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Cu(ND)2 (3 equiv),
Al = Cs,CO4DMF, 2,5-cis pyrrolidines
NH uw, 210°C, 3 h R” N dr>20:1
023\{: - 03 Me
Me
Ligand R k= syn aminocupration

| exchange —_—, and C-C bond formation
."N/[Cu]
é02AI'

An expanded substrate scope and in-depth analysis of the reaction mechanism of the copper(ll) carboxylate-
promoted intramolecular carboamination of unactivated alkenes is described. This method provides access
to N-functionalized pyrrolidines and piperidines. Both aromatic and aliphaticand J-alkenyl
N-arylsulfonamides undergo the oxidative cyclization reaction efficiehtigenzoyl-2-allylaniline also
underwent the oxidative cyclization. The terminal olefin substrates examined were more reactive than
those with internal olefins, and the latter terminated in elimination rather than cacaomon bond
formation. The efficiency of the reaction was enhanced by the use of more organic soluble copper(ll)
carboxylate salts, copper(ll) neodecanoate in particular. The reaction times were reduced by the use of
microwave heating. High levels of diastereoselectivity were observed in the synthesis of 2,5-disubstituted
pyrrolidines, wherein theis substitution pattern predominates. The mechanism of the reaction is discussed

in the context of the observed reactivity and in comparison to analogous reactions promoted by other
reagents and conditions. Our evidence supports a mechanism wherein-thebdhd is formed via
intramolecular syn aminocupration and the C bond is formed via intramolecular addition of a primary
carbon radical to an aromatic ring.

Introduction may prove especially useful in the concise synthesis of nitrogen
heterocycles for natural product synthesis and drug discovery
endeavordl 14152632 Herein is reported an expansion of the

substrate scope of the copper(ll)-promoted intramolecular car-

Nitrogen heterocycles make up a significant proportion of
biologically active small organic molecules. Recently developed
methods for the synthesis of nitrogen heterocycles by transition
metal facilitated intramolecular amine_additions onto L_mactivated (6) Larock, R. C.: Yang, H.. Weinreb, S. M. Herr, R.1J.0rg. Chem.
alkenes have expanded the repertoire of tools available to thejgo4 59, 4172-4178.
medicinal chemist- 25 Methods that provide for concise build- (7) Overman, L. E.; Remarchuk, T. B. Am. Chem. SoQ002 124,

; ; ; ; ; ; ; ; 12-13.
up of functionality by installing two rings in a single operation (8) Lutete, L. M.. Kadota, I.. Yamamoto, ¥A. Am. Chem. So@004

126, 1622-1623.
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boamination of unactivated alkenEsa transformation that
installs two new rings from acyclibl-substituted amines.

We recently reported that copper(ll) acetate promotes the
oxidative cyclization ofN-arylsulfonyl-2-allylanilinesl (eqs 1
and 2)! In these reactions, aryl sulfonamides with electron
donating groups proved most reactive: 4-methyl, methoxy,
chloro and bromoaryl sulfonamides reacted efficiently albeit the

bromide was removed under the reaction conditions (egs 1 and

2). 4-Nitro and 4-trifluoromethyl arylsulfonamides displayed
(OAC)2, CS2COg,

@\/ Cu
NH DMF, DMSO,
0,8
2 O 120 °C, 24 h
1 R

R yield (%)
Me 73
OMe 63

Br 54 (R=H)
NO, 24
CF, no rxn.

Cu(OAC),, Cs,COq,

S
NH DMF, DMSO,
OZS\@ 120 °C, 24 h
3

R
R yield (%) ortho : para
Me 67 2.3:1
OMe 62 2.7 :1
Cl 60 1.8:1

significantly lower reactivity (eq 1). (Similar electronic effects
have been observed in Brsted acid catalyzed intramolecular
hydroamination reactiorS) Meta-substituted aryl sulfonamides
demonstrated a preference (ca. 2:1) for the ortho addition

(12) Manzoni, M. R.; Zabawa, T. P.; Kasi, D.; Chemler, S. R.
Organometallic2004 23, 5618-5621.

(13) Lei, A.; Lu, X.; Liu, G. Tetrahedron Lett2004 45, 1785-1788.

(14) Zabawa, T. P.; Kasi, D.; Chemler, S. R.Am. Chem. So2005
127, 11256-11251.

(15) Streuff, J.; Hovelmann, C. H.; Nieger, M.; Muniz, K.Am. Chem.
Soc.2005 127, 14586-14587.

(16) Alexanian, E. J.; Lee, C.; Sorensen, EJ.JAm. Chem. So@005
127, 7690-7691.

(17) Donohoe, T. J.; Chughtai, M. J.; Klauber, D. J.; Griffin, D.;
Campbell, A. D.J. Am. Chem. So2006 128 2514-2515.

(18) Donohoe, T. J.; Johnson, P. D.; Pye, R. J.; KeenarQig. Lett.
2004 6, 2583-2585.

(29) Lira, R.; Wolfe, J. PJ. Am. Chem. So@004 126, 13906-13907.

(20) Ney, J. E.; Wolfe, J. PAngew. Chemnt. Ed. 2004 43, 3605
3608.

(21) Bertrand, M. B.; Wolfe, J. PTetrahedron2005 61 (26), 6447
6459.

(22) Hiroya, K.; Itoh, S.; Sakamoto, Tetrahedron2005 61, 10958~
10964.

(23) Fallis, A. G.; Brinza, |I. M.Tetrahedron1997, 53, 17543-17594.

(24) Bender, C. F.; Widenhoefer, R. Qrg. Lett.2006 8, 5303-5305.

(25) Donohoe, T. J.; Churchill, G. H.; Wheelhouse, K. M. P.; Glossop,
P. A. Angew. Chemlnt. Ed. 2006 45, 8025-8028.

(26) Nakhla, J. S.; Kampf, J. W.; Wolfe, J. £.Am. Chem. So2006
128 2893-2901.

(27) Yip, K.-T.; Yang, M.; Law, K.-L.; Zhu, N.-Y.; Yang, DJ. Am.
Chem. Soc2006 128 3130-3131.

(28) Molander, G. A.; Pack, S. K.etrahedror2003 59, 10581-10591.
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TABLE 1. Reaction Conditions: Carboxylate, Solvent,
Temperature?

Cry
NH
0,S
1a \@L
Me

CU(R)2, CSQCOs,
solvent, temp, time

entry R solvent temp, time yield (%)
1 OAc DMF 120°CP 24 h 69
2 OAc CHCN 120°Cp224h 73
3 OAc i-PrOH 120°CP 24 h 16
4 OAc t-amyl-OH 120°CP 24 h 33
5 OAc EtOAC 120°CP24h 24
6 OAc toluene 120Cr24 h 5%
7 OAc DMA 120°CP 24 h 37
8 OPiv DMF 120°CP 24 h 69
9 EH DMF 120°CP 24 h 64
10 ND DMF 120°CP 24 h 69
11 ND toluene 120CP24 h 71
12 ND DMF 120°CP0.5h 29
13 ND DMF 120°Crc0.5h 2F
14 ND DMF 160°CP0.5h 63
15 ND DMF 160°C0.5h 64

a All reactions were run with 3 equiv of copper(ll) carboxylate, 1 equiv
of C$CQO; at 0.1 M 1a concentration? il bath heating, pressure tube.
¢ Microwave heatingd Amount isolated after flash chromatography on SiO
¢ Remainder of the material is startidg. In entry 3 another cyclization
product (net aminoetherification, incorporationie®rOH in the product)
was also formed in 21% yield (see the Supporting Information).=Ac
COCH;, Piv = COC(CH)3, neodecanoate (NDF OCO(CH)sC(CHg)s,
ethylhexanoate (EH} OCOCH(GHs)CaHo.

product over the para adduct (eq 2). This surprising ortho
preference (the more sterically hindered site) indicated that C
bond formation may occur via addition of a carbon radical to
the aromatic ring [intermolecular additions of radicals to
aromatics have shown a slight preference (ca. 2:1) for the ortho
adduct]?435

Results and Discussion

To further expand the utility of this method, several copper-
(II) carboxylate salts, solvents, and reaction heating methods
were examined. Our former optimized reaction conditions for
the carboamination reaction @& (R = Me) required DMF or
CHsCN solvent at 120C for 24 h (Table 1, entries 1 and 2).
The need for polar solvents and additives (added DMSO
increased the yield with some substrates) was attributed to the
poor solubility of Cu(OAc) in organic solvents. We therefore
examined the reaction further by using more polar solvents with
Cu(OAc), and more organic soluble copper carboxylates with
nonpolar solvents, respectively. The reaction did proceed in both
i-PrOH andert-amyl alcohol (Table 1, entries 4 and 5) although
in the former case a substantial amount of another product was
obtained (net aminoetherification, see the Supporting Informa-
tion) while in the latter case a more efficient, albeit not optimal
carboamination process occurred. Several copper(ll) carboxy-
lates were also compared. We found that while the use of Cu-

(31) Senboku, H.; Kajizuka, Y.; Hasegawa, H.; Fujita, H.; Suginome,
H.; Orito, K.; Tokuda, M.Tetrahedron1999 55, 6465-6474.

(32) Hasegawa, H.; Senboku, H.; Kajizuka, Y.; Orito, K.; Tokuda, M.
Tetrahedron2003 59, 827—832.

(33) Yin, Y.; Zhao, G.Heterocycle2006 68 (1), 23-31.

(34) Ito, R.; Migita, T.; Morikawa, N.; Simamura, @etrahedrorl965
21, 955-961.

(35) Pryor, W. A.; Davis, W. H.; Gleaton, J. H. Org. Chem1975 40,
2099-2102.
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TABLE 2. Expanded Sulfonamide Substrate Scoge

entry  substrate product(s)? temp; time yield (%)°
1 - Me
m 120 °C: 24 h 49 exo (9)
N 46 endo (10)
Ts
10
2 G~ N fN\ﬁMe 160 °C; 72 h 23 CA (12)¢
3 1 0,5 " OZSQMe 160 °C; 72 h 59 CA (12) + 21 HA (13)
11 12 13
4 iNH: N 160 °C; 72 h 877
Ts 028 Me
14 15
Ph Ph Ph 210°C,72h 56 CA (17, trans : cis =1 : 1),
Z_\: z—>MMe 16 HA (18, trans : cis=1: 1)
NH N N
6 025 0,8 0,8 210°C; uW,3h 52 CA (17, trans:cis=1:1),
20HA (18, trans : cis=1:1)
16 Me 17 Me 18 Me
Chx Chx Chx
7 QHQ N N ‘Me 180°C,72h 65 CA (20, trans : cis =3 :1)
Ts 0,8 X: 0,8 33 HA (21, trans : cis=3 : 1)
19 20 Me 21

Me

M
8 [ O 200 °C; 72 h 48
H
N'Ts O N-SO,
23

> Me Me
o @;Y 200 °C;72h 53 CA (25 only)
10 Norg Ns N.rg 210°C, uW,3h 55 CA (25) + 14 HA (26)
24 25 Oz 26
Cla. CA
1T $02 200 °C; 72 h 43
11 27 28

aReaction conditions: 3 equiv of Cu(NR)1 equiv of CsCOs, DMF (0.08-0.1 M), temp, time? Selectivity determined by analysis of the crutte
NMR spectrum, and by the amount of isolated adduc¥eld refers to the amount of product isolated by chromatography on silicd Belaction run with
Cu(OAc), instead of Cu(ND). CA = carboamination product, HA hydroamination product, NB= neodecanoate.

SCHEME 1. Mechanism for Formation of the Carboamination and Hydroamination Adducts

cyclization  ~ H oxidation N
0,8 055
Me Cu(OCOR), Me
30

carboamination 12

Cu(OCOR),, .
% CSZCO& QCHQ

0,5 I ¢ %
2 O heat 2 O
Me Me H- abstraction

1 29 \ @M
N~ Me

)
Me

hydroamination 13

(OAc), in toluene did promote oxidative cyclization (51% yield more entropically challenging substrates (Table 2, vide infra).
+ remaining starting material, entry 6, Table 1), the more Copper(ll) pivalate and copper(ll) 2-ethylhexanoate also pro-
organic soluble copper(ll) neodecanoate [Cu(pPyovided a vided efficient reaction in DMF (entries 8 and 9) and under
more efficient reaction (71% yield, entry 11, Table 1). Copper- these conditions are comparable to Cu(h&)d Cu(OAc). On

(I) neodecanoate also provided a more efficient reaction with the basis of these examples, the relative steric demand of the

3898 J. Org. Chem.Vol. 72, No. 10, 2007
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carboxylate alkyl chain does not affect the reactivity of the
carboxylate salt in these reactions.

JOC Article

4-enyl sulfonamidel6 produced 1:1 diastereomeric mixtures
of carboamination and hydroamination productg,and 18,

Increasing the reaction temperature decreased the timerespectively (entries 5 and 6, ratio 7:18 = 3.5:1 in an oil

required for product formation. As judged by the crddeNMR
spectra, at 160C the reaction was complete after 0.5 h (63%
isolated yield of2) while only a 29% yield of2 was obtained
at 120°C for 0.5 h [using Cu(NDy) in DMF], the remaining

bath at 210°C). In the case of substrafé, with a methylcy-
clohexyl group at the allylic position, a 3:1 mixture of 2,3-
trans:2,3-cis diastereomers of carboamination and also 3:1 2,3-
trans:2,3-cis hydroamination adduc2§ and21, were formed

material being unreacted starting material (compare entries 12(ratio of carboamination:hydroamination 2:1). Cyclization

and 14). At these reaction scales with substfaéca. 30 mg

reactions of substrates with allylic substitution under several

of 1a, 1 mL of solvent) we did not find a notable difference in  other reaction conditions also favor the formation of the anti
reactivity between microwave and oil bath heating (compare adduct, presumably due to reaction via a chairlike transition
entry 12 to 13 and entry 14 to 15). This may be due in part to state that favors placement of the allylic alkyl substituent in a
the fact that both reactions are run in sealed tubes, thus, in bothpseudoequatorial positidd2° The need for high temperature
cases, the reaction solutions are subject to superheating and alsm the copper(ll) carboxylate-promoted cyclization may account
the transfer of heat due to surface area heating is not a significantfor the modest level of asymmetric induction observed.

problem with small-scale reactiof%.
Effect of the Nitrogen Substituent. Although arylsulfona-

The carboamination adducts derived from styrenyl substrates
22 and27 were obtained in modest yield upon heating at-200

mides are superior substrates for this reaction (lower reaction210°C (entries 8 and 11). These substrates are challenging due

temperatures required, higher yield), tiddenzoyl-2-allylaniline
6 also provides the oxidative cyclization produtcfeq 3, ND

to the ground state resonance stabilization that is lost in the
cyclization transition state. Few intramolecular carboamination

neodecanoate). Formation of fused carbon/nitrogen ring protocols have been reported with styrenyl substr&tEsrma-
systems allows entry into a broader range of nitrogen hetero- tion of six-membered rings is also possible via the copper(ll)-
cycles and further examination of the copper carboxylate- promoted carboamination protocol (entriesi, Table 2).
promoted reactions with such substrates is warranted. The products formed in these oxidative cyclization reactions

_ are consistent with a mechanism that involves formation of a
©\/\/ Cu(ND),,Cs,COs, O radical intermediate (e.q29) that may either perform intramo-
NH DMF N
o

lecular addition onto the neighboring aromatic ring or abstraction
o;\© O of a proton from the reaction medium (Scheme 1). In the case
6 7 of endo cyclization addudtO, the secondary radical undergoes
Qil bath: 170 °C, 24 h: 53% yield
uW: 210 °C, 3 h: 56% yield

@)

Cu(ll)-facilitated elimination to form an alker#&:3°
The mechanism was further probed by using the carboami-
nation reaction of deuterioalken®4-D (eq 4). The partial
) o conversion of14-D provides a 1:1 mixture of diastereomers
Effect of Chain Length and Substitution. In an effort to 15-D, indicating the presence of an 2dpybridized carbon
expand the substrate scope of the copper(ll) carboxylate-intermediate, likely a primary radical. The remaining deuterio-
promoted carboamination reaction of sulfonamides as well as 5jkene was recovered with complete retention of stereochem-

gain more insight into the reaction mechanism, the oxidative sty indicating that the carbon radical intermediate does not

cyclizations of a number of substrates were explored, including yevert pack to the alkene.
D } \
N NH
0,5 o080
Me

arylsulfonamides derived from aliphatic amines, substrates with
different olefin substitution patterns, and substrates containing
chiral centers (Table 2). Both microwave and oil bath heating "
methods were used. Both five-membered-ring pyrrolidines and o,5__2

=

Cu(ND),, Cs,COs,
DMF, 120 °C, 6 h

- - . 0,8 @)
six-membered-ring piperidines can be formed through this Ve "
oxidative cyclization protocol. All of the substrates examined 4, p 15-D ap
in this reaction give exclusively the exo cylization adduct except dr=1:1

for the 1,1-disubstituted olefig, which gave a ca. 1:1 mixture 31% 67%
of the exo carboamination adduBtand the endo oxidative
amination adductO (Table 2, entry 1).

Sulfonamidesll, 14, 16, and 19, derived from primary
aliphatic amines (entries—2/), undergo cyclization efficiently amir \
although theyemdimethyl-substituted substratd demonstrated ~ hydroamination adduc32 was obtained (eq 5). The fact that
the highest reactivity? The more organic soluble Cu(Nphad the carboamination products were obtained in the same ortho:
a significant effect on the reaction yields with less reactive Pararatio (2.7:1) as observed in the copper(ll)-promoted reaction
substrates (compare entries 2 and 3, Table 2). The formation of(S€€ €q 2) is compelling evidence that a similar intermediate, a
hydroamination minor products was also observed with some Primary carbon radical, is involved in the-<CC bond formation.
substrates and the carboamination to hydroamination ratio isNO ipso (1,5-addition) substitution of the radical onto the
presumably a function of the relative rates of radical addition aromatic ring was observed. Mixtures iplso (1,5) addition
to the aromatic ring vs hydrogen atom abstraction from the Products and direct (1,6) addition products along with the direct

reaction medium (vide infra). Reaction of the 2-phenyl-pent- reduction products have previously been observed in the
intramolecular radical reactions dEarylsulfonyl-2-halometh-

When an unambiguous primary radical was generated from
the primary bromid&1 (AIBN, HSnBus, PhH, reflux), a mixture
of carboamination adduc# and5 (ortho:para= 2.7:1) and

(36) Larhed, M.; Moberg, C.; Hallberg, AAcc. Chem. Re002 35,

717-727. (38) Kochi, J. K.Acc. Chem. Red.974 7, 351-360.

(37) Beesley, R. M.; Ingold, C. K.; Thorpe, J. &.Chem. Socl915
107, 1080.

(39) Igbal, J.; Bhatia, B.; Nayyar, N. KChem. Re. 1994 94, 519—
564.
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Br  AIBN, HSnBu,
m PhH, reflux 16 h )
0,S
31

OMe

O N OMe
o)

4

45%

yield 4 + 5 = 28%
ratio4 :5=27:1

ylpiperidines (AIBN, HSnBy, PhH, reflux), and in many
instances, th@soproduct predominate®-44 It has previously
been observed, however, that the propensity for direct addition
versusipsosubstitution in the intramolecular addition reactions
of carbon radicals to aromatic rings is highly dependent on the
structure of the substrafé?+45

In an additional experiment, we have trapped the copper(ll)
carboxylate-promoted carboamination reaction intermediate
derived from sulfonamidd with TEMPO (2,2,6,6-tetrameth-
ylpiperidineN-oxyl), a classical carbon radical trap (eq*6).

Cu(OAQ),, Cs,COs3,
- TEMPO, DMF, O-N
@f\/ 120°C, 24 h m ©)
NHTs N
Ts
92%

1 33

No reaction occurred under the same conditions but in the
absence of Cu(OAg) It should be noted that carbon radicals
do react rapidly with copper(ll) salts to form organocopper(lll)
intermediate$® This process might be reversible for primary
carbon radicals under our reaction conditions. Although we
cannot rule out the possibility that some of the reactions

discussed above might take place via such an organocoppe
species, we believe the carbon radical mechanism is the simples
explanation and most consistent with the observed results (vide

Sherman et al.

TABLE 3. 1,2-Disubstituted (Internal) Olefin Substrates

entry substrate product temp, time, Cu(R), yield (%)¢
NTS

14 H N-Ts 200 °C, 78 h, Cu(ND), 35
34 35

i_\; > \ /
NH  Me N
Ts 36 Ts 37
aRemainder of the mass was recovered starting matémab:1 E:Z

mixture of olefin isomers of36 was used¢lsolated yield. ND =
neodecanoate.

24, b

160 °C, 72 h, Cu(OAc),
3a,b

160 °C, 72 h, Cu(ND),

no rxn.
31

SCHEME 2. Mechanism of Oxidative Cyclization of
Substrates with Internal Olefins

\2_@\ N O
0,8. : 0,5 : T T 0.8, i
Me Me Me

36 38 37

CU(OCOR),,
CSQCOQ,

heat

of the radical to the aromatic ring in cases when the carbon
radical is secondary rather than primary (Scheme 2). Copper-
(IN-promoted oxidative elimination reactions of carbon radicals
have been previously invoked by Kochi; the elimination is not
thought to occur via a carbocation intermediate unless a stable
carbocation can be forméd.

To aid in our mechanism investigation as well as further
explore the scope of the carboamination reaction, we examined
the oxidative cyclization of several-substitutedy-alkenyl
sulfonamides39 for the synthesis of 2,5-disubstituted pyrro-
lidines (Table 48 Sulfonamides39 can be efficiently synthe-
sized in enantiomerically enriched form via ring opening
addition of substituted tosylaziridines with allylmagnesium
bromide?® We found that cis-2,5-disubstituted pyrrolidinés

'can be formed with very high diastereoselectivity20:1) and

th 31-51% yield in the copper(ll)-promoted oxidative cycliza-
tion of substrate89 using either oil bath heating (sealed tube,

supra, egs 5 and 6). Previously, organocopper(lll) species havelm_200 °C, 72 h) or microwave irradiation (21€C, 3 h).

been shown to undergo oxidative elimination or reductive
elimination reactiong?

Substrates with internal disubstituted olefins require higher
temperature conditions in the copper(ll) carboxylate-promoted
oxidative cyclization than their terminal olefin counterparts

(Table 3). The reactions are also less efficient and the cyclization

cascade concludes in elimination rather than radical addition
to the aromatic ring of the sulfonamide (e.g., compare entry 4
in Table 2 to entries 2 and 3 in Table 3).

The reactivity pattern of the internal olefin substrates indicates
that (1) the rate of the initial nitrogen addition to the alkene is
retarded by substitution on the terminal carbon and (2) oxidation
of the resulting carbon radical to the olefin is faster than addition

(40) Kohler, J. J.; Speckamp, W. Netrahedron Lett1977 7, 631—
634.

(41) Speckamp, W. N.; Kohler, J. @hem. Commurl978 166-167.

(42) Kohler, J. J.; Speckamp, W. Netrahedron Lett1977 7, 635—
638.

(43) Loven, R.; Speckamp, W. Netrahedron Lett1972 1567-1570.

(44) da Mata, M. L. E. N.; Motherwell, W. B.; Ujjainwalla, F.
Tetrahedron Lett1997 38, 137—140.

(45) Bonfand, E.; Motherwell, W. B.; Pennell, A. M. K.; Uddin, M. K.;
Ujjainwalla, F.Heterocyclesl997 46, 523-534.

(46) Root, K. S.; Hill, C. L.; Lawrence, L. M.; Whitesides, G. M.
Am. Chem. Sod 989 111, 5405-5412.
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Heating in an oil bath at 20TC for 3 h gave only slightly lower
conversion (entry 3). The net hydroamination addutltsare
formed in these reactions as well (88%) and are formed
with high 2,5-cis selectivity% 20:1) in all cases examined. The
products emerge as ca. 2:1 mixtures of carboamination and
hydroamination adductglO and 41, respectively. A series of
high boiling solvents [toluene, trifluorotoluertert-butyltoluene,
N,N-dimethylacetamide (DMA), 1,3-dimethyl-2-imidazolidinone
(DMI), and 1-methyl-2-pyrrolidinone (NMP)] and different
reaction concentrations (0.01 and 0.5 M in DMF, reactions in
Table 4 were run at 0.1 M substrate concentration) were tried
with substrate89bin an attempt to improve the carboamination
product yield; unfortunately no improved conditions have yet
been identified.

When substrat89b was treated first with NaH (1.2 equiv)
and then with Cu(ND) (1.2 equiv) and subsequently heated,
the reaction proceeded efficiently and gave similar results as
when CsCO; was used as base (compare entry 4 to 6). This

(47) Kochi, J. K.; Bacha, J. Dl. Org. Chem1968 33, 2746-2754.

(48) Pichon, M.; Figadere, Bletrahedron Asymmetryl996 7, 927—
964.

(49) Akiyama, T.; Ishida, Y.; Kagoshima, H.etrahedron Lett1999
40, 4219-4222.
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TABLE 4. Diastereoseletive Formation of 2,%is-Pyrrolidines?

JOC Article

— Cu(ND
0,8 0,5 0,5
OR2 DMF e OR2
39 cis-40 cis-1
yield (%) yield (%)

entry substrate method, temp, time 40 41

1 393 R'=i-Pr, R = Me oil bath, 19¢°C, 72 h 49 25
2 39a 210°C (uW), 3 h 51 28
3 39a oil bath, 200°C, 3 h 40 19
4 39b, Rt =i-Pr, R = OMe oil bath, 19CC, 72 h 49 23
5 39b 210°C (uW), 3 h 51 23
6 39b oil bath, 190°C, 72 ® 33 24
7 39¢ R'=t-Bu, R = Me oil bath, 170°C, 72 h 34 15
8 39c 210°C (uW), 3 h 31 17
9 39d, R' = Me, RR = Me oil bath, 200°C, 72 h 48 15
10 39d 210°C (uW), 3 h 48 15
11 39e R'=i-PrCH,, R?= Me oil bath, 200°C, 72 h 49 20
12 39 210°C (uW), 3 h 49 19
13 39f, R'=Bn, R2 = Me oil bath, 200°C, 72 h 50 22
14 39f 210°C (uW), 3 h 47 21

a Sulfonamides39 were dissolved in DMF (0.1 M) and treated withC©s (1 equiv) and Cu(NDy) (3 equiv) and were heated in the indicated manner
at the indicated temperature and tifi&keaction run with NaH as base instead 0§@3s: sulfamide39b in DMF was treated with NaH (1.2 equiv) at 23
°C for 0.5 h, then Cu(ND)2 (1.2 equiv) in DMF was added, the solution was stirred for 0.5 h, then the reaction was heaté@ &r18D h.¢ Yields refer
to isolated products; diastereomeric ratie20:1) were determined by analysis of the crd#eNMR and by isolated yields. NB= neodecanoate.

SCHEME 3. Possible Mechanisms focis-Pyrrolidine Formation

(1) tran aminocupration (2) syn aminocupration

(migratory insertion)

Cu?*+
\/* CuL ~  CuOCOR),, -
NH } (1) % (2 N-ou-L _ ©82C0s \(QH\
' — — 08 -

a1, %% & Tl ! w L
39a Ve 42 Ve 44 e 39a Me

-Cul 3) \-CUL

D Yq\ (3) nitrogen radical cyclization

N — N
0.8 Me 0,S (0P
40a 43 45 @
+ Me Me
Me
ne
0,8
. 2 Me L = ligand, e.g. OAc, Neodecanoate
cis-41a

indicates that a fBN-CuL intermediate can productively convert  especially when compared to the stereochemical trends observed
to the observed products (vide infra). when other reagents are used to promote pyrrolidine formation
Analysis of the C—N Bond Formation Mechanism. The (vide infra).
level and direction of diastereoselectivity in the 2,5-disubstituted  Consideration of a Nitrogen Radical Pathway Pyrrolidines
pyrrolidine formation (Table 4) provides insight into the initial can be formed via cyclization of a nitrogen radical onto an
steps of the reaction mechanism. Three mechanistic scenariolefin. Nitrogen radicals are usually formed via the homolytic
that lead to the carbon radical intermedid8were considered  cleavage of nitrogenheteroatom bond®:5253 For example,
(Scheme 3): (1) trans aminocupration, generating an unstableamine, amidyl, and sulfamidyl radicals have been generated by
organocopper(ll) specig®®! that homolyzes to the carbon treatment of (1) xanthatedN{(O-ethyl thiocarbonylsulfanyl)-
radical and Cu(l); (2) syn aminocupration, generating an unstable amides) with lauroyl peroxide and hé4{2) O-acyl hydroxamic
organocopper(ll) species that homolyzes to the carbon radicalacids with BuSnH and AIBN35757 or Cu(OTf)?® (3) N—X
and Cu(l); and (3) Cu(ll) oxidation of the nitrogen to the
nitrogen radical, followed by cyclization onto the olefin.
The predominance for the formation of the cis pyrrolidine
diastereomer can provide insight into the reaction mechanism

(52) Neale, R. SSynthesis971 1, 1—15.

(53) Stella, L.Angew. Chemlnt. Ed. Engl.1983 22, 337-422.

(54) Gagosz, F.; Moutrille, C.; Zard, S. Drg. Lett.2002 4, 2707
'2709.

(55) Clark, A. J.; Filik, R. P.; Peacock, J. L.; Thomas, G. $ynlett
1999 441-443.

(56) Boivin, J.; Callier-Dublanchet, A.-C.; Quiclet-Sire, B.; Schiana, A.-

(50) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
Advanced Inorganic Chemistn6th ed.; John Wiley & Sons: New York,

1999.

(51) Chmielewski, P. J.; Latos-Grazynski, L.; Schmidinbrg. Chem.

200Q 39, 5475-5482.

M.; Zard, S. Z.Tetrahedron1995 51 (23), 6517-6528.
(57) Clark, A. J.; Deeth, R. J.; Samuel, C. J.; WongtapSihlett1999
4, 444-446.
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(X = CI, Br, or I) with EtB, light, or a transition metal  coordinated nitrogen radical that promotes an organized addition
catalystt?58-65 and (4) N-acyltriazines with hedt® Typical to the alkene is also unlikely given the poor diastereoselectivity
products of nitrogen radical cyclizations onto olefins include observed when CuCl/Cugivas used to promote the radical
net carboamination, hydroamination, and atom transfer (eqs 7reaction of chlorosulfonamidé6 (eq 10).

and 8)%>6%Typically, terminal, internal and trisubstituted olefins

provide amine and amidy! radical cyclization addu¢t&? _ al o
VFN; - W’@V ' Y@/ (10)

3
[ \=  Cu(OTf), CHaCN, _ 46 cis-47 trans-47
OZ>N-0COMe 120 c%, 483h O™\ + O’FNX + O%b_ 7
: \Q conditions (23 °C) cis : trans vyield (%) >’F\:
0, 10, 0, ’\Il :
38% 2.8% 52% EtyB, PhH 64 :36 73 Ts

. CuCl/CuCly, THF, AcOH, H,0 44 :56 65 45
N,Ph

@ The oxidation of an amide or sulfonamide to the correspond-
ing nitrogen radical by the agency of a copper salt is, in fact,
unprecedented. (It should be noted, however, that the oxidation
of aliphaticamines to nitriles, imines, and aldehydes by copper
salts has been reported, and these reactions have been postulated
to occur through both radical and two-electron proce&%g9)
The oxidation oN-aryl amides witho-iodoxybenzoic acid (IBX)
has, however, been reported, and the derived radicals undergo
intramolecular cyclization onto variously substituted olefihs.
Amides derived from aliphatic amines (non-aniline) are reported
to be unreactive under these conditidhsln our hands,
subjection ofN-arylsulfonyl-o-allylaniline 1ato these reaction
conditions resulted in no reaction by crutlé NMR analysis.

65% 20%

Clark has reported studies regarding the stereoselectivity of
an amidyl radical cyclization where the substrate contained a
stereocenten to the aminé’ He found that the trans pyrrolidine
product is favored (de= 3.3:1) (eq 9, remainder of isolated
material is uncyclized amide resulting from reduction of the
N—O bond)3” Similar nitrogen radical reactions performed by
Senboku and Tokuda involve homolysis of 8l substrates with
AIBN and BwSnH and provide the 2,5-trans pyrrolidines as
the major diastereomeric produéis’2

— BusSnH, AIBN, . Co
Mefq_\oj;oph toﬁjje:e’ 110 °C Me——Q"Me . MequMe ) In comparison to the IBX-promoted reaction, it is also note-
0" Me — e P Mo worthy that the arylsulfonamides derived from aliphatic amines
38% are not significantly less reactive than arylsulfonamides derived
selectivity = 3.3 : 1 from anilines in the copper(ll) carboxylate-promoted oxidative

cyclization. This fact also argues against the formation of a

We further examined the stereoselectivity of a nitrogen radical nitrc_)gen radical. In addition, t_he lower ree_lctivity of the internal
reaction with a sulfonamide substrate. In our hands, of a numberOIefIns [substrat@6 (Table 3) is less reactive than substrade

of methods attempted, tHé-chlorosulfonamidet6 proved to (Table 2)] indicates that steric hindrance at the terminal carbon
be the most facile nitrogen radical precursor to synthesize. MPedes reactivity in the copper(ll) carboxylate-promoted
Hence, 46 was obtained uneventfully by treatment of the Teactions; by comparison, amidyl radical reactions are not
sulfonamide with NaH followed biX-chlorination with NCS impeded by substitution on the terminal alkene carbon (e.g., eq
The N-chlorosulfonamide was subjected to two conditions 8).”2 Transition metal-mediated additions of nitrogens to alkenes
reported to induce nitrogen radical cyclization reactigifg:s4 ~ often suffer lower reactivity with internal alkenés: We
Treatment of46 with Et:B led to a 64:36 cis:trans mixture of therefore conclude that the reactivity pattern observed in the
chloromethylpyrrolidinesA7 in 73% combined yield. When ~ copper(ll) carboxylate-promoted carboaminations is most con-
CuCl/CuCh was used as the radical initiaft5367a 44:56 cis: sistent with a reaction mechanism that requires addition of [Cu]
trans mixture o47 was obtained. Both reactions are relatively !0 the terminal alkene carbon.

unselective (de= <2:1). On the basis of these comparisons, it ~ Consideration of a Trans Aminocupration Mechanism.

is unlikely that the highly diastereoselective copper(ll) car- Intramolecular cyclization of amines onto olefins to form
boxylate-promoted oxidative cyclization proceeds via a nitrogen pyrrolidines can be promoted by metallic electrophiles such as
radical. A mechanism involving a copper(l)- or copper(ll)- mercury(ll) and palladium as well as halogens and analogous
electrophilic reagents’47>Elegant work by Harding and co-

(58) Daoust, B.; Lessard, Jetrahedron1999 55, 3495-3514. workers established that the trans-pyrrolidine is the kinetic
(59) Heuger, G.; Kalsow, S.; Gottlich, FEur. J. Org. Chem2002
1848-1854.
(60) Togo, H.; Hoshina, Y.; Muraki, T.; Nakayama, H.; Yokoyama, M. (68) Yamaguchi, J.-i.; Takeda, Them. Lett1992 10, 1933-1936.
J. Org. Chem1998 63, 5193-5200. (69) Minakata, S.; Ohshima, Y.; Takemiya, A.; Ryu, I.; Komatsu, M.;
(61) Martin, A.; Perez-Martin, |.; Suarez, Brg. Lett.2005 7, 2027 Ohshiro, Y.Chem. Lett1997 4, 311-312.
2030. (70) Maeda, Y.; Nishimura, T.; Uemura, Bull. Chem. Soc. Jpr2003
(62) Broka, C. A.; Gerlits, J. FJ. Org. Chem1988 53, 2144-2150. 76, 2399-2403.
(63) Bougeaois, J.-L.; Stella, L.; Surzur, J.-Nletrahedron Lett1981 (71) Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; Barluega, S.; Hunt, K.
22, 61-64. W.; Kranich, R.; Vega, J. AJ. Am. Chem. SoQ002 124, 2233-2244.
(64) Tsuritani, T.; Shinokubo, H.; Oshima, Rrg. Lett.2001, 3, 2709~ (72) Horner, J. H.; Musa, O. M.; Bouvier, A.; Newcomb, N.. Am.
2711. Chem. Soc1998 120, 7738-7748.
(65) Tsuritani, T.; Shinokubo, H.; Oshima, K. Org. Chem2003 68, (73) Kim, J. Y.; Livinghouse, TOrg. Lett.2005 7 (20), 4391-4393.
3246-3250. (74) Williams, D. R.; Osterhout, M. H.; McGill, J. Mletrahedron Lett.
(66) Lu, H.; Li, C. Tetrahedron Lett2005 46, 5983-5985. 1989 30 (11), 13271330.
(67) Hemmerling, M.; Sjoholm, A.; Somfai, Fetrahedron Asymmetry (75) Takacs, J. M.; Helle, M. A.; Sanyal, B. J.; Eberspacher, T. A.
1999 10, 4091-4094. Tetrahedron Lett199Q 31 (47), 6765-6768.
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product in the mercury(ll)-promoted cyclization -Cbz
y-unsaturated amine (eq 1%).The proposed mechanism

_ 1) Hg(OAc),, THF, 23 °C
Mei—r}lh_ 2) then NaBH,4, NaOH (aq) Me"L_N>"Me (11)
Cbz Cbz
O,
98% trans : cis =98 :2

+

T _-HgXx

D

Me\Z:Nf(;b\‘
Z

involves a chairlike tranisition state andrans-aminomercu-
ration of the olefin’” As proposed by Harding, the substituents
adopt pseudoequatorial positions on the chairlike transition state

JOC Article

cat. Pdx(dba)s, dppb, t-Bu
4-+-BuCgH,Br, NaO!-Bu,
Mef\z toluene, 100 °C

NH
PMP

MeSy, (13)
PMP

cis :trans =20 : 1
2,5-pyrrolidine : 2,4,5-pyrrolidine = 10 : 1

66%

reactions described herein, suggestive of similar diastereocontrol
elements in the two reactiofs.

It is also noteworthy that lanthanide-catalyzed hydroamina-
tions of primary amines are routinely trans selective operations
and are thought to occur via a syn addition mechanism (eq
14)473 Conversely, cationic titanocene and zirconocene cata-
lyzed hydroaminations afecondaryamines favor formation of

the 2,5-cis pyrrolidines (eq 18}.Hydroamination reactions of

No evidence has been proposed to refute this mechanism. Wher$eécondary amines catalyzed lyBuli also afford 2,5-cis

sulfonamide39a was treated under modifi&mercuration-
demercuration conditions, an 8:1 diastereomeric mixture favor-
ing the trans hydroamination adducins-4lawas obtained in
56% vyield (eq 12). That the trans rather than cis adduct
substantially predominates in this kinetically controlled reaction
is a strong indication that the cis-selective copper(ll) carboxylate
oxidative cyclization reaction does not proceed by the same
mechanism as the mercury(ll) acetate reaction.

Nye 02

Ts

1) Hg(OAc),, KoCOs3,

THF, 23 °C, 0.5h
N~ ‘Me +

Ts

2) then Et3B, NaBH,,

78— 23°C trans-41a : cis-41a=8 : 1

56% _HgX

H
kP r\ﬁL‘A ©
~
Ts

Consideration of a Syn Aminocupration Mechanism.A
mechanism for the copper(ll) carboxylate-promoted carboami-
nation reaction that involves the intermediacy of a copper-
coordinated nitrogen (cfi4, Scheme 3) is supported by the fact

pyrrolidines8? Clearly, the nitrogen substituent (H vs Me, Ar,
or Ts) significantly affects the diastereoselectivity of such
reactions (vide infra).

_ cat. Sc(lll), CgDg, 60 °C 14
Me’qsz_ oo MeQ"Me (14)
95% H
trans :cis =49 : 1
o7y '
I
H
__ cat. CpoZrMe,, CgDsBr, 80 °C
Me,q'}'_ p2ZrMes, CeDs Me-'qLMe (15)
Me 97% conversion Me

cis: trans=3.3 : 1

Other Pyrrolidine Formation Methods. In addition to the
methods described above, the'Bsted acid-catalyzed cycliza-
tion of y-alkenyl sulfonamide39e provided a mixture of
hydroamination products, pyrrolidingseans4le and cis-41e
where the trans 2,5-pyrrolidine was slightly favored (eq3B6f.
The direction of diastereoselectivity and level of stereocontrol

that when such an intermediate is generated at room temperaturén this reaction indicates that the mechanism of the copper(ll)

by deprotonation of the sulfonamicd®9a at 23 °C with NaH
followed by treatment with 1 equiv of Cu(NRpt 23 °C for

0.5 h, upon heating, it forms the oxidative cyclization products
cis-40b and cis-41b (Table 4, entry 6). That internal olefins
(Table 3) are less reactive than terminal olefins in this reaction
also supports the hypothesis that a copjarbon bond is
formed in the rate-determining step.

In addition, palladium-catalyzed carboamination reactions that
are thought to occur via syn aminopalladation favor formation
of cis-2,5-disubstituted pyrrolidiné821.7°As reported by Wolfe
and co-workers,N-Aryl, N-Boc, and N-acyl substrates all
provide the cis-2,5-disubstituted pyrrolidine as the major adduct
(eq 13). Examination of the reaction of cyclic disubstituted
olefins led Wolfe to conclude that a syn insertion of the nitrogen
and palladium into the olefin is operative in these reactfdns.
The nitrogen substitution pattern and cis pyrrolidine selectivity
in this reaction is most analogous to the copper(ll)-promoted

(76) Harding, K. E.; Marman, T. HJ. Org. Chem.1984 49, 2838~
2840.
(77) Harding, K. E.; Burks, S. Rl. Org. Chem1981, 46, 3920-3922.
(78) Kang, S. H.; Lee, J. H.; Lee, S. Betrahedron Lett1998 39, 59—
62.
(79) Ney, J. E.; Hay, M. B.; Yang, Q. F.; Wolfe, J. Rdv. Synth. Catal.
2005 347, 1614-1620.

carboxylate reactions is not controlled by analogous factors.

cat. TFOH, PhCHg,

NH 100 °C N (16)
Ts Ts
58%
39%e trans-41e : cis-41e = 68 :32

Transition State Analysis for Copper(ll) Carboxylate-
Promoted Carboaminations. Syn addition transition state
models that rationalize the observed diastereoselectivity of the
copper(ll) carboxylate-promoted carboamination reactions of
substrates with stereocentersto the amine are illustrated in
Figure 1. The copper(ll) is assumed to be tetracoordinate in
these transition states. The top two transition stakeand B,
are chairlike, wher@\ leads to the 2,5-cis-disubstituted pyrro-
lidine andB leads to the 2,5-trans-disubstituted pyrrolidine. The
boatlike transition stat€ also leads to the 2,5-cis pyrrolidine
while the boatlike transition stat® leads to the 2,5-trans

(80) Bertrand, M. B.; Wolfe, J. FOrg. Lett.2006 8 (11), 2353-2356.

(81) Gribkov, D. V.; Hultzsch, K. CAngew. Chemlnt. Ed. 2004 43,
5542-5546.

(82) Fuijita, H.; Tokuda, M.; Nitta, M.; Suginome, Hetrahedron Lett.
1992 33, 6359-6362.

(83) Schlummer, B.; Hartwig, J. FOrg. Lett.2002 4, 1471-1474.
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Chair-like transition states
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| Cu
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Proposed Major Transition States,
Syn Pyrrolidine Formation

Proposed Minor Transition States,
Anti Pyrrolidine Formation

R and SO.Ar or R and S%Ar
trgrz: ’arzgog’ ’ Boat-like transition states ) gsa:dbgt ts
E j
cu” ﬂl
|_/ ‘u ) “T/SOZAr
R& N Cu
\ |
SOLAr L
C D

FIGURE 1. Competing syn addition transitions states that lead tccthieand trans-pyrrolidines.

anism of these reactions is often complicated by the dual polar,
organometallic, and redox properties of copper and it is often
the o substituent, R. Both the chair and boat transition stBtes  difficult to differentiate between radical and polar reaction
andD that lead to the trans pyrrolidine orient the $S®group mechanisms. We have reported the first copper-promoted
syn with respect to substituent R. It appears that the steric addition of unfunctionalized nitrogens to unactivated alkenes
interaction between these two groups is the dominant stereconforming a new sp stereocentet!14 As described herein, we
trol element. Chairlike transition state models of other intramo- have found these reactions to be highly diastereoselective in a
lecular additions of amines to unactivated olefins are typically number of cases and useful for the synthesis of a range of five-
favored over the boatlike transition stafes.77.81 and six-membered nitrogen heterocycles, We have provided

Reductive Removal of Sulfur Dioxide.The use of sulfona-  evidence for a syn aminocupration pathway for the formation
mides and sultams as biologically active agents for medicinal of the N—C bond. A copper-facilitated NC bond-forming
chemistry purposes as well as herbicides is well establi&ed. process is required for asymmetric induction controlled by chiral
It is hoped that the methods described in this report for the direct ligands on copper(ll) to be envisioned. We have also provided
synthesis of sultams from acychie andd-alkenyl sulfonamides  evidence for a carbon radical intermediate that can undergo
will prove useful for the synthesis of novel sultam small either intramolecular addition to aryl rings or hydrogen abstrac-
molecule scaffolds for medicinal chemistry endeavors. Should
the free amine be desired, the S@it may be directly excised
under dissolving metal conditions (Li, NH(eq 17)8

pyrrolidine. Both the chair and boat transition stateandC
that lead to the cis pyrrolidine orient the $% group trans to

(88) Hassan, J.; Sevignon, M.; Gozzi, C.; Schulz, E.; LemaireCiem.
Rev. 2002 102, 1359-1469.

(89) Chen, X.; Hao, X.-S.; Goodhue, C. E.; Yu, J.JQAm. Chem. Soc.
2006 128 6790-6791.

i0
L%, NHs, THF, (90) Baran, P. S.; Richter, J. M. Am. Chem. S02004 126, 7450
N -78°C N (7 7451.
0,5 H (91) Li, X.; Hewgley, B.; Mulrooney, C. A.; Yang, J.; Kozlowski, M.
40e Ve 79% 18 Ve C. J. Org. Chem2003 68, 5500-5511.

(92) Taylor, J. G.; Whittall, N.; Hii, K. K. M.Org. Lett.2006 8, 3561~
3564.

(93) Rovis, T.; Evans, D. AProg. Inorg. Chem2001, 50, 1—150.

(94) Wang, Q.; Chan, T. R.; Hilgraf, R.; Folkin, V. V.; Sharpless, K.

.; Finn, M. G.J. Am. Chem. So@003 125 3192-3193.

(95) Kanazawa, C.; Kamijo, S.; Yamamoto, ¥.Am. Chem. So2006
128 10662-10663.

(96) Laitar, D. S.; Tsui, E. Y.; Sadighi, J. B. Am. Chem. SoQ006§
128 11036-11037.

(97) Gooben, L. J.; Deng, G.; Levy, L. Mscience2006 313 662—

. 664.

The low cost of copper anql the wide range of va_lluable (98) Barun, O.: lla, H.; Junjappa, H.; Singh, O. B1.0rg. Chem200Q
transformations enabled by this metal continue to stimulate 65, 1583-1587.
significant research effort in the discovery, development, and _ (99) Zhu, J.; Grigoriadis, N. P.; Lee, J. P.; Porco, J. AL Am. Chem.

i _facili i 8,87-104 _ S0c.2005 127, 9342-9343.
refinement of copper facilitated Chemls%ﬁ' The mech (100) Chemler, S. R.; Fuller, P. i@hem. Soc. Re2007, DOI: 10.1039/

B607819M.
(84) Sammes, P. G. I@omprehensie Medicinal ChemistryHansch, (101) Ezquerra, J.; Pedregal, C.; Lamas, C.; Barluenga, ez pP¥l.;
C., Sammes, P. G., Taylor, J. B., Eds.; Pergamon Press: Oxford, UK, 1990; Gar¢e-Martin, M. A.; GonZéz, J. M.J. Org. Chem.1996 61, 5804

Additionally, methods for the use of sultams directly in Ni-
(acac)-catalyzed cross-coupling reactions with Grignard re-
agents have been reported and provide a method for subseque
C—C bond formatiorf®

Conclusion

Vol. 2, Chapter 7.1. 5812.

(85) Evans, P.; McCabe, T.; Morgan, B. S.; ReauD8y. Lett.2005 7 (102) Hiroya, K.; Itoh, S.; Sakamoto, J. Org. Chem2004 69, 1126—
(1), 43-46. 1136.

(86) Milburn, R. R.; Snieckus, VAngew. ChemlInt. Ed.2004 42, 888— (103) Xu, L.; Lewis, I. R.; Davidsen, S. K.; Summers, J.T@trahedron
891. Lett. 1998 39, 5159-5162.

(87) Ley, S. V.; Thomas, A. WAngew. ChemInt. Ed.2003 42, 5400~ (104) Martin, R.; Rivero, M. R.; Buchwald, S. l1Angew. Chem.Int.

5449. Ed. 2006 45, 7079-7082.
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tion from the reaction medium. We have also observed oxidative
amination with internal alkene substrates. Thus far we have
demonstrated that both net intramolecular carboamination and

diamination of unactivated alkenes can be efficiently facilitated
by copper(ll) carboxylate¥:14 This chemistry should also be

JOC Article

nOe (‘Ha
Ho~N-g
Oz

40a

amenable to the addition of other functional groups to alkenes 1.90 (m, 2 H), 1-7? (m, 1 H), 0.93 (d,= 7.0 Hz, 3 H), 0.88 (d,
via either radical or copper-facilitated mechanisms, and studiesd = 6.5 Hz, 3 H);**C NMR (75 MHz, CDC}) 6 142.8, 136.3,

along those lines, as well as additional mechanistic studies and

exploration of asymmetric catalysis methods, will be reported
in due course.

Experimental Section

Representative Synthesis oft-Substituted N-Tosyl-4-pente-
nylamines (Substrates in Table 4): §)-N-Tosyl-1-isopropyl-4-
pentenylamine (39a).Magnesium metal (254 mg, 10.5 mmol, 5

equiv) was placed in a 25 mL 2-necked flask equipped with a reflux
condenser and magnetic stirring bar, then suspended in 10 mL of

Et,O under Ar(g). Freshly distilled allyl bromide (1.24 g, 0.89 mL,

10.5 mmol, 5 equiv) was added dropwise at rt. The mixture was

stired fa 2 h (until the magnesium was consumedy)-2-
IsopropylN-tosylaziridiné® (500 mg, 2.1 mmol, 1 equiv) was
dissolved in 5 mL of BO under Ar(g) and added dropwise. The
mixture was stirred for an additional 16 h. The reaction was
guenched with saturated N@ElI(aq) (15 mL), and extracted with
ethyl acetate (2x 10 mL). The crude oil was purified by flash
chromatography on SKX20% EtOAc in hexanes) to give 428 mg
of (§)-N-tosyl-1-isopropyl-4-pentenylamin&%a) in a 73% yield
as a white solid. Data fa39a mp 49-51°C, [a]?% —8.6 (c 1.0,
CHCl3); *H NMR (400 MHz, CDC}) ¢ 7.74 (d,J = 8.0 Hz, 2 H),
7.28 (d,J=28.4 Hz, 2 H), 5.64 (m, 1 H), 4.854.95 (m, 2 H), 4.26
(d,J=9.2 Hz, 1 H), 3.12 (m, 1 H), 2.41 (s, 3 H), 1.8%.95 (m,

2 H),1.73 (m, 1 H), 1.48 (m, 1 H), 1.30 (m, 1 H), 0.78 {d+~ 3.6
Hz, 3 H), 0.76 (dJ = 2.8 Hz, 3 H);**C NMR (75 MHz, CDC})

135.8, 130.0, 128.7, 124.3, 62.5, 60.8, 36.7, 32.9, 32.6, 29.6, 21.9,
20.4, 16.5; IR (neat, thin filmy 2962, 1698, 1465, 1323, 11578,-
1094, 909 cm?*; HRMS (EI) calcd for GsH2:0,NSNa [M + Na]"
302.1185, found 302.1192.

The relative stereochemistry of the hydroamination proddet
was determined by X-ray crystallography.

X-ray Structure of (2 S,55)-N-Tosyl-2-isopropyl-5-methylpyr-
rolidine (41a). Data for4la mp 83-86°C, [0]?% +130.0 €0.28,

CHCly); 'H NMR (300 MHz, CDC4) 6 7.72 (d,J = 8.1 Hz, 2 H),

0 143.2, 138.9, 138.3, 130.0, 127.6, 115.5, 59.3, 31.6, 31.5, 30.3,7.30 (d,J = 7.8 Hz, 2 H), 3.65 (m, 1 H), 3.40 (m, 1 H), 2.42 (s,

22.0, 18.7, 18.1; IR (neat, thin film) 2961, 1641, 1599, 1429,
1323, 1156, 1094 cnt; HRMS (El) calcd for GsHp30,NS [M] ™
281.1444, found 281.1447.

Representative Procedure (Table 4) for Carboamination
Reactions in a Microwave: (3,10a5)-3-Isopropyl-8-methyl-2,3,-
10,10a-tetrahydro-H-pyrrolo[1,2-b]*%enzothiazine 5,5-Dioxide
(40a) and (&,59)-N-Tosyl-2-isopropyl-5-methylpyrrolidine (41a).
(9-N-Tosyl-1-isopropyl-4-pentenylamin®9a (35.1 mg, 0.125
mmol) in a microwave vial equipped with a magnetic stir bar was

3 H), 2.10 (m, 1 H), 1.361.65 (m, 4 H), 1.29 (dJ = 6.6 Hz, 3
H), 0.98 (d,J = 7.2 Hz, 3 H), 0.92 (dJ = 6.9 Hz, 3 H);13C NMR
(75 MHz, CDC}) 6 143.0, 135.2, 129.5, 127.6, 67.4, 57.3, 31.9,
31.5,25.3, 23.1, 21.5, 20.0, 17.3; IR (neat, thin film)962, 1734,
1592, 1459, 1341, 1153, 1096, 1014 ¢prHRMS (ESI) calcd for
CisH240.NS [M + H]* 282.1522, found 282.1524.

Representative Procedure for Carboamination in an Oil Bath
(Table 4).(9-N-Tosyl-1-isopropyl-4-pentenylamir&9a(92.6 mg,
0.330 mmol) was treated with copper(ll) neodecanoate (60% by

treated with copper(ll) neodecanoate (60% by wt in toluene, 152 wt in toluene, 402 mg, 0.990 mmol, 3 equiv), and cesium carbonate

mg, 0.275 mmol, 3 equiv) and €30; (40.7 mg, 0.125 mmol, 1
equiv) and dissolved in DMF (1.3 mL) under Ar(g). The vial was
sealed and the reaction mixture was heated at°Zlfbr 1.5 h in
a microwave. After cooling to rt, it was heated again at 2CGor
1.5 h in a microwave. The mixture was cooled to rt, diluted with
Et,O, and washed with saturated EDTAN&q). The organic layer
was dried over Ns&580O, and filtered, and the solvents were removed
in vacuo. The mixture was purified by flash chromatography on
SiO; (10—30% EtOAc in hexanes gradient) providirg%)-N-tosyl-
2-isopropyl-5-methylpyrrolidind1a(9.8 mg, 0.0351 mmol) in 28%
yield (R 0.5 in 10% EtOAc in hexanes) an&,$)-3-isopropyl-8-
methyl-2,3,10,10a-tetrahydrddipyrrolo[1,2b]%enzothiazine 5,5-
dioxide40a(17.8 mg, 0.0639 mmol) in 51% yieldR(0.3 in 10%
EtOAc in hexanes).

The relative stereochemistry of the carboamination prodQat

(108 mg, 0.330 mmol, 1 equiv) in DMF (3.3 mL) under Ar(g) in

a pressure tube equipped with a magnetic stir bar. The tube was
capped and the mixture was heated at 1@0for 72 h. Workup

and chromatography as described above provided the carboami-
nation adduc#0a (45.2 mg, 0.162 mmol) in 49% yield, and the
hydroamination adduetla(23.2 mg, 0.083 mmol) in 25% vyield.
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