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ABSTRACT: A new strategy has been established for the
[2,3]-sigmatropic rearrangement of quaternary allylic ammo-
nium ylides via in situ activation of tertiary allylic amines with
arynes under mild conditions. Using 2-(trimethylsilyl)aryl
triflates as aryne precursors, a range of tertiary allylic amines
bearing electron-withdrawing groups underwent [2,3]-sigma-
tropic rearrangement to furnish structurally diverse homo-
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allylic amines in moderate to good yields. The reaction enabled construction of quaternary stereocenters with excellent
enantiopurity and functionalized cyclopropanes with extremely high diastereoselectivity.

he [2,3]-sigmatropic rearrangement of quaternary allylic

ammonium ylides constitutes a powerful strategy for the
construction of functionalized homoallylic amines, which serve
as versatile building blocks in chemical synthesis.' In general,
quaternary allylic ammonium ylides are generated in situ by
addition of bases to ammonium salts, which are prepared via N-
alkylation of tertiary amines (Scheme 1).” Alternatively,
quaternary allylic ammonium ylides are formed either through
metal carbenoid-mediated coupling between tertiary allylic
amines and diazo compounds® or through palladium-catalyzed
N-alkylation of tertiary amines with allylic carbonates.*”” These
methods focus on the introduction of alkyl groups to the
nitrogen atom of tertiary amines to access quaternary allylic
ammonium ylides. To expand the scope for the [2,3]-
sigmatropic rearrangement of quaternary allylic ammonium

Scheme 1. [2,3]-Sigmatropic Rearrangement of Quaternary
Allylic Ammonium Ylides
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ylides, alongside our interests in exploring the synthetic utilities
of C—N bond cleavage,” we have developed a new strategy to
execute the rearrangement through N-arylation of tertiary allylic
amines in the absence of metals (Scheme 1).

Inspired by previous reports that tertiary amines are able to
undergo nucleophilic addition to arynes, particularly those
generated in 51tu from 2-(trimethylsilyl)aryl triflates under mild
conditions,”'® we envisioned that the zwitterion generated
from a tertiary allylic amine and an aryne would undergo
proton transfer to furnish a quaternary allylic ammonium ylide,
which would undergo the [2,3]-sigmatropic rearrangement to
furnish a functionalized homoallylic amine (Scheme 1). Since
the quaternary allylic ammonium ylide bears an N-aryl group, it
is necessary for us to minimize or even obviate a possible
reaction pathway of the aza-Claisen rearrangement whlch was
disclosed previously by Greaney and co-workers.'™ Using 2-
(trimethylsilyl)phenyl triflate (2a) as a benzyne precursor, we
surveyed a few fluoride sources, such as CsF, KF, and
tetrabutylammonium fluoride (TBAF), in the model reaction
of tertiary allylic amine la in acetonitrile under air at room
temperature (eq 1) and found that the use of TBAF furnished
y,0-unsaturated @-amino ester 3a in the best yield (76%)."" The
reaction was compatible with moisture and air, and importantly,
the corresponding aza-Claisen rearrangement was not observed
at all. We then examined some other common solvents such as
toluene, 1,2-dichloroethane, ethyl acetate, tetrahydrofuran, 1,2-
dimethoxyethane, acetonitrile, N,N-dimethylformamide, and
dimethyl sulfoxide and, to our delight, found that the yield
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Table 1. Aryne-Mediated [2,3]-Sigmatropic Rearrangement

of Tertiary Allylic Amines”
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“Reaction conditions: 1 (0.20 mmol), 2 (0.28 mmol), TBAF (0.30
mmol, 1.0 M in THE), THF (1.0 mL), rt, 3 h. PIsolated yields. “The
reaction was run at 60 °C for 12 h. Replacmg TBAF and THF with

Table 1. continued

CsF (0.40 mmol) and MeCN, respectively, 70 °C, 12 h. “Determined
by 'H NMR spectroscopic analysis.

Table 2. Reaction of Optically Active Tertiary Allylic
Amines”
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“Reaction conditions: 1 (0.20 mmol), 2a (0.28 mmol), TBAF (0.30
mmol, 1.0 M in THF), THF (1.0 mL), rt, 3 h. “Isolated yields.
Determmed by HPLC analysis on a chiral stationary phase.
“Determined by 'H NMR spectroscopic analysis.

was enhanced to 85% when the reaction was performed in
tetrahydrofuran.

A range of tertiary allylic amines bearing various electron-
withdrawing groups were examined in the reaction with 2-
(trimethylsilyl)aryl triflates in the presence of TBAF under air
at room temperature or at 60 °C (Table 1). The electron-
withdrawing group could be an ester, a ketone, an amide, a
cyano, a phosphonate, a benzoxazole, or a p-nitrophenyl group
(entries 1—10). Although amides were reported previously to
undergo addition'” or insertion™® to arynes, in our case they
were well tolerated even at 60 °C due to their much lower
nucleophilicity relative to tertiary amines. The reaction
proceeded smoothly with the substrates having substituents at
the a-, -, and/or y-positions of the allyl moiety (entries 11—
14). While excellent diastereoselectivity was observed for an
amine having an acyclic allylic group, the reaction with an
amine having a cyclic allylic group exhibited poor diaster-
eoselectivity (entries 13 and 14). A variety of functional groups,
such as allyl, propargyl, and ethoxycarbonylmethyl, were also
successfully introduced as N-substituents, which were not
involved in the rearrangement (entries 15—20). Nevertheless,
introduction of an N-phenyl group decreased the nucleophil-
icity of the amine and consequently required relatively harsh
reaction conditions by replacing TBAF and tetrahydrofuran
with CsF and acetonitrile, respectively, and elevating the
temperature to 70 °C (entry 19). The reaction was further
extended to a few 2-(trimethylsilyl)aryl triflates bearing either
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Scheme 2. Chemical Transformations of the Products and
Structure Determination
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electron-donating or electron-withdrawing groups (entries 21—
25). In accordance with previous reports on the addition to an
unsymmetrical aryne,” poor regioselectivity was obtained from
the reaction with aryne precursor 2b (entry 21).

The aryne-mediated [2,3]-sigmatropic rearrangement was
further applied to optically active tertiary allylic amines (Table
2). While poor efficiency of chirality transfer was observed for
the [2,3]-sigmatropic rearrangement of L-alanine derivative 1u,
the reaction of either L-proline derivative 1v or L-pipecolinic
acid derivative 1w proceeded smoothly to construct a
quaternary stereocenter with inversion of configuration and
excellent retention of enantiopurity (entries 1—3). The high
efficiency of chirality transfer in the latter two cases was
attributable to the highly diastereoselective attack of the cyclic
tertiary amine on the benzyne intermediate, generated in situ
from 2-(trimethylsilyl)phenyl triflate (2a). On the other hand,
the aryne-mediated [2,3]-sigmatropic rearrangement could be
affected significantly by a chiral auxiliary such as camphorsultam
and provided an optically active functionalized homoallylic
amine with good diastereoselectivity (entry 4).

The functionalized homoallylic amines we obtained from the
above processes were amenable to a number of chemical
transformations (Scheme 2). Basic hydrolysis of ester 3aa
followed by condensation with amine $ led to the formation of
amide 6 in 78% yield (two steps). An 84:16 mixture of diene
3ac and its diastereomer underwent ring-closing metathesis in
the presence of Grubbs’ II catalyst to furnish cyclic allylic amine
7,'* which was separated from its diastereomer through silica
gel chromatography. Both amide 6 and cyclic allylic amine 7
were subjected to single-crystal X-ray analysis, which allowed us
to determine the absolute configuration of ester 3aa and diene
3ac, respectively.!' Cyclic allylic amine 8, prepared by ring-
closing metathesis of diene 3p, was treated with 2-
(trimethylsilyl)phenyl triflate (2a) and CsF to furnish function-
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alized cyclopropane 9 as a single diastereomer, whose relative
stereochemistry was determined by 2D NOESY spectroscopic
analysis. To our knowledge, this type of ring-contraction
reaction has never been reported previously. Finally, basic
hydrolysis of ester 3a followed by treatment with acetic
anhydride and sodium acetate provided a facile access to
functionalized indole 11."°

In summary, we have established a new strategy for the [2,3]-
sigmatropic rearrangement of quaternary allylic ammonium
ylides via in situ activation of tertiary allylic amines with arynes
under mild conditions. Using 2-(trimethylsilyl)aryl triflates as
aryne precursors, a range of tertiary allylic amines bearing
various electron-withdrawing groups smoothly underwent
[2,3]-sigmatropic rearrangement to furnish structurally diverse
homoallylic amines in moderate to good yields. The reaction
proved useful for the construction of quaternary stereocenters
with excellent enantiopurity and functionalized cyclopropanes
with extremely high diastereoselectivity. It is noteworthy that
the reaction proceeds in the absence of metals, is compatible
with moisture and air, and tolerates a wide variety of functional
groups.

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.6b02344.

Experimental procedures, characterization data, '"H NMR
and C NMR spectra and HPLC traces, and crystal data
of compounds 6 and 7 (PDF)

X-ray data for compound 6 (CIF)

X-ray data for compound 7 (CIF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: yguOl@ustc.edu.cn.
*E-mail: tiansk@ustc.edu.cn.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful for financial support from the National Natural
Science Foundation of China (21472178 and 21232007), the
National Key Basic Research Program of China
(2014CB931800), the Natural Science Foundation of Anhui
Province of China (1408085MB24), and the Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDB20000000).

B REFERENCES

(1) For reviews, see: (a) Li, A.-H.; Dai, L.-X.; Aggarwal, V. K. Chem.
Rev. 1997, 97, 2341. (b) Puentes, C. O.; Kouznetsov, V. J. Heterocycl.
Chem. 2002, 39, 595. (c) Somfai, P.; Panknin, O. Synlett 2007, 2007,
1190. (d) West, T. H.; Spoehrle, S. S. M.; Kasten, K; Taylor, J. E;
Smith, A. D. ACS Catal. 2015, 5, 7446.

(2) (a) Mander, L. N.; Turner, J. V. J. Org. Chem. 1973, 38, 2915.
(b) Mageswaran, S.; Ollis, W. D.; Sutherland, L. O. J. Chem. Soc,, Perkin
Trans. 1 1981, 1, 1953. (c) Honda, K.; Inoue, S.; Sato, K. J. Am. Chem.
Soc. 1990, 112, 1999. (d) Honda, K; Inoue, S.; Sato, K. J. Org. Chem.
1992, 57, 428. (e) Gawley, R. E;; Zhang, Q.-H.; Campagna, S. J. Am.
Chem. Soc. 1995, 117, 11817. (f) Gulea-Purcarescu, M.; About-Jaudet,
E; Collignon, N. Tetrahedron 1996, 52, 2075. (g) Coldham, L;

DOI: 10.1021/acs.orglett.6b02344
Org. Lett. 2016, 18, 4872—4875



Organic Letters

Middleton, M. L.; Taylor, P. L. J. Chem. Soc,, Perkin Trans. 1 1997,
2951. (h) Arboré, A. P. A,; Cane-Honeysett, D. J; Coldham, L;
Middleton, M. L. Synlett 2000, 2000, 236. (i) Smith, S.; Bentley, P. D.
Tetrahedron Lett. 2002, 43, 899. (j) Sweeney, J. B.; Tavassoli, A;
Carter, N. B.; Hayes, J. F. Tetrahedron 2002, 58, 10113. (k) Aggarwal,
V. K; Fang, G.-Y,; Charmant, J. P. H; Meek, G. Org. Lett. 2003, S,
1757. (1) Tayama, E.; Tanaka, H.; Nakai, T. Heterocycles 2005, 66, 95.
(m) Workman, J. A.; Garrido, N. P.; Sangon, J.; Roberts, E.; Wessel, H.
P.; Sweeney, J. B. J. Am. Chem. Soc. 2005, 127, 1066. (n) Sweeney, J.
B.; Tavassoli A; Workman, J. A. Tetrahedron 2006, 62, 11506.
(o) Gawley, R. E.; Moon, K. Org. Lett. 2007, 9, 3093. (p) Drouillat, B.;
Couty, F.; Marrot, J. Synlett 2009, 2009, 767. (q) Zhu, T.-S.; Xu, M.-H.
Chem. Commun. 2012, 48, 7274. (r) Tayama, E.; Naganuma, N,;
Iwamoto, H.; Hasegawa, E. Chem. Commun. 2014, 50, 6860. (s) Biswas,
B.; Collins, S. C.; Singleton, D. A. J. Am. Chem. Soc. 2014, 136, 3740.
(t) West, T. H; Daniels, D. S. B.; Slawin, A. M. Z.; Smith, A. D. J. Am.
Chem. Soc. 2014, 136, 4476.

(3) (a) Doyle, M. P.; Tamblyn, W. H.; Bagheri, V. J. Org. Chem.
1981, 46, 5094. (b) Clark, J. S.; Hodgson, P. B. J. Chem. Soc, Chem.
Commun. 1994, 2701. (c) Clark, J. S.; Hodgson, P. B. Tetrahedron Lett.
1995, 36, 2519. (d) Wright, D. L.; Weekly, R. M.; Groff, R.; McMills,
M. C. Tetrahedron Lett. 1996, 37, 2165. (e) Clark, J. S.; Hodgson, P.
B.; Goldsmith, M. D.; Street, L. J. J. Chem. Soc., Perkin Trans. 1 2001,
3312. (f) Clark, J. S.; Hodgson, P. B.; Goldsmith, M. D.; Blake, A. J.;
Cooke, P. A; Street, L. J. J. Chem. Soc,, Perkin Trans. 1 2001, 3325.
(g) Clark, J. S.; Middleton, M. D. Org. Lett. 2002, 4, 76S. (h) Heath,
P.; Roberts, E.; Sweeney, J. B.; Wessel, H. P.; Workman, J. A. J. Org.
Chem. 2003, 68, 4083. (i) Roberts, E.; Sancon, J. P.; Sweeney, J. B;
Workman, J. A. Org. Lett. 2003, S, 4775. (j) Clark, J. S.; Middleton, M.
D. Tetrahedron Lett. 2003, 44, 7031. (k) Zhou, C.-Y.; Yu, W.-Y.; Chan,
P. W. H,; Che, C.-M. J. Org. Chem. 2004, 69, 7072. (1) Rowlands, G. J.;
Kentish Barnes, W. Tetrahedron Lett. 2004, 45, 5347. (m) Roberts, E.;
Sangon, ]. P.; Sweeney, J. B. Org. Lett. 2008, 7, 2075. (n) Sangon, J.;
Sweeney, J. B. Synlett 2008, 2008, 2213. (o) Honda, K.; Shibuya, H.;
Yasui, H,; Hoshino, Y.; Inoue, S. Bull. Chem. Soc. Jpn. 2008, 81, 142.
(p) Sancon, J.; Sweeney, J. B. Synlett 2010, 2010, 664. (q) Vorobyeva,
D. V.; Mailyan, A. K,; Peregudov, A. S.; Karimova, N. M.; Vasilyeva, T.
P.; Bushmarinov, I. S.; Bruneau, C.; Dixneuf, P. H,; Osipov, S. N.
Tetrahedron 2011, 67, 3524.

(4) (a) Soheili, A.; Tambar, U. K. J. Am. Chem. Soc. 2011, 133, 12956.
(b) Nash, A; Soheili, A; Tambar, U. K. Org. Lett. 2013, 15, 4770.
(c) Soheili, A; Tambar, U. K. Org. Lett. 2013, 15, S138.

(5) Stoichiometric Lewis acids and bases were shown to mediate the
[2,3]-sigmatropic rearrangement of tertiary allylic amines. See:
(a) Murata, Y.; Nakai, T. Chem. Lett. 1990, 19, 2069. (b) Kessar, S.
V.; Singh, P.; Singh, K. N,; Kaul, V. K;; Kumar, G. Tetrahedron Lett.
1995, 36, 8481. (c) Coldham, L; Middleton, M. L,; Taylor, P. L. J.
Chem. Soc, Perkin Trans. 1 1998, 2817. (d) Blid, J.; Somfai, P.
Tetrahedron Lett. 2003, 44, 3159. (e) Blid, J.; Brandt, P.; Somfai, P. J.
Org. Chem. 2004, 69, 3043. (f) Blid, J.; Panknin, O.; Somfai, P. J. Am.
Chem. Soc. 2005, 127, 9352. (g) Blid, J.; Panknin, O.; Tuzina, P.;
Somfai, P. J. Org. Chem. 2007, 72, 1294. (h) Everett, R. K; Wolfe, J. P.
J. Org. Chem. 20185, 80, 9041.

(6) For strong base-mediated [2,3]-sigmatropic rearrangement of
tertiary allylic amines, see: (a) Aahman, J.; Somfai, P. J. Am. Chem. Soc.
1994, 116, 9781. (b) Coldham, L; Collis, A. J.; Mould, R. J.; Rathmell,
R. E. Tetrahedron Lett. 1995, 36, 3557. (c) Ahman, J,; Jarevang, T.;
Somfai, P. J. Org. Chem. 1996, 61, 8148. (d) Drouillat, B.; Wright, K;
Quinodoz, P.; Marrot, J.; Couty, F. J. Org. Chem. 2018, 80, 6936.

(7) For strong base-mediated [2,3]-sigmatropic rearrangement of
electron-withdrawing group-activated secondary allylic amines, see:
(a) Durst, T.; Van den Elzen, R. V. D.; LeBelle, M. J. J. Am. Chem. Soc.
1972, 94, 9261. (b) Anderson, J. C.; Siddons, D. C.; Smith, S. C;
Swarbrick, M. E. J. Chem. Soc, Chem. Commun. 1995, 1835.
(c) Anderson, J. C.; Siddons, D. C.; Smith, S. C.; Swarbrick, M. E.
J. Org. Chem. 1996, 61, 4820. (d) Anderson, J. C; Smith, S. C,;
Swarbrick, M. E. J. Chem. Soc, Perkin Trans. 1 1997, 1517.
(e) Anderson, J. C; Dupau, P; Siddons, D. C; Smith, S. C;
Swarbrick, M. E. Tetrahedron Lett. 1998, 39, 2649. (f) Anderson, J. C.;

4875

Roberts, C. A. Tetrahedron Lett. 1998, 39, 159. (g) Anderson, J. C;
Flaherty, A,; Swarbrick, M. E. J. Org. Chem. 2000, 65, 9152.
(h) Anderson, J. C; Flaherty, A. J. Chem. Soc, Perkin Trans. 1 2001,
267. (i) Anderson, J. C.; Skerratt, S. J. Chem. Soc., Perkin Trans. 1 2002,
2871. (j) Anderson, J. C; O’Loughlin, J. M. A; Tornos, J. A. Org.
Biomol. Chem. 2008, 3, 2741. (k) Anderson, J. C.; Ford, J. G.; Whiting,
M. Org. Biomol. Chem. 2008, 3, 3734. (1) Anderson, J. C.; Davies, E. A.
Tetrahedron 2010, 66, 6300.

(8) For a review, see: (a) Gu, Y.; Tian, S.-K. Synlett 2013, 24, 1170.
For recent examples, see: (b) Wang, Y.; Li, M.; Ma, X,; Liu, C; Gu, Y,;
Tian, S.K. Chin. J. Chem. 2014, 32, 741. (c) Wu, X.-S; Zhou, M.-G,;
Chen, Y; Tian, S.-K. Asian J. Org. Chem. 2014, 3, 711. (d) Wang, Y.;
Xu, J-K; Gu, Y.; Tian, S.-K. Org. Chem. Front. 2014, 1, 812. (e) Wang,
T.-T.; Wang, F.-X,; Yang, F.-L,; Tian, S.-K. Chem. Commun. 2014, S0,
3802. (f) Zhou, M.-G.; Zhang, W.-Z,; Tian, S.-K. Chem. Commun.
2014, 50, 14531. (g) Wang, Y.; Xu, Y.-N,; Fang, G.-S.; Kang, H.-J.; Gu,
Y.; Tian, S.-K. Org. Biomol. Chem. 2018, 13, 5367. (h) Xu, J.-K.; Wang,
Y,; Gu, Y,; Tian, S.-K. Adv. Synth. Catal. 2016, 358, 1854.

(9) For reviews, see: (a) Pellissier, H.; Santelli, M. Tetrahedron 2003,
59, 701. (b) Yoshida, H.; Ohshita, J.; Kunai, A. Bull. Chem. Soc. Jpn.
2010, 83, 199. (c) Kitamura, T. Aust. J. Chem. 2010, 63, 987.
(d) Bhunia, A.; Yetra, S. R.; Biju, A. T. Chem. Soc. Rev. 2012, 41, 3140.
(e) Tadross, P. M.; Stoltz, B. M. Chem. Rev. 2012, 112, 3550.
(f) Dubrovskiy, A. V.; Markina, N. A.; Larock, R. C. Org. Biomol. Chem.
2013, 11, 191.

(10) (a) Cant, A. A; Bertrand, G. H. V.; Henderson, J. L.; Roberts,
L.; Greaney, M. F. Angew. Chem., Int. Ed. 2009, 48, 5199. (b) Aoki, T.;
Koya, S.; Yamasaki, R.; Saito, S. Org. Lett. 2012, 14, 4506.
(c) Bhojgude, S. S.; Kaicharla, T.; Biju, A. T. Org. Lett. 2013, IS,
5452. (d) Stephens, D.; Zhang, Y.; Cormier, M.; Chavez, G.; Arman,
H.; Larionov, O. V. Chem. Commun. 2013, 49, 6558. (e) Tang, C.-Y.;
Wang, G.; Yang, X.-Y,; Wu, X.-Y,; Sha, F. Tetrahedron Lett. 2014, S5,
6447. (f) Roy, T.; Baviskar, D. R;; Biju, A. T. J. Org. Chem. 2015, 80,
11131. (g) Bhojgude, S. S.; Baviskar, D. R.; Gonnade, R. G; Biju, A. T.
Org. Lett. 2015, 17, 6270. (h) Varlamov, A. V,; Guranova, N. L;
Borisova, T. N.; Toze, F. A. A,; Ovcharov, M. V,; Kristancho, S
Voskressensky, L. G. Tetrahedron 2015, 71, 1175. (i) Hirsch, M,;
Dhara, S.; Diesendruck, C. E. Org. Lett. 2016, 18, 980.

(11) For details, see the Supporting Information.

(12) Haber, J. C.; Lynch, M. A; Spring, S. L.; Pechulis, A. D.; Raker,
J; Wang, Y. Tetrahedron Lett. 2011, 52, 5847.

(13) (a) Liu, Z.; Larock, R. C. J. Am. Chem. Soc. 2005, 127, 13112.
(b) Pintori, D. G.; Greaney, M. F. Org. Lett. 2010, 12, 168. (c) Okuma,
K.; Nojima, A.; Nakamura, Y.; Matsunaga, N.; Nagahora, N.; Shioji, K.
Bull. Chem. Soc. Jpn. 2011, 84, 328. (d) Fang, Y.; Rogness, D. C,;
Larock, R. C.; Shi, F. J. Org. Chem. 2012, 77, 6262. (e) Kim, J.; Stoltz,
B. M. Tetrahedron Lett. 2012, 53, 4994. (f) Yamada, S.; Iwama, S,;
Kinoshita, K.; Yamazaki, T.; Kubota, T.; Yajima, T. Tetrahedron 2014,
70, 6749.

(14) Scholl, M;; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999,
1, 953.

(15) Brady, W. T;; Gu, Y. Q. J. Org. Chem. 1989, 54, 2834.

DOI: 10.1021/acs.orglett.6b02344
Org. Lett. 2016, 18, 4872—4875



