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Abstract. Data concerning the O- and C-acylation of carbonyl
compounds under acid catalytic conditions are surveyed. The
properties of little-studied products of these reactions, i.e.,
acylals, a-haloalkyl acylates, and enol acylates are described.
The acyloxycarbocations formed by the acylation of aldehydes
and ketones are characterised. The recently discovered new
reactions of carbonyl compounds that lead to various
heterocyclic and polyfunctional compounds are discussed.
The bibliography includes 275 references.

L. Introduction

The acylation of carbonyl compounds is traditionally considered
as a means of lengthening a carbon chain together with the
introduction of the carbonyl function. Such reactions include
ester condensation and related reactions (i.e., Claisen,
Dieckmann, Darzens reactions, etc).!—6 These processes are
catalysed by bases, while O-acylation which sometimes occurs is
usually regarded as an undesirable side reaction. The preparative
application of these methods was so successful and fruitful that
the analogous acid-catalysed conversions were considered only as
theoretically, rather than practically, interesting reactions. Only
in some cases, when acid and base catalysis results in different
products (e.g., acylation of asymmetric ketones), have syntheses
been developed.l:2 Perhaps only acylation of ketones by
anhydrides in the presence of boron trifluoride is an exception.*¢

The technique of base-catalysed acylation of carbonyl
compounds has been improved and modified (e.g., in
Taylor—McKillop and Passerini reactions,”-® phase-transfer
catalysis,” and the application of acyl anions!®), whereas acid-
catalysed reactions have remained much less investigated until
now. This is explained by difficulties in the effective stabilisation
of cationoid intermediates, as cationoid chemistry has been less
well studied than carbanion chemistry.!!
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Although the importance of the reaction between carbonyl
compounds and aprotic acids was noted thirty years ago,'? few
publications concerning this problem are available. On the other
hand, two reactions of aldehydes with anhydrides and acid
halides in the presence of Lewis acids have been known since the
beginning of this century. These reactions lead to the acylals I and
the a-haloalkyl acylates 2, respectively.

RI—CH(OCORY), <090  picpo 9K,
1 LA
X
— RI—H—OCOR?
2

LA —Lewisacid; X =Cl, Br.

The attitude of synthetic chemists towards acid-catalysed
carbonyl reactions can be illustrated by the history of compounds
1 and 2: the properties of the acylals 1 have been very little
investigated until now. The o-haloesters 2 were recalled in the
sixties only as subjects of a series of studies under the common
title ‘A forgotten carbonyl reaction’ (see Section IV).

I1. Acylals

The esters formed from geminal diols (i.e., acylals, also
called aldehyde diacylates) have been known for more than
120 years. Chloral diacetate was described as one of the first
acylals.!? The synthesis based on the acid-catalysed O-acylation
of aliphatic and aromatic aldehydes by acetic anhydride in
the presence of various catalysts was elaborated later.!*!5
Scant information about acylals can be found in some mono-
graphs.>16—18 For a long time, acylals were regarded only as
convenient intermediates for the preparation of aldehydes and
ketones from methylarenes 3 by oxidation with a CrO;-Ac;O
mixture 1519 as well as by oxidative decarboxylation of malonic
acid derivatives 4.°



S M Luk’yanov, A V Koblik

CrO; H.0
ArMe ——— ArCH(OAc); —-——— ArCHO
AcO
Pb(OA« H.0
R!R2C(COOH); &b RIR2C(0Ac), — RIR2CO
4

Only recently have acylals attracted special attention as
compounds having independent synthetic value. Acylals can serve
as convenient precursors of not only aldehydes but also of enol
acylates, e.g., in the conversion of crotonaldehyde into 1-acetoxy-
butadiene 62° and other synthetically difficult compounds.?!:22

HaC o QAc
6

T —AcOH

Me\/\n/ﬂ Me\/\rOAc R,CuLi
(o] OAc
5
Me OAc Me
R R (6]
Me OAc
OAc O
5

e

OSiMe3

+
OAc Me

The gem-diacetate moiety turned out to be quite stable
toward dilute acids, but it is easily removable in weakly alkaline
solutions.2! This group can therefore serve as a suitable
complement of the well-known acetal protection for aldehydes.?
Examples of acylal protection have been mentioned in the
literature, but this topic is outside the scope of the present
review, which is devoted to the activation rather than the
passivation of the carbonyl function.

In the early eighties, several authors reported the preparation
of acylals by the acid-catalysed acylation of aldehydes with acetic
aphydride. Diacetates of aliphatic and aromatic aldehydes can be
obtained in high yields in the presence of PCls (Ref. 24 and the
references cited therein). The use of FeCl; instead of PCl; allows
one to extend the aldehyde series and to reduce the duration of
the acylal synthesis; detailed spectroscopic data (IR, 'H NMR
and ¥C NMR) and mass spectra for the acylals were also
obtained.2! The undesirable treatment of reaction mixtures with
water can be excluded using the solid superacid ‘Nafion-H’, which
also allows one to simplify the isolation of the acylation
products.?’ The preparation of acylals in the presence of protic
acids (e.g., sulfuric, perchloric, methanesulfonic acids) was
reported in several studies.?®~2° A series of acylals 8 have
been obtained by the acyloxylation of cyclohexane-1,3-diones 7
with diacyl peroxides.3°

0 0
R! ‘ (RICOO NaH R! OCOR2
—_—
R! ® )2 iecN R! OCOR?
7 © g ©

R} =Me,, —(CH2)s—; R2 = Ar, PhCH,0.

Compounds 8 are ketone acylals. It has been mentioned in
earlier publications that ketones do not yield gem-diacetates.!4
Subsequently, it was shown that cyclohexanone and its 4-alkyl
derivatives react with an Ac,0-H,SO4 mixture to form the
corresponding enol acetates, but hitherto unknown 1,1-diacetates
were also isolated in low yields from these reaction mixtures.3!
However, cyclopentanone affords only an acylal under the same
conditions.?? Mazur and coworkers3*34 have described the
preparation of ketone acylals by the action of trichloroacetic
anhydride without a catalyst. However, the reactions of ketones
(mainly cyclic ones) with Ac,O require the presence of an acid.**
It is remarkable that cyclobutanone reacts with Ac2O and HCIO,4
to yield only the 1,1-diacetate.3* Obviously, the strain in small
rings prevents the transformation of acylals into enol acylates.

The mechanism of the formation of acylals derived from both
aldehydes and ketones was studied using mixed anhydrides?! as
well as initial ketones labelled with the 120 isotope.?>-34 It has
been shown that acylation, which is a reversible reaction, occurs
with the participation of two anhydride molecules. Conditions for
the conversion of acylals into carbonyl compounds by hydroly-
sis35—37 and for the transformation of diacylates into enol
acylates were also described.31,33.38

Acylals undergo many reactions typical of aldehydes, such as
condensations with CH-acids * and with alkenes according to the
Prins reaction scheme [Eqns (1) and (2)].40—42

MeC(OSiMe;=NSiMe;
Pd, THF
— PhCH=CH—CH=C(COOMe), )
93%

@ + CHyOAd), —> @
C(\OAC ©/\0Ac
—_ + +
OAc
& O
o

On the other hand, syntheses based on acylals were described
in which the aldehydes themselves proved to be ineffective. Thus,
in the reaction of benzylidene diacetate 9 with styreme, it is
possible to avoid the telomerisation usually occurring in reactions
between aldehydes and carboxylic acids (Scheme 1).43 Acid-
catalysed reactions of aldehydes with salicylic acid involve the
alkylation of the aromatic ring, whereas the use of acylals yielded
a series of 2-substituted 4-oxo-1,3-benzodioxanes 10.44 Acylals
react with methyl ketones in the presence of triphenylmethyl
perchlorate to form the pyrylium salts 11 and the 2-benzopyr-
ylium salts 12.2°

Methylene diacetate 13 undergoes self-condensation in the
presence of SnCly to give the ester and ether derivatives 14—-16.4°
It was found recently*$-47 that aliphatic and aromatic aldehyde
diacetates 17 react with CHCl3 under phase-transfer catalytic
conditions. These reactions proceed with substitution of an
acetoxy group by a CCl; group with lengthening of the carbon
chain by one atom to yield acetates of a-trichloromethyl carbinols
18 (Scheme 2). Apparently, this reaction is general and can also be
expanded for other carbanion precursors. For example, analo-
gous conversions were carried out with phenylmethylacetonitrile
19 and phenylacetonitrile 21 (Scheme 2).48

PhCH=CHCH(OACc); + H2C(COOMe),
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Scheme 1
—_—

PhCH(OACc), + PhCH=CH:
9

—> AcO—CH—CH;—CH—OAc

Ph Ph
0
COOH o
@[ + RCH(OAc), —> /J(R
OH o
0 H

R = Me, Ph, Ar, PhCH=CH.

R
Ph;CCIO, _
RCH(OAc); + ArCOMe ——— s | . CIO;
~Z
Ar O Ar
R = H, Me, Ph, Ar. 11
MeO. Me Ph;CCIO.
m + RCH(OA¢), —mCClOs
MeO
MeO. x Me
— P
MeO'
12 R
R = H, Me, Ph, Ar.
H:C(OAc); —nCh AcOCH;CH2CO—OCH;0Ac
150-160°C
13 14
+ AcOCH=CHOAc + (AcOCH,);0
15 16
Scheme 2
CHCl3, 50% NaOH, PhCH; Et;NCl
RCH(OAC); 3, 30% Na 2Bt
17

— R—CH—OAc
CCls
18 (60% —82%)

+ Me
PhCH; EtNCL
RCH(OACc); + PhRCH—CN RCH—C—CN
| 50% NaOH
Me AcO Ph
17 19 20
CH(O PhCH,CN  — i EuNCT PhCH=C—CN
+ =C—
PhRCH(OAC) 2 50% NaOH
9 21 22 Ph

The substitution products obtained (18, 20, and 22) are
valuable intermediates for subsequent transformations.

At present, isopropylidene malonate, Meldrum’s acid 23, is
the best known acylal (see the relevant reviews 4°—51), This acid,
which is an important precursor of many synthons and carbon
suboxide and is a valuable starting material for the preparation
of aliphatic-aromatic ketones and synthetically difficult 1,3,5-
tricarbonyl compounds,52 53 has recently attracted keen atten-
tion. Meldrum’s acid can be prepared by the acid-catalysed
acetylation of acetone with acetic anhydride and malonic
acid [Eqn (3)]%* as well as by the acidolysis of isopropenyl
acetate 24.55

Me

Ac20 >< )

Me'

H,C(COOH); + Me>CO

23 O
H.C Me T
+ +
>\ OAc H - 0CcOMe H>C(COOH).
Me Me
24

25

Mixed geminal a-acyloxyalkyl ethers 26 and 27, that can be
obtained in reactions of carboxylic acids with vinyl ethers36—5° or
aryl chloromethyl ethers,° are also called acylals in the chemical
literature.

OR!
R'OCH=CH; + RZCOOH —» Me—CH-—0OCOR?
26

ArOCH;Cl + RCOOH — RCOOCH:OAr
27

Compounds 26, 27, and 28 are noteworthy because their
conversions always proceed with substitution of the acyloxy-
rather than alkoxy-group, i.e. the more stable alkoxycarbocations
29 arise (see Section V). Kinetic investigations confirmed this
observation.5! Some examples of such reactions are shown in
Scheme 3.62—65

Scheme 3
o
+ H* +
RICH—OCOR3? 4——+ RICH—OCOR? —————
o —R20H 2 —R3CO:H
30

— RICH—OR?
29

OMe AICk CI:HMC
+ ’ OEt
MeO
[ OAc | PhC=CH; [ | :CHZCOPh

O H OSiMes O H

MeClIH—OAc
OEt

PhOH
BuOCH,Cl —= BuOCH;OAc —— BuOCH:OPh

EtOCH;0Ac + PhNH, — PhNHCOMe

It is appropriate to mention in this Section the unusual sulfur-
containing hetero-analogues of acylals 33, which are products of
the Pummerer reaction.”%¢ This reaction is, in essence, acylation
of the sulfoxides 31, which are sulfur analogues of ketones.

R‘CHzﬁR2 + Ac20 —» |R!CH;—S$—R? —
OAc AcO~
31 32

— R l(Izl'I—SR2
OAc
33

Acylals formed by ketones and an inorganic acid, the
geminal diperchlorates R!R2C(OClOs);, have also been
described.®”
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I11. Enol acylates

Compared with acylals, vinyl esters, i.e. enol acylates, particularly
vinyl acetate, are better known because they are widely used.
Syntheses based on enol acylates are of great importance,
particularly in steroid chemistry. The extensive literature con-
cerning enol acylates has been surveyed in several reviews.68—71
A series of papers have been devoted to modifications of well-
known preparative methods, for example, the acetoxymercura-
tion of alkynes,”>" as well as to the formation of enol acylates
under unusual conditions (thermal opening of cyclobutene
derivatives,’® electrochemical acylation of indenones’) and
the syntheses of unusual enol acylates (benzenesulfonates,’®
triflates’”— ). The syntheses of enol acylates from a-halogenated
aldehydes and ketones by the action of acid halides in the
presence of zinc are of interest.30-8!

As to syntheses of enol acylates by the acid-catalysed
acylation of carbonyl compounds, new variants of this approach
were also reported side by side with new examples of traditional
procedures (e.g. treatment of ketones with Ac,O in the presence
of perchloric # or sulfuric acid ). For example, deoxybenzoins
34 react with carboxylic acids or their anhydrides in polyphos-
phoric ester (PPE) to give the O-acylation products 35.%4 It was
found that the arylacetic acids 36 can undergo fourfold self-
acylation to form the a-acyloxy-y-pyrones 37 under these
conditions.?s

r? 12
A'l/\ﬂ/A + RCOOH —0f . Ar ‘/\(A
0

53%-87%

OCOR
34 35
0
PPE Ar r
_—
4 ArCHCO0H - o min L
ArCH,”” ~0” “OCOCH,Ar
36 kY]

Ar = Ph, 4-N02C6H4 .

The use of an AcO + Me3SiCl mixture represents a new
method for the preparation of enol acylates from ketosteroids.36
This mixture acts as an acylating reagent because trimethylsilyl
chloride cleaves Ac;O to give trimethylsilyl acetate and acetyl
chloride.8¢ N-Acylpyridinium salts 38%7 and acyloxyacylphos-
phonium salts 398 have also been used as acylating agents
(Scheme 4).

Scheme 4
CHPh Ph
2 1
HBF, Z RICHCHO R _ OCOR
| | — | ¥ —==
ot CH:Cly s
I N7 BF; R
COR! COR!
38
R! = Pri, Ph, Ar; R? = Me, Ph.
RCHO + PhCOCI + PCl; —>
i
+ Me3Si)2NN;
—+ PhCOO—CH—PPhy Cl- ~esSaNMa,
39
] ]
_ o+ CHO
—+ PHCOO—C=PPh; PO PhCOO—C=CHAr

l Ph,CHCHO

RCHO + PhsC=CHOCOPh

Investigations of the behaviour of labelled (!80) ketones
confirmed that acylals are intermediates in the formation of enol
acylates by the acid-catalysed acylation of ketones with acetic
anhydride.3* A correlation between the rate of this reaction
and the nucleophilicity of the anion of the protic acid was
demonstrated. Thus, in the acylation of cyclohexanone by Ac,O
the degree of conversion of the ketone into the corresponding
enol acetate reaches 80% after 20 min in the presence of HCIO;,
in contrast to only 10% after 10 h in the presence of H;804.34 The
reactions of cyclic ketones with isopropenyl acetate 24 in the
presence of both perchloric and sulfuric acids were described in
the same paper.3* According to 'H NMR data, these reactions
occur considerably faster in the presence of HClO4 than with
H>S04, because in the former case the intermediates 40 and 42
have a cationoid structure, in contrast to the predominantly
covalent nature of the intermediates 41 and 43 in the latter case
(Scheme 5).

Scheme 5
[ |
HCIO, Me
—> ===0Ac
Me M clo;
>—OAC — 40
HC Me OAc
24 H,S04 ><
Me 0SO.0H
L 41 |
—» Me,CO + AcX @
X = ClOs, SO4H.
AcCIO, RICH:
> ==0Ac
RI!CH; R ClO;
0 — 42
R —HX
1
AcSO.H RICH; OAc
R2 0SO,0H
| )
R!CH
—_ OAc )
R2

Among enol acylate reactions, the interaction of the latter
with cationoid electrophiles (E) is of particular interest. It is
generally known that vinyl ethers 44 always combine with an
electrophile at the double bond carbon atom most remote from
the oxygen atom and are then converted into carbonyl
compounds [see Kulish et al.,®® Shostakovskii,”® and also
Barton and Ollis? (p. 351)]. This is due to the formation of
the alkoxycarbenium ions 46, which are much more stable than
the alternative carbocation 45 (even tertiary ones).”:-%3

+>—<—E N >=< +Et —» E>—<\+

OAlk OAlk OAlk
45 44 46

This difference in the stability of cations 45 and 46 explains
the pinacol rearrangement with group migration from the carbon
atom linked to the ether oxygen atom %95 (see Ref. 1, p. 461). It
should be noted that the concept of carbocation resonance
stabilisation by heteroatoms at the carbenium centre is so
common now that any carboxonium ions are regarded as
a priori stable. If this were really so, there would be no need
to continue this review.
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MeCH=CHOCOMe
47 Hg(OAC)z
H,0 M e/

AcOHg
CH-—CHO

MeCH=CH-OEt
48 49

R!

| +
R2COCH—CH—OAc
50 51

R2CO~
RICH=CH—OAc

1.R2CO*BF;

260N L/\:/[O
OAe COR?
R! _@’ | 55
- HNO, o ‘-EIOAC
NO,

ACzO
AcCH=CHOAc

——————————

+ +
HC(OEt); — . HC(OEY,
—EtOH 56

H,C=CHOAc + ArOH 12304
= ¢ Hg?*, —AcOH

58 59

Many of the reactions involving electrophilic addition to vinyl
esters reported in the literature are fully consistent with the above
ideas. Thus, both the enol acetate of propanal 47 and ethyl
propenyl ether 48 react with mercuric acetate to form a-acetoxy-
mercuriopropanal 49 (Scheme 6).%-%7 Acylation of vinyl acetates
50 leads to the B-ketoaldehyde acylals 52 via the acyloxycarben-
ium ions §1.98:9° Nitration of l-acetoxycyclohexenes 53 gives the
nitroketones 54,19 while its acylation affords the 1,3-diketones
55101 The diethoxycarbocation 56 formed from ethyl orthofor-
mate also attacks the enol acetate of 3-oxobutanal 57 at the
position as the C=C double bond most distant from the ether
oxygen atom.!02

The addition of phenols 59 to the C(z) atom bearing an
acetoxy-group in vinyl acetate 58 occurs due to protonation of the
latter at the methylene group.!%® All of the enol acylates used in
the above reactions contained a primary or secondary carbon
atom at the position in the double bond most distant from the
oxygen atom (which will be, for convenience, henceforth called
the B-carbon atom).

However, it was found recently that enol acylates containing a
tertiary B-carbon atom react with electrophiles in a fundamen-
tally different way. Thus, the enol acetate of isobutyraldehyde 60
gives under acyloxymercuration conditions®® a 1,2-diol derivative
61 rather than an aldehyde.!% Dissolution of the enol acetate 60
in 98% sulfuric acid yields a 1,3-dioxolanylium salt 62, the 'H
NMR spectrum of which is fully identical to that of the product
of protonation of methylallyl acetate 63.195 Benzoylation and
alkylation of the enol benzoate 64 in weakly nucleophilic media
yield 4-benzoyl-65 and 4-tert-butyl-1,3-dioxolanylium salts 66,
respectively.!%4 It should be emphasised that the above 1,3-dioxo-
lanylium salts 62, 65, and 66 are derivatives of 1,2-glycols, into
which they can be readily converted by hydrolysis'®® (Scheme 7).

Thus, if an enol acylate is branched at the position in the
C=C double bond most distant from the oxygen atom, the
addition of an electrophilic species occurs at the a-carbon atom
linked to the oxygen atom. Hence, the energies of the alternative
cations, i.e. the acyloxycarbenium cations 67 and the tertiary
carbenium cation 68, are almost the same (see Section VI)
(Scheme 8).

] R2CO0-
———

Scheme 6

R!  OCOR? (6)
R2COCH—CH—OACc
52

57 MeCO(|3=CHOEt

CHO

ArOCH=CH, + Me(liH—OAr + MeCH(OAm):, 0]

OAc

Scheme 7
1. Hg(OAc)2, H,O
2.KCl Me HeCl
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Scheme 8
Me H FE* Me OCOR YE+
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Me OCOR Me
67 60, 64
Me H Me H
I S A
Me ) Oﬁ?'lo
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R
68
R = Me, Ph.

This conclusion is in good agreement with the results of the
alkylation of the enol acetate 47 under the same conditions
leading to 1,3-dioxanylium hexachloroantimonate 73.1% The
reaction mechanism presupposes the formation of the acyloxy-
carbenium ion 70, which is more stable than the secondary
carbocation 69, and two consecutive migrations of a hydrogen
atom and the methyl group (Scheme 9).

Scheme 9
Me CMe; Me CMe;
P AR
OAc Y svei;

SbCl; Me

69

% Me;C*SbCly

Me
MeCH=CH—OAc Me;C
Oy F.20 SbCls
47 Y
Me
l MesC*SbCly %

H H Me
Me%‘—‘&@ ~H +)—CH,0Ac | ~Me
Me;C OAc Me

SbClg Me  Me SbCly
70 il
Me
Me
— Me + o

E \ Me o
Me . —>  Me + /Ik SbClg
SbCls Me (@) Me
Me

Me
72 73

It should be noted in conclusion that the acid-catalysed
acylation of aldehydes and ketones leads to enol acylates,
provided that the reaction mixtures contain bases capable of
eliminating a proton from the product of the O-acylation of the
carbonyl compound. This function can be performed by iso-
propenyl acetate,** pyridine,®” or the acetate anion at elevated
temperatures. In the cold, nucleophilic addition of acylate anions
takes place and is accompanied by the formation of acylals. If
other acylating reagents are used, such as acyl halides, then the
halogen atom should play the role of the nucleophile.

IV. a-Haloalkyl acylates

The acid-catalysed acylation of aldehydes by acid chlorides was
discovered in 1901.197:198 The a-chloroalkyl carboxylates 2 were
obtained from formaldehyde and acetaldehyde in the presence of
anhydrous zinc chloride. Later several studies were published in
which this reaction was extended to higher aldehydes and
acrolein.10%-112

The a-haloalkyl acylates 2 have aroused interest only since the
middle of this century. This was connected with the possible use
of these compounds for the preparation of vinyl monomers,!13
but primarily for application in studies of the nucleophilic
substitution mechanism. In the sixties and seventies, Euranto and
coworkers published the results of very detailed investigations of
the noncatalytic hydrolysis of various a-haloesters under a wide
range of conditions (see the relevant communications!!4~120 and
the references therein). The methods for the preparation of
a-haloalkyl acylates reported up to that time were surveyed in a
separate article,'2! in which the merits and drawbacks of ten
different approaches were listed. Preference was given to methods
involving the chlorination of alkyl carboxylates as well as the
halogenation and hydrohalogenation of enol acylates. Five of
these procedures, including the acylation of aldehydes, were used
for the preparation of samples employed in kinetic investiga-
tions.!?! Brief historical surveys concerning the topic discussed
were also given in Refs 109 and 113.

However, a preparative application of the reaction of
carbonyl compounds with acyl halides was not found until
the late sixties, when Neuenschwander and coworkers!22123
developed a new method to prepare fulvenes. It was found
that only a-chloroalkyl acetates are capable of reacting effectively
with cyclopentadiene to form differently substituted fulvenes in
up to 70% yields.!?2—125 Neither their precursors, i.e. carbonyl
compounds, nor the related simple a-chloroesters react in this
way. A detailed investigation of the mechanism of the formation
of the key starting materials, i.e. a-haloalkyl acylates (acyloxy-
chlioromethanes), became the subject of a series of papers. Two
papers 26127 reported the applicability of the haloacylation of
carbonyl compounds to the synthesis of a-haloalkyl acylates.

The equilibrium of the reaction between the aliphatic
aldehydes 74 and the acetyl halides 75 is so shifted towards
the products 76 that the equilibrium constant cannot be deter-
mined by 'H NMR spectroscopy. The authors believe that the
reaction considered was rarely used for preparative purposes
because of the poor yields of the target products 76 resulting from
imperfect techniques for the isolation of the latter. This problem
can be solved by using low temperatures (from —10 to 0 °C) and
by removing the catalyst (ZnCl, ) before the fractional distillation
of the reaction mixtures,

ZnCl,
— -+ o
R—CHO + CH;COX AT R(IIH OCOCH; 8)

74 75 X 76
R = H, Me, Et, Pr, Pri, Bu, Bui, But, CH=CH,, CH =CHOACc,

Il ; x=ca1Br.
o)

CH=CHCI, C=CH, Ph, Ar, ||

The haloacylation of o,B-unsaturated aldehydes occurs
readily (68%—94% yields).'?” In contrast to the situation with
aliphatic aldehydes, the equilibrium position of the reaction
involving aromatic aldehydes is measurable; substituents having
+M and +I effects shift this equilibrium to the left. Therefore,
excess acetyl chloride should be used in reactions involving
starting aldehydes such as 4-methoxy- and 4-dimethoxy-amino-
benzaldehydes. Other aromatic aldehydes afford the products 76
in 96%—99% yields.

The haloacylation of ketones 77 gives the products 78 in
76% -93% yields, which were observed to depend on the ring size
of the alicyclic ketones. In the case of cyclobutanone and cyclo-
hexanone, the equilibrium position is shifted towards the product
78, whereas for cyclopentanone and cycloheptanone it is nearer to
the starting reactants. Aromatic ketones such as acetophenone
practically do not form a-haloalkyl esters. Tropone 79, which
gives the acylation product 80 with an ionic structure, occupies a
particular position.!?’
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RZ
AICl; |
RICOR? + CH;COX —» R‘—Cl—OCOCH3 ©9)
77 75 X 78

R!,RZ = Me, —(CHy),—, n = 3,5, X =ClBr

o) OAc
CH:Ch
+ CH;COBr ————» @ Br- (10)
—40°C
79 80

An analysis of the side products formed by the haloacetyla-
tion of aldehydes has been carried out'?® in order to optimise the
synthesis conditions. The structure of the aliphatic aldehydes, the
reaction time, the concentrations of the catalysts and starting
reactants, as well as the polarity of the solvent were varied during
this investigation. It was concluded that (a) dilute solutions,
(b) nonpolar solvents, (c¢) higher concentrations of acetyl
halides, achieved by the dropwise addition of the aldehyde to
the reaction mixture, (d) low temperatures, and (e) higher
concentrations of the catalyst dissolved in the acyl halide should
be used for the successful suppression of side reactions mentioned
above.

The dependence of the equilibrium position on the reaction
conditions in the above processes {Eqns (8) and (9)] was
considered in detail in Ref. 129. The equilibrium constants
were measured as a function of the structure of the carbonyl
component, the composition of the acyl halide, solvent polarity,
and temperature. The results of exact measurements!?® fully agree
with the practical recommendations specified above.!28

Finally, the possible mechanisms of the haloacylation of
carbonyl compounds, namely, the two ‘polar mechanisms’ (&, b),
the synchronous mechanism (c¢), and the ketene mechanism (d)
have been thoroughly discussed!3® (Scheme 10). It was shown by
TH NMR kinetic measurements that aliphatic acyl halides react
according to the ‘polar mechanism’ b via the intermediates 84 and
85, i.e. without ionisation, while aromatic acyl chlorides follow
the mechanism a with the participation of the acyloxycarboca-
tions 82.13% This can be attributed to the lower energy (i.e. higher
stability) of the benzoyl cations 81 (R! = Ar) in comparison with
that of aliphatic acyl cations.

In relation to the facts considered above, we should also
mention the long known intramolecular interaction between the
functional groups in the chlorides of y- and 8-keto- and aldehydo-
carboxylic and o-acylbenzoic acids 87.

R
R Cl
o)
a — 0
8 O 88 O

The majority of such compounds are stable only as cyclic
a-chloroalkyl acylates 88, and only a few examples are known
where steric hindrance prevents cyclisation.!*! —134 More than a
hundred of such structures, both aliphatic and aromatic, were
considered in a review!?> containing an extensive bibliography.
The existence of tautomeric equilibrium between the open
form 87 and the cyclic form 88 is completely rejected in Refs
133-135.

As mentioned above, until now there has been little
information about the synthetic application of «-haloalkyl
acylates. These compounds can be used as alkylating reagents
in reactions with 2-(trimethylsilyloxy)furan,>> pyridine,!1
secondary amines,!?6 silver salts of N-nitrosohydroxylamines,!3’
and phenols,'*® as well as for forming carbon-manganese
bonds.!1*®> However, the same a-haloesters behave as acylating
agents under other conditions.!36:138.140 The chlorine atom in
a-chloroalkyl acetates, similarly to that in acylals (see Section II),
can be substituted by the trichloromethyl group under phase-
transfer catalytic conditions.!*! However, the most interesting
properties of a-chloroesters were found when the latter were used
for the synthesis of oxygen-containing heterocyclic compounds
(see Section V).

V. Acyloxycarbenium ions

It was shown by kinetic studies of the hydrolysis of the
a-haloesters 83 and 89 that the majority of the latter react
according to a Sx1 mechanism!*~12° via the acyloxycarbenium
ions 82 and 90 as intermediates.

R2CHO + Scheme 10
RICO*ZnCl; ————= R?—CHOCOR! ZnCl; —>——
- 2
81 82
RICOCI + ZnCl —> R2CH(C)—OCOR!
T et 83
b R2CHO o'
R'—C=0---ZnCl, ——> C|>,- H N
! )\ —ZnCl,
34 l/C\\’,"‘o + “R2
Cl
85
1
0 R o o}
¢ /U\
4 2 o4 ~
RICOCI + ZnCl, === R‘)LCI---ZnClz RICHO,_ 0| a g U
2 i
86 R 7l _ZnCl RZJ\
H d g ~Q1---zaCl
84 —— 8 — 81
d RCHO “0 H ZnCh-H 6c . H
CH;COCl + ZnCly  ——————=  HiC=C=0 _RCHO | L )\ nCl,-HCI )j\ N/
—ZnCl,- H,CZ ~0" R —ZnCl; Me o~ R
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R2

| + H;0
R‘—IIJ—OCOR3 == |RI—C—OCOR*| — > (1)

al R?2 ClI-

89 - 90

— R‘—ﬁ:=0 + R3COOH
R2

It was established!'* that a-chloroethyl benzoate 89 (R! = Me,
R? = H, R3 = Ph) hydrolyses via a unimolecular Syl mechanism
almost 100 times more quickly than chloromethyl benzoate 89
(R! = R2Z=H, R3 = Ph), the solvolysis of which occurs by an Sy2
mechanism. Secondary a-haloalkyl acylates 89 (R}, R2 = Alk,
R3 = Me, Et, CCl;) are hydrolysed a thousand times more quickly
than the corresponding primary esters 89 (R! = Alk, R2 = H,
R3 = Ph).!16 y-Chlorobenzyl esters 89 (R! = Ar, R2=H, R3 =Ph)
also undergo substitution of the chlorine atom by a unimolecular
mechanism,118.119

The formation of cyclic acyloxycarbocations 91 is suggested
by kinetic data for the hydrolysis of the cyclic a-chloroalkyl
acylates 88 mentioned above,!33.134.142

R
b COR
0 — @ mo. O

COOH

91 0
The hydrolysis of the acylals 1 can also occur by different
pathways. Ethylidene diacetate MeCH(OAC); reacts by an A 42
mechanism,3¢ like p-nitrobenzylidene diacetate, 4-O;NCsHa-
CH(OAc).>” However, p-methoxybenzylidene diacetate,
4-MeOC¢H4CH(OAC);, undergoes unimolecular hydrolysis via
acyloxycarbenium ions.3” It was shown that primary o-chloro-
alkyl esters react with oxygen- and nitrogen-containing
nucleophiles by a bimolecular mechanism,!35.138 whereas the
analogous a-chloroalkyl ethers react by an Sy1 mechanism.®* It is
known that vinyl ethers hydrolyse via the same mechanism 104
times more quickly than vinyl acetate, which was supposed to
form a n-complex with the proton®® However, the next
homologue, isopropenyl acetate 24, can be readily transformed

into the acyloxycarbocation 40,'4%144 which was detected by 'H
NMR spectroscopy.!*® It was assumed that both the acetolysis of

(12)

O COOH O

O O H.S04, —H30™*
e e

92

0
O
MeO COPh
-0 X
COOMe

a-acetoxystyrene, PhC(OAc)=CH,,"*¢ and the formation of
phthalides from o-aroylbenzoic acids 47 proceed with formation
of acyloxycarbenium ions.

These results allow us to conclude that the generation of the
acyloxycarbocations 90 requires a considerably higher energy
than the formation of the related alkoxycarbocations 46 and
depends very strongly on both the precursor structure (acylal,
enol acylate, or a-haloalkyl acylate) and on reaction conditions.
The high energy of the acyloxycarbocations follows from the
unusual mode of electrophilic addition to f-branched enol
acylates (see Section III) and from some indirect evidence,
such as the possibility of an equilibrium between the acyloxy-
carbenium ion 92 (in this case, considerably stabilised) and the
acylium jon 93 (Scheme 11),148

Thus, an acyloxy group linked to a carbenium centre
stabilises the latter, but to a much lower extent than a hydroxy-
or alkoxy-group. Apparently, the relatively high stability of
acylals in weakly acid media?! (see Section II) can be explained by
difficulties in their ionisation (in comparison with acetals).

Perhaps the fact that acyloxycarbenium ions have never been
mentioned in any of the reviews dealing with carboxonium
ions %! ~%3 can be explained only by their unpredictable formation
conditions and behaviour. At the same time, the information
presented above suggests that these species cannot be regarded as
just one example of the ion series R'IR2C*—OR3. In addition
to the high energy of acyloxycarbocations, their tendency to
decompose into a carbonyl compound and a quite stable acylium
cation should be taken into account as their characteristic
feature.129.149.150 However, since acyloxycarbenium ions are
intermediates not only in the acid-catalysed acylation of carbony!
compounds but also in the reactions of its products, it is quite
appropriate to make a compilation of the scattered data on these
species.

In addition to the instances presented above [reactions
(3)-(6), (10)—(13); Schemes 9 and 10], the acyloxycarbocations
95, 98, 100, and 101 were assumed as intermediates in a number of
reactions of carbonyl compounds with acylating agents: the
reaction of succinic anhydride with 2-acetoxybut-2-ene 94 for the
preparation of the key intermediate 96 in steroid syntheses;!s* the
conversion of 2,6-diphenyl-4-pyrone 97 into cyanine dyes;!52 the
reaction of 3,5-di-tert-butyl-1,2-benzoquinone 99 with acetic
anhydride (Scheme 12).153154

The acyloxycarbenium ions 103, 104, and 106 are formed by
the acylation of the o,B-unsaturated carbonyl compounds 102 and
1045.155.156

Scheme 11

Ph MeOH
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(13




Acid-catalysed acylation of carbonyl compounds

0
o Me
Me
Me
0 + Me/\( Ahlcg o0 YT+
OAc PhNO; OAc
0 9% (I)
TAICI;
95
Ph

ACzO -
—_— Oi*' / OCOMe AcO~

Ph 98

o

Bu! OAc
AC;O AcO—
HClOa Clo;

9 100

H™ ™ COOH AcCl ) AcCl
_H T

Ph \o
103 Cl
Ph
Cl
H 103
| I AcCl
Ph” 07 ~0Ac ¢
H_ Ph
O B >
(]) | /k AcCl, Cl—
— o Yo ———
Ul P
Ph Cl—
104
o Phy; Ph
B K H Pho
0
— O
0
Ph” & H g Ph
RCOCI
H,C=CH—CHO ——»
AlCl;
105
N
— [Hz ==:C '—'=CH—OCOR] AlCl;

106
— Cl—CH,CH=CH-—OCOR

—_—
—AICl

Scheme 12
0 0
Me Me
— —_—
COMe H
O (¢
96
(0] OAc
Bu* OAc Bu' OAc
ACzo
—r— _ —_—_—
HCIO4 ClO; ~Me;C*CIO;
But OAc But OAc
101
OAc
But OAc
—_—
OAc

The oxidative dehydrogenation of the esters 107 and 109
occurs with the intermediate formation of the acyloxycarbenium
caitons 108 and 110.14%-157

.
Ph;C ClO;
_—

RCH,0COMe
—Ph;CH
107 R
7
+ P| M
— [rCH—ocOMe clo7] M, [ |
108 Ph” Y07 Ph
clo;
Rl
I 0+X-
Ph—CH—OCOR? —2 X7,
—HNO
109
Rl
|
™ |Ph—C0COR? X~ | Tpacor
110
HO
—+ RCO*X- 2, R2COOH + HX

The cyloxycarbenium ions 113, 115, 117, 119, and 121 are
formed in the condensation of o-acetylbenzoic acid 111 with the
salicyl aldehydes 112,15%1%9 in the ionisation of the mixed
anhydrides 114,90 in the acylation of the a-diazoketones
116,'6! in the acid treatment of citral diacetate 118,62 and in
the liquid-phase oxidation of the ketones 120!6* (Scheme 13).

Both the nitration of cyclohexanone enol acetates 53190 and
the formylation of formylacetone monoenol acetate 57102
considered above (see Section IIT) also proceed via acyloxy-
carbenium ions as intermediates. It was assumed that the latter
(compounds 122-124) can serve as intermediates in acid-

catalysed transformations of sulfur-containing compounds
(Scheme 14),164—166
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Scheme 13
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The unusual cationoid species 125 and 126 are formed by the
O-acylation of amides.!67-168

Me;NCHO + Ac,O =— Ph

+ Ph
Me;N=CHOCOMe AcQO~| —————>
125
Ph
__ lll NMe;
— O : CH—CH—OCOMe AcO~
Ph
CF3S03Ag
RICONR: + R*COCI RIC==:NR!
CH:Cl: TfO-
OCOR?
126

The carbocations 128, 130, and 132 are intermediates in
reactions of trifluoromethanesulfonic anhydride with the buty-
nones 127169 and the terpene ketones 129 and 131.170.171

Tf,0
R!IC=C—COCH;R? ——>
127
+ —-H*
— | RIC=C—C—CH;,R? —_—
OTf TfO~
128
— R’CEC—-(':=CHR2
OTf
Me Me
(Tfo)zo TfO—
OTf
OTf
OTf
130
TfO-
[(T020
—_—
+
OTf OTf
132

The reaction of l-adamantyl triflate 133 with carbon
monoxide and adamantane (AdH) in the presence of trifluoro-
methanesulfonic acid (TfOH) gives the products 137, 139, and
140, the formation of which was explained by the participation of
acyloxycarbenium intermediates 136, 136a, and 138. 12 Although
one of them (136) was represented as a covalent structure,’? its
ability to be a hydride acceptor and to undergo a rearrangement
suggests that it is readily transformed into the cation 136a (the low
nucleophilicity of the triflate anion is well known!7?),

OTf
_€0 , |adco+Tfo- -AdH__  adcHO + AdOTf]
TfOH TfOH
134 135 133
133

(l)Tf
Ad
134 + 135 ﬂF Ad—CH—OCOAd —H>
136
—» AdCH;OCOAd + AdOTf
137 133
OCOAd
\C /H —_— H —_—
+
AN OTf
OCOAd ("
136a TfO-—
~H OCOAd TrOH OCOAd
? OTf > CH,OTf
H
— 138 140
OCOAd
L
OH Ad =

Finally, stable acyloxycarbenium salts have been described:
acyloxypyrylium (141, 142, and 143),174-176 4.0x0-1,3-dioxolan-
2-ylium (144), and 4-oxo0-1,3-dioxolan-2-ylium (145),!77 as well as
4-0x0-1,3-dioxolan-2-ylium (146) 178 salts. Papers dealing with the
synthesis of the carbocyclic and heterocyclic systems 147 and 148
containing an acetoxy group as a substituent have been
published.17%- 180

OAc

=z
)
Me O Me C104

1 —

| S0 clo; \r
=
(¢} OCOR Me SbClz
143 144
0 (0]
0 0 X
Me "y, +./
Me O Me O Me
SbClg
145 146
OAc
SbClg
147

To sum up the above information, five general methods for
the generation of the acyloxycarbocations 149 can be distin-
guished: (@) ionisation of the o-chloroalkyl acylates 150;!!9
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(b) ionisation of the acylals 151;% (¢) addition of cationoid
electrophiles to the enol acylates 152;'45 (d) oxidative dehy-
drogenation of the esters 153;14%157 and (e) direct O-acylation of
the carbonyl compounds 154156 (Scheme 15).

Scheme 15
R‘><C1 R‘><OCOR3
R2” "OCOR3 R2” “OCOR3
150 151
@] -a- () | ~rR*c00~
1
R+
==0COR3
R
149
© |+E* DI e (@ | +R*cO
R*  R? R'_ H R!
= i ZX 3 O
OCORS3 R* OCOR R2:
152 153 154

It is known that the stability of highly reactive species such as
carbocations can be characterised by the conditions of their
existence as salts. Many hydroxy- and alkoxy-carbenium ions are
so stable that they can readily be detected in solution by 'H NMR
spectroscopy or even isolated as salts with nonnucleophilic
anions.?-92 The conversion of the diacetates of benzaldehyde
and its substituted derivatives 155 into arylacyloxycarbenium
perchlorates 156, characterised by 'H NMR spectra of the
acylals 155 in solutions in concentrated H>SO,, have been
reported.’8! The chemical shifts presented'®! agree well with
those for methoxycarbenium ions formed from dimethyl acetals
of the same aldehydes.®2 However, the author’s statement!®!
concerning the isolation of solid acyloxycarbenium salts is
doubtful. As shown in another study,!82 treatment with SbCls
of the a-chloroalkyl acetates 157 derived from aliphatic aldehydes
leads only to complexes of the latter with SbCls (158). Mixing the
a-chlorobenzyl acylates 159 with SbCls at temperatures higher
than —60 °C also gives the colourless complexes 161.!%3 Only at
—95 °C were bright yellow precipitates of the salts 160 obtained
and could be characterised by IR spectra. Heating their
suspensions in CH,Cl, to —60 °C results in their decomposition.
The product 163 of the reaction between a-chloro-o-nitrobenzyl
acetate 162 and SbCl; turned out to be somewhat more stable.!#3
Its stability (10 to 15 min at 20 °C) can be explained by the
participation of the ortho-nitro group in cyclisation '8
(Scheme 16).

Scheme 16
.
H(OA CHO
CHOA% 450, A
— HSO; + AcOH
R R
155 156
R = H,Me, F,CL Br, L
OAc ——2 » [RCH,CHOAc SbCl] ——=>
RCH,CH—0Ac ~—3T5ec AHPAC Sl Taca
ol
157
— RCHzCHO'SbC]s
158
R = Me. Et. Pri.

Scheme 16 continued

SbCl +
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161
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I H_ OCOMe
CH—OCOMe
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——— 0
@[ CH,Cl, N
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As in Adg reactions of enol acylates (see Section III), the
situation changes sharply when the a-chloroalkyl acylates 165,
obtained from the «-branched aldehydes 164, are treated with
SbCls. Colourless stable salts were isolated in quantitative yields;
according to 'H NMR and IR spectroscopic data, these turned
out to be 1,3-dioxolanylium hexachloroantimonates 168,182, 185.186

R! R! CI
| ZnCly I SbCls
R2—C—CHO + R*COCl —— R?—C—~CH—OCOR* ——»
R? R3
164 165
R]
| + ~R3
— RZ—CI—CH—-OCOR“ SbCl; — (14)
R3 166
R! R3
1 3
N+ /R RZ: + | :H
— C—CTH _— Oyl0
R OCOR* Y sock
4
SbCl R
67 168
R! = Me, Ph;
R? = Me, Et,Ph; R! + R? = —(CH2)a—, —(CH2)5—;

R3 = H,Ph,PhCH2; R* = Me, Et, Ph.

Thus, the same 1,3-dioxolanylium salts as those derived from
branched enol acylates 60 and 64 are formed from the
a-chloroesters 165. However, isomerisation of the acyloxycar-
benium ions 166 to the tertiary carbenium ions 167, already
shown above (see Scheme 9), occurs in this reaction. It must be
emphasised that rearrangements with 1,2-migration to a carbon
atom linked to an oxygen atom (see Section VI) are not typical of
carboxonium ions and thus differentiate sharply the acyloxy-
carbenium ions 171 from the well-known hydroxy-(169) and
alkoxycarbenium (170) ions.

5
Il
C+R

L_l.___-_l

+ + +
===0H ===0Alk »>==0

169 170 171

Moreover, an important feature of the cations 171 is the
combination of electrophilic (the carbenium atom) and nucleo-
philic (the carbonyl oxygen atom) centres within the same species.
This makes them suitable for interaction with unsaturated
compounds in polar 1,4-cycloaddition reactions.!8” Thus, ben-
zoyloxyphenylcarbenium hexachloroantimonate 173, obtained
beforehand from a-chlorobenzy! benzoate 172, reacts with the
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alkanes 174 to give the 1,3-dioxanylium salts 175.'%3 The
5-acyloxy-1,3-dioxanylium salts 177 can be derived from the
enol acylates 60 and 64 as unsaturated components.!83

cl
hCH—OCOPh  — PhCH—OCOPh SbCl;
PhCH CH.Cl; 6
172 —95°C 173
N Ph
Me 173 0COPh
Me> SbClg
174
—» H
Me
R = H, Me.
M OCOR R_ o th
€
173 0—CPh
e I € (i e
Me (0]
Me™+ Me g0
60, 64
rcoo o SbC16
+
o
>|—'2< OCOPh
)
Y SbCl;
R
178
R = Me, Ph.

Hydrolysis of 1,3-dioxanylium salts 175 readily yields 1,3-
diols with a branched skeleton.!®® Correspondingly, the salts 177
can be precursors of 1,2,3-triol derivatives.

The interaction of the carboxonium salt 173 with 2-butene
179 leads to a separable mixture of the isomers 182 and 183 in a
6:1 molar ratio. It is obvious that cyclisation of the secondary
cationoid intermediate 180 is accompanied by partial isomerisa-
tion of the latter to the more stable tertiary cation 181.183
However, cyclohexene reacts with the salt 173 to give only the
1,3-dioxolanylium derivative 185. Apparently, immediate
cyclisation in the less flexible structure 184 is difficult
(Scheme 17).183

A contradiction is evident in the above cycloaddition
processes. On the one hand, no five-membered heterocycles
178 arise in the reaction of the enol acylates 60 and 64 with the
salt 173 by the pathway described in Section III. Cyclisation
through one of the two acyloxy groups in the intermediate 176
results only in the 1,3-dioxanylium salts 177, which supports the
concerted 1,4-addition of the cation 173 to the C=C double bond.
On the other hand, the addition to cyclohexene has an obviously
stepwise mechanism.

As shown by 'H NMR spectroscopy,!®® 189 the concerted and
stepwise cycloaddition mechanisms can operate simultaneously,
and the structure of the end-products is determined by the
configuration of at least two transition states arising from the
differing chirality of a-chlorobenzyl benzoate 172.1%8

Scheme 17
MeCH=CHMe ——»
179
H. _Ph H._ _Ph
Me Me
" OCOPh 7 ~OCOPh
Me”+™H SbCly Me SbCly
180 181
Et Ph
Me: | + H
0320
Y sbci
Ph
183
H. _Ph H. _Ph
OCOPh ~H OCOPh
SbCly SbCly
184
Ph 1|’h
H H:0 O(C—OCOPII
— Osh.20 — q
Y seci OH
Ph

V1. Direct O-acylation of aldehydes and ketones

The use of acylals, enol acylates, and a-haloalkyl acylates for
preparative syntheses of acyloxycarbocations suffers from several
drawbacks. On the one hand, these approaches are in essence
‘two steps forward and one step back’ because carbonyl
compounds acylated under acid catalytic conditions are common
starting materials in all these reactions. On the other hand, only
aldehydes can be employed successfully, since ketones usually do
not form stable acylals and a-haloesters.

Therefore, attempts were made to perform the above
syntheses by obtaining the required acyloxycarbocations directly
from aldehydes and ketones by path e (see Scheme 15). To solve
this problem, some requirements had to be fulfilled. First, it was
necessary to exclude from the reaction mixtures both any
‘external’ nucleophiles, such as halide, acylate, and hydroxide
anions to avoid the formation of the adducts 1 or 2, and any bases
to prevent the deprotonation of the acyloxycarbocations to give
enol acylates or the fragmentation of the former with loss of an
acyl cation. Obviously, the presence of protons as competing
electrophiles is also undesirable.

All of these requirements can be satisfied by employing
cationoid complexes, namely, acylium salts that have recently
found extensive use for the controlled and directed functionalisa-
tion of unsaturated compounds under Ady reaction condi-
tions.199—192 The benzoyl and fert-butyl hexachloroantimonates
(see Schemes 7 and 9) can be used as such cationoid complexes.

The interaction of a series of aldehydes and ketones 186 with
benzoyl hexachloroantimonate 187 gave the 1,3-dioxolanylium
salts 188 in 32%—86% yields.!93-195 It was found that nitro-
methane is the optimum solvent for these processes as it can
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effectively stabilise the cationoid intermediates.!* The acylation
of the ketoaldehydes 189 under the same conditions gave the
hitherto unknown 4-acyl-1,3-dioxolanylium salts 190. Hydrolysis
of the salt 190a yielded the polyfunctional compounds 191 and
192,196 1,3-Diketone 193 behaves similarly (Scheme 18).196

Studies of the structures of the products of these reactions,
190 and 194, and compositions of the reaction mixtures [Eqns
(16) and (18)] showed that these processes involve 1,2-acyl
migrations.!%¢ It should be noted that 1,2-shifts of acyl groups
between carbon atoms in cations are very rare and have been
studied only in the ketoxirane series197—200 However, the
isomerisation of the acyloxycarbocations already mentioned in
Sections V and VI [Eqns (14) - (16) and (18); Scheme 9] is worthy
of particular consideration.

Sextet rearrangements so typical of carbenium ions®*20! are
not in any way characteristic of the carboxonium cations 169 and
170, which arise in acid-catalysed reactions of carbonyl com-
pounds. The Danilov aldehyde —ketone isomerisation, 202 the
acyloin rearrangement,”* as well as the dienone-phenol
rearrangement!? are perhaps the only ones known. Therefore,
the isomerisation discovered in reactions involving acyloxycarbo-
cations at once attracted attention. The isomerisation is, in
essence, the transformation of carbonyl compounds into 1,2-
diols, i.e. is the reverse of the pinacol (diol-ketone) rearrange-
ment; hence it was described as a retropinacol rearrangement.
This term is about 90 years old and is most frequently used for the
conversion of pinacol into tetramethylethene. However, this
conversion is in fact not a retro-reaction relative to the pinacol
rearrangement. This fact has been repeatedly noted, and it was
even proposed to exclude altogether this inappropriate term.203

The discovery of a reaction actually corresponding to this
concept required reasoned criteria to determine the place of the
process among other rearrangements. Structural, functional, and
redox features were proposed for this purpose, according to

Scheme 18

R! R3 R! R3

+>—€R" — Rz>l Ry (19)
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R? = H, Me, Et, Pri, Ph.

(16)

{r
x. O (17

(18)

which this conversion of carbonyl compounds is fully the reverse
of the pinacol rearrangement.194.195,204-206

A few further examples of the retropinacol rearrangement,
also proceeding upon acylation of carbonyl compounds, have
been described in the literature. The action of trichloroacetic
anhydride on camphor 19533 and of trifluoromethanesulfonic
anhydride on l-methylnorborn-5-en-2-one 197170 leads to the
allyl alcohol derivatives 196 and 198. These reactions are the
reverse of the second variant of the pinacol rearrangement,
viz. the L’vov—Sheshukov reaction (conversion of allyl alcohols
into aldehydes 202), The acylation of the aldehydes 199 by the acyl
triflates 200 also occurs through the retropinacol rearrangement
to give the 1,2-diols 201.2°7 An analogous transformation of the
aldehyde 199d by treatment with benzoyl chloride in the presence
of AICIl; was recently described.2°® Pinacolone 202 undergoes a
rearrangement on treatment with SOs (Scheme 19).20°

All these reactions are possible owing to the high energy of
the acyloxycarbenium intermediates. According to quantum
chemical calculations, the energy of the latter is almost equal
to that of tertiary carbenium ions [AH[ (166) = 94.8 kcal mol—!;
AHy (167) = 97.2 kcal mol—1j 210

Such a low stability of the acyloxycarbenium ions 171 relative
to the carboxonium ions 169 and 170 permits other conversions
that are also unusual for carbonyl compounds. Fragmentation of
the cationoid intermediate with cleavage of the C—C bond can
occur under conditions complicating the rearrangement. Thus,
not migration but loss of the benzoyl group in the intermediate
204 takes place upon the benzoylation of 1,1-dibenzoylcyclo-
pentane 203.1%6 Under the same conditions, the P-branched
ketone 206 gives the acyloxycarbocation 207, which is
incapable of rearrangement (which would result in a less stable
secondary carbocation) and therefore undergoes fragmentation.
C-Acylation of its products 208-210 gives the pyrylium salt
211196 (Scheme 20).
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Thus, substitution of a hydroxy- or alkoxy-group at the
carbenium centre by an acyloxy group destabilises the carboca-
tion and thereby increases the reaction potentialities of the latter.
The term ‘destabilised carbocations’ that has recently appeared in
the chemical literature 166-211 can be quite legitimately applied
also to the cations 171.

Still greater destabilisation of carbocations can be achieved
by the ‘insertion’ of the electron-withdrawing carbonyl group
on the other side of the carbenium centre, i.e. into the alkyl
fragment of the carboxonium ion. In this way, a-ketocarbenium
ions 212 can be obtained.

-=A

e}

o«
RI—CH C\——OR3

a2 R

An investigation of these highly reactive species began several
years ago.?12—214 Such cations can be generated by the acylation
of 1,2-diketones. For example, benzil 213 reacts with benzoyl
hexachloroantimonate 187 to form the 4,5-epoxy-1,3-dioxolany-
lium salt 214, according to experimental results and quantum-
chemical calculations.?'* The possibility of three-fold degenerate
intramolecular 1,3-migration of the carbon-carbon bond was
assumed.?!*
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o} OYO
213 187 SbClg
Ph
Ph._ O _Ph Ph Ph Ph
—_— 0:F .0 — E——
Ph SbCl; Ph SbCly
214

It is known that enolisable 1,3-diketones undergo acylation at
the meso-position in the presence of Lewis acids.?'® However, it
was recently shown that benzoylacetone 215 reacts with the
acylium salts 218 to give the 2,6-diaryl-4-pyrones 221 which are
difficult to synthesise.?!” The process mechanism involves the
diacyloxyallyl cations 219 which are transformed into the enol
acylates 220; these undergo C-acylation at the terminal methylene
group. The corresponding allyl cations were isolated as the
perchlorate 216, which was then converted into the enol acetate
217 (Scheme 21).217

Apparently, the C-acylation of ethylideneacetone 222, pre-
ceded by O-acylation and then deprotonation to the key
intermediate 224, should proceed via a similar mechanism.?!8

The acid-catalysed O-acylation in the last two examples
evidently promotes the subsequent lengthening of the carbon
chain and final cyclisation.

Me Scheme 21
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VII. Acid-catalysed C-acylation of carbonyl
compounds

The aforementioned (see Section I) method of synthesis of
1,3-diketones by the acylation of ketones in the presence of boron
trifluoride ® has never been widely used. This was prevented by
various side reactions (acylation of diketones, see Section VI) as
well as the successful development of alternative approaches
using fixed enolic derivatives of ketones, particularly silyl enol
ethers (see, for example, Tirpak and Rathke 2! and a review 22°),
On the other hand, these side reactions were the basis of many
one-pot syntheses of oxygen-containing heterocyclic compounds.
These syntheses involve the repeated acylation of the starting
carbonyl compounds and intermediates, and are in essence chains
of consecutive conversions of cationoid (or similar) structures,
terminated by cyclisations to highly stable heterocyclic cations.

Syntheses of the 4-pyrones 227 by the acylation of acetone
and its symmetrical homologues 226 have been reported. In these
processes, carboxylic acids or their anhydrides in the presence of
polyphosphoric acid??! or acetyl chloride with AICl; 222 were
used as acylating agents. Repeated acylation of phenylethanol
228 gives the unsymmetrical 4-pyrones 233.223 This reaction
involves successive lengthening of the carbon chain via the
intermediates 230 and 231, which are represented as uncharged
species but can hardly remain uncharged under these reaction
conditions.

2 R2 +
RICH,COCH,R! —2RCO°

226
(o} 0O
R! R! R! R!
NS ~ —Hzo
R2 0O O R2 2 O R?
227
H H
l A0 X Ac0
O HC10O4 OAc HCIO4
228 229
0o
Ph._ _COMe Ph
I o Ac:0 | HCIO,
P —
J\ HCIO, o0 07 “M.| —AH
O Me )\
O Me
230 231
—_—
\+
232 C104

However, pyrylium salts (e.g. 225 and 232) occupy a
dominant position among the heterocyclic compounds discussed.
Practically all the information concerning these compounds is
concentrated in two comprehensive reviews 224-225 apd in several
papers.® 174226 Therefore, the methods of synthesis of pyrylium
salts by the acylation of carbonyl compounds will be outlined
only briefly in the present review.

It turned out that the mixture of acetic anhydride with 70%
perchloric acid was the most suitable acylating agent for the
synthesis of pyrylium salts.?26 This mixture converts acetone into
2,4,6-trimethylpyrylium perchlorate 234;227 unsymmetrical
6-alkyl-2,4-diarylpyrylium salts 236 were obtained from the
aryl methyl ketones 235 under the same conditions.!’*

17
Me
Ac,0 =
2MeCOMe ——> | Clo; (20)
HCIO4, 40% +
Me O Me
234
Ar
(RCO),0 A
P il L A _
2 ArCOMe HCIO,, 40% —65% | . J clos @y
Ar O R
235 236

Noteworthy modifications of the latter process are acylation
of aromatic compounds 237 having electron-donating substitu-
ents and protonation of the aryl methyl ketones 235 with strong
inorganic acids.??* In the former case, the initial Friedel - Crafts
ring C-acylation to the ketone 235 is followed by its reaction
according to Eqn (21). In the latter case, the interaction involves
self-condensation of the ketone 235 to the dypnone 238, which is
partially deacylated by the acid [Eqn (22)]).224228 It should be
mentioned that this reaction [Eqn (22)] is of a rather theoretical
interest because abundant charring takes place, whereas the
yields of the salts 240 do not exceed 12%— 15%.

COMe
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HC104
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CH:
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—-H:0 X Ar Me
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238
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X
238 + 239 —>»
+ 2
Ar O Ar
240
Ar = Ph, 4-MeOC¢H4, 4-BrCeH, .
Until recently, there were no commonly accepted

opinions concerning the pathway of the methyl ketone acylation
[Eqns (20) and (21)]. Arguments have been put forward in the
literature both in favour of the initial C-acylation of the
starting ketones 241 to give the 1,3-diketones 242, which
subsequently react with a second molecule of the ketone 241
(pathway a), and in favour of the preliminary crotonic con-
densation of the ketones 241 to give the o,B-unsaturated
ketones 244, which then undergo C-acylation (pathway b).224
Recently, investigations showed that condensations of the
unsymmetrical 1,3-diketones 242 (R!#R?) with methyl
ketones 241 always lead to mixtures of isomeric pyrylium salts
243 and 245, while acylation of the ketones 241 gives only the
asymmetric isomers 236 and 245.22° Hence, it was concluded
that the latter reaction occurs by pathway b (Scheme 22).
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The acylation of the o, B-unsaturated ketones 244 represented
by Scheme 22 is one more widely used method for synthesising
pyrylium salts,??* particularly when salts 245 containing definite
substituents at positions 2 and 4 are required. The use of dypnone
[1,3-diphenyl-2-buten-1-one (Ed.)] and mesityl oxide has been
reported most frequently.?* Evidently, the process occurs by Eqn
(19) including isomerisation to a B,y-unsaturated ketone (or the
corresponding enol acylate 224).2'8

Finally, one more reaction, very important in pyrylium
chemistry, cannot be disregarded, namely, the acylation of the
benzyl ketones 246 to give the 2-benzopyrylium salts 12 and
247.230 These salts can be readily transformed into isoquinolines,
including natural alkaloids which are difficult to obtain. The key
step of this process is acylation of the aromatic ring which must
contain electron-donating substituents (this is possibly the only
preparative restriction of this method). In the absence of such
substituents, competitive O-acylation prevails, which prevents the
formation of the target products 247.
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The benzyl ketones 246 can be regarded as fixed
B,y-unsaturated ketones undergoing C-acylation at the y-posi-
tion.231:232 The reaction considered was discovered in 1966233
and was later extended to various heterocyclic ketones (248, 250,
252, 254, and 256). As a result, fused polyheterocyclic derivatives
such as the thienopyrylium salts 249,234 251,23° 253, and 255,2% as
well as the indolopyrylium salts 257237 were obtained. These salts
can be converted into the corresponding pyridine derivatives,
particularly, p-carbolines.2” The novel indolo-1,4-oxazinium
salts 259 were prepared by the acylation of l-phenacyl-3-
methylindole 258.238
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The products 259 are interesting as precursors of
indolopyrazines used as phychotropic preparations and anti-
biotics.238

VIII. Electrophilic catalysis by acyl cations

While investigating the acid-catalysed reactions of carbonyl
compounds, it was observed long ago that the addition of
acetic anhydride to an acidic reaction medium can change the
direction of such processes. Thus, isomerisation of dienone
260 occurs by the usual mechanism involving the dienone-
phenol rearrangement with migration of the methyl group to
form the phenol 261, but the anomalous product 262 was
obtained in the presence of Ac,0.23%240 Protonation of the
«,B-unsaturated ketone 263 gives the dihydrofurylium salt 264,24!
while the addition of acetic anhydride leads to the pyrylium salt
265.242
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One of the three-component syntheses of pyrylium salts
presented above [see Eqns (20) and (21) and Scheme 22, pathway
b] involves the interaction of the methyl ketone 241 (the
Cy-component) with the precursor of the acyl cation (the
Cj-component). According to the formation pattern of the
five-carbon chain of the ring, this synthetic method can be
represented as C,C,C;.224225 Other precursors of carboxonium
ions can be also employed as C;-components: aromatic aldehydes
266 (X =H,Y + Z = O, hydroxycarbocations), acetals 266 (X = H,
Y = Z = OAIk, alkoxycarbocations), orthoesters 266 (X =Y =
Z = OAIk, dialkoxycarbocations). 224225 However, these proc-
esses give symmetrical pyrylium salts 243 via the C,C,C;
pathway.
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It was found that the reactions of the methyl ketones 241 with
analogues of the above Cj;-components, e.g. a-chloroalkyl
acylates 266 (X = H, Y = Cl, Z = OAc), chloromethyl methyl
ether 266 (R2 = X = H, Y = Cl, Z = OMe), as well as alkyl
a,a-dichloromethyl ethers 266 (R2 = H, X = Y = Cl, Z = OAIk),
preferentially follow the C,C,C, path.224.225.243 This fact
evidently implies initial fast self-condensation of the methyl
ketone 241 to the o,f-unsaturated ketone 244 (Scheme 22). It
should be noted that reactions using these a-chloroethers and o-
chloroesters were carried out in AcOH. It was found that the
formation of unsymmetrical pyrylium salts 245 predominates
when acylium ions are present in the reaction mixture or
conditions for the generation of these ions in situ are created.243

Hence acyl cations are the factor that promotes the rapid self-
condensation of the methyl ketones 241 in accordance with the
assumed scheme.?43
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If the O-acylation of the keto-component 241 is suppressed,
the reaction follows the C,C,C; path. Thus, the addition of ethyl
orthoformate (which irreversibly binds the acyl cations to
form the corresponding ester and to liberate diethoxycarbenium
ions) to the same mixture, ‘acetophenone + acetic anhydride +
perchloric acid’, leads to 2,6-diphenylpyrylium perchlorate (268)
in high yield.?**
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As shown recently, the 1,5-dicarbonyl compounds 269
react with azomethines in AcOH to give the dihydroisoquinolines
270; this reaction does not occur either in acetonitrile or in
N,N-dimethylformamide.245

Although acyl cations do in fact participate in the conversions
of carbonyl compounds considered, they are included among the
end-products only provided that the process involves C-acylation.
In other words, here we deal with electrophilic catalysis by
acylium ions in reactions of carbonyl compounds with weak
nucleophiles; such catalysis involves the conversion of an
aldehyde or ketone into the highly reactive acyloxycarbenium
ions 267 (see Section V).
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The most typical example of the application of catalysis by
acyl cations is the interaction between carbonyl compounds and
nitriles. The syntheses of 1,3-oxazine derivatives 272 from
aldehydes, nitriles and alkenes are usually carried out with a
mixture of sulfuric and acetic acids, although the role of the latter
in the reaction has not been clarified.246—248
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In the absence of an alkane component, the N-acyliminium
intermediates 271 combine with another nitrile molecule to give
the geminal bis-amides 273.24°

These reactions are well-known in the aldehyde series;
however, attempts to extend them to ketones have failed until
recently.24%- 250 This problem was solved using HCIO4 + Ac,0 as
the acylating mixture. The 1,3-diketones 274 readily react with
benzonitrile in the presence of this mixture to yield the little-
known 3-azapyrylium salts 275, the hydrolysis of which gives the
B-acylaminovinyl ketones 276.2%!

Me

Under the same conditions, the alkyl aryl ketones 277 give the
3-azapyrylium salts 278, which are structurally isomeric with
compounds 275.252 These reactions do not occur in the absence of
acetic anhydride (when the nitrile is absent, the reaction follows
Schemes 21 and 22).

The large series of 3-azapyrylium salts 280 were obtained by
treating mixtures of benzonitrile and the ketones 277 with the
acylium salts 279.2%
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R! = Me, Et, Bu, Ph; R? = H,Me; R'+R2? = —(CHj)4—;
R3 = Me, Et.

The transformations of a series of aliphatic ketones under the
conditions of electrophilic catalysis by acyl cations were
described in Ref. 254. Pinacolone 281 (R = Me) combines

Me  OAc with benzonitrile in the presence of the HCIO4 + AczQ mixture
0 N=CPh to furnish 1,3,5-oxadiazinium perchlorate 284, which is
HClOs | |  "====F . e \ .
~ + PiCN —— ~ + —on” decomposed on heating to form the N-acyliminium intermediate
R [0} A0 R O cClo; —AcC 283. The latter, which is a heteroanalogue of 282, can isomerise to
274 the tertiary carbocation 285. This process is another variant of the
Me Me retropinacol rearrangement (see Section VI), which is the
reverse of the Tiffeneau and MacKenzie reactions23* (it should
>N H,0 Z “NHCOPh be not.ed that the 2-(?xazolines 286 are direct derivatives of
— | + )\ — < 1,2-aminoalcohols). Pivalophenone 281 (R = Ph) behaves
R” "0~ “Ph R” 7O similarly. Its transformations also occur in the presence of
Clo; Acy0, but the acyl fragment is not included in the product
275 276 structure (Scheme 23).
R = Me, Ph.
Scheme 23
Me R Me R Me R .
\ / HCIO, PhCN H
Me » | Me + Me OCOMe ——
/ N\ AcO —~Ac*
Me (o] Me OCOMe Me N=CPh
ClO; Clo, ~+
281 282
Me_  But
Me R PhCN, 20°C, R = Me N>§)Nil
— Me + = = Lo
—PhCN, 100°C
Me NHCOPh Ph™ 0" “Ph
Clo;
284
NaOHl R = Ph l 100°C
Me Ph Me Me Me Me Me Me
Meﬂ +HR me] o IR on- Mo _nNT
M¢  Ncoph |Md  NH — O‘\"r’N\H —_— Y
= Ph Ph
Cl0; Ph I0; 286
285
R = Me, Ph.
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Me Me Scheme 24
Me Me Me Me
PhCN, Ac,0 Me” Me -
Me Me e aer, +1 i» Me Z “Me
HCIO, N
o - coph NHCOPh
287 Clo;
288 289
|
o + N .
RCN, Ac,0 COR H OH NHCOR
HCIO, Clo;
NCOR
290 291 292 293
R = Me, Ph.
Me,  Me Me_ Me Me_ Me
MeCN, Ac,O HN Clog OH  MeCN, Ac0 NH Clo;
MeCOMe - —hco, /J\ N X HCIO Me 2
HCIO, Me” X0 Me” SNHCOMe Me” SO ‘ AO” Y07 Me
294 295

The structure of the products obtained from diisopropy!
ketone 287 and cyclohexanone 290 under the same conditions
suggest that the N-acyliminium ions 288 and 291 are formed as
intermediates. 25 The hypothesis that the aldol condensation of
the ketone may initially occur has been disproved, for example, by
obtaining different products (294 and 295) from acetone and
diacetone alcohol?3* (Scheme 24).

As shown by experiment and quantum-chemical calculations,
the interaction of carbonyl compounds with nitriles occurs by
different pathways depending on whether the process is catalysed
by protic acids or acylium ions.25—2%8 In the former case,
the nitrile component undergoes electrophilic activation
(protonation, pathway @, E = H). The nitrilium cation 296
formed attacks a molecule of the carbonyl compound. On the
other hand, in the presence of acylium ions, the carbonyl
component undergoes electrophilic activation (pathway &,
E = Ac). Both pathways lead to the N-acyliminium ions 298
via the intermediates 297 and 299.

E* . IR2
RIC=EN —— RC=N—E RRCO
296
0
R! R3 R!
— DFo  — X D—r —
R N_INE R? R
297 E
Ri_ 4 B
— MeiN
R? \C—-R3
[
298 O
R! R!
E* 3
>=o — Lo XN,
R2 R?
i
.
R, O—E ri_ O
— — >Q (>/—R3 —_—
RZ NEQR3 R2 N
+ 299
R! N R?
— N=< — 298

While pathway b is analogous to the Ritter reaction
(but fundamentally differs from it in a number of features 255 257),
the interaction following pathway & was unknown until
recently. Only recently has it been found that the nitrilium
salts 296 (E = Alk) prepared beforehand (they are, inci-
dentally, heteroanalogues of acylium ions) readily react with
carbonyl compounds to give the N-acyliminium ions 298
(E = Alk).2%-26! Some aspects of the interaction of aldehydes
and ketones with nitriles were thoroughly discussed in a recent
review.262

Remarkable processes take place in the acylation of
compounds containing both a keto-group and a nitrile moiety
(e.g. compound 300).263—266

CN
MeO. ] COOEt 0.y or
B ——
0
MeO
300
OMe
MeO
NCOR
. [ !
RCOO Z~ Cloy
OFEt
R = Me, Et.

Acylation of propiophenone or butyrophenone with pro-
pionic anhydride in benzonitrile leads to the 6-acylmethyl-
3-azapyrylium salts 301, which can be converted into derivatives
of the 1,3,5-triketones 302, which are difficult to synthesise, and
into the pyridones 303.267
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Ph
R
PhCN
RCH,COPh + (EtCO),0 = |+\ )N\ pﬁc;n
4 o 2
Me—CH O Ph
COEt  ClO;
301
Ph
# “NHCOPh Me R
NaOH
— s Me A ol I |
X Et” N7 “Ph
Et O I!l
302 303

Electrophilic catalysis by acylium ions was found to be the
most effective means for the transformation of the benzyl ketone
246 into a natural alkaloid of the isoquinoline series 304,268 as
well as for the cyclisation of the polysubstituted 1,5-diketones 305
to the pyrans 306.2%° These reactions did not occur in the
presence of other acid catalysts.

1. PhCO*+SbClg

MeO. Me MeO.
| CN 2. 0H-
+ D o
O
MeO MeO'

246
MeO N Me
O N
MeO 4
— O OMe
304 OMe
R? R?
R2? R* R? H R*
AC20
\ P> BF;-Et:0 | |
R! O O RS R! () Rs
305 306

R1, R? = Ar, cyclo-Alk;
R3 = H, Alk, Ar; R* = H,R5 = Ph.

* * *

The examples presented above illustrate the wide scope of the
synthetic application of acyl cations as catalysts in condensations
and cylisations of carbonyl substrates. Moreover, going beyond
the limits of this review, it should be mentioned that the
applicability of the above reactions can be considerably extended
using derivatives of carbonyl compounds. Some of them, such as
acylals, a-haloalkyl acylates, enol acylates and acetals, have been
described in this review. Vinyl halides and ethynes also belong to
this series. For example, the reactions of acylium salts with tert-
butylethyne and the chloroalkenes R! - CH=C(CI)R? present one
more example of the retropinacol rearrangement.?’%- 27! The same
rearrangement, i.e. conversion of ketones into vicinal chloroa-
mides, occurs via highly reactive chlorocarbenium ions in the
interaction of geminal dichlorohydrocarbons with nitriles.?’?
B,y-Unsaturated chloroketones, allenic 1,5-diketones, and
4-chloropyrylium salts can be obtained by the acylation of
vinyl chlorides.?”!-27* Vinyl chlorides react with nitriles to give
pyrimidines in the presence of trifluoromethanesulfonic acid2™
or 3-azapyrylium hexachloroantimonates in the presence of
acylium salts.2> Finally, pyrimidines and 3-azapyrylium salts

can be prepared by the interaction of vinyl chlorides with
nitrilium salts.27

Thus, the acid-catalysed acylation of carbonyl compounds is
not only an alternative to traditional methods using base catalysis
but is also a new approach to the activation of aldehydes and
ketones in reactions with various carbo- and hetero-nucleophiles.
Previously unknown reactions of carbonyl compounds,
rearrangements, and fundamentally new methods of synthesis
of valuable oxygen- and nitrogen-containing heterocyclic and
polyfunctional compounds have already been found in this
promising synthetic field.

The authors are grateful to the International Science
Foundation for financial support of this work (grant no. RV000).
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Abstract. The review surveys and gives a systematic account of the
data on the methods of synthesis and chemistry of dibenzo-
p-dioxins including their halogenated derivatives. The hazard
of these compounds to mammals is discussed. The bibliography
includes 219 references.

1. Introduction

Never before has the world community been so concerned about
the hazard caused by any class of chemicals as in the case of
dibenzo-p-dioxins. Year after year scientists from all over the world
have met at conferences in an attempt to assess the hazard due to
these substances generated during the industrialisation of human
society.

The first representatives of dibenzo-p-dioxins were synthe-
sised late in the 19th century. However, over a long period they
remained known only to a narrow circle of researchers, until the
terrible consequences of the chemical warfare in Vietnam
(1961 — 1971) and an accident in Seveso (Italy, 1976) demonstrated
to the whole world the potential danger inherent in these
compounds.

The above and some other events associated with the
discharge of halodibenzo-p-dioxins into the atmosphere have
stimulated research dealing with their properties. The develop-
ment of national ecological programmes in which dibenzo-
p-dioxins occupy an important place has begun in many
countries.

A large number of papers including reviews have been devoted
to dibenzo-p-dioxins. This comes as no surprise in view of the
hazard associated with some representatives of these compounds.
The surprising thing is that no surveys of the chemistry of
dibenzo-p-dioxins have yet been published. The published
papers' —5 do not provide exhaustive information. We have,
therefore, ventured to fill this gap to some extent.

Since the danger coming from dibenzo-p-dioxins is attributed
to their halogenated derivatives, these compounds receive
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particular attention in the literature. While preparing the present
review we also used our practical experience in working with these
substances.

The first mentions of dibenzo-p-dioxins date back to 1872,
when Merz and Weith® obtained octachlorodibenzo-p-dioxin
while heating potassium perchlorophenoxide at a high tempera-
ture and described its properties. In 1894, Zinke’ found that
octachlorodibenzo-p-dioxin is produced on heating many other
chlorinated compounds. The same was observed by Biltz® in 1904
and again by Zinke? in 1908.

The parent compound of this class, dibenzo-p-dioxin, was
synthesised by Ullman and Stein!® in 1906. Later, various deriv-
atives of dibenzo-p-dioxin were prepared by several workers!! —19
and up to the 1970s many of them were regarded as promising
compounds for practical purposes. Attempts have been made to
develop dyes?°—23 and medicinal preparations?4—2% based on
these compounds. It has been suggested that some halogenated
dibenzo-p-dioxins be used as fireproofing agents.?5:2%30 The
possibility of developing promising polymeric materials based
on some dibenzo-p-dioxin derivatives has been studied.3!-32

In view of the events mentioned above, since the middle 1970s
the primary emphasis has shifted to the investigation of
polyhalogenated dibenzo-p-dioxins (PHDD) as potential ecotox-
icants. In 19721976, the main approaches to synthesis of these
compounds were developed. At present, all the possible poly-
chlorinated dibenzo-p-dioxins (PCDD) have been prepared in a
pure state; bromine-, fluorine-, and iodine-containing dibenzo-
p-dioxins as well as compounds incorporating functional groups
(NO,, CN, CHj;, CF;, etc) have been synthesised.

I1. Nomenclature and structure

The molecule of dibenzo-p-dioxin 1is a fused heterocyclic system
formed by two benzene rings and an inner six-membered
heterocycle incorporating two oxygen atoms. In conformity
with the ITUPAC rules,®® the name of dibenzo-p-dioxin is based
on fusing 14-dioxin 2 with two benzene rings. {The names
dibenzo-1,4-dioxin and dibenzo[b,eldioxin for 1 and para-dioxin
for 2 can also be found in the literature}.
10

9 1
8 %a_0l™ 2 (o}
YOG ENE
65a(5)4a4 O
1 2
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The molecule of dibenzo-p-dioxin is planar. The crystal and
molecular structures of compound 1 and some of its derivatives
have been discussed in a number of papers.3*—4! The dipole
moment of compound 1 is zero or close to zero, and the
dipole moments of some alkyl- and halo-substituted dibenzo-
p-dioxins have been reported.*>4* The IR spectra of dibenzo-p-
dioxins exhibit characteristic absorption bands in the region of
13301280 em— 1, 14445 which are due to antisymmetric vibra-
tions of the C-O-C group. An exception is provided by
octahalo-derivatives, whose absorption in this region is weak.4s
The 'H NMR spectrum of dibenzo-p-dioxin is an AA’BB’ system
centred at 6.89 ppm.*6 The 'H NMR spectra of almost all the
halogenated dibenzo-p-dioxins have also been obtained.#¢—53 In
concentrated sulfuric acid in the presence of an oxidising agent,
dibenzo-p-dioxins produce a characteristic green-blue colour
(dioxin test), which is attributed to the formation of radical-
cations. % The EPR spectra and the properties of these
radical-cations have been discussed in a number of papers.56—

II1. Methods for the formation of the tricyclic
system of dibenzo-p-dioxin

1. Self-condensation of diphenyl ethers

Among diphenyl ethers, o-phenoxyphenols, the so-called pre-
dioxins, are of practical interest for the preparative synthesis of
dibenzo-p-dioxins. Various dibenzo-p-dioxins can be prepared
from these compounds, their yields being frequently quantitative.!

Y zZ
O
O — T
O
3-10
Z =Y = OH (3), OMe (4), NH: (5);

Z = OH, Y = H(6), NH2(7), Br(8), C1(9);
Z = OMe, Y = C1(10).

The condensation is often carried out by heating the
corresponding ether (3 and 4) in hydrobromic acid in the presence
of phosphorus.}® Two functional groups in the ortho-positions are
not required for cyclisation to take place. For example, compound
1 can be formed on treatment of 2-hydroxyphenyl phenyl ether 6
with nitrobenzene or selenium$? The diphenyl ethers 8—10
containing a hydroxy- (or methoxy-) group and a halogen atom
in the ortho-positions undergo condensation in the presence of
hydrogen chloride acceptors. The best results have been achieved
by using K,CO; in an appropriate solvent.’%¢.63 Electron-
donating groups facilitate condensation5* as is the case with
tert-butyl in compound 1L

ul

But
/©/\OH Cl Cl ﬁj[o Cl
—
—HCl]
NC (05 ; NC O ;
Cl Cl

The tricyclic dibenzo-p-dioxin system has also been obtained
by the diazotisation of the corresponding amines.S>% For
example, compound 1 can be obtained from 2-aminophenyl
2-hydroxy-phenyl ether 7 or di(2,2-aminophenyl) ether 5.

The closure of the ring in o-phenoxyphenols can also occur
under the action of UV irradiation in the presence of
sensitisers.?6-¢’ In this case, 34,56-tetrachloro-2-(pentachloro-
phenoxy)phenol 12 is converted into octachlorodibenzo-
p-dioxin ¢ (OCDD, 14). Cyclisation is supposed to occur via the
biradical-cation 13,

ST, = LTI, ~

12 13
o
-~ LI Q)
Cly o Cly

Fairly pure specimens, suitable as reference materials, can be
obtained from diphenyl ethers. However, this method has not
found wide application owing to the low availability of the starting
compounds.

2. Condensation of halogenated phenols and other
hydroxy-compounds

Generally, condensation of halogenated phenols occurs according
to Scheme 1.

OH Y
L -
Y HO
OH Y
T el
OH (BrnCl

)
— e
0O

R!, R? =Hal, CN, NO2, Alk;
Y = Hal, NOy; n=1-4.

Schemel

KOH (K2CQOs)

The first representative of halogenated dibenzo-p-dioxins,
octachlorodibenzo-p-dioxin 14, was synthesised in this way by
heating potassium perchlorophenoxide to a high temperature$
Octafluorodibenzo-p-dioxin ® and some other PCDD have been
obtained in a similar way$® Potassium salts are most frequently
used for the condensation of halogenated phenols. They are
prepared by the following general method. The corresponding
phenol is added to a methanol solution of potassium methoxide
or potassium hydroxide or to a methanol suspension of potassium
carbonate, and the solvent is evaporated. However, potassium
phenoxides are normally not isolated in a pure state. Instead, a
mixture of phenol and a 5- 10-fold excess of the alkaline reagent
are refluxed in an appropriate solvent. The use of a calcium salt
has also been reported; compound 14 was obtained in 28% yield
by heating perchlorophenol in the presence of marble.”?

Copper and its salts are used as condensation cata-
lysts.6:4568~70.71-73 Ap example of using a palladium-copper
catalyst has been reported.” However, pure copper is preferred.
For example, by heating o-bromophenol in the presence of the
Cu + Cu(OAc), system, compound 1 was obtained in 40% yield.”!
When pure copper was used, the yield increased to 65%.”
The replacement of o-bromophenol by o-chloro- or o-iodophenol
does not result in an increase in the yield. In the latter case, it
amounted to 8%.! Under similar conditions, o-chlorophenol
affords compound 1in 25% yield. When polyhalogenated dibenzo-
p-dioxins are synthesised using copper without a solvent, the
yields usually do not exceed 20%.4%70.727 The main side
reaction that decreases the yields of dibenzo-p-dioxins is
polyoligomerisation.®*72
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Pyrolytic condensation of potassium chlorophenoxides has
been used to prepare 22 isomers of tetrachlorodibenzo-p-dioxins.™
However, purification of the products obtained by this method
requires the combination of liquid and gas chromatography, which
seriously restricts the applicability of the method.

The condensation of phenols containing functional groups
is frequently accompanied by partial elimination of these
groups,’>77 and therefore this method is not used for preparing
functionally substituted dibenzo-p-dioxins. In some cases, the
abstraction of halogen atoms has also been observed.4>7%7 In
fact, whereas the condensation of potassium 2,6-dibromophen-
oxide in methanol yields 1,6-dibromodibenzo-p-dioxin 4578 15, the
condensation of the same salt in pyridine’® gives a mixture of
compounds 1 and 15.

Br
0o
KOH, MeOH, Cu
OH (0}
Br Br Br
15
CsHsN, C
skls. u 1+15

It is not strictly necessary to use salts of phenols. Some
workers:6—8,45.70.80.81 have shown that pyrolysis of per-
halogenated phenols and a number of oxo-compounds gives
the corresponding octahalodibenzo-p-dioxins. However, it should
be noted that this reaction occurs via a different mechanism.

Among other hydroxy-compounds, naphthols’%8 and
hydroxyquinolines®3—35 can be involved in the condensation.
The properties of the resulting naphthalene and other analogues

of dibenzo-p-dioxins have scarcely been studied. At the same time,
these compounds may be formed as minor products in the
production of dyes. For example, it has been found 8¢ that in the
presence of tetranitromethane in an alkaline medium, amino-
naphthalenesulfonic acids are converted into the corresponding
salts of sulfodinaphtho[5.6-b,e]-1,4-dioxin 16. This reaction was
assumed to proceed via the oxidation of the CH and NH, groups
in the 1- and 2-positions to COH and NHOH (NO) groups
followed by the condensation of two molecules.

SO;M),,

(SO3M)n

C(N02)4, MOH MOH

NHOH(NO)

(SO3M)n

s
OOQ

(MOsS)n

3. Condensation of catechols with halobenzenes

The method of condensation of catechols with halobenzenes 46
suggested in 1972 is, perhaps, the most convenient way of prepar-
ing various dibenzo-p-dioxins including those incorporating
functional groups 487 —91 (see Scheme 1, pathway b). This method
is preferred when a high-purity compound is needed. The
analytical standards for 22 tetrachlorodibenzo-p-dioxins, %%
some pentachloro- and heptachlorodibenzo-p-dioxins, %% and
some other compounds,’®%—97 including mixed bromine- and
chlorine-containing dibenzo-p-dioxins, ¢ have been prepared by

Scheme 2
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this procedure. Fluorine-containing dibenzo-p-dioxins have
also been synthesised and suggested as internal standards for
gas-chromatographic and mass-spectrometric analyses of
PCDD.58—100

The condensation of catechols is carried out under mild
conditions by refluxing a mixture of reactants in a solvent. DMSO,
DME, acetone, or, more rarely, alcohols are used as solvents in this
reaction. The yield of reaction products is fairly high and obviously
does not depend substantially on the nature of the halogen in the
halogenated benzene. In fact, the replacement of dichlorobenzene
by dibromobenzene in the condensation with catechol %510! does
not result in a substantial increase in the yield of compound 1L
Good results have been obtained by Kunzevich et al.,'2 who
carried out the condensation of the disodium salt of catechol with
various chlorine-containing benzenes in hexamethylphosphor-
amide. The yields of dibenzo-p-dioxins varied from 40% to 66%
depending on the chlorine-containing reagent used.

Better results are achieved when the catechol or benzene
molecule contains a strong electron-withdrawing group (or several
groups). This group generally acts as the leaving group, other
functional groups remaining unaffected.®® For example, the
condensation of catechol with picryl chloride (see Scheme 2)!
affords 1,3-dinitrodibenzo-p-dioxin (20a, 20b, X = H) in 85%
yield.! Catechol reacts with 24-dinitrochlorobenzene!®® just as
easily. It has been found that a nitro group in the lateral position is
replaced by a halogen. Therefore, the condensation of 4,5-dichloro-
catechol with 2,5-dichloro-1,4-dinitrobenzene gives 2,3,78-tetra-
chlorodibenzo-p-dioxin (TCDD, 21) in 90% yield.104

CljgiOH OzNJQ:CI KOH
+ ——
Cl OH Cl NO,
Cl 0} Cl
~ JI KX
Cl O Cl
21

Halogenated o-quinones also undergo condensation. For
example, in a study of the properties of tetrabromo(or chloro)-
o-quinones, it has been found 95— 107 that these compounds can
condense to give halogenated dibenzo-p-dioxin-2,3-quinones 22a.
Reduction of the latter gives the corresponding hydroxy-cor-
pounds 23

In the presence of strong dehydrating reagents, for example,
P,0s, the condensation of catechol to compound 1 has been
observed,%5 while in the presence of oxygen or sodium nitrite,
dibenzo-p-dioxin-2,3-quinone 22b is produced.i%5108.105 The
reaction occurs via a radical mechanism involving the oxidation
of the dimer 24, formed from the radical in the first stage of the
process, to the quinone 25, which then undergoes rapid heterolytic
ring closure to give compounds 22b (Scheme 3).
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0-,p-Quinones'®5—~107. 110 and cyclic triketones !!! also undergo
cyclisation.

4. The mechanism of the formation of the tricyclic
dibenzo-p-dioxin system

The condensation of halophenols and catechols (or their salts)
with halobenzenes is based on aromatic nucleophilic substitution.
This substitution must occur by an Sy2Ar mechanism!!? (in other
sources, 13 this mechanism has also been called SyAr). We can
follow this mechanism in relation to the condensation of catechol
with 2,4,5-trinitrochlorobenzene 12 (see Scheme 2).

The first stage of this process gives o-diphenoxyphenol
(predioxin, 17), whose subsequent cyclisation is intramolecular
and yields the Meisenheimer spiro-complex 18. The latter complex
is formed as an intermediate in the Smiles rearrangement,'* and
in the example under consideration!®® it was isolated in a pure
state (X = H) as the sodium salt. The spiro-complex is then
converted to complex 19a,b, from which the dioxin ring is formed
(compounds 20a and 20b) after the abstraction of the NO3 group.
The presence of two isomers in the reaction mixture has been
accounted for 715 by the Smiles rearrangement. The fact
that some predioxins%-%® yield mixtures of isomers of dibenzo-
p-dioxins is also evidence in support of the rearrangement.Sl63

The pyrolysis of phenols and other hydroxy-compounds
proceeds unlike the reactions of the salts, via a radical mechanism
(Scheme 4). In particular, some researchers %% 1580 have studied
the formation of octachloro- and octabromodibenzo-p-dioxins in
the pyrolysis of perhalophenols or a number of oxo-compounds,
for example, octachlorocyclohexenone 26 and found that these
reactions involve the formation of the pentachlorophenoxy
radical 27.

In all probability, the condensation of other phenols occurs
by the same mechanism. Octabromo- and 1,2,4,6,7,9-hexabromo-
3,8-dichlorodibenzo-p-dioxins have been obtained in this way, and
it was suggested that the method may find wide application.’®

Scheme 3
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IV. Reactions of dibenzo-p-dioxins

The molecular structure of dibenzo-p-dioxin allows one to treat it
as a cyclic aromatic diether. Accordingly, dibenzo-p-dioxins enter
into all the reactions characteristic of aromatic compounds,
namely, electrophilic and nucleophilic substitution in the benzene
rings, radical reactions, as well as reactions of functional groups.
Among the reactions typical of the heterocyclic nucleus, one
should note the relatively easy formation of the radical-cation and
reactions peculiar to it, and also reactions involving the cleavage of
the C-O-C linkage.

There are almost no papers devoted to the general reactivity of
dibenzo-p-dioxins, including their halo-derivatives. A comparative
analysis of the nucleophilic and radical substitution of the
functional groups in the aromatic systems of dibenzo-p-dioxins
by the hydroxy-group has been carried out.!!’® In relation to
2-trifluoromethyl-3,78-trichlorodibenzo-p-dioxin 28 and model
compounds (4,5-dichlorocatechol and 5-chloro-4-trifluoromethyl-
catechol), it has been shown that the reaction of the OH ~ anion

o) cl Ci :
| L jg/ Cl
o cl
: X

OUCI
0
3
o

with this system occurs via a transition state with a fairly low
activation energy. In the case of compound 28, the stable
o-complex 29 is formed, whose existence is in all probability
caused by the presence of the CF; group, which has a strong
inductive effect. Hydroxylation is the rate-determining step of this
process. The radical substitution of chlorine (or CF;) by the OH
group proceeds more slowly than the nucleophilic substitution by
a factor of approximately 3.
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—
al 0 Cl
28
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~ T EL S
cl o) cl
29
a 0 OH
-~ XTI XX
cl 0 Cl

1. Electrophilic substitution reactions

a. Halogenation of dibenzo-p-dioxins

Direct halogenation of dibenzo-p-dioxin occurs according to the
rules common to aromatic compounds. This process may be used
for preparing PCDD.

The presence of the heterocycle influences the order in which
the hydrogen atoms in the dibenzo-p-dioxin molecule are
replaced. This is determined by the overall mesomeric and
inductive effects of the oxygen atom on the benzene ringli217

The mesomeric effect is illustrated by the resonance structures
30 and 31, which determine the occurrence of ortho- or para-
substitution with respect to the oxygen atoms in the dioxin ring.
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However, the ortho-position is deactivated by the inductive
effect of oxygen to a larger extent than the para-position. Therefore,
the first stage of the halogenation of dibenzo-p-dioxin 1 yields
the isomer 32 (Scheme 5). The order in which subsequent
substitution occurs is an interesting theoretical problem. Due
to the deactivating influence of the first halogen atom, the second
substitution should occur in ring B. The most theoretically
probable substitution positions are 7 and 8 (compounds 33
and 34). When further halogenation is carried out, the hydrogen
atoms in the 3- and 7-(or 89positions, which are equivalent in
terms of the substitution order, are successively replaced by
the halogen. As a result, the highly toxic 2,3,78-tetrahalodibenzo-
p-dioxin 21 is formed. Further substitution involves the l-position
(compound 36) and then the 6- or 9-position (compounds 37 and
38). The remaining free positions are equivalent in terms of the
substitution order, and exhaustive halogenation yields the weakly
toxic octahalodibenzo-p-dioxin 14. According to published data,
the toxicities of the remaining halogenated dibenzo-p-dioxins
are intermediate between those of 2,378-tetra- and octahalo-
substituted compounds, 118

The chlorination of dibenzo-p-dioxin 1 proceeds to a greater
extent than the bromination. It has been shown 46-1° that chlorina-
tion yields a mixture of products with various degrees of substitu-
tion that are difficult to separate. Therefore, this method was?6
considered to be unsuitable for the synthesis of individual
chlorinated dibenzo-p-dioxins. Bromination of dibenzo-p-dioxin
1 normally comes to a halt at the stage where 2,3,78-tetra-
bromodibenzo-p-dioxin is formed.192120 Under certain condi-
tions, this compound can be obtained in a quantitative yield.!%?

It has been reported that chlorination in the second stage gives
mostly the 27-isomer, while in the case of bromination, the
2,8-isomer predominates;!®19? however, this conclusion is ques-
tionable. In fact, the yield of the 2,7-dichloro-isomer obtained by
the chlorination of dibenzo-p-dioxin 1 was only 3%. This fact
made it possible to suggest® that the 2,8-dichloro-isomer is more
soluble and this is why it had not been isolated by the authors of
the previous paper.l® In any case, there are no serious reasons for
believing that chlorination in this stage differs from bromination.

The foregoing considerations are also valid for the halogen-
ation of dibenzo-p-dioxins in which the hydrogen atoms of one
ring have been completely replaced by chlorine:*¢ substitution
occurs in the 7- and 8-positions of the free ring. The presence of
other halogens in the molecule also does not change the order in
which substitution occurs. In the chlorination of 2,3-dibromo-
(39) and 2,3-difluoro- (40) derivatives, 2,3-dibromo-7_8-dichloro-
(42) and 2,3-difluoro-7,8-dichlorodibenzo-p-dioxins (43) have been
isolated.!’® The nitro-group deactivates ring 4 to such an extent
that 2-nitrodibenzo-p-dioxin (41) is halogenated in the unsub-
stituted ring B,12-122 yjelding 7,8-dichloro-2-nitrodibenzo-p-dioxin
44.

X O X (0] Cl
—
Y (6] Y O Cl
39-41 42-44
X =Y = Br(39,42), F(40,43); X = H, Y = NO: (41, 44).

Conversely, the amino group activates dibenzo-p-dioxin. For
example, bromination of amino- or acetamido-derivatives 45 - 48
occurs fairly readily 2123 and substitution involves the ring
containing the amino-group (Scheme 6, compounds 50-55).
Unlike bromination, the chlorination of the amino-derivatives 45
and 47 is accompanied by the resinification of the reaction
mixture.!?! The corresponding acetyl-derivatives 46 and 48 are
susceptible to resinification to a lesser degree. For example,
the chlorination of 2-acetamido-7,8-dichlorodibenzo-p-dioxin 46
gave 2-acetamido-3,78-trichlorodibenzo-p-dioxin 49 in good
yield.‘2‘~ 123

Scheme 6
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X = Cl, R = H(45), Ac (46, 49, 50, 53);
X = Br, R = H (47,51, 55), Ac (48, 52,54).

The influence of various catalysts on the process of
chlorination of dibenzo-p-dioxins has been described.122
The authors found that among the catalysts studied, namely
I, , FeCl3 + I, and 18-crown-6, the last named is the most active.
The chlorination pattern in all these cases is the same. In
particular, irrespective of the nature of the catalyst, the
chlorination of dibenzo-p-dioxin 1 affords a mixture of products
in which, in addition to TCDD 21, 2,3,7-trichloro- (35) and 1,2,3,7,8-
pentachlorodibenzo-p-dioxins (36), have been detected.

It is likely that the presence of catalysts can result in more
extensive bromination. For example, the bromination of dibenzo-
p-dioxin in the presence of FeCl; gave !'® a mixture of compounds
containing, in addition to 2,3,7,8-tetrabromodioxin, the products of
its further bromination. Therefore, while brominating compound 1
by bromine in the presence of a catalyst, one should take into
account the possibility of the formation of polybrominated
compounds.

b. Nitration of dibenzo-p-dioxin and its derivatives
Dibenzo-p-dioxin 1 can be nitrated by conventional nitration
reagents such as nitric acid or nitric acid in concentrated sulfuric
acid.16124—130 Depending on the reaction conditions, a series of
successive substitution products are formed, and the order in
which substitution occurs follows the rules which govern
halogenation. Owing to the strong deactivating effect of nitro-
groups, nitration proceeds only until 2,378-tetranitrodibenzo-
p-dioxin is formed.*¢

The influence of various substituents and various nitrating
agents on the nitration process has been studied.!?* 125128.13.132 For
example, depending on the reaction conditions, the first sub-
stitution in the nitration of l-acyldibenzo-p-dioxins 128 (56 and 57)
may involve either the ring containing the functional group or the
unsubstituted ring as well, as shown in Scheme 7. The ratio
between the isomers obtained and their quantity depends on the
nature of the substituent and the nitrating agent. When an excess of
the latter is used, 2-, 7-, or 8-nitro-derivatives (compounds 58 — 63)
are formed. However, in some cases, this order of nitration may be
violated. For example, when compound 57 is nitrated by the
NH4NO; — (CF3C0),0- THF mixture, substitution involves only
the ring containing the functional group and mostly the 4-position
of this ring (compound 64)./2° Some instances where the acetyl
group is replaced by the nitro-group during nitration have also
been reported.?> Dibenzo-p-dioxins incorporating methyl or
methoxy groups are readily nitrated by nitric acid in either
sulfuric or acetic acid.1?413L132
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The nitration of halogen-containing dibenzo-p-dioxins
presents certain difficulties associated with the deactivating effect
of the halogens. For example, it has been noted that 1,6-dibromo-
dibenzo-p-dioxin 15 does not undergo nitration with nitric acid in
concentrated sulfuric acid.’>* This task can be accomplished by
using fuming nitric acid in acetic acid at T =70 °C; ! this
nitrating agent can also be used successfully in other cases, for
example, to nitrate mono- and dihalo-substituted dibenzo-
p-dioxins.12-123.130.13 Good results have also been obtained in
the nitration by this mixture of polyhalogenated dibenzo-p-dioxins
containing halogens in one ring, in particular, of 1234-
tetrachlorodibenzo-p-dioxin.!?-12313 The nitro group goes to
the unsubstituted ring. 2,3,7-Irihalo-substituted derivatives are
also nitrated under these conditions to give the mono-substitution
product.!3

Tetrahalo-derivatives are more stable. The most stable are
isomers with a lateral arrangement of the halogens. In particular,
TCDD 21 does not react with a mixture of nitric and acetic
acids '28 and is destroyed on treatment with fuming nitric acid in
sulfuric acid.®* This behaviour can be explained, on the one hand,
by the low stability of the o-complex 65 arising in the course of the
reaction (which is due to the fact that the positive charge in this
complex cannot be delocalised owing to the electron pairs of the
oxygen atoms) and, on the other hand, by the decomposition of
the o-complex 65 via pathway a to the radical-cation 66 and the
NO; radical!3 Under these conditions, oxidation processes
leading to the destruction of the dioxin nucleus prevail. In the
case where complex 65 decomposes via pathway b, nitration
affording compound 67 takes place.!3
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In the nitration of 2,3,7,8-tetrachloro-derivative 21, satisfactory

results have been obtained!® by using nitronium tetrafluoro-
borate in sulfolane at 7= 125°C. This reaction yields a
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disubstitution product. Compound 21 can also be nitrated by
an NH,NO;-(CF;C0O),0-MeNO, mixture. In this case,
substitution involves the 1l-position and gives compound 67
(yield 1%-2%).1% The tetrahalo-derivatives in which the arrange-
ment of halogen atoms is other than lateral form the more stable
c-complexes 68. Therefore, 1,3,6,8-tetrachloro- and 1,3,78-tetra-
chloro-dibenzo-p-dioxins are readily nitrated by the NH,NO; -
(CF;C0),0-MeNO, mixture.5136
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¢. Acylation and alkylation of dibenzo-p-dioxin and its derivatives
Dibenzo-p-dioxins are fairly smoothly acylated by acyl chlorides
in the presence of aluminium chloride (or bromide).1%22 27125129,
137-145 The reaction is most frequently carried out in carbon
disulfide. The hydrogen atoms in the 2- and 7-positions are
substituted preferentially If these positions are occupied, sub-
stitution involves the 3-position. For example, acylation of 2,7-
dihalodibenzo-p-dioxins by acetyl chloride gives the correspond-
ing 2-acetyl-3,8-dihalodibenzo-p-dioxins.*S If the l-position is
occupied by a substituent, the reaction may involve the 4- and
9-positions.}#

The third halogen atom deactivates the nucleus to such an
extent that, for example, 2,3,7-trichlorodibenzo-p-dioxin 35 cannot
be acylated by acetyl chloride even in the presence of aluminium
chloride.'* Compound 21 also does not undergo acylation. In the
case where the halogen atoms are located in one ring, the
unsubstituted ring is acylated. For example, by acylating
2,3-dichlorodibenzo-p-dioxin 69 by acetyl chloride, one can obtain
2-acetyl-7,8-dichlorodibenzo-p-dioxin 70.1*

AL e LI

The alkylation of dibenzo-p-dioxin 1 has been studied in
detail® and has some peculiarities. In particular, it was found that
in the alkylation of compound 1 by isopropyl chloride, the second
substitution in the resulting 2-isopropyldibenzo-p-dioxin involves
the 3-position, in contrast to halogenation, nitration, or acylation.
After that, the 7-position is substituted. Exhaustive alkylation is
not observed even when an excess of isopropyl chloride is
employed. Under these conditions, the authors cited isolated

AcCl
[AICI;]
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one of the possible hexaisopropyl derivatives. If there is steric
hindrance, for example if the alkylation is carried out with rers-
butyl chloride, only a disubstitution product is formed, the second
substitution involving the 7- or 8-position.

No examples of the alkylation of halogenated dibenzo-
p-dioxins have been reported. However, from general considera-
tions, it may be suggested that this process would be substantially
hampered owing to the deactivating effect of the halogens.

d. Sulfonation (sulfochlorination) of dibenzo-p-dioxin and its
derivatives
Sulfonation of dibenzo-p-dioxin 1 by sulfuric acid or oleum gives
the 2,7-disulfonic acid.14¢ When chlorosulfonic acid is used, the
2-chlorosulfonyl chloride is formed.’? Halodibenzo-p-dioxins are
sulfonated under similar conditions.!® For example, when the
sulfonation of 2,3,7-trichlorodibenzo-p-dioxin 35 is carried out
with oleum at room temperature, the hydrogen atom in a lateral
position is replaced by the sulfo group and the reaction yields the
sulfonic acid 71 (Scheme 8). Sulfochlorination of dioxin 3%
gives 13 2-chlorosulfonyl-3,78-trichlorodibenzo-p-dioxin 72; the
sulfone 73 is formed as a side product.

Scheme 8
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2. Reactions involving nucleophiles

Despite the fact that nucleophilic substitution plays a significant
role in the chemistry of dibenzo-p-dioxins, this problem has not
been adequately addressed in the literature. Methods based on the
nucleophilic substitution of hydroxy groups for chlorine atoms on
treatment with potassium hydroxide 27 or potassium carbonate
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and hydrogen peroxide 48 have been suggested for the practical
removal of PCDD from the gas phase. It is believed that, among all
the chemical methods recommended for the detoxification of
PCDD-containing waste, the alkaline dehydrochlorination tech-
nology, applicable to both liquid and solid waste, is the most
promising¥? In addition, nucleophilic species are known to
participate directly or indirectly in many processes involving
PCDD and occurring in the environment and in the organs of
mammals*® For example, it has been found that ring
hydroxylation is the dominant route in the metabolism of
chlorinated dibenzo-p-dioxins.5-152 It was found that the metab-
olism of dioxin 21 involves hydroxylation in lateral positions
with migration of chlorine to the l-position and gives 2-hydroxy-
1,3,7,8-tetrachlorodibenzo-p-dioxin ! 74. 1-Hydroxy-2,3,7,8-tetra-
chlorodibenzo-p-dioxin 75 and 2-hydroxy-3,7,8-trichlorodibenzo-
p-dioxin 76 are also metabolites of TCDD. Dibenzo-p-dioxins
chlorinated to lesser degrees are converted into 2- and 3-hydroxy-
derivatives.” The metabolism in dogs and rats may involve the
cleavage of the dioxin nucleus to give bis(dichlorohydroxyphenyl)
ether ™ and 4,5-dichlorocatechol.54
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Dibenzo-p-dioxins are capable of forming radical cations
when treated with strong oxidising agents in combination with
photoirradiation.51% The radical-cations of functionally sub-
stituted dibenzo-p-dioxins are generated, for example, on treat-
ment with concentrated sulfuric acid in the presence of potassium
nitrate,¢ nitric acid, potassium perchlorate, manganese dioxide,
hydrogen peroxide® or antimony pentachloride’ and also
during electrochemical oxidation.5%158—160 The chemical and
physical properties and the EPR spectra of the radical-cation
derived from compound 1 and a large number of its substituted
derivatives have been studied.5’ 58,157,161 — 166 Tt was shown that the
dibenzo-p-dioxin radical-cation 77 (Scheme 9), stabilised by an
anion, possesses a certain stability. For example, stable acetonitrile
solutions of the tetrafluoroborate of the radical-cation 77 have
been obtained by treating compound 1 with NO*BF; 1¢7

Scheme 9
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In another study,s® the perchlorate of the radical-cation 77
was isolated and its reactivity was studied. The radical-cation
77 was found to react with pyridine giving N-(2-dibenzo-
p-dioxinyl)pyridinium perchlorate 78. The nitrite anion reacts
with the radical-cation as a nucleophilic agent to form 2-nitro-
dibenzo-p-dioxin 41. The nitro compound 41 was also obtained
when the radical-cation 77 was treated with nitrate anions or with
tetranitromethane. In addition to the perchlorate of the radical-
cation 77 the dimer of dibenzo-p-dioxin 79 was isolated,®
however, its structure was not discussed. Taking into account
the melting point of the compound obtained, one may suggest that
it is 2,2-bis(dibenzo-p-dioxin), which was described previously.!?’
It has also been found>+® that the perchlorate of the radical-
cation 77 in solution reacts with water to give dibenzo-p-dioxin-
2,3-quinone 22b.

Apart from the reaction products, the initial dibenzo-
p-dioxin 1 has been recovered in all cases. Reactions with
other nitrogen-containing nucleophiles (CH, NH;, RNH),) led
only to the recovery of compound 1. 1t is believed™™® that, for
nucleophilic substitution to occur, a stronger nucleophile is
required.

3. Reactions of functional groups
Among the functionally substituted dibenzo-p-dioxins, the nitro-
and amino-derivatives are of prime interest and have been the
most thoroughly studied.#?128.136,168—170 These compounds are
more frequently encountered than is believed.’® They present a
severe hazard to mammals and are environmental pollutants.'?>
Aminodibenzo-p-dioxins have found application in the develop-
ment of a radio-immune method for the assay of PCDD."-172
No data have been published that would make it possible to
speak of any influence of the dioxin nucleus on the reactivity of
nitro- and amino-derivatives. In some studies, the Sandmeyer
reaction has been used to prepare halogenated dibenzo-p-dioxins
from the corresponding amino-derivatives.?104.136.173 Tt was noted
that in some cases the reaction is complicated by a rearrangement
and consequently may give unexpected products, for example,
compound 80.104

NH, Cl
Cl O Cl 0.
A, — K
Cl (6] Cl Cl O

80

Cl

Nitro-derivatives can be reduced, and this reaction is the main
method of synthesis of amino-containing dibenzo-p-dioxins.
Various reducing reagents have been used,!2-130.13613—175 hop.
ever, the highest yield was achieved in the case of tin dichloride.!?
Aminodibenzo-p-dioxins are readily acylated,'?? enter into the
Skraup reaction to form the corresponding quinoline deriva-
tives,”677 and condense with quinones”® to give phenazines.
Hydroxy-derivatives are acylated in a similar way!”?

Halogen-containing dibenzo-p-dioxins can condense,102127
affording products with enlarged structures.

OH O O
OH O O
81

V. Toxic properties of compounds of the
dibenzo-p-dioxin class

1. Toxic properties
It is believed, with good reason, that PCDD are products of
human technological activity*18° The pathways to the formation

of PCDD are known and have been fairly extensively studied, but
the formation of functionally substituted dibenzo-p-dioxins still
remains unexplored. There are data showing that halogenated
nitro-derivatives of dibenzo-p-dioxins are formed on the fly ash
from incinerators via the nitration of the corresponding dibenzo-
p-dioxins by the nitrogen dioxide present in the exhaust gases.!68
Although the potential hazard of functionally substituted dibenzo-
p-dioxins is quite considerable?”!2} they have scarcely been
studied.

The urgent need to study dibenzo-p-dioxin class compounds
arises primarily from the results of toxicological studies. A large
number of publications, including several detailed reviews, have
been devoted to this problem.2 181~ 183 Analysis of these and other
data makes it possible to make some generalisations concerning
the toxicology of compounds of this class.

Among dibenzo-p-dioxins and compounds with similar
structures — polychlorinated dibenzofurans, biphenyls, and naph-
thalenes —those substances in whose molecules all the lateral
positions are occupied by halogen atoms are the most toxic. It has
been found that TCDD 21 exhibits the highest toxicity toward the
most sensitive species (guinea pigs), while 2,3,78-tetrachloronaph-
thalene has the lowest toxicity When the number of halogen atoms
in the ring decreases or increases, the toxicity diminishes
sharply.? 183 Completely halogenated compounds exhibit virtually
no toxicity, at least, under the conditions of an acute experiment.

The positions of the halogen atoms in the ring are significant
for biological activity. For example, symmetrical derivatives are as
a rule more toxic than their nonsymmetrical analogues.

TCDD possesses the highest biological activity among all the
classes of compounds under consideration. It comes as no surprise
that most of the published data are devoted to the toxicology of
this compound.

The high toxicity of TCDD for warm blooded animals is
combined with pronounced interspecific differences in sensitivity
to it.18* The coefficient of interspecific differences is as high as four
orders of magnitude.0:183—186 Another important feature of the
biological action of TCDD is the presence of clear-cut individual
intraspecific distinctions, which is indicated by the fact that the
slopes of ‘dose —effect’ plots are small, compared with those for
other xenobiotics.”®” Interstrain differences in the sensitivity to
TCDD are fairly clear-cut (~250 for rats and ~20 for mice).183
The presence of paradoxical behaviour in the ‘dose-—effect’
relations should be regarded as significant evidence in support
of intraspecific polymorphism in the sensitivity to TCDD and its
analogues,!88

Studies of the chronic action of small TCDD doses have
demonstrated the presence of pronounced supercumulative
effects, 184189191 which is significant for the regulation of the
maximum permissible concentrations of this compound in the
environment.

The most general symptoms of the TCDD poisoning of
various types of warm blooded animals are liver enlargement,
thymus atrophy, progressive weight loss, and a clear-cut latent
period of up to 10-15 days after contact with the poison. Other
clinical manifestations are fairly polymorphic. In fact, in mice,
rats, and rabbits, apart from hepatomegaly, pronounced centro-
lobular necrosis of liver tissue, in some cases turning into
hepatargia, has been observed.!®318%.192 The edematous syndrome,
accompanied by intense secretion of transudate in pericardial,
pleural, and abdominal cavities, is typical for chickens. In the case
of guinea pigs and monkeys (thesus, macaque), the prevailing
symptoms are those indicating deep suppression of the immune
system. The data concerning symptoms of the effects of TCDD on
humans are less definite, because they have been obtained in
relation to accidental contacts with the xenobiotic or by examining
the personnel engaged in the production of 2,4,5-trichlorophenol
containing TCDD as an impurity.

Nevertheless, it has been reported219% that the TCDD
intoxication in humans is manifested as skin changes
(chloracne), weight loss, high susceptibility to fatigue, muscle
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asthenia, insomnia, high irritability, decrease in libido, reduction
of sensory functions, tendency to hepatomegaly, decrease in the
concentration of serum lipids, increase in the prothrombin time,
and porphyria. In addition, there are data on more severe
pathologies: the people under examination suffered more fre-
quently from soft tissue sarcoma.’®! This last fact is the reason why
studies dealing with remote consequences of the action of TCDD,
and, in particular, with mutagenic, carcinogenic, teratogenic, and
embryotoxic effects, are urgently required.

In 1972, a mutagenic effect of solutions of TCDD was observed
in bacterial test systems, and a mechanism of this phenomenon,
involving the intercalation of TCDD with the DNA helix, was
suggested.!”® Somewhat earlier, Courtney and Moore,®* who
carried out experiments with various strains of mice and rats,
discovered embryotoxic and teratogenic effects of TCDD: the
cleaving of the hard palate and defects in kidney embryogenesis.
Discussions concerning the character of the carcinogenic effect of
TCDD still continue.! The authors of another study ¢ are apt to
regard TCDD as a pronounced promoter of carcinogenesis, at
least in rodents. In conformity with their data, the tumour-
stimulating effect of PCDD is comparable with that of aflatoxin B;.
According to other data,!¥7 at concentrations that can occur in an
organism, TCDD is neither a classical carcinogen nor a mutagen.
One may speak only of its promoting effect with respect to some
carcinogens, such as nitrosamines.

2. The mechanism of action
To explain the mechanism of the toxic action of TCDD, several
hypotheses have been put forward.

1. The toxic effect of TCDD arises through bonding to the
highly specific cytosol Ah-receptor. The complex is then trans-
located to the nucleus and expresses the DNA sections, responsible
for the synthesis of pools and the RNA initiating the synthesis
of cytochrome P-450 (or 448)-dependent monooxygenases.'#3198
This hypothesis adequately explains the extraordinarily high
degrees of induction of microsomal monooxygenases.

2. TCDD exhibits a thyroxine-like action, which is indicated by
a number of hyperthyroid symptoms, enhancement of the
catabolism of lipids and biopolymers, weight loss, additivity of
the toxic effects of TCDD and thyroid hormones.!8%199

3. The toxic action of TCDD is due to the relative deficiency of
carotinoids.'¥%200 This hypothesis was based on the sharp decrease
in the concentration of carotinoids, in particular vitamin A, in the
liver of rats exposed to TCDD. This approach is supported by the
syndrome (skin changes, hyperkeratosis, lesion of the sclera and
the cornea, etc) in laboratory animals poisoned by TCDD.

Among other attempts to explain the mechanism of the toxic
action of TCDD, the assumption that disturbance of the flavin
metabolism, in particular the metabolism of riboflavin, whose
structure is similar to that of TCDD, plays the key role in the
pathogenesis of TCDD intoxication deserves attention?®! The
above structural similarity accounts for the fairly successful use of
riboflavin preparations in the experimental therapy of TCDD
poisoning. It should be noted that none of these hypotheses
concerning the pathogenesis of TCDD toxification can explain
fully by itself the whole diversity of the clinical pattern of the
poisoning and especially the very pronounced inter- and intra-
specific differences in the sensitivity to this xenobiotic.

At the same time, there is the noteworthy possibility that all
the above approaches can be interpreted in terms of the
disturbance of the equilibrium between the pro- and antioxidant
systems in an organism. In fact, the hypothesis of the leading role
of the Ah-locus accounts for the activation of prooxidant
processes. Thyroid hormones also exert an indirect prooxidant
effect. Carotinoids as well as tocopherols are obligatory con-
stituents of the antioxidant protection of an organism.

We believe that all the above hypotheses could be accom-
modated within the framework of a unified theory of the
pathogenesis of the intoxication by polychlorinated polyaromatic
hydrocarbons, which would be based on the assessment of the

degree of prooxidant action and on the determination of the actual
balance between the pro- and antioxidant systems, especially since
the intensification of the peroxide oxidation of lipids and the
enhancement of the generation of active oxygen forms in an
organism under the influence of TCDD (i.e. the existence of
prooxidant action) are established facts.?92 Such activity is
manifested by the characteristic features of the functioning of
pro- and antioxidant systems in various species.

V1. Formation and occurrence in nature

The causes of the formation of technogenic PHDD and the
pathways by which they arrive in the environment have been
studied quite extensively*180.181.185 However, dibenzo-p-dioxins of
natural origin have scarcely been studied. At the same time, the
presence of a large number of hydroxy-derivatives of benzene in
plants makes it possible to infer that the compounds under
consideration are not rarities?”® The oxidation of hydroxy-
compounds is most probably the main pathway to the formation
of the tricyclic dibenzo-p-dioxin system in plants. For example,
dibenzo-p-dioxin is known to be formed on oxidation of
p-benzoquinone,'® catechol,l°6-1%8 and certain pyrogallol deriva-
tives.[9%.204 It has been established 2°5—2%8 that such oxidation can
occur in plants through the action of certain enzymes. In fact, an
enzyme that oxidises catechol to dibenzo-p-dioxin-2,3-quinone 208
with a high specificity has been isolated from an extract of Tecoma
stans leaves. In another study,?”’ this quinone was isolated in a
pure state after the oxidation of catechol by polyphenol oxidase,
and its structure was confirmed by an alternative synthesis.

In a study of keto-derivatives of inositol,!!! it was found that the
acetylation of these compounds in the presence of an acid catalyst
yields completely hydroxylated dibenzo-p-dioxin. It was suggested
that dibenzo-p-dioxin derivatives may be synthesised via this route
in nature.

The discovery of the alkaloid trilobine and the determination
of its structure served as direct confirmation of the formation of
dibenzo-p-dioxin in nature. In 1924, Kondo and Nakasato studied
an extract from the roots of cocculus (Cocculus trilobus DC) and
isolated an alkaloid which was called trilobine.2%° Eight years later,
Kondo and Tomita found that the trilobine structure is based on
the heterocyclic system of dibenzo-p-dioxin.?!? In 1942, Tomita and
Tani 21212 pyblished the full formula of trilobine 82.

82

The alkaloid micranthine, isolated from the plant Daphnandra
micrantha,? as well as the alkaloids tiliaresine, tiliacorine, and
tiliacorinine, obtained from the plant Tiliacora racemosa,?4—216
have structures similar to that of trilobine.

VII. Conclusion

The data presented in this review indicate that studies devoted to
dibenzo-p-dioxins are progressing vigorously. The methods of
synthesis of compounds of this class are being improved, and
insight is being gained into processes occurring in nature and in
the organs of animals involving halo-derivatives of dibenzo-
p-dioxins. However, the knowledge accumulated does not yet
make it possible to speak of an ultimate solution of the problem of
dioxin-like xenobiotics. Although the latter have mostly been
created by human activity, one should keep in mind that the
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dibenzo-p-dioxin structure has been invented by nature. From this
viewpoint, this class of compounds remains poorly investigated.
For this reason, humankind has probably been deprived of many
useful things, ranging from medicines to various materials.
However, in recent years some studies dealing with this problem
have been published. These were mostly attempts to develop new
medicines.?"

Comprehensive investigation of halogenated dibenzo-p-
dioxins has been the dominant factor in the development of
the chemistry of dibenzo-p-dioxins. One significant property of
these compounds that has not yet received the due attention of
scientists is noteworthy, namely that, in some cases, it is expedient
to treat dibenzo-p-dioxin (and its halo-derivatives) as a crown
ether (dibenzo-6-crown-2). Some of the properties of PCDD,
including their toxic properties may be associated with the
ionophoric and complex-forming capacities of these compounds.
In any case, the toxicity of octabromodibenzo-18-crown-6 is
comparable with that of 2,3,78-tetrabromodibenzo-p-dioxin.!02
In addition, TCDD exhibits a growth-stimulating activity with
respect to herbaceous plants, typical of crown ethers.?8

The complex-forming capacity of dibenzeo-p-dioxins forms
the basis of a photometric determination of PCDD.2°

Thus, the data considered in the present review indicate that
careful study of the properties of dibenzo-p-dioxins may lead to
new possibilities in the investigation of the physiological activity of
compounds of this sort.

References

1. L Denivelle, R Fort, P Van Hai Bull. Soc. Chim. Fr. 1538 (1960)

2. VI Vysochin Dioksin i Rodstvennye Soedineniya. Analiticheskii
Obzor (Dioxins and Related Compounds. Analytical Review)
(Novosibirsk: State Patent Scientific Technical Library, Siberian
Branch of the Russian Academy of Sciences, 1989)

3. N Humppi Chemosphere 15 2003 (1986)

4. L A Fedorov Dioksiny kak Ekologicheskaya Opasnost’:
Retrospektiva i Perspektivy (Dioxins as an Ecological Danger:
Retrospection and Prospects) (Moscow: Nauka, 1993)

. M Buch-ta, B Dolesal Chem. Listy 85 158 (1991)

. V Merz, W Weith Ber. Dtsch. Chem. Ges. 5 458 (1872)

. T Zincke Ber. Dtsch. Chem. Ges. 27 557 (1894)

. H Biltz Ber. Dtsch. Chem. Ges. 37 4003 (1904)

. T Zincke, W Broeg Liebigs Ann. Chem. 363 221 (1908)

10. F Ullman, A Stein Ber. Dtsch. Chem. Ges. 39 622 (1906)

11. H W Hillyer Am. Chem. J. 23 125 (1900)

12. H W Hillyer Am. Chem. J. 26 361 (1901)

13. S Ueo Bull. Chem. Soc. Jpn. 16 177 (1941)

14. M Tomita Chem. Zentr. 3131 (1933)

15. M Tomita Chem. Zentr. 1053 (1935)

16. M Tomita Chem. Zentr. 2552 (1936)

17. M Kulka Can. J. Chem. 39 1973 (1961)

18. 1] Dietrich Dissertation Abstr. 79 2810 (1957)

19. H Gilman, J J Dietrich J. Am. Chem. Soc. 79 1439 (1957)

20. German P. 223 367; Chem. Zentr. 349 (1990)

21. Fr. P. 799627; Chem. Abstr. 30 7867 (1936)

22. German P. 668 875; Chem. Abstr. 33 5006 (1939)

23. Swiss P. 238 627; Chem. Abstr. 43 4484 (1949)

24. Br. P. 870298; Chem. Abstr. 5527756 (1961)

25. M Tomita, W Watande J. Pharm. Soc. Jpn. 72 478 (1952)

26. Can. P. 702 144; Chem. Abstr. 62 16261 (1965)

27. G Vasiliu, I Basiu Ann. Univ. Bucharest, Ser. Chem. 38 15 (1969)

28. Fr. P. 2053020; Chem. Abstr. 76 140 759 (1972)

29. Belg. P. 616 197; Chem. Abstr. 59 2828 (1963)

30. BRD P. 1930259; Chem. Abstr. 74 64 250 (1971)

31. BRD P. 1905651; Chem. Abstr.71 92 080 (1969)

32. Br. P.1163975; Chem. Abstr. 71 113 498 (1969)

33. Nomenklaturnye Pravila I Yu PAK po Khimii T. 2 (IUPAC

Nomenclature of Chemistry, Vol. 2) (Moscow: Izd. VINITI, 1979)

34. R G Wood, G Williams Philos. Mag. 31 115 (1941)

. A IKitaigorodskii, P M Zorkii, V K Bel’skii Stroenie
Organicheskogo Veshchestva (The Structure of Organic Matter)
(Moscow: Nauka, 1982)

00~ N

N=J

36

37.

38.

39.

40.

41.

42.
43.
4.
45.
46.
47.

48.

49.

50.
S1.

52.

53.
54.

S55.
56.

57.
S8.
59.
60.
61.
62.
63.

64.
65.
66.

68.

69.
70.
71
72.
73.
74.

76.
77.
78.
79.
81.
82.
83.
8S.
86.

87.
88.

89.

. M Senma, Z Taira, T Taga, K Osaki Cryst. Struct. Commun. 2 311
(1973)

M A Neuman, P P North, F P Boer Acta Crystallogr., Sect. B,
Struct. Crystallogr. 28 2313 (1972)

F P Boer, M A Neuman, O Aniline Acta Crystallogr., Sect. B,
Struct. Crystallogr. 28 2878 (1972)

F P Boer, F P Van Remoortere, P P North, M A Neuman Acta
Crystallogr., Sect. B, Struct. Crystallogr. 28 1023 (1972)

F P Boer, P P North Acta Crystallogr., Sect. B, Struct. Crystallogr,
28 1613 (1972)

J S Cantrell, N C Webb, A J Mabis Acta Crystallogr., Sect. B,
Struct. Crystallogr. 25 150 (1969)

G M Bennet, D P Earp, S Glasstone J. Chem. Soc. 1179 (1934)

K Higasi Sci. Pap. Inst. Phys. Chem. Res. (Jpn.) 38 331 (1941)

M Narisada Yakugaku Zasshi 79 183 (1959)

M Tomita, Sh Ueda Yakugaku Zasshi 79 186 (1959)

A E Pobland, G C Yang J. Agric. Food Chem. 20 1093 (1972)

K Chae, L K Cho, J D McKinney J. Agric. Food Chem. 25 1207
1977)

A S Kende, J ] Wade, D Ridge, A Poland J. Org. Chem. 39 931
(1974)

A P Gray, SP Cepa, 1] Solomon, O Aniline J. Org. Chem. 41 2435
(1976)

N Humppi, K Heinola J. Chromatogr. 331 410 (1985)

L T Gelbaum, D G Patterson, D L Ashley, D F Groce Chemosphere
17 551 (1988)

D G Patterson, V V Reddy Jr, E R Barnhart, D L Ashley,

C R Lapeza Jr, L R Alexander, L T Gelbaum Chemosphere 19 233
(1989)

A P Gray, S D Cepa, I S Contrell Tetrahedron Lett. 33 2873 (1975)
G Cauquis, M Maurey C. R. Hebd. Seances Acad. Sci., Ser. C 266
1021 (1968)

W Schrott, R Bopsdorf, J Seidler Z. Chem. 10 147 (1970)

M Tomita, Sh Ueda, Y Nakai, Y Deguchi, H Takaki Tetrahedron
Letr. 41189 (1963)

T N Toser, L D Tuck J. Chem. Phys. 38 3035 (1963)

M Tomita, Sh Ueda Chem. Pharm. Bull. 12 33 (1964)

Sh Ueda Yakugaku Zasshi 84 212 (1964)

R J Wratten, M A Ali Mol. Phys. 13 233 (1967)

N Hummpi Chemosphere 15 2003 (1986)

M Tomita J. Pharm. Soc. Jpn. 56 814 (1936)

O Aniline, in Chlorodioxins— Origins and Fate ( Advances in
Chemistry Series) Vol. 120 (Ed. E H Blair) (Washington, DC:
American Chemical Society, 1973) p. 126

A Rieker Chem. Ber. 98 714 (1965)

NM Cullinane, H G Davey, J H Padfield J. Chem. Soc. 716 (1934)
P K Freeman, S Ramauiyan J. Agric. Food Chem. 31 775 (1983)

. P K Freeman, S Ramauiyan J. Org. Chem. 51 3939 (1986)

L Denivelle, R Chesneau, H-A Hoa C. R. Hebd. Seances Acad. Sci.,
Ser. C 271 192 (1970)

A J Dobbs, J Jappi, A E Wadham Chemosphere 12 481 (1983)

W Sandermann, H Stockman, R Casten Chem. Ber. 90 690 (1957)
M Tomita, T Nacano, K Hirat J. Pharm. Soc. Jpn. 74 934 (1954)
M M Julia, M Baillarge Bull. Soc. Chem. Fr. 644 (1953)

A P Grey, S P Cepa, J S Cantrell Tetrahedron Let:. 33 2873 (1975)
US P. 3679 704; Chem. Abstr. 77 114 413 (1972)

. T J Nestrick, L L Lamparski, R H Stehl 4nal. Chem. 51 2273 (1979)
M Tomita Chem. Zentr. 3131 (1933)

M Tomita J. Pharm. Soc. Jpn. 52 139 (1932)

Sh Ueda, A Teraoka Yakugaku Zasshi 83 552 (1963)

A JDobbs, J Jappy, A E Wadham Chemosphere 12 481 (1983)

. USP. 2802037 (1957)

M Kulka Can. J. Chem. 39 1973 (1961)

M Tomita J. Pharm. Soc. Jpn. 52 900 (1932)

M Tomita, N Yoshida J. Pharm. Soc. Jpn. 72 718 (1952)

. E Fujita, T Saijoh, N Takao J. Pharm. Soc. Jpn. 73 453 (1953)

K Nagarajan, A N Goud, V R Ranga, R K Shah, $ J Shenoy Proc.
Indian Acad. Sci., Chem. Sci. 104 549 (1992)

A G Manyats, V V Erina, VS Kuz'min, S S Gordeichuk,

Yu N Burtsev Zh. Org. Khim. 28 1722 (1992)

K C Donnelly, H H Jones, S Safe Chemosphere 15 1961 (1986)

M Romkes, S Safe, J Piskorska-Pliszczynska, T Fujita Chemosphere
16 1710 (1987)

G Mason, S Safe Chemosphere 15 2081 (1986)



38

A D Kunzevich, V F Golovkov, V R Rembovskii

90.
91.

92.
93.
. L T Gelbaum, D G Patterson, D F Groce, in Chlorinated Dioxins

95.
96.

97.
98.
9.
100.
101.
102.
103.
104.

105.
106.

107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.

126.
127.

128.
129.
130.
131.
132.

A Poland, E Glover J. Biol. Chem. 251 4936 (1976)

T Savahata, J R Olston, R A Neal Biochem. Biophys. Res. Commun.

105 341 (1982)

D G Patterson, L R Alexander, L T Gelbaum, R C O’Connor,
V Maggio, L L Needham Chemosphere 15 1601 (1986)

E R Barnhart, D G Patterson Chemosphere 18 827 (1989)

and Dibenzofurans in Perspective (Eds C Rappe, G Choudhary,

L H Keith) (Chelsea, MI: Lewis, 1986) p. 479

J E Oliver, W R Lisby J. Heterocycl. Chem. 15 689 (1978)

B Ramalingam, T Mazer, D J Wagel, in Chlorinated Dioxins and
Dibenzofurans in Perspective (Eds C Rappe, G Choudhary,

L H Keith) (Chelsea, MI: Lewis, 1986) p. 485

K A Francesconi, E L Ghisalberti Aust. J. Chem. 38 1271 (1985)
N A Klyuev, V F Golovkov, S A Chernov, E S Brodskii,

G M Shuiskii Khim. Geterotsikl. Soedin. 7 902 (1994)

K N Ivanov, T D Chernova, A B Rumyantsev, in Pervaya Konf. po
Dioksinovym Ksenobiotikam (Tez. Dokl) [The First Conference on
Dioxin Xenobiotics (Abstracts of Reports)] (Vol’sk, 1992) p. 8

K Chae, P W Albro, J D McKinney J. Environ. Sci. 17 441 (1985)
M Tomita J. Pharm. Soc. Jpn. 52 429 (1932)

A D Kunzevich, V F Golovkov, S F Chernov, V R Rembovskii,
N M Troshkin, S I Baulin Dokl Akad. Nauk 332 461 (1993)

V N Drozd, V N Knyazev, A A Klimov Zh. Org. Khim. 10 826
(1974)

J W Apsimon, T L Collier, N D Venayak Chemosphere 14 881
(1985)

F R Hewgill, T J Stone, W A Waters J. Chem. Soc. 408 (1964)

A Critchlow, E Halsam, R D Haworth, P B Tincer, N M Waldron
Tetrahedron 23 2829 (1967) -

J Frejka, B Sefranek, J Zika Collect. Czech. Chem. Commun. 9 238
(1937)

C L Jackson, F W Russe Ber. Dtsch. Chem. Ges. 38 419 (1905)

C L Jackson, R D M Laurin Ber. Dtsch. Chem. Ges. 38 4103 (1905)
JY Savoie, P Brassard Can. J. Chem. 47 733 (1969)

A J Fatiadi Carbohydr. Res. 12 130 (1970)

P Saiks Mekhanizmy Reaktsii v Organicheskoi Khimii (Mechanisms
of Reactions in Organic Chemistry) (Ed. V F Traven) (Moscow:
Khimiya, 1991)

J March Advanced Organic Chemistry. Reactions, Mechanisms, and
Structure Vol. 3 (New York: Wiley, 1985)

K V Vatsuro, G L Mishchenko Imennye Reaktsii v Organicheskoi
Khimii (Named Reactions in Organic Chemistry) (Moscow:
Khimiya, 1976)

A S Kende, M DeCamp Tetrahedron Lett. 33 2877 (1975)

A D Kunzevich, V F Golovkov, S Ya Pichkhidze, G M Shuiskii
Dokl. Akad. Nauk 331 320 (1993)

J March Advanced Organic Chemistry. Reactions, Mechanisms, and
Structure Vol. 2 (New York: Wiley, 1985)

F Cattabeni, A Cavallaro, G Galli (Eds) Dioxin. Toxicological and
Chemical Aspects Vol. 1 (New York: Spectrum, 1978)

W D Munslow, G W Sovocool, J R Donnelly, R K Mitchum
Chemosphere 16 1661 (1987)

C Teufl, R Dumler, D Lenoir, O Hutzinger VDI-Ber. 634 257
(1987)

A D Kunzevich, V F Golovkov, S A Chernov Zh. Obshch. Khim.
63 1831 (1993)

A D Kunzevich, V F Golovkov, S A Chernov Dokl. Akad. Nauk
32792 (1993)

A D Kunzevich, V F Golovkov, V R Rembovskii, S A Chernov
Dokl. Akad. Nauk 330 333 (1993)

A K Prokof’ev Usp. Khim. 59 1799 (1990) [Russ. Chem. Rev. 59
1051 (1990)]

T R Govindachari, S S Sathe, N Viswanathan Indian J. Chem. §
128 (1967)

M Tomita J. Pharm. Soc. Jpn. 55 205 (1935)

H Gilman, E A Weipert, J J Dietrich, F N Hayes J. Org. Chem. 23
361 (1958)

J E Oliver J. Heterocycl. Chem. 21 1073 (1984)

M Tomita J. Pharm. Soc. Jpn. 54 165 (1934)

H Gilman, J Dietrich J. Am. Chem. Soc. 80 366 (1958)

Sh Ueda, A Teraoka Yakugaku Zasshi 83 552 (1963)

M Tomita, Sh Ueda Yakugaku Zasshi 80 953 (1960)

133.

134

135.
136.
137.
138.
139.
140.
141.
142,
143.

144.
145,
146.
147.
148,
149.
150.

151.

152.
153.
154.

155.

156.

157.
158.
159.
160.
161.

162.
163.
164.
165.
166.

167.
168.
169.
170.
171.
172.
173.

174.
175.
176.
177.
178.
179.
180.

181.
182,

183.

A D Kunzevich, V F Golovkov, K N Ivanov, S A Chernov

Zh. Obshch. Khim. 64 1722 (1994)

V A Koptyug Arenonievye Iony. Stroenie i Reaktsionnaya
Sposobnost’ (Arenium Ions. Structure and Reactivity) (Novosibirsk:
Nauka, 1983)

A S Kende, ] J Wade Environ. Health Perspect. 5 49 (1973)

J E Oliver, ] M Ruth Chemosphere 12 1497 (1983)

I Baciu, I Tanasescu Rev. Chim. ( Bucharest) 22 654 (1971)

M Tomita J. Pharm. Soc. Jpn. 54 891 (1934)

M Tomita J. Pharm. Soc. Jpn. 56 906 (1936)

M Tomita J. Pharm. Soc. Jpn. 58 130 (1938)

M Tomita J. Pharm. Soc. Jpn. 58 498 (1938)

M Tomita, J Yagi Yakugaki Zasshi 718 581 (1958)

G Olah (Ed.) Friedel - Krafts and Related Reactions Vol. 3 (New
York: Interscience, 1963 ~1965)

G Vasiliu, J Baciu Rev. Chim. ( Bucharest) 22 6 (1971)

G Vasiliu, J Baciu Rev. Chim. ( Bucharest) 23 523 (1972)

M Tomita, Sh Ueda J. Pharm. Soc. Jpn. 8 796 (1960)

D J Brunelle, D A Singleton Chemosphere 14 173 (1985)

P Tundo, S Facchetti, W Tumiatti Chemosphere 14 403 (1985)

P E Rosirs Chemosphere 12 727 (1983)

I B Tsyrlov Khlorirovannye Dioksiny: Biologicheskie i Meditsinskie
Aspekty. Analiticheskii Obzor (Chlorinated Dioxins: Biological and
Medical Aspects. Analytical Review) (Novosibirsk: State Patent
Scientific Technical Library, Siberian Branch of the Russian
Academy of Sciences, 1990)

H Poiger, H-R Buser, in Human and Environmental Risk of
Chlorinated Dioxins and Related Compounds (Eds R E Tucker,
A L Young, A P Grey) (New York: Plenum, 1984) p. 483

H Poiger, H-R Buser, H Weber, U Zweifel Experentia 38 484 (1982)
M T Tulp, O Hutzinger Chemosphere 9 761 (1978)

H Poiger, H-R Buser, in Biological Mechanisms of Dioxin Action
Vol. 18 (Eds A E Pohland, R D Kimbroygh) (New York: Cold
Spring Harbor Laboratory, 1984) p. 39

A E Pohland, G C Yang, N Brown Environ. Health Perspect.59
(1973)

G C Yang, A E Pohland, in Chlorodioxins — Origin and Fate

( Advances in Chemistry Series) Vol. 120 (Ed. E H Blair)
(Washington, DC: American Chemical Society, 1973) p. 33

M Tomita, Sh Ueda J. Pharm. Soc. Jpn. 12 40 (1964)

H J Shine, L R Shade J. Heterocycl. Chem. 11 139 (1974)

G Cauquis, M Maurey Bull. Soc. Chim. Fr. 3588 (1972)

C Barry, G Cauquis, M Maurey Bu/l. Soc. Chim. Fr. 2510 (1966)
R Bell, A Gara, in Chlorinated Dioxins and Dibenzofurans in the
Total Environment (Eds L Keith, C Rappe, G Choudhary)
(Stoneham: Butterworth, 1985) p. 3

T S Zhuravleva Zh. Strukt. Khim. 7 516 (1966)

G C Yang, A E Pohland J. Phys. Chem. 76 1504 (1972)

S P Sorensen, W H Brining J. Am. Chem. Soc. 94 6352 (1972)

R J Wratten, V A Ali Mol. Phys. 13233 (1967)

B Lamotte, G Berther J. Chim. Phys., Phys. Chim. Biol. 63 369
(1966)

B K Bandlish, H J Shine J. Org. Chem. 42 561 (1977)

G A Eiceman, H O Rghei Chemosphere 13 1025 (1984)

K C Donnelly, D H Jones, S Safe Chemosphere 15 1961 (1986)
H O Rghei, G A Eiceman Chemosphere 14 252 (1985)

T L Collier, J W Apsimon, J P Sherry Chemosphere 20 301 (1990)
C A Bradfield, A S Kende, A Poland Moi. Pharm. 34 229 (1988)
K Chae, L K Cho, J D McKinney J. Agric. Food Chem. 25 1207
1977)

M Tomita, Sh Ueda Yakugaku Zasshi 80 353 (1960)

G S-R Ruf, B Lobert Bull. Soc. Chim. Fr. 183 (1974)

M Tomita J. Pharm. Soc. Jpn. 56 65 (1936)

M Tomita Chem. Zentr. 2914 (1936)

M Tomita J. Pharm. Soc. Jpn. 55 1060 (1935)

M Tomita J. Pharm. Soc. Jpn. 56 490 (1936)

L A Fedorov, B F Myasoedov Usp. Khim. 59 1818 (1990) [Russ.
Chem. Rev. 59 1063 (1990)]

V Marshall Major Chemical Hazards (New York: Wiley, 1987)
O B Chastnikova, N E Polyakova, D V Mitrofanova, in Pervaya
Konf. po Dioksinovym Ksenobiotikam (Tez. Dokl.) {The First
Conference on Dioxin Xenobiotics (Abstracts of Reports)] (Vol’sk,
1992) p. 50

H Greim, K Rosman VDI-Ber. 34 399 (1987)




Dibenzo-p-dioxins. Method of synthesis, chemical properties, and hazard assessment

39

184,

185.
186.
187.

188.

189.

190.

191.

192.

193.
194,
195.
196.
197.
198.
199.
200.
201.

202.

203.

204.
205.

206.
207.

208.
209.
210.
211,
212.
213.
214.
215.

216.

217.

218.

219.

A D Kunzevich, N M Troshkin, S I Baulin, V F Golovkov,

Yu K Nedoshivin, V R Rembovskii Dokl. Akad. Nauk 340 268
(1995)

A V Fokin, A F Kolomiets Priroda { Moscow) 3 3 (1985)

B J Cociba, O Cabey Chemosphere 14 449 (1985)

V R Rembovskii, V N Shapovalov, in Pervaya Konf. po
Dioksinovym Ksenobiotikam (Tez. Dokl. )[The First Conference on
Dioxin Xenobiotics (Abstracts of Reports)] (Vol’sk, 1992) p. 7

A E Gusakov, in Pervaya Konf. po Dioksinovym Ksenobiotikam
(Tez. Dokl.) [The First Conference on Dioxin Xenobiotics
(Abstracts of Reports)] (Vol'sk, 1992) p. 11

E McConnel, in Biological Mechanisms of Dioxin Action Vol. 18
(Eds A E Pohland, R D Kimbroygh) (New York: Cold Spring
Harbor Laboratory, 1984) p. 27

N Nelson, P B Hammoud, C T Nisbet, A F Serafirm, W H Drury
Environ. Res. 5 249 (1972)

S I Baulin, in Pervaya Konf. po Dioksinovym Ksenobiotikam (Tez.
Dokl.) [The First Conference on Dioxin Xenobiotics (Abstracts of
Reports)] (Vol’sk, 1992) p. 47

E E McConnel, J A Moore, in Dioxin. Toxicological and Chemical
Aspects Vol. 1 (Eds F Cattabeni, A Cavallaro, G Galli) (New York:
Spectrum, 1978) p. 137

S Hussain, V Ehrenberg, L Lofoth, G Glivalet Ambio 1 32 (1972)
B D Courtney, J A Moore Toxicol. Appl. Pharm. 20 369 (1971)

S Garattini, A Vecchi, M Sironi, A Montovani, in Chlorinated
Dioxins and Related Compounds. Impact on the Environment
(Oxford: Pergamon Press, 1982) p. 275

K E Appel, A Y Hilderbrandt, W Lingk, H W Kunz Chemosphere
15 1825 (1986)

D Neubert, R Meister VDI-Ber. 634 443 (1987)

A E Pohland, E Glover Mol. Pharm. 9 736 (1973)

J D McKinney, J Fawres, S Jordan, K Chac, S Qatley,

R E Coleman, W Briner Environ. Health Perspect. 61 41 (1985)

T Thunberg, U Ahlborg, B Wahlston Arch. Toxicol. 55 16 (1984)
B N Filatov, E V Kozhevnikov, in Pervaya Konf. po Dioksinovym
Ksenobiotikam (Tez. Dokl.) [The First Conference on Dioxin
Xenobiotics (Abstracts of Reports)] (Vol’sk, 1992) p. 58

S P Krechetov, L M Udintseva, V M Gerashchenko, in Pervaya
Konf. po Dioksinovym Ksenobiotikam (Tez. Dokl.) [The First
Conference on Dioxin Xenobiotics (Abstracts of Reports)] (Vol’sk,
1992) p. 54

T W Goodwin, E I Mercer Introduction to Plant Biochemistry
Vol. 2 (New York: Pergamon Press, 1983)

N M Waldron J. Chem. Soc., C 15 1914 (1968)

C Kandaswami, P V Subba Rao, P M Nair, C S Vaidyanathan
Can. J. Biochem. 47 375 (1969)

P M Nair, L C Vining Arch. Biochem. Biophys. 106 422 (1964)

W G C Forsyth, V C Quesnel, ] B Roberts Biochem. Biophys. Acta
37 322 (1960)

C Kandaswami, C S Vaidyanathan Biochem. J. 128 30 (1972)

H Kondo J. Pharm. Soc. Jpn. 511 1 (1924)

H Kondo, M Tomita J. Pharm. Soc. Jpn. 52 139 (1932)

M Tomita, C Tani J. Pharm. Soc. Jpn. 62 468 (1942)

M Tomita, C Tani J. Pharm. Soc. Jpn. 62 481 (1942)

I R C Bick, A R Todd J. Chem. Soc. 6 1606 (1950)

B Anjaneyulu, T R Govindachari, N Viswanathan Tetrahedron 27
439 (1971)

B Anjaneyulu, T R Govindachari, S S Sathe, N Viswanathan,

K W Gopinath, B R Pai Tetrahedron 25 3091 (1969)

A K Ray, G Mikhopadhyay, S S Mitra, R P Guna, Biswapati
Mukherjee, Atta-ur-Rahman, Aisha Nelofar Phytochemistry 29
1020 (1990)

H H Lee, B D Palmer, M Boyg, B C Baguley, W A Denny J. Med.
Chem. 35 252 (1992)

A D Kunzevich, V F Golovkov, S A Chernov, S I Baulin,

N M Troshkin, V R Rembovskii Dokl. Akad. Nauk 341 693 (1995)
A D Kunzevich, E V Kuchinskii, I T Polyakov, V F Golovkov,

A A Druzhinin, V N Syutkin Dokl. Akad. Nauk 335 326 (1994)



Russian Chemical Reviews 65(1) 41-79 (1996)

©1996 Russian Academy of Sciences and Turpion Ltd

UDC 546.72;547.7/8

Heterylferrocenes. Synthesis and use

M-G A Shvekhgeimer

Contents

I. Introduction
I1. Compounds containing three-membered heterocycles
II1. Compounds containing four-membered heterocycles
IV. Compounds containing five-membered heterocycles
V. Compounds containing six-membered heterocycles
V1. Compounds containing heterocycles with more than six atoms
VII. Biological activities and applications of heterylferrocenes

Abstract. Data on the synthesis of ferrocene derivatives
containing heterocyclic substituents linked directly to the
ferrocene system or separated from it by a chain of carbon
atoms are described systematically and surveyed. Data on the
biological activities and applications of these compounds are
presented. The bibliography includes 229 references.

1. Introduction

In 1951, Kealy and Pauson! reported for the first time the
synthesis of ferrocene and in the same year the first organic
compound containing the ferrocenyl and heterocyclic groups was
obtained.2 Such compounds immediately attracted the attention
of many investigators and in subsequent years ferrocene
derivatives were synthesised in which there are various hetero-
cyclic substituents both linked directly to the ferrocene system
and separated from it by a chain of carbon atoms. The
considerable interest in heterylferrocene was aroused not
only by the unusual chemical behaviour of the ferrocene
system, which enters into electrophilic and radical substitution
reactions, but also by the unusual properties of the
heterocyclic residue due to the presence of the ferrocene
fragment. In addition, diverse biological activities of these
compounds were observed. It is also significant that heteryl-
ferrocenes have found extensive practical applications as
medicinal preparations, as components of nonsilver photo-
sensitive compositions and materials, as dyes, and also as
additives improving the most important characteristics of
rocket fuels and explosives.

The first review devoted to the synthesis of ferrocene
derivatives with heterocyclic groups appeared in 19713 It
presented an analysis of studies published up to the middle of
1971. The literature data on the synthesis of compounds
containing heterocyclic nuclei condensed with the ferrocene
system were surveyed in a later communication. The present
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author’s previous review > was fully devoted to the chemistry of
heterylferrocenes, but it dealt mainly with studies which had been
published up to 1972.

The present review gives a systematic account and surveys
data published after 1971. Earlier studies containing interesting
and important results which were not reflected in subsequent
publications are considered as an exception. The review includes
data on the synthesis of compounds containing the ferrocenyl
group linked directly to an atom of the heterocycle as well as
compounds in which the ferrocenyl and heterocyclic groups are
separated by a chain of carbon atoms. Compounds in which the
ferrocenyl system is condensed with the heterocyclic nucleus,
ferrocenophanes, as well as compounds containing the ferrocenyl
and heterocyclic groups separated by heterocycles or chains
incorporating heteroatoms are not considered. The review
presents data on the biological activities and applications of
heterylferrocenes.

Sections II-VI present information about the synthesis of
compounds containing heterocyclic nuclei with three, four, five,
six, and more atoms. In each of these sections, the derivatives of
ferrocene containing nitrogen, oxygen, and sulfur atoms in the
heterocyclic nuclei are considered in succession. Next compounds
with heterocycles containing simultaneously nitrogen and oxy-
gen, nitrogen and sulfur, or oxygen and sulfur atoms are
described. At the end of each section, data are presented on
other heterocyclic systems. Each section deals at the beginning
with compounds in which the ferrocenyl group is linked directly
to an atom of the heterocycle and then with compounds
containing the ferrocenyl and heterocyclic groups separated
by a chain of carbon atoms. If the compound contains two
or more heterocyclic nuclei (condensed or noncondensed), then
its location in a particular section is determined by the
heterocyclic system closest to the ferrocenyl nucleus.

I1. Compounds containing three-membered
heterocycles

When ferrocenyl azide is irradiated with UV light in cyclohexene,
the aziridine derivative 1 is formed in a low yield.® The reaction
evidently proceeds via the intermediate generation of the
nitrene 2, which adds to the double bond of cyclohexene. It
has been noted that the aziridine 1 is formed both under nitrogen
and under oxygen atmospheres. Consequently the nitrene 2 exists
in the singlet state.
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FcN3 —N> FeN: Fc-—N(j
-N;

2 1
Here and henceforth Fc = ferrocenyl (n®-CsHy)Fe(1>-CsHs).

When the aziridine derivatives 4 interact with the chloride of
ferrocenecarboxylic acid in the presence of triethylamine,
N-ferrocenoylaziridines 3 are obtained.”

O O
Fc—< + H M» >—N
Cl R Fc R
R! R!

4 3
R,R! = H, Me.

On N-acylation of the monosubstituted aziridine deriva-
tives 5 by the chlorides of ferrocenyl-substituted mono-
carboxylic and dicarboxylic acids 6 in the presence of
potassium carbonate at 10—30 °C, compounds 7 are produced
in 40%-90% yields.®®

@—(CHZ)H —Cocl

K2CO0s,
_— . =
@—RI * HNq—Rz CH,Cl; or PhH
6
i
@—(CH;),.—C——N: [ R2
— Fe
S
7
n=0-3; R! = H,COCl; R? = H, Me, Et;

.

The tetrafluoroborates of the a-ferrocenylcarbonium ions 8
and trimethylferrocenylmethylammonium iodide have been used
recently for the N-alkylation of aziridine derivatives.!®

+
FcCHRBF;, (8) T
R! R!
HN: — + —» Fc—CH—NC I
FcCH;NMes I~

R = H, Me, Ph, Fc; R! = H, Me, Et.

Compound 9, containing two epoxy-groups, has been
synthesised in 44% yield by the reaction of 1,1’-dilithioferrocene
with epichlorohydrin at —40 °C.!!

@"Li ‘s W/CHzCl @CHZ_W

Fe ~0°C <C. Y

100h @—CHZ_W

Li 0

A novel method of synthesis of the epoxy-compounds 10
has been described.!?2 The authors believe that, in the reactions
of the carbonyl derivatives of ferrocene with dimethyl-
oxosulfonium methylide, the epoxides 11 are formed in the
first stage and are converted into the aldehydes 12 under the
reaction conditions. The latter react with a further molecule of
the methylide and are converted into compound 10.

O + - R O
Fc—< + Me,SOCH, — H
Fc H

R

R R
Me.SOCH I O
= Fc —CH—A

12 10

— Fc—CH—CHO

R = H,Me.

A mechanism involving the lithiation of the methyl group
attached to the sulfur atom, the interaction of the aldehyde 14
with the lithio-derivative 15, the conversion of the reaction
product into the spiro-compound 16, and the rearrangement of
the latter to a new oxazoline derivative 17 and its cleavage to the
thiirane 13 has been put forward for the synthesis of ferro-
cenylthiirane 13 from formylferrocene 14 and 2-methylthio-4,4-
dimethyloxazoline.13- 14

o
Me S_< BuLi_ jl/ _FcCHO (14)
Me Li---N Me
15
S Q.
|
— Fc--C\H /N Me —
O---i  Me
S
—_— —_—
Fc—l:O (/N Me
L’ Me
16
C|H28 Li
—_— Fc—CH—v \ —_— FC_AS
N- Me
17 Me 13

German investigators!® synthesised unusual heterocyclic
compounds containing ferrocenyl groups. Thus the reaction
of FcPCl, FcPH2, and (PhiP);Pt(C;H4) in the presence of
diazabicycloundecene (DBU) resulted in the formation of
(diferrocenyldiphosphene)bis(triphenylphosphine)platinum(0)
18 in a quantitative yield.

FcPCl, + FcPH; + (PhsP),Pt(C,Ha) %
FcP——PF¢
\. /
— Pt
PhsP” - “PPh;
18

Triferrocenyltriarsirane (19) has been synthesised in 66%
yield by the reduction of FcAsCl; with lithium tetrahydroalu-
minate in boiling ether.!’

. Et;0 FcAs——AsFc
3 FcAsCl, + LiAlH,4 - /
refluxing, 3 h As
Fc
19
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The latter was made to react with (PhiP),Pt(C,H4) at room
temperature, which led to compound 20 in 68% yield.

FcAs===AsFc

19 + (Ph;P),Pt(CoH II-E‘——’ \Pt/

+ (Ph3P)2Pt(C2Ha) 20 °C. 128 AN
Ph;P PPh;

20

I11. Compounds containing four-membered
heterocycles

Numerous derivatives of 4-ferrocenylazetidin-2-ones 21 have
been synthesised by the addition of chloroketene (synthesised
from chloroacetyl chloride) to ferrocenylmethylideneimines
22.156-20 The reactions were carried out in dioxane at
20-25 °C, the reaction time (ranging from several hours to
several days) depending on the structure of the initial imine 22.
The reaction products and their yields are listed in Table 1.

O )
2 Et:N, dioxane, or PhH
AN 20-25°C

Cl

Fc N—R!
~ T

(o}

Fc—CH=NR + CICH,—C
22

—

21

There are no literature data on the derivatives of ferrocene
containing four-membered heterocyclic rings with oxygen atoms
in the ring.

A series of 3-ferrocenylthiete derivatives have been syn-
thesised from acetylferrocene 23.2! Thus its treatment with
dimethylamine in the presence of TiCly leads to a-dimethyl-
aminovinylferrocene 24 (yield 89%), which affords the sulfone 25
(yield 46%) on treatment with methanesulfonyl chloride in the
presence of triethylamine. The sulfone may be reduced to the
thietane 26 (yield 78%) and also deaminated by treatment with
H>0; in an acid medium to 3-ferrocenyl-2 H-thiete dioxide 27
(yield 34%). Compound 26 was converted in two stages into
3-ferrocenylthiete 28 (yield 36%).2!

CH,
' 4
FcCOMe + Me;NH TiCls, PhH, N, Fe—0~C MeSO.Cl, Et;N
0°C \ PhH, 0 °C
23 NMCZ

24

H20;, MeCOOH,

{MeC0),0 Fe—=
NMe; — HOz
Fc 27
J—— pu—
SO, NM
25 LiAlH,, E:0 e
» Fc I —_—
0°C !
26

Fc——
—
H
28
On heating ferrocenyldichlorophosphine with lithium tetra-

hydroaluminate in ether, tetraferrocenyltetraphosphetane 29 is
formed in 11% yield.!$

Fc\ /Fc
LiAl —_—
4Fcpcl, A ELO_ }l’ ll)
refluxing, 1 h
/P—P\
Fc Fc
29

IV. Compounds containing five-membered
heterocycles
3-Ferrocenylpyrrole is formed in 21% yield on reduction of the

dinitrile of 2-ferrocenylsuccinic acid 30 with diisobutylaluminium
hydride (DIBALH) and subsequent hydrolysis.??
1. DIBALH
—_————

Fc
2. H.0 [I I]

F N
¢ H
30

NC—CIH—CH2CN

In the presence of sodium hydride, methyl 3-ferrocenyl-
acrylate reacts with the isonitrile 31, affording 3-ferrocenyl-
4-methoxycarbonylpyrrole.2}

Fc—CH=CH—COOMe + 4MeC¢HNC LMSO—EG0, Nal

31
FCUCOOMC
H (55%)

The cyclocondensation of the oximes of the acylferrocenes 32
with ethyne on treatment with alkali leads to the pyrrole
derivatives 33.24 It has been noted that, when the reaction is
carried out in a microwave oven, the yield of the reaction
products increases appreciably.

PR | o=y KOH-DMSO Rj@ |
N—OH Fc
H
32 33

Ferrocene derivatives containing a phthalimide residue have
been synthesised by heating the halo-derivatives 34 with copper
phthalimide.?5-27

0
@_X . Ny 130-150°C
O —x 2-25h
u o
o
N
—» Fe :: :
L ©

X R R! Yield (%)
M
Br oc” | o oc-co 37
co Cco
Cl Ph Ph 49
Br Br H 8.5
o}
Br Br @iN_ 47
o}
I H H 73
o}
N._
I I @:‘i 35
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Table 1. The initial imines 22 and the 4-ferrocenylazetidin-2-one derivatives 21.

R R! Yield of 21 (%) Ref.
2-Py 2-Py 12 16
Fc N—
FcCH=N- CIR 10 16
0
H;NCONH — H;NCONH — 2 16
H;NCSNH — H;NCSNH — 18 16
— 0
o e y y
i A0
H
0PN
H
O -Orp : :
N N
(J (J o
| AT
SOz©—N=CHFc SOz-QN—CHFc
Ph Ph
| Fc 1 Fe 70 17
No _N—COMe No _N—COMe
1 1
Ph Ph
i i
0N —@—ﬁ—@— om—@—ﬁ—@ 100 18
0 o}
g ? o g ? o
I I
s, N—S S N—-ﬁ 40 19
70 20

et as

(R2 =H, C])

e -

(R2 = H,Cl
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In the presence of an alcoholic solution of NaOH, the
aldehyde 14 condenses with 2-acetyl-1-methylpyrrole, while the
ketone 23 condenses with 2-formyl-1-methylpyrrole to form the
corresponding chalcones 35 and 36,28

NaOH, EtOH | I

14 + Me I I ——
I~|I 20°C,18h  Fe~r® I\|I
O Me O Me
35, 48%
2+ H | || ~eoH,Ew0H Fe [
1~|1 20 °C, 14 h IT
0 Me 0 Me
36, 40%

The alcohol 37 has been synthesised from the bromo-
derivative 38 and FcCHO 14.2°

(CHz)sBr (CHz)sMgBr
| l Mg, Et,O | ” _1;4_>

III N
SiMes SiMe;
38

U—(CHz)s—ClH—FC

- Ii[ OH
SiMe;
37

The synthesis of N-(2-ferrocenylethyl)pyrrole from

2-hydroxyethylferrocenyl toluene-p-sulfonate and potassium
pyrrolide has been described.

Two procedures have been proposed for the synthesis of
N-ferrocenylmethylpyrrolidine: the interaction of ferrocenyl-
methyl(trimethyl)ammonium iodide with pyrrolidine in the
presence of aqueous sodium hydroxide3%-3? and condensation
of ferrocene with formaldehyde and pyrrolidine (yield 50%).3?

Unusual compounds have been obtained by the reactions of
complex 39 with unsaturated compounds.’* The interaction with
fumaric acid ester affords the tetraester 40 (solvent - pyridine,
refluxing for 2.5 h, yield 44%), while the reaction with 1,1-
diphenylethene gives rise to the derivative 41 (inert atmosphere,
in the dark, heating up to 136 °C for 3.5 h, yield 7%).

Fc -—(fH—N(j

Cr(CO)s
39
B .
MeOOC%COOMe Ph” “CH:
FC_?H—NO CH,CHPh,
MeOOC—CH—CH.__ HC—C—N(:‘
COOMe
MeOOC—C PhC  Fe
MeOOC—CH
40 41

The group Y in compound 42 is substituted on treatment with
pyrrolidine or its derivatives (refluxing in methanol for 5-8 h or
maintenance in acetonitrile at 20 °C for 12 h); the yields of the
products 43 are 55% — 88%.35.36

P(X)Ph;
Rl
CH(Me)Y
Fe + HN —
(@)=
42
P(X)Ph. R!
@—CH(Me)—N )
—» Fe
{O—r
43
X Y R R'
o} NMe; H H
—_ OAc H CHzNMez
— OAc H Me
— OAc PPh, H
— OAc H H

The reaction of 3,4-dimethylpyrroline-2-one with FcCHO
results in the formation of the product 44 of the kinetically
controlled addition almost exclusively in the form of the

(Z)-isomer.3”
R—p=—="Me
NaOH, MeOH | 14
—_——— - —
N
H

R-ﬁMe

N (0] (0}
H
RT/E_— Me
Fc—HC N (6]
| H
o-
R—p——=Me
H
— \c; :N: ;o
| H
Fc
44
R = H,Me.

If 3-methylpyrrolin-2-one is made to react with the aldehyde 14,
then the product 44 (R=H) is formed as a 1: 1 mixture of the (Z)-
and (E)-isomers.38

In the synthesis of the amide 45, the reaction of FCCHO with
the arsonium salt 46 was carried out in the presence of potassium
carbonate in aqueous tetrahydrofuran (THF).3°

.
14 + PhsAsCH, —C—N(j X:C0,, THR B

Br—
46

—» Fc —CH=CH—ﬁ—N<j
O

45

In the presence of ZnCl,, the aldehyde 14 reacts with two
molecules of indole, producing the ferrocene derivative 47.40
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FcCH
14+2©j Zncl,  Fo "[‘:@
N N
H

H 2
47

When the ferrocenyl carbinols 48 are treated with strong
acids, highly reactive a-carbonium ions are formed. However,
when strong acids are employed, the reaction is complicated by
oxidation— reduction processes due to the presence of the
ferrocene fragment in the substrate. In order to suppress these
processes, the reaction is carried out in the CH>Cl,-H,0O two-
phase system and the KU-2 cation-exchange resin is employed
instead of strong acids.*!-45 The [Fc~CHR]* cations readily
react with nitrogen heterocycles, affording the ferrocene deriv-
atives 49 in 60% ~80% yields.

HX, CH,Cl,—H;0 R'H

Fc—CH—OH » [Fc—CH]* X- —
and CHzClz— KU-2
R R
48

— Fc—CH—R!

R

49
R = H, Mg, Ph, FcCH=CH; R! = — , _.E_/©
<7 X
H

X = BFy, ClO; .

Refluxing of an alcoholic solution of FcCOMe 23 and isatin
50 in the presence of diethylamine for 1 h and subsequent
standing at room temperature for several days led to the synthesis
of compound 51 in 93% yield.4¢

OH
O Et,NH, EtOH 0
23 + —_—
(o] N O Fc
H H

50 51

The naphthopyrrole derivatives 52 have been obtained in
80%—85% yields by heating the dibromo-derivative 53 with
2-aminonaphthaline.#’

(o]

)j\ ?r NH 100 °C, 10 mi
Fc ?H—-CH—-—Ar + LA LLLN
Br 53
0
Fc — Ar
408
52

Ar = Ph, 4-CICsH4, 3-O.NCsHa, 4-O:NC¢H, .

The dyes 54 and 55, containing the ferrocenyl group, are
formed as a result of the condensation of the perchlorate 56 with
the immonium salts 57 and 58.48

Me
Me
>+
Me
Me Cl0;
56
+ +
C1WNMe2 PhNHWNMez
Fe clo; 57 Fc c1-  (s8)
DMF Et;NH, EtOH
100°C, 15 min refluxing, 2 h
Me Me
Me Me
xt g
H(|3=CH 1\|1 H(|:=CH |
ﬁl—l Me Clo; (ﬁH Me CI-
“ 7
Fc 54 Ph Fc 55

The ferrocenium cation, arising on interaction of ferrocene
with concentrated sulfuric acid, reacts with diazotised 5-amino-
2,3,3-trimethylindolenine, which results in the formation of
5-ferrocenyl-2,3,3-trimethylindolenine in 23% yield.4®

Me +
N, Cl— .
P+ Me 5—8°C,0.5h
Me
H
Me
Me Fc
—_—

Me N
H

The 1,3-dienes 59, containing a ferrocenyl substituent, are
capable of undergoing the diene synthesis reaction with
N-substituted maleic acid imides 60.5%5! A mixture of the
endo- and exo-isomers is formed as a rule and the endo-isomer
has been obtained exclusively only in the case of the diene 59
(R = Me, R! = H).

o

Fc

R R R'
H H Ph
H H PhCH:
Me H Ph
H Me Ph
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Schmidt et al.52 synthesised meso-tetrakis(d-ferrocenyl-
phenyl)porphyrin by condensing 4-ferrocenylbenzaldehyde
with pyrrole.

4FCOCHO + 4 [| |] Zn(OA9),
N

The direct conversion of ferrocene into a heteryl derivative
has been achieved by treating ferrocenium hexafluorophosphate
with the sodium derivatives of pyrazole or 3,5-dimethyl-
pyrazole.$  1-Ferrocenylpyrazole and l-ferrocenyl-3,5-di-
methylpyrazole were synthesised. The following process
mechanism has been put forward:

R R
FcH* + | _ 1I\I — FcH + | 1|\I| —_—
RT N~ R™ N~

3-Chloro-3-ferrocenylacrylic aldehyde 61 and 3-chloro-3-
ferrocenylacrylonitrile 62 are convenient starting compounds
for the synthesis of ferrocenylpyrazoles. Thus the condensation of
the aldehyde 61 with hydrazine hydrate or phenylhydrazine
hydrochloride leads to the formation of S-ferrocenylpyrazole and
5-ferrocenyl-1-phenylpyrazole respectively.>

Cl
EtOH
C=CH—CHO + . —_—
RNHNH; - HX 80°C.3_7h
Fc 61
I |
N N
Fc l\ll/
R
R HX Yield (%)
H HO 18
Ph HCI 41

If the nitrile 62 is introduced into the reaction with hydrazine
hydrate, then the product is 3-amino-5-ferrocenylpyrazole (yield
68%).

The reactions of acetoacetylferrocene 63 with hydrazine
and its derivatives may lead to the formation of the two
isomeric pyrazoles 64 and 65. However, only the isomers 64
have been isolated from the reaction mixture.’® The author
explained this by the smaller steric hindrance in the cyclisation
stage.

o O

M + RNHNH»
Fc Me

63
EtOH l 60 °C,8h

RHN—N (0] O N—NHR
Fc Me Fc Me
Fc [ | Me Nl I
N.
\| Me \I\‘I Fc
R
64 65
R H Me Ph 2,4-(02N)2C6H3 CONHz
Yield (%) 81 30 70 21 90

A similar situation is observed in the condensation of the
tetraketone 66 with hydrazine and its derivatives. Out of the three
possible regioisomers, only the isomer 67 is formed. Together
with steric factors, the stability of the corresponding intermediate
hydrazones apparently plays a no less important role.*

R

0] (o] N\N
& o
Fe + RNHNH; — Fe
@\’m‘/Me @-WMe
N
O O l\II/

R
66a,b 67a,b
Compound R Yield (%)
a H 60
b CONH; 80

1-Benzoyl-1'-(5-trifluoromethylpyrazol-3-yl)ferrocene  has
been synthesised by condensing 1-benzoyl-1'-(4,4,4-trifluoro-3-
oxobutanoyl)ferrocene with hydrazine.>¢

An unusual method of synthesis of 3-ferrocenylpyrazol has
been described.’” Acetylferrocene 23 was treated with ethyl
formate in the presence of sodium ethoxide in toluene, after
which the reaction mixture was treated initially with hydrazine
hydrochloride in water and then with hydrazine hydrate in
methanol. The yield of 3-ferrocenylpyrazole reached 61%.

a,y-Diketoacids of the ferrocene series and their esters have
been used successfully as the starting compounds in the synthesis
of ferrocenylpyrazoles. Thus condensation of the diester 68 with
hydrazine (in the presence of acetic acid) or with phenylhydrazine
afforded the corresponding pyrazole-containing diesters 69 (the
yields of compound 69a and 69b were 56% and 52% respec-
tively).>® It was shown in the same study that the dihydrazide 71 is
formed in 76.5% yield after brief refluxing of the dicarboxylic acid
70 with an excess of hydrazine.
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(o} [0}
COOE: EtOH, AcOH
tOH, Ac
Fe + RNHNH; refluxing, 0.5h
COOEt
0 O
) |
N.
A
I cookt
— Fe
I | COOEt
N/N
R
69a,b
R = H(a), Ph (b)
(0] (o}
COOH EtOH, AcOH
tOH,
Fe + H:NNH, refluxing, 10 min
COOH
(o] (0]
70 g
[
I CONHNH,
— Fe
| I CONHNH-
N/N
H
7

Depending on the reaction conditions, either 3-ethoxy-
carbonyl-5-ferrocenylpyrazole 73 or the hydrazide of 5-ferro-
cenylpyrazole-3-carboxylic acid 74 may be obtained from the
ethyl esters of a-hydroxy- or a-amino-f-ferrocenoylacrylic acids
72 and hydrazine.®

(0] R

/ll\)\ + H,NNH, —»
Fc COOEt
72
COOEt
| f
EtOH, AcOH _ F¢ N/N

refluxing, 1 h H
73 (90%)
CONHNH:
EtOH, H,0 | IN
20 °C,24h Fc” N~
(R = NHy) H

74 (69.5%)

R = NH;, OH, NHMe, NHEt, NHPri, NHPh, NHCsH4Cl-m,
NHC6H4OMC-0 .

It is of interest that the reaction of B-ferrocenoyl-a-hydroxy-
acrylic acid with semicarbazide in the presence of sodium acetate
and sodium bicarbonate afforded 5-ferrocenylpyrazole-3-car-
boxylic acid.’® Consequently semicarbazide serves as a source
of hydrazine under these conditions.

Derivatives of ferrocenylpyrazolones 75 are formed when the
esters of the ketoacids 76 interact with hydrazine or phenyl-
hydrazine in the presence of acetic acid.®0

0O
COOEt
e OO oy, EOHAcOR
R R! >
76
Rl
—_— Rf—ﬁo
Fe” N N\Rz
75

R,R! = H,Me; R? = H,Ph.

The most general method of synthesis of ferrocenyl-
pyrazolines involves the reaction of the vinyl ketones
FcCR=CR!-COR? or FcCO-CH=CHR with hydrazine or
its derivatives. As a rule, ferrocenylpyrazolines with a hydrogen
atom at the N(1) atom are unstable and are therefore converted
into the N-acetyl derivatives. For example, when the pyrazoline
derivatives 77, obtained from the vinyl ketones 78 and
hydrazine, were treated with acetic anhydride, the N-acetyl
derivatives 79 were isolated in 72%-75% yields.5!

Rl
R R! o Fc
Fc—El—< +HNNH, — RSN A0,
Fe Fc N
H
78 77
Rl
;\—_TFC
R
— N
Fc N~
Ac 7

R,R! = H, Me.

The reactions of the vinylketones 80 with hydrazine and its
derivatives have been investigated in a series of studies;52-¢7 the
pyrazoline derivatives 81 (Scheme 1) were obtained in 60%—95%
yields. When the reaction was carried out in the presence of acetic
acid, the reaction products were the N-acetyl derivatives. For
R! = Ph, the reaction was carried out in the presence of
piperidine.

The pyrazoline derivatives 82 with a different disposition of
the substituents have been synthesised by the cyclocondensation
of the vinyl ketones 83 with hydrazine and its deriva-
tives;47-62.64.65 the yields were 60%—95% (Scheme 2).

The behaviour of polyene ketones in their reactions with
hydrazine and its derivatives has been studied in fair detail. The
ketones 84, containing two or three conjugated double bonds,
react regiospecifically with phenylhydrazine in the presence of
piperidine, affording the pyrazoline derivatives 85 in 86%-91%
yields.%8

//O EtOH,HN )
—_ = —_ e a—
Ph—(CH=CH), C\ + PANHNH: Taeer—y
84 Fc

f"—FC
N

—» Ph—(CH=CH),Z| N

|
Ph 85
n=23.
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Scheme 1 Scheme 2
remcnmcn s oo, 280 LT e o, e, _—
C
80 Rz 83 RZ
R R! R? Ref. R R! R? Ref.
Me H Ac 62 Ph H Ac 62
Me Ph Ph 62 CsH4sOH-4 H Ac 62
Et H Ac 62 Ph Ph Ph 47,62,65
Et Ph Ph 62 CsH4sOH-4 Ph Ph 62
Ph H Ac 62 (n3-CsH4)Mn(CO); H H 64
Ph H H 65 (n*-CsH4)Mn(CO); Ph Ph 64
Ph Ph Ph 62, 65 CsH4OMe-4 H H 65
CgH4Et-4 H Ac 62 CsH4Br-4 H H 65
Ce¢H4E-4 Ph Ph 62 C¢H4Br-4 Ph Ph 65
Ph SO;Ph SO2Ph 63 Ph Fc Fc 65
C¢HsPh-4 SO;Ph SO,Ph 63 Ph H H 65
C6H4Br-4 SOzPh SOzPh 63 Ph H Ac 47
CeH4Cl-4 SO.Ph SO.Ph 63 C¢H,Cl-4 H Ac 47
C¢H4OMe-4 SO;Ph SO.Ph 63 CsgH4NO--3 H Ac 47
C6H4MC-4 SOzPh SOzph 63 C6H4N02-4 H Ac 47
CeH4Et-4 SO;Ph SO.Ph 63 CsHaMe-4 H Ac 47
Ph SO,CsH4sNHAc-4 SO,CsHsNHAc-4 63 Ce¢HgFc-4 H Ac 47
CsH4Ph-4 SO,CsH4NHAc-4 SO,C¢H4sNHAc-4 63
C¢H4Br-4 SO,CsH4NHAc-4 SO,C¢HsNHAc-4 63 ]\ H Ac 47
C5H4C]—4 SOzC6H4NHAC-4 SOzC6H4NHAC-4 63 S
CsH4OMe-4 SO,C¢H4NHAc-4 SO,C¢H4NHAc-4 63 CsHaCl-4 Ph Ph 47
CsHsMe-4 SO,CsH4NHAc-4 SO,C¢H4NHAc-4 63 CcH4NO>-3 Ph Ph 47
C6H4Et-4 SO;C6H4NHAC-4 SOzC6H4NHAC-4 63 C6H4N02-4 Ph Ph 47
(n5-CsHa)Mn(CO)s H H 64 CsHaMe-4 Ph Ph 47
Fc H H 64, 65 Ce¢HyFc-4 Ph Ph 47
Fc Ph Ph 64,65
(m°-CsHs)Mn(CO);  Ph H 64 / \ Ph Ph 47
CsH4sOMe-4 H H 65 S
C¢H4OMe-4 Ph Ph 65
C¢H4Br-4 Ph Ph 65 o
Ph Fc Fc 65
111 /U)‘\'L + RNHNH,
@: j@ H Ac 66 Ph Fe
S 86
EtOH,HN

refluxing, 3—5h

{
S0
S
| !
\@ /L—H——CH=CH—FC CH=CH—Ph
(@]
N[ :E Ph Ph 67 N /[ N

Ph Ph 66

Ph N Fc N

o 1I1 87 1|1 88

R = H,Ph

In the case of the ketone 89, the addition of hydrazine takes
place regiospecifically,%8 whereupon the pyrazoline 90 is formed.
Apart from the electronic factors quoted above, the proximity of
H the carbonyl group and the Fc fragment apparently plays a role.

EtOH,HN )

refluxing, 3—5h

CH=CH—Fc
O + PhNHNH;
(CH=CH),—Ph

The addition of RNHNH, (R = H, Ph) to the divinyl
ketone derivative 86 leads to a mixture of the isomeric
pyrazolines 87 and 88.%% The regioselectivity of the reaction in

favour of the formation of compound 88 has been noted and 89

has been explained by the greater electron-donating capacity (CH=CH)»—Ph
of the ferrocenyl substituent compared with the phenyl — N'

substituent N~

Ph 90 (92%)
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The ferrocenylmethylidene-substituted cyclic ketones 91 are
converted into the bicyclic compounds 92 on condensation with
hydrazine or its derivatives.

0

Fc—CH CH—Fc
+ RNHNH, —»
(CH)»
91
N—T_R
Fc—CP%(CH—Fc
—_—
(CHZ)n

92

R = H, 2,4-(0:N),CeH3; n = 1,2.

The ferrocene derivatives 93 with two condensed pyrazoline
rings have been synthesised by the reaction of the ferrocenyl-
methylidenepyrazolones 94 with hydrazine or phenylhydrazine
(in the presence of piperidine) in alcohol (10 h) or dioxane (3 h),
the product yield amounting to 50% —70%.17-62

HN
R—HT/\E—CH—FC EtOH or C>
+ R2 —_—
N o R*NHNH, refluxing, 3—10h

l

Rl
94 R Fc
N N
\T \RZ
Rl g3

R R! R?
Me Ph H
Me 2,4-(0;N),CsH3 H
Me Ph Ph
Me 2,4-(02N),CeH3 Ph
FcCH=N- Ph Ph

A series of pyrazoline derivatives 95 have been synthesised by
the cycloaddition of the vinyl ketones 96 to diazomethane.53

O O
Fc—CH=CH Fc
+ CH zNz — 1N /NH
N
96 R 95 R

R = H, C], Br, Me, Et, OMe, Ph.

Two methods of synthesis of pyrazolone derivatives contain-
ing the ferrocenyl group in the side chain have been described: by
the condensation of formylferrocene 14 with 3-methyl-1-phenyl-
pyrazol-5-one or by the addition of the latter to the double bond
of the vinyl ketones 97.9°

14 . Me —CH-—Fc¢
Men N\;o
No — |
o Ph

| FcCH=CH—COR Fc 0
LA
~ o)
L

R = 4-MeCsHy, 4-CICsHy, 4-BrCsHa, 4-MeOC¢Hy, 4-PhCeHa.

When the aldehyde 14 is heated with the salt 98 in alcohol in
the presence of piperidine, the monomethinecyanine 99 is formed

in 50% yield.”
EtOH, HNC>
+14

N
CH - refluxing, 15h

NO: N—Et
\ 4

NO: 98

The cyanine dyes 100 have been synthesised by condensing
the pyrazolone derivatives 94 with 1-ethyl-2-methylquinolinium
iodide 101 in the presence of piperidine.!”-°

R —=CH—Fc N
" | EtOH
N\N o) * @ refluxing
| IT Me

R]

Et I-
94

101

R —CH—Fc
—_—
N —
SN SCH—,
L)
Et
-
100

R = Me, R! = Ph, 2,4-(02N);C¢H3; R = FcCH=N-—, R! = Ph.

An analogue of the salt 100 (R = Me, R! = Ph), with a pyridine
instead of a quinoline ring, has been obtained by the same
procedure.®®

Compounds 100 are also formed as a result of the
condensation of the salts 102 with FcCHO.%°

R
N | —
> CH—,
L)
Et

+ 14 —» 100

-
102
R = Me; R! = Ph, 2,4-(0;N),CeH .

The ferrocenylmethyl group can also be introduced into the
9-position in the purine nucleus in two ways: as a result of the
alkylation of 6-X-purines (X = NH, Cl) by ferrocenylmethyl-
(trimethyl)ammonium iodide or aminomethylferrocene.”!
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R

N e
+ T —
K | /| FcCH:R k | )
N 1
CHzFC

R R! R? Conditions Yield (%)
NH; N*Me;l- NH» H>0, refluxing, 6 h 47
Cl  NH, NHCH.Fc  MeOCH,CH,OH, 21

refluxing, 3 h

N-Ferrocenylimidazole has been synthesised by treating the
sodio-derivative of the imidazole with ferrocenium hexafluoro-
phosphate.>?

2-Ferrocenylimidazole and its derivatives 103 are formed in
15% —50% yields as a result of the condensation of FcCHO 14
with the a-hydroxycarbonyl compounds 104 and ammonia in the

presence of copper acetate.”
N. R
Fc—< I
N Rl

) /< (AcO)zCu

14 + +NH3(H20) 70 °C,3h
104

R = H: R! = H, Me, Ph;

R = Me: R! = Me, Ph;

R=R!=Ph; R+ R!'= —(CH3)a—.

The salt 105, which is obtained from imidazole and
benzenesulfonylbenzimidoyl chloride 106, is converted into
1,3-bis(benzenesulfonylbenzimidoyl)-2-ferrocenylimidazoline
107 on heating with ferrocene in benzene.”

NH Cl
| o+ PhSOzN=< —_—
N Ph
106
Ph

[' N FeH,PhH I
- I ltI %I NSOPh " ixing 25h refluxing, 2.5h )\ NSOzPh

/J\Nsozph Ph”” SNSO,Ph
105 107

Ph

The selectivity of the reaction of FECHO with the hydroxyl-
amine derivatives 108-110 is influenced by the nature of the
substituent at the keto-group:’ 2-ferrocenyl-1-hydroxy-4,5,5-
trimethylimidazoline is formed from the methyl ketone 108
(the reaction was carried out at 0 °C for 0.5 h with subsequent
maintenance at 20 °C for 0.5 h; the yield was 30%); the N-oxides
111 and 112 were obtained from the phenyl ketone 109 and the
oxime 110 (in 25% and 60% yields respectively). It has been
suggested that compound 111 is formed as a result of the rapid
oxidation in solution of the intermediate hydroxyimidazoline.”

HO Me
Me Me \N M
Me €
. HONH& Ni.BOWHO |
(0] N:
Me

108

o Me
Me Me \N M
Ph e
14 + HONH NH;, EOH, H.0 Fc—<
20°C,2h
N
Ph
109 11

Me Me
Ph HZSO4, EtOH

refluxing, 2.5h
N—OH

14 + HONH

H

110

The salt 114 was used as the starting material for the synthe-
sis of 2-ferrocenyl-1,3-dihydroxy-4.4,5,5-tetramethylimidazoline
11375

HO
Me \ Me
N—t—Me
Me—1+—NHOH
H+ - H,S04 ::i%”mh Fo—(
Me—1—NHOH s /N——Me
Me HO Me
114 113

5-Ferrocenylhydantoin has been obtained in 85% yield from
the cyanohydrin 115 and ammonium carbonate in aqueous
alcohol (the reaction was carried out at 50 °C for 2 h with
subsequent maintenance at 20 °C for two days).”®

OH EtOH,H,0 F¢

, NH
—————e e
CN o; :N’go
H

Fc—< + (NHg),CO3
115

German investigators’? synthesised a series of derivatives of
2-ferrocenylbenzimidazole 116 (in 70%—90% yield) by condens-
ing FcCHO 14 with substituted 1,2-diaminobenzenes in the
presence of copper acetate.

H,N R R
(Ac0);Cu, MeOH N
14 + S . |
70 °C,2.5h
H> Fc
H
116

R = H, 4-Me, 5-Me, 5,6-Me,, 4-Cl, 5-Cl, 5-Br, 4-NO,,
5-NO;, 5-CN, 5-OMe, 5-NH3, 4,5(—CH=CH—-CH=CH -).

The benzimidazole derivatives 117, containing the ferrocenyl
group linked directly to the heterocycle or separated from it by a
chain of 1-5 carbon atoms, are formed in 45%-98% yields on
heating ferrocenyl-substituted carboxylic acids 118 with sub-
stituted 1,2-diaminobenzenes under an argon atmosphere in the
presence of hydrochloric and boric acids.”

H,N. R
Fe(CH,),COOH + D HC, H,B0, .
Ar, 115-120°C,3—7h
H)N

118
—— N
I l
Fc—(CH),,/L
H

117
R=H@n=1-5),4Me(n=0,1), 5Me (n = 1), 5,6-Me; (n = 1),
4-Cl (n=1), 5-Cl (n = 1), 5-OMe (n = 1),
4,5(-CH=CH-CH=CH-) (n = 1).

Their analogues 117, methylated at the N(1) atom, have been
obtained under similar conditions from the acids 118 (z = 0, 1)
and l-amino-2-methylaminobenzene, while the N-phenylated
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analogue 117 has been obtained from the acid 118 (z = 1) and
l-amino-2-phenylaminobenzene.” The yields of compounds 117
were 54% - 81%.

When benzimidazoles are treated with ferrocenylmethyl-
(trimethyl)ammonium iodide, the N(1) atom is ferrocenyl-
methylated.””- 78

R
+ inl
FcCH,NMe;I- + | —
R! /kN
H
R
il
—_ |
R! /kN

CH:Fc
65% —100%
R = H: R! = H, Me, Ph;
R = 5-NO,: R! = H, Me.

The FcCH; substituent can also be introduced at the nitrogen
atoms of the benzimidazole derivatives 119 by the reaction with
hydroxymethylferrocene in the presence of tetrafluoroboric acid.
Depending on the ratios FcCH,OH:119: HBF4, one or both
nitrogen atoms of the heterocycle are alkylated. The mono-
alkylated products 120 (R2 = H) are obtained for the ratios
1:1:2, while the dialkylated products 120 (R? = FcCH>) are
formed for the ratios 2:1:2.78

FcCH,OH +
R! )\; j

HBFa, CH2Cl2
20 °C 15—30 min

. R
0
|
—_—
R! )\N

CH.Fc BF;

120
R R! R? Yield (%)
H Me H 55
H Me FcCH2 68
6-NO- H H 71
6-NO, Me H 75
6-NO, H FcCH: 65
6-N02 Me FCCHz 62

Ferrocene-containing imidazolines and benzimidazoles are
formed in high yields (80%-93%) on condensation of the
iminoester hydrochlorides 121 with ethylenediamine or 1,2-
diaminobenzene.” 8¢

NH-HCl1
Fc—(CH=CH),—C

121 OMe
N

H;N(CH2).NH, MeOH
65—70°C,2h

—(CH= N
Fc—(CH=CH), H

N
1,2-(HaN),CHs, MeOH )j:—/©
> N
H

65—70 °C " Fc—(CH=CH),

The configuration of the ethene fragment in the product is the
same as in the initial iminoester 121 (n=1).81.82

The reaction of ethylenediamine with the hydrochloride of the
iminoester of 3-ferrocenyl-3-hydroxypropionic acid results in the
formation of 1-ferrocenyl-2-(2-imidazolinyl)ethene 122 in the
form of a mixture of the cis- and trans-isomers.2

N

HaN(CH2);NH

HLNCH2NH, FenvCH=CH—< ]
N

H

Fc OMe

OH NH-HCI

122 (95%, cis + trans)
The condensation of the aldehyde 14 with 2-methylimidazo-

line constitutes a stereoselective method of synthesis of the trans-
isomer of the imidazoline 122.82-84

N N‘}
14+ M —_— /\)L
°_<Nj Fe N
N H

trans- 122

Conditions Yield of 122 (%)

RONa, ROH (R = Me, Et) 54
KU-2, PhH 32

2-(2-Benzimidazolyl)-1-ferrocenylethene has been obtained
similarly from 2-methylbenzimidazole 334

14 + Me—{D

MeONa,
or NaNH; / NH»

N
— Fe—CH=CH—{ D
N
H

31%

2-Mercaptobenzimidazole reacts in the thiono-form with two
molecules of ferrocenyl vinyl ketone in the presence of potassium
fluoride, affording the adduct 123 in 94% yield.?3

H
N

)—SH + 2 FcCOCH=CH,
N

KF/ A]203, MeCN
20°C,2h,60°C,2h

O
CH>,—CH,
I Fc
N
N
| 0
CH, —CHz—‘{
123 Fe

In the reaction of 3-acetyl-2-thiohydantoin with FcCHO on
aluminium oxide, deacetylation takes place together with
ferrocenylmethylation; the reaction product is compound 124

(yield 75%).86
CHFc
HN—/E

124

A1203

HN—/L
+
S)\bll o TW¥ W

Ac
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The synthesis of 2-ferrocenyl-5-mercapto-4-phenyl-1,2,4-tri-
azoline by the condensation of phenyl isothiocyanate with the
hydrazide of ferrocenecarboxylic acid has been described.?”

In the presence of acetic acid, the ferrocenylcarbinols 125
react regiospecifically with S5-nitro- and 3,5-dinitro-1,2,4-tri-
azoles, forming the products of alkylation at the N(1) atom.®8
The ferrocene derivatives 126 with heteryl-containing substitu-
ents in both rings can be obtained under these conditions.

R
| R?
©—CH_OH N Il AcOH

Le + /U\N/N 30 °C.1—15h
H

S
125 O,N

P

\
Fe N:L

O)N

R3 R?
126
R R! R? R3 Yield (%)
H H H H 42
Me H H H 57
Ph H H H 18
H H NO, H 12
Me H NO, H 14
O;N
H CH,OH H )§N 60
—CH,—N
\
O.N
Me
Me CH(Me)OH H | N 53
—CH—N\ A
N
O:N
Me CH(Me)OH NO, 14

Me
| )§N
—CH—N\
NO3z

The alkylation of the sodio-derivatives of 5-nitro- and 3,5-
dinitro-1,2,4-triazoles by chloromethyl- and 1,1'-di(chloro-
methyl)-ferrocenes 127 also takes place regiospecifically at the
N(1) atom. The yields of the products 128 are 50% —80%.8%.90

Rl
C CH,CI N )N"\ - "/ MexCO
R N 'ﬁ?’LN refluxing 4~ 6 h
127 Na® oN
2
=
N
— Fe N=
1
R R
128
R R' R?
H H H
H NO, H .
2
CHCl H _ CHZ_N#N
N N)
0N
CH,Cl NO: SN

The reaction of the sodio-derivative of benzotriazole with the
salts 129, formed from the ferrocenylcarbinols 125 and HBF,,
leads to N-substituted benzotriazoles 130 in 54% —96% yields.4?
According to the authors, the reaction proceeds via a stage
involving the one-electron oxidation of the benzotriazole anion.

R +
|
125 + HBF, — [Fc——CH BE; —»
129
N. Fc—CH—R
v
Na* Ni\—@ I
_ NF N
N
CH:Clz N//
130
R H Me Ph FecCH=CH Fc ©j‘
N’
Reaction 025 125 175 20 0.5 0.5
time/h

The alkylation of the substituted benzotriazoles 131 by
treatment with the ferrocenylcarbinols 125 in 48% aqueous
HBF, in the course of 3-5 min leads to the salts 132 in
92%-96% yields.!

lll Fc—CH;
@-—CH—OH N,
B N @[ Yo e
O P N
125 131
RZ

+

R
|
— @—CH—N\\N/N——CHch
Fe

. BF;
@—R

R =H,Me; R!=H,CH0H; R?= H, Me, Br, NO;;

132

.
R}=H, —CH-N_ N-CH,—Fc.
N
BF;

The alkylation of tetrazole and its derivatives 133 by
various cationoid ferrocene-containing reagents has been
investigated.®®52 The reagents employed were the alcohols 125
of the ferrocene series, which readily generate a-ferrocenyl-
carbonium ions in an acid medium, as well as o-haloalkyl-
ferrocenes 127. In these reactions, electrophilic functional groups
were present in only one as well as in both rings of the ferrocene
system.

1 1
CH—OH ©—CH—0H
Fe Fe
@—C':H—OH
R
125(R! = H) 125[R! = CH(R)OH]
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@-CHzCI
Fe
©—CH2CI

127 (R = CHCl)

@—cma
Fe
S

127 (R = H)

Treatment of tetrazole (or 5-R!-tetrazole) 133 or of its sodio-
derivative by the above reagent gave the products of alkylation at
the N(1) atom (compound 134) or the N(2) atom of the tetrazole
ring (compound 13S).

R
| 3
Oy
Fe 111 |N
R! Ny
N—r( (&) N
= 134
N% /NH 125 (R! = H)
N
133 /N=
CH—N\
Fe N= 1
R
135

It has been observed that tetrazole and its alkyl derivatives
(R! = H, Alk) are alkylated nonselectively, which results in the
formation of a mixture of regioisomers (compounds 134, 135, and
136-138). The introduction of electron-accepting or aromatic
substituents (R! = Ar, NO;) into the tetrazole ring promotes
substitution at the N(2) atom. In the case of 5-nitrotetrazole, only
the N(2)-alkylated derivatives are obtained (compounds 135 and

137).

=N

136 137

138

The influence of the acidity of the medium on the selectivity
of the alkylation of tetrazole by the alcohols 125 has been
investigated.®® It was found that alkylation at the N(I) atom
predominates in an acid medium.

The ferrocenylfuran derivative 139 has been obtained in
45% yield by heating a mixture of diphenylethyne with
pentacarbonylfferrocenyl(methoxy)carbene]chromium(0) 140 in
dibutyl ether.%¢

QMe
Ph—C=C—Ph + Fc—C===Cr(CO); —uOBU
140 80 °C,4h

Y

e
7\
MeO O Fc
139

A mixture of the two dihydrofuran derivatives 141 and 142
is formed as a result of the reaction of vinylferrocene with
tris(3-iodopentane-2,4-dionato)cobalt 143 in the presence of
palladium acetate and triphenylphosphine.®s

Me
e}
\ PPhs
—CH==CH, + /
Fe H, I «[3C° "Pd(0Ac),
0
Me
143
Fc
Fc
—_— 0: /l Me 0: /I Me
Me O Me O

141 142

2-Ferrocenyltetrahydrofuran and its derivatives 144 have been
synthesised in 90% —95% yields by the dehydrocyclisation of the
corresponding 1,4-diols 145 on treatment with sulfuric acid or on
heating in vacuo.?6-97

R 1
R H2S04 R R!
Fc R2 ——->H o F o R?
— 1Y
OH OH ¢
145 144
R R R?
H H H
Ph Me Me
Ph Me Et
Ph Pr Pr
Ph —(CH)n— (n = 4, 5)

The unsaturated alcohols 146 or the 1,4-diol monoethers 147
are converted into the tetrahydrofuran derivatives 148 by the
reaction with trifluoroacetic acid and subsequent treatment with
an aqueous solution of sodium carbonate. According to the
authors,”® the reaction proceeds via a stage involving the
formation of the carbonium ions 149. The yields of compounds
148a,b were 84% and 88% respectively.

R

:/—VR
FcCH OH R R
146 CF;COOH .. * ﬂ Na:CO
as
. 2 FcCH OH H—'o—:‘»
ﬂR 149 :
Fc(IIH OH
OMe 147

R
Fc O R

R = H (a), Me (b) 148a,b
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Japanese investigators have described a new method
of synthesis of 2,5-diferrocenyltetrahydrofuran derivatives
15099180 They treated the alcohols 151 or the alkenes 152
with oxygen in hexane in the presence of silica gel or acid
aluminium oxide.

Fc Me
OH
R R R
151 0., hexane O O
—_
Fc CH:
Fc O Fc
] 150
R
152

The authors believe that the reaction proceeds via the inter-
mediate formation of a peroxide as a result of the oxidative
dimerisation of the initial compounds.

When 1,6-dioxaspiro[4.4]nonane 153 is activated by Lewis
acids (AICl;, BF3), it is capable of alkylating ferrocene with the
opening of one of the rings of the spiro-system.!9192 After
treatment with water, 2-ferrocenyl-2-(3-hydroxypropyl)tetra-
hydrofuran 154 is formed in 55%—89% yield.

O
AICl;, BF3-OFEt,, N3, CH,CL Fc\‘
[)@ + FCH 3 : 2 2 2 3
25°C, 16 h HO(CH,); ©

153 154

Ferrocene adds to the dihydrofuranone derivative 155 under
similar conditions.103

| AICl3, N2, CHoCh, Fe
+ FcH ————
R 0O 0 20 °C R O O

155

2-Ferrocenylfuran-5-carboxylic acid has been synthesised by
the cyclocondensation of 3-chloro-3-ferrocenylacrolein 61 with
glycolic acid. It was noted that, when the reaction is carried out in
a microwave oven, the yield of the cyclocondensation product
increases appreciably.?4

The interaction of the diketone 156 with benzoquinone in the
presence of Et;O-BFj; results in the formation of the benzofuran
derivative 157 in 30% yield.!104

The alcohols obtained from 3-ferrocenoylpropionic acid or its
methyl ester cyclise to the tetrahydrofuranone derivative 158 on
treatment with MeMgl or NaBHj, in situ.%8.105

The acylation of ferrocene by the chloride of 5-(2-furoyl)-
valeric acid in the presence of aluminium chloride is
accompanied by the intramolecular crotonic condensation; the
final reaction product is 2-ferrocenyl-1-(2-furoyl)cyclopentene
159,106

55
O
F (CHZ)"MC BF;OEt, CHCly
g T wecin
(CHz)9Me
0
156
(CH)sMe
Ho S
TE -
OH (CH2)sMe
o
CHz)gMC
—_—
\t:‘:_. —H,0
CHz)gMe
o}
(CHz)sMe
CHz)gMe
o}
157
1) MeMgl

O=(_\COOH 2 H:0
Fc Fc
—>-
R O O

o= ‘coome -NeB ]

MeOH 158
Fc €

R = H, Me.
/N coa X,
O AlCl3
0

Australian investigators197 described a novel method of
synthesis of 3-ferrocenylmethyl-2,3-dihydrobenzofuran by the
cyclocondensation of ferrocene with the diazonium cation 160.

O. O.
@: ~ FeH @j\
—_—
Ny CH,Fc

160
The naphthofuran derivatives 162 have been synthesised in
70%—78% yields by heating a mixture of B-naphthol and the
dibromo-derivatives 161 above the melting point.4’

R
OH O Br (@) ‘
S
Fc Br Fc I O
R O

161 162
R = Ph, 4-C1C5H4, 3-02NC6H4, 4—02NC6H4 .

159
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The reaction of ferrocene with the lactones 163 in the ~

presence of aluminium chloride!®® leads to compounds
164-166 with five-membered rings, which are formed as a
result of the carbonium ion rearrangement 167 — 168.

! Fe AIC]
FcH + /(l (l e
TR o R” O

AlCl3, CH.Cl2, N2
—————

O 0-20°C,3h (0]
+
Fc(l — Fe
R O (0] &) (0]
R
167 168
OH
HO e
—H* O O
R

R

The synthesis of the ferrocenyl-substituted succinic
anhydrides 170 from the corresponding acids 169 on treatment
with Ac;0 or (CF3CO0),;0 has been described.!08-110

R R P
R‘tCOOH (CF3CO),0 or Aco R 5
COOH CH:Cl,
0
169 170

R R Yield (%) Ref.
FcCH; 8088 109
Fe(Me)C= 100 108
Fe(Ph)C= 90 108
FcHC= 53 110

The Horner~Emmons interaction of FcCHO 14 with the
phosphonates 171 leads to the unsaturated lactones 172,111

P(O)(OEt), =CHFc
NaH, PhH
J: 1 +14 ——>
R 07 Y0 R” 0" Yo

171 172
R = H, Me.

The ferrocene-containing chalcones 173 and 174 have been
obtained''%-113 by condensing compound 14 with 2-acetylfuran
(on treatment with aqueous alkali at 20 °C for 24 h or on
treatment with piperidine in methanol) and also by condensing
1,l’-diacetylferrocene with furfural.

Fc—CH=CH,

— /N

(o) O
Me O

173

NaOH, EtOH, H.0
—_—
0°C,1h

@—COMe o M
Fe +2 YO
O—come ] ©
@—ﬁ—CH=CH——Q
@—KCH=CH—©

174

On treatment with the glycols 175 in the presence of toluene-
p-sulfonic acid, the aldehyde 14 and acetylferrocene 23 afford the
corresponding dioxolanes 176 (yield 68% —77%),114 115

2 HO, OH T OH, PhH
< > < § Fc
+
Fe reﬂuxmg, 2h ><OI
R R! R? R2
175

R R! R? Ref.
Me H H 114
H Me H 115
H Me Me 115

It has been established by 'H NMR spectroscopy!!® that the
reaction with aldehyde 14 proceeds stereoselectlvely forR! = Me
and R2 = H, a 6:5 mixture of (Z)- and (E)-isomers is formed;
the di- and (E)-isomers are formed in proportions of 6:1 from
the symmetrical diol, where R! = R2 = Me.

H
Fc Fc
l(o 1 l( ol @ l(
O—Y H H
R!
Z E dl

The introduction of the dioxolane fragment into the ferrocene
system is also possible on treatment with epichlorohydrin in the
presence of tin(IV) chloride.!!'*11® The maximum yields of the
products 177 have been obtained for the ratio ferrocene
derivative : epichlorohydrin = (1:2)~(1:4).

O
2 10-20 mass% SnCl.
Fe Me + £ — 3
CH,Cl CCh
R
Me 0.
oA
Fe CH,Cl
R!
177
Me o
R=R!=H; R=COMe,R!= —kl
o CH,C!

A method of synthesis of 1,1-bis(2-thienyl)ferrocene,
involving the reaction of 1,1'-dibromoferrocene with an excess
of (2-thienyl)magnesium iodide has been patented.!!’

The cyclocondensation of 3-chloro-3-ferrocenylacrolein 61
with thioglycolic acid in the presence of triethylamine [60 - 80 °C,
dimethylformamide (DMF)] 24 118 leads not only to the expected
2-ferrocenylthiophene-5-carboxylic acid (yield 12%) but also to
its decarboxylation product — 2-ferrocenylthiophene (yield 20%).
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The condensation of ethyl thioglycolate proceeds without
complications !'® and the corresponding thiophene derivative 178
(X = OEt) has been isolated in 63% yield. The amide 178
(X = NHPh) has been obtained in 36% yield from the anilide of
thioglycolic acid.

, / \
/O\
61 + HSCH,COX FeNg 2 cox

X = OEt, NHPh.

The same communication reports the synthesis of the amino-
derivatives 179 (X = OEt, yield 49%; X = NHPh, yield 65%)
when the 3-chloro-3-ferrocenylacrylonitrile 62 is condensed with
thioglycolic acid derivatives.

NH:
scrcox — r A
62 + HSCH,COX P\ cox
179

X = OEt, NHPh.

In a basic medium, the diene derivative 180 undergo
transcondensation with ethyl thioglycolate. This leads to the
product 181, unstable under the reaction conditions, which
cyclises to the thiophene derivative 178 (X = OEt).!*®

EtONa EtOH
— + HSCH,COOEt
>=CH CH=< > T
180
cl SH M
— >’=CH—CH THC Fe /O\COO
F¢ COOEt S Et

181 178

When ferrocene is acylated by the chlorides of thiophene-
3-carboxylic acids, the ketones 182 are formed in low yields

(14%-20%).120
COCl COFc
D R oy
S 20°C,12h S
refluxing, 4 h
182

R = 2-COOMe, 4-COOMe.

The acylation of ferrocene by the acid chlorides 183 and 184,
containing a sulfolane or sulfolene fragment, is also ineffective for
preparative purposes (the product yields are 14%—20%).!2!

o)
AICI, CICH;CH,Cl
RCOCl + Fc ———t 2 >—R
refluxing, 6 h E
183 ¢

R = OzS(]/_ 0251;(_
COCl1

Ozs + FcH
COCl

184

AIC, CICH,CH,Cl COFe
refluxing, 6 h 028

COFc

When the acylferrocenes 185 are acylated by the chloride

of thiophene-2-carboxylic acid 186, the attack by the

electrophile is directed to the unsubstituted cyclopentadienyl
fragment.122

57
O
<D—<F - Om AICl:, CHCly @J—R
€
@ a 37 N, 15h O (/ 5

185 186

R = Me (80%), Et (83%), Ph (81%), PhCH (85%).

When l-acetyl-1-ethylferrocene is used as the substrate, sub-
stitution takes place in the ring with the alkyl substituent (the
yield of the acylation product is 16%).122

The acylation of ferrocene by the chloride 187 under the
conditions of the Friedel-Crafts reaction is accompanied by
cyclisation with formation of the ketone 188106

WCOCI IH,
S AlCl;
(¢}
187 188

The 1,3-dithiolanes 189 have been synthesised in 51%-81%
yields by the thioketalisation of the acylferrocenes 185 on
treatment with the 1,2-dithiols 190 in the presence of acid
catalysts.!t3

O S
( HS sH FPhH Fc
+ —
Fe R \__/ refluxing R><S
185 190 189
R = H, Me, Ph.

More severe conditions are required for the synthesis of the
bisthioketals 191 from 1,1’-diacylferrocenes 192, the product
yields being 29%—31%.

o} s/w
o O
SH HCl (g), PhH

Fe + HS Fe RR
R S

O S\)

192 191

R = Me, Ph.

The vinylferrocene derivative 193 has been synthesised by the
Wittig reaction from the aldehyde 194 and ferrocenylmethyl-
(triphenyl)phosphonium iodide in 58% yield.!12?

S.  S~_-CHO .
[ = j/ + FcCH,PPhs
s s

194

BuLi, THF
—_—
-78 °C

S S CH=CHFc¢
— =T
S S

193

Compounds 195 have been obtained from 1,1'-diacetyl-
ferrocene and the reagents 196 by the Horner - Emmons
method in 60%-70% yields.1?3
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0
e
B
Fe +(Me0)2P—< I “_L7’8]:’SF
S
0 196 R
Me §
—_— Fe
@—F(S R
Me S
R
R = H, Me. 195

On heating the unsaturated ketones 197 with hydroxylamine
in the presence of alkali, the adduct was unexpectedly readily
aromatised, the isoxazoles 198 being obtained instead of the
isoxazolines.!24

R
>—-CH—CH—R‘ + NH,0H 2 EtOH, |
refluxing N.
197 \0 R
198

R = p-FC¢H,4, R! = Fec.

R =Fc; R!=Fc,Ph, /@;

5-Ferrocenylisoxazole has been synthesised in 25% yield by
heating the aldehyde 61 with the hydrochloride of hydroxylamine
in methanol. On treatment with hydroxylamine in the presence of
sodium ethoxide, the nitrile 62 affords a 56% yield of 3-amino-
5-ferrocenylisoxazole.54

The ethyl ester of 5-ferrocenylisooxazole-3-carboxylic acid is
formed in 61% —86% yield in the reaction of 3-ferrocenoylacrylic
acid derivatives 199 with hydroxylamine hydrochloride.®

Fc R
R! + HONH,-HCI EtOH, HO (traces)
(o] Z z refluxing, 15 min
O
199 l | COOEt
— N
Fc o~
R = NH,,R! = OEt; R = OH,R! = OH.

The ferrocene derivatives 201, containing isoxazole fragments
in one or both cyclopentadienyl rings, have been obtained in
47%-81% yield by the cyclocondensation of the diketo-
derivatives 200 on refluxing with HONH,-HClI in alcohol.:58

For R! = Me in the initial diketo-derivative 200, the reaction is
carried out in the presence of pyridine.
o 0
CH
@ 2{ . EtOH
Fe R! + HONH, HCl -
refluxing, 3—5h
RZ
N
0/
—» Fe
R> 20
R! R? R?
Me H H
Me Me Me
,[l N
o O o~
COOEt COOE!

3-(10-Phenothiazinyl)-5-ferrocenylisoxazoline has been syn-
thesised in 40% yield by refluxing a mixture of 10-(3-ferrocenyl-
l-oxoprop-2-en-1-yl)phenothiazine with hydroxylamine in
ethanol for 6 h.%6

The 1,3-dipolar addition of the N-oxides of carboxylic acid
nitriles to unsaturated ferrocene derivatives is a convenient
method of synthesis of 5-ferrocenylisoxazole and 5-ferrocenyl-
isoxazoline derivatives. Ferrocenylethyne, vinylferrocene, and
ferrocenyl vinyl ketone have been used as the dipolarophiles.
Their cycloaddition to the N-oxides of aliphatic and aromatic
acid nitriles led to the series of derivatives 202 —204.12

R
Fo—C==CH + R—C=N—»0 FRHOTERO _ |N|
20 °C,10—24h Fc 0/
202 (23% — 94%)

R = Me, Et, COMe, COOEt, Ph, 3-O;NCsHg4, 4-O:NCeHy.

PhH or Et;0
R!—CH=CH; + R—C=N—0Q ——MM™

20 °C
R
R! = Fe | ”
_ N
10-20h Fe o~

203 (41% - 80%)

[R! = Feco
3-4h Fe

204 (70% —97%)
R = Me, Et, COMe, COOEt, Ph, 3-O:NCcHy, 4-O:NCcHy .

Compound 205 with two condensed heterocyclic rings is
formed in 60% yield as a result of the interaction of the
pyrazolone derivative 94 (R = Me, R! = Ph) with urea in boiling
acetic acid.®’® The following reaction mechanism has been

proposed:
CHFc
Me] [ T || © @aNuco_
N
SN0
Ph Ph
94 206
Fc
|«
—> Me CH—NH: EE—————_
—H*, —HCONH;
N [ J—NH:
T OH
Ph 207
Me Fc
—_—
N. NH
\T O/
Ph
205

Treatment of 1-ferrocenoylaziridines 3 with sulfuric acid in
the dark leads to the expansion of the ring and the formation of
the oxazoline derivatives 208 (yields 24% — 58%).7

N.
HzSO4, Et,O
>_NﬂrR 20°C, 2—adays [ 60:‘/R
Rl

3 208a-c

R=R'=H(a), R=H,R'= Me(b); R=R!=Me(c).
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A further two methods of synthesis of the oxazolines 208 have
been patented: by the reaction of FeCN with l-aminopropan-2-ol
(compound 208b is obtained) or by the reaction of FeCOCI with
2,2-dimethylaziridine (compound 208c¢ is obtained).!2¢

A method has been proposed recently for the synthesis of
4-substituted 2-ferrocenyloxazolines from cyanoferrocene and
the aminoalcohols 209 in the presence of zinc chloride (yields
15% —38%).127 Best results are achieved when the B-hydroxy-
amides 210 are cyclised on treatment with triphenylphosphine

(yield 77%—92%).12%
et - Fe %Oj

H2N>_/OH
R

209
R = Me, Pri, Bui, Bu!, Ph, PhCH,.

ZnCly, PhCl, Ar

Fe—C=N + refluxing, 24 h

o]
l:(:>*—HN>_/OH PPhs, Et;N, MeCN, CCly Fe —{:j/R
R 20°C
210
R = H, Pri.

Cyclocondensation of the hydrochloride of the methyl
iminoester of ferrocenecarboxylic acid with o-aminophenol in
boiling methanol leads to 2-ferrocenylbenzoxazole in 84% yield.”
The latter has also been obtained in 70% yield by irradiating the
imine 211 with light of 348 nm wavelength in boiling toluene for
10 s.122 The unstable 2-ferrocenylbenzoxazoline, which is rapidly
oxidised, is formed as an intermediate.

IiIN—CHFc @
~ L,

An alternative route to 2-ferrocenylbenzoxazole involves the
treatment of the imine 211 with lead tetraacetate in glacial acetic
acid.1?®

The lithium derivative, formed on deprotonation of 24,5-
trimethyloxazole by treatment with lithium diisopropylamide
(LDA), reacts with FcCHO 14, affording (after hydrolytic
treatment) the alcohol 212 (yield 57%).130

- H20

1) LDA, THF, hexane

Me
]\—I N
Me OJ\MC 2)14,N, —78°C

3) H.0
Me OH
L
—rc
Me” 07 el

212

The N-oxides of the carboxylic acid nitriles 213, generated by
the dehydration of the primary nitro-compounds 214 by phenyl
isocyanate in the presence of triethylamine, were made to
undergo the 1,3-dipolar cycloaddition to phenylethyne or
alkenes.!3!-132 This resulted in the synthesis of 3-ferrocenyl-
methyl-5-phenylisoxazole 215 or of the isoxazoline derivatives
216.

R = SO3H,CN

59
R N0z pincoEsN R -
>—/ LLABSIZNG >—C=N—>o —
PhH
Fc Fc
214 213
p—C=CH.R=H,_ FCt
1) refluxing, 15 min, N.
8 20°C. 3h ~0” “Ph
215 (48%)
R! (R?)
R'—CH=CH—-R* FC?H‘WT
(1) refluxing, 15— 60 min, R N\O RZ(RY)
(2) 20 °C, several hours
216 (24% —88%)
R R! R?
H H CN
H H Ph
H H n-CsHy;
H H cyclo-CeHij
H H SiMe;
H H OAc
H H CH,OCO(CF,),CF;
H H COOCH2(CF;)sCF3
Me H CN
Me H OAc
OEt COOMe trans-COOMe
Ph COOMe trans-COOMe
OMe COOMe trans-COOMe

Interaction of the hydrochlorides of the iminoesters 120 with
o-aminophenol results in the formation of the benzoxazole
derivatives 217 in 84%—100% yields.82133

Fc—(CH=CH), +

o
OMe OH
~ )
O/lk(CH=CH),. —Fc
217

It has been found that the cyclocondensation does not affect the
configuration of the double bond.#! The individual cis- and rans-
iminoesters 120 (z = 1) afforded the corresponding diastereo-
isomers 217 in 90%-93% yields.

Compound 217 (n = 1) has been synthesised by condensing
the aldehyde 14 with 2-methylbenzoxazole in the presence of
bases (MeONa, NaNH,).83-84.133 If the substrate is 2,3-dimethyl-
benzoxazolium iodide, the condensation product is the
corresponding salt of the N-methyl derivative 217.

A condensation of the same type has been used to synthesise
the more complex ferrocene-containing benzoxazoles 218 and
219 (yields 75%— 80%) 84

NH-HCI
MeOH

65°C,0.5h
120

n=90,1.

EtONa, Py
reﬂuxmg, 0.5h

»e

Fc—CH=CH
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EtONa, Py
reﬂuxmg, 0.5h

)L II L,
Fc—CH=CHj]I\O : Oj\JI\CH=CH—Fc

219

Ferrocene-containing cyanines having the general formula
FcCH=CHR have been synthesised from the aldehyde 14 and the
methiodides of 2-methylbenzoxazole and its derivatives.®4 The
compounds with

-

.
R = Me—N ; ‘ :
)J\ o Me—N O

N + 21
\n/jij\—N—Me
+
Me—N
€ O/U\CH=CH——FC

have been described.

The condensation of the salt 220 with hydroxylamine results
in the formation of l-acetyl-1'-(1,2,5-o0xadiazol-4-yl)ferrocene in
73% yield.134

(o]
@—”—CH=NO —Na*
HONH;-HC], Py
Fe —_—
20°C,12h
Me

220 o

; Rl =SOsH, CN,

F N~

Refluxing of the diacetate of 1-ferrocenyl-2-methylglyoxime
221 in aqueous alkali leads to 5-ferrocenyl-4-methyl-1,2,5-
oxadiazole.!*> On the other hand, when there is a hydrogen
atom attached to the carbonyl carbon atom in the glyoxime
derivative, the 1,2,4-oxadiazole derivative 222 is formed under the
same conditions.

Fc Me Fc Me
NaOH, H,0 J—<
AcO— N—OACc refluxing, 3 h N
O
221 (64.5%)
OAc
N~
@J—CH=N—0AC
Fo NaOH, H.0
<:> CH=N—OAc refluxing, 4 h
N
\OAc
171—0
& Pon
—_— Fe N
{—OH
O
N-O
222 (68%)

The N-oxides of the nitriles 223, generated from primary
nitro-compounds on treatment with phenyl isocyanate in the
presence of triethylamine, dimerise in the absence of dipolaro-
philes and are converted into the furoxanes 224,131 132

R NO: PhNCO, Eth PhH
N >—c—N—-o —
reﬂuxmg, 05—1h
Fc
Il{ R
Fc—CH CH—Fc
—
N—O
~ 0/

224: R = H (42%), Me (80%).

The 1,2,4-oxadiazole derivatives 225 have been obtained!36
by the reaction of ferrocenylmethyl(trimethyl)ammonium iodide
with sodium nitrite in acetonitrile or propionitrile.

+ R—C=N —n——Fc
FcCH.NMe:I— + NaNOQO; ———» /lL
0/
R = Me, Et. s

Apparently the N-oxide of the nitrile FcC=N — O is formed as
an intermediate, undergoing subsequently the 1,3-dipolar cyclo-
addition reaction with the nitrile group.

The phosphonic acid derivatives 226, containing the 1,3,4-
oxadiazole ring, react under very mild conditions with the
aldehyde 14 to form compounds 227.'%

0 N—N 0
(RO)}|>| CH )'—x CH {’I'(OR) L N
_ — CHo—
2 2 o 2 >20°C,05h
226

N—N

— Fc —CH=CH—©—U\O )]—X—CH=CH—-—FC
227
X = bond, —@—

S-Ferrocenylisothiazole has been synthesised from the
aldehyde 61 on treatment with ammonium thiocyanate
(refluxing in acetone for 20 min; yield 42%).54

The cyclocondensation of the imines 229 with thioglycolic
acid is frequently used to synthesise 2-ferrocenylthiazolin-4-one
228.16,18-20

HSCH,COOH, PhH R—N——I—FC

R—N=CH—Fc
refluxing

O
229 228

R Yield (%) Ref.
=z 14 16

54 18
v as

He -
@ @_
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The 3-aminothiazolin-4-one derivatives 230 have been
synthesised by the cyclocondensation of the hydrazones 231
with thioglycolic acid.!6.138

CH,;COOH, PhH RNH—N Fc
RNH—N=CH—F¢ JSCH:COOH. PR I

refluxing S
O
231 230
R Yield (%) Ref.
CONH: 11 16
CSNH; 13 16
— — 20,138

S N—COCH,—

The same reaction involving the azines 232 and 233 leads to
compounds 234 and 235 containing two thiazoline rings in the
molecule.!6-13%

[0 (0}
2HSCHCOOH, PhH f/< >\\‘
RCH==N—N=CHFc —2C00H, Phi{ N—
refluxing S\< 7/8
232
R Fc

234

= reao, ) o o

N—N=CHFc S N_N»>:\S
—_—
( :[ I Fc
N~ "0 N X0
H

H
233 235

A procedure has been proposed for the synthesis of
thiazolidine derivatives 236,'° in which the aldehydes 14 and
BrCMe;CHO are treated with sodium hydrogen sulfide in
alcohol at —10 °C. This is followed by the passage of a stream
of ammonia for 15 min, the addition of EtNC, and the
maintenance of the reaction mixture under a CO, pressure
for six days.

O
FcCHO + BrCMe,CHO + NH; + CO, + NaSH + EcNC 298,

14

Me S
—_ Me A—"FC
EINH NCOOEt
0
236 (18%)

Benzothiazole derivatives 237 have been obtained by the
cyclocondensation of the carboxylic acids 238 with o-amino-
thiophenol. 14!

H
S
Fe—x—coon @f .
H> N
237

238 N
X = bond, "‘CO(CHZ)] —_, —CO(CH2)4— .

2-Phenylthiazolidine-4-carboxylic acid 239 is alkylated at the
N atom of the heterocycle on treatment with ferrocenylmethyl
perchlorate or tetrafluoroborate 129, which are generated from
ferrocenylmethanol under phase-transfer conditions.4! 44

HOOC—C)N\H 239)
Ph

CH;Cl,—H20,1h

HOOC N—CH:Fc
—_— |
S)\Ph

(49%)

HX + -
FcCH,OH — FcCH.X
129

X = C104, BF4.

The condensation of the aldehyde 14 with rhodanine yields
5-ferrocenylmethylidene-4-ox0-2-thionothiazolidine.!4?

4 HNTO HN: =0
14+ —_
—~H,;0
s)\s ! s)\s CHFc

The a-carbonium ions, formed from ferrocenylcarbinols on
treatment with the KU-2 cation-exchange resin (in the H-form),
add electrophilically to benzothiazole, affording the derivatives
240.4°

R
re—di—on + (] Mwrcnan,
N
-~
)_CH—FC
N
240

R Me Ph FcCH=CH
Yield (%) 63 80 81

When the a-carbonium ion salts 129 were allowed to react with
the 2-methylbenzothiazole derivatives 241, the nitrogen atom of
the heterocycles was alkylated and the corresponding salts 242
were formed in 77% - 100% yields,!43.144

S
R R |+ ! 4
I | _R E N/)\M(: 1)
Fc—CH— + —>|Fc—
¢ OH + HX Fe—CH| X CH:Cl,20°C,0.25—1h
129

S
—» RI!
+ =z
N)\Me

Fc—CH—R X~
242
R = H,Me; R! =H, 5-Fc, 6-Fc; X = BF,, ClO, .

The methyl group at the C(2) atom of the heterocycle in
3-ferrocenylmethyl-2-methylbenzothiazolium tetrafluoroborate
242 (R = R! = H, X = BF,) contains mobile hydrogen atoms
and is able to condense with S-acetylphenylaminomethylene-
3-eth):}21’hodanine 243 to form dimethinemerocyanine 244 (yield
39%).

(0]
rN——Et
P e IN] e
h T CH: S /gs
Ac

243
—_—

242 (R = R! =H, X = BFy)
DMSO, Et;N
115—~120 °C, 8 min

@Tf_ip;

Fc—CH: 244
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The carbocyanine 246 has been obtained in 64% yield by
treating 3-ethyl-2-(2-methylthiovinyl)benzothiazolium metho-
sulfate 245 with the reagent 242 (R = R! = H, X = BF,).#2

@:/‘—CH——CH—SMe

t 0OSOsMe—

— GKJ—CH—CH—CHA\?Q

246

242(R =R!=H,X = BFy) R
DMSO, KL, Et;N
20°C,18h

Compounds 248 have been synthesised (yields 7%-9%) by
the reaction of the ferrocenium cation, formed when ferrocene is
treated with concentrated sulfuric acid, and 5- and 6-diazo-
2-methylbenzothiazolium chloride 247.4°

m@' S HNOHCLEQ
N
Me
+ S +.
—a b e
o
Me
247

S
— Fc*E |
N)\Me

It has been shown3*34 that in the presence of bases
2-methylbenzothiazole condenses with FcCHO 14 to form

2-(2-ferrocenylvinyl)benzothiazole.
: N)\CH—CHFC

RONa, ROH
—Hzo

Solvent Reaction time/h  Yield (%) Ref.
MeOH 0.5 65 83
EtOH 12 65 84
EtOH, Py 0.5 97 83,84

2,3-Dimethylbenzothiazolium iodide, in which the mobility of
the H atoms of the methyl group at the C(2) atom is greater,
reacts more readily with FcCHO®? and 2-(2-ferrocenylvinyl)-
3-methylbenzothiazolium iodide is formed in a virtually quanti-
tative yield in the presence of piperidine.

Ferrocenyl vinyl ketone is a Michael acceptor in relation to
2-mercaptobenzothiazole.85 When the radiation is carried out on
aluminium oxide, a 96% yield of the adduct 249 is attained.

>—CH—CH2 + @\—J\S KF/:‘:ézfis;]MeCN
H
YW
—
T)\

The acylferrocenes 185 react with 2-mercaptoethanol 250 to
form the 1,3-oxathiolane derivatives 251. It has been estab-
lished !5 that, depending on the nature of R, various catalysts are
required for the successful synthesis.

(o]
PhH Oj
F —< + - Fc
¢ R HSCH.CH:OH < ng 250 R><s

250
185 251
R Catalyst Yield (%)
H ZnCl, 55
Me TsOH 55
Ph BF,-OEt; 35

On treatment with ferrocenyllithium, the chlorine atom in
compound 252 is substituted by the ferrocenyl group, where-
upon l-ferrocenyl-2,5-dimethyl-1,2,5-diazaphospholane 253 is
formed.45

Me Me
/
N\ N\
FcLi + I: /P—Cl — I: /P—Fc
N N
\ \
Me
252 253

Compound 254 has been obtained in 49% yield as a result of
the reaction of dichloro(ferrocenyl)arsine 255 with sulfur in the
presence of 2.4,6-tris(fert-butyl)phenylphosphine and diazabi-
cycloundecene.!$

FcAsCly + S —LF N
—10°C,2h,20°C, 12 h
255 /S
S \S
—» Fc—As As—Fc or
As—As
Ss—sS
254 Fc Fc

V. Compounds containing six-membered
heterocycles

Condensation of the aldehyde 61 with the B-dicarbonyl com-
pound 256 in the presence of ammonium acetate leads to the 3-
acyl-6-ferrocenylpyridine derivatives 257;'46 the same result has
been achieved by treating the pyrilium salts 258 with ammonium
acetate. !4’

O O
~ COR
256 NH4OAc |
S
AcOH Fe R
COR
7 | B 257
\+
Fe” 0”7 “R! ClOy
258
R R! Yield (%)
4 B
Ph Ph 34 25
Me Me 27 10
Me EtO 43
EtO Me 43
—CH, —CMe, ~CH,— 45 21
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4-Ferrocenyl-2,6-dimethylpyridine is formed in 63% yield on
treatment of 4-ferrocenyl-2,6-dimethylpyrylium perchlorate with
aqueous ammonia.!*8 A similar transformation of 6-ferrocenyl-
2,4-diphenylpyrylium perchlorate into 6-ferrocenyl-2,4-diphenyl-
pyridine requires more severe conditions: refluxing with an
alcoholic solution of ammonium for 10 min (yield 45% — 51%) 14
or heating with an alcoholic solution of ammonia in a sealed tube
at 100 °C for 7 h (yield 27%).1%0

When the salt 259 was heated with ammonium acetate in
aqueous acetic acid, 2-ferrocenylpyridine 260 was obtained in
57% yield.1!

Fc =
. NH.<OAc, AcOH . |
_—
NMe, BF; 160 °C,10-20min Fc

259 260

Mez

3,5-Dicyano- 4 -ferrocenyl-2,6-dimethyl-1,4-dihydropyridine,
formed as a result of the condensation of FcCHO with
diacetonitrile (refluxing for 1 h in acetic acid under a nitrogen
atmosphere), is converted into 3,5-dicyano-4-ferrocenyl-2,6-
dimethylpyridine on oxidation with chloranil.!>?

The accelerating effect of ultrasound on chemical reactions
has been demonstrated by Japanese investigators.!>3 They showed
that the sonolysis of unsaturated ferrocenyl-substituted ketones
261 in acetonitrile at 35 °C for 2 h leads to the pyridine
derivatives 262 in 60%—85% yields. The authors'*?* believe
that diacetonitrile, generated from acetonitrile under the reaction
conditions, participates in the formation of the pyridines.

Rl
CN
Fc (R)\[(\,R(Fc) MeCN, Me;COK, Z |
US, 35 °C, 2h X
0 R N~ Me

261

262
R = R! = Bu!, Ph, 4-CIC¢H,, 4-MeOCg¢H,, /ﬂ, /Q y
(o)
“d
0 -0

W

In the presence of bases, the unsaturated ketones 261 react
with 3-aminocrotononitrile. If the reaction is carried out in

2-ethoxyethanol,'** then the products are the substituted
pyridines 263.

Fc(R) R(Fc) H:N
m/\, . >=CH———-CN NaOH, EtOCH,CH,OH

le Me refluxing, 4 h
261
R!
z
— |
N
R N Me
263

R = Ph, /@, /Q —@—Alk_

When the condensation is carried out in butanol with subsequent
heating of the reaction products with water, substituted
nicotinamides are obtained.l’4

The condensation of the aldehyde 14 with ethyl 3-amino-
crotonate in the presence of ammonium carbonate leads to the
1,4-dihydropyridine derivative 264, which is oxidised by sulfur
and is converted into 3,5-bis(ethoxycarbonyl)-4-ferrocenyl-2,6-
dimethylpyridine 265.1%5

63
H:N (NH4):CO3
14 + CH—COQOEt ———
Me
Fc
EtOO0C COOEt
e — _———
I I 190—-210 °C, 45 min
Me Me
H
264
Fc
Etoocf\/[coom
— I
o
Me N Me
265

In the diphosphine 266, one of the PPh; groups is substituted
by the 2,2-bipyridyl group on treatment with the lithium
derivative formed from 2,2-bipyridyl and phenyilithium.!3¢

PPh
F©_ ’ + 7\ PhLi
< \ .7 _ Et,0
@—Pth N N
266

PPh>

7N\

N=

— Fe

267 N\ /

A series of quinoline and naphthyridine derivatives 268,
containing the ferrocenyl group, have been synthesised by the
Friedlaender reaction from acylferrocenes 185 and the amino-
aldehydes 269.157

R!
o] F CHO Fc N
F ( KOH, EtOH |
C + | -
N Ar, refluxing, 18 h N .z
R NH: '

185 269 XS

268

R R! X Yield (%)
Me H CH 53
Me H N 85
Me H COMe 75
Et Me CH 67
Et Me N 43
Et Me COMe 34

Compounds 270 are obtained under similar conditions from
the 1,1-diacylferrocenes 192 and 2 mol of the aminoaldehydes
269.
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o R

< : :7—”—-R
Fe +2260 2 —ROHEOH 61+ 2 HzNO _HCIo, PhH
(3 Ar, refluxing, 18 h refluxing, 1.5 h
' + K _NH©H _
—_—
20 °C 12h

Fc
e S
—_— +
1 . o ~ ~
R R X Yield (%) R N R Fc

Me H CH 75
Me H N 75
Me H COMe 62 R = OH (15%), OMe (44%).
Et Me CH 26
Et Me N 40
BF;-OE
Et Me COMe 24 Fc\n/\n/NH 3 ty
Benzenesulfonylbenzimidoyl chioride 106 adds to quinoline 0O O M M
or isoquinoline with formation of the salts 271 or 272, which € ¢
alkylate ferrocene (refluxing in benzene for 2.5 h), affording 278

compounds 273 or 274 in 42% or 51% yields respectively.”

a — E NHQ BPOL
S Y r
©\/j + PhSOz—N=< — o 0
N/ Ph
106

BF,
279
- 00 = OOy :
+ 2
N 4
1
PhSO,—N Cl PhSOz—N o Me
Ph Ph H
Me
271 273
In the presence of alkali, the aldehyde 14 condenses with the
N \ hydrochloride of quinuclidin-3-one, which affords 2-ferrocenyl-
@ + 106 —» FeH_ methylidenequinuclidin-3-one 280.15°
N 0 °
o KOH, MeOH
N—SO:Ph + 14 20°C.12h
\ N CHFc
HCl 280
=
—_—

Methods for the synthesis of a series of ferrocene-containing

derivatives of bipyridyl (compounds 281) and terpyridyl

F¢ H N—sO0,Ph (compounds 282 and 283) have been developed based on the
carbonyl derivatives of ferrocene.'60—162

The aldehyde 61 reacts with two molecules of 3-hydroxy- 4 \N
or 3-methoxyaniline with formation of the salts 275, the —
subsequent treatment of which with aqueous ammonia leads N \
to cyclisation to the quinoline derivatives 276 and 277.146 - N
IH NMR data revealed the regioselectivity of the cyclisation N\ 7/ =
in favour of compound 277. In the case of unsubstituted
aniline, the reaction stops at the stage involving the formation
of the salt 275 (R = H).

On treatment with boron trifluoride etherate, the amide 278
gives rise to the chelate 279, which cyclises on heating with
orthophosphoric acid and is converted into 4-ferrocenyl-7,8-
dimethyl-2-quinolone.!58
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The method of synthesis of 2-ferrocenyl-4-methyl-5,6-benzo-
quinoline 284, proposed in a patent,!6? involves the condensation

of 4-ferrocenylbut-3-en-1-ol with B-naphthylamine in the pres--

ence .of aluminium chloride.

Fc

NH, Z |
_____OH N
\ AICT;, CHCL, OO

40 °C

Two other methods of synthesis of compound 284 are based
on the acid-catalysed condensation of carbonyl compounds
with B-naphthylamine or N-ferrocenylmethylidene-B-naphthyl-
amine.164

NH, Fc\/\[rMe
:
conc. HCl, EtOH
refluxing, 16 b
“ ] N=CHFc

Compound 285, in which condensed pyridine and cyclohexa-
dienyl rings alternate, has been synthesised in 26% yield by
treating with ammonium acetate the product 286 formed when
the aldehyde 14 reacts with the enamine 287.16%

Me,CO, conc. HCL, N2
refluxing, 2h

dioxane, N>

refluxing, 18 h
N

14 + | A N/ﬁ
L_o

287

NHOAc, EtCOOH, H.0
refluxing, 2 h

Compound 288, containing two ferrocenyl groups and five
pyridine rings, has been obtained by a two-stage synthesis from
the aldehyde 14 and 2,6-diacetylpyridine.166

The pyridopyrazole derivative 290 is formed in 70% yield on
refluxing the chalcone 289 with 3-amino-1-phenylpyrazol-5-one
in ethanol.!¢

(0] HoN
EtOH
>—CH=CH—C6H4OMe-4 + Nl - L _ﬁ_lﬁ.
Fc N O refjuxing,
289 |
Ph
Fc N. N
I IL—Ph
4-MeOH(Cs ©
290

A single example of the synthesis of 1-ferrocenylpiperidine by
the reaction of chloroferrocene with piperidine in the presence of

butyllithium has been described.!68
FeCl + BuLi + HN THE, hexane, Ny, pe—n
refluxing, 7h
9.3%)

Bis(ferrocenylcarbothionyl) sulfide thioacylates piperidine,
affording N-(ferrocenylcarbothionyl)piperidine 291.16°

\[]/S\n/ + HNC> E0 :}—NO

15°C,5h
291 (83%)

The mono- and didithio-derivatives of 4,4’-dimethyl-2,2'-
bipyridyl, generated by treatment with LDA, add to the carbonyl
group of compound 14, which leads to the alcohol 292a or the diol

CHZCHFC
g nid,n LDA, THF g

292a,b
292a: n=1,R = Me (77%);

292b: w = 2, R = CHCH(OH)Fc (55%).

Bis(triphenylphosphine)palladium dichloride catalyses the
nucleophilic substitution of the halogen atoms in 2,6-dibromo-
pyridise on treatment with ferrocenylethyne in the presence of
bases and copper(I) salts.!”! After reaction for 1.5 h, the mono-
substitution product 293a is formed in 78% yield. When the
reaction is carried out over a period of 24 h, the disubstitution
product 293b is formed in 90.4% yield.

7
_ (PhsP),PdCl
— —_—
X | +Fe—c=cu Cul, ELNH
Br Br
F
—_— ~ l
Fc—C== N R
293a,b
R = Br(a), C=C—Fc(b).

It was shown in the same investigation that both bromine atoms
in 3,3'-dibromo-2,2-bipyridyl are substituted by the FcC=C
group [the yield of 3,3'-bis(2-ferrocenylethynyl)-2,2’-bipyridyl was
89% after 48 h).
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The condensation of the aldehyde 14 with 2-methylpyridine
on treatment with sodium in liquid ammonia leads to the alcohol
294 in 57% yield.? It may be dehydrated to 2-(2-ferrocenyl-
vinyl)pyridine 295 by treatment with tin(II) chloride.

4
7
4+ I NaNHz = SnClz, HC]
N NGO o CH: Et;,0
Me
294
.
. |
Fc—CH=CH
295 (90%)

When an excess of sodium amide®® or sodium alkoxide in
pyridine # is used, the alkene 295 is formed in 51% yield.
2-(2-Ferrocenylvinyl)quinoline has been obtained similarly (yield
94%).

The amide 297 has been synthesised by converting the
aldehyde 14 into an alkene by treatment with the arsonium
salt 296 in the presence of potassium carbonate in THF
containing traces of water.3?

+ K.CO;, THF
14 + Ph;AsCH,CO—N = ) —2——»

Br—
296
O,
- 3O
¢c—CH=CH
297

The alkylation of the lithio-derivative of 4,4’-dimethyl-2,2’-
bipyridyl with 3-bromopropylferrocene affords compound 298.172

g g(c}h)‘&

298 (37%)
N-(4-Ferrocenylphenyl)-2,4,6-trimethylpyridinium perchlor-
ate 299 has been obtained in 65% yield as a result of the
substitution of the oxygen atom in the heterocyclic nucleus of
2,4,6-trimethylpyrylium perchlorate on treatment with p-ferro-
cenylaniline. !5

_Fo(CHzp:Br
LDA THF, hexane

Me
Z EtOH
FCO—MZ " xt l refluxing, 1 h
Me O e
Clo;

Me ClOy

The 1,4-dihydropyridine derivative 300 is formed on cyclo-
condensation of the imines 301 with acetoacetic ester.155

R
| Me OEt
Fe N=CH + \n/\n/ —
0O O
301
Me.  COOEt
c cE OOEt

R = 2-0,NCgHy, 3-0:NCsH,, 4-O,NCeHy, 4-MeC6H4,
4-HOCgHs, 4-Me2NCeHa .

1,1-Bis(hydroxymethyl)ferrocene is able to alkylate pyridine
at the nitrogen atom on activation with toluene-p-sulfonyl
chloride or thionyl chloride.”® The mixed salt 302 (X = OTs)
and a dichloro-derivative are formed in the first and second cases
respectively.

@—cnzon Ary @—cnz—N >
@—CH;OH @-—CHZ—Nj >

302

A = 4MeCgHsSO:Cl, X = 0SOCsHsMe-4;
A =8S0ChL, X =Cl.

The synthesis of compounds with fragments of viologens
(N,N'-dialkyl-4.4'-bipyridyls) linked covalently to photosensitive
groups constitutes a complex task. The study!’ in which a
method was described for the preparation of the viologen-
metallocenes (ferrocenyl-containing viologens) 303 and 304,
capable of displacing hydrogen from water in the presence of
catalysts, is therefore of significant interest.

\

Fccnzc1+NC/>_</j/N
+ /7 / N+

— FcCHz—N\ / N—CH>Fc

DMF, N2
—_—
80 °C,6h

201-
303
CH,Cl
? —\_/ \.  DMF.N
Fe +2 N N ——2»
/ __/ 1)80°C,3h
CH,Cl 2)20°C, 16 h

_ e )
—_ Mel, DMF, N2
@_ \ / \ Amberlite IRA-400
CH, — 20°C,32h
20
+ / \ / \ +
@-—CH:——N N—Me
ke — — acr-
+/4 N+

304

Boev and coworkers42:45.143.144 jnvestigated the reactions of
hydroxymethylferrocene and 1-ferrocenylethanol with six-mem-
bered nitrogen heterocycles in the presence of HBF,4 or HCIO,.
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It was found that the reaction proceeds via a stage involving the Scheme 3
formation of the salts 129, which attack the heterocyclic Y
nucleophiles. This is confirmed by the finding that salts of Fe ‘< + HN + HP(O)ORY), —>
the heterocycles with HX obtained beforehand do not react R
under the conditions investigated with the alcohols OH
FcCH(R)OH.144 y
— Fc—|—N + HP(O)OR!), —
R + R
I | NZA ] [,
Fc—CH—OH + HX —» |Fc—CH X—m
129 T B oH 0
—> Fc—’—P—ORl + HN R
oL R OR!
— Fc—CH—NQ X~ CI)R‘ oR!
o=p"
—_—
R = H,Me; X = BF,,CIO,; Fe N: >
R
= = = z 307
= 0, . 0, . 0, . I .
NZy =N p00%); N (66%); N p(96%); Ny ;
Me R R! Yield (%)
N H Me 55
(93%); m e Me Me 50
. )Me N" 'Me [N H Et 76
Me Et 56
H Pr 80
Piperidine is alkylated similarly by hydroxymethylferrocene ~ Me Pr 52
in the presence of an acid.!” Me Pri 43
Me Bu 45
Me Bul 45

HN )]
—-—]—_;—* FcCHoN )

(97%)

H* +
FcCH>OH —_H—26> FcCH,

The aminals formed from the aldehydes 305 and piperidine
undergo transcondensation with acetone cyanohydrin, affording
the aminonitriles 306.176

(l)H
Fc—(CH=CH),—CHO + HN ) + Me,C—CN W
305

CN

~—+ Fc—(CH=CH),—CH—N )

306: (95%,n = 0);
87%,n=1).

When the aldehyde 14 or the ketone 23 interacts with
phosphorous acid esters and piperidine, the a-aminophospho-
nates 307 are formed.!”? Of the two possible mechanisms (A4 and
B, Scheme 3), the first is preferable since it has been shown!7’
that piperidine does not displace phosphorous acid esters from
specially prepared o-ferrocenyl-a-hydroxyalkylphosphonates
(150-160°C, 10-12 h).

In the presence of trichloroacetic acid, electrophilic sub-
stitution in the ferrocene nucleus by treatment with

)

—_—
AcOH, 0 °C

But | +
|
Fc—CH [ X~
308

1
FcH + ButCCHO SRECOOH,

But

— Fc—C|H-—N >

309

trimethylacetaldehyde and subsequent protonation and dehydra-
tion lead to the salt 308, which is converted into N-(1-ferrocenyl-
2,2-dimethylpropyl)piperidine 309 in 68% yield on treatment with
piperidine.!”®

The alkylation of piperidine by a-carbonium ion inter-
mediates (generated from the sulfides 310 on treatment with
mercury salts), leading to the amines 311, takes place similarly.!”®

R
Fe—CH—SCH,COOH + HN HgCl, NHCLFQ
20°C, 16 h
310
] N
— Fc—CH—N
3

R = H (30%), Me (90%) .

On refluxing in methanol, piperidine substitutes the acetoxy-

group in compound 42.3
Me—CH—O0ACc Me— CH—Ni >

o Ydeon - L
Fe refluxing, =
8h £

PPhz O —prn,

42 312, (88%)



68

M-G A Shvekhgeimer

Another method for the introduction of the piperidinyl group
into ferrocene derivatives involves the Michael addition of
piperidine to the pyrazolones 94, which leads to compound 313.9°

—CH—Fc H
+
;; ; HN: ; 20°C,1h

94

T -0

313 (45%)
R = Ph, 2,4(0:N).C¢H3.

A mixture of the two isomeric tetrahydroisoquinolinone
derivatives 314 and 315 has been obtained (in 10% and 81% yields
respectively) by refluxing the imine 316 and compound 317 in
benzene for 82 h.180

FC MC
N ul‘H O
Pri
Q
-0
316
— +
COOH 0
Q
"
N. Fc
Y Y
0o o p 35

Indian investigators 167-181 made a detailed study of the reac-
tion of 1-ferrocenoyl-2-(p-methoxyphenyl)ethene with primary
heterocyclic amines and guanidine. The structures of the products
and the yields of compounds 318 -322 are presented in Table 2.

)
>—CH=CH—©—OM
Fc 289

The derivatives of dihydropyrimidine-2-thione 323 326 have
been synthesised by condensing a,B-unsaturated cyclic ferrocene-
containing ketones with thiourea in the presence of alkali in
ethanol.’8?

ANV, ais-mm

R
(CH2)n
Fc Fe A~ Fc

R!

HNTNH HN TNH

S S

323a: R = R! =H (95%); 324, n = 1 (95%),2(75%).
323b: R = H, R! = OMe (95%);

323¢: R = OMe, R! = H (90%).

Table 2. The reactions of 1-ferrocenoyl-2-( p-methoxyphenyl)ethene with
nitrogen-containing heterocyclic compounds and guanidine.

HN-Y Product Yield (%) Ref.

Z \|( 50 167
N

51 181
N NH Fo AN N
L | I | 65 167
N/N NvN
H R (320)
Fc N. N
N NH, Zz ==\ 56 181
L TN\
N\N/ \N//
H R (a2
Fc N.
N z \]=N
J\ N 75 167
N~ “NH,
H R
(322)

Note. The reactions were carried out in boiling ethanol for 1824 h. The
group R in the reaction product is 4-MeOCsHa.

Me
V/Q\r Q;Kr
HN NH HN NH
S
325 (76%) 326 (65%)

A series of similar compounds (compounds 327) have been
synthesised from the ketones 328 and thiourea with irradiation by
ultrasound (US).183

[8) S
R>*—CH=CH—Rl + H,N J\

EtONa, EtOH

NH, US,50°C,4—11h
328
1
R / R
—
HN\erH
S
327 (58% —79%)
R = Fc: R! = Ph, 4-MeCsHa, 4MeOCsHa, 4-CICsHa,

3,4-(OCH20)C6H3;
R = 4-MeOC¢H4, R!'= Fc.
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A wider range of the ketones 328 were later involved in this
reaction 84185 and conditions were found under which the
products 327 are obtained in yields from 70% to 95%. Here

R = Fc, R! = 4-Me;NCgHy;

R! = Fc, R = Ph, 4-FC¢H4, 4-IC¢Ha, /Q

The synthesis of S-ferrocenylmethylidenebarbituric acid
(yield 94%) by condensing barbituric acid with the aldehyde
14 has been patented.!36

The coupling of ferrocenylethyne with S5-chloromercurio-
derivatives of uracil, cytosine, and adenine, as well as the
corresponding nucleosides, which leads to compounds having
the general formula FcC=C-R, where R is a group derived
from a heterocyclic base or a nucleoside, has been described.!8?

The adenosine derivative 329 has been obtained in 19% yield
as a result of the condensation of the aldehyde 14 with compound
330 and subsequent aromatisation under the influence of
palladium 188.189

C’ l ‘CO

NH:
HN:
/ N N7“ I N
|
H,N N) FC* N)
CH» CH:
A 77 20
O ) @,¢). O d .
K = TR
0=l|"'—0 OH 0=1|)—0 OH
OH OH
330 329

a: NaOH, MeOH, 20 °C, 3 days; b: Pd/C, EtOH, H;0, 80 °C.

The dihydropyrimidine-2-thione derivatives 331 are formed
in 58% — 79% yield on interaction of the ketone 332 with thiourea
or phenylthiourea.52

O
S
FcC CHF
C + )]\ KOH, FtOH, H;O
RNH NH; refluxing, 3h
332 JSL
N NR
— FcCH
Fc
331
R =H,Ph.

High-molecular-mass compounds containing quinoxaline
nuclei have been obtained by the polycondensation of 1,24,5-
tetraaminobenzene or 3,4,3'4'-tetraaminobiphenyl with 1,1’-bis-
(glyoxalyl)ferrocene.

The chloride of ferrocenecarboxylic acid acylates piperazine
or 1-(2-aminoethyl)piperazine (at 25 °C for 24 h) with formation
of 1,4-bis(ferrocenoyl)piperazine or 1-(2-ferrocenoylaminoethyl)-
4-ferrocenoylpiperazine.!9°

Ferrocene derivatives containing piperazine fragments have
been synthesised by the nucleophilic substitution of the
N*Mesl~ or OAc groups in compound 42 on treatment with
N-methylpiperazine. 3536

69
Me—CH—X
R
@— /\
Fe + HN McOH
@—R’ \ / refluxing, 8 h
42
Me—CH—N NMe
O+
—_— Fe
{ : :S_Rl
R R! X Ref.
P(O)Ph; H N+Mesl— 35
PPh, PPh, OAc 35,36

1,3,5-Tris(ferrocenylmethyl)hexahydro-1,3,5-triazine 333 has
been obtained in 85% yield by the cyclocondensation of
aminomethylferrocene with paraformaldehyde.!%!

FCCHz\ /\ /CHzFC
C )

CH2Fc
333

PhMe

3 FcCH,NH; + (CH20) refluxing, 16 h

Two methods of synthesis of ferrocenylpyrylium salts have
been patented.!#® 2,6-Diferrocenylpyrylium perchlorate 334 has
been synthesised by the reaction of the aldehyde 14 with
orthoformic ester in the presence of perchloric acid.

z
14 + HC(OE); w_. ~F '
Fc O Fc ClOg
334 (82%)

4-Ferrocenyl-2,6-dimethylpyrylium perchlorate has been
synthesised by another method —treatment of the lithio-
derivative 335, obtained from 2,6-dimethyl-4-pyrone and ferro-
cenyllithium, with perchloric acid.

0 OLi
HCI0,
Me O Me

Fc
“
—_ |
~t
Me O Me ClO7
336 (48%)

The thermal decarboxylation of the acid salt 337 in boiling
acetic acid in the presence of ferrocene leads to the formation of
the ferrocenylpyrylium salt 338 (yield 47%).15° The authors
postulate a mechanism involving the insertion of a carbene
intermediate in the Fc—H bond.

The salt 338 has also been obtained as a result of the
interaction of acetylferrocene with the chalcone PhCH=CH -
COPh in the presence of perchloric acid.!s°
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Ph Ph
& 7
xt I - xt I —_CO>
P’ Y07 NCOOH  |pn” Yo~ Ncoo-
337 Clo;
Ph Ph
/(5 FcH /@ HCIO,
—_— —_— | H —_—
Ph” 07" PR 07N
Ph
7
— |
\+
Ph” TO0” “Fe Clo;
338

The interaction of the aldehyde 61 with the B-dicarbonyl
compounds 339 on treatment with acetic anhydride in acetic
acid can lead to various intermediates, which should be converted
into the pyrylium salts 340 or 341 on treatment with perchloric
acid (Scheme 4). It was found that treatment of the primary
reaction product with ammonium acetate affords 3-acyl-6-
ferrocenylpyrylium derivatives, which may be formed only
from the salts 341, demonstrating that the reaction proceeds
via route B.14

Scheme 4
cl R R!
>=CH—CHO + \(\n/
F¢ (o] O
61 339
(1) Ac;0, AcOH
heating for 5—8 min
(2)20 °C,4-5h
A B
Fc
COR!
COR!
Fc
O R
O O R Cl
lHClo4 l HCIO,
Fc
COR! COR!
A~ COR! 7 | AONH, (Z |
| xt X
at Fc O R Fc N’ R
0" R Clo4
ClO4
340 341
R R! Yield (%)
Ph Ph 100
Me Me 100
Me OEt 68
—CHz—CMez—CHz— 72

4-(2-Ferrocenylvinyl)-2,6-diphenylpyrylium 342 has been
synthesised by three procedures:!4° by the reaction of the salt
343 with ferrocene (yield 55%), by the condensation of 4-methyl-
2,6-diphenylpyrylium perchlorate with the aldehyde 14 (yield
88%), or by the condensation with ferrocene and orthoformic
acid ester (yield 46%).

CH-—CHOEt CH—CHOE:!
fl /f‘j\ Clo; e {\czo
o refluxing,
Ph [6) Ph Ph O Ph 5 min
343
CH—CHOEt CH=—=CHFc
Fe HCIO4 Z )
| | —EtOH || <oz
\+
Ph O Ph Ph O Ph
342
Me
14, Ac,0
Z refluxing, 5 min
g I — —> 342
Ph™ "O” “Ph FcH, HC(OE);, Ac;0
Clo;y refluxing, 5 min

4-(2-Ferrocenylvinyl)-2,6-dimethylpyrylium perchlorate has
been obtained by the last method from 2,4,6-trimethylpyrylium
perchlorate (in 52% yield).14?

The 4-ferrocenylpyrylium salts 344 are formed in 81%-82%
yields on refluxing the corresponding 2,6-diphenylpyrylium salts
with ferrocene in acetic anhydride.!4°

Fc
Z | FcH, Ac,0 Z |
at ing, 3—5 mi at
P Yo~ Spp MR 3-Smin b SSG Nph
X- X~
344

X =HSO,, ClO,, BF,.

The methyl group in 2-methyl-4,6-diphenylpyrylium tetra-
fluoroborate exhibits an enhanced reactivity and condenses with
the aldehyde 14 to form the derivative 345.192

Ph Ph
- —
14+ A — .
N —H0 N
Me O Ph FcCH=CH O Ph
BF; BF;
34s

In the presence of piperidine, the aldehyde 14 reacts with
3-acetyl-4-hydroxy-6-methyl-2-pyrone, affording the vinyl ketone
346.193

OH
e COMe HUN >
—l
14 + H,0
Me (o) (0]

= CH==CHFc¢

3-Aryl-5-ferrocenyl-5-oxovaleric acids 347 are dehydrated by
trifluoroacetic anhydride and are converted into the dihydro-
pyrone derivatives 348 in 92%—98% yields.!%*
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R
Fc
Wcoon (FLCC0)0, CICHICHG
refluxing, 3 h
© R Fc O O
347 348

R = Ph, 4-MeOCsH4, 4-O2NCsH, .

The cyclodehydration of 1-ferrocenylpentane-1,5-diol results
in the formation of 2-ferrocenyltetrahydropyran.?®

The dehydration of the glutaric acid derivatives 349 by
treatment with trifluoroacetic anhydride in CH,CL ' or
dichloroethane !9® with formation of the derivative 350 has
been described.

0
R
R, _COOH  (FCCOXO_ i (o)
R! n°Cih
20°C, 1 h
>(/COOH 0
349 350
R R! Yield (%) Ref.
FcCH H 70 109
FcCH= 98 196

The ketoacid 351, obtained as a result of the acylation of
ferrocene with homophthalic anhydride, is converted into
3-ferrocenylisocoumarin on refluxing with a solution of HCl
in ethanol.1%6

0
AICl;, CHyCl,
+ T,
FcH o5 °C
(0]
0
COOH
EtOH, HCl o)
—_— _
F¢  refluxing P>
Fc
o)
351

The substitution of a hydrogen atom in compounds 352 by
the ferrocenylmethyl group has been achieved by treatment with
dialkylaminomethylferrocene derivatives in the presence of acetic
anhydride.’%7

0
1) Ac20, MeOCH,CH,OMe
R./ QA Me 55 °C, 12
>< + FcCH,NR! :
H o Me 2)20 °C,12h
0
o)
R O><Me
—
FcCH; o Me
0
R = Me (70%), Et (66%), Ph (92%); R! = Me, Et.

The tricyclic compound 353, containing a 1,4-dioxane
fragment, has been synthesised by heating 3.4,5,6-tetrachloro-
o-benzoquinone with 3-ferrocenylthiete.198

Cl
Cl O F
c CH,Cl,
l l —_
+ [ S refluxing, 24 h
Cl O
Cl

Cl
Fc
Cl O
—_—
S

Cl O

Cl

353 (59%)

The condensation of the ketone 23 with 6-formyl-1,4-
benzodioxane leads to compound 354 in 54% yield.!!?

NaOH, MeOH, HzO
20°C 12h
(o)
o . )
>~CH=CH O
Fc
354

The acid-catalysed transesterification!®® of the acetal 355
leads to the 1,3-dioxane derivative 356.

TsOH

OH
FcCH(OMe), + HO \)\/\OH CHCl,

L

Thioacetylferrocene plays the role of the dienophile in
relation to cyclopentadiene.?® The adduct 357 is obtained
even at room temperature in the form of a mixture of the
endo- and exo-isomers.

Me
g
¢ <:| 20 °c 25 min S+ S
5 Me Fc
Fc Me

endo-357 exo0-357

The reaction involving the conversion of the aldehyde 14 into
an alkene by the ylide 358 afforded 2-ferrocenylmethylidene-
1,3-dithiane 359 in 63% yield.20!

14+ ¢ P(OM (
>= ¢ B oC 20 °C, 25 min >=CHFC

358 359

The preparation and certain properties of the isomeric cis-
and trans-1,3,5-trithiacyclohexanes 360, containing ferrocenyl
substituents, have been described.?°2

Fc Fc
20°C,3h S
314+3st——>Fc—< S+ Fc—< S
0
S s—/
Fc Fc

cis-360 trans-360
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The ratio of the cis- and trans-isomers depends on the
medium in which the reaction is carried out. The ratio is 5:1 in
EtOH-HCI and 1:4 in concentrated HCI. When the reaction is
carried out in concentrated HCl in the presence of
Na;$,03-5H,0, mainly the cis-trithiane (yield 35%) and traces
of the trans-isomer are formed.202

The synthesis of 2-ferrocenyl-1,3,5-trithiane 361 from the
aldehyde 14 and bis(mercaptomethyl) sulfide 362 has been
reported recently.29

s

N\

14 + HSCH,SCH,SH —> Fc—< S
362 s—/

361

The N-acylation of morpholine by the chloride of ferrocene-
1,I-dicarboxylic acid affords the dimorpholide 363 (yield
83%).204

COCl1

Fo ¥ 2 HN/ \O Et;N, N2, PhMe
1.5h
COCl1 —/

O
N O
— Fe
(@WEaRS
5 —/
363
The quaternary ammonium salt 42 alkylates morpholine,

whereupon the N*Mesl ™ group is substituted by the heterocyclic
group. The product 364 is formed in 92% yield.*

+
Me—CH—NMe;I~

@P(O)th MeCN
@ + HN 20 °C, 12h
42
Me—CH—N )
@P(O)th
—_— Fe
364

Electrophilic substitution in the ferrocene nucleus on
treatment with the aldehydes 365 under superacid conditions
leads to the salts 129 (formed as a result of the acid-catalysed
dehydration of the intermediate carbinols), which are converted
on treatment with morpholine into a-morpholino-derivatives of
ferrocene 366, with yields of 49% to 59%.!7

R 1+ VA

HN O
HSO3F, ACOH | o\
B e — R —
FcH + RCHO Ny, —10100°C Fc—CH | X
365 20 —40 min 129
R
— F CH—N [0
c—CH—
/.
R = Pri, But. 366

The aldehydes 305 react with acetone cyanohydrin and
morpholine, which affords the aminonitriles 367 (yields
93%—96%).176

(l)H
Fc—(CH=CH),—CHO + HN O + Me;C—CN

305

i
20°C,1h

CN
—» Fc—(CH=CH),—CH—N O
/
n=0,1. 367
Compounds 368 have been synthesised by condensing

carbonyl compounds of the ferrocene series with morpholine
and phosphorous or phosphorothious acid esters.!77205

OR!
o) O———"II‘/
F —{ +HN 0+ HP(X)ORY Fc—|——N 0
C ) —>
R — R —
368
R R! X Yield (%) Ref.
H Et s 60 205
H Me o 55 177
H Et o 81 177
Me Et - ) 33 177

The addition of morpholine to the enones 94 leads to the
pyrazolone derivatives 369 in 47%—57% yields.®®

Me —CH—Fc¢ /—\ PhH
N + HN  O0—T—>
0 \__/ 20°C,1h

N
|
Ar
94 Fc
Vs
Me CH—N o}
— N \/
Ar

Ar = Ph, 2,4-(O:N),CsH3 .

The chloride of ferrocene-1,1'-dicarboxylic acid acylates
thiomorpholine with formation of the product 370 (yield 85%).204

COCl —\
Te + 2HN S EtsN, N2, PhMe
15h
COCl /

e
— B AN—
@—"—N/—\S
5 —/

370

In the presence of alcoholic alkali, 10-acetylphenothiazine
371 condenses with the aldehyde 14; the reaction product is the

unsaturated amide 372.56
14 NaOH, EtOH_ N

S, N—-< -
refluxing
G ’

3n

CH=CHFc

372
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2-Ferrocenyl-1,3-dithia-5-oxacyclohexane 373 has been syn-
thesised from FcCHO and di(mercapto)ether 374,202

ST\
FcCHO + HSCH,OCH,SH — Fc—< 0
St
14 374
3

On treatment with ferrocenyllithium, 24,6-triphenyl-
phosphinine 375 gives rise to the anion 376, which, on
treatment with water, is converted into l-ferrocenyl-2,4,6-
triphenyl-1,2-dihydrophosphinine 377. As a result of oxidative
alkoxylation, the latter affords I-ferrocenyl-1-methoxy-2,4.6-
triphenylphosphinine 378.206

Ph Ph
H:0
I+ FeLi — @) =2
NS
Ph” P~ “Ph Ph I|> Ph
375 Fe
376
Ph
MeOH, Hg(OAc); Z |
N
Ph” P~ “Ph
/\
F¢ OMe
377 378

The interaction of the phosphorine 375 with 1,1’-dilithio-
ferrocene takes place similarly.?°6 The diphosphorylated
ferrocene 379 is converted on treatment with water into the
dihydrophosphinine 380, which is converted into compound 381
after treatment with mercury acetate in ethanol.

r Ph
Ph/fl’j\Ph
: ©
Fe +2375 — Fo HO,_
Li @
Ph. _P._ _Ph
@ 2Li+
I Ph |
379
Ph
7
Ph \PI Ph
?\OEt
e EtOH, Hg(OAc), e
OEt
Ph. _PL _Ph
| R
-
Ph

381

The transmetallation of 1,1,4,4-tetramethyl-1,4-distanna-
cyclohexa-2,5-diene 382 on treatment with dibromo(ferro-
cenyl)borane leads to 1,4-diferrocenyl-1,4-diboracyclohexa-
2,5-diene 383.297

Me,Sn SnMe; + 2 FcBBr, — FcB

BFc
382 383

One2%8 or two2% fluorine atoms in 2,2.4,4,6,6-hexafluoro-
cyclotriphosphazene 384 can be substituted by ferrocenyl groups
on treatment with ferrocenyllithium.

F Fc
\/
Y
T, F—p_ _P—F
F Fc F
\p/ 77%
I]‘II/ <_ ' Et;0
25°C,4—6h F Fc
F—P —
5N 4 N
2 FcLi N/ \N
= g gy
— c
VAN
F F

Apart from the monosubstitution product 386 (yield 31%),
compound 387 was obtained (yield 20%) in the reaction of
ferrocenyllithium with 2,2,4,4,6,6-hexachlorocyclotriphospha-
zene 385. Compound 387 is evidently formed as a result of
the interaction of the product 386 with the initial cyclo-
phosphazene 385.2%°

c o c Cl Fe
\P/ \P/

N SN Et;0, FcLi N~ SN
a—p ,Il’——CI wen g M1 '
/ \N/ \ ~ /P\

al cl cl cl
385 386
o cl
\P/
RN
N
+  C—P P? “P—ql
7N L
cl Fc S~
/\
ca’ «a
387

The interaction of the hexachloro-derivative 385 with
1,1'-dilithioferrocene proceeds in a more complex manner: the
reaction products 388 and 389 contain a heterocyclic substituent
only in one of the ferrocene rings.20°
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Fe + 385 —»

389 (40%)

Two methods of synthesis of 2,2,6,6-tetrachloro-4-ferrocenyl-4-
methylcyclotriphosphazene 390 were described in the same
investigation: by treatment with iodomethane of the product
of the reaction of FcLi with the hexachloro-derivative 385 or by
the reaction of 4-bromo-2,2,6,6-tetrachioro-4-methylcyclotri-
phosphazene 391 with FcLi.

1) FcLi
385 2) Mel Fc Me
\P/
Me Br NTOSN
\/ o]
A —P_F—a
r|~|1 I FcLi c1/ \c1
Cl—pP._ _P—Cl ———
/ NP 30
Cl
391
Interesting and unusual heterocyclic compounds—

pyrazaboles 392—have been synthesised by the reaction of
3-ferrocenylpyrazole with trimethylamine - borane or trimethyl-
amine —diethylborane in boiling toluene.>’?

Fc R R
PhM /. _\
| N" + MeN-HBR, ———  >B~ ~ B
- refluxing R/ \ /N
N N=N
Fc
392
R Reaction time/h Yield (%)
H 1 —
Et 8 35

The interaction of diferrocenyldithiatetraazadiarsocine 393
with norbornadienechromium tetracarbony! 394a or norborna-
dienemolybdenum tetracarbonyl 394b results in the formation of
the complex tetracarbonyl(diferrocenyldithiatetraazadiarsocine)-
chromium(0) 395a and the corresponding molybdenum(0)
complex 395b.15

NSy
/
Fc—As As—Fc + (C;Hg)M(CO), (LERMe_
\ / 70°C,1h
N\S =N 394a, b (2)20°°C, 12h
393
NNy
o
—
Fc/A S\M/AS\F
NN ¢
oc” /\~co
ocC ¢co

395a: M =Cr(61%);
395b: M = Mo (57%).

VI. Compounds containing heterocycles with more
than six atoms

The synthesis of dihydro-1,2-diazepine derivatives 396a,b from
the diketone 397 on treatment with hydrazine or phenylhydrazine
has been described.!®!

Fc AcOH, EtOH
. —_—
+ RNHNH; - H,O refluxing 4—5h

(0] (o)
397 OMe R!

N—N.

-0
OMe

396a: R = H,R'= Ac(50%);
396b: R = R! = Ph(55%).

The 1,3-dihydrobenzo-1,4-diazepin-2-one derivatives 398
have been synthesised in two stages: by treating the ketoamides
399 with liquid ammonia and the subsequent cyclisation of the
aminoketones 400 formed.?!9

NHCOCH:Br
NH;(1), CH2Cl2
Fc refluxing, 6 h
R
(o)
399
NHCOCH;NH;
AcOH, EtOH
— —_—
Fc refluxing, 5 h
R
(0]
400
H O
N
—
R N
Fc
398 (91%)
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The Wittig insertion of the ferrocenylvinyl fragment into the
crown-ether derivatives 401 has been achieved?!! by treatment
with the ylide 402 under an inert atmosphere in the absence of
light.

-+
RCHO + FcCHPPh, :—1» FcCH=CHR
401 402

@HUOOJ

The crown-ethers 404, containing a ferrocenyl substituent,
have been synthesised (yields 25%-30%) by coupling the
ferrocenium cation with the diazonium salts 403212

(1)Cu,0°C,05h

FcH™*" + RN,Cl FcR

(220°C,40h
403 404

(\o’\l or—\o—>
O, P TS
L

The ferrocene derivatives 406, containing two crown-ether
fragments in the molecule, are formed in 80%-85% yields as a
result of the acylation of the aza-crown-ethers 405 by the
dichloride of ferrocene-1,1’-dicarboxylic acid in the presence
of triethylamine.?!3

(0]
COCl NR;
Et:N, PhMe
Fe + 2HNR: m Fe
cocl : @—"—-NRz
405 o
406

—~NR; = -—N

7:13)(" 1,

Three ferrocenoyl groups have been introduced into the
triaza-crown-ether 407 by treatment with the ferrocenecarboxylic
acid chloride in the presence of triethylamine and 4-dimethyl-
aminopyridine (DMAP) (the yield of the product 408 was
85%).214

H
/~\/

T
NEt;, DMAP, PhMe, N,

3FcCOCl + H—N

: : reftuxing, 4 h
O N

—/\
H

407

The aza-crown-ethers 407 and 409 are smoothly alkylated by
ferrocenylmethyl(trimethyl)ammonium iodide, affording the
corresponding ferrocenylmethyl-substituted macrocycles.2!4

K,CO;, MeCN

+
407 + 3 FcCH,NMeal - refluxing, 48 h

K.CO;, M
S H+ 2 FoCH,NMeyl- K2C0nMeCN,

‘T?
g

N
/—N N—\
LD
(70%)

The ferrocenyl-substituted crown-ethers 411, containing
oxygen and sulfur atoms in the ring, have been obtained from
the aldehyde 14 by its conversion into an acetal with the aid of

the bismercapto-derivatives 410 in the presence of Lewis
acids, 203 215,216

S
BF; - OEt,, PhH, Et;0 \
14 + HSCH;RCH,SH — 2 =Ctree =8 Fe—( R
410 §
411
R Yield (%)
OCH,CH,SCH,CH,0O —
CH,OCH; 84
CH,OCH,CH,OCH,» 72
CH,O(CH,CH>0),CH:> 92
CH,O(CH,CH>0)3CH> 62
CH;O(CH,CH,0)4CH; 64
CH,SCH: 31
CH,OCH>CH»SCH,CH,0OCH: 78
CH(OH)CH(OH)CHb>); —
CH,SCH; —
The reaction of 2,2,4,4,6,6,88-octafluorocyclotetraphos-

phazene 412a with ferrocenyllithium results in the formation
of the products of the substitution of one or two fluorine atoms by
the Fc groups (Scheme 5).208.209

Treatment of a mixture of hexachlorocyclotriphosphazene
385 and octachlorocyclotetraphosphazene 412b with ferrocenyl-
lithium leads to the formation of compounds 413, containing
cyclotriphosphazene and cyclotetraphosphazene fragments in the
molecule.?!”
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Scheme 5
F Fc
\/
N—P==N
F\Il 1l> _F
X x s I>F
N=P—N
N—P=N
X\LI | X Enox-F F F
x| | >x 25°C.4-6h F Fc
N=P—N N \P/ N
2 Feli =
X X = F\l |/F
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Diferrocenyldithiatetraazadiarsocine 414 has been synthes-
ised in 73% yield from dichloro(ferrocenyl)arsine and compound
41513
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VII. Biological activities and applications of
heterylferrocenes

It has been found that many heterylferrocenes exhibit a
biological activity. Thus ferrocenyl-containing derivatives of
6-aminopenicillanic or 7-aminocephalosporanic acids have
been recommended as effective antibiotics and inhibitors of
B-lactamase.218:2!% The tetrafluoroborates and perchiorates of
benzothiazolium derivatives inhibits the growth of staphylococci
and streptococci as well as the yeast fungi of the genus
Candida.'*3 Derivatives of ferrocene-containing fragments of
the diethyl esters of phosphonic and phosphonothioic acids and
morpholine!”” or 1,34-triazole??> as well as thiophene and
1,3-thiazolidin-2-one rings!3 in the molecule exhibit an anti-
microbial activity against both Gram-positive and Gram-
negative microorganisms.
3-Ferrocenyl-1-(2-furyl)cyclopent-1-ene has been patented as
an agent counteracting the anaemia induced by iron deficiency in

the organism.!% The product of the condensation of 2.4,6-
trichloro-1,3,5-triazine with the disodium salt of ferrocene-1,1,’-
dicarboxylic acid is active against a series of bacteria.?20

The nonsilver photosensitive compositions and materials
frequently include charge-transfer complexes (CTC). It has been
stated that CTC based on the copolymer of vinylferrocene with
N-vinylcarbazole and 24,7-trinitrofluorenone 22! as well as the
copolymer based on 4-cyano(or phenyl)-3-ferrocenylisoxazolines
and CBrs have been synthesised.!3:222 The products of the
condensation of FcCHO with benzothiazole derivatives or with
1,3-diazolidine-2,4-dione have been recommended as compo-
nents of nonsilver photosensitive compositions.®2 Compounds
containing the FcCH=CH groups and 1,3,4-oxadiazole rings may
be used as electrophotographic materials.!>” Derivatives of 2,3-
bis(2-ferrocenylvinyl)quinoxaline are electrophotographic semi-
conductors and are used in compositions for the preparation of
effective and long-lived printing plates, which make it possible to
obtain many thousands of impressions.?23

2-Ferrocenyl-1,4-dimethyl-5,6-benzoquinolinium iodide is a
dye for polyamide and polyester fibres.!4 Derivatives of
ferrocene-containing quinoline and pyrazoline rings have been
recommended as cyanine dye-sensitisers.!”-%% 70 Ferrocenyl-con-
taining cyanine dyes with an indole ring fragment in the molecule
have been described.*®

Heterylferrocenes are used as modifying agents which
improve the operational characteristics of rocket fuels and
explosive compositions. N-Ferrocenylmethylpyrrolidine has
been used as an additive improving the ballistic and mechanical
characteristics of rocket fuels.3:32 14-Bis(N-ferrocenoyl)piper-
azine and analogous compounds,'®® 2-ferrocenyltetrahydro-
furan,22¢ and 2-ferrocenoyl-1-isopropenylcarbaborane??® may
be used to regulate the rate of combustion of rocket fuels based
on NH;ClO,4. 2-Ferrocenyl-2-(hydroxypropyl)tetrahydrofuran
has been proposed as a catalyst for the combustion of rocket
fuel.'2  2-Ferrocenyltetrahydrofuran increases the rate of
combustion of rocket fuel and its efficiency.?26 5-Ferrocenyl-
methylenebarbituric acid is a catalyst of the combustion of
explosive compositions based on nitramines.!86

Crown-ethers containing a ferrocenyl group are interesting as
regards practical use.21%:213,216

The polymers obtained by condensing furfural with ferrocene
in the presence of AICl; have been proposed as thermostable
and radiation-resistant coatings, adhesives, and insulators.??®
6-(2-Ferrocenylvinyl)-2,4-diphenylpyrylium tetrafluoroborate
has been patented as a dye-hardening agent for gelatin in
photographic compositions.!®? The polymer formed on heating
ferrocenyldihydrobenzofuranone in the presence of ZnCl, or
AICIl; exhibits an effective thermal stability and may be used in
many fields: as a coating, as an adhesive, as an insulator, as an
ion-exchange resin, as a combustion catalyst, as films resistant to
irradiation, and as an inhibitor of the ageing of silicone rubbers
and other elastomers.228

Isoxazoline derivatives containing ferrocenylalkyl groups in
the 3-position exhibit pesticidal, herbicidal, acaricidal, and
fungicidal activities and are plant growth regulators.!®! It has
been reported 229 that the 4,5-diphenyloxazole derivative contain-
ing the NHN=CHFc group in the 2-position may be used to
combat plant viruses.
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Abstract. The results of studies on various properties of
polyacetylene by the high-resolution EPR method in the
2 mm wavelength range are surveyed and treated systematically.
The structures and dynamic properties of the paramagnetic
centres as well as the mechanism of charge transfer in the neutral
polyacetylene are discussed. The bibliography includes 76
references.

I. Introduction

During recent years, polyacetylene (PA) has attracted consider-
able attention by investigators because of the uniqueness of its
electrodynamic properties, which may prove promising in
molecular electronics. Thus when donor or acceptor dopants
are introduced, its d.c. conductivity changes by 10— 14 orders of
magnitude and reaches g4c ~ 105107 S m~'1-3 PA is the
simplest conducting polymer in a large class of organic
conducting compounds (polyphenylene, polypyrrole, polythio-
phene, polyaniline, etc) with similar magnetic and electro-
dynamic properties; this led to the most vigorous study of these
properties in relation to this particular compound.

The cis- and trans-conformations of PA are distinguished, the
latter being thermodynamically more stable.?> The morphology
of this polymer depends on the method of synthesis, the structure
of the initial monomer, and also on the nature and amount of the
dopant introduced. The polymer chains of PA are arranged
parallel to one another, forming a fibril several tens of
nanometres in diameter and several hundreds of nanometres
long. The longitudinal axes of the fibrils are usually randomly
oriented in space, but they can be partly or fully oriented during
synthesis or by stretching the resulting polymer. The polymer
chains in such fibrils are close-packed. The PA crystal lattice has
the following parameters: a = 0.761 nm, » = 0.439 nm, and
¢=0.447 nm (cis-PA) and a = 0.424 nm, » = 0.732 nm, and
¢ = 0.246 nm (trans-PA).+*

In each monomer unit of PA, three out of four valence
electrons are in the hybridised sp? orbitals: two electrons
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participate in the formation of two o-bonds responsible for
the formation of the quasi-one-dimensional (1D) lattice, while the
third is involved in the formation of a bond with a hydrogen
atom. The last valence electron is in the 2p, orbital oriented at
right angles to the plane in which the remaining three electrons
are located. Thus the o-bonds form a low-lying completely filled
valence band, while the n-bonds of the monomer units form a
partly filled conduction band. If the lengths of all the C —C bonds
were equal, then undoped trans-PA could be regarded as a
ID-metal with a half-filled conduction band. In reality, the
system represents a set of monomeric CH groups linked by
alternating double and longer single bonds, which execute
longitudinal vibrations. Such a system is unstable (Peierls
instability) and the alternation in it takes place almost without
energy expenditure. Calculation has shown® that the degeneracy
of the system leads to the generation on the trans-PA chains (with
an energy expenditure of 042 eV) of nonlinear topological
excitations — solitons — with a spin s = 1, an effective number of
C-Cbonds N = 15, an effective mass m; equal to six times the
free electron masses m, , and a high 1D-mobility. The energy level
of the solitons is located at the centre of the energy gap of the
polymer. This phenomenon determines to a large extent the
fundamental properties of trans-PA, including the relatively large
width of the energy gap, which is ~ 1.4 eV. Some experiments (see,
for example, Refs 7-9) yield the effective number of C - C bonds
N = 50 and m{ = (0.15 — 0.40)m, .

The spin-charge conversion is characteristic of a single
soliton in frans-PA: the neutral soliton corresponds to a radical
with a spin s = %, whereas a negatively or positively charged
soliton lacks spin and becomes diamagnetic. Therefore, in n-type
doping, the energy level of the soliton becomes fully occupied,
whilst in p-type doping it becomes entirely unoccupied. For a low
level of doping, only some of the neutral solitons become charged.
With increase in the level of doping, all the solitons become
diamagnetic and their individual energy levels merge into the
soliton band located in the middle of the energy gap of the
polymer. The formation of the soliton band leads to charge
transfer by the spin-free carriers after the semiconductor — metal
transition. This conduction mechanism, which includes the
motion of charged solitons in an occupied or unoccupied
band, differs significantly from the charge transfer process in
classical semiconductors.

In PA, there is the possibility of the occurrence of various
charge transfer processes, which may be arranged in the following
sequence in order of their decreasing probability: 1D-conduction
along polymer chains; charge transfer in hops between polymer
chains; tunnelling of the charge between highly conducting
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domains of fibrils separated by regions with a lower conductivity;
or fluctuation-induced tunnelling of the charge between fibrils.

It is entirely evident that the contribution of each of these
processes depends on the properties of the initial polymer and
may change during its doping.

Conjugated polymers are characterised by the presence of a
n-electron system and a partly filled band structure, which
determines important electronic properties of these systems. In
contrast to the classical semiconductors, apart from the activated
electron transport,!® in PA there is also the possibility of phonon-
assisted charge tunnelling between the energy levels of solitons!!
and of variable range hopping conductivity (VRH) 2 charact-
erised by different frequency and temperature dependences
o (ve,T). Such diversity of electron transport is associated
with the generation of nonlinear soliton-type excitations and
may be associated directly with the evolution of both the
crystalline and the electronic structures of the system.

Several theoretical approaches have been put forward for the
description of the mobility of the soliton in trans-PA. They were
developed in terms of the concept of the Brownian 1D-diffusion
of solitons interacting with the lattice phonons!? and of the
scattering of solitons by optical and acoustic phonons in trans-
PA."* One of them predicts a quadratic dependence of the
frequency of the 1D-diffusion vip = Dipcj”> (Dyp is the 1D-
diffusion coefficient and ¢y, is the length of the soliton jump along
the polymer chain) on temperature. In the second case, the
dependences have the form v;p(T) ~ T~/? and v;p(T) ~ T/ for
the optical and acoustic phonons respectively. Calculations
showed !5 that the frequency of the 1D-diffusion of the soliton
should not exceed the limiting value vip, = 3.8 x 10'* Hz near the
Fermi level.

Many fundamental properties of PA and other conjugated
polymers are determined by the existence in them of the localised
paramagnetic centres (PC) and/or such centres delocalised along
the polymer chains, so that the majority of the investigations of
these compounds have been carried out by the EPR method.!6-17
We shall consider certain possibilities for the study of PA by this
method.

At relatively low measuring frequencies (v, < 10 GHz), PA
gives rise, like the classical m electron systems, to a single
symmetrical EPR line with g = 2.002634 + 0.000015 =~ g, .!® The
g-factor deviates from g, mainly owing to some contribution by
the orbital angular momentum of the unpaired electron to its
overall magnetic moment. The EPR line consists of a super-
position of individual weakly resolved lines corresponding to the
hyperfine interaction of the spin with the carbon nuclei on which
the soliton is localised.

According to the model proposed by Su et al..6 the defect-free
undoped cis-PA contains no paramagnetic centres and should
therefore be diamagnetic. In reality, cis-PA contains 5% -10% of
short segments of trans-PA, mainly at the ends of the chains 16
where the trapping of solitons is most likely.!* Such an isomer
therefore gives rise to a relatively weak broad EPR line, in
which the distance between the peaks is ABpp = 0.6 — 1.0 mT
(g = 2.002634) and the hyperfine interaction tensor constants
are A,, = —1.16 mT, 4,, = —3.46 mT, and 4., = —2.32 mT 2
(the x, y, and z axes are directed along the crystallographic q, c,
and b axes respectively). On thermal cis—trans isomerisation,
the concentration of paramagnetic centres increases from
N~ 10" spins g™' (this is equivalent to one spin per
~ 44000 CH groups) in cis-PA to N ~ 10'° spins g~' (or one
spin per 3000-7000 CH groups) in trans-PA?' This is
accompanied by a sharp narrowing of the line of 0.03-
0.50 mT.16-22 The latter quantity depends on the average length
of the trans-sections and represents a linear function of the
concentration of the sp?-defects.?> A dependence of the type
ABpp ~ Z** has been obtained for PA doped with metal jons
having an atomic number Z.24 The line width of trans-PA
partially ordered by stretching proved sensitive to the direction of
stretching ¢ of the specimen in a magnetic field with a strength

B,.23-25-28 Thus, in the case of the parallel direction of the
external magnetic field strength vector relative to the c¢ axis, the
line width is 0.48 mT, whilst in the case of the perpendicular
direction it is 0.33 mT. 23

The EPR spectrum of trans-PA may be represented by a
superposition of the contributions of the trapped and highly
mobile solitons with concentrations n; and n respectively, the
ratio of which varies with temperature, and also of the
contributions due to other fixed centres, the appearance of
which is associated with the presence of traces of catalyst and/or
oxygen molecules. In n- and p-doping, the concentration of
paramagnetic centres in trans-PA changes monotonically for a
virtually constant g-factor,!!” which indicates the retention of
the nature of the paramagnetic centres responsible for the EPR
signal.

Numerous studies on the paramagnetic susceptibility y of
neutral PA have shown!” that both its conformers exhibit Curie
paramagnetism (y ~ T') at T < 300 K, whereas, according to
the data of Tomkiewicz et al.,? the magnetic susceptibility of
cis-PA does not obey the Curie law in the temperature range
4-300 K. The reasons for this discrepancy are so far obscure.

High-frequency magnetic field modulation as well as electron
spin-echo have been used to investigate the interaction of the
unpaired electron with other electrons or with the trans-PA
lattice. Since a neutral soliton has an electron spin interacting
with the spins of the hydrogen nuclei, its dynamics may be
investigated by complementary NMR and EPR methods.

The quasi-one-dimensional mobility of the soliton has been
investigated by NMR within the framework of the Brownian
1D-diffusion of the soliton.3%3! The dependence of the nuclear
spin —lattice relaxation time 7, on the precession frequency of the
nuclear spin 7, ~ vll,/ 2, obtained for undoped and doped trans-PA
specimens, corresponded to the characteristic spectrum of the
spin 1D-diffusion. The frequency of the 1D-diffusion of the
soliton in undoped trans-PA proved to be 6 x 10'* Hz (at room
temperature) and showed a quadratic temperature dependence.
Estimates showed3° that the rate of diffusion may increase by
more than three orders of magnitude following the introduction
of various dopants into the polymer.

However, it must be emphasised that the motion of the soliton
influences only indirectly the nuclear spin relaxation time. Since
the interaction of the diffusing proton with a fixed electron spin
is also characterised by the frequency dependence t, ~ vj/%,* this
can lead to an incorrect interpretation of the results obtained by
NMR spectroscopy. Thus, on the basis of the kinetics of the decay
of the 13C NMR signal, it has been concluded 33 that there are no
mobile unpaired electrons at all in trans-PA. However, according
to Ziliox et al.,3* this conclusion may be valid only for the specific
specimens investigated by Masin et al.3

The EPR spectroscopic method is a priori more effective in
the study of the dynamics of the soliton in trans-PA, since the
electronic relaxation times are unambiguously related to the
diffusion of the soliton.

The spin dynamics in zrans-PA has been investigated with
the aid of low-frequency steady-state EPR 26—28.35.36 gand the
spin-echo method.3”—3% The relations 7, ; ~ v./? and v,p(T) ~ T?
(1, and 7, are the spin-lattice and spin—spin relaxation times)
were obtained by the first method in the frequency range
v, = 5 — 450 MHz. They indicate the 1D-diffusional spin motion
in trans-PA  with v;p > 10'* Hz and the anisotropy
vip/¥sp = 10° — 107 (at room temperature). A similar frequency
dependence of the rate of diffusion has been observed also at
higher recording frequencies v. =9 — 14 GHz.3%-40 However,
the spin diffusion frequency determined by the spin-echo method
is vip < 10"' Hz (at room temperature) and exhibits a more
complex temperature dependence.?’

Thus the data obtained by different methods and by different
investigators concerning the dynamics of solitons in trans-PA are
extremely contradictory and do not always find an unambiguous
interpretation. EPR spectroscopy is the most promising method
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for the investigation of the composition and dynamics of the
paramagnetic centres. However, it suffers from considerable
limitations owing to the low spectral resolution and the high
spin-spin exchange at vo < 40 GHz. This prevents the separate
recording in trans-PA of localised and mobile n-radicals with
similar magnetic parameters.??

It had been shown earlier in relation to certain organic
radicals#1:42 that in the 2 mm wavelength range there is a
significant increase in the accuracy and the information content
of the EPR method in the study of the structure and molecular
dynamics of radicals with g = g, in model systems and biological
polymers. The high resolving power of the method, attained in
this frequency range, converts the g-factor of organic free radicals
into an important information parameter. This makes it possible
to discover the anisotropic character of the slow molecular
motions, to extend the range of the measured correlation times
for the rotation of the radical, and also to identify the structure of
the radical and of its microenvironment.

The high spectral resolution of the EPR method in the 2 mm
range yields important information about the spin and molecular
dynamics in organic conducting compounds.*> The present
review is devoted to the consideration of the experimental
data obtained in the study of the structure and electrodynamic
properties of PA by two-millimetre EPR spectroscopy. The
theoretical foundations of the method have been described in fair
detail in a number of monographst and will not therefore be
considered here.

I1. Magnetic parameters of the charge carriers
in trans-polyacetylene

For a more correct determination of the magnetic resonance
parameters of the paramagnetic centres in PA, various films of
cis- and trans-PA were investigated over a wide EPR frequency
range.*4

In the 3 cm EPR range (v, = 9.8 GH2), the cis- and trans-PA
specimens are characterised by a single symmetrical line with
g = 2.0026 and the width between the peaks ABpp = 0.67 mT
(cis-PA) and 0.22 mT (trans-PA) (Fig. 1). The latter quantity
exceeds the minimum width of the rrans-PA spectral line,!6 and is
apparently associated with the presence in the specimen of
oxygen molecules or shorter n-conjugated chains, but is within
the limits of the variation of the ABypp obtained for different trans-
PA specimens.?? This line is broadened by 0.05-0.17 mT at 77 K,
probably as a consequence of the decrease in the frequency of the
librations of the polymer chains and is additionally broadened by
0.1 mT when the polymer comes into contact with atmospheric
oxygen, apparently owing to the strengthening of the trapping of
the mobile solitons in frans-PA .43

An increase in the recording frequency to 37.5 GHz results in
a slight increase in the width of the lines in the PA spectrum
(Table 1) with retention of the symmetry.

In the 3 mm EPR range, the line width of the cis-PA spectrum
increases to 0.84 mT. This is accompanied by an additional
broadening of the high-field spectral peak owing to the
manifestation of the anisotropy of the g-factor. trans-PA is
characterised by a line with g = 2.00270, ABpp = 0.37 mT, and
the asymmetry factor 4:B = 1.1 (the ratio of the amplitudes of
the high-field and low-field spectral peaks).

+] D Memory Quantum Theory of Magnetic Resonance Parameters
(McGraw-Hill, New York, 1968)

B Ranby, J F Rabek EPR Spectroscopy in Polymer Research (Springer,
Berlin, 1977)

C P Slichter Principles of Magnetic Resonance 2nd Ed. (Springer, Berlin,
1978)

Theoretical Foundations of Electron Spin Resonance Ed. J E Harriman
(Academic Press, New York, 1978)

- b

b

2mT
—_—

Figure 1. EPR spectra of cis-(I) and trans-polyacetylene (II) recorded in the
3cm (a), 2mm (b), and 0.6 mm (c) ranges at room temperature under an
inert atmosphere. The positions of the components of the g-tensor of the
localised solitons (g; and g.) and the gs-factor of the delocalised solitons
are indicated.

Table 1. The line widths (in mT) and the distances between the spin packets
(in Hz) for the paramagnetic centres in neutral polyacetylene at different
recording frequencies at 300 K.

ve/GHz ABfip ABpp  Awj X 108

1 I 1 1 1I 111

9.8 0.70 0.25 0.062 1.7 1.0 0.8

37.5 0.75 0.30 0.11¢ 1.8 1.2 1.34
94.3 0.85 0.45 0.18 1.9 14 1.7
139 0.95 0.61 0.30 23 2.2 2.2
250 1.82 1.60 0.50 2.8 2.8 2.9
349 242 2.52 0.62 3.2 3.5 3.2
428 2.53 1.91 0.81 33 3.1 37

Remarks. I — solitons localised in cis-PA; II —solitons localised in trans-
PA; III—solitons delocalised in trans-PA.
2Values obtained by extrapolation.

In the 2 mm range for the recording of the EPR spectrum,
there is a further increase in ABpp to 1.1 mT (in c¢is-PA) and 0.5 mT
(in trans-PA) accompanied by a more marked manifestation of
the anisotropy of the g-factor in cis-PA and a greater asymmetry
of the spectral line (4:B = 1.3) in trans-PA (Fig. 1).

In order to elucidate the possible dependence of the PA
spectral line width on the orientation of the magnetic field, a
study has been made4é of partly oriented cis- and trans-PA
specimens. The investigation showed that the line width in the
spectrum of the initial cis-PA specimen increases after slight
stretching of the film from 1.23 to 145 mT (7 =300 K).
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The magnetic parameters of the partly oriented cis-PA did not
change significantly on varying the angle between the directions
of stretching and the external magnetic field, whereas the line
width in trans-PA changed nonmonotonically from 0.60 to
0.68 mT at room temperature.

With increase in the recording frequency, a further broad-
ening and a further increase in the asymmetry of the EPR spectral
lines of both conformers were observed (Fig. 1). Analysis carried
out by the method described by Lebedev and Muromtsev?’
showed that the spectrum of cis-PA, presented in Fig. 1, may be
assigned to paramagnetic centres with the g-tensor components
g = 2.00283(5) and g; = 2.00236(5) (g, and g; correspond to
the parallel and perpendicular directions of the external
magnetic field relative to the crystallographic ¢ axis of the
polymer chain). The values of the g-tensor quoted exceed
somewhat the values of g, and g, determined experimentally 48
but are close to g =2.0034 and g, = 2.0028 calculated in
the same study for localised paramagnetic centres. The quantity
g, differs from g, by Ag =5 x 10~* This deviation corresponds
to the excitation of the electron from the bonding o_c orbital to
the antibonding n* orbital with AE,. =2iAg™' =144 &V
(here A, = 3.6 meV is the constant for the spin-orbital inter-
action of the unpaired electron with the nucleus of the carbon
atom), which is close to the corresponding value calculated for the
C-C bond in n-conjugated systems.*® Other electronic transi-
tions with a greater AE; do not contribute significantly to Ag.
Thus the line form in the cis-PA spectrum as well as the
agreement between the experimental and theoretical values of
AE,,- indicate the existence of localised paramagnetic centres in
this isomer.

The transformation of the line shape on cis — trans isomerisa-
tion of PA evidently indicates the appearance in the PA of
mobile paramagnetic centres with g, = 2.00268 (Fig. 1) during
the occurrence of this process. The similarity of the isotropic
g-factor of the localised paramagnetic centres [< g >=
1(g, +2¢)) =2.00267] and the g-factor of the delocalised
paramagnetic centres indicates the virtually complete averaging
of the components of the g-tensor of the mobile paramagnetic
centres owing to their 1D-diffusion at a minimal rate.5

1
vip = 7 (g — g1 )uBBo 1)

Computer simulation 4 confirmed this hypothesis. A similar
averaging of the components of the anisotropic g-factor was
recorded by ourselves also on ‘unfreezing’ the 1D-diffusion of
polarons in other organic conducting polymers.*? Thus two types
of paramagnetic centres exist in undoped trans-PA, namely the
neutral soliton trapped at the ends and/or on short segments of
the m-conjugated chain!® and the soliton moving along the
polymer chain with a frequency vip > 2 x 10® Hz. The value of
vIp obtained is significantly less than the lower limit of the rate of
diffusion of solitons previously predicted.*® The concentrations
of the corresponding paramagnetic centres are n; = 1.1 x 1073
and n, = 6 x 107 spins per carbon atom. It is necessary to note
that the latter quantity is almost two orders of magnitude smaller
than the value predicted previously.!8 5!

Analysis of the form of the spectra of cis- and trans-PA
specimens by the method of Tikhomirova and by Voevodskii 3
showed that, for v, > 140 GHz, the distribution of the individual
spin packets in their low-field sections is described by Lorentzian
(at the centre) and Gaussian (on the wings) functions. On the
other hand, the high-field parts of the spectra are characterised
by a Lorentzian distribution of the spin packets. This made it
possible to calculate the frequencies of the spin—spin exchange
vex between the localised paramagnetic centres in cis- and
trans-PA, which are 3 x 107 and 1.2 x 10® Hz respectively.
These quantities are consistent with v,, > 10’ Hz obtained for
trans-PA.22 Thus, at a recording frequency v, > 16 GHz, the
distance between the spin packets Aw; exceeds v, , so that the
spin packets may be regarded as virtually noninteracting and the

width of the lines of the localised paramagnetic centres is
described by the equation™

Aa)ﬁ-

8vey

ABpp = ABRp +

@

where AB3} is the line width in the absence of interaction between
the paramagnetic centres. Assuming that the relaxation time 17
of the delocalised paramagnetic centres is 1.8 x 1077 s for
trans-PA at room temperature* and taking into account the
strong interaction between solitons with different mobilities, it is
possible to calculate the line width in the spectrum of the mobile
soliton ABpp, which proved to be 32 uT. This quantity agrees well
with the line width in the spectrum of the mobile soliton
(12-38 uT) predicted by Holczer et al.??

The values of Aw; calculated for the paramagnetic centres in
cis- and trans-PA by Eqn (2) are presented in Table 1. The table
shows that the isomerisation of PA is accompanied by a decrease
in Aw; for the paramagnetic centres in both conformers. Taking
into account the increase in v, indicated above, one may
conclude that the change of precisely these quantities is the
cause of the sharp narrowing of the EPR spectra (for
ve < 10'° Hz) during the cis—trans isomerisation of PA. This
conflicts with the view current up to the present time that the line
narrowing indicated above is possible only by virtue of the
‘unfreezing’ of the ID-diffusion of most of the solitons in trans-
PA.13.16.30

The dependences of the broadening of the lines of the
localised and mobile paramagnetic centres on the measuring
frequency are illustrated in Fig. 2. The latter shows that the line
width in the spectrum of the paramagnetic centres localised in
both conformers varies almost quadratically with v., in con-
formity with Eqn (2), which constitutes additional evidence for
the weak interaction of the spin packets in PA. On the other hand,
the line width in the spectrum of the delocalised paramagnetic
centres increases in accordance with the law ABSS® ~ v2/?, which
is a consequence of the stronger spin-—phonon interaction in
trans-PA owing to the 1D-motion of the solitons.

Ig (5ABpp/mT)

0.0

—-10F

-20 L
10.4 10.4

lg (Ve/snl)

Figure 2. Logarithmic dependences of the broadening (8ABpp) of the EPR
lines of the paramagnetic centres localised in trans-polyacetylene (line 1)
and cis-polyacetylene (line 2) (relative to the quantity ABY, measured at
9.8 GHz), as well as the paramagnetic centres delocalised in trans-
polyacetylene (line 3) (relative to the quantity AB%p measured at 94.3 GHz)
on the recording frequency at room temperature.

It is seen from the analysis of Table | that, at least for
ve € 140 GHz, the following familiar relation holds:%

oc\4
(amgey = 1BBE) @)
VID
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where 7. is the gyromagnetic ratio for the electron. This follows
from the theory of random motion and characterises the line
narrowing in the EPR spectrum of a semiconductor when spin
ID-diffusion arises in the latter with an effective rate
vip &~ 2 x 10" Hz.* We may note that another relation is valid
for spin 3D-motion:

Bloc 2
ABl;];)b — ye(Al L ) .
D

This constitutes additional evidence for the 1D-diffusion of
solitons in trans-PA. For v, > 140 GHz, Eqn (3) does not hold,
apparently owing to the similarity of the quantities v, and v/p.
Fig. 3a presents the temperature dependences of the reduced
concentrations of the paramagnetic centres (V) of certain cis-PA
specimens, which can be fitted by the following function:

T @

N(T) = Aexp (-é) +BT™ (1€n<2),
where 4 and B are constants and E, is the activation energy. The
first term of Eqn (4) is determined by the librations of the
polymer chains, the activation energies of which for different
specimens are 0.035-0.055 eV. A similar manifestation of the
electron — phonon interaction (mainly in the form of fluctuations
of the electronic polarisation energy of the order of several
millielectron volts) has been observed in organic crystalline
semiconductors.’” As can be seen from the figure, the activated
ordering of the magnetic moments of the spins makes the main
contribution to the paramagnetic susceptibility only at high
temperatures. In the range of temperatures below a critical
temperature T, =~ 150 K, this process competes with others, in
particular with the process described by the Curie equation
(n=1). The contributions of the processes involving the
orientation of the magnetic moments of the unpaired electrons
are different for different cis-PA specimens.

The concentration of the paramagnetic centres in the trans-
PA specimens is also characterised by an anomalous temperature
dependence (Fig. 3b). As in the case of cis-PA, the main
contribution to the paramagnetic susceptibility of trans-PA in
the high-temperature region comes from the first term of Eqn (4).
The increased value of E, (E, = 0.06 — 0.19 €V) may be explained
by the increase in the rigidity of the polymer chains and in their
packing density on cis—trans isomerisation. This is apparently

also the cause of the shift of the critical temperature into the
region T, =~ 250 K.

In contrast to cis-PA, trans-PA is characterised by a steeper
initial section of the N(T') curve at T < T . [The quantity nin Eqn
(4) varies from 1 to 4 for the trans-PA specimens obtained] and
reaches a plateau at T < 140 K. The latter fact is analogous to the
manifestation of the so called magnetic saturation. However, for
the given temperature range, magnetic saturation may occur
when the condition gugSBy > kT is fulfilled, i.e. for By > 100 T,
which greatly exceeds the magnetic field strength By, < 5 T used
in our experiments. Most probably, this effect may be induced by
the significant increase in the concentration of neutral solitons
with an amplitude 4 and hence by the shortening of the
inter-radical distance R and the intensification of the inter-
action between these charge carriers with the probability
Wg ~ Aexp(—24R).® Furthermore, the ‘unfreezing’ of the
1D-diffusion of a proportion of solitons at a rate v,p leads to
an additional increase in the probability of the intersoliton
interaction Wgs ~ vip ~ Wip T (see below). As a consequence
of the overlap of the wave functions of the unpaired electrons of
neighbouring solitons, their discrete levels, located in the energy
gap, are broadened and transformed into a soliton band of finite
width. As in the case of cis-PA, the constants 4, B, and n are
determined by the different properties of the trans-isomer.

The study of trans-PA specimens lightly doped with iodine
vapour has shown>* that the form of the spectra and the ratio of
the concentrations of the mobile and localised paramagnetic
centres do not vary. This finding agrees with the earlier
hypothesis ** of the existence in trans-PA of both mobile solitons
and solitons trapped in short conjugated sections of the chain.
Although the paramagnetic centres indicated do in fact have
different mobilities, in the course of the doping process they
acquire a charge with equal probabilities and become diamag-
netic.

The magnetic properties of PA thus depend significantly
both on the conformation of the polymer chains and on the
concentration and mobility of the neutral solitons. In the
cis— trans isomerisation of the initial PA specimen, the concen-
tration of the trapped solitons increases appreciably and mobile
charge carriers appear. The ‘unfreezing’ of the mobility of a small
proportion of the solitons does in fact increase the conductivity of
the film by several orders of magnitude. The transition to high
fields for the recording of the EPR spectra increases significantly
the resolution of the method and diminishes the probability of the

Nr/Niok a

1.0

T 1 ri

T

10° /(T/K)
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1'0 10°/(T/K)

Figure 3. Temperature dependences of the concentrations of the paramagnetic centres in specimens 2 (1), 4 (2),6 (3), and 5 (4) (Table 2) of (a) cis- and
(b) trans-polyacetylenes relative to values measured at room temperature.
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interaction between paramagnetic centres having different
mobilities, which makes it possible to analyse more correctly
and accurately the magnetic properties of the localised and
delocalised solitons in PA.

I11. Passage effects and the electronic relaxation
of the charge carriers in polyacetylene

With increase of the amplitude of the magnetic component of the
UHF field B,, dome-shaped components with a Gaussian
distribution of the spin packets were recorded in the 2 mm
EPR spectra of cis- and trans-PA (Fig. 4).>%% The intensity and
form of these components depend on the amplitude B, and the
frequency wy, of the HF modulation, the quantity B,, and the
relaxation times of the paramagnetic centres. The appearance of
these signals is associated with the manifestation of the effects of
the rapid adiabatic passage of a nonuniformly ordered line.5°
Such passage effects had not been recorded previously in the
study of PA in the frequency range v, < 37 GHz.!¢ The following
explanation of this finding can be put forward. The form of an
individual spin packet in PA is determined by a set of
time characteristics: 71, T2, (ABpp), w5, (JeBw)
(7eB1)™", and Bi(dBo/de)™".

b
1
3
d
3
1

Figure 4. In-phase (a, 5) and quadrature (¢, d) components of the first
derivatives of the dispersion signals of specimens of cis-(a, ¢) and trans-PA
(b, d) recorded in the two-millimetre EPR range for different values of
By (mT): (1) 0.2; (2) 0.2-20; (3) 20.

On transition to high magnetic fields, the probability of the
cross-relaxation of the paramagnetic centres with s = %and g=2,
localised at a distance r,, diminishes in accordance with the
law 6!

W ~riyexp(—0.25B3r o157 ),

as a consequence of which the interaction between the spin
packets diminishes and they may be saturated under the usual
experimental conditions. When the conditions for the saturation
of the signal [s = y,Bl(rer)‘/ 2 > 1] and for the adiabatic nature
of the passage of its envelope (y.wyBy, < y2B3) are fulfilled
and also when the signal passage time exceeds the effective
relaxation time 7 = (r,rz)’/ 2 ie. B,(dB, /dt)'l > 1, there is insuf-
ficient time for the relaxation processes to influence significantly
the nature of the motion of the magnetisation vector M of the
paramagnetic centres during the period of its precession around
the direction By, . The repeated passage through resonance leads
to the establishment of a stationary trajectory of the vector M and
to the appearance of three components (u,, u;, ;) of the
dispersion signal U with the shape function g(v.).5?

U = u1g' (vo)sinwg 1) + urg(v,)sin(wp,t — )

+ w3g(ve)sin(wyt + mi), ©)
along the z, —z, and — x axes respectively. These components can
be recorded separately with the appropriate tuning of the phase
detector of the instrument. The contribution of each component
u; depends on the ratio of 7 to the rate of passage through
resonance B,(dB,/df)'. Evidently u, = u; =0 when s< 1.
In this case, the classical u; dispersion signal is recorded.
When the inequality By(dBy/d#)~! >  holds, the vector M has
sufficient time to relax to the equilibrium state during each
modulation period and the U dispersion signal is determined
mainly by the components u,g'(w.) and wuyg(w.) with the
intensities at the centre of the spectrum (for v = v.)
u = Moﬂ:‘)‘:Ble and Uus = %Moﬂ:’ygBleTsz.

At a low rate of relaxation, the spin ‘sees’ only an average
applied field and the signal is described by the integral terms of
Eqn (5) with the central intensities

u = %MonyZBlerz and w3 = Mony?B1Bnto(4wnt) "t

The case wy1; > 1 occurs for cis-PA, so that the dispersion
signal is determined mainly by the last two terms of Eqn (5).
Calculations have shown 4% that in this case the relaxation times
may be calculated from the ratio of the central amplitudes of
these components by means of the following formulae:

3wm(1 +6Q)
= —p———— 6
N R+ ) (62)
— (6b)
wm

where Q=usu;", and By, is the value of the component B, for
which the condition ¥, = —u, holds.

In the EPR spectra of rrans-PA, the passage effects are
manifested to a much lesser extent (Fig. 4). The condition
wxT; < 1 holds for this substance, so that the relaxation times
can be calculated by the formulae3#3?

MU,
T = N
20U

(7a)

U3

= 20, (u + 1wy) - (7b)

T2
The temperature dependences of the quantities 7, and z,,
determined from the 2 mm EPR spectra of the specimens of cis-
and trans-PA of different thickness and obtained under different
conditions of synthesis, are presented in Table 2 in the functional
form z,, = AT*. Fig. 5 presents the functions 7,(7) and 7,{T) for
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Table 2. Temperature dependences of the relaxation times [t) ; = AT"(s)] for different cis- and trans-polyacetylene specimens.

Specimen 1) T2 T T2
A a A a 4 o A a
cis-PA trans-PA
0.04 —1.6 1.8 x 109 1.2 217 -2.6 1.0x10-7 0.5
12 0.37 =20 7.7 % 10-9 1.0 - - - -
2 0.006 -14 1.5x10~7 0.5 0.1 -22 7.2x 108 0.3
22 0.77 -23 1.0 x 10-7 0.5 - - - -
3 1.4 -23 9.5x10-8 0.5 20x% 103 -1.7 1.3x 103 -0.9
3 290 -33 1.7 x10—8 0.8 - - - -
3 52 =27 1.2x10-8 08 - - - -
320 6.5 —-3.6 42 x10~° 1.0 - - - —
3¢ - — - - 62 -35 2.1 -3.0
4 0.65 —-2.1 9.6 x 10—° 0.9 4.0x10-3 —-L5 29x 106 -1.0
4 10 —-2.6 2.8x10~° 1.1 - - - -
5 27 2.5 2.4 %107 03 40x10-4 -1.2 9.1x10-¢ -0.7
59 - - - - 8.3x10—% -1.3 50x10—% —-0.6
6 3125 -35 34x10-8 0.7 1.7 x 10—4 -1.1 1.0 x 10—6 —-0.8
7 1587 -2.7 42x10-? 1.0 1.1 x 102 -1.9 9.1x10~3 -1.2
8 833 -2.6 9.1x10-? 0.9 2.8x 10— -1.0 22x10°3 -0.7
& 83 =27 3.6x10-? 1.1 - - - -
Remarks. The measurements were performed cafter doping with iodine vapour up to o4 ~ 10 S m™!,
2in the presence of atmospheric oxygen, d after annealing under an inert atmosphere. Specimens / -8 investigated
bafter storage for 6 months under an inert atmosphere, were obtained under different conditions and had different thicknesses.
where n = n; + n, . This makes it possible to determine separately
1g(t1.2/5) the relaxation times of paramagnetic centres with different
mobilities in trans-PA, using the experimental quantities 1,,
73, n, and n;/n,.
! If the spin-lattice relaxation time is formulated as
-3r 1, =An" T (4 is a constant), then « varies from 0.7 to
3 1.0 in the temperature range from 330 to 90 K, f is 3 for cis-PA
and —0.5 for trans-PA, and y varies from 1.4 to 3.5 for cis-PA and
—6l from 1.0 to 2.6 for rrans-PA depending on the thickness of the
3 specimen (Table 2). This shows that mainly Raman two-phonon
relaxation processes occur in cis-PA,%! whereas more complex
_7k spin —lattice interactions take place in trans-PA. The latter factor
may be accounted for by the fact that a joint Raman spin - lattice
——— e N ID- and 3D-interaction of the immobilised spins with an overall
. l*‘“‘ probability 63
— 1
s 100 200 300 T/K WR ~ klnlve'sz + k;mv;’T,

Figure 5. Temperature dependences of the spin —lattice (;) (lines 7 and 3)
and spin- spin (t;) (lines 2 and 4 ) relaxation times of cis-(lines / and 2 )and
trans-polyacetylenes (lines 3 and 4).

the cis- and trans-isomers of PA (No. 4 in Table 2). It is seen from
the data presented that the spin-lattice relaxation times of the
paramagnetic centres in both isomers diminish monotonically
with increase in temperature, whereas the spin—spin relaxation
times exhibit different temperature dependences in the case of cis-
and trans-PA.

It is necessary to note that the PA relaxation times are
effective relaxation times of the localised and mobile para-
magnetic centres. Therefore, under the conditions where the
dipole —dipole interactions of the paramagnetic centres in PA
predominate, one can write

(%;) cis ~ (T_i;)lx ’ (8a)

n n n
I Co N Co I (&)
Ty,2/ trans Ty,27 loc 71,2 mob

(k; and k, are constants) and diffusional modulation of the
spin - lattice interaction by the 1D-motion of some of the neutral
solitons with a probability Wy, ~ v}/? take place in trans-PA.%

Table 3 presents the temperature dependences of the
relaxation times of cis- and trans-PA specimens (No. 8§,
Table 2) partly oriented by stretching. The data presented
demonstrate convincingly that the relaxation times z,(7) and
7,(T) of the oriented cis-PA vary only slightly with the angle v
between the direction of the external magnetic field and the
direction of stretching of the specimen, whereas for the oriented
trans-PA film the relaxation times are functions of the angle ¥ as
a result of the 1D-diffusion of a paramagnetic centre of finite
extent within the film.

It is essential to note that the relaxation times are important
parameters of PA, characterising its structural and conducting
properties. Thus it has been shown®% that an increase in
molecular mass diminishes the electronic spin —lattice relaxation
time of the paramagnetic centres in PA. This parameter should
therefore be sensitive to the degradation of the polymer. Indeed,
the storage of the initial cis-PA specimen for six months under an
inert atmosphere leads to a significant increase in 1, owing to its
partial degradation (Fig. 6).545°

A similar change in 7; is observed on irradiation of this
specimen with a beam of fast electrons at a dose of 1 MGy.
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Table 3. Temperature dependences of the relaxation times [z ; = AT*(s)] of specimens 8 (Table 2) of cis- and trans-PA, partly oriented by stretching,
as a function of the direction of stretching in the external magnetic field.

V/deg T T2 T) T2
A o A o A ] A ]
cis-PA trans-PA
0 0.04 -1.2 4.0x10-8 0.6 21x10-2 =20 24x1073 -17
30 - - - - 50x10—4  -12 1.0x10-5  —0.5
60 - - - - 28x10-3 -14 1.5x10-%  ~0.5
90 0.16 -1.5 2.7x10-8 0.7 35%x10-%5 0.5 52x10-%  ~0.8
1g(r1/5) 1g(1/9)
2 _ E,/MeV
-34} —40 /
oe J
a4 2 <430
3 owm 3
oe 4
Q\ _ g
> ~ N P ~
—44 N s
-50 N N NP 7 <420
s ~
1 /‘/ g \D\ ~
”~ d > ~
—54 . ; * S . H10
0.0 0.4 0.8 dose/MGy —60 ) , . o
10 30 50 70 N (arbitrary

Figure 6. Dependence of the spin - lattice relaxation time 7, (T = 120 K)for
the initial cis-PA specimen (specimen 3 in Table 2, curve /) and after its
storage under an inert atmosphere for 6 months (line 2) and 12 months
(line 3) as a function of the dose of irradiation by a beam of fast electrons.

However, on irradiation of the specimen with an electron beam at
a dose of 0.50-0.75 MGy, the time 7, remains virtually constant
during the above period of storage (Fig. 6). After more prolonged
storage of the initial specimen and the specimen irradiated with a
dose of 1 MGy, 1, diminishes somewhat, which may be attributed
to some increase in the length of the chains and to the cis—trans
isomerisation of PA. This phenomenon demonstrates the
possibility of the effective stabilisation and even an improvement
of the electrodynamic characteristics of cis-PA when the latter is
irradiated with the optimum dose.

The increase in the concentration of paramagnetic centres on
cis—trans isomerisation of PA accelerates the spin-—lattice
relaxation. Since in massive PA films with a low-density of
the polymer chains such isomerisation proceeds most readily,
longer trans-sections with an increased rigidity are formed in
them, and is accompanied by an increase in the activation energy
for the libration of the chains (E,). The latter quantity may be
determined by analysing the temperature dependence of the
width of the spectral line of a trapped soliton.>* Since the
unpaired electron, delocalised within the limits of a neutral
mobile soliton, has a finite density p(n) on N hydrogen nuclei,
there is a possibility of their hyperfine interaction. In this case the
effective width of the delocalisation of the unpaired electron
N = p(n)”" in trans-PA can be found from the equation for the
Gaussian component of the line width ABS, ~ N '/2p(n) subject
to the condition }_ p(n) = 1.

Figure 7 presents the 1, — N — E, correlations for trans-PA
specimens of different thicknesses. It is seen from the figure that,
as the specimen becomes more massive, a tendency is observed
towards the acceleration of the spin-—lattice relaxation processes
and towards an increase in the activation energy for the libration
of the polymer chains. This constitutes additional evidence for the
increase in rigidity, packing density, and length of the trans
chains with increase in the thickness of the trans-PA specimen.

units)

Figure 7. Dependence of the spin —lattice relaxation time 7, (T = 80K)and
the activation energy for the librations of the chains E, on the effective spin
delocalisation length N in trans-PA specimens with different thicknesses
(um): (1) 90; (2) 110; (3) 350; (4) 180.

The correlations presented are useful for the standardisation of
trans-PA films.

It is essential to note that a light doping of frans-PA with
iodine vapour (up to g4, ~ 10 S m™!) leads to a fourfold decrease
in the overall spin concentration and to a decrease in 7,
approximately by an order of magnitude (Table 2). Some change
in 1, occurs on diffusion of atmospheric oxygen into the trans-PA
matrix. Taking into account the concentration dependence of this
quantity, one may conclude that the introduction of I, and O,
molecules reduces the packing density of the PA chains and
increases the number of traps for mobile solitons.

IV. Dynamics of the soliton and the mechanism
of charge transfer in frans-polyacetylene

The diffusion of the soliton along the polymer chain is charac-
terised by the translational propagator of motion Py (r, ry, 7). If in
the initial instant the jth particle is located at a point r, relative to
the ith particle, then the propagator defines the probability that at
the instant ¢ = 7 the ith particle is located in the region r 4+ dr
relative to the new position of the jth particle.

For the Brownian model of diffusional motion, the propa-
gator Py(r, ro, ) constitutes the solution of the familiar equation

aPtr(rv Toy t)
ot

subject to the initial condition Pi(r,ro,?)=38(r—ro), where
Dy =[D;], D;=v;ic; is the diffusion coefficient, v; is the rate
of diffusion, ¢; is a constant introduced owing to the discrete
nature of the system, and i is a unit vector of the molecular
coordinate system. In an explicit form, the above propagator for a
1D-system is given by the following relation:

= Dt,AP(r, ro,t)a (9)
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2
%} exp(—v.1) , (10)

P(r,ry,t),p = (41rv"t)"/2 exp [—
where v and v, are the rates of spin diffusion along the polymer
chain and between the chains respectively.

The diffusing soliton induces a local magnetic field B,..(?) at
the sites of other electron or nuclear spins, thereby influencing the
electronic relaxation times of neighbouring spins. The following
general expression may be written for the relaxation time:

71,2 = fiJ (@),

where J(w) is a function of the spectral density given by

J{w) =J

The autocorrelation function of the oscillating local field B (f)
for a discrete system is

G(t)=¢ Z Z A(ry, )P(r 1o, t)F(rg) F* (r)drydr,

where ¢; is the lattice constant for the discrete system, A(7, ¢) the
probability of finding the spin at a distance r at time ¢, equal to the
spin concentration per monomer unit »#, and F{) is the
probability of finding two spins at a distance r at time ¢.

For frequencies o < v"cﬁ(r—ro)'z, the spectral density
function can assume the following form:

+00
G(t) exp(—iwt)dr.

-0

an

(12)

J(@) = nJin(@)Y | > _Fo)F () fin(|r=ro)), (13)

where n = n, + /2n, is the probability of finding the spin in
the initial instant in the position rj, Jip(w)= Q22
fOl' V) £ Ve < V”, and J]D((D) = (21tv||vl)'l/2 fOr vy > Ve. The
expression under the summation sign} can be written in the form

3cos? 9 — 1)
Fr)F* (Afio(l r =g ) = S22
1°2

where 9 is the angle between the vectors r; and r,.

Since PA is characterised mainly by an anisotropic dipolar
(and to a lesser extent by an isotropic scalar) hyperfine interaction
of the electron (S) and nuclear () spins, in the case of the dipolar
interaction between equivalent spins (S = /), the equations for
the rates of electronic relaxation in a polycrystalline specimen can
be written in the form®’

7! = (Awd)[J(we) + 4JQwe)] , (14a)

17" = {AwH[B3J(0) + 5J(we) + 2JQw.)] ,

where

(a0?) = 3 (L) s + a3

(here w, is the frequency of the precession of the electron spin and
my is the magnetic permeability in vacuo).

The anisotropic hyperfine interaction accelerates the electro-
nic relaxation by the amounts

= 11—5021(1+ l)nz Z[J(w° — oy) + 3J(we)

(14b)

+ 6J(w, + wl)] +LaS(S+ l)nz Z[—J(we — )

+ 6J(@, + o)) é—;—;:—g"o (15a)

1 Henceforth double summation will be designated for simplicity by

I,

t;] =§]5021(1+ l)nZZ[4J(O) + J(w, — wy)

+3J(w,) + 6J(wy) + 6J(w, + wl)], (15b)
(wy is the frequency of the precession of the nuclear spin and
a = Woyeyih / 87 is the hyperfine interaction constant), whereas the
isotropic interactions of the electron and nuclear spins make an
additional contribution to the rate of electronic relaxation:

S(S+ 1)({L) - Io)}

‘tl—l - %npa21(1+ N (w, — wr) [1 - I+ l)((s )~ So)

(16a)

5! = in,d I+ )J(0) + J(w, — ay)]. (16b)

By setting the expression under the summation sum in Eqn
(14) equal to 2 x 10 m™ and that in Eqn (15) to 2.8 x 10%® m™¢
and also assuming that ((I,) — Ip)({(S,) — Sp)~! = 0.078,%° one
can formulate simpler expressions for the rate of relaxation of
trans-PA with randomly oriented polymer chains:%¢

17! = 1.3x1018(vev ip) " 12(2.7x 104 n + 1) (17a)
7' = 6.3x 1015/ [(7.6x10° n+ 3.4x 1053/
+(43x104n+ 1717 . (17b)

In the case of the predominantly dipole —dipole interaction of
the paramagnetic centres, the equations for the rates of relaxation
of the partly oriented trans-PA with a degree of orientation of the
polymer chains A4 consist of two components:

17} = A(AwH) (@) Py + 4J(2w,) P,

(18a)
+(1 - 4)(A0?) (@) P +4J(20,) P,
5 = %(sz)[_’;J(O)PO + 5Jw,) P, + 2J(2w,) Py
+ # (Aw?)[3J(0) P, (18b)

+ 5J(w.) P + 2J(2w, ) PY),

where the constants P; and Pj' correspond to the oriented and
randomly disposed polymer chains respectively.

If we put P, = 4.3 x 10%® sin*y, P, = 4.8 x 10°'(1 — cos*y),
P, =4.8 x 105(1 + 6 cos’y + cos*yy), Pj=1.6x10"% P =
2.7x10%, and P; = 1.1 x 10°® m~%,7 Eqns (18) can be written
in a simpler form:

17! = 5.0 x 109n(vevip) — 112

x[6.8— 4(1.1—14.0 cos?y + cos*y)], (19a)
13! = 2.8 x 102nv; )2 {(1— A+ 4sin yY)vyp"

+[2.1+ A(1.1+ 1.3cos?y —2.9cos*y)|v: /). (19b)

Figure 8 presents the temperature variations of the rates of
diffusion v;p, and v;p calculated for the initial zrans-PA specimen
(4 = 0) (specimen 8 in Table 2) and for the same specimen with
polymer chains partly oriented by stretching (4 = 0.07).

When the unpaired electron is delocalised over 15 carbon
nuclei, the rate of 1D-diffusion of the soliton in the initial trans-
PA specimen is v;p = 0.25v\pN* < 5.6 x 10!' Hz at room
temperature. The latter quantity is approximately two orders
of mag-nitude smaller than that obtained earlier by magnetic
resonance methods.2%-3% Furthermore, the relation v{p(T) ~ T2
does not agree with the existing theoretical ideas.!>!4 The
anisotropy of the spin dynamics depends only slightly on
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Figure 8. Logarithmic temperature dependences of the quantities v;p, (a)
and v,p(b) for a neutral soliton in the initial (line /) and partly oriented
(A4 = 0.07) trans-PA with the crystallographic c axes oriented at the angles
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Y = 90° (line 2), 60° (line 3), 30° (line 4), and 0° (line 5) relative to the
external magnetic field. The temperature dependence of the quantity o,.,
calculated by Eqn (20b) for v, = 1.4 x 10'' Hz, is shown by a dashed line.

temperature and amounts to v; bVib = 30in this specimen and to
10-10* in other trans-PA specimens,>¢ which is significantly less
than the values obtained previously.?2-33

If the rates of spin diffusion are expressed in the form
vip = AT~ and vyp = BT?, then the increase in the anisotropy
of the spin diffusion by three orders of magnitude in different
specimens is accompanied by the simultaneous increase in the
quantities o« (from 2 to 5) and § (from 0.4 to 7) at room
temperature. When trans-PA is doped, it becomes disordered and
the Coulombic and confinemental trapping of the charge
carriers increase.!® However, if these factors are neglected
and it is supposed that all the mobile carriers with the mobility
u participate in the charge transfer process, then the conductivity
of trans-PA, calculated from the equation ¢ = Neu=
Ne*vipetk™'T™'(e is the electronic charge), does not exceed
0.02 S m—! at room temperature, which is several orders of
magnitude less than the value usually attainable for heavily doped
trans-PA.1-3 Furthermore, even light doping leads to a sig-
nificant alteration of the frequencies of spin diffusion in rrans-PA
(Fig. 9). Hence it follows that, in order to attain a high
conductivity of the polymer, the condition of the multiple charge
transfer by each soliton within a limited section of the polymer
chain must be fulfilled.

The dynamic properties of solitons can be described more
correctly within the framework of the formal treatment
involving the isoenergetic intersoliton charge transfer proposed
by Kivelson.!! The essential feature of the method consists of the
phonon-assisted interchain tunnelling of the charge between the
energy levels of the solitons, based on the Coulombic interaction
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Figure 9. Temperature dependences of the ratios of the quantities v)p
(line /) and v;p (line 2) for a neutral soliton in the initial rrans-PA to
the corresponding values for a soliton in trans-PA doped with iodine up
10 04 =108 m™,

of the solitons having a charge ¢, with ions having the opposite
charge ¢, present in the undoped and lightly doped trans-PA. The
excess charge Aq =gq, — ¢, may undergo a phonon-assisted
transfer, with a finite probability, to a neutral soliton moving
along a neighbouring polymer chain. If at the instant of such
transfer the neutral soliton is also located close to a charged ion,
the energy of the charge carrier before and after charge transfer
remains unaltered. In this case, the conductivity of the polymer
(the d.c. conductivity o4, and the a.c. conductivity a,.) is deter-
mined by the probability that the neutral soliton is located near an
ion and also by the probability of finding its initial and final
energies within the limits of k7.1

Oge = ki€ Y(T)émanen sex (_ 2szo) =a,T" , (20a)
kTNRGZ)(nn + nch) é
6. = ez"?"o(l - nO)éﬁéive [Il 47TveLc ]4
e 384kT no(1 = ng)y(T)
k 4
GgV, V
= "T e [m T’";l (20b)

Here y(T) is the hopping frequency of the charge carriers, k, &,
and k; are constants (k, = 0.45, k, = 1.39), £ = (§,£1)'7, ¢, and
&, are the average parallel and perpendicular lengths of the
soliton respectively, n, and n, are the numbers of neutral
and charged solitons per monomer unit, n, is the relative con-
tent of the charged solitons, Ry = (%nn,»)'l/ ? is the average
distance between inhomogeneities with a concentration n;, and
L, is the degree of polymerisation or the number of monomer
units in the polymer chain. A weak bond between the charge
carriers and the polymer lattice is characteristic of the case under
consideration, which results in the occurrence of hopping charge
transfer between relatively remote states of the soliton. The
temperature dependences presented above were obtained
experimentally in a study of lightly doped trans-PA 1% and other
conducting polymers.”’%7! Fig. 8 presents the temperature dePend-
ence of o,, calculated by Eqn (20b) with v, = 1.4 x 10" Hgz,
n=280, ky=29x10? sK’, and 6,= 9.3 x107* SsKm™!
(=10, ¢ =025 om, m= 13x10°m™>, and
L. = 2000) 19:11.72.73 for the initial trans-PA specimen. As can be
seen from the figure, the vip(T) and ¢,.(7) relations are quite
satisfactorily correlated. Adopting o4 ~ 107> Sm™" (see, for
example, Epstein!?) and 6, ~3 S m~! at T = 300 K (Fig. 8), we
obtain 64./0,. =~ 3 X 10°, which agrees well with the value
calculated 1° within the framework of Kivelson’s theory !!

o'ac(ve — OO) ~ 104
Cac (Ve — 0) .
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This confirms the applicability of the approach used to the
interpretation of the transport properties of the soliton in trans-
PA.

In the initial trans-PA specimen, the crystallographic ¢ axes of
the polymer chains are randomly oriented in space. It follows
from Fig. 8 that, under the conditions of the orientational
ordering of some of the polymer chains, the rates of the spin 1D-
and 3D-diffusion are sensitive to the rotation of the specimen by
an angle ¢ in the external magnetic field, apparently owing to the
finite length of the quasi-particles. The function v{p(¥), i.e.

(vip@)) = v @sindy + vip@W)eosy, @1

where v" o) and vip() are extrema in the function vip(¥), i
in the an’uphase relative to v3p(). We may note that the effectlve
spin diffusion can be described with the aid of a similar relation
also in other low-dimensional systems.”*7> Thus the inequality
(\l/) < vip() is evidence for the delocalisation of the
unpalred electron along the ¢ axis within the limits of the
soliton. Bearing in mind the fact that the soliton hops are limited
by the interchain lattice constant and that the square of the length
of the average diffusional hop along the ¢ axis is 0.25(N*c?), the
width of the soliton N can be calculated with the aid of the
following simple equation:*6

N = 4V1LD(¢’)
"u)(l/’ )

Figure 10 presents the temperature dependence of the width
of the soliton calculated by Eqn (22) using the quantities v'l|D and
vip, found graphically with the aid of Fig. 8. The value N = 14.8
found for room temperature agrees well with the theoretical 6 and
the earlier experimental 4° values of N. Extrapolation of the N(T)
relation to lower temperatures makes it possible to determine the
temperature (T ~ 60 K) at which the width of the soliton begins
to increase. It is important to note that an anomaly in the
function vip(7) for trans-PA,¥ accounted for by a change in the
mechanism of the electronic relaxation, has been recorded in
precisely this temperature range.

(22)

N
o
15
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Figure 10. Temperature variation of the effective width N of the soliton in
trans-PA.

Thus the experimental data indicate the 1D-diffusion of
solitons into trans-PA at a rate appreciably exceeding the
mlmmum rate v, calculated above by Eqn (1). This conclusion
is confirmed also by the averaging of the components of the
g-tensor of the mobile paramagnetic centres when condition (1) is
fulfilled and by the narrowing of the line in the EPR spectrum of
trans-PA over a wide frequency range in conformity with Eqn (3).

However, the most obvious evidence in support of the
1D-diffusion of the soliton is the sensitivity of the quantities
vip and v3p to the orientation of the polymer in the magnetic
field.

The familiar Burgers — Korteweg —de Vries equation, describ-
ing the 1D-motion of unified waves in a nonlinear medium,
assumes the form 76

ou ou 6 u 2’u
5{+(V?D+su)a K33 ﬂ =0, (23)
where ¢ x, and B are the parameters of the nonlinearity,
dissipation, and ‘reactive’ dispersion of the medium respectively.
In a dissipative system with a low nonlinearity (f ~ 0), there is a
possibility of the formation of a mobile front (kink) with the
difference u, —u;. For such a quasi-particle, the stationary
solution of Eqn (23) assumes the following form:

= _ X — Vip?
u(x, ) = 0.5(u + ;) — Atanh( - ) @9)
where
A4 =Yw—w), vip=vp+ie(u+u), and N='2—3—8,

are the amplitude, velocity, and width of the kink respectively. If
the dissipation of the system is neglected (x =~ 0), then other
quasi-particles — solitons —are stabilised in the system. For a
family of such solitons, Eqn (23) has another integrable solution:

_ 2{X — V]Dt
u(x,t) = Asech (_N ) s 25
where
3
Vip = Vip +4d4e, and N = ZE;: = vm+v°
D *

It is essential to note that relations similar to Eqns (24) and (25)
have been used ¢ to describe nonlinear deformations of the lattice
and electronic states of trans-PA.

The experimental® functional relations wvp(T)~ T7"
and N(T)~T"* (n=2) yield for trans-PA a relation of
the type N~ v,D This means that the motion of sohtons in
the given specimen, subject to the condition v;p < vip =
3.8 x 10" Hz, can also be described by Eqn (23), which is
universal for nonlinear systems, with the stationary solution (25).
Evidently, different specimens of trans-PA may be characterised
by different sets of the constants ¢, x, and g in Eqn (23), so that the
nature of the motion of the quasi-particles in these polymers may
differ somewhat from that described above.

V. Conclusion

It was shown above that the mechanism and rate of charge
transfer in PA depend on the conformation, packing density,
intramolecular dynamics, and lengths of the polymer chains in
the undoped sample. In cis-PA, the neutral solitons are trapped in
short sections of the trans-conformer. As a consequence of this,
the probability of the intersoliton charge jump is exceptionally
low and g4~ 107" Sm™'. In the course of the cis—trans
isomerisation, the length of the trans-chains increases, which
leads to the ‘unfreezing’ of the mobility of some of the solitons.
These quasi-particles acquire a charge and transport it along the
chain up to the section where its tunnelling transfer to another
soliton, moving along a neighbouring polymer chain, is most
probable. As a result of this process, characterised by a fairly
strong Raman interaction of the electron spins with the lattice
phonons, a sharp increase in the electrical conductivity of the
undoped PA actually occurs (up to 64, ~ 1073S m™). It must be
emphasised that the mobile solitons play an indirect role in the
charge transfer in PA, so that the electron transport considered
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may operate only in undoped and lightly doped frans-PA. On
doping, the number of mobile and pinned paramagnetic centres
diminishes and the dimensionality of the system increases, which
alters the mechanism of the charge transfer.

The data obtained demonstrate the evident advantages of the

two-millimetre EPR spectroscopy in the study of different cis-
and trans-PA specimens, which make it possible to analyse more
fully and correctly the magnetic and relaxation parameters of
paramagnetic centres with different mobilities and to obtain
information about the detailed characteristics of the molecular
apd spin dynamics in PA. Evidently this method can be used
successfully also in the study of other organic polymeric
semiconductors.
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Abstract. The results of studies on the nonlinear theory of
sorption dynamics and chromatography under conditions of
interdependent sorption of the components are surveyed and
treated systematically. The principal properties of multi-
component dynamic sorption systems and of the results arising
from the nonlinear character of the mass balance equations
are analysed in detail. These nonlinear equations describe
the propagation and interaction of the multicomponent concen-
tration waves generated in the sorption column during the
chromatographic process for a multicomponent mixture of the
substances being sorbed. A series of solutions (including those
making allowance for dispersion factors in the sorption process),
describing the multicomponent concentration waves during their
propagation nonlinear multicomponent dynamic sorption sys-
tems, are considered. The bibliography includes 224 references.

I. Introduction

Chromatography describes a dynamic process in which at
least two phases (one of which is continuous and the other
disperse) move relative to one another and mass and/or heat
exchange takes place between their interfaces. The general term
filtration or percolation processes is frequently applied abroad
to such processes.! There are phenomenological concepts,!
potentially common to all filtration processes, which can also be
extended to a whole series of other migration phenomena such as
sedimentation,? electrophoresis,> and others,1-4-8
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The increased loadings applied to apparatus and columns in
connection with the tendency to intensify modern technological
processes leads to the need to separate mixtures of substances at
high concentrations (including sorption separations).”’~!® As a
result, in the analysis of percolation processes it is necessary to
take into account their nonlinearity and nonstationary nature and
also the multicomponent nature of the dynamic systems consid-
ered.

Even in one-component sorption systems, the effects of
nonlinearity play a major role, since they are responsible for the
tendency of the concentration wave generated in the column to be
stabilised or, conversely, to undergo progressive spreading.?® If
the substances sorbed do not interact in the column, the multi-
component system reduces to a one-component system. This
special case makes it possible to regard a multicomponent system
as a superposition of independent one-component systems. The
hypothesis that there is no sorption interaction between the
components usually holds in the case of analytical separations at
low concentrations and for small loadings applied to the sorbent
or in the elution version where the chromatographic peaks move
apart rapidly. For preparative separations, where at high concen-
trations of the molecules the latter compete for a limited number
of accessible sorption centres, this hypothesis becomes inapplic-
able.

When molecules or ions compete for sorption centres, one
may speak of the sorption interaction of species in the disperse
phase, i.e. of the mutual influence of the components during the
sorption process. This effect has been relevantly called the
‘interference of species’ in the monograph by Helfferich and
Klein 2! (see also Helfferich’s review 22). The same term is used in
the thermodynamics of irreversible processes 23 to characterise the
mutual influence of coexisting processes — the so-called ‘cross
effects’.2*

There exists yet another aspect of the interference of sub-
stances — the interference of concentration waves propagating at
different wave velocities during their generation, collision, and
interaction in the course of the sorption processes.2!:22



96

A I Kalinitchev

process is completely analogous to the processes considered in
fluid mechanics and in gas dynamics.

In the general case, the interference of substances in a dynamic
sorption process can arise as a consequence of various types or
forms of interaction. Each of the mixture components may affect
the equilibrium interphase distribution of other substances (static
interference effects) and also the time required for the establish-
ment of equilibrium between the concentrations in the disperse
and continuous phases (kinetic interference effects). The mole-
cules of the substances may be transformed to another state as a
result of a chemical reaction (for example, on complex formation)
and under these conditions both static and kinetic interference
effects may arise.?!-22

The static interference effects can be considered on the basis of
the ideal equilibrium model of the sorption system. Numerous
studies have been considered by the nonlinear theory of isother-
mal multicomponent sorption dynamics and chromatography
involving the application of the ideal model (see, for example,
Refs 20— 22 and 25— 73). In particular, the results of mathematical
investigations included the theory of systems of quasi-linear
equations in terms of partial derivatives have been used in such
studies.4 39 46,47, 74~79

At the present time, the ideal model has been used successfully
for a qualitative explanation of a number of characteristics of the
behaviour of multicomponent sorption systems and in many cases
also for a quantitative prediction of the results. A further increase
in the complexity of the behaviour of multicomponent nonlinear
sorption systems is associated with the operation of interference
effects together with nonideality factors (a finite rate of establish-
ment of an equilibrium interphase distribution of substances,
longitudinal dispersion, etc.). The operation of the static inter-
ference effects is fundamentally nonlinear and plays the main role
in the behaviour of multicomponent concentration waves gener-
ated in the column. The additivity of the factors is impossible
under these conditions because of the fundamentally nonlinear
character of the multicomponent sorption systems.

The equilibrium properties of sorption systems determine the
static interference effects and also sequence, types, forms, and
propagation velocities of multicomponent concentration waves.
The kinetic and dynamic nonideality factors introduce second-
order changes under these conditions into the behaviour of
concentration waves. The equilibrium properties of sorption
systems determine the first statistical moment of the concentra-
tion waves, whereas the nonideality factors determine the second
and higher statistical moments.?!

The successful solution of the problem of the interference of
substances and concentration waves together with the description
of the behaviour of multicomponent sorption systems in terms of
the propagating concentration waves became possible after the
introduction of the concept of ‘coherence’.2!-22-35.36 This concept
was developed by Helfferich 22-35.36.80.81 ¢ facilitate the qualita-
tive understanding and quantitative calculations in the theory of
multicomponent nonlinear chromatography under arbitrary ini-
tial and boundary conditions. This general concept is fundamental
and is applicable to a large class of percolation processes of similar
nature.

For a compound multicomponent wave in a nonlinear sorp-
tion system, the state of coherence means that the concentration
waves for each individual component move jointly without
‘splitting’, and this implies that their velocities are the same at
each point. This leads to the problem of the determination of the
eigenvalues and eigenvectors in the mass balance equations for the
components.22 25-31,39,46,47,74-79 The problems of the determi-
nation of the eigenvalues for the wave velocities in the theory of
multicomponent chromatography, in the fluids and gases
mechanic and in nonequilibrium thermodynamics are closely
related.

The coherence condition determines the response of the
multicomponent system to its perturbation and denotes the state
to which it tends. A closed system tends in exactly the same way to

attain a state of equilibrium, while an open system with fixed
boundaries and constant conditions imposed on them tends to
attain a stationary dynamic state.22 8!

Preparative displacement chromatography, which deals with
large concentrations and a strong influence of interference, makes
it possible to achieve simultaneously enhancement of concentra-
tion and purification of substances. In preparative multicompo-
nent sorption and chromatographic separations, the large
loadings applied to the columns and the high concentrations of
the components to be separated are responsible for the specific
features of the multicomponent dynamic sorption process. These
specific features are associated with the interference of the species,
which is particularly significant for frontal, displacement, elution,
and vacancy versions.$- 916

Nonlinear preparative chromatography, which makes it
possible to achieve good results in the separation of substances,
has undergone a fresh development recently. It has been applied
particularly vigorously in biotechnology.”-10-12.13,15,17-19
Despite the relatively high cost of the separation, it is more than
worthwhile because the final bioproduct is more expensive.!0-11.13

The aim of the present review is to present the state of the artin
the field of the theory of multicomponent nonlinear sorption
dynamics and chromatography and also to consider the funda-
mental theoretical features of the behaviour of dynamic sorption
systems in the separation of interfering species. In studies on such
systems, it is possible to distinguish three main aspects: statics,
kinetics, and dynamics of sorption.

I1. Sorption statics

The statics of sorption processes is the study of the equilibrium
relations between the concentrations of substances in the contin-
uous and disperse phases. Under isothermal conditions, the
interaction of the mixture of sorbable species in the continuous
phase with the disperse phase determines the sorption isotherms of
the components. The sorption isotherms of the mixture character-
ise the fundamental thermodynamic properties of the system and
permit the calculation of the concentration distributions on the
basis of the solution of the mass-balance equations.

The chromatographic separation is based on the difference
between the equilibrium relations for the mixture of sorbable
components. The greater this difference the more effective the
separation of the components, other conditions being equal. In the
competition of different molecules for available free sites in the
sorbent, one may refer to the ‘interaction’ of the substances in the
disperse phase or to their interference,?!*?? i.e. to the mutual
influence of the substances on one another’s sorption.

Interference presupposes that the concentration of any com-
ponent i in the disperse phase (a;) depends not only on the
concentration of this substance in the continuous phase (c;), as
happens in systems without interference, but also on the concen-
trations (¢;) of all other substances, i.e.

ai=ff(c1,...,cm), i,j= 1,2,...,m. (1)

Thus the sorption isotherms for the mixture represent the depend-
ences of the concentrations of the substances in the disperse phase
on the mixture composition {ci,.., ¢j....Cm} at a constant
temperature.

The number of multicomponent concentration waves arising
in the column is determined by the parameter which is called the
variance of the multicomponent sorption system.>0-32 The vari-
ance (m), the value of which is determined by the Gibbs phase
rule,33-86 characterises the number of degrees of freedom of the
multicomponent system under isothermal conditions, i.e. it
characterises the minimum number of concentration variables
which determine the composition of the mixture at equilibrium. In
order to calculate the concentration distributions in the sorption
system with a variance m, it is necessary to specify m isotherms,
each isotherm f; representing a surface in a multidimensional
concentration space {ci, ..., ¢j, ..., Cm}.
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Using the concentration distribution ratio a;/c;, it is easy to
determine the sequence of affinities of the substances for the
sorbent or, in other words, the ‘affinity sequence’ of the compo-
nents: 1, 2,..., n. The component i has a greater affinity than the
component j provided that the inequality a;/c; > a;/c; holds. Here
it is assumed that i < j for the affinity sequence. The separation
factor a; is defined as the ratio

_ ai/ci

- b 17_12 15"'7"5 (2)
a;/c;

i

where i = 1, Ay = l/dji, and Ay g = Uik

In the affinity sequence 1, 2,..., i, ..., J, ..., n, the components
are arranged in the order of decreasing affinity.

When the mixture composition is varied, the positions of the
components in the affinity sequence may remain unchanged (we
have the so-called ‘invariant’ affinity sequence 2!) or it may vary.
The change in the affinity sequence is called ‘inversion’ 3387 or
selectivity reversal.2-8%.89 It is remarkable that in certain cases the
components do not change positions in the affinity sequence for a
univariant system (when the mixture composition changes in the
binary i/j exchange of heterovalent ions), but in multicomponent
systems (for example, in the exchange of more than three ions)
inversion is possible.?!, 38

An even more complex variant of the inversion arises in
nonlinear ion-exchange systems, where the equilibria are compli-
cated by the occurrence of chemical reactions, in particular by
complex formation. In such cases, inversion is possible even in
systems with a variance m = 1, 1.e. in tWwo-component i/j systems.
Combined concentration waves, in which one region of the wave
tends to become sharper whilst the other undergoes progressive
spreading, may then be generated in the column.

The equivalence (stoichiometry) conditions

E a; = 4o, E ¢ =C
i i

or
Zy,:l, ZX,:l, i=1,.,n, 3)

where Y; = a;/ap and X; = ¢;/co are dimensionless (normalised)
concentrations, are usually valid for ion exchange. When these
conditions are taken into account, the variance m of a stoi-
chiometric system in which # ions undergo exchange, is —1 and
the system must be regarded as an m-component system.

The relations

Oq; Oa;
= i L ke 7
() <0 rn (52) 20 @

where s, j, Kk =1,.., m, hold for the sorption of competing
substances. Thus, as a result of the competition of the compo-
nents for available sorption sites, an increase in the concentration
¢k leads to a decrease in the concentration g; for all j # k. The
greater the affinity of the kth component for the sorbent, the
stronger this effect.

Og; 0a;
— | <{==] <0,
(ack )('J (acl e
If the sign of the effect is reversed, then the sorption of substances
is called synergistic.

when oy < 1 (%)

aaj

() oo

An increase in the sorbability of one component () with increase
in the concentration of another (k) may arise when the molecules

of these substances tend to form complexes or aggregates in the
stationary phase. ,

Having expressed g; in terms of ¢; with the aid of the Law of
Mass Action (LMA) [Eqn (2)] and having substituted this value in
Eqn (3), we obtain the Langmuir relations for mixture isotherms
reflecting the interference of substances in the m-component
system:2!

a; = fi(e) = <

E ajiCj

J
or

X
Yi=e——t—, ij=1,...n. (M
DI

7

The model of an ideal localised monolayer was introduced by
Langmuir®® for a single component, but the simplicity of the
analytical expression (7) for a mixture of substances °! makes it
possible to employ it widely for calculations in the nonlinear
theory of multicomponent sorption dynamics and chromatog-
raphy (see, for example, Refs 92— 132).

The Langmuir relations (7) for physical sorption are written in
the form

_ (@/co)ayc
L1+ b
7
or
% X

Y=l Q= 1,..m. 8
LI+ (- DX ®
J

Langmuir’s adsorption theory '3 can be extended to the
adsorption of gaseous mixtures 3% 135 if it is supposed that the
molecules are adsorbed at specific sites and do not interact with
one another. These equations are referred to as the Langmuir
equations for the adsorption of a mixture of gases. Similar
equations have also been obtained in other studies 136 137 employ-
ing the Law of Mass Action.

For constant separation factors o, the Langmuir relations (8)
for an m-component system with nonstoichiometric sorption can
be formally reduced to the Langmuir relations for a stoichiometric
system with m + 1 components. For this purpose, it is necessary to
introduce a kth dummy species with a concentration ¢ and one
must put 2!

40

F,':E—OC,-k, ViEb,'Ci=(CZik—l)X,', i=1,2,.._,k—1,
0
)
a
FJ':C_O“HU\" Vi= b =(y+u—DXjvr, j=k,...m.
[

Thus the stoichiometric system described by Eqns (2) and (3)
for the exchange of n equal-valence ions may be reduced to the
Langmuir sorption of a mixture of m components (where
m = n—1). The Langmuir equilibrium relations for a mixture
have been discussed in detail in a monograph.!3® Various proper-
ties of the mixture isotherms, obtained with the aid of derivatives
of types (4) and (5), have been described.?6 The Langmuir
relations (7) or (8) for the mixture isotherms satisfy all the
properties described in the above study.2¢

Several dynamic methods for the construction of isotherms on
the basis of column output curves have been developed for one-
component sorption systems, among which the elution 139 140 and
frontal analysis!#!142 methods are the most popular. These
methods were updated later for the measurement of isotherms
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for binary and multicomponent mixtures.52-143-146 However the
frontal chromatographic method is fairly laborious, since it
requires a large number of measurements, pure substances, and
takes a long time. This method has been compared with one based
on the nonlinear wave effects involving a transformation of a
hodograph and the optimum experimental conditions for the
applicability of both methods have been determined.147

Analytical expressions for mixtures isotherms which could
be derived by the methods of statistical physics are lacking.
Phenomenological equations for the mixture isotherms, based on
the Law of Mass Action, are most widely used.

We shall consider systems in which sorption is stoichiometric
[i.e. Eqns (3) hold]. Any composition of a mixture of species can be
represented by a point in the ‘composition space’ {¢;} or {a;} . This

term is applied?' to an m-dimensional (n-dimensional for a
stoichiometric system) space, along the axes of which the concen-
trations of the mixture components X; or Y;are plotted, as shown
in Fig. la for a three-dimensional (n = 3) space.

For the normalised concentrations X; or Y, the space of the
possible changes in concentrations is a cube for n =3 and a
hypercube for n > 3, since the inequalities 1 > Y;and X; = 0 hold.
Eqn (3), defining the stoichiometry of the exchange, reduces the
dimensionality of the space of the possible changes in concentra-
tion to a hyperplane (for n > 3) P, ... P,, where, as can be seen
from Fig. la, at the points P; the concentration X;(P;) =1,
while the concentrations of the remaining components are
zero. This hyperplane is usually referred to as a ‘simplex’.2!
Figs la and 2 present examples of simplexes for a stoichiometric

. . ~—
0 1 + }
. L. L, =
(3] 1% j.’zn-H

Figure 1. Representations of the characteristics of a three-component
stoichiometric system in the composition space and in the physical plane.
(a) the simplex P, P;P; for a two-component Langmuir system and the
characteristic I'* paths corresponding to simple k-waves; (b) the Riemann
invariants space {/z} and the A-transformation of the composition space
{X:} (a) into the Riemann invariants space {Ax} (b). Points M* represent the
concentration plateau in the k-wave; points N*{h;} in the invariants space
{hx} correspond to points M in the concentration space {X;} in Fig. la;

1 1
hy a1z hy Ay

1

the arrows denote the directions in which the invariants #; increase along
the k-wave; the condition X;(P;) =1 holds at points P;, whilst the
condition #; = ay;+ 1 is valid at points P}; (c) the concentration profiles in
the shock k-wave M!M?2 (k = 1) and in the spreading k-wave M2M " *1
(k = 2) corresponding to the M!M2M"™*! route in Fig. 1a; o) is the
velocity of the first shock wave and ,1%, ey }.'2"“ are the velocities of the
second spreading wave; (d) is the image on the physical plane (z,7) of the
propagation of the multicomponent concentration k-waves (k = 1, 2).
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Figure 2. Hodographs for Langmuir two-component sorption systems
(8) {c} and for the equivalent stoichiometric three-component systems (9)
{Xi}. (@) For the competitive sorption of the components (b;, b; > 0); (b)
for the synergistic sorption of the components (b; > 0, &; < 0). The
concentration points 4, M, N, etc. correspond to different mixture
compositions in the chromatographic process (see text).

Figs 1a and 2 present examples of simplexes for a stoichiometric
three-component (n = 3) system with a variance of two (m = 2).
Fig. 2 presents in the same region simplexes for a Langmuir two-
component system, which is equivalent [see Eqn (9)] to a stoi-
chiometric three-component system.?!

The most frequently employed Langmuir multicomponent
model lacks thermodynamic rigour, since Eqns (8) expressed in a
general form do not satisfy the Gibbs—Duhem relations. Fur-
thermore, the Langmuir model (8) does not yield exact predictions
in calculations for elution chromatographic processes involving
large loadings %% 148 and does not take into account adequately
the experimental data for competitive adsorption.8% 145,146
Nevertheless, in many special cases the Langmuir isotherm for
a two-component mixture describes experimental data satisfac-
torily.8?

Phenomenological bi-Langmuir models for mixture iso-
therms, represented by the sum of two Langmuir relations, have
been proposed: 121 149

k¢ koc .
a, = + , Li=12,..m,
! 1+ E bjlcj 1+ E bjoj

J J

(10)

where the subscripts i1 and i 2 refer to different adsorption sites 12!
or to two different states of the molecules in the sorbent phase
{when complex formation takes place in the sorbent phase).14?
Phenomenological equations of the mixture isotherms in the form
of the bi-Langmuir relations (10) are frequently used in numerical

calculations of concentration distributions.®® It has been
shown 12! that type (10) relations describe the sorption isotherms
for mixtures of enantiomers, the first term corresponding to
selective chiral interactions and the second to nonselective
molecular interactions between the enantiomers and the station-
ary phase.

Generalised phenomenologicalequations, including Langmuir
and Freundlich relations as special cases, have been proposed:2 53

v
kicil

G = =1, ., m. (11)
1+ Z bjcj]
J

In order to eliminate the thermodynamic inconsistency
mentioned above, the Langmuir multicomponent model (8) has
been supplemented by the theory of an ideally adsorbed solution
proposed by Myers and Prausnitz.!®! A thermodynamically
consistent model of the competitive adsorption of components
has been proposed by LeVan and Vermeulen.!3® The authors
introduced into equations (8) of isotherms for two-component
systems additional terms taking into account the difference
between the column capacities for each component. To a first
approximation, subject to the condition that the sorption capaci-
ties are the same for both components, the equations which they
obtained for the isotherms reduce to the Langmuir equations (8).
If the capacities for each component are different, then the
LeVan - Vermeulen isotherm 1*° can be represented by a rapidly
converging series. In practical cases, this series can be restricted to
the first two terms

Wb,'C* a; as_;
a; = —I;“l+ (b_, - i)blbzclczln(V) N
V= 1+bie, + bycy; w=ﬂ%i%2;i=lj. (12)

When two one-component isotherms (for each individual
component) are different, then the theory of the ideally adsorbed
solution yields a numerical procedure for the determination of the
isotherms for the competing components. This approach is based
on the normalisation of the spreading pressure.!s! It has been
shown 132 that the LeVan — Vermeulen model is consistent with the
Gibbs adsorption theory. Numerical calculation of two chro-
matographic peaks with the aid of expansion (12) demonstrates a
stronger displacement effect than could be predicted on the basis
of the traditional Langmuir adsorption isotherms. For certain
experimental systems, the application of isotherms (12) yields a
satisfactory approximation.8°

Analysis of two-component models based on the method of
statistical thermodynamics shows that the equations of the
isotherms represent the ratio of two polynomials of the same
degree.!3-15¢ In the special case of the Langmuir isotherm (8), this
is the ratio of first degree polynomials. In another model based on
statistical thermodynamics, which yields satisfactory results, the
equation of the isotherm has been represented by the ratio of
quadratic polynomials of the type.!48.153

_ kici + kiz_pcic2
1+ b]C] + b2(,‘2 + b,‘(:;_i)ClCZ ’

a; when /=1, 2,

13)

where k12 = k»; and the coefficients of this equation are the same

as in the equation of a one-component isotherm for an individual

ith component. The coefficients k; and b; must be determined

from experiments on the adsorption of a binary mixture.
Fowler’s isotherm

6: -_
m = boexp[x;(6; + 62)] , when i=1,2, (14)
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where §; is the ratio of the concentration of the component in the
disperse phase to the sorbent capacity and y; are numerical
coefficients, may be applied to the description of two-component
adsorption '3 taking into account the competitive adsorption of
the mixture components. This isotherm is an example of an
implicit concentration dependence. The description of the adsorp-
tion of a binary mixture with the aid of Eqn (14) requires five
parameters: doi, doz, X1 X2, and bg.

A binary isotherm model, based on the ion-exchange formal-
ism, has been proposed.!*s

Certain models of isotherms for a two-component mixture
have been used in the frontal analysis of the output curves for two
components !36-158 for the determination of the constants in the
corresponding equations. The simplest model is described by the
two-component Langmuir relations (8) (for i = 1, 2). In a number
of cases, especially when the sorbent capacities are the same for
each component, this equation fits satisfactorily the mixture
isotherms,!38 but it is more often inconsistent with experimental
data.!46:157 The binary isotherms have been determined and a
comparative study of the four models (presented above) for the
description of the sorption of phenylethanols on ODS silica gel
has been made with the aid of the two-component frontal analysis
of the output curves.!%7

We may note that one of the principal problems in the theory
of the adsorption of mixtures — the prediction of mixture
isotherms based on statistical data obtained for individual
isotherms — has still not been solved.

In stoichiometric n-component systems, for which any i/j
binary exchange obeys the Law of Mass Action in the form

(Y/X)" _

> ; whenij=1,..,n,
(Y/x)n

(15

(Kj;is a concentration constant), the relation between the concen-
trations Y; and {X} ... X} cannot be obtained in an explicit form.
The equations of the mixture isotherms can be specified by
implicit relations, for example, Eqn (14) or by the combination
of Eqns (3) and (15). For systems involving the exchange of
heterovalent ions, the quantity 1/v; defines the valence of the ith
ion. In nonideal systems obeying the Law of Mass Action, the
concentration constants depend on the ratios of the concentra-
tions of the substances undergoing exchange.

The form of the sorption isotherm has a decisive influence on
the behaviour of the concentration waves in sorption columns.
The criterion of the convexity of the binary i/j exchange isotherm,
derived by Samsonov,!>® makes it possible to determine whether a
stationary concentration front for the i/j exchange of the compo-
nents may be established in the column. It is noteworthy that in a
binary system, where the equilibrium is described by Eqns (15), the
components do not change positions in the affinity sequence [i.e.
the f;;; binary isotherm is either concave (unfavourable) or convex
(favourable)]. In multicomponent systems (rn > 3) of type (15),
there is a possibility of the inversion of the components.37-38

Inversion takes place also in chromatographic systems with
complex formation.*®66.82 In this case, the selectivity reversal
may occur even in a binary system. In other words, the fi;; binary
isotherm for components i and j can be S-shaped or o-shaped
(with an inflection and an intersection of the diagonal). An
inversion of this type influences significantly the form of the
chromatograms owing to the appearance of combined concentra-
tion waves — partly stationary and partly spreading waves. The
occurrence of inversion also influences the form of the chromato-
graphic fronts also in adiabatic sorption columns, where the heat
changes may alter the relative affinities of the components for the
sorbent. This results in the appearance of combined (stationary-
spreading) concentration waves. Their formation may be regarded
as the manifestation of ‘cross’ effects, which are considered in the
thermodynamics of nonequilibrium processes.?? 24

III. Theory of nonlinear multicomponent sorption
dynamics and chromatography, concentration
waves, and velocities

Below we shall speak of the systems investigated as chromato-
graphic systems, emphasising thereby that the behaviour of
dynamic systems is considered, although the entire description
refers both to multicomponent sorption dynamics and to chro-
matography.

The nature of the motion, interaction, and spreading of
multicomponent concentration waves generated when a mixture
of sorbable substances moves through a disperse medium (and
hence also the separation of the substances in the mixture) depend
on the form of the sorption isotherms for the mixture and on the
nonideality factors of the chromatographic process. Such factors
include a finite rate of mass exchange between the mixture
components in the continuous and disperse phases (kinetic
inhibition) and the longitudinal dispersion (usually characterised
by the effective dispersion coefficient D;) of the substances in the
continuous phase arising due to various irregularities of the flow
in the porous medium of the sorbent (dynamic factor).

In the absence of nonideality factors, when the motion of the
mixture of substances is determined solely by the properties of the
sorption isotherms for the mixture, the nonlinear theory of
sorption dynamics and chromatography is described within the
framework of the so-called ‘ideal model’.1-20-22.25-73.80,81

In the general case, the theoretical solution of the problem of
the sorption separation of a mixture of interfering substances
requires the solution of a system of equations in terms of partial
derivatives of concentration functions — a system of nonlinear
material balance equations.

Many investigations have been based on a computer-assisted
numerical solution of such problems 95-103.106-132,160-179 Ap
analytical formulation of the mixture isotherms in the form of
the Langmuir relations (8) is usually employed in such cases. In
these investigations, the numerical simulation of various chro-
matographic regimes was based on mass balance equations.

Special mention should be made of the theoretical and
experimental studies carried out under the overall guidance by
Professor Guiochon, which were devoted mainly to the modell-
ing of chromatographic elution regimes for binary mix-
tures.106-122,156-158,167-173 [n these studies, the numerical
calculation was based on the so-called ‘semi-ideal model’ of
sorption dynamics and chromatography in which all the spread-
ing effects are described by a single effective parameter character-
ising the column (the space integration increment 1).180- 181

Theoretical studies based on numerical calculations have
shown 196 and experiments have confirmed !1!.146.184-187 that
two new effects (which do not exist in the linear model of
chromatography) arise in nonlinear elution chromatography—
displacement and ‘tag-along’ effects.

Both effects are a consequence of the static effects of the
competition between the sorbable molecules of two elutable
components for available sorption sites. The displacement effect
results in a component with small affinity being ‘forced out’
ahead, whilst the more effectively sorbed component remains
behind. The rear boundary of the first peak on the chromatogram
assumes the characteristic L-shape under these conditions.%® The
second effect is manifested in the form of a plateau of the second
component, which arises at the outlet from the column after the
completion of the output of the first component (the tag-along
effect). It has been shown*® that the experimental conditions
under which the second effect is significant lead to a decrease in
the displacement effect and conversely.5? It has been shown on the

t Previously a numerical calculation of this type, employing the space
integration increment, was described in the Russian literature and was
better known under the name ‘layer-by-layer calculation’.'82-183 This
method can be applied only when all the mixture components have the
same nonideal parameters.
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basis of the ideal model using the Langmuir equation for a two-
component mixture 115 that the intensities of both effects are
determined by the ratios of the loadings factors for each compo-
nent.}

In the case of mixtures with large amounts of components
having different properties, the numerical calculation is perform-
ed by the method of finite differences.?5-103. 131,132,168, 174179

Following the ideas of Helfferich and Klein,?! we shall
consider the propagation of concentration waves and dynamic
sorption processes in the sorption column. The velocity of the ith
species u; is the average velocity of the propagation of the
molecules of this species in the direction of the flow:

Uy
Uy=—7m——,
e+ (1 —&a/e
or in the dimensionless form

(16)

The species velocity u; is lower than the flow rate uo, since the
molecules of the ith species, having spent some time in the sorbent,
are retarded relative to the flow. As can be seen from Eqn (16), the
species velocity is determined solely by the equilibrium properties
of the sorption system.

The concentration velocity — the velocity of the kth wave
(4x) — has a physical significance only in the case where the
concentration variables {X;} have a gradient with respect to the
column length z (or with respect to the time ¢ when the output
curve is considered). Similarly the velocity of the (shock) sth wave
o may be determined if the corresponding concentration distribu-
tions have a discontinuity which is retained during the propaga-
tion along the column. The relations between the concentration
velocities A¢ and species velocities are derived from the material
balance equations.2!: 188

38U,

;~k=Uk+Ykm,

k=1,2,..m. 17

Eqn (17) represents the formulation of the material balance
equations in terms of the velocities. It is completely analogous to
the relation known in fluid mechanics.* 189 This expression relates
the rate of propagation of a given density to the particle velocity
and density. Velocities of the wave (Ax) and the particle (Ux) have
always been distinguished in fluid mechanics and the same
difference exists also in the theory of chromatography and
sorption dynamics.!:2!

According to Eqns (17), the velocities of the wave and the
substances differ both in their significance and in magnitude. Thus
the sorbable molecules (or ions) may spread with a velocity Uy
greater (or smaller) than the velocity of the wave A moving from
the larger to the smaller concentrations or conversely. In con-
formity with the requirement of continuity of flow, the velocity of
the molecules then increases (or diminishes) relative to the velocity
in the concentration profile along the wave. This leads to
sharpening or spreading effects in the concentration waves, to
the instability and abolition of the shock waves (or, conversely to
their stabilisation and conservation), and to the accumulation (or
depletion) of the species in the region of the concentration
plateau.?!

1 The loading factor is the ratio of the volume of the injected mixture to
the column capacity.6!- 115

IV. A model of ideal equilibrium sorption dynamics
and chromatography

Within the framework of the ideal model of nonlinear equilibrium
sorption dynamics and chromatography (in the absence of kinetic
and dynamic effects of nonideality), the principal parameters
determining the behaviour of multicomponent concentration
waves are the sorption isotherms of the mixture components.
Interference of the substances leads to nonlinear effects on the
concentration waves. The ideal model has been developed by
numerous investigators,!-20-22,25-73

The operation of the nonideality factors (kinetic retardation
and longitudinal dispersion) leads to the smoothing of the
nonlinear effects and to the asymptotic establishment of a stable
(‘coherent”)?!-22 stake in the system. For example, instead of the
shock concentration waves, diffuse stationary waves are formed at
the asymptotic stage. However, the nonideality factors cannot
alter the fundamentally nonlinear influence of the static effects
due to the interference of substances.§

In general mathematical terms, multicomponent nonlinear
chromatographic systems are described by a system of nonlinear
equations in partial derivatives with respect to functions
(concentrations in sorption dynamics and chromatography)
which depend on two or more independent variables (time and
distance in sorption dynamics and chromatography). The assem-
bly of functions describing the behaviour of the system cannot be
obtained by the superposition of the solutions of individual
equations in the system for each function separately. Any
disturbances in the initial conditions generates a complex
response in the system, which is described best on the basis of
the theory of propagating multicomponent concentration
waves, % 21,22,46,47,50-73,80.81 The term ‘wave’ is defined for
sorption systems as the variation of concentration functions.”” 193

V. Concentration waves in multicomponent
chromatographic systems

In terms of the approximation of the ideal equilibrium model, the
system of material balance equations for the components being
sorbed under isothermal conditions assumes the following form in
the case of a stationary disperse phase:!-20-22,25-74

da, Bc;  dc
(l—a)a—at+£—c+uo—0=0,

i=1,2,..m.
or oz i=12..,m

(18)

For the adjusted time t = co(uot —z) and the normalised
concentrations X; = ¢;/co and Y;= a;/ao, these equations are
written in the form.21.22

oY, oX,

o= + 5 = 0. (19)
Here ¢ is the porosity of the bed and ug the linear flow rate.
Allowance for the interference of the substances requires the
simultaneous solution of Eqns (18) [or (19)], which constitute a
system of quasi-linear partial differential equations. The charac-
teristic paths or concentration velocities Z; = (dz/dt). play a
decisive role in the solution of such systems of equations.

§ After the introduction of kinetic equations of specific type or abnormal
static relations for multicomponent systems with subsequent solution of
characteristic equations, complex values have been obtained 190-192 for
the wave velocities Ax. This leads to variable-amplitude concentration
oscillations within the waves. In practice, however, such theoretical
regimes have not been observed hitherto. Furthermore, it has been
shown,’® on the basis of thermodynamic considerations, that only
concentration waves with different wave velocities (the characteristic
values of Ax are real and different) can theoretically be generated in
chromatographic systems.
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The characteristic equation of system (19), which defines these
paths, assumes the form 21-74-79

A—AI =0, (20)

where |4| is a matrix of the type {4| = {0X;/0Y}| and {1\ is a unit
matrix. The characteristic values (or eigenvalues) Ay (k = 1, ..., m)
are solutions of Eqn (20). A multicomponent wave of the kth kind,
which will henceforth be designated as the k-wave, corresponds to
each eigenvalue of the concentration velocity Ax. In the general
case, the number of characteristic paths (k) is equal to the
variance (m) of the chromatographic nonlinear system.

The dynamic behaviour of such nonlinear multicomponent
sorption systems is determined by the topology of the character-
istic paths in the composition space. These topologies for different
nonlinear systems with a variance m = 2 are presented as clear
examples in Figs 1 —4 and will be discussed below.

For multicomponent Langmuir sorption systems (8) [or the
equivalent ion exchange system (2), (3)], the characteristic equa-
tion corresponding to Eqns (19) has the simple form.21:35.39

X; .
H(h’X)=Zh—a1,»:0’ wherei=1,..,n.

@D

The function H describes the transition from the composition
space {X;} (Fig. 1a) to the functions space {h;} (Fig. 1b) — the
Riemann invariants.?! It has been shown?! that the reverse
transition from the invariants space {h;} to the composition
space {X;} or {Y;} is described by the relations

H(hi — o)

X=—7m——,
! H(“u—“u)
i

[T /8= 1/ay)

Yj:H(l/ali_l/alj)’ @

where the symbol H A; = A} A;... A, denotes the product of all
the quantities 4;. ¢

The system of Eqns (18) or (19) iscalled hyperbolic in a narrow
sense — when all the eigenvalues A are real and different: 47

A< <..<inm.

(23)

These values define the multicomponent concentration waves
propagating different velocities Ax (Fig. lc¢).

Using the principal ideas of thermodynamics and the stability
criteria for thermodynamic multicomponent systems, Kvaalen et
al.’® showed that the roots (eigenvalues) of the characteristic
equation (20) are real, positive, and different for physically real
sorption systems. The different types of behaviour of multi-
component sorption systems with complex and multiple eigen-
values have been examined theoretically in a number of
studies. 103, 190192

The concentration waves formed in a sorption column will be
the subject of further exposition and we shall therefore discuss
briefly this concept. There is no unique definition of the waves. A
wave has been defined in a monograph !°3 as any distinguishable
signal propagated from one part of the medium to another at a
certain definite velocity. Such a signal may be a perturbation of
any kind (for example, a pulse or a step) subject to the condition
that the perturbation may be clearly distinguished or its location
can be determined at any specified instant. The signal may be
distorted or its magnitude may change but it must remain
distinguishable. For example, a concentration plateau cannot be
a wave. The usual subdivision of waves into two classes —
dispersing and hyperbolic waves — is not exhaustive, since there
are exceptions which do not correspond to either one of these
classes. Mainly hyperbolic concentration waves are formed in the

sorption column. There is a clear definition of hyperbolicity 47
associated with the difference between the characteristic values Ax
[see Eqn (23)].

One of the most interesting phenomena in nonlinear sorption
systems in the absence of nonideality factors is the shock waves,
which represent sharp discontinuities (jumps) in concentrations
(for example, the M'M? wave in Fig 1a). Shock waves arise in
nonlinear systems when waves ‘overlap’#2!-47:193 or in other
words, when the characteristics intersect on the physical plane
(z,7). Shock waves may appear and be propagated even when they
are not induced by an initial discontinuity. After the appearance of
a discontinuity, the shock waves in nonlinear systems are not
disrupted on further propagation, except under certain stability
conditions.2!-3%:74.78.79 For essentially nonlinear systems of the
hyperbolic type, such conditions have been introduced '3 and
called the entropy conditions. The term ‘Lax’s conditions’ is
frequently used in the mathematical literature.”” These condi-
tions have a simple physical significance — a shock wave is stable
if

(a) the s-wave ‘overlaps’, i.e. the characteristics of the same sth
kind intersect on the physical plane (z,f), forming a discontinuity
line or a shock line o (see Fig. 1d) and

(b) the (s—1)-wave cannot catch up with the given s-wave,
which in its turn cannot catch up with the next (faster) (s + 1)-
wave (Figs 1c and 1d).

When applied to sorption dynamics and chromatography,
Lax’s conditions are sometimes referred to as ‘convexity condi-
tions’ for the isotherms 98~ 103,163-165 by analogy with a univariant
(m = 1) system in which a shock sorption boundary of one
component arises for a convex f{c) isotherm.?°

Chromatographic systems where the equilibrium is described
by the Langmuir relations (8) are an example of hyperbolic, truly
nonlinear systems. For more complex nonlinear systems, having
linearly degenerate regions, the stability conditions are subject toa
greater number of limitations.” 7% 98,99 In these systems, there is a
possibility of the appearance of combined concentration waves in
which the discontinuity is in contact with a spreading wave of the
same family. Contact discontinuities of this type may be formed in
chromatographic systems in the presence of regions of selectivity
reversals.

On the discontinuity line ¢ (see Fig. 1d), the material balance
differential equations are invalid. They must be replaced by a
conservation law expressed in an integral form.47-75.76.7 In the
integral form, this law does not lose its significance for discontin-
uous solutions and gives rise to relations between the concentra-
tions on the plateau to the left (X3, Y;i) and to the right
(X351 Y5t of the discontinuity in the shock s-wave (an
example of the concentration plateau is presented in Fig. lc,
M!'M? wave). These relations are independent of the number (i) of
the component, so that for any / and j the following relations are
valid:

o = A _AX
fAY,AYY 4)

AX; =X - Xi, AY, =Y -Yh 1<ij<m,
which are called in mathematics the Hugoniot or Rankine—
Hugoniot condition,*4” whilst in the theory of chromatography
they are referred to as the compatibility condition4!-4* or the
integral coherence condition.?! These relations form a system of
algebraic equations, with the aid of which it is possible
to determine the composition {X;} on one side of the disconti-
nuity, provided that the velocity of the shock waves o, and the
composition {X f-“} on the other side of the discontinuity are
known.

For a deeper understanding of the behaviour of concentration
waves in multicomponent systems, analysis of the nonideality
effects is necessary.
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The shock concentration waves are an idealisation. When
account is taken of dispersion effects, the shock waves in nonideal
models assume the form of a distribution with a finite width.!%4
In such models, a stationary regime in the propagation of
the wave corresponds to shock waves at the asymptotic
Stage.ZO‘ 21,65,92-94,104, 105,125-128,195-200

The special class of solutions, referring to simple waves, is of
greatest interest for the solution of the material balance equations
(18) or (19) for multicomponent chromatographic systems. Such
waves arise in truly nonlinear systems. An example of sorption
dynamic systems of this kind is provided by systems with
equilibria described by the Langmuir relations (8). The initial
and final conditions, corresponding to the frontal-displacement
variant of sorption dynamics and chromatography, i.e.

X:(0,2)=XY,0<z; X:(1,0) = XioH(D), i=1,2,...m,

(25)

[X?° and X;, are constants and H{(z) is the Heaviside function] lead
to the class of centred simple waves.

The solution of the material balance equations (18) and (19)
under these conditions is called the solution of the Riemann
problem 40-43.74.76,78,79 [ the Russian literature, this problem is
called “splitting of the initial discontinuity’.4”

In conformity with the criterion of the stability of shock
waves,’# 8.7 the splitting problem has a unique solution in the
class of centred spreading and shock waves.4”- 7478 When applied
to the theory of sorption dynamics and chromatography, such
solutions for different conditions have been considered in a
number of studies.?!,31-34,37.39,40,43

In nonlinear m-component chromatographic systems with an
invariant affinity sequence, the initial discontinuity is accompa-
nied by the formation of m concentration waves. This number of
waves corresponds to the total number of invariants £ which are
determined by the characteristic equation (21).

In the m-dimensional composition space {X;}, the solution
X;(h) describes the I" curve with the characteristic parameter h,
which varies along this curve. The I curve is the geometrical image
of the solution (see Figs 1a and 2 -4). Sometimes the composition
space is referred to as the hodograph space,40-43.158 although
this term is used more frequently in mathematics for the special
case with m = 2 (Courant and Freidrichs #) when the composition
space is a plane.

The I'* curves have been called the composition paths?! and
the corresponding concentration waves the coherent?!-22 or
simple #6:47-77 waves. The term ‘coherence’ has been defined 2!-22
as the mutual consistency of the concentrations of the components
in the concentration k-wave propagating along the sorption
column.

Any changes in the compositions along the composition path
grid I'* are coherent and all other changes are noncoherent. It is
important to note that the path grid is determined by the type of
the material balance equations and the system parameters — the
separation factors in adsorption and ion exchange processes and
the relative permeabilities in a multiphase flow in porous media.
The topology of the composition path grid is independent of the
compositions in the influent and initial flows. Therefore, for given
components, the grid of I'* paths may be determined and then
used to predict the response of the system under arbitrary initial
and boundary conditions. The combination of the time —distance
diagram with the M'M2M ™*! route, which corresponds to the
composition waves in the composition space, yields a full and
compact quantitative description of the behaviour of the system in
time and in space. An example of such description is presented in
Fig. 1: the M'M?M ™! route in Fig. 1a and the corresponding
M'M2M™*! chromatogram in Fig. 1c as well as the physical
plane distance —time (z,7) with the M!M? shock and the M2p m+1
spreading wave in Fig. 1d. In the presence of the path grid in the
composition space, it is easy to predict (at least qualitatively) the
response of the multicomponent system to any perturbation.

Any pair of constant compositions in the composition space,
the images of which lie on a same I'* path, are connected by a
simple wave and the solution is given by the one-parameter family
{X;(h)}. The images of the initial and boundary conditions are
presented by two different points M' and M ™+ ! respectively. The
image of the solution of the Riemann problem [Eqns (19) and (25)]
in the composition space represents the MM?... M™*! route
consisting of sections of the I'* paths; each corresponds to the kth
wave MXM**1 of a different (k =1,...,m) kind. The route
contains the highest values of m for the different sections, which
are disposed consecutively from I'! to I'". Each break point M* on
the route (see Figs la and lc) corresponds to a constant state
{X*}. Thus, together with the terminal points M! and M ™+,
there are m+ 1 concentration plateaux on a multicomponent
chromatogram (see Figs la, 1c, and 14).

The solution represented in the physical plane (z,7) yields the
inverse image of this route (Fig. 14). The physical significance of
the picture considered is that the initial discontinuity in the
concentrations [Eqn (25)] splits into m concentration waves. The
slowest wave corresponds to the characteristic value 4; and the
fastest to 4,, value. Any of the waves may be. of the spreading or
shock type. Each wave of the kth kind is separated from the
preceding (k— 1)th wave by the M*{X¥} concentration plateau
(see Fig. 1¢). The concentrations {X*} on the plateau are
independent of the dispersion factors and can therefore be
determined by calculations carried out within the framework of
the ideal equilibrium model.

VI. Coherence

The coherence conditions define a special regime in the propaga-
tion of a multicomponent concentration wave in a chromato-
graphic system in which all the concentrations of the mixture
components move synchronously along the k-wave. For a two-
component system, this condition has been put forward in the
form of a postulate.?? Later the coherence condition was formu-
lated by Glueckauf3 in order to obtain a solution in such
nonlinear systems. The study of this problem showed 46 that the
coherence condition holds along the characteristics. 5

The concept of coherence describes states of chromatographic
systems which they tend to attain similarly to the way that closed
systems tend to a state of equilibrium, while open systems with
fixed boundaries and constant boundary conditions tend to attain
stationary states.??

The concept of coherence was developed by Helfferich and
Klein.2!-3%36.80 [t makes it possible to treat qualitatively and to
calculate quantitatively the chromatograms in multicomponent
chromatographic systems under arbitrary initial and boundary
conditions. This concept was generalised by Helfferich.22 8!
Subsequently the region of its application was extended to multi-
component multiphase flows in porous media,'®> to multicompo-
nent distillation processes,'® and to coprecipitation and
dissolution processes in multicomponent systems. Up to the
present day, the concept of coherence has been justifiably applied
to the dynamics of multicomponent nonlinear (sorption) sys-
tems, 2! 22.55,80

This global concept 228081 indicates the direction in which
the development of a multicomponent system develops towards
the final coherent state, which may be attained after a finite time
in the ideal model or asymptotically in the presence of nonideality
factors in the system. The equilibrium and stationary states of the
system are then regarded as special cases.

Any multicomponent wave may be regarded as a composite
one, consisting of the waves of the individual components, but, in
contrast to linear systems, the multicomponent wave can not be
presented as their superposition. The determination of the velocity
of a multicomponent wave reduces to the calculation of the
eigenvalues A, [from a type (20) equation]. The value 4, character-
ises the velocity of a coherent k-wave, while the eigenvectors
define the change in the mixture composition along such a wave.
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tions coexisting at such a point in space must move in the same 2 _

direction and with the same velocity. A= {(h) Q 1;/[ hi], Q= H % |, (27)
I: 1

However, the concept of coherence has a broader application,
since it includes the problem of the propagation of arbitrary
perturbations in open systems.2!-8% 31 It has been shown 21-22 that
coherence may be defined as the state in which all the independent
variables (functions) move in a synchronised regime, i.e. without a
shift of their (concentration) profiles relative to one another. In
mathematics it is known that ‘simple waves’ behave in this
way.?6-47.77 Thus simple waves are coherent by definition.

The principle of coherence reflects the fact that arbitrary
perturbations in the system are ‘resolved’ (splitted) into a series
of simple waves. A mathematical proof of this postulate with the
aid of the method of characteristics *6 has been given by Helffer-
ich 2235 for a system of two equations of the hyperbolic type.
However, it had been demonstrated previously in a mathematical
study 77 that the region adjoining the region of constant states is a
simple wave.

If the perturbation at the inlet to the system is smooth, then its
‘resolution’ into coherent waves does not occur instantaneously
even in the ideal model. The time of attainment of the coherent
state depends on several factors, among which the most important
is the difference between the eigenvalues Ay (k =1, 2,...). If the
lines for the individual families are almost parallel on the grid of
composition paths, the resolution (the transition to the coherent
state) requires a longer time interval. Furthermore, when account
is taken of the nonideality factors in the system, the state of
coherence may be attained only at the asymptotic stage.

VII. Description of the concentration distributions
in a multicomponent Langmuir sorption system
with the aid of the A-transformation

The solution of the Riemann problem is simplified if certain
special functions have been found: the Riemann invariants
(designated here by 4)?>4® or the generalised Riemann vector-
invariants.3%40:43.65 Such functions have been found for the
Langmuir sorption systems (8) or for the equivalent systems (9)
involving the exchange of ions with equal valences,?1.39.40.43

The following equation is valid for the invariant A; changing
along the I'* path:

oh, dX; Ohy .

— _— = = 2 oo 3

= +in % 0 foralli,j=1,2,...m (26)
CdX;

A= g—i = g—/‘):: = d_Yj for any component i, (26a)

where d is the symbol of the total differential.

Eqn (26) is the fundamental differential equation of the
Riemann problem.0-4%65 It describes the ‘conservation law’
from which follows the principal property of these invariants,
which facilitates significantly the solution of the problem: only the
kth Riemann invariant A; changes along the shock or spreading
wave of the kth kind, while all the remaining invariants 4; (i # k)
are constant. In the monograph of Helfferich and Klein,?! Eqn
(26a) was called the differential coherence condition.

The solution of the differential equation (26) yields the one-
parameter family X(#) or the I' paths in the m-dimensional
composition space {X;} (Fig.la), as well as a broken curves in
the invariants space {h«} (Fig. 1b).

The relations for the characteristic velocities of the shock sth
wave (g,) and the spreading kth wave (i) have been derived
theoretically 2! with the aid of the concept of coherence:

o.=to(T4).

itk

where A! and #™*! are the values of the invariant k,, diminishing
along the sth wave, to the left and to the right of the shock sth wave
respectively (see, for example, the M1 M? wave in Fig. 1a as well as

its image — the N'N? wave in Fig. 1b), Hh,- is the product
ik

of all the cofactors h; except hx, b are the values of the invariants

hy increasing along the spreading kth wave (see, for example, the

M?M™+1 spreading wave in Fig. la and also its image — the

N2Nm+1 wave in Fig. 1b), and Ha,-l is the product of all the

cofactors o;; (i = 1, 2, ..., n).

For a clear demonstration of the A-transformation, we shall
return to the consideration of the geometrical interpretation of the
Riemann problem.

The characteristic equation for multicomponent systems (21)
involving the exchange of ions of equal valence describes the
transition from the composition space {X;} (Fig.la) to the
invariants space {hx} (Fig. 15). The reverse transition is described
by Eqn (22).21:33

The following criteria for the sharpening or spreading of the
concentration kth wave, expressed in terms of the invariants A,
are obtained from Eqns (27): if the value A increases along the
concentration k-wave, then the velocity A« increases and the
k-wave spreads (see the N?N7*+1 wave in Fig. 15 and the
M?M™+1 wave in Figs la, lc, and 1d); if the invariant A,
decreases along the s-wave (even if we assume that it is initially
diffuse), then this wave tends to become sharpened, becomes a
shock wave, and subsequently moves with a velocity o, defined by
Eqn (27).

The invariant A in Eqn (26), changing along the kth wave, can
be found by solving Eqn (21), which relates the composition in the
wave to the value of this invariant.

The simplification of the solution of the problem on the basis
of the function-invariant /4 consists in the fact that the M ... M™ in
the composition space consisting of sections of the I'* paths (see
Fig. 1a) corresponds in the invariants space {A,} to the N...N"* 1,
the lines in which are orthogonal (see Fig. 15). Only the invariant
hi out of the assembly {A; ... A ... by} changes along the k-wave.
The linearity of the I'* composition paths in the composition space
is the property of the Langmuir m-component systems (or the
equivalent systems involving the exchange of ions of equal
valence) which permits the orthogonalisation of the space, and
this simplifies the consideration of the dymanic behaviour of these
nonlinear systems. Itis noteworthy that the linearity of the I' paths
in the composition space is retained along the stationary concen-
tration waves for multicomponent Langmuir systems even in the
presence of dispersion factors identical for each compo-
nent. 65, 104,105,197-200 Thijs property makes it possible to obtain
solutions describing the concentration profiles in the stationary
waves for this case.

In the physical plane (z,7), the region corresponding to the I'*
path is covered by a set of lines-characteristics A% (the dashed line
in Fig.1d) corresponding to the characteristic value A;. The
direction of the characteristics of the kth kind in the plane (z,7) is
specified by the quantity Ax. Since the function A is constant along
each characteristic 4%, each value of {X; i} is represented by a point
on the I'* path (for example, point Q on the MN line in Fig. 2).
Each characteristic Ag is then a straight line in the physical plane.
The family of such straight lines in the plane (z,7) represents a
simple k-wave (see Fig. 14, the family of the lines A%...)fz"“ Lk =2).
If the inequality dA«/dz > 0 holds in the region of the simple wave,
then the characteristics diverge and the kth wave spreads as a
function of time. Such a wave is referred to as ‘spreading’ 19620 or
‘nonsharpening’.?!
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It has been noted in a monograph?! and a state of the
art review2? that in the theory of chromatography the
h-transformation (albeit under a different name) was first pro-
posed by Davidson in 1949 for ion exchange but remained
unnoticed.?? This transformation was proposed independently
by Zhukhovitskii and coworkers 2!+ 22.202.203 for the theory of the
high-concentration gas chromatography, vacancy chromatog-
raphy, and the chromatography without a carrier gas for con-
stant partition coefficients.

As noted in the above review,?? the polynomial (k) in
Eqn (21) is used in differential geometry, but for the description
of the behaviour of multicomponent systems in electrodiffusion,
electrophoresis, and distillation, this transformation was discov-
ered anew. The transformation (21), based on the A-invariants, has
been widely applied to systems in which the interference of the
components takes place without any discrimination, i.e. the
substances participating in the separation process compete under
the conditions of constant relative strengths in the realisation of
the function determining the given process.?? The role of such a
function may be assumed by the parameter characterising the
degree of occupancy of the adsorption sites in chromatography,
the fraction of the void space in vacancy chromatography (or
distillation), the transport of electric current in electrophoresis,?
etc. Competition between the components in the absence of
discrimination then corresponds to constant binary interaction
coefficients: the separation factors in chromatography, the
relative volatilities in distillation, and the relative electrochemical
mobilities in electrophoresis.

A computer program, permitting the calculation of both the
h-transformation and of the concentration profiles on the basis of
the ideal model, has been developed.*®

Studies have been performed in which the results obtained in
the theory of the chromatography of multicomponent systems
have been extended to systems with precipitants and with dissolu-
tion of the precipitants.?0!,204

A scheme for the solution of the problem of the multicompo-
nent frontal-displacement sorption dynamics and chromatogra-
phy follows from the foregoing. On the basis of the solution of the
characteristic Eqn (21) using the known coordinates of the points
M! (influent concentrations) and M 7+ ! (initial concentrations in
the column) in the concentrations space, the coordinates of the
corresponding points N! and N”*! in the invariants space {/}
are calculated.

Next, the coordinates {h,l(} (I =1,...,m) of the intermediate
points N* on the plateau between the kth and (k + 1)th waves are
determined in the invariants space. The orthogonality of the
representation of the waves in the invariants space is then
employed in the calculation. Only one invariant sz changes
(from hj to A1) along the kth wave (NN **1 ) in this space [all
the remaining invariants A; (i # k) remain constant], while all the
k-waves from point N! to point N”*+1 are arranged in order of
increasing index k = 1, ..., J, ..., m. The coordinates {4} } found are
then employed to determine the coordinates { X*} of points M* on
the concentration plateau between the kth and (k+ 1)th waves
with the aid of Eqns (22).

This scheme for the calculation of concentration plateaux is
used in combination with the solutions obtained for stationary
waves for multicomponent Langmuir systems, 04.105,198,204 The
above approach made it possible to demonstrate 105198200 how a
theoretical calculation can be used to correct and test the
operation of numerical schemes for computer calculations % °
concerning problems in the theory of multicomponent sorption
dynamics and chromatography.

VIII. The equivalence of multicomponent
Langmuir systems and multicomponent systems
with a nonuniform mobile phase velocity due to the
sorption effect

The flow rate u in the material balance equation cannot remain
constant if significant composition variations take place in the
column, with involving net sorption and desorption steps in the
molecules. This effect was first described 20%-206 for a single
component system. Different aspects of this effect, including the
effect in multicomponent systems, have been investigated.?07-218
Two reviews by Guiochon,?!3:217 in which the results of the theory
of gas chromatography with finite concentrations are discussed,
are of great interest. These reviews deal briefly with problems in
the solutions of systems of partial differential nonlinear equations
by the method of characteristics and discuss the problems of the
stability of the shock waves (concentration discontinuities).

In the separation process, net desorption steps at the rear
boundary and net sorption steps at the leading boundary of the
chromatographic band respectively introduce the molecules of the
substance into the mobile phase and remove them from the latter.
The flow rate in the region of the chromatographic band is
therefore higher of the rear boundary and lower at the leading
boundary.

This effect, which is significant for gas chromatography, is
sometimes referred to as the ‘sorption effect’ 216 and its influence
on the profile of the sorption band of one substance has been
examined in the theory of chromatography without a carrier
gas.203.210.211 The dependence of the flow rate on the concentra-
tion of the substance has been found for a one-component
system.?!> The importance of the sorption effect in chromato-
graphic separation at high concentrations has been emphas-
ised.?14

The behaviour of the n-component sorption C system, in
which account is taken of the influence of sorption effects, has
been examined.55-6%-198.199 I this system the f;(c) isotherms are
linear for each component, while the flow rate u is nonuniform
due to the ‘sorption effect’:

n
fi(e) = vyics; Zcfzcozconst, i=1,2,..,n. (28)

It is postulated that the pressure drop in the column may be
neglected and that the ideal gas law holds. The sorption effect is
taken into account in gas chromatography, while in liquid
chromatography it is usually neglected, although in the latter
case condition (28) represents incompressibility with retention of
the overall concentration ¢¢ of all the components. In liquid
chromatography, this effect may be neglected because of the
smallness of the volume changes in the sorption—desorption
steps.

The Langmuir system (8) and the C system are united by
one common property: in both systems, the separation factors
for the ith and mth components are constant, i.e.
%ni = (@mfcm)/(ai/c;) = const. The mixture components {c;} form
the affinity sequence 1, 2, ..., n, in which the substances are
numbered (and arranged) in order of decreasing affinities of the
components for the sorbent:

1>z > >y or oy <Ll <. < O,
where
Y1
Ay =—. (29)
Yi

The existence of the relation (28) makes it possible to eliminate
one variable (¢,) from the equations. The system of the mass
balance equations then defines only »— 1 independent functions
Ci.
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The invariant solutions of the system of quasi-linear material
balance equations have been analysed on the basis of the ideal
model.6%:6%-198 These solutions describe the propagation of the
sorption shock and spreading concentration waves at high
concentrations of the components in the multicomponent C
system.

A relation for a variable flow rate u, reflecting the sorption
effect, was derived for the first time for the C system by the present
author:%3-200

u:—-Q =-Q—' —u :—Qi .
H—R/Co ,u’ 1+'Y, H—R/C()’
__9
0=1y7 (30)

n
where H = const, R = Z( /), and Q is the integration constant
i

determined from the initial conditions.

Eqn (30) thus derived represents the dependence of the
flowrate u on the concentrations of a mixture of m compo-
nents.55198.200 When account is taken of Eqn (30), the differ-
ential equations for the C system are identical with the mass
balance equations describing the multicomponent Langmuir
system (8). The relations

ue gie
1+'Y, H—R/CO’

where e; = (y;—7yn)c;, play the role of multicomponent inverse
Langmuir isotherms G;(a) = f;~! (¢) in the mass balance equations
for the C system [see Eqn (7)].%9- 198

The characteristic equation for the C system is formally
identical with the corresponding equation for a multicomponent
Langmuir system.55.6%.198.200 The separation factors (y/y:) for
the components m and i in the C system are completely analogous
to the separation factors tm; = ym/y: [see Eqn (29)] %198 used in
the multicomponent theory of chromatography.?! The invariants
ux/y1 have the same properties as the invariants 1/h, where A are
functions introduced for the Langmuir systems.?! All the calcula-
tions of the chromatograms for the Langmuir system based on the
equilibrium model can then be carried out also for the C system
using hx and the ratio a1 = y1/ym (m = 1,2, ..., n), taking into
account the agreement between the separation factors for the two
multicomponent systems considered. In the Langmuir system (8),
the components also form the affinity sequence 1, 2,...,m, in
which they are arranged in order of decreasing affinity for the
sorbent, namely oy, > ay; > 1 [see Eqn (29), oy = 1], where
i<m.

Only the invariant A, as well as the vector-invariant [Ji],
varies along the characteristic (I'*) k-path (corresponding to a
wave of the kth kind), whereas the remaining invariants A,
(m # k) and {Jux} (m # k) do not vary (Fig. 15). The correspond-
ing change in the invariant A (increase or decrease) determines the
type of multicomponent k-wave (spreading or shock) in the
chromatogram (see Fig. 1b; decrease of A, from hi to h’{'*l along
the M'M? wave and increase of A, from h} to h7*' along the
MM ™+ 1 wave).

Relations expressing A5 (for a spreading wave) or ox (for a
shock wave) (see Fig. 1d) in terms of the product of the Riemann
invariants Aj ... hm (Or g ... 4m) are valid for the characteristic
velocities of the multicomponent concentration k-waves in the
chromatogram.

For the multicomponent C system, the grid of composition
paths in the concentration space has the same properties as for a
multicomponent Langmuir system (8). An example for a two-
component Langmuir system (m = 2) or a system with n = 3 is
presented in Figs 14 and 2 (the concentrations c; are then expressed

in terms of an acute-angle coordinate system). The coupling
condition (28) reduces the three-dimensional concentrations
space {c;} to the PiP,P; plane, where ¢;(P;) = co (see Fig. la).
The shock k-wave (or a stationary wave in the nonideal model)
arises in the composition space if the change in the concentrations
corresponding to this wave takes place in the direction opposite to
that indicated in Figs 1 and 2 (i.e. if the invariant A; or the
corresponding invariant y;/ux diminishes along the k-wave — see
Fig. 1b). The velocities of the shock and spreading k-waves are
determined by the magnitude of the /-invariant in accordance
with Eqn (27).2! A large number of examples of composition path
grid for multicomponent (m-component) Langmuir systems (or
the equivalent systems involving the exchange of » ions of equal
valence, where n =m + 1) are quoted in the monograph by
Helfferich and Klein.?! Similar path grids on the P; ... P, simplex
may be obtained also for the C system. The distributions of the
concentrations of the components along the shock or spreading k-
wave and its velocity are then described with the aid of the Ay-
invariant. Examples of such calculations have been published.2%

These data indicate the equivalence of the multicomponent
sorption systems: C, where there is a sorption effect, and the
Langmuir system (8). Naturally, the main result is the possibility
of using for such systems a simple procedure for the calculation of
the multicomponent (shock and spreading) concentration waves
on the basis of the A-invariants.

IX. Multicomponent chromatographic systems
with an invariant affinity sequence of the
components

The nonlinear theory of sorption dynamics and chromatography
may be used also in the calculation for a stoichiometric
n-component system consisting of ions with » = 3, where all the
characteristics lie in one plane (see Fig. 1a). In Figures 1—4 the
characteristics of the first kind (I'!) are represented by continuous
lines and those of the second kind (I'?) by dashed lines. In this case,
the simplex triangle P; P> P3 in the space of the Riemann invariants
{h} is transformed into the rectangle P]P3W P} (see Figs la
and 1b5).

Points W in Figs la and 15 and in Figs 2—-4, at which the
characteristic velocities of the k-waves coincide, are referred to as
the ‘watershed’ points.?37 3 The coordinates of point W for

Figure 3. A variant of the hodograph for a stoichiometric three-compo-
nent system for which the equilibrium relations [of the type of the Law of
Mass Action (15) for heterovalent ions] are valid. The ANW>MB and
QW,MB routes correspond to different variants of the concentration
waves (see text).
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2:3

Figure 4. Variants of the hodographs obtained by numerical calculation
for a stoichiometric three-component system including selectivity reversals
even in a binary exchange (when the binary isotherms f;;; are S-shaped).
(a) The presence of the inversion i :j (dash-dot lines) for the 1/2, 1/3, and
2/3 components (the corresponding isotherms f; are S-shaped); (b) the
presence of the inversion i:j (dash-dot line) for the 1/2 components (the
corresponding isotherm f12 is S-shaped); the crosses (x) denote the
concentration points at which the wave velocity 4, on the I'* paths is
minimal; points ¥ correspond to the points of intersection of the borders
of the simplex with the I'* paths passing (through different watershed
points W) within the composition region; the 471, /1B, P:V>W1 P2 (a), and
P3 VW5 P2 (b) routes correspond to different variants of the concentration
waves (see text).

systems with constant separation factors (8) are defined by the
relation 2!

_alz—l
W= .
(113‘—1

The characteristics of the first kind (I'!) begin on the P, P side and
terminate on the WP; segment. All the characteristics of the
second kind (I'?) begin on the WP; segment and terminate on
the P P, side. Each characteristic of the first kind intersects all the
characteristics of the second kind and conversely. As a conse-
quence of this, any two composition points, not located on one
characteristic, may be connected by a route which initially follows
I'' and then I'? paths, i.e. waves of the first kind and then of the
second kind are formed in succession in the corresponding
chromatogram. The simplex borders P, P,, P1P3, and P,P; are

also characteristics and only they originate from the Py, P2, and P;
corner points. There are no characteristics originating from these
points within the composition region. Thus two substances cannot
be absent on one side of the concentration wave and present on the
other. In systems with a variable selectivity of the components,
such effects may occur (see Section X).

In the case of an n-component system, the simplex gives rise to
an equilateral n-gonal pyramid, but there are no fundamental
differences from the case where n = 3.2!

The principal rules governing the behaviour of simple (or
coherent) waves may be derived from the compatibility condition
(24) (for shock waves) and Eqn (26a) (for spreading waves), and
also from properties associated with the continuity of the stream
of molecules [see Eqns (16) and (17)]. The same rules may be
obtajined with the aid of the properties of the Riemann
h~invariants and Eqn (27). However, these conclusions are valid
for systems with constant separation factors a;. The rules govern-
ing the behaviour of simple waves, obtained with the aid of the
velocities, are less rigorous: in this, case an invariant selectivity
sequence and competitive sorption, reflected by relations (4) and
(5), are needed.

In a simple wave, the species velocities u; differ from the
characteristic velocities 4;, so that the molecules of different
species pass through the propagating wave in the direction of
flow or in opposition to it. This behaviour gives rise to the
following effects.?!

1. Along the wave the species velocities ; and the concentra-
tions X; of all the substances change simultaneously.

2. The existence of the so called ‘affinity cut’. This cut
subdivides the substances in the affinity sequence 1, ..., /. &, ..., n
into two groups: the high affinity group (I, ..., /) and the low
affinity group (%, ..., n). The cut is designated by j|k. The species
velocities u; in the first group are lower and those in the second
group are higher than the composition velocity (4, for a spreading
wave or o; for a shock wave). The concentrations of the substances
in the wave also vary in the opposite directions (if those of the
substances in the first group increase then the species velocities in
the second group diminish and conversely).

For an n-component (but m-variant) stoichiometric system
(9), there is a possibility of »—1 positions of the affinity cut,
namely those ranging from 112, ...,nto 1, 2, ..., (n — 1)|n, where the
cut k|(k + 1) corresponds to a simple wave of the kth kind with a
characteristic velocity Ax. No concentration can vary abruptly if
all others vary smoothly. One of the most important corollaries of
the rules under discussion is the fact that only the substances jand
k, separated by the cut j|k, can be present on one side of the wave
and absent on the other. All other components are either present
on both sides and within the wave or are altogether absent.
However, two substances j and k& cannot be absent from the
same side of the wave, since their concentrations vary in opposite
directions.

The transformation of m-component (and m-variant) Lang-
muir systems (9) into stoichiometric n-component (but m-variant)
systems makes it possible to represent hodographs also for
Langmuir systems within the space of the simplex. Fig. 2a
presents a hodograph for a two-component Langmuir system
with competitive sorption (b1, b, > 0). The concentrations of the
components / and j do not exceed unity and are reckoned in an
acute-angle coordinate system.

Complications may arise only in the case where some of the
coefficients b; are negative. For example, the hodograph for
systems with synergistic sorption, where the corresponding
coefficients for one or more susbtances are negative (b; < 0), is
illustrated in Fig. 2b. Asin stoichiometric systems, in such systems
the initial discontinuity in concentrations splits into a chain of
shock and/or spreading simple waves. Difficulties in the forma-
tion of multicomponent waves then arise. Thus Fig. 25 shows that
the route along the characteristics in order of their increasing
indexes, i.e. BT'1I'2M, is impossible between certain concentration
points B (composition at the inlet to the column) and M (initial
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composition in the column). In this case, the solution determining
the chromatogram tends to the BNM route, passing partly along
the envelope indicated in Fig. 25 by a dash-dot line. This route
does not contain intervening plateaux. Furthermore, routes which
may be referred to as metastable (for example, the ANB route
corresponding to a single, but unstable wave) are likely on this
hodograph. Small perturbations lead to the ‘switching’ of the
metastable ANB route to the AN 1B route corresponding to two
simple waves: a wave of the first kind AN; and a wave of the
second kind N B. 2!

In systems with invariant affinity sequence of the components
the topology of the characteristics in the composition space
(Fig. 3) is similar to that which occurs in systems with constant
separation factors o (Figs 1 and 2), but the characteristics are not
straight lines (Figs 3, middle part of the hodograph). As a result,
in systems with variable separation factors a; the route corre-
sponding to the shock wave does not coincide with the character-
istic, although it passes close to it.2! The deviations of the shock
route are usually small, so that the characteristics may be regarded
as a satisfactory approximation also to shock waves.

Problems of frontal and frontal-displacement sorption
dynamics in a system with a variance m = 2 and with an invariant
affinity sequence, in which the first component is always sorbed
more effectively than the second, have been examined on the basis
of the nonlinear theory of multicomponent sorption dynamics for
the ideal model using hodographs with variable factors a;;. 2°

All the variants of the two-component displacement chro-
matographs [for both convex (favourable) and concave (unfa-
vourable) isotherms] of the components can be readily obtained
with the aid of the hodograph presented in Fig. 2. Both shock and
spreading waves are then obtained in the displacement chromato-
grams in the presence of both enhanced concentration and
dilution (deconcentration) of the displaced component.

We shall consider initially the variant where both isotherms
f(¢), of the displacing agent and the displaced component, are
convex (see Fig. 2a).2%

1. If the sorbability of the displacing agent is greater than that
of the displaced component (i.e. the displacing agent is component
I and the displaced component is component 2), then the NMB
and NMA routed on the simplex P;P»P; correspond to the
displacement regime. The displacement chromatograms corre-
sponding to these routes have been published.20¢

2. If the sorbability of the displacing agent is lower than that
of the displaced component (i.e. the displacing agent is component
2 and the displaced component is component /), two displacement
regimes, corresponding to the MNL and MQS routes, are
possible. It has been noted 2° that in this case the displaced first
component is concentrated on the plateau (C7) in the intervening
zone (the MNL and MQS routes respectively), but the sharp
(shock) displacement wave does not arise under these conditions
and two-wave displacement regimes occur: the spreading 1-wave
MN (or MQ) and the shock 2-wave ML (or QS). The case of the
spreading wave NT is an exception (see Fig. 2a, MNT route).

The overall character of all the types of chromatograms in the
case of concave isotherm f(c) consists in the fact that the
concentration of the displaced component diminishes on the
plateau between the concentration k-waves (k =1, 2). The
concentration waves may be both of the spreading and shock
types in conformity with the criteria (26).

The possible variants of the calculation of the concentration
waves in the displacement sorption dynamics regime for a two-
component Langmuir system with different convex and concave
isotherms have been examined.?°® Tsabek %8 carried out a numer-
ical computer calculation of two types of displacement chromato-
grams for two-component Langmuir isotherms. Comparison of
the results with those of the present author 2°° showed that the
special cases of the regimes examined in the present author’s
study 200 were obtained in the numerical calculations. For other
initial and boundary conditions, it is possible also to obtain other
displacement regimes.2%° Thus the results of the numerical

calculation do not always yield general conclusions about the
behaviour of concentration waves in nonlinear chromatographic
systems.

X. Chromatographic systems with regions
including selectivity reversals of the components

We shall consider initially a system in which the ion exchange is
stoichiometric and is described by the Law of Mass Action. For
ideal ion exchange, this variant corresponds to the exchange of
heterovalent ions, but in the general case sorption systems can also
be assigned to the above systems. The stoichiometric coefficients
v; and v for which Eqns (15) hold can then be regarded as
empirical.

For systems in which the sorption equilibrium is described by
Eqns (15), it has been shown?! that the sorption of all the
components, other than the two arbitrarily selected components
k and /, diminishes if the concentration of component k with a
higher affinity for the sorbent increases as a result of the decrease
in the concentration of component / having a lower affinity. Thus
the sorption in which the equilibrium is described by Eqns (15) is
competitive. The condition of competitiveness, obtained for these
systems in the monograph by Helfferich and Klein,?! refers to
differential changes in concentration for a given mixture composi-
tion and does not eliminate the selectivity reversals arising in the
system, which will be discussed below.

The characteristic equation for such systems yields n—1 real
roots A, 2! which fall within the range ¥} < A, < Vy, , where
k=1,2,..,(n—=1). 31
As in systems with a invariant affinity sequence, in the system
under consideration there is an affinity cut. The condition of
sorption competitiveness and the existence of the (n— 1)th affinity
cut for an arbitrary composition does not eliminate the reversal of
selectivity. Within each region with an invariant affinity sequence,
the properties of the systems (15) are the same as those of the
Langmuir systems but with the difference that here the character-
istics are not straight lines (see the example of Figs 3 and 4) and
cannot be orthogonalised with the aid of the Riemann invariants
(by the A-transformation). In this case, the path grid may be found
by the numerical integration of the equation relating the concen-
trations of the components in the wave.2!. 66. 200 The separation
factor oy in these systems is variable and depends on the
concentrations. When v; # v;, the separation factor varies both
as a function of the partition ratio of the components and of
mixture composition. If the separation factor a; varies in the range
a; < 1toay > 1 course of such variation, then the components i
and j change places in the sorption series. This phenomenon is in
fact referred to as selectivity reversal or inversion. When the
inequality v; < v; holds, the separation factor «;; is greater in the
concentration range where the partition ratio Y;/X; greater, i.e.
where there is less competition from the component (i) having a
higher affinity for the sorbent. If the composition changes in the
direction of a greater proportion of substances with a low affinity,
then the affinity of substances with a low stoichiometric coeffi-
cient v; increases relative to the other substances.?!

The lines in the composition space on which the inversion of
components ;/ and j takes place (i.e. the equality a; = 1 holds on
this line) have been called 2!:36:37 ‘reversals’ and in the present
review are designated by ‘i:j’ (the dash-dot lines in Figs 3 and 4).
From the standpoint of the appearance of a possible inversion, the
specification of the numbering of the substances in the sorption
series has been modified.?! The substances are numbered in
accordance with the rule

if Ki>1.

In the i/j binary system, for two arbitrary substances, the
affinity of the substance with a smaller number is greater. In
systems without inversion the definition (32) is equivalent to that

i<j, (32)
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presented above. If inversion takes place in the system, then the
composition space is divided by the reversals i:j into regions
where «; < 1 and a; > 1 (see Figs 3 and 4). For the systems (15),
the reversal j:k in the composition space is described by the
equation of a (n— 2)-dimensional hyperplane parallel to the PPy
edge in the simplex {Y;} or {X;} (for n = 3, thisis a straight line; see
the 1:2and 2: 3 reversal lines in Fig. 3).2! For any two substances
Jand k, such a hyperplane exists v; # v,. There is only one hyper-
plane j/k of this kind, so that multiple reversal of the selectivities
of components j and & does not take place. All these rules can
be observed in relation to the hodograph illustrated in Fig. 3.
A sufficient condition for the existence of the reversal j: k is

(Kp)™ > (Kg)™  when j<k, i#jk. (33)

The system (15) has at least one reversal j:k or k:/ if the
coefficients v; for the three components j, k, and / satisfy the
condition

viyvi>2v when j<k<I[. (34)

It has been noted in the monograph by Helfferich and Klein 2!
that condition (34) contains no coefficients K;;, so that the widely
held view that there is no reversal of selectivity when
Ky, > Kon > Ky—1)n 15 erroneous. For example, a three-compo-
nent system (n = 3) withv; = 2,v, = 1, and v3 = 3 has atleast one
reversal regardless of the quantity Kj;. %!

The influence of the reversals on the disposition of the
characteristics and hence on the dynamic behaviour of chromato-
graphic systems, described by equilibria of type (15), is not very
strong owing to the existence of the following rules, which the
reversals obey.

1. All the reversals are such that only neighbouring substances
change places in the affinity sequence. Thus, for the reversal j: k,
the affinity sequence changes as follows: 1,...,7, k,....,.n > 1,..,k,
Jj,--,neven if jand k do not occupy neighbouring positions.

2. The reversal j: k is not intersected by the characteristic with
the cutj |k (for example, the I'! paths in Fig. 3 intersect the reversal
2 : 3, while the I'? paths intersect the reversal 1:2). Therefore,
along any I'* path the compositions of groups with high and low
affinities do not change. As a result, all the concentrations in the
corresponding concentration wave vary monotonically.

3. Sorption remains competitive despite the reversals, so that
within the limits of each region between the reversals the orienta-
tion of the characteristics and the qualitative dynamic response of
the chromatographic system remain the same as in systems with
invariant affinity sequence.

However, new features also appear — there is a greater
number of watershed points (points W, W>, and W3 in Fig. 3a).
Point W, on the P, P; segment is unusual because it includes the I'!
and I'? paths, which are tangents to the border P;P; of the
simplex. This property was first described by Tondeur.’’ In
addition, the postulate that all the paths of one kind intersect all
the paths of another kind, applicable to systems without inver-
sions (cf. the hodographs in Figs 2 and 3), now ceases to be
invalid.

The hodographs for systems with inversion have paths along
which the velocity 4; is constant. Such paths coincide with the
reversal (the path j|k on the reversal j: k). For example, on Fig. 3
the reversal 1:2 coincides with the I'! path and the reversal 2: 3
coincides with the I'? path. The concentration changes along the
wave corresponding to migration along all these characteristics
are not sharpened and do not become diffuse in the ideal model.
Evidently, in the presence of dispersion effects in the nonideal
model, such waves do become diffuse.

In contrast to systems with invariant affinity sequence in
systems where a component participates in more than one reversal
(for example, component 2 undergoes inversion in the reversals
1:2 and 2:3 — see Fig. 3), the initial discontinuity in concentra-
tions may split into a larger number of concentration waves,
exceeding the variance of the system (m).

Thus in Fig. 3 the ANW,MB route from the concentration
point 4 via the watershed point W and extending to point B and
intersecting two reversals gives rise to three concentration waves:
AN, NW,M, and MB. The component (in the given instance
component 2) may be present when the column is filled initially
(point B) and may be moved to the inlet (point 4), but it is absent
from the intervening concentration wave N WM. 21.200

This variant may occur also in the case where the route runs
along the I' path, which is tangential to the border of the simplex
at the watershed point W (see the concentration wave QW>M in
Fig. 3; point Q corresponds to the mixture composition at the inlet
to the column).

We shall consider the properties of nonlinear chromato-
graphic systems in the presence of static complex-formation
effects when the inversion i:j may arise even for the i/j binary
exchange of a pair of components 7 and j. In this case, the binary
exchange isotherm f;;; can have the S- or ¢-shape.*®-%6 A common
feature of complex-forming systems in the presence of inversions
consists in the fact that the concentration wave may be combined,
i.e. may contain both discontinuous and diffuse sections.

Figs 4a and 44 present certain variants of hodographs (among
those obtained by numerical integration) %6 for a system modelling
the static complex-formation effects in which the multicomponent
isotherms are represented by bi-Langmuir multicomponent iso-
therms.!%° The nonmonotonic variation of the wave velocity along
the wave implies that the corresponding concentration wave may
be partly of the shock type and partly of the spreading type — a
property which is absent from the sorption systems (9) and (15).

The possible reversals for a three-component system, shown in
Fig. 4a,are 1:2,1:3,and 2:3. A hodograph of this type has been
presented in a study *® where the exchange of ions of equal valence
in the presence of complex formation was considered. In this
case, all three binary exchange isotherms f1,2, f1,3, and f3;3 are
S-shaped. The same topology of the characteristics, but this time
with two reversals, was observed in the above study#® and
obtained in a theoretical investigation.®® The binary isotherms
J1/3 and fa/3 are then S-shaped, while the isotherm f;,» is convex
(favourable). Other possible variants of the hodographs for a
three-component system in the presence of complex formation
have been quoted by the present author.%¢ As for the systems (15),
the hodographs for the above systems have several watershed
points (cf Figs 3 and 4). There are also characteristics along the
tangent to the border of the composition triangle within the
composition region (cf the I''! paths passing through the water-
shed points: through point W in Fig. 4a and through point W3 in
Fig. 4b).

In the previous Section, it was noted that composition lines
originating from the corner points of the simplex within the
composition region are absent from the hodographs for essen-
tially nonlinear systems. This means that on the chroma-togram
two components cannot be absent on one side of the wave and
present on the other. For complex-forming stoichiometric sys-
tems, chromatograms of this kind are possible. For example, on
the chromatogram corresponding to the PiV> P, route (Fig. 45),
two components i (i = 1, 2) are present only on one (left) side of
the shock 2-wave V>P,. In the usual stoichiometric systems,
component 3 separates components / and 2 on the chromato-
gram, whereas on the chromatogram corresponding to the P3V, P,
route, components / and 2 cannot be separated from one another
(for further details on this topic, see the present author’s earlier
communication %6). The inversion of components / and 3 on the
isotherm f3;; plays a decisive role in the formation of such a
chromatogram.6. 200

For the S-shaped binary isotherm fi,3 and the convex
(favourable) binary isotherms fi2 and f>/3, a study has been
made on the basis of qualitative considerations of the possibility
of the formation of chromatograms consisting of two shock waves
(see Fig. 4b):219 the l-wave P3V, and the 2-wave V,P,. The
formation of displacement chromatograms of this type has been
demonstrated experimentally.?2°
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It was stated above that in the general case n— 1 concentration
waves, separated by n—2 intervening plateaux (ITx), arise in
nonlinear chromatographic n-component stoichiometric systems
with invariant affinity sequence of the components. Thus, routes
with a single intervening plateau [I; (for example, the AII| V>
route in Fig. 4a) are possible in three-component stoichiometric
systems with complex formation.5® Under these conditions, the
two concentration waves on the chromatogram may be of the
shock or spreading types partly of the shock type and partly of
the spreading type. However, in the presence of inversion of the
components, the route with a single intervening plateau does not
always occur in chromatographic systems.

The postulate that each path of one kind intersects all the
paths of another kind is invalid for such systems, so that in a
number of instances one cannot move from a certain region of the
simplex (the region P, V> WP, in Fig. 4a) to another region via a
route including consecutively only two paths (I'! and I?). A
variant of the route, which passes through a watershed point and
contains three concentration waves and two intervening plateaux,
has been proposed for such cases.38

A route (for example, the AITIT.B route in Fig. 4a),
corresponding to a chromatogram with three concentration
waves AIly, IT1,I1>, and IT,B and with two intervening plateaux
(IT) and IT3), in which one of the components (component /) is
present during the initial filling (point B) and in the inlet zone
(point 4) of the chromatogram but is absent from the intervening
region (segment II,IT,), arises under these conditions. In indi-
vidual instances (when the route passes along the characteristic
V2W3P, — see Fig. 4b), the concentration of component / may
become zero on the shock concentration 2-wave (section W3P,).66

XI. Interaction of concentration waves in
multicomponent chromatographic systems

The initial discontinuity in concentrations (from the influent
concentration to the concentration during the initial filling of the
column) in the frontal displacement multicomponent dynamic
sorption problem splits into m concentration waves separated by
concentration plateaux. In cyclic chromatographic processes, the
column should be regenerated and for this reason yet another
discontinuity concentration is created at the inlet. As a result, a
further assemble (k) of concentration waves of different kinds
(k =1, 2, ..)arises in the column. Thus there is a possibility of a
situation where a fast wave of the £th kind catches up with a slow
wave of the sth kind (k > s) generated during the preceding break
in concentrations, whereupon the interference of two concentra-
tion (k, s)-waves of different kinds takes place. In contrast to linear
systems, in the interference of waves in nonlinear systems the
principle of superposition does not hold, which leads to specific
results of the interaction of the waves.

If two waves of different kinds meet, a local noncoherence
arises for a time, being resolved by transition to a coherent state, as
in the case where a perturbation is introduced into the system.
During the interference of waves, the general postulate that the
noncoherent state of the wave, defined as a superposition of
coherent waves, is resolved during propagation and tends to a
coherent state remains valid.?!

In a calculation for such interaction in ideal systems with
constant separation factors, the Riemann invariants have been
used.?! In the case of variable separation factors, in systems with
invariant affinity sequence, the characteristics of the interaction of
the concentration waves remain the same, but the I'* paths on the
hodograph are no longer straight, which significantly complicates
the quantitative calculation for the interaction of concentration
waves.

It has been shown 98 that, for a three-component stoichiomet-
ric system with invariant affinity sequence of the components but
with variable separation factors, there are two special cases of the
interaction of concentration waves, If in the interaction of two
waves in a three-component stoichiometric system the boundary

concentration plateaux are at the borders of the simplex while one
of the interacting waves is of the shock type, the calculation for the
interaction is carried out with the aid of only the binary isotherms
Jfi. % This principle has been applied in a calculation, based on the
ideal model, for a cyclic four-stage process involving preparative
chromatographic multicomponent separation.5’

XII. Stationary concentration waves in
multicomponent nonlinear chromatographic
systems including dispersion factors

The conditions governing the appearance of stationary regimes in
multicomponent sorption dynamics for Langmuir mixture iso-
therms (8) have been analysed 2}:3%40 on the basis of both the
general theory of quasi-linear equations of the hyperbolic
type 4657 and the model of equilibrium ideal sorption dynamics
and chromatography. It has been show3® that, in the case of
Langmuir mixture isotherms (8), Lax’s stability conditions hold
for the shock waves arising under these conditions. Therefore, for
certain relations between the assembly of input concentrations
and their assembly in the initial stage of the filling of columns in a
chromatographic system, various shock S-waves arise (where
integral numbers S assume values ranging from 1 to m).

In the presence of dispersion effects in the nonideal models
considered, stationary regimes governing the propagation of
multicomponent concentration S-waves with a finite width,
which depends on the dispersion factors and on the ‘curvature’
of the multicomponent sorption isotherms, correspond to the
shock S-waves.

The conditions governing the attainment of stationary
regimes in multicomponent chromatographic systems with invar-
iant affinity sequence of the components are independent of the
magnitude of the dispersion factors and are therefore determined
on the basis of the ideal model. However, the time required for the
attainment of the stationary stage in the propagation of a multi-
component concentration S-wave depends on the values of the
nonideality factors. These factors lead to the spreading of the
concentration S-wave, the width of which becomes constant after
a time. The time needed to establish stationary regimes depends on
the height equivalent to the theoretical plate (HETP) and on the
‘curvature’ of the multicomponent isotherm. The dispersion
parameter HETP is well known and is used widely in chromato-
graphic theory and practice. It determines the width of the
concentration waves and the effectiveness of the operation of the
sorption bed.

After the attainment of the stationary regime (in the asymp-
totic stage), a multicomponent S-wave with a fixed width
propagates at a constant velocity equal to the velocity of the
shock wave ;. This velocity is independent of dispersion effects
and is determined by the concentrations on the plateaux to the left
(¢5) and to the right (¢! *') of the Sth wave.20: 65 69.104.105.197-200
The methods for the determination of the concentrations on the
plateaux were discussed above and examples of such calculations
may be found in a number of communications.!0-198.200

In the presence of dispersion effects, the material balance
equations assume the general form

2
pC% =12 ..

8(aj+¢;)  O(cu)
* T e

ot 0z

»m,

(35)

where D; are the effective longitudinal dispersion coefficients for
m mixture components.

This system must be supplemented by kinetic sorption effects.
A reasonable approximation to the kinetic equations is provided
by model phenomenological equations based on the concept of
linear driving forces. For intraparticle diffusion control, the
kinetic equation proposed by Glueckauf?2!-222 for a one-compo-
nent system, extended to multicomponent systems, is usually
employed:
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% =pifiley—a], i=1,..,m. (36)

For film diffusion control, analogous phenomenological
equations are employed:223224

da;

i Cilei—oi(a)], i=1,2,..,m. 37

Here fi(c) and ¢;(a) are sorption isotherms which are
reciprocal relative to one another, i.e. f; (c) = ¢; ' (a).

The solution of the systems of differential equations (35) and
(36) and (35) and (37), describing the profiles of stationary
k-waves for two special types of nonlinear multicomponent
chromatographic systems (L and C), has been consid-
ered.65, 104, 105, 197 -200

The L system is a multicomponent sorption Langmuir system
(8) with constant separation factors for the components and a
uniform velocity of the mobile phase u.

The C system is a system of » sorbable components in the
presence of the sorption effect with linear isotherms and nonuni-
form flow rate u.

It has been shown on the basis of the ideal multicomponent
model that the L and C systems are equivalent,5% 69,198,200

It has been demonstrated for both systems % 69, 104,105, 197200
that, in the case of dispersion factors identical for each compo-
nent, the relation between the concentrations of the components
in the stationary multicomponent S-wave is linear:
for the L system

S s S S Cst = C?
Ci— ¢ = Ai (V— Vv ) y where Ai = I—/S_H—_V—S s (383)
and for the C system
s S s C?H - Cfs
C;— ¢ = B;S(R - R ) 5 where Bi = ‘m N (38b)

i=1,2,..,m

The linear relations (38) describe the dependence of the
concentrations of the components along the multicomponent
concentration S-wave at the stationary stage with dispersion
factors identical for each component. These relations describe a
path grid in the concentration space, which coincides with the grid
of the I'* paths for the ideal model. For a two-component model,
examples of path grids of this kind are presented in Figs 1a and 2.
The linear relations (38) may serve as reliable tests of the validity,
convergence, and accuracy of the numerical schemes developed
for the solution of nonlinear problems in multicomponent sorp-
tion dynamics (see the examples given in a number of
papers 105-198,200)

In the ideal model, the parameters 4° and B> represent the
Riemann vector-invariants.?0-43:65.69.198 A Jarge number of
examples of path grids I'%, including those for multicomponent
systems, have been presented in the monograph by Helfferich and
Klein. !

Accurate analytical solutions, describing the stationary multi-
component concentration waves of the Sth kind for different
combinations of the dispersion factors, have been obtained in the

case of the L and C systems in a moving coordinate system
(¢, Z).55 104,105,198 -200

1. The L system 104, 105, 198, 200
For equilibrium sorption dynamics, one can write

D; =D and i=O <0rl=0>; HETP=%Q.
B G u

For nonequilibrium (intraparticle diffusion) sorption
dynamics, without allowance for longitudinal diffusion, we have

D=0 andf;=p; HETP=-21=9s/4)0s

3 ,
201 = ag/w)(VS = V5hZ
VSIn|E| — VS*'n|l - E| = s
Ill | Il| I HETP +KS’
VE=14) bef, S=1,2,.., Z=z-0g4. (39)
i

The following expressions are used for the description of
nonequilibrium (film diffusion) sorption dynamics without allow-
ance for longitudinal dispersion:

2
D;=0 and {;={; HETP=20—_‘7M,

¢
2(1 — S _ 1S+!
VS*Un B — Va1 — B = & "S/I“{)S;P Iz g,
Kg= VS — ps+1
s s
¢ —Cj V-V
E=Es= ST S Tys_ s (40)

Here the distribution of the concentrations Es along the multi-
component concentration S-wave is independent of the number i
of the component (i = 1, 2, ..., m) when account is taken of Eqn
(38). The distribution of concentrations has been formulated in a
dimensionless form and normalised, since the relation0 < E <11is
valid.

A widely employed empirical parameter — the effective width
AZS

HETP(VS + 15*Y) 11 —¢

s = s (T — o) | @

; (4D

where ¢ is an arbitrarily selected small dimensionless quantity
(e = 0.1 is usually employed in practice), is applied to the
description of the spreading of the wave.

2. The C system 55 198-200

In the case of equilibrium multicomponent sorption dynamics, we
have
2D

HETP = —

1
i U

1
D;=D and —=0 {or -=0};
"B ( ¢ )
2(os/u)(R® — RSt Z
CQHETP

The following relation is valid for nonequilibrium intrapar-
ticle diffusion multicomponent sorption dynamics without allow-
ance for diffusion:

In|E| - In|]l — E| = 42)

2(1 -
D,=0 and f=p; HETP -2 =9s/W)os
whilst for nonequilibrium film diffusion multicomponent sorp-
tion dynamics without allowance for longitudinal dispersion, we
have

2(1 — o5/u)’u

D;=0 and {,={; HETP= : ,
(u® = og)In|E| - (65 — «*)In|1 — E]|
21 - R® — RS o5z
_ 21— og/u)( osZ

¢ HETP

Ks=u"" -5, (43)
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where uS is the velocity on the concentration plateaux to the left of
the S-wave and «5* ! the velocity on the concentration plateaux to
the right of the S-wave (for the C system, the velocity u is
nonuniform).

Relations for estimating the effective width of the multi-
component stationary S-wave are obtained from the distribu-
tions (42) and (43):

HETPcy(u/og) |1 —¢
Azg = TR lnl — 1 (44)
HETPco[l — (v +u*")/205] |1 -
= 1
By DT @

The integration constants Ks in Eqns (39), (40), (42), and (43)
have been obtained from the consideration that the centre of
gravity of the S-wave is zero in the moving coordinate system with
Z = z—0gt. 65,104, 105,199, 200

It follows from Eqns (41), (44), and (45), where the denomi-
nator includes the difference VS*1— VS or RS*!—RS, that the
smaller the number of concentration jumps in the S-wave the
greater its width and diffuseness.

Analytical solutions of Eqns (38) and (45) can be readily used
for the analysis of the stationary stage in two-component
displacement sorption dynamics of two components (or for the
equivalent system involving the exchange of three ions).2%0 It
follows from this analysis that the static effects of the interference
of components lead to additional spreading of the concentration
wave compared with its spreading in a one-component system.
This additional spreading occurs in the concentration profiles of
both the displacing agent and of the displaced component and is
greater the greater the curvature of the sorption isotherms.

For markedly curved Langmuir isotherms for the displacing
agent [large values of ; in Eqn (8)], it has been shown 198200 that,
in the displacement regime for a two-component system, the
additional spreading of the displacing agent wave (i = 1) occurs
in the region of low concentrations in the 2-wave (S = 2) for the
intraparticle diffusion kinetic stage and in the region of high
concentrations for the film diffusion kinetic stage.

It follows from Eqns (39)—(41) that, in a two-component L
system with displacement of component 2 by component 7, the
mutual influence of the components leads (owing to the sorption
effect) to additional spreading of the concentration waves of both
components compared with a one-component system.!98:200 I g
C system, such operation of the static effect of the interference of
substances is analogous to the effect which arises in the Langmuir
sorption L systems. This additional spreading is greater the
greater the Henry coefficient of the displaced component and the
smaller the Henry coefficient of the displacing agent.!% 200

XIII. Conclusion

The above analysis of the nonlinear theory of multicomponent
sorption and chromatographic systems yields general conclusions
about the current state of this field of study and of the trends in its
development.

The application of concepts associated with the description of
the behaviour of nonlinear multicomponent chromatographic
systems within the framework of multicomponent concentration
waves, in particular for the determination of the eigenvalues of the
wave velocities, is exceptionally fruitful. Here one should employ
the advances achieved in the theory of fluid and gas mechanics
and also in the mathematical theory of systems of nonlinear
equations of the hyperbolic type.

The theory of multicomponent nonlinear sorption dynamics
and chromatography based on the ideal model has been well
developed for nonlinear Langmuir systems with constant separa-
tion factors for the components.

The Riemann invariants, describing the propagation of the
multicomponent concentration waves arising during the separa-
tion process, have been found. On this basis, the general character-
istics of the behaviour of substances in multicomponent
chromatographic systems have been obtained with allowance for
interference effects. The application of the Riemann invariants on
the basis of the ideal model permits not only calculations of
multicomponent shock and spreading concentration waves with
allowance for the effects of the interference of substances but also
calculation for different forms of the interaction of multicompo-
nent concentration waves.

Such results have been obtained with the aid of both the
h-transformation and of the concept of coherence, which is of a
general character and is applicable to the vast majority of
nonlinear multicomponent chromatographic systems. The re-
sults have a simple and visual geometrical interpretation, which
is based on the properties of the orthogonalisation of the
composition space {c;} on transition to the invariants space {A}.

The application of the A-transformation, based on the proper-
ties of the Riemann invariants and developed in detail in the
monograph by Helfferich and Klein,?! makes it possible to
calculate the concentrations {cf-‘} on the concentration plateaux
for the distributions corresponding to the multicomponent waves
of the (k— 1)th and kth kinds.

The predictive power of these calculations is based on the fact
that the calculated values on the concentration plateaux between
multicomponent waves are independent of the dispersion factors
(nonideality factors). Using the criterion of the establishment of
stationary regimes in concentration k-waves (defined as the
decrease in the invariant A along such a wave), it is easy to
deduce for Langmuir multicomponent systems whether such a
regime is attained for the given k-wave under the specified initial
and boundary conditions in the chromatography of a mixture of
substances.

The concentration profiles calculated on the basis of the
postulates of the ideal model are unrealistic, since they do not
take into account the dispersion factors in sorption processes
(although these factors always operate). Nevertheless, the ideal
model yields a satisfactory first approximation, especially for the
concentration distributions of spreading k-waves. In such waves,
the nonlinearity factors and the factors associated with the static
interference of substances, taken into account in the equations for
multicomponent mixture isotherms, play the main role in the
spreading of the k-waves.2!

The solutions presented in Section XII of the present review
supplement the approach based on the ideal model of the theory of
multicomponent sorption dynamics and chromatography. The
solutions obtained describe the stationary distributions of con-
centrations in a multicomponent k-wave of finite width (Az) with
allowance for the nonideality factors in the dynamic sorption
process. According to these solutions, the width (Az) of a
stationary k-wave is proportional both to the HETP and the
static factors arising from the interference of substances, which are
related to the parameters of multicomponent sorption isotherms.
The advantage of these simple analytical solutions consists in the
possibility of taking into account the joint influence of the
nonideality factors and the factors arising from the interference
of the sorbable substances in the stationary stage of the propaga-
tion of multicomponent sorption k-waves.

More accurate results have been obtained in the numerical
integration of the nonlinear multicomponent equations of sorp-
tion dynamics. However, in this case too the analytical solutions
presented here [especially the linear relations (38)] can serve as
reliable tests of the validity, convergence, and accuracy of the
numerical schemes developed for the solution of nonlinear
problems of multicomponent sorption dynamics.

Furthermore, the results based on the analytical solutions (in
contrast to specific numerical solutions) make it possible to obtain
general estimates of the influence of the effects of the interference
of substances in nonlinear multicomponent dynamic sorption
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systems.!98-200 It follows from the analytical solutions presented
here that the effects of the interference of substances lead to an
additional broadening of the concentration distributions along
the sorption multicomponent waves generated in the column.

For multicomponent systems with variable separation factors,
especially for systems having regions with selectivity reversals of
the components, the theory has not so far been adequately
developed. For such systems, there is a possibility of a nontrivial
chromatogram in which a specific component is present at the
inlet and outlet and is absent within the multicomponent concen-
tration distributions in the wave.

The concept of coherence,?! 2281 used to take into account the
effects of the interference of substances, is fundamental in the
description of the behaviour of nonlinear multicomponent
dynamic systems and plays a major role in the development of a
general theory of multicomponent nonlinear sorption dynamics
and chromatography for multicomponent systems of a general
kind. This concept facilitates the qualitative description and
quantitative calculations for multicomponent systems, especially
for arbitrary initial and boundary conditions. The fundamental
nature of this concept extends to the description of the behaviour
of a wide range of multicomponent nonlinear dynamic mass
transfer, heterophase systems, such as multiphase flows in
porous media,'®® chromatographic reactors, and nonstationary
distillation. %%
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Abstract. The principal stages in a rational strategy for the
investigation of reaction mechanisms are described, in which the
key stage is the formulation of hypotheses at the initial stage of the
study. Computer programs are examined in which hypotheses are
formulated about the mechanisms of complex reactions with
participation of the user. Empirical and formal-logical algo-
rithms and programs as well as various aspects of their applica-
tion are discussed. The programs are compared with those for
computer-aided organic synthesis design, which are similar in
their structures and algorithms. The bibliography includes 119
references.

I. A rational strategy for the mechanistic studies
of catalytic reactions

Until recently, the dominant approach to the study of the
mechanisms of catalytic reactions involved a method which
might be called ‘inductive’. Its essential feature is that it implies
the following stages of the study. Initially an experiment is carried
out (mainly a kinetic experiment). A mathematical description is
found for the results of this experiment. The reaction mechanism
is deduced from the mathematical description. A chemical content
is then attributed to this scheme, abstract symbols (such as A, B,
C, X, and Y) being replaced by the formulae of specific
substances. The reaction mechanism is thus obtained. This
approach is so deeply ingrained in the minds of many researchers
that, despite the regularly held conferences devoted to the
methodological problems of kinetic studies in catalysis, it has
been scarcely criticised. On the other hand, the cognitive poten-
tials of this method are extremely limited. Evidently an arbitrary
number of models to describe the same experimental data may be
proposed, and it is impossible to unambiguously deduce a reaction
mechanism from such a description (especially in complex cases).

In practice, investigators studying reaction mechanisms in
accordance with the scheme are guided initially by some hypoth-
esis about the mechanism (there is usually only one hypothesis),
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justifying and elaborating it when necessary if the experimental
data do not fit within the framework of the existing ideas. Doing
so, they understand that the interpretation of the kinetic curves
does point out how the existing hypothesis should be modified.

Analysis of the literature on philosophy ' ~3 and the applica-
tions of computational methods and mathematical statistics in
chemical kinetics 6~ ' has clearly shown that the inductive method
for the investigation of reaction mechanisms is methodologically
unsound. However, the crisis of the inductive method in chemical
kinetics did not arise solely as a result of studies by philosophers
and mathematicians, who are more skilled in logic than other
researchers. The knowledge about reaction mechanisms, includ-
ing catalytic reaction mechanisms, expanded significantly over
several years. As this knowledge accumulated, ideas about the
complexity of catalytic processes also changed. Nowadays inves-
tigators put forward much more complex mechanisms for the
description of catalytic reactions than before. These mechanisms
involve intermediates, which have more complex structures, and
new types of elementary steps. They include a greater number of
intermediates and steps, so that the kinetic models (mathematical
equations) corresponding to such mechanisms have become
appreciably more complex. It became clear that the path ‘from
the rate law to a mechanism’ is no longer useful for mechanistic
studies and kinetic modeling. In general this method is fruitful
only in relatively simple cases.

The inductive method was replaced by the deductive method,
which can be represented by the following logical sequence:

formulation of hypotheses —» experiment design
— experiment —» discrimination between hypotheses

— mechanisms not in conflict with experiment.

This method is quite natural and has found extensive applica-
tions in many branches of science. Interestingly, the American
Chemical Society has recommended that papers be written
according to a plan that corresponds to the stages of the investi-
gation within the framework of the method.!® Its undoubted
advantage is that the hypotheses are formulated explicitly,
making it possible to estimate the width of the ‘search space’ and
to draw conclusions about the value of the ‘winning’ hypothesis.

Figuratively speaking, the investigator actually addresses
questions to nature. According to Polya’s apt expression,
‘Nature may answer Yes or No, but it whispers one answer and
thunders the others; its Yes is provisional and its No is defini-
tive’.!! Thus the difference between the two methods described
here is clear: an in the case of ‘inductive’ approach, the an
investigator is in a search for an arbitrary ‘yes’, whereas, in the
case of the ‘deductive’ method, the hypotheses for which an
unambiguous ‘no’ is obtained are to be rejected. It is then
important to know not only the hypotheses remaining after the
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experimental test, but also the entire set of the initial hypotheses.
The method works better if the set of hypotheses is more complete.

Several papers have been devoted to the popularisation of the
deductive method.!2~ 4 Comparison of the two strategies allowed
us to conclude that the concept of a ‘reaction mechanism’
combines two types of information, topological and physico-
chemical, which are interrelated and interdependent.14

The topological information characterises the structure of the
chemical reaction mechanism (the interrelation of the intermedi-
ates, reaction paths, and their coupling). The identification of the
mechanism structure is based on kinetic and physicochemical
methods. The structure of the mechanism can be well represented
by graphs, which are widely used in chemistry in general 1°-2° and
in particular the theory of chemical reaction mechanisms.2! -2

The physicochemical information reflects the specific chem-
ical content of the mechanism — the composition and structure of
intermediates, their reactivities (the values of rate constants, the
structures of transition states). The topological and physicochem-
ical types of information complement one another and cannot be
obtained independently; i.e., ‘in general’ one cannot first establish
the kinetic scheme and then attribute chemical content to it.}4

An important argument in favour of the idea that hypotheses
must be formulated first is the multiplicity of mechanisms in
catalysis. By multiplicity of mechanisms, we understand the
possibility for the reaction to occur via several different mecha-
nisms (and different intermediates) and the possibility of several
such mechanisms dominating over others depending on the type
of catalyst (in the case of metal-complex catalysis, on the nature of
metal, its oxidation state, and even on the ligands coordinated to
this metal).?*

For example, the reaction

C,H,+CO+ROH —» CH,=CHCOOR
may occur via three mechanisms:?# 23
(1) the hydride mechanism:

Cco
—_—

CzH;
HMX ——— CH;=CHMX

ROH
—» CH;=CHCOMX ——— CH;=CHCOOR + HMX,

(2) the alkoxide mechanism:

ROH Co C;H;
MU —_H*b MIQOR — MICOOR —

H+
— MICH=CHCOOR —> CH;=CHCOOR + ML,

(3) the metallocyclic mechanism:

Cco (ITI)n —CO
—_—

HC=—CH

C:H>

CH
ROH
= .|
CH

e ]

(M),
— H—(M),—CH=CHCOOR — (M), + CH,=CHCOOR.

The hydride mechanism is more probable for Pd(0) com-
plexes; the alkoxide mechanism is more probable for Pd(II)
complexes; the metallocyclic mechanism is more probable in
solutions of Pd(I) clusters.

The multiplicity of mechanisms and the increase in their
complexity are best manifested in the polymerisation reactions of
alkynes.2* The simplest mechanism includes two steps — chain
initiation and chain propagation.

Initiation

M—X + RIC=CR?

. 5 nR!C=CR?
— M—CR!=CR?*—X Growth
—» M—(CR!=CR?),—CR!=CR?X

Other alkyne polymerisation mechanisms are the metallo-
cyclic mechanism

R
R
Initiation = nRC =CR
M+2RC=Z=CR —— M “Growth
/
R
R
n
and the [2 + 2]-cycloaddition mechanism.
R R
Initiation CiR»
M+ 2RC=CR —» M Gom
R R
R R R R R
\ Growth nCsR,
J— R — —_—— —————
M
R R R R R
R_ (R R
R R
[ M _’.—M RM\(\R
R \r/, R R R

A mechanism involving several chain propagation and initia-
tion steps is also possible:

Initiator R!C=CH
=CRy ——m8M8»
R R_ R
R——M | M RIC=CH
—— —_— | —_—
/=L Growth
H R! R!
R. R R!
“ M I Growth
—_— —_—
rt H
R = "~ /M R!C=CH
—_ —— etc.
R R! R!

As can be seen from the above examples, the same reactions
can occur via different mechanisms. The researcher usually knows
from the literature some plausible reaction pathways and uses
them explicitly or implicitly as hypotheses.
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I1. The formulation of hypotheses on the
mechanisms of catalytic reactions

The formulation of hypotheses is a creative task and cannot be
fully formalised either now or in the future. However, certain
elements of this procedure can be formalised. Furthermore, it is
the investigator’s intuition combined with the ability of a com-
puter to execute complex algorithmic procedures that constitutes
a good basis for the formulation of mechanistic hypotheses.

Three groups of hypotheses were discussed:!4 (1) hypotheses
about the nature of a catalyst, (2) hypotheses about elementary
steps, and (3) hypotheses about the conjugation nodes. In addit-
ion, a fourth group, which combines the elements of the above
three groups, was considered: hypotheses about the reaction
mechanism as a whole. Each of these groups of hypotheses can
serve as a basis for the design of discriminating experiments
(hereafter, we shall use the term ‘experiment design’ in a broader
sense than that adopted by the specialists in statistics).

In the case of homogeneous metal-complex catalysis, the
group of hypotheses about the nature of the catalyst includes the
following problems: the condition of a catalyst in solution, the
existence of complexation equilibria, the specific role of solvent,
the degree of nonideality of solution, the influence of the solution
components on the solubility of substrates (when the reaction is a
heterophase one), and the effect of the reaction medium on metal
complexes. In heterogeneous catalysis, the following factors
should be considered: the composition and nature of the surface,
the phase composition of the catalyst, the degree and the nature of
the surface nonuniformity, the adsorption of reactants and
products, and the transformations of the active sites under the
influence of the reaction medium.

The group of hypotheses about elementary steps of the
reaction mechanism permits the discrimination between the
mechanisms at the level corresponding to the discrimination
between the individual steps. Here it is also essential to have a set
of hypotheses which is as complete as possible.

In the complex cases of stoichiometrically ambiguous reac-
tions, the third group of hypotheses proved very useful — the
hypotheses about the conjugation nodes in the kinetic scheme of a
reaction.!® The conjugation node is a fragment of the structure of
the reaction mechanism incorporating the intermediate that is
transformed by two or more steps. The form of the expression for
the ratios between the rates of product formation via different
routes having a conjugation node determines the structure of this
node. When the reaction is far from equilibrium and the routes via
which the products are formed include irreversible stages, the
ratios between the product formation rates are far simpler
functions of the reactant concentrations than the rates themselves
or even the expressions for the selectivity. It is worthwhile
analysing the conjugation nodes bearing in mind some hypothesis
about the possible reaction mechanism (i.e., at the stage of
designing the discriminating experiment). However, even if the
general reaction mechanism is unknown, such analysis is all the
same useful.!* Examples of analysis of conjugation nodes were
discussed in several papers.!3-26-28

When a priori information about the process is available, it is
useful to formulate, before putting forward the hypotheses, the
requirements that should be satisfied for all the hypothetical
mechanisms. Naturally, the greater the amount of a priori
information, the smaller the number of hypotheses which should
be tested.

In this review, we restrict the consideration to the formal
aspect of the problem of the formulation of hypotheses and
discuss the methods of computer-aided hypothesis generation.

Numerous publications have been devoted to the problems of
computer-assisted synthesis design (CASD). Investigators —
users of the CASD program — usually solve the following
problems: ‘which reactants must be used and which reactions
must be carried out to prepare a given substance in the simplest
way? and ‘what can be obtained from the specified set of

substances?’.29-33 By the most conservative estimate about 500
original papers and several tens of reviews have been devoted to
the CASD problem. Here we shall refer only to those reviews that
contain a fairly complete list of references.

The CASD methods are in many respects the same as the
methods for the computer generation of hypotheses about reac-
tion mechanisms. There is also the resemblance between the
algorithms of the programs. Furthermore, problems associated
with the complexity of the algorithms for combinatorial search
inevitably arise in both cases. In order to avoid a combinatorial
explosion, particular attention is devoted to the development of
effective selection criteria, which make it possible to shorten the
working time of a program. However, computer generation of
reaction mechanisms also has its specific features.

Firstly, in contrast to the majority of CASD algorithms, the
programs designed to formulate the mechanistic hypotheses deal
with elementary reactions rather than synthetic ones. At any rate,
the developers of the programs for mechanism generation devote
much more attention to the problem of the reactions being
elementary. Secondly, the central problem which then arises is
not that of the way in which the multistage synthesis can be carried
out but concerns the alternative variants of the behaviour which
may be expected from the chemical system when it is ‘left alone’
(after specifying particular conditions). Thirdly, in the computer-
assisted synthesis design, use is also made of the evaluation
criteria, which are inapplicable to the reaction mechanisms.
These include criteria associated with the choice of a ‘synthesis
strategy’3-34-3¢ and with the estimation of the cost of the
synthetic steps,’” the criteria characterising the similarity between
intermediates and target products,?®38~54 the criteria employing
the complexity and similarity information-theoretic indices for the
description of the complexity of the synthesis,>*~57 etc. In certain
programs, some of these criteria have been erroneously extended
to the study of the mechanisms. Criteria such as the mechanistic
complexity indices may be used, in principle, in the study of
reaction mechanisms; however, they may not be used as evalu-
ation criteria underlying the program and must be employed for
discrimination between hypotheses if it is necessary to choose the
simplest mechanism for the description of experimental observa-
tions. Otherwise the correct but more complex hypothesis may be
neglected whereas sets of simpler but incorrect hypotheses would
be subjected to experimental tests.

In the study of a reaction mechanism, the physicochemical
criteria come to the fore. These are associated with the estimation
of the chemical reactivity and are based, for example, on the
calculations of electronegativity, polarisability,® bond ener-
gies,®~%* thermodynamic functions,%%% and other physico-
chemical quantities. In addition, use is made of criteria based on
heuristic rules such as Tolman’s rules,57-% the restrictions the
molecularity of the stages, and others. The choice of the evaluation
criteria is a key factor in the development of programs for the study
of reaction mechanisms, since they determine in many respects
the plausibility of the results and the program execution time.

Yet another difference between the CASD programs and
those for the generation of mechanisms is that the completeness
of the combinatorially feasible hypotheses concerning the syn-
thetic pathways is less important than the completeness of the
hypotheses about the reaction mechanisms.

The computer programs which are being developed for the
generation of reaction networks and for the study of the possible
reaction routes can manipulate chemical information at a more or
less general level. In some cases, the reaction is formulated in a
compact form (only the transformation of the molecular fragment
is described or it is simply indicated which bonds — and between
which atoms — are formed or broken), whilst in others the
reaction is specified in greater detail (not only the reacting
fragment, but also all the reacting molecules or even the reaction
conditions are specified). Depending on how detailed is the
description of the reaction, one speaks of a greater or lesser
degree of its generality.
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The developers of programs have encountered several typical
problems. The generation of hypotheses always involves com-
binatorial searching. The algorithm frequently contains several
modules designed for the solution of different problems associated
with backtracking. One such module is usually designed for the
solution of the problem of the generation of intermediates and
another, for testing the intermediates for isomorphism (i.e., the
program checks whether a given intermediate was obtained
previously). In order to reduce the computation time, specific
procedures, which depend on the type of the specific program, are
employed.

In principle, there are two types of program: empirical
programs and programs tending to be of the formal-logical
type.3!-3? In the former, use is made of libraries of generalised
reactions T (the degree of generality can differ greatly, but specific
reactions are usually not considered, since with their aid one can
obtain only trivial hypotheses which have already been described
in the literature).

Generalised reactions play the role of operators, which by
acting on a molecular fragment, give rise to a new fragment. Since
the initial molecule is known, the entire reaction also becomes
known. Thus, the program algorithm reduces to the exhaustive
search for molecular fragments to which specified generalised
reactions may be applied. Apart from all the possible limitations,
which are specified by the user, the degree of generality also plays
the role of an evaluation factor.

In programs of the second (formal-logical) type, the reaction is
formulated on the basis of some logical rules (these may be
stoichiometric relations, the search for all possible bond redis-
tributions, etc.). Obviously, the programs of the second type are
highly inter-active and require stronger constraints and evaluation
criteria.

I1I1. Programs for the formulation of hypotheses
on the mechanisms of complex reactions

1. Programs of the formal-logical type

One of the most common methods for the development of
programs for the study of chemical reaction mechanisms is that
based on the Dugunji— Ugi mathematical model.?® This method
was used in a program package of the Munich project.?®

t By a generalised reaction, we understand a description of the chemical
reaction lacking the particular details distinguishing each specific reaction
from similar ones. Such details may be atoms or whole fragments which
are not involved directly in the redistribution of electrons or in the formal
redistribution of bonds. In generalised reactions, the designations of
atoms may be replaced by symbols. The representation of a generalised
reaction may look nothing like a reaction, which is unusual for chemists:
matrices, graphs, special-format files, or their individual components may
be used.

The Dugunji— Ugi model, also known as the be-matrix model,
uses the matrix representations of chemical structures. Suppose a
set of atoms (not necessarily different) of = (A, As,...,A,) is
specified. The set of the possible sets of molecules made up of these
atoms may be regarded as isomeric ensembles of molecules EM.
Each atom A;, A; € &/, is included in each isomeric ensemble EM
once and only once. The complete set of k isomeric ensembles of
molecules forms a family of isomeric ensembles FIEM(«/)
= {EM,, EM,, ..., EM;}. Two isomeric ensembles of the same
family are different (nonisomorphic), if they contain different sets
of molecules or other species. The initial species and final products
may be represented by structural be-matrices of the two isomeric
ensembles (for the initial species and the products). The non-
diagonal entries of the be-matrix reflect the connectivity of the
atoms from the set .« in the molecules belonging to the corre-
sponding isomeric ensemble. The diagonal entries are equal to the
number of free valence electrons of the corresponding atom.
Suppose that the be-matrix B describes the initial species and
the be-matrix E describes the products of some reaction:
EM(B) — EM(E).f The bond redistribution can then be
described by the fundamental equation of the Dugunji—Ugi
model:

B+R=EE

where R is the matrix transforming B into E (the r-matrix).3?
Consider as an example the methanol carbonylation reaction:

H! 1 o8

) . IS, A
H?—C*—Q5—HS + :C’=08 —> H2—C*+—7C .
H? H3 \65_]_16

In this case, the set of atoms comprising the isomeric
ensembles of FIEM may be described as (H!, H2, H3, C%, O°, HS,
C7, 0%, while the equation of the Dugunji—Ugi model assumes
the form presented in Scheme 1.

The matrix R can be represented as the sum of the r-matrices
of the elementary steps of the mechanism:

R = R1+R2+ +RS

(S is the total number of elementary steps), while the entire
mechanism can be represented as a sequence of transformations
of the isomeric ensembles:

EM(B)=EMy; —» EM; —» EM; —» ... —» EMy=EM(E)

1 Hereafter we use the abbreviations and designations adopted in the
English language literature: EM = ensemble of molecules; FIEM is the
family of isomeric ensembles of molecules. The Latin symbols ée and r,
appearing in the designations of the matrices, arise from the words bond-
electron matrix and reaction matrix. The symbols B and E arise from the
words beginning and end.
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For catalytic reactions, the set ./ must be supplemented by the
atoms entering into the composition of the catalyst. For example,
the reaction described above takes place in the presence of the
Rh(I)-HI catalytic system.”°~72 The isomeric ensemble
EMp=EM(B) must then include the HI and [Rh(CO).l2]~
species. A simplified mechanism of the methanol carbonylation
reaction can be written as follows:7?

1
{CHsOH + HI + CO + [Rh(CO):lo]-} —>
EMo

2
—= {CH;I + H,0 + CO + [Rh(CO):I5]"} —>
EM;

— {Hy0 + CO + [(CH3)Rh(CO).I3]"} i»
EM,

— {H,0 + [CH3;C(O)Rh(CO).I5]~} ib
EM;

5
— {H0 + CH;C(O)I + [RK(CO):I2]"} —
EM4

— {HI + CH3C(O)OH + [RW(CO)I2]~} .
EM;

In this example, each of the five stages of the mechanism can be
represented in a matrix form:

B+ R,=E; i=1,2,..5,

where B; = E;_; and the overall transformation can be expressed
as follows

B(EM)+ R = E(EM5) .

Here R = ZR,«.

The computer program RAIN was developed for the inves-
tigation of reaction mechanisms within the framework of the
Munich project.2%-30.73-78 A distinctive feature of this program is
the so called ‘bilateral’ search. The RAIN program inherited from
CASD the idea of retrosynthesis,”® 8 in which the possiblity of
searching for possible starting reactants by inspecting the prod-
ucts (retrosearch) is employed. In RAIN, the search is carried out
simultaneously in the forward and reverse directions (bilateral
search). Reaction generators, which make it possible to find both
the reactions and retroreactions, are used in the RAIN program.”’
The reaction generators constitute, in fact, a compilation of
logical rules controlling the process of formulation of a specific
reaction (or retroreaction). These rules are based on the combi-
natorial enumeration of all possible bond redistributions. The
enumeration is constrained by the user’s settings. Transition
tables should apparently be regarded as the principal con-
straints. These tables, compiled for atoms of each type, restrict
the number of transformations (and retrotrans-formations) of the
valence states of atoms in the course of the generation of
elementary steps. No generalised reactions of any kind are
thereby used. Therefore, the RAIN program can be categorised
as program of the formal-logical type.

The idea of the bilateral search is applied as follows. Isomeric
ensembles of the initial species [EM(B)] and final products
[EM(E)] are specified. The reactions and retroreactions are
sought for the ensembles EM(B) and EM(E), respectively. At
some step, two (or more) intermediate isomorphic isomeric
ensembles are obtained as a result of the search in different
directions. In other words, the generation of reaction pathways
in the direction of the products and in the direction of the initial

species should lead to isomorphic isomeric ensembles. Methods
have been developed for the optimisation of the search for
isomeric ensembles of molecules connecting the search tree to the
retrosearch tree 3% on the basis of the principle of the minimum
chemical distance.2?-3%38-43 A chemical distance is regarded as
the number of electrons which must be redistributed in order to
convert one ensemble of molecules into another.

The action of this principle as an optimising factor is based on
the following hypothesis. Let an ensemble of molecules be
subjected to various transformations. The processes having
smaller chemical distances between the reactants and products
are more probable than those having greater distances. According
to Ugi et al.”” the permissible deviations from this rule are within
two units of the chemical distance (one or two electrons); i.e., the
reaction can sometimes choose a pathway not corresponding to
the minimum structural changes, but these deviations from the
general rule are not very large.

The combinatorial search in the RAIN program is limited by
the user-defined constraints. In particular, apart from the transi-
tion tables, other formal constraints can be introduced: the
maximum number of atoms entering into the reacting fragment
of the molecule; the maximum change in bond order during the
elementary reaction; the maximum number of bonds the order of
which changes; the minimum size of the rings in the carbon
skeletons of the molecules that contain triple or cumulated
double bonds; the maximum number of charged atoms; the
maximum number of covalent bonds between heteroatoms; the
maximum number of rings; the maximum number of individual
molecules in the intermediate ensembles of molecules, etc. (18
rules total).

The bilateral search has several drawbacks. In contrast to
CASD, in the study of reaction mechanisms it is necessary to
conduct the search in one (preferably forward) direction, since the
intermediates formed during the reaction may interact with each
other and may participate in reactions with the initial substances.
It is then necessary to expand the set &/ at each step of the
generation of the possible ensemble of molecules (and hence to
increase the size of the ensemble). This is impossible within the
bilateral search, which, within the framework of the Dugunji— Ugi
model, requires the set & to be fixed and not to change during the
execution of the program. According to Barone and Chanon,??
this was first mentioned by Yoneda, but the paper containing a
description of his GRACE program?®!' does not deal with the
problem of the possible expansion of the set .« in the course of its
execution.

Like RAIN, the GRACE program belongs to the formal-
logical type, but it employs a somewhat different principle of
reaction generation. Yoneda put forward the idea of reaction
group matrices that describe the transformations of functional
groups of the molecules. Upon imposing the constraints, the
GRACE program identifies the functional groups within the
molecules and generates the reaction group matrices by a
combinatorial-logical procedure. Then, it detects all possible
combinations of the reaction group matrices from which the
elementary reaction matrices may be obtained (the r-matrices of
steps). Thus, as in the RAIN program, the GRACE program
employs neither the library of functional group transformations
nor the library of elementary reactions, which are the combina-
tions of the functional group transformations.

In the GRACE program, the evaluation criteria are formu-
lated by the user according to the standard scheme. The following
constraints are possible:

(1) the number of atoms (reaction centres) the valence state of
which changes during the elementary reactions must not exceed 4;

(2) the number of broken bonds (or bonds the order of which is
decreased) and formed bonds (or bonds the order of which is
increased) should not be greater than 3;

(3) the molecularity of each reaction should not exceed 3;

(4) the number of unpaired electrons on one atom should not
be greater than 1;
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(5) the number of atoms with unpaired electrons in one
molecule should not be greater than 4;

(6) the numbers of valence electrons at the carbon and
hydrogen atoms should be 4 and 1 respectively;

(7) at least one active centre on the catalyst surface must
participate in each step;

(8) the hydrogen atoms must be adsorbed on the catalyst
surface and cannot exist as free radicals.

The program allows the user to change any particular
constraints or not use some of them at all. Apart from these
constraints, an upper limit to the complexity of the elementary
transformation is predefined. The quantity calculated from the
r-matrix and equal to half the chemical distance was adopted as a
measure of complexity. A network of elementary reactions (the
reaction network) is generated in the forward direction only,
which makes it possible to expand the set </ in the course of its
growth when necessary. The execution of the program may be
illustrated by the reaction network generated for the hetero-
geneous catalytic hydrogenation of ethene: 8!

CH,=CH;+2Z —» ZCH,—-CH)Z
H>+2Z — 2HZ

ZCH,—CH;Z+HZ —» ZCH,-CH3+2Z
ZCH,—CH3+HZ —» CH3;—CH3+2Z
CH>=CH;+2Z —» ZCH=CH;+HZ
ZCH=CH:;+2Z —» ZCH=CHZ+HZ
2HZ —» H>+2Z

Zis an active site of a catalyst.

Itis of interest to note that the same set of reactions, which are
formulated as transformations of ensembles of molecules, is
somewhat larger by virtue of the identity of certain trans-
formations. For example, the following two transformations
constitute essentially the same reaction.

{CH,=CH,+4Z+H,;} —» {ZCH=CH,+HZ+2Z+H,}
{CH;=CH,+2HZ +2Z} —» {ZCH=CH,+3HZ}

In this sense, the Dugunji — Ugi model is somewhat redundant.
Indeed, if the same reaction had not been duplicated, less time
would be needed for the program run. When the number of
elementary steps is large, this factor plays a significant role. There
are seven reactions in the example presented above. If the
reactants are represented by an ensemble of molecules, then 11
transformations of such ensembles are required (i.e., 1.5 times
more). The time required for the interpretation of the results
proportionally increases.

The Dugunji—Ugi model was also used in Dozmorov’s
program.>> Dozmorov proposed a new similarity measure,
which made it possible to diminish the number of steps and
intermediates generated. This similarity measure is a topological
information-theoretic index which involves information compo-
nents of different nature.®2 In our opinion, the use of this
characteristic as an evaluation criterion has no sufficient physical
justification. Dozmorov does not report the details of the
algorithm, but it appears that, as in the GRACE program, only
the forward search is employed in his program, while the
elementary reactions are generated by combinatorial-logical
methods (i.e., it also belongs to the formal-logical type). The
reaction network of the ‘informationally’ allowed steps of the
ethene chlorination reaction, obtained with the aid of this
program, is presented in Scheme 2.

Thus in all the programs of the formal-logical type, based on
the Dugunji—Ugi model, similarity characteristics are used to
reduce the number of ‘false’ solutions. In the RAIN program, the
criterion is the chemical distance (of all possible transformations
of the ensemble of molecules, the program selects only those
corresponding to the minimum chemical distance to within an
error of 2 units of the chemical distance.) In the GRACE program,
the criterion is the complexity of the elementary reaction equal to
half the chemical distance (the user specifies the upper limit to this
quantity). In Dozmorov’s program, the criterion is the informa-
tion topological index, with the aid of which the program decides
whether an elementary reaction is allowed or prohibited from the
standpoint of imformation.

The MECHEM program developed by Valdés-Peréz 82-92 has
appeared comparatively recently. Its algorithm is based on the
stoichiometry principles. The initial version of the program
operated not with the structural formulae of species, but with
their compositions. Currently, the program also makes it possible
to recognise the structures of substances. The MECHEM pro-
gram belongs to the type of formal-logical programs because it
does not employ any libraries of generalised reactions. The
mechanisms are generated by the constrained combinatorial
search for possible transformations of hypothetical intermedi-
ates. There are no reaction generators as such in the program. The
‘skeleton’ of the reaction mechanism is formed with further
specification of the elementary steps and species. The model for
the formulation of hypotheses is based on the following princi-
ples:®

(1) The program searches for the simplest mechanisms
(hypotheses) by a progressive increase in the number of steps
and species. If the mechanisms with a smaller number of steps and
species do not satisfy all the user-defined constraints or the
condition of elemental balance, the number of species is increased
or whilst the number of species is held constant the number of

Scheme 2
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steps is increased. Thus the complexity of the hypotheses is
characterised by the number of species and steps.

(2) The set of reaction mechanisms in which the unknown
intermediates are designated by wild cards X, Y, Z, etc., is initially
generated. These wild cards are then replaced by the formulae of
specific substances. Their empirical formulae are evaluated from
the elemental balance (in the latest version of MECHEM, an
algorithm for the determination of the structures of species from
their formulae is employed;*® it is then possible to impose
constraints on the species structures ).

(3) The molecularity and the number of products of an
elementary reaction do not exceed 2; in the same step, the same
species cannot play the role of both the starting material and the
product.

(4) The mechanisms are generated in such a way that each step
cannot have starting materials that were not generated in the
preceding steps or specified by the user as starting materials. (This
and several other principles constitute the basis of the canonical
representation of mechanisms ").

The user inputs the starting materials and products, the initial
form of the catalyst (if it exists), and the intermediates observed.
The user also inputs the constraints on the valence of each atom,
the order of the appearance of the intermediates in the steps, the
possibility (or impossibility) of the initial species being among the
products of particular steps, the number of bonds the order of
which changes, etc. A large number of heuristics, which make the
algorithm more effective, are used in the program.®®

Possible mechanisms of ethane hydrogenolysis were generated
with the MECHEM program.88-8° The following constraints were
used: (1) the overall stoichiometry is CoHg+H, —= 2CHy;
(2) one catalyst active site M can form only one bond (not
necessarily a single bond); (3) intermediates with a bridged
structure, MCH,— CH:M and MCH—CHM , are present in the
reaction; (4) hydrogen is not formed in any of the steps; (5) all
intermediates contain at least one catalyst site M; (6) none of the
intermediates contain three carbon or metal atoms; (7) no more
than three bonds are formed and broken (regardless of their order)
in one step; (8) the MCH,— CH:M intermediate must appear in
the sequence of steps before the MCH—CHM intermediate.
Apart from these constraints, account was also taken of the need
to maintain the elemental balance in each step and the condition
that the valences of hydrogen and carbon atoms do not exceed 1
and 4 respectively. Among other mechanisms of the same
complexity (i.e., with the same number of steps and species), the
following mechanism of ethane hydrogenolysis was generated: §

1. H+2M — 2U
2.2M+CHg —» U+V
3. 2M+V —» MCH>-CH;M+U
4 M+MCH;—CHM —» U+W
5.2W —=» MCH,-CH;M + MCH-CHM
6. MCH-CHM — 2X
7.U+X — M+Y
8.2Y — X+Z
9

.U+Z —» 2M+CH4

Here U, V, W, X, Y, and Z are intermediates which were
interpreted by the program as HM, CH3; —CH;M, CH,—CHM,
MCH, CH;M, and CH3M respectively. The stoichiometric
numbers of steps 1-9are 1,1, 1, 2, 1, 1, 4, 2 and 2, respectively,
with which all the intermediates vanish in the overall equation.

§ Since the program generates only unimolecular and bimolecular reac-
tions (this is one of the principles inherent in the algorithm for the
generation of a step), it is seemingly implied that 2M represents two
linked active sites of the heterogeneous catalyst (M>).

The intermediates MCH and CH,M may be interpreted as
carbyne and carbene complexes (at the time when the above
investigation was carried out, the algorithm for the identification
of bond orders was introduced into the program).

Generally, the MECHEM program is designed to search for
hypotheses invoked to account for the results of observations (i.e.,
the hypotheses follow the observations). As mentioned above,
another formulation of the problem is methodologically more
correct: What variants of observations are to be expected? We
may note that the weakest feature of this program is the concept of
the selection of simplest mechanisms. It is reasonable to employ
simplicity criteria at the step involving the discrimination between
hypotheses and also at the instant when the experimental tests of
the hypotheses have already been completed and the remaining
hypotheses explain equally well the observations and agree with
the background knowledge about the processes of a given type. In
this case, when the future design of experiments is unclear or if it is
impossible to experimentally discriminate between the hypotheses
by means of the available methods, it is useful to apply criteria
characterising the simplicity of the mechanism. These may be
criteria based on a simple count of the number of steps and species
(as in MECHEM) or more complex criteria,>* %7

Apart from the formal-logical methods of generating reaction
networks discussed here, in many studies the reaction mechanisms
have been generated by the joint application of combinatorial
methods and stoichiometry,8-1% as well as graph theory.!o!
Computer programs were not created on the basis of these
methods, nor they have been adequately documented in the
literature. Methods have also been developed for ‘cutting off’
the mechanisms from the reaction networks that match a given
overall stoichiometry.®-%8:102-112 In these methods, it is postu-
lated that all starting materials, intermediates, and final products
and sometimes the equations of the steps are known. For this
reason, despite the usefulness of such algorithms and programs for
the study of mechanisms, their employment for the generation of
hypotheses about the mechanisms of chemical reactions is
extremely limited.14

2. Empirical programs

As stated above, all empirical programs are characterized by a
general property: generalised reactions (transforms) are employed
in them. The method used to describe the generalised reactions can
be arbitrary. The general algorithm involves the recognition of
molecular fragments to which particular generalised reactions
(reaction templates) can be applied with subsequent generation of
specific reactions and structures of substances.

One of the first empirical programs is the CAMEQO pro-
gram.!!3 At the time of writing the present review, 25 communica-
tions have already been published. Here we refer only to the first
publication 113 and to a review.!!4

The CAMEOQ program is designed to simulate the mechanisms
of organic reactions. It is characteristic of the program that the
search for each successive fragment to which a particular gener-
alised reaction may be applied is performed in this program solely
in the forward direction (side paths are then considered and
account is taken of the interaction between the intermediates).

The starting materials and the reaction products, the reaction
conditions, and also the list of modules which must be activated
are initially specified. The program contains several modules,
each of which is designed to describe a particular class of organic
reactions. The molecules are represented in the form of special
tables in which atoms and bonds are specified.!% These tables
contain the following information: the ordinal number of each
atom, the type of each atom (C, H, ...), its coordinates on the
graphical display, and the code of the charge (numbers 1, 2, and 3
stand for a cation, anion, or a radical, respectively; if the atom is
neutral, then the code 0 is used); it is indicated between which
atoms there are bonds and what are their orders. Each bond has a
unique number. The location of the bond relative to the conven-
tional plane of the figure is indicated. Furthermore, account is
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Table 1. List of substances proposed by the TAMREAC program for the generation of the ethene hydroformylation reaction network.%®

No. of species Chemical formula

No. of species Chemical formula

RhILo(H)(CO),
(n2-C2Ha)RhILo(H)Y(CO)2
RhIL(H)(CO),
C:HsRhILy(CO),

O =C(C;Hs) — RhIL,(CO)

0 =C(C,Hs)— RhML,H(CO)
RhIL,(H)(CO)

CH;CH = RhIL,(H)(CO),

0 ]>RhI"L2(H)(CO)
=

@ NN A T A W N e

O
10 [n?-C(O) = CHCH3] — Rh!L,(H)(CO)
1 0 =CH —CH(CH3)— RhL,CO
N
RhIIL(HYCO
" > (H)(CO).
——RhIL(H)YCO
" (H)(CO)
\O
——RhIIL,(H)(CO)
14
(6]
15 L
16 (n?-C2Ha)Rh'L(H)(CO),
17 C2HsRhL(CO);
18 C2HsRhIIL(H)x(CO)2
19 CO
20 CH;CH = RhIL(H)(CO),

. j>Rh‘”L(H)(CO)
=

O
22 [n2-C(O) = CHCH;]RhIL(H)(CO)
23 O=CH — CH(CH,)—Rhi'LH,CO

(6]

/

24 ™~
Rh!L,(CO)
25 CH3;CH =CH -0 —Rh!LCO)
2 @Rthz(H)(CO)
O

27 H:
28 HO —~CH = CHCH: - RhIL,(CO)
29 HO — CH = CHCH; — Rh'L,H,(CO)
30 CH3;CH =CH - O —Rh''L,H,(CO)

O
31 ]
32 [n2-CH; = CH — C(O)]RhILx(H)(CO)
33 CH;CH=CH-OH
34 O=CHCH:CH:>— RhIL(CO)
35 O = CHCHzCHz - RhIHLsz(CO)
36 l >e==()
37 C2Ha
38 C:He
39 CH>=CH-CH=0
40 C>HsCHO

Note. The initial species were Rh'L,(H)(CO): (L = PPhs), C;H,, CO, and Ha.

taken of the evaluation rules, including the rules based on
physicochemical principles (estimates of pK., AHy, the
HOMO-LUMO energies, heats of reaction, etc.).

The following modules were designed: reactions catalysed by
bases and acids (reactions involving nucleophilic and electrophilic
species) pericyclic reactions, redox reactions, free-radical reac-
tions and chain processes, reactions of carbenoid species,
reactions involving reduction by hydrides, and ‘ene’ and ‘retro-
ene’ syntheses. With the aid of the CAMEO program, it is possible
to determine the most probable sites of attack by active species
and to estimate the comparative reactivities.

The TAMREAC program ¢7-% was designed for investiga-
tors in the field of organometallic catalysis. Unfortunately, the
authors 7-6° did not publish the details of the algorithm and it is
therefore difficult to analyse the real possibilities of the program.
Connectivity tables in which each atom is characterised by a
number and a symbol (carbon, hydrogen, metal, arbitrary atom,
arbitrary electrophilic atom, etc.) are used for the computer
representation of the molecules within the framework of this
program. In the tables, it is also indicated with which atoms and
by what bonds the given element is linked and what is its overall
charge (oxidation state). Furthermore, tables of n2-bonds have
been introduced for the description of the n2-bonds with metals,

in which it is indicated between which atoms there is 2 multiple
bond and to which atom it is coordinated. The n?-coordination is
described with the aid of two isomeric structures:

T-T-T

M M

The TAMREAC program provides for the possibility of
generating elementary steps in each of which there is not more
than one metal atom. The developers of the TAMREAC program
systematically analysed a large number of elementary concerted
reactions and constructed a well-organised library of generalised
reactions. It includes the following reactions: (1) oxidation of the
metal, (2) reduction of the metal, (3) reactions affording occupa-
tion of a coordination site, (4) reactions creating a vacant
coordination site, (5) reactions without change in the oxidation
state or the coordination number of the metal, and (6) radical
reactions and one-electron transfers. The library consists of files
each containing several generalised reactions, described in the
form of a structural transformation of the reaction fragment.

The TAMREAC program contains an algorithm for the
recognition of ligands, the number of electrons they can donate
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Table 2. The reaction network for the hydroformylation of ethene generated by the TAMREAC program.®8

No.  Reaction? No. Reaction? No. Reaction ® No. Reaction?

1 1 — 3+15 23 7+39 — 32 45 13 — 12 67 23 —» 7+40
2 1 — 7+19 24 7+40 — 6 46 13+15 —» 14 65 23 —» 11+27
3 1+37 — 2 25 7+40 —» 23 47 14 — 7+36 69 4 — 11

4 2 — 1+37 26 8§ — 4 48 14 — 13+15 70 24 — 25

5 2 — 4 27 8§ — 9 49 15+16 — 2 71 25+27 —» 30
6 2 — 16+15 28 8 — 20+15 50 16 — 3+37 72 25 — 24

7 3+15 — 1 29 9 — 10 51 16 — 9 73 25 — 26

8 3+37 —» 16 30 9 — 11 52 16 — 12 74 26 —» 7+31
9 4 — 2 31 9 — 16 53 16 — 20 75 26 — 25

10 4 — 5 32 9 — 21+15 54 17+15 — 4 76 26 —» 28

11 4 — 8§ 33 10 — 5 55 17 — 20 77 28 — 26

12 4 — 17+15 34 10 — 9 56 17+27 — 18 78 28+27 — 29
13 5 — 4 35 10 — 11 57 18 — 3+38 79 29 —» 7+33
14 5 — 10 36 10 — 22+15 58 18 — 17+27 80 29 —» 28+27
15 5+27 —» 6 37 11 — 9 59 20+15 — 8 81 30 — 7+33
16 6 —» 5+27 38 11 — 10 60 20 — 16 82 30 —» 25+27
17 6 — 7+40 39 11 — 24 61 20 — 17 83 32 — 7+39
18 7+19 —» 1 40 11 — 32 62 20 — 21 84 32— 11

19 7+31 — 26 41 11+27 — 23 63 21+15 — 9 85 32— 34

20 7+33 — 30 42 12 — 9 64 21 — 22 86 34+27 —» 35
21 7+33 — 29 43 12 — 13 65 22+15 — 10 87 4 — 32

22 7+36 — 14 44 12 — 16 66 22 — 21 88 35 — 7+40

2 The numbers of species are indicated in Table 1.

89 35 —» 34+27

and the number of sites they can occupy. The number of valence
electrons of the metal atom and its oxidation states are calculated
from these data. The information obtained is used in the
evaluation criteria. For example, it is ensured automatically that
the number of valence electrons is within the limits specified by the
user. The program also contains an algorithm for the recognition
of the geometry of each complex. The developers of TAMREAC
created a system of evaluation rules on the basis of which an expert
assessment of the reaction plausibility is made using the data on
the type of reaction (reductive elimination, migratory insertion,
metallocycle formation, etc.), the coordination number of the
metal, the number of valence electrons of the metal atom, and the
geometry of the complex. This information, formalised in the
form of evaluation matrices, is usually very useful to the
investigator. However, one should understand that the data on
the basis of which a conclusion is made are not sufficient.
Therefore, such an estimate can be taken into account, but the
possibilities of its employment within the framework of any
specific study are extremely limited. Account must also be taken
of the fact that the evaluation rules indicated above are usually
developed exclusively on the basis of experimental observations
which often lack a reliable theoretical justification. These rules are
continuously revised and, generally speaking, they lack ‘the
strength of a law’. By studying a specific system, each investigator
has ultimately the right to solve independently the problem of the
need to take into account the expert recommendations. For this
reason, the most acceptable variant is where the user (the
investigator) is himself able to formulate the evaluation rules in
accordance with various schemes proposed by the program.

The TAMREAC program was tested on a large number of
specific reactions, and in a number of instances extremely inter-

esting results were obtained. For example, this program was used
to generate the reaction network for the ethene hydroformylation
in the system containing HRh(CO),L, (L = PPh;). %8 The starting
materials were ethene, H,, CO, and HRh(CO),L,. It is seen from
the results presented in Tables 1 and 2 that the program
‘synthesised’ fairly interesting by products, the search for which
in a real catalytic system will help to confirm or reject some of the
proposed pathways.

The KOMSIKAT program package for the investigation of
the mechanisms of catalytic reactions has been developed at the
Institute of Catalysis of the Siberian Division of the Russian
Academy of Sciences on the basis of the Dugunji— Ugi model and
the group matrix method (similar to that employed in the
GRACE program #1).5°-64 In general, the ideas underlying the
KOMSIKAT program are similar to those implemented in the
GRACE program, but it does not use all the combinatorially
possible group matrices, only those specified by the user. There-
fore, this program should be categorised as an empirical program.
The authors of the KOMSIK AT project extracted from literature
data the characteristic structural types of elementary transforma-
tions involving the catalyst. In particular, the authors postulated
that the processes occurring in the CO + H, system with
participation of a metal M may be described by five basic types
of elementary transformations. Table 3 presents the reaction
fragments and the corresponding blocks of r-matrices (index
group matrices) employed. The diagonal elements of the index
group matrices characterise the changes in the number of valence
electrons.

In the KOMSIKAT program, the energy criterion was used in
the evaluation of reaction pathways. The reaction network was
generated as follows. In the first stage, all possible ensembles of
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Table 3. The reaction fragments and the index group matrices used in the
KOMSIKAT program.5*

Bond redistribution scheme Index group matrix

M+X-Y —» X-M-Y MIX1Y
M[—2|1 |1
X |1 [0 [-1
v [1]=1]0
X-M-Y —»= M+X-Y MIX1Y
M| 2 [-1]-
X |-1]o |1
vy |[=1[1]o
M-X-Y —» Y-M-X MIX|Y
M[-1]0 |1
X |01 |1
Y1 [-1]o
Y-M-X —» M—X-Y MIXIY
M|-1{0 1
X|o |1 -1
B
M-Z+X-Y —» M—X+Z-Y MIX Y|z
M|o|-1]1]0
X [-1]0 |01
y 1o o]
z o1 [=1]o

molecules which may be obtained on the basis of the possible
elementary transformations of the initial ensemble of molecules
were generated. From the ensemble of molecules obtained in the
first stage, only those were selected which corresponded to the
maximum atomisation energy (i.e., to the most stable ensembles of
molecules) § to within some accuracy, while the remaining ones
were rejected. For each intermediate ensemble of molecules,
remaining after the selection, a new set of ensembles of mole-
cules, obtained by means of allowed elementary trans-formations,
was found. Among them the most stable were also selected. The
generation of a ‘branch’ of the reaction network was terminated in
accordance with formal characteristics — after the isolation of the
metal-catalyst in a free form (when the ensemble of molecules
contained a free metal atom). As a result, the reaction network
consisted of intermediate ensembles of molecules, which corre-
sponded to the pathways leading to the transformation of their
precursors into the most stable compounds. The atomisation
energy was calculated by the method of interacting bonds %
using semiempirical parameters of the bond energies of the

| The ensemble of molecules for which the sum of the atomisation energies
of the species was greatest was regarded as the most stable. Several most
stable ensembles of molecules are possible because the metal atom is not
known a priori and only the range of the possible atomisation energies,
obtained by varying the semiempirical parameters of the bond energies, is
known.%0

atoms comprising the molecules in the ensemble. For bonds
involving C, H, and O atoms, the parameters obtained from the
experimental thermochemical data on the heats of formation of
the corresponding compounds were used. Thus, the parameter
Ec -0 was found from the heats of formation of aldehydes and
ketones, the parameter Ec_y was obtained from the heats of
formation of hydrocarbons and alcohols, the parameter Eo_y
was found from the heats of formation of alcohols, etc.

At the next stage, the optimum catalyst was selected. For this
purpose, the parameters Eyv—x (Em—c, EM—n, EM—o) charac-
terising the metal were varied for each intermediate ensemble and
each pathway in the reaction network (in each linear sequence of
ensembles of molecules from the starting EM to the final one).
Because the variation of the Ep - x parameter was organised as
step-by-step procedure, the atomisation energy of each inter-
mediate ensemble of each pathway was split into a number of
values. The atomisation energy corresponding to the condition of
a uniform distribution of energy over the elementary steps of the
catalytic process was chosen for each ensemble. In other words,
the most smoothed broken line, which corresponds to the
atomisation energies of the intermediate ensembles of a the
pathway, was chosen (Fig. 1). The semiempirical parameters of
the bond energies calculated for this broken line were compared to
the tabulated values for specific metals. The metal was regarded as
optimal when the tabulated parameters of the bond energies for
this metal was closest to the calculated values (i.e., values obtained
for the most smoothed broken line).

Thus, it follows from a comparison of the calculated param-
eters of the formation of ethylene glycolin the reaction between CO
and H; in the presence of a metal catalyst and the tabulated values
that the best catalysts for this reaction are Rh, Co, Ir, Ru, and V.
The ranges of the optimum En— x parameters for the formation of
each product of the hydrogenation of CO (methane, methanol,
ethane, ethanol, acetic acid, methyl formate, and ethylene glycol)
were found and the corresponding metals were determined. The
optimum parameters Enp _x and metals (Mn, Fe, Co, Ni, Ru, and
Rh)for the formation of all the C; and C; products were found from
the overlap of these ranges of parameters.

Baltanas and Froment!!® developed a program for the
generation of reaction networks for the solution of specific

Initial Intermediate molecules

ensemble of

, ] \

molecules ¥ ': V] 4
(reagents) 4 i ; ‘ i
: i i i
2 : : i
oo ] 1
5 : :
g | Final
8 | ensemble of
2 ! molecules
g ) f (products)
< L
i i
i i i i
First Second Last step
step step
Figure 1. The splitting of the levels upon the variation of the Em_x

parameters. The optimum parameters En —x are those which correspond
to the most ‘smoothed’ broken line, shown in the figure by a heavy line.
The split levels of the atomisation energies of ensemble of molecules are
shown in the dashed line corresponding to elementary steps.
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problems, such as the study of catalytic hydroisomerisation and
hydrocracking. Five generalised reactions, which are to be applied
in succession to various species, are used in this program. These
generalised reactions are designed solely for the investigation of
the above catalytic processes. Species and reactions are described
in terms of Boolean matrices which do not take into account the
bond orders. The kinetic equations for the reaction network
obtained were derived by the program. The principal disadvan-
tage of this program is the narrow range of its applications.

Temkin’s group {(Lomonosov State Academy of Fine Chem-
ical Technology, Moscow) are developing the ChemNet program
for the formulation of hypotheses about the mechanisms of
catalytic reactions. This program has been discussed in only a
few publications, some of which are not readily available.!* 16 We
shall, therefore, discuss it in more detail.

The first version of the program was written in the mid 1980s
in FORTRAN IV, a language which has now become hopelessly
obsolete.!'” A new version, designed for modern personal com-
puters of the IBM PC type and using the principal ideas of the old
program, has been developed recently.

The list of species participating in the reaction as the reactants
and system components and the list of the elementary trans-
formations (generalised reactions) are input data. The species are
specified by the user in the form of structural formulae and are
transformed into records having a special format. Part of the
record contains an upper triangular adjacency matrix of the
atoms, while another part comprises different characteristics of
atoms (charges, oxidation states, etc.), bond orders, as well as
multicentre bonds. The elementary transformations are analogues
of chemical reactions and describe the characteristic features of
the changes occurring. The extent to which the details of the
reaction are specified is decided by the user.

The more detailed the description of the elementary trans-
formation, the shorter the list of substances to which this
transformation is applicable. For example, the two elementary
transformations

M-C+C=0 — M-C(O)-C,
M-C=C+C=0 — M-C(0)-C=C,

Choice of Editing
transformations transformations
Generation of a list Specification of
of transformations transformations
4 'R Specification
Library of Query ChemNet +—!of constraints|" |
transformations
i \ Specification
Network of initial ||
generation species
Analysis of
network
Is the user No

satisfied?

Figure 2. The bookkeeping scheme for the interactive execution of the
ChemNet program.

describe the same reaction with specification of details to different
extents. The difference consists only in that, in the first case, the
program ‘inserts’ CO into all species containing the M —C bond,
whilst, in the second case, it inserts it into metal alkynyl
complexes. Note that, in the first case, the program will ‘insert’
CO alsointo M — C(O) fragments until the constraints imposed on
the number of atoms in the species will begin to work. The
elementary transformations can be inputted both in a symbolic
form and in the form when standard chemical symbols of atoms
are used. If the elementary transformation is formulated in a

Table 4. List of substances proposed by the ChemNet program for the generation of the reaction network using ten elementary transformations and five

initial substances (PdCl,, CuCl, MeOH, HC=CMe, CO).

No.of  Chemical formula No. of Chemical formula No. of Chemical formula
species species species
12 PdCl 17 MeC=CPdCOOMe 33 MeOPdCH = C(Me)COOMe
22 CuCl 18 Pd(C=CMe), 34 MeOPdC(Me)=CHCOOMe
32 MeOH 19 CIPACOC=CMe 35 CIPdCH = C(Me)COC=CMe
42 HC=CMe 20 MeOPdC=CMe 36 CIPdC(Me)=CHCOC=CMe
5a Co 21 MeC = CC(O)PdCOOMe 37 CIPdH
6 MeOPdCl 22 MeC=CPdCOC=CMe 38 MeOPdH
7 HCI 23 Pd(COC=CMe), 39 MeOC(O)OMe
8 MeOCu 24 MeOC(O)—~C(O)OMe 40 HPdCOOMe
9 (MeO),Pd 25 Pd0 41 HPdC=CMe
10 CIPdACOOMe 26 MeC=CCOOMe 42 HPdC(O)C=CMe
11 CuCOOMe 27 MeC=C-C=CMe 43 PdH>
12 MeOPdCOOMe 28 MeOC(0)C(O)C=CMe 44 HPdCH = C(Me)COOMe
13 Pd(COOMe), 29 MeC=CC(O)C=CMe 45 HPdC(Me) = CHCOOMe
14 CuC=CMe 30 MeC=CC(0)C(0)C=CMe 46 HPdCH =C(Me)COC=CMe
15 CIPdC=CMe 31 CIPdCH = C(Me)COOMe 47 HPdC(Me)=CHCOC=CMe
16 MeOPdC=CMe 32 CIPdC(Me)=C(H)COOMe

4 Initial species.
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Table 5. The reaction network generated by the ChemNet program on the basis of specified ten elementary transformations (ET) and five initial

substances (PdCl,, CuCl, MeOH, HC=CMe, CO).

ET Reaction? ET Reaction @ ET  Reaction? ET Reaction 2

1 341 —» 6+7 5 22+5 —» 23 9 10+3 —» 37+39 10 10+3 — 7+12

1 3+2 —» 7+8 5 13 —» 24+25 9 12+3 —» 38+39 1 15+3 —» 7+16

1 6+3 —» 749 6 17 — 25+26 9 13+3 —» 39+40 1 19+3 —» 7+20

1 6+5 — 10 6 18 —» 25+27 9 1743 —» 39+41 1 31+3 —» 7+33

2 8+5 — 11 6 21 —» 25+28 9 19+3 —» 26+37 1 3243 — 7+34

2 9+5 — 12 6 22 —» 25+29 9 20+3 —» 26+38 1 37+3 —» 7+38

2 12+5 — 13 6 23 —» 25+30 9 21+3 —» 26+40 1 16+5 — 17

2 4+2 — 7+14 6 10+4 — 31 9 2143 —» 39+42 2 20+5 —» 21

3 14+1 — 2+15 7 10+4 —» 32 9 22+3 —» 26+41 2 38+5 —» 40

4 14+6 — 2+16 7 12+4 —» 33 9 23+3 —» 26+42 2 37+14 —» 2+41

4 14+10 —» 2+17 7 12+4 —» 34 9 40+3 —» 39+43 4 41+5 — 42

4 15+14 — 2+18 7 19+4 —» 35 9 42+3 —» 26+43 S 40+4 — 4

4 15+5 — 19 7 19+4 —» 36 9 11+10 —» 2+13 7 40+4 — 45

S 16+5 —» 20 7 32 —» 26+37 10 15+11 —» 2+17 7 42+4 —> 46

S 17+5 — 21 8 34 —» 26+38 10 19+11 — 2+21 7 42+4 — 47

S 18+5 — 22 8 36 — 29+37 10 19+14 —» 2+22 7 45 —» 26+43
8 47 —» 29+43

2 The numbers of the species are indicated in Table 1.

symbolic form, it is necessary to determine also the possible
substituent of each symbol. For example, the generalised reaction

M+H-X — H-M-X,

is formulated in a symbolic form. The symbols M and X must be
interpreted, indicating which atoms of the metal M and which
atoms X can occur in the reaction.

Upon carrying out a ‘rough’ generation of the reaction
network, the user can alter the degree of specification of detail in
the records of steps, thereby excluding the directions of attack by
particular species known a priori to be implausible.

A special unique format has been developed for the descrip-
tion of species and elementary transformations.!!® The substances
and reactions are stored in the computer memory in the form of
special codes, the description of which is outside the scope of the
present review.

Several evaluation rules are used in the ChemNet program,
which are recommended to the user.

1. In an elementary step, the change in the number of valence
electrons and in the oxidation state of the metal atom must not
exceed 2 in absolute magnitude, which agrees with Tolman’s
rules.!1?

2. The molecularity of the elementary reactions must not
exceed 2.

3. The user specifies the maximum number of valence elec-
trons, the maximum coordination number, and the range of the
possible oxidation states for each metal atom (the quantities
stored in a special file are used as default settings).

4. The user specifies the maximum number of atoms and/or
the maximum numbers of atoms of a particular type (C, H, O, ...)
in the products formed.

The generation of the reaction network is also constrained by
the transforms which the user specifies himself or selects from the
library. Furthermore, the generation of the reaction network is
implicitly constrained by the degree of specification of details in
the records of the transform.

After the specification of the initial species and elementary
transformations (transforms), the program searchs for the initial
species which are regarded as candidates for participation in each

of the elementary transformations. After finding for each elemen-
tary transformation all the combinations of species to which the
transformation is applicable and the new species have been stored
in the computer memory, the program adds all the new substances
to the list of the initial substances and repeats the entire procedure.
The combinations of species and steps, tested at the preceding
steps, are not examined. The process completes when each species
(the starting material or the species obtained in the course of the
network generation) was examined with respect to the possibility
of its involvement in each elementary transformation, while new
substances are not produced owing to the constraints imposed.
The overall algorithm for the execution of the program can be
represented by the bookkeeping scheme shown in Fig. 2.

One of the tests for the program was the synthesis of an
alkynylcarboxylic acid ester in the CuCl, — CuCl—PdCl, — R'OH
system.

PdCl
RC=CH + CO + R'OH + 2CuCl, ——»

—» RC=CCOOR’ + 2CuCl + 2HCI

The following elementary transformations were specified:
1. MCI+ROH —» MOR+HClI (M =Pd,Cu; R =C)
2. MOR+CO —» MCOOR (M =Pd,Cuy;R =C)
3. MCl+RC=CH —» MC=CR+HCI M =Cu;R =C)
4. CuC=CR+Pd—Cl —» CuCl+PdC=CR (R=C)
5. PdAC=CR+CO —» Pd—C(0)-C=CR (R=0C)
6.C—M—-C —» M+C—-C (M =Pd)
7. M-CO)— +C=C —» M-C=C~-C(0)—
8 M—C=CH —» C=C+M-H (M =Pd)
9.Pd—C(0)— +ROH —» PdH+RO-C(0)— (R=C)

(M = Pd)

10.CuC+C—-Pd—X —» CuX+C-Pd—C (X =Cl)
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The following constraints were imposed: the maximum
number of atoms in the conjectured species must be less than 20,
the maximum oxidation state of the metal in the conjectured
speciesis + 1 for copper and + 2 for palladium, and the maximum
coordination numbers of copper and palladium are, respectively,
1 and 2.

The results of the generation of the reaction network are
presented in Tables 4 and 5. These results may be used by the
experimentalist in the discriminating experimental design.

IV. Conclusion

In conclusion, we may note that there are many computer
programs, which make it possible to formulate hypotheses about
the mechanisms of complex reactions and to generate reaction
networks. Analysis of the programs considered makes it possible
to indicate several typical disadvantages of these programs.

1. The impossibility of obtaining complete data on the
transformations of the intermediates, side reactions, and by
products because of the necessity for a rigid specification of the
number of atoms entering into the isomeric ensemble and because
of the bilateral nature of the search (RAIN, Dozmorov’s program,
GRACE).

2. The use of the simplicity criterion as a selection factor
(MECHEM).

3. The narrowness of the range of applications (the program
of Froment and Baltanas).

A feature common to the majority of the programs considered
is that the key factor in the development of methods for the
generation of hypotheses is the application of heuristic rules,
which are used to different extents and at different stages of the
execution of the programs.

1. The use of libraries of transformations (reaction genera-
tors) obtained as a result of the generalisation of the available
literature data on the reactions (TAMREAC, KOMSIKAT,
ChemNet, etc.).

2. The use of the more or less formalised rules for the
assessment of the reaction plausibility (TAMREAC, CAMEO).

3. The use of heuristic rules for the optimisation, acceleration,
and restriction of the search (RAIN, MECHEM).

4. The estimation of the thermodynamic and other character-
istics, obtained by semiempirical or fully empirical methods,
which in turn make it possible to assess the plausibility of
individual steps or even entire reaction pathways (KOMSIKAT,
the program of Froment and Baltanas, CAMEO).

In all cases, it is important for the user to know which heuristic
rules are inherent in the program, what are the possibilities for
their modification, and whether or not any of them can be
abandoned. It is desirable to have such a possibility as regards
the constraints as well.

Different levels of generalisation of the elementary reactions
are employed in the empirical programs. In some programs, for
example, in the ChemNet program, it is possible to apply
simultaneously several levels of generalisation (i.e., reactions in
which only the transformation of the fragments is characterised
and reactions formulated in more detail).

Since different programs are based on different methods and
heuristic rules, it is sometimes useful to combine them within the
framework of a single program package. In particular, the present
authors are working on the creation of a program package
combining the ChemNet and KOMSIKAT programs. In our
view, such a combination of programs may ensure an additional
flexibility in the selection of substances for the formulation of
hypotheses.
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Abstract. Studies devoted to the synthesis, investigation of the
properties, and chemical transformations of methylenecyclobu-
tane are surveyed systematically. Data on the reactions of methy-
lenecyclobutane with a broad range of reagents are presented. The
bibliography includes 291 references.

I. Introduction

Methylenecyclobutane (MCB) is a side product in the production
of isoprene by the catalytic cleavage of 4,4-dimethyl-1,3-di-
oxane,!-2 which makes it a potential raw material for fine organic
synthesis. Due to the presence of two reactive groups, the double
bond, and the cyclobutane ring in its molecule, methylenecyclo-
butane can undergo a variety of chemical transformations, which
permits the use of this compound in small-scale chemistry (for
example, in the production of pesticides, pheromones, medicinals,
and perfumes).

At present, MCB is not produced as a commercial target
product in any large quantities. However, it is available as a
reagent. For example, ‘Aldrich’ offers a preparation with a MCB
content not less than 92%, and ‘EGA-Chemie’ supplies methy-
lenecyclobutane of > 97% purity (the remaining 3% is due to
spiropentane).

1. Preparation

Methylenecyclobutane 1 was first obtained by Gustavson 4 in
1896 by the treatment of 2,2-di(bromomethyl)-1,3-dibromopro-
pane [tetrabromoneopentane 2, (X = Br)] with zinc dust in
ethanol (the Gustavson method 5). Gustavson intended to obtain
spiropentane 4, but the resulting hydrocarbon differed in its
properties from spiropentane. He studied this compound and
mistakenly attributed the structure of vinylcyclopropane to it.
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To determine the structure of this hydrocarbon proved fairly
difficult. The problem of the structure of the ‘Gustavson’s hydro-
carbon’ was ultimately solved as late as 1914 by Filipov,%7 who
also presented a detailed list of the papers dealing with the
synthesis and properties of MCB published up to that time. The
data on the debromination of tetrabromoneopentane published
before 1944 are presented in a review.®

In subsequent years, researchers paid considerable attention
to the reaction of tetrabromoneopentane with zinc.®~16 It has
been shown that isomerisation occurs during the elimination of
the second pair of bromine atoms from the intermediate
1,1-di(bromomethyl)cyclopropane 3. When Zn?* cations, which
catalyse the rearrangement of 3, are bound into an inactive
complex, spirocyclopentane 4 is formed predominantly.!2 The
influence of the nature of the halogen atom and the solvent on the
reaction of tetrahaloneopentanes 2 with zinc has been stud-
jed. 13-16

Further studies!’-2° have shown that the ratio between
spiropentane and methylenecyclobutane depends on the nature
of the metal used as the reducing agent and the acidity of the
medium.

The preparative synthesis of MCB by the reduction of tetra-
bromoneopentane with zinc dust 2! is most frequently mentioned
in the literature.

It has been suggested that tribromoneopentyl benzenesulfo-
nate, which is more readily available than tetrabromoneopentane,
be used in the synthesis of MCB.22

Methylenecyclobutane is formed, apart from other hydro-
carbons, on reduction of trihalo-derivatives of neopentane.23-24

Dehydration of 1-methylcyclobutanol gave a mixture of
hydrocarbons consisting of 1-methylcyclobutene (~45%), iso-
prene (~35%), and MCB (~20%) in a low yield.25

The pyrolysis of cyclobutylmethyl acetate Sa at 480 °C leads
to MCB in 70% yield, and the pyrolysis of the corresponding
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S-methyl xanthate 5b at 380 °C affords MCB in 65% yield.2¢ In
the thermolysis of dimethyl(cyclobutylmethyl)amine oxide S¢, the
yield of MCB reaches 95%.27

7 af
—_—
S5a-c 1

R=0Ac (a), OCS:Me (b), NOMe; (c)

Methylenecyclobutane can also be synthesised starting from
1,4-dibromobutane via cyclobutylidenetriphenylphosphorane 28
or by the thermal,?® mercury-photosensitised,’® or laser-
induced 3! isomerisation of spiropentane, but these reactions can
hardly be regarded as preparative methods for synthesising MCB.

In the industrial production of isoprene from isobutene and
formaldehyde by the Prins reaction,® the still product in the
column for the purification of isoprene has been found to contain
some MCB.!:32 A method for the isolation of MCB from this
mixture by fractionation has been suggested.? The specimen thus
obtained contained 98.42% of MCB. To identify MCB in the
fractions of Cs hydrocarbons, gas chromatograhy—mass spec-
trometry (GCMS) has been used.** The liquid—vapour phase
equilibria in the systems obtained in the production of isoprene
and containing MCB and other hydrocarbons have been consid-
ered in a number of papers.34~37

2. Structure and physical properties of methylenecyclobutane
At present, numerous data on the geometric structure of MCB
are available. In fact, NMR,38-4% IR 49-54 UV,%.55 photoelec-
tron,56-5% mass,’*~% microwave,55-67 and Raman,!3~16.68-70
spectra of MCB have been studied in detail. Its physical and
thermodynamic characteristics have been determined.’%-71-76

Numerous theoretical studies have been devoted to the prob-
lems of the geometry and energetics of the MCB mole-
cule 50.58,77~100 The authors of these studies used various
quantum-chemical computational methods.

According to the computational and experimental data, the
MCB molecule possesses conformational mobility. The energy
barrier to the transition from the puckered to the planar con-
formation is fairly low (—0.2 kcal mol™); it is lower than that for
unsubstituted cyclobutane by a factor of 4-35. This distinction is
due to the lesser changes in both the angular strain and the
torsional interactions which accompany the transition of MCB
from the nonplanar to the planar configuration.”®

Unambiguous data concerning the value of the dihedral angle
(«) in the puckered conformation (Scheme 1) are lacking. For
example, a dihedral angle of 16° has been found from spin—spin
coupling constants.*? It follows from electron diffraction, micro-
wave spectra, and quantum-chemical calculations that the angle is
21.6°,'9° which is lower than for unsubstituted cyclobutane, in
which the angle « is 30° 101,102 or 25°,100

Scheme 1

— A =<> =N\

The C=C bond length in MCB is 1.331 A9 It differs little
from the length of the double bond in isobutene (1.330 A) and is
shorter than this bond in ethene (1.337 A).%°

—

—
- —

II. Rearrangements

Whereas at ambient or low temperature MCB undergoes only
conformational transformations (Scheme 1), at elevated tempera-
tures (300—350 °C) a reversible process involving a more exten-
sive structural rearrangement of the C—C and C—H bonds is
observed. Thus, at a temperature of 332 °C partially deuteriated
MCB undergoes a redistribution of deuterium atoms, which is due

to the relative ease of the homolytic cleavage of C— C bonds in the
strained four-membered ring, yielding the alkylallyl biradical 6.10

H v H
I
— - L — %
I c \ 2
D D D D

The isomerisation of MCB via a biradical mechanism has been
discussed in another study.!® A quantum-mechanical calculation
carried out more recently also provided evidence in support of this
mechanism of the thermal rearrangement of MCB. 105

The rearrangement of MCB involving the exo—endo migra-
tion of the double bond to give 1-methylcyclobutene 7 is of

considerable interest.
K
= 3)
1 7

Like MCB, the latter compound is potentially likely to be
useful in organic synthesis. The rearrangement of MCB is ener-
getically the least favourable compared with the corresponding
rearrangements of its homologues with larger rings, since the AH
value for this reaction is fairly small (—0.54'06 and
—0.9 kcal mol™! 107). For the rearrangements of methylenecy-
clopentane and methylenecyclohexane, these values are —3.65 and
—1.97 keal mol ™, respectively.!08

MCB rearranges to 1-methylcyclobutene when it is passed
over AlOs at 300 °C,% but, isomerisation under these conditions
can also yield isoprene.!® When MCB is passed over Al,O; at a
higher temperature (370-420 °C),'1° the ring is cleaved to give
isoprene as the main reaction product.!%® 119 The jsomerisation of
MCB on passing it over various heterogeneous catalysts (alumi-
nosilicates or zeolites) in the temperature ranges 50—400 °C 111
and 350-500 °C!12 has been described. For all the catalysts
studied, it was found that the curves for the temperature depen-
dence of the yield of 1-methylcyclobutene pass through a max-
imum. When the temperature is increased further, migration of
the double bond within the four-membered ring occurs, yielding 3-
methylcyclobutene 8.11! This compound is the least stable among
the three isomers 1, 7, and 8.19° Isomer 8 was not detected in the
products of the isomerisation of MCB over Al,O;. 198

D/—’ Ij(—' D/ @

It has been shown® that MCB isomerises to 1-methylcyclo-
butene when heated in aqueous alcohol in the presence of ZnBr,
and Zn(OH)Br at 140 °C for several days.

Heating of MCB in dimethylacetamide for 10 min at 160 °C
gave an equimolar mixture of MCB and 1-methylcyclobutene in
80% yield.!13

When MCB is stirred at room temperature with metallic
sodium deposited onto Al;Os, an equilibrium between the alkenes
with the exo- and endo-arrangements of the double bond is
established after several hours. The equilibrium constant K of
reaction (3) at 20 °C is equal to 6, which implies that the reaction
mixture contains 15% of MCB and 85% of l-methylcyclobu-
tene.109-114-117 Ag shown in another study,!!® this process is not
selective, since after its completion the reaction mixture contains
75% of 1-methylcyclobutene, 19% of MCB, 3% of spiropentane,
and 3% of unidentified hydrocarbons.

The isomerisation of MCB also takes place in the presence of
strong bases. The relative rates of formation of carbanions from
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C,4—Cs methylenecycloalkanes in the presence of potassium tert-
butoxide in dimethyl sulfoxide have been reported.'’® Kinetic
studies of the isomerisation of MCB in the presence of potassium
or lithium tert-butoxide in various solvents have been carried
out.!20 A preparative procedure for the isomerisation of MCB to
1-methylcyclobutene in the Bu'OK —DMSO catalytic system has
been reported; 12! however, the yield of compound 7 per unit
volume of the catalyst solution did not exceed 0.1 g cm™ h™*.In
the presence of a stronger base, lithium B-aminoethylamide, in
ethylenediamine at 10—45 °C, the isomerisation proceeds more
effectively (with a productivity of 4.3-4.5gcm™> h™'). The
equilibrium concentrations of MCB and 1-methylcyclobutene
(84% —87% MCB!122) are virtually attained over a period of
several hours.

The isomerisation of MCB [reaction (3)] in the presence of
3 mol % the rhodium hydride complex Rh(H)(CO)(PPhs); (with
benzene as the solvent)!2? occurs much less effectively: even after
10 days the composition of the reaction mixture is far from
equilibrium (the ratio between isomers 1 and 7 is 0.68 instead of
0.17). In all probability, the reaction proceeds via a nt-complex of
Rh(I) with MCB (see below). The isomerisation of MCB to
1-methylcyclobutene has also been observed in the presence of
PdCl; at 100 °C in dioxane and at 22 °C in methanol.!2% 125

I11. Formation of complexes with metals

Like other alkenes, MCB forms complexes with AgNOs;. The
stability constants of some complexes of alkenes determined by
GLC have been reported.!2% 127 The formation of complexes with
Ag(I) has been used in the analysis of MCB-containing mixtures
of light hydrocarbons.!28

Methylenecyclobutane reacts with Pd(II) chloride or
[Rh(CO),Cll: to give n-allylic complexes.!?*

The comparative stabilities of Rh(I) complexes with various
alkenes have been studied.!° The n-complex derived from MCB
was found to possess an anomalously high stability, comparable
with that of the Rh(I) complex of ethene.

The synthesis of a t-complex of MCB with Ni(II) (yield 61%)
has also been reported.!3!

Coni /Me
Cp2Ni, MeLi PN
—_——
‘f —50 °C, THF
9

A trinuclear cluster-type osmium complex incorporating
MCB has been described.!32 In this complex, MCB forms a bridge
between two osmium atoms via the methylidene carbon atom and
also forms a n-bond with the third osmium atom.

The interaction of MCB with organotitanium,!3? organo-
nickel,!3* organorhodium,’?* and organopalladium 3¢ com-
pounds has also been described in the literature.

IV. Addition to the exocyclic double bond without
formation of new C — C bonds

1. Reactivity

a. Cationoid intermediates

Many known transformations of MCB involve a stage in which
active electrophilic species such as protons, acylium cations, etc.
add to the double bond. The addition results in the tertiary
carbocationic intermediate 10, which can either combine with a
nucleophile or eliminate a proton, and this governs the composi-
tion of the final reaction products (Scheme 2).

Scheme 2
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The problem of the structure of the intermediate cation 10
(E = H) has attracted considerable attention and has not yet been
solved. According to !'*C NMR spectroscopy and an isotope
study, at —154 °C this cation exists as the symmetrical a-bridged
methylcyclobutanium structure 11,137-138 while from —150 to
~90 °C it is an equilibrium mixture of three bicyclobutanium
ions 11, 12a, and 12b or delocalised 1-methylcyclopropylcarbynyl

cations 13a—c interconverting via the classical planar 1-methyl-
cyclobutyl cation 14 (Scheme 3).

[(F
—
1

Scheme 3
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The conformation of the 1-methylcyclobutyl cation 10
(E=H) in an aqueous medium at ambient temperature is
unknown. Quantum-chemical calculations referring to the gas-
eous phase allow the existence of this cation as any of the above
structures or as their equilibrium mixture.!3°-141 At the same
time, since the tertiary carbocation 14 must be much more stable
than the primary rearranged cations 13a—c¢, one should expect
that the equilibrium would be substantially shifted to the right,
that is, toward the formation of the cation 14 (Scheme 3). There-
fore, it is the transformations of the nonrearranged cation 10
(Scheme 2) that should determine the composition of the products
of electrophilic addition to the double bond of MCB; this is in
good agreement with the existing experimental data.

The relative stability of the cation 10 (E = H) can be judged by
comparing the rate constants for the solvolysis of the correspond-
ing chlorides 1517 (80% acetone, 25 °C).142

Cl Me
Cl
Compound
15 16

kfs—!

Mes;CCl
17

1.81 x 10~? 1.15 x 10-7 1.97 x 10—6

The above data indicate that the cation 10 (E = H) is more
stable than the unsubstituted cyclobutyl cation and is less stable
than the fert-butyl cation.

The reactivity of MCB toward electrophilic addition can be
estimated by comparing the rates of the ZnCl,-catalysed reaction
of (p-(ID“I;I3C6H4)2CHC1 with various methylenecycloalkanes
18a—c.
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ZnCl;
—_—
—178 °C, CH,Cl,

RCl + =®H2)"

18a—c

fl)@cm), “)
R

19a-c¢
R =(p-CH3C¢H4).CH

n 3 4 5
k (arbitrary units) 1 51.1 1.03

It follows from these data that the reactivity of MCB in
reaction (5) with the above electrophile is close to that of
methylenecyclohexane, but is many times lower than that of
methylenecyclopentane.

b. Anionoid intermediates

Another important aspect of using MCB in organic synthesis is
based on its deprotonation through the action of a strong base and
the subsequent transformations of the allylic carbanion 20 thus
generated (Scheme 4).

=
7

The composition of the products of transformation of the
carbanion 20 is determined by the direction of attack by the
electrophile (E*), which is either on a carbon atom of the side
chain or on a ring carbon atom in the allylic system. The
predominance of either of these directions depends on the nature
of the electrophile and on the conditions under which the reaction
is carried out.!'#4

Scheme 4

B:
R
—BH

c. Free-radical intermediates

Another approach to the functionalisation of MCB is based on the
radical addition to the double bond. The intermediate adduct
formed in this reaction (radical 21), like the corresponding
carbocation 10 produced in the electrophilic addition to MCB
(see above), does not undergo fragmentation, and the cyclobutane
ring is retained in the products of its transformation.

f = f
21

The radicals 21, in which R = SiMe;, SiEt3, 145146 or MeS, 147
have been detected by EPR at 150—220 K. The formation of the
allylic radical 22 upon photolysis of a solution of MCB in
cyclopropane containing di-tert-butyl peroxide has also been
detected by EPR.143

uf

Radical-ion species such as radical cations can also participate
in reactions with MCB. The latter are formed, for example, in
photoinduced !*° or y-radiation-induced reactions.!>

(Bu'O),, hv
cyclo-CsHs, —100 °C

22

2. Addition with formation of the C — O bond
The acid-catalysed hydration of MCB is among the thoroughly
studied examples of electrophilic addition to the double bond of

MCB.!51-154 The mechanism of this reaction has been described
by Taft,!55 who has also determined its thermodynamic param-
eters.}% The ether 23, resulting from the addition of 1-methyl-
cyclobutanol 24 to MCB, is formed in this reaction as a side
product.

[ zex l:"OH DL O“b
—_— +
24 23

When MCB was hydrated in the presence of the KU-23(10/60)
cation-exchange resin at 40 °C with an MCB : H,O molar ratio of
2:3 and a reaction time of 8 h, the degree of MCB conversion
amounted to 87.8% and the selectivity of the formation of
compound 24 was 94.4% (the reaction mixture contained 3% of
the ether 23). However, by varying the hydration conditions one
can direct the process to the selective formation of the ether 23.
Thus, at 40 °C, for an MCB: H,O molar ratio of 2: 1, and for a
reaction time of 3 h, the selectivity of the formation of ether 23
was 96%, the degree of conversion of MCB being 92.1%. 152

The hydration of MCB under static conditions (without
stirring) in the presence of the KU-23(10/60) cation-exchange
resin in a batch reactor has been described.!53

Alcohols or carboxylic acids add to MCB in the presence of an
acid catalyst.157

I:/(+ROH A OR

25
Me
R Me Et  Bu® D< MeCO
Yield (%) 90 45 4] 63 56
R CICH,CO FCH.CO CI,CHCO CF;
Yield (%) 55 60 90 91

The reaction is carried out in hexane with MCB: ROH (or
RCOOH): C¢H,4 ratios of 1:1: 1 in the presence of sulfuric acid
or HCL

Esters derived from 1-methylcyclobutanol have found appli-
cation as insecticides, acaricides, and fungicides,!8. 15 and sugar
substitutes in foodstuffs.!é® The 1-methylcyclobutoxy-group is
incorporated in a metabolism-resistant B-lactam antibiotic pos-
sessing a high antibacterial activity.!6!

The selective addition of HOBr to MCB, affording 1-bromo-
1-hydroxymethylcyclobutane in 78% yield, has been
described, 162,163

OH
HOBr
_— Br
26

Hypochlorous acid also adds to MCB, but, apart from
chlorohydrin, this reaction yields a diol (the ratio between these
products is 3:2).162 The process is carried out in an aqueous
suspension of the alkene.

3. Addition with formation of the C~N, C—S, C—Se, or
C—Hal bond

The addition of hydrogen halides to MCB has been studied in
detail.164-168 1p polar solvents, hydrogen halides add in confor-
mity with the Markovnikov rule, giving 1-halo-1-methylcyclo-
butane, while in the presence of a radical source in a nonpolar
solvent, anti-Markovnikov addition occurs to yield bromo-
methylcyclobutane, 162 169,170
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Hittich et al.!”! have described the hydrofluorination of MCB,
but the vield of l-fluoro-1-methylcyclobutane 27 isolated by
preparative GLC was not reported.

u o

27
Acetyl nitrate adds to MCB at —20 to 0 °C in the presence of
acetic anhydride.!” Apart from the major product, 1-acetoxy-1-
nitromethylcyclobutane 28, the reaction yields the product 29 of
the rearrangement of the intermediate cation involving ring

contraction:
NO

I:( ACONO;
—-20 to 0 °C, Ac2O
28 (65%) 2 (15%

When NO:BF, is used instead of AcONO;, the yield of
1,1-disubstituted cyclopropane is twice as high.172

The interaction of MCB with the complex Me,S - SO; affords
the sulfobetaine 30 as the only product in a high yield: 173.174

H2SO3
I:( Me:S - SO; $Me, .
—————

30

CHCl3,0°C,4 h
—————————
HF/Py (70/30)

2,4-Dinitrophenylsulfanyl chloride reacts with MCB in acetic
acid at 20 °C to afford predominantly the arylthiomethyl-sub-
stituted cyclobutane 31. In addition, a small amount of compound
32 was isolated (the 31a: 32a ratio was 5.2: 1); the overall yield of
the products 31 and 32 was 88%.!75 At 40 °C, these products are
formed in a different ratio (31a:32a = 2:1): 176

CH,SAr H,X
ArSCl X SAr
f asa . x| Dt

31a,b 32a,b

Ar =“©-N02; X = Cl (a), OAc(b).

02N

When the reaction is carried out in chloroform, the anti-
Markovnikov addition product predominates (31a:32a =
0.4:1),'7¢ while the process carried out in acetic acid in the
presence of LiClO,4 affords mostly products of the interaction
with the solvent (the products 31 and 32 are formed in the
following yields: 31a, 5%; 31b, 35%; 32a, 1%, 32b, 12%).176

Phenylselanyl chloride interacts with MCB at —70 °C in
CH:Cl, to give the chloromethyl derivative of cyclobutane 33 as
the major product; at room temperature, compound 33 slowly
isomerises to the chloride 34.177

CHz Cl CHz SePh
I:K PhSeCl dﬁSePh E"Cl
CH.CL, N
33 34

The reaction of MCB with SeBr, gives the product 35
incorporating two cyclobutyl groups: 178

B
r r
SeBry l - S'e ?
S T ®
35 (43%)

At room temperature, compound 35 is gradually dehalogen-
ated and rearranges, affording substituted cyclopropylmethyl
bromides.

The electrophilic addition of tetramethyleneselanyl bromide
to MCB gives the selenonium salt 36.17% In all probability, this
reaction occurs via the intermediate bromonium ion 37: 18¢

R
J CSeBr Br-
—————————

. +.'v
~“Br
Se Br—

A
(_7 J

36 (90%)

The formation of different products in these reactions (com-
pounds 35 and 36) may be due to greater steric hindrance in the
selenium-containing nucleophile participating in reaction (7),
which hampers the attack on the nonterminal carbon atom of
the bridged cation 37.180

At —60 °C, MCB can combine with SO,, giving the cyclic
B-sultone. 18!

The chlorosulfamination of MCB yields a mixture of the
products 38— 40. The addition is nonselective and is accompanied
by partial rearrangement: 182

OR
CH;OR
40
R = R}NSO,.
4. Hydrogenation

Hydrogenation under mild conditions involves the addition of
hydrogen to the exocyclic double bond. Under more drastic
conditions, the cyclobutane ring is cleaved and the reaction yields
isopentane as the major product.® The heats of hydrogenation of
MCB and 1-methylcyclobutene have been reported by Turner et
al.'%7 The kinetics of the hydrogenation of MCB over platinum-
containing catalysts have been studied.!83. 184

5. Oxidation

When MCB is treated with hydrogen peroxide in the presence of
0504 or in formic acid, 1-hydroxy-1-hydroxymethylcyclobutane
41 is formed in 39% and 83% vyield, respectively.2!

H20, OH
_— OH

The highly selective dihydroxylation of MCB with hydrogen
peroxide occurs in the presence of the osmium catalyst obtained
from OsO4 or Os3(CO)12 and poly(4-vinylpyridine) or poly(4-
vinylpyridine 1-oxide).!%5

The epoxidation of MCB with 41% peracetic acid in CH,Cl,
in the presence of anhydrous Na,COj3 at room temperature gives
the oxaspirohexane 42 in 45% yield.!86. 187
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AcOOH
20 °C

f

The treatment of MCB with peracetic acid in acetic acid results
in a mixture consisting of the monoacetate of the diol 41 and
cyclobutanecarboxylic acid, while the use of perbenzoic acid in
chloroform yields a mixture of the oxaspirohexane 42 and the
monobenzoate of the diol 41,188

The kinetics of the epoxidation of MCB with peroxylauric
acid have been studied.?®? The epoxidation of MCB with atomic
oxygen, generated by the Hg-sensitised photolysis of N,O, occurs
nonselectively: apart from the epoxide 42, formylcyclobutane 43
and cyclopentanone 44 are produced.!%

o e P o O

42 (35%)

B

42

43 (29%) 4 (7%)

The oxidative cleavage of MCB by potassium periodate in the
presence of a catalytic amount of OsOy is the simplest of the
known ways of preparing cyclobutanone 45,191,192

O
i
—_—
[0804]
45

Methylenecyclobutane is ozonised at a temperature of —70 °C
in pentane. The resulting ozonide decomposes explosively at
—20 °C.193

Cyclobutanone has been synthesised in a yield of about 70%
by the ozonisation of MCB at —70 to —80 °C in CH,Cl; in the
presence of pyridine.!%4. 195

A series of MCB transformations accompanied by ring
expansion and resulting finally in cyclopentanone have been
described. For example, the oxidation of MCB with nitrous
oxide at 300 °C and 450 atm affords cyclopentanone 44 in a low
yield.196 One of these processes involves the intermediate forma-
tion of the epoxide 42, which is then allowed to react with Lil
without isolation from the reaction mixture.197. 198

[___/( m-CIC¢HC(OYOOH DAO Lil O: o
m-CICeH,C(0)OOH L
CHiClz, —10°C

2 44 (60%)

Methylenecyclobutane can be directly converted into cyclo-
pentanone by oxidation with oxygen in the presence of the
PdCl;—CuCl; catalytic system. The selectivity of this process
depends substantially on the nature of the solvent. It occurs
most selectively in benzene, the yield of cyclopentanone being
75%.19°

The oxidation of MCB to cyclopentanone with the complex
(MeCN),;PdCI(NO,) in CH>Cl; has also been studied.2%

The oxidation of 1-methylcyclobutene with TI(IIT) and Hg(II)
perchlorates,2°1:292 as well as with PdCl;, ! PdClLz, or
PACI(NO,)L, (L = CD3CN)2% results in cyclopropyl methyl
ketone 46, the chemistry of which has been discussed in a
review.204

D(_——> o}

(Hg, T1, Pd) Me

The autooxidation of MCB proceeds more slowly than that of
terpenes or other unsaturated alicyclic alkenes, the 2-position of
the cyclobutane ring being attacked predominantly.205

6. Hydroboration, hydrosilylation, and
hydrophosphorylation

The hydroboration of MCB with the subsequent oxidation of the
resulting cyclobutylmethylborane 47 leads to cyclobutylmethanol

48.206
CH;BH;

E( BH,/THE fj

MCB enters into the hydrosilylation reaction in the presence
of a Pt catalyst immobilised on a phosphinated silica gel: 207

, ,CH;SiMeCl;,

The hydrophosphorylation of MCB with phosphinic acid in
the presence of hydrogen peroxide in an acid medium at 50— 60 °C
affords cyclobutylmethylphosphinic acid 50: 208

9
<>—CH21|’H .

OH
50

The reaction of MCB with PBr; gives the corresponding
phosphine as the only product.2°® When the reaction is carried
out in a stream of O, the yield of the phosphine increases from
49% to 63%. The reaction is regiospecific and occurs via a radical
mechanism.

The treatment of the phosphinidene complexes PhAPW(CO)s
and MePW(CO)s with exocyclic olefins affords 1-phosphaspiro-
[2.n)alkanes (n = 2 — 5).210 In the case of MCB, a pentacarbonyl-
tungsten complex containing the 1-phosphaspirof2.3)-hexane
ligand 51 is formed.

CH,OH

48

HSiMeCl,

[Pt], 20 °C,24 h
49

H3PO;, H:0,, H*
_—
50-60°C,2h

(CO)sW
X R
% RPW(CO)s <></I
———ei-
51ab

R=Me(a), Ph (b)

V. Addition to the double bond with formation of
new C—C bonds

1. Alkylation
In the presence of 20 mol % BF;- Et>O in benzene at 7 °C, MCB
dimerises, giving the bicyclic dimer 52,211

of O

52 (30%)

A new pathway to the synthesis of C-glycosides, which are of
interest for preparing new anticancer preparations, has been
suggested by Herscovici et al.212.213 This method is based on the
electrophilic addition of the acylated glycals 53 to MCB, catalysed
by Lewis acids:

BF;-Et;O
7 °C, CsHg
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Ac
0 EtAICL,
Actin + ——
AcO
53

Ac

o Cl: : (
—_— Acghe ) .

o0
~

54 (80 %)

Reaction (8) was carried out at —20 °C for Smin in a
CsHj2—Et0 (5:1) solvent mixture. A number of workers
reported 157-214:215 the preparation of 5,7-dioxaspiro[3.5]nonane
55 by the reaction of MCB with formaldehyde catalysed by
sulfuric acid or p-toluenesulfonic acid:

55(49% —82 %)

If the above reaction is carried out at 40 °C in the presence of
30 mass % H3SO4, the yield of compound 55 is 49%.157-214 The
yield of 5,7-dioxaspiro[3.5]nonane can be brought to 82% with
virtually complete conversion of MCB by conducting this reaction
at 90 °C and with a CH,O:MCB molar ratio of 2:1 in the
presence of 2.5 mol % sulfuric acid and an equal volume of an
extractant (hexane).?!s

The methylated diol 56 has been obtained directly from MCB
using methoxymethyl methyl sulfate 57 as the alkylating

reagent.?!6
CH2CH20MC
MeOCH;080,0Me (57)
0S0,0Me —>
58
1. MeOH, 20 °C OMe
2. NEt;, 20 °C [j((;d/e
| 56
o
NaHCO; Me
OH
59

This reaction involves the intermediate formation of the
sulfate 58, which is subjected to methanolysis and then treated
with triethylamine without isolation from the solution. When the
intermediate 58 is treated with an aqueous solution of NaHCOs,
the reaction yields the alcohol 59.217

Similarly, 1-ethoxyethyl ethyl sulfate adds to MCB in the
presence of methanol to give the adduct 60.218

I\I'Ie
[—_( + EtOCHOSO:0Et

MeOH, NEt;
CH.Cl;, ~30 °C
OMe
—_— Me
EtO
60 (25%)

1-(2-Ethoxyethyl)-1-methoxycyclobutane 61 has been syn-
thesised in a similar way.2!?

?Me
OEt

61 (61%)

nf

2. Acylation

a. Electrophilic acylation

The known instances of the electrophilic acylation of MCB
involved the highly reactive cationoid reagents RCO*X~
(X~ = SO3F~, BFy, or SbFg) as electrophiles. The course of the
reactions of MCB with acyl tetrafluoroborates RCO*BF;
(Scheme 5) depends on the nature of the group R. The bulkier
the group R, the larger the contribution of reactions occurring
with the rearrangement of the intermediate cation 62.22° If R is Me
or Et, only the fluorinated ketone 63 is obtained. If R is Bu!, only
the rearranged product, namely, substituted tetrahydrofuran 64,
is formed. When R is Pr® or Bui, mixtures of the products 63 and
64 are isolated. When water is added to the reaction mixture, the
hydroxyketone 65 is produced via the hydration of the rearranged
cation 66.22°

[EtOCH2080,F]
_—_
MeOH, NEt;

Scheme 5

i I

CH,CR CH,CR
of 2w oy | e
——
CH:Cl OAc
—4510 —40 °C

62 67 (60%, R = Me)

r "

1]
CH,CR
) T
O R

63
66
MeOH H,O
EtsN
l :OCHg [><CH2C0R
fo) R CH,OH
64 65

(R=Bu*, 65%-70%)
R 63:64 ratio
Me 100:0
Et 100:0
Pro (85-75):(15-25)
Bui (30-35):(70-65)
But 0:100

The composition of the products of the acylation of MCB is
sensitive not only to the nature of the group R in the cationoid
reagent RCO*X™, but also to the nature of the anion X. The
solvent used also plays an important role.

When the acylation of MCB with acetyl tetrafluoroborate is
carried out in the presence of acetic anhydride, 1-acetonyl-1-
acetoxycyclobutane 67 is the main reaction product
(Scheme 5).221.222

When RCO*BF; is replaced by the harder ionic reagent
RCO™SbFg, the reaction yields the substituted tetrahydrofuran
64 as the only product, irrespective of the bulk of the group R.2%
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The acylation of MCB with RICO*BF; in the presence of
R2CN proceeds as coupled addition of RICO* and R2CN to the
C=C bond via the formation of the N-alkylnitrilium salt 68
(Scheme 6).222

Scheme 6
BF;
+— 2
E(* RICOBF,, R’CN N=CR
| ] ¢ H.CR!
CHAC
o
68
o
NHOR?
1O CH.CR! *—|H20
—-30°C 2“ R2
o © N
0
] 2
Rl
={ 0 F
20 °C O*BF; }
R! —BF;

Depending on the reaction temperature, either the amidoke-
tones 69 (—30 °C) or the 5,6-dihydro-1,3-oxazines 70 (+20 °C)
are formed selectively. The syntheses of a number of amido-
ketones 69 and oxazines 70 (R! = Me, Et, Pr*, Pri, But; R = Me,
CHCl, Ph) in 34% —100% yields have been reported by Gridnev
et al 224

In the case where acetyl fluorosulfonate, prepared in situ from
AcF and SO3, is used in the acylation of MCB, the composition of
the reaction products depends on the nature of the alcohol
introduced into the system: 223

AcOSO,F, ROH, NEty

I:K —70 °C, CH.Cl2
CH>COMe
— <><

<>=CHCOMe .

73
Alcohol 72:73 ratio Overall yield (%)
MeOH 7:5 65
PrOH 6:1 44

It has been reported that the complex of trichloroacetonitrile
with boron trichloride can be used as a chemical equivalent of the
acylium cation.226 The first step of the process affords the cation
74, which is converted in the presence of water mostly into the
ketone 75 and, to some extent, into the unsaturated ketone 76. The
overall yield of the products is 91%: 226

I—_—K CCl,C =N-BCl . - H0
_— 2 .
CHLCl,, —78°C OL)': NBCl3
74
Cl:C, Cl3C
o o}
—_— +
cl
75 76

The introduction of a perfluoroacyl group into unsaturated
compounds is hampered, because the perfluoroacyl cation is
easily decarbonylated and, furthermore, the readily available
trifluoroacetic anhydride is insufficiently electrophilic to acylate
alkenes. It has been suggested that the perfluoroacylation should
be carried out using the complex resulting from the addition of
trifluoroacetic anhydride to a solution of dimethyl sulfide in
CH,(Cl, saturated with BF3: 227

O,
E( (CF1CO),0 CF3 _Nlﬁh
SMe;, BF; " CF;CO,BF3
SMe;
(o)
CF;.
—_—
77 (26%)

b. Free-radical acylation

Only one example of the free-radical acylation of MCB is known.
It is the reaction of MCB with acetaldehyde (with an AcH: MCB
molar ratio of 10: l) initiated by atmospheric oxygen (at an air
flow rate of 40 h™!) in the presence of a catalytic amount of
Co(OAc); (1.5x 1073 mol 17!).228 Apart from the ketone 78,

acetic acid is also formed.

MeCHO o
40 °C ©

78 (67%)
Reaction (9) proceeds by a chain mechanism 22° involving the

formation of acyl radicals, their addition to the double bond of
MCB, and chain transfer by the intermediate radical adducts:

Scheme 7
7° Co,0 4° C
Me—C =0, Me—C
AN
H
i MeCHO °
—_— — 78 + Me—C
Me
3. Arylation

Only a few examples of the arylation of the MCB double bond are
known. For example, in the presence of AlBr3, MCB reacts with
benzene, yielding 1-methyl-1-phenylcyclobutane 79: 2!1.230

O O

79 (40%)
The reaction of MCB with mesitylene in the presence of
MeCO*BF; affords a mixture of arylation (80), acylation (63),
and coupled addition (81) products.?3!

=N

AlBr;
20 °C

_ MeCO*BF;
TCH.CL, —60°C
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& ¥

80 (27%) 81(3%) 63(38%)

If this reaction is carried out in the presence of BF 3, the yield of
compound 80is only 5%, and in this case extensive polymerisation
of MCB is observed.?3!

The reaction of MCB with phenol yields mostly a mixture of
mono-, di-, and tri(1-methylcyclobutyl)phenols 83—85 and a

small amount of the ether 82.232
OH
1 - @ 0L -
82 (7.5%)

OH

H2504
35 °C

85

Vo
87%

Depending on the reaction conditions, arylation may afford a
mono- or disubstituted phenol as the major product (yield
30% —40%).157

The reactions of MCB and other methylenecycloalkanes with
(p-anisyl)phenylcarbenium tetrachloroborate have been stud-
ied.233

V1. Reactions with retention of the C =C bond

1. Allylic alkylation, ‘ene’ reactions
The allylic anion 86 prepared from MCB and butyllithium in
tetramethylethylenediamine (TMEDA) reacts with methylallyl
chloride 87 to give a mixture of the isomers 88 and 89 usual for
allylic systems (88: 89 = 85: 15, overall yield 90%).23*

BuLi

f 2w,

Ja
87) +
88 89

I:((%)<>—<> D(_b L]
Br
—— + +

91 92 93

The alkylation of the allylic anion 86 with 2-bromo(methy-
lenecyclobutane) 90 affords a more complex mixture of products,

,:’ Lit —
:

since in this case not only the anion 86, but also the bromide 90 are
capable of reacting at two centres. The product ratios are
91:92:93 = 22:46: 32, with an overall yield of 85%.

The alkylation of the anion 86 with diphenylmethyl bromide
gave compounds 94 and 95 (in a | : 1 ratio) in an unexpectedly low
yield (17%).235 The carboxylation of this anion with carbon
dioxide proceeds with an equally low yield.?3¢

CHth
CHB:Ph,
— e
E{ 95 CHPh;
{ ~ Lit—
1.CO; COOMe
| 2 McOH

9% COOMe

N

Carbonyl compounds can also be used as the electrophilic
component in the alkylation of MCB.236-240 Thus, Snider et al.2?8
have suggested a method of preparing cyclobutenylmethyl-
(hydroxy)malonate from MCB and diethyl oxomalonate 98. The
reaction occurs without a solvent at 80 °C over a period of 170 h.
The yield of the alkylation product 99 is 63%. Its hydrolysis
followed by oxidation affords 1-cyclobutenylacetic acid 100: 23°

CO,Et D(\C(C02Et)2 1.KOH
+ 0=< -
| | 2.
CO,Et 3. ::)C;]
(CelV)

COH
— (10)

100 (96% —98%)

A similar reaction with isovaleraldehyde leads to the alcohol

101 in 43% yield.238
MeAICl m
11
[f /k/%o CHzClz OH ( )
101

It is noteworthy that the ‘ene’ reactions (10) and (11) are
highly regioselective: in both cases, the addition involves exclu-
sively the exo-methylene group of the allylic anion.

The selective alkylation of MCB with ketones (acetone,
cyclohexanone, cycloheptanone, or camphor) at the allylic carbon
atom of the cyclobutane ring can be carried out by using the novel
approach described by Bubnov et al.2*! A characteristic feature of
this approach is that alkylation with an electrophile (in this
instance, with a ketone) is preceded by the introduction of a
boron-containing group into the allylic anion 86:

E(i RzBBl’
[ Lit ——
l i

OH .

1.RR’ CO
2 H,0

m A

R"" R

102 (65% ~ 80%)
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2. Metathesis (disproportionation) and cometathesis
The catalytic disproportionation of MCB in the presence of a
heterogeneous rhenium-containing catalyst has been reported in a
number of studies carried out mostly in the 1970s.242-247

O O + o

103

The yield of bicyclobutylidene 103 in this reaction, carried out
in the liquid phase with constant removal of ethene from the
reaction zone, reached 70% over a period of 4 h. The dispropor-
tionation of MCB can also be carried out in the gaseous phase
over the same catalyst in a flow-type setup at 100 °C. The
WCls—EtAICl, - EtOH, WClg—Bu™Li, and MOO3/A1203 Sys-
tems turned out to be virtually inert in this reaction.

Catalytic processes involving the cometathesis of MCB with
other alkenes have also been developed: 245-247-249

R R
R
% + =/ _ﬂb [{‘ + CyHs. 12)

104

Re207/A1,0;
35°C

The products of the homometathesis of MCB and
CH,=CHR (which are not shown in the scheme) are also formed
in reaction (12).

From a mixture of liquid products of the joint disproportiona-
tion of MCB and propene in a flow-type setup in the gaseous phase
(with Re>O7/AlLO; as the catalyst, MCB:propene = 2:1,
volume rate of supply of the reactants 500 h™', 1: 1 dilution with
nitrogen, 20 °C), ethylidenecyclobutane 104 (R = Me) was iso-
lated in 20% yield.243

The cometathesis of MCB with 1-methylcyclobutene affords a
mixture of three diene hydrocarbons (105—107), the yield of each
depending on the reaction conditions (with Re>O7/Al,0; modified
by SnBuy as the catalyst and benzene as the solvent).24®

Re,04/ALO
%_Fj €207/Al;03 M*‘

105
+<>=<‘\= N <>=/->=<>
106 107

The cometathesis of MCB and cyclopentene (CP) was carried
out at low initial concentrations of the latter (MCB:CP = 9:1)in
order to exclude the possibility of its polymerisation, and at
temperatures between —65 and 35 °C. At 35 °C, with a CP: cata-
lyst ratio of 10:1 by weight, and for a contact time of 1 h, the
reaction gave 6-cyclobutylidenehex-1-ene 108 as the only cometa-
thesis product (the degree of conversion of cyclopentene was
90%).24°

of - [ e
+ —————

108

VII. Cycloaddition

1.[2 + 1]-Cycloaddition

The interaction of MCB with dihalomethanes in the presence
of metals such as Zn, Cd, or Cu with a CH,Hal;: metal molar
ratio of 1:2 in a polar solvent (DMF, dimethylacetamide,

acetonitrile, N-methylpyrrolidone, HMPA, formamide) results
in the formation of spirohexane 109: 250

EK M, CHHal, <><]
P e Y

109
M = Zn,Cq4,Cu.

Spirohexane 109 (yield 48%) has also been obtained by the
cyclopropanation of MCB with diazomethane in ether at —10 °C
in the presence of palladium acetylacetonate as the catalyst
(1 mol% with respect to MCB).25!

Dichlorocarbene adds to MCB to give 1,1-dichlorospiro[2.3]-
hexane.?*?

Alkynylhalocarbenes also add to MCB, yielding the corres-
ponding substituted spirohexanes 110.253

Cl

RC=CCCl
of mewa (P
CR
110a-c
R=Me, Pr", Pri.

The cyclopropanation of MCB with methyl diazoacetate,
catalysed by Cu(acac); in CH>Cly, is a convenient method for
preparing esters of spirohexanecarboxylic acid 111.254

COOMe
+ NpCHCOOMe —S8.

111 (87%)

The addition of singlet ethoxycarbonylnitrene to MCB has
been described.?’> This reaction gives the azaspirane 112 in a
moderate yield:

EK NCOOEL DANCOOEt .

112 (45%)

2.[2 + 2]-Cycloaddition

The cycloaddition to MCB of dichloroketene, generated in situ
from dichloroacetyl chloride, yielded the adduct 113.25¢ This
ketone has been used in the synthesis of spiro[3.4]octa-5,7-diene
114:257

O
Cl
[f aee X —— 52
) 114

113 (60%

The interaction of MCB with tetrachlorobutanoyl chloride in
the presence of Et;N proceeds in a similar way: 258

(o)

CClLCH,CHAIC? EuN CCLCH,CCl=C=0
3sCH:C < 65 °C.7h [CCl3CHy =C=0]
cl 115
0
cl
E( + 115 — CH,CCl; .
116
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3.]2 + 3]-Cycloaddition

A convenient way of synthesising spirane isoxazolidines 117
incorporating a cyclobutane ring in yields of 70% or more is
based on the 1,3-dipolar cycloaddition of N,C-disubstituted

nitrones to MCB.259. 260
o
[ XX
R

117
R =Ph, PhCO, PANHCO, XCsHsNHCO (X = Br, Me, Ac, EtO).

4 Ph
R—CH=N—Ph

20 °C, C¢H4Mez,48-72 h

The cycloaddition of the N-oxides 118 to MCB is a convenient
single-stage method for the synthesis of spiro(4,5-dihydro-
isoxazole-5,1-cyclobutanes) 119; 261-263

R
N
+ R—C=N-0- —» .
N\

18 o
119

p-Nitrobenzenesulfonyl azide reacts with MCB via a 1,3-dipo-
lar cycloaddition mechanism to give the triazoline intermediate
120, which undergoes rapid rearrangement with ring expansion,
affording the sulfonimide 121. The latter is hydrolysed to give

cyclopentanone: 264
<>C | —

XN3, CsHs
90 °C,100-120 h

mi

120
ITI__
X 121 4

An unusual cycloaddition has been observed on irradiating
MCB in benzene; equal amounts of the cyclic adducts 122 and 123
(overall yield 5%) were obtained: 26>

4.]2 + 4]-Cycloaddition
The interaction of MCB with dimethyl tetrathiooxalate occurs
similarly to the Diels— Alder reaction in which MCB acts as the

dienophile: 266
S SMe [___F

124 (75 %)
An unusual example of the formation of the cyclic adduct 125
from MCB and tetrachlorothiophene dioxide has been described
by Raasch.267

SMe
CCl4

77 °C 100 h

Cl

Cl Cl
o S o
Cl Cl

28 a cl
125 (75%)

The triazine 126 reacts with MCB in a similar way (with the
cleavage of the heterocyclic ring and liberation of nitrogen).2¢%

COOMe COOMe
MeOOCW)\ MeOOC._/
Ef I A,
-N HN
C:N
126 127

Methylenecyclobutane can enter into the Diels— Alder reac-
tion, acting as the diene.'*

4 M CO;H
/\ CO:H e\@/ 2 /@/ COZH
—_— +
Me

5.12 + 2 + 1]-Cycloaddition

The cycloaddition to MCB of alkynes bound into a complex with
cobalt carbonyl (one of the coordinated CO molecules partici-
pates in the reaction) yields a mixture of the spiroketones 130 and
131in a ratio of 1:1,26%.270

O
R R R
70°C,2h
LD C.2h +
[{"' 'u' CoxACOx ",
130 131
Y

47% (R = Me);
89% (R = Ph)

VIII. Reactions with ring opening

The opening of the MCB ring has been observed in its reactions
with hydroxyl or methyl radicals.271-272

The thermal decomposition of MCB has been studied.273-276
The Arrhenius parameters of this process were determined in the
same investigations.

The photolysis of MCB leads to equimolar amounts of ethene
and allene.?’”-278 Vacuum UV photolysis (Xe 147.0 nm and
Kr 123.6 nm) occurs less selectively.27%- 280 Among the photolysis
products, H,, C,H;, CoHa, allene, methylethyne, vinylethyne, and
buta-1,3-diene were detected.

The rearrangements of MCB accompanied by its decomposi-
tion have been discussed in a review.28!

IX. Polymerisation

The possibilities of using MCB for preparing polymers and
copolymers have been examined.

Methylenecyclobutane and some of its derivatives (3-CN,
3-COOH, 3-Me-3-COOH, 3-Ph) do not polymerise in the
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presence of radical initiators,?82.283 BF;-Et,0, or BuLi, but
they form copolymers with acrylonitrile, styrene, or methyl
methacrylate.?82

The polymerisation of MCB on treatment with Lewis acids
(AICl3, TiCly, SnCls, or BF3) results in a low-molecular-mass
polymer (average molecular mass < 2000) having a regular
structure with cyclobutane side groups.284

In the presence of Ziegler—Natta catalysts [AlEt;— Ti(OPr)a4
or AlEt;—-TiCly—PPhj), poly(methylenecyclobutane) is formed,
the ozonisation of which yields a linear polyketone.?®5 When other
catalysts were employed, polymerisation occurred with complete
or partial opening of the cyclobutane rings.286-288

The regioselective polymerisation of MCB and its regioselec-
tive copolymerisation with ethene occur on treatment with
[(1,2-Me>CsH3),ZrMe] * [MeB(C¢Fs)3]~ 289290 to yield a linear
polymer or copolymer 132 with methylene side groups.

.
Zr—R

(CH=CHy) x n
132

The influence of MCB on the polymerisation of isoprene in the
presence of the Ziegler —Natta catalyst Al(Bui);—TiCls has been
studied by Sire et al.2%! It was found that an admixture of MCB in
the monomer has no effect on the properties of the polymer, but
substantially retards the polymerisation.
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Abstract. Data on the synthesis and chemical properties of
sultines, cyclic esters of sulfinic acids, are reviewed. The known
methods for synthesising sultines are considered, the reaction
mechanisms and stereochemistry of the compounds obtained are
discussed. The chemical transformations of sultines, including
photolysis, thermolysis, redox reactions, and interaction with
nucleophiles, are described. The bibliography includes 109 refer-
ences.

1. Introduction

Lactones of sulfinic acids, i.e., sultines, were first mentioned as
early as the end of the last century.! However, the chemical
transformations of sultines long remained little studied due to
their inaccessibility. The chemistry of sultines began to develop
successfully only in recent decades. Many studies on methods for
the synthesis of compounds of this class and their properties were
published; the interest both of synthetic chemists and theoreti-
cians in them has grown significantly. From the theoretical view-
point, sultines are promising as models for studying the
stereochemistry of sulfur, since the S atom in them is located at a
vertex of a stable pyramid and does not have identical substitu-
ents, i.e. itis a chiral centre. The asymmetry of the molecule caused
by the S atom can be easily removed by oxidising the sultine to the
corresponding sultone.?3 Owing to the existence of a rather high
barrier to inversion of the sulfoxide group, the introduction of at
least one substituent into the sultine ring results in the appearance
of diastereomers differing in the mutual arrangement (cis or trans)
of the sulfoxide group and the substituent relative to the ring
plane, i.e., geometric isomerism appears. Sultines are interesting
as synthons because they possess hidden (latent) bifunctionality:
cleavage of the heterocycle at the S—O bond leads to the
simultaneous appearance of two functional groups in the product.

Owing to the increasing interest in studies on sultines and their
transformations, we have attempted to systematise the data on the
compounds of this class. It is noteworthy that sultines are
mentioned in several reviews devoted to sulfinic acids and their
derivatives;*~¢ however, these data are not systematic but very
fragmentary and given only in outline.
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I1. Methods for synthesising sultines

Three main groups can be distinguished among the known
methods for sultine synthesis; these groups differ in the approach
used to create the sultine structure. One group of reactions
involves fragmentation-cyclisation transformations of sulfones.
Another group combines cyclisations of bifunctional sulfur-con-
taining compounds, usually thiols, sulfides, or sulfoxides, in which
the hydroxyl group serves as the second function. The third group,
not the most common but very interesting, involves sultine ring
formation reactions with simultaneous introduction of three
heteroatoms into the molecule upon addition of sulfur dioxide to
unsaturated molecules.

1. Rearrangements of sulfones

A number of studies of both homo- and heterolytic sulfone
rearrangements, which result in sultine formation, have been
described. The driving force for these reactions frequently origi-
nates from a decrease in strain in the starting structure due to an
increase in the heterocycle size by one atom, as, for example, in the
case of four-membered cyclic sulfones, or from the presence of a
good leaving group in the molecule.

a. Reactions of sulfones involving homolytic cleavage of a C—S
bond

The formation of 5-substituted 3,3-dibromo-1,2-oxathiolane
2-oxides 1 was found to occur in the radical addition of bis(tri-
bromomethyl)sulfone to alkenes.” Most probably, sultine 1 is
formed through intramolecular cyclisation of radical 2. The
subsequent elimination of the very stable tribromomethyl radical
is the driving force for this unusual cyclisation. Sultine 1 is formed
ina low yield, the main processes being chain transfer. However, it
cannot be ruled out that a decrease in the concentrations of the
sulfone and alkene in solution, i.e., higher dilution, would lead to
an increase in the lifetime of radical 2 and, hence, to increased
probability of its cyclisation into sultine 1.

0 R!
s I =

BrsC—S—CBr; Br.C—S—CBr; | ———»
CsHie

R!
>.—CH2—'CBr2 —S—CBr; | —»
R? I



148

O B Bondarenko, L G Saginova, N V Zyk

Br
><_kBr
—  » R!
— [€Br3] =0
R!
%—CHz —CBrz —ﬁ'—‘CBr3
2
R O

B

R! I .
S, CH2_CBI'2 ‘—S—'CBrz
R? |

T

(BrCR!RZCH:CBr;);S0;

R! = Ph, R2 = H;
R! = R? = Me.

b. Reactions of sulfones and 1,2,3-thiadiazine 1,1-dioxides via a
concerted mechanism

The thermal decomposition of 3,8-diphenylnaphthothiete 1,1-di-
oxide 3 at 400 °C under nitrogen in the presence of 9,10-dihy-
droanthracene affords naphthosultine 4 in 78% —81% yield.? The
reaction presumably involves a step in which an intermediate
(possibly, a dipolar or biradical compound) is formed, which gives
sultine 4 upon subsequent cyclisation.

Ph
; 400 °C
o, 3
N2

Ph
3
Ph Ph
S'Oz 02
-~ ~
CH, CH,
Ph Ph
Ph o Ph C"’
sZ S
JOoNe0¢
P —_— [0
CH,
Ph Ph
4

The role of 9,10-dihydroanthracene in this transformation is
unclear; however, in its presence the decomposition of sulfone 3
stops at the stage of sultine 4. In the absence of 9,10-dihydro-
anthracene, the reaction proceeds further to give the fused-ring
fluorene 5 and fluorenone 6, i.e. the same products as those from
the thermolysis of sultine 4.

Ph
QI s
Ph

3

~Q - O
S ling o
& &

5(11% 6(33%

Thermolysis of the unsubstituted thiete 1,1-dioxide in the gas
phase at 400 °C or in a degassed benzene or cyclohexane solution
at 200 °C also gives the sultine 7 in high yields (up to 90%). It is
likely that this transformation involves the vinylsulfene 8 as an
intermediate. This is confirmed by the fact that this reaction, in the
presence of phenol, gives phenyl allylsulfonate in 15% yield.?

[——:,SOZ =~ [/_\502] -

lPhOH

4 SOsPh

The formation of the vinylsulfene 8 and its subsequent
transformation into the sultine 7 are believed to occur via a
concerted mechanism.® The fact that reaction of 2H-1,2,3-benzo-
thiadiazine 1,1-dioxide 9 with chlorine in an anhydrous medium
gives the chlorosultine 10 is considered ! to support this mecha-
nism. It is assumed that in this case the chlorination product 11
initially formed decomposes with elimination of the very stable
nitrogen molecule and formation of the vinylsulfene 12. The latter
then cyclises to the chlorosultine 10. However, it cannot be ruled
out that compound 11 gives the diazonium sulfinate 13 by
heterolytic cleavage of the S—N bond. Diazo compound 13 can
also eliminate a nitrogen molecule to give the same vinylsulfene 12
or be directly transformed into the chlorosultine 10.
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Clearly, the thermal decomposition of compound 9 also
follows a similar scheme.!!

Q@
NH

500 °C
—_—

(25%)

c. Reactions of sulfones involving heterolytic cleavage of the C—S
bond

The rearrangement of the four-membered cyclic sulfones 14a,b on
treatment with a base, fert-butoxymagnesium bromide, to give the
corresponding 3,5-diphenyl-1,2-oxathiolane 2-oxides 15a,b via an
ionic mechanism has been reported.! 3

+
Bu'—-OMgBr
H
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pn \ s
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Unlike the majority of transformations that result in mixtures
of diastereomeric sultines, this reaction is stereospecific with
respect to the phenyl substituents and stereoselective with respect
to the sulfonyl group oxygen. This is explained 1% 13 by the unique
structure of the reagent, fert-butoxymagnesium bromide, which,
together with diethyl ether as a solvent, exerts a ‘cage’ effect
around the sulfone. It is assumed that fert-butoxymagnesium
bromide initially abstracts a proton from the sulfone. The result-
ing carbanion and fert-butyl alcohol appear in close proximity to
each other, which permits fast reprotonation of the anion before
and after the rearrangement, and hence makes it possible to avoid
side reactions. The above scheme reflects the stereochemical
features of the reaction. The unusual cleavage of the C—S bond
remote from the reaction centre formed initially is explained in
terms of molecular orbital theory.

It is also interesting to note that prolonged reaction with
sultine 15b, containing trans-oriented phenyl substituents, results
in its complete isomerisation to cis-3,5-diphenyl-1,2-oxathiolane
(2,3-cis) 2-oxide 15a. The latter is probably more thermodynam-
ically stable, since the two bulky phenyl substituents in this
compound occupy pseudo-equatorial positions.!4

The synthesis of y- and 3-sultines by the desulfurisation of the
cyclic thiolsulfonates 16 and 17 on treatment with tris(diethyl-
amino)phosphine has been proposed.!’ According to 3'P NMR
data, the reaction occurs via the intermediate phosphonium salt

+
P(NEt,);

18.
S $—
(/\502 + P(NEty); — [/goz

16 18

— E/S—O + (Et2N);P=S8S

19 (80%)

S
| + P(NEt); —
SO,

(o)
— I + CSOZ + (EtzN)3P=S
S\

0
20 21

The cyclisation of the salt 18 through one of the nucleophilic
centres of the sulfinyl group, the O or S atom, accompanied by
elimination of the aminophosphine sulfide molecule can give a
sultine or a cyclic sulfone, respectively. The determining factor is
probably the size of the resulting heterocycle. For example, the
reaction with 1,2-dithiolane 1,1-dioxide 16 gives exclusively
1,2-oxathiolane 2-oxide 19, whereas desulfurisation of
1,2-dithiane 1,1-dioxide 17 gives the sultine 20 and the sulfone 21
in a 9:1 ratio.

Braverman et al.2:3-16. 17 gynthesised unsaturated y-sultines by
cyclisation of the sulfones 22 or sulfinates 23 on treatment with
bromine. It is believed that the reaction begins with the electro-
philic addition of bromine to the allene moiety with the formation

\ /
)=C=< R! Bra/CCly_
22
H '/-\O\ //O o H OQS//
2 S R!
Cor Br- Br Br-
24
u l—R‘Br
le) 0 H O\
\S/<R1 + HBr R? S=0
Br Br
25

= Me, CH;C=CH, CsH.Me R? = But, CMe>C =CH
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of the bridged bromonium ion 24. This allows one to explain the
retention of chirality at the y-carbon atom in the optically active
sulfones 22 during subsequent nucleophilic attack by the O atom
of the sulfonyl group. The subsequent transformation of inter-
mediates 24 into sultines occurs only when the former can
eliminate a stable carbocation, such as ferz-butyl or dimethyl-
propargyl, and probably proceeds via an Syl mechanism. When
there is no good leaving group, a proton is eliminated and an
acyclic product 25 is formed.

The fragmentation of sulfinates 23, unlike that of the sulfones
22, occurs via an Sy2 mechanism in which there is nucleophilic
attack by the bromide anion resulting in cyclisation to a sultine
with simultaneous elimination of an alkyl bromide molecule.

(e)
\ Br—
R? \S—-ORI R2 0\
>=C=< E.z.’ R3 Y S'T\'O/—Rl —
R3 H <E+ ’ —R!Br
Br’ H
23
RzZ O
R? \s=o
e
Br
R! R2 R3
Me Me Me
Et Me Me
Et Me H
Et H H

It is believed that the reactions of a number of sulfones 22, e.g.
with R! = Me, cannot occur via the Sy2 mechanism due to steric
and electronic effects of the sulfonyl group. 23,1617

A six-membered sultine, 3-methylbenzo[c][2.1]oxathiine
1-oxide 26, was obtained along with the usual reaction product,
the thiepine 28, upon isomerisation of benzyl (2-cyclopropyl-
phenyl) sulfone 27 in presence of acid.!8 The formation of sultine
26 is explained by rearrangement of the benzyl a-carbocation
formed initially to a f-carbocation followed by its nucleophilic
stabilisation by the sulfonyl group and by elimination of the
benzyl fragment.

.
CH—Et
H~* @s H.0
— 5
SO.CH,Ph 0,CH,Ph
Et

o/s\\0

27

28

+
CH,—CHMe
: SO,CH:Ph

Me
- H\O H - —20°C oH
- Me SO>CH:Ph
— + 0 _H:0|
7\ Me
o/ CH:Ph 20 °C
e————p
) —PhCH,OH o
L 5 i _
1 N i
0
26

Itis to be noted that the ratio of the reaction products strongly
depends on the reaction temperature, and at 20 °C one can obtain
sultine 26 in up to 84% yield.

2. Cyclisation of bifunctional sulfur-containing compounds
The cyclisation of bifunctional sulfur-containing compounds is
the most frequently used method for the synthesis of sultines. This
group of reactions is represented by diverse transformations.

a. Oxidation of a,-mercaptoalcohols, disulfides and
B-thiolactones

A number of syntheses of sultines by the oxidative chlorination of
mercaptoalcohols in various systems have been reported. For
example, benzo[c][1,2]oxathiine 2-oxide 30 can be obtained by
treatment of f-(o-hydroxyphenyl)ethanethiol 29 with chlorine in
glacial acetic acid.'® The mechanism of this reaction proposed by

the authors is presented below.
OH OH
O: Cl./ AcOH @[ L
—_—— —_i
CH,;CH>SH CH,CH,S 3
29
OH O.
X X J=
e —_— —_
CH>CH,SCl
o\S=O
LY
. 30 (49%)
@i‘j—ﬂ AcOH
—_— ———— T
Cl— OH
L o]
V4
CHzCHzS\

Cl

The same method was used to synthesise 3,5-diphenyl-1,2-
oxathiolane 2-oxide 15 from 3-hydroxy-1,3-diphenylpropane-
thiol’> and  4-[(benzyloxycarbonyl)amino]-1,2-oxathiolane
2-oxide 31 from hydroxypropy! disulfide 32.20

PhYYPh Cl,/AcOH
———

OH SH
(0] (0]
N\,
—_— S—-0 Ph + \S—O
Phw Ph\H
15a 15b Ph
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OH
Cl2 / AcOH
RHN-
H 2
32
NHR H
— / + /
S S
N\ N\
(o) (o)

31a (7%) 31b (28%)

However, the yields of the isomeric sultines 15a,b and 31a,b
did not exceed 40%. It is likely that the C— O bonds in compounds
15 and 31 are weaker than the Ar—O bond in the sultine 30 and
undergo extensive nucleophilic cleavage by the chloride anions
present in excess. This accounts for their considerably lower yields
compared with that of sultine 30. The yield of sultine 31 could be
increased to 86% —90% by maintaining the concentration of the
halogen at a sufficiently low level, which is possible when N-
bromosucinimide (NBS) or N-chlorosucinimide (NCS) are used
as halogenating agents.

A synthesis of the simplest sultines by the cyclisation of
o,0-mercaptoalcohols on treatment with chlorine in nonpolar
solvents followed by hydrolysis (see Table 1) has been proposed.?!
The authors suggest that when 2 equiv. chlorine are used in the
reaction, the acyclic chlorosulfonium ion 33 is formed,; the latter is
transformed into the cyclic ion 34, which then gives the sultine on
treatment with 1 equivalent of water.

2Cl; / CHCh
——

HO—(CHa»—SH  —o—n

+
— [HO—(CHz),. —SC]:] m’

33
.
(CG)\T_CI 0 L (CHy) T=O
ey —2HCI ("/o
34

It should be noted that when the distance between the reacting
centres increases, polymerisation prevails over cyclisation, which
decreases the yields of sultines.

A preparative method for synthesising cyclic mixed anhy-
drides of B-sulfinocarboxylic acids 3822 is based on oxidative
chlorination of substituted B-thiolactones 35 (with chlorine or
sulfuryl chloride) in acetic anhydride. It was demonstrated that
B-(chlorosulfinyl)alkanoyl chlorides 36 are formed in high yields
(75% —80%) for areagentratio 35: Cl;: Ac;O = 1:2:1,and that
the SOCI group is, most probably, formed due to interaction of a
trichlorosulfurane intermediate with acetic anhydride. With
excess acetic anhydride (35:Cl,: Ac;O = 1:2:2), sulfinyl chlo-
rides isomerise to the cyclic sulfuranes 37, which react with acetic
anhydride to give 1,2-oxathiolan-5-one 2-oxides 38.

R! R? 1 R2

R
R3 ZSOzclz W__..'_RS ACzO
S SCl, cocl| T %A«
O
35a—d

Table 1. Synthesis of the simplest sultines by chlorination of mercapto-
alcohols.

Thiol Sultine Yield (%)
HO(CH,);SH { =0 90
HO(CH,)sSH (\\ 85
=0
o
HO(CH,)sSH ‘ | 10
=0
o/S
Me
Y\ Me—QS=O 70
OH SH
(\rMe Me 70
OH SH Z —
o/S
H (¢}
Z i 80
x | S
0
R! R? rRi, K
R3 AcO
—_— R} —» —
CLS ;0 — 2AcCl
SOC1 COCl \0
36a—d 37a-d
e, K
R3
0o=S. >_=O
AN
0
38a-d
33 R! R2 R3 Yield (%)
a H H H 25-40
b Me H H 73-77
c H Me H 87-97
d Me Cl 100

The cyclic anhydrides 38 are highly reactive and find use in the
synthesis of physiologically active compounds.

The formation of tetraphenyloxathiolanone oxide 39 by the
oxidation of the corresponding B-thiolactone 40 with m-chloro-
perbenzoic acid (MCPBA) has been reported.?> However, the
yield of the sultine obtained by this method did not exceed 18%.

Ph Ph
Ph Ph 2.3 equiv. MCPBA, CH,Cl, R
S 50 °C
o
4
fh Fh PhiC Ph  Ph
Ph Ph d
—_—
s o =0 + >==< + PhaCO
No Ph P Ph
39(18%) (17%) (A5%)  (24%)
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The authors 2? consider that compound 39 could be formed
either by the oxidation of the initial thietanone 40 to a-oxo-
sulfoxide followed by its isomerisation to the sultene 41 and
transformation of the latter into the sultine 39 (cf. Ref. 41) or by
the oxidation of the initial thiolactone 40 to the thietanone dioxide
42, which subsequently rearranges into the sultine 39.

Ph Ph Ph Ph
Ph: Ph Ph Ph
R S o
V4
7 Yo “o
Ph Ph o 41
Ph—‘:tph i e
S 0 Ph Ph Ph Ph
40 Ph Ph Ph Ph
L —
Oo=S O==S. O
I Yo o
O
Q2 39

The oxidative cleavage of 3,3'-dithiodipropanol with aqueous
KI-I, solution followed by cyclisation gave 1,2-oxathiolane
2-oxide 19 in 77% yield.2* A kinetic study 2* allowed the following
reaction mechanism to be put forward:

HO—\_/S-— \—/—OH +E

L,
e HO——\_/‘SU—S\‘f/——OH\H_ .
43
H SI
O_\_/ : ~1-, —HI

—_— +

IS OH
./

O0—S
U I, H0
“

—HI
1
| o
O—S—OH
—HI U
19

The attack of the disulfide —iodine complex 43 formed initially
by an iodide anion cleaves the S—S bond in the disulfide. It was
shown that hydroxy groups do not exert nucleophilic assistance in
the cleavage, and that the cyclisation of sulfenyl iodide as well as
the thiolate—iodine complex occurs in the next step. The resulting
sultene 44 undergoes subsequent oxidation and hydrolysis to give
1,2-oxathiolane 2-oxide 19 as the final product. It is noteworthy
that this reaction is not general. For example, 4,4'-dithiodibutanol
is oxidised by an aqueous solution of iodine to give 4-sulfobuta-
nol, possibly because the distance between the reaction centres
involved in the cyclisation increases. Under the same conditions,
3,3'-dithiodipropionic acid is transformed into 3-sulfopropionic
acid.

b. Cyclisation of «,@-hydroxysulfoxides

The cyclisation of hydroxyalkyl sulfoxides in the presence of
halogenating agents, such as NBS, NCS or SO,Cl,, results in the
formation of sultines25-28 or sulfones, 34 depending on the
structure of the starting compound.

In all cases, the existence of a cyclic intermediate of type 45 is
assumed,3?3* which can be opened at the C—O bond to give
sulfones or, when R is a good leaving group, can give the
corresponding sultine by cleavage of the R—S bond.

o) (0]
4 X*]

R—S§ —

R—SZ—(CH,), —CH,0H
(CH;),—CH>0OH X X-

—_

(o]
N§—(CHy),

—

—~RX
x- O—CH;
—_— R—S+—(CH2),. i

(o]

O—CH; "

45 —_H;R——ﬁ—_(CHZ)"_I_CH=CH2
(6]

+
I
R—ﬁ——(CHz),, —CH,X

¢]

X =CLBr;, n=1-4

Durst and co-workers?¢ used this approach to synthesise
sultines containing from five to eight atoms in the heterocycle by
reactions of tert-butyl w-hydroxyalkyl sulfoxides with sulfuryl
chloride.

O
B SO:Cl,

\
CH;(CH2), —CH:0H

—+ Bu'—S—CHy(CH)»—CH;0H —»

ca  c-
CH
o\
L }CH;),.
[ B |
—Ha " "\CH2 —Bu'Cl _CH;
le) Cl- O \
_ . é (CHy),
0 o” cH,
V4
—> c—s§
—BuCl \ —HCl
CH.(CH3),CH,OH
n=1-4

In this case, the tert-butyl group serves as a good leaving
group. Sultines are formed in high, nearly quantitative yields for
n = 1,2 (see Table 2). When n increases, i.e., the reaction centres
become more distant from each other, the probability of the
cyclisation and hence the yields of the sultine decrease. The yields
of sultines obtained by the cyclisation of ferz-butyl hydroxyalkyl
sulfoxides in the presence of halogenating agents (NBS, NCS,
S0O,Cl,) are given below.

(o) (0] (0]
S§O =0

(83%) (75%) (58%)
o) Me_ _O o)
0
! l Ss=0 U:.—o L/\S=o
S§0 Me
(45%) Me (72%) (80%) (80%)
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O, 0\ Ph 0\
\S=0 Lf=0 \E/S=O
Ph (0%) (81%) (96%)
—0 —0
S“O
Me
(90% (96%) (88%)
Ph Me
(I) Me o
(0] (0]
| | U
S§O §O Me X
(712%) (85%) (78%) (65%)
Me Me Ph Me
(o}
| 7 I
Me X0 SQO S*O
(80%) (70%) (90%)
(o}
l o OO
AN =0
o)
(60%) Unstable (95%)
(:(M/S\
(75% - 95%

Certain stereochemical features of this reaction are of interest.
v-Sultines with substituents in the ring were isolated as mixtures of
diastereomers, whereas the formation of 8-sultines (six-membered
heterocycles) occurs stereoselectively and results exclusively, or
predominantly, in one isomer having a chair conformation with
an axially oriented S= O bond and a substituent in an equatorial
position.?*> The preference for a conformation with an axially
oriented S=0O bond for cyclic trimethylene sulfites and their
analogues is obviously related to the anomeric effect.’5-37

i i i I

S S St
[LO7 [ [T RO e

Cl—

46

The high selectivity of the transformations in the synthesis of
8-sultines is explained %6 by the isomerisation of products under
the reaction conditions or during isolation, on the one hand, and
by the predominant formation of some of the isomers during the
reaction, on the other hand. It cannot be ruled out that this
preference manifests itself at the alkoxyoxosulfonium salt forma-
tion stage, for which the conformation 46, with both substituents
in equatorial positions, is the most favourable.

Attempts to synthesise B-sultines from fers-butyl 2-hydroxy-
alkyl sulfoxides failed due to their instability: at 20 °C, they
eliminate sulfur dioxide in several minutes to give unsaturated
compounds.3® 3% This is probably caused by the significant strain
in the four-membered ring.

OH
N\
S—CH—C
/T [ re
Bu! R! R3

S0;Cl; / CH,Cl,
—_——

(") Cl- OH (l)—CRZR3
/
—> Bu'—S—CH—C —» Bu'—S—CHR! —»
| [ r:
Cl R R3 o a-
O—CRZR3 Rl R
— . >==(
S—CHRI =50y -
o

It was only in the case of tert-butyl 2-hydroxy-1,1-dimethyl-
2,2-diphenylethyl sulfoxide 47 that the corresponding sultine,
3,3-dimethyl-4,4-diphenyl-1,2-oxathietane 2-oxide 48, which is
stable at 20 °C over a period of several days, was isolated and
characterised.*®

o} Me oy
\\S_é_c/ SO,Cl; / CHCly
| |\Ph ~70°C
Bu' Me Ph
47
Ph Me
o—l—pn Pn | Ph  CH)CI
— | + y—Cc—r + =
Y P Me
o Me Me
48 (60%) (15%) (15%)

However, despite all failures to synthesise B-sultines, the
generality of this method leading to heterocycles with 5 to 8
atoms in the ring and the possibility of synthesising various
sultines by introducing substituents into the alkyl chain of the
initial tert-butyl @-hydroxyalkyl sulfoxide make this reaction a
promising preparative method.

The cyclisation of 2-(benzylsulfinyl)isophthalic acid 49 gives
the sultenes 50 and 51. The latter was oxidised with MCPBA to
give the corresponding sultine 52.41:42 The reaction mechanism
was not discussed in detail; however, it can be assumed that
cyclisation of the sulfoxide in an AcOH/Ac,O mixture probably
occurs by an intramolecular Pummerer reaction followed by
nucleophilic participation of the neighbouring carboxyl group.

CO.H
0
Va AcOH / Ac,0
s S
CH,pp  100°C
COzH
COH CO,CH,Ph
S
N\
— @i\( + O + AcOCH,Ph
o)
51 (74%) 50 (19%)
COH //0
\
MCPBA o
e}
52(80%)
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¢. Cyclisation of hydroxysulfinates

The sultine ring is also formed through the cyclisation of hydroxy-
sulfinates in acidic media. They can be generated using various
methods.

Forexample, Durst et al.*3 suggest that hydroxysulfinates can
be obtained by the reduction of 1-hydroxy-1H,3 H-benzo[c]}-thio-
phene 2,2-dioxides 53 with sodium tetrahydroborate. Subsequent
cyclisation of hydroxysulfinates gave 1H,4H-benzo-[d][2,3]oxa-
thiine 3-oxides 54.

It is believed4? that hydroxysulfinate cyclisation in acidic
media involves the participation of the protonated form of sulfinic
acid. The possibility of this transformation was shown for the acid
hydrolysis of methyl toluene-p-sulfinate in H,'80.44

R' oH R
O3
53 Rz R2
R! R!
OH
S H*, —H,O I
%)Hz —H*, —H» §0
R? © R?

R! = R? = H (70%); R! = Me, R? = H (55%); R! = H, R? = Ph (79%)

The generation of a hydroxysulfinate followed by cyclisation
also occurs during the metallation of the cyclic sulfone 53 with
organolithium reagents. It was proposed to synthesise various
sultines using functionalised lithium derivatives.43.45

Me oOH Me,  Me
i OLi
SO, 2MeLi . HCI
O.Li

Me_ Me
—_— |

No

Messinger 4647 obtained hydroxysulfinates by the cleavage of
v,Y'-dioxosulfones with the cyanide anion followed by their

reduction with sodium tetrahydroborate.
+ R\n/\/CN

(R ~so: S ® 50
I \n/\/

0o 0o
lNaBH.;
R SO;
OH
H* l —H,0
R O R
N
K>+ KO\

55a

55a: R = p-CICsH4 (65%), p-MeCsHa (60%), p-MeOCsHs4 (63%);
55a+55b: R = PhoCH (72%), CioH7 (42%)

It is interesting to note that upon subsequent acidification
of phenyl-substituted  hydroxysulfinates (R = p-CICsHj,,
p-MeCe¢Hy, or p-MeOCsH,) their cyclisation to sultines occurs
stereospecifically and gives exclusively cis-diastereomers 55a. It is
likely that this feature of the reaction is due to steric effects of the
substituents, since 5-(B-naphthyl)- and S5-(diphenylmethyl)-
sultines, obtained under the same conditions, consist of a mixture
of isomers 55a + 55b.

The alkaline cleavage of dibenzothiophene dioxide 56 in the
presence of 18-crown-6 gave potassium biphenyl-2-sulfonate 57
and dipotassium 2'-hydroxybiphenyl-2-sulfinate 58. Acidification
of the mixture gave mainly biphenyl-2-sulfonic acid and the
sultine 59.48

It is remarkable that in the absence of a crown ether,
potassium biphenyl-2-sulfonate 57 is formed exclusively, i.e. only
the S atom is attacked by the hydroxide ion (pathway a). It is
assumed that the loss of reaction selectivity in the presence of the
crown ether is due to the appearance of free hydroxide ions, which
are more reactive than the solvated ions. This allows the hydroxide
ions to attack the aromatic ring (pathway b) to give the dipotas-

sium salt 58.
Ph
X
SOsK

/ //\t\
18-Crown- HCI
SOzK
\\
(62%) (4%) 59 (26%) ©

The synthesis of the sultine 60 by the cyclisation of the
corresponding hydroxysulfinic acid 61 on treatment with thionyl
chloride or acetyl chloride has been reported.*® The hydroxysul-
finic acid 61 was obtained from benzothienobenzo-thiophenedi-
sulfone 62 by nucleophilic cleavage of the C — S bond by the amine
and subsequent hydrolysis.

O\\ //O

%
62 o
o)
AV

-~ O

N
SO; NRIR? HoNRIR?

¥
H;0

O
°\\//

- T0

HO,S

SOClz

61 60
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A general method for the synthesis of 1,2-oxathiolane-5-one 2-
oxides 63a—c and 2,1-benzoxathiol-3-one 1-oxide 63d by treat-
ment of bis-sodium p-(hydroxysulfinyl)carboxylates 64 with
oxalyl chloride according to the following scheme has been
proposed:>

R! R2
+ (COCI),
“NaCl, —CO, -CO
NaO,S  CO:Na @ 2
64
R! R2 R! R2
> < or TNaCl
—INa
Clos  CO;Na NaO,§  CoCl
R! R? a:R! = R2 = H(63%);
. >—L b: R! = H, R? = Me (64%);
S c: R! = Me, R2 = H (59%);
o? oo )
d: RICCR? = :@ (70%).
63a—d

Mixed anhydrides of B-sulfinocarboxylic acids 63 are unstable
and can be isolated only if moisture is completely absent.

d. Cyclisation of bifunctional compounds with simultaneous
introduction of a sulfur-containing group

Let us consider several examples demonstrating the syntheses of
sultines by the cyclisation of bifunctional compounds involving
the introduction of a sulfur-containing group.

In their study of new sulfur transfer reagents, Harpp and
coworkers 3! proposed the synthesis of sultines by the reactions of
N,N'-thiobisimidazole 65a and N,N’-thiobisbenzimidazole 65b
with certain diols.

NZ\ /=N N= /=N
|\/N—-—-S—N | N—S—N |
S — =
65a 65b

Compounds of type 65a,b are reactive toward nucleophiles
containing an active hydrogen atom (OH, SH, NHR). This is
explained by the protonation of the leaving group of the reagent in
the first reaction step followed by its nucleophilic substitution
(when it is eliminated as a neutral molecule).

The mechanism of the transformation of the diols 66 and 67
into the corresponding sultines has not been discussed;>! however,
one can assume that formation of the cyclic sulfoxylate 68 occurs
initially, and the latter then rearranges to the sultine 69. Similar
rearrangements are known for acyclic allyl and benzyl sulfoxy-
lates.>?

<I:&'J—H+ |\/N—S—— \/j ccl_

65a
. HN/\\;JQ_ S_N/§N
</ ) & e
o2
OH

~ QT

/tN
-0 -~ L
No
69 (100%)
0 91%)

The synthesis of 3-phenyl-1,2-oxathiolane 2-oxide 70 by
treatment of 1,3-dibromo-1-phenylpropane with sodium 1-ben-
zyl-1,4-dihydronicotinamide-4-sulfinate 71 has been reported.>?
The initial step obviously involves the formation of the sulfinic
ester 72 with elimination of a bromide anion, the cyclisation of this
ester then occurs by nucleophilic attack by the S atom at the C
atom of the benzyl fragment. Subsequent elimination of 1-benzyl-
1,4-dihydronicotinamide (BNA) yields sultine 70.

Ph DMF Ph
j/\ + BNA—SO;Na ———» j/ﬁ —_—
—NaBr Bs

Br Br r O
7 %
BNATTN\
/o)
7
Ph Ph
- YY) — )
— BNA*Br- —
BNAY Br- 7

The synthesis of y-sultines by treatment of y,5-unsaturated
alcohols with thionyl chloride in the presence of pyridine has been
suggested.* In this reaction, the intermediate 73 undergoes
cyclisation involving the double bond, which in this case acts as
a second functional group.

(o}

Cl- I

Y\/OH $0CI;, Py, 0 °C, S
“HOl Me o Na

Me

0
Cl lsl
— Meﬁ//
(0]

It should be noted that 4-chloro-4-methyl-1,2-oxathiane
2-oxide 74 was isolated as one diastereomer with cis-axial orienta-
tion of the S=0 group and the Cl atom.

An analogous combination of a double bond and a hydroxyl
group is also present in the tricyclic alcohol 75, which gives the
sultine 76 on treatment with thionyl chloride.5*

73

H (o)
SOCl, CHg, OS5
76 °C al

15 76
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It was shown that the result of the reaction in the rigid
structure 75 is largely determined by the mutual orientation of
the reaction centres — the hydroxyl group and the double bond —
in the molecule and by the distance between them. Another
interesting feature of the reaction should be noted: this is an
unusual example of an electrophilic exo-cis-addition to a double
bond. This conclusion was based on the spectral characteristics of
the reaction product, the sultine 76.

The reactions of unsaturated alcohols with N-sulfinyltoluene-
p-sulfonamide in the presence of BF; - OEt; gave diverse chiral six-
and seven-membered mono- and bi-cyclic sultines (see Table 2).56
The high stereoselectivity of the reaction was noted: the stereo-
chemistry of ring annelation is determined by the configuration of
the starting alcohol; in each case, the molecules of the resulting
sultines contained an axially oriented S = O bond and an exocyclic
methylene fragment.

Alcohols A and F (see Table 2) gave the sultine 77 and the
product 78, which retained the amine residue; this did not allow

Table 2. Syntheses of sultines by the reaction of unsaturated alcohols with
N-sulfinyltoluene-p-sulfonamide in the presence of BF3- OEt,.

Alcohol Formula Product Yield (%)
OH o
A é 32
o
0
B I\ OH I 64
S§O
Ph P
C IOH ? 69
. S§O
D é\ M 53
v~ “OH 0
H H |
E (5 H 75
v~ "OH (0
H H |
F E‘-n OH 17
O
0
G OH \ 46
S=q
H ""OH 0 47

e
e
1l
o)

the authors3 to make an unambiguous conclusion about the
reaction mechanism.

BF; - OEt;

OH
-+ —— ———
RN=5=0 10°C,2h

R = MeCsH4SO;

The synthesis of dibenzoxathiine oxide 59 from o-hydroxybi-
phenyl and thionyl chloride in the presence of Lewis acids 37 can be
formally assigned to the above type of reactions for the aromatic
series. In this case, the second reaction step involves typical
electrophilic substitution in the aromatic ring.

M —

ﬁ—Cl--—AlCl;

-~
o—s H 0—s
\ \
) )
59 (51%)

3. Syntheses of sultines with participation of sulfur dioxide
We assigned reactions involving sulfur dioxide as one of the
reagents to the third group of transformations resulting in the
formation of the sultine ring. When considering these reactions,
attention should be paid to particular features of the structure of
sulfur dioxide, in the molecule of which the S atom has simulta-
neously a nonbonding electron pair and vacant d-orbitals. It is by
virtue of the latter that sulfur dioxide forms charge-transfer
complexes with various Lewis bases, namely, amines,® aromatic
compounds,>® 6! ethers, alcohols 62 and alkenes.®3 Sometimes, as
in the case of trimethylamine, these complexes are so stable that
they can be isolated in the crystalline state.5% 65

a. Reactions of sulfur dioxide with 1,3-dienes
The well-known cheletropic addition of sulfur dioxide to con-
jugated polyenes in the presence of inhibitors of radical processes
involves both the vacant d-orbitals and the lone electron pair of
the S atom. This transformation occurs as the [2 + 4][n + nn]
cycloaddition to give five-membered cyclic sulfones, i.e. sulfo-
lenes.56 However, it was noted that, in some cases, an atypical
mode of addition of sulfur dioxide to dienes involving the S=0O
bond gives unstable unsaturated six-membered sultines, which
undergo retrocycloaddition and rapidly decompose into the
starting compounds.?6

For example, the formation of a kinetically controlled reac-
tion product, the sultine 79, in the course of [2 + 4|[n+nn]
cycloaddition of sulfur dioxide to substituted dimethylene-tri-
cyclohexane 80, a reactive diene in the Diels— Alder reaction, has
been reported.5
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o
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81
100 °C
<20 °C “20 °C _202
2\
O g 83
blZO °C 100 °C
SO,
#% >
Z
0
I
84
o 82

The sultine 79, which is unstable at room temperature, is
transformed into the sultine 81 (up to 90%) by isomerisation of
the tricyclic fragment into a benzene ring (pathway a), or into the
sulfone 82 by retroaddition (pathway b). Heating of the sultine 81
in o-dichlorobenzene at 80—100 °C results in its dissociation into
sulfur dioxide and o-quinodimethane 83 with subsequent recom-
bination into the thermodynamically controlled product sulfone
84, a product of [2 + 4][n + nnr] cycloaddition. The same sulfone
was obtained by isomerisation of the tricyclic fragment in com-
pound 82. It was also noted that the addition of diene 80 to liquid
sulfur dioxide at — 50 °C gave only the aromatic sultine 81, which
is probably due to the isomerisation of the sultine 79 to 81
catalysed by liquid sulfur dioxide.

The preferential formation of the sultine 69, the product of the
12 + 4][r+rn}-cycloaddition of sulfur dioxide to o-quinodi-
methane under kinetic control, together with a sulfone (ina 9:1
ratio) was noted.5®

NH HgO N
| = | ——
NH —20t020°C N —N:
(o) O
— 50, |+ S<
SN (@)

6]

In some cases, the addition of sulfur dioxide to conjugated
polyenes is catalysed by Lewis acids.®=~72 The latter form com-
plexes with sulfur dioxide,”* which then behaves with enhanced
electrophilicity. The reactions occur stepwise with intermediate
formation of carbocations.

For example, the reaction of cyclohexadiene with the
SO, SbFs complex™ gives the bicyclic sultine 85. The authors ™
assume that the formation of 85 occurs through a 1,2-hydride shift
in the allylic intermediate 86.

69

$

l SO, - SbFs
- - O-SbF
SO,SbFs SO,SbFs J 5
= o
) +
86
)l( lNaHCO;, H:0
0 0
S// S//
SO, / e
G 0
+
85 (40%)

It is interesting that the reaction with 1,3-cyclohexadiene
occurs stereospecifically and gives the isomer 85 as the only
product; its structure was confirmed by X-ray diffraction analysis.
On the other hand, reactions of sulfur dioxide with cyclohepta- or
cycloocta-1,3-dienes give complex mixtures of addition products.

b. Reactions of sulfur dioxide with cyclopropanes

The formation of the cyclic sulfinate 87 by the addition of sulfur
dioxide to cyclopropyl chloride in the presence of SbFs was
observed by Olah and co-workers 7> when attempting to obtain
dicyclopropylhalogenonium ions from cyclopropyl halides. The
mechanism of this transformation has not been discussed; how-
ever, it can be assumed that the first step of the reaction involves
electrophilic attack on the cyclopropane ring by the SO;-SbFs
complex with the cleavage of the C(1)—C(2) bond to form the
carbocation 88. Subsequent intramolecular cyclisation involving
an O atom of sulfur dioxide gives the sultine 89, which eliminates
an HCl molecule to give the cyclic sulfinate 87.

cl
SO; - SbF (\+‘
i e
Fssb- 07 Yo
88
cl
— o) H:0 o
/ _HCY, —SbFs /
S
\
O SbFs o)
89 87

Several papers’6-8! have described the addition of sulfur
dioxide to arylcyclopropanes in the presence of trifluoroacetic
acid. The reaction occurs regioselectively and results exclusively in
5-aryl-1,2-oxathiolane 2-oxides 90 in good yields (Table 3).

R! @—’ZQ_RB

R

SO;, CF;CO.H
———
20 °C

R2
1
R O\S R3

|
90 (o)
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Table 3. Synthesis of sultines by the addition of sulfur dioxide to
arylcyclopropanes in the presence of trifluoroacetic acid.3!

R!” g s

R

Arylcyclopropane Product Diastereomeric compo-
yield (%) sition of the sultine (%) 2
R! R? R? A B C D
H H H 76 60 9 — —
pMe H H 88 60 40 — —
pMeO H H 92 60 40 — —
p-Br H H 45 S5 45 — —
pl H H 93 55 45 — —
0-Cl H H 22 65 35 — —
o-Br H H 51 55 45 — —
o-1 H H 44 60 40 — —
H H  Ph{cis) 70 50 50 — —
H H Ph (trans) Does not react — — = -
p-F H  p-FPh(cis) 80 50 0 — —
p-Me H  p-MePh(cis) 84 50 50 @ — —
pPMeO H  p-MeOPh(cis) 95 60 40 —
p-Me H  p-MePh(trans) 65 ) 55 16 16
pMeO H  p-MeOPh (trans) 94 61 15 13
H Ph Ph 95 100 — — —
H H Me 60° 30 5 10 —
H Me H 75 50 50 @ — —
4 The diastereomers A—D are shown in Scheme 1. ®In this case 10% of a
structural isomer — 4-methyl-5-phenyl-1,2-oxathiolane 2-oxide was
isolated.

A study of this reaction with a series of arylcyclopropanes
substituted in the trimethylene and benzene rings indicated that it
is an electrophilic reaction.

The resulting y-sultines are mixtures of diastereomers (the
addition was stereospecific only in the case of 1,1,2-triphenyl-
cyclopropane).

AAR

S0,, CFsCOH
—_—_———

It was suggested that the reaction proceeds through a step
involving formation of an open carbocation according to
Scheme 1.76-81 This is consistent with the steric requirements of
the reaction products obtained. The preferential formation of
isomer A in the case of trans-diarylcyclopropanes is explained by
its thermodynamic stability arising from the fact that the bulky
phenyl substituents in the latter, which are in a cis-position to each
other, occupy the most favourable pseudo-equatorial positions in
the molecule.

The above reaction is a convenient method for obtaining
5-aryl-1,2-oxathiolane 2-oxides, which can be used as synthons in
organic syntheses for the bifunctionalisation of hydrocarbons,

The photochemical addition of sulfur dioxide to certain
arylcyclopropanes to give S-aryl-1,2-oxathiolane 2-oxides 90 has
also been reported.’? In this case, cyclopropanes containing
electron-withdrawing groups in the aromatic ring were found to
be reactive. p-Nitrophenylcyclopropane gives the sultine 90 and
the cyclic sulfone 91; the latter becomes the only reaction product
in the case of the o-nitro isomer. It is noteworthy that, of the
systems studied,®2 a number of cyclopropanes (phenylcyclo-pro-
pane, p-biphenylylcyclopropane, 1-methyl-2-phenyl-cyclo-
propane, p-halophenylcyclopropanes, cyanocyclopropane,
acetylcyclopropane and cyclopropanecarboxylic acid) did not
undergo photochemical addition of sulfur dioxide.

R — R
hv o0—4
\O

90 (36%)
R = CN, NO,, Ac

SO,
—_—
0/ \0
R = o-, p-NO; 9N
The addition of sulfur dioxide to substituted benzvalenes to
give mixtures of isomeric sultines and sulfones has been

A

Scheme 1

Ar
,// $0,, CF3CO:H ‘\\ SO2, CF3CO.H
- Ar, Q R Q R 7
50, - CFsCO.H Af  SO;- CF;COH
" ! ! )
+
CH R /CH
| ~$0, - CF4CO;H Ar ~§0; - CF;COH
I —CF;CO:H —CF;CO:H
' —
‘' ! ! !
H Q
o\\ H (ﬁ o\ i
s—0 § -0 5—Q s—0
RN’ R H R\H/H R Ar
H H Ar H Ar H
A B C D
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reported.?3.84 In the case of benzobenzvalene 92, the sultine 93 is
the main reaction product (the product ratio 93:94 = 3:1).

—_— +
—50°C
=0 SO;
o)
92 93 (40.5%) 94 (13.5%)

The addition of sulfur dioxide to the cyclopropyl-F;, complex
95 [where Fp, = (n°-CsHs)Fe(CO);] has been reported 85 Sulfur
dioxide is usually inserted into the C—M bond of such com-
pounds, but the reaction involving complex 95 follows a non-
standard pathway with opening of the trimethylene ring and
formation of the carbocation 96, which is then transformed into
the sultine 97.

] e e - R
95 96 97

However, the reaction of the norcarane-F, complex with
sulfur dioxide results exclusively in the sulfone 98. It is assumed
that the reaction goes through the intermediate ion 99 having a
trans-configuration, which makes cyclisation impossible.

g = 2~ L

c. Reactions of sulfur dioxide with organometallic compounds
Quite unexpectedly, the sultines 100 were found to be formed in
reactions between sulfur dioxide and 2-alkynyl derivatives of
transition metals 101.86 The initial electrophilic attack is at the
C=C triple bond. The scheme presented below is supported by the
fact that the reaction between sulfur dioxide and the
Ph3;SnCH,C=CH complex gives the stable sulfinate PhiSn[O-
S(O)YCH = C=CHa3), the structure of which is similar to that of
intermediate 102.

I
MCH
N
+ — O C —
(0]
161 102
H.C M M
2%
¢ R
— "0 C —_—
N7 R 0—S
N\
Il 0
O
100
M R M R
13-CsH;sFe(CO)2 Me Mn(CO)s Me
ﬂs-CsHsFe(CO)z Ph ﬂs-CsHsMO(CO)3 H
Mn(CO)s H ﬂs-CsHsMO(CO);; Me

Conversely, the reaction between sulfur dioxide and Grignard
reagents or organolithium compounds occurs in the typical way,
sulfur dioxide being inserted into the C—M bond. For example,
the a,fB-unsaturated y-sultines 103 were synthesised®? by the
addition of sulfur dioxide to the Grignard reagents 104 obtained
from propargyl alcohols. The hydroxysulfinate formed initially

undergoes cyclisation to the sultine 103 upon subsequent
hydrolysis (see Section I1.2.c).

R! R2 B
RIC=CCH,0H XMeX, NP‘! >=.<_ S0:/EtN
XMg OMgx H:0”
104
R! R?2
-
O/S\Oj
103
R! R? Yield (%)
H Et 30
H Ph 60
H CHzCH = CHz 32
Ph Et 40
Ph Ph 24

A sultine with R? = H was isolated in a low yield when the
organoaluminium compound 105 containing a vinylic fragment
was used instead of the Grignard reagent.

Ph H
PhC=CCH,od A, ~ 1; g $02/Et;N
MeoNa AN o
105
Ph H
—=S
o \oj
(7%)

Durst et al.*? proposed that hydroxysulfinates be obtained by
adding sulfur dioxide to the previously formed dianion 106. This
approach was used to synthesise benzoxathiine oxides 107 and
benzoxathiol oxides 108.

R! R? R!, R?
OH 2BuLi O~ S0,
—— i
Ph Ph
106

R!, R? R!, R?

o~ HCl o

— —_— l

03 S\o
Ph Ph
107
R! = R? = H(50% —70%); R! = R? = Me (38%)
l 1
OH 1.2BuLi, 0 °C_ o- Ha
250,
R?
— O
7/
o
108 (60% — 70%)

R! = R? = H;R! = H,R? = Me;R! = R = Me
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d. Electrochemical synthesis of sultines involving sulfur dioxide

In several papers on the cathodic reduction of sulfur dioxide in
aprotic solvents (DMF, acetonitrile),?8~% a synthesis of five- and
six-membered sultines by treatment of alkylene dihalides with the
SO,~ anion radical was proposed. The following mechanism of
reaction of the latter in the presence of alkylene dihalides was
assumed:

SO; +& — S0;;

SO;~+ RX—> RSO;+ X—;

RSO, + SO,~— RSO3 + SO ;

RSO; + RX — RSOR + X~

The yields of sultines or cyclic sulfones depend on the distance

between the reaction centres in the alkylene dihalide. This can be
demonstrated by the scheme below.

2 =0, H,C=CH,
n=1, m
CH,X O S\o
(60% —85%)
SO2 + (CHa2)n
n=2 o
CH.X ——* SO, + l
So
(25% —45%) (37% —54%)
n=3 < :SO:
(60% —70%)
n=4
‘ > 02 + —(CsH12807),—

(25%=30%)  (50% —65%)

X = C}, Br, OTs

I11. Properties of sultines

The limited number of convenient methods for the synthesis of
sultines has meant that their chemistry has been studied inade-
quately, and data on their reactions are rather fragmentary. The
thermal and photochemical decomposition of sultines as well as
the oxidation, reduction, and cleavage of the sultine ring by
nucleophiles have been studied in more detail.

1. Thermolysis and photolysis of sultines
The thermal stability of sultines is primarily determined by the size
of the heterocyclic ring, the nature and position of substituents in
the ring, and to a lesser extent by other features of their structure.
For example, with rare exceptions, f-sultines are very unstable
and decompose even at room temperature in several minutes
with the evolution of sulfur dioxide and formation of unsatu-
rated compounds3-4 (see Section II.2). This is probably a
consequence of the considerable strain in the four-membered

0 OH
Phy, +H  1.PhCH.SK  Phy, +H  Ncs
—_— —_—
HAph 2. MCPBA h

SCH,Ph
o?

H"l- 0 h, --'H

H H
ph”] 1NPh —SO; Ph h
05

109

heterocycle. The loss of sulfur dioxide occurs stereospecifically
by cis-elimination, which was demonstrated in the formation of
cis-stilbene 109 (> 99%).

B,v-Unsaturated six-membered sultines — 3,6-dihydro-1,2-
oxathiine 2-oxides — are unstable at temperatures above 0 °Cand
decompose into 1,3-dienes and sulfur dioxide.2* 67 The stereospe-
cific nature of this reaction was shown for the cis-hydroxy-
sulfoxide 110, which gave exclusively trans-1-phenylbuta-1,3-
diene 112 (> 99.5%) by fragmentation of the intermediate sultine

111.
- /BUI NCS = °
me N 2| KN e
OH \\ 3”“ S—O H\C‘y - 2
[o] . y) N

110 111

— \/\/Ph

112

Ph

This process is characterised by extremely easy sulfur dioxide
elimination: the decomposition of 3,6-dihydro-1,2-oxathiine 2-
oxide into the corresponding 1,3-diene and sulfur dioxide occurs
at a temperature lower by 125 °C than that required for the similar
decomposition of 2,5-dihydrothiophene 1,1-dioxide.

Unlike the 3,6-dihydro-1,2-oxathiine 2-oxides already consid-
ered, benzoxathiine oxides 113 are more stable and decompose
into the corresponding o-quinodimethanes and sulfur dioxide
only at 80 °C, whereas the elimination of sulfur dioxide from the
corresponding sulfones occurs only at 300 °C.2545% 67 In the
absence of other dienophiles, the resulting diene once again traps
the sulfur dioxide molecule to give a cyclic sulfone isomeric with
the original sultine 113.

R! R2? R! R! R2
O  g-°c R2
| — + 80, SO2
S§ CsHs CH 00 °C
0 2
113

R! = H:R? = H, Ph, M¢; R! = R2 =Me.

The ease of sulfur dioxide elimination allows one to use this
reaction for generating such reactive dienes as o-quinodimethanes
by cycloaddition in situ under mild conditions.

The fragmentation of 3,4-oxathiabicyclo[4.1.0]heptane
4-oxides 114 in boiling chloroform into a 1,4-diene and sulfur
dioxide occurs stereospecifically.?! This reaction produces cis- and
trans-4-phenylhexa-1,4-dienes 115a and 115b from sultines 114a
and 114b with > 99.5% isomeric purity.

R!
+ S0O-
R2 R3
114a—-c 115a—c

a:R! = Ph, RZ = H, R? = Me;
b:R! = Ph, R2 = Mg, R3 = H;
c¢R!I=R?=R*=H

The stereochemistry of the sulfinyl group and the mutual
arrangement of substituents considerably affect the de-composi-
tion rate. It should be noted that the decomposition of sultines
again occurs at a temperature 100 °C lower than that required for
the decomposition of the isomeric sulfone, 3-thia-bicyclo[3.1.0]-
hexane 3,3-dioxide.
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All the above examples of the thermal decomposition of
sultines occur apparently as concerted processes, which is sug-
gested by the stereospecificity of the transformations and the ease
(low temperatures) of sulfur dioxide elimination.

The examples of the thermal and photochemical degradation
of six- and five-membered sultines described below are likely to be
radical processes. The reactions occur at very high temperatures
(400-900 °C), and their course significantly depends on the
structure of the initial sultine and on the nature of the substituents.

For example, the thermolysis of dibenzoxathiine oxide 59
yields a mixture of dibenzofuran and dibenzothiophene in a 6: 1
ratio.*8 The pyrolysis of dibenzothiophene 1,1-dioxide 56 gives the
same products and in the same ratio, which makes it possible to
assume the intermediate formation of the sultine 59.%2

QP = Q0D
g 1

59
g
2\ 5—0
(o] (0} O//
56 59

The thermolysis of diphenylnaphthoxathiole oxide 4 results in
two cyclisation products, compounds § and 6, which are formed
by the interaction of radical centres with the neighbouring phenyl
groups.’

D=0 OO

S0 O
|

oo (Rie®

H O

& &

5(7.8%)

6 (21.2%)

In general, the presence of stabilising phenyl groups adjacent
to the reaction centres in the molecule has a decisive effect on the
thermal and photolytic transformations of sultines.

For example, the thermal decomposition of phenyl-benzoxa-
thiol oxide 116 at 750 °C occurs by the elimination of a sulfur
dioxide molecule to give a 1,3-biradical, which then rearranges to
fluorene. However, the thermolysis of the unsubstituted analogue
under the same conditions results in an uncharacterised mixture of
degradation products.??

Nevo|ENews

H

A complete analogy between the reactions was also observed
in the photolytic decomposition of the sultines 116 and 117.9¢ It
was shown that the resulting 1,3-biradical 118 can also rearrange
to the carbene 119, which was identified by its reaction with
methanol.

(0} (0]
s' 's'
~
O = 0]
. _Ph
R R "’Ph
116, 117 l_soz
R
118

o
MeOH l
Ve G

R = H(27%), Ph (42%)

The photolysis of six-membered (69) and eight-membered
(120) sultines in methanol gave a sulfone and 9,10-dihydrophe-
nanthrene, respectively.

o CH;
I %O~
5N ’ CH,

69

— @:\/502

O
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0
4 . .
0—S CH, CH;
hv
—— —_—
O &

The thermolysis and photolysis of 5-phenyl-1,2-oxathiolane
2-oxides 121 are accompanied by the formation of a 1,3-biradical,
in which one centre is located on the C atom of the benzyl group.
This radical then recombines to give the corresponding cyclopro-
pane. If other substituents are attached at the C(5) atom,
stabilisation of the 1,3-biradical leads predominantly to isomeric
alkenes.93.94

R

bs—o (1_253 TP T— Ph—A—R + S0,

121
R = H (95%), Me (98%)

Ph

R}, R? l R? R
2 er

4 (0] E(E» 4/2_—<R’ —_—
0
121

R3 R? R3? R2
_— - _— . .
4\ R! 4 R!
R*™ g R ™y
R2_ R! R3 R2
R3 _.K_Rtt R4 _>=<Rl

R! R? R3 R4 Product yield (%)
A B

Ph H H H 100

Ph Me H H 100 —_

H H Me H 37 62

H H Ph H — t

Me H H H 45 35

The addition of sulfur dioxide to benzobenzvalene, like the
addition to arylcyclopropanes (see Section I1.3.b), was found to be
photochemically reversible. When the sultine 93 was irradiated
with UV light, it evolved sulfur dioxide with the regeneration of
the original benzobenzvalene 92 and formation of naphthalene in
a 1:3ratio.®

t Compound B is the only product; yield is not reported.®?

hy @g\S(Sz
=0 (4 = 254 nm) A
O
93
- |-

This reaction is believed 3¢ to occur by reversible homolytic
cleavage of the sultine to give the biradicals 122 and 123. The
latter, which is in a singlet state, gives benzobenzvalene 92;
alternatively, naphthalene 124 is formed by bond cleavage in the
cyclopropane fragment.

The pyrolysis of the sultine 93 gives a complex mixture
of products; 1H-indene-1-carboxaldehyde 125 and 1H-indene-
3-carboxaldehyde 126 together with naphthalene were isolated
from it in the proportion 124:125:126:92 = 52:22:16:9.5.951t
is assumed that naphthalene is also formed due to the cleavage of
the C—C bond in the intermediate biradical 123. The formation
of aldehydes in the reaction mixture was explained® by the
generation of sulfene 127 and its subsequent cyclisation to the
oxathiirane S-oxide 128. In the final step, the oxathiirane S-oxide
128 loses a sulfur monoxide molecule to give the aldehyde 125.

O OO0

93 123 124

|
AT e

127 128

l—so

ﬁ

ftes)
Y}

H;C—CHCOzMe
CO.Me

‘f

The presence of the sulfene 127 in the reaction mixture was
proved by performing the pyrolysis with a tenfold excess of methyl
methacrylate. This gave naphthalene (22%) and the sultine 129
(58%), the product of the 1,3-dipolar cycloaddition of the sulfene.
The formation of aldehydes was not observed in this case.

The thermolysis and photolysis of the y-sultine 39 give
different products.?3 In the former case, the elimination of sulfur
dioxide and carbon monoxide molecules gives tetraphenylethene,
while in the latter, the intermediate is stabilised by participation
of the neighbouring phenyl groups to give 9,10-diphenyl-phe-
nanthrene.

..-3.1
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Ph Ph

0/5\0 —50;, —CO |
hv
i (0
Ph Ph
(13%)

240 ¢ Ph Ph
Ph Ph

(71%)

The thermal transformation of the functionally-substituted
y-sultine 130 considered below leads to a mixture of N-allylamide
and enamides owing to heterolytic bond cleavage with participa-
tion of neighbouring functional groups.® This decomposition is
considered to involve most probably the formation of oxazolin-
ium species 131 due to intramolecular nucleophilic attack by the
amide oxygen atom at the C—O bond in the sultine ring.%¢

\ __o
S
f;i/\: P L

O
p [~

\O__ —_—

The thermal and photolytic decomposition of six-membered
saturated sultines has scarcely been studied. Only the photolysis of
6-phenyl-1,2-oxathiane 2-oxide to give the unsaturated sulfinic
acid 132 has been reported.’*

Ph

cl) hv
S.

132

2. Redox reactions of sultines

One of the most typical reactions, which is often used to prove the
presence of a sulfinyl group in the compound under investigation,
is the oxidation of sultines. The reaction gives sultones, cyclic
esters of sulfonic acid, with characteristic frequencies at 1300
1360 cm™ in their IR spectra. This distinguishes them from
sultines, which unlike sultones, do not have this characteristic
band in their IR spectra, and absorption is observed only at 1100 -
1150 cm™". (For the methods of preparation and reactions of
sultones, see Ref. 97). As a rule, a 30% solution of hydrogen
peroxide in glacial acetic acid % 19:48.55.57.82 o MCPBA 12-17.24.26
are used as oxidants; the latter permits oxidation under mild
conditions. In addition, potassium permanganate,3¢ chromic
acid?® and potassium hydropersulfate3’ are also used for the
oxidation of sultines. A few typical reactions are given below:

O
/° N
0=s O, o=%§ (see %)
AcOH
Cl Cl

H,0,
AcOH™ (see:57)
o0—S O—sS
N\
> /A o
o o
Ns—o MCPBA \\S{/_ o
h CH h (SCC 12)
Ph oHs Phﬁ
o KMnO ﬁ
o 36
Slé o y=o0 (see™)
O O
Br Br
(% MCPBA = 0 (see ')
o0—S CeHs O—S\
\o A

Unlike the oxidation of heterocycles containing an SO frag-
ment in the ring, which can be carried out in stages, passing from
sulfenyl to sulfinyl group#' and then to the sulfonyl group, the
known sultine reduction reactions proceed exhaustively omitting
the sultene formation stage. In this case, cleavage of the sultine
ring at the S—O bond occurs leading, as a rule, to mercaptoalco-
hols.

Ph ‘ﬁ Ph
H
™\ LiAlH, 8
O —> (see?)
Et;0, Nz, A OH
Ph Ph
(60%)
o N 7Y e
—O0 SH OH
V4
o (94%)

The latter reaction is of interest because this is a convenient
method for the bifunctionalisation of biphenyl.5”

The reduction of sultines in the presence of Raney nickel or
with a great excess of lithium tetrahydroaluminate results in the
total desulfurization of the compound to give the corresponding
alcohol.3s

O
/
0=s Raney-Ni
——
Cl Ce¢Hs, A

The reduction of y- and 8-sultines with trichlorosilane in the
presence of tri(n-propyl)amine affords symmetrical dihydroxy-
disulfides in high yields.®® The reduction mechanism is unclear;

HO.
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however, the reaction does not occur in the absence of the amine
noted above. The latter may react with the ether —trichlorosilane
complex formed initially.

o) .
[/\/\s=o S, HO(CH.):S—S(CH:),0H
PrsN
(80%)
0 HSiCl3
I — % HO(CH3)sS—S(CH2).0H
S\ PrsN
o (60%)

3. Cleavage of the sultine ring by nucleophiles

Sultines are stable in acidic and neutral media but undergo
alkaline hydrolysis. In this case, nucleophilic attack results in the
cleavage of the sultine ring to form hydroxysulfinates.

o

/ O.N

S\ NaOH 2ha .

| o = | (see®)
CH,OH

aval Yarars
HCI

o——s\\0 OH SOK

(o]
/
\_  NaHCO O0:Na
I 0 ——= (see 19)
HCl
CHO
OH

This reaction is reversible, and acidification leads to the
cyclisation of the hydroxysulfinate formed to give the original
sultine. The reverse reaction is often used to synthesise sultines
from hydroxysulfinates.3-45-49

The kinetics of sultine ring opening under alkaline hydrolysis
conditions and cyclisation in an acidic medium have been studied
for the sultines 133 and 134 as examples. 100

(o
I
S SO7
\ OH~
C( /o H*

(CHa (CH2).0H
n=1(133),2(134)

In both cases, a five-membered sultine is more reactive than a
six-membered one. However, the rate of #Q-isotope exchange,
which was found to involve the O atom of the sulfinyl group in
acidic media, was higher for the six-membered sultine. This result,
which seems contradictory at first sight, can be explained in terms
of molecular orbital theory.

1,2-Oxathiolan-5-one 2-oxides, i.e. mixed anhydrides of B-sul-
finocarboxylic acids, are particularly reactive towards nucleo-
philes. They readily undergo hydrolysis and can be isolated only in
the total absence of moisture. They are cleaved by nucleophiles
(ROH, R,NH) under mild conditions, and in this case, opening of
the sultine ring occurs only at the O—CO bond to give the
corresponding  derivatives of B-(hydroxysulfinyl)alkanoic
acids. 101-103

1 2
2NaHCO; R > <R
NaO,S CO:2Na
R! R2
H-0 > <
HO,S CO,H
R! R?
1 2
>_¥ 1 equiv. R*0H R R
o O "1 Ewo > (
Y 2 HO,S  COR®

nequiv. R3OH

R! R?
——————————>
A >_<

R'0;S°  COR?
2NHR*R? R R
, 0:8  CONRRS
R‘R°NH,

R! = H: R? = H, Mg;
R'=Me: R?=H

The cleavage of 1,2-oxathiolan-5-one 2-oxides by nucleophiles
is interesting as a promising method for the synthesis of biolog-
ically active compounds. Compounds possessing radioprotective
activity have been found among the products of the aminolysis of
1,2-oxathiolan-5-one 2-oxides. 102, 103

Unlike alkyl-substituted 1,2-oxathiolan-5-one 2-oxides,
2,1-benzoxathiol-3-one 1-oxide is cleaved by alcohols both at the
O -CO and O—SO bonds.

The cleavage of sultines by halide ions begins with attack at
the C atom adjacent to the O atom of the sulfinyl group by the
anion, breaking the C—O bond and forming sulfonyl chlorides.
This reaction is the reason for the decrease in the yields of sultines
when they are synthesised with the use of chlorinating agents
(Clz/AcOH, NSC, SO,Cl,) taken in great excess.

Ph a
O s0,Cl, PhCH SO,CI  PhCH SOCI
é + (see 26)
No
0
S//
N Ccl s0.Cl
O aeom (see?)
PhCOH ¢
PhCONH
0
/]
S SO.Cl
0 = O =
CH,Cl

Unlike the examples considered above, 1,2-benzoxathiine
2-oxide is inert to the action of chlorine under similar conditions.!?
The difference between the reactivities of the sultines may be
explained by the fact that the aryl—oxygen bond is probably
stronger than the alkyl — oxygen bond, and the strain in the six-
membered ring is less than that in the five-membered ring. On the
other hand, in more nucleophilic solvents, such as alcohols,
1,2-benzoxathiine 2-oxide is oxidised by chlorine to the sultones
135 and 136, probably by the following scheme.
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—

0. O 0. (0]
—— Cl
MeOH
O

MeOH 135

——
(CH2),80:Cl
cl Cl
OH o
—_— ——
—HCl
cl (CH2)280:Cl cl
136

In the case of the alcoholysis of a four-membered sultine,
4-phenyl-1,2-oxathietane 2-oxide, nucleophilic attack is directed
at the S atom giving hydroxysulfinate esters.3®

0
0 MeoH OH |
S Ph ~

o

Ph

OMe

Thus, nucleophilic attack can be directed to both the C and S
atoms, probably depending on the structure of the starting
compounds. These data are consistent with the results obtained
for sultones: the decomposition of sultones with fused aromatic
rings occurs both through the cleavage of the C—O bond 104105
and the S—O bond,1% 197 depending on their structure and
reaction conditions, but, as a rule, B-sultones react with nucleo-
philes through the sulfur atom, while the reactions of larger-ring
sultones involve the carbon atom.

The cleavage of sulfinate esters with organomagnesium com-
pounds to give sulfoxides is well known. In the case of the cyclic
esters, i.e. sultines, this cleavage results in the corresponding
hydroxysulfoxides.43: 108

OH S—Me

The reactions of sultines with alkyllithium compounds pro-
ceeds in a similar way; hydroxyalkyl sulfoxides are also formed as
a result of nucleophilic attack at the S atom.?°

(O N OH
\S.~“ BuLi o)
Run \0 —178 °C Ry 61
H H Bu
R = Bu'CONH

Interesting data on the ability of sultines to form crystalline
molecular complexes with organotin compounds (of the composi-
tion RSnCl3:L = 1:2 where L is 3,5-diaryl-1,2-oxathiolane
2-oxide), which may possess biological activity, have been
published. 09

As already mentioned, the chemistry of the sultines has not yet
been adequately studied, although their presently known reac-
tions make them rather promising reagents for use in organic
synthesis. This inadequacy is partly related to the lack of con-
venient methods for the synthesis of sultines. Therefore, the
development of new methods of synthesis of sultines and the
study of their properties remain of great current interest.

This study was financially supported by the Russian Funda-
mental Research Fund (Grant No. 94-03-09592).
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Abstract. Methods for the synthesis of functional polymeric
suspensions with narrow particle size distribution are analysed.
Attention is concentrated on the conditions of the preparation of
polymeric microspheres with aldehyde, carboxyl, epoxy, or amino
groups on the surface, which possess a set of properties enabling
their use for biochemical studies. Methods of modification of
functional groups of the polymeric suspensions that make it
possible to accomplish covalent binding of the surface groups to
bioligands are considered. The bibliography includes 218 refe-
Tences.

1. Introduction

Aqueous suspensions containing strictly spherical polymer parti-
cles of identical diameters are usually referred to as polymeric
suspensions with narrow particle size distribution (PSD).! Typical
magnitudes of the variation coefficient (a measure of the deviation
of the particle diameters from the mean value) are 1% —3% (for
particles 0.1 — 10 um in diameter) 2-4 or 10% —30% (for particles
with diameters smaller than 0.06 or greater than 10 pm).2-5

Polymeric microspheres with a narrow PSD are used in
various fields of science and engineering, for example, as
calibration standards in the electron and optical microscopy and
light-scattering, for counting aerosol particles, in small-angle
X-ray diffraction, for counting viral particles, for determining
pore sizes in filters or biological membranes, for stimulating
cellular production of antibodies and their purification,5-° as
model colloid systems for studying their rheology,!® 11 stability, or
sedimentation !! etc. In recent years, monodisperse functional
suspension particles have found wide application as protein
carriers in development of immunodiagnostic assays.?

The function of these assays is based on the immunochemical
reaction between an antigen (a substance carrying signs of genetic
information alien for a particular type of organism) and anti-
bodies (proteins belonging to the class of immunoglobulins and
produced by the cells of the organism’s immune system as a

N I Prokopov, I A Gritskova,V R Cherkasov M V Lomonosov Moscow
State Academy of Fine Chemical Technology, prosp. Vernadskogo 86,
117571 Moscow, Russian Federation. Fax (7-095) 43079 83

A E Chalykh Institute of Physical Chemistry, Russian Academy

of Sciences, Leninskii prosp. 31, 117915 Moscow, Russian Federation.
Fax (7-095) 952 07 14

Received 14 July 1995
Uspekhi Khimii 65 (2) 178 — 192 (1996); translated by Z P Bobkova

response to the appearance of the antigen) yielding an
‘antigen—antibody’ complex.!2 The reaction in which this com-
plex is formed is highly immunospecific, i.e. in response to the
appearance of a particular antigen, the immune system generates
antibodies of a strictly specified structure capable of interacting
only with this antigen. Since both an antigen and an antibody can
react simultaneously with several molecules, spatial networks are
produced with the antigen molecules as nodes.

The formation of network agglomerates and, therefore, the
appearance of one or another type of antigens can be detected by
various methods, for example, by spectrophotometry, turbidime-
try, nephelometry, laser self-correlation spectroscopy, etc. The
need to use special expensive equipment for the detection of
‘antigen—antibody’ complexes hampers wide employment of the
above methods in the diagnosis of diseases. However, when
antigens (or antibodies) are bound to a polymeric carrier serving
only as an indicator, the complexes can be detected even by the
naked eye as crowding of agglomerates of the carrier particles.

The first communication on successful use of polyvinyltoluene
and polystyrene microspheres with a narrow PSD in the diagnosis
of rheumatoid arthritis was published in 1956.13 It was reported
that the interaction of antigens present in the blood serum of a
patient with gamma-globulin adsorbed on the microsphere sur-
face of a suspension resulted in the agglutination of the polymeric
particles affording large agglomerates, easily discernible by the
naked eye. Later, publications appeared '4-24 dealing with the use
of polystyrene and poly(methyl methacrylate) suspension parti-
cles as protein carriers for preparing diagnostic test-systems for
other types of diseases.

However, the use of particles of polymeric suspensions in the
development of immunodiagnostic tests has been limited by
irreproducibility of the results of analysis, which is caused, as has
been suggested by Yen et al., 24 by the fact that on slight variations
of the conditions (pH, ionic strength of the medium, temperature,
etc.), the protein adsorbed on the surface of particles is desorbed
to the aqueous phase; and this lowers the sensitivity of the tests
and leads to nonspecific reactions with other biological objects.

Polymeric suspensions containing hydrophilic particles with
surface functional groups capable of forming covalent bonds with
bioligands have proved to be free of these drawbacks. Polymeric
suspensions based on copolymers of methyl methacrylate
(MMA), 2-hydroxyethyl methacrylate, acrylic and methacrylic
(MAA) acids, acrylamide, vinylpyridine, etc. have been
synthesised and used successfully for developing immuno-
diagnostic tests.24~29
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The advantages of these suspensions over hydrophobic ones are
the following:

— the absence of nonspecific adsorption of bioligands due to
the high hydrophilicity of the surface of particles;

— the absence of desorption of protein molecules from the
surface of microsphere due to the covalent bonding between a
bioligand and functional groups of a polymeric particle;

— the possibility of covalent bonding of antigens and anti-
bodies that are poorly sorbed on hydrophobic suspension sur-
faces;

— the possibility of the appearance of conditions ensuring the
optimal orientation of biomolecules on microsphere surfaces,
which would provide the maximum sensitivity and high
specificity of the diagnostica synthesised.

The polymeric suspensions used in immunodiagnostics are
classified in terms of the type of functional groups present on the
surface. According to this criterion, they can be divided into two
types. Suspensions, whose particles contain surface groups capa-
ble of direct interaction with amino, carboxyl, or mercapto groups
of biomolecules, belong to the first type. These are, for example,
chloromethyl,3¢-34 chlorosulfonyl,3! aldehyde,35~38 epoxy,3 and
mercapto*>4! groups, which react with biomolecules in an
aqueous medium at moderate temperatures.

(D—cHo + NH,—P
— @—CH=N—P
H 10

(D—CH,Cl + NH,—P .

(D—so:C1 + NH~—P

0

/\
(O—HC—CH; + NH,—P

(i)H
— @—CH——CH:—NH——P

pH 5-7
—
25°C

BH4N3
25°C

(LcH,—NH—P

(L—cH,—NH—P
(L)—so,—NH—P

pH5-8
—_—
30°C

pH 10
30 °C

@—CH;—S;—P

@—CH;SH + HS—P —pep—> 5 =

@ — polymeric particle; P — protein

Suspensions with functional groups, which are not able to
interact directly with proteins, but can form chemical bonds with
them after a fairly simple activation reaction, belong to the second
group. These are, for example, polymenc suspensions with
carboxyl,226:27.:42-45 hydroxyl,24 4 amino,22" amide,?"-47-50
glycol,1:52 and other groups. Methods of activation of these
groups are considered below.

At present, numerous methods of preparation of polymeric
microspheres with various functional groups on the surface have
been reported (these are emulsion, suspension, dispersion, precip-
itation, emulsifier-free, seed, and other types of polymerisations).
The choice of the method of synthesis is determined by the
necessity of obtaining suspensions with a specified set of proper-
ties: particle diameter and structure, narrow size distribution,
stability in physiological solutions and during storage, the
presence of functional groups of a particular nature at a specified
concentration on the surface of the particles. Below we survey the
methods of the synthesis of functional polymeric suspensions with
definite functional groups on the particle surface.

I1. Synthesis of polymeric suspensions with
functional groups on the particle surface

1. Synthesis of polymeric suspensions with aldehyde groups
on the particle surface

Polymeric suspensions with aldehyde groups on the particle
surface are obtained by homopolymerisation of unsaturated
aldehydes (acrolein, formylstyrene) or by their copolymerisation
with monomers of various natures.

Polymerisation of acrolein has been studied most comprehen-
sively. Two routes of preparing polyacrolein microspheres with
narrow PSD’s have been reported, namely, the anionic precipita-
tion polymerisation in an alkaline medium®® and the radical
emulsion polymerisation induced by y-radiation or a redox
system.>3

The radical emulsion polymerisation of acrolein has been
carried out in an aqueous solution at a monomer concentration
of 10 vol.% in the presence of poly(ethylene oxide) as an
emulsifier. The process was initiated by the potassium persul-
fate— silver nitrate redox system and conducted in the dark at
room temperature and varying acrolein concentrations. Polyacro-
lein microspheres 0.01-0.2 pm in diameter (depending on the
acrolein concentration in the system) with a variation coefficient
of less than 10% were obtained in this way. It was noted that
kinetic features of the acrolein polymerisation differ substantially
from those observed for hydrophobic monomers, which was
accounted for 33 both by the high solubility of the monomer in
water (~20%) and by intermolecular cross-linking processes
occurring in polymer-monomeric particles (PMP).

The y-radiation induced radical polymerisation was carried
out in an aqueous solution containing a mixture of ionogenic
(sodium dodecyl sulfate) and nonionic [poly(ethylene oxide) with
a molecular weight of 100,000] surfactants at concentrations of
0% —20% and 0% — 15% relative to the monomer concentration,
respectively and a radiation dose of 0.4 Mrad at room tempera-
ture for 4 h. It was noted that the initial polymerisation rate obeys
the first-order kinetics with respect to the monomer. The size of
the particles and their PSD depend considerably on the monomer
and surfactant concentrations: the particle size increases with the
increase in the monomer concentration and with the decrease in
the surfactant concentration. By varying the above-mentioned
parameters, the authors obtained polyacrolein microspheres of a
broad range of sizes (from 0.01-0.02 to 5.0 pm). Stable mono-
disperse microspheres were formed only when the monomer
concentration did not exceed 15%.

Schlund et al.?® managed to obtain polyacrolein suspensions
with particle sizes ranging from 0.04 to 8.0 pm and variation
coefficients of less than 10% by the precipitation homopolymer-
isation of acrolein in alkaline medium (pH > 11.0) with solution
of an alkali being gradually added to an aqueous solution of
acrolein, only in the presence of a specially synthesised emulsifier
produced by the interaction of polyglutaraldehyde oligomers with
sodium hydrogensulfite. The polymerisation was carried out for
10 h at room temperature.

It has been shown that the structure of polyacrolein depends
significantly on the conditions in which the microspheres are
synthesised. For example, it has been reported % that polymer-
isation of acrolein can involve both the double bond and the
aldehyde group. Therefore, polyacrolein incorporates two types
of repeating units:

CH““CH; x
The x:y ratio depends on the method and conditions of
preparation of the microspheres and varies from 4: 1 for ‘anionic’
microspheres to 1:7 for ‘emulsion’ microspheres. It has been

noted that the conditions in which polyacrolein suspensions are
synthesised determine the concentration of functional aldehyde
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groups on the surface of particles and, hence, the number of
covalently bound protein molecules.

Based on spectrophotometric studies, Rembaum et al.** have
suggested that the polyacrolein molecules synthesised by
y-radiation induced polymerisation incorporate the following
structural fragments:

CH: CH: CH,
pd 7
i ?H \$H ScH
CH CH CH
7 7/
(o] o (o]
CH» CH: CH:
pd pd
7N (I:H ~ (I:H ~N (I:H
CH CH CH
~ O/ ~N 0/ N O/ ~N

Due to the bifunctional character of acrolein, the polymeric
chains are formed by a fairly complex mechanism and their
structure is a combination of the above-presented fragments.
Thus, the structure of the macromolecules and, consequently,
the properties of the polymeric suspensions (particle size, PSD,
concentration of aldehyde groups on the particle surface, etc.)
vary over a wide range depending on the polymerisation condi-
tions, and, hence, the process is poorly reproducible. This is
especially pronounced in the case of precipitation polymerisa-
tion. Radiation-induced polymerisation has a number of advan-
tages over the precipitation polymerisation, namely, it is better
controlled and reproducible, and it yields particles with higher
concentrations of reactive groups on the surface.

Poor reproducibility of the precipitation polymerisation of
acrolein has also been reported in other papers.3® 53 In addition, it
was reported that particles of polyacrolein suspensions always
contain a certain amount of an oligomeric product, associated
with characteristic features of the precipitation polymerisation
mechanism. In the course of time, these oligomeric molecules can
diffuse from the particle bulk to the surface; therefore, the
properties of the microspheres can change noticeably during
storage.

A number of methods have been suggested to eliminate the
above drawbacks which make it possible to increase considerably
the chemical stability of polyacrolein microspheres, to decrease
the physical adsorption of protein molecules on their surface, and
to increase the yield of the target product.’-57 For example, the
synthesis of polyacrolein suspensions in an aqueous alkaline
solution in the presence of 3% — 6% radical initiators with respect
to the monomer, has been reported.>® The polymerisation was
carried out in two temperature regimes: at 5—35 °Cfor 1.5-2.5 h
or at 40—90 °C for 2-3 h. The resulting polyacrolein micro-
spheres had diameters of 0.2-6.0 ym and a narrow PSD
(variation coefficient ~ 10%); they were chemically more stable
than the microspheres obtained by the conventional anionic
precipitation polymerisation, apparently due to additional cross-
linking of the polymer by radical initiators.

A similar effect has been achieved when the anionic precipita-
tion polymerisation of acrolein has been carried out in an aqueous
alkaline medium in the presence of water-soluble crown-ethers *7
at 2—38 °C and the reaction system has been kept in the presence
of radical initiators {potassium persulfate, benzoyl peroxide, or
azobis(isobutyronitrile) (AIBN)] at 40—-90 °C. The polyacrolein
suspension particles had a diameter of 0.04-6.0 pm and a
variation coefficient of 14% — 18%.

Polystyrene-acrolein suspensions obtained by the emulsifier-
free copolymerisation of acrolein and styrene are more stable.3% 58
The copolymerisation was carried out at various proportions of
comonomers in the presence of potassium persulfate at 55 °C for
8 hin an atmosphere of nitrogen.

The copolymerisation rate has been shown to depend on the
molar concentration of acrolein and is optimal at 1: 1 molar ratio
between the comonomers. The copolymeric polystyrene-acrolein
particles had an average diameter of 0.25 to 0.30 ym and a
variation coefficient of less than 3%. The concentration of the
aldehyde groups on the surface of these microspheres exhibited
linear dependence on the molar concentration of acrolein and
varied from 0.08 (at 20 mol.% acrolein) to 0.17 pmol g‘1 (at
90 mol.% acrolein).

A similar picture has been observed in the case of the
y-radiation-induced copolymerisation of acrolein with 2-hydroxy-
ethyl methacrylate (HEMA).3¢ A mixture of acrolein and HEMA
was dispersed in a 1% aqueous solution of polyvinyl alcohol, then
the emulsion of monomers was rapidly frozen, and the radiation-
induced copolymerisation was carried out at —78 °C applying a
radiation dose of 1 Mrad over a period of 1 h. The resulting
microspheres were thawed and purified from the remaining
monomer. Depending on the copolymerisation conditions, the
concentration of the comonomers, and the ratio between them,
the copolymeric polyacrolein—2-hydroxyethyl methacrylate
microspheres had a diameter ranging from 0.6 to 4.0 pm and a
narrow PSD.

A method for preparing polymeric microspheres with alde-
hyde groups on the surface by the post-radiation graft polymer-
isation of acrolein from the gaseous phase onto stable polystyrene
or poly(methyl methacrylate) particles of identical sizes serving as
matrices has been described.®

Since the conditions of the synthesis of a polymeric suspension
(PS) influence essentially the properties of the modification
product, the suspension particles obtained both in the presence
and in the absence of an emulsifier have been used as matrices for
the radiation-chemical graft polymerisation of acrolein.

Water-soluble hydroxyethylated poly(propylene glycol)
[PS(F-68)] and di-p-tolyl-o-alkoxycarbonylphenylmethanol
soluble in the monomer phase [PS(DTC)] were used as surfac-
tants. In all cases, the polymerisation was initiated by potassium
persulfate and conducted until the complete conversion of the
monomers was achieved, which took 24 h. The particles of these
polymeric suspensions proved to be stable in physiological salt
solutions or during storage and had a narrow size distribution and
diameters of 0.2 and 0.45 um, respectively. The resulting
polymeric suspensions were freeze-dried, and the polymer pow-
ders were used as matrices.

To determine the irradiation dose necessary for the graft
copolymerisation of acrolein, the accumulation of radicals in the
supporting polymer was studied by EPR. An irradiation dose of
15 Mrad was chosen at which the radical growth curves flatten
out, i.e. a steady-state concentration of radicals is established.

A study of the sorption of acrolein vapour by the support
particles at various acrolein vapour pressures showed that the
concentration of acrolein in the particles depends appreciably on
the nature of the polymer serving as the support and the surfactant
used.

From the kinetic curves of acrolein sorption on the support
particles, the rate constants for this process have been determined,
and it has been shown that the yield of grafted polyacrolein as a
function of time depends on the nature of the polymer.

An analysis of the IR spectra of the initial polymers and of
those modified by polyacrolein showed that they all exhibit an
absorption band in the region of 1725 cm™ corresponding to
vibrations of the carbonyl groups in aliphatic aldehydes. An
increase in the degree of polyacrolein grafting on the polymeric
matrix leads to an increase in the intensity of absorption in this
region of the spectrum.

The spectra of polyacrolein-modified polymers contain an
absorption band at 1100 cm™! corresponding to vibrations of
C—O bonds in acetals. These bonds can be formed either via
polymerisation of acrolein with involvement of the carbonyl
group or due to the interaction of the aldehyde groups existing in
the hydrated form in the polymer produced. The latter is possible,
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because free aldehyde groups exist in equilibrium with the
corresponding hydrated groups, since acrolein polymers, even
being dried in a high vacuum, contain certain amount of water.

To elucidate the manner in which the C—O bonds in the
synthesised polymers are produced, the polymers were subjected
to reaction with hydroxylamine hydrochloride. It was suggested
that if the polymer incorporated free or hydrated aldehyde groups,
this reaction would yield the corresponding polymeric oxime.
Otherwise, if the C—O bonds are incorporated in the backbone,
this reaction will not occur.

An analysis of the IR spectra showed that the reaction resulted
in a decrease in the absorption intensity not only in the region of
1725 cm™!, but also at 1100 cm™". The latter indicates that the
C-0 bonds result from the formation of cyclic acetals, which can
be opened to give free aldehyde groups.

Based on the results obtained by IR spectroscopy, Bastos et
al.*®® concluded that the radical polymerisation of acrolein
involves mostly the vinyl group.

The amounts of free and bound CHO groups in polyacrolein
are mainly determined by the conditions in which it is synthesised.

For example, the microspheres prepared by the ionic polymer-
isation of acrolein contain 2.9 mmol of aldehyde per g of micro-
spheres, whereas those obtained by the radical polymerisation, for
example, under the action of a radical redox system contain
12.0 mmol of aldehyde groups per g.

Calculations have shown that polyacrolein-modified micro-
spheres obtained by the emulsifier-free polymerisation, PS(DTC)
microspheres, and microspheres of the MMA —~MAA copolymer
contain on their surface 5.39, 4.80, and 9.34 and 8.07 mmol of
aldehyde per g of grafted polyacrolein, respectively. Comparison
of these results with the published data indicates that the content
of aldehyde groups in the microspheres prepared by postradiation
polymerisation of acrolein is twice as high as that in the micro-
spheres prepared under conditions of basic catalysis, even in the
sample with the lowest acrolein content.

Polymeric suspensions with aldehyde groups on the surface
can also be synthesised by dispersion polymerisation of formyl-
styrene in aqueous ethanol using AIBN as the initiator and
polyvinylbenzoic acid as the stabiliser.3-6® The polymerisation
was conducted for 24 h at 70 °C. Depending on the monomer
concentration, the resulting particles had a diameter of 0.5 to
2.0 um, the variation coefficient was 8% — 10%, and the concen-
tration of aldehyde groups on the particle surface was
0.1-0.2 pmol g™

A method of preparing particles with aldehyde groups on the
surface involving polymerisation of glutaraldehyde has been
reported.’3.61.62 Polyglutaraldehyde suspensions are unstable
(especially in strongly alkaline media) and have no apparent
advantages over the suspensions considered above. Therefore,
they have found only a limited application for marking cellular
receptors.

2. Synthesis of polymeric suspensions with chioromethyl
groups on the particle surface

Polymeric suspensions with chloromethyl groups on the particle
surface can be obtained by precipitation3®31-63 or seeded 33
polymerisation of chloromethylstyrene and chloromethyl meth-
acrylate. A serious drawback of this method is the high toxicity of
the monomers.

The precipitation polymerisation is induced by AIBN and
conducted in ethanol in the presence of a stabiliser (polyvinyl-
benzoic acid) at 70 °C. Polymeric particles were from 0.5 to
2.0 um in diameter (depending on the monomer concentration),
with the variation coefficient being about 10%. During storage of
polychloromethyl suspensions, reactive chloromethyl groups are
partially hydrolysed, and, hence, properties of the suspensions
changed.

The polymeric suspensions obtained by the seeded copolymer-
isation of chloromethylstyrene with styrene were more stable on

storage.’> Seed polystyrene particles were obtained by the
dispersion polymerisation of styrene initiated by AIBN
(I mol17Y) in aqueous ethanol, 1:4 by volume, in the presence
of polyacrylic acid (1 g 17!) as a stabiliser. The reaction yielded
seed particles with a diameter of 1.9 um and a variation coefficient
of less than 3%. The polymerisation was conducted for ~ 10 h at
70 °C. After that, the seed latex, styrene, chloromethylstyrene,
and AIBN were mixed in a specified ratio and stirred for 24 h at
0 °C, to allow the particles of seed suspension to swell, and then
the polymerisation was carried out for 24 h at 70 °C.

The resulting suspension particles had a diameter of 2.1 um, a
variation coefficient of less than 3%, and a ‘core —shell’ structure.
Virtually all the chloromethyl groups were located on the surface
of the suspension particles.

Data concerning the use of styrene-chloromethylstyrene

copolymeric suspensions in immunodiagnostics have been report-
ed.64.65

3. Synthesis of polymeric suspensions with epoxy groups on
the particle surface

Polymeric suspensions, whose particles contain epoxy groups on
the surface, are mostly prepared by the emulsifier-free copoly-
merisation of styrene with glycidyl methacrylate. According to
published data,’6-77 the optimal conditions of the styrene copoly-
merisation with glycidyl methacrylate are as follows: ionic
strength of the aqueous phase 0—0.02 mol 1}, concentration of
potassium persulfate 0.011-0.02 mol 17!, and overall concentra-
tion of monomers 3.7 x 107> mol 17}, The process is carried out
for 5-10 hat65 °C. Under these conditions, microspheres having
an average diameter of 220400 nm and a variation coefficient of
2% —6% are produced. During the synthesis of styrene— glycidyl
methacrylate copolymeric suspensions some of the epoxy groups
located on the surface of particles are lost due to hydrolysis.
Nevertheless, the number of these groups on the particle surface
remains sufficient for ensuring a required concentration of a
bioligand by its covalent bonding.

To suppress the hydrolysis of epoxy groups during the
synthesis of the suspension, it has been advised that the polymer-
isation be carried out with gradual introduction of the functional
monomer into the polymerising system.3?-76 This procedure
makes it possible to obtain particles with a structure of the
‘core—shell’ type. This is exemplified by the synthesis of particles
containing a copolymer of n-butyl acrylate with butyl methacry-
late as the ‘core’. These particles were obtained by the emulsion
copolymerisation of the monomers in the presence of sodium
dodecyl sulfate and a redox system consisting of potassium
persulfate and sodium thiosulfate. The process was carried out at
20 °C for 20 min, after which a mixture of monomers with
glycidyl methacrylate was introduced.

The resulting microspheres had diameters of 150—300 nm and
a variation coefficient of < 10%. According to the data obtained
by Schlund et al.,® under these conditions, up to 90% of the
epoxy groups are preserved and virtually all of them are distrib-
uted within a thin layer (about 150 A) on the surface of the
particles.

4. Synthesis of polymeric suspensions in the presence of
surface active functional initiators and surfactants

The use of polyfunctional initiators and surfactants in the syn-
thesis of polymeric suspensions with narrow PSD to be employed
in immunodiagnostics has been reported. However, the use of
these substances is restricted by their high prices and by the
absence of a technology for their production. Azo-
bis(bromoisocapronitrile) 1 and di(4-chloromethylbenzoyl) per-
oxide 2 can be mentioned among the polyfunctional initiators
which make it possible to obtain reactive functional groups,
capable of forming covalent bonds with biomolecules, on the
surface of suspension particles:®
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Isothiouronium salts, in particular (4-vinylphenyl)methyl-
isothiourea hydrochloride, are wused as polyfunctional
emulsifiers.*!
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The latter compound is a cation-active emulsifier, able to
copolymerise with vinylic monomers. For example, in the pres-
ence of this compound, polystyrene microspheres 0.15-0.19 pm
in diameter with a variation coefficient of 2.7%, containing
isothiouronjum groups on the surface, have been prepared.
Hydrolysis of these groups under mild conditions (pH 10-11,
25°C, 10 min) gave mercaptogroups on the particle surface.*! It
was found that the average diameter of particles or their PSD are
almost constant throughout the hydrolysis.

Polymeric suspensions, whose particles contain aldehyde
groups on the surface, can be prepared by modifying other
functional groups. For example, the particles of polystyrene
suspensions obtained in the presence of the polysaccharide
dextran or ammonium glycyrrhizate as a stabiliser contain
carbohydrate groups on the surface.” The periodate oxidation
under mild conditions leads to the cleavage of the a-glycol groups
and formation of reactive groups that can directly interact with
the amino groups of proteins.

In both cases, the conditions for the synthesis-are chosen in
which polymeric suspensions with narrow PSD stable in physio-
‘logical salt solutions and during storage are formed. The concen-
tration of aldehyde groups on the surface of suspension particles is
in turn determined by the concentration of the stabilising agent
and the oxidation conditions.

5. Synthesis of polymeric suspensions with carboxyl groups
on the particle surface

The main and most studied method for synthesis of polymeric
suspensions with carboxyl groups on the surface of particles is the
copolymerisation of hydrophobic monomers with various unsat-
urated acids (acrylic, methacrylic, itaconic, etc.) in the presence or
in the absence of an emulsifier. The presence of readily dissociat-
ing carboxyl groups imparts an additional stability to the suspen-
sion particles, therefore, these microspheres are resistant to
mechanical action or low temperatures (freezing).!1-80-83

The distribution of the carboxyl groups between the aqueous
phase, the surface, and the bulk of polymeric particles is a rather
important question in the synthesis of carboxyl-containing poly-
meric suspensions. In a study of the emulsifier-free copolymerisa-
tion of styrene with three unsaturated acids possessing different
hydrophilicities, namely, acrylic (AA), methacrylic (MAA), and
itaconic (IA) acid, it has been found 8485 that AA concentrates in
the surface area of the particles, the more hydrophobic MAA is
distributed between the bulk of microspheres and their surface,
and the most hydrophilic IA mainly homopolymerises in the
aqueous phase. These features of the distribution of the acrylic
monomers among the phases of an emulsion system determine the
properties of the suspensions obtained.

Similar information has been presented in other papers 8687
devoted to the study of the distribution of carboxyl groups in the
suspension particles obtained by the copolymerisation of acrylic
monomers with styrene or butadiene. It was found that the
functional groups are distributed between the aqueous phase, the

microsphere surface, and the microsphere bulk in a ratioof 2:3: 1
in the case of acrylic acid or 0.1:1:1 when methacrylic acid is
used.

Thus, it is obvious that the conventional way of conducting
copolymerisation of hydrophobic monomers with unsaturated
acids affords polymeric suspensions in which functional groups
are distributed among various phases of the polymerisation
system.

The distribution of the carboxyl groups between the surface
and the bulk of the particles can be changed by gradual introduc-
tion of the functional monomer into the reaction system. It has
been shown 8889 that in the case where itaconic acid is added in the
initial stages of the polymerisation of styrene, only 12% of
itaconic acid units are located on the surface of copolymer
particles, while introducing the acid at the stage where the degree
of styrene conversion has already reached 80% or 95% leads to an
increase in the concentration of the functional monomer on the
surface to 60% or 80%, respectively.

Another method of preparing a polymeric suspension with a
high concentration of a carboxyl-containing comonomer on the
surface of particles consists in the seeded emulsifier-free copoly-
merisation of styrene and butadiene with unsaturated acids (AA,
MAA, or I1A),% with pH of the medium being varied in the course
of the synthesis. In the first stage of the process carried out at low
pH, all the components (including the acid), but only a portion of
the main monomers, are added to the reaction system. Then the
pH of the seed latex is increased, and, consequently, the carboxyl
groups located near the surface of particles are ionised. In the
second stage, seeded copolymerisation of the rest of the monomers
is carried out.

Some authors believe that the concentration of carboxyl
groups on the surface of polymeric microspheres can be increased
by heating the suspension at high pH values, which ensures the
migration of the ionised carboxyl groups from the particle bulk to
the interface with the aqueous phase (see, for example, the paper
by Okubo et al.??).

The presence of MAA or AA in the monomeric mixture leads
to the formation of emulsions characterised by a higher dispersity
than emulsions of hydrophobic monomers, due to a lower inter-
facial tension (512). A study carried out by Okubo et al.%2 has
shown that MAA, present at a concentration of 2% with respect
to styrene, diminishes the surface tension at the interface between
a styrene solution of MAA and water to 22 mN m™’. A dispersion
analysis of styrene-methacrylate emulsions obtained with MAA
concentrations being 0.2% or 3.0% with respect to styrene
showed that in the former case, the emulsion of the monomers
consists of drops, whose size is 1 -5 um, and in the latter case, the
size of the drops varies from 0.2 to 1.0 um.

The dispersity of the initial monomer emulsion influences the
size distribution of the polymer-monomeric particles (PMP). In
fact, the copolymerisation of styrene with MAA, induced by
potassium persulfate and carried out at an MAA concentration
in an emulsion of 0.2% with respect to styrene gives a polymeric
suspension, in which 90% of the particles have an average
diameter of 0.6 pm, while in the case where the MAA concentra-
tion is 3% with respect to styrene, 85% of the particles have an
average diameter of 0.3 pm. When copolymerisation of styrene
with MAA is carried out under the same conditions, but in the
presence di-p-tolylalkoxycarbonylphenylmethanol (DTC), which
is a water-insoluble stabiliser, polymeric suspensions with a
narrower distribution of the particles of the same size were
formed. These suspensions were stable in physiological salt
solutions or on six-months storage.

Functional microspheres with carboxyl groups on the surface
can also be synthesised by the polymerisation or copolymerisation
of surface active monomers,?3-19* for example, sodium acrylami-
dostearate 393 or salts of vinylalkylcarboxylic acids 4,78 or surface
active initiators, such as 5,5'-azobis-5-cyanopentanoic acid 5.78
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However, these compounds have not found wide application
owing to their high costs.

A new interesting method of synthesis of polymeric suspen-
sions with carboxyl groups on the particle surface is the polymer-
isation of styrene in the presence of water-insoluble surfactants,
whose molecules incorporate carboxyl groups. These are, for
example, DTC, oligomeric peroxy esters,’* and a-(ethoxycarbo-
nyl)-o-(trimethylsilyloxy)polydimethylsiloxane (PDS).%%

In the papers considered above, %5 a hypothesis was put
forward that the PMP are formed from drops of the monomer and
that their structure is similar to that observed in the ‘core—shell’
type particles, whose shell is a surfactant displaced by the polymer
to the interface. It was shown that the strength of the interfacial
layer depends on the molecular mass of the resulting polymer, the
concentration of the initiator (in this particular case, potassium
persulfate), and the concentration of the surfactant.

The particle size distribution of particles in polymeric suspen-
sions obtained in the presence of water-insoluble surfactants are
much narrower than those observed in the presence of water-
soluble surfactants. First of all, this precludes the possibility of the
formation of PMP from emulsifier micelles or globules of
surfactant molecules in the aqueous phase of the emulsion.

Polystyrene, poly(methyl methacrylate), polychloroprene,
and polystyrene —methacrylate suspensions with narrow particle
size distributions have been obtained in the presence of water-
insoluble surfactants. For example, polystyrene microspheres
with diameters varying from 0.2 to 0.9 pm and the content of
dry substance from 8% to 33% were prepared at surfactant and
potassium persulfate concentrations of 1% —4% and 0.5% —1.0%
with respect to styrene, respectively. These polymeric suspensions
exhibited high stabilities in physiological salt solutions during
storage and have found wide application in immunochemical
studies.”®

6. Synthesis of polymeric suspensions with amide groups on
the surface of particles

Amide-containing polymeric suspensions are synthesised most
frequently by emulsifier-free copolymerisation of styrene with
amides of acrylic or methacrylic acid.? 25, 104106

The emulsifier-free copolymerisation of styrene with acryl-
amide (AAm, 0.1% —0.5% with respect to styrene) at pH 9 has
been studied most comprehensively.!% Three stages can be
distinguished in the copolymerisation process: (1) copolymerisa-
tion of the monomers in the aqueous phase yielding oligomers; (2)
polymerisation of styrene within the particles formed by these
oligomers; (3) copolymerisation of AAm with styrene dissolved in
the aqueous phase.

Special attention in the studies of styrene copolymerisation
with AAm is paid to the distribution of amide groups between the
aqueous and polymeric phases (owing to the high hydrophilicity
of AAm, the aqueous phase always contains a substantial quantity
of the water-soluble homopolymer).!07-108 The particle diameters
in the resulting polymeric suspensions vary from 0.2 to 0.5 um,
and the variation coefficient is less than 3%.

7. Synthesis of polymeric suspensions with hydroxyl groups
on the particle surface

Polymeric suspensions with hydroxyl groups on the particle
surface are synthesised by the emulsifier-free copolymerisation of

styrene with HEMA or 2-hydroxyethyl acrylate.!06-108 Ap
essential feature of these monomers is the absence of ionising
groups in their molecules, which allows one to change hydrophilic
properties of the surface of the polymeric microspheres without
changing its charge. This is particularly convenient for selecting
the optimal conditions for binding biomolecules. 109~ 111

Polymeric microspheres with high concentrations of surface
functional groups are obtained by seeded copolymerisation with
gradual introduction of a mixture of styrene and HEMA taken in
a certain ratio.!12-114 The polystyrene particles with diameters of
0.3-0.9 um and a narrow PSD are used as the seed suspension.
Polymeric suspensions with a particle size of 0.6—1.1 pm and a
polydispersity coefficient of 1.0003-1.0006 are obtained in this
way.

8. Synthesis of polymeric suspensions with amino groups on
the particle surface

Polymerisation of functional monomers such as aminostyrene,!15
2-aminoethyl acrylate, 2-dimethylaminoethyl methacrylate, or
allylamine % is a rather uncommon method for the synthesis of
amine-containing polymeric suspensions. This is caused by the
high cost of these monomers and by the low stability of the
polymeric microspheres based on them as well as by the fact thata
narrow particle size distribution is difficult to achieve due to the
high hydrophilicity of the monomers,116-124

Amine-containing polymeric suspensions are much more
readily prepared by modifying available suspensions containing
hydroxyl, chloromethyl, amide, or other groups. As an example,
let us consider the synthesis of polymeric suspensions with surface
amino groups by the dispersion catalytic polymerisation of
p-aminostyrene. The polymerisation of p-aminostyrene is carried
out in the presence of a mineral or organic acid (with pK, below
4.76) and an organic solvent (10% —80% with respect to water),
which is miscible with water and whose dielectric permeability is
lower than that of water.!!S This process yields polyaminostyrene
microspheres with diameters varying from 0.6 to 10.0 pym and a
narrow particle size distribution.

Polymeric microspheres with diameters of 0.2—3.5 pm and
polydispersity coefficients of no more than 1.08 have also been
obtained by dispersion cationic polymerisation of p-aminostyrene
in aqueous methanol at 60 °C with a monomer : water ratio of
1:9, a concentration of cetylpyridinium bromide of 1% with
respect to the monomer, and a catalyst (hydrogen chloride)
concentration of 10% with respect to the monomer.

III. Activation of functional groups on the surface
of particles of a polymeric suspension

The methods for activation of functional groups on the surface of
particles of a polymeric suspension considered in this Section are
widely applied in biochemistry and biology, in particular, to
prepare sorbents for affinity chromatography.®%-9° However, to
be suitable for preparing a highly sensitive diagnostic, these
methods should comply with the following requirements:?

—— to proceed quantitatively and irreversibly under as mild
conditions as possible;

— not to decrease the stability of suspensions and not to
influence noticeably the particle diameter and PSD;

-— to have no influence on the biochemical activity of the
bioligand molecules covalently bound to the functional groups on
the surface of the suspension particles.

1. Methods for the activation of carboxyl groups on the
particle surface

The carboxyl groups on the surface of suspension particles can
react with amino groups of a biopolymer in the presence of water-
soluble carbodiimides (WSC).® The most frequently used WSC
are 1-cyclohexyl-3-[2-(N-methylmorpholinio)ethyl]jcarbodiimide
toluenesulfonate 6 and 3-ethyl-1-(3-dimethylaminopropyl)carbo-
diimide hydrochloride 7.
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The activation reaction occurs via the following scheme:

Il
@——C—OH + R—N=C=N—R —»

0  NH—FR
— dodon—r + NH—p —
0
— @—lcl——NH—P + R'NH—C—NHR .

It is carried out at a temperature of 4-6°C and pH 67 for
2—4h in the presence or absence of an inert buffer like
4-(2-hydroxyethyl)piperazin- 1-yl(ethane-2-sulfonic) acid.

One of the advantages of this method for activating functional
groups is its simplicity. However, since protein molecules contain
both carboxyl and amino groups, inter- or intramolecular cross-
linking is possible, which reduces the immunochemical activity of
the bioligand.26.104,125-128

This problem can be solved to a substantial extent by using
two-stage activation: in the first stage, the carboxyl groups are
converted into an active (but stable) form and the microspheres
are separated from the dispersion medium containing the
unchanged components, and in the second stage, the covalent
binding to a bioligand is carried out.

The so-called method of ‘activated esters’ is among the most
generally used two-stage methods for the activation of functional
groups.?48:12% In this case, the activation occurs according to the
following scheme:
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Apart from N-hydroxybenzotriazole, N,N-dialkylhydroxyl-
amines and some other compounds can be used. The conditions in
which the first stage of the process is conducted are similar to those
described above for the ‘carbodiimide’ method. Following the first

stage, the suspension is purified from side products. The second
step proceeds at 4 °C and pH 7-7.5 for 2—-3 days, and after that,
the obtained diagnostic is completely freed from impurities.

Yet another possible version of two-stage activation is the use
of the Woodward reagent, namely, N-ethyl-5-phenylisoxazoline-
3'-sulfonate.!3¢
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In this case, the first stage is carried out at pH 8.5 and a
temperature of 3 °C for 3 h, the resulting suspensions with the
activated carboxyl groups on the particle surface are purified from
side products and then bound to bioligands at pH 7 and a
temperature of 5 °C over a period of 3 h.

Common drawbacks of the above methods are their high costs
and the low stabilities during storage of the reagents used, which
makes the process of binding biomolecules to the functional
groups of microspheres poorly reproducible. Moreover, the
biomolecules bound by these methods are arranged near the
surface of polymeric particles, which may result in changes in
their conformations and may decrease their biochemical activity.

Therefore, the method involving the introduction of a spacer
by the reaction of carboxyl groups on suspension particles with
various diamines (1,6-diaminohexane, 1,7-diaminoheptane) has
gained acceptance.’-131-133 I the first stage, the carboxyl groups
on the microsphere surface are bound to diamine in the presence
of WSC, and after that the resulting amino groups are activated by
one of the methods described below.

2, Methods for the activation of hydroxyl groups

The ‘cyanogen-bromide’ method for the activation of hydroxyl
groups consists in their interaction with cyanogen bromide in
strongly alkaline media (pH 10-11) followed by the formation of
bonds with amino groups of protein molecules.!34

OH OCN
(:): + OH- + BICN —» + H0 + Br~ (3
OH ®<0H 2 &)

OCN o
N
@XOH - @0/ =NH @
o OH
N
=NH + NH,—P —> 5
©<o’ ? ®<o—ﬁ—NH——P ©

The first two stages, (3) and (4), proceed at 25 °C over a period
of 15 min, alkaline pH being maintained by the periodical
addition of 2 M sodium hydroxide. Then the suspension is
purified from side products, and stage (5) is carried out in a
0.1 M borate buffer at pH 8.0—8.5 and a temperature of 4 °C for
4 h. The unaffected activated hydroxyl groups are bound by
adding 0.1 M glycine buffer with pH 8.5, and then the suspension
is extensively purified.

This activation method is applicable only to the covalent
binding of biomolecules stable in strongly alkaline media. The
high toxicity of cyanogen bromide and the noticeable aggregation
of polymeric microspheres during binding bioligands to the
functional groups are among the drawbacks of this method.

Activation of hydroxyl groups can be carried out by
using some other reagents such as tosyl chloride,?
2,2,2-trifluoroethanesulfonyl chloride 13136 and carbonyldi-
imidazole.!37-138 Qverleaf we present the scheme of the activation
of hydroxyl groups by tosyl chloride as an example:
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A fairly convenient method for the activation of hydroxyl
groups is the oxidation of glycol groups, which can be readily
obtained by the hydrolysis of epoxy-groups or oxidation of double
bonds in polydienes (see below). Microspheres with glycol groups
on the surface are obtained, as has been mentioned above, by the
polymerisation of styrene in the presence of dextrins as functional
surfactants.!3® The oxidation is carried out by periodic acid or
periodates at room temperature at neutral pH for 30— 60 min in
the dark.5%-14%.141 QOnply glycols with primary or secondary
hydroxyl groups enter into this reaction, which involves the
cleavage of the C—C bond yielding two aldehyde groups.

OH OH 0
(O—CH—CH, +10; — (D—CH + CH;0 + 105 + H,0

The side products are removed during purification of the
polymeric microspheres.

3. Methods for the activation of amide groups
Although amide groups do not interact directly with protein
molecules, there are a number of methods involving polymer-
analogous transformations that make it possible to convert
amide-containing polymeric suspensions into microspheres with
some other groups that can be easily activated.

For example, the modification of amide groups to hydrazide
groups is widely used.?”-4 The reaction occurs at 50—80 °C in
7-10 h according to the following scheme:

0 0
I ) Il
(L~C—NH, + H;N—NH, —> (L)~C—NH—NH, .

The hydrazide groups formed in this reaction can be trans-
formed either into the carboxyl groups, which need to be further
activated, or into azide groups, which can directly interact with
biomolecules.

The former process can be accomplished by treating the
hydrazide groups with succinic anhydride.142.143

/

C”) HzC—-C/
@——C—NH—NH; + 0 —

HoC—C

TN

0
I il
— @——C—NH—NH—C(CH;):COOH

Azide-containing polymeric suspensions are obtained by
diazotisation in the presence of nitrous acid at a low temperature
(2-5 °C);? after that, the direct interaction of biomolecules with
azide groups on the microsphere surface is possible (pH 7.0t0 9.5,
duration 4 h).

0 0
il il

(L)~C—NH—NH, + HONO —> (L—C—Ns + B0
0 i

@—C—N; + NH;—P —» C—NH—P + HN;,

It should be noted that hydrazide groups can be activated by
virtue of the same methods as amino groups.

Another possible way of modification of amide-containing
polymeric suspensions is the transformation of amide groups into
primary amino groups under the action of sodium hypochlorite in
an alkaline medium (the Hoffmann reaction 139 140), The factors
influencing the course of this process have been studied.!43.144
It was shown that, apart from the transformation of amide
groups into amino groups, hydrolysis yielding carboxyl groups
occurs to a substantial extent, the degree of hydrolysis increas-
ing with increase in the temperature and decrease in the
NaOCl: polyamide ratio. The following optimal conditions
under which the maximum quantity of amino groups is obtained
on the surface of the suspension particles were found: a ratio
between the concentrations of hypochlorite and amide groups of
0.6100.9, a temperature of S— 10 °C, and a duration of the process
of 1~2 h. It was shown that under these conditions, the diameter
of suspension particles or their PSD are virtually unchanged
during modification. This method has been used for the covalent
binding of enzymes to the amide groups located on the particle
surface in acrylamide-styrene copolymeric suspensions (glutar-
aldehyde was used to activate the resulting amino groups).1%¢

The transformation of amide groups into carboxyl groups,
which is frequently required for increasing the stability of micro-
spheres, can be performed by alkaline hydrolysis under mild
conditions (30 °C, 3-4 h).1** The degree of hydrolysis and,
consequently, the concentration of carboxyl groups on the sur-
face of suspension particles, can vary depending on the duration
of the process, and this allows one to obtain particles with various
concentrations of carboxyl groups on the surface.

Finally, polymeric suspensions with hydroxyl groups on the
surface can be obtained from amide-containing suspensions by
hydroxymethylation. The reaction proceeds for 1 h at 50 °C and
pH > 12.0. In relation to the emulsifier-free copolymerisation of
styrene and AAm taken in a ratio of 9:1 followed by the
modification of the amide groups to the hydroxyl groups, it has
been shown that this process yields stable monodisperse micro-
spheres 220 nm in diameter containing 4.58 OH groups per nm? of
the surface of particles.!44

4. Methods for the activation of amino groups

Since primary amino groups are highly reactive, polymeric
suspensions containing these groups on the surface of micro-
spheres are readily activated via reactions with various bifunc-
tional compounds.

The most commonly used activation method involves reaction
with glutaraldehyde, which is due to both the ease of conducting
this reaction and the availability of the reagent itself. The primary
amino groups react with glutaraldehyde by the following
scheme; 145146

H(I! —(CHz)s—y:H — ©®

(ﬁ CHO i
— HC—(CH;); —CH=C—(CH;);—CH,—CH —

0 OHC CHO i
— HC—CH,); —CH=C—CH,;—C=CH—(CH;);—CH —
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rim H
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The activation can be accomplished in one or in two stages.14’

According to the one-stage procedure; linking a bioligand to the
amino groups on the particles is carried out in the presence of an
excess of glutaraldehyde. Although this method is rather simple,
appreciable aggregation of polymeric microspheres due to their
cross-linking is observed in the course of activation.

Preference is given to the two-stage activation. The first stage
(6) involves oligomerisation of glutaric aldehyde and the reaction
of the resulting oligomer with the amino groups on the surface of
polymeric microspheres (7). After liberation of the suspension
from side reaction products, covalent binding to bioligands is
performed. The first stage is carried out at 20-25 °C in 0.01 M
phosphate buffer (pH 7.0) for 1 h.24 After removal of the excess of
glutaraldehyde by dialysis (24 h, against a system consisting of
0.01 M phosphate buffer and 0.01 M salt buffer, pH 7.0), the
molecules of a bioligand are bound to the microsphere functional
groups for 5 h at 25 °C. Then the unaffected aldehyde groups on
the microsphere surface are blocked with a 0.1 M solution of
glycine at pH 7.0, and the resulting test-system is purified. This
activation method makes it possible to avoid inter- or intramolec-
ular cross-linking of bioligands and to prevent the functional
microspheres from aggregation.24

Other bifunctional compounds, for example, 1,5-difluoro-2,4-
dinitrobenzene, 4,4'-difluoro-3,3'-dinitrophenyl sulfone, or
2,4-dichloro-6-methoxycarbonylmethyl sulfone, can also be used
in place of glutaraldehyde.!4% 192 Drawbacks of these methods are
the high costs of the reagents and the prolonged period (47 days)
required for covalent binding of functional groups to biomole-
cules.2 However, the properties of the test-systems obtained by
these methods are more reproducible than those of the test-
systems prepared using glutaraldehyde; in the latter case, the
properties of the test-systems are determined by the conditions
and duration of the storage of glutaraldehyde (polymerisation is
possible).

It is noteworthy that one of the possible ways of binding
antibodies and enzymes incorporating polysaccharide residues to
amino groups on the surface of a polymeric suspension is the
treatment of the bioligand itself with periodic acid or periodates,
rather than the activation of the amino groups.!%4 The oxidation
of the glycol groups of the polysaccharides incorporated in
biomolecules affords reactive aldehyde groups, which can react
with the amino groups on the surface of polymeric microspheres.
The use of this method for binding glucose oxidase and glucose
peroxidase makes it possible to retain up to 40% of their activities
(compared with 10% of the activity retained when other methods,
in particular the carbodiimide method, are used).!%4

5. Metheds for the modification of chloromethyl, epoxy, and
aldehyde groups

In this section we consider polymer-analogous transformations
involving functional groups capable of direct interaction with
bioligands. These reactions are often required either to introduce
an additional spacer group between a polymeric particle and a
biomolecule in order to retain the biological activity of the latter,
or to generate chemical groups on the surface of the suspension
particles, whose reactivity is retained during the preparation and
storage of microspheres (the transformation of epoxy or chloro-
methyl groups into aldehyde groups is an example).

Aldehyde groups are most frequently modified in order to
introduce a spacer. This is achieved by conducting the reaction
with diamines and the subsequent activation of the NH; groups
with glutaraldehyde. It should be noted that the Schiff’s base
resulting from the interaction of a primary amino group with an
aldehyde group and containing a CH =N fragment is unstable at
low pH values. Therefore, it is often reduced to CH>NH with mild
reducing agents like sodium tetrahydroborate (25 °C,
30 min).37-38

Aldehyde-containing suspensions can also be modified using
the reaction of aldehyde groups with amino acids (for example,
with 6-amino-n-caproic acid).?> 150 This reaction affords carboxyl
groups on the surface of the polymeric microspheres:

Il
@—CH+ NH;—(CHz)s—COOH —»

— (L)~ CH=N—(CH.);—COOH NaBH.

—= (L)—CH,—NH—(CHy)s—COOH + NH;—P LIS

— @—CHz—-NH—(Cﬂz)s—CO—NH—P.

Chloromethyl groups are modified both in order to introduce
a spacer and to suppress hydrolysis, which occurs to a substantial
degree at high pH values.3! In the former case, the same methods
as for aldehyde groups can be applied.?8-2% 34 The reaction is
carried out in neutral or weakly alkaline media at 30—40 °C for
1-2h.

Chloromethyl groups are rather reactive and possess pro-
nounced electrophilic properties,’? which makes it possible to
perform various polymer-analogous transformations to impart
additional valuable properties to the functional microspheres,
such as storage stability, hydrophilicity of the surface, etc.!3! For
this purpose, chloromethyl groups are most frequently converted
into aldehyde groups. The functional groups located on the
surface of the particles of a polymeric suspension are modified
by treatment with iodates in an aqueous solution of chromic
acid,!17-131-133 or by the oxidative alkylation with the sodium salt
of 2-nitropropane.154-156

In the latter case, sodium methoxide and 2-nitropropane are
gradually added to a poly(styrene-chloromethyl) copolymeric
suspension. The reaction proceeds at room temperature over a
period of 2 h, and after that, the modified copolymeric micro-
spheres are purified from the unchanged components and side
products. It was shown that under these conditions almost all the
chloromethyl groups are oxidised to aldehyde groups, the
modification having virtually no effect on the diameter or PSD
of the resulting polymeric particles. A comparison of the reactiv-
ities of the initial chloromethyl groups and the resulting aldehyde
groups toward human immunoglobulin G has shown that the
latter are better in binding this antibody and provide higher
sensitivity of the diagnostic.

As has already been mentioned, epoxy groups can be hydro-
lysed, especially at low pH values. Therefore, epoxy groups are
subjected to further modification with the aim of obtaining more
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stable groups on the particle surface or to introduce an additional
spacer group.

Owing to the high reactivity of epoxy groups, they participate
in various polymer-analogous transformations.*

For example, the hydrolysis of surface epoxy groups at 50 °C
and pH 2 gives particles with glycol groups, which are readily
converted thereafter into aldehyde groups by treatment with
periodic acid.

1 A
HO
C—OCH,—HC—CH; -H’—>
o} OH OH
i [ [ 10;
— C—'OCHZ—CH"‘CHZ ——

0
I
— (L)~C—ocH,—cHo

It is noteworthy that up to 60% of the theoretically possible
(based on the concentration of the epoxy groups on the surface of
the suspension particles) number of glycol groups can be obtained
by the hydrolysis, and the particle, diameter, or PSD, virtually do
not change during the process: these are 440 nm and a variation
coefficient of 3.9% for the starting suspension and 475 nm and a
variation coefficient of 5.8% for the modified particles.

The reaction of epoxy groups with ammonium hydroxide
(ammonolysis) occurs even more readily at 20 °C.

(o]

I /\ NH,0H

C-—QOCH;—HC—CH; ——
(0] OH NH;

Il | 107
— (L)-C—OCH,—CH—CH, —

0
Il
— (L)~C—o0CH,—CHO

Epoxy groups on the surface of suspension particles can be
converted into thiol groups by the reaction with an aqueous
solution of hydrogen sulfide, which proceeds under mild condi-
tions (20 °C, 2-4 h).

0 0

Ii /\ H,S
(D~C—O0CH,—HC—CH, —=»
" OH SH
—_ @—C-—OCH;—CH—CH:

However, in this case, it was noted that the modified particles
undergo substantial agglomeration (variation coefficient 15.5%).

Epoxy groups on a microsphere surface can also be modified
by introducing a spacer via the reaction with diamines or amino-
acids (see above).

6. Methods for the preparation of polystyrene suspensions
with a narrow particle-size distribution containing functional
groups on the particle surface
Polystyrene suspensions have found the most extensive applica-
tion in immunodiagnostic studies. This is caused by the fact that
polymerisation of styrene has been most thoroughly studied and it
is easy to obtain microspheres with the required diameter and a
narrow PSD.3-3.157-175 Here, it is expedient to consider methods
for the synthesis of functional polystyrene suspensions consisting
of particles with a specified diameter and a narrow PSD.
Polystyrene microspheres with hydroxyl groups on the surface
are obtained in two stages: the first stage involves emulsifier-free

polymerisation of styrene initiated by potassium persulfate giving
monodisperse suspensions, whose particles contain sulfate groups
on the surface and which are stable in physiological salt solutions.
In the second stage, the sulfate groups are converted into hydroxyl
groups by the hydrolysis in alkaline media (pH 9-10, 50-70 °C,
2-51).176177 The resulting hydroxyl groups can be either
modified further by virtue of the cyanogen-bromide method or
oxidised in the presence of Ag* ions (50 °C, 5h) 127 to carboxyl
groups, which are then activated. It should be noted that the
hydrolysis of ionogenic sulfate groups to yield non-dissociating
hydroxyl groups is accompanied by a sharp reduction in the
stability of the modified microspheres due to the decrease in the
electrostatic repulsion between the particles. Therefore, to prevent
coagulation, non-hydrolysing sulfonate groups should be intro-
duced.32 175,178

The preparation of polystyrene particles with amino groups
on the surface is an even more complex and cumbersome
procedure. 179180

+ HNO; —> No2 ®)

NOz + NesS:0s —2 s ©)
— O )

The first stage [reaction (8)] is carried out in glacial acetic acid
at room temperature for 4 h, concentrated nitric acid being
gradually added to the reaction mixture. The polymeric particles
are then separated from the nitrating reagent by decantation and
washed. The second stage (9) is carried out in ethanol; it involves
the treatment with sodium dithionite at 40 °C for 2 h. The
resulting polystyrene microspheres with amino groups on the
surface can be activated thereafter by any of the procedures
considered above. It is obvious that to be subjected to all the
stages of the process, polystyrene suspensions should meet very
stringent requirements for their stability, therefore, the above way
of modification is applicable only to particles with cross-linked
structures (copolymer of styrene with 2% —5% divinylbenzene)
and diameters of no less than 0.8 pm (they can be redispersed
fairly easily).2

An original method for binding bioligands to polystyrene
microspheres has been suggested by Berge et al.!38 This method
makes it possible to avoid any chemical effect on the surface of
polystyrene particles and thus to maintain their stability. The first
step of this process involves the adsorption of bovine serum
albumin (BSA) onto polystyrene particles of a specified diameter
with a narrow PSD; then the suspension is treated with a
bifunctional compound (glutaraldehyde, diethyl adipinimidate,
etc.) for the cross-linking of protein molecules and their fixation
on the microsphere surface. After that, further binding of
biomolecules is possible via amino or carboxyl groups of BSA.

7. Methods for the activation of polydiene microspheres

The main characteristic feature of polydiene microspheres is the
presence of double bonds, which can undergo further
modification.13%- 140 However, good film-forming ability of diene
polymers is responsible for the low stability of microspheres
during their purification by ultrafiltration, microfiltration, or
centrifugation.? Therefore, the functional polymeric suspensions
are synthesised by copolymerisation of dienes (butadiene, iso-
prene, etc.) with various proportions of styrene.

A possible method of introducing hydroxyl groups into
polydiene-styrene microspheres (for example, polyisoprene-sty-
rene microspheres) is the oxidation of the double bonds of the
polydiene by such oxidising reagents as potassium permanganate
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or hydrogen peroxide.!8!-187 The oxidation proceeds under mild
conditions (pH 3-7, 5-10 °C, 30 min). The resulting glycol
groups can be subjected to further activation.

The oxidation of the polybutadiene or polyisoprene double
bonds to epoxy groups by their interaction with peracetic acid at
reduced temperatures is of great interest.!88 189 It was shown that
the rate and degree of epoxidation depend to a substantial extent
on the polymer content in the suspension and on the concentration
of peracetic acid, and does not depend on the nature of the
surfactant present in the reaction system, the size of polymeric
particles, or the rate of stirring. The following optimal conditions
of the oxidation were found: a concentration of the polymer in the
suspension of 15% —30%, a concentration of peracetic acid of
2%—3%, and a duration of the reaction of 2—3 h. Data on
epoxidation of unsaturated polymers with a mixture of hydrogen
peroxide and formic acid has also been reported.!

Regarding the modification of polydiene microspheres, the
use of thio-compounds containing mercapto groups which readily
react with double bonds of polydiene microspheres, is of consider-
able interest. Thioglycols or thioamines are known %0 to be used
for enhancing plastic properties of polybutadiene rubbers. In this
respect, attention is attracted by the possibility of modifying
polydiene microspheres by thiol compounds containing various
functional groups, for example, by sulfur-containing amino acids.
The modification of an artificial dispersion of SKI-3 polyisoprene
by sulfur-containing amino acids has been reported.’®! It was
shown that amino acids such as cystine or cysteine, due to the
presence of reactive disulfide and mercapto groups in their
molecules, are capable of direct binding to partially polarised
double bonds of 1,4-cis-polyisoprene, which occurs by an ionic
mechanism.

NH:
HOOC—CH—CH>—$§
HOOC—CH—CH>—S

NH>
HOOC—CH—CH,—SH

NH;
lOH‘ lOH“
NH,

NH:

HOOC—CH—CH,—S*
HOOC—CH—CH;—S§~
NH.

HOOC—CH—CH,—S~

CH3;
5+ 5—
~/‘CH2 —C=CH —CHZV‘
S

I
! R

CH3; CH3
-"CH;—C"-C_:H—CHzV‘ ~~CH;—C—CH—CH,~

! "

éHz éHz

CH—NH; CH—NH;

COOH COOH

The preparation of polymeric suspensions with amino groups
on the particle surface with the aid of modification with sulfur-
containing amino acids has been reported by Gritskova et al.!92
They suggested a method for synthesising modified suspensions
that consisted of three independent stages: the first stage involved
the synthesis of seed polystyrene particles with a specified
diameter and a narrow PSD, the second stage was the seed

polymerisation of isoprene, ensuring a high concentration of
polyisoprene units on the surface of the particles, and in the
third stage, the resulting isoprene-styrene polymeric suspensions
having the ‘core —shell’ structure were modified by cysteine.

If all the stages of this process are conducted under controlled
conditions, it is possible to obtain polymeric suspensions with
diameter of particles varying over a wide range (0.1-2.0 um), a
narrow PSD (1% -5%), and a high concentration of amino
groups on the particle surface.

It was shown that by varying conditions in which modification
is carried out, one can control the properties of the suspensions
obtained, which is particularly significant for choosing the
optimal conditions for the immobilisation of protein molecules
and for further application of modified suspensions in immuno-
diagnostics.

* * *

Thus, the data considered above indicate that the main stage in the
synthesis of functional polymeric suspensions suitable for immu-
nodiagnostic studies is the heterophase polymerisation. The
choice of polymerisation conditions determines the stability of
the suspensions, the particle diameter, and their size distribution.
Functional groups on the surface of microspheres can be obtained
either during the synthesis or by modifying the resulting polymeric
suspensions.

Despite the fact that numerous methods for the synthesis of
functional suspensions have been suggested, studies in this field
are being intensely carried out.!®3-218 The purpose of the studies is
to find conditions of a technologically facile method for preparing
suspensions with the use of available reagents.

The work was carried out with financial support
from the Russian Fundamental Research Fund (Grant
No. 94-03-08987).
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Abstract. The present review covers studies published over the past
15 years on the electrochemistry of hydride-forming intermetallic
compounds (IMC) and alloys. Data on the discharge capacity and
stability of electrode materials based on IMC and AB, AB;, ABs
and ABs type alloys and their substituted derivatives during
potential cycling are classified and generalised. The problems
concerning the optimisation of the elemental composition of IMC
and alloys, their production and activation as well as the reasons
for the degradation of electrodes based on these materials are
discussed. The mathematical models suggested for describing the
processes of discharge and degradation of metal hydride
electrodes are analysed. The bibliography includes 149 references.

L. Introduction

It was found in the 1960s that a series of intermetallic compounds
(IMC) possess the unique capability to absorb reversibly an
anomalously large amount of hydrogen (up to 1.5%-2%)t at
moderate pressures and temperatures.! This led to the appearance
of several new fields of scientific investigations directly related to
the solution of problems of hydrogen energetics and technology.
The results of these studies show the possibility of developing
methods, new in principle, for the preparation, storage,
purification, compression and application of hydrogen in differ-
ent technological processes and energy-transforming systems.!-2

The present review deals with electrode materials based on
hydride-forming IMC and alloys with a high sorption capacity for
hydrogen. These materials are primarily intended for use in
nickel - metal hydride batteries. Palladium was the first hydride-

+ The content of hydrogen in these materials (v/v) is 1.5 to 2 times higher
than in liquid hydrogen.
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forming element to attract the particular attention of electro-
chemists after studies by Nilen? and Frumkin.*> Palladium has
since been extensively used as a classical model in hydride
electrochemistry, since processes of hydrogen sorption-desorp-
tion, reversible at ambient temperature but not complicated by
corrosion phenomena, can be implemented only with this
material. The recent commercial use of hydrides was preceded
by extensive studies of a wide range of new materials, which makes
it urgent to analyse and generalise the data obtained to date.

In this review we consider the main aspects of the
electrochemistry of hydride-forming materials that have attracted
most research attention in recent years and that we believe to be of
interest to a wide circle of chemists.

IL. Brief history of the discovery and use of
hydride-forming intermetallic compounds

The first studies on the use of hydride-forming IMC as reversible
electrodes carried out by Justi et al® for individual compounds of
the Ti;_,Ni, system, and by Gutjahr et al’ for a mixture of
intermetallic compounds Ti;Ni-TiNi, have demonstrated, in
principle, the possibility of the cathodic storage of hydrogen
using these IMC.

In 1973, the results of a study on the electrochemical behaviour
of LaNis were reported.® This compound was found to have a
discharge capacity of 200 mAhg™", which, however, was much
lower than the value expected from the pressure-—composition
isotherm for the LaNis—Ha system (360 mAhg™!). In 1975, the
first battery with LaNis as a metal hydride cathode was patented.’

During the following years, the main attention of researchers
was devoted to increasing the electrochemical capacity of metal
hydride (MH) electrodes and to decreasing the loss of capacity in
storage (self-discharge). With this purpose, IMC of the LaNis type
with partial replacement of lanthanum and nickel by other metals,
whose electrochemical charging results in hydride phases with
lower equilibrium dissociation pressures, have been studied.|0- 12

It was found that the main difficulty in the use of such IMC as
TiNi, Ti;Ni, LaNis, MmNis (Mm is ‘mischmetall’, i.e., a technical
mixture of rare-earth metals) and their substituted derivatives as
MH electrodes in batteries was the low stability of the IMC under
electrochemical charge—discharge cycling conditions due to
degradation processes.
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Since the early *80s, studies in the field of MH electrodes have
been directed at increasing the stability of ABs type IMC under
cycling conditions (requiring the development of multicomponent
alloys maintaining the initial hexagonal structure of the CaCus
type),® on the one hand, and at the search for electrochemically
new species, i.e., IMC of the AB; type and the substituted
derivatives,* 1> multicomponent Laves phases of AB; stoichi-
ometry,'®7 hyperstoichiometric compounds of ABs,, %! and
AB,, . types,"20-22 IMC in amorphous, nanocrystalline forms
and IMC films.?3-26

II1. The main types of metal hydride electrodes

The adsorption and desorption of gaseous hydrogen on IMC are
described by P- T - ¢ diagrams, while those on MH electrodes are
described by charge-discharge curves, ie., plots of electrode
potential versus the quantity of electricity passed (Q).

The charging of MH electrodes in alkaline electrolytes occurs
because the electrochemical reduction of water gives hydrogen,
which is then absorbed by the IMC. During discharge, hydrogen
diffuses from the bulk of the IMC to the electrode surface and is
oxidised. The electrochemical adsorption—desorption of hydro-
gen by AB, compounds can therefore be represented by the
following general equation:

AB, + yH,O + y¢ 2 AB,H, + yOH~.

A charge of one electron corresponds to each absorbed
hydrogen atom, and the charge —discharge capacity (C) per unit
mass (m) is determined by the equation:

c=2
m

The charge —discharge curves used for the determination of
the full hydrogen capacity of electrodes (Cc%) should be recorded
under equilibrium conditions, i.e., at very low charge or discharge
currents. In practice, after passing a certain amount of electricity,
it is necessary to disconnect the circuit and record the currentless
(equilibrium) potential, and then plot graphically the dependence
of the amount of electricity passed on the currentless potential.
This procedure makes it possible to avoid errors related to the
retardation of hydrogen diffusion into the bulk of the electrode and
of other steps. In most studies, the full capacity values (C% were
obtained under nonequilibrium conditions: first, the capacity was
determined at high discharge currents (C},), then the current was
diminished (usually, tenfold), and the capacity was determined at
low current (C)). The full capacity is calculated as Cy, + C;.

The equilibrium potential of an MH electrode is related to the
equilibrium pressure in the adsorption and desorption of hydrogen
(pu,) by the Nernst equation

RT
E = —ﬁlﬂPHZ, o))

where E; is the potential of the MH electrode relative to the
reversible hydrogen electrode in the same solution. Thus, the
equilibrium hydrogen pressure over the hydride phase that
characterises the stability of the latter can be calculated from
the potential corresponding to a plateau on equilibrium charge-
discharge curves. The main requirements that should be met by
MH electrodes used in current sources are high discharge capacity
and cyclic stability during electrochemical charge and discharge,

S(N)

M 100 %), @)

S(N) ==

where C(N) in the discharge capacity at the Nth cycle.

Table | presents the currently available literature data on the
studies of IMC and various alloys, i.e., AB, AB>, AB;, ABs and
their substituted derivatives, as MH electrodes.

1. LaNis and its substituted derivatives

LaNis is an intermetallic compound which has been the most
frequently studied electrochemically as an MH electrode. It is
characterised by a high discharge capacity (in closed electro-
chemical cells), electrocatalytic activity and corrosion resistance in
alkaline electrolytes. However, despite all of these advantages,
LaNis has a significant drawback, viz. low cyclic charge
—discharge stability due to degradation processes, the mechanism
of which will be considered below.

The partial replacement of Ni in LaNis by Mn, Cu, Cr, Al or
Co, which have higher atomic radii than that of nickel, enables the
synthesis of IMC with lower equilibrium dissociation pressures of
the hydride phases (< 0.098 MPa) with retention of the hexagonal
type of the lattice. For example, the replacement of one nickel
atom by one aluminium atom decreases py, by almost three orders
of magnitude.?” Hence, MH electrodes based on such IMC have
lower self-discharge due to the desorption of hydrogen as a gas
under atmospheric pressure.

A comparison of S(N) values and relative increases in the unit
cell volume upon hydrogenation (AV/¥) showed'*? that alloys,
the hydrogenation of which results in insignificant volume
increase, have the highest stability Unfortunately, such alloys
normally have low discharge capacity, while both of these
parameters should be taken into account in the selection of
MH electrode composition.

The considerable increase in the cyclic stability of LaNis when
alloyed with cobalt was first noted by Willems.”® The effect of the
replacement of nickel by cobalt is enhanced when a small amount
of silicon or aluminium is added!®3 due to the formation of a
protective oxide layer on the surface. The presence of this layer,
which hinders hydrogen diffusion into the bulk of the metal,
increases the overvoltage of the electrochemical charge-discharge
of the electrode. The addition of titanium increases the cyclic
stability, but simultaneously decreases markedly the electrochem-
ical capacity, unlike neodymium, which increases this parameter.
According to the data of Sakai and co-workers34, an alloy in
which there is partial replacement of lanthanum by neodymium
and of cobalt by aluminium, viz. LaggNdgsNizsCo24Alo;, is the
most suitable MH electrode [C° = 241 mA hg™!, $(300) = 85%).

The partial replacement of lanthanum by zirconium and of
nickel by aluminium in LaNis considerably prolongs the operation
time of MH electrodes. The optimum compositions correspond to
the formula La,_,Zr,Ni,sAlys, where x = 0.1-02.%

2.MmNis and its substituted derivatives

The price of industrially manufactured LaNis on the world
market is ~$30 US per kg.*® The cost of MH electrodes can be
reduced considerably if the lanthanum in the IMC is completely or
partly replaced by ‘mischmetall: However, this replacement
increases the dissociation pressure of the hydride phases. For
example, this value is ~1.5 MPa at 298 K for MmNis40

To decrease the equilibrium pressure over the hydride phase in
MmNis, as in the case of LaNis, it is necessary to partly replace
nickel by such metals as aluminium or manganese.284! It was
found that MmNis should be alloyed not only with aluminium or
manganese, but also with cobalt in order to enhance the cyclic
stability of MH electrodes#-43 It is remarkable that a profound
effect is observed upon replacement of as little as one nickel atom
by a cobalt atom, whereas the optimum replacement number for
LaNis is from 2 to 2.5 nickel atoms. This may be connected with
the presence of Ce in the Mm.

The general criteria for selection of the IMC composition of
the MmNis type are the same as in the case of LaNis, and the
optimum compositions differ only in the quantity of components
added (see Table 1).
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Table 1. The main types of MH electrodes based on hydride-forming intermetallic compounds (IMC) and alloys.

IMC C%mAhg™! S(N) (%) Ref.
LaNis and its substituted derivatives
LaNis 350-372 1215 (400) 12,13,19,28,29
250-275 26(150) 27,91
LaNissMngs 318 17 (150) 27
315 40-60(100) 30
LaNizsMn 220 31 (150) 27
LaNissCugs 250 36(150) 27
LaNisCu 260-270 27 (150) 12,27
342 -373 16 (400) 19,28, 29
LaNissCros 286 41 (150) 27
LaNisCr 174, 280 67 (150) 12,27
LaNis_ Al 355-185 16 (400) (x =0.]) 13,27,28,31
x=01-10 56 (150) (x =0.5) 2
100(150) (x=1) 27
LaNis_.Co, 372-273 25-64(400) 13
x=10-33
LaNi2_5C02,5 230 90 (150) 27
244 -264 57 (300) 33,34
LaNiasFeos 320 40(200) 35
LaNigy_Co,Alg) 365-289 30-94(400) 13
x=25-30
LaNizsCoz4Al0) 231 83(300) 34
LaNi47Sio3 270 36
LaNigs—Co,Sigs 350280 33-96(400) 13
x=10-30
LaNi»5C024Si0) 230 76 (300) 34
LaNi2_5C02,4Mno‘1 244 33
LaNig4Alo3Sio3 270 36
LaggNdg,Ni>Cos 302 48 (400) 13
Lag7Ndg3Niz sCo24Alp1 293 87(400) 13
Lao,gNdo;NiszOngloJ 241 85 (300) 34
Lao,gNdo_zNi2,5C02,4Si0‘1 293 88 (400) 13
280 30(1000) 29
Lag7Ndo2Tig NizsCo2s 178 90(300) 34
Lag7Ndo;TigiNi2sCo24Alos 175 94(300) 34
LaoyNdo2TioiNi2sCozAlos 254 90 (400) 13
Lag7Nbg3Niz5C024Cro; 186 33
Lao_gzro_lNis 137 50 (440) 37
Lao_ng 02N1 5 140 50 (540) 37
Lao_gzro,lNiqulo,s 300-350 75 (300) 38
280 50(580) 37
LaggsZrosNissAlps 27 50 (690) 37
LaoAng 0_2Ni4,5A10,5 254 50 (810) 37
LaggCep2NiyCos 267 84(265) 3
MmNis and its substituted derivatives
MmNis 170 40
MmNisMn 350 30(700) 41
MmNigAl 214; 280 28,41
MmNiyCog7Alp3 300 41
200 -300 4
MmNi3sCogp7Alosg 240; 200; 95 (1000) 43,44
183;250 92 (2000) 33,45
Mm, ;Niz2sCoAloss 220 65(600) 41
MmNi32s(CoMn);7s 220 65(700) 41
MmNi3z 45(CoMnTi)y 55 300 87(540) 41
77 (1000)
MmNiss5Coo75Alp3Mnoa 240 46
Mm(NizsCoo7AlosMnea)os2 210 28
MmNis49Co01Alo20sMno 205 330 47
MmNi42MoggsAlg2 80 (150) 48
MmNi3‘7A10_5Feo,7CUO_1 220 Reserve of 49
60cycles V =60)
MmNi.Cu,MnpAl, 250-300 Reserve of 50
35<x<43;02<a<12; 200 cycles (N > 200)
0.15 < b <0.85; 0.05 < ¢ <05
MmoAsLao_sNi2C03 156 33
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Table 1 (continued).

IMC C°/mAhg-! S(N) (%) Ref.
MmogTie1ZroiNiasSio2 298 Reserve of 51
300 cycles (N =300)
MmggZrg,NisAl 240 40(700) 41
M m()gTio_lNi 3A9C00_4A 10,3 Mﬂo.4 259 65 (200) 52
Ln; - M,Nis_,M', 250-300 Reserve of 51-55
Ln=LaorMm;M =Ti,Y, Zr, Nb, 160 — 200 cycles (N = 160 - 200)

Mo, Hf,Ta,Th, Ba, Ca; M’ =Si,V, Fe, Co,
Zn, Mg, Ca, Ba, Cu, Mn, Al, Mo, Cr, Sn, Sb

MmNi;;jAlo,gSioj 100 36
Mmyg sLaosMno2Nis2Alo3Sios 270 36
MLogLaos(NiAICu)42Coos 270 97.5(100) 56
ML —Mm, enriched with La

ML sMmg sNigMng2Alo5Sios 200 36
Hyperstoichiometric IMC of AB s+ ) type

LaNisy 360 25 (400) 19
LaNi;,Cu 360 62 (400) 19
LaNis4Cu 285 90(400) 19
LaNisCu 198 98 (400) 19
LaNi4 9Cuos 306 63 (400) 19
LaNiy6Cuos 282 81 (400) 19
LaNi3,9CuL5 281 83 (400) 19
LaNi;z4Cu; 245 89 (400) 9
LaNi,oCuys 230 87(400) 19
LaNi, 4Cu; 230 73 (400) 19
LaosNd 2NizCo024Sio) 276 84 (400) 18
Lao,sNdo_zNiz_gco2.4M00_1Si0A1 285 73 (400) 18
Intermetallic compounds of AB3 type and their substituted derivatives

CeNiy_Co;x=0,1,2 160 14
YNizsMos 150 - 200 15

M =N;j, Al, Fe, Cr, Cu, Co,Mn
(Ti, Zr)-Ni alloys

TiNi 250 6
Ti;Ni 250 6
TiNi + Ti;Ni 320 7
Ti, - ZrNi, 450-250 60
x=02-08;y=05-1
TiosZro4Nios 180-200 50(120) 61
TiosZrosNi 180 -200 50(240) 61
TiosZro.sNipgsCuoos 180-200 50(360) 61
TioAszl‘o_sNiogCuO,l 180 - 200 50 (630) 61
Tio2ZrogNij2s 180-200 50(1200) 61
ZrNijgs 180-200 50(2230) 61
Zl‘Nil,43 285 62
ZrNi; 182 63
Laves phases with AB; stoichiometry and with hyperstoichiometric composition
TiV3Nigss 420 64
ZrNiz_ .V 113-345 63
x=01-08
ZrNi1,5Vo_5 345 60 (300) 63
240 75(180) 59
300-600 65
Zr(Nios7Vos3)2 218 -297 57(100) 17
Zris_17Ti2-1V26-54Nis7_23 350-265 16
Zro9Tio1(VosNioer)2 273 57(100) 17
Zr(Voa3Niog7)24 304311 57 (100) 17
200 21
Zro9Tio1(Vo33Nigsr)24 262 -264 57(100) 17
Zr(Vo13Nio.59C0008)2.4 326 57(100) 17
Zr(Vo33Nio5Co0.17)24 328 57(100) 17
Zr(Voa3NiossFeoos)24 332 57(100) 17
Zr(Vo33NigsoMnoos)24 363 57(100) 17
Zr(Vo3NigsMnour)24 366 57 (100) 17
Zro9Ti01(V033Nio.59C0008)2.4 314-316 57(100) 17
ZrNij 2Mnpg . Cry 200 - 300 57,58

x=02-08
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Table 1 (continued).

IMC CO/mAhg-! S(N) (%) Ref.
ZryNii 2Mno4Cros 200 57
y=08-12
ZrNi; 2Mno5Cro2Voi 340 57
ZrNi 2Mn03Cro2Vos 360 57
ZrNi; 2Mno4Crog 250 57
ZNi) 2Cros 330 57
ZrosTigsNiV 350 50 (10) 59
ZrosTiosNir25Vors 270 50(120) 59
Zro5TiosNi1sVor 280 28(70) 59
ZrosTiosNivsVos 250 72(170) 59
ZrosTigaNirsVos 260 58 (140) 59
ZrosTig sNiyVorsFeos 250 88(70) 59
ZrosTipsNiVo7sCrous 210 100 (70) 59
Zr05Tio3NiyVorsCros 330 66
TiNigg-o0VosaMnoe - 1.21Fe015 137-160 67
TigsZroaNiosVosaMnogiFeois 154 67
ZrCroAgMo,zNiMmo_os 300-370 22
M=V,Mn,Fe, Co
Zr(V~Mn-Ni-Mo)a4 300 20
Zro5TiosNi13VorMo2 200-300 24
M =Fe, Cr, Mn
ZrosTigsVozsNips 294 85 (1000) 68
Zrp9Tio1(NiosiVo33C000sMnoes)2 240 21
CeNi; 81 91 (500) 69
PrNi; ! 84(500) 69
LaNi; 70 100 (500) 69
MmNi; 61 79 (500) 69

3. Nonstoichiometric intermetallic compounds AB;_

In the early 1990s, the first reports appeared'®7°-7 on the
electrochemical behaviour of hydrogen-absorbing nonstoichio-
metric alloys. It was assumed 77 that a portion of the La atoms in
the crystal lattice of LLaNis can be replaced by B atoms (one La
atom is replaced by two B atoms) to form a new class of
nonstoichiometric compounds AB,, where x > §.

The first compounds studied were two-phase.2%™ In addition
to the ABs phase, they contained a second, electrochemically
highly reactive phase homogeneously distributed at the grain
boundaries of the main alloy. This second phase contained
transition metals; it was difficult to predict its composition,
although it was undoubtedly determined by the thermodynamic
stability of the corresponding compounds.

A detailed study® of ABss type IMC, such as
Lao_sNdo_zNij;COzASio_l and Lao,gNdo,zNiz,9M00,1C02,4Sio_1, using
scanning electron microscopy, optical microscopy, and electron
microanalysis showed that cooling of homogeneous alloys resulted
in the formation of grains of an ABs type of hydride-forming alloy,
NiCos; (in the former case) or MoCos (in the latter case) being
distributed at the grain boundaries. It is likely that it is the

105 py,/ Pa
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Figure 1. Phase diagram for Cu-containing AB. - H; ternary systems. !?

presence of these phases that results in a two- to threefold increase
in the exchange current density of the hydrogen evolution reaction,
since, according to the Brewer—Engel 7 valence bond theory, the
simultaneous presence of Ni and Co or Mo and Co can cause a
synergistic effect.

Such properties as the capacity and the cycling stability of two-
phase and of the corresponding single-phase systems are similar,
since they are determined by the main alloy However, the
discharge properties of two-phase systems are significantly better.

Later, single-phase nonstoichiometric alloys were obtained by
the homogenising annealing of La(NiCu), alloys, where 5<x<6,
and their electrochemical characteristics were studied.”® It was
found that an increase in x increases the annealing temperature
required for obtaining single-phase samples, decreases the
discharge capacity, and lengthens the activation process.
However, the cyclic stability of electrodes is improved consider
ably: the residual discharge capacities of LaNisCu and LaNisCu
after 400 charge-discharge cycles are 16% and 98%, respectively.

Based on measurements of the adsorption isotherms of
gaseous hydrogen, a phase diagram of Cu-containing AB,-H,
ternary systems was plotted (Fig. 1).1° The region of coexistence of
o- and B-hydride phases rapidly narrows as x increases and
completely disappears at a certain ‘critical’ composition that
approximately corresponds to the formula LaNigsCu. The
isotherm of hydrogen sorption by this compound contains
almost no horizontal plateau corresponding to the a=f
transition.

4. Intermetallic compounds of ABs type and their substituted
derivatives

The electrochemical behaviour of the IMC of the composition
AB; has has so far been studied only for the CeNi;_,Co, and
YNis_ M, systems, where M=Al, Fe, Co, Cu, Mn and
Cr41576-7 Increase in the cobalt content of CeNi;_,Co,
increases the thermodynamic stability of the corresponding
hydride phases and decreases the equilibrium dissociation
pressure from 05x10°Pa for CeNi; to 02x10°Pa for
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CeNiCo, at 293K.* The electrochemical charge—discharge
processes of the IMC of this system follow the equation

CeNi3.CoHs; 2 CeNi;_,Co.H + H;.

Because a stable monohydride of the IMC is formed, the
reversible electrochemical capacity of these MH electrodes is lower
than that of LaNis and MmNis electrodes.

The partial replacement of Ni in YNi; by Al, Co, Fe, Mn, Cr,
or Cu has almost no effect on the reversible electrochemical
capacity but increases (except for Cr) the equilibrium dissociation
pressure of the corresponding hydride phases.’

5.Ti~ Ni alloys and their substituted derivatives

Ti- Ni alloys were the first materials studied as MH electrodes.”
The electrochemical charging capacity of the Ti;Ni alloy is
425 mA hg™!, which corresponds to the formation of the hydride
TizNiH2s5. On the other hand, the discharge capacity is
considerably lower (250 mAhg™!), ie. part of the hydrogen
(~1 mol) is not available electrochemically. Unlike Ti,Ni, the
intermetallic compound TiNi is a totally reversible electrode
with a discharge capacity of 250 mAhg™.

When equimolar amounts of TiNi and Ti,Ni are present
simultaneously, the reversible electrochemical capacity of the
system increases to 320 mAhg~!, which corresponds to the
oxidation of ~ 85% of the hydrogen; the final composition of the
system is Ti;NiHgs + TiNi. It was assumed’ that the complete
discharge of TiNiH into TiNi with simultaneous partial discharge
of the Ti;NiH,s phase occurs in the first step, and then
redistribution of hydrogen between the TiNiH, phase and
TiNi takes place along with its further electrochemical oxida-
tion, ie. the TiNi phase has a specific ‘catalytic’ effect on the
completeness of the electrochemical discharge.

The introduction of zirconium to Ti— Ni alloys decreases the
discharge capacity due to the formation of ZrNi and Zr,Ni
intermetallic compounds, which have very low discharge capacity
because of the formation of hydride phases with strongly bound
hydrogen states® The capacity of TigsZro,Ni, alloys is
considerably higher at x > 1. This may be due to the formation
of a hydride phase based on Zr;Nijg, whose enthalpy of formation
is lower than that of a hydride phase based on ZrNi. An increase in
the zirconium content in the Ti—Zr-Ni alloy results in a
noticeable increase in the cyclic stability, but a greater number
of activation cycles is then required for attaining the appropriate
discharge capacity.

6. Metal hydride electrodes based on multicomponent Laves
phases

Titanium and zirconium do not form two-component Laves
phases with nickel. These phases can exist only in ternary systems
with partial substitution of nickel for other metals.”

Of two-component alloys with the AB; stoichiometry, ZrV,,
ZrCr;, ZrMn;, TiCr,, and TiMn; have attracted most attention.
They are characterised by the high stability of hydride phases that
can be considerably decreased by replacing part of the zirconium
by titanium and of the second metal by iron, cobalt, copper,
nickel, or by addition of a hyperstoichiometric amount of a B-type
element, or by a combination of these methods.

Alloys based on ZrV; with partial replacement of vanadium by
nickel and of zirconium by titanium were first proposed for use in
MH electrodes in a patent!® and were then studied more
thoroughly by several workers.30 It was found that the content
of vanadium and nickel should lie within the [imits Zr.
Voi_0sNire-14 in order to provide optimum discharge and
cyclic characteristics. The high discharge capacity of hyper
stoichiometric alloys of the composition Zr(VonNigs7)ra
predetermined their choice as a base material for developing
multicomponent MH electrodes with improved characteristics.”

The replacement of 12.5% to 25% of the nickel by manganese
results in an increase in the discharge capacity, which is
~370 anhg'1 for the Zr(Vo33NipsoMno,7)24 alloy The partial
replacement of zirconium by titanium decreases the discharge
capacity, whereas the replacement of nickel by cobalt or iron
somewhat increases the discharge capacity. The introduction of a
small amount of aluminium to Zr—-V-Ni alloys noticeably
increases the cyclic stability of MH electrodes. For example,
the Zr(Vo.13Nige7)2.4 alloy loses ~ 43% of the original capacity after
100 charge-—discharge cycles, whereas the Zr(VouNiger)saAly
alloys, where x=005-01, lose as little as 12 -15%.

It has been shown ¥ that the partial replacement of manganese
by vanadium in multicomponent alloys based on a
ZrNi 2MnosCro, Laves phase considerably increases the dis-
charge capacity: from 240 mAhg™' for ZrNijzMnoeCroz to
360 mAhg™! for ZrNij2Mng3Cro2Vos.

At present, the number of studies and patents dealing with
MH electrodes based on multicomponent Laves phases of the AB,
stoichiometry approaches that concerning multicomponent alloys
of the ABs type based on lanthanum or the ‘mischmetall’ (see
Table 1); this is a result not only of the acceptable exploitation
characteristics of these materials but also of their lower cost.

7. Thin-film, nanocrystalline and amorphous MH electrodes

In the early 1990s, Adachi et al® used flash evaporation-
deposition of a LaNis powder onto a support to synthesise a
thin, highly porous film that was stable under conditions of
repeated sorption-desorption of gaseous hydrogen but possessed
poor adhesion and lower sorption capacity than the bulk alloy.

Later, denser thin LaNis and LaNi, sCo, s films were obtained
by high-frequency spraying.®23 Depending on the nature of the
target and support and on spraying conditions (beam power,
spraying time and support temperature), the films were either
amorphous or crystalline. In the authors’opinion, the absence of a
plateau on the discharge curves in alkaline solutions suggested
that the adsorption of hydrogen gave only a solid solution without
the formation of a new hydride phase.

The discharge characteristics listed in Table 2 for MH
electrodes of this type show that a decrease in the absorption
capacity occurs on passing from bulk alloy to crystalline, and
further to amorphous, film. This can be ascribed to the change in
the distribution of crystallographic cavities suitable for hydrogen
sorption and to an increase in the strength of the crystal lattice in
thin films. The cyclic electrochemical stability of LaNizsCozs
films was found to be much higher than that of LaNis films. The
stability of films obtained in an atmosphere of hydrogen was
higher than that of films obtained in argon, but their maximum
capacity was twice as low because of the formation of a more
stable protective layer on the surface.

Table 2. Discharge capacity and cyclic stability of powder and film MH
electrodes.®.34

Form C%mAhg™! S(N) (%)

LaNis

Powder 320 50 (160)

Crystalline film 160 50 (100)
2502 40 (500)

Amorphous film 60 50 (15)
1602 60 (500)

LaNiz sCoa s

Powder 240 50 (400)

Crystalline film 120 75 (500)

Amorphous film 80 75 (200)

2 Data from Ref. 84.
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Thin-film LaNis and LaNi;sCos s electrodes are highly active
in the hydrogen evolution reaction, and the exchange currents on
these electrodes are of the same order as those on the
corresponding compact alloys (~107% A cm™2)383.84

Crystalline and amorphous LaNis films obtained by electron-
beam evaporation of lanthanum and nickel in an ultrahigh
vacuum?® have higher capacity and cyclic stability than the
films obtained by high-frequency spraying,33

It is unlikely that thin films would find practical use, at least in
the near future. However, they are of particular interest in
fundamental studies of hydrogen absorption by IMC and alloys.

It was reported recently that the structure of IMC affects the
characteristics of MH electrodes.23~25 It was found that, as in the
case of thin-film electrodes, the amorphisation of the structure of
a bulk alloy decreases the discharge capacity of the MH
electrodes.?* Of considerable interest are nanocrystalline IMC
obtained by the fusion together of the components.?>2 With
LaNis, it was found?® that these electrodes possess higher
discharge capacity, lower equilibrium pressure of hydride
dissociation and higher cyclic stability than macrocrystalline
IMC. This effect of the size of the IMC particles on the
characteristics of hydrogen absorption seems unexpected, since
the solubility of hydrogen in Pd-electrodes has been found to
decrease with increasing dispersity of Pd when particle sizes are

< 10 nm.86-% When the palladium particles are smaller than
2.5 nm, hydrogen is no longer soluble in them.

IV. The technology of the manufacture and
activation of metal hydride electrodes

The successful application of compact electrode materials requires
their mechanical strength against destruction during charge-
discharge and their corrosion stability in electrolyte solutions to be
ensured. It is also necessary to solve the problems of electrical
conductivity (the contact between the IMC grains), hydrophilicity
(wetting) and porosity (accessibility of the whole bulk of an
electrode material to the electrolyte). Various technological
approaches are used to attain the necessary characteristics.

The mechanical destruction of electrodes due to hydrogen
absorption —desorption is prevented by the use of binders, viz.,
powders of metals (most often Cu, more rarely Ni and Co, and
sometimes Au and Pt) or of polymeric organic compounds such as
polytetrafluoroethylene (PTFE), polyethylene, polyvinyl alcohol,
polystyrene, polyurethane, polyacrylic acid and silicones*%9° or
combinations of metal and polymeric powders.

The fraction of metal binder in electrode materials usually
ranges from 60% to 80%. It has been found for a Cu binder % that
increasing the mass ratio, alloy:binder, increases the internal
resistance of the electrode material although the discharge
characteristics remain almost unchanged.

The content of a polymeric binder is normally 15%—20%.
Electron microscopic studies * of electrode materials containing
polymeric binders showed that in these materials the IMC
particles are enclosed in a three-dimensional framework,
which, however, does not form a continuous and uniform film
of the polymeric binder.

The introduction of acetylene black (up to 10%) is also
recommended to improve the electric characteristics of electrode
materials containing a polymeric binder,*¢4® and the hydro-
philicity should be controlled by adding hydrophilisers.46

Electrode materials containing metal binders are activated
more readily and have higher capacity and better charge-
discharge reversibility >33 than electrodes with polymeric bind-
ers. However, in some cases the metal binder can be oxidised at
electrode discharge potentials.

At present, a technological procedure of microcapsulation of
the IMC particles with copper, nickel, cobalt, iron and palladium
is widely used.?’345291-9% The metal coating (up to 20%) is
applied by chemical or electrochemical deposition from solutions
of the corresponding salts. A compact electrode material is then

produced from the microcapsulated IMC powder with the
addition of a polymeric binder (5%-10%). These electrodes
have improved discharge characteristics and longer service
life.52.92

It has been proposed® to cover the particles of IMC or a
binder (coal, acetylene black) with a polymeric film by adsorption
from a dilute emulsion of, for example, Teflon. The highest
mechanical stability and cycling stability were shown by electrodes
with ‘teflonated’ coal because an elastic, electrically conducting
coal - Teflon framework provided a good contact between IMC
grains.

A new method for modifying the surface of V- Ti alloys by
sintering them with a nickel powder has been proposed.”® The
VNi; phase formed upon sintering is inert with respect to
hydrogen, but catalytically affects hydrogen absorption
—desorption in alkaline solutions and hence makes it possible
to discharge an MH electrode.

All of the procedures for the manufacture of MH electrodes
involve the introduction of additional components that decrease
the specific capacity of an electrode material; hence, a decrease in
the amount of a binder or the manufacture of binder-free
electrodes are problems of current interest. In this respect, a
noteworthy paper®’ reports the manufacture of electrodes that
maintain their shape by the usual rolling of Zr-V-Ti—Ni-Cr
alloys into the active compound without any binders or other
additives, possibly due to unique physicochemical properties of
these alloys.

Of particular interest are MH electrodes of amorphous alloys.
They can be obtained in the form of a ribbon by very fast cooling
of a melt and then used without any additional technological
treatment.*>¢198 However, it is still unclear, for how long the
properties of such materials remain unchanged.

When working with MH electrodes, it is important to obtain
as high a discharge capacity as possible for the IMC used. This
goal is accomplished by activating the electrodes, that is, by
repeating charge — discharge cycles, the number of which depends
on many factors, primarily, on the IMC composition. However, in
most cases the attainable discharge capacity of an MH electrode
remains lower than the sorption capacity of the corresponding
IMC from the gas phase, and in some cases, satisfactory discharge
curves cannot be obtained at all (e.g., for LaCos,3*% CeCo3,*
YCo3,55 and V-Ti.%

The following processes occur during the activation of the
electrode materials: (i) the alloy particles are dispersed during the
absorption-desorption of hydrogen, hence a larger area of fresh,
nonoxidized surface of the material is exposed to the electrolyte;
(i) the surface oxides are reduced, dissolved, or become
electrically conducting; (iii) a catalytically active metal (e.g.,
nickel) is accumulated on the surface; (iv) the porosity of the
structure increases and access of the electrolyte to an IMC surface
becomes easier.

The latter phenomenon has been investigated in several
studies 19011 by the method of standard porosimetry of the
electrode materials prepared from CeNis, CeNi,Co and ZrNi with
a polymeric binder, using two measuring liquids, decane and
water.

Fig. 2 presents the integral distribution curves of pore volume
vs. their radii (porograms) in an initial electrode material based on
ZrNi and PTFE and in the same material after prolonged
cathodic polarisation in the region of hydrogen evolution. The
total bulk porosity of a nonactivated Zr — Ni electrode is as low as
~ 13% and is little affected by activation. (For example, activation
increases the total bulk porosity of a CeNij electrode (6% ~ 8%) by
a factor of 2.5-3.9%) The volume of hydrophilic pores in a Zr-Ni
sample is ~ 50% of the total pore volume; mixed pores occupy a
considerable volume (curve 2’). The pore radii in the materials
analysed varied from 10? to 10* nm and almost did not change
during activation.



188

O A Petrii, S Ya Vasina, I I Korobov

v (%)

-
-
-

1

2 3 4 lg(r/nm)

Figure 2. Integral distribution curves of pore volume vs. pore radius for a
nonactivated (J, /') and activated (2, 2, 3) Zr-Ni electrode plotted by
measuring the evaporation of water (/, 2, 3) and decane (/', 2).10

Of particular interest in Fig. 2 is curve 3 obtained by
measuring the evaporation of water from a Zr-Ni electrode
immediately after cathodic polarisation without preliminary
drying. In this case, the porosity is almost the same as that
measured from decane evaporation. It is likely that during
cathodic polarisation, a pressure drop arises in the bulk of the
material due to intense liberation of hydrogen. As a result, the
electrolyte fills even the hydrophobic pores, and this should
increase the effective electrical conductivity of the material.

To decrease the number of activation cycles, IMC powders are
sometimes pretreated with reducing reagents (H;PO; , KBH,4)%L 102
or with solutions of fluorides in order to convert the oxide layer
into a fluoride layer3-1%* An unexpected enhancement of the
activity of Ti—Zr -V —Ni alloys was observed upon their oxidative
treatment with oxygen or after anodic polarisation in an
alkali.”»104 This effect was explained by a change in the structure
of the superficial zirconium oxide: a dense hydrogen-impermeable
ayer of a monoclinic modification of ZrO; is transformed into a
tetragonal, hydrogen-permeable modification.

When Ti-Zr-V-Ni alloys are treated with a hot concen-
trated solution of alkali (6 M KOH or 10 M NaOH, 65-70 °C),
activation occurs as a result of the modification of the surface
layer (accumulation of nickel metal) and of the surface cracking
due to the absorption of evolved hydrogen.5®

The modification of the surface of MH electrodes with
palladium and cobalt® facilitates activation by acceleration of
the hydrogen discharge reaction, and the introduction of small
amounts of rare-earth elements (La, Mm, Nd)!% into ZrCrNi
alloys facilitates activation due to the formation of a second,
catalytically more active phase, or to a change in the structure of
the surface layer.

V. Hydrogen evolution reaction on metal hydride
electrodes

The cathodic polarisation of MH electrodes in electrolyte
solutions results in the evolution of gaseous hydrogen along
with the accumulation of dissolved hydrogen in the bulk of the
electrode. The overall cathodic process includes the following
steps.

1. Diffusion (convection) of the reacting species from the bulk
of the sofution to the electrode/solution interface

(H20)» 2 (H;0); (alkaline solution).

The ‘" index refers to the solution bulk, and ‘s’ refers to the
electrode/solution interface.
2. Charge transfer

(H20); + 8 2 Hags + (OH™)s (Volmer reaction).

3. Diffusion of the reaction products from the surface of the
electrode

(OH_)S a2 (OH_—)b s Hads

where Hj, indicates an intermediate position of H atoms directly
below the superficial atomic layer of the metal (near-surface
hydrogen).

4. Diffusion of hydrogen into the bulk of the IMC particles

]
Hy =2 Haps »

b= Hina

;bs & Habs(a)s

where Habs(ar) indicates hydrogen dissolved in the oa-phase,
H,,(@) 2 H,,(B) (phase transition),
2H.s(B) 2 H2p),

where H»(PB) is hydrogen dissolved in the B-phase.
S. Desorption of adsorbed hydrogen
2 Hads

H.es + HHO+ & — H;+ (OH™)s (Heyrovsky reaction).

— H; (Tafel recombination reaction),

The problem of finding the slow step in such a complex
process and determining the rates of separate steps is an
independent current problem of electrochemical kinetics and
electrocatalysis which still continues to attract attention.

The activity of MH electrodes in the hydrogen evolution
reaction (HER) is mostly determined by the elemental composi-
tion of the IMC;4.84.106-110 jt a]so0 depends on the composition
and properties of the electrode material as a whole (in particular,
on the nature and amount of the binder %5197) and on the methods
for the manufacture and pretreatment of MH electrodes.108 111

The observation of the low overvoltage of hydrogen evolution
onTiNi and LaNis was first made by Miles ! and was confirmed
in several studies,®*1°¢ in which the exchange currents of the HER
on beads of the LaNis and LaCos alloys comparable to those for
palladium!!® were observed. The synergistic effect on passing from
pure metals to IMC was rationalised in terms of the sharply
defined changes in the electronic properties of the alloys when
lanthanum, containing Sd-electrons, is introduced.

The electrocatalytic activity of the HER on various electrode
materials prepared under similar conditions using Cu and PTFE
as binders was the subject of several studies'*197 (Table 3). The
synergistic effect was not observed, i.e., electrodes based on LaNis
and Raney nickel had equal activity. The partial replacement of La
by Mm and of Ni by Co decreased, while alloying the IMC with
Ce increased, the activity of the electrode. The addition of Nb to
LaNis did not result in a noticeable enhancement of its
electrocatalytic activity, whereas the addition of Nb to the TiFe
alloy accelerated the HER by a factor of ~30.110

Table 3. Electrocatalytic activity of MH electrodes in the HER. 4107

IMC Binder ~log(ip/A cm™)
Ni PTFE 50
LaNis PTFE 50
LaNis Cu 54
LaoAsCeo,zNhCOg Cu 54
Lagl7Nbo‘3Ni2_5C02.4Cro,1 Cu 58
LaNizsCozs Cu 59
MmNi 3,5C00,7A]0,s Cu 59
LaNi2,5C02_4Mno,1 Cu 6.1
Mg sLagsNi;Cos Cu 6.1
CeCos PTFE 4.6
CeCo;,Ni PTFE 4.0
CeCoNi; PTFE 37
CeNi; PTFE 32
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The activity of CeNi;_,Co, electrodes increased® on
increasing the Ni content of the alloy, and the exchange current
density on CeNi; was found to be close to that on Pd.

The decrease in activity of LaNis on passing from a PTFE
binder to a Cu binder has not been rationalised.’*” This seems to
be partially related to the difficulties in the determination of the
actual electrode surface on which the HER occurs. For example, it
was found for Ni electrodes prepared by different procedures !
that hydrogen overvoltage is simultaneously affected by the
inherent activity of the electrode material and by the change
in the area of the real surface. To separate these effects it is
necessary to compare the results obtained from polarisation
curves and from impedance spectroscopy.

Hydrogen evolution on palladium, its alloys and hydrogen-
sorbing materials occurs according to the Volmer — Tafel scheme.
The overall overvoltage of the reaction () is a sum of overvoltages
of the Volmer reaction (1;) and the Tafel reaction (1,) determined
from the curves of decay (or rise) of potential after switching off
(or on) the polarising current (1, #curves). The kinetics of hydrogen
evolution on palladium was considered taking several rate-
determining steps into account,! which made it possible to
describe completely the experimental polarisation #,logi-curves.

Information on the mechanism and kinetics of the HER in
alkaline solutions on LaNis and Ti—Ni alloys was obtained using
electrodes as thin amorphous films that are more stable
mechanically during hydrogen sorption-desorption than the
corresponding bulk alloys.!'® The results of quantitative process-
ing of the n, t-curves presented in Table 4 showed that hydrogen
evolution on LaNis and Ti-Ni alloys occurs according to the
Volmer - Tafel mechanism with comparable exchange currents of
both steps. The slope of the straight regions on the 5, log i-curves
was 120 mV, hence, at high 7 the overall reaction rate is determined
by the charge transfer step. The exchange current (i exp) obtained
by extrapolating the 7,logi-dependence to n = 0 differed from
that obtained by the formula

1 1 1

. - . . bl

g v T
where ioy and ior are the exchange currents of the Volmer and Tafel
reactions, respectively.

Table 4. Kinetic parameters of the HER on various cathodes inl M NaOH
at 303 K.16

Sample Thickness /A Exchange current density /uA cm™?
io,v io,T io i0,exp
LaNis 2000 3.22 0.70 0.58 1.7
2000 3.86 0.68 0.57
Ni 1000 — 1.4
Ni (wire) 045
Nio.11Tio.80 2000 2.1
Nig.sTio.s 1500 2.46 0.93 0.67 1.7
Nio.76Tio.24 1500 2.76 0.15 0.81 2.6

It is evident from Table 4 that the iycxp values on thin-film
alloys are similar to those on a nickel film and nickel wire as well
as to the values previously obtained on amorphous NiTi.!Y Thus,
the electrocatalytic activity of thin-film electrodes studied is
determined by nickel, while synergism between lanthanum and
nickel or titanium and nickel is not observed.

Results supporting the Volmer-Tafel mechanism for the
hydrogen evolution reaction were also obtained for MH elec-
trodes based on LaNis, MmNis, and MmNi:gMng4Alg2Cog7
powders.®!® The igy/ior value is, for example, ~9 for the
MmNissMno4Alo3Cop7 system, which suggests a mixed
character for the rate-determining step. The addition of oxides
such as Co0,04 or RuO:z to an electrode material markedly

accelerates the Volmer reaction and only slightly changes the rate
of the Tafel reaction.

On the whole, however, the problem of the relation between
the activity of IMC and its components with respect to the
hydrogen evolution reaction cannot be regarded as completely
solved. Solution of this problem requires the development of a
procedure for the measurement and consideration of the real
electrode surface area. On the other hand, the gradual change in
the electronic properties of these materials on changing their
composition affords a unique opportunity to reveal the funda-
mental problems of the nature of electrocatalytic activity,

VL. Charge-discharge processes on metal hydride
electrodes

The electrochemical method of saturation of IMC with hydrogen
requires much simpler equipment than that for saturation with
gaseous hydrogen. However, electrochemical saturation at
potentials corresponding to effective pressures above 0.098
MPa (£ <0V) cannot be performed under equilibrium
conditions due to concurrent hydrogen evolution. Thus, the
effectiveness of MH electrode charging is determined by the
ratio between the rates of hydrogen diffusion into the bulk of IMC
particles and its desorption into the electrolyte bulk. The driving
force of the sorption process is the difference between the
chemical potentials of hydrogen on the surface, which is
determined by the surface coverage by hydrogen, and in the
bulk, which is determined by the overall fraction of occupied
absorption sites.

Hydrogen sorbed by metals can exist in three different forms,
namely, adsorbed hydrogen, hydrogen in a nearsurface layer and
dissolved hydrogen. An equilibrium is established between these
forms. The quantity of nearsurface hydrogen does not depend,
while that of adsorbed hydrogen does depend, on the nature of the
surface.’® The sorption of hydrogen can be accompanied by phase
transitions such as the formation of hydride phases (e.g. the aep
transition in the case of the Pd electrode). No data are available on
the type of isotherms of hydrogen electrochemical sorption on
IMC, while the sorption isotherms on the Pd electrode differ in the
o, aeB, and B regions.’ 120

Under equilibrium conditions, the relation between the
pressure of sorbed hydrogen (pn,) and the electrode potential
is determined by the Nernst equation. At a cathodic polarisation,
the dependence of py, on n deviates from the Nernst equation and
is determined by the mechanism of hydrogen evolution and the
ratio of exchange currents of its different steps. In the case of the
Volmer —Tafel mechanism, the relation between the hydrogen
pressure at a certain polarisation (7) and that at the equilibrium
potential (5,) depends on the contribution of the overvoltage 7,
for the Tafel step by the equation!!?

It was found!9® that, after cathodic polarisation of a ZrNi
electrode at potentials of hydrogen evolution followed by circuit
disconnection, stationary potentials are established and main-
tained in the region from —0.04 to —0.008 V, depending on the
polarisation potential and the composition of the solution. In
addition, the passage from 5 < —0.1 to the —0.08 to —0.006 V
range resulted in a considerable anodic current, which gradually
decreased over a long period (hundreds of seconds), until
converted into a cathodic current and attained the values
corresponding to the rate of hydrogen evolution at the
corresponding potential. An additional study showed that this
does not result in dissolution of IMC components. The effects
observed are evidently related to prolonged retention of hydrogen
in the bulk of IMC due to hindrance of the recombination step or
interphase transfer of hydrogen.!!>121
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The amount of the hydrogen sorbed can be determined by
recording the discharge curves under galvanostatic conditions,
i.e., by measuring the potential versus time at constant /, or under
potentiostatic conditions, by measuring the current versus time at
constant E.

The process of electrochemical discharge involves the
following steps:

MH},, = MHj,, 3)
MH:.bs =2 MHads> (4)
MH,s, + OH™ = M + Hy0 + &, %)

Each of these can be the rate-determining step under certain
conditions.

Metal hydride electrodes based on IMC and a binder are
porous and differ considerably both from gas-diffusion porous
electrodes 3137 and from liquid-containing porous electrodes.!38
Gas-diffusion electrodes contain pores flooded with the electrolyte
and gas-filled pores, through which the gaseous reagent is
transported into the bulk of the electrode to the active catalyst
surface. Porous electrodes made of hydrogen-sorbing IMC do not
require gas porosity. These electrodes differ from liquid-containing
electrodes by the continuous supply of the reagent by diffusion
from inside material particles to their outer surfaces where the
electrochemical reaction occurs. Thus, porous MH electrodes
should be regarded as systems with parameters distributed over
the electrode thickness and over the IMC particle radius (Fig. 3).

Figure 3. A model of a porous hydrogen-sorbing electrode:!2 (1) IMC
particles; (2) solution-containing pores; (3) metal current collector;
() electrode thickness; (r) radius of an IMC particle.

Several mathematical models have been suggested for the
description of experimental discharge curves. These models can be
divided into two groups: in one group, the models consider
hydrogen diffusion only within IMC particles (along the radius r,
see Fig. 3)122-125 while in the other, models also take into
account diffusion across the electrode thickness (along the
coordinate 7).126.127

Pshenichnikov and co-workers 122123 proposed a model for
calculating galvanostatic charge-discharge curves on an isolated
spherical grain of a hydrogen-absorbing metal. Assuming that
potential E is a single-valued function of the degree of surface
coverage by adsorbed hydrogen, which is related to the hydrogen
concentration in the bulk by the Frumkin isotherm, the authors
took the nonstationary mass transfer in a unit grain into account
and obtained a relation between E and the amount of electricity

CH === =—

CH

Figure 4. A scheme for the variation of the hydrogen concentration in a
spherical particle during discharge:3! (cy) hydrogen concentration in the
B-phase; (ciy) hydrogen concentration at the interface between the a- and
B-phases.

passed. By adjusting the adsorption equilibrium constant within
this model, they managed to obtain qualitative agreement between
the experimental and calculated data. If one assumes that the
electrode consists of particles with two different radii, charge-
discharge curves with two delays can be obtained. Based on this
model, it was concluded that the total charging and discharging of
a grain are impossible if the diffusion current is commensurate
with the charging current.

It was believed 3124 that the quantity of ionised hydrogen is
proportional to the thickness of the surface a-layer (Fig. 4) and
that the rate of discharge at low discharge currents is determined
by hydrogen diffusion in the a-phase. Under these conditions, the
dependence of the discharge capacity (C) on the discharge current
(I) has the following form:

)] -3
- oofi- (148,

where C° is the discharge capacity (at / — 0) and £; is the rate
constant of the discharge step (5).

At high discharge currents, the rate-determining step is the
electrochemical reaction occurring on the Ni-centres

H(atom) + H,O = H;0" + €, (6)

and the dependence of the discharge capacity on the discharge
current acquires the form

el (3]}

where # is an empirical constant and kg is the rate constant of
reaction (6).

The model proposed was tested for a LaNis7Alos electrode.
The dependences of loglog[l/(1 — C/C®)] on log(C/I) con-
tained a break point at currents of ca. 1000 mA g™, which
indicated a change in the discharge mechanism. The experimen-
tally determined discharge capacities coincided with those
calculated by equation (7); the ks value depended on the duration
of the treatment of the electrode surface with a potassium fluoride
solution due to changes in the composition of the surface layer.

The basic feature of yet another model'2’ is the possibility of
quantitative processing of step (4) as a heterogeneous chemical
reaction. The authors derived equations for hydrogen diffusion in
the bulk of electrodes of various shapes (plate, cylinder, sphere),
which coincide with the equations obtained previously by Bucur et
al 28129 who theoretically described the ionisation of hydrogen
dissolved in a Pd electrode. The concentration of hydrogen in the
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near-surface layer (c}) at low D/l2 (where D is the diffusion
coefficient of hydrogen and / is a parameter determined by the
electrode size) and low discharge currents decreases linearly with
increase in the discharge time (¢). At high D/! 2 and/or higher
discharge currents, the c; value linearly depends on ¢ only within a
narrow time range. In this case, when c}; reaches zero (i.e., the
discharge is effectively finished), the bulk of the electrode still
contains a fraction (f) of the dissolved hydrogen that cannot be
ionised because of the limited rate of hydrogen diffusion. The value

I
/= )
(where ¢” is the initial concentration of the dissolved hydrogen)
characterises the effectiveness of discharge. It depends on the
electrode geometry and decreases in the series: plate > cylinder >
sphere.

Based on the theoretically derived equation for the depend-
ence of the electrode potential on r under galvanostatic discharge
conditions, experimental discharge curves for MH electrodes
made of ZrNi,, Zr(Vo13Nige7)24 and Zr(CrFe), were analysed and
the kinetic parameters of steps (3)—(5) were calculated. They were
found to depend not only on the electrode composition but also on
the surface structure or the phase composition of the hydride
phase.

The discharge capacity at low discharge currents is obtained
by subtracting two quantities linearly dependent on the current,
the first one being related to the liming rate of hydrogen diffusion
in the electrode bulk and the other to the limiting rate of hydrogen
transfer from the absorbed to the adsorbed state, from the
equilibrium capacity C,

/] I
¢ CO aD CO Fk4CH ’
where a is a constant depending on the electrode geometry, and &,
is the rate constant of reaction (4). Thus, the linear C.F
dependences observed at low discharge currents are analogous
to those found in a previous study!?®
At high discharge currents

2
02 nD IAY)
= it
= blSF( PR,

where b and c are constants depending on the electrode geometry,
and S is the surface area of the electrode.

The model described above is applicable only when the
chemical potential of hydrogen (un) changes continuously with
changes in the concentration (cu) in the bulk of the electrode; in
particular, this is the case for amorphous films. In the case of
crystalline alloys, for which the un,cu-dependences contain a
plateau due to a phase transition, the model describes only single-
phase regions (the starting and terminal regions) of the discharge
curves.

Models based on the macrokinetics of the ionisation of the
dissolved hydrogen in porous MH electrodes have also been
proposed.

A theory was proposed!?¢ that considered a porous planar
electrode of thickness / consisting of spherical IMC particles of
radius r. The joint application Fick’s second law and theories of
slow discharge and charge-discharge of the electric double layer
gave a system of equations with four dimensionless parameters
determined by the characteristic times of the following processes:
hydrogen diffusion in a particle; charging of the electric double
layer of a porous electrode; charging of the electric double layer of
a smooth electrode; and reactions of hydrogen ionisation. In the
general case, an analytical solution of this system is difficult;
however, numeric modelling is possible by variation of three
parameters: the diffusion coefficient of hydrogen, the capacity of
the electric double layer and the exchange current density.

By choice of the parameters, one can obtain the distribution
of hydrogen concentration in the bulk of the particle and across the
electrode thickness. When diffusion limitations prevail over ohmic
limitations, the hydrogen distribution in the bulk of the electrode
should play the major role. This dependence can be obtained by
analytical methods.

A model was proposed 12 for the description of the discharge
process by comparing the calculated and experimental potentio-
static discharge curves for an MH electrode compressed from a
CeNi; powder with 20% PTFE. This model is applicable to any
systems containing a phase of a reducible or oxidisable
component; in particular, it was used for describing the
charge - discharge behaviour of porous polyaniline electrodes
under galvanostatic conditions.*°

The following drawbacks of the model proposed by VoI'fkovich
et al.?® should be noted: first, electrode charging is complicated by
a phase transition, which can be taken into account formally only
by varying the double layer capacity; second, the step of
interphase transfer of hydrogen (4) is not taken into account.

Another treatment of porous systems has been proposed %7 for
a cylindrical electrode consisting of spherical IMC particles. The
model takes into account the diffusion of hydrogen in the bulk of
IMC particles (based on Fick’s second law), the charge transfer
and the potential drop in the IMC particles and in the electrolyte
that fills the pores. For the majority of metals the potential drop in
the metal phase is low: cycling of the electrode can decrease the
electrical conductivity of the powder, e.g. due to the oxidation of
the surface or impairment of contacts between the particles.
Because the equations obtained!?’ are very complex and the
model uses a great number of parameters, it is difficult to apply
this model to the analysis of experimental discharge curves.
Furthermore, it does not permit calculation of the kinetic
parameters of reactions (3)—(5).

Thus, none of the mathematical models proposed for
describing the discharge process is general, since they do not
take into account all the steps of the process. The models assume
that the diffusion coefficient of hydrogen (D) does not depend on
its concentration in the alloy, whereas the existence of this
dependence has been established experimentally!?:132 In addition,
the models proposed do not take into account the specific nature
of the a=p transition, except for the formal introduction of an
infinitely large capacity corresponding to this transition.!26

VIL. Corrosion of metal hydride electrodes

One of the main properties of MH electrodes required for their
practical application is a sufficiently high stability during repeated
electrochemical charge —discharge cycles in electrolyte solutions.
As has been noted, the measure of the cyclic stability is the S(N)
value, which is primarily determined by the nature of the IMC and
the binder, the manufacturing method, and the pretreatment of
the electrode.

The high stability of ABs type IMC containing Al, Si, Ti and
Zr is determined by a superficial oxide film formed during
electrode cycling in alkaline solutions.!32%34.37.117,133, 134

The addition of manganese to alloys, often used for decreasing
the hydride dissociation pressure, impairs the corrosion stability of
IMC. This is caused by the diffusion of manganese from the bulk to
the surface and degradation of the alloy to give hydroxides of
manganese and rare-earth elements as well as metallic nickel.?”3

The increase in the plasticity of alloys on alloying LaNis with
Co decreases the rate of its dispersal and, as a consequence,
decreases the newly formed surface prone to oxidation, imparting
high stability to the alloy during cycling.'* - 138

It has been shown that the corrosion stability of the
intermetallic compound LaNissMngs produced under diverse
conditions is affected by the disruption of the atomic order within
the same ABs crystalline system: homogenisation of the structure
increases the stability of the material.3®
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The effect of homogenising annealing or rapid cooling on the
cyclic stability of MmNi3sCop7Alos is explained* by the
difference in size of IMC grains formed (~50 pm in the former
case and ~10 pm in the latter), assuming that a protective oxide
layer can be formed not only on the particle surface, but also at the
grain boundaries. In the case of the quenched alloy, the cyclic
stability was found experimentally to increase with decreasing
grain size.

The spectrophotometric analysis of | M NaOH solutions after
prolonged potentiostatic polarisation of YNi; and YCos
electrodes in these solutions showed ¥ that the rate of yttrium
dissolution from the IMC is lower by at least an order of
magnitude than that from the pure metal, even at potentials much
higher than the potential of the anodic boundary for total IMC
dehydrogenation. Nickel and cobalt were found not to pass into
solution over the whole range of potentials studied.

When an IMC of an AB, type contacts an electrolyte,
corrosion can be represented as follows:

kOX
AB. + H:O == A(OH); + xBor BO, B(OH);] + H2. (9)

As a result of this heterogeneous reaction, the amount of the
hydrogen-sorbing compound decreases in proportion to the
specific surface. Thus, the larger the IMC particles, the weaker
should be the trend to decreasing capacity. The validity of this
hypothesis was confirmed for LaNis4Cu electrodes produced
from powders with different specific surfaces.??

As follows from the above considerations, the disintegration of
IMC grains into smaller particles during the charge-discharge
process stimulates corrosion. The comminution of IMC grains is
caused by the coexistence of various hydrides on the surface. These
hydrides increase the volume of the unit cell to different extents; as
a result, mechanical stress appears at the boundaries of hydride
grains, leading to brittleness of the system and to increased local
mobility of metal atoms contained in the IMC!>%°

These concepts were further developed in a study of the effect
of electrode cycling on: the in situ X-ray diffraction spectra; the
hydrogen concentration; the variation of the unit cell volume upon
formation of o~ and B-phases (V' — V,); the variation of the
overall unit cell volume upon hydride formation (V' — V;); and the
electrode stability (Table 5).*

The (V3 —V,) and (V- Vp) values for the LaNi, and
LaNi,_;Cu electrodes decrease with an increase in the non-
stoichiometry of a system, the (V3 — V) value decreasing much
more quickly. The introduction of copper into the alloy primarily
affects the (Vg — V) value. The stability of the alloys is determined
by the changes in the volume of the unit cell upon formation of the
- and o-phases. An increase in (¥ — V) enhances mechanical
strain and the desintegration of the alloy particles in agreement
with the results of microscopic studies.

A mathematical model of the degradation of MH electrodes
has been developed 22 based on the assumption that the specific
surface is the main factor determining the rate of particle
oxidation.

Table 5. Stability of MH electrodes and changes in unit cell volume upon
hydride formation.!®

Alloy AB, Vg—Va)/Vo V—=Vo)/Vo  S(400),
(%) (%) (%)
LaNis ABs 21.5 22.5 15
LaNis 4 ABsa 19.9 22.0 25
LaNisCu ABs 17.0 21.2 16
LaNig>Cu ABs» 13.2 19.7 62
LaNig4Cu ABs, 2.8 18.2 90
LaNisCu ABs 0.0 8.5 98

For spherical particles with initial radii ry, the electrode
capacity after cycling for a period ¢ is

€™ = C(0)'7 ~ 1 [1C(0)" Soksar,oMas ]t (10)

where C,(0) is the electrode capacity before cycling, S is the initial
specific surface of the powder, an,o is the activity of water, M p_is
the IMC mass, and k, is the rate constant of reaction (9). If the
diffusion of the water molecules is not the rate-determining step,
then a linear dependence of C,l/ * on ¢ should be observed. Such
dependence was obtained for LaNis4Cu electrodes with three
different S, values.?? The increase in the slope of the straight lines
correlated well with the size of the alloy particles. All three straight
lines intersected at one point but not at t = 0.
Equation (10) can be transformed into

C, = C,(0) exp(~Sokoan,0oMas, 1) . (11)

Since ¢ = bN, where b s a proportionality factor, relation (11) is
analogous to the empirical equation 3

C(N) = wap(—%), (12)

where C; is the maximum capacity, C(N) is the capacity in the Nth
cycle, and parameter N* reflects the rate of capacity decrease and
is regarded as a stability constant. It follows from equations (11)
and (12) that

1
" Soko Mg, |

One of the drawbacks of the model is that it does not account
for the dependence of the oxidation rate on the surface state
(oxidised or reduced) and on the potential. In addition, cycling
gradually changes the composition of the surface layer and, hence,
its protective properties.

A model including the changing discharge capacity of MH
electrodes caused during cycling proposed in another study !
simultaneously accounts for the discharge and degradation
processes. During low-current cycling, the decrease in the
capacity over time should obey the following equation:

C(I,N) = C(0,0){l - [1 +9(%)k‘] _3}><

x[1 - Pexp(—FN)] exp(—KnN) , (13)
while during high-current cycling, the following equation is
obeyed:

C(I,N) = C(1,0)[1 — Pexp(—kN)exp(—kN))

C(1,0) = C(0,0){l —exp [— Zl—cﬁl,,'—o)"] }

where C(0,0) is the capacity at the zeroth cycle, 7 is the discharge
current, N is the number of galvanostatic cycles, k; is the rate
constant of the electrochemical discharge reaction, P is the
fraction of the hydrogenated alloy particles active in the cycling, &
is the rate constant of the MH electrode activation, K is the factor
of degradation of the capacity of the MH electrode equal to
ScLy?At (S, is the fraction of corroded specific surface, L is the
number of hydride particles per unit area, y is the rate of hydride
growth, and At is the time of corrosion during each charge-
discharge cycle), v is the rate of the electrochemical reaction, and n
is an empirical constant.

The dependence of the discharge capacity of untreated and
fluoride-treated LaNis;7Alps electrodes on the discharge current
and the number of cycles were plotted, the constants were
calculated by use of equations (13) and (14), and three-
dimensional C,I,N-diagrams were plotted.*® The dependence of
kinetic and corrosion characteristics on the time of treatment of

14
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the electrodes with fluoride ions was explained by the following
reactions:

La(OH); + 3F~ = LaF3; + 30H—;
LaNis7Alg3 + 0.6K™* + 4.5F— =
= LaF3 + 0.3K,AlFs + 4.7Ni° (or Ni**),

leading to the accumulation of catalytically active nickel and of
LaF;, which has better protective properties than La(OH)3, on the
surface.

Up to the present, almost no systematic data are available on
the cyclic stability of AB;-type IMC, where A is Ce orY, and B is
Ni or Co. For MH electrodes based on multicomponent Laves
phases, only the results of electrochemical charge—discharge
cycling tests have been reported (see Table 1). However, the
mechanism and the nature of the accompanying degradation
processes have not been considered, although, because of the
different elemental composition, they would probably differ from
those in the rather well-studied IMC of ABs type and their
substituted derivatives.139~ 148

VIII. Conclusion

To date, several countries have set up the production of
nickel —-metal hydride accumulators. For example, the number
of such accumulators in Japan is as high as 25% of the number of
nickel —cadmium current sources, and there exists a trend for a
gradual displacement of the latter. This is caused both by
environmental considerations and by the good specific character-
istics of MH-accumulators as well as by the possibility of
manufacturing them without considerable investment and with
almost the same equipment. Along with small-scale MH-
accumulators for portable computers, video cameras and
home electronic appliances, large MH-accumulators are being
developed, in particular, for electric cars.

As has been shown above, the properties of hydride-forming
materials depend very strongly on their composition and change
considerably on adding apparently insignificant quantities of
several elements or on small changes in stoichiometry. For
example, the addition of less than 2 at.% Li%® or a decrease
in the stoichiometric coefficient to 4.5-4.8'%7 increases the
capacity of the Mm(NiCoAlMn)s electrode with respect to
hydrogen, and the service life of the MH battery reaches 1000
cycles with loss of less than 10% of the initial capacity. Therefore,
the problem of optimising the composition of hydride electrodes is
still of current interest. From the fundamental scientific aspect, a
theoretical analysis of the effect of the composition and of
concentrations of particular components on the sorption proper-
ties of IMC is required. Some approaches to the problem have
been reported; however, they have not been developed and
generalised because primary attention was paid to extensive
empirical studies aiming at the solution of applied problems.

The facts set forth above suggest that active electrochemical
investigations of hydride-forming IMC have in fact led to the
appearance of a new field, i.e., electrochemistry of hydrides. The
particular features of these materials are the strong dependence of
their properties on the amount of hydrogen sorbed and their
specific electrochemical behaviour. Unfortunately, the latter has
been studied insufficiently, although, judging by certain theoret-
ical considerations and preliminary data, one can anticipate that
these materials would have unusually high electrocatalytic activity
and selectivity in electrochemical hydrogenation and reduc-
tion.7® 111140~ 142

A detailed study of the pronounced degradation processes
occuring upon hydrogen sorption can lead to a deeper insight into
the nature of hydrogen embrittlement of materials, which is
particularly important for the prediction of the corrosion
behaviour of certain metals and alloys, for hydride materials
science and electrochemical technology. Possibly cheap hydrogen-
sorbing materials will be found in the future and used as gas-

separating membranes in various systems, including electro-
chemical ones. As yet, such membranes are most frequently
made of palladium and its alloys. It has been found that when
palladium is alloyed with rare-earth metals its properties as a
membrane are improved.>!44 It is not known at present whether
similar membranes can be created using the typical IMC
representatives considered above. The realisation of this possi-
bility would drastically expand the field of use of hydrogen-sorbing
IMC.

Intermetallic compounds sorbing hydrogen are interesting
and promising subjects for revealing the nature of fine interactions
in hydride phases. These investigations performed over a broad
temperature range and using deuterium as a sorbate 145146 show
the most promise. It can be expected that investigations in this
field will lead to the appearance of new concepts in hydride
chemistry.
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Abstract. The published experimental data on the direct gas-phase
oxidation of natural gas (methane) to methanol are surveyed.
The results of kinetic modelling of the process, its mechanism,
and its most characteristic features are considered. Prospects of
the industrial use of the process and the most important directions
for further studies are discussed. The bibliography includes 146
references.

L. Introduction

Direct oxidation of natural gas (methane) to methanol (DMTM)
is a promising way of solving the problem of conversion of natural
gas into more easily transportable fuels and chemicals. This
process can be carried out both in the presence of a heterogeneous
catalyst and under homogeneous conditions. In the latter case,
pressures higher than 50 atm are needed to achieve a sufficiently
high yield of the target products. The extensive literature devoted
to the high-pressure gas-phase oxidation of methane,!~%
including numerous papers published in recent years, makes it
possible to speak of a branch of science dealing with the study of
the chemical fundamentals of this process and having a long-term
task of developing a competitive method for the direct processing
of natural gas.

Since the possibility, in principle, of obtaining valuable
oxygen-containing chemical products (oxygenates) by the direct
oxidation of methane had been established,! ~ it was reported 4 -7
that direct gas-phase oxidation of methane at high pressures can
yield methanol with a high selectivity. Efforts were made to
increase the yields of these products and to develop industrial
processes for their production. As early as 1905, one of the first
patents® dealing with the catalytic oxidation of methane to
oxygenates (formaldehyde, methanol, formic acid, etc) was
obtained, and in 1929 and 1930 the first catalytic process carried
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out at high pressures was patented.® 10 At present, there are no
operating industrial units for the direct oxidation of natural gas to
methanol; however, during World War II more than one fourth of
the annual output of formaldehyde and methanol in the USA was
produced in this way.!1.12

Currently, interest in this process has revived because the role
of natural gas in the world energy balance has increased, because
of the urgent need for environmentally clean motor fuels in
leading industrial countries, and, the publication of experimental
data % indicating the possibility of achieving a very high selectivity
in the formation of methanol.®

The problem of partial gas-phase oxidation of methane to
methanol at high pressure has been considered in a number of
reviews, beginning with a monograph?® that summarised
more than fifty years of research on the mechanism of the
oxidation of hydrocarbons and ending with more up-to-date,
though not fully comprehensive, reviews.55-67 A detailed and
competent survey of the studies dealing with the DMTM problem
and published before 1991 is given in a difficultly accessible
publication.®® However, the time is ripe for the analysis of all the
accumulated results in terms of the modern views on the kinetics
of this process in order to identify the most significant lines for
further research.

We shall not consider here the numerous studies dealing with
the oxidation of hydrocarbons at low pressures and with the
catalytic oxidation of methane to methanol and other oxygenates,
particularly since a number of detailed up-to-date reviews devoted
to this problem have been published.®°-75 The conclusions
concerning the technological prospects of the direct gas-phase
oxidation made in the present review retain their validity for the
heterogeneous catalytic oxidation of methane, which does not
afford higher yields of valuable oxygen-containing compounds
than the gas-phase oxidation.

IL. The current state of natural gas processing
technology

The high strength of the C—H bonds in a molecule of methane,
which is the main component of natural gas, substantially
hampers its use in technological processes. As a rule, these
processes require rather high pressures and temperatures. There-
fore, until recently, only a few processes involved natural gas as a
raw material. The proportions of natural gas used as a raw
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material and a motor fuel in Russia are extremely low
(2.0% —2.5% and 0.5%, respectively).”6

Natural gas is used mainly in the production of synthesis gas
or hydrogen. It is the possibility of producing these valuable
intermediate materials that makes natural gas a very important
source of various organic compounds. Among other processes,
the production of chlorinated derivatives of methane, hydrogen
cyanide, and ethyne are noteworthy.””

Liquefiable components of natural gas find much more
extensive applications. At present, approximately 750000 m? of
liquefied hydrocarbons per day is obtained from natural gas in the
world, which constitutes about 7.3% of the overall world
production of liquid hydrocarbons. In the USA, the gas
condensate and other liquefied components of natural gas
account for 18% of the overall production of liquid hydro-
carbons and 70% of the raw material for the production of
ethene and other basic petro-chemical products. In view of the
current trends in the development of oil and natural gas produc-
tion, liquid components of natural gas will amount to 25% —30%
of the total quantity of liquid hydrocarbons produced in the USA
by the late 90s.78

Apart from liquefied hydrocarbons, motor fuels, methanol,
and other oxygenates including high-octane components of motor
fuels, are the target products of gas processing. However, at
present there are only a few operating industrial processes in the
world for the conversion of natural gas into motor fuels, based on
its initial transformation into synthesis gas. It is at present the
most advanced technology for producing chemicals from natural
gas. However, optimistic views on the conversion of methane
into synthesis gas and then into methanol or the products of the
Fischer — Tropsch synthesis are difficult to justify, since synthesis
gascanalso beobtained fromcheaper carbon-containing materials.
Moreover, the high cost of these processes and a number of
technological problems do not promote the maintenance of a wide
interest in such conversion.

The uncertainty as regards future sources of petroleum-based
raw materials and the introduction of more severe laws concerning
environmental protection create a real prospect of using the
enormous natural gas resources for producing traditional petro-
chemical products. It would be desirable to learn how to convert
this gas, which is relatively difficult to handle, into a more versatile
raw material. Methanol is the most probable candidate for a raw
material of this kind. Therefore, the preparation and utilization of
methanolis now one of the main aspects of the research in the field
of industrial chemical synthesis.”

Despite the predicted vigorous increase in the consumption of
methanol for the synthesis of tert-butyl methyl ether and other
ethers, industrial companies still refrain from building new large
plants for the production of methanol. This is mostly caused by
the fear of creating excess capacities and financial stringency.® In
our opinion, this restraint of the manufacturersis to a large extent
explained by the complexity of the existing technological proc-
esses,3! by their large capital requirements, and by the fact that
they are highly power-consuming and have low profitability; this
results in the obvious disinclination of the manufacturers to risk
large investments, taking into account the possible underemploy-
ment of industrial capacities, as was already the case in
1988 — 1990. This actually reflects the already existing and clearly
perceptible demand for a change in the basic technological
processes.

At present, substantial efforts are concentrated on the
perfection of technological processes for the catalytic synthesis
of hydrocarbons and alcohols from synthesis gas. However, even a
breakthrough in this field can hardly change the situation
fundamentally, since the energy-consuming steam reforming of
methane to synthesis gas accounts for approximately 75% of the
prime cost in the production of methanol.#? Only an increase in
the degree of conversion of synthesis gas into methanol from the
present-day ~25% to a level close to 100%, the abandonment of
the circulation of synthesis gas, and the use of much cheaper air

instead of oxygen, could influence strongly the economic
parameters of the process.®> Therefore, the possibility of
achieving large-scale processes based on natural gas and
competitive with petroleum processing, apparently depends to a
large extent on the success in the development of a technology for
the direct conversion of methane without the prior production
of synthesis gas. )

Three promising methods for the direct conversion of natural
gas into chemical products have been outlined: 84

(1) direct partial oxidation of natural gas into methanol and
other oxygenates,

(2) oxidative condensation of natural gas to ethane and
ethene,

(3) oxyhydrochlorination of natural gas.

Each of these methods has its own attractive features and their
combination allows the production of a broad range of the most
important chemical intermediate products. Hence, they supple-
ment one another, rather than compete, though at present, the
first route is certainly the most thoroughly developed and is close
to practical implementation.

The development of a profitable process for producing metha-
nol from natural gas would permit the solution of three important
world-wide problems, namely, the problem of transportation, the
problem of providing the chemical industry with a very valuable
intermediate compound, and the problem of the mass production
of environmentally clean high-octane motor fuels.

II1. The main experimental data on the direct
high-pressure oxidation of methane

Studies of the high-pressure gas-phase oxidation of methane and
other hydrocarbons, carried out in the 1930s in order to elucidate
the role of alcohols in the mechanism of the oxidation of
hydrocarbons,*~6 which was of fundamental importance in the
scientific views of that time, showed for the first time that alcohols
and aldehydes can be obtained in fairly high yields directly from
alkanes. It was found that methanol is formed also at atmospheric
pressure under conditions including the induction period of the
oxidation reaction.3® Although under these conditions the
selectivity of the formation of methanol in individual stages of
the oxidation of methane can reach 20%, the overall selectivity
apparently does not exceed 5%. 36 Therefore, high pressure is a
prerequisite for producing methanol by the direct oxidation of
methane.

In fact, the range of conditions necessary for the DMTM to be
accomplished had already been roughly outlined in the 1930s.
They are: high pressures (100— 135 atm),* 515 moderate tempera-
tures (400—450 °C),!4 and low oxygen concentrations.'? !4 The
practically attainable selectivity of the formation of methanol (up
to 60%) was determined,% 5 and the main kinetic features of the
process, namely the decrease in the selectivity of the formation of
methanol with increase in the oxygen concentration !4 and high
CO/CO; ratios in the products,® were identified. Until now, the
main aim of the studies has been to find the conditions that would
permit stable high-output production of valuable compounds in
sufficiently high yields, so that the process under consideration
could compete successfully with other technological processes.
According to estimates,?” this requires that the selectivity of the
formation of methanol (or the sum of organic products) be higher
than 75%. In the majority of studies,* 5 19 23-26, 31, 39,40, 46,48, 60,62
for methane conversions of more than 2%, the selectivity of the
formation of methanol (Scy,on) did not exceed 50% (Table 1,
Fig. 1). Some workers reported higher values up to
60% —65% 27-45 or even 95%. 28 38,.41,43,66 However, an attempt
to reproduce the latter results was unsuccessful,*® and the reasons
for so great a difference are still unclear.

We shall not go into the experimental details of the investiga-
tions considered. As a rule, the researchers, who carried out this
process at very high pressures (thousands of atmospheres),?3~26
used static reactors. Later, flow reactors, which are more suitable
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Table 1. The selectivity of the formation of methanol and formaldehyde in the conversion of methane.

P/atm T7/°C [02] (%) Conversion of Scu,oH (%) Scn,o (%) Yield of te/s Ref.
CH4 (%) CH;0H (%)
106.4 341 11.0 22.3 0.75 720 4
50 430 3.0 51.0 4.1 5 5
50 410 5.0 29.0 14 5 5
141 475 4.5 2.51 45.0 3.66 1.13 48 18
141 475 8.7 5.30 29.6 2.48 1.57 48 18
3500 264 79 6.29 40.1 0.64 2.52 600 23
40 455 2.04 2.10 59.6 17.04 1.25 ~0.08 27
40 461 3.2 2.90 54.4 17.0 1.58 ~0.08 27
40 483 7.2 6.10 34.6 13.83 2.11 ~0.08 27
65 310 3.85 7.5 95 6 2-1000 28
65 410 7 21 80 17 2-1000 28
100 410-450 2.8 46.0 9.1 ~282 ~12 31
100 410-450 4.0 37.0 11.1 ~3.42 ~12 31
65.3 456 5.1 8.0 83.0 6.6 ~ 1502 38
65.4 456 74 11.0 66.5 7.3 ~ 150 38
40 474-498 2.35-3.14 13-2.2 43.6-52.1 6.4-13.8 0.73-1.02 1.2-2.1 39
50 425 49 43 100-300 40
70 448 33 39 67.5 1.8 2.562 ~28 45
20 400 5.0 >4.6 ~32 10-100 48
20 440 10.0 >6.5 ~32 10-100 48
30 401 2.5 31 47.0 1.3-1.5 51
30 407 5.0 4.5 37.7 1.5-1.7 51
30 447 9.5 9.0 23.5 1.9-2.1 51
21-41  300-500 1-5 ~30 0.5-08 3-15 59
50 350-550 1.5 44 1.1 >10 60
50 350-550 3 32 1.26 >10 60
50 350-550 6 22 1.8 >10 60
50 350-550 12 15.5 >10 60
100 400 2.8 38-42 6.3-74 ~ 100 62
a Estimated by the authors.
for the practical realisation of the process, were mostly used. The
SCIjsOH (%) experiments were carried out in broad pressure (1 —230 atm) and
temperature (300—500 °C and higher) ranges, with the reaction
° . ; ) .
time ¢, varying from fractions of a second to tens of minutes. More
exotic cases can also be found. For example, the possibility of
using the cylinder of an internal-combustion engine with a high
N . compression ratio, operated by an electric motor, as a reactor for
5 the DMTM has been investigated.?!
Br M ¢ 18
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Figure 1. Dependence of the selectivity of the formation of methanol on
the degree of conversion of methane. The symbols correspond to
experimental data and the curve is the calculated plot (P = 100 atm,
T = 420 °C).%* The numerals denote the corresponding references.

1. The influence of pressure on the yields of the products

of partial oxidation of methane

The high selectivity of the formation of methanol is the main
characteristic feature of the high-pressure oxidation of rich
mixtures of methane with oxygen. Water and formaldehyde are
the two other main liquid products. The reaction always yields
minor quantities of liquids such as ethanol (up to 1.5% —2%),
acetone (up to 1%), and formic acid (up to 0.8%) (Table 2).62
Small amounts of higher alcohols,?%-31:62 aldehydes,?!-%8 and
organic acids 25 2% 31,68 have also been detected. When gases with
high concentrations of ethane or other alkanes are oxidised, the
yield of C;—C; alcohols, aldehydes, and acids may increase
considerably (see Section IV). There is some evidence that the
oxidation of methane also gives methyl formate.??25> A GC/MS
analysis of the liquid products of the partial oxidation of methane
in a pilot plant3! has shown the presence of minor quantities
(fractions per cent) of dimethyl formal, dimethyl acetal, and
dimethyl ether; however, it was not established whether these
compounds were formed directly in the reaction or resulted from
the interaction of primary liquid products after cooling. In any
case, a special attempt to detect them was unsuccessful.# Repeated
attempts to find hydrogen peroxide or organic peroxides in the
reaction products have also given no positive results.* 22 Traces of
these products have been found only at atmospheric pressure. %2
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Table 2. Side products of the high-pressure gas-phase oxidation of methane.

P/atm T/OC [02] (%) Hz CszOH Cszb CH3OCH3 CH3COCH3 Ref.
HCOOH CH;CHO C,Hsb CH;COOH H>0,

48-150 335-393 11.0 + - - 4
50 400-430 3.0-5.0 - 5
135 300-500 3.0-8.6 + + 15
141-231 350-500 2.8-87 + 4+ 18
172200 450 55-6.3 + + - - 19
105 350 2-8 + + + - 22
100-750 250-363 10 + + + 25
1700-3400 270480 8.0 -+ + + — 26
100 430 2.8 + +2 +a + + 29
100 410-450 2-4 + + 8 + +2 + + 3 31
40 474-498 235-314 + + + 39
20~50 425-500 3-10 + + + 46
15-50 384-476 2.5-9.5 + + 51
21~-41 300-500 1-5 + + + + 59
30-230 400 2.8 + 4+ +a + 62
25~53 <535 2.0-47 + + + + + + + + 68

@ Higher homologues of these compounds have also been detected. b Relates to those cases where the initial gases contain no ethane or ethene or their

concentration in the products is higher than the initial concentration.

The main gaseous products are carbon oxides and hydrogen,
the yield of carbon monoxide at high pressures being several times
larger than that of the dioxide,5? although carbon dioxide appears
earlier than carbon monoxide.?? The yield of ethane and ethene
increases with increase in temperature.

Anincrease in pressure intensifies the oxidation of methane by
decreasing its duration or the initial temperature. For example,
the pressure dependence of the delay of the self-ignition of the
8.8:1.2 methane—air mixture in the 60—113 atm range is
described by the relation 1, ~ P—14 (Fig. 2),?2 and the ten-fold
increase in pressure from 5 to 50 atm in a flow reactor leads to the
decrease in temperature corresponding to the complete
conversion of oxygen from 500 to 400 °C*° (Fig. 3). However,
the main consequence of the application of high pressures in the
oxidation of rich methane mixtures is high selectivity of the
formation of methanol. The increase of pressure from 10 to
106 atm increased Scu,on by a factor of 20,% and when the
pressure increased from 5 to 50 atm, the temperature at which
methanol begins to be detected decreased from 450 to 375 °C. 40

The results obtained by Arutyunov et al.$? indicate that the
overall yield of liquid products of the partial oxidation of methane
increases monotonically as the pressure increases up to 200 atm
(Fig. 4). However, the concentrations of alcohols and acetone
pass through a maximum near 150 atm (Fig. 5). Consequently,
the pressure dependence of the yield of methanol has a weakly
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Figure 2. Pressure dependence of the delay of self-ignition of the mixture
containing 88% of methane and 12% of air (T = 406 °C).22

defined maximum at these pressures (Fig. 6). Other data also
indicate that the yield of methanol diminishes at pressures above
180 atm ¥ or that the selectivity of its formation decreases at
pressures above 100 atm.5?

Despite the fact that the concentration of formaldehyde in the
liquid oxidation products decreases monotonically with increase
in pressure (Fig. 5), its yield remains approximately constant,
since the overall yield of liquid products increases (Fig. 6). Thus,
pressure is the crucial factor influencing the composition of liquid
oxidation products, including the ratio of methanol to formal-
dehyde (Fig. 7).5% The partial oxidation of methane under very
high pressures, up to 3400 atm2¢ or higher,2? provides no real
advantages. The pressure range between 75 atm (the standard
pressure in gas mains) and 100 atm may apparently be considered
optimal. Since the cost of gas compression is one of the major
constituents of the prime costs of the products obtained by the
DMTM,?7 this conclusion is important practically.

Conversion (%)

6 =

3|

0 1 1
350 400 450 T/°C

Figure 3. Temperature dependence of the conversion of methane at
different pressures (atm): (/) 5, (2) 10, (3) 20, (4) 30, (5) 50 (reported
by Burch et al.49),
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Figure 4. Pressure dependence of the overall specific yield of liquid
products of the oxidation of methane (T = 400 °C).5? Gas volumes are
referred to the normal temperature and pressure (NTP).
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Figure 6. Pressure dependences of the yields of methanol (/) and
formaldehyde (2) (T = 400 °C). 62

The concentration of the main gaseous product, carbon
monoxide, in the gases leaving the reactor reaches ~1.5% for an
initial oxygen concentration of ~ 3%, and remains approximately
constant in the pressure range from 30 to 230 atm (Fig. 8). The
concentration of carbon dioxide is several times lower and
increases with pressure, which results in the corresponding
decrease in the CO/CO, ratio.%? The increase in the CO;
concentration with pressure may be partially due to the
formation and subsequent decomposition of formic acid by the
mechanism suggested by Vedeneev et al.4’

At higher temperatures of 515-630 °C, when the yield of
ethane and ethene is fairly high, a pressure increase from 31 to

¢ (mass %)
40 F
5 F
30 |+

25k

P/atm

Figure 5. Pressure dependences of current concentrations of the main
liquid products of the oxidation of methane (T = 400 °C):62 (] y methanol;
(2) formaldehyde; (3) ethanol; (4) acetone; (5 ) organic acids.
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Figure 7. Pressure dependence of the ratio of the methanol and formal-
dehyde concentrations in the liquid product of oxidation (T = 400 °C).62
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Figure 8. Pressure dependences of the yields of CO (1), CO; (2), and of

their ratio (3) (T = 400 °C). 62

102 atm leads to an increase in the yield of C, hydrocarbons from
8% to 36%; in addition, the temperature at which complete
conversion of oxygen is achieved decreases by 100 °C. 5

2. The influence of temperature and contact time

An increase in temperature leads to a diminution of the induction
period of the reaction. As shown by Melvin,?2 lg 1y (1 is the self-
ignition delay) depends linearly on 1/T. The activation energy for
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the oxidation of methane with air in mixtures having compositions
from 60:40 to 90: 10 at a pressure of 105 atm lies in the range of
163188 kJ mol—!.22 However, the temperature dependence of
the degree of conversion of methane for a fixed length of the
reactor (see Fig. 3) is clearly S-shaped, whereupon the transition
from negligibly small to maximum conversion occurs within a
range of not more than 20 °C,4%5! which reflects the critical
character of the process.’® When the temperature of the reactor
walls decreases, hystereses are observed in the temperature
dependences of the process parameters (heating of the mixture,
conversion of methane).5!

Once oxygen is entirely converted, further increase in the
temperature within a certain range has apparently little influence
on the yield of methanol.!® Some workers have observed %31 that,
at a pressure of 50 atm and above 425 °C (which is the tem-
perature of the complete conversion of oxygen40), the value of
ScH,ou already decreases monotonically (from 40% to 32% at
500 °C 40); however, according to other data,> the selectivity
remained practically constant between 420 and 460 °C
(P = 40 atm) or passed through a maximum at ~450 °C.18.%
(Fig. 9). Further increase in temperature may lead to a diminution
of the yield of methanol due to both a decrease in the selectivity of
its formation and the decomposition of a portion of the product
already formed on contact with the reactor surface.*® For the same
reason, it is undesirable to increase the residence time of the
mixture in the reactor for a longer period than is necessary for the
complete conversion of oxygen at the given temperature. 0.5
However, if the surface of the reactor is relatively inert (quartz,
Pyrex, stainless steel), the variation of the residence time of the
unreacted reaction mixtures within fairly broad limits has little
influence on the final yield of methanol and even on the yield of
formaldehyde, although the latter is less stable under these
conditions.*%-62 Attempts to increase the yield of methanol by
rapid cooling of the mixture as it leaves the reactor > have given
no significant advantage over the results of most other studies
(Table 1).

When the temperature is increased to 500 °C or more, the
composition of reaction products changes toward ethane, ethene,
and small quantities of ethyne, the overall selectivity of their
formation being as high as 37% at 515 °C and 100 atm.*-%0

The combination of high temperatures and relatively low
pressures is favourable for an increased yield of formaldehyde.
When the reaction was carried out at 625 °C and 5 atm, with a
methane: air ratioof 1:5 and a contact time of 2.3 s, the yield of
formaldehyde in the gas-phase oxidation of methane was raised to
3.5% (ScH,0 & 50% for a degree of conversion of ~7%), whichis
even greater than in the presence of oxide catalysts.*4

Scu,on (%)

70

60

50

A

1
340 380 420 460

T/°C

Figure 9. Temperature dependences of the selectivity of the formation of
the sum of useful oxygen-containing products (/, 3) and methanol (2, 4) at
pressures of 184 (1, 2) and 231 atm (3, 4).18

3. The conversion of methane and oxygen in the oxidation
of methane to methanol

A low concentration of oxygen in the DMTM predetermines a low
degree of conversion of methane after its single passage through
the reactor. In virtually all experimental studies (see Table 1,
Fig. 1), the degree of conversion of methane was lower than the
initial percentage of oxygen. Only Gesser et al.2® and Yarlagadda
et al.,® who have achieved very high selectivities in the formation
of methanol, reported methane conversions substantially higher
than the initial oxygen contents. The reasons for this discrepancy
are still unclear.

It has been noted % that the gas-phase reaction products
always contain a small amount of oxygen {~5% of its initial
concentration [O»]o on average}. Special studies made it possible
to rule out trivial explanations of this fact such as that oxygen
entered the system after it had left the reactor or unreliability of
the analysis. The fact that the oxidation of methane stops before
the oxygen is entirely consumed is difficult to explain from the
theoretical viewpoint.

In one of the early studies, Newitt and Huffner 4 stated that
oxygen was fully consumed in this reaction. On the other hand, a
careful analysis carried out in the study by Boomer and Thomas !”
indicated that the gases leaving the reactor contain oxygen almost
in all cases. The authors emphasised that the material balance of
this reaction with respect to oxygen is difficult or even impossible
to reconcile. A review % cites data 8 which state that 95% of the
oxygen present in the system enters into the reaction, i.e. 5% of
the oxygen remains unchanged. Finally, Bauerle et al.?’ presented
reliable data indicating that at 100—750 atm, 250—363 °C, for
reaction times of up to 900 min, and [Oz]o = 10%, the process
stops when the residual oxygen content is (0.3 —0.5)[O2]o. Perhaps,
the most remarkable relevant data are concerned with the
existence of a limiting oxygen concentration in the oxidation of
butane.’® Appreciable amounts of unchanged oxygen have also
been observed in experiments on the oxidation of methane at very
high pressures of 1700 — 3400 atm.26 In other papers, either there is
no special mention of the presence of noticeable quantities of
oxygen in the gas after the reaction or complete consumption of
oxygen has been reported. Nevertheless, the question why the
oxidation stops before all the oxygen is consumed requires an
additional analysis.

4. The influence of mixture composition on the kinetics of the
process and the yield of products

The kinetics and the yield of products of the DMTM are very
sensitive to the composition of the mixture, especially, to the
methane : oxygen ratio. As the oxygen concentration increases,
the degree of methane conversion also increases, but at the same
time, the selectivity of the formation of methanol rapidly di-
minishes > 13.18.31,38,39.45.60 (Table 1, Fig. 10). Since Scy,on
is governed by the methane:oxygen ratio,®® the decrease in
[CH4)/[O2] at a constant oxygen concentration leads to
diminished yields of methanol and other liquid oxidation
products (Fig. 11).> The optimal proportion of oxygen in
methane is about 3% —5%; however, at this concentration, the
degree of conversion of methane in a single pass through the
reactor is inevitably low. i

An increase in the oxygen concentration has an inhibitory
effect on the reaction rate. For example, the delay of the self-
ignition of mixtures of methane with air at 72 or 83 atm increases
with increase in the oxygen concentration 22 (Fig. 12).

Dilution of the reaction mixture with nitrogen,*- 63 helium,®°
or other inert gases does not influence the proportions of the
products, if the methane : oxygen ratio remains constant. There-
fore, the results are identical no matter whether oxygen or air is
used as the oxidant.

Carbon dioxide and water vapour cannot apparently be
regarded as being absolutely inert during the DMTM. In all
probability, the oxygen incorporated in these compounds can
participate in the formation of methanol or other oxygen-
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Figure 10. Dependences of the selectivity of the formation of the sum
of useful oxygen-containing products (/, 3, 5) and methanol (2, 4, 6) on
the oxygen concentration at pressures of 141 (1, 2), 184 (3,4), and 231 atm
5.6).18

containing products, thus increasing their yields.!* However, no
reliable experimental data concerning this problem have been
reported. When about 75% of the methane in a 8.5CHs + O:
mixture was replaced by N3, CO2, or H>O (at 50 atm), apart from
the reduction of the reaction rate caused by the decrease in the
methane concentration, the yield of methanol also diminished (by
approximately 40%).5 This is most probably due to the decrease in
the methane : oxygen ratio. The yield of formaldehyde was almost
unchanged on dilution of methane with nitrogen or carbon
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Figure 11. Dependences of the yields of liquid products of the partial
oxidation of methane on the [CH4)/[O;] ratio (P = 100 atm,
T =400 °C):53 (1) the sum of liquid oxidation products; (2) water;
(3) methanol; (4) formaldehyde.
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Figure 12. Dependence of the delay of the self-ignition of the mixture of
methane with air at 406 °C on the oxygen concentration?? at different
methane pressures (atm): (1) 83.3,(2) 71.8.

dioxide; on dilution with water vapour, it increased almost two-
fold, which confirms the suggestion that water plays an active role
in this process.

In a study of the possibility of realising a recirculation scheme
for the DMTM process, Arutyunov et al.83 investigated the
influence of the addition of the two main reactive gaseous
products, namely, carbon monoxide and hydrogen, to the
reaction system on the yield of liquid products. It was found
that, if the initial concentration of these compounds does not
exceed 5%, they virtually do not influence the methanol yield.
However, at higher concentrations, the methanol yield may
decrease by more than one half,

The influence of the addition of minor quantities of carbon
dioxide (10%) or hydrogen (4%) on the DMTM process in
the temperature range 400-500°C at P =4l atm, for
CH4:0;:N> =30:1:4, and for a contact time of 1 s has also
been investigated.”® The addition of either of these gases caused a
slight (by ~ 10 °C) decrease in the temperature of the onset of the
process, but the maximum yield of methanol almost did not
change.

5. Homogeneous promotion of the process

Attempts to promote the DMTM process were undertaken as
early as 1921, when a number of methods for the preparation of
methanol and formaldehyde from natural gas were studied. These
methods are: (1) oxidation over various catalysts; (2) oxidation
with ozone; (3) iodination followed by hydrolysis; (4) interaction
of methane with COp; (5) synthesis of C;H4 from natural gas and
its subsequent oxidation; (6) oxidation of methane in solution and
with liquid oxidising agents.®®

In a study of the oxidation of a mixture of methane with
air (3:1) at 25 atm and 300-400 °C, it was found that minor
quantities of HNOj accelerate the reaction significantly, while
small amounts of PbEt, retard it.” However, these additives have
little influence on the composition of the products.

The possibility of initiating the partial oxidation of methane
with ozone under flow conditions at P =1 atm has been
considered.®! Although ozone appreciably promotes the reaction
and increases the yield of methanol, a selectivity > 42% was
achieved only when the degree of conversion of methane was no
more than 1%. The use of high pressures, more favourable for the
formation of methanol, requires the development of effective
methods for the production of ozone under these conditions.

The presence of even minor admixtures of heavier hydro-
carbons in methane is well known to decrease the reaction
temperature with no substantial effect on the yields of the main
products. In fact, the replacement of natural gas by methane
necessitated that the temperature at the beginning of the process
be increased from 350 to 425-475 °C, 18 and the addition of 5%
ethane to methane led to a 50 °C decrease in the temperature.*?
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Figure 13. Influence of the addition to natural gas on the concentration of
methanol in the liquid oxidation products at P = 140.6 atm and
[03] = 6%.'3

Some data indicate that the yield of methanol increases
substantially in the presence of large quantities of ethane
(Fig. 13).15 Unfortunately, no systematic studies on the influence
of other hydrocarbons on the DMTM process have been carried
out.

A decrease in the temperature of the process and an increase in
the conversion of methane and the yield of methanol following the
addition of 3% of ethane, propane, or isobutane have been
reported (P =41 atm, CH4:07:N,=30:1:4, contact time
1 5).5® However, in view of the magnitude of this effect, it is
difficult to determine unambiguously whether or not the added
hydrocarbon itself acts as a source of the additionally formed
methanol.

The most systematic study of the influence of promoters on
the DMTM process has been carried out by Hunter et al.*! ata
pressure of 10 atm. About 30 different compounds, including
saturated, unsaturated, cyclic, and aromatic hydrocarbons,
ethers, alcohols, ketones, aldehydes, water, peroxides, sulfur-
containing compounds, and amines, were tested as promoters.
Many of these promoters decrease noticeably the temperature of
the process. Diethyl ether exerts the greatest influence; the
addition of 3.9% of diethyl ether decreases the reaction
temperature from 402 to 225 °C. Another obvious consequence
of the action of some promoters is a significant increase in the
yield of formaldehyde, probably at the expense of the correspond-
ing decrease in the yield of methanol. In some cases, the selectivity
of the formation of methanol or/and formaldehyde increases,
compared with a system containing no promoters. However, this
requires the addition of fairly large amounts of promoters, which
cancels the economic prospects of thus increasing the yield of
methanol in a real technological process.

6. The influence of catalysts and the material of the reactor
surface

The question whether the effectiveness of the DMTM process can
be significantly increased by using catalysts has remained
unsolved throughout the period of its study. An investigation of
the influence of certain metals and alloys on this process 1% did not
reveal any significant advantages of the catalytic reaction over the
purely gas-phase transformation. The use of metallic reactors or
catalysts at relatively low pressures favours the formation of
products of the complete oxidation of methane.*® However, at
higher pressures catalysts exert no significant influence on the

selectivity of the formation of methanol. Similar conclusions were
based on other data.4!. 56

Analysis of the results of the reactions conducted under
catalytic conditions%°-7% and in a series of recent comparative
studies 4-41.56 makes it possible to conclude almost unambig-
uously that the catalytic process has no real advantages over the
gas-phase reaction carried out at high pressures.*®7! The same
conclusion follows from the kinetic analysis of the reaction
mechanism (Section V). The only obvious positive result of using
catalysts in the DMTM is the possibility of lowering the reaction
temperature.

The question how the material of the reactor surface
influences the stability of the products of the partial oxidation of
methane is of great importance. A study of the stability of
methanol in reactors made of Pyrex, stainless steel, and copper %°
has shown that, in the case of copper, methanol decomposes
almost completely even at 375 °C. Stainless steel is much more
inert. In a Pyrex reactor, decomposition of methanol cannot be
observed even at 500 °C; nevertheless, up to 15%~18% of the
methanol added to the reaction mixture decomposes, probably
through being involved in the reaction.*® Quartz and Teflon are
also among the best materials for reactors used for the DMTM.4!
When light paraffins are oxidised in copper or steel reactors,
especially at atmospheric pressure, the yields of both alcohols and
aldehydes decrease.®? The decomposition of methanol on some
surfaces affords dimethyl ether.®3 Ultimately, the reactor material
exerts no crucial effect on the selectivity of the formation of
methanol and other organic products, because the reaction is
homogeneous and the rate of diffusion of radicals to the surface at
high pressures is low. The results of pilot tests indicate 3! that the
relatively low temperature of the process, which does not exceed
600 °C at the reactor outlet for an initial oxygen content of ~ 3%,
and the low concentration of the organic acids formed can hardly
create serious problems in the choice of the material of the reactor.

7. Physical initiation of the process

Attempts to use various physical methods for controlling the rate
and selectivity of the DMTM have been undertaken since the
1920s. The effects of an electric discharge, radiation, and ultra-
violet light on this process were then studied.!’

In the 1980s, studies on the initiation of the DMTM by laser
radiation were carried out in the Los Alamos National Labora-
tory (USA).94-%3 From the results obtained, one can judge that, at
450 °C, 2.04 atm, and an oxygen concentration of 11%, only the
rate of the reaction could be really increased, while Scy,on and the
proportions of products do not change noticeably. However,
kinetic analysis of the system showed that at elevated tempera-
tures (530-730°C), a pressure of 60 atm, and for the
CH,;: 0> = 2:1 ratio one may expect a 50% selectivity of the
formation of methanol with a degree of conversion of about 25%.
The time scale of the reaction (3 ms) dictated the use of a reactor
with a supersonic nozzle.’* Nevertheless, the authors were
apparently unable to solve the problem of the quick removal of
the heat of reaction and to achieve quick ‘quenching’ of the
reaction products, without which a high selectivity of the forma-
tion of methanol at a relatively high oxygen concentration cannot
be ensured.

Among the physical methods for stimulating the oxidation of
methane, the use of an ultra-high frequency, glow discharge and
thermal initiation by a heated wire have also been considered.%¢
It has been shown 7 that, in a methane plasma, methane dimerises
to C; hydrocarbons with a selectivity of more than 95% for a
degree of conversion from 30% to 90%. However, the energy
efficiency of this thermodynamically unfavourable process is only
0.2% —3.3%. An attempt to use an ultra-high frequency discharge
for oxidising methane to methanol °® has shown that the features
of the reactor design are also significant. The introduction of
methane behind the area of plasma induction allowed the yield of
C, hydrocarbons to be significantly diminished, but the selectivity
of the formation of methanol was still extremely low.
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8. Cool-flame and periodic phenomena in the oxidation

of methane

The existence of cool-flame and related periodic and critical
phenomena has been observed in the oxidation of many hydro-
carbons with various structures, including alkanes up to propane
and ethane.20-99:190 Ipy the vast majority of studies, cool flames
have not been detected in the oxidation of methane. However, the
authors of some studies have noticed phenomena that could have
been interpreted as cool-flame phenomena. These situations have
also been found in the high-pressure oxidation of methane to
methanol.?? 4245 Only Vanpee 1! and Egret et al.,'2 who worked
at atmospheric pressure, obtained fairly convincing experimental
evidence for this phenomenon. Recently it was confirmed once
again:!?? cool flames were detected in a 2CHs + O mixture at
650740 Torr and about 500 °C. The dependence on time of the
temperature of the reaction mixture exhibited two maxima, the
temperature rise in the first one being 100—120 °C. A region of a
negative temperature coefficient of the rate of oxidation of
methane has been found.1%4

Since there is a theoretical possibility of the appearance
of cool-flame regimes in the high-pressure oxidation of
methane,$!-1%5 which may lead to the yields of products, differing
fundamentally from those reached in other known oxidation
regimes, we present here the published experimental data.

In a process carried out at a pressure of 3360 atm, an oxygen
concentration of 8%, and an initial temperature of 262 °C in a
static reactor, two temperature peaks with amplitudes of 6 and
14 °C, accompanied by corresponding pressure increases, have
been observed against the background of a slow temperature
rise.?

Temperature oscillations typical of the cool-flame phe-
nomena have been observed during the oxidation of methane in
a flow reactor at 25— 35 atm and an oxygen concentration not less
than 5%.4% At oxygen concentrations of 8% or more and
temperatures of about 410 °C, these oscillations were steady. An
increase in the temperature to 450 °C led to a decrease in the
amplitude of the oscillations and an increase in their frequency. At
475 °C, the oscillations disappeared. The amplitudes and the
frequencies of the oscillations at various points along the reactor
axis were very different. The maximum Scy,on Was achieved at
the lowest temperatures at which oscillations no longer occurred;
however, the selectivity remained lower than that observed at the
optimal oxygen concentrations (< 3%). It was suggested that,
under the conditions in which these oscillations occur, the process
in the reactor can be controlled in order to achieve the highest
selectivity.

9. The role of other factors

Among other factors which can, in principle, influence the kinetics
and the yield of products of the partial oxidation of methane, one
should mention the rate at which the reagents are introduced into
the reactor, the conditions in their mixing, the heat transfer
conditions, and features of the reactor design.

The fact that the yield of products depends substantially on
the ratio between the diameter of the reactor, through which a
slow (1.6 m s—!) stream of methane is passed, and the diameter of
the coaxial nozzle, through which oxygen is passed at a high
velocity (60 —300 m s~ 1), and on the velocity of the oxygen supply
through the nozzle has been reported in a patent.?’

There is evidence that it is necessary to ensure the maximum
homogeneity of the mixture entering the reactor. For this purpose,
a premixing chamber filled with Teflon turnings has been
mounted before the reactor.?® However, an attempt 4 to repro-
duce the high yields of methanol obtained by Gesser et al.28 by
using the same premixing device gave no noticeable positive
results. The composition of the gas, the mixing conditions, as
well as the reactor size and the constructional materials used 28-40
were approximately the same and could not account for the large
difference between the selectivities of the formation of methanol
(~80% and ~40%, respectively). It was concluded 4 that some

slight, but perhaps significant, differences in the reactor design
may account for this difference, and that the essential influence of
this factor is due to the cool-flame reaction regime.

The influence of the reactor design (the way in which oxygen is
supplied into the stream of methane) on the process has been
studied.® The improvement of the conditions in the mixing of the
reactants by introducing oxygen through a spiral nozzle or into a
narrow zone of the reactor did not lead to a substantial increase in
the yield of methanol. The best results were achieved by
distributing the oxygen supply along the whole reactor.?%-6 In
this connection, it was suggested % that the high yields attained in
some experiments reported in a patent?’ were due to the great
distance of the flow of oxygen, before it was mixed with methane,
the oxygen being injected into the reactor through a narrow
coaxial nozzle, which is equivalent to a distributed supply. The
best results were achieved at moderate rates of supply of oxygen.
At high rates, the degree of turbulence might increase, and, hence,
the mixing area might diminish, which could cause a decrease in
the yield of methanol.

Theoretical calculations predict the possibility of increasing
the yield of methanol by an order of magnitude by using a
fundamentally different scheme for conducting the process.% 106
In conformity with these calculations, conducting the reaction at
730 °C with rapid quenching of the products may ensure
Scu,on = 57% with an oxygen concentration of 25%, which
corresponds to a methanol yield of about 13%. 106

IV. High-pressure oxidation of methane
homologues

Data on the oxidation of rich mixtures of methane homologues
with air or oxygen at high pressures are quite scarce and are
presented in a very small number of papers.s-6 13,15.90.107-109
Most of these papers have been considered in detail in a review.2°

When gases containing large proportions of higher hydro-
carbons are used, the process parameters such as the pressure and
the temperature needed decrease sharply. As the concentration of
higher hydrocarbons grows, there is an increase in the degree of
conversion of natural gas, for which the selectivity of the
formation of alcohols still remains high; in addition, higher
alcohols, including iso-alcohols, aldehydes, and some other
compounds, are also formed.

1. Ethane

Since ethane is oxidised much more readily than methane, it
follows that, as mentioned in Section III, even a slight increase in
the proportion of the ethane admixture in methane (natural gas)
decreases the reaction temperature by approximately 100 °C and
increases the yield of alcohols (Fig. 13). The most comprehensive
studies of the oxidation of ethane have been carried out by Newitt
and coworkers.>% 197 The oxidation of mixtures with the approx-
imate composition C;He:O2 = 9:1 under static conditions at
15-100 atm,% 97 afforded methanol, ethanol, formaldehyde,
acetaldehyde, formic acid, and acetic acid apart from carbon
oxides, methane, and water. On the basis of the results obtained, it
has been concluded ¢ that an increase in pressure, with approx-
imately the same reaction time (2.5—4.5 min), leads to an increase
in the yield of C, products (ethanol, acetaldehyde, and acetic acid)
and to a decrease in the yields of methanol and formaldehyde.
However, maintenance of a constant reaction time does not ensure
the maximum yield of alcohols. In any case, examination of the
full set of experimental data 17 shows (Table 3) that the maximum
yields of alcohols and acetaldehyde depend only slightly on
pressure, at least in the range above 50 atm. The role of pressure
is more clearly manifested by an increase in the yield of acetic acid,
the maximum selectivity of its formation reaching 27.2% at
100 atm, and a monotonic decrease in the yield of formaldehyde.
Apparently, one can also conclude that the selectivities of the
formation of ethanol and acetic acid increase as the oxygen
concentration in the mixture decreases. In the oxidation of a
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Table 3. Pressure dependence of the selectivity of the formation of the products of the oxidation of ethane.!9?

Pfatm T/°C Selectivity of the formation (%) 2 CO/CO,; &f

E©OH CH,OH CH;CHO HCHO AcOH HCOOH CO  CO, CH, I I i
15 315 160 194 1.9 45 0o 0 - - - a8 - - 30
s0%d 286 244 141 8.3 20 1709 348 100 0 Sl4 448 348 107
756 279 180 166 6.8 0.4 36 06 - - - 460 - - 25
10054 2665 237 112 6.0 005 238 06 93 142 86 653 321 065 345

2 Based on the combusted ethane. ® Initial mixture composition: 88.2% C2Hg + 11.8% O,. ¢ Initial mixture composition: 88.4% C>Hs + 11.6% O-.
9 The results of the experiments in which the highest ethanol yields were achieved. X, and X, are the sums of liquid and gaseous products respectively.

mixture with the composition C;Hg:02:N2 =90:3:7 in a flow
reactor at P = 50 atm, T = 360 °C, and for a contact time of 4 s,
the selectivity of the formation of ethanol was 63%. * When the
contact time increased to 20 s, the selectivity of the formation of
ethanol decreased to 14.5%, while Scy,on increased from trace
amounts to 7.8%. When portions of oxygen were successively
added to the mixture which had already reacted, the quantities of
ethanol, aldehydes, and acids formed and the quantity of methane
remained virtually constant, and only the contents of methanol
and carbon oxides increased monotonically.!%”

In a more recent study, '%® in which the process was carried out
under flow conditions at 27-37 atm, a high selectivity of the
formation of alcohols (more than 70%) was also observed.
However, whereas at the relatively low pressures mentioned
above the ethanol: methanol ratio in the reaction products was
less than unity, with increase in pressure to 90 atm this ratio
increased to 6. In the experiments under consideration, the time
the mixture spent in the reactor also increased from ~ 1 min at
15 atm to 7 min at 90 atm. Therefore, it is difficult to distinguish
the influence of the linear velocity of the reactant flow in the
reactor from the influence of the pressure itself. It should be noted
that in another study,’ the opposite influence of the residence time
of the mixture in the reactor has been observed: at 50 atm, the
increase in the residence time from 7 to 20 s reduced the etha-
nol : methanol ratio from 19 to 2. It has also been reported 199 that
this ratio increases as the oxygen concentration decreases.

2. Propane

Data on oxidation of propane at high pressures have been
reported by Newitt and coworkers 19 (static conditions) and
Wiezevich and Frolich 1° (flow conditions). These data are partly
presented in Tables 4 and 5. Qualitative analysis showed that,
among aldehydes, propanal and acetaldehyde are formed, among
normal alcohols, methanol, ethanol, and propanol are produced,
while carboxylic acids are mostly represented by acetic acid with
minor amounts of propionic and formic acids.!® An increase in
pressure results in a substantial increase in the yields of

Table 4. Selectivity of the formation of the products of the oxidation of the
propane: air = 1:3.6 mixture (according to Newitt ¢-19%).

Products Selectivity (%)?

A B C D
The sum of aldehydes 20.5 21.8 13.5 13.7
The sum of normal alcohols 19.7 21.0 17.5 15.2
Isopropyl alcohol 1.3 28 6.2 16.0
Acetone 0.5 43 12.5 7.9
The sum of acids 43 17.0 19.0 18.9
Carbon dioxide 7.3 17.1 214 20.6
Carbon monoxide 21.3 16.0 9.9 77
Propene 25.1 0 0 0

a Reaction conditions: A — 1 atm, 373 °C; B — 20 atm, 281 °C; C —
60 atm, 252 °C; D — 100 atm, 250 °C.

2-propanol, acetone, and organic acids, some reduction of the
yields of aldehydes and normal alcohols, an increase in the yield of
CO3, and a decrease in the yield of CO; when the pressure is
20 atm or more, propene is no longer present in the reaction
products. In addition, increase pressure appreciably diminishes
the temperature of the process (Table 4) and leads to a change in
the content of normal alcohols in the reaction products. The
proportions of methanol and ethanol decrease with increasing
pressure, while the proportion of propanol increases (Table 5).
From the data presented, one can see that the most significant
changes in almost all the process characteristics occur when the
pressure increases to 20 atm. Further increase to 100 atm !9 or
200 atm !5 gives no fundamental advantages, except for an
increase in the yield of 2-propanol.

It is necessary to take into account the fact that the data 19°
concerning the pressure dependences of the yields of the propane
oxidation products, presented in Tables 4 and 5, have been
obtained at temperatures ensuring an approximately constant
rate of the process rather than under the conditions ensuring the
optimal yields of the alcohols. Since according to the same study
an increase in temperature increases the overall yield of normal
alcohols (at 30 atm, it increases from 21% to 40% as the
temperature increases from 260 to 286 °C), one should expect
that, under the optimal conditions, the yield of the alcohols would
be appreciably higher. As in the oxidation of methane or ethane, a
decrease in the oxygen concentration in the mixture leads to an
increase in the selectivity of the formation of the alcohols.!%®
However, in the oxidation of propane, a relatively high selectivity
of the formation of the alcohols (more than 30% —40%) can be
achieved even for the propane: oxygen ~ 1:1 ratio. The optimal
conditions for the formation of the alcohols are ensured by the
highest possible safe oxygen concentration.!’

3. Butane, pentane, and heptane

There are only scattered data on the gas-phase oxidation of
butane, pentane, and heptane at high pressures,'>-% permitting
only a general idea about the expected yield of the alcohols and
their proportions. The oxidation of n-butane, pentanes, and
heptanes was studied !5 using the same equipment and under
approximately the same flow conditions as were used for the
oxidation of propane. The following conditions are optimal for
the formation of higher alcohols from alkanes: pressure from 130
to 200 atm, the lowest possible temperature, a reaction time less

Table 5. Relative yields of alcohols in the oxidation of the mixture
propane : air = 1: 3.6 (according to Newitt 6-109).

Alcohol Yield (%)

5 atm 30 atm 65 atm
CH;0H 76.3 58.0 55.3 50.1
C,;HsOH 19.1 17.6 13.2 9.8
n-C3;H,OH 4.6 43 7.3 12.2
iso-C3H,OH — 20.0 242 27.9
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than 10 s in a heated reactor, and the highest possible safe
concentration of oxygen.

Apart from the compounds found also in the products of the
oxidation of propane, the oxidation of n-butane with oxygen at a
pressure of 33-160 atm yields also butanols, their proportion
increasing with increase in pressure. In general, low pressures
during the oxidation of alkanes are likely to be favourable for the
formation of lower alcohols and organic acids, while high
pressures promote the formation of higher alcohols and alde-
hydes.!S In addition, increasing the pressure decreases the tem-
perature of the process: the temperature of the oxidation of
n-butane decreases from 255 to 210 °C as the pressure increases
from 33 to 160 atm. The composition of the products of the gas-
phase oxidation of butane differs greatly from that in its liquid-
phase oxidation at high pressures, the latter yielding mostly acetic
acid and ethyl methyl ketone with minor amounts of alcohols.!'?

The oxidation of a mixture of 60% n-pentane and 40%
isopentane, saturated beforehand with oxygen up to its concen-
tration of 5% —6%, gives mostly alcohols, aldehydes, acetone,
and acids containing 23 carbon atoms. Conversely, the products
of the oxidation of heptane (the fraction boiling at 70 to 97 °C and
containing almost all of the heptane isomers present in the head of
the petrol fraction) contained mainly hexanols and heptanols with
boiling points from 140 to 180 °C. The fact that these results differ
from those obtained with pentane has been tentatively attributed
to the occurrence of the reaction in the liquid phase.

In another study,?? the oxidation of n-butane, carried out at
385 °C, 3.5—12.5 atm, with reaction times from 1.0 to 4.5 s, and
under turbulent flow conditions in order to minimise the trans-
verse concentration and temperature gradients, was rapidly
quenched by cooling with water. The butane and oxygen concen-
trations varied between 1.5 mol % and 6 mol % each, and the rest
was nitrogen. The pressure dependence of the yield of useful
products (alcohols, aldehydes, acetone, and acids) passed through
a maximum at P = 8.8 atm. No appreciable variations of the
ratios between various products were observed. The most sur-
prising finding was that there are limiting oxygen concentrations
for the onset and termination of the process. The reaction did not
proceed if the starting oxygen concentration was less than 1.5%
and stopped when the concentration of O, fell below this value.
Although incomplete conversion of oxygen has also been noted in
other studies (Section III, 3), the existence of concentration limits
in the high-pressure oxidation of alkanes was pointed out in none
of them. The maximum yield of useful products was achieved for
an oxygen concentration of 4.5%.%0

Under the optimal conditions (P = 8.4—9.8 atm, reaction
time 1.2—1.8 s, concentrations of n-butane and oxygen mixed
with nitrogen 4—5% each), 20% of the hydrocarbon taken was
converted into useful products. The selectivity of the formation of
these products was about 50%.

4. General features of the high-pressure oxidation of alkanes
On the basis of the experimental data considered in Sections IIT
and IV, some general conclusions concerning the features of the
oxidation of methane homologues at high pressures can be drawn
(Table 6).

1. In the oxidation of all the C;—Cs alkanes under optimal
conditions, a selectivity of the formation of liquid organic
products not less than 50% can be achieved.

2. An increase in the oxygen concentration reduces the
selectivity of the formation of liquid organic products, but, on
passing from methane to pentane, the hydrocarbon : oxygen ratio
for which a high selectivity is still achieved decreases sharply (~ 30
for methane, ~ 10 for ethane, and ~ 1 for propane, butane, and
pentane). The degree of conversion of hydrocarbons into useful
products increases in the same series (up to ~2% for methane,
~ 5% for ethane, and ~ 20% for propane, butane, and pentane).

3. The pressure and the temperature optimal for the produc-
tion of liquid hydrocarbons decrease monotonically in the
methane—pentane series (100 atm and 450 °C for methane,

Table 6. The optimal parameters of the high-pressure oxidation of alkanes
for the formation of liquid organic products (averaged published data).

Hydro- P/atm T/°C [CrH2,+2)/[02) Degree of

carbon conversion
into useful
products (%)?

CH, 100 450 30 2

C,Hg 50 360 10 5

C;3Hs 20 280 1 20

C4Hjo 9 260 1 20

2 The maximum overall selectivity of the formation of liquid organic
products from all the alkanes exceeds 50%.

50 atm and 360 °C for ethane, 20 atm and 280 °C for propane,
and 9 atm and 260 °C for butane). As a rule, these data
correspond to a process conducted under flow conditions with a
reaction time of several seconds.

4. The influence of pressure on the product composition
decreases in the methane —pentane series.

V. The mechanism of the high-pressure oxidation
of methane

The understanding of the mechanism and, consequently, the
optimisation of the conditions in a process as complex as the
oxidation of methane, which has been one of classical objects of
study in chemical kinetics for decades,!!! are impossible without
the creation of an adequate kinetic model. Several theories which
make it possible to explain the experimentally observed charac-
teristic features have been suggested;?® however, at present, the
radical-chain mechanism of the gas-phase oxidation of alkanes is
generally accepted.!!? In view of the complexity of the methane
oxidation process, one can hardly expect that a universal model,
suitable for the quantitative analysis of all cases of practical
interest, will be developed in the near future. Therefore, the
existing quantitative models have as a rule limited applicability.
In conformity with the subject of our review, we shall consider
only those models which involve the modelling of the oxidation of
methane at high pressures and moderate temperatures.

1. The principles of the construction of quantitative Kkinetic
models of complex gas-phase processes
One can hardly expect that a mathematical description (kinetic
model) of a complex chemical reaction will be in complete
quantitative agreement with the real process. This is due to both
the unavoidable inaccuracy of the kinetic parameters of a model
and the errors of the real experiment. The kinetic parameters of
complex models are mainly selected using the experimental rate
constants for the elementary reactions, and it is desirable to have
available also the results of theoretical calculations or empirical or
semiempirical estimates for all the key elementary stages as well as
those elementary stages, which have not been studied or have been
poorly studied. The experience in modelling complex gas-phase
reactions indicates that, if there is no confidence in the reliability
of the available experimental rate constants for any elementary
reactions or if these data deviate significantly from the theoretical
estimates or calculations, the latter should be preferred.®
Models adequately describing a whole set of reliable and
noncontradictory experimental data are the most valuable. The
adjustment of a model to make it describe accurately a group of
results by manipulating the rate constants for individual reactions
is not very promising. Kinetic analysis indicates 3¢ that the yields
of products often depend strongly on the parameters of those
elementary reactions in which these products are neither formed
nor consumed. Moreover, a rather complex kinetic model pos-
sesses certain ‘internal stability’. In some cases, several parallel
pathways to the formation of particular products exist, and
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attempts to attain a specified change of their yield by varying the
parameters of ‘obvious’ reactions may fail.

2. Characteristic features of the oxidation of methane at high
pressures and moderate temperatures

The rise in pressure influences the course of gas-phase reactions
for several reasons. As the pressure grows, the frequency of
intermolecular collisions and hence the rate of the process
increase, which decreases the reaction temperature. This, in turn,
leads to the possibility of the ‘survival’ of certain intermediates,
which would decompose or undergo further transformations at a
higher temperature. Pressure can also shift the equilibria of
reversible reactions, and in the oxidation of hydrocarbons at
moderate temperatures the most important are reactions of the
type 113,114

R+ 0, = RO,.

Pressure changes can also result in a redistribution of the
contributions of various paths in multipath reactions (for
example, in the reactions of biradicals with unsaturated hydro-
carbons),!!5 in an increase in the yields of the products of radical
recombination, and in the deactivation of excited molecules.!!!
Finally, pressure is a critical factor for chain reactions.!1?

The possibility that, even at pressures of several hundreds
of atmospheres, fundamentally new reaction paths may appear,
due to the manifestation of the cage effect, when a short-lived
molecular complex formed during the process has time to react
with other reactants before it decomposes, has been discussed.!16

At the same time, modelling of kinetic processes occurring at
pressures of tens of atmospheres is facilitated in the vast majority
of cases by the possibility of neglecting the pressure dependences
of the rate constants for unimolecular and termolecular reactions
and of using their values obtained for the infinite pressure limit.!!!
The heterogeneous destruction of radicals and intermediates at
these pressures is limited by the rate of their diffusion to the

surface and plays a relatively small role, which also facilitates the
modelling.

Since the DMTM process occurs at moderate temperatures,
its modelling is simplified, because a large number of elementary
reactions requiring high activation énergies as well as processes
involving CH, C, C,, and other species, formed only at high
temperatures, can be excluded from the kinetic scheme. Moreover,
when rich mixtures are employed, some reactions that are
significant only at relatively high oxygen concentrations can also
be ignored.

3. The model of the high-pressure oxidation of methane
The development of a quantitative model of the high-pressure
oxidation of methane is a complicated problem in spite of the
above possibilities of simplifying the kinetic scheme. Models
developed for other conditions cannot be applied directly to the
DMTM process; at best, they can serve as the starting point for
such work. The most logical and comprehensive programme for
the modelling of the DMTM has been reported by Vedeneev and
coworkers.3? ~37.64 Ap extensive study on the modelling of the
DMTM has been carried out at Trondheim University and the
Norwegian Technological Institute.?® 58 Several other research
groups have also presented their results.#3-5461.%4 Unfortunately,
these publications are either difficult to obtain %8-%4 or give no
detailed description or justification.4> 34

Detailed analysis and comparison of various models is beyond
the scope of our review. We shall consider only the first model
suggested for the DMTM process,>* since it has been most fully
described and tested in the modelling of a wide range of
experimental results by the same workers and by other research
groups.*®% In addition, the base model3* and its modifica-
tions 37:64117.118 have proved suitable for describing various
processes ranging from the DMTM34.37.64 to the oxidative
condensation of methane !!® or the oxidation of methane below
atmospheric pressure.}1”

The base model 3 (Table 7) takes into account all the main
reliably established elementary reactions that play a significant

Table 7. The mechanism of the oxidation of methane * and the parameters of the equation k = AT "exp(— E/RT).

Reaction A? n E/kJ mol—!
1. CH4 + O, = CH3 + HO; 1.00 x 1010 0 234.30
2. CH; + HO; =CH,; + O 1.00 x 10-12 0 0
3. CH; + O, = CH;00° 2.00 x 1012 0 0
4. CH,00 = CH3;+0, 8.90 x 1013 0 130.96
5. OH' + CHy =H,0 + CH; 1.32 x 10-17 1.9 11.25
6. CH;00" + CH300" = CH30" + CH30" + O; 1.71 x 10-13 ] 0
7. CH;00" + CH300" = CH,0 + CH30H + O, 0.74 x 10-13 0 0
8. CH;00" + CH; = CH;0" + CH;0’ 4.50 x 10— 0 0
9. CH;00" + HO; = CH;00H + O» 7.70 x 10—14 0 —10.88
10. CH; + HO; = CH;0" + OH’ 3.00 x 10— 0 0
11. HO; + HO; = H,0; + O3 2.20 x 1013 ] —5.15
12. CH3 + CH3 = C;Hs 4,00 x 10-1 ] 0
13. CH;O' + HO; = CH;OH + O, 1.70 x 10—11 ] 0
14. CH;O0" + CH, = CH3;OH + CH3 1.00 x 10—12 0 46.02
15. CH3O' + O, = CH,0 + HO; 1.00 x 10-13 ] 10.88
16. CH;O'=CH0 + H’ 1.00 x 10 0 125.52
17. CH;00" + CH4 = CH3;00H + CH3 1.00 x 10-12 0 89.96
18. CH;00" + CH,O = CH3;00H + CHO' 470 x 10-13 0 50.21
19. HO; + CH,0 = H,0, + CHO’ 2.00 x 1012 0 46.02

20. CH3; + CH,0 = CHy + CHO' 1.40 x 10—12 a 29.10

21. CH;O' + CH,0 = CH3OH + CHO’ 1.00 x 10—12 0 15.06

22. OH' + CH,0 = H,O + CHO’ 1.25 x 10— 0 0.73

23. H + CH4=H, + CH3 1.30 x 10-10 0 49.90

24. H + O, + M=HO; + M 1.00 x 10-32 0 —4.18

25. H + CH,O = H, + CHO' 327 x 10— 0 15.35

26. CHO' + O, = CO + HO; 5.50 x 10— 11 —04 0

27.CHO + M=CO+ H + M 4.00 x 1010 0 71.13

28. CH;00H = CH;O" + OH’ 4.00 x 10!3 0 179.91
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Table 7 (continued).

Reaction A2 n E/kJ mo]-!
29. H,0, =OH" + OH’ 3.00 x 1014 0 207.94
30. OH' + H, =H,0 + H’ 1.06 x 10—17 2.0 6.23
31. HO; + H, =H,0; + H’ 5.60 x 10—12 0 93.30
32. CH,00" + H, = CH;00H + H’ 3.60 x 10-12 0 93.30
33. CH;0' + H, = CH3;0H + H' 3.60 x 1012 0 41.80
34, CH3; + H=CHs + H' 3.60 x 10-12 0 45.20
35. CH;00" + CH;O' = CH;00H + CH;0 1.50 x 10—12 0 0
36. CHy + HO> = CH; + H,0; 3.00 x 1012 0 89.96
37. CH3 + CH3;0OH = CH4 + "CH,OH 330 x 10-13 0 41.00
38. CH;00" + CH3;OH = CH3;00H + ‘CH,OH 500 x 10-13 0 60.25
39. ‘CH,OH + O, = CH,O + HO; 2.00 x 10-12 0 0
40. HO> + CH30H = H,0, + ‘CH,OH 1.50 x 10-12 0 60.25
41. OH" + CH;0H = H,O + "CH,OH 5.70 x 10-12 0 5.86
42. OH" + CH3;OH = H,O + CH30O’ 1.70 x 10-1 0 13.81
43. CH30" + CH3;0H = CH;0H + ‘CH,OH 6.60 x 10-13 0 22.17
44. H + CH;OH = H, + 'CH,OH 2.16 x 10— 0 22.00
45. H + H,0, = OH' + H,;0 3.00 x 1010 0 26.36
46. OH' + H,0, = H,O + HO; 3.70 x 10-12 0 2.16
47. H + H,0, = H, + HO; 1.70 x 10— 0 20.92
48. CH;00" + H,0, = CH;00H + HO; 2.50 x 10-13 0 54.39
49, CH;0" + H,0, = CH:sOH + HO; 2.50 x 10—13 0 16.74
50. CH3 + H,0, = CHy + HO; 2.50 x 10-13 0 11.71
51. OH  + CO=H" + CO; 2.50 x 10-17 1.3 —3.20
52. HO> + CO =OH" + CO; 1.70 x 10-10 0 96.20
53. CH;0" + CO =CH; + CO, 2.60 x 101! 0 49.37
54. CH30' + CH3;0" = CH30H + CH:0 3.00 x 10— 0 0
55. CH3 + CH3;0 = CH4 + CH,O 2.80 x 10— 0 0
heter.
56. CH3 radical destruction 500 x 10-3 0 0
heter.
57. CH3;00° radical destruction 5.00 x 10-3 0 0
heter.
58. HO3 radical destruction 500 x 10-3 0 0
heter.
59. CH;O0H radical destruction 5.00 x 10-3 0 0
heter.
60. H,O, H-0 1.50 x 10—3 0 0
heter.
61. H,0, H,O + O 1.50 x 103 0 0

3 Preexponential factors are expressed in s ~1 for unimolecular reactions, cm?

termolecular reaction 24.

molecule—! s~! for bimolecular reactions, or cm® molecule~2 s—! for the

role at high pressures and moderate temperatures, including
heterogeneous destruction of radicals and peroxides on the
reactor surface. Some reactions, discussed in the literature but
not properly justified, have not been included in the model.

a. The main stages of the process
In a kinetic analysis of a complex process, the possibility of
identifying the minimum number of elementary stages necessary
and sufficient to describe the process and also the identification
of the elementary stages the variation of the rate constants for
which influences most appreciably the process kinetics or the
product composition (the rate-limiting stages), are of prime
importance. This problem is solved by analysing the sensitivity
of the process kinetics, the rate of product accumulation, and
other characteristic features to the variation of the rate constants
for individual reactions.??

Analysis of the process kinetics indicates?S that the rate-
determining stages include the decomposition of methyl hydro-

peroxide (stage 28 in Table 7) and of hydrogen peroxide (29) and
also the formation of methyl hydroperoxide (17, 18, 38, 48) and
hydrogen peroxide (36, 40). All the above stages of the peroxide
formation and decomposition reactions belong to the group of
reactions responsible for degenerate branching. The hydrogen
peroxide formation (stage 19) is not included in the set of rate-
determining stages, since at low temperatures the effectiveness of
branching associated with the decomposition of hydrogen
peroxide is low and the effective consumption of formaldehyde,
one of the main degenerate-branching agents, exerts a greater
influence.

The most important quadratic chain termination reactions are
stages 6, 7, and 11. Although in stage 6 two relatively inactive
CH;0:; radicals are converted into two reactive CH;O" radicals,
the latter are partly converted into HO; radicals (the competing
stages 14 and 15), which are effectively destroyed in stage 11.

Due to the rapid decomposition of methyl hydroperoxide,
stage 9 is a chain propagation reaction, though formally two
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radicals are converted into molecular products in this reaction.
The positive role of stage 5 is that it transforms the hydroxyl
radicals into the methyl radicals, which, in turn, are converted into
methylperoxyl radicals, responsible for the branching steps. The
effective transformation of the methyl radicals into the CH30;
radicals is ensured by the fact that, under the DMTM conditions,
the equilibrium involving the two reversible stages 3 and 4 is
shifted toward the formation of the CH30; radical throughout the
process, until a negligible oxygen concentration is reached in the
system.

Among the remaining reactions, the inhibiting stages 22 and
46 should be noted; here the OH" radicals are consumed and
branching agents such as formaldehyde and hydrogen peroxide
are destroyed. Stage 52, in which the less reactive radicals HO3,
effectively destroyed in stage 11, are converted into the reactive
OH' radicals, is also significant.

The limiting role of stages 14, 15, 21, and 49 can be explained
by the competition between the reactions involving the conversion
of the reactive CH3O" radicals either into the relatively inactive
HO; radicals or (in the subsequent stages) into CH305 radicals,
which participate in the formation of methyl hydroperoxide acting
as a branching agent.

The qualitative scheme presented below,3® which involves the
most significant reactions responsible for the multiplication of
active centres (28 and 29), the formation of the main branching
agents (17, 18, 38, 48, 36, 19, 40, and 9), and the termination steps
(6, 7, and 11), makes it possible to explain the mechanism of the
self-acceleration of the reaction.

It follows from the kinetic analysis of the model 3 that stages
5, 14, 15, 21, 22, 46, 49, and 52, also contribute to the self-
acceleration mechanism; since these stages are not directly related
to the chain branching or chain termination steps, their role in the
mechanism of the self-acceleration of the reaction would be
difficult to elucidate without numerical analysis of the model.

Branching:
CH 4,
4
CH:0 ____(18) c ©8) . .
CH;0; + 38 H3;00H — CH;O + OH
cH;oH -8,
H,0, B,
36
cH, .
. 19
HO; + { cH,0 —+ | 1,0, P on + oH
CH;0H ~42 o
Propagation:

CH;0; + HO; 2+ CH;00H + O,

Termination: ©)
——— 2CH;0" + O»

LD, CH;0 + CH30H + O2

CH;0; + CH302 —

ay

HO; + HO; —= H,;0; + O»

b. The mechanism of the initial stage

In the initial stage of the process, the reactions involving inter-
mediate compounds may be neglected and the mechanism of the
DMTM may be therefore represented by the simpler set of stages
given below.3?

1. CH4+ O,— CH3 + HO;

3. CH3 + O,—> CH;00’

4. CH300" — CH3 + O3

17. CH3;00" + CHy — CH;00H + CH;
36. CH, + HO; — CH; + H20,

28. CH;00H — CH;0’ + OH’

29. H;0,— 20H’

5. OH' + CH4— H,0 + CH;j

14. CH;0" + CH4 — CH;0H + CH;

15. CH;0" + O, — CH.O + HO}

7. CH;00" —XTy radical destruction

6. CH;00" + CH;00' —>CH;0" + CH:O" + O;
7. CH;00" + CH;00' —CH0 + CH;OH + O,
9. CH;00' + HO; — CH;00H + 0,

11. HO; + HO; —* H20, + O,

The combination of stages 17 and 28 leads to chain branching
(the branching via reaction 29 may be ignored in the analysis of
the initial stage in view of the long characteristic time of this
process, which exceeds 10° s). A characteristic feature of the
high-pressure oxidation of methane is that the condition
¢ = 2k17[CH4]—ks7 > 0 is always satisfied owing to the slow
diffusion of radicals to the reactor walls and the high methane
concentrations. Hence, in the initial stages, the reaction proceeds
by a branched-chain mechanism. Since under the DMTM
conditions the relation k3 > k17{CH4] normally holds, the
branching is limited by the interaction of the methylperoxyl
radicals with methane. Thus, the kinetics of the process are
essentially governed by four stages: 1, 17, 28, and 57.

However, the exponential self-acceleration of the reaction in
the initial stage does not lead to an explosion, owing to the
quadratic radical destruction reactions (negative chain inter-
action !12), Apparently, the scheme takes into account all the
significant quadratic radical interactions, since in virtually all the
stages of the process the concentrations of the methylperoxyl and
hydroperoxyl radicals are comparable and are many orders of
magnitude greater than those of all other radicals. Analysis has
shown that it is the combination of stages 6 and 7, which are two
paths involving the quadratic interaction of the methylperoxyl
radicals, that ensures that the reaction goes to a quasi-steady-state
regime. Stage 7 plays a crucial role because reaction 6, unlike
reaction 7, does not by itself ensure a quasi-steady-state regime.
The individual reactions 9 or 11 also do not ensure a quasi-steady-
state regime, although allowance for them influences the kinetics
of the transformation of peroxyl radicals.33

The initial self-acceleration of the reaction occurs and is
completed over a very short period when the degrees of conver-
sion of the reactants are extremely small and cannot be detected
experimentally. It follows from the above study 33 that in its initial
stage, the high-pressure oxidation of methane is a branched-chain
reaction, which then becomes a quasi-steady-state regime, char-
acterised by approximately equal branching and quadratic chain
termination rates.

c. Reaction paths in the formation of methanol and formaldehyde
A quantitative analysis of the model of the high-pressure oxida-
tion of methane (Table 7) aimed at elucidating the mechanisms of
the formation of the main products has been reported by
Vedeneev et al.3¢ Apart from the reactions in which a particular
product is directly produced or consumed, the influence of other
reactions was also studied.

The major contribution to the formation and consumption of
methanol is made by stages 14, 38, 40, and 49, although some




Direct high-pressure gas-phase oxidation of natural gas to methanol and other oxygenates 211

other reactions also cannot be ignored. The main contribution to
the formation of formaldehyde is made by stages 15 and 39, while
its consumption occurs mostly via stage 19. Formaldehyde is
mostly produced via independent parallel processes, primarily
stage 15, rather than via a path involving the oxidation of
methanol (stage 39), and the rate of its formation exceeds that of
methanol. The fact that the final yield of formaldehyde in the
DMTM is almost an order of magnitude lower than that of
methanol (see Section III) is determined only by the higher rate
of the further transformation of formaldehyde. This is properly
illustrated by the experimental data,''? indicating that in the
initial stage of the process, when the degree of conversion of
methane is less than 1%, the selectivity of the formation of
formaldehyde (~ 54%) exceeds appreciably the selectivity of the
formation of methanol (~36%) but falls very rapidly as the
degree of conversion of methane increases to 4% —6%, which
occurs in the final stage of the DMTM process.

Hydrogen peroxide plays an important role in the process
kinetics and, in particular, in the self-acceleration mechanism,
despite the fact that it has not been experimentally detected in the
studies on the high-pressure oxidation of methane. Hydrogen
peroxide is formed mostly in stages 11, 19, 36, and 40. Carbon
monoxide is formed in stages 26 and 27 and carbon dioxide is
produced in stages 51 —53. Certain other reactions in which CO
and CO; are formed, in particular, the addition of HO; radicals to
H,CO and the addition of HCO' radicals to O, should probably
also be taken into account, although their mechanisms have not
yet been reliably elucidated.

The model discussed above** has been supplemented* by
two heterogeneous termination reactions and a set of reactions
describing in more detail the kinetics of the formation and
decomposition of carbon monoxide and a significant side prod-
uct — formic acid. A mechanism of the formation of the latter has
been suggested.*” However, analysis has shown that allowance for
this set of reactions has no appreciable influence on the kinetics of
the consumption of the reactants and the formation of the
remaining products.

d. Modelling of the high-pressure oxidation of ethane and
methane —ethane mixtures
The quantitative models of the oxidation of the closest methane
homologues suggested by various groups of researchers do not
cover the region of relatively high pressures and hence they
unfortunately cannot be applied directly to the analysis of the
partial oxidation of methane homologues to alcohols. Therefore,
Vedeneev et al.!1® have developed a preliminary model of the high-
pressure oxidation of ethane based on the model! of the oxidation
of methane at high pressures.3*

The recombination of the methyl radicals

CH; + CH; — CHe,
has been regarded as the main reaction yielding ethane. At
pressures above 10 atm, the values corresponding to the infinite-
pressure limit were used for the pressure-dependent rate con-
stants. The reactions of all the reactive species, namely H’, O,
OH’, HO;, CH3, CH;0’, and CH500’, with ethane were taken
into account. The numerical values of the rate constants for these
reactions were taken from the published data, except for the
reactions of ethane with HO3 and CH50OQ", the rate constants for
which were calculated from the rate constants for similar reactions
involving methane with allowance for the 8.4 kJ mol—! decrease
in the activation energy, in conformity with the Polanyi— Semenov
rule.

The formation of ethene was described by the reactions

CHs+M —> CHs+H +M,

C,Hs + 0, —> C.H4 + HO3,

although the latter is probably not an elementary stage. This
model includes both the forward and the corresponding reverse
reactions related by equilibrium constants (altogether 188 elemen-
tary stages). The model does not take into account the formation
of C; or higher hydrocarbons.

The model under consideration!'® makes it possible to
describe quantitatively a wide range of processes, from the
oxidation of methane to methanol (20—100 atm, 650-750K) to
its oxidative condensation to ethane and ethene (1-5 atm,
900-1200K), as well as flame propagation at not very high
temperatures and cool-flame phenomena during the oxidation of
methane. This model was used for the kinetic analysis of the
oxidation of ethane and methane—ethane mixtures at high
pressures. Preliminary results indicate that, when mixtures are
used, the total selectivity of the formation of alcohols (methanol
and ethanol) increases substantially and reaches a maximum when
the ethane concentration in methane is 30% —40%, that it is
possible to retain high selectivities for high degrees of conversion
of the hydrocarbon (more than 8%), and that at P > 20 atm the
selectivity depends only slightly on pressure.

VI. Analysis of the results of kinetic modelling
of the high-pressure oxidation of methane

The present-day level of experimental studies on the DMTM
process is deficient in systematic combined investigations carried
out within the framework of a unified programme and there are
significant discrepancies between the results which are difficult to
explain. Therefore theoretical analysis of the process is of
particular importance. Such analysis should certainly be based
on models, which describe adequately the most reliable experi-
mental data, but, unfortunately, experimental details which would
allow a direct comparison of these data with the results of kinetic
analysis are not always known. In this section, we present the
results of the kinetic modelling of the DMTM process based on
the model developed by Vedeneev et al.>* (Table 7) or its
modification.®

1. Modelling of the product yields and the process time

The kinetic modelling of the consumption of oxygen and product
(methanol, formaldehyde, and carbon oxides) accumulation 34
was performed for the experimental conditions adopted in two
previous studies 23 (Figs 14 and 15). The model reflects correctly

N % 10~ 1%/molecule cm—3
15 ¢

10

t/min

Figure 14. Kinetic curves for the consumption of oxygen (I, /') and the
accumulation of methanol (2, 2'), formaldehyde (3, 3'), CO (4, 4'), and
CO2 (5,5’ ) during the oxidation of methane at T = 614K, P = 100 atm,
and for [CH4]:[O2] = 8.1:1.0. Dashed lines correspond to experimental
data* and the continuous lines to calculations.??
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N x 10~ !%/molecule cm—3

5T

Figure 15. Kinetic curves for the oxidation of methane at 7 = 585K,
P = 367 atm, and for [CH4]:{O-] = 9: 1. The designations are the same as
in Fig. 14, Dashed lines correspond to experimental data,?’ and continu-
ous lines to calculations.34

the main features of the process: the occurrence of self-accelera-
tion, the duration of induction periods and of the whole process,
the characteristic features of the product accumulation, and their
dependences on temperature, pressure, and composition of the
mixture. The fact that the appreciable concentrations of hydrogen
peroxide (comparable to those of methanol) predicted by the
model >* were not detected in the high-pressure experiments? 22
may be explained by its rapid decomposition on metallic surfaces.

On the basis of an extended version of the model under
consideration,3 the delay period of the self-ignition of methane
under the conditions reported by Melvin 22 has been calculated.?’
The resulting self-ignition delay periods exceed the experimental
values by a factor of only ~ 1.5, which must be regarded as a very
close agreement. In the same study,” the experimentally
observed 22 increase in the delay of self-ignition with increase in
the oxygen concentration in the mixture?? (see Fig. 12) was
theoretically interpreted for the first time. It was shown that
during the self-ignition delay period, oxygen inhibits the process,
because the reaction of the alkoxyl radicals with molecular oxygen
is virtually a chain termination reaction, since the reactive chain-
propagating CH3O" radical is converted via this reaction into the
less reactive HO3 radical, which is destroyed rapidly.

Figs 16— 18 present the main results of the modelling of the
DMTM process % based on the extended version of the model
developed by Vedeneev et al.3* The variation of temperature
within rather wide limits, for the optimal pressure and mixture
composition and virtually complete oxygen conversion
{[02]/[02)0 < 5%}, does not influence substantially the yields of
the products (Fig. 16). The selectivity of the formation and the
yield of methanol pass through a weak maximum in the region of
480 °C. Conversely, the selectivity of the formation of formal-
dehyde increases monotonically over the whole temperature
range, its increase accelerating with rise in temperature. A
redistribution of the reaction paths favouring the formation of
formaldehyde, ethane, and ethene %% 30 is known to occur exactly
in the temperature range above 500 °C. #%-39 Since at P > 30 atm
and T < 500 °C, the target products, that is, methanol and
formaldehyde, virtually do not decompose in the reactor after
the complete conversion of oxygen,*0 the temperature range
420480 °C may be considered optimal. The significant decrease
in temperature (by up to 100 °C) known from the literature and
due to the promoting action of higher hydrocarbons (on passing
to natural gas) or to the use of catalysts does not lead to a
substantial change in the proportions of the products.

An increase in the temperature is naturally accompanied by a
sharp decrease in the reaction time 7. (here f is the time required
for 95% oxygen conversion). According to an estimate, the
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Figure 16. Calculated temperature dependences of some parameters of
the DMTM process at P = 100 atm and [O;] = 3%. %

effective activation energy Eer ~ 167 kJ mol—!. This is in good
agreement with the experimental value found from the tempera-
ture dependence of the self-ignition delays (from 163 to
188 kJ mol—1).22

Anincrease in the oxygen concentration results primarily in an
increase in the degree of conversion of methane (Fig. 17) and in
heating of the mixture. The calculations were carried out for two
extreme process regimes, namely isothermal and adiabatic
regimes. Although significant difficulties are associated with the
practical realisation of an isothermal regime at high pressures,
these calculations are of undoubted interest, since they demon-
strate the possibility, in principle, of improving a number of
characteristics of the process, primarily, the yield of methanol,
relative to the process conducted under nonisothermal conditions.
At [O2] < 3%, when the real temperature rise does not exceed
120 °C, virtually identical results are achieved in both regimes.
Allowance for nonisothermal conditions affects only the
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Figure 17. Calculated dependences of some parameters of the DMTM
process on the initial oxygen concentration (P = 100 atm, T = 420 °C).
Continuous lines correspond to the isothermal regime and dashed lines to
the adiabatic regime.%*

selectivity of the formation of formaldehyde and the reaction time
(Fig. 17). Both versions of the -calculation confirm the
experimentally observed sharp decrease in the selectivity of the
formation of methanol with increase in the oxygen concentration.
At the same time, the isothermal calculation indicates that the
yield of methanol grows slowly and monotonically as the oxygen
concentration increases. The adiabatic calculation gives a
qualitatively different picture. In this case, the selectivity of the

formation of methanol drops so sharply that at [O;] > 5% its
yield also decreases. Thus, the use of mixtures with a higher
concentration of oxygen to increase the yield of methanol is not
expedient unless the problem of heat removal has been fully
solved.

It is noteworthy that, according to the calculations, one of the
initial reactants, namely oxygen, is virtually an inhibitor, since an
increase in its concentration leads to a decrease in the rate of
reaction (an increase in its duration). Even a substantial increase
in the temperature of the gas mixture by its adiabatic heating does
not balance entirely the inhibitory effect of oxygen.

The calculated pressure dependences of the yields of the main
products are in good agreement with the experimental results
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Figure 18. Calculated and experimental pressure dependences of some
parameters of the DMTM process {T = 420 °C, [O3] = 3%}. Continuous
lines correspond to calculations * and circles correspond to experimental
data.6?
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obtained in a pilot plant 42 (Fig. 18). According to the authors, the
lower (by ~20%) yield of methanol is caused to a large extent by
the imperfect separation unit, which does not exclude up to
10% —20% of the methanol formed being carried away with the
gas phase.

Since the version of the model 3¢ used by Arutyunov et al.%
(Table 7) is meant for describing processes occurring at pressures
not less than 30 atm, the calculations carried out for pressures of
20 atm and especially 10 atm yield only qualitative results.
Nevertheless, they reflect correctly the tendency towards a sharp
decrease in the conversion of methane and in the product yields at
pressures below 30 atm (see the dashed lines in Fig. 18). The sharp
increase in the reaction time implies that, in this pressure region,
there is a critical transition from the fast branched-chain reaction
to a much slower chain-radical process.’

Together with the experimental results, Fig.1 presents a
calculated plot of the selectivity of the formation of methanol in
the DMTM against the degree of conversion of methane.%* It is
clearly seen that the vast majority of the experimental points lie
near the theoretical plot.

2. The role of pressure in the critical transitions between the
steady-state regimes in the oxidation of methane

As shown in the previous section, the high-pressure oxidation of
methane generally occurs by a branched-chain mechanism. In the
present section, we consider the results of a theoretical study of the
influence of pressure on the regime in which the reaction
proceeds.57

The calculations were carried out for a mixture with the com-
position CHy: O = 9: 1 in the temperature range 600750 K and
the pressure range 1-100 atm. Fig. 19 shows the calculated
pressure dependence of the reaction time (the time required for
95% oxygen conversion). It is clearly seen that there exists a
narrow pressure range (the critical pressure P.) in which the
process rate changes by several orders of magnitude. This can be
caused only by a change in the reaction mechanism. The critical
pressure is temperature dependent: it decreases from 6.2 atm at
600K to 1.4 atm at 750K (Fig. 20).

A change in the reaction mechanism should be manifested
primarily by a change in the reaction kinetics. At pressures below
P, the shape of the kinetic curves is typical for nonbranched-
chain reactions (more precisely, for reactions with weakly
degenerate branching) (Fig. 21a). At pressures above P, the
self-acceleration of the reaction becomes much more clear-cut
and the initial rate increases by a factor of approximately 10