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Abstract: The first rhodium-catalyzed intermolecular [3+2]
cycloaddition reaction of vinyl aziridines and allenes for the
synthesis of enantioenriched functionalized pyrrolidines was
realized. [3+2] cycloaddition with the proximal C=C bond of
N-allenamides gave 3-methylene-pyrrolidines in high regio-
and diastereoselectivity, whereas, 2-methylene-pyrrolidines
were obtained as the major products by the cycloadditions of
vinyl aziridines with the distal C=C bond of allenes. Use of
readily available starting materials, a broad substrate scope,
high selectivity, mild reaction conditions, as well as versatile
functionalization of the cycloadducts make this approach very
practical and attractive.

Chiral pyrrolidines are ubiquitous structural motifs found in
an array of biologically active natural products and pharma-
ceuticals (Figure 1).*l Meanwhile, they also serve as impor-
tant building blocks in organic synthesis and are featured in
the structures of versatile ligands and organocatalysts.!'¢]
Therefore, many impressive strategies in the area of pyrro-
lidine synthesis have emerged,” such as alkene hydroamina-
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Figure 1. Biologically active natural products featuring chiral pyrroli-
dines.
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tion,r! iodocyclization,¥ rearrangement,”) NH insertion reac-
tions of metallocarbenes,® cycloisomerization,” and cyclo-
addition.! Among them, the transition-metal-catalyzed [342]
cycloadditions of aziridines represent powerful tools enabling
quick and efficient access to pyrrolidines in an atom-
economical fashion. However, almost all previous studies on
this topic have been focused on 1,3-dipolar cycloadditions of
either aryl or alkyl aziridines by selective C—C®l and C—N
bond®¥ cleavage with alkynes®™ or alkenes®™ for the
formation of pyrrolidine derivatives, substituted with satu-
rated C—C bonds, in racemic form. In contrast, the [342]
cycloaddition of an aziridine with an allene is rarely reported,
and seriously limits the utilization of this method in the
synthesis of the valuable 2-methylene- and 3-methylene-
pyrrolidines containing a C=C bond.”! For example, the
groups of Vo-Quang and Pinho e Melo have done seminal
work on the [342] cycloadditions of azomethine ylides,
generated from aryl aziridines, with the proximal C=C bond
of allenes.'”! Cycloaddition with the distal C=C bond of
allenes remains unknown so far.

Despite the fact that vinyl aziridines are increasingly
being exploited as versatile building blocks in organic syn-
thesis, the [342] cycloaddition of vinyl aziridine with a two-
atom partner has not been well developed.® Since 2000, the
groups of Alper,"*? Trost,"'*d Aggarwal,'*! Louie,!" and
Lee"'!! demonstrated a series of [342] cycloadditions of
vinylaziridines with heterocumulenes (e.g., isocyanates, car-
bodiimides, CO, and isothiocyanates, etc.), thus efficiently
delivering diverse five-membered heterocycles with two
heteroatoms. However, the [342] cycloaddition of vinylazir-
idines for the formation of pyrrolidines in the presence of
doubly activated Michael acceptors was reported at 2002 by
Yamamoto and co-workers.'” Subsequently, Aggarwal and
co-workers extended this methodology to monoactivated
alkenes and demonstrated its utility in a stereospecific syn-
thesis of (—)-a-kainic acid.'” Recently, the more challenging
enantioselective [3+2] cycloaddition of vinylaziridines with
electron-deficient alkenes was reported by Hou, Ding, et al.
and Lu and co-workers (Scheme 1)." However, previous
reports on the [3+2] cycloadditions of vinylaziridines were
limited to alkenes with either one or two activators until Blum
and co-workers reported the intramolecular [3+2] cyclo-
additions of vinyl aziridines bearing an unactivated olefin
moiety, a reaction facilitated by a gold/palladium dual
activation.'”! Very recently, a thiyl-radical-catalyzed intermo-
lecular [342] cyclizations of vinyl aziridine and electron-rich
alkenes was developed by the group of Maruoka."”! As a part
of our program in the discovery of new cycloaddition
reactions of strained rings'"”! we recently developed
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This work: Proximal C=C bond:
up to eight regio- and diastereoisomers

Previous work:
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New reaction: [3+2] cycloaddition of vinylaziridine and allene

The main challenges: 1) Up to 16 isomers might be formed in theory.
2) How to control over the product distribution?
3) How to obtain high efficiency of chirality transfer?
4) How to control regio-, Z/E-, and diastereoselectivity?

Scheme 1. [3+2] cycloadditions of vinylaziridines with unsaturated
hydrocarbons. PG = protecting group.

a rhodium(I)-catalyzed intermolecular [3+2] cycloaddition of
optically pure vinyl aziridines and unactivated as well as
activated alkynes for the synthesis of enantioenriched 2,3-
dihydropyroles by a chirality transfer strategy.'™ Thus far,
however, the more challenging [3+2] cycloadditions of vinyl
aziridines with allenes for the construction of valuable chiral
methylene pyrrolidines has not been realized. This trans-
formation would be a highly valuable because an additional
olefin moiety would be installed in the product and thus
increases the structural flexibility given the number of
subsequent transformations which could be accessed through
the alkene bond.

Allenes are versatile dipolarophiles because of the
presence of two cumulative unsaturations."™ In fact, both
C=C bonds are suitable positions for dipolar attack which can
proceed with two opposite orientations. Hence, compared to
alkynes and alkenes, both regio-, Z/E, and diastereoselectivity
can be involved in [342] cycloadditions of vinyl aziridines
with allenes and up to sixteen isomers might be obtained in
theory. So the main challenge is how to control the product
distribution and the efficiency of chirality transfer. Herein, we
report our efforts to address this issue and realize the
divergent synthesis of enantioenriched methylenepyrrolidines
(Scheme 1).

Our investigation began with (R)-1a and the allene 2a
(for structures see Table 1), considering that the m-donating
ability of the nitrogen atom renders N-alleneamines more
electron rich than simple allenes." Initially, (R)-1a and
1.5 equivalents of 2a were subjected to a solution of [Rh-
(NBD),|BF, (5 mol %) in DCE at room temperature. To our
surprise, the reaction gave the 3-methylene-pyrrolidines
rather than 2-methylene-pyrrolidines in 64 % yield (NMR)
as a single diasteromer together with recovery (R)-1ain 34 %
yield (NMR) without loss of chiral information. The structure
of 3aa was confirmed by X-ray crystallographic analysis.”"!
Previous studies on [m + 2] cycloadditions of N-allenamides
have been focused on the distal C=C bond reactivity. In
contrast, transition-metal-catalyzed [m+2] cycloadditions
with the proximal C=C bond of N-allenamides is not well
known.'”?!l After many attempts, we found that the ratio of
(R)-1a to 2a, reaction temperature, and charging sequence
have great effect on the reaction conversion (see Table S1 in
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the Supporting Information), and thus, the final reaction
conditions A are described as follows: to a solution of
[Rh(NBD),|BF, (5mol%) in DCE (0.5mL) was added
a mixture of 1 (1.5 equiv) and 0.2 mmol of 2 (1.0 equiv) in
DCE (2.0 mL) dropwise over a period of 5 minutes at 0°C.

Having the optimized reaction conditions in hand, we
investigated the generality of the N-alleneamine (2). In
general, the chirality of (R)-1a can be completely transferred
to the chiral 3-methylene-pyrrolidines with 95-99 % ee. By
changing the substitution on the sulfonyl group R’ the
reaction proceeded in moderate to high yields (Table 1,

Table 1: [3+2] cycloadditionsof vinylaziridine and alleneamines.?!

l. R®
R2 R4
N

R3 R, & . 5 mol% [Rh(NBD),]*BF 4
RN NR DCE/0°C
RS

15 min & R5
1 2 3 (dr. >20:1)

Nr.  1R'/RYR? ee  2RYR Yield ee

[%] (%]" [%]
1 Ts/H/Me (1a) 98  Ph/Ts (2a) 3aa, 90 99
2 1a 98  Ph/Bs (2b) 3ab, 92 97
3 1a 98  Ph/Ns (2¢) 3ac, 65 98
4 1a 98  Ph/Ms (2d) 3ad, 62 95
5 Ta 98  4-MeOC¢H,/Ts (2e) 3ae, 88 99
6 1a 98 4-BrC¢H,/Ts (2f) 3af, 91 98
7 Ta 98  Bn/Ts (2g) 3ag, 89 99
3 1a 98  4-FC4H,CH,/Ts (2h) 3ah, 93 98
9 1a 98 Me/Ts (2i) 32i,90 97
10 Ts/H/H (1b) 99  2a 3ba, 91 99
11 Ms/H/H (1¢) 8 2a 3ca, 62 86
12 Ts/H/iPr (1d) 90 2a 3da, 89 90
13 Ts/H/nBu (le) 91 2a 3ea, 85 98
14 Ts/H/Ph (1f) 97 2a 3fa, 95 97
15 Ts/H/OTBS (1g) 95 2a 3ga, 60 94
169 Ts/Me/Me (Th) 88  2a 3ha, 71 88

[a] Reaction conditions A: To a solution of [Rh(NBD),]BF, (5 mol %) in
DCE (0.5 mL) was added a mixture of 1 (1.5 equiv) and 0.2 mmol of 2
(1.0 equiv) in DCE (2.0 mL) dropwise over a period of 5 mins at 0°C,
then it was stirred at 0°C for another 15 min. [b] Yield of isolated
product. [c] (S)-1 h was used. Bs =4-bromobenzenesulfonyl, DCE=
1,2-dichloroethane, NBD =norbornadiene, Ms = methanesulfonyl,

Ns = 2-nitrobenzenesulfonyl, TBS = tert-butyldimethylsilyl, Ts =4-tolue-
nesulfonyl.

entries 1-4). Moreover, the sulfonyl alleneamine can be
modified at the nitrogen atom (R*), thus resulting in
arobust process for either aryl, benzyl, or alkyl N-substitution
(entries 5-9). Next, the potential of the cycloaddition with
respect to different substituted vinylaziridines was further
evaluated. As depicted in Table 1, the reactions of the N-tosyl
1b and N-mesyl 1¢ proceeded smoothly, thus providing
options for N protection and deprotection of the correspond-
ing pyrrolidines (entries 10 and 11). The substituent R* can be
either H, isopropyl, n-butyl, phenyl, or OTBS groups, without
anotable negative effect to the cycloadditions (entries 12-15).
Notably, the vinylaziridine 1h could also successfully deliver
the desired cycloadduct, thus incorporating a chiral quater-
nary carbon center into the 3-methylene-pyrrolidine 3ha.
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Encouraged by the success of [34+2] cycloadditions of
vinylaziridines and N-alleneamines at the proximal C=C
bond, we then investigated the more general but challenging
allenes 4 (for structure see Table 2) as they have a high formal
concentration effect and bidentate coordination,"® and are
almost unreactive under reaction conditions A. Various
rhodium catalysts, silver salts, solvents, and temperatures
were then screened (see Table S2). Finally, we identified
reaction conditions B: 5 mol % [Rh(NBD)Cl],/AgOTf, 0.08 M
1a, and 1.5 equivalents of 4a in acetone at 0°C as the optimal
reaction conditionsto afford Saa in 85 % yield and 96 % ee. Of
note, the reaction occurs mainly at the distal C=C bond of the
allene.

We then examined the scope of the reaction by conducting
the cycloadditions of a range of aryl and alkyl allenes (4) with
(R)-1a (Table 2, entries 1-18). A tolerance towards both
electron-withdrawing and electron-donating substituents on
the aryl moiety of the allenes (at the ortho, meta, and para
positions) provided the corresponding chiral 2-methylene-
pyrrolidines in moderate to excellent yields (54-94 %) with
93-98% ee (entries 1-11). A suitable crystal of the substitu-

Table 2: [3+2] cycloadditions of vinylaziridine and allenes.”

R? 5 mol% Rr? R
R3 R N ﬂ. [{Rh(NBD)CI},)/AgOTf R2 3 RS
RN u acetone / 0 °C N =
R® 2h R
1 4 5

Nr. 1R'/RYR? ee 4 RER’ Yield ee

[%] (%]"! [%]
1 la 98  Ph/H (4a) 5aa, 85 96
2 1a 98  4-MeOC¢H,/H (4b) 5ab, 54 98
3 1a 98  4-MeC¢H,/H (4c) 5ac, 83 97
4 la 98  4-tBuCgH,/H (4d) 5ad, 84 96
5 1a 98  2,4,6-Me,CgH,/H (4e) 5ae, 91 96
6 1a 98  4-FCiH,/H (4f) 5af, 81 96
7 la 98  4-CICH,/H (4g) 5ag, 86 97
8 1a 98  3-CIC¢H,/H (4h) 5ah, 93 98
9 1a 98  4-BrCqH,/H (4i) 5ai, 91 95
10 1a 98  4-MeCO,CH,/H (4)) 5aj, 94 93
1M 1a 98  4-CNCH,/H (4k) 5ak, 77 94
124 1a 98  1-naphthyl/H (4 5al, 92 96
139 1a 98  2-naphthyl/H (4m) 5am, 91 96
14 1a 98  CH,C¢Hs/H (4n) 5an, 85 94
15 1a 98  CH,CH,CeHs/H (40) 520,82 94
16 1la 98  cyclopentyl/H (4p) 5ap, 80 96
17 1a 98 CH,NTsBoc/H (4q) 5aq, 93 -
18 1a 98  CH,CH(CO,Me),/H (4r) 5ar, 70 96
19 1a 98 CO,Me//H (4s) 5as, 86 96
20 la 98  SO,Ph/H (4t) 5at, 91 95
21 la 98  nPr/nPr (4u) 5au, 34 96
22 Ts/H/H (1b) 99 4a 5ba, 42 86
23 Ns/H/H (1) 88 4a 5ia, 74 86
24 Ms/H/H(1c) 86 4a 5ca, 53 83
25  Ts/H/iPr (1d) 90 4a 5da, 63 87
26 Ts/H/nBu (1e) 91 4a Sea, 78  (94)

[a] Reaction conditions B: [{Rh(NBD)Cl},] (5 mol %)/ AgOTf (10 mol %),
0.2 mmol 1 and 4 (1.5 equiv), acetone, 0°C, 2 h. [b] Yield of isolated
product. [c] The ratio of 5 to its regioisomer 5’ is listed as follows: 5al/
5al'=23:1, 5am/5am’=18:1. [d] The ee value of 5aq cannot be
determined by HPLC analysis using a chiral stationary phase. Boc=teri-
butoxycarbonyl, Tf=trifluoromethanesulfanyl.
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tion product 5ak was obtained to unambiguously establish the
absolute stereochemistry and regioselectivity. In most cases,
only one regioisomer is detected, except for the naphthyl-
containing 4l,m, thus affording the corresponding 5 and its
regioisomer 5’ in high ratio. Notably, both nonfunctionalized
aliphatic allenes (4n-p) and functionalized aliphatic allenes
(4q,r) were compatible and afforded the desired products.
Additionally, the reaction is not limited to unactivated
allenes. The monoactivated allenes 4s and 4t were also
compatible. Notably, the 1,3-disubstituted allene 4u success-
fully gave the desired cycloadduct Sau. Moreover, the
substituted vinylaziridines 1c—e and 1i delivered the corre-
sponding cycloadducts in acceptable yield and with highly
efficient chirality transfer, except for 1b.

The rich functionalities in the [34+2] cycloadducts provide
many opportunities for further synthetic transformations
(Scheme 2). The compound 6aa could be obtained by

N -
Ts
6aa

80% vyield, 97% ee

Me Me p| Me
- Ph
N

Ph
Me N a Me
Ts = Me
\ c
~_Ph
Ts
9aa, 87% yield, 92% ee

3
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—__Ph (96% ee) Meh
(¢]

a

NTON N
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58% yield, 96% ee (6% 0e) 10aa, 95% yield, 97% ee
Me EtO,C, HO Me
Me Me / L&,
C
- Ph =~
N N
Ts N = Ts
8aa, 75% vyield, Ns 11aa, 83% vyield,
dr.=18:1.0 12ia, 67% yield, 90% ee d.r.=2.0:1.0

91% ee for the major product 98% ee

Scheme 2. Reaction conditions: a) PANHTs, [Pd,(dba);-CHCIy],
PhCOONa, dppf, THF, 50°C; b) Et,SiH, BF,-Et,0, DCM, —78°C to
0°C; ¢) Pd/C, H,, MeOH; d) 1. O;, DCM; 2. PPh,; €) 1. BH, THF, RT;
2. H,0,,NaOH; f) Grubbs-Il, DCM, 40°C. DCM =dichloromethane,
dba=dibenzylideneacetone, dppf=1,1-bis(diphenylphosphino)ferro-
cene.

palladium-catalyzed rearrangement of 3aa in 80 % yield and
97% ee. Moreover, treatment of 3aa with Et;SiH/BF;-Et,O
selectively gives 7aa as a single diastereomer. By contrast,
both double bonds and the aminal group can be reduced to
afford 8aain 75 % yield with a 1.8:1.0 d.r. value, by treatment
of 3aa with Pd/C under 1 atm hydrogen. Transformations with
respect to the [342] cycloadducts of 5aa and 5ia have also
been conducted. The disubstituted double bond could be
selectively hydrogenated to produce the corresponding 9aa in
87 % yield with the same ee value. The oxidative cleavage of
the double bond of Saa was realized by treatment with O,/
PPh; in dichloromethane to give the multifunctionalized
chiral pyrrolidine 10aa in 95 % yield with complete chirality
transfer. In addition, the hydroboration of the double bond of
5aa and subsequent oxidation delivered the primary alcohol
11aa with two contiguous chiral stereocenters in 83 % yield,
98% ee, and 2:1 d.r. Finally, a cross-metathesis reaction
converts Sia into the unsaturated ester 12ia in a highly
stereoselective fashion.
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As shown in Table 2 and Table S2, in most cases the
erosion of the ee value (1-13%) and trace amounts of the
[542] cycloadducts were observed. In contrast, there was no
[542] cycloadduct observed in the cycloaddition of vinyl-
aziridines and N-allenamides. Moreover, the chirality of
vinylaziridines can be completely transferred to the [3+2]
cycloadducts 3 as described in Table 1. Based on the results
above, we propose a plausible mechanism to account for this
rhodium-catalyzed [342] cycloaddition (Scheme 3). Both the

[Rh' (R-1 /F’éhl

_ =

: 3 T reductive
E’ reductive R R? A /\eliminationlfgl
elimination u L L

oxidative
4 addition =NBD e
0 7L Sl
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2 TIE—— S =t R 5
R N,Rh ey s \)\QNR1 ‘— R2 s _R®
by ) ) R® 3 n
RY L R? R
(o3 B D

Scheme 3. Proposed mechanism.

olefin and the nitrogen atom in (R)-1 can coordinate to the
rhodium catalyst, and leads to the enyl (0+m) rhodium
species B with retention of configuration formed by oxidative
addition."™?? Subsequently, B can be regioselectively cap-
tured by the distal C=C bond of 4 through insertion into the
Rh—N bond to deliver another enyl (0 + ) rhodium species
(D). Finally, the irreversible reductive elimination of D
produces 5 and regenerates the rhodium catalyst. Alterna-
tively, in the presence of 2, regioselective interception of B by
the proximal C=C bond of an N-allenamide through insertion
into the Rh—C bond affords the intermediate C, which might
evolve into the final 3-methylene-pyrrolidine 3 by reductive
elimination.!

In summary, we have developed a regiodivergent
approach to 2- or 3-methylene-pyrrolidines by the rhodium-
catalyzed intermolecular stereospecific [342] cycloadditions
of vinyl aziridines and either general allenes or N-allene-
amines. This method delivers valuable chiral pyrrolidines with
broad substrate scope, and high diastereoselectivity and
enantioselectivity (up to 99% ee) by a chirality-transfer
strategy. Moreover, the products can be further functionalized
to give a set of functionalized chiral pyrrolidines with high
efficiency and selectivity. Further mechanism studies and
synthetic applications of this transformation are underway.
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