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FURAN DERIVATIVES OF GROUP II ELEMENTS
(REVIEW)

E. Lukevits and O. A. Pudova

1. ORGANOMAGNESIUM DERIVATIVES

Compared with lithium derivatives in which the metal is directly attached to a furan ring {1}, magnesium compounds
of such a type have been studied to a significantly lesser degree. The halogen atom in 2-chlorofuran {2], 2-bromofuran [2],
2,4,5-triaryl-3-bromofurans [3], and 2-diethoxymethyl-5-bromofuran [4] is unreactive, and these compounds do not react with
magnesium. It was possible to obtain 2-furylmagnesium bromide [2, 6-8] in the reaction of 2-bromofuran with a
copper —magnesium alloy [2, 7, 8] and by conducting the reaction in THF [6]. 2-Iodofuran has higher reactivity and reacts with
magnesium without activation [9].
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Exchange between bromofurans and alkylmagnesium halides was used for the synthesis of organomagnesium
compounds [4, 10}]. 2-Furylmagnesium chloride [10] and also a furylmagnesium compound with an acetal group in the ring
[4] were obtained by this method.
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The yields of the magnesium derivatives of furan obtained by this method are fairly low, to judge from the products
of the further transformations. For example, the yield of 5-carboxyfurfural after the treatment of di(2-diethoxymethyl-5-
furyl)magnesium with carbon dioxide and hydrolysis was 73% [4].
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It was not possible to obtain a Grignard reagent from 4-chloro-2,3-dihydrofuran on account of ring opening and the
formation of an acetylene derivative [6].

MgCl

o M
/ —_t \ ——  HC=CCH,CH,0MgCl
o THF

O

Organomagnesium compounds in which the metal atom and the furan ring are separated by one, two, or three
methylene groups are more widely used in synthesis, particularly for the production of natural compounds [11-33]. Not all
compounds of this series were obtained. Whereas 3-furylmethylmagnesium chloride [11-17] and bromide [18-25] are formed
easily and with high yields from the corresponding halogenomethyl derivatives with slight cooling (to 0°C) in ether and THF,
it was not possible to obtain a Grignard reagent from furfuryl chloride on account of its increased lability. It was, however,
established [26] that the introduction of a trimethylsilyl group at position 5 of furfuryl chloride had a stabilizing effect, and
S-trimethylsilylfurfurylmagnesium chloride was synthesized in the traditional way in THF [26].
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A similar method was used to obtain 2- and 3-furylethyl-, furylpropyl-, and furylbutylmagnesium halides by the action
of magnesium on halogenoalkylfurans [27-32].
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A Grignard reagent was obtained with an 80% yield from 2-methyl-3-chloromethylbenzofuran [33].
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Tetrahydrofurfuryl bromide undergoes cleavage at the C—O bond of the heterocycle under the influence of magnesium
in ether [34]. Only compounds of the tetrahydrofuran series in which the halogen atom is separated from the ring by three or
more methylene groups form Grignard reagents [35, 36].
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Some organomagnesium compounds of furan containing the metal in a side chain were obtained by substitution of the
mobile hydrogen [37] or halogen atom by the MgX group during treatment with alkyl- and arylmagnesium halides [38].
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In addition to compounds with a C—Mg bond, the reaction of various functional derivatives of furan (aldehydes,
ketones, acids, nitriles, etc.) with Grignard reagents RMgX (R = alkyl, vinyl, ethynyl, phenyl) gave derivatives with O-Mg
and N—Mg bonds. As a rule, these compounds were only intermediate products in the synthesis of furan compounds [39-49].

Some chemical transformations of 2-furylmagnesium halides were studied. These included the reactions with deuterated
water [10], alkenyl bromides [7], unsaturated ketones [8], and trimethyl borate [9]. 2,5-Diphenyl-3-furylmagnesium bromide
reacts with benzoic anhydride with the formation of 2,5-diphenyl-3-benzoylfuran [50].

Di(2-diethoxymethyl-5-furyl)magnesium proved inactive in reactions with benzaldehyde and benzonitrile, but it reacted
readily with carbon dioxide and was transformed by reaction with ferric chloride into 5,5'-bisfurfural [4].

Of the furylalkylmagnesium halides the properties of (3-furylmethyl)magnesium halides have been most widely
investigated [11-26].
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The carbonylation of (3-furylmethyi)magnesium chioride takes place in an untraditional manner [11]. The expected 3-
furylacetic acid is only a side product, and 3-methyl-2-furancarboxylic acid is formed with a yield of 90%. Analogous effects
are also observed in the reaction with formaldehyde [11], nitrile [23, 25), and also in the noncatalytic reaction with geranyi

diethyl phosphate [22].
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In the presence of copper iodide Cul a mixture of only two products (I) and (III) in a ratio of 79:21 is formed with
an overall yield of 81%. Without the catalyst a mixture of all three products is obtained but with a preponderance of the product
an (LI = 16:77:7).

Ijuring the carbonylation of the benzofuran derivative with the CH,MgCl substituent at position 3 only traces of (2-
methyl-3-benzofuryl)acetic acid [33] and a small amount of 2,3-dimethylbenzofuran and 1,2-di(2-methyl-3-benzofuryl)ethane
are formed. The main reaction product is 2-methyl-3-methylene-2,3-dihydro-2-benzofurancarboxylic acid.
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The Grignard reagents obtained from 5-trimethylsilylfurfuryl chloride and its derivatives also exhibit anomalous
properties in reactions with certain electrophiles. Whereas alkyl halides react at the furfuryl fragment in the presence of
Li,CuCl,, opening of the furan ring is observed under the influence of acyl chlorides and trimethylchlorosilane [26].
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Some chemical transformations of furylethyl-, furylpropyl-, and furylbutylmagnesium halides were described {27-32].
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2. ORGANOZINC AND ORGANOCADMIUM DERIVATIVES

Among the furan derivatives of elements of the group Il subgroup the zinc [51-60] and cadmium [61] compounds have
been studied less. Mercury compounds on the other hand have been widely used in synthesis on account of the variety and
simplicity of preparation and their adequate stability (including their stability in aqueous solutions).

The only method for the preparation of furan derivatives of zinc [51-58] and cadmium [59] with a Cg,,, —metal bond
is the reaction of the lithium derivatives of furan with zinc halides and cadmium iodide. As a rule, the reaction takes place at
room temperature or with cooling to —20°C in THF or a mixture of THF and hexane.
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The 2- and 3-furyl derivatives of zinc react with various halogen derivatives [51-57, 59, 60} and triflates [58] at room
temperature and when heated to 50°C in the presence of nickel and palladium catalysts [(PhP;)Ni(acac),, (PhP;),Pd,
(AcO),Pd], forming the cross-coupling products. This method was used for the synthesis of ethyl 2-furylacetate [54], 2-
furylacetonitrile [57], furylbenzenes [51, 52, 56, 59, 60], polyheterocyclic systems [55], and vinyl- and ethynylfurans [52, 59].
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The enantioselective furylation of aldehydes was realized for the first time with di(2-furyl)zinc [53]. Optically active
derivatives of furfury! alcohol were obtained with high enantiomeric purity (up to 73%) by the enantioselective addition of
difurylzinc to aldehydes in the presence of chiral catalysts: (1R,2S)-N,N-dibutylnorephedrine and (1R,2S)-N,N-di(4-
phenylbutyl)norephedrine.
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As a result of numerous experiments it was established [53] that lithium halides (lithium fluoride, chloride, bromide)
increase the stereospecificity of the reaction. Thus, with the addition of difurylzinc to benzaldehyde in the presence of N,N-
dibutylnorephedrine and lithium halides the optical yield of (S)-(2-furyl)phenylmethanol amounts to 53-56%. Without the
lithium salts the yield is reduced to 11%. During comparison of the selectivity of the two employed catalysts preference can
be given to (1S,2R)-N,N-di(4-phenylbutyl)norephedrine.

A compound of cadmium with a furyl group was obtained, as mentioned above, from a lithium derivative and was
easily acylated by acid chlorides [61].

Y\ cal, A\ RCOCI
LE/Q\CH(OEQZ (EtOQCHQ\ ca /@\ R

2 (Et0,)CH ﬁ/
e}

3. ORGANOMERCURY DERIVATIVES OF FURAN

3.1. Synthesis

Three main methods have been used for the preparation of organomercury compounds of furan: The direct mercuration
of furan and its derivatives; decarboxylation of the mercury salts of furancarboxylic acids; cyclization of unsaturated alcohols
and glycols in the presence of mercury salts.
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Various furans with the mercury atom at the « position of the ring were obtained by the action of mercury salts HgX,
X = Cl, AcO, C(NO,);, OCN] on furan [62-65] and its 2- and 3-monosubstituted derivatives [66-74].
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The monomercury chlorides and acetates of furan and its derivatives were obtained with yields of 35-70% in the
reaction of equimolar amounts of mercuric chloride or acetate and the furan compound in the presence of sodium acetate in
water or water —alcohol media. In the case of furan the 2,5-dimercuration product is also formed. The mercury salt of
trinitromethane [63, 64] mercurates furan with a 25% yield, while mercury cyanate substitutes the hydrogen atom in the furan
and sylvane under the influence of sodium acetate [65]. 3-Methyl-4-methoxycarbonylfuran is mercurated by mercuric chloride

at position 2 of the furan ring [76].
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On the whole the o position of the furan ring is mercurated more readily than the 8 position. However, it is possible
to mercurate the 8 position quite easily by the action of an excess of the mercurating agent [77] or by reaction with 2,3-
disubstituted furans [78,79]. By the action of an excess of mercuric chloride on 2-methoxyfuran [77] it is possible to introduce
the mercury substituents at all three free positions of the furan ring.
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Depending on the ratio of the reagents, 2,5-dimethyifuran is mercurated by mercuric chloride to the mono- and
dimercury derivative [78], while 5-bromo-2-furancarboxylic esters [79] are transformed into the corresponding 3-mercury-
substituted compounds when treated with mercuric acetate.
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The o-benzofuryl complex of cyclopentadienyldicarbonyliron reacts with mercuric chloride at the C—H bond at position

3 of the ring of the heterocyclic system [80], while 4,5,6,7-tetrahydro-3,6-dimethylbenzofuran reacts at the free position 2 of
the ring [81].

HgCl

HgCl,
' \
\ NaOAc
07 “Fe(CO),Cp 07 “Fe(CO)Cp
Me HgCl, Me
: “NaOAc / \
/ \ NaOAc Me
Me o o7 “HegCl

The second method for the synthesis of organomercury compounds involves decarboxylation of the mercury salts
obtained in the reaction of furancarboxylic acids with mercuric chloride under alkaline conditions [62, 72, 82-88]. The
furancarboxylic acid is usually treated with an aqueous solution of alkali and then with the mercury salt and heated until the
release of carbon dioxide has stopped. It was established during investigation of this reaction that substitution of the carboxyl
group by mercury takes place much more readily than direct substitution of the hydrogen atom.
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A mixed mercury salt is formed initially when 2-furancarboxylic acid is treated with mercuric acetate. When heated
to 135°C it then undergoes rearrangement to 3-furylmercuric acetate [62, 89, 90].
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The cyclization of various derivatives of 3-butyne-1,2-diol with mercuric chloride at room temperature or with gentle
heat has very often been used for the synthesis of organomercury compounds with the metal at position 3 of the furan ring {91-
96]. The product yields amount to 40-50%.
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2-Hydroxy-3-hexyn-5-one is converted by the action of mercuric chloride at 0°C in the dark into 2,5-dimethyl-3-
mercuriofuran [97], while 1-(2-methoxyphenyl)-1-pentyne {98] is converted in the presence of mercuric acetate with subsequent
treatment by sodium chloride into 2-propyl-3-chloromercuriobenzofuran. In all cases the mercury salt adds initially at the C=C
triple bond, and the following stage involves cyclization of the obtained compounds.

o) Ci HgCl
1} HgCl,/NaCl

MeHC—C=C—C—Me _HeOytact M

OH Me 0 e
OMe HgCl
Hg(0A0), I
e ——
NaCl

C=CPr (6] Pr

Furan derivatives in which the mercury atom is not directly attached to the heterocycle were synthesized with high
yields (97-98%) by the intramolecular cyclization of acetylenic glycols [99].
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The cyclization of unsaturated alcohols has been used for the synthesis not only of furan derivatives but also of mercury
derivatives of 2,5-dihydrofaran [100-107], tetrahydrofuran [108-120], and 2,3-dihydrobenzofuran {120-122].
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Organomercury compounds are formed during cleavage of the C—B bond in 2-furylboronic acid [9] and tetra(2-
furylboropotassium [123] with mercuric chloride. This is not, however, a preparative method and was only used to obtain
evidence for the structure of the initial borofurans.
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3.2. Chemical Properties

Compared with organolithium and organomagnesium compounds, the organomercury derivatives are less reactive. They
are resistant to the action of water and alcohols, and many of the reactions are therefore conducted in water —alcohol media.
Hydrolysis of the C—Hg bond can only be realized in strongly acidic media {82, 85, 88, 91-96, 124, 125].
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Furylmercuric chlorides can be easily converted into symmetrical derivatives of difurylmercury. The most suitable agent
for this reaction is an aqueous solution of sodium thiosulfate [62, 83, 84, 126]. The yields of the symmetrical products amount
to 60%.
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The action of the rhodium catalyst [CIRh(CO),], [127] on 2-furylmercuric chloride in hexamethylphosphorotriamide
gives a 70% yield of 2,2'-bifuryl. In the opinion of the authors the role of the catalyst can be represented by the following
scheme:
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The catalytic carbonylation of 2-furyimercuric chloride was conducted in an autoclave at 100°C with carbon monoxide
at a pressure of 50 atm. The salt Li,PdCl, was used as catalyst. The main reaction products under these conditions are difuryl
ketone and methyl 2-furancarboxylate. 2,2'-Bifury! is also formed in small amounts [128].

N\, o~ Q D (.. (LY
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The carbonylation of 4-(2,5-dimethyl-3-chlorofuryl)mercuric chloride also takes place in a similar way [97]. The only
difference is that the demercuration product is formed instead of the bifuryl compound.
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The reaction of carbon dioxide with 2-furylmercuric chloride at 200-350°C and 5-200 atm in the presence of KOCN
followed by acidification with hydrochloric acid leads to 2,5-furandicarboxylic acid [129].
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2-Chlorofuran can be obtained with a 60% yield from di(2-furyl)mercury by the action of freshly distilled disuifur
dichloride S,Cl, [126] in carbon disulfide, while the bromofuran {76] and iodofurans [62, 78, 98, 130] can be obtained by
treatment of the furylmercuric chlorides with bromine and iodine respectively.
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The reaction of mercury-substituted furans with bromoalkanes [66-68, 131-136] and also with iodoalkenes and
iodoarenes [137-140] has been used most widely in the synthesis of furan compounds. When 2-furylmercury chloride is boiled
with tert-butyl bromide for many hours in ethanol, alkylation at position 5 of the furan ring with the formation of di(tert-
butyl)furan is observed in addition to substitution of the mercury group HgCl [66, 132]. However, recent investigations of this
reaction by UV photoelectron spectroscopy [131] have shown that the reaction takes place in a more complicated manner with
the formation of a mixture of 2-tert-butylfuran, 2,5-di(tert-butyl)furan, tert-butyl chloride, isobutylene, and furan.

O HgCl

+ tBuCl + MeC==CH, + Z/ \5

O

A series of bromine derivatives react with unsymmetrical mercury compounds without a catalyst when heated in
chloroform [67, 68].
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2,3,5-Tri-O-benzoyl-D-ribofuranosyl bromide in nitromethane at room temperature forms a mixture of anomers with

2-furylmercuric chloride with an overall yield of 58% [133].
Zinc —copper dust as catalyst is essential for the symmetrical mercury derivatives in reactions with bromoalkanes [134-

SO

136].
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Iodoarenes [137-139] and iodoalkenes {140] only react with symmetrical and unsymmetrical mercury derivatives of
furan in the presence of palladium [137-139] and rhodium [140] catalysts. Arylation of the furan ring by a coupling reaction
is a convenient method for the production of arylfurans. The reaction takes place under the influence of (PhyP),PdIPh,
(PhyP),PdCl,, (MeCN),PdCl,, PdCl,, and iodine ions (BuyNI in HMPTA and Nal in acetone) at room temperature and gives
high yields.
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In the presence of lithium chioride in hexamethylphosphorotriamide the rhodium catalyst (PhyP);RhCi catalyzes the

alkenylation of the mercury derivative of benzofuran [140].
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Furylmercuric chlorides are inactive in reactions with acid chlorides. For example, the 2-furyl derivative of me;cury
does not react with benzoyl or furanecarbonyl chlorides and only forms methyl-2-furyl ketone with acetyl chloride with a yield
of 21% [62]. With the palladium catalyst (MeCN),PdC}, it was possible to couple di(5-methyl-2-furyl)mercury with benzoy!
chloride and to obtain a 92% yield of phenyl 5-methyl-2-furyl ketone [141, 142].

20 (MeCN),PdCl,
[Me/Q\] ST R /@\

Me O ﬁ—Ph
O

The formation of a complex of 2-furylmercuric chloride with isonicotinamide was investigated. The reaction takes place
in THF at room temperature in 2 h {143]. '
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Di(2-furylymercury forms complexes (2-furyl),Hg-L with 1,10-phenanthroline, 2,9-dimethyl-1,10-phenanthroline, and
3,4,7, 8-tetramethyl-1,10-phenanthroline in ethanol [144].

The possibility of the formation of the unstable intermediate product 2,3-dehydrobenzofuran from a mercury derivative
was mentioned in [145]. This product enters into diene synthesis with 1,2,3,4-tetraphenyl-1,3-cyclopentadien-5-one.

Ph
Ph
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+
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0 2 O Ph
Ph

The possibilities of using the organomercury derivatives of furan for the production of organometallic compounds were
studied. With a suspension of lithium in ether at ~20°C di(3-methyl-2-furyl)mercury gives the corresponding lithium derivative

(83, 84].
o = g

O O Li

2-Furylmercury chloride does not react with tetrachlorosilane, triethylchlorosilane [146], and triphenylchlorostannane
{147], but in reaction with triethylsilane furylmercury chloride is reduced, and mercury is released [146]. With di(2-
furyl)mercury lead tetraacetate forms an unstable furyl derivative of lead, which quickly decomposes with the formation of 2-

acetoxyfuran [148].
(N RR— & BN

Pb(OAc)3 HgOAc

@ + Pb(OAc),

0O OAc

The furan derivatives of mercury were used for the production of iron [149] and palladium [150] compounds. Di(2-
furyl)mercury and 2-furylmercuric chloride react with iron complexes [Et;NH]* [(4-CO)(u-RS)Fe,(CO)4] ~ with the formation
of a binuclear complex, in which according to x-ray crystallographic analysis one iron atom is o-bonded to the carbon atom

of furan ring at position 2, while the second is w-bonded with the C==C double bond [149]. The proposed reaction mechanism
is presented in the scheme:

@ + [EtNHJ*[(4-CO)(4-RS)Fey(CO)~

——————
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2-Furylpaliadium chloride {150], produced in situ from 2-furylmercuric chloride and lithium tetrachloroplatinate, then
reacts with olefins with the formation of furylalkenes and 2,2'-bifuryl as impurity.

QH ) Li,PdCl, @ CH;==CHPh @
g

(6] PdCl (0] CH==CHPh

In furylmercuric acetates the acetate group can be substituted easily and quantitatively by chlorine by the action of an
excess of sodium or potassium chloride [62, 89, 98, 114], while the chlorine in 2-furylmercuric chloride is substituted by the
dibutyldithiophosphate group [151] during treatment with potassium dibutyl dithiophosphate.

I
KSP(OBu)
0.0 0,
0" T"Hgll (o] gSﬁ(OBu)z

S

3.3. Physicochemical Characteristics

The physicochemical investigations of the furan derivatives of mercury are few and concern the following processes:
Polarographic reduction of symmetrical organomercury compounds R,Hg of the a- and 3-substituted furan series {152]; UV
photoelectron spectroscopy of RyHg and RHgX compounds [153]; comparison of the experimental and calculated frequencies
in the IR spectra of 2- and 3-furylmercuric chlorides [154]; NMR spectroscopy of the mercury compounds of furan [155-158];
x-ray crystallographic analysis of a furyl derivative of mercury [159].

Polarographic reduction of the C —~Hg bond in anhydrous dimethylformamide takes place more readily for all the 2-furyl
derivatives than for the analogous 3-substituted derivatives. This follows from the lower values of the half-wave potential (E,,)
in compounds of the first type [152]. According to the data from photoelectron spectroscopy [153], weak interaction is observed
between the 7 orbitals of the ring and the unoccupied 6pw orbitals of the mercury in di(2-furyl)mercury. However, this
interaction is somewhat greater than for di(3-furyl)mercury. The HgCl group has a weak electron-withdrawing effect in relation
to the ring.

The NMR spectra of di(2-furyl)mercury were studied. 'H NMR spectrum (5, ppm): H(2), 6.66; H(3), 6.75; H(4), 8.01
[155]. 13C NMR spectrum: C(2), 189.5; C(3), 121.2; C(4), 109.6; C(5), 146.7 [156]. The proton spin-spin coupling constants
for this compound [155] and 3-furylmercuric chloride [158] differ little from the furan constants. A linear correlation is
observed between the 119Hg—!H and !H—'H spin—spin coupling constants [155, 157], indicating that Fermi contact makes
a major contribution to the transmission of the spin coupling [157].

In order to establish the structure of one of the toxic compounds isolated from Tetradymia glabrata an x-ray
crystallographic analysis of its mercury derivative was undertaken [159].

1,34(4) o 1,45(5)
OH

The furan ring is almost coplanar. The mean deviation of the five ring atoms amounts to 0.03 A, while the maximum
deviation (0.05 A) is observed for the C(2) carbon atom attached to the mercury atom. The C—Hg—Cl fragment in the
molecule is almost linear (CHgCl bond angle 174°). The lengths of the Hg—C and Hg—Cl bonds are 2.03(2) and 2.30(1) A.

427



3.4. Biological Activity

The in vitro fungicidal activity of 3-chloromercuriofurfural was investigated on the following types of fungi:
Trichophyton purpureum, T. interdigitale, T. asteroides, and Candida albicans. The minimum concentration of the compound
that inhibits the growth of the fungi is 6.25, 12.5, 6.25, and 25.0 pg/ml respectively [160]. 5-Chloromercuriofurfural and 5-
chloromercuriofurfuryl alcohol act in vitro on ascarides in pigs [161].

Di(2-furylethynyl)mercury exhibits high fungistatic activity. Thus, the minimum concentration for the inhibition of 7.
asteroides, Piricularia oryzae, and C. albicans amounts to 0.2-0.8 pg/ml; the bacteriostatic activity of this compound is also
fairly high toward Gram-negative (Escherichia coli, 1.6 pg/ml) and Gram-positive (Bacillus subtilis, 1.6 pg/ml) bacteria.
Unsymmetrical 2-furylethynylmercuric chloride exhibits a significantly smaller fungistatic effect (50 pg/ml) [162]. At the same
time the antimicrobial activity against phytophthorosis in potatoes and powdery mildew in barley is higher for 2-
furylethynylmercuric chloride in vitro and in vivo than for the symmetrical mercury derivative [163].

Di(2-furylethynyl)mercury suppresses the growth of the spores of the pathogenic microorganisms Cochlibolus
miyabeanus [164]. However, the effect of the furyl derivative is somewhat lower than the effect of the benzyl and phenyl
analogs.

The phytotoxicity of the investigated ethynyl derivatives of mercury was investigated in relation to rice, rye,
cucumbers, radish, peaches, pears, and grapes. Cucumbers proved resistant to their action, while peaches, pears, and radishes

were extremely sensitive [165]. The phytotoxicity of 2-furylethynylmercuric chloride was higher than that of di(2-
furylethynyl)mercury.
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