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Abstract

The reactions of cyclic epoxides form the basis for many industrial chemical technology processes. Unlike simple ethers,
oxiranes tend to undergo nucleophilic cleavage reactions. The chemical properties of cyclic alkanes are primarily determined
by their ring size. Distortion of tetrahedral angles in small rings leads to changes in the chemical properties of substances. The
chemical properties of oxiranes differ significantly from those of simple ethers, which are resistant to cleavage under normal
conditions. Like cyclopropane, oxirane easily opens under mild conditions and serves as a basis for synthesizing various
derivatives. Generally, small rings are characterized by addition reactions following ring cleavage. However, in ring molecules
containing five or more carbon atoms, the bond angles are close to tetrahedral, making them resistant to cleavage and more
characteristic of substitution rather than addition reactions.
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AHHOTaI M

Peakiju LUKIMUECKUX 3TIOKCH/IOB COCTABJISIIOT OCHOBY MHOTMX IPOMBIIIEHHBIX XUMHKO-TEXHO/IOTMUeCKHX TIPOLIeCCOB.
B ommmure oT mpocThiX 3()MPOB, OKCUPaHbI CKJIOHHBI ITO/[BEPraThCs peakusM HyKIeo(hH/ILHOTO paciieryieHust. XUMuuecKue
CBOMCTBA [JUK/IMYeCKUX aJKaHOB B MEPBYI0 ouepe/ib OTpe/ie/IsIFoTCsl pa3MepoM Ux Kosel]. MckakeHue TeTpaspruiecKux yIJioB
B MaJjibIX KOJIbLIaX MPUBOAUT K U3MEHEHHUI0 XMMHUUeCKUX CBOMCTB BelleCTB. XMMUUeCKHe CBOMCTBA OKCHMPAHOB CYLeCTBEHHO
OT/IMYAIOTCS OT CBOWCTB MPOCTHIX 3(DMPOB, YCTOMUMBBIX K PACIIEIIEHUIO B OOBIUHBIX YC/I0BUSIX. KakK U [[UKJIONPOIaH, OKCUpaH
JIETKO PaCKpPbIBAeTCsl B MATKMX YC/IOBUSIX M CY>KUT OCHOBOH JIJIS1 CHHTe3a pa3/IMuHBIX MPOM3BOAHBIX. OOBIYHO HeOOsIbIIIHe
KOJIbL]a XapaKTepU3YyHTCS peaklUsiMA TpPUCOeJWHeHUs] TOc/ae paciieryieHus Kojblia. OfHAKO B KOJbLEBBIX MOJeKy/ax,
Cofiep)KalluX MSATb U Oosiee aTOMOB YIVIePOZa, BaJleHTHbIE YIVIbI O/IM3KU K TETPa3pUUeCKUM, UTO JieJlaeT UX YCTOMUUBBIMU K
pacIreryieHuo 1 6osiee XapaKTepPHBIMH [IJIs1 PeaKI[Ui 3aMeIlleHus], UeM TTPUCOeTUHEHHS.

KimoueBble €/10Ba: TeTepOreHHbIM KHWCIOTHO-OCHOBHOW KaTajau3, LIMKIMUeCKHue OKCH/bI, OKCHpaH, CJOHCTbIe ABOWHbBIE
TUIPOKCU/IBIL.

Introduction

One of the promising areas of chemical technology is processes using cyclic oxides with bifunctional heterogeneous acid-
base catalysis.

In a work published in 2003, it was noted [1, P. 398] that 103 processes using solid acids, 10 using solid bases, and only 14
processes using bifunctional acid-base catalysis were implemented in industry. Today, tens of times more such processes have
been implemented [2, P. 241].

Main Part

One of the most promising bifunctional catalysts are layered double hydroxides [3], [4], [5], [6, P. 5, 207, 210, 370].

Layered double hydroxides (LDHs) are products of isomorphic substitution of metal cations in hydroxides with cations of
a higher oxidation state, as shown in Figure 1:
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Figure 1 - Structure of layered double hydroxides
DOI: https://doi.org/10.60797/CHEM.2025.4.1.1

Replacing one element with another with a higher oxidation state results in an excess positive charge, which requires the
presence of anions to compensate. Double hydroxides are a fairly common class of basic heterogeneous catalysts. Double
hydroxides have a set of different main centers. These are weak Brgnsted centers — hydroxyls of hydrated surfaces and strong
Lewis in O*-M" vapors. The basicity of layered double hydroxides depends on the calcination temperature, the composition
and structure of the catalysts, and the ratio of cations. For example, Zn* and Ni** cations provide less basic catalysts than
Mg?*. Precursors in carbonate form provide more basic catalysts than precursors containing C1- or SO,*.

For example, hydrotalcite can be obtained by isomorphic replacement of Mg? ions with AI*" ions in the structure of
brucite (Mg(OH),):
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Figure 2 - Example
DOI: https://doi.org/10.60797/CHEM.2025.4.1.2

From the same elements one can obtain both a compound with basic sites and a compound with acidic properties.
Isomorphic replacement of Mg®* ions with AI** in brucite leads to the appearance of an excess positive charge, and,
consequently, basic properties, and replacement of Al** ions with Mg** in AI(OH); leads to the appearance of acidic sites.

Therefore, it is always possible to calculate the degree of isomorphic substitution leading to the maximum number of basic
sites on the catalyst surface.

Often this degree of substitution corresponds to the most stable catalyst structure. The lowest strength of the main sites is
possessed by hydroxide catalysts constructed from metals of equal oxidation states. Their strength is determined only by the
inductive effect due to the shift in electron density.

The Bregnsted site in such compounds can be a hydroxyl localized on tetrahedral aluminum. Lewis ground sites represent
the lone electron pair of oxygen.

Since the number of active sites depends on the degree of isomorphic substitution, a double hydroxide of two metals with
different oxidation states can be either a basic compound or one with acidic sites.
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There is an inverse relationship between strength and the number of main sites. That is, the center of the sample in which
one single atom is isomorphically replaced will have the maximum strength; the capacity of such a sample will be minimal.
Accordingly, the sample with the maximum number of main sites will have the minimum strength of main sites.

At any Me(N)/Me(M) ratio, the actual structure of complex hydroxide catalysts will be far from ideal, that is, from a
uniform alternation of isomorphic substitution sites. During syntheses, especially hydrothermal ones, there is no substitution,
but rather an increase in the oxide chain during the synthesis process, and the sequence of cations is determined statistically,
considering their reactivity. If the growth of the oxide chain is determined statistically, then real complex hydroxides, at almost
any stoichiometric ratio, have acid-type sites, although their acidity can be practically unnoticeable given the strong basic
properties of the elements forming the hydroxide layer.

Of course, the number and strength of acid-type sites also depends on the degree of isomorphic substitution. When
studying the basicity and acidity of catalysts with different ratios of cations, an extreme dependence on composition was
established (Table 1). For the given catalyst, the main sites lie in the region 17.2 < H, < 18.

Table 1 - Changes in the acid-base properties of double hydroxide with changes in composition
DOI: https://doi.org/10.60797/CHEM.2025.4.1.3

MgO/AlLO;, 2,49 3.80 5,23 9,33 17,6
mol/mol
Acidity, meq/g 0,41 0,32 0,21 0,06 0
Basicity, 0,73 0,54 0,63 0,85 0,94
meq /T

LDHs can find the widest application in reactions with cyclic oxides, since such processes most often occur with the
participation of a center of a different nature.

The review [7, P. 465] provides data on the use of LDH in reactions such as addition to C=0, C=C and C=C, C=N bonds,
alkylation, acylation, decarboxylation, as well as reactions of epoxides. Similar results are described in publication [8, P. 43].

Let us consider examples and features of the reaction of cyclic oxides on bifunctional catalysts, for example, oxyethylation
of 1-dodecanol on a hydrotalcite-like compound pre-treated with dodecanoic acid. Treatment with dodecanoic acid leads to a
significant increase in catalyst activity while maintaining a narrow distribution of products [9, P. 1001].

The narrow distribution of products can be explained by the following. Relatively basic substances, ethylene oxide and
alcohol, are sorbed on acidic Al*" sites. Ethylene oxide adsorbed on neighboring sites prevents reaction products from being
sorbed on neighboring sites. The rate of sequential oxyethylation decreases due to the small number of sites with adsorbed
ethylene oxide near the sites on which the reaction products were adsorbed. The activity of hydrotalcite depends on the Mg-Al
ratio, which determines the distance between two adjacent AI** sites.

A comparison of the rates of dodecanol oxyethylation catalyzed by hydrotalcite and NaOCH3 showed that at the initial
time the rate of the heterogeneous process is significantly lower, but the total rate with homogeneous catalysis is almost twice
as high. This may be due to the irreversible adsorption of reaction products on active sites.

The distribution of dodecanol oxyethylation products (m.=0,5 %, T=180 °C) in the presence of various catalysts was
studied. MgAl-hydrotalcite gives a narrower distribution of products compared to NaOCH.

When oxyethylation of 1-butanol on hydrotalcite-type catalysts, into which a small amount of KOH is introduced, gives a
ratio of mono- and di-addition products greater than 10:1. This can be explained by the fact that there is competition for the
active centers of alcohol molecules, which are more basic, with product molecules.

Hydrotalcites intercalated with various polyoxometalates, such as chromates, dichromates or vanadates, give a
monoderivative with 100% selectivity during the oxyethylation of 1-butanol.

When oxyethylation of fatty alcohol esters, the following reaction mechanism is possible:
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Figure 3 - Reaction mechanism
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Propylene oxide in the presence of basic and acid catalysts can give a few products:
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Figure 4 - Products
DOI: https://doi.org/10.60797/CHEM.2025.4.1.5

The reactions of propylene oxide conversion catalyzed by Nafion-H cation exchanger (pKa=-12), montmorillonite (pKa=-
8), Mg-Al-hydrothalcite and MCM-41 zeolite with a Na cluster obtained from NaN; were studied. the first two catalysts belong
to solid acids, the second to solid bases.

In the presence of solid acids with relatively strong sites, all products are formed except acetone. Most of all, cyclic dimers
are formed, as well as propylaldehyde. In addition, linear polymerization products are found in the reaction products, which are
not formed when zeolites are used.

A less strong acid is montmorillonite — the main product is propylaldehyde, as well as 1,4-dioxane.

When catalyzed by Mg-Al-hydrotalcite, the main catalyst, the reaction products are propylaldehyde, acetone, and
polyaddition products.

In the presence of Na-MCM-41 zeolite, which has strong basic and acidic sites, cyclic dimers predominate among the
products, and polyaddition products are absent, which indicates that in this reaction the rates of acid-catalytic processes are
much higher than the reactions on basic catalysts.

It is known that if a reaction with an ethylene oxide derivative begins with an acid attack, a whole spectrum of products is
formed, in contrast to a base attack, which leads to the formation of a single product. This suggests that both basic and acidic
sites operate on these catalysts. In acid heterogeneous catalysis, both SN; and SN, reaction mechanisms are realized, and in
basic catalysis, only SN». The SN; mechanism leads to the formation of propylaldehyde, and SN,, in both acid and base
catalysis, leads to the formation of acetone.

The reaction of lauric acid with ethylene oxide with a molar ratio of 1:3, at a temperature of 130-135 °C was studied [10, P.
766]. The homogeneous process was carried out in the presence of catalysts such as potassium isobutoxide, which showed
better activity and selectivity than potassium methylate, ethoxide and butoxide.

Hydrotalcite impregnated with potassium isobutoxide was studied as a heterogeneous catalyst, which showed lower
activity than a similar homogeneous one, but with higher selectivity. The conversion of ethylene oxide after 3 hours of reaction
is at 3% catalysis content in the reaction mixture: with homogeneous catalysis — 80%, with an impregnated catalyst — 50%, in
the presence of untreated hydrotalcite — less than 1%.

The following were found in the reaction products: diethylene and triethylene glycols; mono, di- and tri- and
tetraoxyethylated products; as well as diesters of mono-, di- and triethylene glycol.

The hydration reaction of ethylene oxide on the binary oxide Nb,Os/a-Al,O; proceeds at a significantly higher rate [11, P.
164], than on zeolites or aluminophosphates, and is comparable to the rate of pure niobic acid Nb,Os  nH,O, and with much
higher selectivity for monoethylene glycol.

A similar catalyst, with acidic and basic sites, CsF supported on selitol, showed [12, P. 516] high activity in the reaction of
epoxides with thiol. The reaction occurs under mild conditions, with the selective formation of 3-hydroxosulfides.

When studying ring opening in the presence of catalysts HZSM-5, CuZSM-5, HY, AIMCM-41, NaN;-AIMCM-41, the
occurrence of three types of reactions was established: dimerization, isomerization, and reaction with CO, elimination [13, P.
389-390]. At moderate temperatures, only the first two reactions occur, with acid catalysis, since in the presence of NaN;-
AIMCM-41 no changes occur.

The isomerization reaction of styrene oxide with the formation of b-phenylacetaldehyde occurs in the presence of many
basic heterogeneous catalysts — hydrotalcites, binary oxides, rare earth metal phosphates, KF on a carrier [14, P. 93].

Despite the high activity of the catalysts, they are quickly deactivated by polymerization products. ZnO/Al,O3 exhibits the
highest activity with 100% selectivity for b-phenylacetaldehyde.

During the oxyethylation of alcohols catalyzed by heteropolyacids, active formation of ethylene glycol diesters occurs.

It is interesting that under the same reaction conditions (room temperature, heteropoly acid), the formation of esters from
alcohols does not occur, and with the introduction of ethylene oxide into the reaction medium the process proceeds very
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rapidly. Obviously, this is due to the activation of the ring upon adsorption on the acid site, and interaction with two alcohol
molecules adsorbed on neighboring sites:
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Figure 5 - Process diagram
DOI: https://doi.org/10.60797/CHEM.2025.4.1.6

Two types of layered double hydroxides [Mg,Al(OH)s]JOH and[Cu.Cr(OH)s]JOH, in which hydroxyl anions were replaced
by polyoxometalate anions — CrO4*, Cr,0;*, V,07*, V1002*, M0,0.°, Fe3(CN)s* — showed good activity [15, P. 462] in the
reaction of ethylene oxide with butyl alcohol, and catalysts containing V100,s® ions as counterions give monoglycol with 100
% selectivity at a ratio of ethylene oxide : alcohol =3 : 1.

The reactions of propylene oxide with methanol in the presence of MgO and CaO were studied [16, P. 85]. Magnesium
oxide has basic sites of moderate strength and is significantly more active than calcium oxide, which has stronger basic sites. It
was found that methanol dissociates on the MgO surface to form methoxyl anions, and weak Lewis acid sites also take part in
the reaction.

The reactions of CO, with cyclic oxides were studied. When using MgO and Mg-Al oxide obtained by calcination of
hydrotalcite as catalysts, stereospecific addition to the oxide was discovered.

For reactions of CO, with ethylene oxide and epoxypropylbenzene catalyzed by basic zeolites, anion exchangers,
Cs/AlL,Os, Cs/MgO, it was shown that the reaction rate increases in proportion to the basicity of the catalyst.

With homogeneous catalysis, the rates of addition of CO: to ethylene oxide and to epoxypropylbenzene are approximately
equal. In heterogeneous catalysis, due to the sieve effect, when using zeolites X and Y, the reaction with epoxypropylbenzene
does not occur, and when using non-porous MgO, the rates are also equal.

The reaction rate for catalysis of Mg-Al oxides is higher than for MgO due to the presence of Lewis acid sites.

The reaction mechanism is as follows. CO, is adsorbed on the main Lewis sites (O%), forming surface carbonates, so the
strength of the sites determines the course of the entire process. Ethylene oxide is sorbed at the nearby Lewis acid site. The
surface carbonate opens stereospecifically, reacting with the carbon atom of the adsorbed oxirane to produce an oxyanion. In
basic zeolites, the ion-exchange cation provides a coordination site for oxiranes.

Conclusion

Reactions of cyclic oxides are important for industrial processes. The chemical properties of cycloalkanes depend on the
size of the cycle.

The strong difference from the tetrahedral angle in small cycles determines the chemical properties of the molecules.

Oxirane, the simplest cyclic ether, is an outstanding exception to the generalization that most ethers are resistant to
cleavage. Like cyclopropane, the three-membered ring is highly strained and readily opens under mild conditions. Indeed, the
importance of oxycyclopropane as an industrial chemical lies in its readiness to form other important compounds.
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