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compounds. Polysubstituted furans play an important role in organic chemistry not only due to their presence as

ot O
key structural units in many natural products? and in important pharmaceuticais,? but they can also be empioyed
in synthetic chemistry as building blocks and a lot of transformation reactions have been documented for them.
For this reason the syntheses of polysubstituted furans continue to attract the interest of many synthetic
chemists. Although a number of reviews on the synthesis of furans have appeared in the literature,4-10 only
very few of them deal with the regioselective methods for preparing [urans. In this review, we will describe the
regioselective preparation of furans according to their substitution patterns, Rather than attempting an exhaustive

literature survey of all the relevant syntheses that have been recorded between 1980 and 1996, we have focused
h

1. Syntheses of 3-Substituted Furans
1.1. From Tandem Diels—Alder Cycloaddition - Retro Diels—Alder Reaction

3-Substituted furans can be synthesized by employing the Diels—Alder cycloaddition - retro Diels—Alder
reaction strategy (Scheme 1).11.12 Using oxazole derivatives 1 and dienophiles as starting materials, bicyclic

compounds could be produced. The intermediates concerned could not be isolated and could directly provide 3-

substituted furans 2 under thermal conditions
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The advantages of this method lie in the functional group compatibility as well as the starting material
accessibility. It allows the production of large quantities of 3-substituted furans in a single step with good to
excellent yields. In addition, this method can also be employed to prepare polysubstituted furans (vide infra). If
the availability of starting materials is not a problem, this procedure may be regarded as the simplest and the

most efficient.
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Although the construction of furan rings from acyclic precursors is a workable process, there have been
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converted to 3-lithiofuran (5). Noteworthy is that both 4 and 5 piay important roles as buiiding blocks for other
3-substituted furans (Scheme 3).14
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Fleming’s method in which 3-tri-n-butylstannylfuran (4) was prepared was by utilizing the relatively

S
material. The diol was f

inexpensive 2-butyne-1,4-diol as a starting ound to react with Piers’ stannyl-cuprate
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Another cxample on ring closure to form 3-substituted furans was provided by employing a radical
cyclization reaction (Scheme 4).15 Thus, radical cyclization of the bromoacetal 6, which was obtained by
bromination of ethyl vinyl ether in the presence of alk-2-ynyl alcohol, was achieved by in situ generated tri-n-
butylstannyl hydride in the presence of a catalytic amount of azobisisobutyronitrile to provide the 2-cthoxy-4-
alkylidene tetrahydrofuran, which on acid catalyzed aromatization led to 3-substituted furans. Two natural

terpenoids, perillene (7) and dendrolasin (8) were synthesized by using this methodology.

II{ lr Scheme 4
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Recently, da Silval® described a five-step synthesis of 3-substituied furans by employing

bis(phenylthio)methylenes and ethyl glycerate 2,3-acetonide as starting materiais (Scheme 5).
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favored S-exo-trig cyclization (Scheme 6).
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Tt is noteworthy that 2,3-disubstituted furans could also be obtained through the reactions as depicted in
Scheme 5 and 6 and the original configuration of the 3-substituents was preserved. This may be important for
the synthesis of chiral molecules.

The rearrangement of o-cyanoallyl acetate 10, catalyzed by PdClo(MeCN), or Ph(PPh3)4 gave y-cyanoallyl

d with NaOH, DIBAL, and HC] sequentially to provide 3-substituted furans 12 with

@i ARS8 STULRRAIall vide 0, . 1

good total yields (Scheme 7).18 This procedure was also used for the preparation of 2,3- and 3,4-disubstituted
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7 ) b. R} = PhSCH;CH;, K% = R* = H, 72%;
2~ 12e61% . R'=H,R*=Et, R = Pr, 68%;
o d. R! = oetyl, R* = Me, R3 = H, 76%

an also be prepared from 3-methylene-2,3-dihydrofuran (13) and enophiles, such as

n ca
CH,=CHCN or RCHO by way of an ene reaction 19 By employing this procedure, 1-(3-

CH,=CHCOMe¢ h=
H,=CHCOMe, CH,;=CHCN or RCHO by way of an ene reaction.'” By employin this procedure
furylmethyl)-1,9-dihydrofullerene-60 (14) was synthesized from 3-methylene-2,3-dihydrofuran and Cgg in
46% yield (Scheme 8).20
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Cyclopropane derivative 15 was applied successfully in the preparation of 3-acylfurans (Scheme 9) 21
Destannylative acylation of 15 provided dihydrofuran 16 in good yieids, which was transformed into 3-
acylfurans under the action of BF3 in moderate yiclds. This method provides a general operation for the

preparation of 3-acylfuran despite the fact that the total yields are usually low.
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Scheme 9
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Recently organometallic compounds have found a significant deployment in furan synthesis. For example,
reaction of 3-bromofuran with n-butyllithium generated 3-lithiofuran (5),22 which was converted to other 3-

substituted furans upon quenching with various electrophiles (Scheme 10). The electrophiles were either halides
Ar rarhanuvle Qehame 11 23
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Some natural products or their structurally related molecules containing 3-furyl moiety, such as (-)-

anhydronupharamine (17a), (—)-nupharamine (17b),24 ricciocarpin (18),25 and a limonoid model 1926 werc

he use of 3-lithiofuran (5) as a nrecursor is that verv low temperatures must be
¢ use of 2-lithiofuran (J) as a precursor 18 that very Iow lemperatures must be
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higher than -40°C. Furthermore, the chemoselectivity of 5 is also rather low, so that bifunctional electrophiles
such as compounds with both aldehyde and ester functionalitics would give rise to multiple nucleophilic attacks.

For some less reactive reagents, like primary alkyl halides, good yields are obtained only in the presence of
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HMPA. Despite this shortcoming, Paquette described the application of § to prepare a 3-substituted furan
(Qrh 19y 27 N ; H ; via
{(Scheme 12),4/ which was employed to construction zaragozic acid/squalestatin backbone vi¢
photooxygenation procedure
0=\
\
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17a.R = CH=CM02; 18 19
17b. R = CH,C(OH)Me;

Scheme 12

n
Dn (0]

0
0 X
- O
Y 0" cho //\I(w
€ THF, - 78°C ‘o~
o 72%

8
-

A similar strategy was also utilized to the synthesis of perilla ketone (20) (Scheme 13).28 In this approach,
3-lithiofuran (5) was allowed to react with one equivalent of MnCl,-2LiCl complex to form an

organomanganese compound. Subsequent acylation was performed by adding an equimolar amount of
e ool Al A e a0 e T i mrvaiiind o F Srmss (TTTY pmatslanatane tm frrnioh tha daciead 0
1sohexanoyl chloride in the presence of a catalytic amount of iron (111) acetyiacetone to turnisn the desired 2.

MnCl N _CocCl

L, /% T
3%

Fe(acac)s k » !

In addition to titanium and manganese derivatives, organocoppcr,29 zinc30 [see Section on 2,3,5-
trisubstituted furans] and tin have all been utilized to the preparation of 3-substituted or polysubstituted furans.

Organotin compounds are very versatile intermediates, which are able to react with a variety of electrophiles,

including acid chlorides, allyl, vinyl or ary! halides, through palladium-catalyzed cross-coupling reactions to
A o Mhooo e bl alo [ by nmannmahalidan i tha neacan~a AF Y s Adas
provme the corresponaing pro ucts. They are abie aiso (o react with organonaiiaes in tne presence of CO under

palladium-catalyzed carbonylatmn conditions to deliver carbonyl products. As expected for the palladium-
catalyzed reactions, a number of functional groups are tolerated so that protection-deprotection procedures are
not necessary.

Stille studied the palladium-catalyzed direct cross-coupling of allyl halides with organotin reagents as well
as the coupling of these reagent in the presence of carbon monoxide3! and found that high regio- and stereo-
selectivities could be realized. 3-Substituted furans could also be obtained through this reaction as depicted in

Scheme 14.
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palladium(0) species which is produced by in situ reduction of palladium (IT). The reaction pathway includes
oxidative addition of allyl halide to the palladium(0) catalyst to give an allylpalladium(ll) halide.
Transmetallation of the organotin reagent with allylpalladium(II) halide then yields the diorganopalladium

complex, which gives the coupling product through reductive elimination (Scheme 15).
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ketone (20) by empioying 3-tri-n-butyistannyifuran (4). Degl’Tnnocenti33 registered another Stille coupling
example in which 3-iodopropenoylsilane reacted with 4 under palladium-catalyzed condition to furnish 3-(3’-
furyl)propenoylsilane. As there are several functional groups in the substituent, it is likely that other 3-

substituted furans could easily be obtained by functional group transformations. Balas and coworkers34 also
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coupling reaction to realize 3-substituted and 3,4-disubstituted furans. They found that 3-(tri-n-
butylstannyl)furan (4) and 3,4-bis(tri-n-butylstannyl)furan were excellent building blocks for the synthesis of
substituted furans (vide infra). In their studies, a number of 3-substituted furans were obtained by using 4 as

the staring material (Scheme 16).35

Scheme 16
R = PhCO0, Ph, trans-PhiCH=CH,
(Z)- or (E)-MeCOCH=C(Me),
] trans-CsH,;;CH=CH,
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The inherent advantage of the palladium-catalyzed coupling reaction of 4 is its mild reaction conditions, so
that many functional groups can be tolerated, and it is also more chemoselective than 3-lithiofuran (5) (vide
supra). In addition, the use of 4 eradicates the over-addition problem which hinders the use of other
organometaliic reagents such as cadmium, zinc, and magnesium. Aryl, vinyl, allyl halides, and acid chlorides
can undergo palladium-catalyzed coupling reactions with 4 to produce the corresponding 3-substituted furans

and halides and viny! triflate can undergo carbonylation reactions with 4 to generate 3-furyl ketones.35

Coupling reaction can also be achieved under nickel-catalysis. Pridgen ut th upling

reaction by using bromofurans and Grignard reagents as starting materials and Ni(dppe)Cl; as catalyst. This
1 37 " .

reaction provided the coupling products in excellent yields (Scheme 17). Takagi/ reported the homo-coupling

of 3-bromotfuran to 3-(3’-furyl)furan by using Ni(COD); as a catalyst.

f]

/4//_\/:..-)( ArMgX N )2 /( X
+
g ) EGO,RT. . R o

R = H, Bu; X = 2-, 3-Br; Ar = Ph, 0-, m-, or p-MePh
1.4. From Miscelianeous Methods

Although the direct electrophilic attack on furan cannot provide 3-substituted furans, 3-: 'yhumn was
an

:1‘

obtained in a regioselective manner through a photo-induced reaction of arenecarbothioamide witl

furan as shown in Scheme 18.38

A 1 : \
) \ — Yy I\
( ArCONHZ o HS/L o 72% 0)
Ar = Ph, 3- or 4-pyridyl, 2-furyl, 2-thienyl
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of substituents at the 3-position of a furan ring. Ho39 reported the reaction of lithium di(3- furylmethyl)cuprate
and N-phenylcarbamate to stereoselectively generate a 3-substituted furan, which can then serve as an
intermediate for the synthesis of (—)-furodysin (21) (Scheme 19).

Scheme 19
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Tsubuki40 showed that the Wittig rearrangement of 3-furylmethyl ether could be applied to the synthesis of

dendrolasin (8). Thus, 3-furylmethyl ethers underwent rearrangement to give [1,2]- or [2,3]-sigmatropic shift
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condition and substituent (¥
rearrangement products and [2,3]-rearrangement products was >95 : <5. When G was COOH and the base was

LDA only [2,3]-rearrangement product was produced. Dendrolasin (8) was accordingly synthesized (Scheme
20).
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Enders4! achieved the synthesis of (—)-(S)-myoporone (24) by using 3-furylaldehyde as a reagent
(Scheme 21).

SO,Ph
SO,Ph ,CHO \I/\f 0
1 \/\/ 2 (// \\ “
A 1. Buli, o < 97 7n, EiOH, Hy0 M

‘ =2 > | O 7N H /A
Q/& o 2. Swern oxidation - < n) AcOEt, AcOH o < o
. 89% e 2”4



X. L. Hou et al. / Tetrahedron 54 (1998) 1955-2020 1965

aightforward manner, Wiley42 obtained 3-alkyl and 3-alkenyl substituted furans via the reaction of
a

/T O0Ts /"R
7\ _RpCuli Y
N S
0 to”
R = Me, Bu, Me;C=CHCHj;.

Tanis43 used 3-furylmethyl-Grignard reagent 25a as a starting material to prepare several 3-furyl epoxides
26, which could undergo a cationic cyclization in the presence of Lewis acids to afford 2,3-disubstituted furans
(Scheme 23).

Scheme 23

MgCl ~ (CHp)y R
/2 S 1

1
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25a R'=H,R?=R3=Me; Rl = Me, RZ=R3*=H; n=1-3
X=C,L,Br,;jn=0-2
(CH3)n
MCPBA "0 26,n=1-3
</ ) n3 w2
N K-

M (CHz)n R
M (CHp),~_R I\ o
£y + x ¥ { > -

0 Lo ¢
25a M = MgCl R=H,Me; X=1 OTs n=2-4
25bM =Li n=1-3

The coupling of Grignard reagent with a variety of 1-haloalkenes proceeded smoothly and in high yields in
the presence of Li;CuCly or anhydrous FeCly as catalyst. The lithium derivative of 3-methylfuran 25b also
underwent such coupling reactions in the presence of HMPA. It is noteworthy that the epoxide ring remains
intact in this coupling reaction and no sidec-products, resulting from the anion rearrangement or epoxide

opening, could be detected.43
2. Syntheses of 2,3-Disubstituted Furans
2.1. From Acyclic Precursors

Recently a novel methodology for the synthesis of 2,3-disubstituted furans by using 3-alkynyl allylic
alcohols as ring cyclization precursors under basic conditions was described (Scheme 24).44 In this manner,
reaction of alkynyl allylic alcohol 27 (R = 2,6-dimethoxybenzoyl) with -BuOK in the presence of 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1 H)-pyrimidinone (dimethyl-1,3-propanediylurea, DMPU) produced alkoxide,
which then underwent an Sy2’ cyclization and subsequent isomerization to provide 2,3-disubstituted furan.



X. L. Hou et al. / Tetrahedron 54 (1998) 1955-2020

Scheme 24
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This strategy appears to be ideally suited to for the preparation of acid-sensitive furans. DMPU can be
replaced by 18-crown-6 in the reaction. Synthesis of rosefuran (29) may serve as a good example.4> Because
of its acid lability, the traditional acid-catalyzed cyclization of prenylated y-keto aldehyde is obviously unsuitable
for the synthesis of 29. By using diester 28 as a starting material, a furan derivative was obtained in 69%
yield. Further transformation of this furfurylacetate prov1ded rosefuran (29) in 61% yield.
nother route to prepare 2,3-disubstituted furans involves Ag(T) or Rh (T) catalyzed cyclization of allenyl
ketones and aldehydes 30 in MeCN (Scheme 25).46 Further study of this reaction demonstrated that better
results could be obtained using acctone-water-calcium carbonate.4” Better results still were obtained if the
reaction was carried out in acetone.*8 This procedure provides an approach to C-2 functionalized furans. Such
compounds are of particular interest as intermediate prototypes for the synthesis of some naturally occurring
molecules. To illustrate, kallolide B (31) was synthesized from a substituted furan intermediate by utilizing this
cationic cyclization strategy (Scheme 25).49 Needless to say this method can also be employed to prepare 2.4-
and 2.3,4-substituted furans.

Scheme 25
1 D2 AgBF4 nl n2 1
R__ __ R or R' R" R!'z=H,Me, Bu, Bu, BnOCH,
== RhCI(PPh3); V—( B2 _ e B i1
R — o 78\ R = ivie, bu, Urrlgg
0)_ 72-99% <U)\ &3 R®=H, Me, MOMOCH,,
30 AcOCH,, CO,Me
TBSO | TBSO \

_‘\\\ 3i

Y-Ethynylaiiyl aicohol 32, a similar starting material used by Marshall, undewent the ruthenium complex
catalyzed transformation to form substituted furans. The reaction is carried out through an intramolecular

addition of an alcohol functionality to a terminal triple bond. Noteworthy is that internal enynols 33, which
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palladium complexes as catalysts. In this way, the furans obtained can contain one extra C-2 substituent
(Scheme 26).50 This rutheniuin-catalyzed cyclization reaction is a good method for the synthesis of 2-
methylfurans with base-sensitive groups and complements Marshall’s procedure, although it is only suitable for
(Z)-enynols. Obviously, these Ru- and Pd-catalyzed reactions can also be employed for the synthesis of
trisubstituted furans when R is alkyl, aryl or some other substituents.

Scheme 26

>_ RuCly(PPh3)(p-cymene) \
(0.1 mol %) /’ ‘\
32, R = H, Alkyl, Ph

\ \
3"—\ [Pd] cat

irajc

IR pdj =Pd(OAc)y, R = H; P“\/4 )\

HO [Pd] = Pd(PPhy)s, R = Et
Ph
33, R=H, Et
A two-step synthesis of 2,3-disubstituted furans from simple acetylenes and allyl alcohols was recently

Scheme 27
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The advantage of this strategy is that the overall procedure consists of only two steps starting from terminal
acetylenes and allyl alcohols, the first step being a simple addition. The second step involves only the loss of
water with all reagents being used catalytically except for NMO. However, there are also some severe
limitations, i.e. the R group of acetylenes cannot possess a hydroxy group because of the formation of a stable

alkoxylidene complex 35, and for the same reason, the amino group or other groups that may function likewise
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n-carbon unsaturation which is more nucleophilic than the B,v-double bond of the QHhQTI"?)TPQ The
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scope of this strategy can be illustrated by the straightforward synthesis of rosefuran (29).
Because of the structurally interesting and olfactive property of rosefuran (29), several reports describing
the synthesis of this 2,3-disubstituted furan appeared in the last decade.52 It is noteworthy that almost all these

methods made use of 1,4-difunctional compounds as starting materials (Scheme 28).

Scheme 28
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Takano322 chose hydroxymethyl substituted epoxide 36 as a starting material and employed the Payne
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(29) as a sole product with 32% and quantitative (by NMR analysis) yieids respectively by using pyridinium p-
toluenesulfonate (PPTS) and HCOOH as reagents.>2¢ It must be noted that the preparation of 37 and 38 was

not trivial.32¢ On the other hand, the protected y-keto ester 39 was used in Meier’s procedure as a ring
cyclization precursor.52b Disappointingly, about equal amounts of isomers were produced in the cyclization and
elimination stages. Although ester 41 also gave rise to an isomer in addition to rosefuran (29) after the
Grignard reaction, the preparation of starting materials was in practice much simpler.52d

In addition to rosefuran (29), some other 2,3-disubstituted furans could also be prepared through
s 42 furnished

ates. For example, v-hydroxy-o,B-unsaturated a de

(")

yclization of 1 4-difunctional substra

3—disubstituted furans under acidic conditions.>3 Aldehydes 42 were in turn produced from the following
reactions: (1) treatment of enais and triphenylarsine with triisopropylsilyl trifiate and base provided the ylides;
(2) the ylides was quenched by aldehyde to afford epoxides; (3) reaction of epoxides and tetrabutylammonium
fluoride gave aldehydes 42 (Scheme 29). Tt is worth noting that this furan synthesis route is a one-pot reaction

with yields ranging from 51% to 85% and the R group of RCHO can either be alkyl or aryl.

OHC
le\ + AsPhs _LTIPSOTf _ TIPSO™"S R’CHO_ TIPSO" ™
. ? T2'KN(TMS), . .

R R As*Phy RN
RZ

QHC nl R!

SSEAR n
TBAF, ]\/ OH /[:i HO [ \S

RI7™Y HO 07 R o’ R
R2
42 R! = alkyl; R? = alkyl, alkenyl, aryl; yieids: 40-85%

A similar procedure was also recorded when substituted acetylenic acetals were used as substrates.>* The
reaction of 1,1-dialkoxy-2-alkynes 43 with an equimolar amount of triphenyiphosphine and TMSOTT yieided
1-ethoxy-2-alkynylphosphonium salts. Treatment of these salts with LDA generated the ylides, which reacted
with aldehydes in the presence of TMSCI to produce allene derivatives. The removal of triphenylphosphine with
methanolic KOH afforded cyclized products. Elimination of EtOH by using HCI eventually provided 2,3-
disubstituted furans. Although the whole procedure involved four steps it was actually an one-pot reaction and

suitable for both aromatic and aliphatic aldehydes (Scheme 30).54
Scheme 30
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Furan synthesis from 1,4-difunctional groups has also been employed to the preparation of natural
products. Thus, the hydrolysis of 4-oxo-1-protected-1,2-dihydroxy compound with aqueous THF and p-TsOH
gave furan derivative in good yield.3> Similarly, (—)-furodysinin (44) was obtained from a similar starting
material by photolyzed deprotection of the substituted benzyl group and acid catalyzed cyclization (Scheme
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Acid catalyzed cyclization of f§,y-dihydroxy ketones also led to substituted furans 45. This avenue was first

f a phosphorus-functionalized
nitrile oxide to O-protected allyl alcohols and hydrogenation of products through reductive N-O bond fission
QL . AN S ML omon b b et Lo AR o L £otbine dmn e o f i A s

{Scheme 32).°/ These phosphorus-containing furans 45 can be further transformed into 2-(i-

phosphorylalkyl)furans, 2-(1-alkenyl)furans, and 2-acylfurans through an alkylation, olefination or oxidation of
the phosphorus-stabilized carbanions derived from 45. As can be seen from Scheme 32, this method can also
be applied to the preparation of 2,4- and 2,3,4-substituted furans.

Scheme 32
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B(OH)3 (EtO),PCH; 1 AcONa (EtO),PCH, O
45

R1 = H, alkyl; R? = alkyl, HOCH,
R!R?=-(CH,);-

As shown previously, y-acetoxy-o,B-unsaturated nitriles could be used to generate 2,3-disubstituted furans
(Scheme 7).18

Acetylenic acetals were good precursors for the preparation of 3-halo-2-substituted furans.’® As such, the
acetals were normalily allowed to react with HX in toluene under reflux to produce the desired furans with good
to excellent yields (Scheme 33). Due to the fact that the halides can easily be metallated and substituted,> this
method can be extended to other 2,3- and polysubstituted furans. Furthermore, acetylenic acetals can be

replaced by acetylenic ketones.
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AcO
B OAc
Et0;C BO.C T nY E0C | Et0,C ( OAc
N NaH 3/_ Br) H NaH 2

BOL  O%Ac CO,Et _CO,Et
A . son, [\
L_ AcO O/\ O/\

Diphenylthiohomoallylic alcohol could also be cyclized to form 2,3-disubstituted and 3-substituted furans

Ketene dithioacetals 46, readily prepared through the reaction of ketones or aldehydes with carbon
disuifide, reacted with dimethylsulfonium methylide to generate 2, 2-bis{methylth 5-dihydrofurans 47.
Treatment of 47 with HCI followed by lithiation at the furan a~posmon and subsequent electrophile attack
gave 2-methylthiofuran derivatives 48. Raney nickel desulfurization of the SMe group of 48 yielded 2,3-
disubstituted furans (Scheme 35).61 Because R! and R2? of dithioacetals 46 can be introduced by choosing
appropriate starting materials and the coupling reaction of SMe group is perforrned with Grignard reagents,

dihydrofurans 47 can also serve as synthons for a variety of substituted furans (vide infra ).

Scheme 35
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xyalkynes 49 were converted to substituted furans in the presence of a catalytic amount of triethylamine
mea A el Ao e d i e A atias (Qahama 26) 62 Tha mradiiete can ke P
ana moilyoacnui pe itacaro fiyl unuci irragiation CNCIne 59).7"* 11e pluuuuh caimn bc 2—, 3‘, id 2,3

substituted furans. It is believed that the reaction proceeded through a concerted rearrangement of
epoxyvinylidenecarbenes to the cyclic a,B-alkenyioxacarbene intermediate 50. Deprotonation of 50 and

subsequent protonation of the molybdenum-furan bond then yielded furans.

Scheme 36
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R! = H,R? = CHMe)OH

B-Oxodihydrofurans 51 were casily reduced to 2,3-disubstituted furans by using 9-BBN (Scheme 37).63
Two general methods were chosen to prepare B-oxodihydrofurans. Conjugate addition of lithium dialkylcuprate
to an o, B-unsaturated ketones and subsequent quenching with chloroacety! chloride followed by base promoted
an intramolecular ring closure, providing a convenient entry to 51. By following this route, y-substituted 2,3-

disubstituted furans (R = alkyl) were made. Trlmethylmlyl enol ether reacted with MeL.i followed by trapping of

enolate with chloroacetyl chloride afforded another approach to B-oxodihydrofuran. This procedure furnished y-
63 Tha cecirranca ~F na al mendiiate havin g thic ctriintiral yini
unsubstituted 2,3-disubstituted furan s(R= H).%> The occurrence of natural pr oducts hav ifig this structural unit

1

is widespread. Using this procedure the natural moiecule paliescensin A (52) was synthesized in high yields
(Scheme 37).64 Similarly, the natural products (+)-methyl vouacapenate (53) and racemic 7-epi-pinguisone

(54) were also prepared using this strategy.%*
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Furans fused with six-membered rings at C2-C3 could also be realized from diazocyclohexane-1,3-diones
55 which reacted with vinyl acetate in the presence of a rhodium catalyst to furnish dihydrofurans through 1,3-
dipolar cycloaddition. Direct treatment of these dihydrofurans with a catalytic amount of p-TsOH gave desired
* substituted furans (Scheme 38).65

Scheme 38
N> Rz\/j\
f/U\f 7" 0Ac T\ OQAc_p-TsOH N s
RIS ROAge gl “~0 K REI0
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Chan and Lee showed that alkeny! sulfoxides 56 were able to react with 3-ketoesters through a Michael
addition, which was followed by consecutive Pummerer rearrangement and oxidation-elimination to furnish
2,3-disubstituted furans (R! = H) in good overall yields 2,3,4-trisubstituted furans if R! is not H (Scheme
39).66

Scheme 39
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R! = H, Me; R? = Me, Et, Ph, Bn; R? = Me, Et

3,4-Epoxy-2-methylene oxolane 57, which was easily prepared form ethynyl epoxide through a silver
assisted hcterocyclization,ﬁ"a can be conveniently converted to functionalized 3,4-dihydrofurans through
nucleophilic 1,4-addition by using cyanocuprate or Pd(0)-catalyzed addition of malonate derivatives.
Aromaltization of these dihydrofurans under an acidic condition provided 2,3-disubstituted furans in high yields

(Scheme 40).67b Although 1,4-addition of carbon nucleophiles to vinyl epoxides is known when soft

nucleophiles such as organocopper reagents are used, the reaction of BuyCuLi with §7 did not lead to the
expected 1,4-addition product. More nucleophilic cyanocuprates, however, gave addition products 88 in high
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Scheme 40
\Q\\\ O HO /
>\_7/— OH  4..co, 1,4-nucleophilic {
o o addition Nu
57 58
/
H* 7 Nu = -Bu, Bu, CH(CO;Me),,
Nu C(Me)(CO,Me),

Radical cyclization of bromoacetals can also provide 2,3-disubstituted furans when 3-substituted propargy
alcohols were replaced by 1,3-disubstituted propargyl alcohols (Scheme 4).15b

Cycloaddition-retro cycloaddition of monosubstituted acetylenes with appropriately substituted oxazole 1

Laline 1, AN ATy AT U LS WS LILUCIIL (VI AN

also gave 2,3-disubstituted furans (Scheme 1, R4 = H; R3 = Me; R! or R2 = substituent, R2 or Rl = H).l1l In

s O
3
(=
ot}
3
-

u urans because of poor
ey cycloaddition step. An intramolecular version of this reaction was applied to the
synthesis of 2,3-disubstituted furans (Scheme 41).68 This reaction provided an approach to 2,3-disubstituted

furans with a-thio atom substituent. The fused ring size can be 5-, 6- or 7-membered rings. Another benefit of

P

regioselectivities of the

this reaction is that it also afforded 4-trimethylsilyl substituted furans which were transformed into some other
2,3 4-trisubstituted furans.

= Li N TMS—=L
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S/\O 3. toluene reflux o s O

2.2. From 2-Substituted Furans

2-Furyl ketone was able to react with alkenes or internal acetylenes under the catalysis of
Ru(H),(CO)(PPh3)3 through substitution of the multiple bonds at C-3 of the furyl ketone to produce 2,3-

disubstituted furans with high regioselectivity (Scheme 42).69 These findings represent a direct and catalytic

addition of otherwise inactive C-H bonds in aromatics across carbon-carbon multiple bonds. Surprisingly, the

Scheme 42
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2.3. From 3-Substituted Furans

Lithiation of 3-substituted furan can be performed with high regio-control and quenching of the resulting 2-
lithiofuran with an electrophile produced 2,3-disubstituted furans.5® Lithiation of 3-furoic acid with LDA or
BuLi produced a dianion, which reacted with aldehydes, ketones and Mel to afford the corresponding
disubstituted furans.”! 3-Furfuryl alcohol derivatives could also be lithiated at C-2.72 It is interesting that the
silyl group of 3-[(+-butyldimethylsilyl)oxymethyl]furan (61) could rearrange to C-2 through an 1,4-O—C-

rrugrat10n73 and the reverse 1,4-C—O-rearrangement reaction occurred when 2-silyl-3-hydroxymethylfuran 62
was treated with NaH in DMF or THF (Scheme 44).74
Scheme 44
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Using a combination of the aforementioned method with metal-bromine exchange rosefuran (29) was
obtained from 3-bromofuran with good yield (Scheme 45).59.75 Regioselective lithiation at C-2 with LDA and
quenching of the anion with an isoprenylbromide provided 2-prenyl-3-bromofuran. Lithium-bromine exchange

using BuLi and quenching with Mel led to rosefuran (29).
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Scheme 45
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Epoxy furans (Scheme 23) were converted to bicyclofurans in high yields under cationic cyclization
conditions using a Lewis acid. A naturally occurring molecule, namely 3B-hydroxypallescensin (63), could be

synthesized by this protocol (Scheme 46).76

/\1/\(
_/ Ti(OPr)5Cl, 62% |
HO -
O Znl,, 65% H

furodisine (44) were produced from 2- or 3-

Racemic forms of natural products, furodisinine (64) an
substituted furans through a cationic cyclization process. The reaction was usually accompanied by some trans-

fused isomers and limonene derivatives as side-products (Scheme 47).77
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It is interesting to note that the (3-furfuryl)methyl Grignard reagent shown in Scheme 48 reacted with
geranyl diethyl phosphate to produce 2,3-disubstituted furan 66 with about 25% of 65, the product of y-attack.

However, in the presence of Cul the reaction gave rise to the a-attack furan 8 as the major product. When

geranyl bromide, a softer electrophile than the phosphate, was employed the y-regioselectivity decreased from

77% to 45% (Scheme 48).78
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As has been discussed, 3-furfuryl ether could be rearranged to 2,3- and 3-substituted furans (Scheme
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2,3-Disubstituted furans can be conveniently synthesized from 2.4-bis(trimethylsilyl)furan (67).80
Regioselective lithiation/quenching could be achieved at C-5 position. Regiospecific ipso-iodination followed by

LiAlH,4 reduction afforded 2-substituted-3-trimethylsilylfurans 69. Conversion of 69 with BCl3 and Suzuki

5=

31D 2 Aicaihatitiitand O FQAb o &M
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5
»
-

other substituents via other reactions, such as metal mediated coupling reaction and lithiation-electrophile
substitution. Thus, 2,4-bis(trimethylsilyl)furan (67) can serve as a versatile building block for the preparation

of substituted furans.

Scheme 50
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3,4-Disubstituted furan 70 could be transformed to 2,3-disubstituted furan 71, which led to furo[3,4]furan

72 and 73, interesting compounds containing diheteropentalene skeletons (Scheme 51).81
3,4-Disubstituted furan 74 can also be converted to 2,3-disubstituted furans and the preparation of
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rosefuran (29) in an overall vield of 78% from 74. This procedure provides an efficient preparation of 29 in
high yield and good regioselectivity
Scheme 51
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Similar to 3-trialkylstannylfuran, 2-tributylstannylfuran 75 also coupled with chloroformates and

carbamoyl chlorides in the presence of palladium complex to produce the corresponding coupling compounds

(Qrhama £2) 82
\\)\'IICIIIC J.]}.
Scheme 53
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Me 75

Fluoro organic compounds are of importance in medicinal and agricultural chemistry because of their
unique biological activities. In this area, Forrest recently reported the preparation of fluorofurans via
fluorodecarboxylation (Scheme 54).83 In this method, 3-bromo-2-furoic acid was treated with SelectfluorT™
reagent to provide 3-bromo-2-fluorofuran. Lithium/bromine exchange and trapping of the fluorolithiofuran led

to the expected but unstable fluorofuran. A direct oxidation finally produced 2-fluoro-3-benzoylfuran (76) in

119, nverall viald
11 /U VywlQil lel\‘-
Scheme 54 { OH -I )OL
(BF Ph
Ry T TV Iy gl Iy
o” ~COR 7 o SO OF 2 2. PhCHO S| o F
Selectfluor* ™ - 76

Fluoride-promoted 1,4-conjugative elimination of furan as expected generated 2,3-dimethylene-2,3-
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mechanism §

(Scheme 55).

mo

produce head-to-head dimer and by Diels—Alder reaction to give furanocyciohexane rings
4 In this manner, eight-membered ring compounds fused with furan rings can be obtained.

Scheme 55
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3. Synthesis of 2,4-Disubstituted furans

3.1 From Acyclic Precursors

lha arAavoaae Thmees

derivatives 78 with LDA or -BuLi.85 The epoxycarbonyl compounds were obtained through the reaction of a
variety of acid chlorides with either 2,3-bis(trimethylsilyl)propene or 2-trialkylstannyl-3-trimethylsilylpropene
in the presence of a Lewis acid and was followed by epoxidation with MCPBA (Scheme 56).85 This reaction
could be used as a general method to prepare 2-substituted-4-trimethylsilylfurans. Combining with

transmetallation of trimethylsilyl group at the furan ring, other 2,4-disubstituted furans can be produced.

o o OF LVI€y
X . 1. RCOCI ,U\_/EO {-BuLi Y
)\/ SiMe; 2 MCPBA g SiMe, _THF
60-35% - 54.78% =~ O
X = SnBujy, SiMes 78 R =Ph, Me,C=CH,

l-B“ C-C(,H]],
2-furyl, (E)-PhCH=CH

Epoxycarbonyl intermediates can also be produced by an electrochemical method.8¢ The epoxy carbonyl
intermediates were then converted to 4-aryl-2-substituted furans (Scheme 57).8¢ The advantage of this
procedure is the easy availability of starting materials and good yields. However, the disadvantage lies in the
fact that only half of phenacy! bromide can be consumed in the reaction. This electrochemical procedure was
used earlier to prepare 2,4-diarylfurans using a-bromoacetylarenes.37

Scheme 57
Ar O Ar
I aze § ? D YA
B LS r—te%& = KA
A’ "o Ar dry acetone Ar/\ X Ar lAr | /\O
LiClO4
The addition of terminal alkynes to y-hydroxyalkynoates catalyzed by palladium is another entry to form
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2,4-disubstituted furans (Scheme 58).88 In this approach, the ratio effect of palladium salt to ligand, tris(2,6-
dimetho .yphcny!)phosphmc (TDMPP), was critical. When 2 mol% Pd(OAc); and 2 mol% TDMPP were
used, the reaction gave rise c ntrdry, hen the reaction is

utenolides with a small amount of furans. On the
f I
J

MNAN. andN 107 TTYAADD £41
\UI‘\L)Z ailld £ V170 1 LJVIrTDE 1Ol

. of
73% of 2,4-disubstituted furans were furnished in the case when R is Me,C(OH)CH, and Ph, respectively.

']
.}

The role of DBU is to complete the tautomerization of isofurans.

WVAIVALRY WU

R—== Pd(OAC); Ll r\ =0
* TDMPP — OH y
_—=—CO,Et | 7
HO | R
R = Me;C(OH)CH,, Ph v~ COzEt CO,Et
/L’/_)/\ path b /(/'—‘»/\ ?
_ K 0 _ R0

Palladium complex can also catalyze the conversion of substituted 3-alkyne-1,2-diols 79 to 2,4-
disubstituted furans (Scheme 59).8% This procedure affords various types of substituted furans via
intramolecular addition of 3-alkyne-1,2-diols. The catalyst may be PdCI,(PhCN), or PdCl,(MeCN),.

Palladium chloride afforded a lower yield and when Pd(PPh )4 was used, starting materials were recovered.

Addition of a trace amount of water or dilute HCI can improve the yields. Allyl chloride may also be used to trap
the 3-Pd-furan intermediates to provide 2,3-disubstituted or 2,3,4-trisubstituted furans. iti
as

oxiranes can increase the yield of ailyifuran because they couid serve as proton scavenger.8%

Scheme 59
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O Hex

2.4-Disubstituted furans can also be prepared by the reaction of tributyltin enolates 81 and o-haloketones
(Scheme 60).90 However, the furans were not derived from the normal cross-coupling product of the starting
1,4-diketones. The reaction might proceed through the addition of an enolate (o the carbonyl of the o-

bromoketone, followed by elimination of tributyltin bromide to provide the B,y-epoxy ketone, which then

mralimad Tha ranntinm tanlk mlaca withant catalucic nr additinnal raagante Tf thare woare mara enthetitiiante at tha
Lytliiseu. e reéaciion ook Platt witluut Ldatdiy Sis Ul auliiuivindl 1eag Uiy, I VL WLITL HHULD SUUSLILUGIIL di v
e’ 1, . 17 1 1 - fale b el e e ddman o bl Lt VYA o L e
iin enolate and/or haioketone, furans with substitution patterns other than 2,4- can be obtained
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The B,y-epoxy ketone route to 2,4-disubstituted furan was successfully put to use in the synthesis of
natural products such as a monoterpenoid trisubstituted furan®!2 and (+)-bilobanone (82)91b by using

epoxyketones as starting materials. It was believed that the protonation first took place at the epoxy ring, then

i o oy TR

'\

1,4-dicarbonyl compound was pro oduced which could be senarated and transformed to furan

spal Y11 1IN

detecied.
Scheme 61
(0] (0]
(’\f BF3°Et,0 %\f
o g

OH

- //\\I/;\ - yd
T 1 /A

O %O (8 \\O \/\O/

2-Hydroxymethyl- or 2-fluoromethyl-4-alkylfurans was produced from diepoxides 85 by using fluoride or
waler as a ring opening agent (Scheme 62).93 Diepoxides 85 were available from the reaction of a-substituted
acroleins 83 and 1-bromo-1-trimethylsilanc 84 in high yields. Because 83 and 84 are easily accessible and a
number of reagents can be used for the purpose of ring opening, this simple, multi-step synthesis of 2.4-

disubstituted furans is a nnrentml]v reliable method,

Scheme 62
B ™ SiM OH 1. --BuOOH OMs TBAF (2 eq.) for X =F R
r 1ivie
I 84 > L iMe,  VYOGeac); O | .. 6575% +(18-25% X =OH) >/ I\
- 2 SHValy - > ilvity ({ A X
Hmo Bl Y 2MsCl T YT T TTRAR (T eq), o0 (10ea) S
R YU 95979 R U 89-92% R v for X = OH, 65-80%
83 85
B-Hydroxysulfones 86 can be transformed to 2,4-disubstituted furans in 75-89% yield by halocyclization
fallowed by frantimant of the intermardiate with . RNK (Sehame 82Y 94 Tt wac fanind that tha rata of cuelization
1011VOWCU Uy HCallicii 1 LG THHCHIICUIALG WL (mDUVZIN OVl VD ). AU W dd 1UULIU Liat uic 1dawte vt k«_)’\dlLdLlU 1
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reaction depended upon the amount of jodine used and the reaction could be accelerated by using an excess of
iodine. When 3.3 equiv. of jodine was used the tetrahydrofuran could be obtained quantitatively.

Scheme 63
Rr! 1
o I, PhSO,. | R
PhSO, K° 2 R
HO_ X~ R? _NaHCO3 [ \_r _tBuoK, ‘\Z/ L e
THF, H,0 0/\( 0/‘\/

86 I R! = Bu, Hexyl
R?=H, Me, Ph

Under paliadium-catalyzed condition similar substrates can aiso be transformed to 2,4-disubstituted furans
through an intramolecular cyclization followed by acid-catalyzed aromatization (Scheme 64).95 The reaction was
carried out in the presence of PdCl; as catalyst and N,N,N’,N’-tetramethylurca (TMU) as a HCI quencher
together with ethyl orthoacetate (EOA). In this transformation the cycloacetalization first took place and the
tetrahydrofuran intermediates can be separated.

M M
"R 0.5eq.PdCL, S R

_\ R /
=/ ) ealuh @ _p-TsOH_ ﬂ
5 eq. TMU PhMe
HO 0.4 eq. EOA Meo © reflux 0

R = PhCH;, PhCH,CH,,
CH3(CH,)s

Similar to acetylenic esters 27 (Scheme 24), acetylenic ketones can also be converted to 4-halo-2-
substituted furans in high yields (Scheme 65).96

~ chamao
(8] AIVHITENIC W

) Rl X
7 _

R!= alkyl, aryl; R? = alkyl, H

1,1-Dibromo-3-phenyl-1-butene (87) reacted with aldehydes in the presence of +-BuOK to provide 2,4-

disubstituted furans via a convergent [2+3] annulation reaction in a single step with moderate yields. It is

believed that the reaction proceeded through consccutive dehydrobromination, Sy2’ substitution, and a tandem

. Tio s e ie alom criitn
hem 66).97 This reaction is also suita

LI |

rans when the aldehydes are replaced by ketones.
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In previous Sections the radical cyclization of bromoacetals was discussed and it has been established that
this reaction was suitable for the formation of 3-substituted and 2,3-disubstituted furans. In this Section and in
the next Section, examples will be cited to demonstrate that this method is also appropriate for the preparation of

2,4-disubstituted furans (R2 = H) and 2,3,4-trisubstituted furans (R2 = H) (Scheme 67).98

Scheme 67
- n2 .“)
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RY, R? = -(CHy),-

i-Propargylbenzotriazole 88 was able to react with o-bromo ketones in the presence of a base to lead to
2,4-disubstituted furans (R2 = H) and 2,3,5-trisubstituted furans (R2 # H) in good yields. This is an one-pot

process and the mechanism was believed to involve an alkynyloxirane mtermedia{e (Scheme 68).99
Scheme 68
1
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It is known that acid-catalyzed cyclization of B,y-dihydroxy ketones leads to 2,4-disubstituted furans.!00
Ag(I) or Rh(I) promoted cyclization of allenyl ketones and aldchydes is also a good procedure for the
preparation of these compounds (Scheme 25).46-48 Thuys, 2,2—bis(mcthylthio)—2,é—dihydrofurans 47 (R2=H)
can also be converted to 2,4-disubstituted furans when treated with HCI followed by nickel-catalyzed Grignard

AAAAA i I

furans under miider conditions and in good to excellent yields. Similarly, protected dithiane acetal 90 was also
transformed into furan derivatives by an one-pot hydrolysis/cyclization sequence. Due to the fact that the

reaction gave 2-silyl substituted furans regiospecifically this method serves to provide a route to another
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rans by either electrophilic substitution or metallation/addition strategies (Scheme 69).10}
Scheme 69 R} R?
2
7 t gl _aaHC 2_(
thMeSi/u\/\( THF DL-N/IAC./(,\)\ pl
l 3 II 57 ssq ' s llzl'ch,l U n
R° O sove R! R2 R3-Ph Me. H
89 ANy AN N AL aly 1¥AC, 12
r‘(\’g | /
" HgCl
thMeSiB></|\|’ o —b=i AN
00 o ) Acetome  PhMesi7 g
i V4 I8 Wi
q ') p"nm l"lt-‘lr pllrﬁnc
oS edu A EWVILILE \SUiEWwl A Ul GIIO

due to the propensity of the furan ring to react with electrophiles or to be lithiated predominantly at the C-2
nd/or C-5 positions. Therefore the strategy of using blocking and/or directing group is necessary. In this
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treatment with 1.3 equiv. of BuLi in THF at -40°C after hydroxy group protection. Subsequent electrophile
addition and desilylation provided 2,4-disubstituted furans in good yields (Scheme 70).102 It is interesting to
note that the direct lithiation of the free hydroxy compound somehow led to C-4 lithiated furan (vide infra).

Lithiation can also be carried out at C-5 position for 2-bromo-3-methylfuran.103

Scheme 70
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3-Carboxy-2,4-disubstituted furans 91 can be converted to 2,4-disubstituted furans through a
decarboxylation reaction (Scheme 71).104 One shortcoming of this method is that the starting materials are not

easily available.
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Scheme 71
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Regioselective bromination can be achieved at C4-position of 2-phenylthio-5-alkylfurans, Lithium-bromine
exchange then was followed by an electrophilic attack and desulfurization to give 2,4-disubstituted furans
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From a 4-bromofuran derivative, bromine-lithium cxchange strategy was also used in the synthesis of a
natural product derivative, namely cristatic acid derivative 92 (Scheme 72).106

Scheme 72
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Although blocking and/or directing group deployment is very often applied to the synthesis of 2.4-
disubstituted furans from other substituted furans, procedures for direct metaliation to convert 3-substituted
furans into 2,4-disubstituted furans are also available. Thus, in situ protection of 3-furaldehyde with lithium
morpholide followed by metallation at C-5 regioselectively and subsequent trapping of the metallated furan with
several electrophiles eventually afforded 2,4-disubstituted furans in 30-70% yields (Scheme 73).107 To
exemplify, the synthesis of the anti-inflammatory sesquiterpene (1'E, 5’E)-2-(2’, 6’-dimethylocta-1’, 5°, 7°-
trienyl)-4-furoic acid (93) was accomplished from 3-furaldehyde.108



1986 X. L. Hou et al. / Tetrahedron 54 (1998) 1955-2020

F‘-(C"G 1. LiNR; CHO
(/ » 2. s-BuLi /(/ )
o 3.E¥

HNR; = morpholine;
-BuLi, morpholine E* = RI, RCHO, RCOR’, R;SiCl

1.n
2. s- B..L:, methacrolein

|

I3

l 67%
HO,

{Ol\ \I/l\ [ ‘/ 0»} \.’//J\\/A\f‘{i‘\’//’

93

Regiospecific lithiation-electrophile trapping strategy is also successfully utilized to the preparation of 2,4-
disubstituted furans from 3-trimethylsilylfuran, which, upon consecutive treatment with -BuLi and benzyl
bromide, gave 2-benzyl-4-trimethylsilylfuran as a sole product (Scheme 74).80 2-Benzyl-4-trimethylsilylfuran
was converted to boroxine 94 from which several 2,4-disubstituted furans were obtained via Suzuki reactions.
From 94, the preparation of iodide 95 was aiso accomplished and 2,4-disubstituted furans could be produced

by usmg palladium-mediated reactions. As can be seen, this procedure provides a convenient access to 2,4-
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Although lithium-bromine exchange can be achieved when BuLi is used (Scheme 10), lithiation can also
take place elsewhere on a bromofuran if a different base is used. The synthesis of 2-trimethylsilyl-4-
tributylstannylfuran (97),110 an useful intermediate for the synthesis of various natural products having
butenolide or furan function, serves as an excellent example (Scheme 76).1112 A titanium protocol has also been
recommended for modifying the reactivity of 3-lithiofuran (§), in which the highly reactive lithium furan
derivative was first converted to the moderately reactive titanium furan. A number of 2,4-disubstituted furans
were obtained with high chemoselectivity and in acceptable yields when the titanium furan was allowed to react

with electrophiles.!11b It has been clearly shown that chemo- and regioselective lithiation at different positions

of the furan ring could be realized through a careful selection of lithium bascs.!112
Scheme 76
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3,4-Bis(trimethylsilyDfuran (98) was recently converted to 2,4-bis(trimethylsilyl)furan (67) in high yield
through an acid-promoted rearrangement (Scheme 77).80 The driving force for the rearrangement of a
trimethylsilyl group from C-3 to C-2 is due to the sterically unfavorable orientation of the two trimethylsilyl
groups at C-3 and C-4. As we have seen previously, 67 was transformed efficiently into 2,3-disubstituted

furans (Scheme 50).

» L eie 40D,
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4. Synthesis of 3,4-Disubstituted Furans

4.1 From Tandem Diels—Alder Cycloaddition - Retro Diels—Alder Reaction and Related Reactions

One of the most important procedures for the preparation of 3,4-disubstituted furans is the tandein Diels—
Al 3 ._-.._1_ Al L i ™ AV o T QL 1 R i
AlLder CyCl10z ddition - retro Diels—Alder reaction. In Scheme 1 it was demonsirated that when R! and R2 of the

oxazoles are H, and R* and R3 are carbon substituents the reaction will lead to 3,4-disubstituted furans.!! In
these transformations, R4 and R5 may be aryl, CH,OR, and ester. Moreover, R4 and R5 may or may not be
identical.!1.112 Some interesting products, such as furan prostanoids 99 and furo[3,4-d]tropone 100, can be
synthesized by using this strategy (Scheme 78).113 Phenyl oxazole was used in these examples, because its
high boiling point renders it possible to perform the cycloaddition as well as the subsequent cycloreversion at
atmosphcric pressure. This is an advantage over syntheses involving 4-methyloxazole or other substituted

izoles which require elevated p

Scheme 78
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3,4-Disubstituted furan can also be prepared from 2-substituted furan through the so-called “furan ring
transfer reaction” by utilizing allene as a dienophile and furan as a diene. The reaction proceeded via an
intramolecular Diels—Alder reaction of allenyl furfuryl ether 101 produced in situ from propargyl furfuryl
ether under the action of +-BuOK. The allene unit is a versatile dienophile in the intramolecular Diels—Alder
reaction due to the absence of unfavorable nonbonded interactions in the transition state. Oxa ring cleavage of
the adduct finally afforded the desired furan product. Because the furan compound is acid sensitive it was

immediately hydrogenated and oxidized to a ketone derivative. This “furan ring transfer reaction” strategy was

Scheme 79 r\
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dienophiles. The resultant adducts underwent a retro-cycloaddition to afford new 3,4-disubstituted furans
(Scheme 80).115
Scheme 80 - -
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other furans with ¢-accepting substituents. As a resuit, other 3,4-disubstituted furans were produced through a
tandem Dicls—Alder Cycloaddition - retro Diels—Alder Reaction (Scheme 81).117 A number of other 3.4-
disubstituted furans were obtained conveniently from these versatile intermediates, namely tin derivative of
furan 104 and silyl substituted furan 74, 98 and 103 (vide infra).
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4.2 From Acyclic Precursors

Very few methods are available for the preparation of furans with substituents only at C-3 and C-4
positions because most electrophilic substitutions and lithiation of furans occur at the 2,5-positions, and many
acyclic precursors, e.g. 1,4-dicarbonyl compounds which are widely used as starting materials, are more easily
prepared with substituents at positions destined to become the furan C-2 and C-5 substituents.

S-Butyl-o.-thiomethylene ketone 105 reacted with trimethylsulfonium methylsulfate under phase-transfer
condition to produce 3,4-disubstituted furans (Scheme 82).118 As a modified version of Garst-Spencer
procedure,!19 this method uses trimethylsulfonium methylsulfate under phase-transfer condition instead of

onium

' 3 !
el 120222 L33 28 ) LIAQLARRRAL

uoroborate and Bul.i at -78°C, thus avoiding the
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realized by utilizing a similar route. <Y §-Alkyl-o- thiomethyiene epoxide is believed to be an intermediate in this
reaction. If the S-alkyl-a-thiomethylene group was seen as a carbonyl equivalent, B,y-epoxy carbonyl
compounds could be employed as the starting material for the realization of 3,4-disubstituted furans. Indeed,

B.y-epoxy aldehydes were adopted as an intermediate in the synthesis of furanoditerpenes.120b

Scheme 82
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methylation of the dianion, iodo-cyclization and aromatization, followed by metal-iodine exchange and
electrophilic substitution (Scheme 83). 121 Intermediate compounds, the allene derivative (as its silyl cther) and
iododihydrotfuran, can be isolated. Also the intermediate iodofuran and lithium furan could provide access to a

wide variety of other furans by derivatization of iodine and lithium.
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The 3,4-dibromofuran obtained is a versatile starting material for the preparation of 3-, 2,3-, 3,4-, and 2,3,4-
substituted furans (cf. Scheme 87). It is interesting that the reaction fails to afford a furan derivative when R is

PCC, CH,Cl,

55%
Br
1. H,S04
g
2. KzCl'zO7
Br R H,804

RP-H
N =

Reaction of B-ethenyloxyketone with strong base, was known to afford dihydrofurans, which were then
converted to furan under the action of p-TsOH (Scheme 85).124 The tosyl group showed different directing
effects, in the conversion of 107 to 108 through metallation and alkylation and in the Friedel-Crafts acylation
of 107 to give 109 through exclusive 2-substitution. In these reactions, the phenyl group is not crucial, suc

that its replacement by an alkyl group resulted in identical selectivity. Reductive cleavage of sulfur-carbon bond

of 107 could be carried out by using Na-Hg/KH,PQO, to give 3-phenyl furan. This reaction can also be applied
. . o A . W e 4 4 -1 P, T
to the preparation of 2,3,4-trisubstituted furans when R* and R+ are not H
Scheme 85
R! 1 1
rl Te wn  / I‘TS I{\ /TS l{\ Ts
R._O _Ts HO
i 1ipa \ _p-TsOH_ FN aBaLi, )
RZ/\ O) THF RZ/\O/ CHCl; RZ/\O/ 2. EtBr \O/\/
107 108
2 CplR2=(C
R! = Me, Ph; R2 = Me, Et, H; R R = -(CH,)4- IMecoc
| A1,
Y
R! Ts
Y
RA _ MMy o~ = 1 = =7 —=
vievwu QO R‘ = Ph’ R" =H
109
2,2-Bis{methylthio)-2,5-dihydrofurans 47 are versatile precursors and can be used in the synthesis of 3-,

2,3, and 2,4-substituted furans. They have also been applied to the pre on of 3,4-disubstituted furans

—r

us, treatment of 47 with Mel in acetone-water or 4 catalytic amourt o
presence of Raney Ni furnished the desired 3,4-disubstituted furans (cf. Scheme 35).61 From Scheme 7 it can
be seen that when R3 is H, the unsaturated nitriles can be used to the synthesis of 3,4-disubstituted furans as

well.
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4.3 From Other Furans

Generally the lithiation of 2,3-disubstituted furans will take place at C-5 position due to the increased acidity
of the a-proton over B-proton on furan rings (vide infra). However, if there is a sterically hindered group at C-
2, such as r-butyldimethylsilyl and ortho-directing group, such as hydroxymethyl, at C-3 position of the furan
ring, the lithiation takes place at C-4 position (Scheme 86). The oxygen of the hydroxymethyl group
coordinates with lithium at C-4, thereby stabilizing the lithio-intermediate. Electrophilic attack followed by
desilylation or silyl group migration from carbon to oxygen (see Scheme 44) provided 3,4-disubstituted
furans.125 Besides the hvdroxymethyl g i

Scheme 86
CH,OH E  CH,OH v E  CHOY
DUg4ivNK
\// \( 1. Buli _ \/\/ \_( or )/ \( E =D, Me, CO;Me, CH(OH)EL, 1
o/\ SiMe,Bu-t 2. E* 0/\ SiMe,Bu’ ~ NaH S 0/ Y = H or SiMe;Bu-¢

62

Lithium-halogen exchange of one bromine of 3,4-dibromofuran was accomplished with BuLi. Although the
trapping of 3-bromo-4-lithiumfuran with bromoacetate failed, acylation can nevertheless be carried out if the
furyllithium is treated with magnesium bromide followed by acetic anhydride. In addition, 3-bromo-4-
lithiumfuran can be trapped by dimethyl disulfide, dimethyl sulfate and hydrochloric acid to furnish the
corresponding methylthio-, methyl- and 3-bromofuran (Scheme 87).1256.127 The ability of 3-methylthio and 3-

nhenvithio substituents in directine the metallation at nosition ¢ relative to the substituent allowed the
phenyithio substituents 1n directin g the melalliation at position O relative to the subslifuent aliowed the
i mcmaniEia ol T atinm ~f Y rnathoTeh e a1 el - S, s Al cmmtal Teminios av b e oo
Ic ’IUSI)CLlllL d.lK}’ld.l.lUll JI I-INICLITY ILHIO= dlld 5-plHIc lylllllU“f Ul UlllUlulau DVIUL 1Ly, MeLdi-Dromne EXCndnge

and acid trapping followed by ortho-metaliation and electrophiie trapping of 3-bromo-4-methyithiofuran ied to
2-substituted-3-methylthiofurans. These reactions have made 3,4-dibromofuran a prominent starting material

for synthesis of polysubstituted furans bearing a S-function at C-3 position.127

\O/ 2. Acy,O ()/
Meosoy”
' y
Br Br Br SMe
I 8 I
o7 “o” "o’

Due to the convenient access of furan tin derivative 104 and silyl substituted furan 98 and 86 through

MeSSMe
HY 89%

Diels—Alder reaction and retro Dicls—Alder reaction (Scheme 2 and 69), ipso--substitution of these tin- or
silyl- groups might serve as flexible procedures for the synthesis of a variety of 3,4-disubstituted furans.
3,4-Bis(trimethylsilyl)furan (98) underwent ipso-substitution with BCl5 regiospecifically although the
direct substitution of 98 with aryl or alkenyl groups by Pd-catalyzed coupling was unfruitful. Treatment of the
resulting dichloroborane with dilute HCl or Na;CO5 afforded the air-stable tris[(4-trimethylsilyl)furan-3-
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1dec acrnrding ta thoe Cyionli_tunae Arace

J 11 J Ji 1Ly 111y J PV HALIULS albLui Uiy tU LI SULURI-LY CIUDD

roiinling tn neavida 2_gnhotitntad A _(trimmathouloiloNfivanas Chivthosn rnanvanrcinm 1midae cfemmiloe oo oo 3o _ 11

LUUpIHE WU PIUVIUC J=5UuisStitniCU-a-{NHINCU Y ISHY Iurans. runnct Conversion undaer Similar proceaures led
eventually to 3,4-disubstituted furans (Scheme 88).117b.128
Scheme 88

MesSi.  SiMes | o /I;/‘O RIX R!  SiMe;
H/ \ 1. BCly ah

B” B Pd(PPh3)4 7/_\<

o~ 2.Na;CO; MesSi o. B’O Na;CO; N7
98 ,)/\ . SiMe;
1. BCly R' R (0—/[
_2.NayCO3 H R! = Ph, p-MeC4Hy, naphthyl, 1-thienyl,
3.R%X '\0/ piperonyl, -CH,CH=CHPh, t-CH;CH=CHCO;Me.
Pd(PPhjy)4 = 3,5-Br,CgHj, p-BrCgHy, p-MeCgHy, t-CH=CHCsHy,,
Na;COs cyclooctatetraenyl, 9-phenanthryl.

3,4-Bis(tri-n-butylstannyh)furan (104), similar to 3-tri-n-butylstannylfuran (4), could undergo Stille

coupling to generate symmetrically and unsymmetrically 3,4-disubstituted furans (Scheme 77).33.116

Unsymmetrically 3,4-disubstituted furans can also be obtained from 3,4-bis(tri-r-butylstannyl)furan (104) after

its reaction with BuLi and an electrophile, followed by a Stille reaction (Scheme 89).35.116
Scheme 89
RIX R! R! R!=Ph, p-NO,C¢H,, p-MeCOCgH,,
i N—( p-MeCgHy, PhCO, 1-CH=CHPh
Pd] (/ B 6524) 1a=oaai,
ST o (Z)-CH(Me)=CHCOMe, CH,Ph.
Bu3Sn SnBuy  peoc R'  SnBuy R2X R! R? R%:=Br,p-NO,CgHy,
7 PACl,(PPh;), R [Pd] /H\ {-CH=CHPh.
<2 - Q) - )
o 0 0
104 E SnBuz gy E R E=Me, CHO, CH,OH,
. . [Pd] C(OH)Mez;
\—15%%‘—> 2/ \i 2/ \§ R = 9-phenanthryl, CH,Ph,
2.E o o t-CH=CHPh, p-MeCOPh,

(Z)-C(Me)=CHCOMe.

Boroxines 110 are able to react not only with aryl, benzyl- or allyl-type halides but also with tri-n-
butylstannyl chloride. The resulting organotin compounds were converted through the Suzuki-type reaction to

the corresponding coupling products or were converted to an iodide, which, throngh Heck reaction, provided
also the desired 3,4-disubstituted furans (Scheme 90).117¢
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Scheme 90
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From boroxines 110, furan-3,4-diyl oligomers such as octamer 111 can be obtained (Scheme 91).117¢
These oligomeric furans may serve as prototypical models for the study of novel furan-3,4-diyl polymers129

and non-linear optical materials.!30

Scheme 91
L SiMes o o) 0. (0} 0
)& Y 4 MesSi VYWY {
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111
In addition to the reaction with BCl3, 98 was also reacted with iodine in the presence of silver
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P o [ I R S r: M
tipigoroacciaile w pi
converied to a number of different substituents. Thus, this approach provided another entry to unsymmetrically

3,4-disubstituted furans from 98 (Scheme 92).131

Scheme 92
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5. Synthesis of 2,3,4-Trisubstituted Furans
5.1 From Tandem Diels-—Alder Cycloaddition - Retro Diels—Alder Reaction and Related Reactions

Q o

Ter snsnsriniie Qo sl ¢ smenliangi an A F el sls :
11 PICVIOUD DCLLIVIDD LIC applitalUll VUi

the title reaction sequenc
been discussed. In this Section more examples will be given to show the versatxiity of this strategy, especially
the uses in the realization of polycyclic molecular architectures.

As can be seen in Scheme 93, when the oxazole is connected to an acetylenic dienophile the reaction will
undergo an intramolecular pathway. One advantage of this approach is its high regioselectivity because of the
geometrical constraints concerning intramolecular Diels——Alder reaction. This synthetic method is suitable for

furanoterpenes containing both B-methyl substituent on the furan ring and an oxygen functionality at a position

adjacent to the furan ring junction. Naturally occurring furanoterpene evodone (112),132 and furanoditerpenes
gnididienc (113)133 were synthesized in this manner

I_[P\‘) _H
Y % b YT Y o7 o
N -HCN SN N PN
T \

—— il Il
7 H \ 0

112 113

The “furan ring transfer” reaction has also found its applications in the synthesis of 2,3,4-trisubstituted
furans (Scheme 88) (cf. Scheme 79).114.134 Ag can be seen, the chirality of the o-carbon of the starting material
can be transferred to another part of the product.135 In addition, the “furan ring transfer” reaction product

proved to be a useful precursor to functionalized isobenzofurans, which may undergo intramolecular Diels—

Alder reaction to afford other useful products.
Scheme 94
P
79 ¢ 2772 ¢ 79

: / s
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Yo7 ) — [ oy e/ | — [ o]
— HO™ Y | S 7 ) NP

5.2 From Acyclic Precursors

Suitably substituted w-phenylthio-B,y-unsaturated ketones 114 have been converted to 2,3,4-trisubstituted
furans when treated with concentrated HySO,. The starting materials in turn can be synthesized from allyl
sulfides. Aluminum chloride catalyzed acylation of the resulting a-silylallylic sulfides with acid chlorides gave
1-acylated vinylsulfides with complete regioselectivity (Scheme 95).136
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The reaction between acetylenes, aldehydes, and isocyanide was found to provide 2,3,4-trisubstituted
furans regioselectively by means of low-valent tantalum. This is an one-pot procedure and might go through an

oxatantalacyclopentene intermediate 115 and the mechanism is shown below (Scheme 96).137

Scheme 96
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Palladium catalyzed reaction of 4-methoxyacetate 116a and 2-propynyl carbonate generated 2,3,4-

trisubstituted furan in good yield. In this transformation the most effective catalyst was the one produced in situ
from tris(dibenzylideneacetone)dipalladium(0)-chloroform (Pd,dpb3*CHCI3) and 1,2-
bis(diphenylphosphino)ethane (dppe) in dry THF. Also 4-phenylthioacetate 116b furnished the furan product
under the same conditions (Scheme 97). Dihydrofuran 117 has been isolated as an intermediate in the

cyclization of 4-methoxyacetate 116a.138

Scheme 97
COZMe 1. szdba:‘-CHCl3 COlME (:02Me
o i + & OCOMe zd[;i')f:.THF ) \
. . . Cl N up
1 78-82% 0" oY
: A 117 OMe
1162 X = MO
116b X = PhS

B,y-Dihydroxyketones 118 also served as a key precursor for furan ring synthesis. This starting material

was produced from an intramolecular [3+2] dipolar cycloaddition of a nitrile oxide with subsequent reductive
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£ e

system 119, a common structural unit of tanshinones which are active components isolated from the Chinese
folk medicine Danshen (Scheme 98).13% B,y-Dihydroxyketone was aiso used in the construction of several
eremophilane sesquiterpenes, such as 9,10-dehydrofuranoeremophilane (120).140 It is believed that the B,y-

dihydroxyketones serve as latent 1,4-dicarbonyls for furan ring construction.

Scheme 98
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A furan was produced by the oxidation of alcohol 121 or dihydrofuran 122 with DMSO/DCC in the
presence of PPTS or PTFA and this reaction was employed in natural product synthesis (Scheme 99} 141
Again, this furan ring assemblage was a result of the cyclization of a 1,4-dicarbonyl.

Scheme 99
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2-Alkynyl 2-diazo-3-oxobutanoates 123 were transformed into substituted furans under the catalysis of
rhodium(IT) acetate. The reaction may proceed through carbene addition to an acetylenic nt-bond followed by
cyclization (Scheme 100).142 The convenience with which Rh(II)-catalyzed cyclization reaction of 2-alkynyl 2-
diazo-3-oxobutanoates occurs makes this route particularly attractive for the preparation of a wide variety of

furo[3,4-c]furans. The substitucnts that flank the diazomethylene group play an important role during the
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produced in this way from the reaction of diazocyclohexane-1,3-diones and viny! acetate in the presence of a
rhodium catalyst with subsequent elimination (cf. Scheme 38).65
Scheme 100
N 7 r RhOQ o
o R? Rhy(OAc), H cyclization \
—_—— -
PhH Rr! - I_gwm 1
- Fay e — = 3 5 4
= voouv o A o, TN A
z L Bo™o | pogme g oo
123 n ‘ n

A 2,3 4-trisubstituted furan was obtained from 2-benzyl-2-butenolide 124. The substitucnt at C-4 of the
furan ring was introduced through the reaction of butenolide with 2-diazopropane regioselectively and
thermolysis of the resulting pyrazolinolactone. Aromatization was then realized by treatment of the product with
r-butyldimethylsilyl triflate and Et3N (Scheme 101).143

Scheme 101
- / /
Ph - Ph Ph
[:i\ Me,CN, >(\ [P e H\ TEOMSOTY
0”0 Z reflux oo Et;N o~ > OTBDMS

P ~ % M o e

nanner, 2-butenolide 125 was transformed into another 2,3,4-trisubstituted furan through a
reduction-dehydration procedure. The method was commonly used in the synthesis of furanoeudesmanes in

which the construction of the C ring (furan ring) was always the last step in the synthesis (Scheme 102).144

H Scheme 102 ;
= 0 o 1. DIBALH = | 0
P G 2. PPTS X 7/
[ B 125 \ | & \
cis or trans cis or trans

From Scheme 85 it can be scen that -ethenyloxyketones can be converted to 2,3,4-trisubstituted furans.124
The use of radical cyclization in the preparation of 2,3,4-trisubstituted furans was shown in Scheme 67.98
Reaction of alkenyl sulfoxides and B-ketoesters provided 2,3,4-trisubstituted furans with good yields (cf.
Scheme 3Q) 66

FEiv2 08, 7
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effectively applied to the synthesis of 2,3,4-trisubstituted furans.145 In these cases, the starting materials,
A A 2 Ta H F 1 | 1
annulated 3-methylene-2,3-dihydrofurans, were prepared from the reaction of cyclic 1,3-diketones and

o
(98]

propynyl or allenic sulfonium salts. The annulated 3-methylene-2,3-dihydrofurans are extremely acid sensitive
as well as somewhat heat sensitive, and easily isomerize to bicyclic 3-methylfurans. Only in the case of
cyclohexane 1,3-dione was a product, 127a, isolated and it required storage in a refrigerator. It is noteworthy
that the ene reaction of annulated 3-methylene-2,3-dihydrofurans 127 with highly active enophiles, such as
Eschenmoser’s salt, diethyl azocarboxylate, and tetracyanoethylene, proceeded at room temperature, but other
enophiles, such as methyl vinyl ketone, acrolein, and dimethyl fumarate, needed more severe conditions

{110°C). This is also in contrast with 3-methylene-2,3-dihydrofuran (13) (cf. Scheme 8) and is probably due to

aromatic furan system. The enophiles are a variety of double bond compounds with electron withdrawing
i T oAtk il AT o s NTRQ anAd crimnmmarmyuishthalia aatd mmagneciiim on 1+ (NANADDN alon sonnéad
groups. in aaaition {o tne enopniies, INDO and mo 10pEroxXypininaiic acia magnesium sait ((MMr'r) aiso reaciea

with the methylene dihydrofuran to produce fused 3-substituted methyl furans (Scheme 103). This procedure
provided annulated furans with various 3-substituents. Some naturally derived furanoterpenoids possessing
fused 3-methylfuran structures as a common structural unit such as tubipofuran and 15-acetoxytubipofuran

were synthesized by employing this methodology.145¢

5.3 From Other Furans

Regioselective acylation of the furan ring can be realized in good yields when 3,4-disubstituted furans were
used as starting materials (Scheme 104). High yields were obtained for small scale reactions when X was iodinc
but only about 50% yields were achieved for a 10 g reaction scale by using propanoic anhydride and BF3-Et;0
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group in 128 was not only used as a directing group during acylation reaction but it also plays an important role
0

in stabilizing the furan ring during the elaboration of 129 to the perhydroazulene 138.

Scheme 104

CH;CH,COH H
MeO:Q /~X  MeSOH, P05 MeO2K  /~x 2 o
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R L e
128 X=1 129 O

Acylation can also be performed at the C-5 position of a furan ring when 3-tosyl-4-substituted furans 131
are allowed to react with acetyl chioride and AICl3. Tt is interesting to note that electrophilic substitution

exclusively gives 2-substituted furan 132 while lithiation usually gives furan 133 (Scheme 105).124

Scheme 105
T
Ph T8 Fh Ts 4 BuLi Ph $
)/_\< MeCOCI >/_\< THF, - 70 °C H
MeCO” g~  AlCL CH (. ™o~ 2. EtBr S o Et
132 131 133

It has been demonstrated in Section 4.3 that lithiation took place at the C-4 position of 2-(dimethyl-z-
butylsilyl)-3-hydroxymethylfuran (cf. Scheme 86).125 This can be considered as one of the methods for the
preparation of 2,3,4-trisubstituted furans if the lithiated furans were allowed to react with electrophiles. In fact
metal-substituted furans 134 were also prepared and transformed to 2,3,4-trisubstituted furan through Suzuki

coupling 47 and Stille coupling (Scheme 106).148

Scheme 106
Bu3Sn oH R OH
P _ Bu3SnCl J\ [Pd}, RX J\
Li /~OLi - o7 X to” X
7\ (MeO);B —~OH R, OH
07X _BOMe; _ ﬂ _[PdLRX m X ='BuMe,Si
134 o X 0" X R=Ar

In Scheme 52 it was shown that regioselective lithiation-electrophile trapping of 74 was realized when t-

i
Bul.i was used as base. Substitution of trimethylsilyl group by iodine atom was accomplished when I,/AgBF,

was used as reagent system although the yield was low.80 Thus, 74 and rclated compounds, such as 103a,
- . RS TRV SN IR [ Rl RS S ot g Bike SN VRGNS R R ST T T
can also be used as the starting material for the preparation of 2,3,4-trisubstituted furans

6. Synthesis of 2,3,5-Trisubstituted Furans
6.1 From Acyclic Precursors

The conversion of alkynyloxiranes 135 to 2,3,5-trisubstituted furans was realized by treatment with r-
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elimination of alkynyloxirane to cumuleny! alkoxide followed by cyclization to a vinylic anion, which then
transforms to furan products (Scheme 107).149
RO \ Scheme 107
H e
¥y -C3¥\lo t-BuOK A\
RY t-BuOH R o OMOM
A\ 18-C-6 e
135 OoMOM
| !
l |
[ A = }
R ==>_\ E/QO)\,OMOM |
[ N0 oMOM R |
R! =BnO, HOCH;, HO(CH,)3, CsH;y, C3Hy
In Section 2.3, the conversion of y-alkynyl allylic alcohol 27a to 2,3-disubstituted furan has been

described.44 This reaction is also suitable for the synthesis of 2,3,5-substituted furans (cf. Scheme 24). I

=

addition to y-alkynyl allylic alcohols 23, B-alkynyl allylic alcohols 114 can also undergo an analogous
transformation (Scheme 108).150
Cyclization of B—allenyl, B—alkynyl, y-alkynyl allylic alcohols through favorable 5-exo-dig or 5-endo-dig
processes proceeds readily at or below room temperature and provides a reasonably general procedure for the
preparation of 2,3-, 2,4-, and 2,3,5-substituted furans in high yields. The Z-configuration is necessary for y—
alkynyl allylic alcohols and it requires the presence of an acidic proton at the a-position of the R3 substituent in
the corresponding E-isomers to effect the E to Z isomerization prior to cyclization. Using these methodologies,
..... dovterane and furan mbr i i

pseuasdpierane ana

1 151
prepared.

Rl— TTis.c6 / .
— X g 18C6 . /d ’\ \ R! = i-Pr, MOMOCH,

HO' R "0” "R’ RZ=Bu,H;R?=H, Et,Me
, 136,
R R - R! = MOMO(CH,),, n = 34
ya R? £-BuOK K Rj =Me, H
Rl 18-C- gt U/ N\ R'=MeH
27 - 07 RY ORY=H,Et

A similar reaction took place when 4-pentynones 139 were treated with r-BuOK. The reaction prob:
1

=

involves the cyclization of alkynone enolates and isomerization (Scheme 109) 52 However, reactive allenes
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Interestingly, conjugated dienones were the products when these alkynones were allowed to react with NaOMe
in MeOH.
Scheme 109
_‘1 R3 Rl R Rl R‘ _] RI Rz R= Ph; Bn
A J R'=H,Ph
t-BuO t-BuOH 2
~ -2 4 D OIT S . / xR o7 eacy / Rr3 R*=Ph, H
[§] K t~DUNEL L O R~- R/ o l f1=0070 p~ ‘0’ N~ RS’PII 4-CIPh
139 L | ,4-C
Trisubstituted furans can also be provided by B,y-acetylenic ketones 140 as shown in Scheme 110. The
reaction was carried out by a Pd(Il)-catalyzed cyclization through oxypalladation. The furan products were
ﬂnrx;\';ed from }n{emed}atcs 141 bv nratndanalladatinn ar carhndeanalladatian with allyl halidac /Qrhome
ey Y pPiyuivuvpaliauanivil vl \.»uluuu\.«y(.uu.tuuuuu YWilll Allyl Haliuvd {(ouliviie
11m 153
1tu).*—-
Scheme 110
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v-Alkyny! allylic alcohols undergo both base-catalyzed isomerization as well as Ru- or Pd-catalyzed
transformation to form substituted furans (cf. Scheme 263.50

Epoxypropargyl esters 142 were converted to trisubstituted furans under the action of HgO and dilute

reductive elimination of epoxy-alkynyl esters 144 also provided an efficient synthesis for v—alkynvyl allvlic
ve elimination ol €poxy-aixyny! esters 144 also proviced an etficient syntaesis for y—aikynyi ailyiic
IS IO TR O NS IR IS L3 T S TR B DY S DY Voo NA- b 110 1 180 o o1 O
d41CONOILS ITOIN SIHIPIC dld reddily avalldDIC StdlUllg IatCridls. LIKC lvidlsldil S ProCcedures, *~+ tie useruiness ol

this methodology is restricted to those cases where it can be used in combination with a successful E- to Z-
enynol isomerization or where geometrical constraints impede the formation of E-products.

Scheme 111
R} lg‘(OH HOE\; o N Rf
Co X M0, ) RRI=CHyy A
RZARI " K dl.:é}ué(y?4 R1—2<(;g/ = RS Rl/ \(CH2)n/‘ \O/ " R5
R

R! = Me, H; RZ,R? = -(CHp)p-, n = 3-5; R* = Me, CgH;3, PACHCH,CH=CH;
RS = Pr, Bu, CsHy,, THPOCH,, Ph
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Under basic condition, B,B-difluoro-B-acetylenic alcohols 145 gave fluorine-containing furans. The
intermediate is believed to be an epoxyacetylene (Scheme 112).156

R oo |

AEZ — 1 2]
145 R = Ph, 2-furyl, vinyl, Et.

-Propargyl-1,3-dicarbonyl compounds 146 are able to react with aryl or vinyl triflates or halides with
DA antnliaia ~ £l N 2 & tnlonalaotitntad Firvane Wha 1.
Pd(0) catalysis to furnish 2,3,5-trisubstituted furans. When the reaction was carried out under a CO

atmosphere, it provided different products. In this case, the use of weakly coordinating ligands gave more
satisfactery results (Scheme 113).157

Scheme 113
P Arl e 74
R Pd(OAc),, R'X R
/§/—\\ ﬁ P(o-tol)3, CO R XX  Pd(PPhy), \
ANo”>"“ar  KCOy, DMF o KyC03 g >R
KoM 55-64% 146 DMF, Heat =
=Me 55-71% =Me, E
Ar = p-MeO,CCHy, Ph, ° X=LBr,OTf
m-MeCgHy, m-FCgHy R' = Vinyl, Aryl

Rhodium complexes have also found application in the synthesis of 2,3,5-trisubstituted furans. It is well
known that rhodium(ll) acetate can catalyze the decomposition of diazocarbonyls 147 to form carbenoids.
Thus, Rh-stabilized carbenoids reacted with acetylenes to afford substituted furans although the reaction may
me 114).158

143

=
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n

147 3 R!
R = Ph, 4-MeOPh, 3,4-di-MeOPh

In an attempt to avoid cyclopropene formation, diazo compounds with two electron withdrawing groups
were used. The presence of electron donating groups on the acetylene prevented the generation of furans.

Similarly, a literature report also disclosed that Rh-catalyzed ring opening reaction of cyclopropene was
regioselectively controlled by the oxidation state of the metal. Thus, 1,2,2-trisubstituted cyclopropenes 149
were converted to 2,3,4- and 2,3,5- trisubstituted furans in the ratio of 26:1 in the presence of a Rh(IT) complex
while a Rh(I) catalyst led exclusively to 2,3,5-trisubstituted furans. The mechanism might involve an
electrophilic attack followed by ring opening and electrocyclization, yiclding a metallocyclobutene.
Retrocycloaddition and recombination then give rise to furan products. The ring cleavage step is highly

regiospecific and the product composition markedly depends on the metal oxidation state (Scheme 1 15).159
(e)

These results differ from that of Davies and Romines (cf. Scheme 114).158 In the latter ex..mp!c, Rhy(OAc),
catalyzed rearrangement of cyclopropene derivatives 126 afforded 2,3,5-trisubstituted furans
Scheme 115
Y.L i 0 N
Pr I L,*Rh  Me
LRI NN (¢) TSN Ml
7 ) { Ph——— .
ph o M Me H COPh
149 Pr
Y

~
il
]

PhCO\n/ |l|
Rh*L, py

13 n r N

cage Pr

L,"Rh COPh

Hydromagnesiation of y-trimethylsilylpropargyl alcohols 150 followed by treatment of the intermediate

151 with nitriles furnished furan derivatives. The addition of the Grignard reagent to the acetylenic group was

catalyzed by Cp,TiCl,. The vinyl magnesium bromide then reacted with nitriles to produce ketimines which
were h"drelyzed and dehydrated to furan products under acidic conditions (Scheme 116).160 Acyl halides or



X. L. Hou et al. / Tetrahedron 54 (1998) 1955-2020 2005
Scheme 116
PRy R n2
br N K-
Rl i-RuMaRr Bng (I)H N2 ¢ Y (I)H
™ = : P=ULVAgOT . )\ LW |
OH CmTiCl, TMS R! Tms)\/\ R!
150 151
K o TMS
w T 7\ R'=Pr,H
=IT
)\/L 1 RZ/( 0)\ R p2_pp i
T™MS R R = Ph, 'Pr, Et, Me
R '\_‘ Tncatniratad Fatnnec rantaining an alectron withdrawing grnnn at the n_nncitinn waoara ahla tn raant uith
My [T iBatul aili ACIUTILS LUINRALNITEE all CICLLIUIL wilidlawiilg gloup at UL Gepusiion will aoiv W ICadt wiul

diselenide and ammonium persuifate to produce substituted furans in moderate to good yields. The reaction was
initiated by an attack of the strongly electrophilic phenylselenenyl sulfate, which was formed in situ by reaction
of diphenyl diselenide and ammonium persulfate, to give the selenodihydrofuran. Oxidation of
selenodihydrofuran eventually afforded the furan products (Scheme 117).161 This one-pot conversion of

unsaturated ketones into substituted furans by using phenylselenyl sulfate provided an attractive and convenient
method for furan preparation, despite the fact that the preparation of ,y-unsaturated ketones is not trivial.

Scheme 117
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Furan frameworks were also formed by reaction of allenylsilanes 153 and acid chlorides in the presence of
aluminum chloride. The process can be considered as a [2 + 3] annulation of allene and *C=0. Desilylation of
tetrasubstituted furans provided the desired products (Scheme 118).162 The reaction was regiocontrolled and z-
butyldimethylsilyl or triisopropylsilyl group was superior to trimethylsilyl group presumably due to the ability
of the larger trialkylsilyl groups to suppress the undesirable desilylaton reaction. In addition, the trialkylsilyl
substituents in the products have the capacity to facilitate electrophilic substitution reaction at C-3 position of the

furan ring. On the other hand, if desired, the silyl group can be casily removed by acid treatment .
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Intramolecular cyclization of propargyl substituted 1,3-diketones 154 led to the formation of 2,3,5-
trisubstituted furans. The reaction was carried out in PPA (Scheme 119).163

(0]
. n2_{
rn FAN
0 polyphosphoric
Rl_— acid 7\ Rl R! =Me, H
100°C DL -
0 100°C Ph O R2 =Ph, ¢-C¢H);
=2
154

Coupling of B-keto esters or amides 155 with cyclic acetals promoted by TiCly led to the formation of

furan products. The reaction is presumed to proceed through the attack of titanium enolates at the reactive
oxonium, generated also by the action of TiCly, and followed by cyclization to give the dihydrofuran.
Dehydration then delivered 2,3,5-trisubstituted furans (Scheme 120) 164

Scheme 120
/T\i\Cl;;
R M P ®
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Reaction of two molecules of a-bromo-f-alkoxyketones 156 in the presence of DBU afforded 2,3,5-
trisubstituted furans. The elimination of ROH from the c-bromo--alkoxyketone produces a-bromo vinyl

another malecule of o-hromo-B- q]l(nvu](pfnnp in a Michael- type
N another moiecule of ¢-brome ype

o

addition to give a new adduct. y-Elimination and dehydrobromination provided diacyl cyclopropene.
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Rearrangement of this cyclopropene led to furan products (Scheme 121).165 The reaction is very efficient and
thus constitutes a new simple entry to the synthesis of relatively elaborate substituted furans which are valuable
synthetic units of widespread occurrence in Nature.
Scheme 121
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The formation of furan rings from 1,4-difunctional groups is one of the most popular methods in furan
synthesis. Some procedures for preparing 2,3,5-trisubstituted furans are based on this strategy. The highly

electrophilic nature of the central carbonyl in vicinal tricarbonyls 158 has been used in the synthesis of furan

~ 14 \ PR, T ~£
1

rmgq (Scheme i22). 166 In this example the central carbonyl group o the starting materials acts as a

m

for intramolecular addition of the alcohol group. Acid-cataiyzed dehydration of the resuiting dihydrofuranones

produced furan derivatives.

Scheme 122

R OH R¥* "OH o~ ~CO;Me
157 158 R = Ph, Hexyl, Pentyl, i-Bu, #-Bu, {-Pr

Conversion of 6-hydroxy-3-oxo-4-hexenoates 159 under acidic condition to
Scheme 123.167 The conversion of y-oxo-carboxylic acids 160 to furans via

is another example making use of a similar strategy.168

]
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159 X
R!'=rh, 4-MeOPh, Me, Et, 0,;NCH,, CN X = Cl, MeO, Me, H
K2 = Ph, Me, H
Cyclopropanes 161 with donor and acceptor functionalities have been utilized as three-carbon building
yl)cyclopropane

blocks for the preparation of furan rings. Thus, reaction of 1,1-diphenoxy-2-(phenylsulfon

with BuLi followed by the trapping of the carbanion with acylating agents provided dihydrofu
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easily converted to 2,3,5-trisubstituted furans under the action of p-TsOH. For enolizable acyl agents the

reaction also gave the undesired enoiate of acyl cyclopropanes since the lithium derivative of cyciopropanes

could serve as a base. To avoid this side reaction acyl imidazoles were used instead (Scheme 125).169

Scheme 125
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Alk-3-yne-1,2-diols 162 reacted wit
presumed that the reaction involved a 5-endo-dig cyclization!? to 3-hydroxy-4-iodo-2,3-dihydrofurans which
rapidly underwent dehydration to give the corresponding iodofurans although all efforts to observe the
intermediate were unsuccessful. It is interesting that the attempts to cyclize a 3,4-dihydroxyalk-1-yne also failed
and the cyclization of syn-isomers was more rapid (about 2 h) than the anti-isomers (about 12 h). It is worth
noting that these iodofurans were converted further to other 2,3,5-trisubstituted furans by using metal catalyzed

coupling reactions or halogen-metal exchange (Scheme 126).170

Scheme 126
I R3
HO / further _/
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R! = Ph, Me, CO;Me; R? = Ph, Bu

2.3,5-Trisubstituted furan 164, which served as an intermediate in the total synthesis of a

furanocembranolide, namely gorgiacerone (165), was also obtained from a 1,4-difunctional starting material

163 (Scheme 127).171
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Q | H,0, EtOH SPh X o
v NI

163 164 165 O

Scheme 127

Hydrogen peroxide oxidation of 2,4,6-trialkylsubstituted pyrylium salts furnished 2-acyl-3,5-dialkylfurans
in moderate yields. When the reaction was carried out in buffer solutions (pH = 3-4.5) the yiclds were
improved to 75% (Scheme 128).172
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Scheme 128
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Az(l) or Rh(I) promoted cyclization of allenyl ketones and aldehydes is a convenient method for the

5-trisubstituted furans (cf. Scheme 25). 46-49 In view of the mild reaction
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(cf. Scheme 35).%! In addition, 2,3,5-trisubstituted furans were also obtained through the reaction of
diazocyclohexane-1,3-diones with vinyl acetate in the presence of a rhodium catalyst through a 1,3-dipolar
cycloaddition and subsequent elimination of HOAc by using a catalytic amount of p-TsOH (cf. Scheme 38),65
trom substituted 3-alkyne-1,2-diols under palladium catalysis (cf. Scheme 59),8? from acetylenic ketones (cf.
Scheme 65),96 from the reaction of 1,1-dibromo-3-phenyl-1-butene and ketones in the presence of t-BuOK (cf.
Scheme 66),97 and from propargylbenzotriazole and ot-bromo ketones (cf. Scheme 68).99 Trisubstituted furans

were aiso produced from bromoacetals by a radical cyclization when 1,3-disubstituted propargyl alcohols and 2-

s starting materials (cf. Scheme 4).15.173

Q. ilig AAAITLALS (LiL

Lithiation-electrophile trapping strategy was also widely applied to the synthesis of 2,3,5-trisubstituted
furans. These furyllithium species were obtained by various means, such as direct metallation of furans at the
o-position using BuL.i or LDA and metal-halogen exchange methodology, which allowed for the preparation of
B-thio-furans. Blocking groups were occasionally used to lead the lithium to special position. In this aspect,
trialkylsilyl groups are particularly useful not only because they play a role as a directing group but also because
they are easily removed. Normally the lithiation of 2,3-disubstituted furans occurs at C-5 position. Thus, 2,3,5-
trisubstituted furans can be obtained from these lithiated furan through an electrophilic attack (Scheme 129).174

Scheme 129
/— OTBS —OTBS

0O SPh T™MS ) SPh
167
CHO CHO
P 2.3 eq. BuLi P
b 3. Mel e
168 LNMP = lithium N-methyipiperazide

A similar reaction was also carried out for 3-methylfuran-2-carboxylic acid (169) (Scheme 130).175 Furan

dianion reacted very efficiently with aldehydes and ketones but not as satisfactorily with alkyl halides and
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trisubstituted furans preparation. Lithiation at the C-5 position of 2,3-disubstituted furans was aiso successfuily
established for 2-f-butyldimethylsilyl-3-(triethylsiloxymethyl)furan (cf. Scheme 70)102 and 2-bromo-3-

methylfuran,103

Scheme 130
K/ >\ LDA /\{ \/\ £ /\{ L\
o~ " COH Li CO,Li E” "o” "CO;H
169 E = Me, Et, RIR2C(OH),

R! = Ph, Me; R2 = Me, H
RIR? = -(CHy)s-

Lithiation-electrophilic trapping strategy has also been employed in the synthesis of 2,3,5-trisubstituted
furans from 2,5-disubstituted furans. Regioselective lithiation at C-3 position can be carried out for (5-
substituted-2-furyl)-4,5-dihydroxazoles 170 simply by using BuLi in THF-HMPA. Trcatment of the lithiated
furan with electrophiles provided 2,3,5-trisubstituted furans 171 in cxcellent yields (Scheme 131).176

Interestingly, direct electrophilic aromatic substitution of 170 is preferred at C-4 position in spite of the strong

electron-withdrawing effect of the oxazoline moiety and its tendency for N-quaternization. (3,5-Disubstituted-2-
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Another strategy of preparing 2,3,5-trisubstituted furans from 2,3-disubstituted furans is through
transmetallation of 5-lithio-2,3-disubstituted furans followed by Pd-catalyzed coupling reaction (Scheme
132).178

Scheme 132 .
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2-Acylnaphtho{2,3-h]furan-4,9-dione 1785, isolated from Tabebuia Cassinoides (Lam.) DC
(Bignoniaceae), was synthesized from 2-(2-acetyl-4-furanoyl)benzoic acid 174 (Scheme 133).179
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5-Isobutyl-3-methyl-2-furancarbaldehyde (177), a monoterpene isolated from the essential oil of Tagetes
glandulifera Schrank, was synthesized from a 2,4-disubstituted furan 176 by the use of Vilsmeier formylation
(Scheme 134) (cf. Scheme 61).91a

Scheme 134
/ /
o DMF o~ " CHO
176 177

Furan derivative 68 (cf. Scheme 50) has also been converted to 2,3,5-trisubstituted furans through the

protocol of Ni-catalyzed coupling, boroxine formation and Suzuki reaction (Scheme 135).80

Scheme 135
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MeOH, PhMe trans-BuCH=CH 66 %

reflux

Furthermore, 2,3,5-trisubstituted furans have been prepared from 2-phenyithio-5-alkyifurans through
regioselective bromination followed by lithium-halogen exchange as well as electrophilic attack (cf. Scheme
72).105 Lithium-halogen exchange with subsequent conversion of Li to Ti was followed by electrophilic attack
to provide 2,3,5-trisubstituted furans. High regioselectivity was realized in this way when bifunctional

electrophiles were used (cf. Scheme 12).27

Concluding Remarks
In this report, We have reviewed the regioselective syntheses of polysubstituted furans in accord to
their substitution patterns. As mentioned in the Introduction, no encyclopaedic coverage is intended, the
syntheses of furans are only discussed in this report mainly in conformity with the authors' interests. After the
nuscript, many new examples have appcared in the literature for the preparation of 3-
1

stituted, 180-18 5 2.,4-disu 87 2.3 4-trisubstituted,188-190 3nd 2.3 5.

(o}

trisubstituted furans.!191-195 The untiring activities in the preparation of polysubstituted furans nonetheless
manifest their significance. Notwithstanding the established procedures, there is still an urgent need to realize
polysubstituted furans in a more regioselective style as well as in larger scales, which can be looked upon as a

synthetic challenge to greater exertions.
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