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Substituted 2-Imidazolines and Tetrahydropyrimidines
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Abstract: The first catalytic cycloamidination of aminoalkenes
with nitriles has been achieved by using rare-earth complexes.
This reaction is equivalent to the desired intramolecular
hydroamination of alkenylamidines, and allows a new direct
access to substituted 2-imidazolines and tetrahydropyrimidines
in high yields under operationally simple reaction conditions.
Moreover, the methodology is also efficient for synthesis of
symmetric and unsymmetric bridged diimidazolines. Com-
pared with the traditional stepwise-mediated synthetic
approaches, the present method avoids the use of additives
and harsh reaction conditions, and thus leads to a completely
different product distribution. Mechanistic data suggest that the
reaction involves the initial NH activation by lanthanide
complex followed by nitrile insertion into a Ln—N bond to
form an amidinate lanthanide intermediate which undergoes
the cyclization.

Tandem insertions of two distinctly different functionalities
into a N—H bond represent an efficient, atom-economical,
and highly desirable route to nitrogen-containing mole-
cules."*! Recent pioneering work reported by the groups of
Xie and Demir showed that Ti"VP and AuY/Zn"P" could
catalyze the tandem insertions of nitrile and alkyne into a
N—H bond to form substituted isoindoles, isoquinolines, imid-
azoles, and pyrroles. Despite the importance of this method-
ology, the corresponding tandem insertion of alkenes and
nitriles into a N—H bond has not been realized because of the
lower reactivity and electron density of alkenes compared
with those of alkynes.! Typically, the attainment of this goal
for alkenes requires a multistep process [Scheme 1, Eq. (1)].
The major obstacles originate from: 1)in most cases the
alkene hydroamination is mutually incompatible with the
amidination of nitriles, thus making the control of related
cascade sequences difficult in a one-pot operation;** 2) cat-
alytic addition of a secondary aminoalkene to a nitrile to give
the amidine remains elusive;*”! 3)the hydroamination
between amidines and alkenes is challenging.® Although
several strategies such as aminooxygenation,” iodoamidina-
tion,® hydroamidiniumation,® and aerobic [3+2]-annula-
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Scheme 1. Comparison of the prior work to the current work.

tion,”! have been developed for cyclization of alkenylami-
dines to form imidazoline derivatives, they are based on the
combination with another process. There remains a demand
for exploitation of the direct alkene hydroamidination which
enables realization of predictable chemoselectivity.

Hegedus and co-workers found that the reactivity of
CH;CN toward N-allylanilines could be enhanced by stoi-
chiometric amounts of a highly electrophilic palladium
species and CO [Scheme 1, Eq. (2)]."") However, the reaction
gives access only to a limited scope of substrates. Further, the
factors that affect the relative rates of competing mechanistic
pathways in this reaction (e.g., f-hydride elimination versus
CO insertion), including the feasibility of its catalytic version,
are not well understood. Herein, we describe the first
examples of lanthanide-catalyzed direct hydroamination/
cyclization of aminoalkenes with nitriles [Scheme 1,
Eq. (3)], which provides a straightforward and versatile
method for atom-economical synthesis of a variety of 2-
imidazoline and tetrahydropyrimidine derivatives which have
many diverse applications, including natural product!!! and
drug!™ cores, organic synthesis,!'”! precursors to functional-
ized molecules,'*! and important ligands®®'*! in organometal-
lics.

In our preliminary studies, we examined cyclization
between N-methyl allylamine (1a) and benzonitrile (2a). It
was found that the reaction of 1a with 2a in toluene in the
presence of 5mol% Yb[N(SiMe;),]; at room temperature
afforded the desired 3aa in almost quantitative yield (for
structure see Scheme 2; see the Supporting Information).
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Scheme 2. Scope of nitriles in the lanthanide-catalyzed cyclization with
1a. Yields are those of isolated products unless otherwise stated.

[a] 40°C, 24 h. [b] 60°C, 24 h. [c] Yield determined by '"H NMR spec-
troscopy.

On the basis of the optimized reaction conditions, we
firstly explored the scope of the reaction to nitriles. As shown
in Scheme 2, the catalytic system is tolerant to many func-
tional groups such as halides, F;C, MeO, and thienyl. Aryl
nitriles bearing electron-donating and electron-neutral sub-
stituents afforded 3aa—ad in 88-99% yields. An aromatic
nitrile with a strong electron-withdrawing CF; group gave 3ae
in 92% yield. Products bearing halogens (3af, 3ag) were
obtained in good yields. Naphthyl and 2-thienyl nitriles could
also be cyclized under the current reaction conditions (3ah,
3ai). In general, the presence of strong coordinating atoms on
the nitriles has a slightly negative impact on the catalytic
reaction because of their competing coordination to the
highly Lewis-acidic Ln*" ions, thus relatively high reaction
temperatures (40-60°C) are required. Surprisingly, cinnamo-
nitrile also afforded 3aj in 60 % yield, which is in contrast with
the well-known Michael addition of amines to o,p-unsatu-
rated nitriles, thus forming exclusively the anti-Markovnikov
hydroamination products.”*® Isopropyl nitrile readily partic-
ipates in this catalytic cyclization process (3ak), but 21 and
2m, with more active hydrogen atoms, afforded only trace
amounts of the products, presumably because these nitriles
can quench the Ln—C/N bond."!

This catalytic cyclization also appears to be general in
regard to allylamine substrates (Scheme 3). A number of
synthetically useful N substituents, such as alkyl, allyl, cyclo-
hexyl, and benzyl, were found to be compatible with the
reaction conditions. Moreover, this procedure is amenable to
the gram-scale synthesis of 3ba in almost quantitative yield.
To our delight, the sterically hindered 1 f gave 3 fa ff.fk in high
yields. Despite significant advances in metal-catalyzed hydro-
amination, the cyclohydroamination of acyclic internal
alkenes is generally difficult, thus obstructing their applica-
tions in the construction of azacycles bearing the key

Angew. Chem. Int. Ed. 2015, 54, 14452 -14456

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang
Internatic
RZ Rj _<R
H Yb[N(SiMe3),]3 (5 mol%) N
R1 N\)\/RS + R-CN ol @ml). T, 121 g%N/
oluene (3 mL), RT, 3
0.60 mmol 0.50 mmol under Ny R2 R
1 2 3
1b: R' = allyl; R2, R3 = H; 1c:R'=Cy; R3, R®=H
1d: R'=Bn;R2, R3=H 1e:R'=Ph; R, R®=H
1f: R =Bn; R2=CH;; R®=H 1g:R'=Bn; R2=H; R3=Ph

1h: R'=Bn; R2 = H; R® = CH;3 1i: R

H H N

=Bn; R, R®=CHj,

P
0 G ¢

3ba, 99% 3bf, 99% 3bi, 86%2]  3ca, 99% 3cf, 90%
I Ph
A gn Py e e
‘N \N N \ N \
N ] N N
I
R %N {
3da, 97% 3dg, 98% 3dk, 83%0b  3ea, 52%[¢  3fa. 98%lel
f 53 4@ "
N N
Ph Ph Ph
3ff, gs%lal 3fk, 78%!] 3gb, 99% 3gf,93%  3ga, 95%
Ph h
\\ Bn Ph Bn OO
\ N—(
% j e
3gk, 94%0  3ha, 50%d  3ia, 49%  3ig, zo%ldl 3ih, 10%[!

Scheme 3. Synthesis of multisubstituted imidazolines. Yields are those
of isolated products unless otherwise stated. [a] 60°C, 24 h. [b] 1

(0.50 mmol), 2k (0.60 mmol), 60°C, 24 h. [c] 40°C, 24 h. [d] Th

(0.50 mmol), 2a (1.0 mmol), 60°C, 24 h.

substituents.!"”’ Remarkably, the aromatic internal alkene 1g
afforded 3ga,gk in excellent yields, while an aliphatic internal
olefin is less reactive and requires harsher reaction conditions
(3ha). In particular, the reaction with the trisubstituted
alkene 1i afforded 3ia,ig,ih, which would be difficult to
prepare otherwise,™ albeit in low yields. The structures of
3ag (see Figure S1 in the Supporting Information) and 3dg
(see Figure S2) were further confirmed by the X-ray crystal
diffraction analysis.!'")

Bearing in mind the importance of ansa-bridged diimida-
zolines as ligands in adjusting organometallic reactivity and
catalytic behavior,'” we then became interested in the
reactions of 2n with 1 (Scheme 4). Treatment of 2n with
2.5 equivalents of 1b afforded the dicyclization product 4bnb
in 83 % yield, while reaction of 2n with one equivalent of 1b
afforded 3bn as the main product. 3bn reacted with 1d to
afford the desired unsymmetric dicyclization product 4bnd.

Encouraged by the above results, we next explored the use
of the reaction in synthesis of tetrahydropyrimidines. As
shown in Scheme 5, the reactions of 5a with electron-neutral
and electron-rich aryl nitriles proceeded smoothly, thus giving
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Scheme 4. Dicyclization of terephthalonitrile.
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Scheme 5. Synthesis of substituted tetrahydropyrimidines. [a] Reaction
conditions: 5 (0.60 mmol), 2 (0.50 mmol), Y[N(SiMe;),]s

(0.025 mmol), toluene (3 mL), 60°C, 12 h under N,. Yield is that of the
isolated 6. [b] 80°C, 24 h.

6aa,abad in good to excellent yields, but the electron-
deficient aryl nitriles were markedly less reactive than those
with the Me or OMe moiety, and required a higher reaction
temperature (6ad versus 6ae, 6af). Sb also afforded the
desirable products in good yields (6 ba, 6bd). For the sterically
hindered Se¢, 6¢a was obtained in 53 % yield. However, the
aminoalkenes with an N-phenyl substituent (5d) or 1,2-
disubstituted alkene (5e) are ineffective substrates under
these reaction conditions. The diminished activity for six-
membered-ring closure likely reflects a sterically controlled
process.”"!
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Having established that the cycloamidination of 1 with 2 is
catalyzed by Ln[N(SiMe;),]s, we focused on elucidating the
reaction mechanism. Firstly, we studied both the preference
for addition of the nitrile to the amine, and the intermediacy
of rare-earth amidinates (Scheme 6). It was found that the

a)
Yb[N(SiMe3),]5 NH
1a
N (5 mol%) N/\/
2n toluene RT, 24 ( ) i |
3an (35%) 7an (17%)
b) R
NH ) \N
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7ba (Ar = Ph, R = allyl) 3ba (99%)

Scheme 6. Mechanistic studies.

single C—N-forming intermediate 7an could be isolated in
17 % yield when the reaction of 1a with 2n was carried out at
room temperature (Scheme 6a). Remarkably, 7an was com-
pletely converted into 3am when subjected to a higher
reaction temperature. As far as we are aware, transformation
of 7an into 3an represents the first example of the metal-
mediated hydroamidination of alkenes."?! To draw more
support, we also carried out the reaction of 7ba,l®® the
cyclization took place selectively and quantitatively (Sche-
me 6b).

Secondly, we monitored the reaction between 1b and 2a
in a [Dg]benzene solution, in the presence of the para-
magnetic precatalyst Y[N(SiMe;),]s, by 'H NMR spectrosco-
py (see Figure S3). The results reveal that addition of
10 mol % Y[N(SiMe;),]; to a mixture of 1b and 2a immedi-
ately generates 3ba with the partial liberation of (Me;Si),N
ligands (a new peak at 6 =0.10 ppm) from the precatalyst.
The presence of two sets of signals in the coordinated
(Me;Si),N region (6 =0.55 and 0.40 ppm) together with the
appearance of minor amounts of new olefinic (6 =5.08-5.25
and 0 =5.78-5.95 ppm) and alphatic (0 =4.19-4.25 ppm) C—
H resonances indicate the formation of more than one active
Ln species in the catalytic cycle. The reaction is complete after
3 hours. Consistent with this, in the '"H NMR spectrum of the
catalytic conversion of a [Dg]benzene solution of 7ba into
3ba, no signal at 6 =0.55 ppm was observed, but the doublet
peaks at 0 =0.40 ppm remained (see Figure S4). This data
implies that the signal at 6 =0.55 ppm might originate from
an yttrium amido complex bearing (Me;Si),N ligands, while
the stronger doublet peaks at 6 =0.40 ppm could be attrib-
uted to the protons of the (Me;Si),N ligand of the yttrium
amidinate intermediate. Furthermore, the intermolecular
substrate protonolysis of the precatalyst was also observed
by the '"H NMR spectrum when a [D¢]benzene solution of 1b
was treated with 0.1 equivalents of Y[N(SiMe;),]; (see
Figures S5 and S6). In addition, the kinetic isotope effects
(KIE) of 2.33 for the cyclization of the N-deuterated 1b is
also within the normal range (2.3-5.2) observed for NH
activation of aminoalkenes by organolanthanides."¥ How-
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ever, utilization of Yb(OTf); as a
Yb[N(SiMe;),]; was ineffective.

Based on the results described above, a reasonable path-
way for the formation of 3 is shown in Scheme 7. The reaction
is likely initiated by the deprotonation of aminoalkenes by
metal species. Coordination and sequential insertion of one
nitrile into the Ln—N bond of A gives the key lanthanide
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Scheme 7. Possible mechanism for the formation of 3.

amidinate intermediate B. Subsequently, the intramolecular
addition of a C=C bond to the Ln—N bond of B leads to the
cyclization, thus affording the 4-imidazolinylmethyl lantha-
nide complex C. Finally, predominant protonation of C with
another allylamine affords the cyclization product 3 and
regenerates the active intermediate A. The isolation of 7al
and a higher concentration B, compared with A, in the
"H NMR spectroscopy (see Figure S3) suggest that alkene
insertion into the resulting lanthanide—amidinate bond might
be the rate-determining step in the catalytic cycle.!'”)

In conclusion, we have developed a new, highly efficient,
atom-economical, and convenient method for the synthesis of
a variety of imidazolines and tetrahydropyrimidines by
lanthanide-catalyzed direct cycloamidination of amino-
alkenes and nitriles. Importantly, compared with traditional
stepwise-mediated synthetic approaches to 1,3-dinitrogen-
containing heterocycles from aminoalkenes and nitriles,*!
the present method not only avoids the use of additives, but
also leads to a completely different product distribution.
Mechanistic studies shed light on the possible reaction
pathway. The results reported here open up a new prospective
and allow new tactics in aminoalkene-based coupling events.
We are currently expanding its scope by using additional
reaction partners and are synthesizing a variety of small-
molecule arrays.

Experimental Section

General procedure for synthesis of 3: A mixture of Yb[N(SiMe;),]s
(16.3 mg, 0.025 mmol, 5 mol %), allylamine (0.60 mmol), and nitrile
(0.50 mmol) in toluene (3 mL) was stirred at room temperature under
N,. The reaction mixture was quenched with water (2 mL) after
completion of the reaction. The solution was extracted with ethyl
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acetate (3x5mL). The organic layers were combined, dried over
anhydrous Na,SO, and concentrated. The pure 2-imidazoline 3 was
obtained by flash column chromatography on silica gel with ethyl
acetate/TEA (20:1) as the eluent.

Acknowledgments

We thank the National Natural Science Foundation of China,
973 program (2012CB821604), CAS Key Laboratory of
Synthetic Chemistry of Natural Substances, and the Research
Fund for the Doctoral Program of Higher Education of China
for support.

Keywords: cyclization - lanthanides - nitrogen heterocycles -
reaction mechanisms - synthetic methods

How to cite: Angew. Chem. Int. Ed. 2015, 54, 1445214456
Angew. Chem. 2015, 127, 1466014664

[1] a) T. E. Miiller, K. C. Hultzsch, M. Yus, F. Foubelo, M. Tada,
Chem. Rev. 2008, 108, 3795; b) X. M. Zeng, Chem. Rev. 2013,
113,6864; c) L. B. Huang, M. Arndt, K. Gooflen, H. Heydt, L. J.
GooBen, Chem. Rev. 2015, 115, 2596; d) A.L. Odom, T.J.
McDaniel, Acc. Chem. Res. 2015, in press.

a) Y. Li, T.J. Marks, J. Am. Chem. Soc. 1998, 120, 1757; b) K.

Dong, X. Fang, R. Jackstell, G. Laurenczy, Y. Li, M. Beller, J.

Am. Chem. Soc. 2015, 137, 6053; c) G. Zhang, B. Gao, H. Huang,

Angew. Chem. Int. Ed. 2015, 54, 7657, Angew. Chem. 2015, 127,

7767.

a) H. Shen, Z. Xie, J. Am. Chem. Soc. 2010, 132, 11473; b) A.S.

Demir, M. Emrullahoglu, K. Buran, Chem. Commun. 2010, 46,

8032; c¢)L. Hong, W. Lin, F. Zhang, R.X. Zhou, Chem.

Commun. 2013, 49, 5589.

[4] J. Haggins, Chem. Eng. News 1993, 71, 23.

[5] a) L. Fadini, A. Yogni, Chem. Commun. 2003, 30; b) C. Munro-
Leighton, E. D. Blue, T. B. Gunnoe, J. Am. Chem. Soc. 2006, 128,
1446; c) B. W. Turnpenny, K. L. Hyman, S. R. Chemler, Organo-
metallics 2012, 31, 7819.

[6] a) H. Wang, Y. Wang, D. Liang, L. Liu, J. Zhang, Q. Zhu, Angew.
Chem. Int. Ed. 2011, 50, 5678; Angew. Chem. 2011, 123, 5796;
b) S. Sanjaya, S. Chiba, Org. Lett. 2012, 14, 5342; c) H. Chen, A.
Kaga, S. Chiba, Org. Lett. 2014, 16, 6136.

[7] a) R.S. Garigipati, Tetrahedron Lett. 1990, 31, 1969; b) J. Wang,
F. Xu, T. Cai, Q. Shen, Org. Lett. 2008, 10, 445.

[8] a) P. A. Hunt, C. May, C. J. Moody, Tetrahedron Lett. 1988, 29,
3001; b) D. Gennet, S. Z. Zard, H. W. Zhang, Chem. Commun.
2003, 1870; c)R. Jazzar, J.-B. Bourg, R.D. Dewhurst, B.
Donnadieu, G. Bertrand, J. Org. Chem. 2007, 72, 3492; d) L.
Benhamou, E. Chardon, G. Lavigne, S. Bellemin-Laponnaz, V.
César, Chem. Rev. 2011, 111, 2705.

[9] Y. F. Wang, X. Zhu, S. Chiba, J. Am. Chem. Soc. 2012, 134, 3679.

[10] L. S.Hegedus, T. A. Mulhern, H. Asada, J. Am. Chem. Soc. 1986,
108, 6224.

[11] a) J. Kobayashi, F. Kanda, M. Ishibashi, H. Shigemori, J. Org.
Chem. 1991, 56, 4574; b) T. Jahn, G. M. Konig, A. D. Wright,
Tetrahedron Lett. 1997, 38, 3883; c) D. J. Faulkner, Nat. Prod.
Rep. 2000, 17, 7, d)S. Tsukamoto, K. Tane, T. Ohta, S.
Matsunaga, N. Fusetani, R. W. M. Soest, J. Nat. Prod. 2001, 64,
1576; e) M. Ishikura, K. Yamada, Nat. Prod. Rep. 2009, 26, 803.

[12] a) R. J. Grout, in The Chemistry of Amidines and Imidates (Ed.:
S. Patai), Wiley, London, 1975; b) R. R. Ruffolo, W. E. Bondi-
nell, J. P. Hieble, J. Med. Chem. 1995, 38, 3681.

[13] a) R. N. Loeppky, W. Cui, Tetrahedron Lett. 1998, 39, 1845;b) S.
Haneda, A. Okui, C. Ueba, M. Hayashi, Tetrahedron 2007, 63,

2

—

3

—

www.angewandte.org

die

Chemie

14455


http://dx.doi.org/10.1021/cr400082n
http://dx.doi.org/10.1021/cr400082n
http://dx.doi.org/10.1021/cr300389u
http://dx.doi.org/10.1021/ja972643t
http://dx.doi.org/10.1021/jacs.5b02218
http://dx.doi.org/10.1021/jacs.5b02218
http://dx.doi.org/10.1002/anie.201502405
http://dx.doi.org/10.1002/ange.201502405
http://dx.doi.org/10.1002/ange.201502405
http://dx.doi.org/10.1021/ja101796k
http://dx.doi.org/10.1039/c0cc02357d
http://dx.doi.org/10.1039/c0cc02357d
http://dx.doi.org/10.1039/c3cc42534g
http://dx.doi.org/10.1039/c3cc42534g
http://dx.doi.org/10.1021/cen-v071n022.p023
http://dx.doi.org/10.1039/b210680a
http://dx.doi.org/10.1021/ja057622a
http://dx.doi.org/10.1021/ja057622a
http://dx.doi.org/10.1021/om300744m
http://dx.doi.org/10.1021/om300744m
http://dx.doi.org/10.1002/anie.201100362
http://dx.doi.org/10.1002/anie.201100362
http://dx.doi.org/10.1002/ange.201100362
http://dx.doi.org/10.1021/ol302525m
http://dx.doi.org/10.1021/ol503000c
http://dx.doi.org/10.1016/S0040-4039(00)88891-7
http://dx.doi.org/10.1021/ol702739c
http://dx.doi.org/10.1016/0040-4039(88)85071-8
http://dx.doi.org/10.1016/0040-4039(88)85071-8
http://dx.doi.org/10.1039/b304545e
http://dx.doi.org/10.1039/b304545e
http://dx.doi.org/10.1021/jo0703909
http://dx.doi.org/10.1021/cr100328e
http://dx.doi.org/10.1021/ja2120629
http://dx.doi.org/10.1021/ja00280a019
http://dx.doi.org/10.1021/ja00280a019
http://dx.doi.org/10.1021/jo00014a052
http://dx.doi.org/10.1021/jo00014a052
http://dx.doi.org/10.1016/S0040-4039(97)00846-0
http://dx.doi.org/10.1039/a809395d
http://dx.doi.org/10.1039/a809395d
http://dx.doi.org/10.1021/np010280b
http://dx.doi.org/10.1021/np010280b
http://dx.doi.org/10.1039/b820693g
http://dx.doi.org/10.1021/jm00019a001
http://dx.doi.org/10.1016/S0040-4039(98)00128-2
http://dx.doi.org/10.1016/j.tet.2007.01.014
http://www.angewandte.org

Angewandte

(14]

[15]

(16]

14456 www.angewandte.org

Communications

2414; c) M. K. Ghorai, K. Das, A. Kumar, Tetrahedron Lett.
2009, 50, 1105; d) H. Chen, S. Sanjaya, Y. Wang, S. Chiba, Org.
Lett. 2013, 15, 212.

a) P. Wasserscheid, W. Keim, Angew. Chem. Int. Ed. 2000, 39,
3772; Angew. Chem. 2000, 112, 3926; b) W. A. Herrmann,
Angew. Chem. Int. Ed. 2002, 41, 1290; Angew. Chem. 2002,
114, 1342; ¢) J. Dupont, R. F. de Souza, P. A. Z. Suarez, Chem.
Rev. 2002, 102, 3667.

a) S. Bhor, G. Anikumar, M. K. Tse, M. Klawonn, C. Débler, B.
Bitterlich, A. Grotevendt, M. Beller, Org. Lett. 2005, 7, 3393;
b) S. Cannon, J. J. H. Frederich, L. E. Overman, J. Org. Chem.
2012, 77, 1939; c) M. Ohara, Y. Hara, T. Ohnuki, S. Nakamura,
Chem. Eur. J. 2014, 20, 8848; d) M. Kondo, T. Nishi, T. Hatanaka,
Y. Funahashi, S. Nakamura, Angew. Chem. Int. Ed. 2015, 54,
8198; Angew. Chem. 2015, 127, 8316.

a) R. Duchateau, C. T. van Wee, J. H. Teuben, Organometallics
1996, 15, 2291; b) X. M. Zhang, C.Y. Wang, M. Q. Xue, Y.
Zhang, Y. M. Yao, Q. Shen, J. Organomet. Chem. 2012, 716, 86.

[17] a) G. A. Molander, E. D. Dowdy, J. Org. Chem. 1998, 63, 8983;
b) J.-S. Ryu, T.J. Marks, F. E. McDonald, Org. Lett. 2001, 3,
3091; ¢) Y. Chapurina, H. Ibrahim, R. Guillot, E. Kolodziej, J.
Collin, A. Trifonov, E. Schulz, J. Hannedouche, J. Org. Chem.
2011, 76, 10163.

[18] R. D. Crouch, Tetrahedron 2009, 65, 2387.

[19] CCDC 1047711 (3ag) and CCDC 1047712 (3dg) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

[20] S. Hong, T. J. Marks, Acc. Chem. Res. 2004, 37, 673.

Received: September 11, 2015
Published online: October 22, 2015

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14452 —14456


http://dx.doi.org/10.1016/j.tet.2007.01.014
http://dx.doi.org/10.1016/j.tetlet.2008.12.035
http://dx.doi.org/10.1016/j.tetlet.2008.12.035
http://dx.doi.org/10.1021/ol303302r
http://dx.doi.org/10.1021/ol303302r
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3926::AID-ANGE3926%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1021/ol050821e
http://dx.doi.org/10.1021/jo2025724
http://dx.doi.org/10.1021/jo2025724
http://dx.doi.org/10.1002/anie.201503098
http://dx.doi.org/10.1002/anie.201503098
http://dx.doi.org/10.1002/ange.201503098
http://dx.doi.org/10.1021/om9508142
http://dx.doi.org/10.1021/om9508142
http://dx.doi.org/10.1016/j.jorganchem.2012.06.004
http://dx.doi.org/10.1021/jo981345r
http://dx.doi.org/10.1021/ol010129t
http://dx.doi.org/10.1021/ol010129t
http://dx.doi.org/10.1021/jo202009q
http://dx.doi.org/10.1021/jo202009q
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201508442
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1021/ar040051r
http://www.angewandte.org

