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Abstract: By using a phosphine oxide-catalyzed enantio-
selective double aldol reaction, we achieved the concise
construction of C,-symmetric 1,9-diarylnonanoids, ena-
bling the synthesis of (—)-ericanone from p-hydroxyben-
zaldehyde in 6 steps with 65% overall yield. The enantio-
selective double aldol reaction is useful for establishing
C,-symmetric  1,9-diaryl-3,7-dihydroxy-5-nonanones with
a single operation. Furthermore, the use of o-nosyl-pro-
tected p-hydroxybenzaldehyde and a 4,4'-disubstituted
BINAP dioxide catalyst dramatically improved the reactivi-
ty and selectivity in the double aldol reaction, enabling
the total synthesis of (—)-ericanone with high yield and
with excellent enantiopurity.

- /

(—)-Ericanone (1) is a C,-symmetric 1,9-diarylnonanoid, isolated
in 2011 from the acetone extract of the aerial parts of fresh
Erica Cinerea L. (Figure 1). While the structure of (—)-1 appears
simple and characteristic with a linear C,-symmetry, it is in fact
quite rare in nature. Several 1,9-diarylnonanoids have recently
been discovered.” However, the bioactivities of these 1,9-dia-
rylnonanoid families remain unexplored. Nevertheless, they are
expected to possess useful bioactivities because 1,7-diarylhep-
tanoids represented by curcumin have efficient bioactivities
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Figure 1. Structure of (—)-ericanone (1).

such as antioxidant and antitumor properties.”’ The first syn-
thesis of (—)-1 was achieved by Dias and co-workers in 2013."
They conducted the total synthesis of (—)-1 from p-hydroxy-
benzaldehyde in 10 steps with 16% overall yield and assigned
its absolute configuration as 3S,7S. Key elements of their syn-
thetic approach constituted achieving the C,-symmetric struc-
ture using the stereoselective allylation/aldol reaction se-
quence (i.e., stepwise manipulation).

Our research group has previously demonstrated the utility
of chiral phosphine oxides as Lewis base organocatalysts.”!
Phosphine oxide coordinates with a chlorosilane to form a hy-
pervalent silicon complex in dynamic equilibrium and catalyzes
various asymmetric transformations.® In addition, we have
recently developed the asymmetric double aldol reaction of
ketone 2 with aromatic aldehyde 3 using the hypervalent sili-
con complex to obtain 3-pentanone derivative 4 with high ste-
reoselectivity (Figure 2).”'? The hypervalent silicon complex 6,
generated from phosphine oxide (S)-5 and silicon tetrachloride,
first promotes the asymmetric aldol reaction. Phosphine oxide
5 is dislocated from the complex to yield silyl aldolate 7 and
then regenerates 6 with another silicon tetrachloride, which
further promotes the second aldol reaction of silyl aldolate 7
with aldehyde 3 to afford 4 in a highly stereoselective fashion.
The stereochemical relationship between the two hydroxy moi-
eties of 4 as well as those of 1 is 1,5-anti. Therefore, it is ex-
pected that the double aldol reaction of acetone (2) and a cin-
namaldehyde derivative directly furnished the core skeleton of
(—)-1 with G,-symmetric 1,9-diarylnonanoid structure. Herein,
we report the enantioselective synthesis of (—)-ericanone (1)
by means of the phosphine oxide-catalyzed asymmetric
double aldol reaction.

We first explored the reactivity of aldehydes in the double
aldol reaction. The reaction, conducted by treating three
equivalents of 3-phenylpropanal with ketone 2 in the presence
of 10 mol% (S)-5, four equivalents of silicon tetrachloride, and
five equivalents of N,N-diisopropylethylamine in dichlorome-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/asia.201501080
http://onlinelibrary.wiley.com/doi/10.1002/asia.v11.3/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/asia.v11.3/issuetoc
����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=

Editorial Society

|CPI>,Ph
“Ph
_Ph
P\
1~Ph
o}

(S)-BINAPO (5) (10 mol %)
SiCly (3 equiv.)

0 0 iProNEt (4 equiv.) OH O OH
)k Ar)J\H CH,Cl,, 60 °C, 24-48 h Ar/\)J\/l\Ar
2 3 4
(3 equiv.) up to 95% ee
[ 0SiCl;0 m
2 + 3 : 4
Ar 7 3
Cl:l
PO phosphi hosphin PO
phosphine PO.. phosphine
*C oxide ’(_ —Si—Cl oxide *(
PO  catalysis C|2I Cl- catalysis PO
(8)-5 6 (S)-5
\_/L SiCI4)\/

Figure 2. Phosphine oxide-catalyzed double aldol reaction.

thane at —60°C, did not yield 1,9-diphenyl-3,7-hydroxy-5-nona-
none owing to the in situ formation of a less electrophilic
chlorohydrin in the reaction media."” On the other hand, the
conjugate aldehyde cinnamaldehyde (8a) reacted smoothly to
furnish double aldol adduct 9a in good yield and with high
enantioselectivity (Table 1, entry 1). Thus, we chose a cinnamal-
dehyde derivative 8 as an electrophile for the double aldol re-
action. The carbon-carbon double bonds, which are not neces-
sary for the total synthesis, would be hydrogenated during the
later stage of the sequence. We then conducted the double
aldol reaction of p-triisopropylsilyloxycinnamaldehyde (8b)
toward the total synthesis of (—)-1 (entry 2)."? The correspond-
ing double aldol product 9b was obtained with good selectivi-
ty. However, the product yield was insufficient compared to
the result obtained with the parent aldehyde 8a.""”

The unexpected decrease in the product yield in the double
aldol reaction of 8b was rationalized as summarized in
Figure 3. The hypervalent silicon complex 6, generated from
(5)-5 and silicon tetrachloride, coordinates with the aldehyde
8b to form an intermediate 10, owing to the electron-donor
effect of the silyloxy group. A chloride anion attacks the inter-
mediate 10 through path A to furnish 11, which decomposes
to aldehyde 12. The addition of the chloride anion through
paths B and C yields less electrophilic chlorosilyl species 13
and 14, leading to the starting material 8 b after workup. The
isolations of 12 and 8b also support this suppression mecha-
nism. Thus, the strong electron-donating functionality of the
aldehyde 8b facilitates the undesirable addition of chloride,
suppressing the double aldol reaction.

To confirm the substituent effect of cinnamaldehydes, we
conducted the double aldol reaction with several cinnamalde-
hyde derivatives (Table 1, entries 3-6). p-Benzyloxycinnamalde-
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Table 1. Enantioselective double aldol reaction of cinnamaldehyde deriv-
atives 8.

0
)k (S)-5 (10 mol %)
SiCl, (4 equiv.)
2 iPrNEt (5 equiv.) OH O  OH
CH,Clp, -60°C  Ar” XX Sar

9a-e
double aldol adduct

A -CHO 24h

8a-e

aldehyde

(3 equiv.)
Entry  Aldehyde, Ar Double Aldol Adduct  Yield Ee

[%] 9]

1 8a Ph 9a 68 88
21 8b  4-TIPSO-CH, 9b 41 84
3 8c  4-BnO-CH, 9c 2 d
8d  4-Br-CH, ad 86 87
5 8e  4-NsO-CH, 9e 99 78
6 8e  4-NsO-C,H, 9e 99 93

[a] Unless otherwise noted, the reactions were carried out by adding SiCl,
(0.4 mmol) to a solution composed of ketone 2 (0.1 mmol), aldehyde 8
(0.3 mmol), catalyst (S)-5 (0.01 mmol), and iPr,NEt (0.5 mmol) in CH,Cl, at
—60°C. [b] Determined by HPLC. [c] Aldehyde (5.0 equiv). [d] Not deter-
mined. [e] 8e (2.3 equiv) at —78°C.

C SIC|3
A
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TIPSO
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s|C|3 s|C|3 s.c:l3
Q/\)\ /@)\/k /@/\)l\ H
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/@/\/CHO /@/\/CHO
HO TIPSO
12 8b

Figure 3. Suppression mechanism in the double aldol reaction of aldehyde
8b.

hyde (8c¢) bearing an electron-donating group was much less
reactive than aldehyde 8b (entry 3). In contrast, the use of p-
bromocinnamaldehyde (8d) bearing an electron-withdrawing
atom remarkably improved both the yield and enantioselectivi-
ty (entry 4). Thus, we introduced the 2-nitrobenzenesulfonyl
(Ns) group as a removable electron-withdrawing group for the
phenolic hydroxyl group (entry 5).*" Expectedly, aldehyde
8e was highly reactive at —60°C to furnish the double aldol
adduct 9e with quantifiable yield. Lowering the reaction tem-
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perature to —78°C resulted in the production of C,-symmetric
1,9-diaryl-5-nonanone 9e with high enantioselectivity (entry 6).
We found that the use of the Ns group dramatically improved
the reactivity in the double aldol reaction, and thereby realized
high-yielding and stereoselective construction of the C,-sym-
metric 3,7-anti-1,9-diaryl-3,7-dihydroxy-1,9-nonanoid structure.
In the double aldol reaction between ketone 2 and aldehyde
8e, it was found that the use of 4,4-TIPS,-BINAPO (15) as
a phosphine oxide catalyst further improved the enantioselec-
tivity to 98% ee (Scheme 1)."? The C,-symmetric 1,9-diaryl-5-

O 8

“Ph
_Ph
P\
11 "Ph
I JE

TIPS
(S)-15 (10 mol %)
SiCly (4 equiv.) OH O OH
PrNEt (5 equiv.) /\/\)W\
2+ 8e ————— AT N Ar
(2.3 equiv.) CHaClp -78°C 9e
48h 94% yield, 98% ee

Ar: 4-NsO-CgHy

1) 2-NH,CgH4SH
(3.6 equiv.)
CsCO3 (7.0 equiv.)
CH3CN,0°C,1h
2) Pd(OH),/C
(10 wiw %)
H,, MeOH HO
rt, 38 h (=1
65% yield, 6 steps
from p-hydroxybenzaldehyde

Scheme 1. Enantioselective total synthesis of (—)-ericanone (1).

nonanone 9e obtained was transformed to (—)-1 by the re-
moval of the Ns groups,” followed by hydrogenation with
Pearlman catalyst. Thus, we completed the enantioselective
total synthesis of (—)-1 from p-hydroxybenzaldehyde in 6
steps with 65% overall yield. The spectroscopic data of the
prepared (—)-1 was identical to that of the naturally derived
material in all respects."*

In conclusion, we have achieved the enantioselective total
synthesis of (—)-ericanone from p-hydroxybenzaldehyde in
6 steps with 65% overall yield. Key results of the study include
great improvements in the reactivity with the 2-nitrobenzene-
sulfonyl group and improvement in selectivity by introducing
the triisopropylsilyl group in the 4,4-positions of BINAPO in
the asymmetric double aldol reaction. The double aldol reac-
tion using the chiral hypervalent silicon complex presents
a concise and convenient strategy for constructing the C,-sym-
metric molecule via a simple procedure. Current and future
work is directed towards applying the developed strategy to
related targets and probing the biochemical potential of (—)-
ericanone.
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Experimental Section

Typical procedure for the enantioselective double aldol reaction
of ketone 2 and aldehyde 8e with (S)-TIPS,-BINAPO (15): To a so-
lution of aldehyde 8e (76.6 mg, 0.23 mmol, 2.3 equiv), (S)-TIPS,-
BINAPO (15) (9.7 mg, 0.01 mmol, 10 mol%), ketone 2 (37 uL,
0.1 mmol) and N,N-diisopropylethylamine (0.08 mL, 0.5 mmol,
5equiv) in CH)Cl, (5.0mL), and silicon tetrachloride (0.05 mL,
0.4 mmol, 4 equiv) were added at —78°C, and the reaction mixture
was stirred for 48 h. The reaction was quenched with an aqueous
solution composed of 1.5m KF/3.0m HCO,H (5.0 mL), and the
slurry was stirred for 0.5 h. The two-layer mixture was extracted
with ethyl acetate (EtOAc; 3x20 mL) and the combined organic
layers were washed with 10% HCl (20 mL), saturated NaHCO,
(20 mL), and brine (20 mL), and then dried over Na,SO,. After filtra-
tion and concentration, the crude product was purified by column
chromatography (hexane/EtOAc=4:1, SiO,: 10 g) to afford product
9e (67.9 mg, 94% yield, 98 % ee) as yellow prisms.
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was reduced with DIBAL-H, leading to aldehyde 9e with 84% yield. The
Z-isomer of cinnamonitrile was isomerized into the E-isomer after re-
duction of DIBAL-H; see the Supporting Information.

We have recently disclosed that 4,4’-substituents of the binaphthyl
moiety in BINAPO efficiently improved the stereoselectivities, see:
ref. 5m.
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6374; b) Y. Aihara, A. Yoshida, T. Furuta, T. Wakimoto, T. Akizawa, M. Ko-
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