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Methods of Synthesis of §-Substituted Furan Derivatives

L.D.Krasnoslobodskaya and Ya.L.Gol'dfarb

The review describes the methods of synthesis of f-substituted furan derivatives. Particular attention was devoted to the
methods based both on furan itself and its a-monosubstituted derivatives. This approach to the problem arises from the
fact that at the present time compounds of the furan series, for example furfural, furan, silvan, etc. are readily available and
are manufactured on a commercial scale. The bibliography includes 202 references.
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I. INTRODUCTION

The most important distinctive feature of the furan
system consists in its vigorously defined mode of inter-
action with electrophilic and nucleophilic agents: in all
cases, when at least one a-position in the ring is free and
the second a-position is not substituted by a very active
group, for example a keto-group, the new substituent
enters the a-position whatever its nature'. This gave
rise to a definite trend in the development of the chemistry
of furan. As a result a-mono- and w@a’~di-substituted
furan derivatives constitute so far the main bulk of the
synthesised and investigated compounds of the furan
series. At the same time many B-substituted derivatives
have been obtained by an “indirect” method involving, in
particular, the ring closure of the corresponding open-
chain derivatives, which are frequently not readily avail-
able. However, it is evident that the interest in B-sub-
stituted furan derivatives will increase, since they are
often encountered in natural products and sometimes
exhibit physiological and other activity different from that
of the isomeric compounds with substituents in the a-posi-
tions. As an example, one may quote the importance of
the position of the nitro-group as a factor responsible for
antibacterial activity 2

II. METHODS OF SYNTHESIS OF TRI- AND TETRA-
SUBSTITUTED FURAN DERIVATIVES

Since tri- and tetra-substituted furan derivatives
(mainly tri-substituted) are the starting materials in the
synthesis of g-mono-, 2,3-di~, and 2,4-di-substituted furan
derivatives, it is desirable to describe in the first place
the general methods for the preparation of these compounds.

1. Syntheses Based on Aliphatic g-Dicarbonyl Compounds

a~-Substituted esters of furan-3-carboxylic acid (II) have
been obtained by the reaction of acetoacetic ester, benzoyl-
acetic ester, or the ester of acetonedicarboxylic acid with
aldoses (I):**

T COOC,H,
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N ! ]
HOCH,CH CHOH CH,—COOC,H, <% CH, (CH /o R
+ 7 | )
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HOCH  CHOH ’ o 8
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Compound (I, R = CHs) has been oxidised with potassium
permanganate to 5-methylfuran-2,4-dicarboxylic acid and
with periodic acid to the ester of 2-formyl-5-methylfuran-
carboxylic acid.

Recently Dalton ® showed that, when compound (II) is
heated in an ethanolic solution of hydrogen chloride, an
a-diketone is formed. Under the action of hydrogen
peroxide, the diketone is converted into 2-carboxymethyl-
5-methylfuran-4-carboxylic acid, while in the presence of
alkali it undergoes a benzilic acid rearrangement:

HOOC ROOC.
A DR o P
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. RO — COOH
CH.—E Jl——CH,—(I:—CH,,
0 ]
OH



390

Tri-substituted furan derivatives are also obtained in
the interaction of sodioacetoacetic ester and similar com-
pounds with a-halogeno-ketones:®

[ROOC—CH ] Hal —CH,
L a* 4 [
HyC-—C=0 0=C
AN
CqHy
—ROOC——(':H—C'Ha ROOC\__” H
———>| CH;—C=0 C—CgH; |—
3 s c3ﬂ—\o/—CzHe .

o]

At the same time there are reactions regarded as examples
of the interaction of an a-halogenocarbonyl compound with
the sodio-derivative of a g-dicarbonyl compound via the
oxygen atom. For example, Reichstein® described the
reaction of the sodio-derivative of the oxaloacetic ester
with monobromopyruvic acid, which was converted into
furan-2,3,4-tricarboxylic acid:

CH{00C—C=0 H-—C—COOR  C;500C—C=0HC—COOCH, HOOC OOH
| I
CHy + C—COOR - CH, ¢ coocH, H ||_ "
Br Nab No” o/

If the process proceeded via a 1,4-dicarbonyl compound,

as suggested by Sutter'°, the reaction product would have
been furan-2,3 5-tr1carboxy11c acid. When the acetoacetic
ester is heated with the disodium salt of succinic acid in
acetic anhydride, the monoethyl ester of 4-carboxy-5-
methylfuran-2-acetic acid is formed:

C.H;00C.

CH,—H o ﬂ—ca,coon .

This synthesis was achieved for the f1rst time by Fittig**
and then by Reichstein and Grissner ', Patent data
published in 1959 show'® that 4—carboxy-5—methylfuran-2-
acetic acid can also be obtained by the condensation of
acetoacetic ester with glyoxal in an acid medium:

0
o 7
1 H-C CH;—COOC,H, _HiS0,_,
CHy—C~CH,  + | |
H—C + C—CH
COOC,H, AN
o o
B CaH
R
_CH
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COOC,H, (1
G T o
- o HOOC—H,c—  U_cH, .
cycocH—  J-chy o/ —CHe
COOC,H,

(v

It has been shown that the process takes place via stages
involving the formation of compounds (III) and (IV). The
Fittig reaction was repeated in 1963 with acetylacetone by
Suverkropp and Wynberg **, who obtained 4-acetyl-5-meth-
ylfuran-2-acetic acid (V), which was then converted by
decarboxylation into 3-acetyl-2,5-dimethylfuran. It

" proved to be identical with the groduct formed in the
acylation of 2,5-dimethylfuran It is noteworthy that the
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structure of the isomeric 5-acetonyl-2-methylfuran-3-
carboxylic acid (VI) was previously incorrectly attributed
to compound (V ):18

mgrm_”—cn.coou

o’
W V1)

The syntheses of Feist'’ and Benary'® are very close to
the reactions of the sodio-derivatives of B-dicarbonyl
compounds with a-halogeno-ketones. They consist in the
mteraction of p-dicarbonyl compounds with a~halogeno-
ketones'” or with a-chloroacetaldehyde *® in ammonia.
These reactions usually result in a mixture of pyrrole and
furan derivatives, the relative amounts of which depend on
the nature of the B-dicarbonyl compound employed. Thus,
when acetoacetic ester is used, pyrrole derivatives are
mainly obtained (the Hantzsch reaction):

CH, _U:;.“OQ H..
k

With acetonedicarboxylic acid, the formation of the
furan derivative (VII) predommates 17518 Startmg with
compound (VII), Rinkes % and Relchstem achieved almost
simultaneously the synthesis of 4-methylfuran-2,3-dicarb-
oxylic acid, which can be illustrated by the following
scheme:

HOOC

o}
cH _” "_CH,<":—CH.
37 No/

CH,C1 ~ H;—CH,CO0C,H, NH,
e,

J
CH;~C=0  0=C—CH,

CH3—|-|—C00C,H,, cagono  CH3——J—COOC:H,
| J—CH,—COOC,H, ~ NeOGH: " /'-C(=NOH) COOC;H; -
(VID)
1. KOH CHy O0H _ you , My O0H
e " Lo [ oo,

Boberg and Schultze # synthesised a number of tri- and
tetra-substituted furan derivatives by the reaction of sodio-
acetoacetic ester with a-nitro-olefins:

R—CH fisCH-—COOC,H, ~ R'—CH—CH—COOCsHs -
l + - Lo —=H0,—N.0 "
R'—C 0=C—CHj R'-—C C—CH, 10, =N
\4N-_0 (.
= N: 0
o- -0/ O-Na+
(VIID
R'—CH—CH—COOC;Hs. _, o R COOC,H; .
- =, |
R'—C=0 C—CH, R—\O —CHj
I
o]
(IX) (X)

The sodium salt of the nitronic acid (VIII) underwent the
Nef reaction under the influence of cold mineral acid ® and
was converted via the 1,4-dicarbonyl compound (IX) into
esters of furan-3-carboxylic acid (X). By hydrolysing
compound (X) and decarboxylating the acid, it is possible to
obtain 2,3,5~-trisubstituted furan derivatives.

2. Syntheses from Saturated and Unsaturated 1,4-Diketones
and 1,4-Keto-alcohols

The oldest method for the preparation of furan deriva-
tives from aliphatic compounds is the cyclodehydration of
the dienol forms of 1,4-diketones. As early as 1884,
Bayer and Perkin ® converted dibenzoylsuccinic esber into
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2,5-diphenylfuran- 3,4-dicarboxylic acid by refluxing for
20 h with 30% sulphuric acid:

C,H400C—CH—CH—COOCsH,

Hooc-—-l——lcooH
|
Cetls—C=0 C—Caty

H,SO, C.H.—-l\o/l—C'H‘ .

3,4-Diacetyl-2,5-dimethylfuran was obtained similarly by
the action of hydrochlonc ac1d on tetra-acetylethane %,
In 1941 Trefil'ev and Lifanov ® repeated this synthesis
using hydrobromic acid. Subsequently an Americanpatent
was published, in which the preparation of the acid (XI)
according to the scheme

CiN OCH,
£ 7
?H. 42 <|:=0 INa NC—C—C—CN KC————CN
— o -
CHh ¢ *cyHg00c—C  C—COOC,H, Hooc—n\oﬂ_coou.
CN OCqH, ONa ONa
(XD

was described &,

In 1956 Hoffmann and Eugster ® synthesised the principal
aromatic componeits of the pineapple fruit— 3-hydroxy-
2,5-dimethyl-4,5-dihydrofuran-4-one (XII):

0 HO 0
Vs N/
HO~Ci—C M
CHy—C=0 C~CHy e CH'"\O)—CH"
|
0

(XI1)

The synthesis of tetrasubstituted furan derivatives from
unsaturated 1,4- d1ketones was investigated in detail by
Lutz and Mchn using dibenzoylethylenes. They
assumed that probably ring closure precedes the addition
of the reagent in the 1,4-positions favouring cyclisation.
Both cis- and ¢7ans-dibenzoylchloroethylenes react with
hydrogen chloride in 95% alcohol forming 3,4-dichloro-
2,5-diphenylfuran:

HCI

7/ /
CgHg ~—C—CH=CCl—€—CHy —————
95% alcohol

Cl—CH—C—Cl cl-c—cl
Lo
— { CgHy ?l: C—Cty 2 Cgig—C C—C,H.l - )'
OH OH OH

The reaction of cis-dibenzoylchloroethylene with acetyl
chloride or acetic anhydride in the presence of sulphuric
acid yields chloro- or acetoxy-furans (XII):
I
CeHy— O/—Can
(X111)
(0]

il
where X = Cl or CH3C~O-.

Heilbron et al. * showed that enyne alcohols (XIV) are
cyclised into a furan system during distillation with 1%
sulphuric acid, probably via an intermediate keto-alco-
hol (XV):

OH
|
CsHy;—CH=C—CH—C=CH - Cabi—CH—C=CH—C=CH -
!
CyHg OH CyHy

1% H,SO04

(XIV)
C'H7—(|:H_(IZ=CH—ﬁ_CH') C HS_"
( OH CH, ©O

xv) c H,,/\O/\(}b
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Cyclisation also takes place when piperidine is allowed to
act upon the keto-alcohol (XVI), evidently also via an
ethylenic 1,4-keto-alcohol (XVII):™

T i
p—
C3H, —CH (OH)—CEC—C,—C.}L ~room temp” C3H7—CH—CH=C—C—C3H7 -
(xvy OH
(xvin
- I
CyHy ! / \0/ N\ CaH,

3. Other Syntheses of Aliphatic Compounds

Furan derivatives with the structure (XVIII) have been
obtained by the condensation of the esters of acetylene-
dicarboxylic acid with an a-hydroxy-ketone

' CH—COOR" _xy00, ,
L. c—Ccoor’

——’ COOR" 0 | “ COOR*
L J—cooxz' H /o —COOK
(XVIII

In 1966 Gewald *° stated that the dinitrile of malonic acid
readily reacts with a-~hydroxy-ketones in the presence of
bases, forming 2-amino-3-cyanofurans (XIX):

R_cl:=o . (IJH.——-CN CHN R”—‘CN
R—CH—OH = CN R—{ /Nt
(XIX)

4-Acetyl-2-amino-3-cyano-5-methylfuran, analogous to
compounds (XIX), had been synthesised earlier * from the
dinitrile of malonic acid and 3-chloroacetylacetone. In
contrast to the unsubstituted 2-aminofuran, these amino-
furans are relatively stable. Only compounds (XIX) with
a free a~position are sensitive to oxygen.

2-Amino- 3-ethoxycarbonyl-4,5-diphenylfuran was ob-
tained by the reaction of a-bromodeoxybenzoin with the
sodio-derivative of cyanoacetic ester in ethanol *:

Na—CH—COOC,H;  CgHs COOC,H;

T

o
CeHs NH, .

The first compound with a diazo-group in the furan ring,
2,4-diphenylfuran-5-diazonium fluoroborate (XX), was
synthesised in 1963 by Reid and Bodenstedt **, who
allowed benzoyldiazomethane to react with boron trifluor-
ide-ether:

CGHS—(%H—Br :
CGHS—C=O C=N

|(|) CeHs
2CyH;—C—CHN; + BF; — " n
C .H./ No/\ N+ BF—
(XX)
It is noteworthy that the mechanisms of most of the

reactions described above have an inadequate basis and
the equations quoted must be regarded as only approximate.
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The syntheses involve certain difficulties: frequently mix-
tures difficult to separate are formed and the yields of the
desired products are as a rule low.

4, Syntheses from Other Cyclic Systems

In his study of the bromination of a-pyrone derivatives
Feist observed ¥ that in some cases the reaction can be
used to synthesise furan compounds. According to the
suggested mechanism, dimethylcoumalic acid (XXI) gives
rise to 2,4-dimethylfuran-3-carboxylic acid, probably via
the intermediate (XXII):

B e S
Ht
|| me e
THO
) ¢ /\0/=°
(XX1) s
- a -
) HOOC\ "/\l/Br e HOOC -
N doon | T u /"
H O:
n 3 - cH

In 1960 Balban and Nenitzescu *® published a paper in
which the synthesis of trialkyl-substituted furan derivatives
from pyrylium salts is proposed. Earlier only one simi-
lar case of the contraction of the pyran ring in the hydroly-
sis of 2 54,5 6- tetraphenylpyrylium bromide had been des-
cribed ®. It was found *® that, under the action of
hydrogen peroxide, the readlly available trialkylpyrylium
perchlorates (XXIII) are converted into 3,5-dialkyl-2-acyl-
furans. These ketones were oxidised to the corresponding
3,5-dialkylfuran-2-carboxylic acids, whereby their struc-
ture was confirmed:

— R R
|

/\(

N\
ClO; + Hy0; 2 | | R +HCO~

R/ Ny oA AT
- (XXI11) (XXIV)
- R lll’ -
|
N\
e "/ \\, R H/\] H i,
—H,0 i X R
AW g o <
— 0 —
(XXV)
R R’
. . 7
] )
RN g 7N\o/ \cooH
)
0

In this reaction the a@-position of the pyran ring is sub-
jected to nucleophilic attack by hydrogen peroxide and this
gives rise to the peroxy-analogue of the pseudo-base
(XX1V), which decomposes under the action of the acid
formed. The formation of the furan ring favours the ir-
reversible stabilisation of the cation (XXV).

Certain trisubstituted furan derivatives can be obtained
from cyclopropane derivatives. For example, when
concentrated hydriodic acid is allowed to act on ¢is- and
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tmns-tribenzoylcyclog)ropanes, 2,5-diphenyl- 3-phenyl-
acetylfuran is formed

C6H5——COHC\—/CH—OCC.H. w CH,occ.H.
CH .
A I
(l;.H‘ Cs“s c.H, .

Furan-2,3,5-tricarboxylic acid was obtained from 7-hydr-
oxycoumarone-z-carboxyhc acid (XXVI) by oxidation with
hydrogen peroxide in an alkaline solution* In compound
(XXVI) the benzene ring becomes sensitive to oxidation by
virtue of the presence of the hydroxy-group, but the furan
ring is stable *? with respect to the action of hydrogen
peroxide in an alkaline medium, particularly when it con-
tains a carboxy-group:

l\/\ 0" o0,
(XXVI)

Comparatively recently it has been established ** that
substituted furans may be obtained in high yield from the
nickel bromide complex of tetraphenylcyclobuta-1,3-diene
(XXVTII) by treatment of the latter with bromine in the
presence of pyridine hydrobromide which had been kept in
moist air:

NiBr,
CeHs CeHs OfHiNHBr 5 Br-CgHy N\ \C,H,-Br=p +
{(xxvil)

By-Unsaturated a-acyl-lactones can be readily converted
into furancarboxylic acids. For example, 2,5-dimethyl-
furan-3-carboxylic acid is obtained smoothly from
a-acetylangelicalactone (XXVIII):*

CO—CH, COOH
=
an,” Moo s N0 N,
(XXVIIT) 3

5. Preparation from a-Monosubstituted Furan Derivatives
by Successive Diene and Retrodiene Syntheses

Adler and Rickert *® showed that the adduct obtained by
the addition of the diester of acetylenedicarboxylic acid
to silvan can be partially reduced with hydrogen over a
palladium catalyst. The product (XXIX) is converted into
2-methylfuran-3,4-dicarboxylic acid on hydrolysis and
heating (retrodiene synthesis):

H,
7 —cooc,Hd
Pd/ c:co
' —co CoHs :

3
__cooH HOOC COOH
NaOH ! a 7 \
o~ “CH,
~—COOH

Similarly the corresponding 2,3,4-trisubstituted furan
derivatives were obtained from 1-acetamido-~1- (fur-2/-yl)-
ethane * and the acetal of furfural®. Recent investiga-
tions ***? revealed the capacity of furan derivatives sub-
stituted in the a@-position by electron-acceptor groups to

c—coocau, —CO0C, Ha
g—cooc,ua C00CH,

(XX1X)

+ CH,=CH, ,
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react as dienes with the dimethyl ester of acetylenedicarb-
oxylic acid:

C—COOCH; ,  H,COOC COOCH;
+ i — N\
C—COOCH, "

N0/ \R

]
No MR

"
— CHO: . o° . cont
R==CHO; CN, COOCHyg; C\R"" CON\R'.

The method of consecutive diene and retrodiene syntheses
is used® to identify the o- and g-furyl residues in natural
products since furan-3,4-dicarboxylic acid is formed from
mono-B3- or BB’-disubstituted derivatives *'**? as a result of
the reactions described above, while mono- a-derivatives
yield trisubstituted furan.

6. Substitution Reactions of a-Monosubstituted Furan
Derivatives

The vast majority of known trisubstituted furan deriva-
tives have been obtained by the electrophilic substitution
of readily available mono- @-substituted furans: silvan,
furfural, and pyromucic acid and its esters. It is general-
ly known that, regardless of its nature, a new substituent
enters into the second a-position in the ring of an a-mono-
substituted furan. The possibility of further substitution
in the B-position depends on the type of substituents
already present in the a- and o’-positions and on the
nature of the attacking reagents.

If the o-positions of the ring are substituted by two
identical electron-donor groups, the introduction of a third
substituent, although possible, is hindered as a result of
the competing reaction involving the opening of the furan
ring or the displacement of one of the existing groups by
the attacking reagent %, For examples, 2,5-dimethylfuran
may be nitrated*, chloromercurated®®, sulphonated®, and
acylated” in the B-position, but it does not undergo the
Gattermann~Koch reaction®. In this case the ring is
opened and acetonylacetone is formed. For furan deriva-
tives with two electron-donor non-identical substituents in
the a~position, only isolated examples of the introduction
of B-substituents are known, since the reaction is usually
accompanied by the opening of the furan ring. Examples
are the acylation and formylation of 2-alkyl-5-alkylthio-

furans (XXX).*® The new substituent occupies the
B-position adjacent to the alkylthio-group:
) )
C{H P: CH,
e (CHJ);N—CHO —CHs
Z N\ ——— 7 N (CHsC0),0 e
VAN N\ ]{ AN /N, —Hp— N
R N\ N SR’ b 7\ VAN
o/ o/ N
(XXX)

where R and R’ = alkyl.

Examples of the formation of trisubstituted furan deriv-
atives whenthe a- and o’-positions of the ringare occupied
by different electronegative groups are encountered rarely;
in the main they occur with compounds having two identical
electron-acceptor groups. For example, the diethyl
ester of furan-2,5-dicarboxylic acid can be mercurated *®
and chlorinated ®® but not brominated "%, Furan-2,5-di-
carboxylic acid is inert with respect to reagents such as
aqua regia, fuming nitric acid, bromine, and concentrated
sulphuric acid®*. The greatest number of g-substitution
reactions is known for acq’-disubstituted furans in which
one group is an electron donor and the other an electron
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acceptor. These are mainly substituted esters of furan-
2-carboxylic acid®"". The work of Sasaki’® on the
nitration of 2,5-disubstituted furan derivatives with sub-
stitution should be mentioned:

N02
HNO, Ne——

o LI e ]

I
/No”\
C"s"c"‘l‘ No” \coox Cﬂr(l:_raq /No/ \No,.
1
H OH

The replacement of the carboxy-group by a nitro-group
takes place with best yields in the case of electron-donor
groups in the a’-position of the furan ring.

The introduction of two substituents into the furfural
molecule " or silvan molecule *°>*®! has been described,
but such cases are rare; they include, in particular, the
syntheses *#® of 4,5-dibromofurfural and 2-acetyl-4,5-di-
bromofuran in one stage using aluminium chloride without
solvent. Under the conditions of the bromination of
furfural ® or its acylal **’® in a solvent without aluminium
chloride, 5-bromofurfural is formed. Apart from the
procedures described above, there are also others leading
to trisubstituted furans, for example from 3,4-disubstit-
uted **®®, 2,3-disubstituted *'®°, and 2,4-disubstituted "**>%
derivatives, but these are of limited applicability.

A series of papers dealing with the synthesis of new
tri- and tetra-substituted furan derivatives via the reac-
tions of groups already present in the furan ring have been
published. Among these one should mention the investi-
gation of Mndzhoyan et al. of the synthesis of the chloro-
acetyl-, B-chloropropionyl-, and p-nitrobenzoyl-amides
of 4,5-disubstituted furan-2-carboxylic acid* and of the
preparation of the ethyl ester of 4~chloromethyl-5-methyl-
furan-2-carboxylic acid®" (XXXI) and its conversion into
4,5-dimethylfuran-2-aldehyde ®, 5-bromoethyl-4-chloro-
methylfuran-2-carboxylic acid *, 2-dimethylaminoethyl
ester of 4-benzyl-5-methylfuran-2-carboxylic acid *?, and
4-benzyl-5- methylfuran-2-aldehyde *, from which the
nitrile, amide, and amine were obtained:

11 sl
e J—COOCzH,-, Hal en X l)J—cooxz

(XXXT)

R'CH;—7—
CH 3‘“&0 J—COCI -

—_

T
/No/N\cHo,

where R = H or CzHs and R’ = H or CeHs.

Janda and coworkers *®*®" synthesised the methyl ester
(XXXI) from 5-acetylsilvan and replaced the chloromethyl
group by an aldehyde group.

In a study of the possibility of the allyl rearrangement in
certain tetrasubstituted furans, for example in 3,4-di-
chloromethyl-2,5-dimethylfuran under the action of sodium
cyanide, Novitskii et al. *® obtained certain new tetrasub-
stituted furans. They also synthesised®® a number of
trisubstituted furans.

Michels **® described the conversion of the ester of
3,4-dichlorofuran-2-carboxylic acid into the alcohol
(XX

C‘\‘—_/Cl HNO, Cl\'__'/CI LIAIH, “ A TRRAT “
” | COOC,H, (CH,C0),0 " " ) ” )l
No/ ~CO0CH, No,” 0’ \coocat, No./ No/ ~CHOH
(XXXII)
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There exist patent data'® concerning the synthesis of
trialkylfurans (XXXIII) by a procedure involvinga catalytic
hydrogenation stage over platinum:

Tl om "
07 N\CH=C—CH— Alk J",‘C-’ ”
Ajk Alk / \0/ \CHs—CHﬁ_CH'

Esters of 4,5-dialkylfuran-2-propionic acids were obtained
from fur- 2—y1a1kenones by acid-catalysed alcoholysis %%

1

Mo/ NcH=cr—¢ Lo

RCO—CR’=CH—CH=CH—CHy—COOCH, —
R

x /mo/”_cnzcri,—cooc.ﬂ, .

An example of the synthesis of a trisubstituted furan
from a 2,4~disubstituted derivative, 4-benzoyl-2-phenyl-
furan, has been described®, In this case probably one
phenylmagnesiumbromide molecule adds initially to the
1,4-positions of the conjugated system and the second
molecule to the double bond of compound (XXXIV):

c /0 OMgBr
17 “CeH, CiMeBr _~C=g';’caﬂs CyH,MgBr
L) LG
CH /07 NH
s Cels (XXXIV)
Nl!gBr omep H 01-1
r
cl c—c (CeHy)s —HiO
- “ C\(ceHu)z __2H,0 | u —CcH
CH/\O/\ub CH/\O/\‘”

C =C(CsHs)z _, H—l-CH(CoHa)z
CeHs J
C.H

CeH, \o/ NH 0/ \C,H,

Like the corresponding acetals of the thiophen series ***
the acetals of 5-alkyl-2-alkylthiofuran-3-aldehydes are
converted ' into 5-alkyl-2-mercaptofurfurylideneimines
on treatment with sodium in liquid ammonia:

CH=NH
AN
R/ N0/ Nk R N0/ s/
By virtue of the inertness of the acetalised aldehyde group
to the action of butyl-lithium, it proved pos51b1e to syn-
thesise from 4,5-dibromofuran-2-aldehyde ***® the previ-

ously unknown sulphides , dialdehydes, a.nd d1esters with a
bromine atom in the B-position of the ring *

H.

—

ol ]

o/ \CH (OCaHy)
s I vy DN oy IO
Li— Lo/ g, H>c—\0 —CHOGH),  >C— J-cL
I RS):‘
"T1 U secmar
-—CH(OCsz)z l !
Br——; Br——p Br-
HOOC—[ ” “ ﬁ_coocﬁs “ /\" Oﬁ—coou.

0

/e /N
lo <y H,C00C” N0 Hooc %
I
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New nitro-derivatives, which may prove of interest as
antibacterial agents, were also obtained by the substltution
of a bromine atom in the a-position by a nitro-group **

The substitution of bromine in the a-position *#*1%7 py a
nitro-group in the furan series is not always possible.

.y /k (ca“,éa‘::o N [ Fcrne, L 1)
/No” \HC< \C /
OC—CH, \H
g
Br——y OC—CH, B B
B'_EOJ‘H‘{ "\o J—coon TN o /HO/”—COOH
Oﬁ'—CH: (XXXV) 2
Br——r |
NO —" ”——-C‘—N—NH—?‘:'
2 \0/ }[l - l‘f“H
-

It is noteworthy that the present authors were able to
nitrate the acid (XXXV) with formation of 4~bromo-5-
nitrofuran-2-carboxylic acid. Judging from the literature
data™, in the nitration of compound (XXXV) the furan ring
cleaves to form bromofumaric acid.

II. METHODS OF SYNTHESIS OF MONO-3-SUBSTITUTED
FURAN DERIVATIVES

The information about the preparation of S~monosub-
stituted furan derivatives is extremely limited; this is un-
doubtedly because of the difficulties associated with their
synthesis. In fact up to 1933 not a single mono-gB-sub-
stituted furan had been obtained. Only isolated cases of
the introduction of a substituent in the B-position of an
unsubstituted furan molecule were described. When furan
is alkylated with propene in the presence of boron tri-
fluoride-ether, a very small amount of the isomeric mono-
p-alkyl derwatlve is formed together with the @-isomer*
By alkylating furan with isobutene and pentene in the pres—
ence of ghosphorlc acid on kieselguhr, it is possible to
obtain ' g-alkylfurans with acceptable yields, but contain-
ing an admixture of a—lsomers It is interesting to note
that 2-t-butylfuran isomerises '* over this catalyst to
3-t-butylfuran. Nevertheless these data have no value
when the aim is to synthesise S-monosubstituted furans.

We shall now examine the methods available at present
for the preparation of B-monosubstituted furan derivatives.

1. Isolation from Natural Products

The first known 3-monosubstituted furan, furan-3-carb-
oxylic acid, was not synthesised but was 1solated from
plants 10,111 " ppe princ ipal component of perilla oil is
3-furyl 1sopenty1 ketone ¥*#!2,  The oil also contains
3- (4’-methylpent- 3'-eny1)furan U514 gach year there is
an increase in the number of B-monosubstituted furan
derivatives discovered as constituents of natural mater-
lals 505115= 118

In 1962 a ketone w1th the following structure was ob-
tained from perilla oil **

C—CHy—CH=C (CHy);

WK
No/
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The following structure has been proposed for marrubiin,
which incorporates a non-condensed 3-substituted furan
ring *%:

0=C.

o
N

The structure of this compound was confirmed'? by addi-
tional data.

It is suggested '*'# that the g-furyl residue is a struc-
tural component of the castoramine molecule and “nimbinic
acid”, to which the following structures are attributed
respectively:

| N

o

CHyR o (CO'CH' V4
('\l/\1 W\‘/\‘__/\\i
LAA Y No |

”——” ™ CHOC ' OH

o/

The following structure has been assigned to mexicanolide,
a natural lactone **:

CH,00CH,G

2. Cyclisation of Aliphatic Compounds

There are very few examples of the preparation of
B-monosubstituted furan derivatives by direct ring closure
of aliphatic compounds. The method of synthesis of furan-
3-carboxylic acid, proposed fairly recently, is interesting.
a-Formyl-y -butyrolactone (XXXVI) is obtained from the
readily available y -butyrolactone formed '# by the dehydr-
ation of butane-1,4-diol and subsequent condensation with
formic ester **:

0
A° O Py
HaCl———Clﬁ—C\H Hgfll——(i=C\H — H,C———~C\H OR’ 1o
HC C=0 HC  C=0 H,(L c—y  Cistilation
No”/ ~No” \0/\0R
(XXXVI)
P o
HyC——C—C—0R’ >o——c—c/ COOH .
né & Mk b O | e
- "No/ B BN T
o No/
(XXXVID) (XXXVII)

The rearrangement* of this lactone to the ester of 4,5-di-
hydrofuran-3-carboxylic acid (XXXVII) and bromination 12
of the latter by N-bromosuccinimide leads to an unstable
product (XXXVIII), which is converted by treatment with
aqueous alkali into furan-3-carboxylic acid with 58%
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yield’®. A convenient three-stage synthesis of 3-methyl-
furan has been described'?. The diethyl acetal of 3-meth-
ylbut-3-enal (XXXIX), formed by the reaction of methyl-
allyl chloride, magnesium, and orthoformic ester, is
converted by oxidation with perphthalic acid into the
epoxide (XL), the hydrolysis of which yields 3-methylfuran:

/OC.Hs
+ Mg + HC—OCyH, g~ HsC=C—CH,—CH(OGHy)s —ros
sHy CH, (XXXIX)

150, | @CH,

8%

CH,=C—CH;—Cl

CH,

— CH,—CI—CH,—-CH (OCyHjs)s
No” (XL)

Wynberg '® synthesised 3-phenylfuran from 1,2,4-tri-
hydroxybutane:

CH,OH—CHOH—CH;—CH,0H _ﬁ%ﬁ&_ﬂ_}
0 0 OH/ sualﬂi distil-
on
-'l | H-i‘i"—"ii_,l J M_.l*‘l“\__/———“,o—_.
50—80%
(XLI) (XL11) (XLIII)
=/ \ _S/DMF —\
J \=> "% " ' )
o No”
(XLIV)

Compounds (XLI), (XLII), and (XLIIILwere obtained for the
first time by Yur'ev and Kotobitsyn *#7*%,

The last stage in the conversion of 3-phenyl-2,5-dihydro-
furan (XLIV) into 3-phenylfuran, in 2—-3% solution of sul-
phur in dimethylformamide, requires special attention.
When 3-hexyl-2,5-dihydrofuran is treated similarly *?® with
a solution of sulphur in dimethylformamide, the expected
results are not achieved. This method is particularly
interesting, since the attempt '® to prepare 3-phenylfuran
from 3-phenylfuran-2-carboxylic acid, synthesised by a
standard method **!, proved unsuccessful.

3. The Removal of Two or One Substituents from Tri- and
Di-substituted Furan Derivatives

The structure of furan-3-carboxylic acids isolated from
a natural product was confirmed in 1932 by Reichstein 1%,
who obtained it by the decarboxylation of furan-2,3-di-
carboxylic acid (see p. No. 401). A year later Reichstein
prepared it** by the decarboxylation of furan-3,4-dicarb-
oxylic acid. When furantetracarboxylic acid is heated
to 270°C, furan-2,3,4-tricarboxylic and furan-3,4-dicarb-
oxylic acids are formed. On heating with copper in
quinoline, the latter yields furan-3-carboxylic acid.

Gilman showed ** that furan-3-carboxylic acid can be
obtained by the decarboxylation of furan-2,4-dicarboxylic
acid. In connection with the development'* of a relatively
simple method for the synthesis of furan-3,4-dicarboxylic
acid, consisting in the cyclisation of the diethyl ester of
2-diethoxymethyl-1-formylsuccinic acid (XLV), there
arose the possibility of the direct synthesis!*® of furan-
3-carboxylic acid:

COOCsH; COOCsH, COOH,
b e T
IR o o’
| aHy

(XLV)

Probably this method is the most convenient preparative
procedure.
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3-Methylfuran has been obtained '**® by the decarbox-
ylation of 4-methylfuran-2,3-dicarbo:§ylic acid and also
3-methylfuran-2-carboxylic acid 132137138,

3-Nitrofuran was prepared by Rinkes *® from 5-methyl--
4-nitrofuran-2-carboxylic acid. Its decarboxylation
yielded” 2-methyl-3-nitrofuran, which was oxidised to
4-nitrofuran-2-carboxylic acid, the latter being decarbox-
ylated to 3-nitrofuran in 18% yield. Furan-3-sulphonic
acid was also obtained '* by the elimination of substituents
from the o-positions of a trisubstituted furan, namely
5-bromo-4-sulphofuran-2-carboxylic acid (XLVI). The
latter was synthesised for the first time by Hill and
Palmer *° by treating 5-bromofuran-2-carboxylic acid with
fuming sulphuric acid. However, they did not establish
which of the two B-positions was substituted by the sulpho-
group. The structure of the acid (XLVI) was confirmed
by Gilman ®® by means of reactions leading to the formation
of the known furan-2,4-dicarboxylic acid:

s0,H
AN
— H,50, Z0/NHOH_,
I ' ] ‘
Br” N0/ \COOH Br” N0/ N\coot
(XLVI)
sopu HOOC
e HCOONa T
=1 =
o/ \cooH N0 \cooH

Treatment of compound (XLVI) with an equimolar
amount of bromine by a standard method*** yielded 2,5-di~
bromofuran- 3-sulphonic acid**®, which was converted into
furan- 3-sulphonic acid by Hills method **,

B-Halogenofurans may be obtained ***** by the removal
of three halogen atoms from tetrahalogenofurans. How-
ever, this method cannot be regarded as convenient be-
cause of the difficulty of synthesising the starting materials
and because the reaction products are obtained in low
yields. 3-Bromofuran and 3-chlorofuran were obtained ***
from 4,5-dibromo-, 4,5-dichloro-, and 3,4-dichloro-furan-
2-carboxylic acids by the action of zinc in aqueous ammonia
followed by decarboxylation in quinoline in the presence of
copper.

opgertain doubts have been expressed about the method of
preparation of 3-bromofuran 144 They concerned the
reproducibility of the yields in the bromine elimination
stage. Consequently Gronowitz and Sorlin suggested that
3-halogenofuran, namely 3-iodofuran, be obtained from
furan-2-carboxylic acid via 3-chloromercurifuran (see

. 397).
P There exist also other indirect methods for the intro-
duction of a halogen into position 3 of the furan ring, for
example by the bromination of the adduct of furan and

maleic anhydride %
B
{:: NaOH <—§ .

—° Lo, "
O i ~(frd = I
CH—C( o Bs o o

4, Syntheses Based on Furan-3-carboxylic Acid

Among the g-derivatives of furan, furan-3-carboxylic
acid is the most readily available and the most frequently
used starting material in various syntheses. The prep-
aration from it of 2,4-disubstituted furan derivatives is
described below (see p. 399)y The/syntheses of a number
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of B-monosubstituted furan derivatives, consisting in the
conversion of the carboxy-group, will be examined here.
Gilman obtained '* furan- 3-aldehyde by the Rosenmund
reduction of the chloride of furan-3-carboxylic acid and
the reduction of furan-3-aldehyde by the Wolff-Kishner
method gave 3-methylfuran. Monosubstituted g-ketones,
individual representatives of which are encountered in
natural products 1*#''%!'® premained inaccessible for a very
long time. Information'* about their preparation included
no data concerning the experimental conditions and the
constants and analyses of the desired products. This
made it difficult for other investigators to repeat the syn-
theses ™",

Kubota and Naya '*® obtained in 1956 3-acetylfuran in
86% yield by the Reynolds method !*° from the chloride of
furan- 3-carboxylic acid:

T —5—CCH,

Ug + CoH,O—Mg—CH (COCaHy)s "Uﬁ_m (CO.C:H&)I_’ EO J g ’

In 1959 Grunanger and coworkers '® synthesised in low
yields a number of alkyl 3-furyl ketones by the reaction of
the chloride of furan-3-carboxylic acid with organocadm-
Jium compounds. The ketones were reduced to the corres-
ponding alcohols in high yields:

WS
No”

Somewhat later Gronowitz and Sorlin'*" obtained 3-acet-
ylfuran from furan-3-carboxylic acid by Tegner's reac-
tion '** consisting in the interaction of methyl-lithium with
carboxylic acids:

Rm.l;;ucn, W@Cﬂ' LiAIH, WE;‘R
No No :

OLi
CooH COOLi - oL
W—‘" _GHALL H _CHLL | "—] by Mo,
No” No”/ No
OCH3
- H—_ﬂ +2LiOH
No”/

The constants of 3-acetylfuran (a crystalline compound)
and its semicarbazone, quoted in these papers, agree, but
differ from the data of Gilman et al.**, who described
3-acetylfuran as liquid.

The work of Capuano **?, which has hardly any prepara-
tive value for the synthesis of 3-acetylfurans because its
yield is too low, should also be mentioned:

i C ——“—-C—CH. .

H
Ly —=1 ]
No/ No”
In connection with studies on the alkaloids of the yellow
lily, N-(fur-3’-ylmethyl)piperidine (XLVII) was syn-
thesised** by the reduction of N-(3-furoyl)piperidine
(XL VIII):

2

) CH.—N/_\/\
T e
\0/ A T \o/

(XLVIII) (XLVII)

The history of one synthesis based on furan-3-carboxy-
lic acid, namely the preparation of 3-acetamidofuran, is
interesting. When this investigation was undertaken **%,
the author could hardly suppose that subsequently it might
prove to be of value for the demonstration of the structure
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of a natural product. It was found that, when N-acetyl-
D-glucosamine and N-acetyl-D-galactosamine, which form
part of the polysaccharides .of chitin and cartilage, were
treated '** with a solution of sodium carbonate, furan com-
pounds were formed, one of which is 3-acetamidofuran

Its structure was conﬁrmed 155 synthetically by repeating
the Burtner synthesis '® Furan-3-carboxylic acid was
converted into its chlonde in 60% yield. Under the condi-
tions specified by Naegeli and Stefanovitsch'*®, the latter
reacted with sodium azide to give 3-furoyl azide (XLIX) in
80% yield. Subsequently this azide was subjected to the
Curtius rearrangement and was converted in 60% yield into
the isocyanate (L), from which 3-acetamidofuran was
obtained in 41% yield by the action of methylmagnesium
iodide:

C=0 NH—CCH,,

I
o’
L)

Starting from furan-3-carboxylic acid, Wul'fson and
Kolchin **" synthesised the substituted amides (LI) of

3-furoylacetic acid:
—CH,—C—NHR
LT8 3
No/

(L

C——N
) '

(XL[X)

The synthesis of the ketone (LII) should also be men-
tioned %

C—CH. C——CH,Br C—CH,-It (CeHy)s
l ll

| cpe_ T T4 B
i J

_CH p/(clHl)ﬂ—
[ {l

C—CH=P (CeHys
5! \OC,H. / s
N0/ o

_GHONa _HoO “ “ ind

CHs
—CH_ CH—C{-I

) (CHa)y—CH—CHO _ \CH; .

1

No” (LII)

5. Syntheses Based on Furan-2-carboxylic Acid

In 1933 Gilman and coworkers ** showed that the reaction
of mercuric chloride with the sodium salt of pyromucic
acid results in decarboxylation, the chloromercuri-group
entering the furan ring. When mercuric acetate is
allowed to act on gyromucic acid under the conditions des-
cribed by Pesci®® with subsequent pyrolysis of the result-
ing mixed salt, 3-acetoxymercurifuran is obtained instead
of the expected 2-acetoxymercurifuran. Thus here we
are dealing with the ortho-rearrangement characteristic
of aromatic mercury salts, although the reaction is in this
case more complex and its mechanism cannot be regarded
as established:

"——" Hg(CH,C00), -|——“- .

N0/ NcooH No” \COOHg—-OOCCH.

CHyCOOH __

Qo/”\c/ [ "

397

HgOOCCH, HgCl 1
/ me, 1K1
[ j
No

— wx, _/
- ) W

This synthesis is interesting because it permits the intro-
duction of a substituent into the B-position of the furan
ring, while leaving the o-positions free. In furan-3-
carboxylic acid the carboxy-group cannot be replaced by
the chloromercuri-group. The yield of 3-chloromercuri-
furan amounts to 15%, which was recently comparatively
confirmed by other investigators **'*'®, 3-Chloromercuri-
furan is an infusible compound insoluble in all solvents,
which can be converted by treatment with an aqueous solu-
tion of iodine and potassium iodide into 3-iodofuran in 46%
yield. Gilman also noted®’ that the attempt to prepare
3-acetylfuran by the action of acetyl chloride on 3-chloro-
mercurifuran was unsuccessful, Gilman characterised
3-iodofuran as a much more stable compound than
2-iodofuran; it was shown that the iodine in this compound
is not very labile. 3-Iodofuran did not react even with
activated magnesium or lithium and underwent only partial
exchange for the metal when acted upon by a sodium-
potassium alloy.

The reactions of 3-chloromercurifuran were investi-
gated in greater detail fairly recently by Gronowitz and
Sorlin '*#*%°| who found that it is impossible to obtain
3-substituted furan derivatives by treating 3-chloro-
mercurifuran with bromine, thiocyanogen, or acetyl chlor-
ide in benzene solution. In bromination experiments it
was impossible to isolate the reaction products but it was
established that the substitution takes place at a carbon-
hydrogen bond and not an organometallic bond. Treatment
with thiocyanogen gave a low yield of a mixture of 2- and
3-isomers in proportions of 4:1, which the authors also
explained by the competition of reactions at the C—H bond
in the active a-position and the C-Hg bond at the g-posi-
tion in the ring. The product of the interaction of
3-chloromercurifuran with acetylchloride in benzene is
2-acetylfuran (yield 17%). Consequently 3-substituted
furan derivatives can be obtained from 3-chloromercuri-
furan only by reaction with iodine and, as established by
Bak et al, '®!, with deuterium chloride.

The fact that in some cases an electrophilic agent
attacks the reactive a-position of the five-membered
heterocyclic compound more readily than the organo-
metallic bond in the B-position was first discovered in the
thiophen series. Namely, Gronowitz found '** that, when
3-thienyl-lithium was acted upon by cadmium chloride and
zinc chloride with subsequent treatment with acetyl chlor-
ide, a mixture of 55% of 2-acetylthiophen and 31% of
3-acetylthiophen was obtained.

Gronowitz and Sorlin also confirme and improved
Gilman's results; in experiments designed to synthesise
3-iodofuran it proved possible to increase the yield from
46 to 75%; the scope of syntheses based on 3-iodofuran
was also extended. In particular, it was shown that the
iodine atom in 3-iodofuran is not as inert as was suggested
by Gilman. It is sufficiently labile to undergo exchange
for lithium in the reaction with alkyl-lithium in ethereal
solution at —70°C. This permits the synthesis of new
3-substituted furan derivatives. When carbon dioxide,
NN-dimethylformamide, and dimethyl disulphide were
allowed to react with this organolithium compound, furan-
3-carboxylic acid (yield 72%), furan-3-aldehyde (yield
38%), and fur-3-yl sulphide (yield 75%) were obtamed
respectively. Furthermore, it was shown'* that, in
contrast to 2-bromo- and 2-iodo-furan *¢3, 3-iodofuran

147
d
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reacts with sodium methoxide in methanol in the presence
of copper (I) oxide, forming 3-methoxyfuran in 65% yield.
3- (2H)-furanone (LIII) was synthesised by the acid hydroly-
sis of 3-methoxyfuran %

“‘—J——OCH, H+ ” |=0
o No/ -
[1815))
The reaction of 3-iodofuran with copper cyanide in quino-
line gave **’ 3-cyanofuran in 50% yield.

IV. METHODS OF SYNTHESIS OF 2,4-DISUBSTITUTED
FURAN DERIVATIVES

The methods discussed below are mainly used to obtain
2,4-disubstituted furan derivatives.

1. Cyclisation of Certain Aliphatic Compounds

2,4-Disubstituted furans of various types are difficult
to obtain, since the second electrophilic substituent usual-
ly enters the o’-position in the ring, forming 2,5-disub-
stituted furans regardless of the directing capacity of the
group already present in the a@-position. Only one rather
difficult to explain case is known where in the reaction of
isopropyl chloride with furfural in the presence of alumin-
ium chloride the alkyl group enters the B’-position 7971647165
(vield of 4-isopropylfurfural 11%). However, this is not a
typical example and there is no doubt that it cannot be
classified as a general method for the synthesis of 2,4-di-
substituted furan. Usually, in order to obtain 2,4-disub-
stituted furans as well as the mono- 3-substituted deriva-
tives and 2,3-disubstituted derivatives, it is necessary to
use rather inefficient “indirect” procedures. One of these
is cyclisation by a suitable method of selected aliphatic
compounds, the synthesis of which is often associated with
considerable difficulties. We shall quote as an example
the synthesis of furan-2,4-dicarboxylic acid'* from malic
acid via coumalic acid.

There exist also other methods ** for the preparation of
this acid, but they are used more rarely. Gilman 134
obtained coumalic acid (LIV) from malic acid (I.V) by
Pechman's synthesis '*, consisting in the treatment of
malic acid with sulphuric acid; the acid (LIV) was then
obtained in 60% yield. The methyl ester of the acid was
further converted by the Feist reaction '’ into the ester of
bromocoumalic acid (LVI) in 65% yield and the latter into
furan-2,4-dicarboxylic acid in 50% yield:

H CH,
CH,00C—
CHy—CH—OH SO o HO0C=g TR _xom |
2 | | S0, yooc—¢  ¢H HC  C=0
COOH COOH T Np/
HC C=0 o
o’
(LV) (L1V) (Lvn
HOOC
kooc, CH A
- N \—coox - |\ /’
ud  bu 07 > coon
Non

The cyclisation of 1,2~dibenzoylprop~1-ene (LVI) in its
oxidation with selenium dioxide also leads '*® to a 2,4-di-
substituted furan~—4-benzoyl-2-phenylfuran. The

|
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authors **® suggest that initially the methyl group at the
double bond is oxidised to an alcoholic group and the

ketone (LIX) is formed from the alcohol (LVII) as a result
of a prototropic rearrangement with subsequent elimination
of water:

o 0 0
I I 50 I I
CuHy—C—CHmC— -G, 2 | CH—C—CHmC—C—CyHy

] ‘rearrangement
I
CH,OH

CH,
(LvIn (LVIID)
o /C—Catly

1 1,0 4

- c.H.—c=CH-<':l—c—c.H. _—Ho, |
/I;]

H  CH—OH o,
@Lix)

The same workers '®® achieved the Beckmann rearrange~
ment of the ketone oxime, which leads to 5-phenylfuran-3-
carboxylic acid, a compound otherwise difficult to obtain:

o A T
g e g7 g™
cHy © sty O cgilg ©

In 1948 Morell proposed '*® a novel synthesis of 2,4-di-
substituted furans consisting in the heating of 3,5-dimethyl-
sultone (LX) in quinoline. However, in view of the low
availability of compound (LX) (low yields), this method can
hardly be regarded as preparative:

CH, CH,

3 '3

N/ /c"\

; Wl T

(CH,C0),0 quinoline

H(l: 5, HC o =TTy " “

CH,—~C=0 \g/ N0/ \cH,.
2

(LX)

The synthesis of 5-methylfuran-3-carboxylic acid from
levulinic acid '™ consists in the condensation of the diethyl
ketal of levulinic acid with formic ester and subsequent
cyclisation of the ester (LXI) by treatment with sulphuric
acid:

OC,H,

CH,— €~ CHy—CH,—COOCH, 1. HCOOG,H,, Na
EN s, H+

OC,H,
/COOC|H;.

—»CH.—CO—CH,—?H—CO,C,H, H,80, E “

— /
HC=0 au] o

(LX)

2. Reactions of Furan-2,4-dicarboxylic Acid

Despite the difficulties in its preparation, furan-2,4-di-
carboxylic acid is regarded as the most readily available
in the series of 2,4-disubstituted furans. A number of
other 2,4-disubstituted derivatives were obtained by the
conversion of its carboxy-groups. For example, by
selective substitution of the a-carboxy group by a chloro-
mercuri-group, Gilman and Burtner synthesised !
2-bromofuran-4-carboxylic acid in order to confirm the
structure of the product formed on bromination of furan-3-
carboxylic acid:

HOOC COOH

97 eat Br

HOOC

N
W
No””

COOH.
/
HgCly

COOH
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5-Methylfuran- 3-carboxylic acid was also obtained '™ from
furan-2,4-dicarboxylic acid:

CH.OOC\ CH,OOC\ CH,OOS
] — vl - -
N0 oocH, 0 Neoon N oa,
CH,00C HOOC
e |- ]
No” \CH No- H
(u) 3

This method is based on the more ready hydrolysis of the
ester group of the diester in the a-position.

The difficulties which must be overcome in the synthesis
of 2,4-disubstituted furans may be demonstrated by means
of the following example: in order to confirm '** the struc-
ture of “chromogen III” (LXII), isolated from natural
products (chitin and the polysaccharides of cartilage), it
was necessary to undertake a seven-stage synthesis. The
seven stages, starting with malic acid and proceeding via
coumalic and furan-2,4-dicarboxylic acids to the chloride
of 4- methoxycarbo ;ylfuran-z-carboxylic acid (LXII), were
described earlier "', Further stages '** are illustrated
by the following scheme

0OCH, COOCH, COOCH,
CH,N, | m 1.NaBH,
B I .-
cioc” N0 N,CHC h cu,c/ ~o”
! ACIO IO'
(Lxun
_cooH e
- ] s [T ==
CHy—cH” 0 w0 CHp—cH
C‘)H OH OAc (l)Ac
N=C=0 /NH—C—CH,
- H Ac;O/HOAc H g CH.OH/NH, _|
ca,--cé ~o” cHy—c” 07
CI)AC (IZ)Ac (LXIV) OAc (I)Ac
- /NH—?IZ——CH,
- /“\ D 0
cHy—cH” 0
(l)H 0|H (d, I-forms)
(LX11)

In this synthesis the isocyanate (LXIV) was converted into
3-acetamido-5-diacetoxyethylfuran by a standard method "2
—Dby the action of a 1:1 mixture of acetic anhydride and
acetic acid.

3. Electrophilic Substitution Reactions in the Series of
Furans Substituted in the B-Position by Meta-directing
Groups

Reactions of this kind are extremely rare. In 1933
Gilman *** formulated the directing rule operating when a
substituent enters the furan ring with an electronegative
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group in the B-position. For the nitration and bromination
of furan-3-carboxylic acid and also furan- 3-aldehyde as
examples, it was shown that the site of substitution is the
further removed a-position in the ring, as a result of which
2,4-disubstituted furans are produced.

4. Elimination of One Substituent from Trisubstituted
Furans

Probably the most widely used procedure employed in
the synthesis of 2,4-disubstituted furans is the removal of
certain groups, usually halogen atoms 526971737 qpq 5
carboxy-group *"*®173 from trisubstituted furans. The
reagents most often used to eliminate halogen atoms are
zinc in acetic acid, alcoholic ammonia, or aqueous ammo-
nia solutions, and sodium amalgam.

An example of the synthesis of a 2,4-disubstituted furan,
namely 4-chlorofuran-2-carboxylic amd by the elimina-
tion™ of a sulpho-group has also been described

Cl, Cl
Na/Hg .

Ne—
||

HO,S” N0~ \cooH 07 \cooH.

It is noteworthY that 4-methyl-2-nitrofuran® and 2-acetyl-
4-methylfuran ~° were obtained via a trisubstituted deriv-
ative starting with the relatively readily available 2,3-di-
substituted derivative:

/CH; CHs
™ A - 0
NO/NCooCsH, g N0/ NCO0H gy
lna
yield 4%
CHg —/CHQ F___/CHS
1 = - 10
cc” 07 N\co0CH, e’ 07 NCO0H oy N0/
i I I
0 o o
Recently a series of 2,4-disubstituted furans were

prepared ™ by the elimination of a sulphide group from

trisubstituted furans with the aid of Raney nickel:

HOOC

ll I

N0/ R,

R"O0C

T -

0/ R

R"00C

i

/

RS” N0/ N\R

The authors of the present review demonstrated for the
first time the possibility of eliminating sulphide sulphur
from furan derivatives by Raney nickel with preservation
of the ring double bonds in the synthesis of 2,3-disub-
stituted furans '™ and proposed a method for the selective
elimination of a bromine atom from the a-position in
2-acetyl-4,5-dibromofuran with zinc in acetic acid ',
Under the conditions discovered, the keto-group and the
bromine atom in the B-position do not undergo any changes.
We were unable to find any literature data concerning the
possibility of the elimination of a halogen atom from the
furan ring while retaining the carbonyl group. Usually
the latter, in particular in an aldehyde, is reduced to an
alcoholic ora methyl group under the action of zinc in
acetic acid'™ (a modification of the Clemmensen reaction).
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Only Lutz and coworkers mention in one of their commun-
ications '™ the elimination by zinc in acetic acid of two
bromine atoms from 3-(w-dibromoacetyl)-2,5-diphenyl-
furan with retention of the keto-group. 2-Acetyl-4-
bromofuran, which we obtained, is a key compound for
the synthesis of many 2,4-disubstituted furans (bromides,
sulphides, etc.):

Br Br
Br, Zn/AcOH N NaOCl
1] ) s A L H =l e
c CHs o N\¢ N0/ “NcooH
\CH, I g\CH;
CiHES H5C,S !
" ” DMF_ nC Holi I nC4HgLi
. CH/\O/\CH “poc, ko)\(« (C:HaS)s C‘H. DMF
== 3ty — Ooc\
0L O
N0/ \CyHy N0/ NCyHs

V. METHODS OF SYNTHESIS OF 2,3-DISUBSTITUTED
FURAN DERIVATIVES

The known 2,3-disubstituted furans were obtained from
certain natural products, by the cyclisation of aliphatic
compounds into a furan system, the conversion of the
carboxy- or methyl groups in 2-methylfuran-3-carboxylic
and 3-methylfuran-2-carboxylic acids, by the elimination
of one substituent from trisubstituted furans, mainly by
the decarboxylation of acids, and by substitution of the
available S-monosubstituted furans, mainly 3-methylfuran.

1. Isolation from Natural Products

Most of the furan compounds encountered in nature are
terpeno1ds Together with mono-g-substituted deriv-
atives, a number of 2,3-disubstituted furans were isolated
from natural products 2-isovaleroyl- 3-methylfuran **,

8
Lo/ \c—cn,~c1~1

Hs

“naginata ketone”, and others. The “naginata-ketone”
was detected for the first time in the essential oil of
Elsholizia oldhami by Fujita'™, who incérrectly attributed
to it the structure

CHs . CH,
/

” J /CH. l /CH-
N0/ Nc—cHy—CH=¢  (CuthOs)instead of Ny \c‘—ca=c (C1oH1:00)
CHs o CHs

as established by Naves and Ochsner *? The structures
of ipomeamarone *** (LXV) and pelargone 18 (LXVI) from
the essential oil of Bourbon geranium, which are also
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2,3-disubstituted furan derivatives, were likewise elucid-
ated:

CH,
‘—J o
L™ = >
\o, \fI: R \o/ \\———. A
0 |
(LXV) CH, (LXVI) "

Isomaltol, isolated for the first time from bread by
Back'® and obtained recently by Hodge and coworkers %
by appropriate treatment of lactose, is also a 2,3-disub-
stituted furan, namely 3-hydroxyiur-2-y1 methyl ketone,
as shown by Fischer and coworkers '*

A substance called isobergaptene (LXVII) was isolated
from the roots of Pimpinella saxifraga'®. Its oxidation -
with hydrogen peroxide in alkaline solution gave furan-2,3-
dicarboxylic acid:

/C
[o]

DN
-

(LXVII)

N o AN
2=2" %

When ethyl nitrite and sodium were allowed to react with
isobutyl 3-methylfur-2-yl ketone (LXVII), isolated from
the essential oil of a member of the labiatae (Elsholtzia
Cristata wild), the ketone decomposed with formation of
the ester of 3-methylfuran-2-carboxylic acid *¥

/CHy
U\C—CH ¢ ’C'“'°N° Eo/]l NC—CH— CH/CH‘ GaHhOR_,
8 e - S o ems
(LXVIII) CH.
-
\COOC,H, .

2. Cyclisation of Aliphatic Compounds into the Furan Sys-
tem

There exist several methods of synthesis for 2-methyl-~
furan- 3-carboxylic acid. The method of Plancher and
Albini *** ig inconvenient, since the interaction of chloro-
ethylideneacetoacetic ester with alcoholic ammonia was
carried out in a sealed tube; the authors did not state the
yield:

CICHy—CH (OCaHy)s + CH;—OOCH,—COOC,H; d

n__ /COOH
\0J \CHj,
Benary '® obtained the ester of this acid as an admixture
with the ethyl ester of 2-methylpyrrole-3-carboxylic acid
by the reaction of chloroacetaldehyde with acetoacetic
ester in an ammoniacal medium. Gilman, who repeated
the study ®, notes that the yield of 2-methylfuran-3-
carboxyhc acid is 40%.

There is also mention ®®’® of other methods of synthesis
of the acid. As a rule, they consist of many stages and

NH;
~ CICH,CH=C(COCH;)CO0C,Hy ™3 " J
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reduce to the decarboxylation of 5-methylfuran-2,4-dicarb-
oxylic acid. Reichstein **? also used the Benary method to
prepare furan-2,3-dicarboxylic acid. He synthesised in
18% yield the ethyl ester of 3-ethoxycarbonylfuran-2-acetic
acid (LXIX) by the condensation of chloroacetaldehyde with
the diethyl ester of acetonedicarboxylic acid in the pres-
ence of ammonium hydroxide. Further reactions of the
ester (LXIX) reduced to the synthesis of the oxime (LXX)
and its subsequent conversion via compound (LXXI) and the
nitrile (LXXII) into furan-2,3-dicarboxylic acid:

CH,—COOC,H;
+ Cc—coocit, |||

Il

o]

N0/ \CH,—CO0CsH,
(LXIX)

COOCH,
HC=0

] C4H,0NO
H,C—Cl

C.HyNa

COOH

LOH |

(LXX11)

/COOC,H_., COOH

T =
o/ \<I:-cooc,1-1. o \c—coou

|
NOH NOH
(LXX) (LXXI)

/COOH

Later furan-2 3—d1carbox¥hc acid was obtained '™ from
4,4-diethoxybutyronitrile

C,H,00C),

{C.H0),CH—CH,—CH,—CN ) 130, ,

(CsH,0);CH—CH; —CH—CN =
!
0=C—COOCsH,
COOH

,/CONH,

-] [

N0~ \COOC,H;x

—,HOJ\CDOH.

As already mentioned above, 3-methylfuran-2-carbox-
ylic acid was obtained for the first time from the natural
ketone (LXVIII). Reichstein synthesised this acid from
3-methylfuran *°

T

No”

/CHs /CH, /CHs

-1 h o [

o/ N\cHo o \cooH.

In 1956 Burness **'* proposed a new synthesis for 3-meth-
ylfuran-2-carboxylic acid whereby the latter became quite
readily available. In this procedure the starting com-
pound is the dimethyl acetal.of formylacetone (LXXIII),
which is converted quantitatively by the Darzens method,

by the reaction with methyl monochloroacetate, into the
glycidic ester (LXXIV), the distillation of which at 160°C
leads to the methyl ester of 3-methylfuran-2-carboxylic
acid:

CHONa__
—NaCl

(CHs0)2 CH—CH,—C—CHj + CI—CH,—IC—OCHa
I I

(LXXI1I)
CH,
cH; H Y
| |
- (CHs0);CH—CH,—C—C—COOCHy s “ \kc
(LXXIV) ~No” 0”7 \COOCH;.

3-Phenylfuran-2-carboxylic acid was obtained similarly **,

3. Reactions of 2- Methylfuran-3-carboxylic and 3-Methyl-
furan-2-carboxylic Acids

Although 2-methylfuran- 3-carboxylic acid is essentially
rather difficult to obtain, certain important studies have

“\COOH.
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been carried out on its basis. Here we shall mention the
synthesis '*° of 3-acetamido-2-methylfuran:

CO\IH—NH, CON,

HNO, | L Ny
o] CH.

NH—C—CH,
—
7

No/ N\cH, .

The isomeric 3-methylfuran-2-carboxylic acid has been
much more widely used as a starting material for a wide
variety of reactions. Asahina and Murayama® 7, who
obtained 3-methylfuran-2-carboxylic acid for the first
time, synthesised from it certain 2,3-disubstituted furans.
By the reaction of two moles of bromine with the chloride
of this acid in direct sunlight at 130°C and subsequent
hydrolysis, they obtained 3-formylfuran-2-carboxylic acid.
On oxidation with silver oxide, the latter yielded furan-
2,3-dicarboxylic acid:

COOC,H s

H\o ”\CH - “\o/IJ \CH,

ST e
N0 \CH,

cHy /CH—O COOH
L REEAR -] \
No/ ™ cocl N0/ NcooH N0/ “cooH
NH,OH-HCI
— —CH =NOH N
W so |
0/ “COOH OOH .

3-Cyanofuran-2-carboxylic acid was synthesised from the
aldehydo-acid via the oxime.

In recent years there has been a considerable increase
of interest in 3-methylfuran-2-carboxylic acid as a start-
ing material. Ketones detected in natural products have
been prepared from it. In 1963 Finan and Forthergill ***
synthesised the “Elsholtzia ketone” (LXVIII) in 50% yield
using the acid chloride (LXXV) as the starting material:

CHOMg, , COO--C4Hg
— CHs n’ C\cooc,H‘ T CHs CHS%;H'H
] [T oo, =
o Ncocl No N c—ci

L ScoocH,
(LXXV)
CH, CHa
”——| (CH,),CHBr ” “ H,50,

No”/ \C—CH;COOC«,H xylenc

No/ \C—?H—COOCzH,,
I
O CH (CHy),

CH,

-7

No/ \T’Z—CH,CH (CHs}s -

o
(LXVIID)

The attempts *°* to modify somewhat this synthesis in
connection with data '° concerning a new method for the
preparation of the ‘“perilla ketone” proved to be fruitless.
Following the procedure of the Japanese investigators but
using the acid chloride (LXXV) instead of the chloride of
furan- 3-carboxylic acid, Finan and Fothergill *** condensed
the acid chloride with the ethoxymagnesium derivative of
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the diethyl ester of a-isopropylmalonic acid, but the ester
(LXXVT) could not be cleaved to yield the ketone (LXVIII):

Hs CHa

S~ CO0CH, Het
T] tomomconcm~ [] F
o Scoc COOC;H, No/ \c—c|: (COOC;Hy)s

1

o] CH(CH3)2
(LXXV)

(LXXVI)

/CHs
1]

o/ \ﬁca.—m (CHy)s .

(LXVIi)

This finding is consistent with the observations of some
workers *¥'**  who showed that on treatment with an acid
the diethyl esters of alkylated a-acylmalonic acid are not
split with the formation of ketones. The structure of the
“Elsholtzia ketone” (LXVIII) was confirmed for the first
time in 1931 by Reichstein, who obtained it from 3-methyl-
furan in a low yield by the following procedure ®:

CH,

/CHy /CH, .
Ir ==17T1 -11 e
No/ o/ \cHo N0~ \CH=NOH
N T“I/CH’ (CH,),CH—CH,~MgBr__ H/CH‘
B . /CHs
No/ NeN N0/ Nc—CHy—CH .
: \CH, .
(LXVIL)

We may also mention here the formation of this ketone **3
in 30% yield when 3-methylfuran, which has become quite
readily available, is acted upon by the anhydride of iso-
valeric acid. Some of its homologues have been synthe-
sised similarly. The same workers obtained the
“naginata ketone” (LXXVII) in 40% yield ***:

“—H/CH’ “@{!;—:”%%H_;%O]_"O H/CH’ ‘C:-h((;fr)f—coc[_'
R aflsly’
No” \%_CH,——CH (CHs)q No”/
o /CHS
-

No” \cl—ca-_»c (CHy)s .
|
(LXXVID)

Leditschke '*® synthesised the hitherto unknown aryl
3-methylfur-2-yl ketones (LXXVII) by the acylation of
aromatic hydrocarbons with the chloride of 3-methylfuran-
2-carboxylic acid:

CH, /z<:, CH,
S < o
Nl
o Ncocl o %—QR'.
(gxxvm)

Fairly recently the methyl ester of 3-bromomethylfuran-
2-carboxylic acid was obtained 197 in a satisfactory yield by
the reaction of N-bromosuccinimide with the methyl ester
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of 3-methylfuran-2-carboxylic acid in the presence of a
radical-reaction initiator:

L)

S e
\COOCH, N0 NCooCH, N0’ NcoocH, .

CH, CH,Br CH,CN

4. Elimination of One Substituent from Trisubstituted
Furan Derivatives

The syntheses of 2,3-disubstituted furans from trisub-
stituted derivatives reduce to the reductive elimination of
a halogen atom from certain trisubstituted furans **® and
decarboxylation 5°75776979580588,89,96,134,188=200 ¢ the corres-
ponding furan-2-carboxylic acid:

R’ R’

AN
e ]
/o’

R/loy \cooH R

In the decarboxylation the authors *** employed a method
involving the intermediate replacement of the carboxy-
group by a chloromercuri-group, which was subsegently
eliminated by treatment with acid:

—— R’

o =0 =

B
R N0/ NcoaNa 07 NHecl R’ N0

5. Substitution Reactions of Certain S-Monosubstituted
Furan Derivatives

Until Gilman formulated the directing rule for mono-g-
substituted furans in reactions involving the introduction
of an electrophilic substituent into the ring ****®*  there
existed only one example of reactions of this kind: the
formylation *® of 3-methylfuran by the Gattermann-Koch
method. Having somewhat extended the number of
mono-B-substituted furan derivatives, Gilman showed **
that, when the existing g~group is ortho, para-directing
in the benzene series, the new substitutent is directed to
the adjacent o-carbon atom, forming 2,3~disubstituted
furan; on the other hand, if the B-group is meta-directing,
the new group forms a 2,4-disubstituted furan.

Gilman achieved the nitration of 3-methylfuran'® and
the chloromercuration of 3-methylfuran®* and 3-isopropyl-
furan’® with formation of the corresponding 2,3-disubstit-
uted furans.

In view of the ready availability of 3-methylfuran,
recently electrophilic substitution reactions with this com-
pound have been carried out again, namely acylation'"® and
bromination*”. When 3-methylfuran was brominated with
one mole of N-bromosuccinimide without a radical-reac-
tion initiator, 2-bromo-3-methylfuran was obtained.

When the amount of the brominating agent was varied, then,
depending on the presence or absence of a radical-reaction
initiator, various bromination products were obtained:

with bromine either in the a-position of the furan ring or
in the methyl group.

Sherman and Amstutz 2 made an interesting observa-
tion, namely that 2,3-disubstituted furan is formed as a
result of the allyl rearrangement of certain g-monosub-
stituted furans of 3-chloromethylfuran under the action of
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an agueous solution of potassium cyanide and of fur-3-yl-
methylmagnesium chloride under the action of carbon
dioxide and formaldehyde. In the first case the product of
the allyl rearrangement— 3-methyl-2-furonitrile (LXXIX)
—is formed only as an impurity in the main product fur-3-
ylacetonitrile (LXXX):

_/CHCN __/CHCOOH
-1
o’
. (LXXX)
H/CH‘CI KCN ./
o/ . _ CHy CH,
Il -1
o/ NN o/ cooH .,
(LXXIX)

In the second case the main product is 3-methylfuran-2-
carboxylic acid (90% yield) or 3-methylfurfuryl alcohol
(33% yield) is obtained as the sole product:

CH,Cl CH,MgCl

HCHO‘[
“—ﬂ/

CHs

o, , m +H

“o/Ncoon Mo/

s CH;COOH

Hs

N0/ \CH,0H .

Comparatively recently the present authors proposed '™
a new method for the synthesis of 2,3-disubstituted furans
—allyl 2-methylfur-3-yl ketones.
tion from the readily available 2-substituted furans of bi-
cyclic condensed systems with a “bridge” between the
second and third positions in the furan ring incorporating
a sulphur atom in one of the units. This unit, separated
from the ring by carbon atoms, is eliminated in the next
stage by Raney nickel. The elimination of sulphite
sulphur from the side chain by Raney nickel takes place
without appreciable reduction of the furan ring to the
tetrahydrofuran derivative:

H -+ Hal —CH—COOH — ” H -
N0/ NCH,SH R o CHZ—SAFH—COOH
R
R=H, CHs G,
g q

o B /c\CHR —/C—CH,R
L DS e
N0/ CH,—S—CH—COCl N0/ Nch, No/ N\cH,.

|

R (LXXX1)

In the course of the synthesis of 2,3-disubstituted furans a
new condensed bicyclic compound (LXXXT) was obtained
and some of its properties were investigated.
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