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A novel, efficient, and highly regioselective Lewis acid-catalyzed [3 + 2] cycloaddition of alkynes with azomethine ylides, which are easily
obtained from N-tosylaziridines via C—C bond heterolysis at room temperature was developed. Moderate enantioselectivity (70% ee) can be
achieved by the application of the commercially available chiral Pybox 7 as the ligand.

3-Pyrroline and pyrrolidine derivatives are common
structural scaffolds in natural products and bioactive
molecules. Interest in their chemistry continues unabated
due to their wide usefulness as biologically active agents
and as key intermediates in the organic synthesis.' Exam-
ples include the clinical candidate GSK 625433.%* the che-
motherapeutic natural product erysovine,® and kinesin
spindle protein inhibitor*® (Figure 1). Consequently, the
efficient construction of these molecules has received
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significant attention. Among strategies available, the 1,
3-dipolar cycloaddition of azomethine ylides with alkynes
is considered as the most straightforward convergent one.’
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Figure 1. Natural product and bioactive compounds containing
3-pyrroline scaffold.

Electron—deficient alkynes are widely used for these
transformations,* in contrast, only a few examples of using
electron-rich alkynes as the dipolarophile have been
explored.” Herein, we wish to report a novel Sc(OTf)s-
catalyzed highly regioselective formal [3 + 2] cycloaddition
of alkynes with azomethine ylides, which are obtained
from the selective C—C bond cleavage of N-tosylaziridines
under mild conditions, providing a facile, efficient route to
highly substituted 3-pyrroline.

Aziridines, highly ring strained but readily accessible
three membered cyclic amines, have been extensively studied
in past years.® The chemistry of aziridines is contributed
largely by the reactivity of C—N bonds. For example, the
C—N bond cleavage of N-tosylaziridines under the catalysis
of Lewis acid would produce a masked 1,3-dipole, which
readily reacts with versatile dipolarophiles such as alkynes,’

(5) For the [3 + 2] cycloaddition of azomethine ylides with electron-
rich alkynes, see: (a) Butler, R. N.; Coyne, A. G.; Macardle, P.;
Cunningham, D.; Burke, L. A. J. Chem. Soc., Perkin, Trans. 1 2001,
1391. (b) Friebolin, W.; Eberbach, W. Helv. Chim. Acta 2001, 84, 3822.
An alternative method for synthesis of 3-pyrrolines via cycloaddition of
azomethine ylides with nitroalkenes and subsequent elimination, see: (c)
Carrie, R. Bull. Soc. Chim. Fr. 1987, 325.

(6) (a) Sweeney, J. B. Chem. Soc. Rev. 2002, 31, 247. (b) Dahanukar,
V. H.; Zavialov, L. A. Curr. Opin. Drug Discovery Dev. 2002, 5, 918. (c)
Hu, X. E. Tetrahedron2004,60,2701.(d) Ma, L. G.; Xu, J. X. Progress in
Chemistry 2004, 16, 220. (¢) Watson, I. D. G.; Yu, L; Yudin, A. K. Acc.
Chem. Res. 2006, 39, 194.

(7) (a) Wender, P. A.; Strand, D. J. Am. Chem. Soc. 2009, 131, 7528.
(b) Wang, Z. Y. Chem. Commun. 2009, 5021. (c) Liu, R. S. Org. Lett.
2002,4,4150.(d) Ma, D. W. Org. Lett. 2005, 7,5545. (¢) Tu, Y. Q.; Zhao,
X.;Zhang, E. T. Org. Lett. 2009, 11,4002. (f) Hayashi, Y; Kumamoto, T;
Kawahata, M; Yamaguchi, K; Ishikawa, T. Tetrahedron. 2010, 66, 3836.
(g) Pankova, A. S.; Voronin, V. V.; Kuznetso, M. A. Tetrahedron Lett.
2009, 50, 5990. (h) Khlebnikov, A. F.; Novikov, M. S.; Petrovkii, P. P.;
Konev, A. S.; Yufit, D. S.; Selivanov, S. I.; Frauenforf, H. J. Org. Chem.
2010, 75, 5211. (i) William, R.; Dolbier, J.; Zheng, Z. J. Org. Chem. 2009,
74, 5626. (j) Grzegorz, M.; Katarzyna, U.; Molgorzata, D. Helv. Chim.
Acta 2009, 92,2631. (k) Alexander, V. U.; Mikhail, A. K.; Anthony, L.;
Heinz, H. Helv. Chim. Acta 2010, 93, 847. (1) Lopes, S. M.; Beja, A. M.;
Manuela, R. S.; Paixao, J. A.; Palacios, F; Teresa, M. V. Synthesis 2009,
2403. (m) Grigg, R.; Nimal, H. Q.; Tames, K. Tetrahedron. 1990, 46,
6467.

(8) (a) Kang, B.; Miller, W. A.; Goyal, S.; Nguyen, S. T. Chem.
Commun. 2009, 392. (b) Gandhi, S.; Bisai, A.; Prasad, B. A. B.; Singh,
V. K. J. Org. Chem. 2007, 72, 2133. (c¢) Ghorai, M. K.; Ghosh, K.
Tetrahedron Lett. 2007, 48, 3191. (d) Yadav, V. K.; Sriramurthy, V. J.
Am. Chem. Soc. 2005, 127, 16366.

(9) For other dipolarophiles, see: (a) Sudo, A.; Morioko, Y.; Koizumi,
E.;Sanda, F.; Endo, T. Tetrahedron Lett. 2003, 44, 7889. (b) Baeg, J. O.;
Bensimon, C.; Alper, H. J. Am. Chem. Soc.1995, 117,4700. (c) Baeg,J. O.;
Alper, H. J. Org. Chem. 1992, 57, 157. (d) Maas, H.; Bensimon, C.; Alper,
H. J. Org. Chem. 1998, 63, 17. (¢) Munegumi, T.; Azumaya, I.; Kato, T.;
Masu, H.; Saito, S. Org. Lett. 2006, 8, 379.

Org. Lett,, Vol. 13, No. 22, 2011

aldehydes/ketones®” and nucleophiles.'® However, the gen-
eration of azomethine ylides via C—C heterolysis of azir-
idines has been rarely explored in previous literatures due to
the relatively high barrier (ca. 29 kcal mol™')."" Very
recently, our group has successfully realized the C—C bond
cleavage'? of N-tosylarylaziridinyl dicarboxylate!® under
the catalysis of Lewis acid, leading to reactive N-tosylazo-
methine ylide, which can undergo 1,3-dipolar cycloaddition
with aldehydes and electron-rich alkenes. During this study,
we envisaged that electron-rich alkynes may be applied as
dipolarophiles to undergo 1,3-dipolar cycloaddition to af-
ford the corresponding highly substituted 3-pyrrolines.

Table 1. Screening Reaction Conditions of 4-Ethynylanisole 2a

and Aziridine 1a“
}@70Me

Ts Ph -I[IS CO,Et
N CO,Et 2a _ JTCOEt
PhACOZEt LB mol %) 4AMS SN
solvent, rt
1a 3a (4a)
entry catalyst solvent time (h) yieldb (%) 3a:4a°

1 AgSbFg DCM 24 9
2 Y(OTf)5 DCM 8 42 7.7:1
3 In(OTD3 DCM 3 71
4 Yb(OTD)3 DCM 7 53 20:1
5 Cu(OTo)3 DCM 8 41 >20:1
6 Fe(OTf)3 DCM 10 54 >20:1
7 Sc(0Tf)3 DCM 3 84
8 Mg(OTo). DCM 10 24 2.2:1
9 Mgl, DCM 8 10 1.6:1
10  Bi(OTf); DCM 8 22 5:1
11 Sn(OTf)y DCM 3 83
12  Ni(ClOy)-6H,O0 DCM 9 43 >20:1
13 Sc(OThH3 DCE 7 70
14 Sc(OTf)s toluene 10 61

“Reaction conditions: 1a (0.4 mmol), 2a (0.8 mmol), 5 mol % catalyst,
and 200 mg of activated 4 A MS in 4 mL of solvent at room temperature.
bYsolated yield . ©'H NMR ratio. PMP = 4-methoxyphenyl.

We started to test our hypothesis by using N-tosylazir-
idine 1a'* and alkyne 2a as model substrates. Initially, 1a
and 2a were subjected to the solution of 5 mol % of
AgSbF¢ in CH,Cl, at room temperature, the reaction
yielded 3a as a single regioisomer in only 9% isolated yield
(Table 1, entry 1). Other commercially available and
common used Lewis acids such as Y(OTf);, Yb(OTf)s,
Bi(OTf)3, Fe(OTf);3, Mg(OTY),, Mgl, and Ni(ClOy), - 6H,O
were next investigated. The regiomer 4a was formed in some
cases. Finally, the best result is obtained by using 5 mol % of
Sc(OTf); in CH,Cl,, affording 3a in 84% isolated yield as a
single regiomer (Table 1, entry 7). Other tested solvents such
as 1, 2-dichloroethane, toluene cannot give better result. The
structure of 3a was confirmed by X-ray crystallography
analysis."

With the optimal reaction conditions in hand, the scope
of this Lewis-acid catalyzed 1, 3-dipolar cycloaddition
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Table 2. Study of the Reaction Scope by Variation of the
Aziridine Component®

2a
Ts Sc(OTf & coRr
N coR (5 Enol 3/3) Ar1\¢240(§2R
Ar'” 1COZR 4AMS, DCM, rt
PMP
1 3
aziridine 1
entry Art R time (h) isolated yield (%)

1 Ph Et (1a) 3 3a (84)
2 4-FCgH,4 Et (1b) 3 3b (83)
3 4-C1 CgHy Et (1e) 2 3c (84)
4 4-BrCgH, Et (1d) 2 3d (87)
5 4-NCCgH4 Et (1le) 2 3e (87)
6 4-NO,CgH, Et (1f) 1.5 3f(91)
7 4-MeCgH,4 Et (1g) 4 3g (71)
8 4-i-PrCgHy Et (1h) 6 3h (65)
9 3-MeCgH, Et (1) 4 3i(76)
10 2-BrCgHy Et (1)) 2 3j (85)
11 Ph Me (1k) 2 3k (83)
12 Ph i-Pr (1) 3 31(80)

“Reaction conditions: 1b (0.4 mmol), 2a (0.8 mmol), 5 mol % of
catalyst, and 200 mg of activated 4 A MS in 4 mL of solvent at room
temperature.

reaction was explored with a variety of aziridines 1, and the
results are summarized in Table 2. In general, various
electron-donating and electron-withdrawing groups on
the aryl moiety of 1 are compatible, affording the desired
3-pyrrolines in good yields with excellent regioselectivity.
For example, the reactions of 4-halophenyl aziridines 1b,
1c, 1d and 2-bromophenyl aziridine 1j afford good yields of
the corresponding products 3b, 3¢, 3d and 3j as a single
regiomer, respectively (Table 2, entries 2—4, 10). Aziridines
with a strong electron-withdrawing —CN (1e) or —NO,
(1f) can also offer the desired cycloadducts 3e and 3f in
excellent yields under standard conditions (Table 2, entries
5—6). The corresponding methyl (1k) or isopropyl dicar-
boxylates (11) are also compatible, indicating that the ester
does not affect the reaction (Table 2, entries 11—12).

We next turned to study the scope of this transformation
with a series of internal alkynes (Scheme 1). In general, the
reactions of various internal alkynes 2 with different
electron-nature proceed smoothly to furnish the desired
cycloadduts 3m-3u in 62—82% yields with excellent

(10) For selected recent examples of Lewis acid catalyzed nucleophi-
lic ring opening of aziridines via C—N bond cleavage, see: (a) Sun, X.;
Sun, W.; Fan, R.; Wu, J. Adv. Synth. Catal. 2007, 349, 2151 and
references cited therein. For tandem nucleophilic ring opening and
cyclization, see: (b) Bera, M.; Roy, S. J. Org. Chem. 2009, 74, 8814. (c)
Hong, D.; Lin, X.; Zhu, Y.; Wang, Y. Org. Lett. 2009, 11, 5678. (d)
Ghorai, M. K.; Shukla, D.; Das, K. J. Org. Chem. 2009, 74, 7013.

(11) (a) Heine, H. W.; Peavy, R. Tetrahedron Lett. 1965, 3123. (b)
Padwa, A.; Hamilton, L. Tetrahedron Lett. 1965, 4363. (c) Huisgen, R.;
Scheer, W.; Szeimies, G.; Huber, H. Tetrahedron Lett. 1966, 397. (d)
Huisgen, R.; Scheer, W.; Huber, H. J. Am. Chem. Soc.1967,89, 1753. (e)
Deshong, P.; Kell, D. A_; Sidler, D. R. J. Org. Chem. 1985, 50, 2309. (f)
Henke, B. R.; Kouklis, A. J.; Heathcock, C. H. J. Org. Chem. 1992, 57,
7056. (g) Garner, P.; Dogan, O.; Youngs, W. J.; Kennedy, V. O.;
Protasiewicz, J.; Zaniewski, R. Tetrahedron. 2001, 57, 71.
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Scheme 1. Reaction of 1 with Various Alkynes®

Ts
Ts Se(OTh), i
N COR (Bmol %) Arl N COR
154 R TR 4 AMS, DCM \g:zLCOZR
Ar'e” “COR , ot
d z RT AR
1 2
© CosEt Ts Ts
ph N 2 pr_ N. COEt oy N COE
\S:chozEt \S_ZLCOZEt . CO,Et
Me PMP nBd  PMP PMP

3m (80%. 3 h) 3n (82%, 2.5 h) 30 (81%, 3 h)

Ts
Ts
ph_ N._COEt ph_ N COsEt o I co,et
?_ZLCOzEt \SZZLCOZEt ﬁcoza
PMP Br PMP MeO,C PMP
OMe
3p (79%, 3 h) 3q(81%, 2 h) 3r (77%, 8 h)
Ts
T
PR NSO R coEt I co
\SZZLCOZE‘[ j:zicozEt \S:fcoza
™S PMP P PMP MeO,C  CgHMe-4

3s (77%, 4 h) 3t (74%, 8 h)

Ar = 4-NO,CgH,

3u (62%, 10 h)
Ar = 4'NOZCGH4

“Reaction conditions: aziridines (0.4 mmol), alkynes (0.8 mmol),
Smol % of catalyst, and 200 mg of activated 4 A MS in 4 mL of solvent at
room temperature.

regioselectivity. It is noteworthy that the alkynyl bromide
and TMS-protected alkyne are tolerant under the reaction
conditions, producing cycloadducts 3q and 3s, which may
easily undergo further functional group transformation via
transition metal-catalyzed cross-coupling reaction.
Furthermore, electron-deficient propiolates are also com-
patible for this 1,3-dipolar cycloaddition reaction. For
example, 3-pyrrolines 3r and 3u could be produced in
moderated yields from the corresponding 3-(4-methoxy-
phenyl)propiolate and 3-p-tolylpropiolate. However, the
reactions with other tested terminal alkynes such as 1-ethy-
nyl-4-methylbenzene, ethynyl benzene and methyl 4-ethy-
nylbenzoate cannot occur, indicating that the electron-rich
alkyne and electron-deficient alkynes may proceed differ-
ent reaction pathway, that is, the electron-rich alkynes
favor the interaction of the HOMO of the dipolarophile
with the LUMO of the dipole that leads to the formation of
the new bonds, whereas electron-deficient ones favor the
inverse of this interaction.'®

To compare the reactivity of internal alkyne with the
terminal one or the aldehyde, conjugated 1,3-diyne 2k and
3-(4-methoxyphenyl)propiolaldehyde 21 were prepared
and subjected to the reaction conditions (eqs 1—2). To

(12) For reviews of C—C bond cleavage, see: (a) Crabtree, R. H.
Chem. Rev. 1985, 85, 245. (b) Jennings, P. W.; Johnson, L. L. Chem. Rev.
1994, 94, 2241. (c) Murakami, M. Ito, Y. In Activation of Unreactive
Bonds and Organic Synthesis; Murai, S., Ed.; Springer: New York, 1999;
Vol. 3, p 97. (d) Rybtchinski, B.; Milstein, D. Angew. Chem., Int. Ed.
1999, 38, 870. (e) van der Boom, M. E.; Milstein, D. Chem. Rev. 2003,
103, 1759. (f) Jun, C.-H. Chem. Soc. Rev. 2004, 33, 610. (g) Jones, W. D.
Nature 1993, 364, 676.
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our surprise, the [3 + 2] cycloaddition reactions take place
highly chemoselectively at the position of the terminal
alkyne and the aldehyde, affording the corresponding
cycloadducts 3v and 6 in good yields, respectively.

Ts

ta P N
— Sc(OTf); (5 mol %) 2 )
MeOO —
\ 7/ 4AMS, DCM, 1t AN
4h
PMP
% 3v, 77%
1a I COéEt
Sc(OTf)5 (5 mol %) Ph O,Et
MeO—4 >—: cho 0T 0P~ : @
4 AMS, DCM, rt, o
8h
21 N
6,75% PMP

Our preliminary results showed that the combina-
tion of scandium triflate with the commercially avail-
able Pybox 7'7 can catalyze the [3 + 2] cycloaddition
reaction, affording the desired cycloadduct 3p in 70%
ee (eq 3). The control experiment by variation of the
ratio of the aziridine 1a and 2e showed that the present
transformation does not exhibit kinetic resolution in
the presence of chiral catalyst.

——PMP Ts CO.Et
Ts MeO o Ph—N COR
PaVesa = 7
Sc(OTf); (5 mol %)
Ph COzEt  Lybox 7 (5.5 mol %) e PMP
1a 4 AMS, DCM, 1t I,
a. 1a/2e =1:2 80%, 70% ee
b. 1a/2e = 2:1 43%, 70% ee
AN
|
H
o) / N
N
H
Pybox 7

Synthetic applications of 3-pyrroline 3 have been show-
cased by the selective transformations of the representative
compound 3k (Scheme 2). 2,3,5-Trisubstituted pyrrole 8
could be obtained by decarboxylation/elimination in 65%
yield by the treatment of 3k with NaCl in DMSO at 160 °C
for 3 h under N,."® Reductive hydrogenation of 3k by Pd/C in
THF would afford the highly substituted pyrrolidine 9 in

(13) (a) Li, L.; Wu, X.; Zhang, J. Chem. Commun. 2011, 47, 5049. (b)
Wu, X.; Li., L.; Zhang, J. Chem. Commun. 2011, 47, 7824.

(14) (a) Fan, R.; Ye, Y. Adv. Synth. Catal. 2008, 350, 1526. (b) Fan,
R.; Wang, L.; Ye, Y.; Zhang, J. Tetrahedron Lett. 2009, 50, 3857.

(15) CCDC 834825 (3a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge form The
Cambridge Crystallographic Data Centre via www.ccdc.cam. ac.uk/
data_request/cif.

(16) Houk, K. N. Acc. Chem. Res. 1975, 8, 361.
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Scheme 2. Synthetic Applications

Ts H
Ph-_N._ CO:Me NaCl, DMSOH,0 pr_ N co.ve
COMe— = \ /) 2
= 160 °C, 3 h
3k PMP g PMP
65 %
Pd/C, | THF
Hy |s0°C
Ts
pho N, COMe Pha Ny -CO,Me
CO,Me NaCl, DMSO/H,0 H
H —_—
o PMP 160°C, 3h PMP
10

85 %, dr = 10:1 40%, dr = 10:1

85% yield with a good diasteroselectivity, which could under-
go further decarboxylation/elimination to give trisubstituted
3,4-dihydro-2H-pyrrole 10 under the same conditions as
above.

In summary, we have demonstrated an efficient, highly
regioselective 1,3-dipolar cycloaddition reaction of alkynes
and reactive N-tosylazomethine ylides, obtained from
Lewis acid catalyzed C—C bond cleavage of N-tosyl
aziridines under mild conditions, providing highly substi-
tuted 3-pyrrolines in good yields as a single regioisomer.
Moderate enantioselectivity can be achieved by the appli-
cation of Pybox 7 as a chiral ligand. Synthetic applications
were also studied by the reductive hydrogenation and
decarboxylation/elimination reactions. After further li-
gand modification and screening, we believe that better
enantioselectivity can be realized. Further studies includ-
ing asymmetric catalysis and expansion of the scope of
dipolarophiles are ongoing in this laboratory and will be
reported in due course.
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