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@t Pd(0Ac), 1
CO,R
O catypMoy,V 2
/\COZR1 + Rz\)kH cat. CeCly7H,0 ” I\
MeOH/AcOH o

under O, (1 atm)

A new synthetic method of substituted furoates from acrylates and aldehydes was developed by Pd-
(OAc), combined with molybdovanadophosphoric acid and Lewis acid under atmospheric dioxygen.
The reaction was found to proceed through the palladium-catalyzed acetalization of acrylates with methanol
followed by the reaction of the resulting acetals with aldehydes.

Introduction furan carboxylate such as benzyl 5-methyl-3-furoate is known
to be an attractive synthetic intermediate of resmethrin and is

Furan rings widely occur as key structural units in numerous repared throuah three steos frodaphenyl levulic estef
important products, which are utilized in pharmaceuticals, prep 9 Step pheny ;
. Similar furoates are derived from unsaturated lactoaed

essential oils and cosmetics, dyes and photosensitizers, fungi- i -
cides, etd More specifically, furan carboxylates are important methyl levulinate dimethyl acetdlHowever, most of these
precursors of pesticides such as pyrethroid. Frequently usedme'[hodS suffer fr(_)m several drawbacks such as the use of
methods for the synthesis of furan derivatives are the intramo- uncommon chemicals, tr_oublesome procedures, andfor the
lecular cyclization of 1,4-diketones (Pa&{norr method)® and necessity of several reaction steps.
the condensation betweefi-ketoesters andu-haloketones We have now developed a novel, direct route to 5- and 2,5-
(Feist-Bénary reaction}¢ Recently, a variety of transition- ~ substituted 3-furoates3), which are highly useful compounds
metal-catalyzed reactions have been developed for the synthesi§ the pharmaceutical industry and pesticide chemistry, from
of furan derivatives and heterocyclic compouAdir instance,  acrylates {) or acetyl acetones with aldehyde® (inder the
Pd(I1)*- and Au-catalyzed cycloisomerizations of 2-en-4-yn-  influence of catalytic amounts of Pd(11),4AM011VO4¢-28H,0
1-ols are reported to lead to substituted furan derivatives. A (HPMoy1V), and Lewis acid-like CeGt (eq 1). It is important
to note that the substituted furoate8) (can be directly

(1) (a) Heaney, H.; Ahn, J. S. lBomprehensie Hetrocyclic Chemistry synthesized through a catalytic process from very cheap
'(')'X if,?[}f'fgégf\vﬁffi‘ﬁ,sé&ﬁa?ﬁ{'ﬁﬁgaﬁgﬁs'g’,{j@‘,’T&fﬁ{,??ﬂé%@?ess' chemicals such as acrylates and aldehydes. Therefore, this
Hetrocyclic Chemistry liKartrizky, A. R., Rees, C. W., Scriven, E. F. v., method provides a proficient and convenient synthetic route to

Eds.; Pergamon Press: Oxford, 1996, Vol. 2, p 352. (c) Friedrichsen, W. substituted furoates.
In Comprehensie Hetrocyclic Chemistry jIKartrizky, A. R., Rees, C. W.,
Scriven, E. F. V., Eds.; Pergamon Press: Oxford, 1996; Vol. 2, p 359. (d)
The Chemistry of Heterocycles: Structure, Reactions, Syntheses, and (3) (a) Gabriele, B.; Salerno, G.; Lauria, E. Org. Chem.1999 64,
Applications Eicher, T., Hauptmann, S., Eds.; Wiley-VCH: Weinhein, 7687. (b) Gabriele, B.; Salerno, G.; De Pascali, F.; Costa, M.; Chiusoli, G.
2003. (e) Lipshutz, B. HChem Rev. 1986 86, 795. (f) Hou, X. L.; Cheung, P.J. Org. Chem1999 64, 7693.

H. Y., Hon, T. Y.; Kwan, P. L.; Lo, T. H.; Tong, S. Y.; Wong, H. N. C. (4) Liu. Y.; Song, F.; Song, Z.; Liu, M.; Yan, BOrg. Lett.2005 7,
Tetrahedron1998 54, 1955. 54009.

(2) (a) Aurrecoechea, J. M.; Rz, E.Tetrahedron2004 60, 4139. (b) (5) Elliott, M.; Farnham, A. W.; Janes, N. F.; Needham, P. H.; Pearson,
Yao, T.; Zhang, X.; Larock, R. Cl. Am. Chem. So2004 126, 11164. (c) B. C. Nature1967, 213 493.
Ma, S.; Zhang, J.; Lu, LChem. Eur. J.2003 9, 2447. (d) Hoffmann- (6) Asaoka, M.; Sugimura, N.; Takei, Ehem. Lett1977, 171.
Roder, A.; Krause, NOrg. Lett 2001, 3, 2537. (e) Ma, S.; Zhang, Chem. (7) Kotsuki, H.; Monden, M.; Ochi, MChem. Lett1983 1007.
Commun200Q 117. (f) Luo, F.-T.; Bajji, A. C.; Jeevanandam, A.Org. (8) Trisannelation, of acrylates to 1,3,5-benzenetricarboxylates using Pd-
Chem.1999 64, 1738. (g) Marshall, J. A.; Bartley, G. S. Org. Chem. (OACc),/HPMoV/CeClO; catalyst system has been reported recently, see:
1994 59, 7169. (h) Fukuda, Y.; Shiragami, H.; Utimoto, K.; Nozaki, H. Tamaso, K.; Hatamoto, Y.; Sakaguchi, S.; Obora, Y.; Ishii)YOrg. Chem.
Org. Chem.1991, 56, 5816. 2007, 72, 3603.
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TABLE 1. Reaction of 1a with 2a by Pd(OAc) Combined with

1
0 cat HPMoy 1V COR HPMo11V and CeCl; under Various Conditions?

/\COZR1 + Rz\)J\H catCeCly 7H,0 R2 ﬂ (1) Pd(OAc)y/ HPMoV/ CeCl/ conv/ yield/
MeOH/AcOH o entry mmol umol mmol % %b

1 2 under O, (1 atm) 3 1 0.2 15 0.2 =99 %

2 0.2 15 0.2 >99 83

Results and Discussion 3 0 15 0.2 5 ndl
4 0.2 0 0.2 34 3

The reaction of methyl acrylatd ) with propanal 2a) was 59 0.2 15 0 50 nél
chosen as a model reaction and carried out under various © 0.2 15 0.2 94 38
. o . 7 0.1 7.5 0.1 77 74
reaction conditions (Table 1). To a mixture of Pd(Oé\(Q._Z g 01 75 01 80 74
mmol), HPMa1V (15 umol), and CeG}7H,0 (0.2 mmol) in o9 0.2 15 0.2 21 ndl
methanol/acetic acid solution, was adde(1 mmol) and2a 100 0.2 15 0.2 >99 51

(6 mmol) in acetic acid over a period of 3.5 h by using a syringe 12 0.2 15 0.2 >99  >99(91)

pump under @ (1 atm); the reaction mixture stirred at 7G

for an additional 4.5 h to give methyl 5-methyl-3-furoa8a)

in 90% vyield (entry 1). When a mixture dfa and2ain acetic
acid was added all at once to the catalytic solution, the yield of
3asomewhat decreased (entry 2). Removal of either HRWIo

or Pd(OAc) from the catalytic system resulted in sluggish
reaction and recovery of the starting materials (entries 3 and
4). The reaction in the absence of Cg@toduced polymeric
products (entry 5). Furoatéawas not obtained by the reaction
in methanol or acetic acid alone, but the addition of water to
acetic acid produce8ain 38% vyield (entry 6). These observa-
tions suggest that three metals which constitute a catalytic

a A mixture of 1a (1 mmol) and2a (6 mmol) in AcOH (0.5 mL) was
added to a solution of Pd(OAg)HPMa;;V, and CeCH7H,O in MeOH
(1.0 mL) and AcOH (4.5 mL) over a period of 3.5 h at 70 followed by
stirring an additional 4.5 h at that temperatUt&LC yields based ona.
The number in parenthesis shows isolated yield.mixture of 1la and2a
was added all at once to the catalytic solution without using syringe pump.
4 Not detected by GLC®H,0 (1.0 mL) was used in place of MeOHLa
(2 mmol) in AcOH was added to a solution @& (3 mmol), Pd(OAc),
HPMoy;V, and CeCG47H,0 in MeOH (1 mL) and AcOH (4.5 mL) over a
period d 2 h followed by stirring an additional 6 K.Under Ar."2a (3
mmol) was used.Trimethyl 1,3,5-benzenetricarboxylate (1.3%) was
formed.i 2a (7 mmol) was used.

system and a mixed solvent are needed to promote the presenyield (eq 2). Similarly, the reaction of the dimethyl acetalof

reaction. When the amounts of catalysts were halved, the yield 4,4-dimethoxy-2-butanon&), with 2a gave5 in 93% yield (eq
of 3a(74%) was slightly decreased (entry 7). No reaction took 3),

place under argon atmosphere in the absencedb€rause of
difficulty of regenerating Pd(ll) from the reduced Pd(0) (entry
9). Several Lewis acids such as AWCFeC}, InCls, SmC,
and YbCk were examined. Fegl YbClz, and SmCJ gave3a

in 36%, 39%, and 10% yields, respectively, but Al@hd InCj

led to a complex mixture of undesired polymeric products. Yb-
(OTf); and p-TsOH were found to be inert in the present
reaction.

On the basis of these results, the furoate synthesis was
examined by a combination of various aldehydes with electron-
deficient alkenes (Table 2). The reactior?afwith several alky!
acrylates {b—1e) afforded the corresponding alkyl furoates
(3b—3eg) in fair to good yields (entries-14).

¢at.pg(OAC),

Z:’t'HPMoﬂV CHO
/\n/ + 2a 'CeCly7H,0 ﬂ @)
o MeOH/ACOH
4 under O, (1 atm) g
60°C, 8 h

92% (GC yield)
86% (Isolated yield)
calpd(0Ac),

MeO Ca't-HPMoﬁv
e cat. 8
Y\ﬂ/ + 2a CeCl3-7H,0 5 3)
MeOH/AcOH
OMe O
under O, (1 atm) 93%
6 60°C, 8 h

The reaction was successfully extended to several substrates

other than acrylates. Acetyl acetorid)(reacted witlRato form
2,5-dimethyl-3-acetylfuran3f) in excellent yield (94%) (entry
5). 3,5-Heptanedionel §)) was less reactive, and the reaction at
90 °C for 15 h gave 2-ethyl-5-methyl-3-propionyl furadgj in
moderate yield (entry 6). Cyclic ketones such as 1,3-cyclohex-
anedione 1h) afforded 2-methyl-6,7-dihydro¥-benzofuran-
4-one Bh) in moderate yield. It is important to note that
dimethyl acetal ofla, methyl 3,3-dimethoxypropionatelif,
reacted with2a to afford 3a in quantitative yield as discussed
later (entry 10). The Pd(ll)-catalyzed acetalization 1af is
known to lead to acetdli.® We reported thata easily undergoes
the acetalization to formii in quantitative yield by Pd(OAg)
combined with molybdovanadophosphétte.

In addition, when methyl vinyl ketoned) was allowed to
react with2a under similar catalytic reaction conditions, 2,5-
dimethyl-3-furaldehyde) was obtained exclusively in 92%

(9) Hosokawa, T.; Yamanaka, T.; Itotani, M.; Murahashi, S1-IOrg.
Chem.1995 60, 6159 and refs cited therein.

(10) Yokota, T.; Fujibayashi, S.; Nishiyama, Y.; Sakaguchi, S.; Ishii,
Y. J. Mol. Catal. A: Chem1996 114, 113.

It is rather difficult to explain clearly the reaction pathway
for the formation of furoates from acrylates and aldehydes
catalyzed by Pd(ll) and Lewis acid. A plausible reaction path
is shown in Scheme 1. It is reasonable to assume that the Pd-
(I)-catalyzed acetalization of acrylatea with methanol is a
key step to give acetali and/or 1i' which is a synthetic
equivalent ofli. In fact, as shown in entry 10 in Table 2, the
reaction usindli in place oflawith 2a proceeded smoothly to
give 3a in quantitative yield. The aldol-type condensation of
the resultingli or 1i' with 2a by CeC} affords ana,f-
unsaturated carbonyl condensai®) (on which subsequent
enolization by Pd(ll) followed by intramolecular cyclization
produces methyl furoatga through Pd-H elimination from a
dihydrofuran intermediateB)). The fact that the reaction dfa
with benzaldehyde2(d) lacking a-hydrogen was completed at
the stage of the formation of the condensate, methfdrmyl-
cinnamate k), corresponding to the condensatesuggests
that the above-mentioned reaction pathway is probable (entry
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TABLE 2. Furoate Synthesis from 1 and Aldehydes (2)

Entry 1 2 Product (3) Yield (%)”
o CO,C,Hs
1©  Rl=C,Hs (1b) 2a ﬂ 3b 36 (80)
A= L
CO;"C12Hzs
2 R'="Cp,Hys (16) 2a ﬂ 3¢ 66
o i
. CO,'C4Hg
3@ R'=IC4H, (1d) 2a
I\ 3q 77(66)
o)
CO,°CgH14
1 _ ¢
4 R =°C¢Hy; (1e) 2a ﬂ 3e 54
o)
o o COCH,4
sede - I I 2a /[S\ 3f 94.(87)
o)
1f COC,Hs
0 o
¢ \)]\/U\/ 2a /[g\/sg 3
o)
1g (0]
o) o
¢ U 2a —(/ﬁ 3h 59
o]
1h o CO,CH,
8  R'=CH;(1a) /\/”\H \ﬂ 3i 83(76)
b © CO,CH
2 3
o)
9 1a )\/L S 12
H o)
2c
MeO
10 Y\COZMe 2a 3a 99
OMe 14j
118 1i 2a 3a 87
(o] 0020H3
A, e f
12" 1a Ph” H CHO 89
2d 3k

a A mixture of 1 (1 mmol) and2 (7 mmol) in AcOH (0.5 mL) was added
to a solution of Pd(OAg) (0.3 mmol), HPMa@,V (23 umol), and
CeChk7H20 (0.3 mmol) in MeOH (1.0 mL) and AcOH (4.5 mL) over a
period of 3.5 h at 8C0C, followed by stirring an additional 4.5 h at that
temperature? GLC yields based od. The numbers in parentheses show
isolated yields® Pd(acag) was used instead of Pd(OAc}) 2a (10 mmol)
was usede Reaction was carried out at 6C. f The reaction was carried
out at 90°C for 15 h.91i (1 mmol) in AcOH (0.5 mL) and MeOH (0.5
mL) was added to a solution dfa (3 mmol), Pd(OAc) (0.1 mmol),
HPMo1V (7.5 umol), and CeGF7H,0O (0.1 mmol) in MeOH (1.0 mL)
and AcOH (4.5 mL) The reaction was carried out at G for 2 h, and
2d (60 mmol) was used.E:Z = 33:67.

Tamaso et al.
SCHEME 1. A Plausible Reaction Path for the Formation
of 3a from la and 2a
eetPd(Ih MeO OMe / H OMe\ CeCl
1a “HPMoV W _ s
MeOH OMe O 1i o O 1
OCeCl,
Ce(lll) H Pd(ll)
CO,Me H CO,Me

CO,Me 3a
TN o+
M 0, H,0 Pd(lh

aSchemes in the brackets show a conceivable path.

of lawith 2ato obtain the condensafe was examined under
various conditions, but we failed in isolating tihe However,
the reaction ofLg with 2a to obtain an alternative condensate
A' was carried out (eq 4). As expected, 4-propylidene-3,5-
heptanedioneA’), which is assumed to be a precursor to furan
derivative3g, was obtained in 26% yield along with fur@y
(20%). The isolatedA’ is then subjected to react under the
influence of Pd(OAcYHPMa;1V to give 3gin 43% yield (eq

5). However, the cyclization oA’ to 3g was not induced by
CeCh-7H,0 alone in the absence of Pd(OA&@nd HPMa,V.
This shows that the palladium species was an essential
component for the furoate formation.

catpg(OAC),
cat H{HpMoy 4V o o

%t CeCly 7H,0
_weMlr \)‘\E‘:/ + 3g 4

19 + 2a
MeOH/AcOH
under O, (1 atm)
26% 20%

70°C,8h A

%3t pd(OAC),

CaI'HPMOﬂv
' _ 5
A AcOH 39 ©

under O, (1 atm)
70°C,8h

43%

In conclusion, we have developed a direct route to substituted
furans, which are very attractive compounds in organic syn-
thesis, from cheap starting materials such as acrylates and
aldehydes by using Pd(ll) and CeGis key catalysts. This
reaction would provide a very convenient synthetic route to

12). Finally, the reduced Pd(0) was reoxidized to Pd(ll) by the various polysubstituted furoate derivatives.

action of the HPMg@V/O, reoxidation systerit

The reaction of4 with 2a seemed to proceed in a similar
reaction pathway through the Ce enolai® &s a transient
intermediate.

Nt
o_.0
Ce
Ch

7

In the aforementioned reaction pathway, the condensase
thought to be a precursor to the furo@a Thus, the reaction

(11) (a) Yokota, T.; Tani, M.; Sakaguchi, S.; Ishii, ¥.Am. Chem. Soc.
2003 125, 1476. (b) Tani, M.; Sakaguchi, S.; Ishii, ¥. Org. Chem2004
69, 1221.
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Experimental Section

Compounds$a,2 3b,5 3f,13 3g,14 3h,15 3k,16 and5” were reported
previously.

Experimental Procedures. A Typical Reaction was Carried
out as Follows (Table 1, entry 11).To a solution of Pd(OAg)
(45 mg, 0.20 mmol, 20 mol %), #PM0;,VO40:28H,0 (HPM0y1V)

(12) Divald, S.; Chun, M. C.; Joullie, M. MJ. Org. Chem1976 41,
2835.

(13) (a) Arcadi, A.; Cerichelli, G.; Chiarini, M.; Di Giuseppe, S.;
Marinelli, F. Tetrahedron Lett200Q 41, 9195. (b) Qian, C.-YJ. Heterocycl.
Chem.1994 31, 1219.

(14) Padwa, A.; Chiacchio, U.; Kline, D. N.; PerumattamJJOrg.
Chem.1988 53, 2238.

(15) Tang, E.; Huang, X.; Xu, W.-MTetrahedron2004 60, 9963.

(16) Han, X.; Widenhoefer, R. Al. Org. Chem2004 69, 1738.

(17) Comins, D. L.; Killpack, M. OJ. Org. Chem1987, 52, 104.
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(38 mg, 15«mol, 1.5 mol %), and Ce@i7H,O (75 mg, 0.20 mmol, VOy028H,0 (HPMa11V) (50 mg, 23umol, 2.3 mol %), and Ce@l
20 mol %) in a mixed solvent of methanol (1.0 mL) and acetic 7H,O (112 mg, 0.30 mmol, 30 mol %) in acetic acid (4.5 mL) was
acid (4.5 mL) was added a solution b (86 mg, 1 mmol) an@a added a solution dd (132 mg, 1 mmol) an@a (581 mg, 10 mmol)
(407 mg, 7 mmol) in acetic acid (0.5 mL) over a period of about in acetic acid (0.5 mL) over a period of about 4.5 h by using a
3.5 h by using a syringe pump undes @ atm), and the mixture syringe pump under 9(1 atm), and the mixture was stirred at
was stirred at 70C for an additional 4.5 h. After the reaction, 60 °C for an additional 3.5 h. GLC and G&VS analyses of the
GLC and GC-MS analyses were performed. The conversions and reaction mixture showed th&twas formed in 93% yield.
yields of products were estimated from the peak areas, based on Reaction of 4-Propylidene-3,5-heptadione (A in the Presence
the GC internal standard technique. Solvent was removed underof Pd(OAc),/HPMo1,V (eq (5)). To a solution of Pd(OAg) (67
reduced pressure, neutralized with sodium bicarbonate, and ex-mg, 0.30 mmol, 30 mol %) and 4/AM0;,VO40-28H,0 (HPMoy,V)
tracted with diethyl ether (50 mL). The product, methyl 5-methyl- (50 mg, 23umol, 2.3 mol %) in acetic acid (4.5 mL) was added a
3-furoate B8a), was isolated as a pure form by Kugelrohr distillation  solution of 4-propylidene-3,5-heptadion&’) (168 mg, 1 mmol)
in 91% yield. in acetic acid (0.5 mL) over a period of about 2.5 h by using a
Reaction of Methyl Vinyl Ketone (4) with Propanal (2a) in syringe pump under ©(1 atm), and the mixture was stirred at
the Presence of Pd(OAg)HPMo,,V/CeCl; (eq (2)). To a solution 70 °C for an additional 5.5 h. GLC and GAMS analyses of the
of Pd(OAc} (67 mg, 0.30 mmol, 30 mol %), ##M0;1VO428H,0 reaction mixture showed th&g was formed in 43% yield.
(HPMoy1V) (50 mg, 23umol, 2.3 mol %), and Ce@l7H,O (112
mg, 0.30 mmol, 30 mol %) in acetic acid (4.5 mL) was added a  Acknowledgment. This work was supported by a Grant-
solution of4 (70 mg, 1 mmol) an@a (581 mg, 10 mmol) in acetic  in-Aid for Scientific Research on Priority Areas “Advanced
acid (0.5 mL) over a period of about 4.5 h by using a syringe pump Molecular Transformations of Carbon Resources” from the
under Q (1 atm), and the mixture was stirred at 80 for an Ministry of Education, Culture, Sports, Science and Technology,
additional 3.5 h. After the reaction, GLC and G®IS analyses ~ japan, and “High-Tech Research Center” Project for Private
were performed. The conversions and yields of products were yniversities: matching fund subsidy from the Ministry of

estimated from the peak areas, based on the GC internal standargtqcation. Culture Sports, Science and Technology, Japan
technique. Solvent was removed under reduced pressure, neutralized5s g9 ' ' ' '

with sodium bicarbonate, and extracted with diethyl ether (50 mL).
The product, 2,5-dimethyl-3-furaldehyds)(was isolated as a pure
form by Kugelrohr distillation in 86% yield.

Reaction of 4,4-Dimethoxy-2-butanone (6) with Propanal (2a)
in the Presence of Pd(OAcyHPMo,,V/CeCl; (eq (3)). To a
solution of Pd(OAc) (67 mg, 0.30 mmol, 30 mol %), {#Moy;- JO701635F

Supporting Information Available: Experimental procedures
and spectral data &, 5, andA'. This material is available free of
charge via the Internet at http://pubs.acs.org.
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