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An enantioselective organo-catalyzed reaction of furanones with «,f-unsaturated ketones has been es-
tablished herein, which provides an efficient access to chiral bicyclic y-butyrolactones in good yields,
enantioselectivities and diastereoselectivities. Further transformations of product are demonstrated. A di-
amine mediated catalytic cycle is proposed.
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Bicyclic y-butyrolactone compounds with multiple chiral cen-
tres are key structural motifs of a variety of biologically active
terpenoids and drug molecules, as well as important intermedi-
ates in the synthesis of complex natural products [1-5]. Repre-
sentative examples such as Podophyllotoxin [6-11], Vorapaxar [12-
15], Sempervivum lactone [16] and Gracilin A (Fig. 1) [17-19].
Podophyllotoxin, a naturally occurring aryltetralin cyclolignan, be-
longs to a family of important products that exhibit various bio-
logical properties (e.g., cytotoxic, insecticidal, antifungal, antiviral,
anti-inflammatory, neurotoxic, immunosuppressive, antirheumatic,
antioxidative, antispasmogenic, and hypolipidemic activities) [20].
Podophyllotoxin tinctureis commonly used as a first-line agent for
the treatment of condyloma acuminatum [21,22]. The two main
semi-synthesized podophyllotoxin-derivatives, namely, etoposide
[23-26], teniposide [27-29], were used in frontline cancer therapy
against various cancer as topoisomerase Il inhibitors [30-32]. Vora-
paxar is a first-in-class, potent and orally-active protease-activated
receptor 1 (PAR-1) antagonist that used for patients with heart at-
tack or arterial blockage to reduce the risk of death such as cardio-
vascular disease and stroke [33,34]. Originally isolated and char-
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acterized from the Mediterranean sponge Spongionella gracilisle,
Gracilin A, was shown to have antioxidant [35] or neuroprotec-
tive [36] properties. There are many natural products of bicyclic
y -butyrolactone showing diverse structural features and interest-
ing biological activities [37,38].

Currently, multiple strategies of merging five-membered rings
with six-membered rings have been developed for the synthe-
sis of chiral bicyclic y-butyrolactones, including enzymes cata-
lysts [39,40], oxidation catalysis by chiral metal complexes [41-
47], organocatalyzed electrooxidation [48,49], etc. [3,50-56]. The
enzymatic catalysis of the stereotactic transformations of meso-
compounds into chiral synthons has long been reported, with
horse liver alcohol dehydrogenase (HLADH) and pig liver esterase
(PLE) proving particularly valuable in this regard (Scheme 1a)
[39,40]. Metal oxidation systems involve the use of a metal me-
diator, especially for the noble metal catalyst, such as the Rh, Ru,
Ir and Pt complex (Scheme 1b) [41-47]. A water-soluble artificial
xanthine organocatalyst with an oxidation cofactor regeneration
system was reported for the synthesis of target compounds in high
yields with high er values (Scheme 1c) [48,49]. Despite formidable
advances have been achieved for the synthesis of chiral bicyclic y-
butyrolactones, all of them used pre-assembled chiral substrates
to construct the skeleton of this class of compounds, which has
the disadvantages of high cost and numerous steps, and cannot be
used to rapidly construct chiral bicyclic y-butyrolactones in a sin-
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Fig. 1. Representative bicyclic y-butyrolactones.
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Scheme 1. Synthesis of chiral bicyclic y-butyrolactones.

gle step reaction. Inspired by recently reported organocatalyst pro-
moted asymmetric synthesis [57-75], we envisioned that a suitable
organocatalyst could be employed successfully in the asymmetric
cascade Michael reaction and cyclization of «,B-unsaturated ke-
tones with furanones, but it remains to be disclosed. Herein, we
report the establishment of an organo-catalyzed asymmetric re-
action of furanones with «,B-unsaturated ketones (Scheme 1d).
Notable features of our study include: (1) the first example of
organo-catalyzed asymmetric Michael addition/cyclization reaction
of furanone with «,B-unsaturated ketones; (2) the protocol pro-
vides an efficient method to approach diverse chiral bicyclic y-
butyrolactones in good yields, enantioselectivities and diastereos-
electivities.

Initially, model reaction by condensation of y-bis-methyl-o-
ethylfuranone 1a and benzal acetone 2a was used to optimize the
reaction condition. The corresponding results are shown in Table
1. We firstly investigated the activity of catalysts I-IX, a range of
chiral primary amine catalysts. We envisaged that a catalyst with
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Table 1
Optimization of reaction conditions.?
0.
o _o 0 0
+ Ph/\)k Cat. (20 mol%) (COE
— —_—
COLEL additive, solvent """Ph
2!
1a 2a °© 3aa
~ N :
H 2 R™“NH HN NH, O :
i HoN NH, R !
R%NH :
H Il, R'=Ts, RZ=H, R3=Bu Vil :

,R"=H, R2=Ts, R®=Bu !
IV, R" = H, R? = 1-(methylsulfonyl)naphthalene, Ry = 'Bu

V, R"=H,R?=Ns, R® = Bu

VI,R'"=H,R?=Ns, R® = Pr

........ VIl e T

Entry Cat, Additive Solvent Yield (%) ee (%)°
1 I N-Boc-L-Phg IPrOH 70 67
2 || N-Boc-L-Phg PrOH 50 43
3 i N-Boc-L-Phg PrOH 60 46
4 1\ N-Boc-L-Phg iPrOH 28 38
5 \' N-Boc-L-Phg IPrOH 50 44
6 VI N-Boc-L-Phg PrOH 55 53
7 v N-Boc-L-Phg IPrOH 30 26
8d VIII N-Boc-L-Phg IPrOH 89 86
9 IX N-Boc-L-Phg PrOH 35 62
10 VIII PhCO,H PrOH 32 81
11 VIl AcOH iPrOH 30 46
12 VI CF3CO,H PrOH 35 29
13 VIII p-TsOH PrOH 10 70
14 VIII N-Boc-L-Phg DMSO 0 -
15 VI N-Boc-L-Phg PhMe 62 79
16 VIII N-Boc-L-Phg MeOH 45 78
17 VIII N-Boc-L-Phg EtOH 50 83
18 \iil N-Boc-L-Phg THF 10 74
19 VI - PrOH 0 -
20 - N-Boc-L-Phg IPrOH 0 -

2 Reaction conditions: 1a (0.25 mmol), 2a (0.50 mmol), cat. (20 mol%), additive
(20 mol%), ‘PrOH (1 mL), at room temperature for 7 days.

b Isolated yield.

¢ Determined by chiral HPLC.

4 Diastereoselectivity > 20:1. N-Boc-L-Phg = Boc-L-Phenylglycinol.

neighboring bulky substituents of the primary amine group could
improve the enantioselectivity. Therefore, the (1S,2S)-cyclohexane-
1,2-diamine I was chosen as the catalytic backbone, which is read-
ily available from cheap amino acids, and the tert-butyl group was
introduced into the catalyst backbone to investigate the effect of
secondary and tertiary amines on enantioselectivity and product
yield (Table 1, entries 1-9). Unfortunately, changing the substituent
groups at the R! and R? positions of catalyst I and I, which
with a tert-butyl group at the R position, did not improve the
enantioselectivity (Table 1, entries 2 and 3). Moreover, the cata-
lysts IV, V, VI and VII with different substituents also failed to in-
crease the efficiency (Table 1, entries 4-7). To our delight, the use
of (1R,2R)—1,2-diphenylethane-1,2-diamine VIII as catalyst result-
ing in good yield, enantioselectivity and diastereoselectivity (Table
1, entry 8). Next, the tridentate N3-catalyst IX provided ineffec-
tive (Table 1, entry 9). Subsequently, we optimized the reaction by
using various additives in the presence of catalyst VIII and found
that both weak acid additives AcOH and PhCO,H and stronger
acid CF3CO,H and p-TsOH gave lower enantioselectivity and yields
than N-Boc-L-Phg (Table 1, entries 10-13). Further screening of the
solvent indicated that PrOH is better than DMSO, PhMe, MeOH,
EtOH, and THF (Table 1, entries 14-18). Finally, control experiments
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RZ
RILO0
MCO,R3
AT
[¢)

NMe,
3aa 3ab 3ac
88% vyield 99% yield 93% yield
>20:1 dr >20:1 dr >20:1 dr
86% ee 84% ee 90% ee

3ad 3ae 3af
94% yield 99% yield 98% yield
>20:1 dr >20:1 dr >20:1 dr
86% ee 85% ee 96% ee

3ag 3ah 3ai
91% yield 98% yield 96% yield
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81% ee 90% ee 80% ee
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3ap 3aq 3ar
79% yield 96% yield 88% yield
>20:1 dr >20:1 dr 3.1:1 dr
92% ee 85% ee 85% ee

3av 3aw 3ax
48% yield 83% yield 98% yield
>20:1 dr >20:1 dr >20:1 dr
97% ee 85% ee 81% ee

O o0
\'COEL
'y
0o Ny |
3ab’ 3bd 3cd
80% yield 94% yield 87% yield
>20:1 dr >20:1 dr >20:1dr
88% ee 90% ee 82% ee

Scheme 2. Scope of various «,(-unsaturated ketones and y -butenolides.

demonstrated that the organo-catalyst and acid additive are both
essential for the success of this transformation (Table 1, entries 19
and 20).

With the optimal conditions in hand, structural diversity of
a,B-unsaturated ketones were then examined. As demonstrated
in Scheme 2, a wide range of aryl «,f-unsaturated ketones sub-
stituted with either electron-withdrawing and electron-donating
group on the aromatic ring and heteroaromatic «,B-unsaturated
ketones were found to be well tolerated in this transformation. For
example, the «,fB-unsaturated ketones holding electron-releasing
substituents, such as alkyl, amine and ether, smoothly reacted with
furanone 1a, affording 3ab-3af in excellent yields with good to
excellent diastereo- and enantioselectivity. Electron-deficient o, -

unsaturated ketones containing halide, nitro, cyano, trifluoromethyl
and ester functional groups were all successfully applied in this
approach (3ag-3ar). With the variation of the steric effect at the
phenyl ring, the stereoselectivities remained excellent (3as-3aw).
The dr values of products 3aj and 3ar were 4.6:1 and 3:1 when the
aryl possessed the 4-nitro and 3-nitro groups substituent, respec-
tively. Noteworthy, the heterocyclic unsaturated ketones also pro-
ceeded smoothly with good to excellent enantioselectivities (3ax-
3ab’). Alkyl substituted «,B-unsaturated ketones were not suitable
in this transformation resulting in low yields. Furthermore, the «-
methyl ester substituted furanone was applicable to this asymmet-
ric synthesis, affording the corresponding product 3bd. The cyclo-
hexyl substituted at the y-position of furanone also worked well
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Fig. 2. X-ray structures of 3ae (left, CCDC: 2111451) and 3ay (right, CCDC: 2111452).
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Scheme 3. Further transformation.

to yield the product 3cd. In addition, the optimized conditions
were applied in a scale up process (10 mmol) in which the chemi-
cal and optical yields were sustained well. It should be noted that
the ee value could be easily improved to 99% after recrystallization
(Eq. 1).

0.
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The absolute configuration was unambiguously confirmed by
the X-ray structures of 3ae and 3ay. The lactone and six-ring
were syn-ring fused bicylic butrolactone (Fig. 2). In order to in-
vestigate the further transformation of obtained chiral bicyclic y-
butyrolactones, 3aa was decarboxylated under certain conditions
to obtain 4aa. Moreover, product 3aa was reduced to alcohol 5aa
by NaBH, in methanol (Scheme 3).

As shown in Scheme 4, a mechanism including two Michael ad-
dition reactions catalyzed by Cat was proposed using 1a and 2a.
Cat can react with 2a leading to the active enamine intermediate
INT1 catalyzed by weak acid [76]. Subsequently, INT1 attacks 1a
from the Re-face through TS1 or TS2 under the concerted catalysis
of N-Boc-L-Phg to form the first C-C bond leading to the zwitteri-
onic intermediate INT2 or INT2-endo, which determines the stere-
oselectivity of this reaction. The ;-7 stacking interaction between
N-Boc-L-Phg and Cat or substrate is important to get good stere-
oselectivity in this reaction, which should be further specified in
future. The second C-C bond formation was limited by the first C-
C bond. The second C-C bond was formed through TS3 or TS4 to
yield INT3 or INT3-endo. Hydrolysis of INT3 or INT3-endo leads to
3aa or 3aa-endo and Cat was regenerated.

In conclusion, we demonstrated the asymmetric construction of
bicyclic y-butyrolactones from the one-step reaction of furanone
with «,B-unsaturated ketones in the catalytic system of chiral 1,2-
diphenylethylenediamine and N-Boc-L-Phg. This is the first asym-
metric cascade Michael addition/cyclization reaction of furanone
with «,B-unsaturated ketones, providing bicyclic y-butyrolactones

oo 2a (2.0 equiv.) o} in good yields, as well as high enantioselectivities and diastereos-
Vil (20 mol%) \'CO:Et recrystallization =~ 3aa electivities (up to 98% ee and >20:1 dr)
= —_— . ————> 2014 : :
oLt N’-Fl’Boc-L-Phg 'Ph 81% yield 999 ee
rOH, r.t. (l)
o
3aa
1a
87% yield
(10 mmol, 1.84 g) 52041 dr
86% ee
o}
WIPh
“Ph
NH,
o 3a 3a-endo Phu..g— H
N
PH =
WPh Ph,,, _NH; 11Ph
- S
HN H20 Ph” “NH, hydrolysis Ph
i "
Ph hydrolysis Cat
H,N
Ph 2 INT3-endo Ph
a
{ INT3 rs4
/2L 2nd C-C bond
a 2nd C-C bond H20 formation
HN formation NHZ
—)—ph Ph"
HoN—
Ph 5 N-Boc-L-Phg  Phs, NHz N-Boc-L Phg Ph \
1a J:
P> w Ph™ “NH \&_/'
HN™ Ph TS1 N\Ph TS2
HZN\)\Ph 1st C-C bond Ist C-C bond
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Scheme 4. Proposed reaction mechanism.
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