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Palladium Catalyzed Cascade Azidation/Carbonylation of Aryl
Halides with Sodium Azide for the Synthesis of Amides
Zhuang Qi, Shan-Shan Li, Lin Li, Qi Qin, Li-Miao Yang, Ying-Kang Liang, Yun Kang,
Xiang-Zhi Zhang, Ai-Jun Ma, and Jin-Bao Peng*[a]

Abstract: Amide synthesis is one of the most important
transformations in organic chemistry due to their ubiqui-
tous presence in our daily life. In this communication, a
palladium catalyzed cascade azidation/carbonylation of aryl
halides for the synthesis of amides was developed. Both
iodo- and bromobenzene derivatives were transformed to
the corresponding amides using PdCl2/xantphos as the
catalyst system and sodium azide as the nitrogen-source.
The reaction proceeds via a cascade azidation/carbon-
ylation process. A range of alkyl and halogen substituted
amides were prepared in moderate to good yields.

The amide structural motif is truly ubiquitous in our daily life
and is widely present in bioactive molecules (e.g., peptides and
proteins), natural products and pharmaceutical compounds
(e.g., paclitaxel, penicillin).[1] This structure also serves as
important intermediates and ligands for transition metal
catalysis.[2] Thus, the synthesis of this functional group is
paramount in organic chemistry. Traditional method for amide
synthesis involves the condensation of carboxylic acids or their
derivatives (acyl chloride, acyl imidazole, anhydride, or activated
ester) with amines, which usually suffers harsh conditions and is
accompanied with a large amount of waste (Scheme 1a).[3]

Recently, a series of innovative catalytic amidation reactions
have been developed for amide synthesis.[4] Among them,
transition-metal-catalyzed aminocarbonylation of aryl halides
and related compounds with amines provides a direct and step
economic methods.[5] Many excellent aminocarbonylation meth-
ods have been developed employing amines as the nucleo-
philes (Scheme 1b).[6]

On the other hand, organic azides have found tremendous
applications in organic transformations, especially for the
construction of various heterocycles.[7] In particular, organic
azide have been widely used as convenient nitrene precursor,
which releases N2 to produce an electron-deficient nitrene
species upon irradiation. This nitrene intermediate is a high-
reactive agent that is capable of inserting into a C–H bond.[8]

For example, Bao, Gu and Xia developed an effective Rh-

catalyzed intermolecular C–H amidation of (hetero)arenes to
synthesize amides via carbonylation of nitrene intermediates
(Scheme 1c).[9] Organic azides were employed as the nitrene
precursors. The preparation of aryl azides are mainly based on
the replacement of diazonium salts with sodium azide[10] or
direct coupling of aryl halides with sodium azide[11] under the
catalysis of transition metals. We assume that the in-situ
generated aryl azide could be directly used for a cascade
carbonylation reaction and produce amides (Scheme 1d). With
a continuous interest in developing carbonylative methods for
amide synthesis,[12] we herein report a palladium catalyzed
cascade azidation/carbonylation of aryl halides for the synthesis
of amides.

In preliminary experiments, we treated iodobenzene 1a
with sodium azide in the presence of palladium catalyst under
an atmosphere of CO. To our delight, N-phenylbenzamide 3a
was successfully obtained in 72% yield using the PdCl2/PPh3
catalyst system in dioxane (Table 1, entry 1). Subsequently, a
range of phosphine ligands were examined for this reaction.
The electronic and steric properties of the phosphine ligands
played an important role in this reaction. Electron-rich trialkyl
phosphine ligands were found to be less efficient in this
reaction. When PCy3 and BuPAd2 were used as the ligand, the
yields of 3a were decreased to 12% and 33%, respectively
(Table 1, entries 2 and 3). Aninline was detected as the main by-
product, which might be resulted from the higher reaction rate
of azidation than carbonylation. Bidentate phosphine ligands
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Scheme 1. Approaches for the Synthesis of Amide.
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were also effective and the steric effect of the ligands affected
the yields of this reaction significantly. Bidentate phosphine
with larger bite angle led to a significant increase in the yield of
3a (Table 1, entries 4 and 5, see details in SI). The yield of 3a
was improved to 90% when Xantphos was used as the ligand
(Table 1, entry 5). Then, a series of palladium catalysts such as
Pd(OAc)2, Pd(TFA)2, and Pd(PPh3)4 were tested in this reaction.
All the catalysts tested were found to be less active and
produced the desired product 3a in decreased yields (Table 1,
entries 6 and 7, see details in SI). Screening of the solvent
revealed that dioxane is the optimal solvent. Decreased yields
were obtained when the reaction were performed in toluene
and CH3CN (Table 1, entries 8 and 9, see details in SI). No
desired product 3a was obtained when strong polar solvents
such as DMF and DMSO were used as the solvent (Table 1,
entry 10, see details in SI). Moreover, the reaction temperature
also played an important role in the overall efficiency of the
reaction. The yield of 3a was decreased to 67% when the
reaction was conducted at 110 °C, while no amide 3a was
obtained when decreasing the reaction temperature to 90 °C
(Table 1, entries 11 and 12). Finally, since the coordination and
release of CO to the aryl palladium complex is a reversible
process, the CO partial pressure also influenced the yield of this
reaction significantly. Reducing the amount of CO resulted in
decreasing of the yield (Table 1, entries 13 and 14).

With the optimized reaction conditions in hand (Table 1,
entry 5), we began to investigate the generality of this amino-
carbonylation reaction with a series of substituted aryl iodides.
As summarized in Table 2, alkyl substituents at different
position of the phenyl ring of iodobenzene were suitable
substrates and provided the desired products in good yields

(Table 2, 3b–3g). The steric hindrance of the substituents didn’t
affect the yields significantly (Table 2, 3b vs 3d, 3f vs 3g). In
addition, halogen substituents such as fluoride and chloride
were compatible in this aminocarbonylation reaction and
produced the corresponding products without breaking the
C� X bonds (Table 2, 3h–3m).

Subsequently, a series of different substituted bromoben-
zene were tested in this reaction (Table 3). Aryl bromides,
compared to iodobenzenes, are more abundant and less
expensive materials. Usually, it is more challenging for transition
metal catalyzed carbonylation of aryl bromides owing to their
higher activation barrier of the C� Br bond activation. To our
delight, under the same reaction condition, bromobenzene was
conveniently applied in this reaction and affored phenylbenza-
mide in 76% yield (Table 3, 3a). A series of alkyl and fluoro-
substituted bromobenzenes were also tolerared and provided
the corresponding phenylbenzamide derivatives in moderate
yields.

Finally, to obtain some insight into the reaction pathway of
this aminocarbonylation reaction, the following control experi-
ments were carried out (Scheme 2). Firstly, benzophenone was
treated with NaN3 under the standard condition in the absence
of CO. However, no N-phenylbenzamide 3a was detected and
benzophenone was recovered in high yield (Scheme 2a). This
result indicates that benzophenone was not an intermediate in
this transformation. Thus, excluded the homocarbonylative

Table 1. Optimization of the Reaction Conditions.[a]

Entry [Pd] Ligand Sol. Yield [%][b]

1 PdCl2 PPh3 Dioxane 72
2 PdCl2 PCy3 Dioxane 12
3 PdCl2 BuPAd2 Dioxane 33
4 PdCl2 DPEphos Dioxane 44
5 PdCl2 Xantphos Dioxane 90
6 Pd(OAc)2 Xantphos Dioxane 60
7 Pd(TFA)2 Xantphos Dioxane 83
8 PdCl2 Xantphos toluene 84
9 PdCl2 Xantphos MeCN 53
10 PdCl2 Xantphos DMF 0
11[c] PdCl2 Xantphos Dioxane 67
12[d] PdCl2 Xantphos Dioxane 0
13[e] PdCl2 Xantphos Dioxane 69
14[f] PdCl2 Xantphos Dioxane 49

[a] Reaction conditions: Iodobenzene 1a (0.5 mmol), NaN3 (0.75 mmol),
[Pd] (5 mol%), ligand (10 mol% for monodentate ligand, 5 mol% for
bidentate ligand), [CO] (HCOOAc+Et3N, 4 eq.), solvent (2 mL), 130 °C, 12 h.
[b] Isolated yields. [c] 110 °C. [d] 90 °C. [e] [CO] (HCOOAc+Et3N, 3 eq.).
[f] [CO] (HCOOAc+Et3N, 2 eq.). BuPAd2: Butyldi-1-adamantylphosphine.
DPEphos: Oxydi-2,1-phenylene)bis(diphenylphosphine. Xantphos:
Dimethylbisdiphenylphosphinoxanthene.

Table 2. Substrate Scope of Iodobenzenes.[a]

[a] Reaction conditions: Iodobenzene 1 (0.5 mmol), NaN3 (0.75 mmol),
PdCl2 (5 mol%), Xantphos (5 mol%), [CO] (HCOOAc+Et3N, 4 eq.), dioxane
(2 mL), 130 °C, 12 h. Isolated yields.
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coupling/Schmidt reaction[13] pathway, which usually involves
strongly acidic conditions. Then, iodobenzene was treated with
azidobenzene under the standard condition without NaN3, the
corresponding product N-phenylbenzamide 3a was obtained in
50% yield (Scheme 2b). This observation reveals that azidoben-
zene intermediate might be involved in this aminocarbonyla-
tion reaction. In addition, when iodobenzene was treated with
4-tolyl isocyanate under the standard condition without CO and
NaN3, no reaction occurred (Scheme 2c).

Based on our preliminary observation and previous liter-
atures, a plausible mechanism for this aminocarbonylation
reaction was proposed in Scheme 3. Initially, the oxidative
addition of C� I bond of iodobenzene 1a to the in-situ
generated Pd(0) forms an phenyl-palladium complex A. Com-
plex A could be converted into acyl palladium intermediate B,

after coordination and insertion of CO. At the same time,
nucleophilic attack of azide to phenyl-palladium complex A
provides azidobenzene C. Then, nucleophilic attack of azido-
benzene C to aryl-palladium complex B generated the desired
product 3a and regenerated the active Pd(0) catalyst. However,
the reaction pathway of benzoyl azide (formed by the reaction
of intermediate B with NaN3) and phenyl amine (generated
from the hydrolysis of azidobenzene) to be possible reaction
intermediates cannot be excluded at this stage.

In summary, we have developed a palladium catalyzed
cascade azidation/carbonylation of aryl halides for the synthesis
of amides. Using PdCl2/xantphos as the catalyst system and
sodium azide as the nitrogen-source, both iodobenzene and
bromobenzene derivatives were converted to the correspond-
ing amides via a cascade azidation/carbonylation process. A
range of alkyl and halogen substituted amides were prepared
in moderate to good yields.
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Scheme 3. A Plausible Mechanism.

Communication

505Chem Asian J. 2021, 16, 503–506 www.chemasianj.org © 2021 Wiley-VCH GmbH

Wiley VCH Dienstag, 16.02.2021

2105 / 193555 [S. 505/506] 1

https://doi.org/10.1021/cr950005s


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

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

ed. Wiley-VCH, New York, 2000; b) J. M. Humphrey, A. R. Chamberlin,
Chem. Rev. 1997, 97, 2243–2266; c) J. R. Dunetz, J. Magano, G. A.
Weisenburger, Org. Process Res. Dev. 2016, 20, 140–177; d) S. D. Rough-
ley, A. M. Jordan, J. Med. Chem. 2011, 54, 3451–3479.

[2] a) H. Lundberg, F. Tinnis, N. Selander, H. Adolfsson, Chem. Soc. Rev.
2014, 43, 2714–2742; b) C. Liu, M. Szostak, Chem. Eur. J. 2017, 23, 7157–
7173; c) J. E. Dander, N. K. Garg, ACS Catal. 2017, 7, 1413–1423; d) S. Shi,
S. P. Nolan, M. Szostak, Acc. Chem. Res. 2018, 51, 2589–2599; e) G. Li, S.
Ma, M. Szostak, Trends Chem. 2020, 2, 914–928; f) G. Li, T. Zhou, A.
Poater, L. Cavallo, S. P. Nolan, M. Szostak, Catl. Sci. Technol. 2020, 10,
710–716.

[3] a) E. Valeur, M. Bradley, Chem. Soc. Rev. 2009, 38, 606–631; b) S.-Y. Han,
Y.-A. Kim, Tetrahedron 2004, 60, 2447–2467; c) C. A. G. N. Montalbetti, V.
Falque, Tetrahedron 2005, 61, 10827–10852; d) R. Subirós-Funosas, R.
Prohens, R. Barbas, A. El-Faham, F. Albericio, Chem. Eur. J. 2009, 15,
9394–9403.

[4] a) A. El-Faham, F. Albericio, Chem. Rev. 2011, 111, 6557–6602; b) V. R.
Pattabiraman, J. W. Bode, Nature 2011, 480, 471–479; c) C. L. Allen, J. M.
Williams, Chem. Soc. Rev. 2011, 40, 3405–3415; d) H. Lundberg, F. Tinnis,
N. Selander, H. Adolfsson, Chem. Soc. Rev. 2014, 43, 2714–2742; e) R. M.
de Figueiredo, J.-S. Suppo, J.-M. Campagne, Chem. Rev. 2016, 116,
12029–12122; f) A. Ojeda-Porras, D. Gamba-Sánchez, J. Org. Chem. 2016,
81, 11548–11555; g) B. Shen, D. M. Makley, J. N. Johnston, Nature 2010,
465, 1027–1032; h) N. Alandini, L. Buzzetti, G. Favi, T. Schulte, L. Candish,
K. D. Collins, P. Melchiorre, Angew. Chem. Int. Ed. 2020, 59, 5248–5253;
Angew. Chem. 2020, 132, 5286–5291.

[5] For selected reviews, see: a) M. Beller, Applied Homogeneous Catalysis
with Organometallic Compounds, Vol. 1, 2nd ed., Wiley-VCH, Weinheim,
2002, pp. 145–156; b) A. Brennführer, H. Neumann, M. Beller, Angew.
Chem. Int. Ed. 2009, 48, 4114–4133; Angew. Chem. 2009, 121, 4176–
4196; Angew. Chem. 2009, 121, 4176–4196; Angew. Chem. Int. Ed. 2009,
48, 4114–4133; c) X.-F. Wu, H. Neumann, M. Beller, Chem. Soc. Rev. 2011,
40, 4986–5009; d) J.-B. Peng, F.-P. Wu, X.-F. Wu, Chem. Rev. 2019, 119,
2090–2127.

[6] For selected examples, see:a) J. R. Martinelli, T. P. Clark, D. A. Watson,
R. H. Munday, S. L. Buchwald, Angew. Chem. Int. Ed. 2007, 46, 8460–
8463; Angew. Chem. 2007, 119, 8612–8615; Angew. Chem. 2007, 119,
8612–8615; Angew. Chem. Int. Ed. 2007, 46, 8460–8463; b) T. T. Dang, Y.
Zhu, J. S. Y. Ngiam, S. C. Ghosh, A. Chen, A. M. Seayad, ACS Catal. 2013,
3, 1406–1410; c) T. Xu, H. Alper, J. Am. Chem. Soc. 2014, 136, 16970–
16973; d) N. Sharma, G. Sekar, Adv. Synth. Catal. 2016, 358, 314–320;
e) L. Ren, X. Li, N. Jiao, Org. Lett. 2016, 18, 5852–5855; f) Q. Xing, H. Lv,
C. Xia, F. Li, Chem. Commun. 2017, 53, 6914–6917; g) P. Kannaboina, G.
Raina, K. Anil Kumar, P. Das, Chem. Commun. 2017, 53, 9446–9449; h) A.
Skogh, S. D. Friis, T. Skrydstrup, A. Sandström, Org. Lett. 2017, 19, 2873–
2876; i) F. Messa, S. Perrone, M. Capua, F. Tolomeo, L. Troisi, V. Capriati,
A. Salomone, Chem. Commun. 2018, 54, 8100–8103; j) J. Zhang, Y. Hou,
Y. Ma, M. Szostak, J. Org. Chem. 2019, 84, 338–345.

[7] a) S. Brase, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem. Int. Ed.
2005, 44, 5188–5240; Angew. Chem. 2005, 117, 5320–5374; Angew.
Chem. 2005, 117, 5320–5374; Angew. Chem. Int. Ed. 2005, 44, 5188–
5240; b) D. W. Ma, Q. Cai, Acc. Chem. Res. 2008, 41, 1450–1460; c) B. J.
Leslie, P. J. Hergenrother, Chem. Soc. Rev. 2008, 37, 1347–1360; d) S.
Bräse, K. Baner, Organic Azides: Syntheses and Applications, Wiley-VCH:

Weinheim, 2010; e) P. P. Geurink, L. M. Prely, G. A. van der Marel, R.
Bischoff, H. S. Overkleeft, Top. Curr. Chem. 2011, 324, 85–113; f) X.
Huang, J. T. Groves, ACS Catal. 2016, 6, 751–759.

[8] a) A. L. Pumphrey, H. Dong, T. G. Driver, Angew. Chem. Int. Ed. 2012, 51,
5920–5923; Angew. Chem. 2012, 124, 6022–6025; Angew. Chem. 2012,
124, 6022–6025; Angew. Chem. Int. Ed. 2012, 51, 5920–5923; b) Q.
Nguyen, K. Sun, T. G. Driver, J. Am. Chem. Soc. 2012, 134, 7262–7265;
c) C. Li, K. Lang, H. Lu, Y. Hu, X. Cui, L. Wojtas, X. P. Zhang, Angew. Chem.
Int. Ed. 2018, 57, 16837–16841; Angew. Chem. 2018, 130, 17079–17083;
d) W. Mazumdar, N. Jana, B. T. Thurman, D. J. Wink, T. G. Driver, J. Am.
Chem. Soc. 2017, 139, 5031–5034.

[9] a) S.-W. Yuan, H. Han, Y.-L. Li, X. Wu, X. Bao, Z.-Y. Gu, J.-B. Xia, Angew.
Chem. Int. Ed. 2019, 58, 8887–8892; Angew. Chem. 2019, 131, 8979–
8984; b) Z.-Y. Gu, J. Chen, J.-B. Xia, Chem. Commun. 2020, 56, 11437–
11440; c) Y.-L. Li, Z.-Y. Gu, J.-B. Xia, Synlett 2021, 32, 7–13.

[10] a) K. Barral, A. D. Moorhouse, J. E. Moses, Org. Lett. 2007, 9, 1809–1811;
b) E. D. Goddard-Borger, R. V. Stick, Org. Lett. 2007, 9, 3797–3800; c) K.
Ishihara, T. Shioiri, M. Matsugi, Tetrahedron Lett. 2020, 61, 151493;
d) K. V. Kutonova, M. E. Trusova, P. S. Postnikov, V. D. Filimonov, J.
Parello, Synthesis 2013, 45, 2706–2710; e) J. Raushel, S. M. Pitram, V. V.
Fokin, Org. Lett. 2008, 10, 3385–3388; f) A. A. Siddiki, B. S. Takale, V. N.
Telvekar, Tetrahedron Lett. 2013, 54, 1294–1297; g) Q. Liu, Y. Tor, Org.
Lett. 2003, 5, 2571–2572.

[11] a) M. Goswami, B. de Bruin, Eur. J. Org. Chem. 2017, 2017, 1152–1176;
b) E. Leyva, M. S. Platz, S. E. Loredo-Carrillo, J. Aguilar, Curr. Org. Chem.
2020, 24, 1161–1180; c) Y. Wang, Z. Fang, X. Chen, Y. Wang, Org. Lett.
2018, 20, 5732–5736; d) W. Zhu, D. W. Ma, Chem. Commun. 2004, 888–
889; e) C. Tang, N. Jiao, J. Am. Chem. Soc. 2012, 134, 18924–18927; f) F.
Xie, Z. Qi, X. Li, Angew. Chem. Int. Ed. 2013, 52, 11862–11866; Angew.
Chem. 2013, 125, 12078–12082; Angew. Chem. 2013, 125, 12078–12082;
Angew. Chem. Int. Ed. 2013, 52, 11862–11866; g) Y. Dou, Z. Xie, Z. Sun,
H. Fang, C. Shen, P. Zhang, Q. Zhu, ChemCatChem 2016, 8, 3570–3574;
h) A. Sharma, J. F. Hartwig, Nature 2015, 517, 600–604.

[12] a) J.-B. Peng, H.-Q. Geng, W. Wang, X. Qi, J. Ying, X.-F. Wu, J. Catal. 2018,
365, 10–13; b) J.-B. Peng, H.-Q. Geng, D. Li, X. Qi, J. Ying, X.-F. Wu, Org.
Lett. 2018, 20, 4988–4993; c) C.-L. Li, J.-B. Peng, X. Qi, J. Ying, X.-F. Wu,
New J. Chem. 2018, 42, 12472–12475; d) J.-B. Peng, H.-Q. Geng, F.-P. Wu,
D. Li, X.-F. Wu, J. Catal. 2019, 375, 519–523.

[13] a) R. Iyengar, K. Schildknegt, J. Aubé, Org. Lett. 2000, 2, 1625–1627; b) A.
Wrobleski, K. Sahasrabudhe, J. Aubé, J. Am. Chem. Soc. 2002, 124, 9974–
9975; c) A. Wrobleski, K. Sahasrabudhe, J. Aubé, J. Am. Chem. Soc. 2004,
126, 5475–5481; d) K. J. Frankowski, J. E. Golden, Y. Zeng, Y. Lei, J. Aubé,
J. Am. Chem. Soc. 2008, 130, 6018–6024; e) A. Kapat, E. Nyfeler, G. T.
Giuffredi, P. Renaud, J. Am. Chem. Soc. 2009, 131, 17746–17747; f) A.-J.
Ma, Y.-Q. Tu, J.-B. Peng, Q.-Y. Dou, S.-H. Hou, F.-M. Zhang, S.-H. Wang,
Org. Lett. 2012, 14, 3604–3607.

Manuscript received: December 26, 2020
Revised manuscript received: January 13, 2021
Accepted manuscript online: January 19, 2021
Version of record online: February 2, 2021

Communication

506Chem Asian J. 2021, 16, 503–506 www.chemasianj.org © 2021 Wiley-VCH GmbH

Wiley VCH Dienstag, 16.02.2021

2105 / 193555 [S. 506/506] 1

https://doi.org/10.1021/cr950005s
https://doi.org/10.1021/op500305s
https://doi.org/10.1021/jm200187y
https://doi.org/10.1039/C3CS60345H
https://doi.org/10.1039/C3CS60345H
https://doi.org/10.1002/chem.201605012
https://doi.org/10.1002/chem.201605012
https://doi.org/10.1021/acscatal.6b03277
https://doi.org/10.1021/acs.accounts.8b00410
https://doi.org/10.1016/j.trechm.2020.08.001
https://doi.org/10.1039/C9CY02080B
https://doi.org/10.1039/C9CY02080B
https://doi.org/10.1039/B701677H
https://doi.org/10.1016/j.tet.2004.01.020
https://doi.org/10.1016/j.tet.2005.08.031
https://doi.org/10.1021/cr100048w
https://doi.org/10.1038/nature10702
https://doi.org/10.1039/c0cs00196a
https://doi.org/10.1039/C3CS60345H
https://doi.org/10.1021/acs.chemrev.6b00237
https://doi.org/10.1021/acs.chemrev.6b00237
https://doi.org/10.1021/acs.joc.6b02358
https://doi.org/10.1021/acs.joc.6b02358
https://doi.org/10.1038/nature09125
https://doi.org/10.1038/nature09125
https://doi.org/10.1002/anie.202000224
https://doi.org/10.1002/ange.202000224
https://doi.org/10.1039/c1cs15109f
https://doi.org/10.1039/c1cs15109f
https://doi.org/10.1021/acs.chemrev.8b00068
https://doi.org/10.1021/acs.chemrev.8b00068
https://doi.org/10.1002/anie.200702943
https://doi.org/10.1002/anie.200702943
https://doi.org/10.1002/ange.200702943
https://doi.org/10.1021/cs400232b
https://doi.org/10.1021/cs400232b
https://doi.org/10.1021/ja508588b
https://doi.org/10.1021/ja508588b
https://doi.org/10.1002/adsc.201500642
https://doi.org/10.1021/acs.orglett.6b02913
https://doi.org/10.1039/C7CC03274A
https://doi.org/10.1039/C7CC04339B
https://doi.org/10.1021/acs.orglett.7b01068
https://doi.org/10.1021/acs.orglett.7b01068
https://doi.org/10.1039/C8CC03858A
https://doi.org/10.1021/acs.joc.8b02874
https://doi.org/10.1021/ar8000298
https://doi.org/10.1039/b702942j
https://doi.org/10.1007/128_2011_286
https://doi.org/10.1021/acscatal.5b02474
https://doi.org/10.1002/anie.201201788
https://doi.org/10.1002/anie.201201788
https://doi.org/10.1002/ange.201201788
https://doi.org/10.1021/ja301519q
https://doi.org/10.1002/anie.201808923
https://doi.org/10.1002/anie.201808923
https://doi.org/10.1002/ange.201808923
https://doi.org/10.1021/jacs.7b01833
https://doi.org/10.1021/jacs.7b01833
https://doi.org/10.1002/anie.201903656
https://doi.org/10.1002/anie.201903656
https://doi.org/10.1002/ange.201903656
https://doi.org/10.1002/ange.201903656
https://doi.org/10.1039/D0CC04565A
https://doi.org/10.1039/D0CC04565A
https://doi.org/10.1021/ol070527h
https://doi.org/10.1021/ol701581g
https://doi.org/10.1016/j.tetlet.2019.151493
https://doi.org/10.1021/ol8011088
https://doi.org/10.1016/j.tetlet.2012.12.112
https://doi.org/10.1021/ol034919+
https://doi.org/10.1021/ol034919+
https://doi.org/10.1021/acs.orglett.8b02446
https://doi.org/10.1021/acs.orglett.8b02446
https://doi.org/10.1039/b400878b
https://doi.org/10.1039/b400878b
https://doi.org/10.1021/ja3089907
https://doi.org/10.1002/anie.201305902
https://doi.org/10.1002/ange.201305902
https://doi.org/10.1002/ange.201305902
https://doi.org/10.1002/cctc.201600874
https://doi.org/10.1038/nature14127
https://doi.org/10.1021/acs.orglett.8b02109
https://doi.org/10.1021/acs.orglett.8b02109
https://doi.org/10.1039/C8NJ02413H
https://doi.org/10.1016/j.jcat.2019.05.034
https://doi.org/10.1021/ol005913c
https://doi.org/10.1021/ja027113y
https://doi.org/10.1021/ja027113y
https://doi.org/10.1021/ja0320018
https://doi.org/10.1021/ja0320018
https://doi.org/10.1021/ja800574m
https://doi.org/10.1021/ja908933s
https://doi.org/10.1021/ol301331t
https://doi.org/10.1021/ol301331t

