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ABSTRACT: The synthesis of N-unprotected indoles has been realized via Rh(III)-catalyzed C—H activation/annulation of
imidamides with a-diazo f-ketoesters. The reaction occurs with the release of an amide coproduct, which originates from both
the imidamide and the diazo as a result of C=N cleavage of the imidamide and C—C(acyl) cleavage of the diazo. A rhodacyclic

intermediate has been isolated and a plausible mechanism has been proposed.

Arguably, indoles are one of the most important heterocycles
widely present in natural products, pharmaceuticals, and
agrochemicals.1 Therefore, numerous efficient methodologies to
access this motif have been developed,” the majority of which
involve Fischer-type indole synthesis.’” In addition, metal-
catalyzed cyclization of o-alkynylanilines,* annulation of ortho-
halogenated anilines with alkynes,” reductive cyclization of 2-
substituted nitroarenes,6 and other coupling/condensation
cascades are also well-known.” However, most of these
approaches still suffer from limited availability or high cost of
starting materials.

Recently, transition-metal-catalyzed C—H bond activation has
emerged as an important strategy in organic syntheses,” and
several indole syntheses via C—H activation have been reported.
Takemoto reported synthesis of indoles via activation of benzylic
C—H bonds and insertion into isocyanides.” Cross-dehydrogen-
ative coupling reactions have also been employed as useful
synthetic tools for indoles.'” In 2008, Fagnou and co-workers
reported an elegant Rh(III)-catalyzed intermolecular oxidative
annulation between internal alkynes and acetanilides to access N-
protected indoles.'! Afterward, Pd-, Rh-, and Ru-catalyzed indole
syntheses via C—H activation were widely explored under
oxidative or redox-neutral conditions."* For example, the Glorius
group reported a Rh(III)-catalyzed C—H activation/cyclization
approach to access NH indoles by taking advantage of an
oxidizing directing group.12f Very recently, Wan and co-workers
developed a regioselective synthesis of unsymmetrically 2,3-
disubstituted NH indoles via Rh(III)-catalyzed annulation of
nitrones with symmetrical alkynes.'” Despite these significant
advances, direct access to unsymmetrically 2,3-disubstituted
protic indoles using a C—H activation strategy still needs further
exploration.

It has been recently demonstrated that rhodium- and iridium-
catalyzed C—H activation of arenes bearing a protic directing
group in the coupling with diazo compounds occurred under
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redox-neutral conditions to furnish various heterocycles."> On
the other hand, in the rhodium(IIl)-catalyzed oxidative
annulation between imidamides and alkynes, the steric bulk of
the C-phenyl of imidamides has a significant influence on the
reaction selectivity.MAs a continuation of our interest in Rh(III)-
catalyzed C—H activation of arenes and construction of
heterocycles,'> we reasoned that changing the C-aryl of
imidamides to a C-alkyl group may favor the selectivity of the
C—H activation at the N-aryl ring, leading to efficient indole
synthesis. We now report a convenient, redox-neutral approach
to synthesize unprotected indoles via Rh(IIl)-catalyzed C—H
activation of imidamides in the coupling with diazo compounds,
and this reaction occurred with cleavage of C—C and C=N
bonds.

We initiated our investigations with the coupling of N-
phenylacetimidamide (1la) with ethyl 2-diazo-3-oxobutanoate
(2a) using [RhCp*Cl, ], as a catalyst in the presence of CsOAc.
To our delight, indole 3aa was isolated in 56% yield (Table 1,
entry 1). Employment of other bases such as NaOAc and CsOPiv
gave lower yields (entries 2 and 3). Further screening of solvents
revealed that acetone, MeCN, and MeOH were inferior to DCE
(entries 4—6). Gratifyingly, addition of HOAc (0.2 equiv)
resulted in formation of desired product 3aa in 74% yield (entry
7). This encouraged us to further increase the amount of HOAc.
Product 3aa was isolated in 79% yield when the amount of HOAc
was increased to 0.5 equiv (entry 8), and the optimal yield (89%)
was obtained when 1.5 equiv of HOAc was introduced (entries
9). Control experiments revealed that no reaction occurred when
the rhodium catalyst was omitted (entry 11). Thus, the following
conditions were eventually established for subsequent studies:
[RhCp*Cl,], (4 mol %), CsOAc (30 mol %), and HOAc (1.5
equiv) in DCE at 80 °C for 12 h.
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Table 1. Screening of Reaction Parameters”

¥ N, [RhCp*Clyl,, additive O
S G Cry-
NH Ac CO,Et base, solvent N
1a 2a 3aa :
entry additive (equiv) base solvent y1e1db (%)
1 CsOAc DCE 56
2 NaOAc DCE 42
3 CsOPiv DCE 27
4 CsOAc acetone 31
S CsOAc MeCN 38
6 CsOAc MeOH <5
7 HOACc (0.2) CsOAc DCE 74
8 HOACc (0.5) CsOAc DCE 79
9 HOACc (1.5) CsOAc DCE 89
10 HOACc (2.0) CsOAc DCE 88
11° HOAc (1.5) CsOAc DCE nd

“Reaction conditions: 1a (0.2 mmol), 2a (1.5 equiv), [RhCp*Cl,], (4
mol %), additive, base (30 mol %), solvent (2 mL), at 80 °C for 12 h.
bIsolated yield. “No [RhCp*Cl,], was used.

With the optimized reaction conditions in hand, we first
examined the scope and limitations of the diazo substrate in the
coupling with 1a (eq 1 and Scheme 1, 3aa—ae). Surprisingly, the

N, CO,Et
standard conditions
©/ O D Me (1)
NH OEt R = Ph, 83% N
R = Et, 85% H
2f (R Ph) 3aa
2g (R =Et)

couplings of ethyl 2-diazo-3-oxo-3-phenylpropanoate (2f) and
ethyl 2-diazo-3-oxopentanoate (2g) with 2a all afforded the same
product (3aa) in good yields (eq 1). Furthermore, benzamide
was detected as a coproduct by GC—MS in the coupling of 1a
with 2f, suggesting the relevancy of C—N bond cleavage of
imidamides and C—C(acyl) bond cleavage of diazo com-
pounds.'® Thus, the coupling for symmetrical a-diazo
acetylacetone (2e) and other unsymmetrical diazo compounds
delivered protic indoles in 51—-90% yields (3ab—ae). We next
investigated the scope of the imidamide substrate (Scheme 1).
Acetimidamides bearing methyl, tert-butyl, and halo group at the
para position of the N-phenyl ring all underwent smooth
coupling and afforded indoles 3ba—fa in 79—89% vyields.
Acetimidamides bearing methyl and halo group at the meta
position also reacted smoothly in good yields (3ga—ja), and the
coupling occurred at the less hindered ortho site. However, C—H
activation occurred exclusively at the more hindered ortho site for
a m-fluoro-substituted imidamide (1j), as elucidated from "H and
BC NMR spectroscopic analyses of 3ja. Moreover, ortho-
substituted imidamides are also applicable as in the isolation of
products 3ka and 3la in 80% and 66% yields, respectively.
Notably, several imidamides bearing two substitutes (Im—s) in
the phenyl ring have also been examined, affording the
corresponding indoles (3ma—sa) in moderate to good yields
and in high regioselectivity. In addition, the cyclization system
could be extended to other N-phenylalkylimidamides (1ab—ak),
furnishing the desired products in moderate to good yields
(3aba—aka). In some cases, the imidamide was used in excess to
facilitate the isolation of the products 3ada—aga. In contrast to
these eflicient couplings, N-phenylbenzimidamide only reacted
with poor efficiency under the standard conditions.
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Scheme 1. Rh(III)-Catalyzed Synthesis of N-Unprotected
Indoles”
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“Reaction conditions: 1 (0.3 mmol), 2 (0.45 mmol), [RhCp*CL], (4
mol %), CsOAc (30 mol %), HOAc (0.3 mmol), DCE (3 mL), at 80
°C for 12 h, isolated yields. “The reaction of 1a with ethyl 2-diazo-3-
oxo-3-phenylpropanoate (2f) or ethyl 2-diazo-3-oxopentanoate (2g)
afforded 3aa in 83% and 85% isolated yields, respectively. “1 (0.36
mmol) and 2 (0.3 mmol) were used.

The synthetic applications of indoles have been well-
documented. For example, 3aa could be converted to 4, an
analogue of the seroonin antagonist ICS 205-903 and to $ that is
known to exhibit anti-inflammatory and analgesic activities
(Scheme 2)."”

Scheme 2. Synthetic Utilities of an Indole Product

O=(\/|\

Ph COzEt
iNH ref 17b i /< ref 17a

3aa (analogue of ICS 205-930)

To probe the reaction mechanism, several experiments have
been performed. An intermolecular competitive reaction has
been performed using an equimolar mixture of 1a and la-d; in
the coupling with 2a. "H NMR analysis of the product mixture
revealed a kinetic isotope effect (KIE) of 3.3 at a low conversion,
indicating that the C—H bond cleavage may be involved in the
turnover-limiting step (see the SI). In another experiment, a
stoichiometric reaction between la and [RhCp*Cl,], was
performed in the presence of NaOAc from which a rhodacyclic
complex (A) was isolated in 71% yield (eq 2 and Figure 1).
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Figure 1. ORTEP drawing of the molecular structure of complex A
(hydrogen atoms were omitted for clarity).

Complex A, which has been fully characterized by NMR, mass
spectrometry, and X-ray crystallography, proved to be an active
catalyst because when it was designated as a catalyst (8 mol %)
for the coupling of 1a with 2a, the product 3aa was isolated in a
comparable yield (82%, eq 3).

COLEt
©\ NH N, complex A (8 mol %), CsOAc N
S K ®
H Ac” "COEt  HOAc,DCE,80°C, 12 h H
1a 2a 82% 3aa

On the basis of these observations and literature prece-
dents,"*""¥ 2 plausible mechanism is given in Scheme 3. First, an

Scheme 3. Proposed Mechanism
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active catalyst [RhCp*(OAc),] is generated through anion
exchange. Coordination of 1a to the catalyst and subsequent
cyclometalation generate a rhodacyclic intermediate A’.
Coordination of the diazo substrate followed by elimination of
nitrogen gives a rhodium carbene species B, the Rh—Ar bond of
which is proposed to undergo migratory insertion into the
carbene unit to generate an intermediate C. The Rh—C(alkyl)
bond then undergoes migratory insertion into the C=N bond to
afford an amide species D. The active Rh(III) catalyst and an
intermediate E are released from D upon protonolysis and
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intramolecular nucleophilic addition. The product 3aa is
eventually formed from E by elimination of one molecule of
AcNH,.

In summary, we have developed a redox-neutral and efficient
synthetic route to access N-unprotected indoles by Rh(III)-
catalyzed C—H activation of readily available imidamides in the
coupling with a-diazo p-ketoesters. This reaction proceeded
under relatively mild conditions with broad substrate scope.
Interestingly, this coupling occurred with the release of a
molecule of amide, which originated from the nitrogen of the
imidamide and the acyl group of the a-diazo f-ketoester as a
result of the C=N cleavage of the imidamide and C—C(acyl)
cleavage of the diazo. The coupling occurred via a C—H
activation mechanism with the isolation of a rhodacyclic
intermediate. This method to access unprotected indoles and
the cleavage of C—C bond of diazos may find applications in the
synthesis of complex structures.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03669.

Crystallographic data of complex A (CIF)

Experimental procedure, characterization of the products,
and copies of the 'H and "*C NMR spectra of selected
products (PDF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: xwli@dicp.ac.cn.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the NSFC (Nos. 21525208 and
21272231) and the dedicated grant for new technology of
methanol conversion from Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, is gratefully acknowledged.

B REFERENCES

(1) (a) Horton, D. A; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003,
103, 893. (b) Eicher, T.; Hauptmann, S.; Speicher, A. The Chemistry of
Heterocycles: Structure, Reactions, Syntheses, and Applications, 2nd ed,;
Wiley-VCH: Weinheim, 2003. (c) Somei, M.; Yamada, F. Nat. Prod. Rep.
2004, 21, 278. (d) Somei, M.; Yamada, F. Nat. Prod. Rep. 2005, 22, 73.
(e) Kawasaki, T.; Higuchi, K. Nat. Prod. Rep. 200S, 22, 76l.
(f) Kochanowska-Karamyan, A. J.; Hamann, M. T. Chem. Rev. 2010,
110, 4489.

(2) (a) Cacchi, S.; Fabrizi, G. Chem. Rev. 2005, 105, 2873.
(b) Humphrey, G. R; Kuethe, J. T. Chem. Rev. 2006, 106, 2875.
(¢) Kriiger, K;; Tillack, A.; Beller, M. Adv. Synth. Catal. 2008, 350, 2153.
(d) Cacchi, S.; Fabrizi, G. Chem. Rev. 2011, 111, PR215. (e) Vicente, R.
Org. Biomol. Chem. 2011, 9, 6469. (f) Taber, D. F.; Tirunahari, P. K.
Tetrahedron 2011, 67, 7195. (g) Shiri, M. Chem. Rev. 2012, 112, 3508.
(h) Inman, M.; Moody, C. J. Chem. Sci. 2013, 4, 29.

(3) (a) Robinson, B. Chem. Rev. 1963, 63, 373. (b) Robinson, B. Chem.
Rev. 1969, 69, 227. (c) Robinson, B. The Fischer Indole Synthesis; John
Wiley and Sons: New York, 1982.

(4) (2) Trost, B. M.; McClory, A. Angew. Chem.,, Int. Ed. 2007, 46, 2074.
(b) Sakai, N.; Annaka, K; Fujita, A.; Sato, A.; Konakahara, T. J. Org.
Chem. 2008, 73, 4160. (c) Arcadi, A.; Cacchi, S.; Fabrizi, G.; Marinelli,
F.; Parisi, L. M. J. Org. Chem. 2008, 70, 6213. (d) Ohta, Y.; Chiba, H.;

DOI: 10.1021/acs.orglett.5b03669
Org. Lett. 2016, 18, 700—703



Organic Letters

Oishi, S.; Fujii, N.; Ohno, H. J. Org. Chem. 2009, 74, 7052. (e) Li, G.;
Huang, X.; Zhang, L. Angew. Chem., Int. Ed. 2008, 47, 346.

(5) (a) Cacchi, S.; Fabrizi, G.; Parisi, L. M. Org. Lett. 2003, S, 3843.
(b) Liu, F.; Ma, D. J. Org. Chem. 2007, 72, 4844. (c) Lu, B. Z.; Wei, H.-X ;
Zhang, Y.; Zhao, W.; Dufour, M.; Li, G.; Farina, V.; Senanayake, C. H. J.
Org. Chem. 2013, 78, 4558. (d) Lu, B. Z.; Zhao, W.; Wei, H.-X.; Dufour,
M,; Farina, V.; Senanayake, C. H. Org. Lett. 2006, 8, 3271. (e) Shen, M.;
Li, G.; Lu, B. Z; Hossain, A.; Roschangar, F.; Farina, V.; Senanayake, C.
H. Org. Lett. 2004, 6, 4129.

(6) (a) Rutherford, J. L.; Rainka, M. P.; Buchwald, S. L. J. Am. Chem.
Soc. 2002, 124, 15168. (b) Wong, A.; Kuethe, J. T.; Davies, I. W,;
Hughes, D. L. J. Org. Chem. 2004, 69, 7761. (c) Jadhav, J.; Gaikwad, V.;
Kurane, R.; Salunkhe, R.; Rashinkar, G. Synlett 2012, 23, 2S11.

(7) (a) Jensen, T.; Pedersen, H.; Bang-Andersen, B.; Madsen, R;;
Jorgensen, M. Angew. Chem., Int. Ed. 2008, 47, 888. (b) Leogane, O.;
Lebel, H. Angew. Chem., Int. Ed. 2008, 47, 350. (c) Coleman, C. M,;
O’Shea, D. F. J. Am. Chem. Soc. 2003, 125, 4054. (d) Fayol, A.; Fang, Y.
Q.; Lautens, M. Org. Lett. 2006, 8, 4203.

(8) (a) Ritleng, V.; Sirlin, C.; Pfeffer, M. Chem. Rev. 2002, 102, 1731.
(b) Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew. Chem., Int. Ed. 2009,
48, 9792. (c) Giri, R; Shi, B.-F.; Engle, K. M.; Maugel, N; Yu, J.-Q.
Chem. Soc. Rev. 2009, 38, 3242. (d) Colby, D. A,; Bergman, R. G;
Ellman, J. A. Chem. Rev. 2010, 110, 624. (e) Jazzar, R; Hitce, J.;
Renaudat, A.; Sofack-Kreutzer, J.; Baudoin, O. Chem. - Eur. ]. 2010, 16,
2654. (f) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
(g) Ackermann, L. Chem. Rev. 2011, 111, 1315. (h) Cho, S. H.; Kim, J.
Y.; Kwak, J.; Chang, S. Chem. Soc. Rev. 2011, 40, S068. (i) Wencel-
Delord, J.; Droge, T.; Liu, F.; Glorius, F. Chem. Soc. Rev. 2011, 40, 4740.
(j) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112,
5879. (k) Colby, D. A; Tsai, A. S.; Bergman, R. G; Ellman, J. A. Acc.
Chem. Res. 2012, 45, 814. (1) Engle, K. M.; Mei, T.-S.; Wasa, M.; Yu,J.-Q.
Acc. Chem. Res. 2012, 45, 788. (m) Song, G.; Wang, F.; Li, X. Chem. Soc.
Rev. 2012, 41, 3651. (n) Li, D. D.; He, C. L,; Cai, H. T.; Wang, G. W.
Youji Huaxue 2013, 33,203. (o) Ackermann, L. Acc. Chem. Res. 2014, 47,
281. (p) Huang, H,; Ji, X.; Wu, W,; Jiang, H. Chem. Soc. Rev. 2015, 44,
1155. (q) Kuhl, N.; Schréder, N.; Glorius, F. Adv. Synth. Catal. 2014,
356, 1443. (r) Qiu, G.; Kuang, Y.; W, J. Adv. Synth. Catal. 2014, 356,
3483. (s) Zhang, M; Zhang, Y.; Jie, X.; Zhao, H.; Li, G.; Su, W. Org.
Chem. Front. 2014, 1, 843. (t) Shin, K; Kim, H.; Chang, S. Acc. Chem.
Res. 2015, 48, 1040. (u) Song, G.; Li, X. Acc. Chem. Res. 2015, 48, 1007.

(9) Nanjo, T.; Tsukano, C.; Takemoto, Y. Org. Lett. 2012, 14, 4270.

(10) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1218.

(11) Stuart, D. R;; Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K.
J. Am. Chem. Soc. 2008, 130, 16474.

(12) (a) Shi, Z.; Zhang, C; Li, S.; Pan, D.; Ding, S.; Cui, Y,; Jiao, N.
Angew. Chem,, Int. Ed. 2009, 48, 4572. (b) Stuart, D. R;; Alsabeh, P.;
Kuhn, M.; Fagnou, K. J. Am. Chem. Soc. 2010, 132, 18326. (c) Chen, J;
Song, G.; Pan, C.-L.; Li, X. Org. Lett. 2010, 12, 5426. (d) Huestis, M. P.;
Chan, L,; Stuart, D. R.; Fagnou, K. Angew. Chem.,, Int. Ed. 2011, 50, 1338.
(e) Ackermann, L.; Lygin, A. V. Org. Lett. 2012, 14, 764. (f) Zhao, D.;
Shi, Z.; Glorius, F. Angew. Chem., Int. Ed. 2013, 52, 12426. (g) Liu, B.;
Song, C,; Sun, C,; Zhou, S.; Zhy, J. J. Am. Chem. Soc. 2013, 135, 16625.
(h) Wang, C.; Sun, H; Fang, Y.; Huang, Y. Angew. Chem., Int. Ed. 2013,
52,5795. (i) Yan, H;; Wang, H,; Li, X; Xin, X.; Wang, C.; Wan, B. Angew.
Chem.,, Int. Ed. 2015, 54, 10613. (j) Cajaraville, A.; Léopez, S.; Varela, J.
A.; Saa, C. Org. Lett. 2013, 15, 4576. (k) Zheng, L.; Hua, R. Chem. - Eur. ].
2014, 20, 2352. (1) Tao, P; Jia, Y. Chem. Commun. 2014, S0, 7367.
(m) Muralirajan, K.; Cheng, C.-H. Adv. Synth. Catal. 2014, 356, 1571.

(13) For Rh/Ir-catalyzed C—H activation—alkylation via insertion into
diazos, see: (a) Chan, W.-W.; Lo, S.-F.; Zhou, Z.; Yu, W.-Y. J. Am. Chem.
Soc. 2012, 134, 13565. (b) Yu, X; Yu, S.; Xiao, J.; Wan, B.; Li, X. . Org.
Chem. 2013, 78, 5444. (c) Jeong, ].; Patel, P.; Hwang, H.; Chang, S. Org.
Lett. 2014, 16,4598. (d) Ai, W.; Yang, X.; Wu, Y.; Wang, X; Li, Y.; Yang,
Y.; Zhou, B. Chem. - Eur. ]. 2014, 20, 17653. () Xia, Y.; Liu, Z.; Feng, S.;
Zhang, Y.; Wang, J. ]. Org. Chem. 20185, 80, 223. For Rh/Ir-catalyzed C—
H activation—annulation with diazos, see: (f) Hyster, T. K.; Ruhl, K. E.;
Rovis, T. J. Am. Chem. Soc. 2013, 135, 5364. (g) Shi, J.; Zhou, J.; Yan, Y.;
Jia, J.; Liu, X,; Song, H.; Xu, H. E; Yi, W. Chem. Commun. 2015, 51, 668.
(h) Shi, Z.; Koester, D. C.; Boultadakis-Arapinis, M.; Glorius, F. J. Am.

703

Chem. Soc. 2013, 135, 12204. (i) Liang, Y.; Yu, K; Li, B.; Xu, S.; Song,
H.; Wang, B. Chem. Commun. 2014, 50, 6130. (j) Yu, S.; Liu, S.; Lan, Y.;
Wan, B.; Li, X. J. Am. Chem. Soc. 2015, 137, 1623. (k) Li, X. G.; Sun, M,;
Liu, K; Jin, Q;; Liu, P. N. Chem. Commun. 2018, 51,2380. (1) Cheng, Y.;
Bolm, C. Angew. Chem,, Int. Ed. 2015, 54, 12349. (m) Dateer, R. B;
Chang, S. Org. Lett. 2016, 18, 68. (n) Chen, X.; Hu, X; Bai, S.; Deng, Y.;
Jiang, H.; Zeng, W. Org. Lett. 2016, 18, 192.

(14) Wei, X; Zhao, M.; Du, Z,; Li, X. Org. Lett. 2011, 13, 4636.

(15) (a) Song, G.; Chen, D.; Pan, C.-L.; Crabtree, R. H,; Li, X. ]. Org.
Chem. 2010, 75,7487. (b) Su, Y.; Zhao, M.; Han, K;; Song, G.; Li, X. Org.
Lett. 2010, 12, 5462. (c) Qi, Z.; Wang, M.; Li, X. Chem. Commun. 2014,
50,9776. (d) Qi, Z.; Li, X. Angew. Chem.,, Int. Ed. 2013, 52, 8995.

(16) For an example of coupling with diazo esters via C—C cleavage,
see: Ye, F.; Wang, C.; Zhang, Y.; Wang, ]. Angew. Chem.,, Int. Ed. 2014,
53, 11625.

(17) (a) Macor, J. E.; Ryan, K.; Newman, M. E. J. Org. Chem. 1989, 54,
4785. (b) Manish, R; Kumanan, R; Duganath, N.; Murthy, M. S,;
Nazeer, A.; Subramanyam, S. Int. J. Chem. Sci. Appl. 2011, 2, 91.

DOI: 10.1021/acs.orglett.5b03669
Org. Lett. 2016, 18, 700—703



