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ABSTRACT: Rhodium(IIl)-catalyzed oxidative annulation reactions of
pyridinium trifluoromethanesulfonate salts with alkynes leading to substituted
indolizines by cleavage of C(sp*)—H/C(sp®)—H bonds are developed. The L
starting materials are readily available, and the reactions have a broad substrate
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scope. This reaction overcomes some drawbacks of the previous indolizine
synthetic methods and provides a new efficient route to indolizine derivatives.

ndolizines, as a vital class of N-heterocycles with a 10 z-

delocalized electrons, have received much attention because
of their molecular structure and important biological activities."
Indolizine derivatives have many pharmaceutical applications,
including antituberculosis agents, antibacterial agents, anti-
cancer agents, anti inflammatory agents, antihistaminic agents,
phosphatase inhibitors, aromatase inhibitors, etc. (Figure 1).
Thus, direct and valuable strategies for synthesis of indolizine
derivatives are highly desired.
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Figure 1. Examples of biologically active indolizine derivatives.

Diverse synthetic methods to access these molecules have
been reported, including the traditional reactions of 2-
alkylpyridine or their derivatives with acid anhydrides,2 1,3-
dipolar cycloadditions of pyridiniums with electron-deficient
alkenes’ and alkynes,” and transition-metal-catalyzed intra-
molecular nucleophilic attack reaction of alkynylpyridines.” In
addition, multicomponent approaches for the synthesis of
indolizines,” copper-catalyzed [3 + 2] cyclization of pyridines
toward alkenyldiazoacetates,” and photocatalysis to indolizines®
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were also reported recently. The main disadvantage of these
reactions are their limited substrate availability. Thus, efficient
methods from simple and readily available starting materials to
indolizine derivatives are still valuable.

In the past decade, the transition-metal-catalyzed directed
C—H bond activation as a versatile approach in organic
synthesis has attracted much attention.” In particular, Rh(III)-
catalyzed functionalization of the C(sp’)—H bond and
annulation have been used widely because of their high
efficiency and broad substrate scopes.'’ In comparison to
C(sp*)—H bond activation and annulation, similar reactions via
C(sp*)—H bond activation are still relatively rare."" Following
our continuous interest in Rh(II)-catalyzed C—H bond
activation and heterocycle building,'"”*'> herein we report an
efficient Rh(III)-catalyzed oxidative annulation reaction of
pyridinium trifluoromethanesulfonate salts with alkynes leading
to substituted indolizines by cleavage of C(sp*)—H/C(sp*)—H
bonds.

In an initial attempt, the reaction of pyridinium trifluor-
omethanesulfonate salt (1a) with diphenylacetylene (2a) was
explored to screen the reaction conditions (Table 1).
Pyridinium trifluioromethanesulfonate salt (1a) (0.4 mmol)
was treated with diphenylacetylene (2a) (0.2 mmol) in the
presence of [Cp*RhCl,], (5 mol %), KOAc (0.4 mmol), and
Cu(OAc),-H,0 (0.2 mmol) in DCE at 100 °C for 18 h under
Ar atomosphere. The desired product 3aa was obtained in 90%
yield (Table 1, entry 1). The structure of compound 3aa was
confirmed by its '"H and *C NMR spectroscopy and high-
resolution mass spectrometry (HRMS). The presence of base
was crucial for the reaction. KOAc was proven to be the best
base (entries 1—6), and 3aa was not formed without base
(entry 7). Subsequently, other different oxidant copper salts
were tested (entries 8—10), but they did not show positive
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Table 1. Optimization of Reaction Conditions”

| N Ph - [Cp*RhCly), =
®_Jo base, oxidant
Nk orf * H solvent N: o
CO,Et Ph 100°C,18h  EtO,C° '

1a 2a 3aa
entry base oxidant solvent yield” (%)
1 KOAc Cu(OAc),-H,0 DCE 90
2 NaOAc Cu(OAc),H,0 DCE 73
3 CsOAc Cu(OAc),H,0 DCE 89
4 K,CO; Cu(OAc),H,0 DCE 89
S K;PO, Cu(OAc),H,0 DCE 89
6 Cs,CO;  Cu(OAc),H,0 DCE s3
7 Cu(OAc),-H,0 DCE trace
8 KOAc Cu(CF;C0,), DCE trace
9 KOAc Cu(OTIf), DCE trace
10 KOAc Cu(II) 2-ethylhexanoate DCE 39
11 KOAc DCE 38
12 KOAc Cu(OAc),H,0 toluene 23
13 KOAc Cu(OAc),H,0 dioxane 17
14 KOAc Cu(OAc),H,0 MeCN 15
15 KOAc Cu(OAc), H,0 t+-AmOH 15
166  KOAc Cu(OAc),'H,0 DCE 20
177 KOAc Cu(OAc), H,0 DCE 29
18°  KOAc Cu(OAc),"H,0 DCE 94
19 KOAc Cu(0OAc), H,0 DCE 19
206 KOAc Cu(OAc), H,0 DCE 14
21" KOAc Cu(0OAc), H,0 DCE 79
22! KOAc Cu(OAc),-H,0 DCE 80

“Reaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), [Cp*RhCL], (S
mol %), base (0.4 mmol), oxidant (0.2 mmol), solvent (2.5 mL), 100
°C, 18 h, under Ar atmosphere. “Isolated yield. “Without
[Cp*RhCl,],. 980 °C. €120 °C./Switched the anion of 1a to chloride.
8Switched the anion of la to bromide. "Switched the anion of 1a to
SbF,". ‘Switched the anion of 1a to PF, .

effects on the reaction. In the absence of oxidant, 3aa was also
obtained in 38% yield (entry 11). When DCE was switched to
other solvents, the yields of the reaction decreased significantly
to 15—23% (entries 12—15). In the absence of Rh(III) catalyst,
the yield of the reaction was only 20% (entry 16). Examination
of the temperature showed that 120 °C proved to be the best,
affording 3aa in 94% isolated yield (entries 17 and 18). Finally,
when the anion of substrate la was switched to chloride,
bromide, SbF,~, and PF,~ (entries 19—22), 3aa was obtained in
19%, 14%, 79%, and 80% yields, respectively. This indicated
that the coordination ability of the anion has notable influence
on the reaction and the weakly coordinated anions gave better
results. Thus, we determined our best conditions as shown in
entry 18.

With the optimized conditions in hand, we further explored
the reaction of 1a with a variety of alkynes (Scheme 1). All of
the reactions proceeded smoothly to afford the desired
products 3 in moderate to excellent yields. For the diarylalkynes
bearing an electron-donating group such as a methyl and
methoxyl groups at the para-position of the phenyl ring
afforded the desired products in higher yields (3ab 89%, 3ac
92%). The halide (F, Cl, Br)-substituted diarylalkynes were well
tolerated, affording the corresponding products in 82—87%
yields (3ad—af). In contrast, the diarylalkynes with electron-
withdrawing groups (CF;, CO,Et) at para-position of the
phenyl ring gave lower yields (3ag, 3ah) than those with

Scheme 1. Substrate Scope of Alkynes”
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“Reaction conditions: 1a (0.4 mmol), 2 (0.2 mmol), [Cp*RhCL], (S
mol %), Cu(OAc),-H,0 (0.2 mmol), KOAc (0.4 mmol), DCE (2.5
mL), 120 °C, 18 h, under Ar atmosphere; isolated yields are shown.
bSingle product was obtained. “Major isomer is shown.

electron-donating groups. Also, m-methyl-substituted diary-
lalkyne (3ai) gave 78% yield. Beside diarylalkynes, the aliphatic
alkynes were also tolerated, affording the expected products in
moderate yields (3aj, 3ak). Apart from the symmetrical alkynes,
the unsymmetrical alkynes were also tested for the present
reaction. The reaction gave the regioselective products (3al,
3am) with the aryl group proximal to the carboxylate group.
The regioselectivity is from the regioselective insertion of an
alkyne into the Rh—C bond."* To our delight, the di(2-
thienyl)acetylene also reacted smoothly with la to give the
desired product 3am in 92% yield. However, using the electron-
deficient alkyne, dimethyl acetylenedicarboxylate, the desired
product 3ao was obtained only in 34% yield.

Various substituted pyridinium trifluoromethanesulfonate
salts under the optimized reaction conditions were also
examined, and the results are shown in Scheme 2. Pyridinium
salts bearing either an electron-donating or electron-with-
drawing group at the para-position of pyridine ring were able to
undergo this transformation to afford the corresponding
indolizines in moderate to good yields (3ba—ha). As the yields
show, the substrates with electron-withdrawing groups at the
pyridine ring gave better results, while the substrate with the
strongly electron-donating N,N-dimethylamino group at the
pyridine ring only gave 24% yield (3ia). For pyridinium salts
with meta-substituted groups, mixtures of two regioisomers
with ratios of ~7:1 (3ja) and 6:1 (3ka) were obtained in good
yields. It was not possible to separate the two isomers by
column chromatography to give the pure isomers. The
pyridinium salts with ortho-substituted groups gave moderate
yields (3la, 3ma) because of steric effects. Aside from
pyridinium salts, the quinolinium and isoquinolinium salts
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Scheme 2. Substrate Scope of Pyridinium Salts”
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“Reaction conditions: 1 (0.4 mmol), 2a (0.2 mmol), [Cp*RhCL], (S
mol %), Cu(OAc),-H,O (0.2 mmol), KOAc (0.4 mmol), DCE (2.5
mL) 120 °C, 18 h, under Ar atmosphere; isolated yields are shown.
“Major isomer is shown.

were also tested. The isoquinolinium salt afforded the desired
product (3na) in 54% yield, while the quinolinium salt only
gave a trace amount of product, probably due to the steric
hindrance. Aside from 1-(2-ethoxy-2-oxoethyl)pyridinium
derivatives, other typological pyridinium salts such as 1-
methylpyridinium, 1-(cyanomethyl)pyridinium, 1-benzylpyridi-
nium, 1-(pyridine-2-ylmethyl)pyridinium, and 1-(2-(dimethyla-
mino)-2-oxoethyl)pyridinium were also tested. However, none
of them could afford the desired product. Gratifyingly, when 1-
(2-oxopropyl)pyridinium  trifluoromethanesulfonate salt was
used, the expected product (30a) was obtained in 53% yield.
Furthermore, the kinetic effect (KIE) experiments were
investigated. As shown in Scheme 3, the ky/kp values were 2.3

Scheme 3. KIE Experiments
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for both of the competitive and parallel reactions, respectively.
It indicated that the cleavage of the C—H bond of pyridine ring
may have been involved in the rate-determining step.

In the absence of Rh or oxidant, the product 3aa could be
formed in low yields. This suggested that the reaction could
follow the nucleophilic [3 + 2] cyclization pathway. The
electron-deficient alkyne 20, which is more active for the typical
[3 + 2] cyclization reaction, was reacted to give the product 3aa

in 34% and 39% vyields in the presence and absence of Rh
catalyst, respectively. This indicated that our conditions may
not be suitable for the typical [3 + 2] cyclization, and the
typical [3 + 2] cyclization process may be restrained in the
presence of Rh catalyst. On the basis of the above experimental
results and the previous reports,”* a plausible mechanism for
this reaction is proposed in Scheme 4, although the typical [3 +

Scheme 4. Proposed Reaction Pathway
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2] cyclization mechanism cannot be fully excluded. The
catalytic cycle begins with Cp*Rh(OAc),, which comes from
the ligand exchange between the acetate salt and rhodium
dimer. In the presence of KOAc as base, the pyridinium salt is
transferred to the intermediate I, which reacts with Cp*Rh-
(OAc), to form the intermediate II. Subsequently, the
intermediate II undergoes C—H bond activation to generate
a six-membered rhodacyclic intermediate III with the liberation
of an acetic acid molecule. An alkyne coordination and
migratory insertion into the Rh—C bond of III affords a rather
strained eight-membered rhodacycle IV. There might exist an
equilibrium between intermediate IV and the six-membered
rhodacycle V. Afterward, the intermediate V undergoes
reductive elimination to give the intermediate VI with the
liberation of the Rh(I) species, which is concomitantly oxidized
by oxidant Cu(OAc), to the active Rh(III) catalyst for the next
catalytic cycle. Finally, under the effect of base, the intermediate
VI is transferred to the desired product 3aa with the loss of a
proton. The carboxylate group acts as a directed group in the
reaction. The electron-withdrawing effect of the carboxylate
group may also increase the acidity of the methylene protons of
the pyridinium salt and promote the transformations of 1a to I
and VI to 3aa.

In summary, we have successfully developed Rh(III)-
catalyzed oxidative annulation reactions of pyridinium trifluor-
omethanesulfonate salts with alkynes leading to substituted
indolizines by cleavage of C(sp*)—H/C(sp®>)—H bonds. The
starting materials are readily available, and the reactions have a
broad substrate scope. This reaction overcomes some draw-
backs of the previous indolizine synthetic methods and
provides a new, efficient route to indolizine derivatives.

DOI: 10.1021/acs.orglett.6b01181
Org. Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.orglett.6b01181

Organic Letters

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b01181.

Full experimental procedures, characterization, and Iy,
BC, and ""NMR spectra of products (PDF)

B AUTHOR INFORMATION
Corresponding Author

* E-mail: bqwang@nankai.edu.cn.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the National Natural Science Foundation of China
(Nos. 21372122 and 21421062) and Natural Science
Foundation of Tianjin (16JCZDJC31700) for financial support.

B REFERENCES

(1) (a) Comprehensive Heterocyclic Chemistry: The Structure, Reactions,
Synthesis, and Uses of Heterocyclic Compounds; Katrizky, A. R., Rees, C.
W., Eds.; Pergamon Press: Oxford, 1984; Vols. 1—8. (b) Flitsch, W. In
Comprehensive Heterocyclic Chemistry II; Katritzky, A. R., Rees, C. W,,
Scriven, E. F. V., Eds; Pergamon, Oxford, 1996; Vol. 8, p 237.
(c) Swinbourne, F. J.; Hunt, J. H.; Klinkert, G. Adv. Heterocycl. Chem.
1979, 23, 103. (d) Sharma, V.; Kumar, V. Med. Chem. Res. 2014, 23,
3593. (e) Singh, G. S.; Mmatli, E. E. Eur. J. Med. Chem. 2011, 46, 5237.

(2) Boekelheide, V.; Windgassen, R. J. J. Am. Chem. Soc. 1959, 81,
1456.

(3) (a) Tominaga, Y.; Shiroshita, Y.; Hosomi, A. J. Heterocycl. Chem.
1988, 25, 1745. (b) Tominaga, Y.; Ichihara, Y. J. Heterocycl. Chem.
1990, 27, 263. (c) Druta, L L. Tetrahedron 1999, 55, 13063. (d) Wang,
B.; Zhang, X,; Li, J.; Hu, Y. J. Chem. Soc,, Perkin Trans. 1 1999, 1571.
(e) Fang, X.;; Wu, Y.; Deng, J.; Wang, S. Tetrahedron 2004, 60, S487.
(f) Wang, B; Liu, W,; Hu, H. Chin. ]. Chem. 2006, 24, 279.
(g) Allgduer, D. S.; Mayer, P.; Mayr, H. J. Am. Chem. Soc. 2013, 135,
15216. (h) Dontsova, N. E.; Nesterov, V. N. Tetrahedron 2013, 69,
S016.

(4) (a) Dumitrascu, F.; Mitan, C. L. Tetrahedron Lett. 2001, 42, 8379.
(b) Delattre, F.; Woisel, P. Tetrahedron 2005, 61, 3939. (c) Dumi-
trascu, F.; Draghici, C. ARKIVOC 2005, 165. (d) Brioche, J.; Meyer,
C.; Cossy, J. Org. Lett. 2015, 17, 2800. (e) Caira, M. R;; Popa, M. M.
Tetrahedron Lett. 2014, SS, 5635. (f) Shang, Y.; Zhang, M; Yu, S.
Tetrahedron Lett. 2009, 50, 6981.

(5) (a) Seregin, I. V.; Gevorgyan, V. . Am. Chem. Soc. 2006, 128,
12050. (b) Kel'in, A. V.; Sromek, A. W.; Gevorgyan, V. J. Am. Chem.
Soc. 2001, 123, 2074. (c) Zhang, L.; Li, X; Liu, Y.; Zhang, D. Chem.
Commun. 2015, 51, 6633. (d) Liu, Y.; Song, Z.; Yan, B. Org. Lett. 2007,
9, 409. (e) Smith, C. R;; Bunnelle, E. M.; Rhodes, A. J.; Sarpong, R.
Org. Lett. 2007, 9, 1169. (f) Seregin, L. V.; Schammel, A. W,
Gevorgyan, V. Org. Lett. 2007, 9, 3433. (g) Hardin, A. R;; Sarpong, R.
Org. Lett. 2007, 9, 4547. (h) Yan, B,; Zhou, Y,; Liu, Y. J. Org. Chem.
2007, 72, 7783. (i) Lange, P. P.; Bogdan, A. R.; James, K. Adv. Synth.
Catal. 2012, 354, 2373.

(6) (a) Yan, B; Liu, Y. Org. Lett. 2007, 9, 4323. (b) Albaladejo, M. J.;
Alonso, F. ACS Catal. 2015, S, 3446. (c) Bora, U.; Saikia, A.; Boruah,
R. C. Org. Lett. 2003, S, 435. (d) Zhu, H.; Zou, H. Org. Lett. 2011, 13,
2792. (f) Fan, X;; Wang, Y.; He, Y.; Zhang, X. Eur. J. Org. Chem. 2014,
2014, 713.

(7) Barluenga, J.; Lonzi, G.; Tomés, M. J. Am. Chem. Soc. 2010, 132,
13200.

(8) Sahoo, B.; Hopkinson, M. N.; Glorius, F. Angew. Chem., Int. Ed.
2015, 54, 1554S.

(9) For selected recent reviews, see: (a) Yamaguchi, J.; Yamaguchi, A.
D.; Itami, K. Angew. Chem,, Int. Ed. 2012, SI, 8960. (b) Kuhl, N.;
Hopkinson, M. N.; Wencel-Delord, ]J.; Glorius, F. Angew. Chem., Int.
Ed. 2012, 51, 10236. (c) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H.
Chem. Rev. 2012, 112, 5879. (d) Li, B.—J.; Shi, Z.—]. Chem. Soc. Rev.
2012, 41, 5588. (e) Rouquet, G.; Chatani, N. Angew. Chem.,, Int. Ed.
2013, 52, 11726. (f) Girard, S. A.; Knauber, T.; Li, C.—]. Angew. Chem,,
Int. Ed. 2014, 53, 74. (g) Yang, L.; Huang, H. Chem. Rev. 2018, 115,
3468. (h) Chen, Z; Wang, B,; Zhang, J.; Yu, W,; Liu, Z,; Zhang, Y.
Org. Chem. Front. 2015, 2, 1107. (i) Gandeepan, P.; Cheng, C.—H.
Chem. - Asian J. 2016, 11, 448.

(10) For recent reviews on Rh(III)-catalyzed C—H activation, see:
(a) Satoh, T.; Miura, M. Chem. - Eur. J. 2010, 16, 11212. (b) Chiba, S.
Chem. Lett. 2012, 41, 1554. (c) Song, G.; Wang, F.; Li, X. Chem. Soc.
Rev. 2012, 41, 3651. (d) Song, G; Li, X. Acc. Chem. Res. 20185, 48,
1007. (e) Ye, B.; Cramer, N. Acc. Chem. Res. 2015, 48, 1308.

(11) (a) Rakshit, S.; Patureau, F. W.; Glorius, F. J. Am. Chem. Soc.
2010, 132, 9585. (b) Tan, X; Liu, B,; Li, B.; Wang, B. J. Am. Chem.
Soc. 2012, 134, 16163. (c) Liu, B.; Zhou, T.; Li, B.; Wang, B. Angew.
Chem,, Int. Ed. 2014, $3, 4191. (d) Wang, N,; Li, R; Li, L; Xu, S;
Song, H.; Wang, B. J. Org. Chem. 2014, 79, 5379. (e) Wang, X,; Yu,
D.—G,; Glorius, F. Angew. Chem., Int. Ed. 2015, 54, 10280. (f) Huang,
X.; Wang, Y,; Lan, J; You, J. Angew. Chem., Int. Ed. 2015, 54, 9404.
(g) Zhou, B.; Chen, Z,; Yang, Y.; Ai, W.; Tang, H; Wu, Y.; Zhu, W
Li, Y. Angew. Chem., Int. Ed. 2015, 54, 12121.

(12) (a) Wang, N.; Li, B.; Song, H.; Xu, S.; Wang, B. Chem. - Eur. .
2013, 19, 358. (b) Li, B,; Ma, J.; Xie, W.; Song, H.; Xu, S.; Wang, B.
Chem. - Eur. J. 2013, 19, 11863. (c) Liang, Y,; Yu, K; Li, B,; Xu, S;
Song, H.; Wang, B. Chem. Commun. 2014, 50, 6130. (d) Xie, W.; Yang,
J; Wang, B;; Li, B. . Org. Chem. 2014, 79, 8278. (e) Shi, L; Yu, K
Wang, B. Chem. Commun. 2018, 51, 17277. (f) Li, B,; Yang, J.; Xu, H;
Song, H.; Wang, B. J. Org. Chem. 2018, 80, 12397. (g) Ge, Q; Li, B;
Song, H.; Wang, B. Org. Biomol. Chem. 2015, 13, 7695. (h) Yu, K;
Liang, Y,; Li, B;; Wang, B. Adv. Synth. Catal. 2016, 358, 661. (i) Xie,
W.; Li, B,; Wang, B. J. Org. Chem. 2016, 81, 396. (j) Ge, Q; Li, B;
Wang, B. Org. Biomol. Chem. 2016, 14, 1814.

(13) (a) Zheng, J; Wang, S.; Zheng, C.; You, S. J. Am. Chem. Soc.
2018, 137, 4880. (b) Zheng, C.; Zheng, J.; You, S. ACS Catal. 2016, 6,
262.

DOI: 10.1021/acs.orglett.6b01181
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.6b01181
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.6b01181
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b01181/suppl_file/ol6b01181_si_001.pdf
mailto:bqwang@nankai.edu.cn
http://dx.doi.org/10.1021/acs.orglett.6b01181

