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The diastereo- and enantioselective synthesis of cyclohexanone-
fused spirospyrazolones containing four consecutive chiral
centers has been successfully developed through an asymmetric
Michael/Michael/aldol cascade reaction catalyzed by the
combination of the bifunctional squaramide  and
diphenylprolinol silyl ether, followed by a sequential oxidation
with pyridinium chlorochromate. This protocol affords the
cyclohexanone-fused spirospyrazolones in moderate to high
yields, moderate to good diastereoselectivities and perfect
enantioselectivities.

Pyrazolone scaffolds which have been known for more than
one century,1 have been proved to be a kind of important
structural units. For example, the pyrazolone phenazone2 is
the first synthetic antipyretic and analgesic drug. And
metamizole, is considered to be the strongest antipyretic.3
The pyrazolone edaravone is a neuroprotective agent.4
Meanwhile, the pyrazolone derivatives could also be used as
HIV integrase inhibitors,® antibacterial agent.6 Owing to the
excellent biological properties, the synthesis of new,
potentially bioactive enantiopure pyrazolone derivatives has
attracted considerable research interest from synthetic
chemists.’ Especially, the synthesis of the cyclohexane-fused
spiropyrazolones or cyclohexene-fused spiropyrazolones was
one of the most attractive topics for researchers, and
different ways have been explored.8 At the same time, Wang9
and Wang10 groups reported the synthesis of the
cyclohexanone-fused spiropyrazolones with three
consecutive stereocenters through a double Michael reaction
of a,B-unsaturated ketones to a,B-unsaturated pyrazolones
respectively. In 2015, Biju and coworkers reported the
enantioselective  synthesis of the pyrazolone-fused
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spirocyclohexdienones with one stereocenter by the reaction
of a,B-unsaturated aldehydes with a-arylidene pyrazolinones
under oxidative N-heterocyclic carbine (NHC) (:atalysis.11
Considering the potential biological activities of the
cyclohexanone-fused spiropyrazolones, we were fascinated
by synthesis of cyclohexanone-fused spiropyrazolones with
more stereocenters. Recently, the application of the relay
catalysis have been widely used in the organic synthesis,
which offers the promise to incorporate more substrates and
reaction types to design novel cascade reactions, which are
very attractive for building up molecular complexity from
simple materials.? In addition, the combination of hydrogen-
bond donating catalyst with aminocatalyst has been widely
employed in one-pot reactions between substrates with
different functional groups, when the multi-component
reaction could not be catalyzed by only hydrogen-bond
donating catalyst or aminocatalyst.13 Many incredible
reactions containing specific groups could be catalyzed
smoothly by sequential addition of reagents and catalysts
throughout the course of the reaction. In these cases, the
hydrogen-bond donating catalyst can catalyze the first step of
multi-component reaction to obtain the intermediates, and
the intermediates could be catalyzed by the aminocatalyst to
reaction with aldehyde compounds to complete the reactions,
which was not feasible for a single catalyst system.

Herein, we will present a diastereo- and enantioselective
synthesis of  cyclohexanone-fused spirospyrazolones
containing four consecutive stereocenters through an
asymmetric relay catalysis of Michael/Michael/aldol cascade
reaction catalyzed by the combination of the bifunctional
squaramide and diphenylprolinol silyl ether, followed by a
sequential oxidation with pyridinium chlorochromate. This
protocol affords the highly functionalized cyclohexanone-
fused spiropyrazolones in moderate to high yields (30—-78%
yield), moderate to good diastereoselectivities (60:40—25:1 dr)
and perfect enantioselectivities (up to > 99% ee).
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Figure 1. The structures of screened organocatalysts.
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Table 1 Optimization of the reaction conditions’

Me 2a

m 1) 1 mol% cat. I, solvent
N,

N~ O 2)20 mol% cat. ll-IV
|

3) 2 equiv. PCC

CH,ClI,, silica gel

Ph Xx_CHO
s Ph/\sa/

Entry  Catalyst Solvent Yield (%) d.rf  ee (%)
1 ] CHCl; 30 70:30 91
2 1] CHCl; 44 50:50 >99
3 v CHCl; 54 45:55 >99
4 v CH,Cl, 55 66:34 >99
5 v CICH,CH,CI 57 58:42 >99
6 v Toluene 64 63:37 99
7 v THF 59 76:24 >99
8¢ v THF 59 74:26 >99
9° v THF 55 74:26 99
10/ v THF 55 75:25 99

“Reaction conditions: 1a (0.2 mmol), 2a (0.24 mmol) and
catalyst I (1 mol%) in solvent (1 mL) was reacted for 2 h, then
3a (0.3 mol) and catalyst II-IV (20 mol%) was added and
reacted for further 46 h. Then the intermediate product was
isolated and oxidized with PCC (0.4 mmol) and silica gel (86.2
mg) in CH,Cl, (3 ml) for 36 h at r.t. b |solated yield after
purification by silica gel column chromatography. °
Determined by HPLC analysis. d PhCO,H (0.04 mmol) was
added. ¢ AcOH (0.04 mmol) was added. ” NaOAc (0.02 mmol)
was added.

According to our previous report,14 we initiated our
investigation by using 1,2-diaminocyclohexane-derived
squaramide I (1 mol%) to catalyze the Michael addition of 3-
methyl-1-phenyl-2-pyrazolin-5-one (1a) to (E)-B-nitrostyrene
(2a) in chloroform. After 2 h, the cinnamaldehyde (3a) and
pyrrolidine Il (20 mol%) were added sequentially. When the
reaction was completed, the intermediate product was
obtained by silica gel column chromatography, followed by
the oxidation using pyridinium chlorochromate in
dichloromethane. This sequence was conducted as a three-
step asymmetric relay catalysis procedure and the desired
product 4a was obtained in moderate vyield and
diastereoselectivity with good enantioselectivity (Table 1,
entry 1). Because the polarity of the intermediate product E
was close to the raw material, only crude intermediate

2 | J. Name., 2016, 00, 1-3

product was obtained. Additionally, the one-pot three-step
reaction was also tried, but the yield of the product in the
oxidation step was too low, except in the solvent of
dichloromethane. In order to increase the yield and the
stereoselectivity of the final product, appropriate
organocatalysts which can coordinate and activate the
cinnamaldehyde in the second step were also screened
(Table 1, entries 2—3). As can be seen from the results, when
catalyst IV was used, both of the yield and enantioselectivity
were improved (Table 1, entry 3). To further increase the
yield and diastereoselectivity of this reaction, the solvents
and additives were also evaluated. The solvent evaluation
(Table 1, entries 4-7) revealed that THF was a optimal solvent
for this reaction, and the product was obtained in good yield
(59%) and good diastereoselectivity (76:24) with excellent
enantioselectivity (>99%). Further efforts for screening of
additives such as PhCO,H, AcOH, and NaOAc did not result in
any improvement in the product  yield and
diastereoselectivity (Table 1, entries 8—10).

With the optimal reaction conditions established, a diverse
array of substituted substrates was evaluated, and the results
are summarized in Table 2. In general, most of the reactions
proceeded well to afford the desired products in good yields,
perfect enantioselectivities and moderate to good
diastereoselectivities.

First, the R* and R’ group of the pyrazolone were evaluated,
and all of the desired spiropyrazolones (4b—4e) were
efficiently obtained in good yields, moderate to good
diastereoselectivities and excellent enantioselectivities. Then
different aromatic nitroalkenes bearing electron-withdrawing
as well as electron-donating substituents were also explored.
Generally, all of the products (4f—4h, 4j and 4k) were
obtained in perfect enantioselectivities (=99% ee). When the
electron-withdrawing or electron-donating ability of the
substituents were gentle, good yields were obtained (4f—4h).
Otherwise, if the electron-withdrawing or electron-donating
ability of the substituents were too strong, the yields of the
product became lower (4j and 4k). Specifically, when the
nitroalkene was substituted by nitro group on meta-position,
excellent diastereoselectivity but lower yield was obtained
(4k), which demonstrate that the strong electron-
withdrawing group influence the reaction, and only one
diastereomer was formed. The heteroaromatic nitroalkene
was also tested, a moderate vyield (53%) with good
diastereoselectivity (89:11 dr) and perfect enantioselectivity
(99% ee) was obtained for 4i. Next, different
cinnamaldehydes were explored, and the similar results were
obtained for corresponding products (4j—4n). To evaluate the
synthetic potential of this asymmetric relay catalysis system,
substituents variations on different substrates at the same
time  were also evaluated, and the excellent
enantioselectivities were also obtained (40 and 4p).

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. The crystal structure of compound 4p.

Table 2 Substrate scope of the asymmetric relay reaction”

NO2 p4
Ra/\z/NOZ R3 B §R
R! 1
m 1) 1 mol% cat. I, THF 3) 2 equiv. PCC R>\g
/
N.y"S0  2)20 mol% cat.IV CHiCl sifcagel  Noy Oo
R2 R4/\/CHO éZ
1 3 4
N0z ppy
ph
NO, NO, NO, Me,
P " P 2 ph i V& o
M%@ E‘>@ P“>@ w
"\ No "N o " So
N\l\‘l 0 N‘N 0 N"\\l (o}
Ph Ph Ph
4a, 59% yield” 4b, 78% yield 4c, 68% yield Cl

76:24 dr°, >99% ee® 66:34 dr, >99% ee 63:37 dr, >99% ee 4d, 70% yield

72:28 dr, >99% ee

NO,
H »Ph Cl

Ph
49, 76% yield

Me

4e, 62% yield
75:25 dr, >99% ee

4f, 66% yield
80:20 dr, >99% ee

4h, 60% yield
66:34 dr, 99% ee 84:16 dr, >99% ee

O,N

|
Ph Ph
4i, 53% yield 4j, 43% yield
89:11 dr, 99% ee 64:36 dr, >99% ee

4k, 30% yield
>25:1 dr, 99% ee

41, 57% vyield
73:27 dr, >99% ee

OMe
NO \ NO,
Ph —° Ph, OMe
Me> @ Me>“ |
m h
/ o) N o
N{ s o
N0 N
Ph Ph
. Cl
4m, 52% yield 4n, 64% yield c

40, 51% yield
63:37 dr, >99% ee

4p, 61% yield

71:29 dr, 99% ee
69:31 dr, >99% ee

60:40 dr, >99% ee

This journal is © The Royal Society of Chemistry 20xx
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9 Reaction conditions: 1 (0.2 mmol), 2 (0.24 mmol) and
catalyst I (1 mol%) in solvent (1 mL) was reacted for 2 h, then
3 (0.3 mmol) and catalyst IV (20 mol%) was added and
reacted for further 46 h. Then the intermediate product was
isolated and oxidized with PCC (0.4 mmol) and silica gel (86.2
mg) in CH,Cl, (3 ml) for 36 h at r.t. b Jsolated yield after
purification by silica gel column chromatography. °
Determined by NMR analysis. ¥ Determined by HPLC analysis.

The absolute configuration of 4p was determined to be
5R,85,9R,10R by X-ray crystallographic analysis (Figure 2).15
The absolute configurations of other products were assigned
by analogy.

On the basis of the absolute configuration of 4p and the
previous theoretical study on the mechanism of similar
reactions,lsc'14 a plausible mechanism was proposed, as
shown in Scheme 1. Firstly, the pyrazolone 1a s
deprotonated by the basic nitrogen atom of the tertiary
amine via tautomerization, Meanwhile the nitroalkene is
activated by the squaramide moiety through double
hydrogen bonding between the NH groups and the nitro
group to form the transition state A. The deprotonated
pyrazolone attacks the activated nitroalkene to afford the
Michael adducts. Then, the coordination of the squaramide
catalyst to the nitro group allows the tertiary amine to
deprotonate the a-proton to generate the nitronate (B),
followed by an iminium-catalyzed nitro-Michael addition (C)
to form the intermediate product D. Next, an intramolecular
aldol reaction is carried out to afford the cyclohexanol-fused
spirospyrazolone E. Finally, the oxidation reaction with
pyridinium  chlorochromate to provide the desired
cyclohexanone-fused spirospyrazolone 4a.

In conclusion, we have developed an efficient cascade
reaction for the construction of highly functionalized
cyclohexanone-fused  spirospyrazolones  contain  four
consecutive stereocenters, including one quaternary
spirocarbon center, through an asymmetric
Michael/Michael/aldol cascade reaction catalyzed by the
combination of the bifunctional squaramide and
diphenylprolinol silyl ether and a sequential oxidation with
pyridinium chlorochromate. This protocol affords the
corresponding spiropyrazolones in moderate to high yields
(30-78% vyield) with moderate to good diastereoselectivities
(60:40-25:1 dr) and perfect enantioselectivities (up to >99%
ee). We anticipate that this cascade transformation sequence
will be valuable for catalyst development, structural diversity
of spiropyrazolones and in the identification of new medicinal
agents. Further  studies on the organocatalytic
enantioselective synthesis of potential bioactive heterocycles
are ongoing in our laboratory.
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