CATALYTIC REACTIONS OF FURAN COMPOUNDS (REVIEW)

M. Shimanskaya and E. Lukevits

The literature data on the catalytic synthesis and transformations of furan compounds are correlated. The
compositions of the most frequently used catalysts are presented, and the prospects for the more extensive
incorporation of metal-complex and interphase catalysis in processes involving the transformation of furan
compounds are examined.

1. INTRODUCTION

The synthesis and transformation of furan compounds based on oxidation, hydrogenation, and hydrogenolysis are
catalytic processes of the heterogeneous (in most cases) or homogeneous type. Among the most extensively studied
representatives of this class, one should cite furfural and derivatives obtained from it, most of which are manufactured in large-
tonnage volumes. The corresponding reactions and catalysts have been quite fully described in monographs and collected works
published several years ago [1-3]; however, a great deal of interesting data both with respect to the use of catalytic systems
and the synthesis of new compounds has been published in the last 10 yr, and this material constitutes the contents of the
present review.

At the same time, it seemed appropriate to us to examine reactions involving the synthesis of 2,5-dihydrofuran-2,5-
dione, interest in which, despite their half-century history, is not diminishing. Systematic studies of reactions involving the
conversion of furan compounds to derivatives of the thiophene, pyrrole, pyran, and pyridine series are continuing; however,
they will be discussed in appropriate reviews devoted to these heterocycles.

The noted tendency for the intensified development of small-tonnage processes in the synthesis and application of new
metal-complex and interphase catalysts that are distinguished by high monofunctionality, which is particularly valuable from
the point of view of increasing the selectivity of the transformations of highly reactive compounds, as most furan derivatives
are.

As is the case with respect to classes of other heterocycles, the development of catalytic reactions with the participation
of heteroorganic derivatives is also characteristic for oxygen-containing heterocycles, and this opens up a new branch not only
in the chemistry of furan but also in catalysis. In this review chief attention was directed to research conducted in this field
in the last 5-10 years in the Latvian Institute of Organic Synthesis.

The information regarding the catalytic reactions of compounds of the furan series encompasses the following topics:
1) catalysis in the processes involved in the manufacture of furfural; 2) decarbonylation and hydrogenation catalysts; 3) catalytic
oxidation; 4) catalytic alkylation.

2. CATALYSIS IN FURFURAL-MANUFACTURING PROCESSES

Furfural, which was discovered by Dobereiner in 1831, is currently a large-tonnage product manufactured from the
so-called pentosan-containing raw material. The volume of the manufacture of furfural in western countries in 1984 was
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TABLE 1. Raw Materials Used in the Manufacture of Furfural [4]

Type of raw Pentosan con- Yield of furfural, Production vol.,

material tent, % % thousands of tons/yr
~ Bagasse 21...23 8,3...9.0 187

Rice husk 18,1 7.2 20

Olive extracts 23,0 3,6 13,8

Almond shells 30.8 6 9,2

Corn stalks 37 11,1 9

9,1...10)
Black liquor 3

240,000 tons and had a tendency for further growth [4]. The principal raw material that is converted to furfural is bagasse
(Table 1). In the territory of the former USSR several years ago = 60,000 tons of furfural were manufactured annually by
conversion of rice husks, corn stalks, cotton chaff, tan waste, and deciduous trees [5-8].

The production of furfural from plant raw material is based on a consecutive sequence of hydrolysis of pentosans and
dehydrodehydrocyclization of pentoses. Mineral and organic acids and salts have been proposed and studied as catalysts to
accelerate the process, and research to find catalysts that ensure an increase in the yield of furfural [8-14], which does not
exceed 60% of the theoretical value in most operating plants [4, 5], is continuing.

Research on the separate hydrolysis of pentosans and dehydrodehydration of pentoses has shown that the yield of
furfural can be increased to 80% [4].

The cost of the raw material amounts to 40% of the expenditure in the prime cost of furfural, and a large part of the
production developments in recent years provides for the complex refining of the principal components of the plant raw
material. Thus furfural and yeast are obtained as marketable products in several plants as a result of refinement of
polysaccharides [6, 7, 9-13]. Bader Engineers Inc. have developed a technological process for the manufacture with the
simultaneous production of 1.3 tons of ethanol and 2980 kW of electrical energy for each ton of furfural. As a result, the
prime cost of furfural was reduced by more than 50% as compared with the cost of furfural manufactured by the classical
Petrole et Chimie procedure [4].

Research to find effective catalysts for the conversion of pentoses and hexoses, respectively, to furfural and
hydroxymethylfurfural is under way. A vanadylporphyrin complex fastened in a polyacrylamide gel matrix was used as a
catalyst for the dehydrocyclization of D(+)-xylose and D(+)-glucose [14]. It was found that the heterogenized catalyst three
to five times higher activity than the homogeneous complex catalyst with a amount of vanadyl groups.

3. DECARBONYLATION AND HYDROGENATION

Catalytic processes for the transformation of furfural and catalysts for them have been described both in the above-
mentioned monographs and collected works [1-3] and in review papers [15-17]. Research in this area is continuing. Thus for
the industrially skillful decarbonylation of furfural using the KDF palladium catalyst another catalyst with a similar composition,
viz., KDFS on the Sibunit carbon support, has been proposed; this catalyst is distinguished by decreased porosity, on it the
cycle duration was increased, and the conversion of furfural and the selectivity with respect to furan were > 90% [18]. The
furan obtained in this process undergoes hydrogenation to give tetrahydrofuran.

However, the manufacture of tetrahydrofuran is based chiefly on other forms of raw materials, primarily on the
dehydration of butane-1,4-diol, which is obtained by the hydration of butadiene [19]. Studies of the mild oxidation of butadiene
in the gas and liquid phases showed that the yield of tetrahydrofuran reached 95-100% in the liquid phase on some catalysts
(oxidation with oxygen at a pressure of 0.2-0.3 MPa). Furan was primarily formed as the product of oxidation in the gas
phase, but the conversion of the starting compound and the selectivity with respect to furan were low.

A number of experiments on the dehydration of butane-1,4-diol were carried out on oxide catalysts. On tungsten oxide
at 250-300°C the yield of tetrahydrofuran was 100% [20]. A high yield of tetrahydrofuran is obtained when various brands
of silica gel are used as the catalyst (Table 2) [21].

The hydrogenation of furfural at the carbonyl group is used in the manufacture of furfuryl alcohol, which is used in
various areas of the national economy [22, 23]. Despite the fact that this reaction has been investigated for more than 50 years,
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TABLE 2. Indexes of the Synthesis of Tetrahydrofuran from Butane-1,4-diol

Slllc~a gel Reaction condition g\iﬁpe— vsgtl'_ﬁc%é‘sgg t
type |porosity,pore Ssp> T, °C Charge’ conver- |to tetrahy-
% radius, R Im%/g g/em /| sion, % |drofuran, %
KCK N2 72,7 70,0 338 260 3,42 100 100
300 4,17 100 99,7
300 11,6 98 99,5
340 4,17 100 99,5
KSS N3 67,4 552 300 5,39 100 99,3
420 22,7 100 99,2
KSM 56,4 161 715 300 4,6 100 99,3
420 19,8 100 99,3

TABLE 3. Catalysts for the Hydrogenation of Furfural at the Formyl Group

Catalyst l Pressure ,MPa] T, °C [ Literature

.. Hydrogenation of the formyl group to a carbonyl group .
Modified Raney cobalt and copper | 15...18 150...200 [24, 25]
Copper—chromium Inthe gas (26]
Copper—chromium promoted Decreased 80...140 1271
Copper—chromium GIPKh-105 200...300 {28]
Rhodium on a polymer 20...30 {29, 30
Copper—chromium GIPKh-105 [31]
Copper—chromium GIPKh-105 (32
VNKh-103, VNKh-104, NTK-4 [33]

Hydrogenation of the formyl group to a methyl group

Copper—chromium GIPKh-105% 200...300 [34—36)
Palladium on supports, KDF 110...200 (371

*Hydrogenation of 5-methylfurfural.

studies whose authors present new compositions of catalysts and new data relative to the reaction mechanism are still being
published. The catalysts that are most frequently used in this reaction are presented in Table 3. The hydrogenation of furfural
on multicomponent Raney catalysts has been studied extensively by representatives of the Kazakh school of catalyst scientists
[24, 25]. In practice, a copper—chromium catalyst [26, 27], which is deactivated as a consequence of blocking of the surface
by strongly adsorbed furfural, is used in this process.

The structure of the starting compound has a substantial effect on the degree of hydrogenation of the formyl group.
Thus furfural is hydrogenated primarily to furfuryl alcohol on a copper—chromium catalyst, while methylfurfural is converted
almost quantitatively to 2,5-dimethylfuran [28]. The hydrogenation of a mixture of both furan aldehydes (200°C, overall
charge of the aldehydes 800 g/liter/h, hydrogen—aldehyde ratio 3:1) leads to a mixture of the corresponding methylfurans.
a-Methylfuran and dimethylfuran comply with the "chemically pure" qualification after distillation. 2,5-Dimethylfuran is also
formed in the hydrogenation of 5-chloromethylfurfural on a 5% Pd/C catalyst [38].

Saturation of the olefinic bond is the chief process in the hydrogenation of «,8-unsaturated furan ketones using copper
catalysts (copper chromite, copper oxide, Raney nickel, etc.) [39].

Hydrogenation of the ring, which leads to tetrahydrofuran derivatives, pertains to large-tonnage processes involving
the refinement of furfural. Nickel catalysts are traditionally used in these processes, but there have been reports regarding the
use also of rhodium complexes, including those fastened in polymers.

The hydrogenation of furan compounds in the heteroring has been investigated in order to create processes for the
manufacture of products such as tetrahydrofurfuryl alcohol and tetrahydrofuran (or tetrahydro-o-methylfuran), as well as a
number of other furanidine derivatives, including heteroorganic compounds (Table 4).

The hydrogenation of furan ketones on rhodium—polyacrylate catalysts at room temperature and atmospheric pressure
takes place only in the ring — ketones of the tetrahydrofuran series are obtained [49]. Saturation of the double bond in the
dihydrofuran ring occurs at 90°C and a pressure of 10 MPa in the 2-methyl- and 2,7-dimethyl-3-ethoxycarbonyl-1,6-
dioxaspiro[4,4]non-2-ene complex molecules on catalysts (Raney nickel or 5% Pd/C) [50]. Examples of the modification of
palladium catalysts by the introduction of rhodium in order to regulate their activity in the hydrogenation of furan compounds

1002



TABLE 4.

Tetrahydrofuran Compounds

Catalysts for the Formation of Furan Compounds to Give

Compound Reaction product Catalyst ﬁ}l;zs sure, TC L;.E‘irre
Furan Tetrahydrofuran Metal Atm. 18...20 1 [40]
polymers
Furfural Tetrahydrofurfuryl |Rh and others
alcohol
Furfuryl Tetrahydrofurfuryl | Ni/aluminum 4,0 130 [41,
alcohol alcohol silicate 42)
Ni/Cr203
2,5~ and 2,3- Tetrahydrofuran Rh complex, 0,4 70 [43]
Dihydrofurans heterogeneous
Rh/support
a~Methylfuran Tetrahydrofuran Raney Ni 0,4 70 [44)
2-tert-Butylfuran |2-tert-Butyltetra- |Raney Ni 0.4 70 {44)
hydrofuran
Trimethyl(2- Trimethyl(Z-?etra- Raney Ni 0,4 70 [44]
furyl)silane hydrofuryl)silane
Triethyl(2- Triethyl(2-tetra- Raney Ni 0,4 70 {44]
furyl)germane hydrofuryl )germane
Trimethyl(2- Trimethyl(2-tetra 1,8% Pd/C — 150 [44]
furyl)germane hydrofuryl} germane
Trimethyl-2-(5'- |[Trimethyl-2-(5'- 1,8% Pd/C — 150 [44]
methylfuryl) methyltetrahydro-
germane furyl)germane
Dimethyldi(2- Dimethyl(2-furyl) Raney Ni 0,4...1,9 | 70 [45)
furyl)germane (2-tetrahydrofuryl) | Rn(CO)}(PPhj)s| 1,9 70 4n
germane
Trimethyl-2- Trimethyl(2-tetra- | 2.0% Pd/C; 0,1 25 {47
(4,5-dihydro- hydrofuryl)silane 5% Pd/Al ,04
furyl)silane
Trimethyl-2- Triethyl(2-tetra- 2.0% Pd/C; 0,1 25 [47]
(4,5-dihydro- hydrofuryl)germane | 5% Pd/Al, 04
furyl)germane
Dimethyl(2- Dimethyldi(2-tetra- | Pd/C 0,1...1,9 25 [46,47]
furyl)silane hydrofuryl)silane
Dimethyl(2-furyl)
(2-tetrahydrofuryl)-
silane
Dimethyl-2- (4,5~ |Dimethyl(2-tetra- 5% Pd/Al,04 0,1 18...201 [44,
dihydro furyl) hydrofuryl)hydro-~ : 47, 48]
hydrosilane silane
*After complete transformation, the tetrahydrofuran derivative undergoes

rearrangement to 2,2-dimethyl-1-oxa-2-silacyclohexane {44, 47, 48].

are known [51]. Modification of the activity of a nickel catalyst is observed when ammonia is introduced into the reaction
medium — in this case the carbonyl group in furfural (rather than the ring itself) is primarily involved, and the chief product
is furfurylamine [52, 53].

Not only hydrogenolysis but also ring formation occur under hydrogenation conditions, particularly if the starting
molecule contains two or more functional groups at a distance that makes the formation of a five- or six-membered ring
possible. 5-Methoxytetrahydrofuran-3-carbaldehyde dimethylacetal was synthesized from 2-dimethoxymethyl-4,4-
dimethoxybutanal [54], while 2-isobutyl-4-methyltetrahydropyran was synthesized from 3,7-dimethyl-5-oxooctanal [55].

The use of nickel catalysts modified by ruthenium, in the presence of which in an ammonium medium consecutive
reduction of the carbonyl group, saturation of the furan ring, hydrogenolysis, and the formation of pyrrolidylalkanols, has been
described in a number of publications [56-58].

In the presence of a promoted, fused, iron catalyst tetrahydrofurfuryl alcohol is converted to piperidine in an
atmosphere of hydrogen and ammonia through an intermediate step involving the formation of pentane-1,5-diol and 1-amino-5-
pentanol [59].

The formation of sulfur-containing heterocycles such as thiolane occurs on oxide acid-base catalysts by the action of
hydrogen sulfide on tetrahydrofuran [60].
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TABLE 5. Partial Oxidation of Methylfuran Compounds

Yield, %, onthe catalysis®
Compound I Reaction product — ?
1 i m
2-Methylfuran 350 5-Methylenefuran-2- 26 43
(5H)-one(protoane-
monine) 15 .24
2-Methyl-5-tert- 430 5-tert-Butylfuran=2- 30
butylfuran carbaldehyde
5-Methylfuran-2- 400 Furan-2,5~dicarbalde- 30 35
carbaldehyde hyde
2,5-Dimethyl - | 400 | 60 56
furan

*Catalysts: 1 is vanadium pentoxide, I is vanadium molybdenum oxide (V:Mo =
3:1), and III is vanadium molybdenum oxide modified with silver oxide (V:Mo:Ag
= 1:1:0.02).

Thus in the transformations of furan compounds catalytic hydrogenation reactions open up rich possibilities in a
synthetic respect and deserve the close attention of catalyst theoreticians from the point of view of pinning down the state of
the active centers on the surface and the role of hydrogen in the aggregate of reactions that take place on them.

4. OXIDATION

The oxidation of furfural and furan on vanadium oxide catalysts in the gas phase has been studied in order to create
a method for the manufacture of maleic anhydride (voluminous material was presented in [2], in which reactions involving the
liquid-phase oxidation of furfural and 5-methylfurfural were also described).

In an investigation of the gas-phase oxidation of the simplest furan compounds it was found that, under certain
conditions, methyl derivatives of furan can be selectively oxidized at the methyl group [61-65] to give products such as
protoanemonine and furan-2,5-dicarbaldehyde (Table 5). The formation of protoanemonine in the oxidation of 2-methylfuran
is due to the dehydrogenating action of vanadium pentoxide on the methyl group, which, by losing one hydrogen atom, changes
the electron-density distribution in the ring. As a result, the carbon atom in the ring 5 position undergoes attack.

R = CHy R' = CH;

In the oxidation of 2,5-disubstituted furan derivatives with oxygen the same methyl group from which the hydrogen
atom "departed” is attacked, and a mono- or dialdehyde is formed as the product.

The liquid-phase oxidation of furfural with hydrogen peroxide in the presence of vanadium catalysts has been
investigated for a number of years under the supervision of L. A. Badovskaya. Furfural, furan, methylfuran, and a number
of 2-substituted and 2,5-disubstituted furan compounds were subjected to oxidation in the presence of vanadyl sulfate, vanadium
pentoxide, and vanadium complexes. 5-Hydroxy-2(SH)-furanone was obtained in 60% and 65% yields in the presence of
vanady] acetonylacetonate, phenanthrolinate, and 2-hydroxynaphthenate [66, 67]. The introduction into the reaction medium
of inhibitors of radical-chain processes in the presence of vanadium phenanthrolinate or hydroxynaphthenate made it possible
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TABLE 6. Yields of Triethylsilyl Ether As a Function of the Catalyst (%)

Reaction time
Catalyst -
1 2 3 4 5 - 6
Rh(PPh3)3Cl 12 35 55 59 60 55
Rh(PPh3)3(CO)H 0 0 — 8 — 12
Rh(PPh3)3(CO)CI] 7 30 - 70 — 59
Ru{(PPh3)3Cl2 10 25 — 58 75 73
Ru(PPh3)2(CO)2Ch ] 0 — 5 — 7
Pd(PPh3)3Cl 5 8 — 24 — 27
RhCl3 56 —_ — — — -
(Ets3PhCHN)RhCl4 43 — - — — -
Poly-CH2PBu3(RhCls) 5 — — — — -

to increase the yield of 5-hydroxy-2(5H)-furanone by another 25%. If, however, the reaction is effected in an aqueous alcohol
medium rather than in an aqueous medium, the yield of the desired product reaches 90%.

H
Q\cfo HO>(3\O
H
A number of researchers suppose that furan is an intermediate in the manufacture of maleic anhydride from such
relatively available and cheap raw materials as C,—Cs hydrocarbons [68-70]. Vanadium phosphates, -as well as catalysts
promoted by the addition of molybdenum, titanium, and other oxides, have been proposed as catalysts [71-92]. Studies of the
transformation of furan under the conditions of oxidation of butane and butenes have been made [93-97]. Despite the fact that
the formation of a furanlike structure in the oxidation of benzene has been previously proposed, in recent studies [98-100] it
was shown that neither maleic anhydride or other products that accompany it are formed on a reduced vanadium catalyst, and
carbon oxides were detected as the only reaction products. Chloro-2,5-dihydrofurandiones were obtained by the catalytic

oxidation of C, chloro hydrocarbons [101-103], as well as by the oxidation of mono- and dichlorobenzenes on a catalyst
promoted by vanadium molybdenum oxide [104].

Ci
CH;CHCICH=CH, ——————» 2—1
. O (0] O

The gas-phase oxidation of C4) hydrocarbons is currently being used by industry, and, in addition, the production of
furan-2,5-dicarbaldehyde and 5-hydroxy-2(SH)-furanone is of practical value. The formation of protoanemonine in the
oxidation of 2-methylfuran — a new reaction — is of interest from a theoretical point of view.

5. ALKYLATION

The alkylation of furyl ketones by alkyl and benzyl halides in a liquid—solid two-phase system has been accomplished
in the presence of an interphase-transfer catalyst [105, 106]. Isopropyl 2-furyl ketone was synthesized in 75% yield when
methyl iodide was used as the alkylating agent at room temperature starting from acetylfuran.

The further reaction of this ketone with methyl iodide was realized only at the boiling point of the reaction mixture
— tert-butyl 2-furyl ketone was obtained as the chief product, along with a certain amount of an O-alkylation product. The
formation of the corresponding alky! ketones is observed in the action of ethyl and propyl iodides on acetylfuran, and a
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TABLE 7. Yields of Ethers I and II* j, e Hydrosilylation of 5-Methylfurfural As
a Function of the Catalyst (%)

. Reaction time
Catalys O gy
xR A I I D B
(R R
Rh(PPh3)3Cl I 11 18 27 33 37 42 44 45
11 12 23 35 32 — — — —_
Rh(PPh3)3(COYH 1 — 2 3 3 3 3 — —
I 5 30 37 32 — —_ — —
Rh(PPh3)3COCI I — 34 39 46 50 54 56 59
i 27 42 45 47 — — — —
Ru(PPh3)3Ch 1 — 7 18 24 30 38 35 35
II 1 2 — —_ —_ — — _
Ru(PPh3)2(CO)2CHh2 I — 2 3 3 2 — — —
1 2 2 3 — - — — —
Pd(PPh3)3Cl2 1 — 23 34 55 58 58 48 44
I 12 29 26 27 —_ —_ — —
(EtsPhCH2N)RhCls 85 90 — — — — —_ —
(BugN)2PtCls 1 5 10 — — — — — —

*The yields of II were determined for the reaction at 100°C.

significant part of the substrate undergoes O-alkylation to give mono-O-alkyl and C,O-dialkyl derivatives. The alkylation of
2-acetylifuran with benzyl bromide under similar conditions takes place regiospecifically to give 2,2-dibenzyl-1-(2-furyl)ethanol
in 50% yield. Furfuryl chloride was used as the alkylating agent in a reaction with sodium acrylate in the presence of
triethylbenzylammonium chloride as the catalyst in order to synthesize furfuryl acrylate [107], which, in the presence of
heterogeneous catalysts (diatomite, for example), undergoes cyclization to give 3a,6-epoxy-3a,6,7,7a-tetrahydro-3H-

benzo[c]furan-1-one.
0
e — &
O CH»-O

The synthesized allyl and propargyl furfuryl ethers also underwent intramolecular cyclization.

Alkylation at the ring carbon atom by the furfuryl alcohol formed in the first step occurs under the conditions of the
hydroxymethylation of furan and methylfuran in the presence of H* cation-exchange resins. 2,2'-Difurylmethane and 5,5'-
dimethyl-2,2'-difurylmethane were synthesized in this way [108, 109]. Under hydroxymethylation conditions (by the action
of aqueous formaldehyde) 2,5-dimethylfuran undergoes hydrolysis to give hexane-2,5-dione. On a slightly acidic cation-
exchange resin (carboxylate) furfuryl alcohol is hydroxymethylated at the carbon atom in the 5 position to give furyl-2,5-

dicarbinol.
CH,OH

0 CHz
R = H Me

Y CH,0
~—=———  CH3;—C-CHyCH;~C~CHj
cHy” o7 CH; i I
CH,0
(Do e

O CH,0OH HOCHy O CH>OH

A number of bis(5-methyl-2-furyl)methanes were synthesized by the action of aldehydes on 2-methylfuran in the
presence of cation-exchange resins {110},

& ' Rncg(}: —_— cm@ CIH/Q\C}h
R

6] CHa
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Macroporous resins that contain sulfono groups, as well as carboxylato groups, have served as cation-exchange resins.
It was found that the latter have little effect in the reaction under investigation.

In the presence of metal-complex catalysts furan aldehydes (furfural, 5-methylfurfural, and furan-2,5-dicarbaldehyde)
react with triethylsilane to give triethylsilyl ethers of the corresponding furylcarbinols. The indexes of the transformation of
furfural by the action of triethylsilane as a function of the metal-complex catalyst (at 25°C and a
furfural—triethylsilane—catalyst ratio of 1:1.2:0.001) are presented in Table 6.

On rhodium and palladium complex catalysts at 100°C a mixture of 5-methylfurfural and triethylsilane undergoes not
only hydrosilylation but also dehydrocondensation, and difurylethane-1,2-diol bis(triethylsilyl) ether is detected in the reaction

products [111, 112].

R” Yo7 “CH0SiR R” 0”7 "CH-CH™ “0” R
! rRbsi” ONsivty

1

The dependence of the yields of 5-methyl-2-furylcarbinol triethylsilyl ether (I) and bis(5-methyl-2-furyl)ethane-1,2-diol
bis(triethylsilyl) ether (II) in the hydrosilylation of 5-methylfurfural on the metal-complex catalyst under conditions similar to
the conditions for the hydrosilylation of furfural is presented in Table 7.

The yields of the corresponding monoethers in the reactions with both furfural and S-methylfurfural are higher on
rhodium catalysts, of which the most effective was the triethylbenzylammonium rhodium tetrachloride complex.

The hydrosilylation of furan-2,5-dicarbaldehyde was accomplished on the Wilkinson catalyst at 130°C. Triethyl(5-
formylfuryloxy)silane and 2,5-bis(triethylsiloxymethyl)furan are formed as the reaction products in virtually comparable yields.

The hydrosilylation of furan aldehydes and ketones with dimethylphenylsilane was carried out in a low-polarity solvent
at room temperature in the presence of interphase-transfer catalysts (18-crown-6) with added alkali metal fluorides [113].

The use of the principles of interphase catalysis makes it possible, on the basis of such quite labile compounds as
derivatives of the furan series, to accomplish complex reactions with good yields of the desired products.

6. CONCLUSION

The examined catalytic reactions of furan compounds constitute an illustration of the new synthetic possibilities not
only in this series but also in the chemistry of heteroorganic and other classes of organic compounds. The investigation of the
reaction of a number of furan derivatives with catalysts and the elucidation of the mechanism of the surface reactions are
interesting from the point of view of a more profound understanding of the theoretical concepts regarding the nature of the
active centers of catalysts and their ability to be formed as a result of the action of complex multifunctional substrates such as
furan derivatives. These problems should become the subject of further discussion.
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