Based on the above results and previous reports,16,18 we
proposed the possible reaction mechanism (Scheme 7). We
proposed that, initially, the photocatalyst PC-1 was photo-
promoted to the excited state producing the *PC-1 species
(Ered* = 2.06 V vs SCE).19 Following this, a single electron
transfer (SET) process occurred between TMSN3 (3) and
*PC-1 to produce the azido radical and PC-1‑ radical anion.
The oxidation potential of the free azide anion was found to be
+1.32 V (NHE).20 Subsequently, the azido radical attacked
olefin 2a rapidly to generate an alkyl radical (A), which was

Scheme 2. Substrate Scope of Alkenesa,b

aReaction conditions: 1a (0.2 mmol), 2 (1.3 equiv), 3 (1.3 equiv),
PC-1 (2.0 mol %), DCM (1.0 mL), 10 W blue LEDs, 15 min, under
air. bIsolated yields. cReaction was performed on a 1 mmol scale.

Scheme 3. Substrate Scope of Aryl Diazoniuma,b

aReaction conditions: 1 (0.2 mmol), 2a (1.3 equiv), 3 (1.3 equiv),
PC-1 (2.0 mol %), DCM (1.0 mL), 10 W blue LEDs, 15 min, under
air. bIsolated yields.

Scheme 4. Gram-Scale Synthesis and Further Chemistry

Scheme 5. Modification of Natural Products
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trapped by the aryldiazonium salt 1a to produce the radical
cation (B).21 Finally, another SET process between the radical
cation (B) and the PC-1‑ radical anion afforded the target
product 4a with the simultaneous regeneration of the
photocatalyst PC-1.
In conclusion, we have reported a photocatalyzed, rapid

three-component cascade reaction involving aryl diazonium,
unactivated alkenes, and TMSN3. The substrates bearing
various functional groups were well tolerated under the mild
catalytic conditions, affording the corresponding products in
good to excellent yields. This reaction provides a simple and
efficient method for the synthesis of various useful azo
compounds. It was hypothesized that this three-component
transformation proceeded via a radical mechanism.
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(c) Taschinski, S.; Döpp, R.; Ackermann, M.; Rominger, F.; de Vries,
F.; Menger, M. F. S. J.; Rudolph, M.; Hashmi, A. S. K.; Klein, J. E. M.
N. Angew. Chem., Int. Ed. 2019, 58, 16988. (d) Kurandina, D.;
Yadagiri, D.; Rivas, M.; Kavun, A.; Chuentragool, P.; Hayama, K.;
Gevorgyan, V. J. Am. Chem. Soc. 2019, 141, 8104. (e) Angnes, R. A.;
Potnis, C.; Liang, S.; Correia, C. R. D.; Hammond, G. B. J. Org. Chem.
2020, 85, 4153. (f) Cardinale, L.; Neumeier, M.; Majek, M.; Jacobi
von Wangelin, A. Org. Lett. 2020, 22, 7219.
(10) (a) Yu, X.-L.; Chen, J.-R.; Chen, D.-Z.; Xiao, W.-J. Chem.
Commun. 2016, 52, 8275. (b) Lu, Z.; Hennis, O.; Gentry, J.; Xu, B.;
Hammond, G. B. Org. Lett. 2020, 22, 4383. (c) Matcha, K.;
Antonchick, A. P. Angew. Chem., Int. Ed. 2014, 53, 11960.
(11) For representative examples, see: (a) Prasad, P. K.; Reddi, R.
N.; Sudalai, A. Chem. Commun. 2015, 51, 10276. (b) Fumagalli, G.;
Rabet, P. T. G.; Boyd, S.; Greaney, M. F. Angew. Chem., Int. Ed. 2015,
54, 11481. (c) Zhang, B.; Studer, A. Org. Lett. 2013, 15, 4548. (d) Xia,
X. F.; Gu, Z.; Liu, W.; Wang, H.; Xia, Y.; Gao, H.; Liu, X.; Liang, Y.
M. J. Org. Chem. 2015, 80, 290. (e) Sequeira, F. C.; Chemler, S. R.
Org. Lett. 2012, 14, 4482. (f) Zhu, R.; Buchwald, S. L. J. Am. Chem.
Soc. 2015, 137, 8069. (g) Zhu, L.; Yu, H.; Xu, Z.; Jiang, X.; Lin, L.;
Wang, R. Org. Lett. 2014, 16, 1562. (h) Fu, N.; Sauer, G. S.; Saha, A.;
Loo, A.; Lin, S. Science 2017, 357, 575. (i) Hennessy, E. T.; Betley, T.
A. Science 2013, 340, 591. (j) Xiong, H.; Ramkumar, N.; Chiou, M. F.;
Jian, W.; Li, Y.; Su, J. H.; Zhang, X.; Bao, H. Nat. Commun. 2019, 10,
122.
(12) (a) Yang, B.; Lu, Z. ACS Catal. 2017, 7, 8362. (b) Yang, B.;
Ren, X.; Shen, X.; Li, T.; Lu, Z. Chin. J. Chem. 2018, 36, 1017.
(c) Wei, W.; Cui, H.; Yue, H.; Yang, D. Green Chem. 2018, 20, 3197.
(d) Wang, P.; Luo, Y.; Zhu, S.; Lu, D.; Gong, Y. Adv. Synth. Catal.
2019, 361, 5565. (e) Wang, J. J.; Yu, W. Chem. - Eur. J. 2019, 25,
3510. (f) Chen, J.; Zhu, S.; Qin, J.; Chu, L. Chem. Commun. 2019, 55,
2336. (g) Reddy, T. R.; Rao, D. S.; Kashyap, S. Chem. Commun. 2019,
55, 2833.
(13) Shen, J.; Xu, J.; Huang, L.; Zhu, Q.; Zhang, P. Adv. Synth. Catal.
2020, 362, 230.

(14) Zhang, H.; Xu, J.; Zhou, M.; Zhao, J.; Zhang, P.; Li, W. Org.
Biomol. Chem. 2019, 17, 10201.
(15) (a) Feuer, G. Prog. Med. Chem. 1974, 10, 85. (b) Abdelhafez,
O. M.; Amin, K. M.; Batran, R. Z.; Maher, T. J.; Nada, S. A.;
Sethumadhavan, S. Bioorg. Med. Chem. 2010, 18, 3371. (c) Stanchev,
S.; Hadjimitova, V.; Traykov, T.; Boyanov, T.; Manolov, I. Eur. J. Med.
Chem. 2009, 44, 3077.
(16) (a) Dou, Y.; Xie, Z.; Sun, Z.; Fang, H.; Shen, C.; Zhang, P.;
Zhu, Q. ChemCatChem 2016, 8, 3570. (b) Xu, J.; Shen, C.; Zhu, X.;
Zhang, P.; Ajitha, M. J.; Huang, K. W.; An, Z.; Liu, X. Chem. - Asian J.
2016, 11, 882. (c) Xu, J.; Zhu, X.; Zhou, G.; Ying, B.; Ye, P.; Su, L.;
Shen, C.; Zhang, P. Org. Biomol. Chem. 2016, 14, 3016. (d) Ying, B.;
Xu, J.; Zhu, X.; Shen, C.; Zhang, P. ChemCatChem 2016, 8, 2604.
(e) Xu, J.; Qiao, L.; Ying, B.; Zhu, X.; Shen, C.; Zhang, P. Org. Chem.
Front. 2017, 4, 1116. (f) Xia, C.; Wang, K.; Xu, J.; Shen, C.; Sun, D.;
Li, H.; Wang, G.; Zhang, P. Org. Biomol. Chem. 2017, 15, 531. (g) Xu,
J.; Du, K.; Shen, J.; Shen, C.; Chai, K.; Zhang, P. ChemCatChem 2018,
10, 3675. (h) Shen, C.; Wang, A.; Xu, J.; An, Z.; Loh, K. Y.; Zhang, P.;
Liu, X. Chem. 2019, 5, 1059.
(17) (a) Chen, Y.-J.; He, Y.-H.; Guan, Z. Tetrahedron 2019, 75,
3053. (b) Chen, Y.; Chen, Y.-J.; Guan, Z.; He, Y.-H. Tetrahedron
2019, 75, 130763.
(18) (a) Xuan, J.; Xia, X.-D.; Zeng, T.-T.; Feng, Z.-J.; Chen, J.-R.;
Lu, L.-Q.; Xiao, W.-J. Angew. Chem., Int. Ed. 2014, 53, 5653. (b) Zeng,
T. T.; Xuan, J.; Ding, W.; Wang, K.; Lu, L. Q.; Xiao, W. J. Org. Lett.
2015, 17, 4070. (c) Wilger, D. J.; Gesmundo, N. J.; Nicewicz, D. A.
Chem. Sci. 2013, 4, 3160. (d) Jin, C.; Yan, Z.; Sun, B.; Yang, J. Org.
Lett. 2019, 21, 2064.
(19) (a) Fukuzumi, S.; Ohkubo, K.; Suenobu, T.; Kato, K.;
Fujitsuka, M.; Ito, O. J. Am. Chem. Soc. 2001, 123, 8459.
(b) Fukuzumi, S.; Kotani, H.; Ohkubo, K.; Ogo, S.; Tkachenko, N.
V.; Lemmetyinen, H. J. Am. Chem. Soc. 2004, 126, 1600. (c) Ohkubo,
K.; Mizushima, K.; Iwata, R.; Souma, K.; Suzuki, N.; Fukuzumi, S.
Chem. Commun. 2010, 46, 601.
(20) Alfassi, Z. B.; Harriman, A.; Huie, R. E.; Mosseri, S.; Neta, P. J.
Phys. Chem. 1987, 91, 2120.
(21) (a) Citterio, A.; Minisci, F.; Albinati, A.; Bruckner, S.
Tetrahedron Lett. 1980, 21, 2909. (b) Heinrich, M. R.; Blank, O.;
Wölfel, S. Org. Lett. 2006, 8, 3323. (c) Matcha, K.; Antonchick, A. P.
Angew. Chem., Int. Ed. 2014, 53, 11960. (d) Kindt, S.; Wicht, K.;
Heinrich, M. R. Org. Lett. 2015, 17, 6122.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04148
Org. Lett. 2021, 23, 1204−1208

1208

pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04148?ref=pdf

