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ABSTRACT: Iridium/chiral diene complexes efficiently catalyzed the asymmetric ~ Ox NHSOR? 0y chiral diene)l, O ﬁozﬂz
cyclization of N-sulfonyl alkenyl amides to give the corresponding 2-pyrrolidone R‘j/\/\ amine j;).
derivatives with high enantioselectivity. A mechanistic study revealed that the Rt N toluene, 60 °C R1R1

reaction proceeds via nucleophilic attack of the amide on the alkene moiety.

irect addition of N—H bonds to C—C unsaturated bonds,

which is known as hydroamination, has attracted much
attention, as it represents an atom-eflicient approach to the
synthesis of various nitrogen-containing compounds,1 Primary
and secondary amides have been often used as nucleophiles in
the hydroamination reactions catalyzed by transition metal
complexes. Although there have been many successful examples
of the addition of amides to unactivated alkenes,” the
asymmetric variant is still a challenging objective.’™>
Widenhoefer and co-workers reported gold-catalyzed hydro-
amination reactions including the asymmetric addition of
amides to alkenes.*" Hartwig and co-workers reported iridium-
catalyzed asymmetric addition of benzamides to bicyclic
alkenes.”® In this context, we recently reported iridium-
catalyzed asymmetric cyclization of alkenoic acids leading to
y-lactones.® The reaction of 4-pentenoic acid derivatives in the
presence of an iridium/chiral bisphosphine complex in an
amide solvent gave the corresponding lactones with good
enantioselectivity. We next focused on the asymmetric addition
of amide nucleophiles toward the synthesis of chiral y-lactams,
which are often found in natural products and biologically
active compounds.” Although various methodologies for the
stereoselective synthesis of y-lactams have been developed,
there have been few reports on the catalytic enantioselective
synthesis of 2-pyrrolidone derivatives in an intramolecular
manner.” Herein we report the asymmetric cyclization of N-
sulfonyl alkenyl amides catalyzed by iridium/chiral diene
complexes.

It was found that the cyclization of an N-sulfonyl 4-
pentenamide, which bears a highly acidic N—H bond,
proceeded to give the corresponding 2-pyrrolidone under the
same reaction conditions as the cyclization of 4-pentenoic acid.
Treatment of N-tosyl-2,2-diphenyl-4-pentenamide (1a) in the
presence of [IrCl(coe),], (5 mol % of Ir, coe = cyclooctene)
and (R)-DTBM-segphos in N-methylpyrrolidone (NMP) at
100 °C for 20 h gave 2a in 91% yield albeit with 7% ee (Table
1, entry 1). An iridium complex [IrCl(cod)], (cod = 1,5-
cyclooctadiene), which has a chelating diene ligand, also
displayed high catalytic activity at 80 °C (entry 2). These
results encouraged us to examine chiral diene ligands to achieve
the high enantioselectivity in the present reaction. Recently, we
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Table 1. Ir-Catalyzed Asymmetric Cyclization of 1a”

(0] NHT:
Sy catalyst (5 mol % Ir) Oy N
Ph X Solvent, 80 °C, 20 h Ph
Ph 1a

)

o

(R)-DTBM-segphos (S, S)-Me-tfb* R ¢ (S,S)-Fc-tib*
(Ar = 3,5-(t-Bu),- (R =Me) (Fc = ferrocenyl)
4-MeOCqgH>) (8,9)-Ph-tib*
(R =Ph)
yield ee
entry Ir catalyst solvent (%) (%)
1°  [IrCl(coe), 1,/ NMP 91 7
(R)-DTBM-segphos
2 [ICl(cod)], NMP 92 -
3 [IrCI((S,S)-Me-ttb*)], NMP 92 40
4 [ICI((S,S)-Ph-ttb*)], NMP 92 1
s [xCI((S,S)-Fe-tth*)], NMP 83 25
6 [ICI((S,S)-Me-tfb*)], TMU 99 35
7 [ICI((S,S)-Me-tfb*)], DMA 98 41
8 [IrCI((S,S)-Me-tfb*)], toluene 0 -
9 [IrCI((S,S)-Me-tfb*)], 1,4-dioxane 0 -

“Reaction conditions: Amide 1a (0.10 mmol) and Ir catalyst (S mol %
of Ir) in solvent (0.40 mL) at 80 °C for 20 h. Isolated yields are shown.
The ee was determined by chiral HPLC analysis. YAt 100 °C. NMP =
N-methylpyrrolidone. TMU = 1,1,3,3-tetramethylurea. DMA = N,N-
dimethylacetamide.

have developed chiral diene ligands based on a tetrafluoro-
benzobarrelene (tfb) framework, which have been successfully
applied to Rh- and Ir-catalyzed asymmetric reactions.” The tfb
ligand substituted with methyl groups was a promising one; the
reaction in the presence of [IrCl((S,S)-Me-tfb*)], gave 2a in
92% yield with 40% ee (entry 3). Other tfb ligands substituted
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with phenyl and ferrocenyl groups decreased the enantiose-
lectivity (entries 4 and S). The reactions in other amide
solvents such as TMU and DMA proceeded to give 2a in high
yields with similar levels of ee to that obtained in the reaction in
NMP (entries 6 and 7). In contrast, no reaction occurred in
nonpolar solvents such as toluene and 1,4-dioxane (entries 8
and 9).

It is likely that the high catalytic activity in amide solvents
might be derived from the coordination ability or the weak
basicity of the amides. It was found that the reaction in
nonpolar solvents proceeded with good enantioselectivity in the
presence of an amine. Thus, the reaction in toluene in the
presence of 10 mol % of triethylamine gave 2a in 40% yield
with 60% ee (Table 2, entry 1). The use of Hiinig’s base

Table 2. Effect of Amines”
[IrCI((S,S)-Me-tfb*)], T

Oy NHTs (5 mol %r) O N
Ph;\/\/\ additive (10 mol %) j;)
additive (10 mol %)

X toluene, 80°C,20h PN

Ph a Ph' 24

R‘\rNMeg A1 (R'=R2=n-Bu) A3 (R'=R2=Ph)

R2 A2 (R'=R2=Bn) A4 (R'=Me, R2=Ph)
entry additive yield (%) ee (%)
1 Et;N 43 60
2 i-Pr,NEt 12 11
3 Me,NEt 96 26
4 Me,NBn 95 st
N Me,Ni-Pr >99 53
6 Al 92 60
7 A2 89 68
8 A3 38 21
9 (R)-A4 92 64
10 (S)-A4 99 65
11 pyridine 8 8
12 DBU 30 14
13 Na,CO5 0 -

“Reaction conditions: Amide 1a (0.10 mmol), [IrCl((S,S)-Me-tfb*)],
(5 mol % of Ir), and additive (10 mol %) in toluene (0.40 mL) at 80
°C for 20 h. Isolated yields are shown. The ee was determined by
chiral HPLC analysis. DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene.

dramatically decreased the yield and enantioselectivity, whereas
N,N-dimethylethylamine enhanced the reactivity to give 2a in
96% yield with 26% ee (entries 2 and 3). Further screening of
amines revealed that tertiary amines bearing dimethyl groups
and a bulky alkyl group enhanced the enantioselectivity while
maintaining the high yield. The reaction in the presence of
N,N-dimethylbenzylamine and N,N-dimethylisopropylamine
gave 2a in high yields with moderate enantioselectivity (entries
4 and ). Sterically bulkier A1 and A2, having a S-nonyl and a
1,3-diphenylpropan-2-yl group, increased the enantioselectivity
to 60 and 68% ee, respectively (entries 6 and 7). However, a
diphenylmethyl group of A3 significantly decreased the yield
and enantioselectivity (entry 8). The enantioselectivity was not
influenced by the absolute configuration of chiral amine A4; the
reactions in the presence of (R)- and (S)-A4 gave (—)-2a with
64 and 65% ee, respectively (entries 9 and 10). Pyridine and
DBU reduced both the yield and enantioselectivity (entries 11
and 12). An inorganic base was not effective for the present
reaction (entry 13).

The enantioselectivity was further improved by modifying
the arenesulfonyl groups on the amide (Table 3). In the

Table 3. Effect of Substituents on Nitrogen”
[IrCI((S,S)-Me-tfb*)],

R

OxNHR (5 mol % Ir) O N
A2 (10 mol %) o

Ph;\/\/\ —_— Phl)

Ph toluene, 80 °C, 20 h Ph
1 2
entry R yield (%) ee (%)
1 SO,(4-MeC¢H,) (1a) 89 (2a) 68
2 S0,(2-MeC(H,) (1b) 58 (2b) 77
3 S0,(2-MeOC4H,) (1¢) 75 (2¢) 73
4 SO,(2-EtOC¢H,) (1d) 95 (2d) 84
s S0,(2--PrOCGH,) (1e) 95 (2e) 87
6 $0,(2-CyOC¢H,) (1f) 96 (2f) 84
7 SO,Me (1g) 88 (2g) 1
8 CO,t-Bu (1h) 60 (2h) 1
9° le 92 (2e) 89
10%¢ le 95 (2e) 91

“Reaction conditions: Amide 1 (0.10 mmol), [IrCI((S,S)-Me-tfb*)],
(5 mol % of Ir), and A2 (10 mol %) in toluene (0.40 mL) at 80 °C for
20 h. Isolated yields are shown. The ee was determined by HPLC
analysis. "At 60 °C. “A2 (5 mol %).

presence of amine A2, the reaction of 1b having an ortho-
toluenesulfonyl group gave 2b with 77% ee (entry 2). We
tested several ortho-alkoxybenzenesulfonyl groups, whose steric
bulkiness can be changed by the alkyl groups. The reactions of
amides lc—f having methoxy-, ethoxy-, isopropoxy-, and
cyclohexyloxybenzenesulfonyl groups gave 2c, 2d, 2e, and 2f
with 73, 84, 87, and 84% ee, respectively (entries 3—6). In
contrast, the sterically less bulky methanesulfonyl group
significantly decreased the enantioselectivity (1% ee, entry 7).
Besides N-sulfonyl alkenyl amides, N-Boc alkenyl amide 1g also
reacted to give 2g in 60% yield, albeit with a very low ee (entry
8).'% The cyclization of 1e smoothly proceeded at 60 °C to give
2e in 92% yield with 89% ee (entry 9). The use of the same
amount of the amine (5 mol %) as the Ir catalyst improved the
enantioselectivity to 91% ee (entry 10).""

The results obtained for the iridium-catalyzed asymmetric
cyclization of N-(2-isopropoxybenzenesulfonyl)alkenyl amides
are summarized in Table 4. Several amides substituted at the 2-
position underwent the cyclization in the presence of amine A2
to give the corresponding lactams with good enantioselectivity.
The reactions of the amides le, 1i—I bearing aryl groups gave
the lactams 2e, 2i—1 in 89—97% yield with 88—91% ee,
regardless of electronic properties of the aryl groups (entries
1-S5). The reactions of alkyl-substituted amides were relatively
slow, but the cyclizations of 1m and 1n, having benzyl and n-
hexyl groups at the 2-position, gave 2m and 2n, respectively, in
good yields with high enantioselectivity (entries 6 and 7). The
reactivity of lo and 1p, having sterically less bulky cyclic
pentamethylene and dimethyl groups, was not high even at 80
°C (entries 8 and 9), indicating that the strong Thorpe—Ingold
effect is necessary for the present cyclization.'” The amides 1q
and 1r having a benzene ring and a diene moiety also
participated in the reaction to give 2q and 2r, respectively, in
high yields (entries 10 and 11).

The present catalyst system can also be applied to the
cyclization of N-sulfonyl-N’-alkenyl urea 4 prepared from
allylamine 3, giving the corresponding 2-imidazolidinone
derivative 5 (eq 1). Although the iridium/cod complex
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Table 4. Substrate Scope”
[IrCI((S, S)-Me-tib*)],

Oxy NHSOAT (5 mol % I) Oy_SO2Ar
R A2 (5 mol %) o
A P —
R 1i toluene, 60 °C, 20 h A .
» (Ar = 2-i-PrOCgH,) 2i-2p
Ox NHSOAr o _NHSO,Ar
N N
1q 1r
entry R yield (%) ee (%)

1v Ph (1e) 96 (2e) 88
2 4-MeCH, (1i) 89 (2i) 89
3 4-MeOCGH, (1j) 97 (2§) 90
4 4-FC¢H, (1k) 89 (2Kk) 91
s 4-CIC(H, (11) 91 (21) 90
6° Bn (1m) 92 (2m) 86
74 n-hexyl (1n) 90 (2n) 80
8¢ —(CH,)s— (10) 38 (20) 82
94 Me (1p) 25 (2p) 74
10 1q 93 (2q) 81
11 Ir 81 (2r) 23

“Reaction conditions: Amide 1 (0.20 mmol), [IrCI((S,S)-Me-tfb*)],
(5 mol % of Ir), and A2 (S mol %) in toluene (0.80 mL) at 60 °C for
20 h. Isolated yields are shown. The ee was determined by HPLC
analysis. b5.Fold scale reaction (1.0 mmol of 1e). “For 48 h. “A2 (10
mol %) at 80 °C for 48 h. “At 80 °C for 48 h.

exhibited a high catalytic activity, iridium/chiral diene
complexes displayed low catalytic activity and enantioselectiv-

ity.

H O NHTs
Ph N\/\ TsNCO (1.1 equiv) Ph N
X
CH,Cly, 1t, 2h
Ph
3 then concentration Ph 4
[IrCl(diene)], o. s (1)

(5 mol % Ir) YN
A2 (10 mol %) ph\(N\)_
_——
o cod: 90%
taluene, 60 °C Ph (S,9)-Me-ttb*: 15%, 27% ee
5  (S.5)-Fc-tib*: 25%, 32% ee

To gain some insight into the mechanism, we focused on the
stereochemlstry of the addition. The reaction involving alkene
activation'® leads to an anti-addition product, whereas a
mechanism involving oxidative addition and alkene insertion'*
leads to a syn-addition product (Scheme la). We conducted a
deuterium-labeling experiment to determine the stereochemis-
try by using norbornene carboxamide 1s as a model substrate
(Scheme 1b). The amide 1s was treated with a large excess of
D,0 to give deuterated amide 1s-d, which was directly
subjected to the catalytic conditions after concentration under
vacuum. The cyclization product was obtained in a moderate
yield, where the deuterium was incorporated at the exo-
position.'> This result indicates that the reaction proceeds via
nucleophilic attack of the amide to the alkene moiety, which is
activated by coordination to the iridium.

The catalytic cycle is postulated as illustrated in Scheme 2.
The amlde 1a reacts with the amine to generate an ammonium
salt.' Iridium catalyst A activates an alkene moiety to generate
complex B, and a nucleophilic attack of the nitrogen gave
alkyliridium(l) intermediate C."” Protonation of intermediate C
forms alkylhydridoiridium(III) intermediate D, which under-

Scheme 1. Stereochemistry of the Addition
a) 1. Alkene activation/nucleophilic attack
Oy _NHTs

Ts®
U anti-additon  HO
- e, \<:)f/\
cIr Ir
2. Oxidative addition/alkene activation
[o) Ts
or N Ir-
H

Ts H
O N /' syn-addition O.
r ———— »
1/\
0.45D/1H (ex0)

b) Deuterium-labeling experiment
[IrCl(cod)], D

BnNMe,
MeCN

CICH,CH.CI N
N 0 80°C,20h 0,8~
1s 1s-d

D D

0.13D/2H
(ortho)

2s:31% Me

o

Scheme 2. Plausible Catalytic Cycle

®
0(2_/ NTs H-amine

PR~ Ty 12

amine
1a-amine

e
thc\)_
)/ [ir
[Ir] = [IrCl(diene)]
OVNTS H -amine

thc\)_\“r] PhoC -~

B [N
X /
1a thc\)—\

1a-amine

[Ir] H amine

goes reductive elimination to give 2a and regenerates catalyst
A." The presence of amines is crucial for the reaction, as they
increase the nucleophilicity of the amide moiety to promote the
cyclization of intermediate B."®

In summary, we have developed the asymmetric cyclization
of N-sulfonyl alkenyl amides using Ir/chiral diene complexes to
give 2-pyrrolidones with good enantioselectivity. A mechanistic
study revealed that the reaction proceeds via nucleophilic attack
of the amide to the alkene moiety.
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