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Highly Diastereo- and Enantioselective Synthesis of 5-Substituted
3-Pyrrolidin-2-ones: Vinylogous Michael Addition under

Multifunctional Catalysis**

Huicai Huang, Zhichao Jin, Kailong Zhu, Xinmiao Liang, and Jinxing Ye*

5-Substituted 3-pyrrolidin-2-ones and their structural ana-
logues have been found as crucial fragments in a number of
complex natural and non-natural compounds,! such as the
lycorane-type alkaloids, the stemona family, and the large
family of indole alkaloids including haplophytine, vindoline,
and the strychnos family of alkaloids (Scheme 1). All these
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Scheme 1. Several natural products that contain the fragments of
5-substituted 3-pyrrolidin-2-one derivatives.

molecules display marvelous biological properties including
antiviral, pesticidal, and antitumor activity, as well as other
pharmacological properties,”) which undoubtably contribute
greatly to their importance in the field of organic chemistry
both in terms of their chemical synthesis and in the develop-
ment of synthetic methodologies.

As one of the efficient chemical precursors to 5-substi-
tuted 3-pyrrolidin-2-one derivatives, a,-unsaturated y-butyr-
olactam has recently appeared as one of the most attractive
reactants in various chemical reactions including Mannich,
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Aldol, Michael, and other simple transformations of either
direct or Mukaiyama-type reactions.”) Even more attractive
are the diastereo- or enantioenriched products that could be
further utilized as versatile building blocks towards more
functionalized pyrrolidin-2-ones. !

However, stereoselective transformations involving this
interesting molecule still remain rare, both in the field of
organocatalytic synthesis and organometallic catalysis, com-
pared with other important nucleophilic reagents. The
scarcity of reactions is partially due to the difficulties in the
chemoselective activation of the o, 3-unsaturated vinylogous
system either as a donor or as an acceptor in chemical
reactions, and the challenges in the enantio- and diastereo-
selectivity during those processes.”! Satisfactory results were
achieved in the recent report of Shibasaki and co-workers
in the asymmetric vinylogous Mannich and Michael reaction
of this a,p-unsaturated y-butyrolactam with N-Boc imines
and nitroolefins involving a dinuclear nickel catalytic system.
Furthermore, Chen and co-workersP have presented an
asymmetric Michael addition with a,f3-unsaturated aldehydes
under the well-established iminium activation using the
catalyst developed by Jgrgensen and Hayashi.” However,
to the best of our knowledge, the vinylogous Michael
additions of this o,f-unsaturated y-butyrolactam to o,f3-
unsaturated ketones has never been reported and still
represents a challenging task regarding the reactivity and
stereoselectivity of the two relatively inert reactants.”)
Herein, we report our investigations on this transformation
under a multifunctional catalytic system, as well as some
explorations into the use of the resulting products to
demonstrate the potential utility of this strategy in the
pharmaceutical and organic synthesis fields.

Our initial investigations were carried out using a series of
catalysts (1-3) for the model reaction of benzalacetone 4a
and o,p-unsaturated y-butyrolactam 5a in CH,Cl, at room
temperature (Table 1, entries 1-11). Experimental data
showed that the cyclohexane-1,2-diamine catalysts 1a and
1b could promote the reaction more effectively than other
types of catalysts, with conversions of up to 93% after
72 hours, but with low stereoselectivity (entries 1 and 2). The
9-amino-epiquinine 2a and its derivative 2b afforded the
products with slightly increased ee values, but still with
unsatisfactory reaction conversions or stereoselectivity
(entries 3 and 4). Then our attention turned to another type
of iminium-activation catalyst bearing a chiral 1,2-diphenyl-
ethane-1,2-diamine fragment with the hope that it would
provide an improvement in this transformation. Attractive
ee values were attained using the simple (R,R)-1,2-diphenyl-
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Table 1: Primary screening results.”!
)
©/\)k é cat (10 mol %) BooN, )
NBog ——————
solvent, RT, 72h
4a 5a 6a
Entry Cat.  Solvent Acid additive  Conv.  d.r ee
[%][b] [%][cvd]
1 1a CH,Cl, none 93 2:1 50(27)
2 1b CH,Cl, none 58 2:1 0(31)
3 2a CH,Cl, none 30 2:1 48(66)
4 2b CH,Cl, none 71 2.5:1 77(72)
5 3a CH,Cl, none 16 1:1.5 77(90)
6 3b CH,Cl, none 13 1:1.5 20(8)
7 3c CH,Cl, none 0 - -
8 3d CH,Cl, none 63 2:1 6(36)
9 3e CH,Cl, none 66 1:25  21(0)
10 3f CH,Cl, none 65 1:1 11(27)
1 3g  CH,Cl, none 42 1.5:1 25(11)
12 3e"  CcHCL®  N-Boc-L-Trp 93 15:1 98

[a] Unless noted otherwise the following reaction conditions were used:
5a (1.0 equiv, 0.10 mmol, 0.5m), 4a (1.3 equiv), catalyst (0.10 equiv),
and acid additive (0.10 equiv). [b] Determined by '"H NMR analysis of the
crude reaction mixture. [c] Determined by HPLC on a chiral stationary
phase. [d] The data in the parentheses are the ee values of the other
diastereomer. [e] 0.15 equiv of 3e was employed. [f] The reaction was
carried out at 35°C. Boc = tert-butoxycarbonyl.

ethane-1,2-diamine (3a), but the conversion and diastereose-
lectivity were disappointing (entry 5). So a series of 3a
derivatives were sequentially examined to find the suitable
catalyst. However, the stereoselectivity did not even show
marginal improvements, albeit with some improvements in
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the reaction conversions (entries 6-11). A bulky acid partner
was crucial for the stereocontrol,® so a series of commercially
available bulky N-Boc amino acids were surveyed in combi-
nation with the organocatalysts. The diastereoselectivity
decreased with 3a, 3b, and 3¢ as catalysts in the presence of
the bulky N-Boc-L-Phe. However, bulky N-Boc amino acids
improved the diastereoselectivity significantly with catalysts
3d-3g. To our delight, both excellent enantio- and diastereo-
selectivity could be achieved using the catalytic system
consisting of 3e and N-Boc-L-Trp. Furthermore, investiga-
tions showed that the amount of acidic additives had little
effect, and the reaction could proceed well in many different
solvents to give excellent ee values and good to excellent
d.r.values.” Finally, the reaction conversion could be
improved to 93% with high d.r. and ee values when the
reaction was run at 35°C in CHCI; (entry 12).

With the optimized reaction conditions in hand, the scope
of this organocatalytic asymmetric vinylogous Michael addi-
tion was exploited to check the substrate generality of this
strategy (Table 2). To our great delight, this well-established
approach could be utilized for a large variety of a,f3-
unsaturated ketones bearing either electron-donating
(entries 1-10) or electron-withdrawing (entries 11-18)
groups. All the Michael products could be acquired in
excellent yields with excellent enantio- and diastereoselec-
tivity. Notably, the Michael receptors could be extended to
aliphatic a,f-unsaturated ketones (entries 22-31), including
various cyclic vinyl ketones, to result in complete enantiose-
lectivity and favorable d.r.values with excellent product
yields (entries 30 and 31).

The bromide product 6r was recrystallized and the
corresponding single crystal was subjected to X-ray analysis
to determine the absolute structure.'”! On the basis of this
result and our previous work,® a plausible catalytic mecha-
nism involving multisite interactions was assumed to explain
the high stereoselectivity of this process (Scheme 2).

Having successfully extended this strategy to a large
variety of vinyl ketones, we then devoted our efforts to
exploring some additional transformations of the enantio-
and diastereopure Michael products, which are important
fragments in the structure of many biologically active
molecules. The malonate group can be introduced into the
S-substituted 3-pyrrolidin-2-ones under sodium hydride and
TMSCI conditions. Highly stereoselective dihydroxylation of
the S5-substituted 3-pyrrolidin-2-ones proceed well with
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Scheme 2. Proposed transition state in the vinylogous Michael reac-
tion.
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Table 2: The scope of the vinylogous Michael reaction.?

o}
o} o 3e (15 mol %) soant. )
N-Boc-L-Trp (15 mol %) ~ Bocl
RV\)J\RZ + NBoc —.OE'JHCIS, (355000 %) ‘
72h R R?
4 5a 6or7
Entry R R?  Adduct Yield d.rM ee
e 1941
1 CeHs Me 6a 36 151 98
2 2-MeOCH, Me 6b 38 25:1 98
3 3-MeOCg¢H, Me  6c¢c 86 15:1 95
4 4-MeOCeH, Me 6d 33 141 98
5 2-MeC¢H, Me 6e 83 15:1 99
6 3-MeCgH, Me 6f 84 171 99
7 4-MeCgH, Me 6g 75 15:1 98
8 23-(MeO),CgH; Me  6h 90 181 99
9 24-(MeO),CH;  Me  6i 88 191 98
RN
10 <O]© Me  6j 82 151 98
11 2-FCH, Me 6k 38 161 99
12 3-FCeH, Me 6l 80 13:1 98
12 4FCH, Me 6m 81 121 98
14 2-CIC(H, Me 6n 82 201 99
15 3-CIC¢H, Me 60 76 12:1 98
16 4-CICH, Me 6p 81 121 96
17 3-BrCeH, Me 6q 83 161 98
18 4-BrCgH, Me  6r 85 141 98
19 2-naphthyl Me  6s 81 131 98
20 2-furanyl Me 6t 83 >30:1 99
21 2-thiopenyl Me  6u 85 >30:1 99
22 Me Me 7a 85 >20:1 98
23 nPr Me 7b 81 >20:1 98
24 nBu Me 7c 84 >20:1 98
25 pentyl Me 7d 86 >20:1 98
26 hexyl Me 7e 83 >20:1 98
27 Me Bu 7f 80 >20:1 98
28 CeHsCH,CH, Me 7g 78 >20:1 99
29 C4HsCH=CH Me 7h 81 181 98
30 -(CHy) - 7i 79 41 99
31 -(CHy) - 7i 83 101 99

[a] All reactions were carried out using the following reaction conditions:
5a (1.0 equiv, 0.50 mmol, 0.5Mm), o,p-unsaturated ketone 4 (1.3 equiv),
catalyst 3e (0.15 equiv), and N-Boc-L-Trp in CHCl;. [b] Yield of the
isolated product. [c] Determined by 'H NMR analysis of the crude
reaction mixture. [d] Determined by HPLC on a chiral stationary phase.

RuCl3.3H,0 CH,(COOEY),
NBoc 392 NBoc
) NalOy ’ NaH,Tmsci (FI0OCRHC
° 0 0 O
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° o 83% o o 85% o o
8 6i 8a
0
SnCly 5H,0 N
CH,Cly \_J
90%
8c

Scheme 3. Several examples of the transformations of the corresponding
Michael products. THF =tetrahydrofuran, TMS =trimethylsilyl.
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RuCl;-H,O and NalO,.® The transformations are summar-
ized in Scheme 3.

In summary, a direct organocatalytic asymmetric vinyl-
ogous Michael reaction of a,f-unsaturated y-butyrolactam
with o,fB-unsaturated ketones has been developed. The
corresponding Michael products could be obtained with
excellent enantio- (95% to 99% ee) and diastereoselectivity
(4:1-30:1 d.r.) in excellent yields (75-90 % ). Moreover, those
enantiopure products could serve as important fragments in a
number of biologically active natural and non-natural com-
pounds, and might be of importance in both natural product
synthesis and pharmaceutical research because of their
potential utility towards construction of attractive molecules.
Additional investigations involving the application of this
catalytic approach are currently under way in our group and
will be reported in due course.

Experimental Section

General procedure: o,f3-Unsaturated y-butyrolactam 5a (0.5 mmol,
1.0 equiv) was added to a mixture of catalyst 3e (0.075 mmol,
0.15 equiv), N-Boc-L-Trp (0.075 mmol, 0.15 equiv), and o,f-unsatu-
rated ketones 4 (0.65 mmol, 1.3 equiv) in CHCl; (1.0 mL) at 35°C.
The reaction mixture was maintained at this temperature for 3 days
and then the solvent was removed under vacuum. The residue was
purified by chromatography on silica gel to yield the desired addition
product. The enantiomeric ratio was determined by HPLC on a chiral
stationary phase.
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