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ABSTRACT: An exclusive trans-aminocarboxylation and
oxoaminocarboxylation of diarylalkynes were realized through
hypervalent iodine-mediated cascade annulations under metal-
free conditions, leading to divergent assembly of fused or spiro
polycyclic heterocycles with a dosage of the hypervalent iodine
oxidant. The mechanisms for the formation of both products
are proposed.

Currently, cascade reactions (or one-pot transformations),
during which multistep reactions proceed in a single

manipulation without isolation or purification of any of the
intermediates, have received much attention due to the obvious
reason for their efficiency, especially for the assembly of complex
molecular structures.1,2 Such a strategy has been proven and
adopted as a powerful synthetic means for the conversion of
internal alkynes into biologically interesting polycyclic3 or spiro4

heterocycles. A literature survey on intramolecular trans-addition
of nitrogen and/or oxygen across triple bonds presented only
two examples: (1) Pd(II)/I(III)-based intramolecular annula-
tion of internal alkyne through successive C−N bond
formations3a (Scheme 1a); (2) Pd(II)-catalyzed intramolecular
diamination of diarylacetylene accompanied by a C(sp3)−N
bond cleavage, affording the bioactive indoleisoquinolinones3b

(Scheme 1b). Both of these methods evidently require the use of
a transition-metal catalyst. It is worth noting that the first
intermolecular, metal-free “syn”-addition across the triple bond
of the two nitrogens in 1,2-phenylenediamines in an internal
alkyne was realized by using hypervalent I(III) as the oxidant
(Scheme 1c).5 However, to the best of our knowledge, there is no
report about the direct addition of nitrogen and oxygen across
diarylalkyne into a fused polycyclic skeleton under metal-free
conditions.
Hypervalent iodine reagents,6 a class of readily available,

“green” nonmetal oxidants, have been widely used in various
bond-forming reactions.7 However, reports on their applications
in cascade or one-pot processes involving several bond-forming
sequences in forming complex heterocycles are scarce.8 Recently,
we reported such an application in a cascade annulation reaction
of internal alkynes which afforded spiro heterocycles with high
efficiency and a wide scope.9 As part of our ongoing research, we

explored the possibility of extending the method to the synthesis
of either fused or spiro polycyclic compounds such as 1 and 210

(Scheme 1c), whose analogues have been shown to possess
antifungal activity. In this letter, we report our discovery of an
exclusive, one-pot heteroannulation process featuring BF3·Et2O-
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Scheme 1. Cascade Annulations of Internal Alkynes
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catalyzed O-addition of carboxylic acid to diarylalkyne and the
subsequent PIDA-mediated dehydrogenative C−N bond
formation or spirocyclization under metal-free conditions. To
our knowledge, these fused and spiro heterocycles (Scheme 1c)
are not readily accessible by any of the known methods.11

Initially, we envisaged that, in the presence of a Brønsted or
Lewis acid, diarylacetylene 3a would likely be converted into 6-
endo-dig intermediate 4a (Scheme 2), which might undergo

oxidative cyclization to give polycyclic product 1a through an
I(III)-mediated dehydrogenative C−N bond formation.12 To
our delight, the introduction of BF3·Et2O selectively led to the
formation of the 6-endo-dig intermediate 4a in nearly quantitative
yield (see the Supporting Information for details).13

Intermediate 4awas then used as themodel substrate to search
for the optimal reaction conditions for the second dehydrogen-
ative C−N bond formation step. Additive-screening studies
including TFE, HFIP, TFA, TsOH, BF3·Et2O, TMSOTf revealed
that a Lewis acid catalyst (BF3·Et2O or TMSOTf) was
indispensable for the conversion of 4a into the desired product
1a, with spiro compound 2a formed as a byproduct (Table 1,
entries 1−8). A reduced amount of BF3·Et2O led to a slight
improvement in yield, furnishing 1a as virtually the sole product

in 86% yield (Table 1, entry 9). Further lowering of the amount
of BF3·Et2O resulted in only a significantly prolonged reaction
time without benefiting the yield (Table 1, entry 10). Several
other common organic solvents, e.g., THF, DMF, and MeCN,
also worked equally well (Table 1, entries 11−13). On the other
hand, trials with other I(III)-reagents showed that while PhIO
gave an equally satisfactory yield of 84%, PIFA led to a mixture of
1a and 2a with a much lower yield for 1a (Table 1, entries 14−
15).
Under optimized conditions, a series of diarylacetylenes 3

were prepared (see the Supporting Information for details) to
investigate the scope of this newly established method (Table 2).

First, we evaluated the electronic effect of substituent R1 (Table
2, entries 1−5). It was found that an electron-donating group
(Me) was marginally more favored than electron-withdrawing
groups (F, Cl, Br). The steric effect was apparent, as 1f was
obtained in a lower yield (Table 2, entry 6). The substituent
effect at the phenyl ring containing the carboxyl moiety was
found to be minimal (Table 2, entries 7−13). Other sulfonyl R2

groups gave slightly lowered yields relative to the tosyl group
(Table 2, entries 14−17). On the other hand, no desired product
was obtained with R2 being a benzyl or trifluoro methylsulfonyl
group (not shown). Finally, the thiophene ring could be well
tolerated under the optimized conditions, giving the preferred
product 1q in a moderate yield of 72% (Table 2, entry 17).
Encouraged by the above findings, we proceeded to realize the

two-step reaction in a one-pot fashion. A series of experimental
variables, including the amount of the catalyst, the solvent, the
temperature, and the type of hypervalent iodine oxidant, were
systematically examined (see the Supporting Information for
details). After many trials, we determined the most ideal
conditions to be 1.0 equiv of BF3·Et2O in DCE at 80 °C for 8

Scheme 2. Hypothezied Lactonization Followed by
Dehydrogenative C−N Bond Formation for Intramolecular
trans-Aminocarboxylation of Alkynes

Table 1. Optimization of the I(III)-Mediated
Dehydrogenative C−N Bond Formationa

entry [O] additive solvent t (h) yield (%)b (1a:2a)

1c,d PIDA − DCE 24 NR
2c,d PIFA − DCE 24 NR
3e PIDA TMSOTf DCE 0.5 52:19
4e PIDA BF3·Et2O DCE 0.5 80:5
5c,e PIDA TFE DCE 24 NR
6c,e PIDA HFIP DCE 24 NR
7c,e PIDA TFA DCE 24 NR
8c,e PIDA TsOH DCE 24 NR
9 PIDA BF3·Et2O DCE 1 86:trace
10f PIDA BF3·Et2O DCE 4 85:trace
11 PIDA BF3·Et2O THF 1 78:trace
12 PIDA BF3·Et2O DMF 1 74:trace
13 PIDA BF3·Et2O MeCN 1 80:trace
14 PhIO BF3·Et2O DCE 12 84:trace
15 PIFA BF3·Et2O DCE 0.25 55:15

aReaction conditions: 4a (0.4 mmol), oxidant (0.44 mmol), additive
(0.2 mmol) in solvent (4 mL) at rt unless otherwise stated. bIsolated
yield. cThe reaction was conducted at rt to 80 °C. dThe reaction was
conducted without additives. eThe reaction was conducted using 0.4
mmol of additive. fThe reaction was conducted using 0.08 mmol of
additive.

Table 2. Scope of the Intramolecular trans-
Aminocarboxylation of Alkynesa

entry R1 Ar R2 1 yield (%)b

1 H Ph Tol 1a 86
2 4-Me Ph Tol 1b 90
3 4-F Ph Tol 1c 81
4 4-Cl Ph Tol 1d 84
5 4-Br Ph Tol 1e 80
6 4,6-diMe Ph Tol 1f 75
7 H 5-Me-Ph Tol 1g 88
8 H 5-OMe-Ph Tol 1h 85
9 H 5-F-Ph Tol 1i 84
10 H 5-Br-Ph Tol 1j 85
11 4-Me 5-Me-Ph Tol 1k 87
12 4-Me 5-F-Ph Tol 1l 84
13 4-Me 4-Cl-Ph Tol 1m 88
14 H Ph Ph 1n 80
15 H Ph pClPh 1o 73

16 H Ph nBu 1p 82

17 4-Me thiophene Tol 1q 72
aReaction conditions: substrates 3 (0.4 mmol) and BF3·Et2O (3
equiv) in DCE (4 mL) at rt for 10 h, filtrated by short pad of silica gel,
and then reacted with PIDA (1.1 equiv) and BF3·Et2O (0.5 equiv) at rt
for 1 h. bIsolated yield.
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h followed by treatment with 1.1 equiv of PIDA at room
temperature for another 0.5 h. The examples, bearing different
substitutions on the two aromatic rings, were all achieved in
moderate to good yields. (The results were summarized in pp
S6−S7 of the Supporting Information.)
A plausible mechanism has been proposed and is depicted in

Scheme 3. The acid moiety in 3a, after being activated by the

Lewis acid BF3·Et2O, was converted to the ylide intermediate A.
Tautomerization/aromatization of A furnished intermediate B,
which underwent an intramolecular 1,4-addition reaction to
afford the 6-endo-dig intermediate 4a. Oxidation of 4a by PIDA,
accompanied by the loss of one acetic acid, gave rise to
intermediate C. Then intermediate C went through intra-
molecular cyclization to generate precursorD after releasing one
molecule of iodobenzene and acetate anion. The final product 1a
was generated from intermediate D via an acetate anion-
promoted deprotonative rearomatization process, with twomore
additional rings being formed in this cascade reaction.
A completely different product was formed, in good yield,

when 4 was treated with 2.1 equiv of PIDA (Scheme 4).
The additional equivalent of PIDA was probably used to

convert 1 into 2, and the higher yield values for 2 (Scheme 4)
relative to those for 1 suggested this conversion to be close to
completion, since the spiro compounds formed as a byproduct to
1 during the usage of the first equivalent of PIDA were very

minor (Table 1). As expected, after being treated with a
combination of PIDA and BF3·Et2O, 1a was converted to the
spiro product 2a in excellent yield (Scheme 5).14 Further

investigation revealed that, in the absence of BF3·Et2O, no
reaction occurred under the oxidative conditions despite the
addition of TFA and further heating. This result revealed that
BF3·Et2O-mediated formation of 2a underwent a pathway
different from the direct spirocyclization process as we had
observed in our previous work.9

Here we put forward a possible mechanism for this novel BF3·
Et2O-catalized oxidative spirocyclization reaction, taking 1a as an
example (Scheme 6). First, oxidation of 1a by BF3·Et2O-activated

PIDA, accompanied by the loss of one acetate anion, gave rise to
intermediate E. Then, the nucleophilic attack of the acetate anion
at the most electrophilic carbon in intermediate E afforded
intermediate F after releasing one iodobenzene and one acetate
anion. Promoted by the released acetate anion, ring opening of
the lactone moiety occurred in intermediate F, followed by a
subsequent 1,2-addition of the nucleophilic benzoate to the
iminium moiety, providing the spirocyclic product 2a.15

In conclusion, we have discovered new strategies for trans-
aminocarboxylation and oxoaminocarboxylation of alkynes via
an unusual reaction sequence involving BF3·Et2O catalyzed O-
addition of carboxylic acid to an alkyne and subsequent PIDA-
mediated oxidative indolization and spirocyclization. This
methodology features three unusual events: (1) regioselective
catalytic ring closure of internal alkynes to construct the 6-endo-
dig intermediates without the need for a π-Lewis acid; (2) one-
pot synthesis of polycyclic products from diarylacetylenes under
metal-free conditions; (3) divergent assembly of polycyclic or
spiro heterocyclic compounds with the dosage of the hypervalent
iodine oxidant. Further studies on the application of the method
are in progress in our laboratory.
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Scheme 3. Proposed Mechanism for the Formation of 1a

Scheme 4. Oxoaminocarboxylation of Alkynes for the
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aAll the reactions were carried out with substrates 3 (0.4 mmol) and
BF3·Et2O (1 equiv) in DCE (4 mL) at 80 °C overnight and then with
PIDA (2.1 equiv) at rt for 0.5−1 h. All yield values refer to isolated
yields.

Scheme 5. Conversion of Fused Heterocycle 1a to Spirocycle
2a

Scheme 6. Proposed Mechanistic Pathway for the Conversion
of Fused Heterocycle 1a to Spirocycle 2a

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b02611
Org. Lett. 2015, 17, 5252−5255

5254



■ AUTHOR INFORMATION

Corresponding Author

*E-mail: duyunfeier@tju.edu.cn.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Y.D. acknowledges the National Natural Science Foundation of
China (No. 21472136) and the National Basic Research Project
(2015CB856500) for financial support. We also thank Professors
Richard P. Hsung andWeiping Tang [University of Wisconsin at
Madison] for helpful discussions.

■ REFERENCES
(1) Selected reviews for functionalization of alkenes: (a) Tietze, L. F.
Chem. Rev. 1996, 96, 115. (b) Winkler, J. D. Chem. Rev. 1996, 96, 167.
(c) Ryu, I.; Sonoda, N. Chem. Rev. 1996, 96, 177. (d) Parsons, P. J.;
Penkett, C. S.; Shell, A. J. Chem. Rev. 1996, 96, 195. (e) Wang, K. K.
Chem. Rev. 1996, 96, 207. (f) Padwa, A.; Weingarten, M. D. Chem. Rev.
1996, 96, 223. (g) Malacria, M. Chem. Rev. 1996, 96, 289. (h) Eilbracht,
P.; Barfacker, L.; Buss, C.; Hollmann, C.; Kitsos-Rzychon, B. E.;
Kranemann, C. L.; Rische, T.; Roggenbuck, R.; Schmidt, A. Chem. Rev.
1999, 99, 3329. (i) Wasilke, J. C.; Obrey, S. J.; Baker, R. T.; Bazan, G. C.
Chem. Rev. 2005, 105, 1001. (j) Pellissier, H. Chem. Rev. 2013, 113, 442.
(k) Tietze, L. F. J. Heterocycl. Chem. 1990, 27, 47. (l) Tietze, L. F.;
Bachmann, J.; Wichmann, J.; Burkhardt, O. Synthesis 1994, 1994, 1185.
(m) Tietze, L. F.; Modi, A.Med. Res. Rev. 2000, 20, 304. (n) Tietze, L. F.;
Brasche, G.; Gericke, K.M.Domino Reactions in Organic Synthesis;Wiley:
2006. (o) Baiazitov, R. Y.; Denmark, S. E. Tandem [4 + 2]/[3 + 2]
Cycloadditions; Wiley: 2014.
(2) (a) Posner, G. H. Chem. Rev. 1986, 86, 831. (b) Koeller, K. M.;
Wong, C.-H. Chem. Rev. 2000, 100, 4465. (c) Climent, M. J.; Corma, A.;
Iborra, S. Chem. Rev. 2011, 111, 1072.
(3) Selected examples for cascade annulation of internal alkynes
forming polycyclic rings: (a) Muniz, K. J. Am. Chem. Soc. 2007, 129,
14542. (b) Yao, B.; Wang, Q.; Zhu, J. P. Angew. Chem., Int. Ed. 2012, 51,
5170. (c) Han, Z. Y.; Chen, D. F.; Wang, Y. Y.; Guo, R.; Wang, P. S.;
Wang, C.; Gong, L. Z. J. Am. Chem. Soc. 2012, 134, 6532. (d) Luo, Y.;
Wu, J. Chem. Commun. 2011, 47, 11137. (e) Long, Y. H.; She, Z. G.; Liu,
X. C.; Chen, Y. J. Org. Chem. 2013, 78, 2579. (f) Teply, F.; Stara, I. G.;
Stary, I.; Kollarovic, A.; Saman, D.; Rulisek, L.; Fiedler, P. J. Am. Chem.
Soc. 2002, 124, 9175. (g) Alabugin, I. V.; Gilmore, K.; Manoharan, M.;
Kovalenko, S. V.; Clark, R. J.; Ghiviriga, I. J. Am. Chem. Soc. 2008, 130,
11535. (h) Nobusue, S.; Yamane, H.; Miyoshi, H.; Tobe, Y. Org. Lett.
2014, 16, 1940. (i) Hou, Q. W.; Zhang, Z. H.; Kong, F. J.; Wang, S. Z.;
Wang, H. Q.; Yao, Z. J. Chem. Commun. 2013, 49, 695. (j) Deng, G.-B.;
Wang, Z.-Q.; Xia, J.-D.; Qian, P.-C.; Song, R.-J.; Hu, M.; Gong, L.-B.; Li,
J.-H. Angew. Chem., Int. Ed. 2013, 52, 1535; Angew. Chem. 2013, 125,
1575. (k) Matsuda, T.; Goya, T.; Liu, L.; Sakurai, Y.; Watanuki, S.;
Ishida, N.; Murakami, M. Angew. Chem., Int. Ed. 2013, 52, 6492; Angew.
Chem. 2013, 125, 6620. (l) De Oteyza, D. G.; Gorman, P.; Chen, Y. C.;
Wickenburg, S.; Riss, A.; Mowbray, D. J.; Etkin, G.; Pedramrazi, Z.; Tsai,
H. Z.; Rubio, A.; Crommie, M. F.; Fischer, F. R. Science 2013, 340, 1434.
(m) Wang, Z.-Q.; Lei, Y.; Zhou, M.-B.; Chen, G.-X.; Song, R.-J.; Xie, Y.-
X.; Li, J.-H. Org. Lett. 2011, 13, 14. (n) Liu, Y.; Zhang, J.-L.; Song, R.-J.;
Li, J.-H. Org. Lett. 2014, 16, 5838.
(4) Selected examples for cascade annulation of internal alkynes
forming spiro polycyclic rings: (a) Chang, H. K.; Datta, S.; Das, A.;
Odedra, A.; Liu, S. R. Angew. Chem., Int. Ed. 2007, 46, 4744. (b) Das, A.;
Chang, H. K.; Yang, C. H.; Liu, R. S.Org. Lett. 2008, 10, 4061. (c) Dohi,
T.; Kato, D.; Hyodo, R.; Yamashita, D.; Shiro, M.; Kita, Y. Angew. Chem.,
Int. Ed. 2011, 50, 3784. (d) Dohi, T.; Nakae, T.; Ishikado, Y.; Kato, D.;
Kita, Y.Org. Biomol. Chem. 2011, 9, 6899. (e) Song, H. J.; Liu, Y. X.; Liu,
Y. X.; Wang, Q. M. Org. Lett. 2014, 16, 3240. (f) Mothe, S. R.; Novianti,
M. L.; Ayers, B. J.; Chan, P. W. H. Org. Lett. 2014, 16, 4110.

(5) Okumura, S.; Takeda, Y.; Kiyokawa, K.; Minakata, S. Chem.
Commun. 2013, 49, 9266.
(6) Selected reviews on hypervalent iodine reagents: (a) Zhdankin, V.
V.; Stang, P. J. Chem. Rev. 2002, 102, 2523. (b) Stang, P. J. J. Org. Chem.
2003, 68, 2997. (c) Tohma, H.; Kita, Y. Adv. Synth. Catal. 2004, 346,
111. (d) Wirth, T. Angew. Chem., Int. Ed. 2005, 44, 3656; Angew. Chem.
2005, 117, 3722. (e) Moriarty, R. M. J. Org. Chem. 2005, 70, 2893.
(f) Richardson, R. D.; Wirth, T. Angew. Chem., Int. Ed. 2006, 45, 4402;
Angew. Chem. 2006, 118, 4510. (g) Zhdankin, V. V.; Stang, P. J. Chem.
Rev. 2008, 108, 5299. (h) Dohi, T.; Kita, Y. Chem. Commun. 2009, 2073.
(i) Zhdankin, V. V. ARKIVOC 2009, No. i, 1. (j) Zhdankin, V. V. J. Org.
Chem. 2011, 76, 1185. (k) Brand, J. P.; Gonzalez, D. F.; Nicolai, S.;
Waser, J.Chem. Commun. 2011, 47, 102. (l) Zhdankin, V. V.Hypervalent
Iodine Chemistry; Wiley: Chichester, 2014.
(7) Selected examples for various bond-formation reactions in the
presence of a hypervalent iodine reagent: (a) Zhang, L. H.; Kauffman, G.
S.; Pesti, J. A.; Yin, J. J. Org. Chem. 1997, 62, 6918. (b) Lazbin, I. M.;
Koser, G. F. J. Org. Chem. 1986, 51, 2669. (c) Vasudevan, A.; Koser, G. F.
J. Org. Chem. 1988, 53, 5158. (d) Yoshida, M.; Hara, S.Org. Lett. 2003, 5,
573. (e) Moriarty, R. M.; Epa, W. R.; Awasthi, A. K. J. Am. Chem. Soc.
1991, 113, 6315.
(8) Selected examples for iodine(III)-mediated cascade reactions:
(a) Manna, S.; Antonchick, A. P. Angew. Chem., Int. Ed. 2014, 53, 7324.
(b) Tang, S.; Peng, P.; Pi, S.-F.; Liang, Y.;Wang, N.-X.; Li, J.-H.Org. Lett.
2008, 10, 1179. (c) Mendelsohn, B. A.; Lee, S.; Kim, S.; Teyssier, F.;
Aulakh, V. S.; Ciufolini, M. A.Org. Lett. 2009, 11, 1539. (d) Rauniyar, V.;
Wang, Z. J.; Burks, H. E.; Toste, F. D. J. Am. Chem. Soc. 2011, 133, 8486.
(e) Kim, H. J.; Cho, S. H.; Chang, S.Org. Lett. 2012, 14, 1424. (f) Wang,
J. W.; Yuan, Y. C.; Xiong, R.; Zhang-Negrerie, D.; Du, Y. F.; Zhao, K.
Org. Lett. 2012, 14, 2210.
(9) Zhang, X.; Yang, C.; Zhang-Negrerie, D.; Du, Y. F. Chem. - Eur. J.
2015, 21, 5193.
(10) Gassner, N. C.; Tamble, C. M.; Bock, J. E.; Cotton, N.; White, K.
N.; Tenney, K.; St. Onge, R. P.; Proctor, M. J.; Giaever, G.; Davis, R. W.;
Crews, P.; Holman, T. R.; Lokey, R. S. J. Nat. Prod. 2007, 70, 383.
(11) (a) Knott, E. B. J. Chem. Soc. 1963, 402. (b) Buu-Hoi, N.;
Mangane, P. M.; Jacquignon, P. J. Chem. Soc. C 1966, 1, 50.
(c) Bullington, J. L.; Dodd, J. H. J. Org. Chem. 1993, 58, 4833.
(d) Meng, X.-Y.; Sun, M.-Y.; Zhao, F.-J.; Dang, Y.-J.; Jiang, B.; Tu, S.-J.
Synthesis 2014, 46, 3207.
(12) (a) Sun, Y.; Fan, R. H. Chem. Commun. 2010, 46, 6834. (b) Cho,
S. H.; Yoon, J.; Chang, S. J. Am. Chem. Soc. 2011, 133, 5996. (c) Canesi,
S.; Belmont, P.; Bouchu, D.; Rousset, L.; Ciufolini, M. A. Tetrahedron
Lett. 2002, 43, 5193. (d) Liang, H.; Ciufolini, M. A. Chem. - Eur. J. 2010,
16, 13262. (e) Canesi, S.; Bouchu, D.; Ciufolini, M. A. Angew. Chem., Int.
Ed. 2004, 43, 4336. (f) Liang, H.; Ciufolini, M. A. Org. Lett. 2010, 12,
1760. (g) Farid, U.; Wirth, T. Angew. Chem., Int. Ed. 2012, 51, 3462.
(h) Fra, L.; Millan, A.; Souto, J. A.; Muniz, K. Angew. Chem., Int. Ed.
2014, 53, 7349.
(13) The reaction of diarylacetylene 3a by using 2.0 equiv of Cu(II) or
Cu(I) as catalyst resulted in a 5-exo-dig compound 6a which could not
be converted to 1a or 2a under further oxidative conditions (see the
Supporting Information for details).
(14)We also carried out the reaction under anhydrous and anoxybiotic
conditions, by applying 4 Å molecular sieves and nitrogen protection.
The result indicated that 2a could be achieved in an excellent 93% yield,
which suggested that the carbonyl oxygen was not from the water or the
oxygen in air.
(15) A control experiment of the oxidative rearrangement reaction of
1a in CDCl3 was carried out to capture the acetic anhydride (Ac2O).
The NMR spectra showed that Ac2O was indeed generated during the
reaction. The result is in agreement with the reaction pathway depicted
in Scheme 6 (see the Supporting Information for details).

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b02611
Org. Lett. 2015, 17, 5252−5255

5255


