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Abstract: The cationic gold phosphine complex [{PCy,(o-
biphenyl)}JAu(NCMe)]*SbFs~ (Cy = cyclohexyl) catalyzes the
intermolecular, anti-Markovnikov hydroamination reaction of
monosubstituted and cis- and trans-disubstituted alkylidene-
cyclopropanes (ACPs) with imidazolidin-2-ones and other
nucleophiles. This reaction forms 1-cyclopropyl alkylamine
derivatives in high yield and with high regio- and diastereo-
selectivity. NMR spectroscopic analysis of gold m-ACP com-
plexes and control experiments point to the sp hybridization of
the ACP internal alkene carbon atom as controlling the
regiochemistry of the ACP hydroamination reaction.

Cyclopropyl rings are structural and/or reactive components
of a large number of naturally occurring and biologically
active molecules including potential therapeutics and are
employed as mechanistic probes for use in chemical biology
and enzymology.! Alkylidenecyclopropanes (ACPs) repre-
sent attractive substrates for the synthesis of functionalized
cyclopropanes owing to the strain-driven reactivity®™ and
synthetic accessibility™®! of ACPs. Indeed, ACPs have been
employed widely as building blocks in organic synthesis,**!
and in this context, transition-metal-catalyzed methods have
attracted particular attention.®! Unfortunately, the vast
majority of these catalytic transformations occur with con-
comitant cyclopropyl C—C bond cleavage and catalytic
methods for the selective functionalization of the C=C bond
of ACPs without ring opening are rare.’’ Therefore, the
development of selective catalytic methods for the elabo-
ration of ACPs without ring cleavage is of considerable
significance.

The direct, transition-metal-catalyzed addition of the
N-H bond of an amine or carboxamide derivative across
a C—C multiple bond (hydroamination) represents a poten-
tially expedient and atom-economical route to cyclic and
acyclic amine derivatives."”) Although hydroamination has
been successfully applied to a broad range of unsaturated
C—C bonds, the selective transition-metal-catalyzed hydro-
amination of the C=C bond of an ACP has not been
realized.'"! Rather, the hydroamination of ACPs catalyzed
by early™ and late*' transition-metal complexes leads
exclusively to the formation of ring-opened products includ-
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ing allylic amines, imines, and/or pyrrolidines.>"! Herein, we
report a gold(I)-catalyzed procedure for the selective inter-
molecular, anti-Markovnikov hydroamination of the C=C
bond of ACPs without ring opening.

We targeted cationic gold(I) complexes supported by
sterically hindered, electron-rich phosphine ligands as cata-
lysts for the hydroamination of ACPs owing both to the high
reactivity of these complexes with respect to alkene hydro-
amination"®! and to the absence of low energy B-migratory
insertion/elimination pathways likely responsible for the ring
opening of ACPs.”*?! Drawing from our experience with
the gold-catalyzed intermolecular hydroamination of
1-alkenes," we similarly targeted imidazolidin-2-ones as
nucleophiles for ACP hydroamination. An initial experiment
was encouraging and reaction of a 1:1.1 mixture of 1-phenyl-
2-methylenecyclopropane (1a) and 1-methyl-imidazolidin-2-
one (2) catalyzed by a 1:1 mixture of (P1)AuCl (P1=
P(‘Bu),(o-biphenyl)) and AgSbF, in dioxane at 100°C for
18 hours led to complete conversion of the starting materials
to form a 1:2.2 mixture of the trans-a-aminocyclopropane 3a
and allylic amines 4 (Table 1, entry 1). Subsequent experi-
ments identified improved conditions, and hydroamination of
la with 2 catalyzed by [(P2)Au(NCMe)]|"SbF,~ (P2=
PCy,(o-biphenyl); Cy = cyclohexyl) in dioxane at 60°C for
18 hours led to complete conversion to form a 2.5:1 mixture of
3a:4 (Table 1, entry 5), from which 3a was isolated in 63 %
yield as a single regio- and diastereoisomer (Scheme 1).

Unknown to us at the time, ACP 1la represented
a particularly challenging substrate for selective anti-Mar-
kovnikov hydroamination and, in comparison, gold-catalyzed
reaction of 1-benzyl- and 1-n-hexyl-2-methylenecyclopropane
with 2 formed aminomethylcyclopropanes 3b and 3¢ with
>25:1 regio- and diastereoselectivity which were isolated in
89% and 85% yields, respectively (Scheme 1). The gold-
catalyzed anti-Markovnikov hydroamination of ACPs was
likewise effective for both cis-1,2- and trans-1,2-disubstituted
ACPs and tolerated a range of polar functional groups
including acetate, tosylate, phthalimide, benzyl ethers, car-
boxylic esters, and free carboxylic acids (Scheme 1). Although
less reactive than terminally unsubstituted ACPs, ethylidene-
cyclopropane 1i underwent selective anti-Markovnikov
hydroamination with 2 to form 3i which was isolated in
71% yield with >25:1 regio- and diastereoselectivity
(Scheme 1). As well as 2, a number of nucleophiles, including
1-tert-butyl-imidazolidin-2-one and 1-benzyl-imidazolidin-2-
one, benzotriazole, and 5-chloro-2-hydroxypyridine under-
went gold-catalyzed anti-Markovnikov hydroamination with
1g to form the corresponding aminomethyl cyclopropanes 5§
in good yield and with high regio- and diastereoselectivity
(Scheme 2).
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Table 1: Effect of catalyst, temperature, and solvent on the gold(l)-
catalyzed hydroamination reaction of 1a with 2.

o}
)I\ cat. (5 mol %)
* MeN NH
PH \/ 18 h, >98% conv.
1a (71 mm) 2 (1.1 equiv)

" b

NR2
4a
entry  catalyst solvent Temp. [°C] 3a/4t!
1 (P1)AuCl/AgSbF; 1,4-dioxane 100 1:2.2
2 (P2)AuCl/AgSbF, 1,4-dioxane 100 1:2.2
3 [(P2)Au(NCMe)]SbF,  1,4-dioxane 100 1:2.1
4 [(P2)Au(NCMe)]SbF,  1,4-dioxane 80 1.5:1
5 [(P2)Au(NCMe)]SbF,  1,4-dioxane 60 2.5:1
6 [(P3)Au(NCMe)]|SbFs  1,4-dioxane 60 1:6.8
7 IPrAuCl/AgSbF, 1,4-dioxane 60 1:5
8 (Ph;P)AuCl/AgSbF 1,4-dioxane 60 -
9 [(P2)Au(NCMe)]SbF;  DCE 60 >1:20
10 [(P2)Au(N1CMe)]SbF6 toluene 60 -
R 1
\F’/f R1 =By, R2=H (P1)
R =Cy, R?=H (P2)
Q < O>R? R1 Cy, R?=Pr (P3)
RZ

[a] Determined by GC analysis of the crude reaction mixture. [b] TLC
analysis revealed spot-to-spot conversion unless otherwise noted. [c] 2a
was consumed within 4 h without formation of 3 or 4. IPr=1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidine.

s

@ (L)Au -~ (L)Au*@e L Au—g @
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a

Figure 1. Potential resonance structures contributing to the
gold—n-ACP bonding interaction.

Regarding the anti-Markovnikov regioselectivity of gold-
catalyzed ACP hydroamination, we initially considered that
the gold n-ACP bond might be polarized toward a cyclo-
propylcarbinyl cation-like structure (structuresc andd,
Figure 1), as has been invoked to account for Pt/ or Pd'-
catalyzed® ACP-to-cyclobutene isomerization and for the
stoichiometric conversion of ACPs into Ru and Os cyclo-
butylidene complexes.””) To evaluate this hypothesis, we
generated the thermally unstable gold m-ACP complex
[(P1)Au(n’-1a)]*SbF,~ (6a) as an equilibrium mixture
(~25:1) of transicis isomers from reaction of 1a with a 1:1
mixture of AgSbF, and (P1)AuCl at —80°C to —40°C
[Eq. (1)]. Complex 6a represents a rare example of a tran-
sition metal m-ACP complex and is the first gold n-ACP
complex.® BCNMR spectroscopic analysis of trans-6a
revealed large downfield (Ad=+12.0ppm) and upfield
(A0 =-152 ppm) shifts of the resonances attributable to
the internal and terminal alkene carbon atoms, respectively,
relative to those in starting material 1a.”) These chemical-
shift perturbations mirror those observed for the correspond-
ing isobutylene complex [(P1)Au(n’-H,C=CMe,)]"SbF,
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Me
R? 0 [(P2)Au(NCCH2)]* SbFg” O§( N
. )j\ (5 mol %) N
- R3 HN NMe dioxane
R _/ 80°C,18h R3
1a-m 2 R'" 3a-m
NR
NR, NR, NR, /2
Ph B -
n n-hexyl OAG

3a (63%, 2.5:1)8 3b (89%, > 25:1) 3d (83%, 7:1)P!

NR,
/—)> -
sO

3e (88%, 2 25:1)

3h (93%, > 25:1)

3¢ (85%, > 25:1)
NRZ

3f (93%, >251)  3g (91%, > 25:1)

©> < ,,,,,,/NRz

i (71%, = 25:1) 31 (79%, = 25:1)

HOAC, MeOQC , Bno—,
HO,C MeOZC no—7/

3k (83%,225:1) 31 (87%, > 25:1) 3m (82%, > 25:1)

Scheme 1. Scope of the gold-catalyzed intermolecular hydroamination
of ACPs (1a-m) with 2. Values in parenthesis refer to the yield of
chemically and isomerically pure material and the isomer ratio of the
crude material. [a] Reaction run at 60°C. [b] Minor isomer not
identified. OTs = p-toluenesulfonyl; Bn=benzyl.

, [(P2)AUNNCCH,)]" SbFg” R?
R (5 mol %) /N—R1
+ H—N
\R1 dioxane, 80°C
19 5
0] 0 N
NS N cl
P ST G e
N7 On-Bu ~;N N—Bn

-/

5a (93%, > 25:1)

g

5b (83%, 18:1)  5c¢ (84%,>25:1)  5d (79%, > 25:1)

Scheme 2. Scope of the gold-catalyzed intermolecular hydroamination
reaction of 1g with nucleophiles. Values in parenthesis refer to yield of
chemically and isomerically pure material and the isomer ratio of the
crude material.

(AS(CH,) = —15.4 ppm, A6(CMe,) =+ 20.9 ppm)F” and sug-
gest the accumulation of positive charge at the internal alkene
carbon atom of 6a (a, Figure 1), which argues against
significant contribution of structures ¢ and d to the gold-r-
ACP bonding interaction (Figure 1).

As gold-catalyzed hydroamination of isobutylene occurs
with exclusive Markovnikov regioselectivity,'® it appears that
the anti-Markovnikov selectivity of gold-catalyzed ACP
hydroamination is due either to the ring strain or the
sp hybridization of the ACP. By analogy, allenes also have
an internal sp-hybridized carbon atom and undergo gold-
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1) AgSbFg

trans-6a

catalyzed hydroamination preferentially at the sp>-hybridized
carbon atoms.”!! To distinguish between these possibilities,
we investigated the gold-catalyzed hydroamination of
methylenecyclobutane (MCB), which is strained similar to
an ACP but lacks the sp-hybridized carbon atom. Indeed, the
exclusive Markovnikov regioselectivity of the gold-catalyzed
hydroamination of MCB with 2 [Eq. (2)] points to sp hybrid-
ization, as opposed to ring strain, as the regiochemically
controlling element of gold-catalyzed ACP hydroamina-
tion. 333

o Me
o [(P2)Au(NCCHa)]* SbFg™ YN
)k (5 mol %) \)
+ N )
HN" NMe dioxane <><
\/ 100 °C, 18 h CH,
2 89%

In summary, we have developed an effective gold-
catalyzed procedure for the selective intermolecular, anti-
Markovnikov hydroamination of alkylidenecyclopropanes
(ACPs) to form 1-cyclopropylamines in good yield and with
high regio- and diastereoselectivity. These transformations
represent both the first examples of the transition-metal-
catalyzed hydroamination of an ACP without ring opening
and the first examples of the transition-metal-catalyzed anti-
Markovnikov hydroamination of an aliphatic, non-cumulated
alkene.**¥! Spectroscopic analysis of gold m-ACP complexes
and control experiments point to the sp hybridization of the
ACP alkene carbon atom, rather than ring strain, as the
regiochemically controlling element in ACP hydroamination.

Received: November 8, 2014
Revised: November 26, 2014
Published online: December 22, 2014

Keywords: cyclopropanes - gold - homogeneous catalysis -
hydroamination - reaction mechanisms

[1] a) C.J. Thibodeaux, W.-C. Chang, H.-w. Liu, Chem. Rev. 2012,
112, 1681-1701; b) J. Pietruszka, Chem. Rev. 2003, 103, 1051 -
1070; c) J. Salaiin, Top. Curr. Chem. 2000, 207,1-67; d) D. Y.-K.
Chen, R. H. Pouwer, J.-A. Richard, Chem. Soc. Rev. 2012, 41,
4631-4642; e) W. A. Donaldson, Tetrahedron 2001, 57, 8589 —
8627; ) C.J. Suckling, Angew. Chem. Int. Ed. Engl. 1988, 27,
537-552; Angew. Chem. 1988, 100, 555-570; g) L. A. Wessjo-
hann, W. T. Brandt, T. Thiemann, Chem. Rev. 2003, 103, 1625 -
1648.
Methylenecyclopropane is strained by 12-14 kcalmol ™ relative
to cyclopropane,®* which contains approximately 26 kcal mol™
ring strain.
[3] a) K. B. Wiberg, Angew. Chem. Int. Ed. Engl. 1986, 25,312-322;
Angew. Chem. 1986, 98, 312-322; b) R. D. Bach, O. Dmitrenko,
J. Am. Chem. Soc. 2004, 126, 4444 —4452.

2

—_—

Angew. Chem. Int. Ed. 2015, 54, 22512254

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

Angéwandte

imeminalEdtiony Chemie

[4] W.T. G. Johnson, W. T. Borden, J. Am. Chem. Soc. 1997, 119,
5930-5933.

[5] G. Audrana, H. Pellissierb, Adv. Synth. Catal. 2010, 352, 575-
608.

[6] L. Yu, R. Guo, Org. Prep. Proced. Int. 2011, 43, 209 —-259.

[7] a) A. Brandi, S. Cicchi, F. M. Cordero, A, Goti, Chem. Rev.
2003, 703, 1213-1270; b) H. Pellissier, Tetrahedron 2010, 66,
8341-8375.

[8] a) A. Masarwa, 1. Marek, Chem. Eur. J. 2010, 16, 9712-9721,

b) A. Brandi, S. Cicchi, F. M. Cordero, A. Goti, Chem. Rev. 2014,

114,7317-7420; c) M. Rubin, M. Rubina, V. Gevorgyan, Chem.

Rev. 2007, 107, 3117-3179; d) D.-H. Zhang, X. Y. Tang, M. Shi,

Acc. Chem. Res. 2014, 47,913-924; ¢) B. L. Lu, L. Dai, M. Shi,

Chem. Soc. Rev. 2012, 41, 3318-3339; ) S. Ma, Pure Appl.

Chem. 2008, 80, 695-706.

a) D. Takeuchi, K. Anada, K. Osakada, Angew. Chem. Int. Ed.

2004, 43,1233 -1235; Angew. Chem. 2004, 116, 1253 -1255;b) L.

Ackermann, S. I. Kozhushkov, D. S. Yufit, Chem. Eur. J. 2012, 18,

12068 -12077; ¢) T. L. Liu, Z.-L. He, H. Y. Tao, Y. P. Caibc, C. J.

Wang, Chem. Commun. 2011, 47, 2616-2618; d)S. Cui, Y.

Zhang, Q. Wu, Chem. Sci. 2013, 4, 3421 -3426; e¢) M. Shirakura,

M. Suginome, J. Am. Chem. Soc. 2009, 131, 5060-5061; f) M.

Itazaki, Y. Nishihara, K. Osakada, J. Org. Chem. 2002, 67, 6889 —

6895; g) T. Pohlmann, A. de Meijere, Org. Lett. 2000, 2, 3877 —

3879; h) R. Sakae, N. Matsuda, K. Hirano, T. Satoh, M. Miura,

Org. Lert. 2014, 16, 1228-1231; i) R.J. Felix, D. Weber, O.

Gutierrez, D. J. Tantillo, M. R. Gagné, Nat. Chem. 2012, 4, 405 -

409.

[10] For reviews on catalytic hydroamination, see: a) S. R. Chemler,
Org. Biomol. Chem. 2009, 7, 3009-3019; b) T. E. Miiller, K. C.
Hultzsch, M. Yus, F. Foubelo, M. Tada, Chem. Rev. 2008, 108,
3795-3892; c¢) N. Nishina, Y. Yamamoto, Top. Organomet.
Chem. 2013, 43, 115-144.

[11] Selective C=C bond hydroamination without ring opening has
been realized for the Brgnsted acid catalyzed hydroamination of
the highly resonance stabilized (cyclopropylidenemethylene)di-
cyclopropane: L. Ackermann, S. Kozhushkov, D. Yufit, I. Marek,
Synlett 2011, 1515-1518.

[12] a) E. Smolensky, M, Kapon, M. S. Eisen, Organometallics 2005,
24, 5495-5498; b) E. Smolensky, M. Kapon, M.S. Eisen,
Organometallics 2007, 26, 4510-4527; c¢)J.-S. Ryu, G. Y. Lj,
T. J. Marks, J. Am. Chem. Soc. 2003, 125, 12584 -12605.

[13] a) D.-H. Zhang, K. Du, M. Shi, Org. Biomol. Chem. 2012, 10,
3763-3766; b) 1. Nakamura, H. Itagaki, Y. Yamamoto, J. Org.
Chem. 1998, 63, 6458 —6459; c) M. Shi, Y. Chen, B. Xu, Org. Lett.
2003, 5, 1225-1228; d) A.I. Siriwardana, M. Kamada, I.
Nakamura, Y. Yamamoto, J. Org. Chem. 2005, 70, 5932 -5937;
e) I. Nakamura, H. Itagaki, Y. Yamamoto, Chem. Heterocycl.
Compd. 2001, 37,1532 -1540; f) A. I. Siriwardana, K. K. A. D. S.
Kathriarachchi, I. Nakamura, Y. Yamamoto, Heterocycles 2005,
66, 333-339.

[14] M. Shi, L. P. Liu, J. Tang, Org. Lett. 2006, 8, 4043 —4046.

[15] Ring-opening Brgnsted!!*) and Lewis acid catalyzed'”! hydro-
amination of ACPs is also known.

[16] M. Shi, Y. Chen, B. Xu, J. Tang, Green Chem. 2003, 5, 85-88.

[17] a) Y. Chen, M. Shi, J. Org. Chem. 2004, 69, 426 -431; b) M. Shi,
Y. Chen, B. Xu, J. Tang, Tetrahedron Lett. 2002, 43, 8019-8024;
c) M. Shi, Y. Chen, J. Fluorine Chem. 2003, 122, 219-222.

[18] Z.Zhang, S. D. Lee, R. A. Widenhoefer, J. Am. Chem. Soc. 2009,
131, 5372-5373.

[19] a) H. Li, F. Song, R. A. Widenhoefer, Adv. Synth. Catal. 2011,
353,955-962; b) H. Li, R. A. Widenhoefer, Org. Lett. 2009, 11,
2671-2674; c)C.F. Bender, R.A. Widenhoefer, Chem.
Commun. 2008, 2741-2743; d) C. F. Bender, R. A. Widenhoe-
fer, Org. Lett. 2006, 8, 5303-5305; e) C.F. Bender, R. A.
Widenhoefer, Chem. Commun. 2006, 4143-4144; f) X. Han,

[9

—

www.angewandte.org

2253


http://dx.doi.org/10.1021/cr200073d
http://dx.doi.org/10.1021/cr200073d
http://dx.doi.org/10.1021/cr010027g
http://dx.doi.org/10.1021/cr010027g
http://dx.doi.org/10.1007/3-540-48255-5_1
http://dx.doi.org/10.1039/c2cs35067j
http://dx.doi.org/10.1039/c2cs35067j
http://dx.doi.org/10.1016/S0040-4020(01)00777-3
http://dx.doi.org/10.1016/S0040-4020(01)00777-3
http://dx.doi.org/10.1002/anie.198805371
http://dx.doi.org/10.1002/anie.198805371
http://dx.doi.org/10.1002/ange.19881000408
http://dx.doi.org/10.1021/cr0100188
http://dx.doi.org/10.1021/cr0100188
http://dx.doi.org/10.1002/anie.198603121
http://dx.doi.org/10.1002/ange.19860980405
http://dx.doi.org/10.1021/ja036309a
http://dx.doi.org/10.1021/ja9638061
http://dx.doi.org/10.1021/ja9638061
http://dx.doi.org/10.1002/adsc.200900872
http://dx.doi.org/10.1002/adsc.200900872
http://dx.doi.org/10.1080/00304948.2011.564551
http://dx.doi.org/10.1021/cr010005u
http://dx.doi.org/10.1021/cr010005u
http://dx.doi.org/10.1016/j.tet.2010.08.031
http://dx.doi.org/10.1016/j.tet.2010.08.031
http://dx.doi.org/10.1002/chem.201001246
http://dx.doi.org/10.1021/cr400686j
http://dx.doi.org/10.1021/cr400686j
http://dx.doi.org/10.1021/cr050988l
http://dx.doi.org/10.1021/cr050988l
http://dx.doi.org/10.1021/ar400159r
http://dx.doi.org/10.1039/c2cs15295a
http://dx.doi.org/10.1002/anie.200352837
http://dx.doi.org/10.1002/anie.200352837
http://dx.doi.org/10.1002/ange.200352837
http://dx.doi.org/10.1002/chem.201200406
http://dx.doi.org/10.1002/chem.201200406
http://dx.doi.org/10.1039/c0cc04329j
http://dx.doi.org/10.1039/c3sc51424b
http://dx.doi.org/10.1021/ja900876w
http://dx.doi.org/10.1021/jo020293+
http://dx.doi.org/10.1021/jo020293+
http://dx.doi.org/10.1021/ol006618v
http://dx.doi.org/10.1021/ol006618v
http://dx.doi.org/10.1021/ol5001507
http://dx.doi.org/10.1039/b907743j
http://dx.doi.org/10.1055/s-0030-1260769
http://dx.doi.org/10.1021/om050518h
http://dx.doi.org/10.1021/om050518h
http://dx.doi.org/10.1021/om700455e
http://dx.doi.org/10.1021/ja035867m
http://dx.doi.org/10.1039/c2ob25512j
http://dx.doi.org/10.1039/c2ob25512j
http://dx.doi.org/10.1021/jo981468b
http://dx.doi.org/10.1021/jo981468b
http://dx.doi.org/10.1021/ol034146p
http://dx.doi.org/10.1021/ol034146p
http://dx.doi.org/10.1021/jo050700s
http://dx.doi.org/10.1023/A:1014513411239
http://dx.doi.org/10.1023/A:1014513411239
http://dx.doi.org/10.1021/ol0614830
http://dx.doi.org/10.1039/b210988c
http://dx.doi.org/10.1021/jo035233y
http://dx.doi.org/10.1016/S0040-4039(02)01984-6
http://dx.doi.org/10.1016/S0022-1139(03)00083-6
http://dx.doi.org/10.1021/ja9001162
http://dx.doi.org/10.1021/ja9001162
http://dx.doi.org/10.1002/adsc.201000844
http://dx.doi.org/10.1002/adsc.201000844
http://dx.doi.org/10.1021/ol900730w
http://dx.doi.org/10.1021/ol900730w
http://dx.doi.org/10.1039/b804081h
http://dx.doi.org/10.1039/b804081h
http://dx.doi.org/10.1021/ol062107i
http://dx.doi.org/10.1039/b608638a
http://www.angewandte.org

Angewandte

2254

Communications

R. A. Widenhoefer, Angew. Chem. Int. Ed. 2006, 45,1747 -1749;
Angew. Chem. 2006, 118, 1779-1781.

[20] a) G. Klatt, R. Xu, M. Pernpointner, L. Molinari, T. Q. Hung, F.
Rominger, A. S. K. Hashmi, H. Koppel, Chem. Eur. J. 2013, 19,
3954-3961; b) B. Alcaide, P. Almendros, T. M. del Campoa, 1.
Fernandez, Chem. Commun. 2011, 47, 9054 —9056.

[21] For general references outlining the reactivity of cationic gold(I)
complexes, see: a) L.-P. Liu, G. B. Hammond, Chem. Soc. Rev.
2012, 41, 3129-3139; b) M. Bandini, Chem. Soc. Rev. 2011, 40,
1358-1367; c¢) A. Corma, A. Leyva-Perez, M. Sabater, J. Chem.
Rev. 2011, 111,1657-1712; d) N. Krause, C. Winter, Chem. Rev.
2011, 711, 1994-2009; e) A. S. K. Hashmi, Angew. Chem. Int.
Ed. 2010, 49, 5232 -5241; Angew. Chem. 2010, 122, 5360-5369;
f) N. D. Shapiro, F. D. Toste, Synlett 2010, 675—691.

[22] Although mixtures of Ph;PAuCl/AgOTTf catalyze the ring-open-
ing hydroamination of ACPs with sulfonamides to form pyrro-
lidines,"¥ this catalyst system is both highly electrophilic®' and
prone to generating a Brgnsted acid.?”

[23] The conversion of ACPs into pyrrolidines is also catalyzed by
strong Lewis acids.!'”!

[24] a) T. T. Dang, F. Boeck, L. Hintermann, J. Org. Chem. 2011, 76,
9353-9361; b)J. R. Cabrero-Antonino, A. Leyva-Pérez, A.
Corma, Chem. Eur. J. 2013, 19, 8627 —8633.

[25] a) A. Fiirstner, C. Aisa, J. Am. Chem. Soc. 2006, 128, 6306 - 6307,
b) A. Masarwa, A. Furstner, I. Marek, Chem. Commun. 2009,
5760-5762.

[26] a) M. Shi, L.-P. Liu, J. Tang, J. Am. Chem. Soc. 2006, 128, 7430—
7431.

[27] R. Castro-Rodrigo, M. A. Esteruelas, S. Fuertes, A. M. Lépez, F.
Lopez, J. L. Mascareiias, S. Mozo, E. Oiiate, L. Saya, L. Villarino,
J. Am. Chem. Soc. 2009, 131, 15572-15573.

[28] For examples of transition metal t-ACP complexes, see: M. A.
Esteruelas, A. M. Lépez, F. Lépez, J. L. Mascareiias, S. Mozo, E.

Onate, L. Saya, Organometallics 2013, 32, 4851-4861, and
references therein.

[29] The related complex [(P2)Au(n>1a)]*SbF,~ (6b) displays
similar NMR spectroscopy properties.

[30] T.J. Brown, M.G. Dickens, R.A. Widenhoefer,
Commun. 2009, 6451 —6453.

[31] a) K. L. Butler, M. Tragni, R. A. Widenhoefer, Angew. Chem.

Int. Ed. 2012, 51, 5175-5178; Angew. Chem. 2012, 124, 5265 -

5268; b) A. N. Duncan, R. A. Widenhoefer, Synlett 2010, 419—

422; ¢) R. E. Kinder, Z. Zhang, R. A. Widenhoefer, Org. Lett.

2008, 10, 3157-3159; d) X. Zeng, M. Soleilhavoup, G. Bertrand,

Org. Lett. 2009, 11, 3166—3169.

A caveat to this analysis is that methylenecyclobutane is less

strained than methylenecyclopropane.>** At the same time,

computational analysis by Johnson and Borden suggests that

MCP strain (relative to c¢-Pr) is due to the loss of a strong

cyclopropyl C—H bond rather than angle strain.!

[33] J. F. Liebman, S. W. Slayden in The Chemistry of Cyclobutanes
(Eds.: Z. Rappoport, J. F. Liebman), Wiley, Chichester, 2005,
pp. 133-176.

[34] Nicewicz and co-workers have reported the anti-Markovnikov
alkene hydroamination catalyzed by an organic photoredox
system: a) T. M. Nguyen, D. A. Nicewicz, J. Am. Chem. Soc.
2013, 735, 9588-9591; b) T. M. Nguyen, N. Manohar, D. A.
Nicewicz, Angew. Chem. Int. Ed. 2014, 53, 6198—6201; Angew.
Chem. 2014, 126, 6312-6315.

[35] For examples of the intermolecular anti-Markovnikov hydro-
amination of vinyl arenes, see: a) M. Beller, H. Trauthwein, M.
Eichberger, C. Breindl, J. Herwig, T. E. Miiller, O. R. Thiel,
Chem. Eur. J. 1999, 5, 1306—1319; b) M. Utsunomiya, R.I.
Kuwano, M. Kawatsura, J. F. Hartwig, J. Am. Chem. Soc. 2003,
125, 5608 -5609; c) M. Utsunomiya, J. F. Hartwig, J. Am. Chem.
Soc. 2004, 126, 2702-2703.

Chem.

(32

—

www.angewandte.org

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

Angew. Chem. Int. Ed. 2015, 54, 22512254


http://dx.doi.org/10.1002/anie.200600052
http://dx.doi.org/10.1002/ange.200600052
http://dx.doi.org/10.1002/chem.201203043
http://dx.doi.org/10.1002/chem.201203043
http://dx.doi.org/10.1039/c1cc13212a
http://dx.doi.org/10.1039/c2cs15318a
http://dx.doi.org/10.1039/c2cs15318a
http://dx.doi.org/10.1039/c0cs00041h
http://dx.doi.org/10.1039/c0cs00041h
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1021/cr1004088
http://dx.doi.org/10.1002/anie.200907078
http://dx.doi.org/10.1002/anie.200907078
http://dx.doi.org/10.1002/ange.200907078
http://dx.doi.org/10.1021/jo201631x
http://dx.doi.org/10.1021/jo201631x
http://dx.doi.org/10.1002/chem.201300386
http://dx.doi.org/10.1021/ja061392y
http://dx.doi.org/10.1039/b910465h
http://dx.doi.org/10.1039/b910465h
http://dx.doi.org/10.1021/ja061749y
http://dx.doi.org/10.1021/ja061749y
http://dx.doi.org/10.1021/ja904893j
http://dx.doi.org/10.1021/om400597q
http://dx.doi.org/10.1039/b914632f
http://dx.doi.org/10.1039/b914632f
http://dx.doi.org/10.1002/anie.201201584
http://dx.doi.org/10.1002/anie.201201584
http://dx.doi.org/10.1002/ange.201201584
http://dx.doi.org/10.1002/ange.201201584
http://dx.doi.org/10.1021/ol8010858
http://dx.doi.org/10.1021/ol8010858
http://dx.doi.org/10.1021/ol901418c
http://dx.doi.org/10.1021/ja4031616
http://dx.doi.org/10.1021/ja4031616
http://dx.doi.org/10.1002/anie.201402443
http://dx.doi.org/10.1002/ange.201402443
http://dx.doi.org/10.1002/ange.201402443
http://dx.doi.org/10.1002/(SICI)1521-3765(19990401)5:4%3C1306::AID-CHEM1306%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ja0293608
http://dx.doi.org/10.1021/ja0293608
http://dx.doi.org/10.1021/ja031542u
http://dx.doi.org/10.1021/ja031542u
http://www.angewandte.org

