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Abstract An efficient synthetic route to install chiral 1,3-dimethyl
units through a double Michael reaction of crotonaldehyde and nitro-
methane catalyzed by diphenylprolinol silyl ether is developed. Either
1,3-syn- or 1,3-anti-dimethyl units are obtained selectively depending
on the enantiomer of the diphenylprolinol silyl ether catalyst used. The
side chain of pneumocandin By is synthesized enantioselectively by us-
ing the present method as a key step.

Key words organocatalyst, Michael reaction, asymmetric synthesis,
diastereoselective reaction, diphenylprolinol silyl ether

The 1,3-dimethyl unit is found in many natural prod-
ucts, including siphonarienal,! ionomycin,? scyphostatin,?
and borrelidin (Figure 1),* and the stereoselective synthesis
of chiral 1,3-dimethyl units is considered an important syn-
thetic topic.> There are many methods available for the di-
astereo- and enantioselective synthesis of anti- and syn-
1,3-dimethyl units. The iterative Michael reaction of methyl
groups under reagent control is a widely employed meth-
0d,® and iterative allylic substitution and alkylation of chiral
enolates is also used.” Negishi's Zr-catalyzed carboalumina-
tion (ZACA) reaction is a powerful method for the prepara-
tion of 1,3-dimethyl units,® and Aggarwal recently reported
an assembly-line synthesis that proceeds through iterative
homologation of boronic esters with chiral lithiated benzo-
ate esters and chloromethyllithium.? Some of the methods
use asymmetric catalytic reactions.®® In spite of these ele-
gant methods, a procedure which is suitable for the large-
scale preparation of 1,3-dimethyl units is needed.
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Figure 1 Natural products with a 1,3-dimethyl unit

We have already reported the asymmetric Michael reac-
tion of an a,B-unsaturated aldehyde with nitromethane cat-
alyzed by a diphenylprolinol silyl ether'® as an effective or-
ganocatalyst (Scheme 1).!'" The sequential use of this
Michael reaction would afford either the syn- or anti-1,3-
dimethyl unit stereoselectively (Scheme 2). The Michael re-
action of nitromethane and crotonaldehyde catalyzed by
(S)-diphenylprolinol silyl ether (S)-1a,'? followed by acetal-
ization would provide 2. A second Michael reaction of the
generated nitroalkane 2 and crotonaldehyde, catalyzed by
either (S)- or (R)-diphenylprolinol silyl ether, would then
afford the desired anti- or syn-1,3-dimethyl unit, respec-
tively. The realization of this scenario is described herein.

Ph
Ph
N omms NaBH, R

MeNO, + HMO OZN\/:\/\O
H

Scheme 1 An asymmetric Michael reaction catalyzed by a diphenyl-
prolinol silyl ether
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Scheme 2 The idea for the synthesis of anti- and syn-dimethyl units

The first Michael reaction of crotonaldehyde and nitro-
methane was carried out using 5 mol% of (S)-diphenylproli-
nol diphenylmethylsilyl ether (S)-1a'? as the catalyst in
MeOH in the presence of 10 equivalents of H,0 to afford the
Michael product, which was treated with HC(OMe); and a
catalytic amount of TsOH in the same vessel to provide ni-
troacetal 2 in 94% yield and 90% ee (Scheme 3). This reac-
tion required four days to reach completion when THF was
employed as the solvent, as described previously,!? but was
complete within two days in MeOH and proceeded with ex-
cellent enantioselectivity.
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Scheme 3 The initial Michael reaction of crotonaldehyde and nitro-
methane

The second Michael reaction of 2 and crotonaldehyde
was then investigated using diphenylprolinol trimethylsilyl
ether (S)-1b as the catalyst (Table 1). Alcohol 3 was ob-
tained in 43% yield as a diastereomeric mixture after treat-
ment of the Michael product with NaBH, (entry 1). To im-
prove this yield, the reaction conditions were screened.

For the Michael reaction of a nitroalkane and an a,-un-
saturated aldehyde, we have previously reported several re-
action conditions. (1) For B-aryl a,f-unsaturated aldehydes,
the solvent was MeOH with an acid additive.!'? (2) For -
alkyl a,B-unsaturated aldehydes, the solvent was MeOH
without an acid additive.''® (3) For B,B-disubstituted a,p-
unsaturated aldehydes, neat conditions were employed
without an acid additive.!'® Other research groups have re-
ported alternative reaction conditions: in the reaction of a
B-aryl o,B-unsaturated aldehyde, the Merck group reported
the use of aqueous THF in the presence of pivalic acid and
B(OH);,'4 whereas Wang and co-workers used EtOH with
benzoic acid as an acid additive.!

When the reaction was conducted in MeOH with 10
equivalents of water, the product was obtained in 43% yield
after 7.5 hours (Table 1, entry 1); no reaction occurred
without water (entry 2). Addition of an acid was not effec-

NO,

syn-3 wn (RA)-1a

tive in the present reaction (entry 3). The use of either THF
or neat conditions were also not suitable (entries 4-7). In
these reactions, nitroalkane 2 was recovered in good
yield,'® while crotonaldehyde was consumed. One of the
side products of crotonaldehyde was found to be the self-
aldol product, presumably formed via the dienamine inter-
mediate generated from crotonaldehyde and the catalyst. To
suppress this side reaction, crotonaldehyde was added
slowly. However, the desired reaction did not occur because of
a further side reaction involving the formation of 1-me-
thoxybut-2-en-1-ol, which would be generated by the reac-
tion of MeOH and crotonaldehyde (entry 8). To also sup-
press this side reaction, slow addition of a solution of cro-
tonaldehyde in THF was examined, which afforded the
desired product in 62% yield (entry 9).!”

Table 1 The Effect of Solvent, Additive and Addition Time on the
Asymmetric Michael Reaction of Nitroalkane 2 and Crotonaldehyde?®

(20 mol%)
Ph
ﬁ(smcbmws
Mu H,0 (equiv)  NaBH,4 MeO :
MeO N02+ P20 T e MEO/K/'\/\/\OH ®
NO,
’ 3
Entry  Solvent  H,0(equiv)’  Time(h)  Yield (%)
1 MeOH 10 75 P
2 MeOH 0 7.5 <5
3d MeOH 10 2 -
4 THF 10 28 -
5 THF 0 28 -
6 neat 10 28 -
7 neat 0 78 -
8¢ MeOH 10 1 <
9f MeOH 10 1 .

3 Unless noted otherwise, the reaction was performed by employing 2 (0.6
mmol), crotonaldehyde (1.2 mmol), and (S)-1b (0.12 mmol) in solvent (1.2
mL) with H,0 (6.0 mmol) (or without H,0) at room temperature for the
indicated time.

> Amount of water.

¢Yield of purified product.

4 Benzoic acid (20 mol%) was added.

¢ A MeOH solution of crotonaldehyde was added over 10 h.

f A THF solution of crotonaldehyde was added over 10 h.
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The product, which contains three chiral centers, was
obtained as a mixture of several diastereomers. Denitration
was then investigated. Alcohol 3 was converted into its ben-
zoyl ester 4. After optimization of the denitration condi-
tions, it was found that the reaction of 4 with n-Bu;SnH
proceeded at 150 °C to afford alcohol 5 in 68% yield with
2.2:1 diastereoselectivity (Scheme 4a).'81° To increase the
diastereoselectivity, we further optimized the second
Michael reaction using an organocatalyst with a different
silyl substituent. An improved result was obtained when di-
phenylmethylsilyl ether (S)-1a'? was employed instead of
trimethylsilyl ether (S)-1b to provide, after denitration, the
product 6 with 3.7:1 diastereoselectivity (Scheme 4b). As
we found that protection of the hydroxy moiety was not
necessary during our investigation of the denitration, we
converted 3 into alcohol 6 according to the method shown
in Scheme 4b. Although the diastereoselectivity was mod-
erate, excellent enantioselectivity was obtained (97% ee). It
is noteworthy that the enantioselectivity increased from
90% to 97% (vide infra).

o
(20 mal%)
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_—

N
H
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Meo)\)\ +
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Scheme 4 (a) Denitration of alcohol 3. (b) Optimized conditions for
the second Michael reaction and subsequent denitration

Next, the generality of the asymmetric double Michael
reaction was investigated (Table 2). Although the anti-1,3-
dimethyl substituent was obtained with moderate diastere-
oselectivity, excellent enantioselectivity was generated (en-
try 1). Both the 1,3-syn-dimethyl isomer and the 1,3-syn-
methyl ethyl isomer were obtained with excellent diastere-

oselectivities and enantioselectivities (entries 2 and 3). In
the second Michael reaction, cinnamaldehyde was also a
suitable Michael acceptor, affording the syn- and anti-iso-
mers with excellent stereoselectivity (entries 4 and 5). 3-
Aryl-substituted propenals could also be successfully em-
ployed. Notably, both an electron-deficient aryl, such as
that with a p-trifluoromethylphenyl substituent, and an
electron-rich aryl, such as that with a p-methoxyphenyl
substituent, were suitable substrates (entries 6 and 7). Ta-
ble 2 indicates that the diastereoselectivities are moderate
to good and that they depend on the substituents. However,
the enantioselectivities of the final products are found to be
excellent (>95% ee) for both 1,3-anti- and 1,3-syn-isomers.
It should be noted that the enantioselectivity increased in
all the cases, although that of the first Michael product 2
was 90%.

The double Michael product could also be transformed
into the 1,3-disubstituted-2-oxo derivative through a Nef
reaction.’® When anti-7 and syn-7 were treated with
NaOMe and dimethyldioxirane (DMDO),>% 1,3-anti- and
1,3-syn-dimethylketones (anti-8 and syn-8), respectively,
were obtained in good yields, albeit with a slight decrease
of the diastereoselectivity and enantioselectivity (Scheme 5).
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_—
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90%

MeO

MeO' OTBS
O
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antilsyn=3.2:1, 98% ee
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_—
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MeO
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(0]

syn-8

syn-7 Y
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antilsyn=1:10, 98% ee

Scheme 5 Transformation of Michael products 7 into 1,3-disubstitut-
ed-2-oxo derivatives syn-8 and anti-8

Although the enantiomeric excess of the first Michael
product was 90%, the double Michael product was formed
with an excellent enantioselectivity that was much higher
than that of the first Michael reaction. The origin of this en-
hanced enantioselectivity can be explained as follows
(Scheme 6). In the first Michael reaction, 2 and ent-2 were
generated in a 95:5 ratio, in which 2 was formed predomi-
nantly rather than ent-2. When 2 reacted with crotonalde-
hyde catalyzed by (S)-1a, in which the (R)-isomer of the
newly generated methyl group would be predominantly
generated,!! anti-3 was formed predominantly, while the
generation of (S)-isomers such as syn-3 and anti-ent-3
would be minor. As ent-2 is generated in a small amount in
the first reaction and the generation of anti-ent-3 is also a
minor reaction path in the second Michael reaction, the
amount of anti-ent-3 would be very little. If the stereoselec-
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Table 2 The Two-Pot Synthesis of 1,3-Disubstituted Alkanols?

MeO Slow addtion (S) or (R)-1a (20 mol%) MeO R n-BuzSnH
/K/'\ o o H,0 (10 equiv) NaBH,4 WA AIBN (0.8 equiv) Me/lo\/k)ﬂ\/\
= T,
MeO NI MeOH, rt,, 21 h MeO OH 1,3,5-trimethoxybenzene ~ MeO’ OH
NO, (2 equiv) NO 250 °C, 5 min
2 ggg gﬂ?o’l\;lh) anti or syn
Entry Product Cat. Michael reaction yield dre Denitration yield (%)°  antifsynd eed
(%)
MeO H
1 I PPN s 60 nd 49 3.7:1 97
MeO OH
MeO
2 )\)\/I\/\ R 63 nd 51 1:10 98
MeO OH
MeO Et
3¢ J R 60 nd 44 1520 97
MeO oH
MeO Ph
4 J s 80 63:28:7:2 54 1311 98
MeO OH
MeO Ph
5 I G PN R 78 59:30:6:5 48 1:15 9%
MeO OH
MeO e«r
6 Meo)\)\/\/\OH s 91 53:42:5:0 62 >20:1 >99
Ar = p-F3CCgHy
MeO /:\r
7 Meo)\)\/\/\OH s 80 62:26:9:3 65 5.9:1 99
Ar = p-MeOCgH4

2 First step (Michael reaction): Unless noted otherwise, the reactions were performed by employing 2 (0.6 mmol), a,,B-unsaturated aldehyde (1.2 mmol), (S)-1a
or (R)-1a (0.12 mmol), and H,0 (6.0 mmol) in MeOH (1.2 mL) at room temperature via slow addition of the aldehyde over 20 h and further stirring of the
reaction mixture for 1 h. Second step (denitration reaction): Unless noted otherwise, the reactions were performed by employing the Michael adduct (0.4
mmol), n-Bu;SnH (2.0 mmol), AIBN (0.32 mmol), and 1,3,5-trimethoxybenzene (14.0 mmol) at 250 °C for 5 min.

b Yield of purified product.

¢ dr = diastereomer ratio in the Michael reaction determined by "H NMR spectroscopy; nd = not determined.

d Diastereomer ratio and enantiomeric excess were determined by HPLC analysis on a chiral column.

¢ Slow addition over 40 h during the Michael reaction.

tivity of the newly generated stereocenter in the second
Michael reaction is 95:5, the ratio of anti-3 and anti-ent-3
would be 90.25:0.25. Thus, the ee in the final product 3 is
much higher than that of the first Michael product 2.

The present method was applied to the asymmetric
synthesis of the side chain of pneumocandin B, (9) (Figure
2).2! Pneumocandin B, was isolated from the fermentation
broth of the fungus Glarea lozoyensis by Merck & Co. Its fun-
gal-specific mode of action is inhibition of the biosynthesis
of B-(1,3)-b-glucan, which is an essential cell wall compo-
nent of many pathogenic fungi. The stereoselective synthe-
sis of the (10R,12S)-dimethylmyristoyl side chain 10 of this
compound through the use of Enders’ RAMP method and
diastereoselective alkylation of the chiral enolate has previ-
ously been reported.?'c

HO

pneumocandin By (9)

Figure 2 The structure of pneumocandin B, (9) and its side chain 10
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Scheme 6 The reason for the higher ee of the second Michael product

Our synthesis of the side chain 10 started with the
Michael reaction of nitromethane and crotonaldehyde cata-
lyzed by diphenylprolinol silyl ether (S)-1a. Subsequent ac-
etalization provided 2 in 94% yield with 90% ee. The second
Michael reaction with crotonaldehyde proceeded in the
presence of (R)-1a, followed by treatment with NaBH, to af-
ford alcohol syn-3 in 63% yield. The enantioselectivity of
syn-3 is 98%, which was determined after denitration (see
Table 2, entry 2). Alcohol syn-3 was converted into haloal-
kane 11 in 69% yield by reaction with Ph;P and I,.2? Dehalo-
genation and denitration occurred in the same pot?? by

anti-ent-3

treatment with n-Bu;SnH and AIBN at 150 °C' to afford ac-
etal 12 in 73% yield. Treatment of acetal 12 with aqueous
HCI gave aldehyde 13, which was used in the next step
without purification. The Julia-Kocienski reaction with 14
proceeded smoothly to afford (E)-alkene 15 in 56% yield
over two steps.?4 Hydrogenation followed by hydrolysis us-
ing aqueous NaOH afforded the side chain of pneumocan-
din B, 10 in 72% yield over two steps (Scheme 7). The phys-
ical properties of synthetic 10 were identical in all respects
to the reported data.2!d

(5 mol%) o
Ph (20 mol%) oh
N Ph { ;,,“}_Ph
H 1°S‘Ph2Me (Ata N OsiPhoMe
(S)-1a HC(OMe); MeO o
~ Ho0 (10 equiv) TsOH TR X NaBH,
XXy +  MeNO, MeO'
MeOH, rt.,, 2d .
(1 equiv) (3 equiv) NO, H>0 (10 equiv)
MeOH
94%, 90% ee 63%
PPhg
MeO I MeO n-BugSnH
imidazole AIBN MeO
Meo o MeO LT e /K/k)\/
THF, 0 °C, 15 min neat MeO’
NO, NO. 150°C, 1h
69% 73%
syn-3 11 12
Ph o, o
A N\
N_S< OMe
,
K, \Ir \/\/\/\H/
N~ 14 o
1 M HCI (aq) KHMDS

acetone, r.t., 3h

Hap
Pd/C (50 wt%)

MeOH, r.t, 4 h

Scheme 7 Synthesis of the side chain of pneumocandin B,

MSO\(\/\/\/\A*/

(0]

56% (2 steps) 15

(0]

NaOH

o
Ho0/i-PrOH (2:1)
10
72% (2 steps)
[0]p?® = 4.6 (¢ 0.38, CHCl5)

Lit?'d  [0]p® = 6.9 (c0.01, CHCIg)
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In conclusion, we have developed an efficient method
for the synthesis of chiral 1,3-dimethyl units through a dou-
ble Michael reaction of an aldehyde and nitroalkane cata-
lyzed by a diphenylprolinol silyl ether. There are several
noteworthy features of this reaction. Either 1,3-syn- or 1,3-
anti-dimethyl units can be selectively synthesized depend-
ing on the appropriate choice of enantiomer of the diphen-
ylprolinol silyl ether catalyst. The excellent optical purity of
the double Michael product was much higher than that of
the first Michael reaction because of the ‘meso-trick’. In ad-
dition to the 1,3-dimethyl unit, both 1,3-methyl alkyl and
1,3-methyl aryl units can be prepared. Finally, the side
chain of pneumocandin B, was enantioselectively synthe-
sized by using the present method as a key step.
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