OChote

Diastereoselective Mukaiyama Aldol Reaction of described, using catalytic amounts of various chiral medidtors.
2-(Trimethylsilyloxy)furan Catalyzed by Bismuth Recently, synthetic methods involving numerous lanthanide
Triflate tr|fIate_s have been reportéd—.hgh_ cata!ytlc activity, moisture,
and air tolerance make lanthanide triflates attractive catalysts.
However, their cost often restricts their utilization.

Thierry Ollevier,* Jean-Emmanuel Bouchard, and To our knowledge, all racemic examples up to now of
Valerie Desyroy vinylogous Mukaiyama aldol with silyloxyfurans have employed
Lewis acids such as SngIZnCh, TiCls, BF*OEt, SiCly, or
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P Canada G1K 7P4 val, Q silyl triflates® Yet, moisture sensitivity of these catalysts and

the high cost of some of them often restrain their use. In
addition, all reported racemic reactions were involving the Lewis
acid in large amounts or even in stoichiometric am&untview

of the versatile synthetic utility of 5-(hydroxy(aryl)methyl)furan-
Receied September 23, 2007 2(5H)-ones and 5-(hydroxy(alkyl)methyl)furan-2¢%-ones, for
example, for the preparation efalkylidene-butenolide$there

is clearly a need for practical and efficient conditions that
involve a bench-stable catalyst, used in very low loading.

0 ) . o As a part of our ongoing interest in bismuth(lll)-catalyzed
L+ ©/0TMS Bi(OThs"4H,0 (10 mol %) Ar/'\-‘i/vzo aldol condensation reactiofisye report herein a bismuth(lll)-

Arm H B0, -78°C = catalyzed vinylogous Mukaiyama aldol reaction. Aldols are

syn/anti up to 98:2 obtained efficiently in the presence of 1 mol % of

o ) ) Bi(OTf)34H,0. Bismuth compounds have attracted recent

We have developed an efficient vinylogous Mukaiyama aldol attention due to their low toxicity, low cost, and high stabifity.

reaction of 2-(trimethylsilyloxy)furan with various aromatic  Bjsmuth salts have been reported as catalysts for opening of

aldehydes mediated by bismuth triflate in low catalyst loading epoxidest® Mannich-type reaction¥, formation and deprotec-
(1 mol %). The reaction proceeds rapidly and affords the

cprres_pondin_g 5'(hydrOXY(aryl)methyl)furan'z{}sone_s_ in (4) (a) For a review on enantioselective vinylogous Mukaiyama aldol,
high yields with good to very good diastereoselectivities (dr see: Denmark, S. E.; Heemstra, J. R, Jr.; Beutner, Girigew. Chem.,

. St ; ; Int. Ed.2005 44, 4682-4698. (b) Matsuoka, Y.; Irie, R.; Katsuki, Them.
>
up to >98:2). Such selectivities, albeit previously reported Lett. 2003 32, 534-585. (¢) Szlozek, M.. Figade, B. Angew. Chen.. Int.
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_ ; ; - Celenta, N.; Massa, A.; Villano, R.; Scettri Aetrahedron: Asymmetry
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enjoyed widespread use in natural products and bioactive yeports: “(c) Jefford, C. W.: Jaggi. D.; BoukouvalasT@trahedron Lett.
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variants are probably the most notable achievements that havePalombi, L.; Villano, R.; Scettri ATetrahedror2005 61, 4091-4097. (e)
Kong, K.; Romo, DOrg. Lett.2006 8, 2909-2912. (f) Yoshii, E.; Koizumi,

been made in t.he field by focusing on the e_lddltlon of enolsnangs T.. Kitatsuji, E.. Kawazoe, T.. Kaneko, Heterocyclesl976 4, 1663-
to aldehydes in the presence of catalytic amounts of Lewis 1668. (g) Boukouvalas, J.; Maltais, F.; LachanceTBtrahedron Lett1994
acids? 35, 7897-7900. (h) Lpez, C. S.; Avarez, R.; Vaz, B.; Faza, O. N.; de
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tion of acetald? Friedel-Crafts reaction$3 Fries and Claisen
rearrangements,and Sakurai reactiori8.Bi(OTf)3 is particu-
larly attractive because it is commercially available or can be
easily prepared from commercially available starting matetals.
Bismuth triflate has been reported by Dubac as an efficient
catalyst for the Mukaiyama aldol reaction with silyl enol ethérs
and was recently used with a chiral ligand as reported by
Kobayashi in an elegant enantioselective metifod.he
Bi(OTf)3-4H,O-catalyzed vinylogous Mukaiyama aldol reaction
has been studied only with dioxinone-derived silyl dienol ethers
and proceeded regioselectively-gttack only)!® In regard to
the importance of a diastereoselective synthesis of 5-(hydroxy-
(aryl)methyl)furan-2(®1)-ones, the Bi(OTH-4H,O-catalyzed-
vinylogous Mukaiyama aldol has been investigated with 2-
(trimethylsilyloxy)furans and various carbonyl compounds.
Initially, various solvents were screened for the Mukaiyama
aldol reaction of benzaldehydea with 2-(trimethylsilyloxy)-
furan2ain the presence of 1 mol % of Bi(O&f4H,O. Among
the various polar solvents tested, acetonitrile, dichloromethane
and tetrahydrofuran afforded good yields of the expected product
although with moderate diastereoselectivity (Table 1, entries
1-3). The most suitable solvent was found to be diethyl ether.
5-(Hydroxy(phenyl)methyl)furan-2%)-one3awas obtained in
best yield and diastereoselectivity (Table 1, entry 4). With
further optimization of the reaction conditions, we found that a
lower catalyst loading (0.5 mol %) did not allow the reaction
to proceed (Table 1, compare entry 5 and entry 4), although a
higher catalyst loading (5 mol %) afforded the product with

close diastereoselectivity but decreased yield (Table 1, compare

entry 6 and entry 4).

. . . 3
Encouraged by our results in the reaction with benzaldehyde

1la, we studied the scope and limitations of this reaction with
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4051-4055.
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TABLE 1. Vinylogous Bi(OTf)s-catalyzed Mukaiyama Aldol

Reactions Involving Benzaldehyde 1a and 2-(Trimethylsilyloxy)furan

CHO Bi(OTf)3+4H,0 OH
. O_oTms (x mol %) O _o
va 778G _
1a 2a 3a
entry solvent x mol % drgyn/ant)® yield 3a (%)°
1 MeCN 1 60:40 7%
2 CH.Cl, 1 87:13 81
3 THF 1 89:11 87
4 EtO 1 94:6 91
5 EtO 0.5 nd -
6 EtO 5 93:7 80

aConditions: benzaldehydga (1.0 equiv), 2-(trimethylsilyloxy)furan
2a (1.2 equiv), Bi(OTf}*4H,0 (x mol %). P Determined fromH NMR of

the crude reaction mixturé.Isolated yield.d Reaction was run at €C.

TABLE 2. Vinylogous Bi(OTf)s-Catalyzed Mukaiyama Aldol

Reactions Involving Various Aromatic or Unsaturated Aldehydes 1

'with 2-(Trimethylsilyloxy)furan 2a 2

OH
j\ . O _oTms  BiOTNz4HO (1 mol %) O o
R”H @/ Et,0, -78 °C _
1 2a 3
entry aldehyde 1 time  dr product yield
(h) (syn/anti)’ 3 (%)°
1 ©/CHO 0.5 94:6 3a 91
2 /©/CHO 1 94:6 3b 90
Me
@CHO 025 94:6 3c 90
Me
4 : _CHO 05 90:10 3d 84
MeO
5 Q/CHO 2 93:7 3e 81¢
OMe
6 /©/CHO 0.5 93:7 3f 90
cl
7 /©/CHO 0.5 >98:2 3g 65%
FsC
8 O._cHoO 0.7 72:28 3h 86¢
s
9 S 025  80:20 3i 85
q /Z
CHO
10 P \CHO 0.15  70:30 3j 80

aConditions: aldehydé (1.0 equiv), 2-(trimethylsilyloxy)furaa (1.2
equiv), Bi(OTfs:4H,0O (1 mol %), E3O, —78 °C. ® Determined fromtH
NMR of the crude reaction mixturé Isolated yield 8 Warmed to—45 °C.
eUsing 2 mol % of Bi(OTf}-4H,0.

respect to the aldehyde employed in the process. The results
are summarized in Table 2. The addition of 2-(trimethylsilyl-
oxy)furan2ato various aldehydes proceeded readily employ-

ing Bi(OTf)3-4H,0 as the Lewis acid (Scheme 2, Table 2).
Generally, excellent yields of 5-(hydroxy(aryl)methyl)furan-
2(5H)-ones were obtained with 1.2 equiv of 2-(trimethylsilyl-
oxy)furan 2a and 1 mol % of Bi(OTf}-4H,O at —78 °C in

Et,O. Heteromatic aldehydes as well as ajf-unsaturated
aldehyde reacted smoothly to give the corresponding substituted



TABLE 3. Vinylogous Bi(OTf)s-Catalyzed Mukaiyama Aldol
Reactions Involving Various Aliphatic Aldehydes and Ketones with
2-(Trimethylsilyloxy)furan 2 2

OH

1
j)l\ . Os otms  BiOTN:4HO (xmol %) Rz"- OO0
R "R2 Q/ Et,0, -45°C —
R® R3
1 2a (R=H) 3
2b (R = Me)
entry carbonyl R’  xmol% dr’ yield 3 (%)
compound 1
1 _~_CHO H 70:30° 30 (3k)”
2 O,CHO H 2 75:25° 25 317
3 o H 5 na 75 (3m)
4 o H 5 82:7:7:4 65 (3n)
OH
major
diastereoisomer ©
5 Me 5 73:10:9:8 78 3n’)”
OH
O o

major
diastereoisomer

a Conditions: carbonyl compourtd(1.0 equiv), 2-(trimethylsilyloxy)-
furan2aor 3-methyl-2-(trimethylsilyloxy)furar2b (1.5 equiv), Bi(OTf}-4H,0O
(x mol %), EsO, —45 °C, 0.5—3 h. P Determined fromtH NMR of the
crude reaction mixture. Syn/antiratio. ¢ Isolated yield ¢ Relative stereo-
chemistry of3n was tentatively assigned by comparisontldfNMR with
3n' of known relative stereochemistf§. f Reaction was stirred for an
additional hour at OC.

furan-2(84)-one 3 in high yield (Table 2, entries -810).
Electron-richp-, or mmethoxybenzaldehyde led to the desired
product in good yield (Table 2, entries 4 and 5). The reaction
worked well with a variety of aldehydes including those bearing
an electron-withdrawing group, and the expected pro@ueas
obtained with excellent yield (Table 2, entry 6), except
p-trifluoromethyl derivativelg leading to a moderate yield of

product due to low conversion even at higher temperature (Table

2, entry 7). Such high diastereoselectivity (90:10 up-@8:2)
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At this point, we were curious to verify if our methodology
could be extended to ketones. It was surprising to find very
limited number of examples in the literature for the construction
of tertiary alcohols by nucleophilic addition on unsymmetrical
ketonese20Clearly, this widely studied approach for aldehydes
has not led to similar levels of success when employed with
ketones. Apparently, low reactivity and low selectivity is the
origin of this disparity?®2!Romo’s recent study does show that
high diastereoselectivities could be obtained with ketones when
choosing 3-methyl-2tért-butyldimethylsilyloxy)furan; however,
high quantities of Lewis acids (0-4.0 equiv) were necess&i§.
When our conditions using 5 mol % of Bi(OE#H,O were
applied to ketones, such as cyclohexanone or the more hindered
2-methyl-cyclohexanone, we were delighted to isolate the aldol
3m in good yield and3n with good diastereoselectivity albeit
moderate yield (Table 3, entries 3 and 4). The reaction of
3-methyl-2-(trimethylsilyloxy)furar2b’@ with 2-methyl-cyclo-
hexanone afforded a very major diastereoiso®®rin good
yield (Table 3, entry 5).

In summary, we have found the vinylogous Mukaiyama aldol
reaction proceeds smoothly with silyloxyfurans and a catalytic
amount of Bi(OTf}-4H,0. This method offers several advan-
tages including mild reaction conditions, highly catalytic (1 mol
%) process, no formation of byproducts, as well as air-tolerance.
Yet the process does not involve strictly anhydrous conditions
as, although solvents were distilled prior to use, no inert
atmosphere was required for the reaction to proceed with the
same yield and diastereoselectivity. High yields and good
diastereoselectivities were obtained with aromatic aldehydes.
Moreover, our methodology efficiently promotes the vinylogous
Mukaiyama aldol reaction with ketones providing one major
diastereoisomer with good diastereoselectivity. Because of its
numerous benefits, the Bi(OEMH,O protocol should find
utility in the synthesis of biologically active compounds.
Development of other Bi(OT$4H,0O-catalyzed Mukaiyama
aldol reactions and related mechanistic studies will be reported
in due course.

Experimental Section

Typical Procedure for the Bismuth Triflate-Catalyzed Mu-
kaiyama Aldol Reaction with Aromatic Aldehydes. To a solution
of the aldehyde (0.71 mmol) in diethyl ether (0.5 mL) was added
Bi(OTf)3:4H,0 (0.007 mmol). The mixture was brought t678

had only been previously reported with aromatic aldehydes °C, stirred at this temperature for 0.25 h, and a solution of

usually requiring high catalyst loadings or even stoichiometric
amounts of a Lewis acid (1 equiv of SiCR-(trimethylsilyloxy)-
furan, benzaldehyde, de= 75:25% 0.5 equiv of TBSOTT,
3-benzyl-2-{ert-butyldimethylsilyloxy)-4-isopropylfuran, 4t€rt-
butyldimethylsilyloxy)-3,5-dichlorobenzaldehyde, =73 :2789

1 equiv of BR-OEb, 3-bromo-2-(trimethylsilyloxy)furan, ben-
zaldehyde, 72%, dr>99:1)8" In addition, heteroaromatic
aldehydes such as furfural or thiophene 3-carboxaldehyde ca

2-(trimethylsilyloxy)furan2a (0.85 mmol) in 0.5 mL of diethyl ether
was added dropwise. The mixture was stirred-&B °C until the
reaction was completed as indicated by TLC. The reaction was
diluted in tetrahydrofuran (1.0 mL) and quenched with 10% aqueous
HCI (1.0 mL). The mixture was stirred for 0.25 h at room
temperature, neutralized by addition of a saturated aqueous NaHCO
solution, and extracted with ethyl acetate. The organic phases were
combined, dried over N&0O,, and concentrated under reduced
ressure (rotary evaporator). Thgn/antiratio of the product was

also serve as a substrate in this reaction, giving the correspondgetermined byH NMR analysis of the crude reaction mixture. The

ing aldol in a very good yield (Table 2, entries 8 and 9).

relative configurations of the products were assigned according to

Conjugated aldehydes were good substrates as well (Table 2the literature’—¢ The crude products were purified by silica gel

entry 10).

Our conditions were then applied to aliphatic aldehydes
(Table 3). Whem-butyraldehyde or cyclohexylcarboxaldehyde
were reacted, the corresponding aldgksand3| were obtained
in moderate diastereoselectivity and poor yield due to low
conversion (Table 3, entries 1 and 2).

chromatography (ethyl acetate/hexane&s,. 3d, 3g 3h, and 3j

(20) Naito, S.; Escobar, M.; Kym, P. R.; Liras, S.; Martin, SJFOrg.
Chem.2002 67, 4200-4208.

(21) (a) Pelter, A.; Al-Bayati, R.; Lewis, WTetrahedron Lett1982
23, 353-356. (b) Asaoka, M.; Yanagida, N.; Ishibashi, K.; Takei, H.
Tetrahedron Lett1981 22, 4269-4270.
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accord exactly with those that have been previously reported in
the literaturec.6d.22

5-(Hydroxy(2-tolyl)methyl)furan-2(5H)-one (3c). Reagents:
o-tolualdehyde (90 mg, 0.75 mmoBa (140 mg, 0.89 mmol), and
Bi(OTf)3-4H,0 (5.3 mg, 0.0075 mmol). The reaction was stirred
for 0.25 h at—78 °C and quenched according to the typical
procedure. Theyn/antiratio (94:6) was determined B4 NMR
analysis of the crude produch (major: 4.95 ppm¢ minor: 5.12
ppm). The residue was purified by silica gel chromatography (20%
ethyl acetate/hexane) to afford 138 mg (90%3o#hs the puresyn
diastereoisomer (colorless oil)R = 0.15 (30% ethyl acetate/
hexane);!H NMR (400 MHz, CDC}): 6 = 7.48-7.52 (m, 1H),
7.26 (t,J = 1.5 Hz, 2H), 7.18 (m, 1H), 7.10 (dd,= 5.9, 1.6 Hz,
1H), 6.13 (ddJ = 5.9, 2.0 Hz, 1H), 5.195.21 (m, 1H), 4.95 (d,
J = 7.3 Hz, 1H), 3.20 (br s, 1H), 2.29 (s, 3H})C NMR
(100 MHz, CDC}): 6 =172.6, 153.2, 136.0, 135.5, 131.1, 129.0,
126.9, 123.4, 87.5, 72.2, 19.7; IR (film): 3459, 1756 €m
HRMS: Calcd for GoH1,03 (M™) 204.0786, found 204.0779.

Typical Procedure for the Bismuth-Catalyzed Mukaiyama
Aldol Reaction with Aliphatic Aldehydes and Ketones.To a
solution of Bi(OTf)-4H,0 (0.036 mmol) in diethyl ether (0.5 mL)
at room temperature was added the aldehyde or the ketone
(0.71 mmol). The mixture was brought te45 °C, stirred at this
temperature for 0.25 h, and a solution of 2-(trimethylsilyloxy)furan
2 (1.1 mmol) in diethyl ether (0.5 mL) was added dropwise. The
mixture was stirred at-45 °C for 3 h. The mixture was diluted in
tetrahydrofuran (1.0 mL) and quenched with 10% aqueous HCI
(1.0 mL). The mixture was stirred for 0.25 h at room temperature
neutralized by addition of a saturated aqueous Naki€ilution,
and extracted with ethyl acetate. The organic phases were combined
dried over NaSQ,, and concentrated under reduced pressure (rotary
evaporator). Theyn/antiratio of the product was determined by

IH NMR analysis of the crude reaction mixture. The crude product
was purified by silica gel chromatography (ethyl acetate/hexanes).
3k and 3l accord exactly with those that have been previously
reported in the literaturé:23
5-(1-Hydroxycyclohexyl)furan-2(8H)-one (3 m). Reagents:
cyclohexanone (70 mg, 0.71 mmoPa (167 mg, 1.1 mmol), and
Bi(OTf)3°4H,0 (25 mg, 0.036 mmol). The mixture was stirred at
—45 °C for 3 h and then quenched according to the typical
procedure. The crude product was then purified on silica gel (20%
ethyl acetate/hexanes) to afford 97 mg (75%)3af as a white
solid: mp 51°C; Rr = 0.18 (20% ethyl acetate/hexane$);NMR
(400 MHz, CDC}): 6 = 7.50 (dg,d = 5.9, 0.9 Hz, 1H); 6.17 (m,
1H), 4.85 (m, 1H), 2.12 (br s, 1H), 1.4@.65 (m, 9H), 1.16:1.25
(m, 1H); 3C NMR (100 MHz, CDC}): 6 = 173.6, 154.1, 122.9,
89.8, 72.8, 33.8, 33.5, 25.6, 21.3; IR (KBr): 3459, 1810 &m
HRMS: Calcd for GoH1403 (MT) 182.0943, found 182.0947.
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